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Abstract

Volumetric muscle loss (VML) injuries, where a loss of skeletal muscle results in
functional impairment, can result from traumas and combat-related extremity wounds and are
challenging to repair for there is a simultaneous loss of resident cells and structures responsible
for muscle regeneration. Current preclinical therapeutics for these injuries fail to completely
restore functional muscle tissue, and there is a need to better understand the functional and
cellular mechanisms of regeneration in VML injuries in order to improve therapeutic design. We
hypothesize that a novel experiment-modeling coupled framework will elucidate the
mechanisms of VML injuries and serve as a guide to improve the design of therapeutics and
experiments prior to expensive in vivo testing.

My dissertation developed two computational models to investigate the functional and
cellular mechanisms of regeneration in VML injuries. First, | developed a finite-element (FE)
model of in situ testing in the rat latissimus dorsi that provided new biomechanical insights
regarding the relationship between VML injury location and corresponding force deficits in the
rat LD muscle. The FE model can also be used to inform experimental design, such as injury
location, injury size, and treatment effect on force production. Then | shifted focus to better
understand cellular mechanisms of VML injuries and built an agent-based model (ABM). The
model predicted tissue regeneration following VML injury using the autonomous behaviors of
different agents in the model, including fibroblasts, satellite stem cells (SSCs), macrophages,
and extracellular matrix. We simulated the tissue response of unrepaired VML injuries and
acellular and cellular treatments. The ABM was also extended to identify new strategies for

VML injury treatments and found that it was a combination of factors which impaired the



regeneration of new muscle fibers within the VML defect. Finally, the ABM was used to guide
the design of a novel therapeutic and both computational models informed the experimental
design. The ABM predicted that the addition of exogenous IL-10 to VML injuries would improve
muscle regeneration, as indicated by the increased presence of fully differentiated SSCs, and
this outcome was validated in vivo.

This body of work demonstrates the utility of computational models to inform
functional and cellular mechanisms of VML injury regeneration and aid in therapeutic and
experimental design. Experimental testing of new therapeutics is a resource-intensive and time-
consuming process; however, we have demonstrated that computational tools offer a more
cost-effective method to predict the effect of new therapeutics prior to in vivo testing. Moving
forward, the experimental-modeling coupled framework has the ability to accelerate the
development of more efficacious regenerative therapeutics to the clinic, and eventually, to

guide injury specific treatment options for patients.

Vi



Contents

Acknowledgements

Abstract

Chapter 1: Introduction
1.1 Overview

1.2 Background

Chapter 2: A coupled framework of in situ and in silico analysis reveals the role of lateral
force transmission in force production in volumetric muscle loss injuries

2.1 Abstract

2.2 Introduction
2.3 Methods
2.4 Results

2.5 Discussion

Chapter 3: Agent-based model provides insight into the mechanisms behind failed
regeneration following volumetric muscle loss injury

3.1 Abstract

3.2 Introduction
3.3 Methods
3.4 Results

3.5 Discussion

Chapter 4: Experimental-modeling coupled framework informs design of novel therapeutic

for volumetric muscle loss injuries
4.1 Abstract
4.2 Introduction
4.3 Methods
4.4 Results

4.5 Discussion

Vii

13
14
15
17
24
31

36
37
38
41
57
68

73
74
75
77
87
96



Chapter 5: Conclusions
5.1 Summary
5.2 Contributions
5.3 Future applications

5.4 Final remarks

Appendix A: Perturbations of M1 and M2 macrophages regional distributions
Appendix B: Perturbations of decellularized ECM structure

Appendix C: Parameterization of SSC differentiation max chance

Appendix D: FE model predictions of circular injury

References

viii

102
103
104
107
113

114
116
118
119

122



List of Figures, Tables, and Equations

Figures

Figure 1-1.
Figure 1-2.
Figure 2-1.
Figure 2-2.
Figure 2-3.
Figure 2-4.
Figure 2-5.
Figure 2-6.
Figure 2-7.
Figure 3-1.
Figure 3-2.
Figure 3-3.
Figure 3-4.
Figure 3-5.
Figure 3-6.
Figure 3-7.
Figure 3-8.
Figure 3-9.
Figure 4-1.
Figure 4-2.
Figure 4-3.
Figure 4-4.
Figure 4-5.
Figure 4-6.
Figure 4-7.
Figure 4-8.
Figure 4-9.

Skeletal muscle regeneration overview.

Constitutive model of skeletal muscle.

Three-dimensional finite element model of the rat latissimus dorsi (LD).
Five different injury finite element models.

Force predictions of injury finite element models.

Experimental in situ force compared to finite element predictions.
Non-end-to-end and end-to-end fibers percentage and force contributions.
Along-fiber stretch distribution of Model | and Model V.

Relationship between lateral and longitudinal force transmission.
Histology of rat LD 7 days after VML injury.

ABM simulates muscle regeneration for 28 days following VML injury.
Flowchart of ABM rules, logic flow, and agent actions.

ABM of VML injury regeneration without repair.

ABM predictions of treated VML injuries.

ABM predictions limiting the number of M1 macrophages.

ABM predictions limiting the number of fibroblasts.

ABM predictions limiting growth factors produced by fibroblasts.
ABM prediction of combination of treatments.

Coupled framework of in silico and in situ methods.

Example of experimental regional cell count method.

Dose sensitivity analysis of exogenous growth factors using ABM.
Optimization of growth factor delivery using ABM.

Myotube count comparison of ABM predictions and in vivo data.

In vivo serum levels of IL-10.

Comparison of ABM predictions and in vivo data for unrepaired VML injuries.

Histology of rat LD muscle with unrepaired and treated VML injury.

Comparison of ABM predictions and in vivo data for decell ECM treatment.

Figure 4-10. ABM refinement of cellular regional distributions.

Figure 4-11. ABM refinement of myotubes and comparison with in vivo data.

11
18
20
24
26
29
30
33
39
42
45
58
61
63
64
65
67
76
86
88
88
89
90
91
92
93
95
96


file:///D:/UVA/PhD%20Paperwork/Dissertation/Westman_Dissertation_v2.docx%23_Toc34415382
file:///D:/UVA/PhD%20Paperwork/Dissertation/Westman_Dissertation_v2.docx%23_Toc34415397

Figure 5-1. ABM simulation of IL-10 in combination with cell-seeded decellularized ECM. 110

Figure A-1. ABM predictions of varied macrophage distributions.
Figure B-1. ABM predictions of varied decellularized ECM structure.
Figure C-1. Parameterization of SSC differentiation max chance in ABM.

Figure D-1. Finite element model simulations with circular injury.

Tables

Table 2-1. Material parameters for the LD muscle model.

Table 2-2. Animal weight and LD muscle weights.

Table 2-3. Normalized fiber lengths and active forces for Model | and Model V.

Table 3-1. Fibroblast agent behaviors.

Table 3-2. SSC agent behaviors.

Table 3-3. Unknown ABM probability parameters.
Table 4-1. Tuned ABM parameters.

Table 4-2. Animal weight and LD muscle weights.

Equations

Eqn 1. Cell behavior signal.

Eqn 2. Cell behavior probability.

Eqn 3. Genetic algorithm objective function.
Egn 4. ODE for neutrophils.

Eqn 5. ODE for M1 macrophages.

Eqn 6. ODE for M2 macrophages.

115
117
118
121

19
21
31
48
49
54
81
84

46
46
51
52
52
52



Chapter 1

Introduction

“What is a weekend?” — Dowager Countess

Downton Abbey



1.1 Overview

Volumetric muscle loss (VML) injuries, where a loss of skeletal muscle results in
functional impairment, can result from traumas and combat-related extremity wounds. In
recent military conflicts, most injuries have been to extremities and a recent study found that in
servicemembers who have been medically retired, VML injuries contribute to greater than 90%
of muscular conditions that lead to long-term disability [1]. Current clinical treatments for VML
injuries are limited to physical therapy and functional free muscle transfer, in which a healthy
muscle from the patient is transplanted to the injury site to restore motor function and joint
movement. However, this treatment requires sufficient healthy muscle to restore the defect,
which is challenging in many combat-related extremities injuries; and functional free muscle
transfer is associated with poor engraftment and donor site morbidity [2]. VML injuries
contribute significantly to long-term disability of servicemembers [1], and there is a need for
new therapeutics to restore the tissue and function in VML injuries.

Regenerative medicine is a promising alternative treatment for VML injuries that has
focused primarily on two methods: implantations of acellular extracellular matrix (ECM)
scaffolds alone, and ECM scaffolds seeded with a potentially myogenic cell source. In vivo VML
injury rodent studies utilizing acellular ECM treatments have shown minimal fiber generation
and extensive fibrosis filling the defect [3—7]. There is functional improvement in these treated
injuries compared to unrepaired injuries which is believed to be a result of scaffold mediated
functional fibrosis [4]. Cell seeded ECM therapeutics have shown improved functional recovery
and regeneration via histological and molecular analyses compared to acellular treatments

[3,6-9]. Although regions of muscle regeneration are seen closest to the remaining muscle,



there are limits to the injury size that can be repaired since there is minimal new fiber
generation in the middle of the defects [6]. The biomechanical mechanisms responsible for
function and the cellular mechanisms of tissue regeneration following VML injuries needs to be
better understood to aid in the development of more effective therapeutics. This is an ideal
opportunity to use computational models to determine the mechanisms of force production
and unravel the complex cellular mechanisms in VML injuries that may be difficult to elucidate
with only experimental tools.

We hypothesize that a novel experimental-modeling coupled framework will improve
the efficiency and efficacy of therapeutics for VML injuries. Computational models, consisting of
finite-element (FE) biomechanical models and agent-based cellular models (ABM), will help to
understand mechanisms of these injuries as well as guide the design of therapeutics and
improve experimental design prior to expensive in vivo testing.

In Chapter 2, we built and validated a biomechanical FE model to inform the effect of
injury location on in situ force production. We created FE models of five distinct rat latissimus
dorsi (LD) VML injuries and validated the predicted force deficit experimentally in two of these
injuries. The coupled framework of in situ and in silico methods provided new biomechanical
insights regarding the relationship between VML injury location and corresponding force
deficits in the rat LD muscle. In the future, the FE model can be used to optimize experimental
variables — such as injury location and size — and better design experiments prior to in vivo
testing.

In Chapter 3, we developed an ABM that predicts tissue regeneration following VML

injury to elucidate the cellular mechanisms contributing to failed muscle regeneration in these



injuries. Few studies have examined the cellular mechanisms and inflammatory response in
VML injuries [10,11]; however, the use of an ABM provides a way to synthesize and integrate
data in order to systematically predict how cellular mechanisms impact tissue repair. The ABM
is focused on the autonomous behaviors of fibroblasts and SSCs and incorporates ECM agent
behaviors as well as inflammatory agents through a series of ordinary differential equations.
The ABM was first tuned to replicate cell population dynamics of unrepaired VML injuries and
then was validated by simulating the treatment of VML injuries. Lastly, the ABM was extended
to identify new strategies for muscle regeneration following VML injury and found that it was a
combination of factors which impaired the regeneration of new muscle fibers within the VML
defect. The ABM provides a predictive tool to optimize the design of new therapeutics and
experimental variables to improve the efficacy of novel regenerative therapeutics for VML
injuries.

In Chapter 4, we used our ABM from Chapter 3 to inform the design of a novel
therapeutic and an experiment and then tested the model-derived predictions of the
regenerative effect in vivo. Our novel therapeutic consisted of a decellularized ECM scaffold and
exogenous growth factor. Informed by ABM simulations in Chapter 3, the exogenous growth
factor component of the therapeutic was focused on factors to improve SSC behavior and
perturbations identified IL-10 as the growth factor to include in our novel therapeutic. The
predictive capabilities of the ABM model allowed testing of one therapeutic saving hundreds of
hours of experimental work.

In this work, we have demonstrated that an experimental-modeling coupled framework

can serve as a predictive tool to guide the design of therapeutics for VML injuries and aid in



experimental design. By utilizing both FE mechanical models and cellular ABMs, we are able to
assess the functional response and tissue regeneration of therapeutics prior to in vivo testing.
We also identified exogenous IL-10 as a direction for more complex therapeutics through the
predictive capabilities of the ABM. Coupling the tools of computational modeling and tissue
engineering fields has the ability to accelerate the development of more efficacious
regenerative therapeutics, and thus, ensure the rapid clinical translation of therapeutics for

VML injuries.

1.2 Background

1.2.1 VML injuries

Healthy skeletal muscle is capable of repairing damaged fibers after injury; however, in
volumetric muscle loss (VML) injuries, where a large section of skeletal muscle is removed, the
intrinsic regenerative process fails and results in functional impairment. VML injuries are
common after trauma, including combat-related extremity wounds. In recent military conflicts,
most injuries have been to extremities and in servicemembers who have been medically
retired, VML injuries contribute to greater than 90% of muscular conditions that lead to long-
term disability [1]. Current clinical treatments for VML injuries are limited to physical therapy
and functional free muscle transfer, in which a healthy muscle from the patient is transplanted
to the injury site to restore motor function and joint movement. However, this treatment
requires sufficient healthy muscle to restore the defect, which is challenging in many combat-

related extremities injuries; and functional free muscle transfer is associated with poor



engraftment and donor site morbidity [2]. VML injuries contribute significantly to long-term
disability of servicemembers [1], and there is a need for new therapeutics to restore the tissue
and function in VML injuries.

