LEABHARLANN CHOLAISTE NA TRIONOIDE, BAILE ATHA CLIATH | TRINITY COLLEGE LIBRARY DUBLIN
Ollscoil Atha Cliath | The University of Dublin

Terms and Conditions of Use of Digitised Theses from Trinity College Library Dublin
Copyright statement

All material supplied by Trinity College Library is protected by copyright (under the Copyright and
Related Rights Act, 2000 as amended) and other relevant Intellectual Property Rights. By accessing
and using a Digitised Thesis from Trinity College Library you acknowledge that all Intellectual Property
Rights in any Works supplied are the sole and exclusive property of the copyright and/or other IPR
holder. Specific copyright holders may not be explicitly identified. Use of materials from other sources
within a thesis should not be construed as a claim over them.

A non-exclusive, non-transferable licence is hereby granted to those using or reproducing, in whole or in
part, the material for valid purposes, providing the copyright owners are acknowledged using the normal
conventions. Where specific permission to use material is required, this is identified and such
permission must be sought from the copyright holder or agency cited.

Liability statement

By using a Digitised Thesis, | accept that Trinity College Dublin bears no legal responsibility for the
accuracy, legality or comprehensiveness of materials contained within the thesis, and that Trinity
College Dublin accepts no liability for indirect, consequential, or incidental, damages or losses arising
from use of the thesis for whatever reason. Information located in a thesis may be subject to specific
use constraints, details of which may not be explicitly described. It is the responsibility of potential and
actual users to be aware of such constraints and to abide by them. By making use of material from a
digitised thesis, you accept these copyright and disclaimer provisions. Where it is brought to the
attention of Trinity College Library that there may be a breach of copyright or other restraint, it is the
policy to withdraw or take down access to a thesis while the issue is being resolved.

Access Agreement

By using a Digitised Thesis from Trinity College Library you are bound by the following Terms &
Conditions. Please read them carefully.

| have read and | understand the following statement: All material supplied via a Digitised Thesis from
Trinity College Library is protected by copyright and other intellectual property rights, and duplication or
sale of all or part of any of a thesis is not permitted, except that material may be duplicated by you for
your research use or for educational purposes in electronic or print form providing the copyright owners
are acknowledged using the normal conventions. You must obtain permission for any other use.
Electronic or print copies may not be offered, whether for sale or otherwise to anyone. This copy has
been supplied on the understanding that it is copyright material and that no quotation from the thesis
may be published without proper acknowledgement.



An investigation into the role of substrate
stiffness and oxygen availability in the
regulation of stem cell differentiation

during tissue regeneration

Darren Paul Burke BA BAI

A thesis submitted to the University of Dublin in partial fulfilment of the

requirements for the degree of
Doctor in Philosophy
Trinity College Dublin
October 2013
Supervisor
Dr Daniel J. Kelly
External Examiner Internal Examiner

Prof Liesbet Geris Prof David Taylor



TRINITY COLLEGE
- & MAR 2014

LIBRARY DUBLIN

—t

/ﬂ\mis \02,25/







Declaration

[ declare that this thesis has not been submitted as an exercise for a degree at this or any

other university and it is entirely my own work.

[ agree to deposit this thesis in the University’s open access institutional repository or
allow the library to do so on my behalf, subject to Irish Copyright Legislation and

Trinity College Library conditions of use and acknowledgement.

ke

i




Summary

Mesenchymal stem cells (MSCs) are multipotent cells which can differentiate down multiple
lineages and potentially generate tissues such as cartilage, bone or adipose tissue. It is becoming
increasingly clear that mechanical cues also play a key role in determining the fate of such cells.
Extrinsic mechanical stimuli such as tissue deformation, fluid flow and hydrostatic pressure
have often been implicated as regulators of tissue differentiation in vivo. It has been possible to
test different hypotheses for mechano-regulated MSC differentiation by attempting to simulate
regenerative events such as bone fracture repair, where repeatable spatial and temporal patterns
of tissue differentiation occur. More recently, in vitro studies have identified other
environmental cues such as substrate stiffness and oxygen availability as key regulators of MSC
differentiation; however it remains unclear if and how such cues determine stem cell fate in
vivo. For example, the stiffness of the local matrix elasticity has been shown to be intimately
linked to MSC differentiation, where an osteogenic phenotype is promoted by a stiff substrate,
while adipogenesis is enhanced by exposure to a soft substrate. Oxygen availability is another
known regulator of MSC differentiation. Both adipogenesis and osteogenesis have been shown
to be diminished under low oxygen conditions, whereas chondrogenesis is promoted by

hypoxia.

This thesis employed a computational mechanobiological approach to explore the role
of substrate stiffness and oxygen availability as regulators of stem cell fate in vivo. Undertaking
such an approach involves the development of a predictive computational framework in which
the rules for stem cell differentiation can be input. Predictions of tissue distributions during a
regenerative event are output by the model. The validity of a potential differentiation rule is
assessed by determining if simulations produce accurate temporal and spatial predictions of
tissue phenotypes. As part of this thesis, a computational framework was developed to test the
hypothesis that substrate stiffness and oxygen availability regulate stem cell differentiation
during tissue regeneration. Rather than assuming mechanical signals act directly on stem cells
to determine their differentiation pathway, it was postulated that they act indirectly to regulate
angiogenesis and hence partially determine the local oxygen environment within a regenerating
tissue. Chondrogenesis of MSCs was hypothesized to occur in low oxygen regions, while in
well vascularised regions of the regenerating tissue a soft local substrate was hypothesised to

facilitate adipogenesis while a stiff substrate facilitated osteogenesis.

This bioregulatory model of tissue differentiation was applied to a number of different
regenerative scenarios, with predictions compared to both experimental data and to predictions
from another well established computational mechanobiological model where tissue

differentiation is assumed to be regulated directly by the local mechanical environment. When
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applied to the fracture healing regenerative event, the model successfully predicted all the major
events of fracture repair, including cartilaginous bridging, endosteal and periosteal bony
bridging and bone remodelling. The model was also applied to fracture repair in
Thrombonspondin-2 (TSP2)-null mice, where a significantly altered pattern of healing is
observed versus wild type controls in spite of the mechanical environment remaining similar.
Model predictions successfully identified increased angiogenic progression as a result of TSP2
deletion as the key driver of the altered healing pattern. In the context of testing such tissue
differentiation hypotheses within an in silico framework, the greater the number of scenarios in
which the underlying model hypothesis is subjected to attempted falsifiability [1], but
ultimately corroborated, the stronger the hypothesis becomes.This thesis next tested the
hypothesis that substrate stiffness and oxygen availability could predict MSC differentiation in
vivo in a different regenerative event, the implanted bone chamber. The model successfully
predicted key aspects of MSC differentiation, including the correct spatial development of bone,
marrow and fibrous tissue within the unloaded bone chamber. The model also successfully

predicted chondrogenesis within the chamber upon the application of mechanical loading.

At the heart of the tissue differentiation hypothesis proposed by this thesis is the
assumption that mechanical stimuli have an indirect (rather than a direct) effect on tissue
differentiation. This was explored by developing novel mechano-regulation models to
investigate how mechanics regulate neovascularisation. This work highlighted a mechanism by
which mechanics may regulate blood vessel growth directionality, and hence play a key role in
determining stem cell fate in vivo. Support for the hypothesis that the direction of minimum
principal strain acts as a mechanical guiding stimulus for directionality of neovascularization
was provided via successful prediction of spatial blood vessel progression during large bone

defect healing.

In conclusion, this thesis provided corroboration for the hypothesis that tissue
differentiation is regulated by substrate stiffness and oxygen availability during a number of
different regenerative scenarios. It is extremely difficult to design and perform in vivo studies to
accurately isolate and relate specific stimuli, such as those identified in previously mentioned in
vitro studies, to the temporal and spatial patterns of tissue differentiation that occur during
regenerative events. /n silico studies such as those performed in this thesis, however, can be
used to predict the state of the local environment experienced by MSCs during complex
regenerative scenarios. Such corroboration and/or rejection of tissue differentiation hypotheses
provide improved understanding of the regulation of MSC fate. The therapeutic potential of
MSCs is substantial. The results of this thesis enhance current knowledge and understanding of
MSC behaviour and will bring us closer to exploiting their full potential in regenerative

medicine.
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Chapterl: Introduction

This chapter will firstly introduce and provide a brief background of mechano-
regulation of mesenchymal stem cell (MSC) differentiation. A similar background
will then be provided for mechano-regulation of angiogenesis. Next, the global
objective of the thesis is presented and motivated. The global objective is
subsequently divided into a number of subobjectives which are introduced at the

end of this chapter.



1.1 Mechano-regulation of stem cell differentiation

The analysis of regenerative events, such as fracture healing in long bones, has
led to the development of a number of theories on how the mechanical
environment regulates mesenchymal stem cell (MSC) differentiation in vivo. Over
50 years ago, Pauwels [3] hypothesised that distortional shear stress is a specific
stimulus for collagen fibres and that cartilage formation is induced by a
compressive stress stimulus. Bone formation could only occur after soft tissues
had ensured sufficient stabilisation. Further theories of mechano-regulated tissue
differentiation inspired by Pauwels initial hypothesis have suggested alternative
mechanical stimuli as regulators of stem cell fate. Such theories have been
investigated by employing a computational mechanobiological approach [4].
Carter et al [5] suggested hydrostatic stress and tensile strain or octahedral stress
as regulators of tissue differentiation. They provided support for this hypothesis
using finite element (FE) analysis and by demonstrating a correlation between the
magnitudes of these stimuli and the appearance of specific tissue types within a
fracture callus [6]. Claes and Heigele [7] proposed a similar regulation
mechanism using quantified limits for strain and hydrostatic pressure as stimuli.
Prendergast [8] hypothesized tissue differentiation was regulated by a combined
stimulus of octahedral shear strain and relative fluid velocity. This model has
been shown capable of predicting stem cell differentiation during multiple
regenerative events such as fracture healing [9-11], osteochondral defect repair
[12, 13], distraction osteogenesis [14], bone chamber [15-17], neoarthrotis
formation [18] and others [19-21] providing strong corroboration for this
hypothesis. Sole mechanical stimuli such as deviatoric strain, volumetric strain
and principal strains have also been investigated as potential regulators of stem

cell differentiation during fracture repair [9, 22, 23].

In addition to such mechanical cues, it has been demonstrated that
extracellular matrix elasticity (or substrate stiffness) directs stem cell
differentiation [24-26]. Soft matrices that mimic brain tissue were shown to be
neurogenic, stiffer matrices that mimic muscle tissue were found to be myogenic,
while more rigid matrices that mimic collagenous bone were demonstrated to be
osteogenic [24]. Similar results were obtained in a bipotential model which

permits osteoblast and adipocyte differentiation [25]. Adipogenesis was induced
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in cells exposed to softer substrates while osteogenesis was induced in cells
exposed to stiffer substrates. To date computational mechanobiological models
have not been used to explore how substrate stiffness might regulate MSC fate in

Vivo.

1.2 Mechano-regulation of angiogenesis

In addition to mechanical stimuli, other environmental cues have been identified
by in vitro studies as regulators of MSC differentiation. Oxygen availability is one
such environmental cue. Severe impairment of adipogenic and osteogenic
pathways has been demonstrated at low oxygen availability [27-29]. On the other
hand, enhanced chondrogenesis has been shown under hypoxic conditions [30-
32]. In addition, an increase in cartilage formation has been demonstrated in vivo

in hypoxic fractures [33].

An inherent assumption of the previously mentioned tissue differentiation
hypotheses is that mechanical signals act directly on MSCs to regulate their
differentiation pathway. In conjunction, or perhaps alternatively, the local
mechanical environment could also act indirectly to regulate MSC differentiation.
For example, mechanical cues may regulate angiogenesis and hence the supply of
oxygen and other factors to the wound site. This can lead to development of
hypoxic regions within a regenerating tissue, which may repress some
differentiation pathways while promoting others as previously mentioned. The
possibility that mechanics act indirectly in this manner to regulate MSC fate has

not previously been explored using in silico approaches.

Mechanical stimuli have been implicated to regulate angiogenesis in a
number of ways. Firstly, the rate of blood vessel growth has been demonstrated to
be influenced by the magnitude of mechanical stimuli experienced. A high
mechanical stimulus may rupture capillary growth [34-38] decreasing the rate of
blood vessel progression but a stimulus lower in magnitude has been implicated
in promoting endothelial cell (EC) migration and proliferation increasing blood
vessel growth rates [39-41]. In addition, application of mechanical stimuli has
been demonstrated to regulate EC proliferation and migration direction [41-45],
and hence bias blood vessel growth directionality. For example, it has been

demonstrated that the application of mechanical stretch can influence neovessel
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sprouting orientation, regulating blood vessel network morphometry [43]. It is
therefore plausible that mechanics may regulate blood vessel growth

directionality in vivo also.

Angiogenesis is vital to numerous regenerative scenarios [38, 46-48]. In
spite of its importance, many tissue differentiation modeling frameworks have not
included a model of angiogenesis [5, 7, 10, 49]. In those that have, angiogenesis
has been regulated by biochemical cues, which could influence both blood vessel
growth rate and directionality, or has been regulated by mechanics which
influence only blood vessel growth rate [21, 50-53]. A modeling framework that
describes mechanically driven blood vessel growth directionality during tissue

differentiation has yet to be developed.

1.30bjectives

The objective of this thesis is to explore an alternative hypothesis for how
environmental factors regulate stem cell differentiation during regenerative events
such as fracture repair. It is hypothesized that stem cell differentiation is regulated
by substrate stiffness and oxygen availability during tissue regeneration. Rather
than assuming mechanical signals, such as matrix deformation, act directly on
stem cells to determine their differentiation pathway, it is postulated that they act
indirectly to regulate angiogenesis and hence the local oxygen availability within
a regenerating tissue. This hypothesis has been motivated by in vitro observations
reported in the literature of how these factors in isolation regulate stem cell
differentiation [24, 25, 27-32, 54]. It will be tested by developing a
computational tissue differentiation model based on this hypothesis and applying
it to various regenerative events in order to test its predictive capability. This
work will employ a computational mechanobiological approach. Undertaking
such an approach involves the development of a predictive computational
framework in which the rules for stem cell differentiation can be input.
Predictions of tissue distributions during a regenerative event are output by the
model. The validity of a potential differentiation rule is assessed by determining if

simulation predictions produce “realistic tissue structures and morphologies” [4].

The developed modelling framework will be initially applied to explore

stem cell fate during fracture healing. Spatial and temporal predictions of tissue
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differentiation generated by the model will be compared with both averaged
histological images of tissue distributions during the different stages of fracture
repair [55] and to simulation predictions generated from a well established tissue

differentiation hypothesis regulated by shear strain and fluid velocity [8].

To further test the hypothesis, a study will be undertaken to determine if
this model can predict changes in stem cell fate in a scenario where the callus
mechanical environment remains similar. Thrombospondin-2 (TSP2) is a
multifactorial matricellular protein, affecting many aspects of cell physiology
[33]. Upon deletion of TSP2, the mouse fracture callus contains significantly
more bone and less cartilage during fracture repair versus wild type controls
under similar mechanical conditions [33]. This study will apply the proposed
tissue differentiation model to explore fracture repair in TSP2-null mice and
investigate potential mechanisms which may be driving such changes in tissue

differentiation.

A robust test of a given hypothesis requires undertaking multiple
experiments attempting to falsify the hypothesis. In the context of testing such
tissue differentiation hypotheses within an in silico framework, the greater the
number of scenarios in which the underlying model hypothesis is subjected to
attempted falsifiability, but ultimately corroborated, the stronger the hypothesis
becomes [56]. The third study of this work will test the hypothesis that substrate
stiffness and oxygen availability can predict stem cell differentiation in a different
regenerative event, the implanted bone chamber. Comparisons will be made
between model predictions and experimental data of tissue distribution patterns in

both loaded and unloaded conditions.

The next phase of this thesis will consider the possibility that mechanical
cues might not act to prevent angiogenesis, but that the local mechanical
environment could regulated blood vessel directionality. To begin to address this
hypothesis, the mechano-regulation of angiogenesis and EC behaviour in vitro
will first be explored. For this study, a computational model (specifically a lattice
based model) will be developed capable of describing EC migration and
proliferation in response to alterations in the mechanical environment. The model
will be tested by attempting to simulate EC behavior under altered mechanical

environments in vitro [42] . A number of hypotheses for how mechanics might
5



regulate EC physiology will be tested based on ability to predict experimental

outcomes.

The final study of this thesis will test different hypotheses for mechano-
regulation of angiogenesis (and subsequent stem cell differentiation regulated by
substrate stiffness and oxygen availability) in vivo during stabilized and
unstablized fracture repair. The hypothesis that a mechanical stimulus guides
blood vessel directionality will be explored. Model predictions with blood vessel
directionality guided by various mechanical stimuli will be tested for their validity
by comparison with experimentally observed differences in vascular response
under varied loading conditions [40]. Subsequently, the full modeling framework
of angiogenesis and MSC differentiation will be applied and predictions
compared to experimental assessment of tissue distributions during stabilized and

unstabilized fractures.

By performing such investigations, this thesis will test the hypothesis that
substrate stiffness and oxygen availability regulate stem cell differentiation in
multiple regenerative scenarios. At the heart of this hypothesis is the assumption
that mechanical stimuli have an indirect (rather than a direct) effect on tissue
differentiation. This will be explored by developing novel mechano-regulation

models to investigate how mechanics regulate neovascularisation.




Chapter2: Literature review

This chapter will provide a thorough background to this work by reviewing the
applicable scientific literature. Firstly, mesenchymal stem cells (MSCs) will be
introduced, followed by a review of how various environmental factors regulate
stem cell differentiation (including mechanical signals, cell shape, substrate
stiffness, oxygen availability and biochemical regulators). Next, a similar
summary of how different environmental factors regulate angiogenesis will be
provided. Finally, fracture healing and implanted bone chamber experiments are

reviewed from a computational mechanobiological perspective.



2.1 Mesenchymal stem cells

Mesenchymal stem cells (MSCs) have the capacity to pursue numerous
differentiation pathways and ultimately produce mesenchymal tissues such as
bone, fat, adipose tissue, muscle, tendon and marrow stroma [57]. Friedenstein’s
[58] detailed investigations into the stem cells of bone marrow nearly 40 years
ago led Caplan [59] to propose the term ‘mesenchymal stem cell’ to describe the
earliest progenitor cell of this lineage. Five stages are proposed in the mesengenic
process (Figure 2-1). Firstly, MSCs undergo mitosis and proliferate. This is
followed by commitment to one of many potential stem cell lineages. Lineage

progression precedes differentiation. The differentiated stem cell then matures

and begins producing mesenchymal tissue.

Pittenger et al [57] performed investigations into MSC potential and found
that stem cells could be induced to pursue adipogenic, osteogenic or chondrogenic
lineages (Figure 2-1). Skin fibroblasts were also exposed to identical adipogenic,
osteogenic or chondrogenic induction conditions but did not undergo any such
differentiation. Primary fibroblasts, which are mature differentiated cells of the
mesenchymal lineage, lack the differentiation capacity which is observed in

human MSCs.
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Environmental cues will dictate lineage commitment of a stem cell.
However, the specific environmental conditions that drive differentiation in vivo
are not well understood. Substrate stiffness [24, 60, 61], cell shape [62, 63],
mechanical forces [3, 5, 7, 64], oxygen tension [27, 28, 31, 54, 65] and
biochemical cues [46, 57, 66] have all been implicated as factors which may
influence MSC fate in vivo. Details of studies investigating many of these factors
are discussed later in this review. Since MSCs have the potential to regenerate
several important muscoskeletal tissues, greater understanding of how some or all
of these factors are influencing the regulation of stem cell differentiation has
significant implications in many (if not all) disciplines of regenerative medicine.
Such information could allow the development of sensible and accurate strategies
for the treatment of bone fracture, osteochondral defects, osteoarthritis, in the

design of implant prosthesis and in many other areas.

2.2 Environmental factors regulating stem cell differentiation

Many factors have been implicated as possible regulators of stem cell
differentiation. This section will review a number of such factors including
mechanics, oxygen availability, substrate stiffness, biochemical cues and cell

shape.

2.2.1 Mechanical signals

Extrinsic mechanical signals inflicted on a cell by its extracellular environment
are thought to influence MSC fate. This section of the literature review will begin
with early observations of the role of mechanics in regenerative events such as
fracture repair, progress onto the first hypotheses of how mechanics may
potentially regulate MSC fate and finally look at recent in vitro studies which
investigate the influence of specific mechanical signals (compression, tension,

hydrostatic pressure and fluid flow) on stem cell fate.

2.2.1.1 Early mechano-regulation theories

Fracture repair has been a commonly investigated regenerative event for many
years. Experiments have demonstrated that mechanics have a significant influence
upon fracture healing outcomes. Stronger and more compliant fracture healing

with cyclic compression versus static compression has been demonstrated in a
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rabbit model [67]. Application of cyclic loading results in greater callus size and
stiffness at 8 weeks post fracture in an ovine model [68]. Excessive levels of
strain lead to greater inflammation and a decrease in bone formation which
ultimately hinders the normal healing process [69]. An interesting point is that for
the same level of interfragmentary strain (IFS), larger fracture gap sizes heal more
poorly than smaller gap sizes [69]. In an oblique fracture model, it was found that
shear increased cartilage differentiation in rabbit fracture healing [70]. Such
studies show the influence of mechanics on cell fate during regenerative events
such as fracture repair. Observations such as these have led to a number of

hypotheses of how mechanics may be directly regulating stem cell differentiation.

Over 60 years ago, Pauwels [3] put forward a theoretical framework
proposing that mechanical deformation of regenerating tissue, as a result of
mechanical forces, determined tissue differentiation. He hypothesised that
distortional shear stress is a specific stimulus for collagen fibres and that cartilage
formation is induced by a compressive stress stimulus following examination of
the processes of fracture repair (Figure 2-2). He postulated that bone formation
could only occur after soft tissues, such as cartilage and fibrous tissue, had

provided sufficient stabilisation [3].
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Figure 2-3. Elongation tolerences of fracture healing tissues [72]

Perren [72], motivated by Pauwels’ work, proposed that tissue
differentiation could be predicted via a process determined by whether or not the
rupture strain of that tissue has been exceeded. In other words, a tissue is unable
to form in a region where the level of strain exceeds that tissue’s failure strain

(Figure 2-3).

For example, if the local strain is 6%, cartilage would form in that region.
The rupture strain for bone is approximately 2% and therefore bone cannot form

in that region. It was suggested that tissue differentiation during fracture healing
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could be explained by the level of IFS (Equation 2.1). Due to the very different
rupture strains of the tissues, healing occurs by a progressive tissue differentiation
from initial granulation tissue and fibrous tissue, which have very high tolerances
for elongation, next is cartilage and finally bone is formed when the fracture has

been sufficiently stabilized by the other soft tissues.

Interfragmentary Motion

Interfragmentary Strain = =
Fracture Gap Size

(Equation 2.1)

The interfragmentary theory has the advantage of being simple and
convenient. Interfragmentary motion and gap size can both be obtained easily.
However, there are limitations. Firstly, the callus is modelled as one dimensional
entity ignoring the 3 dimensional complexity of a real callus. The
interfragmentary strain theory is also limited in terms of predicting some aspects
of fracture repair. For example, the theory predicts, for a given interfragmentary
movement, better results with increasing gap size which does not agree with
experimental results [69, 73]. Further theories of tissue differentiation inspired by
the theories Pauwels and Perren based upon mechanical stimuli are summarised in

Section 2.5 Computational Mechanobiology.

2225002 Mechanosensation

The processes of how MSCs sense their mechanical environment is complex and
as of yet not fully understood. Cellular mechanosensors are required to analyse
the mechanical environment and mechanotransduction is necessary to convert a
mechanical stimulus into chemical activity. There are a number of potential
cellular mechanosensors and mediators of mechanotransduction (Figure 2-4).
Recent work [62] has highlighted the importance of the cytoskeletal network as a
medium for cell mechanosensation of mechanical signals. Both intrinsic and
extrinsic mechanical signals may alter tension in the cytoskeletal network of a
cell. Cytoskeletal tension is a key component in determining cell shape, which
itself is known as a regulator of MSC differentiation (see Section 2.2.2 Cell
Shape). Cytoskeletal changes (which may be inflicted by mechanical stimulation
or otherwise) have been demonstrated to initiate a cascade of biochemical events
within a cell which lead to changes in gene expression and ultimately

differentiation [62].
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Integrins are transmembrane receptors which mediate the attachment
between a cell and its local environment, which may include extracellular matrix
(ECM) or other cells. It is possible that integrins experience mechanical stimuli
and act as a cell’s mechanosensors forming the link and possibly transferring
tension to the cell’s cytoskeletal network [74]. Local matrix stiffness can also play
an important role and has been demonstrated to regulate integrin binding and the

organization of adhesion ligands [75] (see Section 2.2.3 Substrate stiffness).

Mediators of Mechanotransduction
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Figure 2-4. Mediators of cellular mechanotransduction [76]
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Figure 2-5. Primary cilia response to fluid flow. Following an initial period of bending due to
applied fluid flow (A) and a rest period of 15 minutes, a decreased degree of bending is
observed (B) despite higher flow rate. This would indicate that the mechanics of the primary
cilium habe altered with time and possibly in response to the initial loading [77]

Primary cilia are solitary immotile microtubule-based slender structures
that project out from the much larger cell body into its extracellular environment.
They are thought to serve as dual sensory organelles capable of both
mechanosensation and chemosenstation coordinating essential cell differentiation
signaling pathways [78]. In terms of mechanosensation, primary cilia are believed
to act as flow meters responding to oscillatory fluid flow (OFF) [79]. Hoey et al
[79] demonstrated that the mechanics of the primary cilium change in response to

OFF and that the cilia has a pro-osteogenic mechanosensory role (Figure 2-5).

Gap junctions have also been proposed as possible mechanisms of cellular
mechanosensation [80]. A gap junction is an intracellular network of protein
channels that permits cell-to-cell communication via the interchange of hormones,
neurotransmitters and ions. Application of mechanical stimuli may initiate
changes in intracellular communication and growth factor and other molecular
secretion by physical stretching of the junction [81, 82]. Cellular
mechanosensation could also be facilitated by similar mechanisms in Adherens
junctions. For example, Janssen et al [83] demonstrated that stretch can activate

mechanoreceptor TRPV4 (transient receptor potential vanilloid 4 channel), in



Adherens junctions of bladder cells. Whether such a mechanism exists regulates

stem cell differentiation is to be determined.

2.2.1.3 In vitro studies

Recent in vitro bioreactor studies have provided a greater insight into how stem
cell differentiation is regulated by mechanical signals. This next section of the
literature review will investigate how different mechanical stimuli may promote

or inhibit differentiation pathways.

Static compressive loading has been shown to promote chondrogenesis of
mice embryonic limb bud MSCs [84]. Dynamic compression has also been shown
to upregulate chondrogenic gene expression in human bone marrow-derived
MSCs [85]. However, this relationship is not as simple as it may appear. The
response of MSCs to compression is dependent upon the time of load application.
Mouw et al [86] found, in a study of bovine bone marrow stromal cells, that
application of dynamic compressive loading at early time points (8 days) has little
effect on chondrogenic gene expression while loading applied at later time points
(16 days) significantly upregulates chondrogenic gene expression. This would
suggest that the mechanosensivity of MSCs is altered dependent upon the stage of
chondrogenesis a stem cell is currently at and also potentially on the stage of

development of a pericellular matrix.

While compression may favour chondrogenesis, other types of mechanical
stimulation may promote other differentiation pathways. Haudenschild et al [87]
found that bone marrow-derived MSCs embedded in alginate gels do not respond
equally to the application of dynamic compression versus dynamic tension. It was
demonstrated that while chondrogenic gene expression was upregulated under
application of compression, the application of dynamic tensile loading regulated
osteogenic and fibrogenic gene expression [87]. The authors suggest that tension
caused increases in PB-catenin signalling thereby repressing the chondrogenic
pathway. B-catenin has also been shown to be necessary for osteogenesis [88].
Day er al [88] demonstrated that the knockout of B-catenin leads to a reduction in
osteogenesis and the promotion of chondrogenesis, even in osteogenic culture
conditions. Sumanasinghe et al [89]demonstrated that application of tensile strain

can induce osteogenic differentiation without the addition of osteogenic induction

15



factors in human bone marrow-derived MSCs, providing further support for the
role of tension in osteogenesis. In that study, tensile strain caused the upregulation
of bone morphogenic protein (BMP)-2 which has previously been shown to

promote osteogenesis [90].

Oscillatory fluid flow (OFF) is another mechanical stimulus that has been
shown to regulate of MSC differentiation. OFF can induce changes in cell shape,
alter cytoskeletal tension or may be sensed by primary cilia. Li ef al [91] found
that MSCs experiencing OFF displayed upregulated gene expression of
osteopontin and osteocalcin (both osteoblastic markers). Another study found that
OFF induced upregulation of Sox9 (indicative of chondrogenesis), Runx2
(associated with the osteogenic pathway) and PPARy (an adipogenic marker)
demonstrating the potential of OFF to influence multiple lineage pathways [92].
The same study demonstrates that OFF develops tension in a cell’s actin
cytoskeleton which in turn activates RhoA and ROCKII. It was previously shown
that cells with activated RhoA or ROCKII have the potential to undergo
osteogenesis but if this pathway is inhibited an adipogenic pathway is pursued
instead [62]. Inhibition of the RhoA/ROCK II pathway has also been
demonstrated to increase Sox9 expression and hence, to enhance chondrogenic
differentiation [93].The same authors also demonstrated that OFF regulates Wnt [3
-catenin signaling [94] which is important in both osteogenic and chondrogenic
pathways [95]. The stability of B-catenin, shown necessary for osteogenesis, is
dependent on this pathway. Without Wnt ligands, B -catenin is tagged for
degradation. Prendergast predicted the influence of fluid flow in a tissue

differentiation algorithm [8] (see Section 2.5 Computational mechanobiology).

Hydrostatic pressure (HP) is another mechanical stimulus which has been
shown to have a strong effect on differentiation. Angele ef a/ [96] showed that the
application of hydrostatic pressure increases the formation of cartilaginous matrix
of bone marrow-derived mesenchymal progenitor cells undergoing chondrogenic
differentiation. The same authors also demonstrated that the magnitude of
hydrostatic pressure differentially regulated chondrogenesis [97]. However, other
studies have shown that HP has little or no effect on expression of chondrogenic
genes or matrix accumulation [98, 99]. Therefore, the role of HP in the regulation

of MSC fate remains unclear.
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2.2.2 Cell shape

Cell shape is an important component in the regulation of MSC fate. According to

Caplan [63]:

“the key factor in the conversion of a mesenchymal cell to a chondrocyte is

maintaining the progenitor cell in a round, unspread confirmation.”

To further support the role of cell shape in differentiation, McBeath et al [62]
demonstrated that adipogenesis was promoted when MSCs were only permitted to
maintain a spherical unspread morphology but underwent osteogenesis upon
being allowed to spread and flatten. RhoA and ROCK signalling pathways have
been shown to be key in such fate determination with greater activity in spread
cells than in unspread cells [62]. Activation of the RhoA pathway enhanced
osteogenic differentiation in spread cells while deactivation in unspread cells
induced adipogenesis, indicating the dependence of RhoA signalling on cell shape
[62] (Figure 2-6). Furthermore, ROCK signalling induced osteogenesis in both
round and spread cells indicating its independence of cell shape [62]. RhoA-Rock
in combination with cell shape has also been demonstrated to regulate

chondrogenesis [93].

