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Abstract

Duchenne muscular dystrophy (DMD) is a severe muscle wasting disease that affects 1 in
every 3,500 boys. Patients with DMD require a wheelchair by age 12, and ultimately die due to
respiratory or cardiac failure by the mid 20s. The initiating cause of DMD is known —the absence
of dystrophin, a protein that associates with a multimolecular network of integral and
subsarcolemmal proteins, known as the dystrophin glycoprotein complex (DGC). Dystrophin and
the DGC form a physical link between the intracellular cytoskeleton of the muscle fiber and the
extracellular matrix. Without dystrophin, the DGC fails to properly form at the sarcolemma and
the link is compromised, which diminishes the strength of the muscle fiber membrane. The weak
membrane is susceptible to damage by muscle contractions during everyday movements, which
can initiate a cascade of muscle fiber necrosis, chronic inflammation, and ultimately progressing
to severe muscle weakness. However, despite extensive research and knowing the cause of DMD,
there is no cure for DMD and current treatments have had limited efficacy because promising
treatments in mice do not translate to clinical benefit in patients. Treatment is difficult because
DMD and muscle regeneration are complex processes, involving mechanisms that transcend
spatial and temporal scales.

Computational modeling provides a powerful to tool to investigate complex behaviors in
skeletal muscle that may not be accessible through experiments due to cost or limitations in
equipment. In this thesis, | present a computational model of chronic muscle degeneration in
the mdx mouse. Through modifications to an acute injury model of DMD published by Virgilio et

al., the new model presented here combines the strengths of other previously developed



computational models (Martin et al., Jarrah et al.,, and Houston et al.) to offer a more
comprehensive simulation of repetitive injury, cellular interactions, inflammatory cues, and
muscle repair. New dystrophic conditions were defined by literature-derived rules and various
damage protocols were tested to produce a model of disease progression in the mdx mouse that
is validated by published literature data on change in fibrosis, satellite stem cell count, and
macrophage cell count. Through low-level, daily injuries, the model simulations capture the peak
damage before the mdx mouse is 3 months old and the switch from a pro-inflammatory

environment to an anti-inflammatory, pro-fibrotic environment after 6 months.
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Chapter 1 : Introduction

Skeletal muscle is a highly dynamic and plastic tissue that drives movement in our daily
life [1]. It is essential for breathing, walking, communicating, physical activity; and the loss of
skeletal muscle function can lead to disability and impair quality of life. Duchenne Muscular
Dystrophy (DMD) is a severe muscle wasting disease caused by the lack of dystrophin, a skeletal
muscle protein that protects muscle fibers against contraction-induced damage [2]. Due to the
lack of dystrophin, dystrophic muscles are very easily damaged during normal daily use, yielding
chronic inflammation, muscle fiber necrosis, satellite cell depletion, fibrosis, and fatty infiltration
[3,4]. Treatments are merely palliative, as there is no cure for the disease. Patients who suffer
from DMD will be affected starting around the age of 5, leaving them using a wheelchair for
mobility as a teenager, and ultimately they may not live past their 20s due to respiratory failure

or cardiomyopathy [5] (Fig. 1.1).
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Figure 1.1. Timeline of disease in DMD.



The current standard of care, corticosteroids, will extend the time of ambulation and life
by only a few years, and can cause troublesome side effects such as weight gain, decreased bone
density, and behavioral issues [6]. Despite recent advancements in gene therapies, and even FDA
approval of two exon skipping drug treatments, as of yet, patients see minimal clinical
improvement [6]. The lack of effective treatments emphasizes the need for further research and
novel tools to better understand and treat DMD.

Computational modeling offers new tools to help reveal complex physiological adaptive
processes in dystrophic muscle degeneration that are difficult and expensive to investigate in
experiments. Previous computational models have been developed to predict muscle
regeneration and disease outcomes, but none offer long-term predictions of skeletal muscle
adaptations in DMD and take into account stochastic, spatial behaviors of cellular interactions
[7,8,9,10,11].

In this thesis, | present a chronic agent-based model of muscle degeneration in the mdx
mouse. This thesis contains four subsequent chapters. Chapter 2 presents background material
on normal skeletal muscle structure and regeneration, how the regeneration process is impaired
in DMD, and prior computational models of degeneration and regeneration in skeletal muscle
and disease. In Chapter 3, | explain the methods for developing the chronic, agent-based model
of DMD, including how the model is changed from previous models and a summary of each of
the agents’ literature-defined rules. In addition, Chapter 3 explains what damage was inflicted on
the muscle to recreate the chronic low, level injuries seen in DMD. Chapter 4 summarizes the

results of simulations ran in the model. Chapter 5 discusses the results of the model, and how



the findings add to knowledge of muscle degeneration and DMD. Additionally, limitations of the

model and future directions are discussed.

Chapter 2 : Background

2.1 Skeletal muscle structure and regeneration

Skeletal muscle is defined by a hierarchical structure, in which whole muscle is comprised
of bundles of fascicles that are made up of contractile muscle fibers [1]. Each muscle fiber is
surrounded by a network of extracellular matrix (ECM) that builds the endomysium. The
intracellular cytoskeleton of the muscle fiber is linked to that of the ECM through the dystrophin
glycoprotein complex (DGC). The smallest force producing unit in muscle is the sarcomere, which

is what muscle fibers are comprised.

When injured, skeletal muscle has a robust capacity to regenerate [12]. The regeneration
process is complex and dynamic, consisting of many different cell types. Resident macrophages
initiate the cascade of regeneration after damage, rapidly recruiting neutrophils that peak within
about 24 hours and decline quickly after [13]. Neutrophils condition the inflammatory
environment with pro-inflammatory cytokines, including TNF-alpha, MCP, and IFN that activate
M1 macrophages. Alongside this early inflammatory response, satellite stem cells (SSCs) are
activated and begin to proliferate and differentiate. SSCs are myogenic precursor cells that reside
guiescently on muscle fibers, which are activated upon damage and the presence of the growth

factors HGF, FGF, and IGF. SSCs divide symmetrically (into 2 SSCs) and asymmetrically (into one



SSC and one myoblast), which allows them to peak within the muscle between three and seven
days after an injury [14]. Myoblasts differentiate into myocytes that fuse with the fiber to repair
and rebuild the muscle [15]. About 10% of SSCs do not terminally differentiate, and instead will

return to quiescence to replenish the reserve SSC pool [14].

Fibroblasts and fibro-adipogenic progenitors (FAPs) are also important in muscle
regeneration, as they secrete collagen to rebuild the ECM [13]. The literature often does not
distinguish between fibroblasts and FAPs, as they both express PDGFR-alpha. FAPs are triggered
by TGF-beta to differentiate into matrix producing cells, as they both express PDGFR-alpha and
are considered as the primary producers of connective tissue [16,17]. For simplicity, we will refer
just to fibroblasts, although the behaviors encompass behaviors of FAPs as well. Fibroblasts are
recruited to damaged tissue based on IL4 that is secreted by eosinophils and M2 macrophages
[17]. Studies have also shown important feedback between SSCs and fibroblasts, in which
fibroblasts proliferate in the presence of SSCs, and a lack of fibroblasts leads to premature SSC
differentiation and impaired regeneration [18]. Population counts reach a peak between three
and seven days following an injury, and their apoptosis is caused by TNF-alpha [19]. However,
TGF-beta blocks the apoptosis of fibroblasts, and prolonged exposure to TGF-beta will cause
differentiation into a myofibroblast phenotype that secretes greater amounts of collagen than
regular fibroblasts [19]. A carefully timed switch from a TNF-alpha enriched to a TGF-beta
enriched environment has been shown to be crucial in controlling proper matrix deposition. The
skeletal muscle regeneration process is implicated in diseases such as Duchenne Muscular

Dystrophy, where chronic inflammation, fibrosis, and lead to muscle degeneration [20].