The treatment of VML injuries is challenging because the wound severity, size and
locations varies widely. Regenerative medicine is a promising alternative treatment for VML
injuries for it can address wound complexity because therapies can be tuned to the size of the
injury and do not require healthy donor tissue. The focus of regenerative approaches has been
primarily on two methods: implantations of acellular extracellular matrix (ECM) scaffolds alone,
and ECM scaffolds seeded with a potentially myogenic cell source. /n vivo VML injury rodent
studies utilizing acellular ECM treatments have shown minimal fiber generation and extensive
fibrosis filling the defect [3—7]. There is functional improvement in these treated injuries
compared to unrepaired injuries which is believed to be a result of scaffold mediated functional
fibrosis [4]. Cell seeded ECM therapeutics have shown improved functional recovery and
regeneration via histological and molecular analyses compared to acellular treatments [3,6-9].
Although regions of muscle regeneration are seen closest to the remaining muscle, there are
limits to the injury size that can be repaired since there is minimal new fiber generation in the
middle of the defects [6]. Current therapies can be utilized to treat clinical injuries in the cleft
lip [6], but most VML injuries occur in the extremities and the larger size requires further
development of regenerative medicine approaches. However, the development of novel
therapeutics is hampered because the functional and cellular mechanisms of VML injuries are

poorly understood [11-13].



Another challenge in developing therapeutics for VML injuries is the in vivo model
variability which makes it difficult to compare therapeutic efficacy. A wide variety of animal
models and muscles are used, and within a specific muscle, different injury sizes and locations
are studied [8,14—-17]. An additional complication is that different functional testing methods
are used to assess muscle recovery. A number of studies use in vitro testing where the muscle is
completely explanted, others used in situ testing where the muscle is partially dissected but the
muscle maintains blood supply and innervation, and some test muscle function in vivo
[8,15,16]. All this variability makes it challenging to compare therapeutics and their functional

effect.

1.2.2 Skeletal muscle regeneration after VML injury

Skeletal muscle possesses a remarkable capacity for repair and regeneration following a
variety of injuries through a well described process governed by temporally-regulated, highly
orchestrated, multicellular interactions (Figure 1-1 top row) [18,19]. Successful muscle tissue
repair generally occurs within 28 days and involves 3 well documented phases [20-22]. First, an
inflammatory response coordinated by an infiltration of neutrophils and pro-inflammatory
macrophages to clear debris. The second phase, repair, follows with fibroblast and SSC
activation and proliferation. Within 7 days post-injury, macrophages switch to an anti-
inflammatory phenotype and fibroblasts and SSCs numbers peak. After 14 days, the remodeling
(third) phase begins and fibroblasts undergo apoptosis and SSCs differentiate and fuse to repair

existing myofibers.



However, in the setting of VML injuries, which are characterized by the simultaneous
loss of multiple tissue compartments, the intrinsic regenerative process fails, resulting in
permanent cosmetic and functional deficits. The repair process of skeletal muscle after VML
injury is dominated by an inflammatory and fibrotic response, resulting in permanent loss of
muscle volume and replacement of muscle with scar tissue (Figure 1-1 bottom row) [10,12,13].
The pro-inflammatory pathways remain upregulated for four weeks, as opposed to one week in
successful muscle repair [11]. The number of fibroblasts and SSCs peak around day 7 before
declining, and SSCs fail to differentiate and fibroblasts and myofibroblasts fill the defect space

with fibrotic tissue, which includes densely packed collagen [4,11,23].

Normal Day 3
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Figure 1-1. Skeletal muscle regeneration overview. Top row: normal regeneration where muscle
is able to repair fibers and heal. Bottom row: after VML injury where regeneration fails.



Although few studies have examined the cellular mechanisms and inflammatory
response in VML injuries, it is believed that many of the specific behaviors of SSCs and
fibroblasts are consistent across injury types [10,20,24-26]. After injury, fibroblasts are
recruited to the injury site by interleukin-4 secreted by eosinophils [10,27]. The growth factor
myostatin, released by damaged ECM, promotes the proliferation of fibroblasts [28—-30], while
the transforming growth factor beta (TGF-B) causes fibroblasts to differentiate to
myofibroblasts [10,11,13,31]. Fibroblasts and myofibroblasts secrete collagen and fibronectin
to rebuild the ECM, as well as other growth factors such as TGF-B, insulin-like growth factor
(IGF), interleukin-6 (IL-6), fibroblast growth factor (FGF), and matrix metalloproteinases (MMPs)
[32—-39]. SSCs are responsible for the repair and maintenance of skeletal muscle fibers.
Typically, SSCs are quiescent at the muscle fiber membrane and then are activated by
hepatocyte growth factor (HGF) released from the ECM after injury [40—-43]. SSCs are recruited
to the injury site by a combination of growth factors, including HGF, IGF, FGF, and MMPs [44—
47]. There are microenvironmental and secreted factors that influence SSC proliferation and
differentiation. Once SSCs are terminally differentiated to myotubes, the myotubes fuse with
an existing fiber to repair the muscle or put down muscle protein to start a new fiber [48-50].
Approximately 10% of the SSC population does not undergo differentiation and restores the

SSC pool [51-53].



1.2.3 Skeletal muscle FE model of VML injury

Three-dimensional FE modeling provides a framework to represent muscle as a fiber-
reinforced composite using a skeletal muscle constitutive model [54]. In the constitutive model,
skeletal muscle is represented as a transversely isotropic, hyperelastic and quasi-incompressible
material with a preferred direction. The preferred direction corresponds to the fiber
trajectories of the muscle. The model uses an uncoupled form of the strain energy density
function to enforce the incompressible behavior. The strain energy density function is
separated into the deviatoric and dilatational tissue responses and uses physically-based strain
invariants to relate material parameters to physically meaningful measures (Figure 1-2). The
deviatoric component represents the contributions to strain energy from the along-fiber stretch
(A), along-fiber shear (B1), and cross-fiber shear (B;). The along-fiber stretch parameter
determines both the active and passive force-length properties of muscle and the active force-
length relationship is scaled by the muscle activation (a). G1 and G; are the along-fiber and
cross-fiber shear moduli, respectively. The dilatational component of the strain energy density
function penalizes volume changes, where K is the bulk modulus and J is the relative change in
volume.

FE skeletal muscle models incorporate muscle geometry, fiber architecture, shear
properties, volume preservation, and active and passive muscle fiber characteristics to create a
tool which can be used to explore and analyze the mechanisms of muscle function [54]. A
number of human skeletal whole muscle models have been developed to: 1) determine the
force production of individual muscles at varying locations within the pelvic floor [55], 2)

evaluate stretch and strain changes during contraction of the biceps brachii and biceps femoris

10



longhead [54,56], and 3) assess the effects of muscle activation in cleft palate repair [57].
Additionally, FE micromechanical models have been used to separate muscle fibers and ECM
and investigate how changes in the microstructure and how changes associated with disease
affect tissue level material properties [58,59]. Another study used a FE model to explore the
relationship between force production and VML injury treatment properties [6]. We used the
FE skeletal muscle model to improve mechanistic understanding of how VML injury location

affects the corresponding functional deficits (Chapter 2).
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1.2.4 Skeletal muscle ABM of VML injury

Agent-based models simulate cellular behaviors and show the effects of these cellular
behaviors on the system as a whole. The platform provides a compilation and synthesis of the
work in the field, as cellular behaviors are prescribed by literature-derived rules to cells
(agents). The stochastic, rules-based approach of autonomous agents leads to emergent,
system-level behaviors providing insight into biological interactions and processes. Our group
has previously developed an ABM of muscle regeneration focused on the role of inflammatory
cells in disuse-induced muscle atrophy and following laceration injury [60,61]. The injury and
muscle regeneration ABM was than expanded to study how different Duchenne muscular
dystrophy mechanisms influence muscle regeneration [62]. Building upon this work, we
expanded the use of ABMs to study the cellular responses following VML injury to improve
mechanistic understanding of how cellular behaviors contribute to failed muscle regeneration

in VML injuries and to serve as a tool to guide the development of therapeutics (Chapter 3).

12



Chapter 2

A coupled framework of in situ and in silico analysis
reveals the role of lateral force transmission in force production

in volumetric muscle loss injuries

Acknowledgements: Sarah Dyer, David Remer, Xiao Hu,

George J. Christ, Silvia S. Blemker

“Clear eyes, full heart, can’t lose.” — Coach Taylor

Friday Night Lights
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2.1 Abstract

Volumetric muscle loss injuries (VML) are challenging to treat because of the variability in
wound location. Regenerative medicine offers promising alternative treatments, but there is
little understanding of the correlation between magnitude of VML injuries and corresponding
functional deficits that must be addressed. There is a need for a tool that can elucidate the
relationship between VML injury and force loss, as well as the impact on specific mechanisms
responsible for force production. The purpose of this study was to develop a novel coupled
framework of in situ and in silico methods to more precisely understand the relationship
between injury location and force production deficits. We created a three-dimensional finite-
element model of the pennate latissimus dorsi (LD) muscle in the rat and validated the model
experimentally. We found that the model’s prediction (2.6 N/g Model I, 2.1 N/g Model V)
compared favorably to in situ testing of isometric force generation of the injured rat LD muscle
(2.8 £ 0.3 N/g Experimental |, 2.1 + 0.2 N/g Experimental V). Further model analysis revealed
that the contribution from lateral and longitudinal force transmission to the total force varied
with injury location and led to a greater understanding of the mechanisms responsible for VML-
related force deficits. In the future, the coupled computational and experimental framework
can be used to inform development of preclinical VML injury models that better recapitulate
the spectrum of VML injuries observed in affected patients, and the mechanistic insight can

accelerate the creation of improved regenerative therapeutics for VML injuries.
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2.2 Introduction

Volumetric muscle loss (VML) injuries result in a permanent loss of muscle structure and
function. These types of deficits can result from congenital diseases and are also common after
trauma, including combat-related wounds. Development of technologies to treat VML injuries is
hampered by the fact that the spectrum of injuries and wound locations vary widely [1].
Regenerative medicine is a promising approach for the treatment of these injuries that has the
potential to address the complexity of VML wounds; however, within the literature, a wide
variety of in vivo models are currently used to study these injuries — making straightforward
comparisons of the efficacy of distinct technologies challenging. Most commonly, VML injuries
have been studied in limb muscles of rodents [8,15,63,64]. These studies utilize injuries that
differ in location; therefore, the measured magnitudes of corresponding functional deficits vary
widely. Taken together, these observations reinforce the importance of improved
understanding of the mechanisms responsible for VML-induced force deficits. The focus of this
study is to systematically characterize the impact of injury location on the biomechanics of
force production in intact and VML-injured muscles in the rat latissimus dorsi (LD) muscle—a
pennate muscle that is clinically relevant and dimensionally similar to human craniofacial
muscles that are affected by VML injuries [65].

In this regard, force production within skeletal muscle is dependent on both the active
and passive muscle fiber characteristics and the intramuscular connective tissue properties
[66,67]. In the case of VML injuries, the direct connection of myofibers to the tendon is
disrupted which dramatically impairs the ability of the fibers to transmit force longitudinally.

Previous studies have shown that skeletal muscle fibers without direct myotendinous
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connections have the potential to contribute to force production within a muscle by
transmitting force laterally through the connective tissue [67—69]. It stands to reason,
therefore, that lateral force transmission contributes to force production in VML injuries.
However, it remains unclear how injury location affects the contribution of lateral force
transmission to whole muscle force production.

In silico three-dimensional finite-element (FE) modeling provides a framework for
determining the complex relationship between injury location and force production in VML
injuries. FE skeletal muscle models incorporate muscle geometry, fiber architecture, shear
properties, volume preservation, and active and passive muscle fiber characteristics to create a
tool which can be used to explore and analyze the mechanisms of muscle function [54]. For
example, a number of human skeletal whole muscle models have been developed to: 1)
determine the force production of individual muscles at varying locations within the pelvic floor
[55], 2) evaluate stretch and strain changes during contraction of the biceps brachii and biceps
femoris longhead [54,56], and 3) assess the effects of muscle activation in cleft palate repair
[57]. Additionally, an FE model with simplified muscle structure has been used to study the
mechanics of force transmission between extracellular matrix and myofiber [70,71]. However,
to our knowledge, there are no published reports using FE skeletal muscle modeling to improve
mechanistic understanding of how VML injury location affects the corresponding functional
deficits.

Our goal, therefore, was to develop a coupled framework of in situ and in silico methods
to uncover the relationship between VML injury location and muscle force production. The in

silico models allow us to optimize experimental variables, such as injury location, and better

16



design experiments prior to expensive in vivo testing. This report focused on using the
capabilities of the model in a manner that extends beyond experimental analysis to explore
how VML injury can alter the contributions of lateral and longitudinal force transmission. As a
first step in this direction, we created FE models of five distinct rat LD VML injuries, validated
the predicted force deficit experimentally in two of these injuries, and then used the analytic
capabilities of the model to identify and compare the biomechanical mechanisms governing

force production/force loss among the distinct injury locations.

2.3 Methods

2.3.1 Finite-element Model

The three-dimensional FE model of an intact rat LD was created based on
measurements from dissected LDs of four male Lewis rats [6]. The x-y dimensions and weight of
the LDs were measured, and the thickness was measured at 12 locations around the LDs. Three-
dimensional model of the LD was simplified to have a shape that combines one rectangle and
one triangle medial in the x-y plane with varying thickness in the z-direction (Figure 2-1A model
compared to Figure 2-4C explanted intact muscle). The FE model was meshed using 4-node
enhanced tetrahedral elements (4149 elements) in AMPS finite-element software (AMPS

Technologies).
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Figure 2-1. Three-dimensional finite element model of the rat latissimus dorsi (LD) constrained
as shown along the cranial rectangular edge and caudal rectangular and triangular edges with
the elements (A, left). The model fiber trajectories highlighted (A, middle) are similar to the
observed fiber directions of a cleared LD muscle (A, right). Sensitivity analysis of specific tension
parameter to determine ideal parameter value (B). Intact LD model was calibrated to intact

experimental data (n = 6), and specific tension of 1.4x10° Pa best replicated experimental
isometric force measurements of intact LDs (C).