Cell shape is predominantly determined by the state of a cell’s actin
cytoskeleton. Zhang et al [100] demonstrated that cytochalasin, a cytoskeletal
disrupting agent, disrupts actin filament organisation resulting in a more rounded
cell morphology and enhanced chondrogenesis. Cytoskeletal (and hence cell)
shape is controlled through a force balance between microfilaments, microtubules
and ECM [76]. Further insights into the influence of stiffness of ECM and other

substrates are discussed in the next section.
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Figure 2-6. Role of cell shape in the regulation of MSC differentiation via cytoskeletal
tension and RhoA and ROCK signalling pathways. (Figure from [101] who adapted from
[62])

2.2.3 Substrate stiffness

Previous sections of this review looked at the influence of extrinsic mechanical
signals inflicted on the cell by its extracellular environment on cell fate. It is also
probable that intrinsic mechanical stimuli generated within a cell in response to its

local extracellular environment regulate MSC differentiation

Engler ef al [24] demonstrated that the stiffness of an adjoining substrate
directed stem cell differentiation. They demonstrated that MSCs tended to pursue
a lineage that produced a tissue of similar stiffness to the substrate the cell was
exposed to during culture (Figure 2-7). Cells on collagen-coated gels of similar
elasticity to brain cells (0.1 — 1 kPa) undertook a spread neurogenic morphology
in combination with upregulation of neurogenic transcription factors. Cells
exposed to substrates of similar elasticity to myogenic tissue (8-17 kPa) were
likely to undergo myogenesis as evidenced by spindle shaped morphology
(similar to myoblasts) and higher expression of myogenic markers. Matrices of
stiffness mimicking the elasticity of osteoid (25 - 40 kPa) induced MSCs to take
on an osteoblastic-like morphology and increase osteogenic gene expression. The
authors suggested that nonmuscle myosin (NMM)), a key structural component of
the actin cytoskeleton which is also central to the control of cell adhesion,

regulates this mechanism. Inhibition of NMM withdrew spreading, branching and
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elongation of MSCs independent of substrate exposure, demonstrating the
importance of NMM regulation of MSC differentiation via local matrix elasticity.
As the stiffness of the local matrix was increased, so did the level of myosin
expression and also cell adhesion. The authors concluded that the stiffness within
a cell’s own actin cytoskeleton itself increases in accordance with an increase in
local matrix elasticity [24]. As was previously mentioned in this review, tension
build up in the actin cytoskeleton activates RhoA and Rockll. Activation of these

pathways allows cells to have osteogenic potential [62].
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Figure 2-7. Substrate stiffness influence upon tissue differentiation. MSCs are are exposed to
gels of varying stiffnesses which results in varying cell morphologies and eventual
differentiation pathways [24]

Park et al [60] also found a significant influence of substrate stiffness on

the chondrogenic and adipogenic differentiation pathways. It was found that a soft
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substrate induced both chondrogenesis and adipogenesis more prominently than a
stiff substrate. Guvendiren and Burdick further investigated the key role of matrix
stiffness in MSC differentiation in a dynamic bipotential model which permits
osteoblast and adipocyte differentiation [25]. The dynamic nature of the system
better mimics many natural processes such as development, wound healing and
disease [25]. Gels could be stiffened (from soft to stiff) at different time points
and the effect on differentiation compared to statically stiff and soft controls.
Similar to Engler et al [24], cells exposed to soft substrates maintained a round
morphology inducing adipogenesis while stiff substrates caused a spread
morphology and eventual osteogenesis (Figure 2-8). Not all cells differentiated
simultaneously and remaining uncommitted cells could be differentiated
according to a dynamic or changed stiffness (osteogenesis with stiff substrate and
adipogenesis with a soft substrate) while cells which had already committed, to
undergoing adipogenesis for example, did not change pathway according to

current matrix elasticity resulting in a mixed population (Figure 2-9).

a Soft Stiff
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Figure 2-8. Flourescent images of MSCs cultured on soft (3kPa), stiff (30kPa) or soft-stiff (3-
30kPa) gels. Scale bars are 100 pm [25].
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Figure 2-9. The influence of matrix stiffening at various time points upon tissue
differentiation (measured at day 14). The stiff group had a stiff substrate for the full 14 days
(and similarly for the soft group with a soft substrate). The Dyn D1 group had a soft
substrate which was dynamically stiffened on day 1 and remained stiff until day 14. Similary
for the Dyn D3 and Dyn D7 groups which were soft substrates initially but were stiffened on
day 3 and day 7 respectively [25].

The question then arises of how a cell might sense local matrix elasticity?
Focal adhesions may provide a means for MSCs to feel their microenvironment.
Cells may “feel” their adjoining matrix via a push or a pull and respond with the
generation of biochemical activity via mechanotransduction [102]. Integrins act as
mechanoreceptors for the transmission of mechanical signals to the cytoskeleton
[102]. Inhibition of integrin binding disrupts substrates stiffness driven

differentiation providing confirmation of the role of integrin bonds [75].

It is also found that treatment with bebbistatin (a myosin II inhibitor), Y-
27632 (which prevents myosin activation) or Cytochalasin (a cytoskeletal
disrupting agent, disrupts actin filament organisation) prevented the osteogenic
differentiation of uncommitted cells even upon exposure to stiff substrate [25].
This indicates that the increase in cytoskeleton tension, potentially from increased
traction forces exhibited by the cell on its surrounding stiff substrate, is as a key

factor in regulation of (in this case osteogenic) differentiation.
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The pull or contractility of MSCs can be assessed as a cellular prestress,
which balances the tractions stresses exerted on the substrate by the cell [103]. A
linear increase of traction/prestress with matrix stiffness has been reported [24,
25] (Figure 2-10). Soft substrates resulted in weaker adhesions [24, 60] which
could be important for the underlying mechanism behind regulation of stem cell

differentiation by substrate stiffness.

The mechansim behind regulation of differentiation via substrate stiffness
may be coupled to cell shape as mentioned in the previous section. Increasing
cytoskeletal tension (perhaps as a result of increased ECM rigidity) results in cell
flattening, bundling of actin filaments and buckling of some microtubules (Figure
2-11). On the other hand, decreasing cytoskeletal tension (perhaps as a result of
decreased ECM rigidity) leads the cell being unable to bear cell traction forces.
This results in internal force transfer to microtubules causing buckling, bending

and stress fiber disassembly. A rounded cell is the result.
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Figure 2-10. (a) Change in traction force with time for soft, stiff and dynamically stiffening
(soft to stiff) hydrogels. (b) Colour traction maps (of spatial traction forces) for
representative cells from soft and stiff hydrogels (scalebar is 25 pm) (c) Change in cell shape
(with accompanying traction maps) of a cell exposed to a stiffening hydrogel (adapted from
[25]).
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Figure 2-11. Mechanical force balance between ECM, microtubules and microfilaments
dictate cell shape and stability. Top: Increased cytoskeletal (CSK) tension is postulated to
maintain cellular growth whereas decreasing ECM rigidity is thought to promote cell
differentiation. Bottom: Influence of integrin receptor tension on cell shape [76].

A molecular mechanism for ECM stiffness regulation of MSC
differentiation has been demonstrated by Dupont et a/ [26]. Yorkie homologues
Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding
motif (TAZ), known also as WWTRI, were identified as essential nuclear relays
of mechanical stimuli exerted by substrate stiffness and cell shape [26] .
YAP/TAZ transcriptional activity is regulated by ECM rigidity, with greater
activity occurring due to growth on a stiff substrate (40kPa) versus a soft substrate
(0.7kPa) (Figure 2-12). Cell shape was also demonstrated as a regulator of
YAP/TAZ with greater activity occurring in cells with spread morphology versus
spherical morphologies (Figure 2-12). Consistent with observations from previous
studies, osteogenesis occurred in spread cells and cells exposed to stiff substrates
while adipogenesis occurred in spherical cells and cells exposed to soft substrates.
The authors successfully induced adipogenesis in cells growing on a stiff
substrate by knocking down YAP/TAZ and also induced osteogenesis in cells
growing on a soft substrate by overexpression of YAP/TAZ (Figure 2-13)
providing strong evidence for the role of YAP/TAZ in mechanotransduction

during the regulation of stem cell differentiation by ECM rigidity and cell shape.
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Figure 2-12. Top: Confocal immunoflucrescence images showing greater YAP/TAZ activity
in cells on the stiffer substrate, particularly in the region of the nucleus. Bottom:
Microprinted fibronectin islands of different sizes determine cell shape which in turn
regulates nuclear YAP/TAZ activity. Image adapted from [26].
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Figure 2-13. Left: Adipogenesis occurring at high levels in cells on a stiff substrate (40kPa)
upon YAP/TAZ knockdown. Right: Osteogenesis occurring at high levels in cells on a soft
substrate upon YAP/TAZ overexpression. Image adapted from [26].
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2.2.4 Oxygen availability

High oxygen tension Low oxygen tension

Figure 2-14. Alcian blue staining for sulphated proteoglycan (marker of chondrogenesis).
Deeper staining at low oxygen tension shows more prominent chondrogenesis [31].

Oxygen availability is vital to almost all lifeforms and as such, it is intuitive that
the presence (or lack) of oxygen would influence the regulation of cellular
mechanisms such as MSC differentiation. Some stem cell differentiation
pathways are repressed in hypoxic conditions [27, 28]. Holzwarth er al [27]
showed that adipogenic and osteogenic pathways are severely impaired at 1%
oxygen tension. Fehrer er a/ [28] found similar impairment of osteogenesis and
adipogenesis at 3% oxygen tension. Yun et al [29] also demonstrated impairment
of adipogenesis under hypoxia (Figure 2-15). On the other hand, it has been
shown that the chondrogenic pathway is more prominent under hypoxic
conditions [30-32]. Meyer et al [31] demonstrated that low oxygen availability
was a more potent promoter of chondrogenesis than a mechanical stimulus,
dynamic compression (Figure 2-14). Osteogenic precursor cells have been shown
to pursue a chondrogenic lineage under low oxygen tension [30, 32]. Hirao ef al
[32] found greater chondrocytic differentiation and matrix sythesis at 5% oxygen
tension versus 20 % oxygen tension. Kanichai e a/ [30] demonstrated greater
chondrogenesis, as evidenced by increased proteoglycan deposition and
upregulation of collagen II and Sox 9, at 2% oxygen tension versus 20% oxygen

tension.

Recent work has provided insights into the mechanisms of oxygen related
regulation of stem cell fate. It has been demonstrated that variations in oxygen

availability strongly affect gene expression in differentiating osteoblasts [104].
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When oxygen is sparse, a triggered response in mammals is to increase expression
of a large number of genes including vascular endothelial growth factor (VEGF)
and glycolytic enzymes [105]. Salim er al [106] demonstrated that
downregulation of BMP-2 and RunX2 expression as a result of exposure to low
oxygen conditions inhibits osteogenesis. It has already been mentioned in this
review that BMP-2 has osteogenic stimulation properties [90]. Runx2 is a
member of the runt family of transcription factors. It is both necessary and
sufficient for osteogenesis [107]. Runx2 binds to responsive elements within the
promoters of collagen I, osteocalcin and osteopontin enhancing their expression

[108].

Hypoxia-induction-factor (HIF1), which contains the HIF1-a and HIF1-$
subunits, is responsible for the transcriptional induction of most hypoxia-related
genes [109]. The role of HIFI- a as a key mediator of hypoxia induced
chondrogenesis was demonstrated by an siRNA knockdown approach which
eliminated the pro-chondrogenic effect of low oxygen tension [30]. The HIF
complex binds to hypoxia responsive elements and initiates the transcription of
Sox 9 and aggrecan [110]. Upregulation of Sox 9 and aggrecan are central to
chondrogenesis [111]. There is also data available demonstrating the role of HIF 1
in the hypoxia-induced inhibition of adipogenesis. The HIF1 regulated gene
DEC1/Stral3 inhibits the activation of the adipocyte-specific transcription factor
PPARy2 which is necessary for adipogenesis [29] (Figure 2-15). It has been
suggested that HIF1- a mediates a metabolic switch with cells fueling themselves
primarily through anaerobic glycolysis rather than through aerobic respiratory
mechanisms under hypoxia [112]. Such metabolic differences may explain the
prevalence of chondrogenesis over osteogenesis and adipogenesis, for example,
when oxygen is in paucity. Interestingly, however, Sahai et a/ [105] found that
HIF-1 does not play a role in inhibition of osteogenesis under hypoxia by
blocking HIF-1 activity which did not have a significant impact on osteogenic

gene expression.
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Figure 2-15. Oil Red O staining for lipid droplets. The Induced group of 3T3-L1 (L1) cells,
which were treated with a standard cocktail of adipogenic hormones, containing insulin,
dexamethasone, and 3-isoglycolysis butyl-1-methylxanthine (IDM), differentiated into
mature adipocytes, laden with fat droplets, under normoxia (20% 0O2). However, adipocyte
differentiation is completely inhibited under hypoxia (0.01% or 2% 0O2). Control group was
not exposed to adipogenic induction factors (IDM). Cell death was similar among all groups.
129]

2.2.5 Biochemical regulators

Biochemical cues have long been studied as regulators of stem cell
differentiation. Transmembrane proteins act as a cell’s chemoreceptors; they bind
signaling molecules from outside the cell and transmit information from outside
chemical stimuli through sequences of molecular switches and signal transduction
cascades to the nucleus. Primary cilia are also believed to be a cell’s chemosensor
(as well as a mechanosensor as mentioned previously) [78, 113]. Absence (often
examined via knockout models) or altered expression of a solitary growth factor
or matrix protein has the potential to lead to striking changes in differentiation
during development or tissue regeneration. For example, fibrodysplasia ossificans
progressiva (a disorder in which muscle and connective tissue is gradually
ossified) occurs as a result of dysregulation of the BMP-4 signaling pathway
[114]. Furthermore, introducing growth factors such as BMPs or TGF-B to a
healing bone fracture has been demonstrated to enhance bone formation and

decrease healing time [115, 116].

BMPs have also been commonly examined and have been shown to have

roles in the initiation, promotion and maintenance of multiple differentiation
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pathways, such as osteogenesis and chondrogenesis. It had been previously
speculated that BMP-2 and BMP-4 were solely chondrogenic growth factors,
produced by chondrocytes and stimulating chondrogenesis of MSCs [117]. BMP-
2 and BMP-4 expression occurs within the first 24 hours post bone fracture, a
time that correlates with the initiation of chondrogenesis of the MSCs within the
callus [117]. More recently, Knippenberg e al [90] showed that BMP-2 induces
an osteogenic phenotype in adipose derived MSCs. The same authors also
demonstrated that BMP-7 induces a chondrogenic phenotype in adipose derived
MSCs [90]. Treatment with BMP-2 upregulated the expression of runt-related
transcription factor (runx-2), a key transcription factor associated with
osteogenesis, and osteopontin, a known osteogenic marker while upregulation of
BMP-7 increased the expression of aggrecan, an integral component of
cartilaginous tissue matrix [90]. Other work has demonstrated that other factors
(e.g. fibroblast growth factor 21 (FGF21)) can increase the osteogenic activity of
BMP-2 via upregulation of the Smad signaling pathway [118]. BMP-2, along with
BMP-4, was also detected in chondrogenic precursor cells in distraction
osteogenesis in the same study [118]. This demonstrates that although BMPs play

an important role in regulation of tissue differentiation, the role is complex.

There are many other growth factors which have been shown to influence
MSC differentiation but to discuss them further would be exceeding the scope of
this review. Geris et al [51] implemented a bioregulatory model of tissue
differentiation and angiogenesis regulated solely by biochemical cues which was
successful in predicting the stages of fracture healing (see Section 2.4.1 Stages of

fracture healing and Section 2.5 Computational mechanobiology).

2.3 Angiogenesis

Angiogenesis refers to the development of new blood vessels. Angiogenesis is
vital to the tissue regeneration process and is known to have an inherent effect on
tissue differentiation during such events. As such, this part of the literature review
will focus on reviewing current knowledge and experiments investigating
regulation of angiogenesis. Accurate computational modelling of angiogenesis is
key to many recent regulatory theories of MSC differentiation and this section

will also look at how angiogenesis has been modelled in silico.
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2.3.1 Environmental factors regulating angiogenesis

2.5.1.1 Biochemical factors

Vascular endothelial growth factor (VEGF) is a potent mitogen which has long
been associated with stimulation of neovascularization. VEGF is secreted by cells
to chemically stimulate the formation of new blood vessels. For example,
hypertrophic chondrocyctes secrete VEGF during the ossification process in early
skeletal development. Street er al [46] highlighted the importance of VEGF to
bone repair. Treatment with a neutralizing VEGF receptor led to diminished
angiogenesis and poor bone formation and progression of healing as a result. In a
separate experiment as part of the same study, treatment with exogenous VEGF
led to enhanced angiogenesis and progression of bone repair in both a rabbit

radius gap defect model and a mouse femur fracture model.

Basic fibroblast growth factor (bFGF) is another regulator of endothelial
cell behaviour [119]. bFGF stimulates angiogenesis as both an autocrine and
paracrine factor inducing endothelial cell migration, proliferation and expression
of growth factors, proteases and integrins involved in angiogenesis [120, 121].
bFGF activates a signalling cascade that mediates endothelial cell activity through
binding to FGFR receptors [122, 123]. There are also many other biochemical
factors secreted by cells to regulate angiogenesis such as BMPs, angiopoetins and
RANKL but are beyond the scope of this review [119, 124]. A summary of such

factors is shown in (Figure 2-16).

Chemotaxis is also observed as endothelial cells and blood vessels migrate
toward regions of hypoxia. It has been demonstrated that a hypoxic tissue gradient
is necessary for successful wound healing as capillary growth ceases upon
removal of the gradient [47]. It has also been shown that hyperbaric oxygen
stimulates vascularisation in bone defects [125]. Directed cell migration is
enabled by cellular sensation of local concentration of chemical factors. Cells
detect soluble factors (such as mentioned above) with specific membrane
receptors. Next local excitation/global inhibition (LEGI) mechanisms detect local
chemical gradients. This involves a local excitation signal inducing polarization
whereas a local inhibitory chemical signal opposes it. This activation of

chemotactic pathways leads the eventual accumulation of F-actin at the front of
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the cell and P-Ten at the back and the eventual directed migration of a cell along a

chemical gradient [126].

_——_
Oxygen, nutrients,
b & 3—
_—
IIIIIII : — 5 — " ==
i VEGF, bFGF, ET-1, RANKL,
: VEGF, BMP7, BMP7, EGF, HB-EGF,
RANKL, EGF, HB-EGF, TGFa, EGFL6, EGFL7
BMP7 EGFL7, AREG AREG, BTC
4
' 4
-
( © @
’ e
S -
Bone-lining Endothelial Osteocyte
precursor pncunor cell cell

Figure 2-16. Secreted biochemical regulators of endothelial cell behaviour and angiogenesis
[119]

2.301.2 Mechanics

Mechanics have also been shown to regulate angiogenesis. It has been
demonstrated that excessive mechanical stimuli can prevent angiogenic
progression in vivo [34-37], while in vitro studies have demonstrated that
mechanical stretch can cause a decrease in endothelial cell (EC) proliferation
[127]. However, it is also possible that mechanical stimuli in non-excessive
magnitudes is beneficial for endothelial cell proliferation and migration, and
hence, angiogenesis.

Studies undertaken found that applied cyclic strain promotes EC migration
and tube formation [41] and stimulates EC and vascular smooth muscle cell
(SMC) differentiation [45]. Boerckel et al [40] demonstrated that mechanical
loading applied immediately post fracture repressed vascular progression into a
fracture defect site. However, application of a mechanical stimulus 4 weeks post

fracture stimulated vascular remodelling and increased bone formation as a result.
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It could be assumed that the local mechanical stimulus experienced by ECs at the
later time point would be significantly smaller in magnitude (due to a more
stabilised callus) which could possibly explain the difference in response. Qiu et
al [39] obtained similar findings demonstrating compressive stress to have both a
stimulatory and inhibiting effect upon vascularisation during fracture healing
depending upon the magnitude. Up to a threshold level compressive stress
promoted vascularisation but beyond this level vascularisation was repressed.
The expression level and absorbance of VEGF corresponded to the level of
applied stress implicating the coupling of biochemical and mechanical cues in
cellular response [39]. This is further evidenced by other studies. Yung et a/ [128]
demonstrated that dynamic tension can initiate a cascade of autocrine and
paracrine signalling between ECs and SMCs necessary for angiogenesis. The
authors describe how secretion of angiopoietin (Ang)-2 is upregulated with the
application of dynamic tension leading to increased EC migration and sprout
formation. Endothelial cells have also been demonstrated to secrete other
proangiogenic biochemical factors (such as BMP-2 and BMP-4) in response to

mechanical stimuli [119].

Mechanics have been demonstrated to not only regulate the magnitude of
an angiogenic response (or rate of blood vessel growth) but also to influence EC
migration directionality (mechanotaxis) and hence vascular growth direction [42,
43, 129, 130]. Application of cyclic stretch has been demonstrated to align
endothelial-cord-like structures perpendicular to the direction of applied stretch
[131]. Matsumoto et al [42] observed that ECs preferentially aligned and
migrated in a direction perpendicular to the direction of applied tensile strain in 2-
D culture. Sprout-like structures formed predominantly in the direction
perpendicular to applied strain in 3-D culture [42]. Moretti et al [132] showed that
this reorientation can occur within a short period of time. Human umbilical vein
endothelial cells (HUVEC) reoriented perpendicular to the direction of stretch
within 4 hours of strain application. Yung et a/ [128] demonstrated that ECs
upregulate Ang-2 and PDGF in response to strain application and subsequently
have migration biased in the direction perpendicular to applied strain. SMCs
increase PDGF receptors in response to applied strain but do not exhibit

directional migration. It was found that straining SMCs in coculture with ECs
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resulted in directed migration of SMCs toward ECs. As a result the authors
proposed a dual sensory mechanism for blood vessel development whereby
mechanics direct EC migration and chemical cues direct SMC migration toward
ECs, a process which eventually leads to the development of blood vessel

structures (Figure 2-17).
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Figure 2-17. Potential mechanism by which strain regulates stages of angiogenesis. EC
migration is directed by mechanics (in the direction perpendicular to strain) while SMC
migration is towards ECs [128].

Cell alignment parallel to the direction of applied strain has also been
observed [43]. It is possible that cell interaction with substrate topology via
contact guidance can overrule the effect of reorientation. For example, Krishnan
et al [43] found preferential EC migration parallel to the direction of applied
strain. A possible explanation provided by the authors for this is that the
underlying collagen matrix (of the collagen gels used in the study) prevents
reorientation by the applied cyclic strain. It is also possible that the viscoelastic
collagen gels may fail to maintain stress on the cells during strain application
[43]. Tambe et al [133] found that cells migrate in order to maintain minimal
local intercellular shear stress. This led the authors to hypothesize that migration
orientation aligns itself with the orientation of maximum principal stress. This
idea complements other physical principles such as Murray’s law which
postulates that vascular remodeling occurs so that flow is attained with the least
possible energy. The influence of fluid flow upon EC migration has also been
demonstrated [129, 130]. Fluid flow promotes directionally biased migration in
the direction of flow. The magnitude of fluid flow stimulus is an important factor

with a threshold needing to be surpassed in order to overcome the effects of
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haptotaxis (ECs developed focal adhesions and migrated preferentially towards
regions of higher surface density of collagen). Durotaxis is another observed
mechanism of biased cell migration. Cells have been demonstrated to direct

migration from softer matrix regions to stiffer matrix regions [134, 135].

Mechanotaxis can entail complex interplay between physical and chemical
mechanisms in order to sense local gradients. A cell must detect differences in
stimulus across the cell body, polarize in the appropriate direction and ultimately
migrate along that direction. A force detection mechanism would typically
involved force-induced conformational change in specific molecules which can
alter enzyme or ion channel activity and initiate signalling cascades which lead to
polarization [136]. For example, mechanical forces can unfold cryptic vincilin
binding domains resulting in vincilin binding [137], which is actively involved in

the mechanism of cell movement and spreading.

It is also plausible that mechanotaxis can occur independent of a chemical
cascade to determine directionality. Physical forces do not require the
mechanisms to sense and gradient as they already convey directional information.
Variations in membrane tension which may accumulate directly from extrinsic
mechanical signals may lead to cellular polarization and eventual directed
migration. A homogeneous distribution of mechanosensors across the cell body is
also conceivable. If such mechanosensors were proteins, they could stretch or
unfold at differing rates at leading and trailing edges which could be transduced

into soluble intracellular signals initiating polarization [126].

2.3.2 Insilico models of angiogenesis

Early computational models of MSC differentiation during tissue regeneration did
not consider angiogenesis [5, 7, 10, 49], in spite of experimental observations of
its importance to MSC differentiation. Since then, models of angiogenesis of
varying complexity have been developed with blood vessel activity regulated by

either mechanical or biochemical cues.

Some models of angiogenesis were regulated by mechanics with inhibition
of blood vessel growth in regions of a high mechanical stimulus. For example,
Chen er al [52] used a diffusive model to predict angiogenesis during fracture

repair. Vessel growth was inhibited in regions of high distortional strain. The
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model also included a model of nutrient supply in order to make tissue
differentiation predictions within the fracture callus. The study showed that, in the
case of a large fracture gap, non-union may be induced by inadequate mechanical
environment or by a deficiency in nutrient supply. Simon et al [138] used fuzzy
logic modelling to incorporate blood perfusion into their model. Blood perfusion
was decreased in regions of high distortional or dilatational strain. The model
allowed investigation into stable and unstable cases. Slower revascularisation and
slower healing in unstable fractures was successfully predicted by the model.
Another interesting feature of the model was that healing in the less stable case
was primarily limited by an inadequate mechanical environment, whereas the rate

of angiogenic progression is the more dominant factor in the stable fracture.

Other models have included a blood vessel growth rate which is linearly
related to a mechanical stimulus [50]. Checa and Prendergast [5S0] applied random
walk theory [139] and a lattice approach to describe angiogenesis. A high
mechanical stimulus (a combination of shear strain and fluid velocity) resulted in
a blood vessel growth rate of zero but a lower mechanical stimulus resulted in a
high blood vessel growth rate. Within the lattice approach, each finite element
was discretised into lattice points. Each lattice point represented a potential
position for a cell and its immediate extracellular matrix. Vessels were modelled
as a sequence of adjoining lattice points filled with endothelial cells. This
approach allowed explicit modelling of capillaries including branching and
anastmosis as well as directionally biased blood vessel growth. Blood vessel
growth directionality was biased in a chemotactic direction which was determined
by the location of the highest concentration of hypertrophic chondrocytes (which
were assumed to secrete VEGF). This model of angiogenesis has been used to
explore a number of regenerative scenarios. Byrne ef al [140] used this model of
angiogenesis, combined with the tissue differentiation algorithim of Prendergast
[8]. to explore tissue growth within a scaffold. Sandino ef a/ [21] used the same
approach to examine tissue differentiation within a scaffold with irregular
morphology. Khayerri et al [16] applied this model to investigate differentiation
in the implanted bone chamber. Reina-Romo ef al/ [141] added a similar model

lattice model of angiogenesis to the tissue differentiation framework developed by
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Gomez-Benito er al [23] to explore tissue differentiation during distraction

osteogenesis.

Biochemical factors have also been assumed to regulate angiogenesis
during in silico studies. Geris et al [51] progressed the modelling framework of
Bailon-Plaza and van der Meulen [142] to include angiogenesis. Angiogenesis
(and tissue differentiation for that matter) was regulated by biochemical cues,
independent of mechanical effects, and was therefore a bio-regulatory model
rather than a mechanoregulatory model. A series of differential equations was
implemented to model angiogenesis. The study emphasised the importance of the
formation of an adequate vascular network for successful fracture healing. This
model has since been used to investigate fracture non-unions [143] and bone
chamber experiments [53] with the incorporation of mechanics by making certain
parameters dependent on mechanical stimuli, such as fluid flow and hydrostatic
pressure. Pieffer et al [144] developed a model to include explicit modelling of
individual vessels, a leading endothelial tip cell which controls vessel growth,

vessel branching and anastomosis.

Other models of angiogenesis have been developed to include the
molecular mechanisms of angiogenesis. Carlier ef al [145] developed a multiscale
model of sprouting angiogenesis which includes lateral inhibition of endothelial
cells. The model can recreate the influence of molecular mechanisms of
angiogenesis and successfully predicted many aspects of tip cell selection,
excessive number of tip cells in regions of high VEGF concentration and due to
loss of DII4 (a negative regulator of angiogenesis). Zheng et al [146] developed a
continuous model of angiogenesis which includes initiation, sprout extension and
vessel maturation. Regulating mechanisms of VEGF and angioproteins (Angl and
Ang2) upon proliferation, migration and maturation are included and allow the

model to reproduce experimentally observed aspects of corneal angiogenesis.

2.4 Fracture healing

Tissue differentiation has been commonly investigated via exploration of the bone
healing process and as such is reviewed here. Fracture occurs when the strain
limit of bone is exceeded, often by physical trauma. Repair of bone fracture

normally involves repeatable spatial and temporal patterns of tissue differentiation
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and, as a result, has often been considered as a model system to explore how
environmental factors regulate stem cell differentiation in vivo. Specific
hypotheses relating to how environmental factors impact stem cell differentiation
can then be tested by attempting to simulate tissue differentiation patterns for
each stage of fracture healing using computational models [7, 9, 10, 51, 138].
Some of these models will be reviewed in further detail later in this chapter (see

Section 2.5 Computational mechanobiology).

2.4.1 Stages of fracture healing

Fracture repair can occur via either primary or secondary healing responses.
Primary fracture healing entails a direct effort to re-establish an interrupted cortex
via intramembranous ossification [147, 148]. A high degree of stability and
anatomical reduction of the fracture ends is required for healing in this manner
[149]. Inadequate stabilisation prevents the necessary fracture site vascularisation
by rupturing any newly sprouted capillaries and secondary healing occurs [150].
Secondary fracture healing involves the formation of an external fracture callus
and a slower revascularisation and healing process involving endochondral
ossification [148]. Secondary healing is the dominant healing mechanism in vivo

so this mode of healing shall be primarily discussed here.
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Figure 2-18. Schematic of a cross section of a healing long bone. Fracture healing
progression: Inflammatory stage causes initial callus and hematoma formation.
Intramembranous ossification occurs at the periosteal cortex distal to the fracture gap with
cartilage formation in and adjacent to the fracture gap. Ossification continues via the
endochondral route. The callus is remodelled to return the bone to its original geometry
[151].
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The standard classification of secondary fracture healing stages includes

an inflammatory response followed rapidly by a reparative phase and, eventually,
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a remodelling phase [147]. Fracture impact results in acute necrosis and damage
of the adjacent marrow and bone [152]. The presence of much necrotic material
instigates the formation of a hematoma and an intense inflammatory response
(Figure 2-18). The region is invaded by inflammatory cytokines, growth factors,
macrophages, leukocytes and other inflammatory cells. The hematoma is the
source of these cells which have the ability to activate sequences of cellular
events necessary for successful fracture healing [148, 153]. Migration of stem
cells to the hematoma site from the endosteum, periosteum and surrounding
muscle [148, 154] form a soft granulation tissue together with the aforementioned

inflammatory cells, vessel cells and fibroblasts [153].

The formation of a fracture callus permits the reparative phase of fracture
healing. Einhorn speculated that the most important event in fracture healing is
early intramembranous ossification beneath the periosteum [155]. This leads to
the lifting of the periosteum off the bone surface (Figure 2-19). With the lifting of
the periosteum, comes the release of osteochondral progenitor cells which are

now free to proliferate through the callus.

Cortical bone Periosteum lifting

Progenitor cells Surrounding tissues

Figure 2-19. Periosteum lifting in the early reparative stage of fracture repair [156]

A front of bone formation proceeds from the periosteal and endosteal
cortices towards the fracture gap via intramembranous ossification [7] (Figure

2-18 and Figure 2-20). High rates of proliferation allow chondrocytes to become
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the dominant cell type in the external callus (Figure 2-21). Cartilage is generated
and eventual cartilaginous bridging of the fracture gap occurs in the periosteal
callus. The bone front now progresses via endochondral ossification (Figure
2-18). During this process, chondrocytes undergo hypertrophy. Hypertrophic
chondrocytes are generally more prominent in close proximity to bone [157].
Hypertrophic chondrocytes direct the mineralization of their surrounding matrix
[158], stiffening the tissue. The mineralised cartilage is subsequently invaded by
blood capillaries allowing the ossification of the tissue and bone is formed. Bone
formation continues until bony union is achieved and both the external and
internal calluses are completely bone. This bridging creates a load transfer path
through the outside of the callus (or alternatively through the internal callus in the
case of endosteal healing) with the effect of minimizing strain in the fracture gap,
leading to bone formation in the fracture gap. The callus is now almost

completely bone [7].

Figure 2-20. Bony progression during secondary bone repair [7]
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Figure 2-21. Chondrocyte proliferation during the reparative stage of fracture repair [156]

Once bony union is achieved, the load transfer path runs through the
newly formed bone situated in the cortical gap. Strains are reduced in both
periosteal and endosteal calluses. The bone there is “disused”. In order to
maintain metabolic efficiency, this bone is resorbed and the long bone’s original
shape is restored (Figure 2-18). In the endosteal callus, a medullarization process
occurs whereby unneeded bone is resorbed and replaced by marrow in order to
restore original bone architecture [159]. Bone modelling occurs over a long

period of time (years) in order to restore the original lamellar bone structure [36].

An alternative classification of fracture healing stages was offered by
Vetter et al [55]. Following an intensive study on fracture healing in sheep [160],
it was found that substantial histological differences occur between individuals,
even those harvested at the same time point and who had been subjected to the
same mechanical fixation. A novel imaging analysis technique allowed the
definition of 6 observed healing stages (Figure 2-22) according to topological
criteria (Table 2-1) and independent of time. These images represent a qualitative
description of average healing progression in the sheep model. Such images are

potentially useful in a number of scenarios including the examination of

39



mechanobiological theories, the investigation of fracture repair progression with

various mechanical fixation devices, intraspecies comparison etc.