2.2 Duchenne Muscular Dystrophy

Duchenne Muscular Dystrophy (DMD) is a severe muscle wasting disease that affects 1 in
every 3,500 boys [5]. Patients with DMD require a wheelchair by age 12, and often die due to
respiratory or cardiac failure by the mid 20s. The initiating cause of DMD is known —the absence

of dystrophin, a protein that associates with a multimolecular network of integral and

Chronic Fibrosis Fatty Altered satellite
Inflammation infiltration stem cell dynamics

Intermuscular fat

Adipose tissue

Figure 2.1. Changes in muscle due to DMD.

subsarcolemmal proteins, known as the dystrophin glycoprotein complex (DGC) [2]. Dystrophin
and the DGC form a physical link between the intracellular cytoskeleton of the muscle fiber and
the extracellular matrix. Without dystrophin, the DGC fails to properly form at the sarcolemma
and the link is compromised, which diminishes the strength of the muscle fiber membrane [2].
The weak membrane is susceptible to damage by muscle contractions during everyday
movements, which can initiate a cascade of muscle fiber necrosis, chronic inflammation, and
ultimately progressing to severe muscle weakness [3,4] (Fig. 2.1). However, despite extensive
research and knowing the cause of DMD, there is no cure for DMD, and current treatments have
had limited efficacy because promising treatments in mice do not translate to clinical benefit in
patients. Treatment is difficult because DMD and muscle regeneration are complex processes,

involving mechanisms that transcend spatial and temporal scales.



The lack of dystrophin causes many downstream effects to cell behaviors, growth factor
and chemokine levels. The lack of dystrophin alters fibroblast and myofibroblast behaviors,
causing increased secretions of collagen, fibronectin, and MMPs in comparison to healthy
fibroblasts [21,22]. SSCs have been shown to express dystrophin in wild type mice. However, this
expression is lost in DMD, causing a lower proportion of asymmetric cell divisions that are
essential in repairing muscle fibers [14]. Additionally, research has shown a rapid decline in
number of SSCs starting at 6 months old, suggesting that mdx SSCs are unable to maintain a
proper balance of proliferation, self-renewal, and differentiation [23]. However, SSCs retain the
potential to proliferate, differentiate, and fuse into myotubes at all ages in the mdx mouse
suggesting that the environment is the reason for SSC decline [24]. This is different in patients
with DMD, in which SSC replicative capacity declined with donor age, and this decline was
accelerated in DMD in comparison to control SSCs [25].

The mdx mouse is the most commonly used animal model to study DMD [26,27]. It is a
genetically homologous model of DMD, however, the mdx mouse muscle does not degenerate
as severely as it does in patients with DMD, with the exception of the diaphragm [28]. In the mdx
mouse, from 3-4 weeks of age, there is an early episode of widespread skeletal muscle necrosis
and significant inflammation [29,30]. By 3 months of age, the mdx mouse has recovered to a
more stable phenotype and established a relative resistance to further degeneration. However,
at 9 months, the adult mdx mouse is representative of a profibrotic phenotype with impaired
muscle regeneration [29]. These changes contribute to the pathological state in the older mdx
mouse, which is characterized by severe muscle weakness, loss of muscle weight, and

accumulation of fat and fibrosis. To address the milder phenotype found in mdx mice, additional



mouse models have been explored, such as the dystrophin-utrophin double knockout mouse
[31]. In addition to the lack of dystrophin, the dystrophin-utrophin double knockout mouse lacks
utrophin, a transmembrane protein that is found upregulated in mdx mice but not DMD patients,
leading to a more severe phenotype with increased muscle damage and degeneration.
Translation of pre-clinical trials in mice to patient is greatly hindered by the fact that
mouse mdx model does not exhibit all of the adaptive processes that are observed in boys with
DMD. Despite recent FDA approval of new exon-skipping therapies that aim to reestablish
dystrophin in DMD, these treatments have limited success, and corticosteroids, which mitigate
inflammation, prevail as the leading DMD treatment [6,32]. However, long-term corticosteroids
use causes significant side effects, including weight gain, weak bones, and liver damage [6]. The
relative success of corticosteroids highlights the importance of inflammation in dystrophic
muscle degeneration. Additionally, studies have shown that due to the progression of
inflammation, the time between acute injuries is crucial in determining the muscle response to
damage [33]. When a muscle is reinjured while it is within the later proinflammatory regenerating
stage, the asynchronously regenerating microenvironments oppose each other, impairing the
regeneration process and encouraging development of fibrosis [33]. However, the mechanisms
behind how the inflammatory state of the muscle microenvironment affects muscle regeneration

are poorly understood, and experiments involving chronic injuries are difficult and costly.
2.3 Prior computational models

Computational modeling provides a powerful to tool to investigate complex behaviors in
skeletal muscle that may not be accessible through experiments due to cost or limitations in

equipment. Computational models also provide a means to probe individual parameters that



may not be able to be directly probed through experiments. Skeletal muscle models have evolved
from simplified Hill-type models representative of cross-bridge mechanics [34,35] into more
complex models of human movement using tools such as motion capture, magnetic resonance
imaging (MRI), and finite element (FE) modeling that explore muscle dynamics and predict forces,

stresses, and strains experienced by muscle [36,37].
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Figure 2.2. Previously published computational models of muscle regeneration in injury and disease. These models range from
deterministic, mathematical models (a, b) to stochastic, spatial agent-based models (c, d). The red boxes show aspects of each
model that was determined important for a long-term model of disease progression in DMD.

Recently, there have been several models created to predict cellular behavior in muscle
degeneration and regeneration, often using agent-based modeling (Fig. 2.2). Agent-based
models (ABMs) are particularly useful in studying complex biological processes, such as muscle
regeneration, that are dynamic, spatially heterogenous, and stochastic. ABMs represent
individual biological cells as computational agents within a tissue will respond emergently to
literature-derived rules. Martin et al. developed the first ABM of muscle degeneration due to
disuse [38]. Additionally, Martin et al. developed an ABM of skeletal muscle remodeling after an
acute injury to explore the role of inflammation in muscle regeneration [8]. He included

macrophages, neutrophils, SSCs, and fibroblast agents within the model. Both of Martin et al.’s



models were created using the ABM software, NetLogo. Virgilio et al. developed an ABM that
predicts muscle regeneration from injury in DMD, based on interactions between SSCs,
fibroblasts, inflammatory cells, muscle fibers, and connective tissue [7]. This model simplified the
actions of the inflammatory cells included in Martin et al. by replacing the spatial macrophages
and neutrophils with a system of ODEs. Another ABM of skeletal muscle regeneration was
created by Westman et al. to elucidate the cellular mechanisms that contribute to failed muscle
regeneration in volumetric muscle loss [11]. Both Virgilio et al. and Westman et al. built their
models using Repast, a java-based modeling platform (Argonne National Laboratory, Lemont, IL).
The contributions of Martin et al., Virgilio et al., and Westman et al., have demonstrated the
usefulness of ABMs in simulating complex behaviors in skeletal muscle to predict regeneration.

Other mathematical models have been used to explore muscle regeneration in muscular
dystrophy. Dell’Acqua and Castiglione and Jarrah et al. use macrophages, T helper cells, and
cytotoxic T cells to predict muscle degeneration and regeneration using a system of ODEs [9,39].
The FRIND model created by Houston et al. presents a mathematical model simulating the effects
of macrophage plasticity on dystrophic muscle regeneration [10]. While these models involve
less complex modeled interactions between cell types, they offer insight into regeneration from
chronic, low level injuries that are experienced in DMD.

The motivation of this thesis is to address the limitations in these prior models, and create
a model of dystrophic muscle degeneration that includes spatial interactions of macrophages,
neutrophils, SSCs, and fibroblasts in response to chronic, low-level injuries similar to those that

are experienced in DMD (Fig 2.4).
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Figure 2.3. The model developed by Virgilio et al. was used as a foundation and adapted to develop a new model that
represented repetitive injuries in an mdx mouse.