2.3.1.1 Muscle model

Skeletal muscle properties were implemented using a constitutive relationship that has
previously been described in detail [54]. The LD was modeled as a transversely isotropic,
hyperelastic and quasi-incompressible material with a preferred direction. Muscle fiber
direction originates along the spine and runs to the insertion at the humerus (Figure 2-1A).
Fiber trajectories were determined using computational fluid dynamics and then each element
of the model was assigned a fiber direction (Figure 2-1A) [72,73]. The model’s along-fiber
stretch captures the longitudinal force development and transmission in the same direction
using active [66] and passive stress-strain relationships [54]. Model fiber stretch is defined as A
=1/Lo (A < 1 for a shortening fiber), | is the final fiber length, and Lo is the initial fiber length and
assumed to be at optimal length. The model’s shearing along and across the fiber direction is

representative of lateral force transmission between fibers via the extracellular matrix.
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The intact LD muscle model was calibrated to fit intact experimental data of isometric
force. The LD thickness varies across its length and width making it challenging to calculate the
true cross-sectional area and thus determine the peak isometric stress (omax) of the rat LD. A
sensitivity analysis of the omax parameter was run (Figure 2-1B), model force outputs were
compared to intact experimental data, and 1.4x10° Pa was the parameter value which best
replicated an in situ LD muscle (Figure 2-1C). The final model parameter values used in this

study for both intact and injured models are in Table 2-1.

Table 2-1. Material parameters for the LD muscle model [54]. Passive parameters (P1, P2, A*)
were determined experimentally [6].

Omax P1 P> }\* G Gy K
Pa dimensionless Pa Pa Pa
1.4x10° 0.0043 14.2395 1.3306 3870 22400 1x107

2.3.1.2 Model simulations

To replicate in situ experimental testing conditions, the cranial rectangular surface and
caudal rectangular and triangular edges of the model were fixed. In total, five different injuries
(11x15 mm and entire thickness of the muscle) were created at various locations within the
muscle model (Figure 2-2) and isometric contractions were simulated (Strain-Enriched FEA,
AMPS Technologies). First, an injury was created in the middle of the rectangular portion of the
LD (Model 1) and then the injury was moved within the boundaries of the muscle and below the
thoracodorsal motor nerve (Model Il — V). It would not be possible to stimulate the LD using in
situ testing if an injury removed the motor nerve innervation. Muscle activation levels were set

at the maximum activation for all trials to simulate maximum tetanic force. Total force of the
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modeled LD was measured in the y-direction on the cranial rectangular surface in the x-z plane.
A mesh sensitivity analysis of the intact LD model demonstrated that a consistent force value is
achieved with meshes greater than 2000 elements. Injury model mesh counts were all above

this minimum value, providing confidence in the output force of these models.

Models

cranial

Figure 2-2. Five different injuries (11x15 mm?) were created in the rat LD model at varying
locations within the muscle. Red lines across each muscle represent the fiber direction, and the
yellow dot represents the thoracodorsal nerve location. First, the injury was placed in the
middle of the rectangular portion of the LD (Model I) and then the injury was moved within the
anatomical constraints of the muscle. The movement of the injury was limited by the muscle
boundary as well as the nerve location.

2.3.1.3 Model analysis

To directly compare model predictions and experimental measurements, the model
force prediction was normalized to LD model weight. The model is a simplified geometry of the
LD muscle and likely overestimates the true volume of the LD, thus the rat LD model assumed
mass per unit volume was calculated by dividing the average weight of intact experimental LDs

(Table 2-2) by the intact muscle model volume. Then the weights of Models | (1.570 g) and V
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(1.521 g) were determined using the model volumes and calculated rat LD model assumed mass
per unit volume.

To determine force generation for the end-to-end fibers region of the muscle, MATLAB
was used to identify the nodes on the cranial x-z surface which corresponded to end-to-end
fibers and then force production from those specific nodes was measured in AMPS. Model
outputs of along-fiber stretch and along-fiber shear strain distributions were assessed at the
time of maximum contraction. The normalized fiber lengths within the models were
determined by mapping the fiber trajectories from computational fluid dynamics through the
FE mesh and then tracking those fibers throughout the simulation to determine their change in

length and pennation angle using MATLAB (MathWorks) software [6].

Table 2-2. Animal weight and LD muscle weights.

Grou Animal Excised muscle LD muscle
P weight (g) weight (g) weight (g)
Intact 405.1+29.9 0 1.890 + 0.234
(n=16)
Eij:]ITGSr)\tal ! 416.7 +30.7 0.282 + 0.380 1.903 +0.112
Expe(rr']nje;)ta' v 417.0+34.7 0.122 +0.010 1.878 +0.220
2.3.2 Animals

In total, 17 Male Lewis rats (Charles River Laboratories) aged 20 weeks were used for in
situ analysis. The Institutional Animal Care and Use Committee of the University of Virginia

approved all animal procedures.
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2.3.3 In situ testing of the rat LD muscle

2.3.3.1 Surgical setup

Custom nerve cuffs were made to directly stimulate the thoracodorsal nerve innervating
the rat LD [16]. The cuffs consisted of silicone tubing (0.762 mm inner diameter, Dow Corning)
and two stainless steel wires (Cooner Wire) running through the tubing. A slit the length of the
tube allowed the nerve to be placed inside.

While under isoflurane anesthesia, a 10 cm incision was made from the base of the neck
down the spine of the rat and another posterior incision was made the length of the left
forelimb. The entire left LD was exposed and the tendon insertion point on the humerus was
dissected. The tendon was cut and then pierced once with 3-0 silk suture right above the
tendon-muscle insertion so as not to injure the muscle and impact force production. Additional
3-0 silk was knotted around the tendon to adequately secure the suture to the tendon.
Approximately 15 mm of thoracodorsal nerve was then carefully dissected from the muscle.
The nerve was placed in the nerve cuff and suture was tied around the cuff to keep the nerve in
place.

For VML injury groups, the injury was made in the LD prior to cutting the tendon. With
the LD exposed, a defect 11 x 15 mm? was excised from the LD muscle in two different
locations, both 1-2 mm from the lateral edge of the LD. For Experimental Injury |, the bottom
edge was placed 5 mm above the caudal edge of the rib cage. For Experimental Injury V, the top

edge was placed 10 mm below the cranial edge of the LD.
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2.3.3.2 In situ measurements

Immediately following surgical setup, in situ functional assessment was performed as
previously described with modifications using an Aurora muscle lever system (Aurora Scientific,
Mod 305C-LR-FP) [16]. Under anesthesia, the rat was placed in the right lateral recumbent
position on a heated platform and the tendon suture was connected to the lever arm. The rat
was anchored to a metal rod running along the platform by its spine to prevent the rat from
shifting during muscle contraction. The nerve was stimulated through the nerve cuff using an
Aurora Scientific stimulator (Model 701C). Muscle length was optimized using stimulations at 1
Hz to identify the muscle length with the largest twitch contraction. A stimulation of 1 Hz was
used because at higher frequencies, the suture is more likely to rip out of the tendon;
therefore, we needed to minimize the number of high frequency stimulations to avoid damage
during the experiment. Contractile function of the LD was assessed at the determined optimal
length by measuring isometric force at a range of stimulation frequencies to ensure tetanic
force was reached (10-200 Hz). After testing, animals were euthanized via CO; inhalation and
the LD muscle was harvested. Peak isometric force was determined to be the maximum force
value achieved at a frequency greater than 100 Hz. Each maximum isometric force value was
then normalized to the weight of the muscle to account for biologic variability between

animals.

2.3.4 Statistical Analysis
All weights and experimental isometric force values were reported as mean values with

standard deviation and compared between groups using a one-way analysis of variance
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(ANOVA). Force-frequency curves were reported as mean values with standard deviation and
compared between groups using a two-way ANOVA. If significant differences were observed in
any statistical test, a Holm-Sidak post hoc test was performed. The level of significance was set

at P < 0.05 in all statistical tests (GraphPad Prism).

2.4 Results

2.4.1 Model prediction of injury location effect

Moving the injury location within the boundaries of the muscle demonstrated that a
caudal injury (Model Il) generates a force value closest to an intact muscle (Figure 2-3). An
injury in the middle of the muscle (Model |) resulted in generation of 4.1 N of force, 36% lower
than intact muscle. Other injuries in the middle region (Models Il and 1V) generated
comparable force values to Model I. The injury location that created the largest force deficit
from intact was located cranially (Model V), and this model isometric force prediction was 50%

lower than an intact LD.

8 -
6.4
6 - Figure 2-3. The injury in the middle
_ 48 of the rectangular portion (Model 1)
Zz 43 generated 36% less force than the
0 44 3.8 intact muscle. A sensitivity analysis
E 32 to injury location showed that the
model simulated force production
21 of the injury near the cranial
boundary of the muscle (Model V)
0- : : : resulted in the smallest force value
I n v v compared to intact.
oé Models
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2.4.2 Experimental validation of injury location effect

First, the injury location of Model | was created in vivo and force production was
immediately tested in situ (Figure 2-4C). The predictions of Model I, 2.6 N/g, were validated by
the experimental force values, 2.8 + 0.3 N/g (Figure 4A). Then the force predictions of Model V,
2.1 N/g, were tested and confirmed by the experimental results, 2.0 + 0.2 N/g (Figure 2-4A).
There was a significant difference in isometric force between all experimental groups. The
force-frequency plots in Figure 2-4B demonstrate that maximum tetanic force was reached in
all groups. Furthermore, at any frequency above 40 Hz, the normalized force of contraction for
Experimental Injury V and Experimental Injury | was significantly less than the intact group
(Figure 2-4B). Animal weights and LD muscle weights remained similar between groups with no
significant difference measured (Table 2-2).

For both Experimental Injury | and V groups, the injury area (11x15 mm?) was
consistent; however, a smaller muscle weight was excised for Experimental Injury V compared
to I. The fibers cranially are under more tension in vivo, and thus, when muscle is excised, fibers
contract and the defect is larger than originally measured. Therefore, less muscle was excised
for Experimental Injury V to create an injury with the same dimensions as Experimental Injury |
(upper panels of Figure 2-4C show the equivalent size of injuries | and V). When the LD muscles
were excised and no longer under tension, the difference in excised muscle tissue volume was
again obvious (lower panels of Figure 2-4C show the size of Experimental Injury V was clearly

smaller than Experimental Injury I).
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Figure 2-4. Results of groups Experimental | (n = 5) and Experimental V (n = 6), shown as scatter
dot plots, validate the model normalized force predictions, shown as bars (A). The LD weight
normalized force-frequency curves demonstrate that maximum tetanic isometric force was
achieved for each group (B). ** indicates statistical significance between intact and
Experimental V, 2 indicates significance between Experimental | vs Experimental V, and § is for
intact compared to Experimental |. Representative images of intact, Experimental | and
Experimental V LDs just before testing (in vivo) and after harvest (explant) (C). Solid yellow line
denotes approximate boundary of LD muscles in vivo and dashed yellow boxes mark injury

border.
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2.4.3 Analysis of injury location effect

The mechanisms responsible for the observed difference in force production between
the 5 distinct injuries was explored using the FE LD model. Injury location affects the percent of
non-end-to-end fibers attached at the cranial edge of the LD muscle (Figure 2-5A). In Model I,
for example, the injury is in the most caudal portion of the muscle and 26% of the fibers
attached cranially are non-end-to-end. As the injury is moved cranially, the region of non-end-
to-end fibers increases and at the most cranial point of injury (Model V), 45% of the fibers are
non-end-to-end. The increase in cut fibers contributes to the lower isometric force of the
cranial injury location.

The non-end-to-end fibers are not anchored caudally and thus must contribute to force
production by laterally transmitting force to end-to-end fibers through the connective tissue
[67-69]. The extent to which non-end-to-end fibers contribute to total muscle force provides a
measure of the contribution of lateral force transmission in the muscle, and this non-end-to-
end fiber force contribution varied between injuries (Figure 2-5A). Model Il has the smallest
percentage of non-end-to-end fibers and thus those fibers contribute the least to total force
compared to other injured muscles (12%). On the other hand, Model V has the largest percent
of non-end-to-end fibers; however, these fibers generate less force than end-to-end fibers and
the result is a smaller total force.

Lateral force transmission increases in injured compared to intact muscle as highlighted
by the along-fiber shear strain distributions of the intact model, Model | and Model V at the
time of maximum isometric force (Figure 2-5B). During activation of intact and injured muscles,

fibers slide past each other causing the connective tissue to deform and experience stress.
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Therefore, larger shear strains are indicative of larger shear deformations of the connective
tissue which physically translates to larger contributions of lateral force transmission [58].
Comparison of the along-fiber shear strains of the models demonstrates that injury location
affects the magnitude and distribution of shearing within the muscle compared to intact
muscle. Focusing specifically on the triangular portion of the LD, the intact model shows
minimal along-fiber shear strain, Model | shows areas with increasing strain, and Model V
shows distinct areas of large shear strain.