Table 2-1 Definition of the criteria used to identify stages of fracture repair [S5]

Healing Stage Topological Criteria Classification According to
Healing Phases

Stage 1 Remnants of hematoma still present in the callus Late inflammatory phase

Stage 11 No remnants of hematoma left, cartilage not yet formed Early reparative phase

Stage 111 Bridging via cartilage in the outer osteotomy zone, but no bony Reparative phase
bridging of the osteotomy gap

Stage IV Formation of a periosteal bony bridge between the proximal and Late reparative phase
distal parts of the osteotomy callus

Stage V Formation of an endosteal bony bridge between medial and lateral Early remodeling phase
parts of the osteotomy callus

Stage VI Reduced size of the hard callus, resorption of the endosteal bony Remodeling phase

bridge
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Figure 2-22. Vetter et al’s classification of healing stages in fracture repair of sheep based
upon averaged histological images [55]

2.4.2 Progenitor cell origin, migration and proliferation during

fracture healing

During fracture healing, three sources of MSCs have been suggested: the bone

marrow of the medullary cavity [161], the inner cambial layer of the periosteum
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[147] or the surrounding soft tissues and lifted periosteum [162]. Bone marrow is
known to contain a high density of stem cells with the ability to pursue any
mesenchymic lineage [163]. Cells within the periosteum also play an important
part in fracture repair [147]. The inner cambial layer is known to provide a source
of progenitor cells to the callus followed the lifting of the periosteum during
healing [147]. It is also speculated that the lifted periosteum is a third source of
progenitor cells [162]. However, it is not known whether cells originate from
surrounding muscle and soft tissues and invade the callus through the lifted
periosteum or from the outer fibrous layer of the periosteum itself or from both
sources. It has been suggested that these stem cells may not be uncommitted
MSCs but osteoprogenitor cells with a predetermined commitment to bone
formation through either endochondral or intramembranous modes of bone
formation [161]. Leriche and Policard [162] even suggested that repair tissue was
not generated from specialist cells but was in fact a consequence of activity from
uncommitted fibroblasts which could develop osteogenic ability given specific
environmental conditions. In other words, the reparative tissue does not originate
from the bone itself but from the surrounding soft tissues [162]. Secreted factors
such as BMPs (e.g. BMP-7) and tumuor necrosis factor-a (TNF-a) are believed to
mediate the recruitment of necessary cells to the fracture site [164, 165]. The role
of hypoxic gradients regulating stem cell trafficking by HIF-1 has also been
suggested [166].

Stem cell origin was shown to have an important influence on fracture
healing in an finite element study undertaken by Lacroix ef al [167]. Upon
investigation of the three aforementioned MSC origins, taken as sole cell sources,
the rate of reduction of interfragmentary strain (IFS), a marker for recovery, was
shown to be largest for cells originating from external tissue. Rate of recovery
was 50% slower for cells originating from the inner cambial layer and if cells
were solely sourced from the marrow, recovery could be as much as four times

slower [167].

Cell proliferation is thought to increase rapidly during the inflammation
phase of repair with cell division reaching a maximum rate as early as twenty-four
hours after fracture [147]. This activity primarily occurs in the periosteum and in

the tissues in the immediate vicinity of the periosteum and continues through the
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length of the bone [147]. After a few days, this activity becomes restricted to the
fracture gap and areas adjacent to the fracture gap where activity exceeds normal

levels for a number of weeks [168].

2.4.3 Factors that vary healing

Fracture healing outcome can be affected by a number of factors. This next
section will review the influence of mechanical stimulation, angiogenesis and

oxygen on repair outcome.

2.4.3.1 Mechanical stimulation

Mechanical stimuli can alter the progression of fracture repair [68, 150, 160, 169].
Application of loading to healing fractures can be beneficial decreasing healing
times and lessening the likelihood of delayed union [68, 169] . However, should
loading be excessive, loading can be disadvantageous decreasing mechanical
stability and prolonging healing time [150, 160, 169] . External loading and the
nature of fracture fixation are important variables in determining the local
mechanical environment and hence its influence upon healing within a fracture
callus. Fixation which is highly unstable may lead to excessive mechanical
stimuli and lead to delayed or non-union [160]. Some of this disparity may be
explained by the timing of application of mechanical stimulation. Boerckel er al
[40] found that while early loading was detrimental to healing, decreasing bone
formation by up to 75%, loading applied 4 weeks post fracture was beneficial to
healing increasing bone formation by 20%. It is probable that the strain
environments are very different both time points (even if the magnitude of
loading was similar) due to stiffer tissue existing at a more advanced stage of
healing (4 weeks post fracture). This is just one example of the complex nature of

the situation.

The type of mechanical stimulation is also important to healing
progression. Axial loading (controlled micromovements, non-excessive in
magnitude) has been demonstrated to enhance fracture repair progression and
decrease healing time [68]. However, shear movements have been demonstrated
as having poorer mechanical stability, delayed bone formation and longer healing
times [169]. In contrast, there is also data available in the literature which
proposes that shear stimulation is more beneficial than axial stimulation [70]. The
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nature and magnitude of mechanical stimuli within a fracture healing environment
is also influenced by a number of geometric factors such as fracture pattern and
gap size. For example, smaller gaps heal quickly and more successfully than
larger gap sizes where bone formation is significantly reduced [73]. In spite of
extensive experimental investigations, the exact role of mechanical stimulation
upon fracture healing progression is not fully understood. Technological
advancements have led to the availability of computational tools to aid further
investigation into these complex coupled relationships (See Section 2.5

Computational mechanobiology).

2.4.3.2  Angiogenesis and oxygen

In addition to a suitable mechanical environment, an adequate vascular supply is
necessary for successful fracture repair [48]. Bone fracture causes severe blood
vessel disruption and, usually, the formation of a hematoma. Interruption to the
restoration of vascular function or development has been demonstrated to lead to
delayed or non-union [35]. High levels of IFS have been linked to such delayed or
non-union [34]. Nearly 40 years ago, Rhinelander [38] speculated that capillaries
necessary for osseous growth were ruptured constantly due to high strains,

delaying and/or preventing bone formation and hence, fracture healing.

The relationship between bone formation and blood supply has long been
recognized [170, 171]. Bone is a highly vascularized tissue [150]. Blood vessels
transport oxygen, nutrients and biological factors necessary for bone formation
[171]. Hausman et al [172] showed that treatment of a fracture with TNP-470, a
commonly used angiogenesis inhibitor, completely prevented fracture healing.
The anti-angiogenic agent was shown to interrupt both endochondral and
intramembranous modes of ossification [172]. Repression of angiogenic activities
via other agents such as rapamycin has also been shown to delay fracture healing
[92]. Evidence has also been provided that periosteal devascularisation of sheep
culminates in decreased bone formation and delayed wunion [173].
Devascularisation of the surrounding muscle tissue in rabbits again showed
delayed union [174]. A similar relationship exists between adipose tissue and

blood supply [175]. Adipose is also a highly vascularized tissue with each
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adipocyte nourished by an extensive capillary network [176] which supplies

necessary nutrients, oxygen and biological factors.

Lu et al [177] found that chondrogenesis was not stimulated in an
ischemic environment in spite of mechanical stability in fracture repair in mice.
Instead there was an increase in formation of a fibrous fatty tissue [177].
Hausman e al, [172] found increased fibrous tissue formation in fractures where
angiogenesis has been inhibited. Thrombospondin-2 (TSP2) is thought to be a
negative regulator of angiogenesis [33, 178]. Fracture healing in mice which are
null of this matricellular protein, heal via enhanced intramembranous (and
diminished endochondral) ossification leading to quicker healing progression
versus control mice with TSP2 present [33]. The same authors have also
demonstrated that mice lacking TSP2 have accelerated ischemic healing
displaying significant increases in bone regeneration [178]. This again supports
the importance of angiogenesis in fracture healing progression supplying oxygen

and other necessary factors for repair.

125 40.0
100 - 3
~ 375 5
o []
E (8]
%]
E 75 4 o
5 Il Oxygen tension S
‘B L 350 S
c B Temperature =3
& ©
e D4 S
S &
< (7]
o) L 325 &
25 @

0 T T T T T T — T v T T 30.0

0 30min 1 2 3 4 5 6 7 8 9 10 Days
n= 5 5 5 5 5 5 4 3 3 3 3 3

Figure 2-23. Fracture callus oxygen tension and temperature verus time post fracture [179]

Oxygen, an important regulator of stem cell differentiation (see Section
2.2.4 Oxygen availability) is a key component supplied by neovasculature in
regenerative events such as fracture healing. A dramatic decrease in oxygen
tension takes place over the first day post fracture [179] (Figure 2-23). Oxygen
supply is severely diminished as vasculature is disrupted by the fracture trauma

and oxygen tension drops to 0-2% in parts of the regenerative tissue [2]. Cellular
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consumption of the existing oxygen (and some more temporarily provided by the
blood pool created from injured vessels) causes this decrease. As neovasculature
invades the callus during the early stages of repair, the decrease in oxygen levels
slows and will eventually begin to increase towards being restored to pre-fracture
levels. Lu et al [180] performed experiments investigating the effect of fracture
healing in mice which breathed in hypoxic (13%), normoxic (21%) and hyperoxic
(50%) conditions. Hyperoxia increased tissue vascularity and improved bone
generation and healing time while hypoxia decreased tissue vascularity and
diminished bone generation and increased healing time. Interestingly, there was
no significant change in chondrogenesis or osteogenesis in either hypoxic nor

hyperoxic conditions.

2.5 Computational mechanobiology

The original tissue differentiation hypothesis of Pauwels was based on logic and
experimental observation. He did not have the facility to gauge tissue mechanical
environment accurately. Technologic advancements have seen computer
simulation employed more and more commonly to aid the search for scientific
solution and has even been referred to as the “third method of science™ [181] after
experimentation and logic. Mechanobiology examines how mechanical
stimulation regulates biological processes through cell signaling pathways
(whereas biomechanics examines the mechanical behavior of biological systems)
[4]. Computational mechanobiology uses computational tools to examine the
coupling of mechanical signals with biological processes that are too complex to
perform experimentally. For example, computational simulations can predict the
relationship between global loads and local stresses and strains. The purpose of

computational mechanobiology is to

“determine quantitative rules that govern the effects of mechanical loading on

)

tissue differentiation, growth, adaptation and maintenance by trial-and-error.’
[4]

More recent theories of mechano-regulation of tissue differentiation have
been tested via computational mechanobiology. For this approach, an investigator
would hypothesise a potential rule, input this rule into the computational

framework and determine if the predicted outcome produces realistic tissue
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structures and morphologies. Many tissue differentiation hypotheses have been
incorporated into computational mechanobiological models in an attempt to
simulate the time-course of fracture repair or other regenerative events [9, 138,

167]. A review of some of these hypotheses is included in this section.

Carter and co-workers proposed that intermittently applied stress
determined the fate of mesenchymal tissue [5]. The mechanical stimuli proposed
were hydrostatic stress and tensile strain or octahedral stress (Figure 2-24).
Intramembranous ossification was predicted in regions with low mechanical
stimulus. Compressive hydrostatic stress was a specific chondrogenic stimulus.
Fibrous tissue was predicted by high levels of tensile strain or octahedral stress.
High magnitudes of tensile strain or octahedral stress combined with high
compressive hydrostatic stress predicted fibro-cartilage. And finally, cartilage was
also predicted in an osteogenic mechanical environment which has low oxygen

tension.

Principal Tensile Strain History / or
Octahedral Stress History

Fibro-Cartilage Fibrous Tissue

Cartilage

Hydrostatic Stress History

Compression Tension

Figure 2-24. Tissue differentiation regulated by hydrostatic stress and tensile strain or
octahedral stress [5]

Carter and co-workers initially varied axial and bending loads in two
dimensional plane stress linear elastic finite element models to predict the
octahedral shear stresses and hydrostatics stresses in a fracture callus [5]. It was
concluded that intermittent hydrostatic stresses may play an important role in
influencing tissue differentiation in the initial stage of fracture repair. A further
study, found the role of hydrostatic stresses important for 3 stages of fracture

repair [182]. These studies were successful in correlating tissue differentiation
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patterns with mechanical stimuli but were not used to predict differentiation
adaptively over time. This mechanobiological model has since been employed in
studies of obliques fractures, psuedoarthrosis formation and distraction

osteogenesis [49, 182, 183].

Claes and co-workers performed studies that combined data from in vivo
and in vitro experiments with finite element analysis to assess how
interfragmentary strain and gap size regulated tissue differentiation during
fracture repair [73, 184]. The same authors then modelled 3 healing stages and
compared the mechanical stimuli of radial strain, longitudinal strain and
hydrostatic pressure to fracture repair histology [7]. The mechano-regulation
algorithm they proposed is similar to the ideas of both Pauwels and Carter but
contained quantified thresholds for the first time (Figure 2-25). Bone could not
form in regions of high hydrostatic pressure or in regions of high strain.
Connective tissue is predicted in regions of high tension. Endochondral
ossification is predicted under compressive hydrostatic pressure. In addition,
numerical values dividing tissue types are also proposed. This algorithm was
further developed and combined with a “fuzzy logic” controller to examine
trabecular fracture healing with a model system that could adapt iteratively [185,

186].

Soft tissues are predominantly made up of collagen and water and
therefore, can be considered two phase tissues. For soft tissues, both liquid and
solid phases interact to resist day-to-day loading. Viscoelastic effects associated
with soft tissues can then be accounted for with the biphasic model proposed by
Mow et al [187]. Prendergast [64] applied a biphasic model to implant interfaces
in order to investigate the biophysical regulation of tissue differentiation. It was
found that the biophysical stimuli, octahedral shear strain and relative fluid
velocity, can be plotted as a mechano-regulatory pathway (Figure 2-26). A high
stimulus (a combination of shear strain and fluid velocity) predicted fibrous tissue
formation, a moderate stimulus predicted cartilage formation while a low stimulus
predicted bone formation. This mechano-regulation algorithm could successfully
predict tissue differentiation from granulation tissue to bone, cartilage or fibrous

tissue. This was not possible with a linear model [188].
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Figure 2-25. Claes and Heigele proposed regulation of tissue differentiation [7]
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Figure 2-26. Tissue differentiation regulated by octahedral shear strain and fluid velocity [8]

Lacroix and Prendergast [10, 167] showed that tissue differentiation
regulated by octahedral shear strain and fluid velocity could successfully predict
the major events of fracture repair (including intramembranous ossification at the
upper periosteal callus, cartilaginous bridging followed by bony bridging and
finally remodelling of the callus). The model assumed axisymmetric geometry
and biphasic material properties. The iterative procedure implemented allowed
predictions of tissue phenotype distributions for all stages of fracture repair
(Figure 2-27). This model was also used to successfully predict other regenerative
events such as osteochondral defect repair [12, 13], distraction osteogenesis [14],
neoarthrotis formation [18], osteotomized mandible [20], vertebral bodies [19]
and the implanted bone chamber [15, 16].
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Figure 2-27. Iterative procedure implemented by Lacroix and Prendergast [10]

[saksson et al [9] compared tissue differentiation theories of Claes and
Heigele [7], Prendergast [8] and Carter er al [S], as well as differentiation
regulated by single parameters such as deviatoric strain, fluid flow and pore
pressure in a biphasic axisymmetric model of a fracture callus. The results of the
study suggested that the most significant mechanical parameter guiding tissue
differentiation may be deviatoric strain. Further investigation of the effects of
torsional loads found that the combined stimulus of deviatoric strain and fluid
velocity to be closest to experimental results, although none of the algorithms
could fully predict the spatial and temporal patterns of healing under all loading
conditions [189]. More recently, another study investigating various mechanical
stimuli as regulators of tissue differentiation found volumetric strain to correlate

the best with experimental data [22].

Callus geometry in all the aforementioned models was assumed to be constant
with time but this is a limitation neglecting a potentially important factor. More
recent models have included such callus volumetric growth. For example,
Gomez-Benito er al [23] developed a model which included iteratively adaptive
callus geometry based on the rate of tissue production, which was in turn
regulated by mechanicals signals. With this model, the authors could successfully

predict features of callus geometry such as increased size with increased
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movement [23, 190]. Isaksson ef al [14] successfully predicted temporal tissue
differentiation patterns in a distraction osteogenesis model that used the tissue
differentiation algorithm of Prendergast and co-workers, including an osmotic
swelling model which allowed tissues to grow at individual rates. The model
could also predict changes in differentiation that occurred due to varying the

distraction rate and frequency.

Other regulatory models have been developed based upon biochemical
factors rather than mechanical factors. Bailon-Plaza and van der Meulen
developed a mathematical framework for the examination of the effects of growth
factors upon fracture repair [142]. Geris et al [191] have shown that the
mathematical model developed by Bailon-Plaza and van der Meulen [142], with
differentiation regulated by growth factors, to be predictive of the semi-stabilized
murine tibial fracture, corroborating the model for such a regenerative scenario.
Geris et al [51] further developed this framework to include angiogenesis which
was regulated by biological factors. This framework has since been successful in
predicting compromised fracture healing scenarios [143, 144, 192]. The study
concluded that the development of a sufficient vascular response is key to
successful fracture healing. Some recent models have included stochastic
processes. Perez and Prendergast [139] incorporated random walk theory into a
lattice modelling approach to permit random cell movement. Finite elements were
discretised into lattice points, with each lattice point representing a potential cell
position. Using this method allows the explicit modelling of cells and random
migration and proliferation of those cells. Simulation would predict a different
result each time representative of some of the variability that exists in
experimental studies. Khayyeri er al [15] also used such an approach to
investigate the importance of cell activity rates showing that differences in
mechano-sensitivity of cells could explain differences in tissue distributions in an
implanted bone chamber. Other models of fracture repair have included a
simulation of blood supply. Models of angiogenesis are discussed in Section 2.3.2

In silico models of angiogenesis.
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2.6 Bone chamber experiments

The implanted bone chamber constitutes another suitable regenerative event for
testing tissue differentiation hypotheses. It can provide a controlled mechanical
environment through the application of known loads. Predetermined chamber
geometry provides an advantage over investigation of tissue differentiation during
other regenerative events. For example in fracture healing, heterogeneity in callus
geometry is challenge when developing an FE model. This section will review
bone chamber experiments and examine previous models of tissue differentiation

which it have been applied to this regenerative scenario.

A titanium bone chamber was developed by Jacobsson ef al [193] nearly
30 years ago to investigate the effects of irradiation upon bone, fat and blood
vessel cells. Since then, other chambers were employed to investigate different
aspects of tissue regeneration within the chamber including oxygen tension [194]
and growth factor application [195]. In such experiments, load magnitudes within
the chamber could not be varied with any accuracy and as such they were not
suitable for testing of theories of mechano-regulation of tissue differentiation. A
hydraulic bone chamber was developed by Guldberg ef al [196] to examine the
effect of loading upon bone tissue development within the chamber. The study
demonstrated sensitivity and adaptation of bone tissue to in vivo mechanical

stimulation.

Another bone chamber in which controlled loading of the tissue within the
chamber could be achieved was developed by Tagil and Aspenberg [197]. In that
study, spatial and temporal patterns of tissue distributions were assessed rendering
it suitable for the testing of mechano-regulation hypotheses. The chamber
consisted of a hollow screw with two ingrowth openings at the bottom (Figure
2-28). The chamber was surgically implanted into a rat tibia [197]. The two
ingrowth openings lay in the bone marrow which allowed MSCs to penetrate and
fill the chamber. Mechanical loading was applied via a piston, which exerted

pressure on the developing ingrowth tissues.
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Figure 2-28. Cross section of the bone chamber [16]. The red arrows indicate the ingrowth
openings. The grey arrow indicates the direction of loading applied by the piston.

The application of various loading regimes resulted in changes tissue
differentiation patterns within the chamber [197, 198]. Unloaded groups presented
with a well structured bone surface and a developed marrow cavity, while there
was no formation of cartilage or necrotic tissue (Figure 2-29 (a)). Loaded groups
(Figure 2-29 (b)) on the other hand included a layer of both cartilage and necrotic
tissue on the bone surface. A subset of the loaded groups produced no cartilage
and a poorly developed bone structure and marrow cavity. The reason behind this
dichotomy was unclear. In a follow up study, it was found that persistent
mechanical stimulation was required to maintain differentiated cartilage, but if
mechanical stimulation was stopped, cartilage was replaced by bone. Continually
loaded groups induced and maintained the presence of cartilage in the chamber
[198]. Groups that were subjected to a period of loading, which induced cartilage
differentiation, followed by a period of unloading, saw cartilage degenerate and

be replaced by bone.
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Figure 2-29. Simplified histology results [16]: (a) unloaded chamber (9 weeks) and (b) loaded
chambers (9 weeks), including a developed marrow cavity, cartilage, and structured bone
surface (c) loaded chamber (9 weeks), with an underdeveloped marrow cavity, no cartilage
layer and poor bone structure

Khayyeri et al [15, 16] used the tissue differentiation model proposed by
Prendergast and co-workers, in which differentiation is regulated by shear strain
and fluid velocity to examine MSC differentiation in the implanted bone chamber.
A 3 dimensional finite element model of the chamber was created. Simulations
could successfully predict the load-dependency of tissue differentiation within the
chamber and achieve qualitive agreement with histological data. A follow up
study, identified alterations in the mechanosensitivity of MSCs as a possible

explanation for the previously mentioned dichotomy in loaded results [15].
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Figure 2-30. (a) Rabbit implanted bone chamber. (1) outer bone chamber, (2) inner bone
chamber, (3) perforations, (4) implant, (5) Teflon bearing. (b) Complete bone chamber set
up [199]

Geris and co-workers also performed computational mechanobiological
investigations of a repeated sampling bone chamber [17, 53, 200-202]. The
combined inner and outer chamber consisted of a perforated hollow cylinder
which was implanted into the rabbit tibia. Controlled loading was achieved by an

external loading device (Figure 2-30). An axisymmetric finite element model was
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employed. Simulation predictions generated with tissue differentiation regulated
by the hypothesis of Prendergast and co-workers [8] were successful in predicting
essential aspects of tissue differentiation and bone regeneration under varying
loading conditions within the chamber [17, 200]. The tissue differentiation
hypotheses of Prendergast and co-workers [8] and Claes and Heigele and co-
workers [7] to a rabbit implanted bone chamber case were also compared [201].
The study concluded, from the simulations generated, that while fluid flow was
identified as an important regulator of tissue differentiation within the chamber,
the authors were unable to separate the models in terms of their validity [201]. In
a follow up study, it was found that existing mechanoregulatory theories of Carter
and co-workers [5], Prendergast and co-workers [8] and Claes and Heigele and
co-workers [7] were not fully predictive of tissue distributions within two
different bone chamber geometries [199]. Computational simulations of the bone
chamber experiment of Vandamme er al [202] provided support for the
hypothesis that fluid flow influenced both angiogenesis and osteogenesis by

regulating in vivo cell proliferation and differentiation [53].

2.7 Summary

Numerous different hypotheses for the mechano-regulation of tissue
differentiation have been proposed. Despite, in vitro studies identifying both
substrate stiffness and oxygen availability as regulators of MSC differentiation,
these environmental cues have yet to be considered as regulators of MSC
differentiation within such computational models. This work will develop a
computational framework to test the hypothesis that tissue differentiation is
regulated by substrate stiffness and oxygen availability in vivo during

regenerative events such as fracture healing and the implanted bone chamber.

It is also clear from the literature that both mechanical signals and
biochemical cues regulate EC physiology and in particular, bias EC migration and
blood vessel growth directionality. Biochemical cues have been implemented as
guiding stimuli in computational models of angiogenesis previously but the role
of mechanical stimuli in directing such processes has yet to implemented and
examined. The indirect effect of mechanical signals upon tissue differentiation

will be investigated in this thesis through further examination of mechano-
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regulation of angiogenesis. The computational framework will be further
developed to incorporate mechano-regulated EC and blood vessel growth
directionality and the validity of model predictions will be assessed via

comparison to both in vitro and in vivo experimental observations.
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Chapter3: Substrate stiffness and oxygen as
regulators of stem cell differentiation during
skeletal tissue regeneration: a
mechanobiological model

(A modified version of this chapter has been published in PLoS One 7
(2013):e40737)

This chapter will describe the development of a computational framework capable
of testing the hypothesis that substrate stiffness and oxygen availability regulate
stem cell differentiation during fracture repair. Predictions of tissue distributions
within a regenerating fracture callus generated by the model are compared to both
histological assessments and to predictions from a well established tissue
differentiation algorithm. Developing and testing this model framework is an

important and necessary first step in tackling the global objective of this thesis.
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3.1 Introduction

The analysis of regenerative events such as fracture healing in long bones has led
to the development of a number of theories on how the local mechanical
environment regulates stem cell differentiation. Over 50 years ago, Pauwels
hypothesised that distortional shear stress is a specific stimulus for collagen fibres
and that cartilage formation is induced by a compressive stress stimulus [3]. Bone
formation, it was argued, could only occur after soft tissues had ensured sufficient
stabilisation of the callus. Inspired by Pauwels’ initial hypothesis, a number of
investigators have proposed alternative mechanical stimuli as regulators of stem
cell fate. Using computational tools such as finite element analysis, it has been
possible to demonstrate a correlation between the local magnitudes of hydrostatic
stress and tensile strain or octahedral stress and the appearance of specific tissue
types within a fracture callus [5, 6]. A similar regulation mechanism using
quantified limits for strain and hydrostatic pressure as stimuli for tissue
differentiation has also been proposed [7]. An alternative theory suggests that
tissue differentiation is regulated by a combined stimulus of octahedral shear
strain and relative fluid velocity [8]. This model has been shown capable of
predicting tissue differentiation during multiple regenerative events such as
fracture healing [9, 10], osteochondral defect repair [12, 13], vertebral fracture
repair [19], distraction osteogenesis [14, 20, 203], bone chamber ingrowth [16]
and neoarthrosis formation [18, 204], providing strong corroboration for this
hypothesis. In spite of this, understanding the relative importance and predictive
ability of various biophysical cues as regulators of stem cell fate is challenging.
For example, consideration of only a single mechanical stimulus such as
deviatoric strain, volumetric strain or principal strain can lead to reasonably valid

predictions of tissue differentiation during fracture repair [9, 22].

An inherent assumption of such hypotheses is that mechanical signals act
directly on mesenchymal stem cells (MSCs) to regulate their differentiation
pathway. In conjunction, or perhaps alternatively, the local mechanical
environment could also act indirectly to regulate MSC differentiation by
regulating angiogenesis and hence the supply of oxygen and other factors to the
wound site. Inhibition of angiogenesis can lead to the development of hypoxic

regions within a regenerating tissue, which may repress some differentiation
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pathways while promoting others. /n vitro studies have shown severe impairment
of adipogenesis and osteogenesis at low oxygen tensions [27-29, 205], and a
number of in vivo and in silico studies have highlighted the importance of
angiogenesis for normal bone repair [50-53, 144, 150, 172]. On the other hand,
chondrogenesis is enhanced under hypoxic conditions [30-32, 54, 205].
Furthermore, it has been found that cartilage formation is increased in more
hypoxic fractures [33]. In addition to oxygen, other environmental cues are
known to play a key role in regulating stem cell fate. It has been demonstrated
that substrate stiffness directs stem cell differentiation [24, 60, 61]. Soft matrices
that mimic the microenvironmental elasticity of brain tissue were shown to be
neurogenic, stiffer matrices that mimic muscle tissue were found to be myogenic,
while more rigid matrices that mimic collagenous bone were demonstrated to be

osteogenic [24, 61].

The objective of this study was to test a new hypothesis for how
environmental factors regulate stem cell differentiation during regenerative events
such as fracture repair. Rather than assuming mechanical signals act directly on
stem cells to determine their differentiation pathway, it was postulated that they
act indirectly to regulate angiogenesis and hence partially determine the local
oxygen environment within a regenerating tissue. Therefore, within the
permissive environment of a fracture callus, which consists of a multitude of
growth factors and cytokines, it was hypothesized that it is the stiffness of the
adjacent substrate and the local oxygen availability that determines the
differentiation pathway of MSCs that invade a fracture callus. This hypothesis has
been motivated by in vitro observations reported in the literature of how these
factors in isolation regulate stem cell differentiation, and will be tested by
attempting to simulate the spatial and temporal formation of different tissue types

during fracture healing using a computational model based on this hypothesis.
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3.2 Methods

3.2.1 Model of stem cell differentiation

s“bstrate Stiffne Ss

00

Cartilage

Fibrous Tissue

Figure 3-1. Tissue differentiation regulated by substrate stiffness and oxygen tension. The
oxygen tension axis extends radially from the centre of the circle, low oxygen tension in the
centre of the circle increasing towards the periphery. The substrate stiffness axis extends
circumferentially in a clockwise direction from the right side of the dotted line at the top of
the circle. The presence of a blood supply is also a prerequisite for formation of bone and
marrow. (CC: Calcified cartilage)

The prominent tissue types involved in fracture repair are cartilage, marrow
(which in the medullary cavity of long bones consists primarily of fatty yellow
marrow), bone and fibrous connective tissue [55, 150]. For this study, an
algorithm was developed whereby stem cell differentiation along either a
chondrogenic, osteogenic or adipogenic lineage is regulated by the stiffness of the

local substrate and the local oxygen tension (Figure 3-1).
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The algorithm predictions can be described as follows:
1. Chondrogenesis: in regions of hypoxia

2. Osteogenesis: in regions with sufficient oxygen that are adjacent

to bony tissue (i.e. a stiff substrate)

3. Adipogenesis: in regions with sufficient oxygen that are adjacent

to marrow (i.e. a soft substrate)
4. Fibrogenesis: in all other regions

It has been shown that both osteogenesis and adipogenesis are repressed
under hypoxic conditions [17-19]. It has also been shown that chondrogenesis is
promoted under hypoxia [28-31]. Therefore, chondrogenesis was predicted by the
algorithm when the local oxygen tension drops below a threshold value
(Ox*age) “and was assumed to occur independent of the local substrate stiffness.
The relationship between bone formation and blood supply has long been
recognized [46, 171]. Blood vessels transport oxygen, nutrients and biological
factors necessary for osteogenesis [171]. A similar relationship exists between
blood supply and adipose tissue formation [175, 206, 207]. The presence of
functional vascular supply was therefore a requirement for both adipogenesis and
osteogenesis in this model. Should a sufficient blood supply, and hence oxygen
supply, be present at a given point in the callus, the local substrate stiffness
stimulus governs stem cell fate. /n vifro studies have found that a stiff substrate
can promote osteogenic differentiation while a soft substrate can promote
adipogenic differentiation [24, 60]. Given that adipose tissue is a key component
of marrow, the algorithm predicts adipogenesis and the reestablishment of the
marrow cavity when the stiffness of the substrate is low. A stiff substrate led to
the prediction of osteogenesis and the formation of bone. Should any of these
conditions not be met, fibrogenesis and fibrous tissue formation was predicted

(Figure 3-1).

The substrate stiffness stimulus at any point in the model was dependant
upon the phenotype of surrounding elements (In this case ‘element’ refers to the
discretized regions that make up the finite element model of the fractured bone
and callus. This finite element (FE) model was used to predict the mechanical

environment within the callus). Engler ef al [24] refer to MSC differentiation
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regulated by the “elasticity of the microenvironment” of the cell. For example, the
stiffness of osteoid matrix produced by osteoblasts is approximately 30 kPa,
however, the stiffness of woven bone itself is orders of magnitude higher (in the
order of GPa). In this tissue differentiation model, osteogenesis occurred when
stem cells were adjacent to newly formed bone and hence in contact with osteoid
as a substrate (and similarly for adipogenesis). In this implementation, specific
threshold values of stiffness were therefore not required. It takes time for an
element to “fill” with a newly forming tissue (e.g. bone). This was accounted for
in a tissue formation rate, 7FR, which simulates the progression of “an osteogenic
front” across the element (larger elements take longer to fill). This limiting rate
was defined in units of volume (of new tissue formed) per surface area of suitable
substrate (stiff or soft) available. Cells at the very edge of the element “sense” the
required substrate, differentiate and produce “osteoid” (in the case of bone). Next,
cells slightly further away from the edge of the element would sense the substrate.
Therefore, it takes time for this bone front to cross an element and the next
element cannot sense the osteogenic substrate until the adjoining element is full of
bone. How “full” an element was of bone was recorded and carried forward from
iteration to iteration. A number of subiterations (per day) were carried out so that
this calculation is accurate. The incorporation of this 7FR allowed the model to be

independent of element size.

During endochondral ossification, hypertrophic chondrocytes are
prominent in close proximity to bone [157, 208]. Hypertrophic chondrocytes are
assumed to direct the mineralisation of their surrounding matrix [158]. This
calcification stiffens the cartilage tissue [209]. In this algorithm, cartilage
stiffened (by a factor of two) within close proximity to bone as a means to model
this process of calcification. This calcified cartilage can be replaced by bone
(endochondral ossification) assuming it can become adequately vascularized.
Finally, during the remodelling phase of healing, bone resorption plays an
important role in restoring the metabolic efficiency of the site by removing
unnecessary bone. It has long been assumed that this resorption is strain related
[210, 211]. Bone resorption occurred in this model when the octahedral shear
strain in a bone element dropped below a threshold value (£°™i") (Table3-1).