Chapter 3 : Methods: Creating the chronic mdx model

3.1 Goals of Model

The primary objective in developing this model is to predict disease progression in the
mdx mouse through inflicting daily injuries that are repaired through protein secretion and
diverse cellular dynamics. To be successful, the model must capture the increased fibrosis,
conflicting inflammatory environment, and decline satellite stem cells (SSC) with age, as
corroborated by the literature. Figure 2.1 shows a high-level overview of the framework of the
model, including a probability tree for the cell behaviors of fibroblasts, macrophages, neutrophils,
SSCs, and their interaction with the microenvironment consisting of muscle fibers, extracellular

matrix (ECM), necrosis, and growth factors.
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3.2 Agent Based Model Modifications from Previously Published Model

To simulate chronic injuries and disease progression in the mdx mouse, a previously
published agent-based model of acute injury response in mdx skeletal muscle was adapted
utilizing Repast Simphony [7]. This model by Virgilio et al. simulated muscle regeneration in the
mdx mouse through the actions of fibroblasts and satellite stem cells (SSCs) and their interactions
with inflammatory cells and growth factors in the microenvironment that were calculated by a

Ill

series of ordinary differential equations (ODEs). Cell “agents” behaviors included migration,
growth factor secretion, division, differentiation, and apoptosis. The environment was made up
of a histology-defined muscle cross section, which included muscle fibers and an endomysium
made of the extracellular cellular matrix (ECM). A buffer of 5 additional ECM elements was added
to each ECM element to allow for migration of agents, and results were normalized by 6 to
account for the change. When an acute injury was imposed on the muscle, necrotic elements
were added, initiating the simulated regeneration response. While this model served as a base
for my chronic injury model, and many of the same defined behaviors remained, several
adaptations had to be made to fully recapitulate a full year of the mdx mouse. The model was set
to start when the mouse is 14 days old, as this is when mice have increased in size, and is slightly
before the onset of the disease [40,41].

The biggest change to the model was that the inflammatory agents, specifically
neutrophils and macrophages, were redefined as spatial agents. Spatial macrophages and

neutrophils had previously been incorporated into an ABM by Martin et al. in NetLogo, but were

simplified to create the ABM by Virgilio et al. While the inflammatory spatial cues were
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High level ABM overview:
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Figure 3.1. Flowchart of ABM rules. First the model is initialized, during each subsequent time step the growth factors are
calculated. Then the spatial agents, macrophages, neutrophils, fibroblasts, SSCs, fibers, and ECM follow a probability-based
decision tree to guide their actions. In the flow chart, boxes represent a final action for the agent for the current time step. Red
stars indicate elements that were added or modified to the model developed by Virgilio et al.
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determined to be unimportant in an acute injury, the mdx mouse experiences
microinjuries that occur before the previous injury has had a chance to fully resolve, creating a
conflicting inflammatory environment that leads to chronic inflammation, fibrosis, and impaired
regeneration [28]. Therefore, it was important to model the inflammatory cells spatially in order
to fully capture the effects of a chronic inflammatory environment.

The environment was defined as pro- or anti-inflammatory based on the growth factor
levels, which then led to the recruitment of the corresponding cell-types. With the ODEs used in
Virgilio et al., cell recruitment was primarily dependent on the other cell type counts and the
initial burst of damage, and therefore was only indirectly influenced by growth factor levels. After
inflicting damage, resident macrophages would get recruited and cause the cascade of
neutrophils, m1 macrophages, and m2 macrophages to define the inflammatory response in the
model. This limited the stochasticity of inflammatory cell type recruitment, which is important in
understanding how the conflicting pro- and anti-inflammatory signals in the microenvironment
impair regeneration. In changing these inflammatory cell types to spatial agents, their
recruitment was directly based on the chemokine and cytokine levels, similar to the inflammatory
agents in the ABM by Martin et al. This allowed for a similar cell recruitment cascade, but
extended the model to respond to the persistent injuries that disturbed the typical regeneration
response.

Additionally, monocyte chemoattractant protein-1 (MCP-1) was changed to be spatial so
that it could guide migration of macrophages [42]. This was necessary because the macrophages
needed migration cues in the environment to move towards further areas of necrotic tissue after

they cleared all necrosis nearby. To transition from ODE calculations to spatial MCP secretion,
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Daily microinjuries are inflicted to mimic damage caused by
daily use in DMD
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Figure 3.2. Summary of modifications to the ABM developed by Virgilio et al. to develop a new, long-term model of
disease progression in DMD.
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the agents would secrete MCP every hour at their location, and the MCP would diffuse into the
neighboring ECM and fibers, and decay at the same rate as it was defined to in the ODEs. MCP
was secreted by neutrophils, and when the environment was inflammatory, by SSCs and
fibroblasts [42,43]. The environment was considered inflammatory when there was a greater
amount of TNFa than TGFb in the environment [19]. The secreted spatial MCP was confirmed to
match the ODE values of MCP at each time point. Therefore, for any case within the model that
utilized MCP level, the total amount of spatial MCP was calculated and used instead without
disrupting other model calculations. The spatial MCP was recognized by macrophage agents,
which would migrate up the MCP gradient. This allowed M1 macrophages to move towards areas
of damage and clear the necrotic tissue.

Further changes were also made to the rules that govern the recruitment of fibroblasts
and SSCs to make these behaviors more dependent on growth factor secretions. SSC activation
was induced by HGF, FGF, and IGF, based on data from the literature [44,45]. In Virgilio et al., SSC
activation was solely dependent on the damage signal after injury. This change showed a lower
peak of SSCs than previously, however the muscle fiber CSA recovery was comparable to the
model, and therefore these changes were considered acceptable. Future iterations could explore
increased satellite cell activation to refine the data. Additionally, fibroblast recruitment was
altered due to changes in the secretion of IL4. Fibroblast recruitment is directed by IL4 levels in
the environment, and previously in Virgilio et al., IL4 was only secreted based on the eosinophils
that are calculated based on initial burst of damage, which was limiting for the daily microinjuries.

To mitigate this, M2 macrophages were set to secrete IL4 in addition to the eosinophils [69].
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Validation of healthy and mdx muscle was done by comparisons to muscle fiber CSA
recovery and cell counts from Virgilio et al. In healthy muscle, the chronic ABM was set to the
original, healthy growth factor secretions and asymmetric division (Table 3.2), and a 10% acute
injury was prescribed at the start. In dystrophic muscle, the chronic ABM was set to dystrophic
growth factor secretions and decreased asymmetric division (Table 3.2), and a 35% acute injury

was inflicted at the start.
3.3 Agent Based Model Rules Summary

Macrophages and Neutrophils

At initialization, resident macrophages are placed randomly and homogenously
throughout the ECM. Following an injury, resident macrophages secrete inflammatory factors to
recruit neutrophils. Neutrophils are placed in areas of necrosis, where they then phagocytose
necrotic tissue [46]. When phagocytosing necrotic tissue, secondary damage is caused to nearby
muscle fibers, although the fiber is protected if there is a neighboring macrophage [46]. After
phagocytosis, neutrophils have a chance of apoptosing [46]. The neutrophils remain in the
environment for only 1-2 days after recruitment [13]. Macrophages are recruited by growth
factors and cytokines in the environment, as detailed in Table 3.1. Macrophage recruitment is
further compartmentalized into pro-inflammatory M1 macrophages and anti-inflammatory M2
macrophages, each of which is weighted based on the growth factors and cytokines present in
the environment [8]. If an M1 macrophage is on an area of necrosis, it will phagocytose that
necrosis and replace it with an ECM element of low collagen. If an apoptotic neutrophil is within
the vicinity of the M1 macrophage, that apoptotic neutrophil will be phagocytosed. After

phagocytosis of an apoptotic neutrophil, the macrophage has a chance of transitioning into an
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M2 macrophage [49]. If the M1 macrophage is not near necrosis or an apoptotic neutrophil, it
will migrate up the MCP gradient [42]. If there is no MCP detected nearby, the macrophage will
choose a random neighboring ECM element to migrate to. M2 macrophages secrete important
anti-inflammatory growth factors and chemokines including TGF-beta, IL-10, and IL-4 that
promotes the recruitment of fibroblasts and deters recruitment of pro-inflammatory cell types

[13]. Specific rules on macrophage and neutrophil behavior are found in Table 3.1.