To better understand the difference in force production between the two injuries tested
experimentally, longitudinal force transmission was also explored for Models | and V. The
along-fiber stretch distributions at the time of maximum force show regional variability along
the muscle length (Figure 2-6A, C). To quantify the difference between injuries, normalized
fiber length for both regions of non-end-to-end and end-to-end fibers was measured at the
point of attachment. In Model |, 33% of the fibers are non-end-to-end and operate low on the
ascending limb of the force-length curve and generate minimal isometric force (Figure 2-6B,
Table 2-3). In Model V, 45% of the fibers are non-end-to-end and operate very low on the
ascending limb of the force-length curve contributing to a total weighted normalized fiber force
of 0.488 (Figure 2-6D, Table 2-3). This is lower than the weighted normalized fiber force of
Model I, 0.557, and contributes to the lower observed isometric force of the cranial injury

location.
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Figure 2-5. Injury location affects the percent region of non-end-to-end (blue) and end-to-end
fibers (red) present and their respective force contribution (A). The force contribution of the
region of non-end-to-end fibers is evidence of lateral force transmission. All fibers in the model
are active during the model simulation, and the regional fiber percentages are quantified on the
cranial x-z surface of the LD. Along-fiber shear strain distributions of the intact model, Model |
and Model V at the time of maximum isometric force provide additional evidence of lateral
force transmission and highlight the effect of injury location on shear distributions (B).
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Figure 2-6. The along-fiber stretch distribution at the time of maximum force contraction shows
regional variations in fiber length for both Model | (A) and Model V (C), where the models
assume all fibers start at their optimal fiber length and stretch < 1 for a shortening fiber.
Further analysis into fiber length variability measured the normalized fiber length of the region
of non-end-to-end (blue) and end-to-end fibers (red) 3 mm from the cranial attachment of the
LD (dotted line on LD). In Model I, 67% of the fibers are end-to-end and operate near the
optimal length on the force length curve and are capable of generating optimal force
production (B). In Model V, 45% of the fibers are non-end-to-end and operate very low on the
ascending limb of the force-length curve and account for the low force production of the
injured muscle (D). Force-length curves depict the standard deviation range for each fiber
region.
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Table 2-3. The normalized fiber lengths and active forces for end-to-end and non-end-to-end
fibers for both Model | and Model V. Fiber lengths and fiber region percentages were measured
from model deformations. The normalized fiber force was determined from the active force-
length curve using the calculated normalized fiber length. Total normalized fiber force for the
muscle was found by weighting the calculated average fiber force by each fiber region
percentage.

Normalized Total
Fiber . Normalized Fiber region weighted

Group along-fiber . .

Type fiber force percentage  normalized
stretch .
fiber force
3 mm from cranial edge of LD
Model | End-to-End 0.945+0.280 0.675+0.240 67.0% 0.557
Non-End-to-End  0.587 £0.030 0.317 +0.092 33.0%
Model V End-to-End 1.04 £0.27 0.700 £ 0.250 55.0% 0.488

Non-End-to-End  0.555+0.055 0.230+0.150 45.0%

2.5 Discussion

VML injuries are a challenging medical condition to treat because of the variability in
wound location, which translates into a wide spectrum of permanent functional deficits. While
VML injuries are inadequately treated with current treatments, regenerative medicine
technologies offer great potential for improved functional outcomes [8,15,16]. However, more
rapid and efficient clinical translation of regenerative therapeutics would likely be aided by a
computational tool that can capture the intrinsic variability of VML injuries to first predict
anticipated functional outcomes of specific VML injuries, and eventually, to guide injury specific
treatment options. Thus, we report the development of a novel coupled framework of in situ
and in silico methods that provides important new biomechanical insights regarding the
relationship between VML injury location and the corresponding force deficits produced in a

clinically relevant rodent LD model.
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The use of three different experimental data sets to create (intact data), validate (injury
1), and test (injury V) our FE models provides strong confidence in the validity of the model. The
predictive force capabilities of the model allowed testing of only two experimental injuries,
instead of five, which saved over 90 hours of experimental work and approximately 30 rats.
Additionally, the force production of Experimental Injury V injury was comparable to another
published study which experimentally evaluated a smaller VML injury also near the cranial
portion of the rat LD in situ [16].

The experimental and computational coupled framework of this study allows us to
explore the relationships between injury location, force production, and the responsible
biomechanical mechanisms. The FE model simulations predicted that, for injuries with identical
areas, location can have a dramatic effect on force production. Specifically, the cranial injury
location (Model/Experiment V) resulted in a functional isometric force deficit 40% below intact
values, whereas the same injury area in the middle of the LD (Model/Experiment |) produced a
functional deficit only 20% lower than intact values, Figure 2-4A. Interestingly, approximately
6% of the LD weight was removed with Experimental V and about 15% of the LD was removed
with Experimental |, yet Experimental V generated 0.8 N/g less force than Experimental I.

Analysis of fiber regions in each injury location model was consistent with the previous
experiments that suggest non-end-to-end fibers contribute to force production by laterally
transmitting force to end-to-end fibers [67]. We found that the percent of non-end-to-end
fibers increases as an injury location moves cranially, and the percent force contribution of non-
end-to-end fibers varied with injury location. Specifically, the percent of injured fibers affects

how lateral force transmission influences total force production (Figure 2-7). Models Il and IlI
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generate more force than would be predicted if there was no lateral transmission indicating
that lateral transmission improves force production. However, comparison of Model V to this
idealized scenario indicates that force production is impaired. This may be a result of the large
number of injured fibers causing larger deformations, increased shearing, and thus impairing
longitudinal force transmission as shown by the increased range of end-to-end fiber lengths and
suboptimal normalized fiber force (Figure 2-6D, Table 2-3). Future studies will further explore

this complicated relationship between lateral and longitudinal force transmission.
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Figure 2-7. The relationship between lateral and longitudinal force transmission is affected by
the percent of injured/end-to-end fibers. On the x-axis, the percent of end-to-end fibers is
multiplied by the cosine of average pennation angle to account for the varying angle of end-to-
end fibers in each injury model and allow for direct comparison between models. Each injury
cuts different fibers thus altering the average pennation angle and force transmission. The
dotted line represents an idealized scenario of no lateral force transmission where the percent
of end-to-end fibers directly correlates to force production. Models Il and Il are above the line
indicating that lateral force transmission is contributing to the total force. However, Model V is
below the line and lateral force transmission appears to be impairing force production.
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The effects of injury location on force production can further be explained by exploring
local variability of fiber lengths along the length of the muscle using the model. The along-fiber
stretch, which is fiber length relative to the original optimal fiber length, distributions of Models
I and V demonstrate the non-uniformity of fiber length within the LD. The local length variation
along the LD is consistent with other studies that have demonstrated that myofiber length
varies substantially across entire muscles [74,75]. When the fiber length is measured near the
LD’s attachment, which is where the force is measured in situ, Model V has a larger percent of
non-end-to-end fibers operating at a shorter along-fiber stretch than Model I. This larger
percentage of shorter fiber lengths likely accounts for the lower force production of Model V
compared to Model I.

The demonstrated ability of the LD FE model to accurately predict experimental results
and quantify biomechanical mechanisms provides motivation for additional studies using the
model as a predictive tool prior to testing of VML injuries in vivo. The model can be utilized to
explore the relationship between injury size and force deficits, and furthermore, expanded to
include the long-term response of VML injuries by incorporating a passive material to represent
the filling of the defect with connective tissue or an active material to simulate the regenerative
response of a therapeutic. Additionally, the model can be used to identify the preferred
experimental injury location in a given muscle to increase the margin of difference between the
isometric force produced in intact and VML injured muscles — thus producing more favorable
conditions for evaluating treatment effects. Analytic capabilities provided by the model have

the potential to significantly increase mechanistic insight, and thus, better inform preclinical
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experimental design, such as designing a novel therapeutic approach based on the
biomechanical requirements of the injury environment.

In conclusion, this work demonstrates that the use of both FE models and in situ
functional testing of VML injuries provides critical insight into the biomechanical mechanisms
governing the relationship between VML injury location and force production/deficit.
Combining the tools of the computational modeling and tissue engineering fields should
accelerate the development of more efficacious regenerative therapies, and thus, ensure

improved functional outcomes following even the most debilitating VML injuries.
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Chapter 3

Agent-based model provides insight into the mechanisms behind

failed regeneration following volumetric muscle loss injury
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3.1 Abstract

Skeletal muscle possesses a remarkable capacity for repair and regeneration following a variety
of injuries. When successful, this highly orchestrated regenerative process requires the
contribution of several muscle resident cell populations including satellite stem cells (SSCs),
fibroblasts, macrophages and vascular cells. However, volumetric muscle loss injuries (VML)
involve simultaneous destruction of multiple tissue components (e.g., as a result of battlefield
injuries or vehicular accidents) and are so extensive that they exceed the intrinsic capability for
scarless wound healing and result in permanent cosmetic and functional deficits. In this
scenario, the regenerative process fails and is dominated by an unproductive inflammatory
response and accompanying fibrosis. The failure of current regenerative therapeutics to
completely restore functional muscle tissue is not surprising considering the incomplete
understanding of the cellular mechanisms that drive the regeneration response in the setting of
VML injury. To begin to address this profound knowledge gap, we developed an agent-based
model to predict the tissue remodeling response following surgical creation of a VML injury.
Once the model was able to recapitulate key aspects of the tissue remodeling response in the
absence of repair, we validated the model by simulating the tissue remodeling response to VML
injury following implantation of either a decellularized extracellular matrix scaffold or a minced
muscle graft. The model suggested that the pro-inflammatory cells and fibroblasts, as well as
the SSC microenvironment and absence of pro-differentiation SSC signals, impaired the
regeneration of new muscle fibers within the VML defect. The major implication of this work is

that agent-based models may provide a much-needed predictive tool to optimize the design of
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new therapies, and thereby, accelerate the clinical translation of regenerative therapeutics for

VML injuries.

3.2 Introduction

In response to common injuries, such as lacerations or strains, skeletal muscle repair
occurs through a well described process governed by temporally-regulated, highly
orchestrated, multicellular interactions [18,19]. However, in the setting of volumetric muscle
loss (VML) injuries, which are characterized by the simultaneous loss of multiple tissue
compartments (i.e., muscle, vessel, nerve and extracellular matrix (ECM)), the intrinsic
regenerative process fails, resulting in permanent cosmetic and functional deficits. VML
typically results from trauma, such as battlefield injuries to wounded warriors, or civilian
vehicular accidents and there are no current treatment options for complete restoration of
form and function. In this scenario, the lack of insight into the mechanisms responsible for the
failure of functional regeneration, in the context of VML injury, represents a major barrier to
development of novel therapeutics for improved functional outcomes.

Successful muscle tissue repair in response to lacerations or strain injuries generally
occurs within 28 days and involves 3 well documented phases [20-22]. An initial inflammatory
response coordinated by an infiltration of neutrophils and pro-inflammatory (M1) macrophages
to clear debris. The second phase, repair, follows with fibroblast and satellite stem cell (SSC)
activation and proliferation. Within 7 days post injury, macrophages switch to an anti-
inflammatory (M2) phenotype and fibroblasts and SSCs numbers peak. After 14 days, the

remodeling (third) phase begins and fibroblasts undergo apoptosis and SSCs differentiate and
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fuse to repair existing myofibers. In contrast, the repair process of skeletal muscle after VML

injury is dominated by an inflammatory and fibrotic response [10,12,13], resulting in permanent

loss of muscle volume, replacement of muscle with scar tissue, and resulting functional

impairments (Figure 3-1). Following VML injuries, pro-inflammatory pathways remain

upregulated for four weeks, as opposed to one week in successful muscle repair [11]. SSCs fail

Figure 3-1. Histology of hematoxylin and
eosin-stained rat latissimus dorsi skeletal
muscle shows the cross-section of healthy
muscle (A) and the cross-section 7 days after
VML injury (B). The lack of muscle fibers on
the right half of the image marks the defect
caused by the VML injury. Scale bars = 200
pum.

to differentiate and fibroblasts and
myofibroblasts fill the defect space with
fibrotic tissue, which includes densely packed
collagen [4,11,23].

In short, VML injuries require therapeutic
intervention for complete functional
regeneration. Both preclinical studies [3,4,6], as
well as limited initial clinical trials [76,77],
clearly indicate there is a need for improved
therapeutic design. Strategies evaluated thus
far have included implantation of decellularized
ECM, minced muscle grafts (MMGs), as well as
a variety of natural and synthetic biomaterials
seeded with muscle progenitor cells and/or a
combination of growth factors to help promote
SSC proliferation and differentiation

[3,4,6,7,15,78,79]. The results have been
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variable, but inclusion of cells with decellularized ECM at the time of implantation has generally
shown greater promise in functional restoration of muscle tissue after VML injury than
implantation of decellularized ECM alone [3,6—8]. Despite rapidly increasing preclinical activity,
important questions remain about which early cellular processes are required to more
effectively drive the VML injury response. For example, will modulating the early inflammatory
response or mitigating fibrotic pathways in VML injuries, or both, improve muscle regeneration
and functional outcomes? A better understanding of these mechanisms is a prerequisite to the
design of more efficacious regenerative therapeutics for VML repair [10,11,80—-84].
Experimental identification and validation of the critical cellular mechanisms and
microenvironmental conditions associated with the tissue healing response to VML injury is a
resource-intensive and time-consuming process. The deployment of agent-based models
(ABMs) in parallel with experiments provides a powerful way to synthesize and integrate data
in order to systematically predict, in a more rational and cost-effective manner, how cellular
mechanisms of interest impact tissue repair/remodeling and optimally affect regeneration [85].
ABMs simulate cellular behaviors and show the effects of these cellular behaviors on the
physiological system as a whole. Agents represent individual cells within a tissue as well as
environmental components, such as ECM, and the computational platform synthesizes the
published work in the field, as agent behaviors are governed by literature-derived rules [86].
Our group has previously developed an ABM of muscle regeneration that was focused on the
role of inflammatory cells following laceration injury [61]. We subsequently modified this model

to study how different Duchenne muscular dystrophy mechanisms influence muscle
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regeneration [62]. In this study, we are expanding the use of ABMs to study the cellular
responses following VML injury.

The goal of this work was to develop an ABM of muscle regeneration in the setting of VML
injury that focused on the dynamics of fibroblasts and SSCs in order to better understand the
critical cellular mechanisms responsible for regeneration. We first used the ABM to predict the
tissue healing response in an unrepaired VML injury, and then we tuned the model to replicate
important cell population dynamics from published experimental studies. The ABM was
validated by simulating VML injury and tissue healing/repair following implantation of either an
acellular biomaterial (decellularized ECM) or another therapeutic that included a cellular
component (MMG). In both cases the model simulations were compared to published
experimental data. Lastly, in order to identify new strategies for muscle regeneration following
VML, we evaluated the impact of perturbation of parameters and combinations of parameters
of interest, all of which had defined cell behaviors known to be important in muscle

regeneration.