Mature bone was predicted following ten days of immature bone being predicted.
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Table 3-1 Model parameters

Model Parameter Symbol Source Unit Value
* Angiogenesis Diffusion
Coefficient H Estimated ~ mm?%day 0.5

*Strain Threshold for Angiogenic

Inhibition (S [138] % 6
Oxygen Diffusion Coefficient G [212] m?*/s 2.2E-09
Oxygen Consumption Rate 0 [213] fmol/cell/hr 98
Maximum Cell Density no [51,142]  cells/mm® 5E03
Initial Oxygen Tension 0, [179] mmHg 74.1
*Maximum Tissue Formation Rate 7TFR Estimated ~mm’/mm*/day |

Bone Resorption Strain Limit glesspuon [9] % 0.005

Oxygen Tension Limit for

Cartilage O,cartilage [27, 28] % 3

* The effect of varying these parameters was investigated (see Section 3.3 Results)
3.2.2 Model of angiogenesis

Angiogenesis was modelled as a diffusive process [52]:

— (S o < pango
R R

(Equation 3.1)
Where H is the angiogenic diffusion coefficient (which represents the speed at
which new blood vessels progress through the callus), £é7%¢ is the threshold value
of octahedral shear strain for inhibition of blood vessel progression (Table 3-1)
and 4 is the blood vessel concentration. Blood vessels were assumed to invade the
callus from the medullary cavity [159] and the periosteal cortex [154] (Figure 3-2
(b)). It is not clear in the literature whether vessels can also sprout from the lifted

periosteum and surrounding muscle tissue (i.e. the external boundary of Figure
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3-2 (b)). Simulations were performed with and without this boundary condition in
order to investigate its effect on healing patterns. Locations in the model where it
is assumed blood vessels originated were assigned a blood vessel concentration of
100%. Any element with greater than 90% concentration was considered as
having a blood supply present. The presence of a blood supply was necessary for
osteogenesis or adipogenesis. Angiogenic progression was inhibited in regions of
high octahedral shear strain (€¢). For the baseline simulation, 6 % octahedral shear
strain was taken as this threshold value (¢*"¢°). This value was estimated from
similar values taken by previous computational models described in the literature
[138, 141]. However, given the uncertainty associated with this value, a parameter
variation study was undertaken on its effect. As the rate at which blood vessels
sprout and progress through a callus (represented by the diffusion coefficient (H)
governing angiogenic progression), the tissue formation rate (7FR) and the
threshold value of deviatoric strain for inhibition of blood vessel progression
(™€°) have not been measured experimentally, the effect of changing these

parameters was systematically investigated.

3.2.3 Model of oxygen transport

Oxygen () transport was described as a second diffusive process, the boundary
conditions of which were dependant upon the state of the blood supply defined
from the angiogenic model. Should an element have a blood supply present, the
nodes of the element were assigned a fixed boundary condition equivalent to the
initial or maximum oxygen concentration (see below). Oxygen consumption was

considered a function of the local cell density [65]:

10, . o AR
G, O™y _
dt S (Equation 3.2)

Where G is the oxygen diffusion coefficient, Q is the cellular oxygen
consumption rate, (> is the current oxygen tension, » is the cell concentration
(ranging from a minimum of 0 to a maximum of 1) and »™ is the maximum cell
density. The local oxygen concentration at any point in the model was therefore
dependant upon the initial oxygen state of the callus, the oxygen consumption rate
(which in turn is dependant upon the local cell density) and proximity to a blood

supply. MSC oxygen consumption rates vary within a range of values depending
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on a number of factors [213]. For simplicity, the consumption rate, O, was
assumed to be constant. The oxygen diffusion coefficient, GG, was taken to be that
of oxygen in blood [212]. The initial oxygen concentration (O>™"4') was taken to
be 74.1mmHg [179] throughout the callus. The cell concentration, n, was
obtained from the cell migration and proliferation model (see Appendix I).
Maximum cell density (»™®) was an order of magnitude estimate similar to the
range of values used elsewhere [51]. Values of all model parameters are available
from Table 3-1. With these values, the predicted temporal changes in oxygen
tension are presented and compared with experimental measurements in Section

3.3 Results.

3.2.4 Finite element model

An FE model was created similar to that used by Lacroix and Prendergast [10] to
predict the biophysical stimuli within a fractured long bone (Figure 3-2 (a)).
Axisymmetric geometry and biphasic material properties were assumed (Table
3-2). The cylindrical bone diaphysis had an internal diameter of 14mm, an
external diameter of 20mm and an external callus diameter of 28mm. The fracture
gap modelled spanned 3mm. A 300N axial ramp loading of 0.5s was applied at
the top of the cortical shaft to simulate weight bearing on the fractured bone. The
callus is assumed to be initially filled with granulation tissue. The described
model was implemented into the commercial finite element software package

MSC Marc (version 2008r1, MSC Software Corporation, Santa Ana (CA), USA).
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velocity are shown as ur, uz, and vi respectively
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3.2.5 Iterative procedure

Tissue differentiation within the fracture callus was simulated via an iterative
procedure similar to that described previously in the literature [10, 167] (Figure
3-3). Within each iteration, a prediction of mechanical stimuli, cell density,
substrate stiffness, blood supply and oxygen availability was made in order to
enable the local phenotype to be determined based on the tissue differentiation
algorithm. Firstly, the finite element model of a fracture callus was used to predict
the spatial patterns of mechanical stimuli within the callus. These mechanical
stimuli influenced angiogenic progression, which was inhibited in regions of
octahedral shear strain. The level of local oxygen availability was determined
depending on the initial oxygen environment, local blood supply, cell
consumption rate and cell density. Local phenotype predictions were then made
according to the tissue differentiation algorithm. Cell proliferation and migration
were modelled as a diffusive process (see Appendix I) [167]. Tissue material
properties were influenced by cell density according to the rule of mixtures as
previously described (see Appendix II) [10, 156, 167]. A temporal smoothing
procedure was implemented to account for the delay between stimuli first acting
on a cell and change of tissue type (see Appendix III) [10, 156, 167]. Updated
material properties were input back into the FE model for the next iteration of the

cycle. This iterative process is continued until a solution was converged upon.
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Figure 3-3. Iterative procedure for tissue differentiation hypothesis testing

For the purposes of comparison, the same iterative procedure was
implemented with stem cell differentiation regulated by a well established
algorithm in which stem cell fate was dictated by a combined stimulus of
octahedral shear strain and fluid velocity [64]. When this stimulus was high,
fibrous tissue was predicted, when the stimulus was moderate, cartilaginous tissue
was predicted and a low stimulus results in the prediction of bone formation.
Bone resorption was predicted when the stimulus fell below a very low threshold

level.

3.3 Results

Model predictions of oxygen tension for the first ten days were compared to
experimental measurements of oxygen tension in the periosteal region adjacent to
the fracture gap [179] (Figure 3-4 (a)), demonstrating reasonably good agreement
between the two. The temporal values of both oxygen tension and substrate
stiffness varied throughout the facture callus, with different magnitudes predicted

in the periosteal callus, fracture gap and endosteal callus (Figure 3-5). In the
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endosteal callus (Figure 3-5 (a)), oxygen tension initially decreased but was
restored to normal levels upon being vascularised early in the repair process.
Fibrous tissue was initially predicted to form within this region of the callus
(Figure 3-5 and Figure 3-6), hence the local substrate stiffness remained low.
Eventually bone was predicted to form within the endosteal callus, initially at the
stiff endosteal side of the cortex, and the substrate stiffness in this region of the
model increased. This bone was eventually resorbed and replaced by marrow
which progressed from the undamaged marrow body, resulting in a decrease in
stiffness. In the fracture gap (Figure 3-5 (c)), the level of oxygen tension was
predicted to decrease during the early stages of repair due to cellular
consumption. Chondrogenesis proceeded, after initial fibrous tissue formation,
followed by cartilage calcification, vascularisation and an increase in oxygen
tension. In the upper periosteal callus (Figure 3-5 (b)), early vascularisation
restored oxygen levels following initial decreases. Substrate stiffness in this
region rapidly increased as bone, which was initially predicted to form on the stiff
cortex, progressed into the lower cartilaginous periosteal callus. The hypoxic
region that formed in the periosteal callus adjacent to the fracture gap early in
healing later shifted towards the fracture gap (Figure 3-4 (b)). Cartilaginous tissue
formation stabilised the callus and vascularisation eventually restored normal

oxygen tension levels in the middle and latter stages of regeneration (Figure 3-4

(c)).
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Figure 3-4. (a): Oxygen model predictions (from a representative element in the periosteal
callus adjacent to the fracture gap) compared to experimental data for oxygen tension
readings (Image adapted from Epari et al [179] with permission). (b): Predictions of oxygen
tension in the callus at early (day 10), middle (day 20) and late (day 30) stages of healing.
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Figure 3-5. Model predictions for substrate stiffness and oxygen tension. Locations chosen as
characteristic of the periosteal callus, fracture gap and endosteal callus respectively. It
should be noted that substrate stiffness here refers to the macroscale stiffness of the
regenerating tissue, where it is noted (as discussed in the manuscript) that the elasticity of
the microenvironment of the cell is most likely different.

Predicted patterns of tissue differentiation were compared for the two
models. In model A it is assumed that stem cell differentiation was regulated by
substrate stiffness and oxygen availability, whereas in model B, differentiation
was regulated by octahedral shear strain and relative fluid velocity [64]. The
simulation results from both algorithms were compared to averaged histological
images [55] for Stages III to VI of fracture healing (Figure 3-6). Both models
predicted the major events of fracture repair (summarised here). Bone formation
originates in the upper periosteal callus and proceeds towards the fracture gap
(Stages I and II). Cartilage forms in the periosteal region adjacent the fracture gap
to form a cartilaginous bridge (Stage III). This cartilage undergoes endochondral
ossification and leads to periosteal bony bridging (Stage IV). Endosteal bony
bridging follows and the fracture gap is now completely bone (Stage V).
Periosteal bone is then remodelled to restore the original bone structure (Stage
VI). Some differences between the two models are noticeable upon closer

examination of the model predictions.
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Figure 3-6. Model predictions versus experimental data. Model A: Model predictions for
Stages III to VI of fracture healing when tissue differentiation is regulated by substrate
stiffness and oxygen tension. Model B: Model predictions for Stages Il to VI of fracture
healing when tissue differentiation is regulated tissue shear strain and relative fluid velocity
|9, 10]. Experimental Data: Averaged histological images obtained from an extensive study
of fracture healing in sheep (Images adapted from Vetter et al [55] with permission)

For Stage III, model A (substrate stiffness and oxygen availability)
predicted cartilaginous bridging of the periosteal callus and also less mature
cartilage formation in the fracture gap. Bone formation progressed from the upper
callus to fill the periosteal region above the fracture gap. Some marrow formation
was evident endosteally at the existing marrow body. The rest of the internal
callus remained as fibrous tissue. Model B (shear strain and fluid flow) predicted
similar bone formation in the upper periosteal callus, cartilage formation in the
outer periosteal callus and fibrous tissue in and adjacent to the fracture gap. Bone

and cartilage were predicted to fill the remainder to the endosteal callus. For
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Stage IV, model A predicted bony bridging in the periosteal callus adjacent to the
fracture gap. Some bone formation was predicted to originate from the endosteal
cortex. The endosteal callus remained predominantly fibrous tissue. Model B also
predicted bony bridging in the outer periosteal callus. The fracture gap and
adjacent regions were predominantly cartilage with some bony regions also. The
remainder of the endosteal callus was full of bone. For Stage V, both algorithms
predicted bone in the periosteal callus, endosteal callus and fracture gap. For
Stage VI, model A predicted the resorption of the periosteal callus which was
previously bone. The endosteal callus was also fully resorbed of bone which
allows the recanalization and full restoration of the marrow of the medullary
cavity. Model B also predicted full resorption of the periosteal callus but the
endosteal callus remains full of bone.

A sensitivity analysis was performed to investigate the effect of modifying

the angiogenic diffusion coefficient, /, the angiogenic strain threshold, ghgio.

and
the tissue formation rate (7FR) (Figure 3-7). Models with the angiogenic
threshold value increased to 8% strain predicted slightly less cartilage and more
bone formation in the early stages of healing in comparison to the baseline
simulation. Models with the threshold value reduced to 4% strain displayed
slightly more cartilage and less bone formation in the early stages of healing in
comparison to the baseline simulation. Healing, which was defined as when the
fracture gap was full of bone, occurred earlier for an increased angiogenic
inhibition threshold (8%) and occurred later for a decreased angiogenic inhibition
threshold (4%) (3 days earlier and 6 days later respectively, see Figure 3-7 (c)).
Decreasing the threshold for angiogenic inhibition to 2% strain resulted in a
prediction of non-union (Figure 3-7 (a)). Halving the angiogenic diffusion
coefficient (0.25) resulted in slower healing (9 days later). Doubling the
angiogenic diffusion coefficient (1.0) was predicted to decrease the healing time
by 1 day over the baseline simulation. Further increases in this coefficient
appeared to cause simulations to converge upon a minimum healing time and had
no additional effect. In this case, the bone formation rate becomes the limiting
factor. Increasing the bone formation rate, while the angiogenic diffusion

coefficient remained constant, had a similar convergence upon a minimum

healing time (Figure 3-7 (b)).
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Figure 3-7. Effect on healing time of parameter variations. (a): Healing time versus
angiogenic strain threshold, eangio (X signifies the prediction of non-union) (b): Healing
time versus tissue formation rate, TFR. (c): Healing time versus angiogenic diffusion
coefficient, H.

The addition of a third angiogenic boundary condition to simulate a blood
vessel source from surrounding soft tissues resulted in a slightly faster healing
time (one day less) but again led to a similar spatial pattern of healing. The
removal of the angiogenic source from the marrow cavity resulted in no healing
from the endosteal side until very late in healing and an increased healing time (7
days later). If both periosteal and external boundary blood supply sources were
not included in the simulation, healing failed to occur with the marrow cavity as
the sole angiogenic source. Further simulations (data not shown) demonstrated
that increasing the applied load from 300N to values over 700N also leads to

predictions of fracture non-union.

3.4 Discussion

A number of different hypotheses have been proposed for how extrinsic
mechanical signals govern stem cell fate [5, 7, 8, 22, 189]. Support for these
hypotheses has been provided by demonstrating that computational models based
on such hypotheses can successfully predict aspects of tissue differentiation
during regenerative events such as fracture healing. Despite in vitro studies
identifying alternative environmental cues, such as substrate stiffness [24, 60, 61]
and oxygen availability [28, 29, 31, 32, 205], as regulators of stem cell fate, little
is known about what role these cues play in regulating tissue differentiation
during regenerative events in vivo. In this study, it is demonstrated for the first
time that the major events that occur during fracture healing can be predicted by a
model that assumes substrate stiffness and oxygen availability regulate stem cell

differentiation. In this model, mechanical factors act indirectly to regulate stem
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cell fate by regulating angiogenesis and hence, in combination with cellular
oxygen consumption, the local oxygen availability. The model predictions
provide equally compelling data in support for this new hypothesis as previous
studies [6, 7, 9, 10, 219] proposing that extrinsic mechanical signals act directly

on stem cells to regulate their differentiation pathway.

A number of differences were observed between the model predictions
based on substrate stiffness and oxygen availability (model A) and that of shear
strain and fluid flow (model B) [8]. Endosteal cartilage is predicted by model B at
both Stages III and IV of healing. This is due to high levels of fluid velocity
contributing to the mechanical stimulus in the endosteal callus. Endosteal
cartilage is not always observed histologically [55], and is not predicted by model
A. In this model, the level of oxygen tension in the endosteal callus does not
decrease sufficiently to induce cartilage formation as there is a close angiogenic
supply which progresses from the existing marrow of the medullary cavity.
Model B (shear strain and fluid flow) predicts endosteal bone formation
originating from the centre of the medullary cavity. A low mechanical stimulus
leads to this prediction. Observations from histological images typically show that
endosteal bone tends to originate from the endosteal cortex and progress towards
the centre of the cavity [7, 55]. This experimental observation is captured in
model A, due to the requirement of a high substrate stiffness for osteogenesis. In
addition, a high fluid velocity stimulus prevents bone resorption of the endosteal
callus in model B. Resorption regulated by strain alone allows this endosteal bone
to be resorbed in model A. This permits the subsequent recanalization and
restoration of the marrow of the medullary cavity as occurs in vivo [55]. Both
models predict resorption of the periosteal and endosteal calluses at a faster than
physiological rate. It should also be noted that more recent models of tissue
differentiation regulated by shear strain and fluid velocity also predict resorption

of the endosteal callus [11].

In developing this model, a number of questions related to the
endochondral pathway were considered. The underlying mechanism behind
cartilage calcification and endochondral ossification is not fully understood but it
is believed that hypertrophic chondrocytes play a role in directing cartilage

mineralization [158]. What drives chondrocytes to become hypertrophic in the
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first place is also not something that is fully understood. Proximity to a blood
supply will undoubtedly increase oxygen levels in cartilage immediately adjacent
to vascularised bone. The local oxygen tension is one factor which may regulate
chondrocyte hypertrophy [32, 220], with emerging evidence suggesting that low
oxygen conditions suppress the hypertrophic phenotype. In support of this, it has
been demonstrated that chondrocyte maturation and subsequent bone formation is
delayed by antiangiogenic treatment and that proangiogenic treatment induces the
opposite effect (increased chondrocyte maturation and subsequent bone
formation) [178, 221]. In the growing bone, a layer of hypertrophic chondrocytes
is found in close proximity to existing bone [157, 208]. Calcified cartilage most
commonly occurs at the interface with adjacent bone. Based on these observations
it was assumed in this model that chondrocytes adjacent to bone undergo
hypertrophy and direct the calcification of the surrounding cartilage tissue in this
region. Other factors, such as mechanical cues [222-224], have also been shown
to regulate chondrocyte hypertrophy. Future models could consider these

potential regulators of chondrocyte hypertrophy.

In undertaking this approach, it has been assumed that mineralization
precedes vascularisation, stiffening the tissue before vessel ingrowth. This
stiffening provides some protection to blood vessels from possible shearing due to
high strains at the interface. Only in the case where the stability provided by the
calcified cartilage is not sufficient to facilitate progression of vascularisation will
the calcified cartilaginous tissue not be replaced by bone. The alternative,
vascularisation of the cartilaginous template preceding mineralization, is also
possible. Further investigation is required to attempt to answer this question more

affirmatively.

The implementation of the substrate stiffness stimulus in this model could
also be interpreted in a slightly different way, where the driving stimuli are
oxygen tension and ‘proximity to’ bone (for osteogenesis) and ‘proximity to’
adipose tissue (for adipogenesis) (Figure 3-8). For example, in the presence of a
blood supply (and hence sufficient oxygen), the osteogenic stimulus is pre-
existing bone. One key factor associated with ‘proximity’ to a tissue is the local
substrate stiffness or elasticity which it provides a cell and which is clearly a key

environmental factor regulating MSC fate decisions. However, it is also
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recognised that tissues themselves may be a source of growth factors, and hence
proximity to a bone, for example, may also mean proximity to higher
concentrations of growth factors or other biochemical cues necessary for
osteogenesis. In either interpretation, the implementation is as performed in this

study.

«proximity tq»

00

Cartilage

Fibrous Tissue

Figure 3-8. Tissue differentiation regulated by proximity and oxygen tension. The oxygen
tension axis extends radially from the centre of the circle, low oxygen tension in the centre of
the circle increasing towards the periphery. Bone and adipose tissue formation occur when
there is sufficient oxygen tension “in proximity” to existing adipose tissue or bone fronts.
The presence of a blood supply is also a prerequisite for formation of bone and adipose
tissue. (CC: Calcified cartilage)

There are some limitations associated with this model. Firstly, an
axisymmetric geometry is adopted. It is assumed that the axisymmetric model
will still provide a reasonable prediction of the environment within such a callus.
Only axial loading is considered, implying that the model is most representative
of well fixed fractures. Cell proliferation/migration and angiogenesis, modelled as
diffusive processes, are simplified representations of complex in vivo processes.
More complex models have been implemented [11, 16, 50, 51, 144] but I do not
believe that implementing such models would significantly alter the model
predictions and, hence, the corroboration of the underlying model hypothesis.
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Inhibition of angiogenesis in this study is assumed to be as a result of a high shear
strain stimulus but there is also the possibility that lower concentrations of blood
vessels demonstrated in unstabilised fractures [37, 40, 150] may simply be due to
the formation of avascular tissue (i.e. cartilage) itself. The oxygen model
implemented in this study assumes a constant cell oxygen consumption rate. It has
been shown that this is not the case [213]. Convection of regulatory factors is not
considered. Again, the objective in this study was not to create a perfect model of
oxygen transport and consumption, but merely to implement a model with
sufficient predictive ability to allow us to test the hypothesis proposed in this
thesis. It should also be noted that a simplified model of bone marrow
reestablishment has been implemented in this study. It is recognized that the
marrow of the medullary cavity of long bones contains not only the marrow
stroma and adipose tissue predicted by this algorithm, but also hematopoietic and
lymphatic cells. Again, these simplifications were implemented to enable to test
hypothesis of the study to be tested without introducing additional complexity. A
specific stimulus for fibrous tissue formation is not offered by this tissue
differentiation model. There is evidence that a mechanical stimulus can induce
fibrous tissue formation [5] and this warrants further investigation. Fracture callus
growth and size are also key factors not considered in this study [23, 190]. It
should be noted that gradients in growth factors that may also regulate tissue
differentiation [51, 142] were not considered. It is acknowledged that the presence
of such factors may be critical to initiate stem cell differentiation. For example, it
has recently been demonstrated that even well vascularised bone defects may not
fully regenerate, which has been associated with a decreased expression of key
regulatory factors such as BMP-2 and BMP-4 [225]. Only by explicitly including
such factors into the model (as demonstrated, for example, by Geris et al [192])
can complex cases of non-union be simulated. Finally the model does not
consider a role for substrate stiffness in regulating chondrogenesis, rather
assuming it is regulated entirely by oxygen availability which is most likely a

simplification.

In spite of these limitations this model, which assumes that stem cell fate
is regulated by substrate stiffness and oxygen tension, can successfully predict all

the major events of fracture repair. In doing so it has been demonstrated how
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disparate environmental cues, which have been shown to independently regulate
stem cell fate in vitro, are potentially integrated by MSCs in vivo to drive
differentiation during regenerative events such as fracture healing. Of course, the
results of these simulations only provide preliminary support for the underlying
model hypothesis, and should not be used to conclude one hypothesis (e.g.
differentiation regulated by substrate stiffness and oxygen) is more valid than
another (e.g. differentiation regulated by shear strain and fluid flow). All that can
definitively be stated is that one cannot reject either hypothesis tested as part of
this computational mechanobiological analysis. Furthermore, model predictions
should not be used to support the idea that substrate stiffness and oxygen tension
alone entirely determine stem cell differentiation. Other biochemical cues are also
most likely required. If the fracture callus is viewed as a permissive environment,
where multiple growth factors and cytokines are present that will allow MSCs to
differentiate down multiple different pathways, this study provides support for the
hypothesis that the oxygen tension and substrate stiffness play a key role in
determining cell fate in such a permissive environment. Whether these factors act
alone, or in combination with extrinsic biophysical signals such as hydrostatic
pressure, strain and fluid flow, to regulate MSC differentiation is a critical
question. Mounting experimental data from in vitro studies suggests all of these
factors are important [101, 226]. Decoupling the relative importance of these
various cues is challenging using computational models alone, but may in the
future be possible by integrating computational models with appropriately

designed in vitro and in vivo studies of stem cell differentiation.
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Chapter4: The role of oxygen as a regulator
of stem cell differentiation during fracture

repair in TSP2-null mice

(A modified version of this chapter has been published in J Orthop Res.
2013 (10):1585-96. doi: 10.1002/jor.22396)

The previous chapter concluded that both tissue differentiation algorithms
regulated by mechanical signals (octahedral shear strain and relative fluid
velocity) and regulated by substrate stiffness and oxygen availability successfully
predicted the stages of fracture healing. Corroboration was provided for both
algorithms in that case. However, there are cases in the literature where
significant changes in tissue differentiation are observed while the mechanical
environment is not changed and hence, tissue differentiation hypotheses regulated
solely by mechanics could not predict such differences in tissue differentiation.
Fractures in TSP2-null mice heal via enhanced intramembranous and reduced

endochondral ossification versus wild type controls.

This chapter describes a systematic investigation of a number of potential
mechanisms causing such changes using the previously developed tissue
differentiation model framework. Should the model be predictive of both cases,
further support is provided for the hypothesis that stem cell differentiation is

regulated by substrate stiffness and oxygen tension during fracture repair.
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4.1 Introduction

Numerous environmental factors have been implicated as regulators of
mesenchymal stem cell (MSC) fate during regenerative events such as fracture
healing. The local mechanical environment within a fracture callus is believed to
play a key role in regulating tissue differentiation [5, 7, 8], with corroboration for
such hypotheses often provided by computational mechanobiological models [6,
10, 189]. In such simulations, the validity of the underlying hypothesis is tested
based on the ability of the model to predict realistic temporal and spatial patterns
of stem cell differentiation during tissue regeneration [12, 16, 18]. In addition to
extrinsic mechanical cues, in vifro experiments have highlighted other factors
such as local substrate stiffness [24, 60] and oxygen tension [31, 32] as important
regulators of MSC differentiation. Furthermore, it has been demonstrated that a
computational mechanobiological model that assumes MSC differentiation is
regulated by local substrate stiffness and oxygen availability can predict typical
patterns of tissue differentiation observed experimentally during fracture healing
[227]. The finding that similar modelling frameworks [189] can be used to
corroborate different hypotheses points to a limitation of simulation, in isolation,
as a method to test hypotheses related to MSC differentiation. One possible
reason for this relates to the coupled nature of environmental factors that are
believed to regulate stem cell fate in vivo. For example, during regenerative
events such as fracture healing MSCs might directly sense extrinsic mechanical
cues which in turn might direct their differentiation pathway, however the same
mechanical factors will also act to regulate neovascularisation and hence oxygen
levels within the fracture callus, another important determinant of differentiation.
The task of elucidating relative roles of coupled environmental factors such as
mechanical signals and oxygen as regulators of stem cell fate would be greatly
facilitated by in vivo studies where one factor is constant while the other is varied.
Genetically modified mice can provide such model systems whereby at least some
of the variables regulating MSC differentiation can be manipulated while others
are kept constant (e.g. by eliminating a protein involved in vascularisation).
Therefore, integrating in vivo murine studies with computational

mechanobiological models could provide a novel platform to explore the role of
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specific environmental cues in regulating stem cell differentiation during tissue

regeneration.

Thrombospondin-2 (TSP2) is a matricellular protein that is highly
expressed in developing and healing tissues. The absence of this protein following
genetic disruption (knockout) has been shown to affect MSC differentiation
during fracture repair [33]. TSP2-null mice heal via a less cartilaginous callus
with enhanced intramembranous bone formation. Ten days post fracture, TSP2-
null mice show 30% more bone and 40% less cartilage than wild type (WT)
controls [33]; thus, TSP2-null mice demonstrate reduced endochondral
ossification and enhanced appositional bone formation. This occurs despite the
fact that the mechanical environment during the initial stage of regeneration is
similar in both genetic backgrounds. The dominant hypothesis for this phenotype
is that there is a shift in fracture MSC fate resulting in TSP2-null MSCs becoming
osteoblasts to a greater level than WT MSCs. Furthermore, it is hypothesized that
this differentiation shift develops because of altered vascularization and tissue
oxygenation. TSP2 is known to directly inhibit endothelial cell growth [228, 229]
with mice lacking TSP2 exhibiting greater callus vascularity than WT controls
[33]. The increased vascularity in the fracture callus is hypothesised to lead to
increased oxygen levels, with this enhanced oxemia promoting differentiation to a
direct osteoblastic lineage. However, providing definitive support for this
hypothesis is confounded by the fact TSP2 is multifunctional and can regulate
other aspects of MSC function such as proliferation [33, 230]. TSP2-null mice
exhibit increased rates of cell proliferation with levels of apoptosis remaining
equivalent to WT controls [33]. It is possible that increased cell proliferation
could also influence the regenerative pathway and explain the differences in MSC
fate observed. Another explanation offered is that stem cells within the callus of
TSP2-null mice are metabolically different than cells of WT mice, which could in

turn alter the spatial availability of regulatory cues such as oxygen.

The objective of this study was to provide further support for the
hypothesis that changes in oxygen availability within the callus of TSP2-null mice
are responsible for the differences in tissue differentiation during fracture repair.
The hypothesis was be tested by applying the previously developed computational

model of tissue differentiation [227], in which substrate stiffness and oxygen
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tension regulate stem cell differentiation, to mouse long bone fracture healing and
exploring if altering the rate of angiogenesis within the model is predictive of the
changes in tissue differentiation observed in TSP2-null mice. The possibility that
alternative effects of TSP2 deletion are driving experimentally observed changes
in MSC differentiation was also investigated. The effect of increased cell
proliferation, increased stem cell number originating from the marrow, decreased
cell oxygen consumption rate and a stiffened TSP2-null callus upon predicted
patterns of differentiation is also examined. Corroboration for a given hypotheses
can be provided where implementing such changes within the model (e.g.
increased angiogenesis, increased MSC proliferation efc) results in realistic

predictions of stem cell differentiation during fracture repair in TSP2-null mice.
4.2 Methods

4.2.1 Experimental setup

The full experimental details are available elsewhere [33], a summary of which is
included here. Mice that had a targeted disruption of the 7Thbs2 gene (TSP2-null
group) were subjected to the following procedures and compared to WT controls.
Closed transverse fractures were created in tibiae of 9 to 10 week-old mice. A
hole in the cortex of the medial aspect of the tibial tuberosity was bored using a
hypodermic needle into which a sterile 0.009-in-diameter, stainless steel pin was
inserted. The pin was inserted the full length of the tibia until resistance was felt.
This pin provided stability to the fracture site. Tape “splints” provided initial
rotational stability for the first 48 hours. At harvest, right tibias were dissected,
intramedullary pins removed and tissues stored for subsequent histological
analysis. Left tibias were treated similarly and examined via pCT scanning and
torsional mechanical testing. pCT analysis facilitated calculation of the callus
volume, bone volume and bone mineral density. Histological sections stained
with Safranin-O were used to differentiate between the total callus area,

cartilaginous area and woven bone area.

4.2.2 Immunohistochemistry for hypoxia
(the work in this section was performed by Dishowitz M, Sweetwyne M, Miedel
E)
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WT and TSP2-null mice were fractured, and five days post fracture injected
intraperitoneally with 1.5 mg hypoxyprobe reagent (Hypoxyprobe™-1 Plus Kit,
Hypoxyprobe, Inc, Burlington MA, USA). Six minutes post-injection the mice
were euthanized and fractured tibia rapidly fixed in 4% paraformaldehyde and
then decalcified and embedded in paraffin and longitudinally sectioned at 7
micron thickness. Pimonidazole adducts were detected using anti-pimonidazole
adduct antibody and a goat anti-rabbit secondary antibody conjugated to
Tetramethylrhodamine isothiocyanate (TRITC), as directed using the
Hypoxyprobe™-1 kit. A rabbit IgG was used as a control for the anti-
pimonidazole antibody. Sections were counter stained with DAPI to stain nuclei.
The area of TRITC staining was quantified by collecting images at 100X
magnification using an Olympus BX51 fluorescence microscope with a filter for
TRITC fluorescence. Images were acquired with a Spot RT32 megapixel camera
at constant exposure. Callus area and area of TRITC positivity were determined
using Imagel, and data is presented as a percentage of the TRITC positive areas
relative to total evaluated area with the % of TRITC positive areas in the IgG
control subtracted. Cell number per callus area was calculated by acquiring
images at 400X using a DAPI fluorescence filter. These images were then
analysed using Image] to calculate cellularity. Each DAPI stained nuclei was

counted as a cell per field area to determine cell density.