SSCs (myoblasts, myocytes)

At the initial time point of the simulation, one quiescent SSC agent per four fibers was
placed on the fiber edge. After injury, SSCs were activated by HGF, FGF, and IGF and recruited to
injured muscle fibers [44,45]. To drive muscle fiber repair, SSCs will divide asymmetrically by
adding a new myoblast. SSCs also divide symmetrically, by adding another SSC, to grow and
maintain the SSC pool [14]. After differentiation into myoblasts and further differentiation into
myocytes, the myocytes add fiber elements along the injured fiber border. After the muscle fiber
that the SSC is associated with is fully repaired, SSCs return to quiescence. If there are more SSCs
than M1 macrophages, the SSCs have a chance of apoptosing that is scaled by the total number
of M1 macrophages [43]. Specific rules on SSC activation, division, secretion, and quiescence are

found in Table 3.1.

Fibroblasts (myofibroblasts)
When the model is initialized, fibroblasts are distributed homogeneously

throughout the ECM and additional fibroblasts are recruited by IL4 following an injury [13,47].
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Proliferation of fibroblasts occurred when there were activated SSCs in the environment. After
extended exposure of 12 hours to TGF-beta, fibroblasts differentiate into myofibroblasts [8].
Fibroblasts and myofibroblasts secreted collagen and fibronectin to rebuild the ECM, as well as
other growth factors detailed in Table 3.1. Apoptosis is caused by the presence of TNF-alpha, and
is blocked if there is more TGF-beta than TNF-alpha in the environment [19]. Specific rules on

fibroblast behavior are found in Table 3.1.

ECM and Necrosis

The grid which the cell type agents moved on was made up of muscle fiber, ECM, and necrosis
elements. When an injury was prescribed to the model, necrotic elements replaced muscle fiber.
When necrosis was cleared by either neutrophils or M1 macrophages, the corresponding
elements were replaced by low-collagen ECM. Fibroblasts secreted collagen in these low-collagen
areas, to rebuild the muscle and restore stiffness to the damaged tissue [16-19]. If areas of low
collagen persisted, neighboring ECM elements merged to form a single collagen element made
up of the combined collagen amount. To grow muscle fibers, myocytes fuse to the fiber edge to

add new fiber elements [15,49].
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Table 3.1. Summary of Agent Behaviors

Agent JSubtype Rules References
Macrophage |General Recruited by CCL4, CCL17, CCL13, IL6, and MCP [8],[13]
Deterred by PGE2, lipoxins, TGFB [8],[13]
Either M1 or M2, weighted by environment (see M1 and M2 in table) [8]
20% chance of death after 40 hours [13],[48]
Resident Proliferates if there is new damage [13]
Retumns to baseline levels when there are neutrophils present or if they are > 5 hours old [7],[8]
Secretes:
TNFe, IL1, IL8, CXCL2, CXCL1, CCL3, CCL4 [13][54]
M1 Chance determined by IFN and TNFa [13],[46],[54]
Migrates toward nearby necrosis, apoptotic neutrophils, or up the MCP gradient [42]
Phagocytoses necrotic tissue and apoptic neutrophils [48],[49]
Chance of transition to M2 phenotype after phagocytosis of neutrophil, increases when age > 35 hours [48],[49]
Secretions:
Non-phagocytosed: TNFa, IGF, IL1, IL8, IL6, IFN, MMP12, GCSF, IL10, [48],[49]
Phagocytosed Necrotic Tissue: TNFa, IGF, IL1, IL8, IL6, IFN, VEGF, MMP12, GCSF, lipoxins, resolvins [48],[49]
Phagocytosed Apoptotic Neutrophil: TGFB, TMFa, IGF, IL1, VEGF, MMP12, GCSF, IL10, lipoxins, resolvins |[48],[49]
M2 Chance determined by IL10 and IL4 [13],[48],[49],[54]
Secretions:
TGFBR, TNFa, IGF, IL10, CCL17, CCL22, collgsendi PGEZ, IL4 [13],[48],[49]
Neutrophils Recruited by IL1, GCSF, MCP, CCL4, CXCL1, IL8, and necrosis [8],[13],[46]
Deterred by lipoxins, resolvins, MMP12, |actoferins, PGE2, IL10, and IL6 [8],[13],[46]
At each time step, if the recruitment force is higher than dettering force, add up to 12 neutrophils [8],[13]
If there is recent damage and resident macrophages, there Is a chance to override determent [46]
Neutrophils get added to new areas of necrosis [46]
Migration toward necrosis or ECM [8],[13]
Phagocytosis of necrotic tissue [48]
Secrete MCP at location [46]
If nearby a fiber and not any macrophages, change fiber element to secondary necrosis [46]
Secretions:
TNFa, IL1, IL8, CCL3, IL6, MCP, IFN [8],[13]
Apoptotic: VEGF, lactoferins, HGF [8],[13]
Chance of death
After phagocytosis, 25% chance of death [8],[48]
After 8 hours, 20% chance of death [8L,146]
55Cs Activation
Induced by HGF, FGF, and IGF [44],[45]
Division
Induced by IGF, FGF, TNFa, IL6, VEGF, PDGF, GCSF [7], [43]
Prevented by IL10 and IL4 [71,[42],[44],[48]
Assymmetric or Symmetric chance based on healthy or disease [71,[14],[42],[44],[48]
Secretions:
MMPs, fibronectin, IL1, IL6, MCP, CCL22 [15],[42],[43]
Inflam matory dependent: TNFa, MCP-1 and IL8 [43]
Quiescence
If associated fiber CSA is recovered [13],[14]
Apoptosis
If there are more mvobla_st_f. than M1 macmEhgses. chance is scaled bx total number of M1 macmEhgses [43]
Fibroblasts |Active Recruited by IL4 secreted by eosinophils and M2 macrophages [13],[17],[47],[69]
Proliferation based on SSC counts [18]
Extended TGFB exposure causes transition into myofibroblast [19]
Secretions:
Collagen to rebuild ECM [13],[16],[17],[21]
|atent TGFB, IGF, PDGF, MMPs, fibronectin, IL6, FGF [13],[22]
Inflam matory dependent: IL1, IL, MCP [71]
Migrates towards areas of low collagen [71],[72]
Apoptosis by TMFa, blocked by TGFB - if both growth factors are similar, there is a 50% chance of apoptosis  |[19]
Myofibroblast |Secretions:
2x as much collagen as fibroblasts [21]
Active TGFQi MMPs, fibmneﬁtin Eugz]
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3.4 Simulating a healthy vs. mdx mouse

The lack of dystrophin causes many downstream effects to cell behaviors, growth factor,
and chemokine levels. Several changes were made to distinguish how injury progresses in a
dystrophic vs. healthy environment. Growth factor calculations were modified based on
literature data to recapitulate the changes seen in dystrophic muscle. For example, TNF-a
concentration was found to be elevated in mdx mice at the onset of damage [50]. To mimic this
change, secretion of TNF-a by resident macrophages, neutrophils, M1 macrophages, and
inflammatory SSCs was doubled under dystrophic conditions. This allowed for a stronger
inflammatory response at the onset of the damage when there are higher numbers of
macrophages and neutrophils, followed by a transition to an anti-inflammatory, TGF-beta rich
environment within 3-6 months as the M2 macrophages and fibroblasts became more dominant.
Higher TGF-beta secretion by fibroblasts and myofibroblasts was explored with the model, but
ultimately secretion was kept the same. Zanotti et al. reported unchanged TGF-beta transcript
levels in DMD fibroblasts, but increased TGF-beta protein levels when fibroblasts are cultured in
DMD medium [21]. To decide whether to alter TGF-beta secretions by fibroblasts, the model was
tested with both higher and normal TGF-beta secretion by fibroblasts. Simulations with increased
TGF-beta secretion led to almost full depletion of normal fibers, while normal TGF-beta secretion
allowed for recovery that better matched literature data. Therefore, the amount of TGF-beta
secretion was not changed for dystrophic simulations in the model, and any emergent changes
in TGF-beta levels were instead triggered by increased fibroblast and M2 macrophage levels or
changes in the environment. Although TGF-beta secretions were not altered in the model,

fibroblast and myofibroblast collagen secretion were increased 5 and 1.5-fold, respectively, to
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match data published in the literature [21]. Fibronectin secretion was also increased 5-fold to
match data published in the literature [22]. Additionally, Zannoti et al. reported a decrease in
MMP secretion in dystrophic fibroblasts, but an increase in MMP secretion in myofibroblasts, so
MMP secretion was changed accordingly. SSC function is also affected by the lack of dystrophin
[21]. Loss of dystrophin expression causes decreased asymmetric division, which cause fewer
myoblasts to form. Based on results from Dumont et al., dystrophic SSCs were simulated to divide
asymmetrically in only 10% of divisions, in comparison to 50% asymmetric divisions that occurs
in wild type mice [14].