3.3 Methods

3.3.1 ABM design

We created an ABM of skeletal muscle regeneration following VML injury (Figure 3-2).
To develop our model, we used over 100 published experimental studies to define 80 rules that
govern the behaviors of fibroblasts, SSCs, inflammatory cells, and skeletal muscle. The ABM

represented a two-dimensional cross-section of a rat skeletal muscle consisting of 164 muscle
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fibers. The agents that occupied space in the model included muscle fibers, ECM, necrotic
muscle tissue, fibroblasts, myofibroblasts, quiescent and activated SSCs, myoblasts, myocytes,
and myotubes. Model components whose spatial location was not tracked included eleven
growth factors and three types of inflammatory cells: neutrophils, proinflammatory (M1)
macrophages, anti-inflammatory (M2) macrophages. We built the ABM in Repast, a java-based
modeling platform (Argonne National Laboratory) and the ABM’s code is available for download

(https://simtk.org/projects/abm-vml).

Day 7

healthy region border region
1. Generate muscle spatial geometry by »
importing histology. Scale bar = 200 pm. B injury space B ECM - healthy
B muscle fiber B ECM - high collagen
2. Simulate VML injury. B muscle fiber membrane @ ECM — low collagen
3. Track cell counts and muscle fiber + B necrosis O ssc
ECM changes. B fibroblast B myoblast Day 28 l
E myofibroblast B myotube

Figure 3-2. ABM simulates muscle regeneration for 28 days following VML injury. The spatial
geometry of the ABM was defined by importing a histological image [11]. Then a VML injury
was simulated by removing 12 fibers and creating an injury space and replacing severed fibers
at the edge of the injury and native muscle with necrotic elements. The ABM consisted of two
regions — the healthy region of muscle fibers near the injury that were not affected by the
defect and the border region consisted of fibers near the injury and the injury space.
Regeneration was followed over time by tracking cell counts, muscle fiber counts, and collagen
density in each region.
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Overall, the ABM was a two-dimensional grid of over 30,000 pixels including the muscle
fibers and injury area (1.59 x 0.74 mm?). The muscle cross-section geometries in the ABM were
generated by importing a micrograph of a histological section of muscle (1.3 x 0.74 mm?, 10 um
thick) with 188 fibers [11,87]. The image was first processed in MATLAB (Mathworks) to
generate a file consisting of each pixel labeled as fiber, fiber border, or ECM. This labeled file
was then imported into the ABM grid. The VML injury was created at the start of the simulation
by removing 12 imported muscle fibers on the right edge of image and adding pixels to create
the injury defect. Fibers that were severed by the creation of the injury were automatically
replaced with necrotic agents. After injury and initial necrosis, the muscle area was 1.1 x 0.74
mm? (164 fibers) and the injury area was 0.49 x 0.74 mm?2. The injury area is larger than the
area of the cut fibers to ensure that the ratio of remaining muscle area to injury space was
comparable with the experimental studies we used to tune our model (approximately 20% VML
injury) [11,88]. Simulations were run with a 1-hour time step for a simulated 28 days following
injury to capture the timeframe of typical muscle repair [20-22]. All simulations were repeated
10 times to capture the stochastic cell behaviors of the model. The key model outputs included
the time-varying counts for each cell type in the model and the number of muscle fibers.

In VML injuries, the spatial relationship between cells relative to the VML defect
location affects their responses during the regeneration process; therefore, the ABM consisted
of a healthy muscle region and a border region that was adjacent to the defect. The healthy
region consisted of the muscle fibers near the VML injury that were not affected by the defect,
approximately 130 um from the injury space [89]. The border region consisted of the fibers

within 130 um of the injury and the injury space [4,78,89]. This ABM spatial representation and

43



the baseline number of cells (e.g. fibroblast, SSC) were defined when the ABM was initialized.
At each time step of the simulation, every cellular agent (e.g. fibroblast, SSC) determined its
location in the simulation space and then its behaviors were determined by a probability-based
decision tree (Figure 3-3. Flowchart depicts the ABM rules, logic flow, and agent actions. After
initialization, the growth factors and inflammatory cells are calculated during each subsequent
time step. Then SSCs, fibroblasts, fibers, and ECM follow a probability-based decision tree to
guide their actions.). For example, an SSC agent near the injury in the border region had a
chance of proliferation that was proportional to the magnitude of the border region
proliferation signal. The collective actions of all the autonomous agents (fibroblasts, SSCs, ECM,
muscle fibers, and growth factors) lead to emergent, system-level behaviors (fiber counts, cell

population dynamics) that were output by the simulations.
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Figure 3-3. Flowchart depicts the ABM rules, logic flow, and agent actions. After initialization,
the growth factors and inflammatory cells are calculated during each subsequent time step.
Then SSCs, fibroblasts, fibers, and ECM follow a probability-based decision tree to guide their

actions.

3.3.1.1 Agent actions

The simulated behaviors of fibroblast and SSC agents included secretion of growth

factors, quiescence, activation, recruitment, migration, proliferation, differentiation, and

apoptosis. To simulate migration, the agents were programmed to move to a neighboring pixel

based on experimentally derived migration rates (Table 3-1, Table 3-2). Quiescent agents did

not migrate or secrete growth factors until they were activated by growth factors. If an agent

was recruited to the injury, then a new agent was added to the simulation. An active agent
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could undergo migration, secretion of growth factors, proliferation, differentiation, and
apoptosis. Agent proliferation was represented by adding an additional agent to the simulation
next to the proliferating agent. There is no rule directly preventing cell overlap in the simulation
but the chances of a fibroblast and SSC agent overlapping is very low because the preferred
location of a SSC agent is on a fiber border agent and the preferred location of a fibroblast
agent is on an ECM agent. Agent differentiation was represented by changing the agent type to
the differentiated state (rules that govern differentiation behaviors and states are defined in
the fibroblast and SSC agents subsections). If an agent underwent apoptosis, it was removed
from the simulation. Agent behavior was influenced by behavior signals that were defined by a
function of factors that are known to promote or suppress each behavior (Eg. 1). The cell
behavior signal was then normalized by a factor accounting for the size of the ABM grid and the

probability of a cell behavior occurring was weighted by this behavior signal (Eq. 2) [61,62].

cell behavior signal= z factors promote - z factors suppress (1)

; iro— 1
cell behavior probability= /normalization factor-cell behavior signal 2

3.3.1.2 Fibroblast agents

During model initialization, the fibroblast agents were distributed randomly throughout
the ECM at a density of 1 fibroblast per every 3 fibers for a 10 um thick cross-section [90-92].
After VML injury, additional fibroblast agents were recruited at a rate that was proportional to
the amount of IL-4 secreted by eosinophils [10,27]. Fibroblasts migrated to the injury site at a
rate of 44 um/h and had a preference to move to low collagen ECM agents [10,90,93]. The

growth factor myostatin promoted proliferation of fibroblast agents [28—30], and high levels of

46



TGF-B promoted an increased likelihood of fibroblast agents differentiating to myofibroblasts
[10,11,13,31]. The likelihood of fibroblast apoptosis was elevated by the presence of TNF-a,
whereas TGF-B blocked apoptosis [11,94]. There is experimental evidence that fibroblast counts
decrease after injury, and studies have shown that this is partially a result of differentiation to
adipocytes but the mechanism is not clear [36,94,95]. We incorporated a fibroblast removal
rule to capture this behavior and the likelihood of fibroblast removal in the simulation was
tuned to capture the experimental data of declining fibroblast counts after injury (ABM
parameterization subsection, Figure 3-4A). Fibroblast and myofibroblast agents secreted
growth factors and collagen following injury (Table 3-1). Experimental studies have shown that
fibroblast secretion of collagen is dependent on the magnitude and frequency of stretch it
experiences; therefore, we incorporated a fibroblast collagen-stretch dependency in the model
defined by experimental results [96]. This collagen-stretch dependency parameter can be set at
the start of the simulation and adjusts the fibroblast collagen secretion accordingly. For this
work, we have assumed that we are simulating normal rat movement of intermittent
stretching, 12 hours of rest and 12 hours of active time, and the fibroblasts secrete normal
levels of collagen. If the fibroblast or myofibroblast agent was greater than 200 um from
healthy muscle, then the agent became hypoxic and the collagen secretion and migration speed
decreased [97-99]. Other effects of hypoxia, such as the release of apoptotic factors, were not
included in the model for the mechanisms of fibroblast count decrease after injury are not
clear, as mentioned above, and our goal was to focus on the growth factors secreted after

injury.
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Table 3-1. Fibroblast agent behaviors were defined by literature derived rules

Fibroblast Agent Behavior References
Initial count: 1 per every 3 fibers [90-92]
Recruitment signal: eosinophil recruited IL-4 [10,27]
Migrate toward injury/low collagen at rate of ~44 um/h [10,90,93]
Proliferation signal: myostatin from damaged ECM [28—-30]
Differentiation signal: TGF-f [10,11,13,31]
Apoptosis signal: TNF-a [11,94]

If sustained high levels of TGF-B, then blocked apoptosis

Generalized decrease (removal) of fibroblast following injury, e.g. [36,94,95]
adipogenic differentiation

Secretions: TGF-B, IGF, IL-6, FGF, MMPs [32—-38]
Secrete collagen + fibronectin to rebuild ECM and fill injury space [38,39]
Myofibroblast secrete more collagen than fibroblasts and TGF-, MMPs [3,11,13,31,100]
If >200 um from healthy muscle, then fibroblasts and myofibroblasts [97-99]
decrease collagen secretion + migration speed

3.3.1.3 SSC agents

During initialization, the SSC agents were randomly located at a muscle fiber edge in a
guiescent state at a density of 1 SSC per 23.5 muscle fibers for a 10 um thick cross-section
[90,101]. Following VML injury, SSC agents became activated by ECM damage and the presence
of hepatocyte growth factor [40—43]. Recruitment of SSC agents to the injury site was based on
a recruitment signal of growth factors (Table 3-2). Migration of activated SSCs toward the injury
site occurred at a rate of 50 um/h [4,78,102,103]. SSC agents proliferated based on the
microenvironmental cues and growth factors outlined in Table 3-2. If there was sustained
upregulation of the inflammatory response, then SSC proliferation was attenuated [90].
Terminal differentiation of SSC agents was based on a differentiation signal and
microenvironmental cues (Table 3-2). To simulate regeneration, differentiated myotubes could

add muscle fiber agents to the periphery of an injured fiber or deposit fiber agents to generate
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a new fiber depending on its location [48-50]. Approximately 10% of the SSC population was

instructed not to undergo differentiation, and helped to restore the SSC agent pool [51-53].

Table 3-2. SSC agent behaviors were defined by literature rules

SSC Agent Behavior References
Initial count: 1 per every 23.5 fibers [90,101]
Activation signal: HGF, released from ECM after injury [40-43]
Recruitment signal: HGF + IGF + FGF + MMP — 2*TGF- [44-47]
Migrate to injury site at ~50 um/h [4,78,102,103]
Migrate if MMP degrade ECM [46,104]
Microenvironmental cues for proliferation + differentiation: on fiber edge, | [105-108]

on ECM with stiffness similar to healthy muscle

Proliferation signal: 3*IGF + 3*FGF + HGF + TNF-a + IL-6 + IFNy — IL-10 — [13,42,43,109—-
4*TGE-B 111]
Proliferation attenuated by sustained upregulation of inflammatory [90]

response

Differentiation signal: 4*IL-10 — 2*FGF — 2*IGF — 2*HGF — IFNy — TNFa [45,110,112,113]
10% of SSCs do not express Myf5 and will not differentiate [51-53]
Activated SSCs differentiate to myoblasts, myoblasts to myocytes, and [41,114,115]
myocytes to myotubes

Myotubes put down muscle protein to repair existing fiber or put down [48-50]

new fiber

Apoptosis signal: TGF- [116]
Secretions: IL-6, MMPs, IL-1 [117,118]

3.3.1.4 ECM and muscle fiber agents

At initialization, a single muscle fiber was represented by an average of 72 pixels.

Muscle fiber agents were removed along the edge of the ABM grid to represent VML injury, and

the fibers which were cut were replaced by necrotic agents. During the simulation, secondary

necrosis spread based on nitric oxide levels secreted by inflammatory cells [19,26]. The rate of

necrosis agent removal was dependent on the number of M1 macrophage agents [13,26].

Agents representing cleared necrosis were converted to a low-density collagen ECM agent.

Fibroblast agents secreted collagen in low collagen areas and in the injury space [26,39]. If
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areas of very low collagen remained, then two neighboring ECM agents with low collagen had a
probability of merging into a single agent. This simulated behavior reduced the thickness of the
muscle cross-section near, and within, the injury site, which has been observed experimentally
[6]. Areas of high-density collagen ECM agents corresponded to fibrotic tissue [4,16]. When
differentiated myotubes were fused to a fiber edge that had been damaged through necrosis,
muscle fiber agents were added at the periphery of the fiber to increase the muscle fiber size. If
the myotubes were on an ECM agent with healthy levels of collagen (defined as a model
specific range), then there was a chance of putting down a fiber agent to generate new muscle
fibers. For ECM agents, a healthy level of collagen was defined to be a range of model-specific
values that corresponded with temporal observations of low fibrosis levels in experimental
histology [4,6,79]. Given the parameters in our model, we assumed that ECM levels of collagen
correlated to muscle stiffness and thus this microenvironmental rule captured the SSCs

dependency on healthy muscle stiffness to proliferate and differentiate [105,106,108].

3.3.1.5 Growth factors

The 11 growth factors in the model (Table 3-1, Table 3-2) were varied from baseline
levels (before injury) to levels following VML injury. Growth factors were tracked in each region
of the model, healthy versus border regions, and added at each time step based on the defined
secretions for each cell type in their respective region. The amount of growth factors within
each region were tracked over time. We have assumed that the growth factors are evenly

distributed in each region, they do not diffuse or move within the region, and they decay over
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time at a fixed half-life of 5 hours that represents the growth factors diffusing out of the tissue

[20,119-122].