4.2.3 Finite element model

A finite element (FE) model of a mouse fracture callus was created in order to
predict the biophysical stimuli within the fractured bone (Figure 4-1).
Axisymmetric geometry and biphasic material properties were assumed (Table 4-
1). Dimensions for the model were obtained from experimental geometrical
measurements (Table 4-2). An axial ramp load was applied in 0.5s at the top of
the cortical shaft in order to simulate weight bearing. Maximum axial loading of
the intact mouse tibia has been approximated at 1.2N [231]. The callus is assumed
to be initially filled with granulation tissue. The described model was
implemented into the commercial finite element software package MSC Marc

(version 2008r1, MSC Software Corporation, Santa Ana, CA, USA).
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Figure 4-1. (a) FE model with loading and boundary conditions for angiogenic and cell
models. Radial displacement, axial displacement and fluid velocity are shown as ur, uz, and v
respectively. (b) Tissue differentiation model regulated by substrate stiffness and oxygen
tension. Oxygen tension is low in the centre of the circle increasing towards the periphery.
The substrate stiffness axis extends circumferentially increasing in a clockwise direction
from the right side of the dotted line at the top of the circle. The presence of a blood supply
is also a prerequisite for formation of bone and marrow. (CC: Calcified cartilage)
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Table 4-2 Geometrical measurements for finite element model

Dimension Measurement
Callus Length 6.33 mm
Callus Max Radius 1.365 mm
Cortex Radius** 0.68 mm
Cortex Width 0.17 mm
Pin Radius 0.11 mm
Fracture Gap 0.17 mm

** Distance laterally from centreline of medullary cavity to outer surface of cortical bone.

4.2.4 Tissue differentiation model

The previously developed tissue differentiation model whereby stem cell fate
along either a chondrogenic, osteogenic or adipogenic lineage is regulated by
stiffness of the local substrate and local oxygen tension was applied to the mouse
fracture model (Figure 4-1 (b)) [227]. Briefly, both osteogenesis and
adipogenesis were assumed to be repressed under hypoxic conditions [27-29],
with chondrogenesis instead supported in such a low oxygen environment [30-32,
54]. To implement this rule, chondrogenesis was predicted in regions of the callus
where the local oxygen tension fell below a threshold value (O>°*'12¢¢) (Table 4-
3). In regions where a sufficient oxygen supply existed the substrate stiffness
stimulus regulates stem cell differentiation. A stiff substrate supported osteogenic
differentiation whereas a soft substrate supported adipogenesis. Fibrogenesis was

predicted in regions of the callus where none of these conditions were met.
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Table 4-3 Model parameters

Model Parameter Symbol Source Unit Value
Angiogenesis Diffusion Coefficient H Estimated mm?/day 0.01-0.08
Strain Threshold for Angiogenic Inhibition  £™¢° [227] % 6
Oxygen Diffusion Coefficient G [212] m?/s 2.2E-09
Oxygen Consumption Rate 0 Estimated fmol/cell/hr 98
Maximum Cell Density e [51, 142] cells/mm’? 5 E03
Initial Oxygen Tension (O [179] mmHg 74.1
Maximum Tissue Formation Rate TFR [227] mm?*/mm?/day 1

Bone Resorption Strain Limit Fo L [9] % 0.005
Oxygen Tension Limit for Cartilage O,cutilage [27, 28] % 3

Cell Diffusion Coefficient D [227] mm?/day 0.34-0.68

Models of the callus mechanical environment, angiogenesis, oxygen
availability and cell migration were all incorporated into an iterative procedure to
generate phenotype predictions for all regions of the callus with regulation of
tissue differentiation as described in the preceding paragraph (see Section 3.2.5
Iterative procedure for more details). Firstly, the local mechanical environment
for all regions of the callus was predicted using the FE model. A diffusive model
was used to simulate angiogenic progression. Blood vessels were assumed to
invade the callus from the medullary cavity [159] and the periosteal cortex [154]
(Figure 4-1 (a)). It was also possible that new vessels could sprout from the
surrounding soft tissues. Simulations were performed with and without this
boundary condition in order to investigate its effect on healing pattern. The level
of local octahedral shear strain was assumed to regulate the progression of blood
vessels, with angiogenesis inhibited in regions of the callus where a threshold

strain was exceeded. Previous models of angiogenesis have assumed a similar
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process whereby high levels of shear strain and fluid flow prevent blood vessel
progression [50]. Oxygen transport was also modelled as a diffusive process, with
boundary conditions for this model dependent upon the local blood supply.
Oxygen tension was initially assumed to be high throughout the callus [179]. As
the simulation progressed oxygen diffused in from new blood vessels and was
consumed at a rate dependent upon cell density. Cell density was determined from
a diffusive model which estimates cell migration and proliferation throughout the
callus. MSCs differentiated into either osteoblasts, chondrocytes, adipocytes or
fibroblasts according to the tissue differentiation algorithm. Material properties
for all elements in the mesh were updated and the finite element model computed
the mechanical environment again. This iterative loop continued until

convergence upon a solution was achieved. Each iteration represented one day.

4.2.5 Baseline simulation of fracture repair in wild type (WT) mice

In order to investigate the potential effect of deleting TSP2 on stem cell
differentiation during fracture healing, it was first explored whether the proposed
model could successfully predict patterns of repair in the WT animal. The effect
of perturbing this model in different ways could then be used to help identify the
underlying mechanisms driving the changes in tissue differentiation in TSP2-null
mice. Given the difficulty in determining the proportion of the axial load bore by
the medullary pin, simulations were first performed with axial loads of 20%, 50%
and 80% of normal tibial loading. The rate of angiogenic progression, as
determined by the diffusion coefficient (Dangio), Was also varied. Simulations were
performed with rates of angiogenic progression of 0.01, 0.025, and 0.04. The
closest prediction to quantitative experimental data (a combination of a spatial
mapping coefficient and tissue area fraction (Table 4-4) for the 10 days post
fracture time point from this set of 9 simulations (3 different loading conditions
and 3 different rates of angiogenic progression)) was chosen as representative of
the WT case. The spatial mapping coefficient is a ratio of the area in the model
with correctly predicted tissue phenotype to the total area of differentiating tissue
within the callus. The model was deemed to be correct in its prediction of the
tissue phenotype (bone, cartilage or other) in a particular element if the phenotype
is the same as the corresponding region in an identical mesh mapped onto a

representative histological section of the callus at 10dpf (Figure 4-2).
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Table 4-4 Prediction of the percentage area of the callus filled with cartilage and bone and
the spatial mapping coefficients for 10dpf as a result of parameter variations for modelling
the WT case

Cartilage Bone
Dunei Dangio
2 Load 0.01 0.025 0.04
Load 0.01 0.025 0.04
20% 23.49 41.71 53.05
20% 43.44 38.17 33.20
50% 19.01 31579 40.46
50% 4431 40.20 35.21
80% 14.17 23.46 26.25
80% 46.03 45.44 43.63
*WT cartilage was 42.17 % experimentally *WT bone was 27.90 %

experimentally

Spatial Mapping Coefficient

Dangio
LOMU-U?-S 0.04

20% 0.712 0.791 0.705
50% 0.711 0.805 0.750
80% 0.666 0.763 0.730
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Figure 4-2. Left - Typical histological sections for the 10 dpf time point (Safranin-O
staining). Centre - Tissue phenotypes from typical histological section mapped onto a mesh
of callus identical in geometry to the FE mesh. Right - Model predictions of tissue
phenotype. The examples shown in this figure are for WT and TSP2-null (bottom) (case A).

4.2.6 Simulation of fracture repair in TSP2-null mice

Once experimental patterns of tissue differentiation in the WT case were
successfully predicted, the model was perturbed in order to investigate the
potential mechanisms that may be driving the dramatic differences in tissue

differentiation observed in TSP2-null mice. Five cases were investigated:

Case A- Increased angiogenic progression rate: Experimental observations
showed an increased blood vessel density of approximately 67% by day 5 for
TSP2-null mice versus WT counterparts [33]. In order to model this, the baseline
WT simulation rate of angiogenic progression was increased until approximately
67% more vessels existed (by area) 5 days post fracture (dpf). The angiogenic

diffusion coefficient was increased from 0.025 to 0.08 in order to achieve this.

Case B- Increased cell proliferation rate: TSP2 has also been shown to regulate
MSC proliferation. The effect of increasing the cell proliferation rate by a factor
of 2 was also investigated.
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Case C- Increased cell source from the Marrow: It has been suggested that
marrow could make a greater contribution to healing in TSP2-null mice than in
WT counterparts as an increase in marrow CFU-F has been observed. The density
of the stem cell source at the marrow was increased by a factor of 2 to investigate

this possibility.

Case D- Decreased cellular oxygen consumption rate: Another potential impact
of TSP2 deletion is to alter the oxygen consumption rate of MSCs. It is
conceivable that a decreased consumption rate (and hence greater oxygen
availability) would result in a less cartilaginous callus. While I am not aware of
any experimental data to support this hypothesis, a simulation was performed
with an oxygen consumption rate half that of the baseline model in order to

investigate its effect on the predicted patterns of differentiation.

Case E- Increased callus stiffness: Another potential mechanism which may be
driving the differences in stem cell fate observed in the TSP2-null case is a
stiffened callus. This was modelled as a doubling of the granulation tissue
stiffness to 0.4 MPa. The alternative hypothesis, namely that the callus of TSP2-
null mice is softer would intuitively lead to a prediction higher callus strains and
hence less angiogenesis (i.e. the opposite of what is observed in vivo), and hence

was not considered here as a potential mechanism.

These five cases were compared to quantitative experimental data for TSP2-null

mice to assess the validity of simulation predictions.
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4.3 Results

4.3.1 Fractures of TSP2-null mice show reduced hypoxia

Wild Type TSP2-Null

BM
Callus
Distal To EbpE
Fracture
Site Callus
Bone
g BM
Callus
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Bone
Bone Callus

(a) (b)

.
L
™
.
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Total Hydroxyprobe Flouresence (% FL/mnf)
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Figure 4-3. (a) Staining for hypoxia 5 days post fracture in WT (left) and TSP2-nulil mice
(Top row: at fracture site. Bottom row: distal to fracture site). Reddish-puple indicates
areas of pimonidazole adduct detection indicative of hypoxia. Blue staining is DAPI for
nuclei. (b) Total Flourescence per square millimetre for WT and TSP2-null mice. (WT =
4460 + 638.26 cells/mm2, TSP2-null = 3834 + 195.14 cells/mm2. Difference is not statistically
significant).

5 days post fracture, pimonidazole adducts were detected intensely around the
fracture site indicating a significant hypoxic region developing within WT mice
(Figure 4-3 (a)). Much less staining occurred for the TSP2-null mouse in close
proximity to the fracture site, indicating greater oxygen availability. Only very
light staining occurred distal to the fracture site for both the WT and TSP2-null
animals, indicative of normoxic conditions in these regions of the repair tissue.
The staining results are strongly supported when hypoxyprobe fluorescence per
unit area is compared for TSP2-null versus WT mice. WT mice exhibited
approximately four times more fluorescence area indicative of a significantly

more hypoxic callus in the WT case (Figure 4-3 (b)).

4.3.2 Wild type model

The model case with 50% of the axial load being supported by the cortex and the
angiogenic rate at 0.025 mm?/day was chosen as model predictions of tissue
differentiation during fracture repair given that this prediction was closest to that
observed experimentally in the WT case (assessed via a combination of the spatial
mapping coefficient and the prediction of the total area of the callus filled with

either cartilage or bone- see Table 4-4). The model predicted hypoxic conditions
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in the periosteal region close to the fracture site and within the fracture gap itself
5dpf. Near normoxic conditions were predicted distal to the fracture site in the

upper periosteal callus and in the inner endosteal callus (Figure 4-4).

The main stages of fracture healing were successfully predicted including
periosteal cartilaginous bridging, both periosteal and endosteal bony bridging
followed by eventual bone remodelling (Figure 4-5). Ten days post fracture, the
model predicted woven bone formation in the upper periosteal callus, extending
down along the periosteal cortex ten days post fracture. Cartilage was predicted in
the fracture gap and periosteal callus, extending higher up into the periosteal
callus further from the cortex. Negligible cartilage was predicted in the endosteal
callus. Qualitatively spatial predictions of tissue differentiation were similar to
that observed histologically and the predictions of total bone and cartilage
formation are also similar to the quantitative measures made in the experiments
(Figure 4-6). Quantitative measurements of bone and cartilage formation were
also similar to model predictions (Figure 4-7(a)). The addition of a blood supply
source from the surrounding soft tissues led to a prediction of higher levels of
oxygen availability for the oxygen consumption rates assumed in the model. As
model predictions with only 2 sources of new blood vessels were more predictive
of experimental findings, the surrounding soft tissue as an angiogenic source was

excluded from the remaining simulations.
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Figure 4-4. Model predictions of the state of the oxygen environment in the callus 5 days post
fracture for the WT case and the four possible TSP2-null case predictions compared with
hypoxyprobe stains for the region adjacent to the fracture gap.
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Figure 4-5. Model predictions of tissue differentiation pattern for the TSP2-null (case A) and
WT case at day 5, 10, 15, 20 and 30.
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Figure 4-6. Safranin-O staining (red) 10 days post fracture for the WT and TSP2-null case is
compared to model predictions for cartilage and bone formation for the WT case and the

five possible TSP2-null cases.

[ TSP2-Null Expt
0 TSP2-Null Model A
@l TSP2-Null Model B

®
oo £
Qwien  f e =
B WT Model < - ll Modsl E
° 3-20 TSP2-Null Model E ® - 20
¥ ® g o ;
o 3_
g ° § 15 83 15
c =
s &% £3
O 20 = & 104 - - -HE o N g 1.0
B 4 b3
3 05 808
E =
0 S oo § 00
Cartilage Bone =
(@) (b) (c)

Figure 4-7. (a) Area of callus occupied by bone and cartilage formation for WT compared to
predictions using the model. % Change in (b) bone and (c) cartilage formation (WT versus
TSP2-null) observed experimentally (TSP2-null Expt) and predicted by the model (model
TSP2-null cases A, B, C and D versus model WT case).

4.3.3 Case A: increased angiogenic rate

A significantly smaller hypoxic region was predicted to form by increasing the

angiogenic progression rate in the model (Figure 4-4). Oxygen tension was
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predicted to be lowest in the periosteal callus at the level of the fracture gap.
Cartilage tissue formation after 10 days was predicted to decrease by
approximately 45% and was confined more to the area immediately around the
fracture. New bone tissue was predicted to extend further down the callus and fills
more of the periosteal callus when compared to WT predictions at this time point
(Figure 4-6). Quantitatively bone formation was predicted to increase by
approximately 77% 10 days post-fracture (Figure 4-7 (b)). The spatial mapping

coefficient for this case was 0.785.

4.3.4 Case B: increased cell proliferation

Increasing cell proliferation was predicted to increase the size of the hypoxic
region within the callus (Figure 4-4). The hypoxic region extended distally and
proximally in the periosteal callus and slightly more toward the endosteal side of
the fracture site. Cartilage formation increased by approximately 14% and filled
more of the distal periosteal callus away from the fracture site (Figure 4-6). There
was little change in bone formation in comparison to WT predictions (Figure 4-7).

The spatial mapping coefficient for this case was 0.645.

4.3.5 Case C: increased cell infiltration from the marrow

Increasing stem cell number originating from the marrow decreased oxygen
tension slightly in the endosteal callus. There was a small increase in cartilage on
the endosteal side of the fracture site but overall there were no significant changes
different from the WT case (Figure 4-4). Quantitatively, cartilage and bone
formation remained similar to WT predictions (Figure 4-6and Figure 4-7). The

spatial mapping coefficient for this case was 0.656.

4.3.6 Case D: decreased oxygen consumption

Decreasing the oxygen consumption rate resulted in a prediction of a significantly
smaller hypoxic region in the outer periosteal callus (Figure 4-4). Cartilage
formation is decreased and was confined to the periosteal callus. No cartilage was
predicted within the fracture gap (Figure 4-6). Bone formation remained similar
to the WT case (Figure 4-7). The spatial mapping coefficient for this case was
0.599.
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4.3.7 Case E: stiffened callus

A stiffened granulation tissue did not significantly change the predicted levels of
oxygen availability within the callus (Figure 4-4). Cartilage and bone formation
also remained similar to WT predictions (Figure 4-6and Figure 4-7). The spatial

mapping coefficient for this case was 0.644.

4.4 Discussion

MSC differentiation during regenerative events such as fracture healing is known
to be modulated by extrinsic mechanical signals [5, 7, 8]. Recently, in vitro
experiments have also highlighted other environmental factors (e.g. substrate
stiffness [24, 60] and oxygen availability [31, 32]) as regulators of MSC
differentiation. Computational mechanobiological models have also provided
support for the hypothesis that such cues can drive differentiation in vivo [227]
(see Chapter 3). In order to decouple the relative importance of specific regulatory
factors on stem cell fate an attempt was made to simulate fracture repair in
different scenarios where the mechanical environment was believed to be

comparable but where bone regeneration occurred via different pathways.

Fracture repair in TSP2-null mice utilizes greater intramembranous bone
formation as opposed to the typical endochondral pathway, in spite of the fact that
the mechanical environment in the early stages of repair in both animals is
presumed similar. Therefore differences in MSC fate in TSP2-null mice are
unlikely due to changes in the mechanical environment within the early callus of
these animals. The objective of this study was to explore the role of oxygen as a
regulator of stem cell fate in TSP2-null mice. The results of this study provide
further support for the hypothesis that by enhancing vascularisation within the
callus, deletion of TSP2 increases oxygen availability and that this in turn

supports a more osteogenic phenotype.

To confirm that deletion of TSP2 leads to the development of a less
hypoxic callus, immunohistochemistry was used to identify hypoxic regions
within the calluses of WT and TSP2-null mice. Intense staining of pimonidazole
adducts that develop with hypoxia close to the fracture site indicated a
considerable hypoxic region in WT mice. In contrast, less staining occurred in

TSP2-null mice, indicative of enhanced oxygenation. Similar differences in the
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spatial development of hypoxia within the callus were also predicted by the

model.

In order to examine potential mechanisms driving experimentally
observed changes in MSC differentiation within TSP2-null mice, a model was
first created to simulate tissue differentiation in the WT case. 5 days post fracture,
hypoxia was predicted in the periosteal callus close to the fracture site and in the
fracture gap itself but not distal to the fracture site. This is consistent with the
regions of hypoxia observed with hypoxyprobe staining (Figure 4-3). 10 days
post-fracture, the predicted patterns of tissue differentiation are also consistent
with histological observations (Figure 4-6). Bone was predicted to fill the upper
periosteal callus extending further down the periosteal cortex. Cartilage was
predicted by the model in the in the lower periosteal callus and also in the fracture
gap. Cartilage was not predicted adjacent to the endosteal cortex. Bone formed
adjacent to the endosteum via intramembranous ossification. This is consistent
with other experimental findings that the endosteum does not form cartilage even
when stimulated by BMPs [66]. Quantitatively, model predictions were very close
to experimental results, as evident by both the prediction of the percentage of the
total callus area filled by either cartilage or bone (Figure 4-7) and the spatial
predictions of phenotype (Table 4-4), further confirming the predictive capability
of a tissue differentiation model regulated by substrate stiffness and oxygen

availability.

Once successful prediction of fracture repair in the WT case was achieved,
this model was perturbed in order to help elucidate the underlying mechanisms
leading to changes in the spatial and temporal patterns of stem cell differentiation
in the TSP2-null mice. Five possible impacts of disruption of the TSP2 gene and
an absence of TSP2 protein were considered: firstly increasing the rate of
angiogenic progression (case A), secondly increasing the rate of cell proliferation
(case B), thirdly increasing stem cell source from the marrow (case C), fourthly
decreasing cellular oxygen consumption (case D) and lastly increasing callus
stiffness (case E). Increasing granulation tissue stiffness (case E) by a factor of 2
had very little effect upon predicted oxygen environment 5 days post fracture or
tissue differentiation pattern 10 days post fracture. Only a slight increase in bone

formation was predicted. Even if the absence of TSP2 made the callus twice as
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stiff as normal (and there is no reason to believe that such stiffening occurs upon
deletion of TSP2), the extrinsic mechanical environment can still slow the
formation and progression of new blood vessels. As such, angiogenic progression
was only slightly increased compared to the WT case and the oxygen
environment, and hence tissue differentiation, was predicted to remain similar to
that of the WT case. 64.4% of the total area was predicted to have the correct
tissue type. For these reasons, the model does not provide support for the
hypothesis that changes in MSC fate in TSP2-null mice are explained by an

increase in callus stiffness.

Decreased cellular oxygen consumption (case D) was predicted to lead to
increases in callus oxygen levels and to the development of a smaller hypoxic
region at day 5. Less cartilage formation was predicted as a result of this
increased oxygen availability. Predicted levels of bone formation were relatively
unaffected as a blood supply still remained a prerequisite for bone formation. The
blood supply at day 10 was very similar to the WT case and therefore the
increased bone formation observed in the TSP2-null case could not be predicted.
Only 59.9% of the total area was predicted to have the correct tissue type which is
the lowest of all cases. For this reason, the model does not provide support for the
hypothesis that changes in MSC fate in TSP2-null mice can be explained by a

decreased cellular oxygen consumption rate.

Increasing cellular infiltration from the marrow (case C) by a factor of 2
again had very little effect upon predicted oxygen environment 5 days post
fracture. In this case, there were more cells in the endosteal callus which consume
more oxygen. However, these cells were in close proximity to an oxygen source
(marrow cavity) which limited the effect of increased consumption on oxygen
levels in the region. Overall, predictions remained similar to WT case and were
not predictive of dramatic changes observed experimentally. 65.6% of the total
area was predicted to have the correct tissue type which is notably lower than for
case A. For these reasons, the model does not provide support for the hypothesis
that changes in MSC fate in TSP2-null mice can be explained by an increase in

progenitor cell availability from the bone marrow.

Implementing a higher proliferative rate in the model (case B) increased

the cell density within all regions of the callus, thereby increasing overall levels
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of oxygen consumption resulting in the formation of a larger hypoxic region 5
days post facture. This resulted in a prediction of greater cartilage formation,
while bone formation also increased very slightly. A greater number of MSCs
meant more tissue was produced and a stiffer callus. This contrasts to the decrease
in cartilage formation observed experimentally. 64.5% of the total area was
predicted to have the correct tissue type which is again lower than for case A. For
these reasons, the model does not provide support for the hypothesis that changes
in MSC fate in TSP2-null mice can be explained by an increase in cell

proliferation rate.

Increasing the rate of angiogenic progression (case A) was the only
simulation capable of successfully predicting the smaller hypoxic region at the
fracture site, decreased cartilage formation and increased bone formation as
observed experimentally. A faster rate of angiogenic progression increased
oxygen levels within the callus leading to lower levels of chondrogenesis.
Overall, healing in this model was predicted to progress at a faster rate than the
WT case. By day 30 (Figure 4-5), remodelling of the callus was at a late stage for
the TSP2-null (case A) whereas only preliminary remodelling had occurred in the
same time period for the WT case. Healing was predicted to occur more
substantially through intramembranous ossification and less through
endochondral ossification in this simulation of fracture repair in TSP2-null mice
(case A). 78.5% of the total area was predicted to have the correct tissue type
which is the greatest of all cases. These model predictions mimic experimental
observations and provide support for the hypothesis that changes in MSC fate in

TSP2-null mice can be explained by an increase in the angiogenesis.

Changes in tissue differentiation in TSP2-null mice occurred in spite of an
initially similar mechanical environment. As a result, the mechanical environment
alone cannot explain these changes in differentiation pattern. Other studies
investigating tissue differentiation in transgenic mice have also found differences
in lineage specification within what would appear to be (initially at least) a similar
mechanical environment. Colnot et al [232] demonstrated increased and persistent
cartilage generation in the callus of MMP9 deficient mice. Kosaki et a/ [233] also
showed persistent cartilage and significantly delayed repair in mice deficient in

MMP13. The lack of such MMPs has been implicated to diminish angiogenic
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activity (e.g. impaired vascular invasion of hypertrophic cartilage) which in turn
may be responsible for the changes in tissue differentiation observed in these
studies. In support of this, it has been shown that hypoxia may suppress
chondrocyte hypertrophy [220]. Such studies again highlight the role of factors
other than mechanics, such as oxygen supply, in the regulation of tissue
differentiation. However, there are also studies that point to a more complicated
relationship between oxygen availability and tissue differentiation. For example,
it has been demonstrated that neither chondrogenesis nor osteogenesis was
dramatically altered during early fracture healing in mice exposed to hypoxic or

hyperoxic external environmental conditions [180].

The model in this study does have some limitations. Axisymmetric
geometry was adopted assuming medial and lateral sides of the callus are
identical. This is not the case but it was assumed that the model still provided a
reasonable prediction of the mouse fracture callus environment. Only axial
loading was considered, which assumed that complete lateral stability was
provided by the intramedullary pin and torsional stability was provided by the
applied splints. As the magnitude of the axial load is unknown, this model
parameter was varied. Some progenitor cells may have restricted phenotypes
during fracture healing [234]. In this model, cell differentiation capacity was not
restricted which is a limitation of the study. A specific stimulus for fibrous tissue
formation is not offered by this tissue differentiation model. There is however
evidence that mechanical cues can promote fibrous tissue formation [5] and this
warrants further investigation. It is acknowledged that other factors supplied by
blood vessels, such as growth factors [235] and not just oxygenation, may be
important to initiate and direct stem cell differentiation. It is possible that the cell
populations present are not equivalent (ie the WT could have more inflammatory
cells relative to the TSP2-null etc). This model does not account for this
possibility. In a similar study of tissue differentiation during fracture healing
[22], a more complex spatial mapping analysis was performed to assess the
validity of each simulation prediction. It was felt that the simpler techniques
adopted here were sufficient to meet the specific objectives of this study.
Diffusive processes were employed to model cell proliferation/migration,

angiogenesis and oxygen transport. These were simplified representations of
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complex in vivo processes. More complex models have been implemented [11,
16, 50, 51, 144], however, I do not believe that the implementation of such
models would dramatically alter model predictions and, hence, corroboration of
underlying hypotheses. This study assumed biphasic material properties which
accounted for certain flow dependent viscoelastic phenomena but ignored the
inherent flow independent viscoelasticity of regenerating soft tissues. Finally, this
study investigated five potential mechanisms individually as sole drivers for
changes in MSC fate in TSP2-null mice. It is possible that two or more of these
mechanisms are in fact occurring in vivo but the purpose of this study was to
decouple the relative importance of each effect in explaining experimental

observations.

In spite of these limitations, this study provided corroboration for the
hypothesis that increased vascularization, and hence oxygen supply is the
dominant factor which leads to a less cartilaginous callus and enhanced
intramembranous bone formation in TSP2-null mice. Four other potential
mechanisms were unable to predict changes in the size of the hypoxic region in
the callus as well as the increased intramembranous ossification and decreased
cartilage formation that is observed experimentally. This may have proven
difficult, costly and even impossible to investigate with experimental techniques
alone and highlights the benefits of integrating computational models with studies
of genetically modified mice as has been performed herein to better understand
how genetic and environmental factors interact to regulate stem cell fate in vivo.
Future work will focus on further decoupling the roles of mechanical stimuli,
oxygen availability and substrate stiffness in the regulation of MSC

differentiation in other regenerative scenarios.
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ChapterS: Substrate stiffness and oxygen
availability as regulators of mesenchymal
stem cell differentiation within a mechanically

loaded bone chamber

(A modified version of this chapter is currently under review for

publication)

The previous two chapters of this thesis have provided support for the hypothesis
that substrate stiffness and oxygen availability regulate stem cell differentiation
during tissue regeneration in two different cases of fracture repair following
corroboration of the hypothesis after valid tissue distribution patterns were

predicted by the tissue differentiation model.

However, a robust test of a hypothesis requires undertaking multiple
experiments attempting to falsify the hypothesis. In the context of testing tissue
differentiation hypotheses within an in silico framework, the greater the number
of scenarios in which the underlying model hypothesis is subjected to attempted
falsifiability, but ultimately corroborated, the stronger the hypothesis becomes.
This chapter will apply test the hypothesis that substrate stiffness and oxygen
availability regulate stem cell differentiation in a different regenerative event, the

in vivo bone chamber.
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5.1 Introduction

While it is well established that soluble factors, such as transforming growth
factor beta (TGF-B) [115] and bone morphogenetic proteins (BMPs) [117],
regulate mesenchymal stem cell (MSC) differentiation during tissue regeneration,
it is becoming increasingly clear that mechanical cues also play a key role in
determining the fate of such cells. Extrinsic mechanical stimuli such as tissue
deformation, fluid flow and hydrostatic pressure are often implicated as regulators
of tissue differentiation in vivo [5, 7, 8]. In addition, in vitro studies have
identified several other environmental stimuli as key regulators of MSC
differentiation. For example, the stiffness of the local matrix elasticity has been
shown to be intimately linked to MSC differentiation, where an osteogenic
phenotype is promoted by a stiff substrate, while adipogenesis is enhanced by
exposure to a soft substrate [24, 26, 60]. Oxygen availability is another known
regulator of MSC differentiation [27-32]. Both adipogenesis and osteogenesis
have been shown to be diminished under low oxygen conditions [27-29], whereas

chondrogenesis is promoted by hypoxia [30-32].

One of the main challenges associated with in vivo studies of stem cell fate
is to accurately isolate and relate specific environmental stimuli to the temporal
and spatial patterns of differentiation that occur during development or tissue
regeneration. /n silico studies can be used to predict the state of the local
environment experienced by stem cells during complex developmental or
regenerative events. As such, hypotheses for how MSC differentiation is
regulated in vivo can be either corroborated or rejected based on the ability of in
silico models to accurately predict spatial and temporal patterns of tissue
differentiation observed experimentally [5, 7, 8, 10, 12, 16, 49, 201]. For
example, fracture repair, having been studied experimentally for decades, is
probably the most extensively employed regenerative event for testing hypotheses
for how various environmental factors regulate MSC differentiation. Hypotheses
where tissue differentiation is regulated by mechanical stimuli [5, 7, 8, 10, 23,
189], biochemical factors [51, 143, 144] or a combination of oxygen availability
and substrate stiffness (Chapter 3 and Chapter 4) [227, 236] have all been at least
partially corroborated by comparing model predictions of fracture repair to

experimental observations. However, a robust test of a given hypothesis requires
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undertaking multiple experiments attempting to falsify the hypothesis. In the
context of testing such tissue differentiation hypotheses within an in silico
framework, the greater the number of scenarios in which the underlying model
hypothesis is subjected to attempted falsifiability [1], but ultimately corroborated,

the stronger the hypothesis becomes [56].

It has been previously demonstrated that is it possible to simulate the
temporal and spatial patterns of tissue differentiation during facture repair using a
computational model where MSC differentiation is regulated by local oxygen
availability and the stiffness of the surrounding substrate [227, 236]. To further
test this bioregulatory theory, it is necessary to investigate if such a model could
be used to successfully predict MSC differentiation during other regenerative
events. The mechanically loaded bone chamber, as described by Tagil and
Aspenberg [197], provides a well-defined mechanical environment and has
previously been shown suitable for testing the validity of tissue differentiation
hypotheses [15, 16, 53]. To enable the accurate simulation of the regenerative
process inside the bone chamber, it was first sought to develop a model that could
adequately describe the process of angiogenesis such that the local levels of
oxygen within the bone chamber could be predicted. To this end a lattice-based
model of angiogenesis capable of simulating blood vessel growth in both
mechanically loaded and unloaded conditions was developed. This was coupled
this with the previous theory of tissue differentiation [227] in a combined lattice
and finite element based computational framework to test the hypothesis that
substrate stiffness and oxygen availability regulate stem cell differentiation in

vivo within an implanted bone chamber.
5.2 Methods

5.2.1 Bone chamber experiment

In the experimental study performed by Tagil and Aspenberg [197], a threaded
titanium chamber was formed from two semi-cylinders held in place by a
hexagonal closed screw cap. The bottom end of the chamber was surgically
screwed into the tibia of male Sprague-Dawley rats. Two openings at the
implanted end allowed tissue ingrowth into the front of the chamber (Figure 5-1

(A)). A mechanical stimulus was provided by a manually loaded piston (loaded

109



group). The loaded group wasn’t subjected to any mechanical stimulus for the
first 3 weeks of the study, followed by 6 consecutive weeks of loading. The
unloaded group was not subjected to any loading for the duration of the 9 weeks.

Full experimental details are available elsewhere [197].

Pressure

Figure 5-1. (A) Cross section of the implanted bone chamber. Red arrows point to the
ingrowth openings and the grey arrow indicates the direction of applied pressure (Adapted
from [198] with permission). (B) Finite element medel of the implanted bone chamber. The
displacement in outer chamber was constrained in the x and y directions (thin dotted line).
Displacement at the base of the chamber was constrained in x, y and z directions (thicker
dotted line). Free fluid flow boundary conditions were applied at the top of the chamber (to
represent the gap between piston and chamber wall) and at the ingrowth holes (blue
arrows).

5.2.2 Bone chamber finite element model

A 3-dimensional finite element (FE) model consisting of 14,200 finite elements
was created to predict the mechanical environment within the inner bone chamber
[16, 197] (Figure 5-1 (B)). Biphasic material properties were adopted (Table5-1).
The applied boundary conditions (Figure 5-1 (B)) allowed fluid flow from
ingrowth openings and also from the small area between the piston and the wall at
the top (distal region) of the chamber, constrained radial displacements along the
chamber walls and axial displacement at the chamber base. The described model
was implemented into the commercial finite element software package MSC

Marc (version 2008r1, MSC Software Corporation, Santa Ana, CA).
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5.2.3 Cell migration and proliferation

Models of cell migration and proliferation were implemented using a lattice based
approach. Within this approach, each finite element was discretised into a 3
dimensional lattice consisting of 1000 lattice points (10 points in each dimension)
(Figure 5-2). Each lattice point represented a potential position for a cell and its
immediate extracellular matrix. All finite elements were cubic with side length of
0.lmm giving each lattice point a spacing of 10 pm. Cell migration was
implemented as a stochastic process by filling the allotted new cell position and
vacating the previously filled position using random walk theory [11, 139]. Each
cell attempted to migrate randomly into one of the adjoining lattice positions.
Should the adjoining cell position be occupied, the cell remains in its original
position. Cell proliferation was implemented in a similar fashion by filling the
allotted new cell position (with a “daughter” cell) while the previously filled
position remained filled (with the “parent” cell). Migration/proliferation was
limited only if the adjoining cell position is occupied. Phenotype specific
migration (M) and proliferation (P) rates (Table 5-2) determined the number of

attempted migration or proliferation actions per 12h iteration (see Section 0

Tissue differentiation for more information on iterative procedure). 30% of cells
positions in the ingrowth holes where initially filled with MSCs [16]. 5% of all
other cell positions up to the height of the ingrowth holes were also randomly
filled with MSCs. MSCs could only differentiate once the minimum age for
differentiation (Ageau) was reached [16] (Table5-3).
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Finite Element

Fibrous Tissue : Oxygen
Availability

(O Empty Cell Position

Lattice
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Filled Cell Position

Figure 5-2. (A) Tissue differentiation regulated by substrate stiffness and oxygen
availability. The oxygen availability axis extends radially from the centre of the circle, low
oxygen in the centre of the circle increasing towards the periphery. The substrate stiffness
axis extends circumferentially in a clockwise direction from the right side of the dotted line
at the top of the circle. The presence of a blood supply is also a prerequisite for formation of
bone and marrow. (B) A 3 dimensional finite element with corresponding lattice. Each
lattice point represents a potential location for a cell and its immediate extracellular matrix.