Table 3.2. Changes made to the model to represent a dystrophic phenotype

Agent Behavior Healthy | Mdx References

Chance of Asymmetric Division 0.5 0.1 Dumont et al.

Fibroblast secretion of collagen 0.43 2.15 Zanotti et al.

Fibroblast secretion of MMPs 1 0.18 Zanottietal.

Fibroblast secretion of fibronectin 2 10 Mezzano et al
Myofibroblast secretion of collagen 1.5 2.25 Zanottietal.

Myofibroblast secretion of MMPs 1 5.23 Zanotti et al.

TNF-alpha secretion 1 2 Munoz-Canoves and Serrano

3.5 Damage Protocols

In order to determine the mdx response to multiple injuries, several different
damage protocols were implemented. The absence of dystrophin causes reduced strength in the
muscle membrane, rendering the muscle susceptible to damage by muscle contractions during
everyday movements [2]. In this ABM daily microinjuries were inflicted to simulate the response

chronic injury response. Damage to healthy and dystrophic mouse muscle was applied daily at
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the following levels: 0.25%, 0.5%, and 1% of total fiber area was replaced with necrosis.

Additional simulations were run to inflict damage every 3 days instead of every day.

1.5 years
3 months Severe muscle
More stable phenotype, b weakness, loss of
/,)/, with a relative resistance B 0w N muscle weight,
4,:}/\/1_% \ to further degeneration AN more fat and fibrosis
-
e >
- i . 9 months
3-4 weeks ; 34, Adult mdx represents a

Early episode of
widespread necrosis
and significant
inflammation

profibrotic phenotype
with impaired muscle
regeneration

Figure 3.3. Timeline of mdx mouse lifespan. From 3-4 weeks of age, there is an early episode of widespread skeletal muscle
necrosis and significant inflammation. By 3 months of age, the mdx mouse has recovered to a more stable phenotype and at 9
months, the adult mdx mouse is representative of a profibrotic phenotype with impaired muscle regeneration.

To mimic how damage changes during disease progression in the mdx mouse, we
simulated decreasing levels of damage over time. From 3-4 weeks of age, there is an early episode
of widespread skeletal muscle necrosis and significant inflammation (Fig 3.2) [29,30]. By 3
months of age, the mdx mouse has recovered to a more stable phenotype and established a
relative resistance to further degeneration. However, at 9 months, the adult mdx mouse is
representative of a profibrotic phenotype with impaired muscle regeneration. These changes
contribute to the pathological state in the older mdx mouse, which is characterized by severe
muscle weakness, loss of muscle weight, and accumulation of fat and fibrosis. Therefore, to
simulate how damage changes over time in the mdx mouse, damage was set to 2% for the first 2
weeks, 1% until 3 months old, 0.5% until 6 months old, and finally 0.25 % for the remaining time.
Additional simulations were also run where 0.5% damage was maintained after 6 months old,
instead of the decay to 0.25% damage. Simulations were run for 1 year. Fibrosis was calculated

as fold change in ECM percentage of total.
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Chapter 4 Chapter 4: Results — Does the model capture mdx mouse
disease progression?

4.1 Comparison against previously published acute injury model

The predicted responses to injury in the healthy and mdx mice were validated by
comparing muscle fiber CSA recovery and inflammatory cell, fibroblast, and SSC counts to those
published in Virgilio et al. The healthy muscle was predicted to experience a decreased fiber CSA
for the first 5 days in comparison to Virgilio et al., however by 28 days, the muscle had fully
recovered to a fiber CSA that was not significantly different to Virgilio et al. (Fig. 4.1). The CSA
recovery throughout the 28 days stayed within the range of experimental regeneration data for

healthy muscle following injury [70].
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Figure 4.1 Validation of healthy acute injury. Healthy muscle recovery predictions after an acute injury of 10% of muscle fibers
in the new model was compared to the model developed by Virgilio et al. and to published experiment results of torque recovery
from Pratt et al.
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Figure 4.2. Inflammatory cell prediction comparison. Macrophages
and neutrophils were compared between predictions from the new

model vs predictions from Virgilio et al. recruited within 1-2 days after injury, and

peak on day 5. The M2 macrophages decline at rates that are similar to Virgilio et al.; however,
the decline is not as gradual due to the stochasticity of the agent M2 macrophage behavior. The
macrophages and neutrophils are consistently elevated in this model compared to cell counts in
Virgilio et al. This is likely because in the transition from ODE to spatial inflammatory agents, cell
counts had to be tuned to ensure that necrosis was fully cleared within 2 days to match Virgilio
et al. In this model, macrophages and neutrophils had to be proximal to necrosis in order to
phagocytose any necrotic tissue, which was distinct from Virgilio et al. in which the shear

presence (and not spatial proximity) of macrophages allowed for clearing of necrosis.
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Figure 4.3 Validation of mdx acute injury. Healthy muscle recovery predictions after an acute injury of 35% of muscle fibers in
the new model was compared to the model developed by Virgilio et al.

Dystrophic muscle fiber CSA recovery following injury closely matched that predicted by
Virgilio et al. (Fig 4.3). This model begins regenerating at an earlier timepoint than Virgilio et al.;
day 7 and day 8, respectively, but the rate of recovery by Virgilio et al. is faster and ultimately
ends with a higher final fiber recovery. M1 macrophage counts match between the new model
and Virgilio et al., however M2 macrophages peak at a significantly lower value compared to
Virgilio et al., 65 vs 105, respectively (Fig. 4.4a,b). SSC counts are also significantly lower in the
new model in comparison to Virgilio et al., with peak counts at 70 and 125, respectively (Fig.
4.4c,d). Fibroblasts follow a very different trend than Virgilio et al., in which counts remain steady
following recruitment (Fig. 4.4c,d). In the new model, fibroblasts increase similarly to Virgilio et
al. the first day, but then rapidly decline, likely due to the increased TNF-alpha secretion by M1
macrophages. This spike does not occur in fibroblast predictions of the healthy mouse, which
supports that it is the increased TNF-alpha causing the change. After this decline, the fibroblasts
rapidly proliferate, corresponding to the peak of M2 macrophages, which secrete IL4, a cytokine

that recruits fibroblasts. After 25 days, the fibroblasts decline to approximately 50, similar to the
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fibroblast count predicted by Virgilio et al. (Fig. 4.4c,d). While there are several differences
between the new model and Virgilio et al., the new model captures muscle fiber CSA recovery
and M1 macrophage levels well and produces a similar time course of M2 macrophages and SSCs

and therefore was considered a good model for injury response in dystrophic muscle.
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M1 Macrophage T —85C

—I—_ M2 Macrophage

cell counts
cell counts

0 5 10 15 20 25 30 0 5

10 15 25 3‘0
time (days) time (days)
b. 1o Model Predicted Macrophage Counts d. . Model Predicted Cell Counts
a0 T M1 Macrophage 801 —F— SSC
120 —F— M2 Macrophage , ~ Fibroblast
2 2
£ I3
3 5
8 ]
= S
8 C
20 . . ) )
0 5 10 15 20 25 30 30
time (days) time (days)

Figure 4.4 Comparison of predicted cell counts in mdx acute injury. Predicted macrophage counts (a, b), SSC and
fibroblast counts (c, d), after a 35% acute injury in the new model compared to Virgilio et al model predictions.
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4.2 Comparison with previously published experiments of long-term muscle

remodeling in mdx muscle

14 days 1 month 3 months 6 months 12 months

2% Daily Injury

1% Daily Injury — 0.5% Daily Injury —— 0.25% Daily Injury

Figure 4.5. Variable Damage was simulated in the mdx mouse model.