3.3.1.6 Inflammatory cell ordinary differential equations

The inflammatory cell dynamics were defined based on previous work by Martin et al. and
Virgilio et al. [61,62]. Our goal was to incorporate the dynamic behaviors of inflammatory cells
but also reduce the computational cost of the ABM. The inflammatory cells were represented
as a system of three coupled ordinary differential equations (ODEs) for neutrophils, M1, and
M2 macrophages. The ODEs were defined by 20 parameters that represent the effect of one
cell type on another cell. A genetic algorithm (GA) was used to parameterize the ODEs by
minimizing the difference between ABM macrophage populations predicted by the model and
experimentally measured macrophage dynamics after VML injury [78,82]. Each generation had
500 individuals with 20 variables. The GA objective function [Eq. 1] was a sum of squared

differences between simulation results (subscript ABM) and experimental data (subscript EXP)

(Eq. 3).
672 672 672
Objective Function= Z:(NABI\,[-NEXP)2 + Z(MlABM-MlEXp)2+ Z(MZABM-MZEXP)2 3
t=1 t=1 t=1

To compare our hourly model predictions with the discrete experimental observations, we
fit the experimental macrophage population dynamics with a fourth order polynomial equation
(MATLAB). Each comparison was weighted by the variance of the experimental data. Variance
for fitted time points was determined using a linear interpolation between experimental time

points. We used a MATLAB GA solver (GA) where GA individuals that had the lowest objective
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function scores were used as parents for the next generation of individuals (20% offspring, 80%
new random individuals). The GA was designed to stop if the objective function failed to
decrease 1x107 for 50 consecutive generations, with a limit of 1000 generations.

Within the ABM simulation framework, the inflammatory cell ODEs were solved for each
region (healthy and border) by calling the MATLAB engine and using a MATLAB non-stiff
differential equation solver, ode45. The regional breakdown of inflammatory cells was
approximated to be 60% in the border region and 40% in the healthy region [78]. Perturbations
varying the distribution of macrophages in each region are included in Appendix A. To couple
the inflammatory cell ODEs with the behaviors of the other spatial cell agents, the inflammatory
cell agents had defined rules based on cell counts at the beginning of each time step. The
inflammatory cells secreted growth factors and removed necrosis agents, and their ODEs were
dependent on the spatial cell agent counts at each time-step. Inflammatory cell ODEs (Eq. 4-6)
include the following, where %necrosis is the current ratio of muscle that is necrotic, Fb is the

current number of fibroblast agents, and SSC is the current number of SSC agents:

dN
= 5%08" Bnecross-0.0021°Fb-0.28"N-0.0023*M1-0.012*M2-0.0022*35C+0.065*N* 06 cross (4)

dM1
e =2.24*% . osis +0.21*Fb+0.05*N-1.03*M1-0.42*M2+23.31*SSC+0.03*M1*% . osis (5)
dM2
e =126.73*%_0crosis +1.91*Fb+0.07*N-0.74*M1-9.07*M2+7.96*SSC (6)
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3.3.2 ABM parameterization

To parameterize the baseline (no repair) model of VML injury, we ran simulations and
systematically adjusted the unknown model parameters manually (Table 3-3) until the model
predictions (95% confidence intervals) were consistent with published experimental data,
which included fibroblast (marked by col3al) and SSC (marked by Pax7) fold changes [11] and
inflammatory cell fold changes (inflammatory macrophages marked by CCR7, anti-inflammatory
macrophages marked by CD163) [82]. Tcf4+ is a fibroblast marker that has been reported to be
specific to skeletal muscle [91]; however, there were no VML studies that have quantified
expression of this marker. Thus, we fit our fibroblast and myofibroblast fold changes to the
observed changes in gene expression of col3al (collagen 3) following VML injury [11] and it has
been used as a marker of fibroblasts in other tissues [123-125].

Model predicted cell counts were normalized by the number of cells at initialization to
calculate the fold change and allow for direct comparison with values reported in experimental
studies. When comparing the ABM predicted cell counts with published experiments, we
focused on 7 to 14 days post injury because this is when the counts peak according to the

literature [11,82].

53



Table 3-3. Unknown model probability parameters were tuned to recapitulate published

experimental results

Probability Parameter Equation Range Tested Value
Maximum probability of If fibroblast recruitment
fibroblast recruitment per probability > x1, recruitment 0.0200 - 0.2000 | 0.0333
hour, x1 probability = x1
Maximum probability of If fibroblast proliferation
fibroblast proliferation per probability > x,, proliferation 0.0200-0.5000 @ 0.0286
hour, x2 probability = x;
Maximum probability of If fibroblast differentiation
fibroblast differentiation per probability > xs, differentiation | 0.0100-0.2000 @ 0.0125
hour, x3 probability = x3
Maximum probability of If fibroblast apoptosis
fibroblast apoptosis per hour, probability > xa, differentiation = 0.0100-0.2000 0.0125
X4 probability = x4
Maximum brobability of If fibroblast removal
. P Y probability > xs, removal 0.0200-0.2000 | 0.1000
fibroblast removal per hour, xs .
probability = xs
Maxmum probability of SSC If SSC reFru|tment prob.a‘blllty > 0.0008 — 0.0400  0.0008
recruitment per hour, xe Xs, recruitment probability = xe
. - If SSC proliferation probability
Maximum probability of SSC > x7, proliferation probability = 0.0100 — 0.5000 = 0.0400
proliferation per hour, x7 y
7
. . If SSC differentiation
Maximum probability of SSC 1 | |\ i S xe differentiation | 0.0100—0.5000  0.0666
differentiation per hour, xs .
probability = xg
Mammum probability of SSC If SSC apopFoms pro§§b|l|ty> 0.0020 — 0.5000  0.0020
apoptosis per hour, xg X9, apoptosis probability = xg
Probability of SSC creating new
fiber on ECM with healthy 1/x10 0.0100-0.0400 @ 0.0200

levels of collagen, x10

3.3.3 Validation of ABM

Once the model parameters were tuned, we ran simulations to verify the model

predictions and validate the ABM using data from the literature that was distinct from the data

used for model calibration. We first simulated the administration of the anti-fibrotic agent,

Losartan, to baseline (no repair) VML injuries [82]. Losartan was modeled by reducing TGF-p
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secretion from myofibroblasts and macrophages by 60% [126]. We assumed TGF-B production
was impaired by 60% for Losartan inhibits a receptor in the angiotensin pathway which thereby
blocks TGF- B activation and signaling; however, there are other pathways involved in TGF- 3
production and signaling thus we chose to reduce but not eliminate TGF- B production [82,126].
We then simulated two VML treatments that have been experimentally tested [3,4,11,88]:
implantation of either a decellularized ECM or a MMG at the site of injury. We simulated
decellularized ECM by filling the injury space with ECM agents at initialization [3,4].
Perturbations varying the decellularized ECM structure are included in Appendix B. MMG
consists of autologous muscle minced into 1 mm?3 pieces, and it was modeled by filling the
injury space with 38 muscle fibers. Twenty percent of the fiber agents were replaced by
necrotic agents to represent fibers that were damaged during the mincing of fibers [3,11,88].
We assumed that the MMG fibers were parallel to the native muscle fibers for there was
insufficient quantified literature data to make a more detailed assumption, and thus the MMG
fiber cross sections were shown in the injury space. The model predictions were compared to

the experimental results from the respective studies.

3.3.4 Analysis of regeneration mechanisms

3.3.4.1 Pro-inflammatory & fibrosis perturbations
There has been a recent shift in the overall strategy for treating VML injuries, with
recognition that modulating the early inflammatory response(s), as well as impairing

nonproductive fibrotic pathways are also critical to improved tissue healing—as opposed to
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focusing solely on tissue engineering (i.e., replacing the lost tissue and cell populations) [10,80—
82]. Thus, we utilized the ABM to predict the regenerative effects of modulating the pro-
inflammatory and fibrotic cellular components of the tissue healing response, as well as altering
the production of fibroblast-generated growth factors. We ran multiple “what-if” simulations to
examine how each of the cellular behaviors in the ABM contributes to the tissue remodeling
process. We individually varied the maximum number of proinflammatory macrophages, the
maximum number of fibroblasts, and the secretion of fibroblast-secreted growth factors after
VML injury by reducing them to 25%, 50% and 75% of baseline levels. We tracked the fibroblast
and SSC counts over time, the number of new fibers, and the amount of fibrosis as indicated by
collagen density to determine if these perturbations altered the ability of muscle fibers to

regenerate following VML injury.

3.3.4.2 Combinatorial perturbations
After varying individual cellular behaviors, we then varied multiple parameters in a
simulation to examine how the interplay between each of these behaviors leads to the tissue
remodeling process.
In model perturbation A, we
e limited the number of M1 macrophages,
e |imited the number of fibroblasts,
e and altered two key microenvironmental cues of SSCs (SSC location and ECM stiffness;

see Table 3-2 for details) to increase the likelihood of regenerating fibers.
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The maximum number of M1 macrophages and fibroblasts was reduced to 75% of
baseline levels. In model perturbation A, we eliminated the rule of microenvironmental cues for
SSC proliferation and differentiation (see Table 3-2 for details) so that SSC proliferation and
differentiation was no longer limited to being on a fiber edge and the ECM collagen levels no
longer affected the SSC behavior. In model perturbation B, we lowered the threshold of the SSC
differentiation signal. By lowering the threshold below zero, we were able to explore the
possibility that the absence of pro-differentiation signals was contributing to the failed
regeneration. We tracked the fibroblast and SSC counts over time, the number of new fibers,
and the amount of fibrosis as indicated by collagen density to determine if the combination of

perturbations altered the ability of muscle fibers to regenerate following VML injury.

3.4 Results

3.4.1 ABM simulated regeneration dynamics of VML injuries without repair

After tuning the unknown model parameters, listed in Table 3-3, the simulations
predicted emergent cellular behaviors which were consistent with the findings of experimental
studies of VML injuries in the absence of therapeutic repair. Fibroblast and myofibroblast fold
changes peaked at day 7 and then plateaued from day 14 onward (Figure 3-4A) [11], consistent
with experimental observations of col3al gene expression fold changes following VML injury
[11]. SSC counts also peaked at day 7 and then remained elevated through day 28 (Figure 3-4B),
which is also consistent with experimental observations in the literature [11]. The inflammatory

cell dynamics captured the data available, including the sustained upregulation of many
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pathways associated with the inflammatory response [11,78,82] following VML injuries and the

previously reported overwhelming inflammatory M1 macrophage response compared to anti-

inflammatory M2 macrophages (Figure 3-4C) [78,82]. Muscle fiber and ECM changes, including

the reduced thickness of the muscle cross-section near and within the injury site, were also

consistent with published experimental studies. The ABM model for the baseline case of VML

without repair predicted a complete failure in fiber regeneration and abundant collagen

deposition in the injury defect (Figure 3-2) [4,78,79,88,89].
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Figure 3-4. ABM of VML injury regeneration without repair parameterized to capture
experimentally reported cell population behaviors. The model replicated an experimentally
measured fold change in (A) the number of fibroblasts and myofibroblasts, (B) SSCs, and (C) M1
and M2 macrophages, within the model’s predicted 95% confidence interval. Model results
were reported as mean + 95% confidence interval. Aguilar et al. 2018 experimental data of
fibroblasts and satellite cells reported as median + standard deviation, and Garg et al. 2014
experimental data of macrophages reported as mean * standard error mean [11,82].
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3.4.2 ABM validated by comparing simulations to independent experimental results of 3
different VML treatments

Treatment 1. First, ABM simulations were run for the tissue response to VML repair
following administration of Losartan. Losartan is an anti-fibrotic therapy that inhibits
angiotensin |l type 1 receptor activation and thereby blocks TGF-B1 [82]. Because our model
does not specifically incorporate angiotensin Il receptor blockade, we simulated the
downstream effects of Losartan by reducing TGF-B production by myofibroblasts and
macrophages 60% from baseline levels [126]. In this scenario, the ABM did not predict either
the reduction in collagen Ill or the reduction in TGF- B fibrotic markers that has been observed
experimentally following Losartan treatment 7 days after injury (Figure 3-5) [82]. However,
consistent with experimental observations, the ABM predicted that Losartan treatment was
associated with an increase in SSCs 14 days post-administration and injury. The ABM also
predicted that by day 28 post injury, Losartan treatment causes collagen accumulation in the
defect and no fiber regeneration, as has been reported in the literature [82].

Treatment 2. Next, we evaluated the ability of the ABM simulations to capture essential
aspects of VML tissue repair following implantation of decellularized ECM. ABM simulations of
decellularized ECM treatment following VML injury predicted an absence of new muscle fibers
in the defect, indicating a lack of regeneration (Figure 3-5B), consistent with previously
published experimental studies [3,4,6]. Further, the ABM predicted fibroblast, SSC, and M1
macrophage counts at day 28 post injury that were similar to those in VML injury simulations
without repair (Figure 3-5A), and by day 28 the simulated defects contained increased collagen

similar to VML injury simulations without repair (Figure 3-5B).
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Treatment 3. Finally, model simulations of MMG treatment/implantation predicted
similar fibroblast and SSC counts, accompanied by similar expression of fibrotic pathways,
compared to VML injuries without repair at day 28 post injury, which is consistent with
published experimental studies (Figure 3-5A) [3,11,88]. The ABM simulations of MMG
treatment were also consistent with experimental observations in that both showed an
increased number of muscle fibers by day 28 (Figure 3-5C) [3,11,88]. The model suggests that
the new muscle fibers within the VML defect of MMG treated injuries resulted from the
implanted muscle fibers within the MMG and were not generated by proliferation and
differentiation of SSCs residing within the injured muscle [88]. The ability of our model to
accurately predict repair using different treatments provides confidence in the utility of our
model to capture tissue regeneration within VML injuries and points to some of the putative

mechanisms underpinning experimental observations.
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Figure 3-5. ABM predictions of cell behaviors, muscle fiber, and ECM changes 7, 14, and 28 days
after injury and treatment were compared with published experimental results. Triangles
represent an increase (blue), decrease (red), no change (grey), in response to the indicated
treatment (i.e. Losartan with no repair, decellularized ECM, or MMG) or no quantified data
available (striped) compared to VML injuries without repair (A). We compared quantitative
changes in fibroblast, SSC, and pro-inflammatory macrophage numbers and compared
gualitative changes in fibers and fibrosis in the VML defect. We also simulated VML injury
treatments published in the literature and compared our model predictions to independent

experimental results published in the literature: *[82], °[3,4,6], #[3,11,88]. Graphical ABM
outputs at 28 days showed that treating the VML injury with decellularized ECM resulted in
fibrotic tissue (i.e. increased collagen) filling the defect (B) and minced muscle graft (MMG)
treatment resulted in muscle fibers present in the defect (C).