Table 5-2 Cell model parameters

Model Parameter Fibroblasts  Chondrocytes Adipocytes  Osteoblasts MSCs
Proliferation Rate (1/2day)! 0:272 0218 0.2 OASE (.38
Migration Rate (um/h) 26.6° N/A 26.6 N/A 26.6°
Degradation Rate (1/2day)™! 0.025* 0.05° 0.05 0.08% 0.025*
Differentiation Rate (1/2day)"! N/A N/A N/A N/A 0.15°

a. [saksson et al (2008) [237] ; b. Appeddu and Shur (1994) [238].
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Table 5-3 Tissue differentiation model parameters

Model Parameter Symbol Source Unit Value

Strain  Threshold for Angiogenic

Inhibition gangio [227] % 6

Blood Vessel Growth Rate V Estimated um(1/2day)! 40
Minimum Length Branching /b [50] pum 100
Maximum Length (without) Branching — Lyax [239] pum 300
Minimum Age for Differentiation Ageay [16] days 6
Oxygen Diffusion Coefficient G [212, 227] m?/s 2.2E-09
Oxygen Consumption Rate (0] [213, 227] fmol/cell/h 98
Initial Oxygen Tension (Op [179, 227] mmHg 74.1
Oxygen Tension Limit for Cartilage (Ol [27,28,227] % 3

5.2.4 Angiogenesis and oxygen transport

Angiogenesis was also modelled using a lattice based approach, similar to Checa
and Prendergast (2009) [50], where capillaries were modelled as a consecutive
sequence of lattice points filled with endothelial cells (EC) [240]. Vessel growth
occurred at a constant rate (V) (Table 5-3) and could occur in either a random
direction or the previous direction of growth with equal probability. EC death
occurred where the local octahedral shear strain exceeded a threshold value (")
(Table 5-3). Capillaries were permitted to branch and form new vessels, the
probability of which occurring was a function of the length of the vessel. Lin
represents the minimum length for a sprout to branch, while L. represents the
maximum length for a non-branching sprout (Table 5-3). Should two capillaries
meet, anastmosis (fusion) occurred. Cell position in the ingrowth holes were
initially filled with 30% ECs as the initial source of blood vessels. Oxygen
transport was simulated as a diffusive process, the boundary conditions of which

were dependent upon the state of the blood supply [227, 236]. Similar to studies
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of other tissue regenerative events [227, 236] and consistent with oxygen tension
measurements inside a similar bone chamber experiment [194], oxygen
availability was initially assumed to be high in the chamber. As the simulation
progressed, oxygen ((:) diffused from blood vessels and was consumed at a rate
calculated as the product of a cellular consumption rate (Q) and cell density (rn)
(see Equation 5.1 below) (parameters used in the model of oxygen transport are
available in Table 5-3). Cell density was determined from the number of filled

lattice points at a given location.

do),
dt

(Equation 5.1)

=GV*0, -On"™™n

5.2.5 Tissue differentiation

In this study, the process of MSC differentiation was regulated by substrate
stiffness and oxygen availability [227] (Figure 5-2 (A)). In brief, this theory
proposed that osteogenesis and adipogenesis were inhibited in regions of hypoxia,
while chondrogenesis was promoted is such a low oxygen environment (defined
as regions in which the local oxygen drops below a threshold value (0,%"¢)
(Table 5-3). Where a sufficient oxygen supply existed, differentiation was
regulated by the stiffness of the local substrate. A high substrate stiffness
promoted osteogenesis, whereas low substrate stiffness promoted adipogenesis (It
was further assumed that adipogenesis would further support the establishment of
bone marrow). Fibrogenesis was predicted in regions of the chamber where none
of these conditions were upheld. The substrate stiffness stimulus at any point in
the model was dependent upon the phenotype of surrounding lattice points.
Engler et al refer to MSC differentiation regulated by the ‘‘elasticity of the
microenvironment’” of the cell [24]. For example, the stiffness of osteoid matrix
produced by osteoblasts is approximately 30 kPa, however, the stiffness of woven
bone itself is orders of magnitude higher (in the order of GPa). In this tissue
differentiation model, osteogenesis occurs when stem cells are adjacent to newly
formed bone and hence in contact with osteoid as a substrate (and similarly for
adipogenesis). In this implementation, specific threshold values of stiffness are

therefore not required.
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Tissue differentiation within the bone chamber was simulated via an
iterative procedure (Figure 5-3). Within each iteration, a prediction of mechanical
stimuli, cell phenotypes and densities, blood supply and oxygen availability is
generated in order to enable the local phenotype predictions to be determined.
Each iteration was 12 hours. In the computational model, a soft substrate stimulus
was assumed along the base of the chamber which sits in the host marrow. The
chamber walls were assumed to provide a stiff stimulus. Differentiated adipose
tissue was also assumed to provide a soft substrate stimulus for further
adipogenesis, while extracellular osteoid from differentiated osteoblasts was
assumed to provide a stiff substrate stimulus for further osteogenesis. The process
of endochondral ossification occurred in the model when a chondrocyte
experienced a stiff (osteogenic) stimulus and the region was invaded by blood
vessels. These (would-be hypertrophic) chondrocytes were removed through
apoptosis to be replaced by the osteoblasts of the oncoming bone front.
Fibroblasts subjected to an osteogenic stimulus also underwent apoptosis and new
bone replaced the existing fibrous tissue (a process similar to intramembranous
ossification where ossification initiates on a fibrous connective tissue membrane).
Apoptosis occurred at a rate D which determined the proportion of existing cells
undergoing apoptosis in that particular iteration (Table 5-2). Different cell types
synthesizing matrix of drastically different properties could exist within a single
element, therefore a rule of mixtures was implemented to determine the properties
of each element [140]. To prevent unphysiologically rapid changes in material
properties, values were averaged over the last 10 iterations [10]. Also, should a
finite element become dominated by one cell type (defined as at least 50% of the
cell positions in an element which has a minimum of 100 cell positions occupied),

other cell types within the element were also assumed to undergo apoptosis.

5.2.6 Simulations

As per experimental protocol [197], tissue differentiation predictions in loaded
and unloaded conditions were compared. Loading was simulated in the FE model
via the application of a pressure of 2MPa [16] on the top surface of the ingrowing
tissues. The pressure was applied via a linear ramp from 0 to 2 MPa in 0.3s
followed by holding at 2 MPa for a further 2.7s [16]. The time-course of both

groups was computed in a series of 12 hour iterations (Figure 5-3). The bone
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chamber was initially assumed to be filled with granulation tissue. In each
iteration, the progression of angiogenesis was simulated based on the prevailing
local biophysical stimulus. Cells migrated, proliferated and depending on the
calculated oxygen availability and substrate stiffness, the MSCs differentiated
into different cell phenotypes. At the end of each iteration, the material properties
of the bone chamber FE model were updated (Figure 5-3). The time-dependent
tissue differentiation process inside the bone chamber was simulated for 9 weeks,

following Tagil and Aspenberg’s experimental protocol [197].

Initial Material Properties

t+At

l { Updated Material Properties]<—

Cell Proliferation Rule of Mixtures

A

fHE | Smoothing Procedure

I Phenotype Predictions

Y

Oxygen Tension

y

Biophysical Stimuli

Cartilage

Angiogenesis

Fibrous Tissue

Oxygen
Availability

Figure 5-3. Iterative procedure for generating temporal and spatial predictions of tissue
differentiation.

The authors of the bone chamber experiments reported that a dichotomous
result was observed histologically for the loaded case [197]. In approximately half
the loaded cases, cartilage was not observed. Additional simulations were
performed with altered model parameters to investigate several possible

explanations for such a dichotomy. It is possible that MSC density may be
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different in the marrow of different animals. It is also possible that as pressure
was applied manually through the experiments, variability in the magnitude of
this stimulus may have occurred. As a result, simulations were performed with
altered MSC density (20%, 30%, 50%) and varied magnitude of applied pressure
at the top of the cortex (1IMPa, 2MPa, 3MPa) to investigate such potential
mechanisms. It was assumed in the experiment that the ingrowth holes lay fully in
the marrow cavity, but it may be possible that the upper cortex restricts MSC
access to the chamber (that normally occurs via the ingrowth holes). Therefore, a
simulation with partially blocked ingrowth holes was also performed (where the
upper 1/3 of ingrowth holes were blocked to simulate potential inconsistent

implant positioning during surgery).

5.3 Results

Predominately fibroblastic differentiation was predicted within the bone chamber
during the first three weeks of the study when no external mechanical loading was
applied (Figure 5-4 and Figure 5-5). Osteogenic and adipogenic differentiation
was initially predicted to be confined to areas immediately adjacent to the
chamber holes, with increased adipogenesis by week 3. Early osteogenic
differentiation was predicted to occur primarily along the chamber walls, firstly in
the regions around the ingrowth holes at the front of the chamber and then
progressing toward the back region of the chamber. Adipogenesis were predicted
more homogeneously along the proximal (bottom) region of the chamber but
again began at the front of the chamber progressing towards the back (Figure
5-6). Blood vessels progressed in a random fashion from the ingrowth holes to fill
the majority of the proximal region of the chamber by the end of week 3, with the
exception being a region at the back of the chamber which remained unserved by
vessels. As no mechanical loading was applied for the first three weeks, similar

predictions were made for the loaded and unloaded cases during this time period.
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Figure 5-4. Unloaded case tissue differentiation predictions for 3, 6 and 9 week time points
(side elevation view). Results are presented as a cross section from front to back of chamber
(see red slice of schematic on right of figure). Bottom right: simplified histology results from
experimental study [197] (Adapted from [16] with permission).
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Figure 5-5. Loaded case tissue differentiation predictions for 3, 6 and 9 week time points
(side elevation view). Results are presented as a cross section from front to back of chamber

(see red slice of schematic on right of figure). Bottom right: simplified histology results from
experimental study [197] (Adapted from [16] with permission).
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Figure 5-6. Unloaded case tissue differentiation predictions for 3, 6 and 9 week time points
(plan view). Results are presented for heights of 2.5mm, 1.5mm (middle) and 2.5mm
(bottom) (see red slice of schematics on right of figure).

From week 3 to week 6, new osteoblasts and adipocytes were predicted to
occupy a larger part of the unloaded bone chamber (Figure 5-4 and Figure 5-6).
Osteoblasts were predicted to spread radially inwards from the walls towards the
centre of the chamber (Figure 5-5 and Figure 5-7). Osteoblastic differentiation
was also predicted in more distal regions of the chamber, but bone was still more
prominent closer to the ingrowth holes than the back of the chamber (Figure 5-4
and Figure 5-6). Homogenous adipogenic differentiation was predicted in the
proximal region of the chamber. An increase in fibroblastic differentiation was
predicted in the distal region of the chamber, with apoptosis of fibroblasts
predicted in the proximal region of the chamber. All of this was similar for both
loaded and unloaded cases. A small number of MSCs were predicted to
differentiate into chondrocytes in the upper (distal) regions of the chamber for the
loaded case. Such chondrogenesis was not predicted in the unloaded case. In the
unloaded case, blood vessels were predicted to fill the remaining empty regions at

the back of the chamber and to also progress further up the chamber. In the loaded
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case, this progression into the back and distal regions of the chamber was

predicted to be much slower.
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Figure 5-7. Loaded case tissue differentiation predictions for 3, 6 and 9 week time points

(plan view). Results are presented for heights of 2.5mm, 1.5Smm (middle) and 2.5mm
(bottom) (see red slice of schematics on right of figure).

At the end of the 9 week simulated period, osteoblasts were predicted to
bridge across the centre of the chamber. In the lower chamber osteoblasts
primarily existed along the chamber walls (Figure 5-4 and Figure 5-5). At the end
of the 9 week simulation, the total amounts of each tissue type within the chamber
were computed (Figure 5-8). There was slightly more bone predicted to form in
the unloaded case (32.4% versus 27.6%), with osteoblastic differentiation
predicted further up the chamber also. By week 9, adipogenesis was predicted
almost homogeneously across the proximal region of the chamber, with new
marrow tissue making up 34.8% and 33.2% of the neo-tissue within the chamber
for the unloaded and loaded cases respectively (Figure 5-8 and Table 5-4).
Fibroblasts were predicted to persist in the distal regions of the chamber, but
underwent apoptosis and were replaced by osteoblasts and adipocytes in lower

regions of the chamber for both loaded and unloaded cases (Figure 5-6 and Figure
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5-7). Blood vessels approached the distal region in the loaded case, but in the

unloaded case extend further up into the chamber. Greater levels of
chondrogenesis were predicted in the distal regions of the loaded chamber, with
cartilage making up approx 2.5% of total tissue content by at week 9 (Figure 5-8

and Table 5-4). No cartilage was predicted in the unloaded case.

Table 5-4. Tissue fractions from experimental analysis (14; 196) and model predictions

Bone (%)  Cartilage  Marrow Fibrous Necrotic
(%) (%) Tissue (%) Tissue
(%)
Experiment
Unloaded 31.0£11.7  0.0+0.0 38.6+5.7 30.4+9.8 0.0+0.0
Loaded 23,5 12:7% 3132313 30:6£23'1 35.0:32.7 74453
Model Predictions
Unloaded 324 0.0 34.8 32.8 0.0
Loaded 27.6 2.5 33.2 36.7 0.0

Unloaded Case

Tissue Fraction %

Tissue Fraction %

Loaded Case

o 1 2 3 . F 9 0 1 2 3 4 5 6 7 8 9
Week Week
[ Fibrous Tissue [@ Bone [ Marrow [l Cartilage

Figure 5-8. Temporal tissue phenotype fractions for unloaded and loaded cases.

The effect of parameter variations theorised as possible explanations for
the dichotomous result observed experimentally [16, 197] in the loaded case is
summarised here (data not shown). Decreasing the magnitude of applied pressure
to IMPa from 2MPa for the loaded case resulted in very little change in
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differentiation because a similar sized region of high strain suppressing
angiogenesis was still predicted. Increasing the magnitude from 2MPa to 3MPa
led to slightly more blood vessel inhibition in the distal regions of the chamber
and hence a small increase in the number of chondrocytes and a small decrease in
the number of osteoblasts predicted. Altered implant positioning resulted in all
tissues forming lower down in the chamber. Partially blocking the holes in the
proximal end of the chamber was predicted to increase adipogenic differentiation
and reduce fibrogenic differentiation. Chondrogenic differentiation was still
predicted in a similar quantity to the baseline simulation. Increased initial MSC
density (from 30% to 50%) results in increased chondrogenic differentiation as a
result of higher cellular oxygen consumption. Other tissue type predictions
remained similar in terms of both positioning and tissue fraction percentage.
Decreased initial MSC density (from 30% to 20%) predicts delayed and decreased
chondrogenic differentiation with all other tissue fractions remaining similar.
Also, the majority of tissue formation occurred more towards the proximal end of

the chamber.

5.4 Discussion

In vitro studies have identified biochemical cues [57, 90], extrinsic mechanical
signals such as pressure and deformation [84, 87], as well as substrate stiffness
[24, 60] and oxygen availability [27-32] as regulators of MSC differentiation.
Identifying relationships between such stimuli and temporal and spatial patterns
of tissue differentiation using in vivo experiment alone is complex, expensive and
often impractical. /n silico studies provide a mechanism for testing a given tissue
differentiation hypotheses by means of ‘trial and error’ [4], whereby a given
hypothesis is either corroborated or rejected based on its ability to successfully
predict patterns of tissue differentiation during regenerative events. The implanted
bone chamber provides a suitable regenerative event for attempted corroboration
of tissue differentiation theories using such in silico approaches. This study
employed a computational framework in which tissue differentiation is regulated
by substrate stiffness and oxygen availability [227], in an attempt to predict MSC
fate in vivo within an implanted bone chamber [197]. Predictions from the model
provide corroboration for the hypothesis that tissue differentiation during such
regenerative events is indeed regulated by substrate stiffness and oxygen
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availability, providing further support for the key role that such stimuli play in

regulating MSC fate in vivo.

During the early stages of regeneration, the model predicted only small
amounts of osteogenic differentiation (Figure 5-4 and Figure 5-5). Osteogenesis
was predicted predominantly along the chamber walls, which provide the required
stiff substrate for differentiation to proceed along this pathway. Such osteogenic
differentiation along the chamber walls is also observed histologically [16, 197].
Higher levels of adipogenesis than osteogenesis were predicted in the early stages
of the simulation, with expansion of the existing host marrow into the proximal
region of the chamber. As both adipogenesis and osteogenesis were assumed to
depend on the existence of a blood supply, differentiation of MSCs towards
adipocytes and osteocytes was initially predicted in greater numbers in regions
adjacent to the ingrowth holes, advancing towards the back regions of the
chamber as vessels progressed. A large number of fibroblasts were predicted in
the chamber during the early stages of the study as the level of oxygen did not
drop sufficiently to provide the hypoxic conditions necessary for chondrogenesis.
(These predictions were similar for both loaded and unloaded cases as loading
only begins 3 weeks post-implantation. The stochastic nature of cell migration
and proliferation as well as blood vessel growth directionality results in every

simulation being slightly different).

Six weeks post-implantation, a relatively small number of chondrocytes
were predicted above the bony layer for the loaded case. This was due to
mechanical loading causing high strains in the distal part of the chamber, which
delays or prevents blood vessel progression into this region of the chamber
(Figure 5-5 and Figure 5-7). The presence of large numbers of cells in a region
not served by blood vessels resulted in the development of hypoxic conditions
locally within the bone chamber, which in turn promoted chondrogenesis. In the
unloaded case, no such mechanical inhibition of blood vessel growth occurred
and hence blood vessels filled more of the distal region of the chamber (Figure
5-4 and Figure 5-6). Such vessels provided enough oxygen to prevent the
development of a hypoxic region and hence chondrogenic differentiation did not

occur.
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After the full nine week term, chondrogenic differentiation increased in
the loaded case due to continued blood vessel disruption (and hence the
development of larger hypoxic regions) caused by the excessive strains in the
distal regions of the chamber (Figure 5-5 and Figure 5-7). There was again no
vessel disruption in the unloaded case, allowing vessels to progress further up the
chamber and thereby preventing the development of hypoxic regions and
subsequent chondrogenesis (Figure 5-4 and Figure 5-6). This is in agreement with
experimental observations of cartilage formation in the loaded case and none in
the unloaded case [197]. The cartilage in the loaded case was also predicted to
form in the correct spatial location above the bone layer, and in similar amounts
to that observed experimentally (3.3% observed experimentally compared to 2.5%
predicted by the model, see Table 5-4). Less osteogenic differentiation was
predicted in the loaded case due to inhibition of blood vessel growth. This is also
in agreement with experimental observations (Figure 5-8 and Table 5-4).
Experimentally there was less marrow formation observed in the loaded case,
however the simulations only predicted a small difference. Fibroblastic
differentiation was predicted in the distal region of the chamber above a layer of

bone, which again agrees with histology for both the loaded and unloaded cases.

Partial corroboration for an alternative tissue differentiation model where
MSC fate is regulated by octahedral shear strain and relative fluid velocity has
previously been provided by attempting to simulate the time course of tissue
formation within the same implanted bone chamber modelled in this study [16].
In that case, simulations were not completely predictive of the unloaded
experiment. For example, a chamber filled with bone was predicted after 9 weeks,
with prediction of little or no fibrous tissue formation. This occurred because
fibrous tissue formation could only occur under the direct application of load in
that model. The tissue differentiation model in question [8] does not include a
specific stimulus for adipogenesis and therefore does not enable prediction of
experimentally observed adipose cells in the marrow cavity under either loading
conditions. In contrast, the model governed by substrate stiffness and oxygen
availability includes adipogenesis and fibrous tissue formation without the direct

influence of mechanical loading, and was thus able to predict fibrous tissue
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formation above the bony region as well as adipose cells beneath the bony bridge

(Figure 5-4 and Figure 5-6).

The mechano-regulation model based on strain and fluid velocity was
predictive of the spatial and temporal patterns of cartilage formation in the loaded
case [16], which was also successfully predicted by the model regulated by
substrate stiffness and oxygen availability. However, differences do occur
between the model predictions in terms of the primary method of bone formation
within the loaded chambers. Both models predicted bone formation in the
unloaded phase by intramembranous ossification. Differences were predicted
upon the application of loading after 3 weeks. The model in this study predicts
endothelial cell necrosis upon loading, leading to a decrease in progression of
bone up the chamber. Osteogenesis was predicted to slow but with continued
formation via intramembranous ossification with only small amounts of
endochondral bone formation. This is contrary to the previous model [8]
(regulated by shear strain and fluid velocity) which predicted apoptosis of the
intramembranous bone upon load application. New bone then formed primarily
via the endochondral ossification process (differentiation of MSCs into
chondrocytes before they are replaced with osteoblasts) rather than through the
intramembranous route observed in this study. Without extra experimental data on
spatial tissue distributions from earlier time points, it is impossible to distinguish
which model is more accurate in its predictions of the mechanisms of bone
formation in vivo. The fact that neither underlying hypothesis for MSC
differentiation can be fully falsified by simulating this particular experiment
points to the need for further work to elucidate the specific roles of particular

environmental cues in regulating stem cell fate in vivo.

There are some limitations associated with the model. Firstly, a dichotomy
was observed in the experimental results, with cartilage only being observed in
approximately half the cases where mechanical loading was applied, but not being
observed in the other cases. Changes in MSC density, loading magnitude or
partially blocked ingrowth holes did not lead to a simulation prediction of no
cartilage for the loaded case. However, decreased initial MSC density predicted
delayed and decreased chondrogenic differentiation, suggesting that this may play

a role in explaining the dichotomous result observed experimentally. This
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dichotomy in the loaded case may also be at least partially explained by variable
mechanosensitivity among animals. This was posed as a possible explanation by
Khayyeri et al following a study which could predict aspects of both sides of the
dichotomy by varying model parameters referring to mechanosensitivity [15].
There are also some other limitations associated with the present study. The
model of angiogenesis employed in this study does not consider chemotaxis
which can bias blood vessel growth directionality towards a source of VEGF for
example [46]. Chemotaxis has been implemented in similar lattice models of
angiogenesis [50, 141] with blood vessel directionality biased towards VEGF
which was assumed to be secreted by hypertrophic chondrocytes. It is unlikely
that such an addition would significantly influence simulation predictions as
chondrocytes are small in number and are predicted in regions where blood
vessels are likely to be inhibited by high shear strains. Blood vessel growth rate
was assumed constant and independent of strain which is another simplification of
the model of angiogenesis. The model contains many parameters obtained from
the literature and includes some simplifications of complex biological processes
such as cellular migration and proliferation which may result in deviations in
model predictions from experimental observations. All cell sizes are assumed to
be exactly that of a lattice position which is not representative of the biological
reality. Furthermore, the generation of necrotic tissue is not considered in the
model but is observed experimentally. Finally, the process of bone resorption is

not accounted for in the model.

In conclusion, previous studies have postulated a direct role for mechanics
in regulating MSC differentiation during tissue regeneration. This work points to
the indirect role that mechanics may play in regulating MSC fate by inhibiting
(mechano-regulated) blood vessel progression and hence disrupting oxygen
availability within regenerating tissues. The study therefore provides further
support for the hypothesis that substrate stiffness and oxygen availability regulate
stem cell differentiation in vivo. This tissue differentiation hypothesis has
therefore been further corroborated by simulating multiple different regenerative

events [227, 236] thereby strengthening its validity.
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Chapter6: A mechanobiological model of
endothelial cell migration and proliferation

(A modified version of this chapter is currently under review for

publication)

Up to this point, this thesis has examined the hypothesis that substrate stiffness
and oxygen availability regulated stem cell differentiation in three regenerative
scenarios (two cases of fracture repair and one case of an implanted bone
chamber). At the heart of this hypothesis is that mechanical stimuli act indirectly,
rather than directly, to influence differentiation. One important mechanism of this
indirect influence is the mechano-regulation of angiogenesis and endothelial cell

behaviour.

Applied mechanical strain has been demonstrated to influence multiple
aspects of endothelial cell (EC) physiology in vitro. This next chapter employs a
novel lattice based approach to decouple how aspects of endothelial cell
behaviour altered by mechanical stimuli may explain the results of an in vitro
study which found significant changes in EC migration, proliferation rates and

directionality.
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6.1 Introduction

The formation of neovasculature is central to many instances of tissue
regeneration. For example, successful wound healing has been shown to be
dependent upon adequate angiogenesis [241], while bone repair is delayed or fails
altogether upon an ischemic insult [177]. Infiltration of vasculature is also
essential for successful integration of engineered tissues [242]. Blood vessels
supply nutrients, growth factors (e.g. BMP-2) and oxygen to the site of
regeneration [235], all of which are essential for a tissue to successfully
regenerate and/or integrate. There is also a strong direct influence of angiogenesis
on tissue differentiation. For example, the presence of blood vessels is a
prerequisite for bone formation [46]. Blood vessels can also indirectly influence
tissue differentiation by determining the local oxygen environment [2, 171, 236].
It has been demonstrated in vitro that low oxygen availability favours cartilage
formation whereas high oxygen availability (typically supplied by blood vessels)
is more favourable to osteogenesis and bone formation [27, 28, 30-32, 220]. In
spite of the importance and influence of vasculature in these areas and others,
how angiogenesis is regulated by local environmental cues is still not fully

understood.

To date, it has been established that angiogenesis is regulated by growth
factors such as vascular endothelial growth factor (VEGF) [46, 243, 244]. Recent
data also suggests that mechanical signals can play a role in regulating
angiogenesis and endothelial cell (EC) behaviour [41-45]. For example, it has
been demonstrated that the application of mechanical stretch can regulate
neovessel sprouting, orientation and elongation, affecting both characteristics of
neovessel growth and network morphometry [43]. Mechanical cues have also
been shown to alter vascular development within contracting wounds, where
tissue tension directed translocation of the vasculature in the repairing tissue [44].
In vitro studies suggest that such changes in angiogenesis could be mediated, at
least in part, by alterations in EC behaviour in response to mechanical cues [42-
44]. Elucidating the exact role that mechanics might play in regulating
angiogenesis using experimentation alone is complicated by the fact that
biophysical cues could impact upon multiple aspects of cellular behaviour such as

the rate and/or directionality of EC migration as well as proliferation. Hence
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novel methods are required to probe how mechanics might impact upon different

aspects of EC physiology.

Coupling in silico studies with experimental observations offers an
efficient and often effective means of exploring cellular mechanobiology [4, 10,
142, 143, 227]. Such computational models have recently been used to begin to
investigate how mechanical cues might impact upon angiogenesis during tissue
regeneration [50, 53, 141, 143, 144], providing support for the hypothesis that EC
proliferation during such processes is indeed mechano-regulated. However, in
vitro studies suggest that other aspects of EC physiology, such as the rate and
directionality of migration, are also in some way mechano-regulated [41-45]. To
explore this in silico requires the development of modelling frameworks that can
describe such cellular processes. A lattice-based modelling approach has
previously been used to model stem cell proliferation, migration and also for
modelling blood vessel growth [16, 21, 50, 139, 140, 239, 245], however this
approach has yet to be applied to the explicit modelling of altered EC migration
and proliferation in response to mechanical cues. The objective of this study was
to develop a computational model (specifically a lattice based model) capable of
describing changes in EC migration and proliferation in response to alterations in
its mechanical environment. This model was then used to test a number of
hypotheses for how mechanical cues might regulate EC migration and
proliferation. Specifically, this study attempted to use the computational model to
simulate experimentally observed changes in EC behaviour observed in response
to mechanical stretch [42]. The experimental study in question [42] observed that
mechanical strain regulated the spatial location and proliferation of ECs seeded
onto silicone membranes. The computational model was used to test the
hypothesis such changes in EC behaviour could be explained by either increased
EC migration, increased EC proliferation or directionality biased EC migration in

response to loading or a combination of these factors.
6.2 Methods

6.2.1 Description of experiment to be modelled

The modelling framework described below was used to simulate a previously

published experimental study of EC proliferation and migration in response to
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applied mechanical stretch [42]. The full experimental details of this study are
available elsewhere [42], only a summary of which is included here. 2000 human
umbilical vein endothelial cells (HUVECs) were seeded (in 2mm circular
adhesive regions) onto gelatin-coated silicone sheets. These cells were cultured
for 12 hours so that adhesion occurs before applying cyclic strain. A custom made
mechanical strain device was used to apply 7% cyclic strain to the silicone sheets
(in the x-direction, see Figure 6-1). Cell proliferation at specific spatial locations
was analysed at various time points post strain initiation. To determine EC
proliferation spatially in the culture, a line perpendicular to the direction of strain
(i.e. in the y- direction), that bisected the cell region, was used. Cells within
200pum of this line were analysed to determine cell proliferation as a function of
the distance along the y-axis (Figure 6-1 (D)). Image analysis software also
enabled tracking of individual cell movements and measurement of the length and

width of the entire cell populated region.
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Figure 6-1. (A) Circular region of endothelial cells in both experimental and model setups.
(B) Lattice model interpretation of the processes of cell migration and proliferation. (C)
Lattice model interpretation of biased migration (cell can move in two possible directions
perpendicular to direction of applied strain) and random migration (cell can move in all four
possible directions). (D) Area of cellular region used for counting number of proliferating
cells. Radial distance is calculated as a percentage in the positive and negative directions
from the centre to the top and bottom edges of the region respectively.

6.2.2 Model setup

The lattice model used in this study was based on that described elsewhere in the
literature (25). A square region of 200 by 200 lattice points (representing a square
region of 8 mm by 8 mm) was created. Each lattice point represented a potential
cell position. A circular region of 2mm diameter was filled with 2000 ECs (Figure
6-1 (A)). Therefore, the spacing between the centres of each cell was assumed to

be approximately 40 pm. EC migration was implemented by filling the allotted
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new cell position and vacating the previously filled position (Figure 6-1 (B)). In
2D space (as implemented in this study), each EC attempts to migrate randomly
into one of the four adjoining lattice points (Figure 1C). Should the adjoining cell
position be occupied, the EC remained in its original position. The migration rate
(M) determined the number of attempted migration actions per iteration (1 hour).
(The order of attempted migration was randomized to prevent artificially created

patterns of biased migration).

EC proliferation was implemented by filling the allotted new cell position
with a “daughter” cell while the previously filled position remains filled with the
“parent” cell (Figure 6-1 (B)). Cells proliferated randomly into one of the four
adjoining lattice points. Should the adjoining cell position into which an EC was
attempting to proliferate into be occupied, contact inhibition occurred and the EC
remained in its original position and did not proliferate. During each iteration (1
hour), a proportion of randomly chosen ECs attempted to proliferate based upon a

proliferation rate (P).

Both the migration and proliferation rate were varied until the model
accurately predicted EC migration and proliferation in the unloaded case (P =
0.02, M = 1). 3 potential drivers of altered EC migration and proliferation in
response to mechanical stimulation were then expiored. Firstly, increased cell
migration (case A) was investigated by increasing the cell migration rate M (by a
factor of four) to 4 attempted migrations per hour. Secondly, increased cell
proliferation (case B) was investigated by increasing the cell proliferation rate (P)
by a factor of two to 0.04 attempted proliferations per hour. Thirdly, biased
migration (case C) was investigated by permitting EC cells to migrate into only
one of 2 cells positions located in the direction perpendicular to the applied strain
(Figure 6-1 (C)). Finally, All 3 potential drivers (case D) were included together.
(Models where only 2 different drivers were combined were also performed and
the results of these simulations are available as supplementary material, see

Appendix IV).