As the previously discussed results demonstrated that constant damage inflicted upon
skeletal muscle in the model is not sustainable, therefore, simulations that decrease the damage
inflicted over time were tested (Fig 4.5). Prior models of chronic injury in the mdx mouse have
also found that degeneration is best captured by using a model of decaying damage over time
[9,10]. The mdx mouse sees an onset of damage after 14 days old, with damage peaking at 1
month [41], which is represented in the model as 2% damage inflicted daily for the first 2 weeks,
followed by a decreased 1% damage. After this widespread initial damage, the mouse recovers
to a more stable phenotype at 3 months, with some fibrosis present, and accordingly, damage
was decreased to only 0.5% per day. After 6 months, the mdx mouse experiences increased
fibrosis and impaired muscle regeneration, so the damage was further reduced to only 0.25%
daily. All of these changes are captured within literature data quantifying changes in fibrosis, SSC

counts, and muscle volume that was used as validation for the model [23,41,51-59]. Literature
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data varied greatly because many different studies were used in order to capture a full year of
disease progression, and within these studies several different muscles were observed, including
the diaphragm, soleus, quadriceps, EDL, and tibialis anterior. It has been shown that different
muscles experience significantly different disease progressions, with the lower limbs
experiencing less fibrosis and degeneration in comparison the diaphragm of the mdx, which is

more severe and most similar to DMD patients [28].
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Figure 4.6. Fibrosis and CSA predictions from variable damage schedule in an mdx mouse. Fibrosis (a) and muscle fiber CSA
recovery (b) after a variable damage schedule of 2% for the first 2 weeks, 1% until 3 months, 0.5% from 3-6 months, and 0.25%
after 6 months. Normalized literature data is represented as red stars and the range of literature is shown by the grey region.

With the variable damage protocol, the model captures the peak onset of damage that
levels off after 3 months leaving some increased fibrotic tissue, followed by a relatively stable
period up until 8 months when fibrosis begins to increase at a much faster rate (Fig. 4.6). SSC
counts throughout the model follow a similar trend to literature data, peaking at around 3-4
months and declining steadily with age (Fig. 4.7a). However, SSC counts in the model peak at a
much lower value than in the literature, ~75 rather than 200, respectively. The SSC counts were
also lower in comparison to the ABM by Virgilio et al., suggesting that there are important

variables or interactions that the chronic ABM is lacking. Despite the low SSC counts, fiber
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regeneration after acute injury was not impaired significantly in comparison to Virgilio et al., so

it does not necessarily invalidate the model.
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Figure 4.7 Cell count predictions from variable damage schedule in an mdx mouse. SSC (a), fibroblast (b), and
macrophage (c) cell counts after a variable damage schedule of 2% for the first 2 weeks, 1% until 3 months, 0.5% from 3-6 months,
and 0.25% after 6 months. Normalized literature data is represented as red stars and the range of literature is shown by the grey
region.

Fibroblasts and macrophages also exhibit interesting behaviors, particularly around 6
months, which is also the time that SSC counts level off and the muscle fiber CSA declines (Fig.
4.7b,c). As all these factors are interdependent in some way, it is difficult to determine which
change in agent or environment first caused the decline in regeneration and conveys the
complexity of the muscle regeneration process. Starting at approximately 5 months, fibroblast
begin to be replaced by myofibroblasts which reach a steady state at around 8 months and do
not decline further (Fig. 4.7b). Starting at 4 months, there is a steep decline in M1 macrophages
and at 6 months of age, the M2 macrophages become the predominant phenotype (Fig 4.7c). 6
months also corresponds to the decreased damage inflicted. This decline in M1 macrophages
likely causes the transition to myofibroblasts, as these M1 macrophages are secreting growth
factors and cytokines, such as TNF-alpha, that create a pro-inflammatory environment and

encourage fibroblast apoptosis, while M2 macrophages secrete anti-inflammatory growth
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factors such as TGF-beta and IL-4 that recruit fibroblasts, encourage the transition into

myofibroblasts, and block fibroblast apoptosis.
4.3 Sensitivity of long-term muscle remodeling to varying levels of constant

damage

Daily infliction of a constant level of damage to both healthy and dystrophic muscle
caused muscle fiber degeneration and increased fibrosis. Lower levels of daily damage (0.25%
and 0.5%) allowed both dystrophic and healthy muscle to maintain their fiber size and ECM until
around 6-8 months (Figs. 4.8 & 4.9). At this time, fiber CSA begins a rapid decline, while the
amount of fibrosis increases to make up for the loss of muscle fibers, except for the 0.25%
damage on the mdx mouse, which experiences a slow decline that starts to steepen at 11 months.
While relatively similar in response to the lower levels of damage, the dystrophic and healthy
mice differ significantly in fiber atrophy when daily damage is increased to 1% (Fig. 4.8). The
healthy mouse experiences hypertrophy within the first 2 months, recovering similarly to lower
levels of damage, increasing muscle fiber CSA by 9%, while the mdx mouse never fully recovers
CSA, peaking at 89% of the original CSA at around 1 month old. Both the mdx and healthy mouse
simulations only experience recovery until 1-2 months, and then begin a steep decline for the
rest of the duration. This is much earlier than the lower levels of damage, which start their muscle
fiber CSA decline after around 6 months. Unexpectedly, the simulated mdx mouse does not
degenerate as rapidly as the healthy mouse for each damage amount. This is particularly notable
in the 1% daily damage simulation, because the healthy mouse regenerates and even
hypertrophies in the first 3 months, but because the mdx is a slower, steadier decline, by the end

of one year the mdx mouse is twice the size of the healthy mouse muscle fibers. Another
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Figure 4.8. Muscle fiber CSA recovery in healthy and mdx mice. A comparison of muscle fiber recovery in healthy (a)
and mdx (b) mice at 0.25%, 0.5%, and 1% daily damage for 1 year.

interesting finding from the various constant daily damage protocols was that when 1% damage
was inflicted on the mdx mouse, fiber CSA did not constantly decline constantly as found in the
other simulations, but instead experienced fiber growth several times throughout the duration.
An increase in fibrosis after one year Is seen in each damage simulation for both healthy
and mdx mice. Fibrosis starts to increase at around 6 months for low levels of damage in healthy
mice (Fig 4.9). Fibrosis starts to increase from the onset of damage for each 0.25%, 0.5%, and 1%
daily protocols in mdx mice and continues to gradually increase the entire duration. At low levels
of damage, the end fibrosis between healthy and mdx mice is similar, but at 1% daily damage,
the healthy mouse experiences significantly increased fibrosis than the mdx after a year, a 9-fold
increase vs only a 5-fold increase. It is unexpected that the mdx mouse experienced less fibrosis
than the healthy mouse. However, it should be noted that the fiber size is also much smaller in
the healthy mouse after 1 year of daily 1% damage, and as fibrosis is considered as the increase
in percentage of the ECM in comparison to the total area, the same amount of ECM would

contribute to higher fibrosis if the muscle fibers were smaller.
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Figure 4.9. ECM fold change in health and mdx mice. A comparison of ECM fold change in healthy (a) and mdx (b) mice
at0.25%, 0.5%, and 1% daily damage for 1 year. ECM fold change is calculated as the change in total percentage of ECM compared
to baseline ECM percentage.

Another damage simulation was tested in which the muscle was damaged 1% every 3
days in the mdx mouse model (Fig. 4.10). This provided the muscle fibers more time to regenerate
following an injury prior to getting injured again. The fiber CSA remains somewhat constant for
the first 3 months, and then starts to decline steadily until reaching 73% of the original CSA after
12 months. The fold change in ECM changes linearly over time reaching almost 3x the initial
amount. M1 and M2 macrophages maintain constant fluctuations with each new injury, but M1
and M2 counts are relatively the same the entire time. SSCs remain very low throughout the

entire 12-month duration, never reaching above 50.
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Chapter 5 : Discussion, Limitations, and Future Directions

5.1 Discussion

In this thesis, | present a chronic ABM of muscle regeneration in the mdx mouse. Through

modifications to an acute injury model of DMD published by Virgilio, the new model presented

here combined the strengths of other previously developed models by Martin et al., Jarrah et al.,

and Houston et al.,

in a more comprehensive simulation of chronic injury, cellular interactions,

inflammatory cues, and muscle repair. New dystrophic conditions were defined by literature-
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derived rules and various damage protocols were tested to produce a model of disease
progression in the mdx mouse and provide new insight into the cellular interactions involved in
dystrophic muscle degeneration.