3.4.3 ABM perturbations predict outcomes of potential VML treatments

3.4.3.1 Pro-inflammatory & fibrosis perturbations
Simulations reducing the number of pro-inflammatory macrophages did not affect

cellular behavior nor the amount of fibrotic tissue relative to baseline simulations (Figure 3-6).
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For example, while a 75% reduction in the number of M1 macrophages reduced their numbers
to a level similar to M2 macrophages, that perturbation alone was not enough to alter the SSC
differentiation signals and promote muscle regeneration. However, reducing the number of
fibroblasts near the injury resulted in more SSCs and less collagen accumulation (Figure 3-7).
We simulated a reduction in the amount of fibroblast-generated growth factors
(transforming growth factor beta, TGF-B; fibroblast growth factor, FGF; insulin-like growth
factor, IGF) and tracked the cellular counts and collagen density over 28 days (Figure 3-8). A
75% reduction of TGF-B compared to baseline levels resulted in higher SSC counts and lower
collagen density (Figure 3-8A). In comparing the 75% reduction of TGF- B simulation to the
Losartan simulation, both simulations resulted in higher SSC counts after 10 days post-injury;
however, the 75% reduction of TGF- B resulted in zero fibroblasts and myofibroblasts by 14
days post-injury but the Losartan simulation continued to have similar fibroblast and
myofibroblast cell counts as the no repair baseline simulation (Figure 3-5A, Figure 3-8A). This
suggests that impairing fibroblast recruitment, and/or severely inhibiting TGF-B production
following injury, may improve the ability of the muscle to repair following VML injury since
there are more SSCs present and less fibrotic tissue, marked by lower collagen density, in the
injury. Nonetheless, the ABM predicted no new fibers in the defect as a result of reducing TGF-
production nor reducing the other fibroblast-generated growth factors or cell populations
(Figure 3-8), thus suggesting that in isolation this treatment approach would be insufficient to

regenerate the muscle lost to VML injury.
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Figure 3-6. Limiting the number of M1 macrophages in the no repair (NR) ABM did not alter the
amount of fibrosis as indicated by collagen density nor result in new muscle fibers filling the
defect. The number of M1 macrophages was reduced to 50% and 75% of baseline levels.
Outputs included fibroblast and myofibroblast fold changes, SSC fold changes, collagen density,
macrophages fold changes, and number of new, regenerated fibers. Model results were
reported as mean * 95% confidence interval. Aguilar et al. 2018 experimental data of
fibroblasts and SSCs reported as median * standard deviation, and Garg et al. 2014
experimental data of M1 and M2 macrophages reported as mean + standard error mean

[11,82].
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Figure 3-7. Limiting the number of fibroblasts in the no repair (NR) ABM reduced the number of
fibroblasts and myofibroblasts following VML injury and altered the amount of fibrosis as
indicated by collagen density. The number of fibroblasts was reduced to 50% and 75% of
baseline levels. Outputs included fibroblast and myofibroblast fold changes, SSC fold changes,
collagen density, macrophages fold changes, and numbers of new, regenerated fibers. Reducing
the number of fibroblasts to 50% or 75% of baseline increased the number of SSCs and
impaired the rate and extent of collagen accumulation in the defect. None of the perturbations
to fibroblasts resulted in new muscle fibers filling the defect. Model results were reported as
mean + 95% confidence interval. Aguilar et al. 2018 experimental data of fibroblasts and SSCs
reported as median * standard deviation, and Garg et al. 2014 experimental data of M1 and M2
macrophages reported as mean * standard error mean [11,82].
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Figure 3-8. Limiting the amount
of growth factors produced by
fibroblasts in the no repair (NR)
ABM revealed that only a large
reduction in TGF-B levels altered
the collagen density following
VML injury. The levels of TGF-3
(A), FGF (B), and IGF (C) were
reduced to 25%, 50% and 75%
below baseline levels, and
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fold changes, collagen density,
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fibers were predicted. A 75%
reduction of TGF-B secretion by
fibroblasts increased the
number of SSCs present and
decreased the rate and amount
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None of the perturbations
resulted in new fibers filling the
defect. Model results were
reported as mean + 95%
confidence interval. Aguilar et
al. 2018 experimental data of
fibroblasts and SSCs reported as
median * standard deviation,
and Garg et al. 2014
experimental data of M1 and
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3.4.3.2 Combinatorial perturbations

We then simulated VML treatments that incorporated a combination of different
approaches. Model perturbation A (limiting the number of M1 macrophages and fibroblasts
and altering SSC microenvironmental cues, see Methods for details) alone did not affect the
regenerative response of the VML injury (Figure 3-9). When only model perturbation B
(lowered SSC differentiation threshold) was implemented there were very few new fibers
(Figure 3-9) and most of the differentiated SSCs were located on fibers damaged by secondary
necrosis (data not shown). With model perturbation B, there was a decrease in SSC fold change
because SSCs differentiated and no longer contributed to the total number of SSCs (Figure 3-9).
However, when model perturbation B is implemented in combination with model perturbation
A (limiting the number of M1 macrophages and fibroblasts and altering SSC
microenvironmental cues), the SSCs are in a better location and environment to generate new
fibers and there was improved regeneration as marked by a significant increase in the number

of new fibers (Figure 3-9).
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Figure 3-9. A combination of model parameters, reflecting the key biological aspects of failed
regeneration in VML injuries, were systematically adjusted alone and in combination to
determine how these perturbations affected collagen density and new muscle fiber infiltration
into the defect. In the first perturbation, labeled “Perturbation A”, the maximum number of M1
macrophages and fibroblasts was reduced to 75% of baseline levels and SSC migration
behaviors were adjusted such that SSCs preferred being in isolation on ECM as opposed to in
their niche next to a fiber. Model perturbation B, which corresponded to the threshold for SSC
differentiation into myofiber, was reduced so that SSC differentiation was more frequent.
When these two perturbations, A and B, were implemented simultaneously, then there was a
significant increase in the number of new fibers and collagen density in the defect was reduced.
** p <0.0001, statistical significance between groups using a one-way analysis of variance and
Holm-Sidak post hoc test.
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3.5 Discussion

The goal of this study was to develop a computational model that predicts muscle
regeneration and tissue remodeling following VML injury and/or treatment. By incorporating
literature-derived rules from over 100 sources, the ABM was able to capture the autonomous
behaviors of fibroblasts and SSCs and simulate regenerative dynamics that were not explicitly
defined in the model. We simulated the regenerative response of unrepaired and treated VML
injuries, and then we used the model to explore the outcomes of potential therapies and probe
mechanisms underlying regeneration following VML injury. One of the fundamental findings of
our study is that the model simulations suggested that multiple overlapping cellular
mechanisms are responsible for the overt failure of tissue repair in the setting of an untreated
VML injuries. Moreover, consistent with existing preclinical and clinical data, the model
simulations also indicate that vastly improved muscle regeneration and thus functional
outcomes for VML injury cannot be affected by treatments that address individual aspects of
the tissue healing response (Figure 3-6, Figure 3-7).

To this end, we conducted theoretical simulations (combinatorial perturbations, Figure
3-9) which predicted that simultaneous alterations in multiple cellular behaviors produced
significantly improved muscle regeneration in the VML defect. We explored the impact of the
following on muscle regeneration: reducing the presence of pro-inflammatory cells and
fibroblasts by 75% and altering the SSC microenvironmental cues required for SSC
differentiation (i.e., location on a fiber edge, or on ECM with native healthy stiffness) in model
perturbation A, and addressing the absence of pro-differentiation SSC signals in the VML repair

environment in model perturbation B. The model simulations suggest that reducing the
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presence of pro-inflammatory macrophages and fibroblasts by 75%, simultaneously removing
SSC dependency on its microenvironment for differentiation, and additionally lowering the
threshold for SSC differentiation so that it occurs more frequently, will significantly increase the
number of new fibers in VML defects (Figure 3-9). Although it is not currently possible to
implement all of these changes experimentally, the model allowed us to examine if, and how,
addressing multiple cellular behaviors in combination would alter muscle regeneration in VML
injuries.

It is important to address the simplifying assumptions and limitations of our model. In
developing the ABM, our goal was to incorporate fiber regeneration and fibrosis, which are the
most prevalent and investigated aspects of repair in VML injury, but we did not incorporate
other aspects of muscle structure and function that are known to be affected during
regeneration. For example, our ABM does not include neuromuscular junctional changes,
microvascular network adaptations, the effect(s) on muscle function and activity (i.e.,
contraction), or different muscle fiber types. We have focused on a subset of cells (fibroblasts,
satellite cells, and macrophages), but there are other cell types present in muscle (e.g.
fibroadipocytes, pericyte cells, angioblasts, lymphocytes). For cell types that were modeled, we
incorporated relatively simple cellular behaviors and interactions through a series of probability
defined rules; as opposed to modeling intracellular behaviors such as individual binding
receptors, binding rates, etc. Future studies that expand upon the current model could
incorporate more complex behaviors of fibroblasts, different types of collagen, and behaviors
of collagen thickening and scarring to more accurately capture and predict fibrotic changes

after VML injury.
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The development of the model is also limited by the availability of experimental data.
The model was primarily informed by the few VML experimental studies that have focused on
cell counts at time points less than 2 months post-injury as well as the many studies that have
focused on the morphology of the tissue and functional response at longer time points of 3 and
6 months [4,6,15,79]. For the cell types that were modeled, we were limited to defining the
cells by the markers used in these experimental studies. However, we had to make assumptions
regarding the spatial distribution of cells because this has not been quantified in experimental
studies. For example, we had access to experimental data quantifying the number of M1 and
M2 macrophages following VML injury but there have been no efforts to describe the spatial
concentrations of M1 and M2 macrophages over time [3]. Our ABM represents the higher
proportion of M1 macrophages compared to M2 macrophages that has been observed
experimentally, and we have assumed a spatial distribution of both M1 and M2 macrophages
that places 60% in the border region and 40% in the healthy region [78]. Additional
experimental studies are needed to confirm the model predictions about the spatial
distribution of cellular behaviors.

In the simulations of no repair and decellularized ECM treated VML injuries, the
thickness of the muscle cross-section near, and within, the injury site decreases which is a
result of an ECM agent rule that two neighboring ECM agents with low collagen have a
probability of merging into a single agent and is consistent with experimental observations [6].
The simulations of VML injuries treated with Losartan did not recapitulate the early cellular
dynamics that have been reported experimentally; however, the model was consistent with

data collected at later time points that describe cellular changes and failed muscle regeneration
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in the VML defect [82]. The Garg et al. 2014 experimental study, for example, reported reduced
deposition of collagen type | and no changes in collagen type Ill in Losartan treated injuries
compared to VML injuries without repair [82]. We have incorporated a simplified
representation of fibroblast and collagen behaviors, and we did not incorporate collagen
subtypes into this ABM. This generalized behavior in our model likely explains why it failed to
capture the early cell dynamics; however, in future work, the model can be expanded to
represent mechanistic behaviors [127,128]. However, the model’s ability to predict cellular
changes seen at later time points supports its utility in predicting longer-term remodeling
outcomes (i.e. scarring and regeneration), which would be helpful for designing new
therapeutic approaches.

With these limitations in mind, the demonstrated ability of the ABM to predict the
effects of various treatments for VML injuries motivates its deployment in future studies of
novel therapeutics. That is, the model can be utilized to predict the effectiveness of a new
therapeutic and aid in the design of more effective therapies to limit the number of
experiments that would otherwise need to be conducted. For example, a cell-seeded
biomaterial could be simulated in the model and the material’s degradability and initial cell
density could be optimized through model perturbations. The ABM can also be used to inform
the design of experiments by identifying the most critical time points and outcomes to examine
in an experimental study—again, perhaps saving the time and expense of unnecessary initial
experiments. On a broader scale, computational modeling enables improvements in the design
of therapeutics for VML injuries by guiding injury specific treatment options. Finite-element (FE)

models can inform therapeutic design based on mechanistic insight of force transmission
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[6,129], and now ABMs can be used to inform therapeutic design using cellular mechanistic
insight. Furthermore, hybrid models that couple FE modeling with ABMs offer a unique ability
to explore the interactions between biomechanical and biochemical mechanisms of muscle
regeneration [59,130]. In conclusion, this work demonstrates that an ABM of regeneration
following VML injury provides important new insight into the cellular mechanisms governing
wound healing and repair. Utilizing computational tools to inform tissue engineering and
regenerative medicine therapeutics has the potential to drive more rapid and efficient clinical

translation of regenerative therapeutics for VML injuries.
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Chapter 4

Experimental-modeling coupled framework informs design of

novel therapeutic for volumetric muscle loss injuries

Acknowledgements: Sarah Dyer, Emily Miller, Michael Rariden, George J.