6.3 Results and discussion

A summary of the results of the experimental study reported by Matsumoto et al

[42] is first provided, where the effect of cyclic uniaxial strain on EC dynamics
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was investigated in a 2D culture system. In the unloaded case, it was found that
ECs that initially were seeded in circular patterns (Figure 6-1 (A)) migrated
randomly to form a larger circular region (Figure 6-2 (A)). Cell numbers (initially
2000) remained approximately constant during the culture period (Figure 6-2
(B)). The diameter of the region of cells increased approximately linearly, with a
similar rate in both X and Y directions (Figure 6-2 (C)). It was also found that
proliferation was restricted to the peripheral regions of the seeded circular area up

to at least the 24 hour time point (Figure 6-2 (D)).
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Figure 6-2. Model predictions — unstrained case. (A) Model prediction of the final
distribution of the endothelial cell population compared to that observed experimentally. (B)
Model prediction of the change in the total cell number over time compared to that observed
experimentally. (C) Model prediction of the variation in the X and Y lengths of the
endothelial cell region over time compared to that observed experimentally. (D) Model
predictions of the number of proliferating cells at various radial distances (Y direction) from
the centre (‘0’) of the EC population at the 0 hour, 6 hour and 24 hour time points compared
to that observed experimentally.
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Upon application of cyclic uniaxial strain, the region of ECs became elongated in
the direction perpendicular to the applied strain (Figure 6-3 (A)). Overall, cell
numbers increased by approximately 70% by the 48 hour time point (Figure 6-3
(B)). The diameter of the initially circular EC region (2mm initial diameter)
increased approximately linearly with time to form an elliptical shape, with
dimensions of approximately 2.4 and 3.3 mm in the X and Y direction
respectively (Figure 6-3 (C)). Proliferation was initially restricted to the
peripheral regions of the cell population but did occur in central regions at the 24

hour time point (Figure 6-3 (D)).
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Figure 6-3. Model Predictions — case A: Increased EC migration due to application of strain.
(A) Model prediction of the final distribution of the endothelial cell population compared to
that observed experimentally. (B) Model prediction of the change in the total cell number
over time compared to that observed experimentally. (C) Model prediction of the variation
in the X and Y lengths of the endothelial cell region over time compared to that observed
experimentally. (D) Model predictions of the number of proliferating cells at various radial
distances (Y direction) from the centre (‘0’) of the EC population at the 0 hour, 6 hour and
24 hour time points compared to that observed experimentally.
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6.3.1 Model predictions- unstrained case

In order to perform a successful investigation into the mechanisms of EC
behaviour, it was first necessary to create a model with sufficient predictive
power to accurately simulate the unloaded experiment. To this end, a parameter
variation study was performed where the speed of EC migration and proliferation
was varied. A circular pattern of ECs of similar width to that found in the in vitro
experiment was predicted (Figure 6-2 (A)). Total cell number was predicted to
increase approximately linearly with time by ~10% by the 48 hour time point,
although no significant increase was observed experimentally (Figure 6-2 (B)).
One possible explanation for this is that cell death (apoptosis) was not modelled
which may have occurred to a limited extent experimentally. The width of the cell
region in the X and Y directions was predicted to increase approximately linearly
with time to 3.25 and 3.40 mm respectively (Figure 6-2 (C)). Proliferation was
predicted to be limited to the outer region of the circular area of cells for each of
the 0, 6 and 24 hour time points, which correlates well with the in vitro findings
(Figure 6-2 (D)). Contact inhibition in the central region prevents proliferation
from occurring in this region within the model. Overall, the model adequately

predicts all of the experimental observations of the unloaded case.

Once the unloaded case was successfully predicted by the model, it was
possible to test if particular aspects of EC physiology, such as alterations in their
rate of proliferation or migration, are involved in their response to dynamic strain.
This was achieved by perturbing these parameters in the model and testing if such

changes were predictive of the changes in EC behaviour observed experimentally.

6.3.2 Model predictions — case A: increased EC migration due to the

application of strain

Increasing the rate of EC migration (case A) was unable to predict the oval shape
adopted by the cell population following the application of dynamic stretch.
Instead, cells migrated in random directions creating an approximately circular
region of cells (Figure 6-3 (A)). Cell number increased by 55% (Figure 6-3 (B))
during the course of the simulation, which approaches that observed
experimentally. This large increase in cell number compared to the unloaded case

can be explained as follows. Increased migration of ECs creates more open cell
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positions within the lattice model, thereby reducing the effect that contact
inhibition has on EC proliferation, particularly in central regions of the cell
seeded silicone sheets. EC proliferation during the first 6 hours of the simulation
was predicted solely in the peripheral regions of the cell seeded area (Figure 6-3
(D)). A small amount of EC proliferation was predicted to occur in the central
region after 24 hours, similar to that observed experimentally. This was again due
to the creation of more open cell positions in the central regions of the seeded area
allowing EC proliferation to occur. As would be expected, this simulation was
unable to predict anisotropic EC migration as cells migrate randomly but
approximately equally in all directions (width in the X and Y directions of
3.97mm and 3.98mm respectively) (Figure 6-3 (C)). Therefore overall, increasing

the rate of migration alone could not predict all experimental observations.

6.3.3 Model predictions — case B: increased EC proliferation due to

the application of strain

Increasing the rate of EC proliferation (case B) was unable to predict the oval
shape adopted by the EC population following the application of dynamic stretch.
Instead, cells were predicted to migrate in random directions, again creating an
approximately circular region of cells (Figure 6-4 (A)). Cell number increased by
60% (Figure 6-4 (B)) compared to the 0 hour time point, which again approaches
the experimental result. This simulation was unable to predict anisotropic EC
migration as cells migrate randomly but approximately equally in all directions
(Width in the X and Y directions of 3.35mm and 3.38mm respectively) (Figure
6-4 (C)). Early proliferation was predicted solely in peripheral regions but this
model perturbation cannot predict proliferation occurring in central regions at the
24 hour time point (Figure 6-4 (D)). Contact inhibition prevented this. Overall,
increasing the rate of proliferation alone could not predict all experimental

observations.
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Figure 6-4. Model Predictions — case B: Increased EC proliferation due to application of
strain. (A) Model prediction of the final distribution of the endothelial cell population
compared to that observed experimentally. (B) Model prediction of the change in the total
cell number over time compared to that observed experimentally. (C) Model prediction of
the variation in the X and Y lengths of the endothelial cell region over time compared to that
observed experimentally. (D) Model predictions of the number of proliferating cells at
various radial distances (Y direction) from the centre (‘0’) of the EC population at the 0
hour, 6 hour and 24 hour time points compared to that observed experimentally.

139



6.3.4 Model predictions — case C: biased EC migration in the

direction perpendicular to applied strain

Having cells preferentially migrate in the direction perpendicular to the applied
strain (case C) successfully predicted the oval shape adopted by the EC
population in the dynamically loaded group (Figure 6-5 (A)). This simulation
predicted a small increase in cell number of 24%, which was less than that
observed experimentally (Figure 6-5 (B)). The model successfully predicted the
divergence in width of the initially circular cell region, with a greater final width
in the Y direction than in the X direction (width of 3.29 mm in the Y direction
versus 2.45 mm in the X direction) (Figure 6-5 (C)). This was due to directionally
biased EC migration. Finally, this model perturbation predicted EC proliferation
in peripheral regions at early time points, but cannot predict proliferation in
central regions of the seeded area at the 24 hour time point (Figure 6-5 (D)).
Contact inhibition in the central regions again prevented this. Therefore, biasing

migration directionality alone could not predict all experimental observations.
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Figure 6-5. Model Predictions — case C: Biased EC migration in the direction perpendicular
to applied strain. (A) Model prediction of the final distribution of the endothelial cell
population compared to that observed experimentally. (B) Model prediction of the change in
the total cell number over time compared to that observed experimentally. (C) Model
prediction of the variation in the X and Y lengths of the endothelial cell region over time
compared to that observed experimentally. (D) Model predictions of the number of
proliferating cells at various radial distances (Y direction) from the centre (‘0’) of the EC
population at the 0 hour, 6 hour and 24 hour time points compared to that observed
experimentally.

6.3.5 Model predictions — case D: strain increases the rate of EC
migration and proliferation and leads to directionally biased

migration

The model implementing all 3 perturbations simultaneously (case D) successfully
predicted the oval shape adopted by the EC population in the dynamically loaded
group (Figure 6-6 (A)). This case predicted an increase in cell numbers of 94%,
slightly higher than that observed experimentally. This increase was due to a
combination of increased migration lowering the likelihood of contact inhibition
and a faster rate of EC proliferation (Figure 6-6 (B)). The divergence in width of
the circular cellular region, with a greater final width in the Y direction was

successfully predicted (width of 5.12mm in the Y direction versus 3.15mm in the
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X direction) (Figure 6-6 (C)). Finally, this case predicted early proliferation solely
in peripheral regions and can also predict proliferation occurring in the central
region after 24 hours as viewed experimentally (Figure 6-6 (D)). This was again
predominantly due to the creation of more open cell positions allowing
proliferation to occur and the greater proliferation rate allowing a larger increase
in cell number in the central region at the 24 h time point. Implementing the
combination of increased migration, increased proliferation and biased migration
in response to loading was the only case which was fully predictive of
experimental observations. The results of combining any two perturbations from

case A, B or C together are provided as supplementary data (see Appendix IV).
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Figure 6-6. Model Predictions — case D: Strain increases the rate of EC migration and
proliferation and leads to directionally biased migration. (A) Model prediction of the final
distribution of the endothelial cell population compared to that observed experimentally. (B)
Model prediction of the change in the total cell number over time compared to that observed
experimentally. (C) Model prediction of the variation in the X and Y lengths of the
endothelial cell region over time compared to that observed experimentally. (D) Model
predictions of the number of proliferating cells at various radial distances (Y direction) from
the centre (‘0’) of the EC population at the 0 hour, 6 hour and 24 hour time points compared
to that observed experimentally.
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6.3.6 Model limitations

There are some limitations associated with this study. Firstly, the lattice approach
assumes all cells are identical in cell shape and size which is not the case in
reality. Cell positioning is also limited to the exact spacing of the lattice and cells
cannot exist in between these spacings which again is a limitation of the
approach. Cell reorientation in the direction perpendicular to applied strain (as
assumed here) has been observed in several studies [42, 128, 131, 132]. However,
cell alignment parallel to the direction of applied strain has also been observed
[43]. A possible explanation for this is that the underlying collagen matrix (of the
collagen gels used in the study) prevents reorientation by the applied cyclic strain.
In spite of the model limitations, this study demonstrates that in order to replicate
all experimental observations [42], increased migration, increased proliferation
and directionality biased migration in response to loading are all needed to be
included in the model. This would suggest that the application of dynamic loading
to ECs results in increased EC migration, increased EC proliferation and biased
EC migration in the direction perpendicular to applied strain. Such findings have
important implications for understanding how mechanics may regulate
angiogenesis. While specific changes were made to the rate of EC migration and
proliferation in this model, the general conclusions for how mechanics regulate
EC behaviour may be applicable for how mechanical cues regulate angiogenesis
in vivo. Future studies will test this concept by attempting to simulate regenerative
events in vivo by extrapolating the rules (in terms of biased migration etc) that

apply here for ECs in vitro to blood vessels in vivo.

6.4 Conclusions

Understanding how mechanics regulate ECs and angiogenesis is essential for
research into the areas of wound healing, tissue engineering, bone repair etc.
While in vitro studies clearly demonstrate that mechanical cues regulate EC
behaviour, it is often difficult to decouple how such signals impact specific
aspects of cellular behaviour using experimental techniques alone. In silico
approaches offer an inexpensive and often efficient method for performing such
investigations which would be complex to perform experimentally. This study

used a computational lattice model to simulate an experimental study which
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revealed differences in EC distribution and number due to the application of
cyclic strain [42]. The predictions of this computational model provide support
for the hypothesis that dynamic strain increases both EC migration and
proliferation, and that EC migration directionality is biased in the direction
perpendicular to applied strain, as only by incorporating all such phenomena into
the model was it capable of predicting all experimentally observed outcomes. In
this study, EC migration was biased in the direction perpendicular to applied
strain. However, in 3 dimensions there are an infinite number of perpendicular
directions (like the spokes on the wheel of a bike). The direction perpendicular to
the applied strain also represents the direction of minimum principal strain and
the minimum absolute strain, either of which could be a potential guiding
stimulus for biased EC migration in this (or other) studies. Alternatively, instead
of biased migration in the direction perpendicular to the applied strain (or some
variant as described above), it may be that ECs tend not to migrate in the direction
of applied strain (or in this case the direction of the 1° principal strain). Such a
rule would be implemented in the model in exactly the same way as biased
migration perpendicular to the applied strain and would therefore result in the
same simulation outcomes as presented here. Future studies will explore
alternative in vitro and in vivo regenerative events using in silico models to

address these questions.
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Chapter7: A mechano-regulation model of
angiogenesis during large bone defect
regeneration

The previous chapter of the thesis examined how the application of mechanical
strain affects endothelial cell (EC) physiology in vitro. A major conclusion is that
EC migration is biased in a direction perpendicular to the applied strain.

However, there are a number of mechanical descriptions of this 2-D result.

The next chapter of the thesis will investigate whether a similar phenomenon
might occur in vivo in 3 dimensions. The lattice model of angiogenesis developed
in Chapter 5 will be adapted to include biased blood vessel growth directionality.
The hypothesis that blood vessel growth directionality in vivo is regulated by the
local mechanical environment will be tested by attempting to simulate
angiogenesis during the regeneration of stabilized and unstabilized large bone
defects. In addition, the hypothesis that a tissue differentiation model regulated by
substrate stiffness and oxygen availability can predict MSC fate within such large
bone defects will be subsequently tested, where the local oxygen levels are

determined using this new mechano-regulation model of angiogenesis.
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7.1 Introduction

A number of computational mechanobiological models have been developed
which provide support for the hypothesis that tissue differentiation during
regenerative events such as fracture healing is directly regulated by extrinsic
mechanical stimuli [5, 7, 8]. MSC fate and tissue regeneration are also known to
be strongly affected by angiogenesis and oxygen availability [46, 171, 220, 235] .
In the context of bone repair, a vascular supply and the associated delivery of
oxygen and nutrients is known to play a role in the regulation of both
intramembranous and endochondral ossification [46, 171]. Neovascularization
during tissue regeneration is known to be influenced by the local mechanical
environment [41-43, 45]. For example, angiogenic progression may be inhibited
in regions of high mechanical stimulus [38, 150], where capillaries are “sheared”
off in regions of high mechanical strain [38]. In addition, vessel directionality
may also be influenced by mechanics [42-44]. This raises the possibility that
tissue differentiation during regenerative events such as fracture healing is not
directly regulated by the local mechanical environment, but is indirectly regulated
by such cues due to the impact they have on angiogenesis and the associated
delivery of regulatory factors such as oxygen. Such questions can potentially be
addressed using in silico approaches, however it requires the development of
computational models that can describe the impact of mechanics on angiogenesis

during tissue regeneration.

Previous computational models of tissue differentiation during
regenerative events have highlighted the importance of including an accurate
model of angiogenesis [50, 51, 53, 141, 227, 236]. In particular, in silico
techniques have been employed previously to help elucidate the role of
biochemical in regulating the directionality of blood vessel growth [50, 51].
However, computational tools have yet to be employed to examine the effects of
mechanics in regulating the directionality of neovascularization in vivo. This is
despite the fact that there is strong evidence to suggest that neovascular formation
in vivo is mechano-regulated [37, 150], with the application of early mechanical
loading shown to inhibit vascular invasion into large bone defects [40]. The
previous chapter of this thesis developed a mechano-regulation model of EC

migration in vitro. By postulating that ECs are biased to migrate in a direction
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perpendicular to the applied strain, the model was capable of accurately
predicting experimentally observed patterns of cell migration on 2 dimensional
strips subjected to tensile strain [42], suggesting that such mechanical cues could
similarly direct angiogenesis in vivo. (It should be noted that a direction
perpendicular to applied tensile strain in 2 dimensions may correspond to several
directions in 3 dimensions. For example, it can be described as the direction of
minimum principal strain or as a direction perpendicular to the maximum
principal strain). It has also been suggested that EC migration aligns with the
orientation of the maximal principal stress [133]. These diverse findings
demonstrate that the understanding of the mechanobiology of neovascular

formation remains poorly understood.

The objective of this study was to develop a computational
mechanobiological model to investigate the influence of mechanics upon the
directionality of blood vessel growth during tissue regeneration in mechanically
stabilized and unstabilized large bone defects. Simulation of blood vessel growth
directionality regulated by several mechanical guiding stimuli (direction of
minimum principal strain, direction of maximum principal strain and any
direction perpendicular to the maximum principal strain) were compared to pCT
angiography results for neovascular network formation in stabilized and
unstabilized large bone defects [40]. Having developed an accurate simulation of
mechano-regulated angiogenesis, the model was then used to test the hypothesis
that MSC differentiation is indirectly regulated by the local mechanical
environment due to its effect on neovascular formation and hence the local levels
of oxygen within the regenerating tissue. To this end, I attempted to simulate the
temporal and spatial patterns of tissue differentiation within stabilized and
unstabilized large bone defects based on the hypothesis that MSC fate is regulated

by the local substrate stiffness and oxygen availability.
7.2 Methods

7.2.1 Details of experimental study to be modeled

Full details of the experimental study under investigation are available elsewhere
[40], but elements important to creation of the tissue differentiation model are

described here. 8mm bilateral critically sized rat femur defects were surgically
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created [246, 247]. Two groups were examined. Either stiff or compliant fixation
plates stabilized the fractures. Fixators allowed some compressive load along the
bone axis but bending and torsional loads were minimized. @ MicroCT
angiography was used to quantify vascular structures within the callus 3 weeks
after the creation of the defects. A defect volume of interest [248] [248] was
defined as a 6.3 mm long, 5 mm diameter cylinder which contained only the
region of the bone defect [40]. A total VOI was also defined as a 7mm diameter
cylinder of the same length which included the region of the bone defect and
immediate surrounding soft tissues and callus (Figure 7-1 (A)). Tissue
differentiation was histologically assessed allowing comparisons of cartilage and

bone formation for the different groups.

(A) (B)
== Blood Vessel Source —>» MSC Source
Fixator Marrow - = Total VOI

il Callus [l Cortical Bone ==+=++ Defect VOI Substrate Stiffness

Fibrous Tissue . Oxygen
Availability

Defect VOI

Total VOI

Figure 7-1. (A) Geometry of large bone defect under investigation, including the presence of
an external fixator. The figures illustrates the MSC and blood vessel sources as well as the
defect VOI and total VOIs. (B) Tissue differentiation regulated by substrate stiffness and
oxygen availability. The oxygen availability axis extends radially from the centre of the
circle, low oxygen in the centre of the circle increasing towards the periphery. The substrate
stiffness axis extends circumferentially in a clockwise direction from the right side of the
dotted line at the top of the circle. The presence of a blood supply is also a prerequisite for
formation of bone and marrow

7.2.2 Finite element model

A finite element (FE) model consisting of 8259 elements was created to predict

the mechanical environment within the fracture callus (Figure 7-2 (A)). The
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fixator was modeled as rectangular. Biphasic material properties were adopted for
all tissues except the pin and fixator (Table 7-1). The pin and fixator were
modeled as linear elastic materials with a Poisson’s ratio of 0.3. The Young’s
Modulus of the fixator was determined via parameter convergence to the total
system stiffness value obtained in the experimental study (compliant fixation
8.4N/mm, stiff fixation 214.3N/mm) [40]. These values were obtained from
mechanical tests of stiff and complaint plates (which were affixed to excised
femurs) in the experiment. Equivalent system stiffness was achieved with a
stiffness of the fixator of 40 MPa for the compliant configuration and 5 GPa for
the stiff configuration. The Young’s Modulus of the pin was taken to be 200 GPa
in both cases. An axial load of 10N was applied to the top of the bone. This
magnitude was an estimation taken from a similar FE model of the rat femur
reported in the literature [249]. The described model was implemented into the
commercial finite element software package MSC Marc (version 2008r1, MSC

Software Corporation, Santa Ana, CA).

(A) (B)

B Cortical Bone
B Granulation Tissue

B rin

- Finite Element Lattice
Wiy vi=0

ll“““ll?ll‘ﬁ (curved surface)

Marrow

Fixator

. Filled Cell Position

u,=0,v=0

- (O  Empty Cell Position
(near surface)

u,=0,v=0
(bottom surface)

Figure 7-2. (A) FE Model of the fracture callus and fixator. Loading is applied on the top of
the cortex. Radial displacement, axial displacement and fluid velocity boundary conditions
are shown as u.; uy,, and v' respectively. (B) A 3 dimensional finite element with
corresponding lattice. Each lattice point represents a potential location for a cell and its
immediate extracellular matrix.
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7.2.3 Angiogenesis

Simulation of blood vessel growth was implemented using a lattice based
approach. Within this approach, each finite element was discretised into lattice
points [50, 139] (Figure 7-1 (B)). Each lattice point represented a potential
position for a cell and its immediate extracellular matrix. Spacing between each
lattice point was 10 pm. Vessels were modelled as a sequence of adjoining lattice
points filled with endothelial cells [240]. EC death occurred where the local
octahedral shear strain exceeded a threshold value (¢*"¢°°) (Table 7-2). Capillaries
were permitted to branch and form new vessels, the probability of which
occurring was a function of the length of the vessel. Ly» represents the minimum
length for a sprout to branch, while L. represents the maximum length for a
non-branching sprout value (Table 7-2). Anastmosis (fusion of capillaries)
occurred should two vessels meet. As element size and shape were irregular, the
element in which a lattice point was located was determined via calculation of the

equation of the plane for each side of an element (Appendix V).
Table 7-2 Tissue differentiation model parameters

Model Parameter Symbol Source Unit Value

Strain  Threshold for Angiogenic

Inhibition i Estimated % 18
Blood Vessel Growth Rate % Estimated um.(1/2day)’ 200
Minimum Length Branching My [50] mm 100
Maximum Length (without) Branching Ly [239] mm 300
Minimum Age for Differentiation Ageay [16] days 6
Oxygen Diffusion Coefficient G [212.5227] m?/s 2.2E-09
Oxygen Consumption Rate 0 [213, 227] fmol/cell/hr 98
Initial Oxygen Tension (G [179, 227] mmHg 74.1
Oxygen Tension Limit for Cartilage (O, cartinge [27, 28] % 3

151



It was assumed that vessels would either move in a random direction, in the same
direction as it was previously moving in or in a direction determined by a guiding
mechanical stimulus (mechanotaxis). The probability of vessels growing in the
same direction as previously (Ppreyv) was taken as 0.4, similar to previous studies
employing such a lattice model of angiogenesis [16, 50, 141]. The sum of the
probability of a vessel moving in a random direction (Prang) and in a direction
determined by a mechanical stimulus (Pmech) was taken as 0.6 (Prand + Pmech = 0.6).
The values of Prand and Pmech were assumed dependent upon the magnitude of

mechanical stimulation (Figure 7-3).

It was assumed that vessels could invade the callus from the periosteal
cortex [154] and from the surrounding muscle tissues of the upper callus. Vessel
progression from the marrow cavity was omitted for two reasons. Firstly, vessel
activity has been observed to be significantly delayed from the inner callus due to
the haemotoma formation at that site[52]. Secondly, nCT images of angiography
from the experimental study [40] showed very few vessels progressing from this
central region. ECs were positioned at the blood vessel source boundary
conditions at the outer callus and periosteal cortex with 10% and 30% of cell
positions filled respectively. This represented the dominant vascular response
from the periosteal cortex [15]. Results from these simulations were compared to

experimental data for local blood vessel concentration.
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Pmech = 0, |:)rand =0.6
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Figure 7-3. Hypothesized relationship between the magnitude of strain and the probability
of vessel directionality being determined by a mechanical stimulus (Pprev = 0.4, Pmech + Prand =
0.6). The greater the magnitude of strain, the greater the influence of mechano-regulated
blood vessel directionality. Beyond &angio vessel death occurs.

7.2.4 Cell migration, cell proliferation and oxygen transport

Models of cell (MSCs, osteoblasts, adipocytes, chondrocytes and fibroblasts)
migration and proliferation were implemented as stochastic processes using a
similar lattice based approach as adopted for blood vessel growth simulation [50,
139]. Cell migration was implemented by filling the allotted new cell position and
vacating the previously filled position using random walk theory [25]. Each cell
attempted to migrate randomly into one of the adjoining lattice positions. Should
the adjoining cell position be occupied, the cell remains in its original position.
Cell proliferation was implemented in a similar fashion by filling the allotted new
cell position (with a “daughter” cell) while the previously filled position remained
filled (with the “parent™ cell). Migration/proliferation was limited only if the
adjoining cell position is occupied. The migration rate (M) and proliferation rate
(P) (Table 7-3) determined the number of attempted migration or proliferation
actions per unit time. 30% of cells positions along the assigned boundary
conditions (Figure 7-1 (A)) where initially filled with MSCs [16]. 5% of all other
cell positions were also randomly filled with MSCs. MSCs could only
differentiate once the minimum age for differentiation (4geqis) was reached [16]

(Table 7-2). Should an element become dominated by one cell type (defined as at
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least 50% of the cell positions in an element which has a minimum of 10% of
total element cell positions occupied), other cell types within the element were

assumed to undergo apoptosis.

Table 7-3 Cell model parameters

Model Parameter Fibroblast Chondrocyte  Adipocyte Osteoblast MSC
Proliferation Rate (1/2day™") 027 (NI 0.2 0.15@ 0.3

Migration Rate (um/h) 26.6° N/A 26.6° N/A 26.6°
Differentiation Rate (1/2day™") N/A N/A N/A N/A 0.152

a. Isaksson et al (2008) [237] : b. Appeddu and Shur (1994) [238].

Oxygen transport was simulated as a diffusive process, the boundary
conditions of which were dependent upon the state of the blood supply
determined from the model of angiogenesis [227]. Similar to previous studies of
other tissue regenerative events, oxygen availability was initially assumed to be
high throughout the callus [179, 227]. As the simulation progressed, oxygen (O2)
diffused from blood vessels and was consumed at a rate calculated as the product
of a cellular consumption rate () and cell density (see Equation 7.1 below and
Table 7-2). Cell density (n) was determined from the number of filled lattice

points at a given location.

(JI(_)I e ('Vl() () max
Bt = Gty (Equation 7.1)

7.2.5 MSC differentiation

The previously developed tissue differentiation model where MSC differentiation
was determined by the stiffness of the local substrate elasticity and oxygen
availability was applied to the callus (Figure 7-2 (B)). Osteogenesis and
adipogenesis were repressed in regions of hypoxia (defined as regions in which
the local oxygen drops below a threshold value (0" ) (Table 7-2), while
chondrogenesis was promoted in such regions. Where oxygen availability was
sufficient, MSC fate was regulated by the stiffness of the local substrate. A high
substrate stiffness promoted osteogenesis, whereas a low substrate stiffness
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promoted adipogenesis. Fibrogenesis was predicted in regions of the callus where
none of these conditions are upheld. The substrate stiffness stimulus at any point
in the model is dependent upon the phenotype of surrounding lattice points.
Engler et al refer to MSC differentiation regulated by the ‘‘elasticity of the
microenvironment’” of the cell [24]. For example, the stiffness of osteoid matrix
produced by osteoblasts is approximately 30 kPa, however, the stiffness of woven
bone itself is orders of magnitude higher (in the order of GPa). In this tissue
differentiation model, osteogenesis occurs when stem cells are adjacent to newly
formed bone and hence in contact with osteoid as a substrate (and similarly for
adipogenesis). In this implementation, specific threshold values of stiffness are
therefore not required. Tissue differentiation within the bone defect was simulated
via an iterative procedure. Within each iteration, a prediction of mechanical
stimuli, cell phenotypes and densities, blood supply and oxygen availability is
generated in order to enable the local phenotype predictions to be determined.

Each iteration was 12 hours.

7.2.6 Simulations

Simulations were performed for four cases (random vessel growth or 3 cases of
mechanotaxis, see below) for each of stiff and compliant fixation conditions. The
simulated period lasted for 3 weeks in order to compare with experimental data
for vessel volume in the defect VOI and total VOI as well as with observations of
tissue differentiation within the defect. The first simulation (case A) did not
include a mechanical guiding stimulus driving biased blood vessel growth
directionality. Vessels could either grow in a random direction (Prana = 0.6) or in
the previous direction (Ppey = 0.4). The next 3 cases included 3 different
mechanical guiding stimuli, namely the direction of minimum principal strain
(case B), the direction of maximum principal strain (case C) and the third case
was any perpendicular direction to the maximum principal strain (case D).
Simulations performed with €angio = 0.06 predicted non-union (which which did
not agree with the experiment). Therefore a larger threshold of €angio = 0.18 was

employed instead.
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7.3 Results

7.3.1 Case A- random

Simulations without a mechanical guiding stimulus (with Prang = 0.6 irrespective
of strain level) predicted blood vessels to quickly fill the upper periosteal callus in
both stiff and compliant cases (Figure 7-4 and Figure 7-5). Vessels proceeded in a
stochastic manner and partially filled the lower regions of the periosteal and
endosteal calluses as well as the fracture gap region. In stiff case, there was a
greater number of vessels present in both the total VOI and defect VOI compared

to the compliant case due to lower levels of EC death (Figure 7-6).

In terms of tissue differentiation, similar patterns of repair are observed in
both the stiff and compliant cases (Figure 7-4 and Figure 7-5). The upper callus
quickly filled with osteoblasts while chondrocytes filled the lower periosteal
callus, fracture gap and endosteal callus for both stiff and complaint fixation
conditions. As healing continued, bone formation progressed to fill more of the
outer periosteal callus. At the 3 week time point, bony bridging had yet to occur
for both cases. Similar quantities of bone and cartilage were predicted for the stiff

and the compliant cases (Figure 7-7).
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Figure 7-4. Tissue differentiation and angiogenesis predictions for case A under stiff fixation
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Figure 7-5. Tissue differentiation and angiogenesis predictions for case A under compliant

fixation
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are compared experimental values for vascular volume [40] (2.5pg BMP-2).
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Figure 7-7. Predicted tissue fraction percentages for cartilage [250] and bone (bottom) for all
cases

7.3.2 Case B- direction of minimum principal strain

Implementing minimum principal strain as a guiding stimulus for blood vessel
growth directionality in the model also lead to a prediction of vessels quickly
filling the upper periosteal callus in both stiff and compliant cases (Figure 7-8 and
Figure 7-9). Vessels were biased to grow towards the lower outer periosteal callus
with the minimum principal strain mechanical guiding stimulus. This bias was
more prominent in the compliant case (particularly at the week 1 time point), with

vessels heading more directly towards the lower outer periosteal callus, whereas
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vessels proceeded in a more random fashion in the stiff case (Figure 7-8 and
Figure 7-9). After 3 weeks, similar levels of angiogenesis within the total VOI
was predicted for both stiff and compliant fixation conditions (Figure 7-6). In the

defect VOI, higher levels of angiogenesis were predicted for the stiff case.

In terms of tissue differentiation, the upper callus was predicted to quickly
fill with osteoblasts, with chondrocytes filling the lower periosteal callus, fracture
gap and endosteal callus for both stiftf and complaint fixations (Figure 7-8 and
Figure 7-9). As healing continued, bone formation progressed to fill the outer
periosteal callus. In the stiff case, the bone front progressed to fill the outer
periosteal callus and fracture gap simultaneously as the bone front progressed
down the callus. In contrast, for the compliant case blood vessels and the bone
front were both predicted to progress towards the outer periosteal callus, with
very little bone formation in the fracture gap itself. As a result bony bridging was
achieved in the compliant case at the 3 week time point, while in the stiff case the

bone ends were on the verge of bridging. Greater bone and less cartilage were

predicted in the stiff case compared to the compliant case (Figure 7-7).
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Figure 7-8. Tissue differentiation and angiogenesis predictions for case B under stiff fixation
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Figure 7-9. Tissue differentiation and angiogenesis predictions for case B under compliant
fixation

7.3.3 Case C- direction of maximum principal strain

Vessels were also predicted to quickly fill the upper callus when implementing
maximum principal strain as a guiding stimulus for blood vessel growth
directionality (Figure 7-10 and Figure 7-11). However, vessels were biased to
grow in a circumferential direction around the callus (or in z-direction (Figure 7-1
(A)) (i.e. into the page in the case of the 2 dimensional images presented). This
bias was more prominent in the compliant case, with a lower number of vessels
growing in a stochastic direction leading to a prediction of less vessels in both the
total VOI and defect VOI compared to the stiff case. A significantly smaller
number of vessels was predicted in both the total VOI and defect VOI in

comparison to the first 2 cases presented (case A and case B) (Figure 7-6).

The major stages of healing were similar to that described for the first 2
cases, but healing was predicted to proceed at a slower pace (Figure 7-10 and
Figure 7-11). Cartilage formation was predicted to be greater and to fill all
regions below the fracture gap. Bone filled the upper callus rapidly but

progression down the callus was significantly slower due to the slow progression
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of blood vessels into the lower regions of the callus. This effect was even more
prominent in the compliant case. No bony bridging was predicted for either the
stiff of the compliant case at the 3 week time point. Greater bone and less

cartilage were predicted for the stiff case compared to the compliant case (Figure

7-7).