One key finding from the simulations was that sustained, repetitive injury, even as low as
0.25% of the muscle fibers, resulted in impaired regeneration, with decreased CSA and increased
fibrosis seen in each simulation. This suggests that this amount of damage is not viable over time
and implies that the amount of damage likely decreases before it can reach the linear decline
seen after 2 months at 1% damage and after 6 months at the lower levels of damage, possibly
through protective measures, such as increased stiffness to minimize strain or through altered
cellular mechanisms that were not included within this model. As the mdx mouse fiber CSA
declined to a lesser extent in response to repetitive injury than the healthy mouse, it is possible
that some of the dystrophic changes, such as excess deposition of collagen, can be protective of
muscle decline. Prior research has shown that the mdx mouse shows robust regeneration and
protection from damage after the early, widespread damage in the first few weeks, causing a less
severe disease phenotype than in DMD patients [26]. Both healthy and mdx mouse simulations
were inflicted with the same damage protocols, therefore any differences between healthy and
mdx are due to emergent behaviors based on the altered cell behaviors and growth factor and
chemokine secretions. These simulations exploring change in damage can also help elucidate
reasons behind the different disease progression found in different muscles. While muscles of
the lower limb do not degenerate to the degree of patients living with DMD, the mdx diaphragm
follows a more severe disease phenotype that is comparable to humans [28]. One possibility for

the severity of the diaphragm disease progression is that although it experiences lower strains
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than the lower limb muscle, it is used more often, causing more frequent contraction-induced
damage. In addition to the daily inflicted damage, 1% damage every 3 days was simulated. This
was found to prevent a switch from a pro-inflammatory to anti-inflammatory environment,
which likely contributed to the impaired regeneration shown in the simulation [48]. These results
suggest that injury at any point while the muscle is still recovering can have devastating affects
due to the simultaneous presence of inflammatory and anti-inflammatory microenvironment.
Simulations of longer time in between injuries also demonstrated that while overuse may
contribute to the increased severity, disease progression is much more complex than that, with
many other contributing behaviors from cells, such as SSCs, fibroblasts, and inflammatory cells
that are all affected by the lack of dystrophin.

Cellular interactions are difficult to recapitulate in a model and many physiological
parameters are unknown. This uncertainty emphasizes the importance of computational
modeling to guide future experiments. SSC recruitment and activation were parameters that
Virgilio et al. and Martin et al. both struggled to address [7,8]. Martin et al. used HGF to recruit
SSCs to the environment but noted that this value declined quickly as damage was cleared.
Virgilio et al. altered this value so that SSCs were dependent on the recent damage signal, which
decayed slowly to allow for prolonged recruitment in comparison to HGF. This model explored
another possible recruitment method that was similar to Martin et al. in that recruitment was
based on HGF, but in addition FGF and IGF secretion influenced recruitment [44,45]. Like Martin
et al., this model did not recruit enough SSCs, even with the addition of other growth factors.
One attempt to mitigate the low SSC numbers in the model was scaling the HGF based on the

number of fibers, however this did not change the SSC counts, suggesting that another factor is
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contributing to the lower number of SSCs. Another possibility is to explore the SSC and fibroblast
interactions further, as changing fibroblast recruitment has been shown to impact SSC
recruitment [18]. Future iterations should explore SSC activation and division to better

understand the SSC dynamics and what is missing within the model.
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Figure 5.1. Transition from a pro-inflammatory to anti-inflammatory environment after 6 months. In the variable damage
simulation that was meant to represent an mdx mouse, the model environment switched from primarily M1 pro-inflammatory
macrophages to primarily M2 anti-inflammatory macrophages.

Another emergent behavior revealed in the variable damage model was the switch from
a pro-inflammatory environment to any anti-inflammatory, pro-fibrotic environment at 6 months
old. This transition from a pro- to anti-inflammatory environment is supported by the literature,
which asserts that as the mdx mouse ages, it transitions to a more pro-fibrotic phenotype [29]. It
is validating that the model captures this transition well. However, the model exaggerates the
muscle decline in later stages of the disease, suggesting that the model is missing important

factors to fully represent the anti-inflammatory, profibrotic environment as this stage.
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Another addition to the field was the transition of a global, non-spatial chemokine into a
spatially diffused chemokine in the environment, while leaving the remaining global growth
factors unchanged. This novel framework can be used to combine spatial and ODE diffusion,
allowing for a mix of simple and complex secretions in future iterations. Iterations could include
inflammatory and anti-inflammatory spatial cytokines to further distinguish pro-inflammatory
and anti-inflammatory regions and guide cell migration. The addition of spatial cues without
compromising simplified global calculations is an important feature for tuning models to the
necessary complexity.

In conclusion, this chronic injury model demonstrates the complexity of disease
progression and demonstrates that no single factor can perfectly predict the outcome of
dystrophic muscle degeneration. The model also could be further improved, particularly within

the healthy mouse simulations, which should not decline as quickly as they do.

5.2 Limitations

While this model has provided new insights into skeletal muscle degeneration
caused by chronic injuries, there are several limitations that should be noted, and if possible,
addressed in future iterations. First, in developing the model, | used a previously published acute
injury model developed by Virgilio et al. as a foundation from which to build [7]. The same cell
types and growth factors that were included in the model by Virgilio et al. were included in my
developed model. This meant that other important aspects to muscle regeneration in DMD, such
as the microvascular network, fatty infiltration, collagen alignment in the ECM, fiber types,

dystrophin loss, and muscle contractions, were not included. Any effects of these un-modeled
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parameters cannot be directly perturbed and only speculations on how they affect cell behavior
or growth factors can be considered. Additionally, the parameters were developed in an acute
injury model and then assumed they can be applied to low level, chronic injuries, which may not
elicit the same response.

When modifying the model, | first focused on matching the macrophages and
neutrophil cell counts after acute injury with the model by Virgilio et al. In transitioning from ODE
inflammatory cells to spatial agents, | used an ABM by Martin et al. to initially set up macrophage
and neutrophil recruitment, migration, and apoptosis; however, different normalization factors
were used and not all the growth factors used in the model by Martin et al. are used in that of
Virgilio et al. Additionally, in Virgilio et al. the spatial component of the growth factors was lost.
Therefore, it was not a direct translation. M1 macrophage and neutrophil counts had to be
increased in comparison to cell counts in Virgilio et al. to fully clear the debris in a timely manner.
This increase in inflammatory cell counts could have also caused unforeseen downstream effects
on the growth factors and other cell types, that might not have been recognized in the acute
injury validation.

After | made the modifications discussed in Chapter 3, the model did not align with the
acute injury results of M2 macrophage, SSC, or fibroblast counts. There is no published literature
data (at the time of writing this thesis) that provides cell counts for acute injury in a 4 week-old
mdx mouse, therefore an experiment should be run to collect this data for validation and tuning
the model. Additionally, the model does not capture healthy muscle response to injury as well as
it captures that of the mdx mouse, particularly at older ages, suggesting that important age-

related parameters are missing in the model. Previous studies have shown that physiological
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activities of both immune cells and SSCs decline with advancing age and contribute to the
development of sarcopenia [1]. SSC division is decreased with subsequent divisions in the model
to represent reduced regenerative capacity over time, however this parameter could be refined
through a parameter sweep to better match the decline in SSC with age. In aging, chronic low-
grade inflammation occurs, possibly due to lower neutrophil counts [60] and decreased
phagocytosis [61], which then causes lower macrophages recruitment. Thus, rules involving
inflammatory cells and SSC could be modified and tested.

Another key limitation is the lack of comprehensive data available for an entire year of
the mdx mouse life. Thus, validation data was taken from many different published papers that
measured fibrosis, collagen amount, macrophage counts, fibroblast counts, and SSC counts in the
diaphragm, tibialis anterior, extensor digitorum longus, and quadriceps [23,41,51-59]. Due to
this, there is widespread variation in the validation data, even after normalization, making it
difficult to decide what values are best to compare the model. However, this is part of what
makes development of a computational model important. The computational model can provide
insight into what happens in between experimental time points and why there might be
conflicting reported results.

Additionally, working with a model built by someone else can lead to simple mistakes due
to misunderstanding parameters or decisions within the model. For example, | once mistook a
parameter as chance asymmetric, because it was commented that this parameter represented
the chance of asymmetric division. While the parameter did represent the chance of asymmetric
division, the actual parameter was the opposite — chance of symmetric division (labeled

chanceSymmetric, but | had missed the lack of an “a”). In addition., normalization of cell counts
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to literature data was not well documented, and thus, difficult to decipher. This is an example of
a mistake that was fixed - however, it demonstrates that there are nuanced parameters that
could be understood differently between different users and that it is difficult to fully understand
all of the decisions made in a complex model developed by someone else.

Another addition to the model was spatially located MCP-1, a chemokine important in
macrophage migration. MCP-1 was secreted neutrophils, SSCs, and fibroblasts and then diffused
using the ValuelLayerDiffuser in Repast Simphony. This diffusion is calculated to evaporate some
amount and diffuse the rest into the neighboring grid elements at each time step. However,
chemokine diffusion is affected by complex physical and biological factors, such as interaction
and binding with the ECM, that is overlooked in the model’s diffusion of MCP [62]. Future
iterations could alter diffusion based on ECM components and collagen density to be more
accurate if needed.

Another limitation was the size of the model. A cross section of approximately 50 fibers
was modeled, whereas in the soleus of a mouse there is about 900 fibers at the muscle belly [63].
Throughout the simulations, the edge fibers were more effected by repetitive damage than the
middle fibers, possibly due to the easier migration of cell agents to these fibers. With more fibers,
this would be less of an issue because there would be a smaller proportion of outer fibers.
Additionally, a whole muscle cross section would allow for the possible inclusion of the
perimysium and epimysium, which has a different collagen profile than the endomysium in the
model now [64]. The inclusion of these different connective tissue types surrounding the muscle
fibers and fascicles could affect the outer muscle fiber degeneration, but as the model is limited

to only 50 muscle fibers, this not something we can test.

40



Another limitation is the large computational cost of the model. Each one-year simulation
takes approximately 3 hours to run, making it difficult to iterate and troubleshoot changes. One
change that could help the model to run faster would be to iterate over a larger timestep. The
model iterates every 1 hour, but a sensitivity analysis could be run to determine if the time step
could be increased without losing important information. The computation cost of the model
should also be considered when adding new parameters discussed in the future directions, and
a balance must be found between keeping the model as simple as possible, but complex enough

to answer the biological question being asked.

5.3 Future directions

Inform drug treatments and exercise regimens

This model could also prove useful in testing new therapeutics and combinations
of treatments. Despite some progress in therapies that target the dystrophin protein at the gene
level, corticosteroid treatment is the current standard for treatment of DMD [6,32].
Incorporating corticosteroid treatment into the model could provide insight on dosing and
interactions with other treatments. Corticosteroids target inflammation in the muscle, so
changes within the inflammatory cell behaviors and secretions based on literature-derived rules
could help better understand the how corticosteroids are most effective. Additionally,
treatments targeting fibrosis or SSCs would be interesting to probe in the model. This could
include drugs such as Losartan, Halofuginone, or Tamoxifen that target fibrosis or injection of

SSCs at a certain timepoint [6]. Combinations of these drugs could be tested in the model to see
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if they have a synergistic effect improving regeneration, which could then inform future animal
experiments and clinical trials.

Another emergent behavior the ABM exhibited was initial hypertrophy for the first few
months following the onset of damage. Although the simulations were not created to simulate
hypertrophy following exercise, the model’s emergent hypertrophy in the healthy mouse support
the claim that exercise causes microinjuries that allow muscle to recover and hypertrophy, and
that exercise exacerbates the dystrophic disease progression [53,65,66]. Future iterations of the
model could investigate hypertrophy and overuse due to microinjuries that are caused by
exercise. This could provide insight into optimal, personalized prescribed exercise regimens,

considering prior injury or disease states.

Coupled ABM and micromechanical model

Another improvement to the model would be to couple the ABM with a micromechanical
model of fiber strains. This was done in previous versions of the model using NetLogo and
Postview [67], however an updated version of the micromechanical model was developed in
FEBio. This updated model uses histology images of mouse muscle fibers to initialize the FE model
and calculates the strains throughout the muscle section. These strain calculations can be used
to predict location of damage in the sections, and these predictions can define where damage is
occurring in the ABM. Currently in the ABM, the damage is placed randomly throughout the
muscle section, so the coupled ABM-FEBio model would provide a more physiological damage
prescription to the model. The coupled model would also allow for direct manipulation of

dystrophin in the muscle section, and therefore would allow the model to predict outcomes of
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gene therapy. Further, this would help to differentiate the healthy and mdx mouse, and directly
compare how the muscles are damaged due to the same activity level.

Additionally, alongside developing the ABM, | have worked on a collaborative project to
stain and image injured and healthy muscle sections with Procion Orange to detect damaged
fibers and laminin to detect fiber sizes and locations (Fig 5.1). Muscles were damaged through a
gait protocol or through various levels of eccentric contraction (10%, 20%, 30%) and then they
were snap frozen, sectioned, stained, and imaged using a confocal microscope. The
immunohistochemistry images which | have collected can be used to validate the

micromechanical model predictions of damage locations with the muscle fibers.

1. Harvest mdx and healthy 2. Stain and image muscle sections
mouse muscles

N Ty N

Laminin Procion orange

4. Use MATLAB to segment

3. Overlay and threshold images muscle fibers

Figure 5.2 Mouse muscle histology. mdx mouse muscle were obtained from collaborators at Virginia Tech. | then had them
sectioned, and | stained and imaged for Procion orange and Laminin. | overlayed and threslolded the images before sending
them to another student for segmentation analysis in MATLAB.
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Transition to a human model

The mdx model does not exhibit as severe of a dystrophic phenotype as that observed in
boys with DMD, highlighting the need for a human-specific model [28]. Despite extensive
research and knowing the cause of DMD, there is no cure for DMD and current treatments have
had limited efficacy because promising treatments in mice do not translate to clinical benefit in
patients [6]. Recently, Rooney et al. published a longitudinal 6-year study of MRI and magnetic
resonance spectroscopy (MRS) from 104 individuals with DMD and 51 healthy controls [68]. This
data could be used to inform machine learning methods in order to transform the previously

developed ABM of dystrophic mouse muscle into an ABM of human dystrophic muscle. First, a
longitudinal 6-year study of MRI and magnetic resonance spectroscopy (MRS) from 104
individuals with DMD and 51 healthy controls should be split into two groups, one of which will be
used to train a machine learning algorithm of DMD disease progression in humans, while the
second will be saved for validation. Then, a parameter sweep should be run of the refined mdx
mouse ABM varying initial conditions and parameters to represent literature-based physiologic
ranges of cell and cytokine levels in human dystrophic muscle. Using the machine learning
algorithm to analyze outputs from the ABM parameter sweep, the set of ABM parameters that
best predict the disease progression in DMD patients could be determined. Predictions of fiber
CSA changes, chronic inflammation, necrosis, and fibrosis determined by this new set of ABM

parameters could be validated against the MRI and MRS data not used for training previously.

Understanding differences between the mdx mouse model and DMD patients is essential
in elucidating the reasons for failed clinical translation of treatments that were successful in mice

and the coupling of ABMs with machine learning approaches could help to reveal key differences.
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In conclusion, there are many options to continue the work presented in this thesis to
address the need for a deeper understanding of chronic injuries, disease progression, and

treatment of muscular dystrophy.
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