Maximum Principal Strain: Stiff
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Figure 7-10. Tissue differentiation and angiogenesis predictions for case C under stiff
fixation
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Figure 7-11. Tissue differentiation and angiogenesis predictions for case C under stiff

fixation

7.3.4 Case D- perpendicular to maximum principal strain

In this case, vessels were again predicted to quickly fill the upper callus. Vessels

slowly proceeded towards regions of the callus below the fracture gap (Figure

7-12 and Figure 7-13). A lower number of vessels was predicted in both the

defect VOI and total VOI compared to case A and case B. Similar numbers of

ECs were predicted in defect VOI and total VOIs under both compliant and stiff

fixation conditions (Figure 7-6). Healing was predicted to proceed in a similar

fashion to case C above. Greater bone and less cartilage were predicted in the stiff

case compared to the compliant case (Figure 7-7).
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Figure 7-12. Tissue differentiation and angiogenesis predictions for case D under stiff
fixation
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Figure 7-13. Tissue differentiation and angiogenesis predictions for case D under stiff
fixation

7.4 Discussion

Angiogenesis is a vital process for nearly all tissue regeneration scenarios.
Biochemical factors have long been implicated to regulate this process [46, 119],
although it is increasingly recognized that mechanics may also be a key regulator
of neovascularization [38, 41-43, 45, 150]. To date, a clear picture of how
angiogenesis is mechano-regulated in vivo has yet to emerge. /n silico studies can
provide a framework for the investigation of scenarios that are often impractical
to investigate using traditional in vitro or in vivo approaches. The objective of this
study was to test the hypothesis that mechanical cues guide blood vessel
directionality during tissue regeneration in vivo. This hypothesis was motivated
by in vitro observations of the effect of mechanical strain on EC migration [42].
The hypothesis was tested by comparing simulation predictions with blood vessel
growth direction regulated by various mechanical stimuli (direction of minimum
principal strain, direction of maximum principal strain and any perpendicular

direction to the direction of maximum principal strain) to the results of an
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experimental study [40] which assessed the spatial patterns of neovascular

formation in stabilized and unstabilized large bone defects.

Simulations with minimum principal strain guiding blood vessel growth
directionality (case B) was the only case that lead to a prediction of a similar
quantity of total VOI vascularization under both fixation conditions and a lesser
amount of defect VOI vascularization under compliant fixation (Figure 7-6). This
matches with experiential observations of angiogenesis. Under compliant fixation
conditions, greater vessel death was predicted due to higher levels of strain within
the callus, which reduced the number of vessels within the total VOI. However,
this effect was compensated for through greater biased blood vessel migration
towards the lower callus in the compliant case, where vessels aligned with the
direction of minimum principal strain. This same effect lead to biased migration
of blood vessels towards the outer periosteal callus in the complaint case (a region
included in the total VOI but not in the defect VOI), hence the prediction of a

lower vascularization in the defect VOI.

The random simulation (case A), with no mechano-regulation of blood
vessel directionality (but with EC death in regions where the strain exceeded the
threshold for viability), predicted a small decrease in the levels of vascularity in
both the total VOI and defect VOI, which did not fully comply with what was
observed experimentally (Figure 7-6). Greater vessel death occurred in both total
and defect VOIs for the complaint case, and as there was no bias in blood vessel
growth directionality, there was no compensatory effect (as in case A above),
leading to decreases in angiogenesis within both VOIs. Dramatically lower
number of vessels were predicted in both VOIs for the compliant model in case C
(mechanical guiding stimulus in the direction of maximum principal strain),
which again did not fully comply with what was observed experimentally (Figure
7-6). Greater bias in the direction of maximum principal strain led to vessels
primarily being guided away from both VOIs in a circumferential direction. No
significant differences in vascularity between compliant and stiff fixations were
predicted for case D (mechanical guiding stimulus in a perpendicular direction to
the maximum principal strain) which did not comply with the experimental data
(Figure 7-6). In all cases (A-D) an increase in bone tissue fraction was predicted

in the stiff case, with a corresponding decrease in cartilage tissue formation,
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which complied with experimental findings Figure 7-7). This difference was
greatest in the simulation with maximum principal strain directing blood vessel
growth (case C), but only a very small difference was predicted in case D (blood
vessel directionality biased in a direction perpendicular to the direction of

maximum principal strain).

For case A (minimum principal strain direction), different patterns of bone
formation were predicted for the compliant and stiff defects (Figure 7-4 and
Figure 7-5). With a stiff fixator, the ossification front was predicted to move
parallel to the fracture line towards the centre of the fracture. In the compliant
case, the bone front initially bridges the external callus (due to the high strain
magnitude guiding vessels to that location). The callus is then stabilized allowing
more random vessel progression and bone formation in a direction perpendicular
to the fracture line from the external callus towards the fracture gap and internal
callus. Both patterns of bone regeneration have been described in the literature [7,
55, 151, 156, 251, 252], with the results of this study suggesting that differences
in defect stability may be leading to changes in blood vessel growth directionality
and hence, bone formation. The prediction of primarily soft tissues in the fracture
gap under compliant fixation but some bone tissue under stiff fixation is also

consistent with experimental observations [40].

The mechanism hypothesized in this study may also potentially explain, or
partially explain, the potential beneficial effect of loading upon vascularization,
and hence bone healing, observed in some cases in the literature. Low magnitude
loading has been shown to be beneficial for blood vessel progression, whereas
excessive loading has been shown to be inhibitory to angiogenesis [39]. It is
speculated that mechanical loading, in magnitudes which do not cause vessel
shearing, may preferentially direct vessels within the regenerating tissue in a more
efficient manner than simple random vessel migration and hence may be
beneficial to healing. In the case of secondary fracture healing, vessels could be
guided towards the external periosteal callus during the early stages of loading.
This would allow swift bony bridging of the external callus, stabilizing the
fracture. Lower strains would then allow more random vessel progression with
vessels penetrating the fracture gap and bone formation eventually filling in

between the fracture ends.
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There are a number of limitations associated with this study. Firstly,
simplified callus and fixator geometry was assumed in this study. Secondly, the
model contains many parameters obtained from the literature and includes some
simplifications of complex biological processes such as cellular migration and
proliferation which may result in some deviations in model predictions from
experimental observations. All cell sizes are assumed to be exactly that of a lattice
position which is not representative of the biological reality. The blood vessel
growth rate was assumed to be constant which is potentially another
simplification. Thirdly, the implanted hydrogel and the influence of BMP-2,
which was included in the experimental study, and other growth factors was
omitted in this study. Restricted MSC fate potential of precursor cells in this
region and the influence of biochemical cues, which are not included in this
model, are possible explanations for this deviation. It should also be noted that the
values presented for tissue phenotype are fraction and angiogenesis are likely
sensitive to the thresholds used in the angiogenesis model. For example, a lower
probability of random blood vessel migration would likely cause greater

deviations in predictions between compliant and stiff fixation conditions.

In spite of these limitations, this study provides evidence in favour of the
hypothesis that blood vessel migration is biased in the direction of minimum
principal strain in vivo during tissue regeneration. This was the only simulation
set that could successfully predict experimentally measured differences in
vascular volume between the stabilized and unstablilized defects. A model with
inhibition alone (i.e. random vessel migration) could not fully predict these
differences, strengthening the case for the alternative mechano-regulatory
hypothesis proposed in this study. As such, the simulations demonstrate for the
first time how angiogenesis might be mechano-regulated in a manner other than
vessel inhibition or regulation of vessel growth rate. This study also subsequently,
through successful prediction of the stages of fracture healing, provides support
for the hypothesis that mechanical cues act indirectly (rather than directly) to
regulate MSC differentiation through the mechano-regulation of blood vessel
growth and hence oxygen supply in the regenerating tissue. Of course, the results
of these simulations only provide preliminary support for the underlying model

hypotheses. Future work will attempt further falsification of the hypothesis that
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blood vessel growth directionality is biased in the direction of minimum principal
strain. Spatial and temporal data describing vessel density will be required to

attempt to validate model predictions.
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Chapter8: Discussion

The primary objective of this thesis was to test the hypothesis that substrate
stiffness and oxygen availability regulate stem cell differentiation during tissue
regeneration. This was achieved by developing a computational framework
capable of testing this hypothesis during multiple cases of tissue regeneration and
by employing the principles of computational mechanobiology. An inherent
assumption of this hypothesis is that mechanical signals act indirectly, rather than
directly, to regulate MSC differentiation. Specifically, mechanics are assumed to
regulate angiogenesis and hence the supply of oxygen and other nutrients to a
regenerative site. As this thesis progressed, the computational framework was
developed to more accurately depict mechano-regulated angiogenesis and

mechanically guided blood vessel directionality in particular.

This chapter will firstly discuss the major findings of and methods
employed during this thesis, both in terms of the global objective of this work and
then in light of the sub objectives of the individual studies which were undertaken
as part of this thesis. The tissue differentiation model is then discussed and
compared with other well established regulatory hypotheses. Next, the limitations
of the modeling framework as well as possible improvements and additions will
be discussed. The chapter will conclude by highlighting the significance of the

research undertaken as part of this thesis.
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8.1 Major findings of this thesis

The first major challenge of this work was to develop the necessary
computational tools to test the hypothesis that tissue differentiation is regulated by
substrate stiffness and oxygen availability. A suitable regenerative scenario for
attempted corroboration of this hypothesis also needed to be decided upon.
Fracture healing was chosen as a first regenerative event for attempted
corroboration of this hypothesis for a number of reasons. During fracture healing,
MSCs may pursue multiple different phenotypes (e.g chondrocytes, fibroblasts,
osteoblasts, adipocytes etc), with their fate regulated by local environmental cues.
Fracture healing is an extensively studied regenerative event, with well
established repeatable spatial and temporal patterns of tissue differentiation. For
such reasons, it is commonly used to test in silico tissue differentiation
hypotheses [6, 7, 9, 10, 22, 51]. As such, many aspects of model framework
development were based upon previous mechanobiological frameworks. A
diffusive model of cell migration and proliferation, a similar axisymmetric finite
element model of a fracture callus, biphasic material properties and rule of
mixtures were based on previous works [10, 167]. However, it was necessary to
develop and integrate new models of angiogenesis and oxygen supply into the
framework. It was also necessary to determine a set of quantitative rules for tissue

differentiation based upon the substrate stiffness and oxygen stimuli.

Predictions of the computational model compared favorably with averaged
histological images [55] for the different stages of fracture repair.
Intramembranous ossification in the upper periosteal callus followed by
progression of the bone front towards the fracture gap, cartilaginous bridging
preceeding bony bridging, restoration of the marrow of the medullary cavity and
final bone remodeling to restore bone to its original geometry were all
successfully predicted by the model providing corroboration for the hypothesis
that substrate stiffness and oxygen availability regulate MSC differentiation
during fracture healing. However, predictions with tissue differentiation regulated
by a shear strain and fluid velocity were also successful in predicting the major
stages of fracture healing, demonstrating that multiple regulatory hypotheses can

be corroborated for the fracture repair regenerative scenario. This motivated the
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examination of a regenerative case where changes in tissue distribution occur

without a change in the mechanical environment.

One example is fracture healing in Thrombonspondin-2 (TSP2)-null mice.
Significant changes in healing pattern occur upon knockout of the TSP2
matricellular protein despite similar mechanical conditions to control animals.
This represented an ideal regenerative case to test whether a tissue differentiation
hypothesis regulated by substrate stiffness and oxygen availability could be
predictive of such changes given a simple thought experiment could conclude that
a solely mechanoregulatory tissue differentiation hypothesis could not predict
these differences. As the in vivo effects of TSP2 deletion (which were possibly
multiple and of a coupled nature) were unclear, a systematic investigation of five
potential drivers of the changes in tissue differentiation was undertaken. The same
model framework developed in the first study was applied to fracture repair in the
mouse model and successfully predicted MSC differentiation patterns in the wild
type (WT) case. Altering model parameters to coincide with the previously
mentioned potential drivers generated five sets of model predictions, only one of
which successfully predicted the experimentally observed changes in tissue
differentiation upon TSP2 knockdown. The model identified increased angiogenic
progression as a result of TSP2 deletion as the key driver of the altered healing
pattern. Such a conclusion could not have been reached by employing a tissue
differentiation hypothesis regulated solely by mechanical stimuli, providing
greater support for the role of substrate stiffness and oxygen in the regulation of
MSC differentiation. This study was the second case of fracture repair that the
model was capable of predicting, providing further support for the underlying
hypothesis. However, a robust test of a tissue differentiation hypothesis involves
attempted falsification across multiple regenerative events. In the context of
testing such tissue differentiation hypotheses with an in silico framework, the
greater the number of regenerative scenarios in which the underlying model
hypothesis is subjected to attempted falsifiability but ultimately corroborated, the

stronger the hypothesis becomes.

The next study of this thesis tested the hypothesis that substrate stiffness
and oxygen availability could predict MSC differentiation in vivo in a different

regenerative event, the implanted bone chamber. The in vivo bone chamber was a
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suitable regenerative scenario for testing the predictive capacity of the model a
number of reasons. Advantageous properties included constant known geometry,
known loading conditions and quantifiable spatial and temporal patterns of tissue
differentiation [197]. The in vivo bone chamber has also been used previously for
attempted falsification of other tissue differentiation hypotheses [15, 16] allowing
comparison of model predictions to predictions with MSC fate regulated directly
by mechanical stimuli. For this study, a lattice modeling approach replaced
diffusive models of blood vessel growth and cell migration and proliferation. This
approach allowed explicit and more accurate modeling of cells, cellular behavior
and individual blood vessels. The addition of stochastic elements of such
behaviours [139] was also enabled as a result of such an approach being adopted.
Corroboration was achieved for both loaded and unloaded cases, including
elements which could were not predicted by a well established tissue
differentiation hypothesis regulated by shear strain and fluid velocity [16], such as
prediction of marrow in both loading conditions and of fibrous tissue in unloaded

conditions.

Having successfully corroborated the tissue differentiation model across 3
cases and 2 regenerative events, the indirect effects of mechanics on regulation of
differentiation were further probed. The mechanical environment is known to
alter tissue distribution patterns during in vivo regenerative events and this thesis
hypothesizes that this is primarily due to mechano-regulation of angiogenesis
(rather than a direct effect on differentiation) which in turn regulates the oxygen
availability at a regenerating site. As such, the next study undertaken in this thesis
investigated the effects of mechanical stimuli upon endothelial cell (EC) behavior
in an in vitro study [42]. A lattice model was again adopted and employed in a
novel way to explicitly model EC migration and proliferation. Model predictions
provided a set of rules to describe EC behavior following the application of
loading to a circular region of cells. Only predictions that included all 3 rules
(increased migration and proliferation rates as well as biased migration
perpendicular to applied strain) were predictive of the experimental data. These
findings for how mechanics may regulate EC behaviour in vitro provided an

insight into how mechanics might be regulating angiogenesis in vivo.
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The final study of this thesis investigated the hypothesis that angiogenesis
in vivo is directionally biased upon the application of mechanical strain. Chapter 6
of the thesis provided support for the hypothesis of biased endothelial cell
migration in a direction “perpendicular” to the direction of applied strain in vitro
in two dimensions, but this may have many possible meanings in the context of
angiogenesis in three dimensions. Chapter 7 of the thesis explored the hypothesis
that a specific mechanical stimulus is guiding blood vessel directionality in vivo.
Simulations were performed with 3 potential mechanical guiding stimuli guiding
regulating blood vessel growth directionality. Angiogenesis in the direction of
minimum principal strain was the only guiding stimuli to successfully predict
spatial blood vessel progression during large bone defect healing. This study,
therefore, provided support for the hypothesis that blood vessel growth
directionality is biased in the direction of minimum principal strain during tissue
regeneration in the healing of stabilized and unstabilized fractures. It was thus
demonstrated for the first time how mechano-regulation of angiogenesis, by a
manner other than just vessel inhibition, can be incorporated into an in silico
tissue differentiation framework to successfully predict in vivo quantative spatial
blood vessel information for stable and unstable fracture repair. This updated
modelling framework was also successful in accurately predicting the progression
of healing in stabilized and unstabilized fracture repair. By doing so, this study
also provided further support for the indirect role of mechanical signals in
regulating MSC fate, in this case through the mechano-regulation of blood vessel

growth directionality.
8.2 Comparisons to previous mechano-regulation models

8.2.1 Tissue differentiation model

The next section of the discussion will compare the tissue differentiation model
framework developed and tested in this thesis to other well established models of
tissue differentiation. As previously mentioned, within the context of testing
tissue differentiation hypotheses with an in silico framework, the larger the
number of scenarios in which the underlying model hypothesis is subjected to
attempted falsifiability but ultimately corroborated, the stronger the hypothesis

becomes. This work provides corroboration for the tissue differentiation model
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regulated by substrate stiffness and oxygen availability for 4 cases across 2
regenerative events (fracture repair and the in vivo bone chamber), during both
loaded and unloaded conditions providing strong initial support for this
hypothesis. However, some well established algorithms have had corroboration
provided across many more events. For example, the model of Prendergast and
co-workers, in which differentiation is regulated by shear strain and fluid
velocity, has been corroborated for a much greater number of regenerative events
including fracture healing [9-11], osteochondral defect repair [12, 13], distraction
osteogenesis [14], implanted bone chamber [15-17], neoarthrotis formation [18]
and others [19-21]. The mechano-regulated theories of Carter and co workers and
Claes and Heigele and co-workers have also been corroborated across multiple
regenerative events including multiple cases of fracture repair, distraction
osteogenesis and the implanted bone chamber [5, 7, 49, 182, 183, 185, 186, 189,
201]. Geris et al [191] have shown the mathematical model of by Bailon-Plaza
and van der Meulen [142] could be further developed to be predictive of the semi-
stabilized murine tibial fracture model corroborating the model, with
differentiation regulated by growth factors, for the fracture healing regenerative
scenario. Angiogenesis was further added to this bioregulatory model with
successful prediction of compromised fracture healing situations [51, 144, 192].
There have also been cases where existing mechano-regulatory models were not

predictive of experimental results.

The underlying model hypothesis developed in this thesis still has to be
tested to the same extent as other well established models, but initial results are
positive. The only direct comparison this model has had is with the model of
Prendergast and co-workers, where differentiation is regulated by shear strain and
fluid velocity, and in both cases (fracture healing and the bone chamber) the
model has performed positively. In those regenerative cases, the model
successfully predicted phenomena that the mechano-regulatory algorithm did not;
including the prediction of fibrous tissue in the bone chamber or re-establishment
of the marrow of the medullary cavity during fracture repair. In addition, no
solely mechano-regulatory algorithm is capable of predicting the changes in tissue
distribution upon deletion of the TSP2 matricellular protein in the murine model.

Future work still remains to further test the hypothesis that substrate stiffness and
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oxygen availability regulate MSC differentiation during tissue regeneration but

strong initial support has been provided in this work.

8.2.2 Model of angiogenesis

One part of the modeling framework which was further investigated was the
model of angiogenesis. With oxygen one of the key stimuli driving
differentiation, the necessity for an accurate model of angiogenesis is obvious.
Previous models of angiogenesis have been regulated by both biochemical growth
factor stimuli [50, 51, 144, 146, 253] and also by mechanics [50, 53, 144]. Both
blood vessel growth rate (including EC necrosis) and directionality have been
influenced in such models. The initial model of angiogenesis included in the
modeling framework developed at the beginning of this thesis was influenced
only by inhibition of blood vessel growth in regions of high shear strain. Upon
parameter variation investigations, it was found that predictions were best when
this threshold was set at 6%. However it remains unclear as to whether
angiogenesis is negatively affected by such low levels of strain [42, 43, 73, 128].
This motivated the hypothesis that possibly mechanics were affecting blood
vessel growth through a second mechanism. This led to the development and
ultimate corroboration of the hypothesis that blood vessel growth directionality is

biased in the direction of minimum principal strain.

There is substantial evidence that biochemical effects also regulate blood
vessel progression [46, 119-121, 123]. This work does however highlight a novel
mechanism which plausibly regulates blood vessel growth directionality.
However, this mechanism needs to be subjected to further investigation in order
to provide greater corroboration and evidence in its favour. This work provides
initial support in favour of the hypothesis that the direction of minimum principal
strain acts as a mechanical guiding stimulus for directionality of

neovascularization.

8.3 Model limitations

As with any computational modeling framework (or any study for that matter)

there are limitations associated with the approaches taken and assumptions made.
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There is also always potential for future improvement. This section discusses

some to these limitations and possible improvements.

Firstly, the tissue differentiation modeling framework developed in this
thesis does not include an explicit stimulus for fibrous tissue. It is possible that
rather than fibrous tissue being a “default™ tissue phenotype, fibrogenesis might
occur in regions of low oxygen availability but where insufficient chondrogenic
growth factors exist or in regions with a very high mechanical stimulus [5, 87]. It
may be necessary to add a specific stimulus for fibrogenesis for future
computational investigations of other regenerative scenarios such as MSC
differentiation within osteochondral defect repair. Secondly, the model ignores
the direct influence of mechanical stimuli upon differentiation. There is abundant
in vitro [84, 87, 91] and in silico |5, 7, 8, 143, 192] evidence to support this direct
influence. Mechanics is also believed to regulate processes such as chondrocyte
hypertrophy and endochondral ossification [222, 254]. It is therefore likely that
mechanics do influence differentiation directly, to some degree at least, but
whether it’s the dominant driver of differentiation is a question raised by the
results of this thesis. This work also assumes that marrow formation occurs
following a prediction of adipogenesis which is an oversimplification as bone
marrow is a very complex tissue. It is recognized that the marrow of the
medullary cavity of long bones contains not only the adipose tissue predicted by
the tissue differentiation algorithm, but also hematopoietic and lymphatic cells
among others. Such a simplification was implemented to enable to the testing of
the hypothesis of the study without introducing additional complexity. The
influences of biochemical cues such as growth factors are not included in the
modeling framework in spite of numerous studies demonstrating the influence of
such factors on both differentiation and angiogenesis [46, 51, 114-116]. The
model of oxygen transport implemented in this study assumes a constant cellular
oxygen consumption rate which has been shown not to be the case [213]. More
complex models have been implemented [255, 256], however the objective of this
work was to not to create a perfect model of oxygen transport and consumption
but to implement a model with sufficient predictive abilities to allow us to
examine the hypothesis at hand. In the current framework, cell migration and

proliferation rates are constant. It is possible that such rates are dependent on
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environmental factors such as oxygen availability [257], growth factors [258] and

mechanical stimuli [11, 239].

8.4 Summary

In spite of such limitations, the results of this work provide strong evidence to
support the hypothesis that stem cell differentiation is regulated by substrates
stiffness and oxygen availability in vivo. It is extremely difficult to design and
perform in vivo studies to accurately isolate and relate specific stimuli, such as
those identified in previously mentioned in vitro studies, to the temporal and
spatial patterns of tissue differentiation that occur during regenerative events. /n
silico studies such as those performed in this thesis, however, can be used to
predict the state of the local environment experienced by MSCs during complex
regenerative scenarios. As such, hypotheses for how MSC differentiation is
regulated in vivo can be either corroborated or rejected based on the ability of in
silico models to accurately predict spatial and temporal patterns of tissue
differentiation observed experimentally [5, 7, 8, 10, 12, 16, 49, 201]. Such
corroboration and/or rejection provide improved understanding of the regulation
of MSC physiology. The therapeutic potential of MSCs is substantial. MSCs
therapies could provide potential treatment opportunities for osteoarthritis,
chondral defects, fracture repair, bone and cartilage tissue engineering. The model
developed in this work thesis enhances current knowledge and understanding of
MSC behaviour. The model could also be used to provide valuable predictions of
how potential treatment options (such as the addition of MSCs to a fracture site
which may be susceptible to delayed or non-union in different quantities and at
different stages of healing) may alter healing. Research such as this will bring us

closer to exploiting the full potential of MSC therapies in regenerative medicine.

179



180




Chapter9: Conclusions and future

directions

9.1 Conclusions

The primary objective of this thesis was to test the hypothesis that substrate
stiffness and oxygen availability regulate stem cell differentiation during tissue
regeneration. At the heart of this hypothesis, mechanical stimuli (which have long
been implicated as having a direct role in the regulation of MSC differentiation
[5, 7, 8]) were assumed to have only an indirect role in directing stem cell fate
through the mechano-regulation of angiogenesis. As part of this thesis, a number
of studies were designed to test this hypothesis leading to the following

conclusions:

e A novel bioregulatory computational framework was successfully
developed to test the hypothesis that MSC differentiation is regulated by
substrate stiffness and oxygen availability

e This model was initially corroborated by successfully predicting the
temporal and spatial patterns of tissue differentiation during fracture repair

e The model identified increased angiogenic progression as the key driver of
significant changes in tissue phenotype observed upon the deletion of the
Thromospondin-2 (TSP2) protein in mice

e The previously simplified diffusive models of angiogenesis and cell
migration and proliferation were replaced by lattice modeling techniques
which allowed explicit modeling of individual cells and aspects of cell
physiology as well as explicit modeling of individual blood vessels and
vessel network morphology

e The model was further corroborated by successfully predicting the major
tissue structures and morphologies under both loaded and unloaded
conditions in an implanted bone chamber.

e Predictions from a computational model, which employed Ilattice
techniques in a novel way to explicity model endothelial cell (EC)

physiology, provided support for the hypothesis that dynamic strain

181



increases both EC migration and proliferation, and that EC migration
directionality is biased in the direction perpendicular to applied strain

e Further development of the model of angiogenesis allowed the hypothesis
that a mechanical stimulus regulates blood vessel growth directionality in
vivo to be tested in stabilized and unstablized fracture repair

e Corroboration was provided for the hypothesis that minimum principal
strain regulated blood vessel growth directionality during stabilized and

unstabilized fracture repair

9.2 Future Directions

The modeling framework developed in this thesis provides strong initial support
for the hypothesis that MSC differentiation during tissue regeneration is regulated
by substrate stiffness and oxygen availability. This work also provides support for
the hypothesis that mechanical stimulation primarily influences stem cell fate
indirectly via the mechanoregulation of neovascularization. However, there are

more studies that may be undertaken in order to further probe such hypotheses:

e Distraction osteogenesis is a suitable regenerative event for the testing of
the bioregulatory model developed in this thesis. Temporal and spatial
experimental data of tissue differentiation patterns is available for
assessment of validation of in silico predictions. Multiple
mechanoregulatory models have already been corroborated for this
regenerative situation [14, 141].  Comparisons of the predictive
capabilities of different regulatory models provide valuable information
which can be used to decipher the key drivers of MSC differentiation in
Vivo

e Another suitable regenerative event for attempted corroboration of the
existing hypothesis is tissue differentiation within osteochondral defect
repair. The well established tissue differentiation model of Prendergast
and co-workers has successfully been corroborated for this event [12]. The
application of the existing model to such a regenerative event could
provide valuable further insights into its predictive ability and provide

comparison to a model regulated by direct mechanical stimuli
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There is experimental data available that demonstrates changes in tissue
distributions in fractures of different gap sizes, even if the
interfragmentary strain (IFS) remains similar [73]. This is an interesting
finding and another suitable regenerative scenario for attempted
falsification of the hypothesis at hand. The application of the existing
tissue differentiation model to such a regenerative event could provide
another assessment of its predictive power

There are also many other specific cases of regenerative events which are
suitable for investigation of the tissue differentiation hypothesis presented
in this thesis via computational mechano-biological approaches. Different
cases of the implanted bone chamber [17, 53], cases of non-union in
fracture healing [192], torsionally loaded fractures [189] and healing of
oblique fractures [49] are examples of cases which have been used in the
testing of other regulatory theories

Further attempted falsification of the hypothesis that blood vessel growth
directionality is biased in the direction of minimum principal strain can be
undertaken by applying the existing model to other regenerative scenarios.
Spatial and temporal data describing vessel density would be required to
compare with model predictions

The modeling framework itself could be enhanced to include aspects of
cell physiology not included in the current simulations. Potential
inclusions are the effect on cell proliferation and migration rates of oxygen
availability [257] or mechanical stimulation [12]. Other potential
inclusions are cell apoptosis in regions where zero oxygen is predicted and
cell specific oxygen consumption rates. The model currently allows cell
doublings which has been shown to be untrue (This is potentially an
important factor in atrophic non-union). As previously mentioned in
Section 8.3, a specific stimulus for fibrous tissue is also a potential
inclusion to the model

Further studies could be performed to potentially investigate the role of
factors other than mechanics, such as VEGF [46] or hypoxia [243], in

regulating blood vessel growth rates and directionality
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The model could be expanded to investigate other important aspects of
cell differentiation, such as hypertrophy. Cases where differences in rates
of chondrocyte hypertrophy are observed and suspected to ultimately
influence differentiation patterns [178]. Potential stimuli which may
regulate hypertrophy such as oxygen availability [220] could be

investigated
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Appendices

Appendix I: cell model

MSCs both migrate [259] and proliferate [260] within the fracture callus. It was

assumed that the net process of these effects can be modeled via a diffusion

model [10]:

& =DV’n
dt :
(Equation.A1)

where D is the stem cell diffusion coefficient and » is the current stem cell
concentration. Stem cells originated from the marrow of the medullary cavity
[161], the inner cambial layer of the periosteum [147] and from the surrounding
muscle tissues. Before the influx of MSCs into the callus, the fracture callus is

initially full of granulation tissue.
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Appendix II: rule of mixtures

The gradual change of an element from one tissue type to another is accounted
for in the model of the element material properties. The material properties are

calculated via the rule of mixtures:

max granuation e ”max tissue

s (Equation.A2)

The Young’s Modulus of an element, E, is calculated as a function of the
element’s cell density (»), the maximum cell density (»™**), the Young’s Modulus
of granulation tissue (E granuiarion) and the Young’s Modulus of the tissue the
element is differentiating towards. The rule of mixtures is applied to the other

material properties in a similar manner.
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Appendix III: temporal smoothing procedure

A temporal smoothing procedure is included in the model in order to avoid any
numerical instability that might occur as a result of rapid changes in material
properties. An array of k values is defined and initially the properties of
granulation tissue are inputted into this array. After the first iteration (i = 1), the
material property of the predicted tissue phenotype is placed at the end of the
array. All existing properties are moved along one position and the i value in the

array is deleted. Should this be performed a second time the array would look

like:

E=|E : RN A
l granulation granulation i=l =2 J (Equat10nA3)
At the A" iteration (i = k):
E = [Ez=1 ‘EI:Z L "Ez-—-n—l ‘E1=n ]
(Equation.A4)
The material properties for each iteration were calculated via:
1
B Z Z EJ
s (Equation.A5S)

For this study & was taken to be 10. The other material properties are calculated in

a similar manner.
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Appendix IV: supplementary figures (Chapter 6)
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Figure S1. Model Predictions: Strain increases the rate of EC migration and leads to
directionally biased migration. (a) Model prediction of the final distribution of the
endothelial cell population compared to that observed experimentally. (b) Model prediction
of the change in the total cell number over time compared to that observed experimentally.
(¢) Model prediction of the variation in the X and Y lengths of the endothelial cell region
over time compared to that observed experimentally. (d) Model predictions of the number of
proliferating cells at various radial distances (Y direction) from the centre (‘0’) of the EC
population at the 0 hour, 6 hour and 24 hour time points compared to that observed
experimentally.
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Figure S2. Model Predictions: Strain increases the rate of EC migration and proliferation.
(a) Model prediction of the final distribution of the endothelial cell population compared to
that observed experimentally. (b) Model prediction of the change in the total cell number
over time compared to that observed experimentally. (¢) Model prediction of the variation in
the X and Y lengths of the endothelial cell region over time compared to that observed
experimentally. (d) Model predictions of the number of proliferating cells at various radial
distances (Y direction) from the centre (‘0’) of the EC population at the 0 hour, 6 hour and
24 hour time points compared to that observed experimentally.
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Figure S3. Model Predictions: Strain increases the rate of EC proliferation and leads to
directionally biased migration. (a) Model prediction of the final distribution of the
endothelial cell population compared to that observed experimentally. (b) Model prediction
of the change in the total cell number over time compared to that observed experimentally.
(c) Model prediction of the variation in the X and Y lengths of the endothelial cell region
over time compared to that observed experimentally. (d) Model predictions of the number of
proliferating cells at various radial distances (Y direction) from the centre (‘0’) of the EC
population at the 0 hour, 6 hour and 24 hour time points compared to that observed
experimentally.
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Appendix V: Determination of element location of each lattice

point for an irregularly shaped mesh

A plane is created for each side of an element using the equation of a plane:

s=Ax+By+Cz+D

Where the normal vector is (A,B,C) (see Figure S4 below). For three points (x1,
Y1, Z1), (X2, y2, z2) and (x3, y3, z3) the equation of the plane is calculated from the

following determinants:

1L »n z xu 1 z x3 » 1 X1 N 4
A=|1 ¥y, z|,B=|x3 1 z|,C=|x; y» 1|,D= — |X2 Y2 2
1 y3 2z3 x3 1 z3 x3 y3 1 X3 Y3 Z3
(A,B,C)
(X1, Y1, Z4)
(X2, Y2, 2)

(X3, Y3, Z3)

Figure S4. Normal vector (A,B,C) to the plane
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For a given lattice point (X, y, z) to be included as part of an element, the lattice
point must be inside each of the 6 sides of the element. The sign of s determines
which side the lattice point lies with respect to the plane. If s is greater than zero,
the point is on the same side as the normal. If s is less than zero, the point is on
the opposite side to the normal. If s is equal to zero, the lattice point lies on the
plane. To ensure correct interpretation of the direction of the normal vector, the
lattice point is being calculated on the correct side of the plane, the centre point of

the element is subjected to the same calculations ensuring the correct sign of s.

220