Christ, Silvia S. Blemker

“How long is this going to last? I’'m so sick of crying,
| feel like a Villanueva.” — Petra

Jane the Virgin

73



4.1 Abstract

Volumetric muscle loss (VML) injuries involve a simultaneous loss of resident cells and
structures responsible for muscle regeneration resulting in permanent cosmetic and functional
deficits. Current preclinical therapeutics for these injuries fail to completely restore functional
muscle tissue resulting in a need for improved therapeutic design. Experimental testing of new
therapeutics is a resource-intensive and time-consuming process; however, computational
tools offer a more cost-effective method to explore the efficiency of new proposed methods for
promoting muscle regeneration prior to in vivo testing. In this study, we utilized a previously
developed computational model to design a novel therapeutic and inform experimental design.
Our agent-based model (ABM), which provides a tool to understand cellular mechanisms,
informed our therapeutic design of a decellularized ECM with the delivery of exogenous IL-10,
as well as time points and outcomes of our experimental design. We found that the in vivo data
validated our ABM prediction of the regenerative effect for our novel therapeutic. The
regenerative effect was assessed by the number of fully differentiated SSCs or myotubes, and
the ABM predicted 10.77 + 5.03 counts/mm? at 28 days post-injury for the therapeutic and the
in vivo therapeutic data was 11.80 *+ 11.36 counts/mm?. We also further validated our ABM
with in vivo cellular data of a decellularized ECM treatment and refined aspects of our ABM
using experimental unrepaired VML injury data. We have demonstrated the utility of using
computational tools to improve the efficiency of pre-clinical studies; and moving forward, this
coupled computational and experimental framework can be expanded to other therapeutics

and accelerate the clinical translation of regenerative therapeutics for VML injuries.
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4.2 Introduction

In volumetric muscle loss (VML) injuries, there is a simultaneous loss of resident cells
and structures responsible for muscle regeneration resulting in permanent cosmetic and
functional deficits. The intrinsic regenerative process of skeletal muscle fails, and the
mechanisms that limit the ability for the muscle tissue to regenerate are poorly understood
[11-13]. VML injuries typically result from trauma, such as battlefield injuries to wounded
warriors or civilian vehicular accidents, and currently there are no treatment options that
completely restore muscle form and function [3,4,6,76,77]. There is a need for tools that
provide insight into the functional and biological mechanisms of VML injury repair and thus can
be used to accelerate the development of more efficacious therapies.

Current preclinical therapeutics have included implantation of decellularized
extracellular (ECM), minced muscle grafts, and a variety of natural and synthetic biomaterials
seeded with muscle progenitor cells and/or a combination of growth factors to help promote
SSC proliferation and differentiation [3,4,6,7,15,78,79]. Experimental testing of these
therapeutics is a resource-intensive and time-consuming process. For example, the design of a
new therapeutic consisting of a cell-seeded scaffold in combination with a growth factor would
require multiple groups to be tested in order to determine the ideal cell seeding density and
preferred growth factor to include. Then the new therapeutic would need to be tested in
multiple injury locations to determine if it aids in restoring function in different mechanical
environments. These groups would add numerous animals and hours of experimental work.
Computational tools, such as agent-based models, offer a more cost-effective method to

predict the effect of new therapeutics prior to in vivo testing.
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Agent-based models (ABM) provide a tool to improve the mechanistic understanding of
how cellular behaviors impact tissue repair/remodeling following VML injury. ABMs simulate
cellular behaviors and show the effects of these cellular behaviors on the physiological system
as a whole. Agents represent individual cells within a tissue as well as environmental
components, such as ECM, and the computational platform synthesizes the published work in
the field, as agent behaviors are governed by literature-derived rules [61,62,85,86]. ABMs can
also be used to predict the regenerative effects of a new therapeutic and inform the
experimental design by identifying the most critical time points and outcomes to examine.

The goal of this work was to utilize our previously developed ABM (Chapter 3) for VML
injuries to design a novel therapeutic and inform our experimental design before testing the
model predictions in vivo (Figure 4-1). We used the ABM to design our new therapeutic,
consisting of a decellularized ECM scaffold and exogenous growth factor interleukin-10, and to
inform the time points and outcomes of our experimental design. Decellularized ECM was
chosen as the material for the therapy because it provides a structure for cells to migrate into
the injury defect [76,84,131]. Previous ABMs have modeled exogenous growth factor delivery.
Some ABMs have assumed the growth factor was delivered to the tissue and modeled the
delivery by simulating the cellular effect of the growth factor [61,132], and others assumed
focal delivery and modeled the growth factor’s diffusion into the tissue [133]. In this work, the
focus was on delivery of exogenous growth factors to the tissue. We tested our model-
informed novel therapeutic in vivo and validated the ABM prediction of its regenerative effect.

We also used no repair in vivo data to refine the regional cellular distributions in the ABM.
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Figure 4-1. Coupled framework of in silico and in vivo methods to design novel therapeutic for
VML injuries.

4.3 Methods

4.3.1 Agent-based model

The previously developed computational model was used to design a new therapeutic
for VML injuries and optimize experimental variables of the therapeutic. Briefly, the previously
developed ABM predicted tissue regeneration following VML injury from the autonomous
actions of different agents in the model (Chapter 3). The ABM represented a two-dimensional
cross-section of rat skeletal muscle consisting of 164 muscle fibers and was built in Repast, a
java-based modeling platform (Argonne National Laboratory). The agents that occupied space
in the model included muscle fibers, ECM, necrotic muscle tissue, fibroblasts, myofibroblasts,

satellite stem cells (SSCs), myoblasts, myocytes, and myotubes. Model components whose
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spatial location was not tracked included eleven growth factors and three types of
inflammatory cells: neutrophils, proinflammatory (M1) macrophages, anti-inflammatory (M2)
macrophages. The ABM consisted of a healthy muscle region and a border region that was
adjacent to the defect. The healthy region consisted of the muscle fibers near the VML injury
that were not affected by the defect [89]. At initialization, the healthy region was
approximately 130 um from the injury space and by 7 days post-injury, it was 350 um from the
injury space. The border region consisted of the fibers within 350 um of the injury at 7 days
post-injury and the injury space [4,78,89]. Simulations were run with a 1-hr time step for a
simulated 28 days following VML injury. At each time step, every cellular agent determined its
regional location in the simulation space and then its behaviors were determined by a
probability-based decision tree (Figure 3-3, Table 3-1, Table 3-2). The key model outputs
included the time-varying counts for fibroblasts, SSCs, and M1 and M2 macrophages in the
model. The model predicted counts of each cell type were divided by the area of the region and
then normalized by the number of cells at initialization to calculate the fold change and allow
for direct comparison with values from in vivo studies. All simulations were repeated 10 times

to capture the stochastic cell behaviors of the model.

4.3.1.1 Therapeutic and experimental design using the ABM

The new therapeutic consisted of decellularized ECM in combination with exogenous
growth factors. Decellularized ECM in the injury space was modeled as four layers of 10 pm
thick, based on unpublished measurements (Christ Lab), to be consistent with in vivo

implantation (Appendix B). To model exogenous growth factor delivery in the ABM, it was

78



assumed that growth factor values greater than 0 have a chance of affecting cellular behavior
for there was no therapeutic range of growth factors for VML injury in the literature. A
simplified delivery of growth factor was assumed using a piecewise function and
pharmacokinetic data for IL-1B, a growth factor with similar molecular weight and isoelectric
point to the growth factors of interest [134]. For hours 1 — 4 after delivery, the growth factor
was at its max level before decaying exponentially with a half-life of 1.6 hours. Bioavailability
for subcutaneous injection was set at 50% [134]. It was also assumed that the growth factor
was evenly distributed throughout the tissue.

A dose sensitivity analysis was run for each growth factor — FGF, IGF, and IL-10. The
growth factor concentration delivered was 0.5, 1, 2, 5, 10, and 20 times the maximum amount
of the growth factor in the unrepaired ABM. For the growth factors promoting SSC
proliferation, the output examined was the maximum number of SSCs in the simulation. For the
growth factor promoting SSC differentiation, the output examined was the maximum number
of myotubes in the simulation. Myotubes are fully differentiated SSCs capable of repairing
muscle fibers and are a marker of muscle regeneration [21,135]. An increase in the number of
myotubes is indicative of improved muscle repair. In simulations testing the delivery of a
combination of growth factors, the highest concentration of each growth factor was used. The
ABM was also used to optimize the delivery of IL-10. Single injections of three doses every 48
hours were simulated starting at 5, 7, or 10 days after VML injury. The continuous infusion of IL-
10 for 7 days was simulated starting at 5 or 7 days post-injury. The highest concentration, 20

times the max level in the unrepaired model, was used for all delivery simulations.
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4.3.1.2 ABM refinement

ABM model parameters were refined to recapitulate the in vivo experimental results of
unrepaired VML injuries (Table 4-1). As explained in Chapter 3.3.1.1, the probability of a cell
behavior occurring was weighted by the cell behavior signal and a normalization factor
accounting for the size of the ABM grid. When initialing building the ABM in Chapter 3, the
normalization factor for behavior signals was set to account for the size of the ABM grid and
then the maximum probabilities of cell behaviors were tuned (Table 3-3). Varying the max
chance of SSC differentiation resulted in minimal changes in the number of differentiated SSCs
(Appendix C). Therefore, to re-parameterize the ABM to capture the myotubes counted in the
experimental data, the normalization factor for SSC differentiation behavior signal was tuned.

Originally in the ABM, SSCs and fibroblasts were assumed to only recruit to the border
region. The literature demonstrated that SSCs were recruited to an injury site in both single
fiber and whole muscle experiments [79,88,136]. However, there was no clear definition of the
area size near an injury which will recruit SSCs. The in vivo data showed that SSCs were
recruited to the border and healthy region, so a parameter was added to the ABM to define the
probability of a SSC recruited to the border region. If the SSC was not recruited to the border
region, then it was recruited to the healthy region.

For fibroblasts, the VML literature was consistent in demonstrating that fibroblasts were
the major contributor in replacing connective tissue lost in the injury but the area size near an
injury where fibroblasts were recruited was not defined [10,79,90]. Based on the in vivo data
which showed that fibroblasts were recruited to the border and healthy region, a parameter

was added to the ABM to define the probability of a fibroblast recruited to the border region.
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The parameter for the maximum probability of fibroblast recruitment was re-parameterized.
These parameters were tuned to capture the regional distribution seen in vivo.

Based on published data for a pan macrophage marker, the original regional distribution
of M1 and M2 macrophages was approximated to be 60% in the border region and 40% in the
healthy region [78]. Following the in vivo data, the M2 macrophage distribution was updated to

be 50% in the border and 50% in the healthy region.

Table 4-1. Model parameters were tuned to recapitulate in vivo experimental results of VML
injuries without repair

Probability Parameter Equation Range Tested Value
N'ormallz.at|_0n fa?ctor of SSC SSC dlffergntlatlorl p'roba'blllty _5000 — 5000 0
differentiation signal, xa = 1/(xa— differentiation signal)

Probability of fibroblast 1/% 0.2500-0.7500 = 0.2500
recruited to border region, x1

Maximum probability of If fibroblast recruitment

fibroblast recruitment per probability > x,, proliferation 0.0400 -0.2000 0.0667
hour, x probability = x;

Probablllty.of SSC recruited to 1/ xs 0.2500 — 0.7500  0.5000
border region, x3

4.3.2 Animals

In total, 50 male Lewis rats (Charles River Laboratories) aged 11 weeks were used for
the in vivo experiment. Experimental groups and group sizes were as follows: no repair group (n
= 20), decellularized ECM (decell ECM) group (n = 20), and decellularized ECM with IL-10 (IL-10 +
decell ECM) group (n = 10). For the no repair and decell ECM groups, 5 rats were sacrificed at 7,
10, 14, and 28 days after VML injury. For the IL-10 + decell ECM group, 5 rats were sacrificed at

14 and 28 days post-injury. The ABM model predictions informed the time points of the in vivo
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study and the immunofluorescent stains chosen. The Institutional Animal Care and Use

Committee of the University of Virginia approved all animal procedures.

4.3.2.1 Surgical procedures

For VML injury creation surgery, the rat was under isoflurane anesthesia and a4 cm
incision was made from the armpit down the length of the rat, approximately 2 cm from the
spine. The cranial portion of the LD was exposed and a circular injury 12 mm in diameter was
created using a biopsy punch (Acuderm). The VML injury was 10 mm from the cranial edge and
1-2 mm from the lateral edge of the LD. For groups with decell ECM, the scaffold was folded
twice (longitudinally and transversely), trimmed to fit the size of the injury, and then sutured
into the injury bed with 6-0 vicryl sutures (Ethicon) [6,7]. Decellularized ECM scaffolds were
prepared as previously described [8,137]. In all groups, fascia and fat pad were sutured over the
injury site with 6-0 vicryl suture, and the skin was sutured with 5-0 prolene (Ethicon) suture.
Buprenorphine (0.05 mg/kg, subcutaneously) was administered for 3 days.

The rats to be sacrificed at 14 day and 28 day time points in the decell ECM and IL-10 +
decell ECM groups had subcutaneous pumps implanted at 7 days post-VML injury. The pumps
and catheters (Alzet 2001, 1 pL/hr for 7 days) were filled using sterile techniques the night
before implantation and placed in sterile 0.9% saline at 37°C to minimize the chance of
occlusion or a clot forming in the catheter. The decell ECM group received pumps filled with
sterile PBS, and the IL-10 + decell ECM group received IL-10 dissolved in 0.1% BSA and PBS at a
concentration of 0.125 pg/uL. The growth factor value in the model does not translate to an

experimental dose, thus a previously published IL-10 dose of 10 ug/kg per day was used in vivo
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[138,139]. Under isoflurane anesthesia, a 1 cm long incision was made 8 cm caudal from the
neck and 2 cm lateral to the spine. A subcutaneous pocket was made for the pump, and the
distal end of the catheter was tunneled under the fascia to the LD injury. The catheter was
secured in place with 4-0 prolene suture (Ethicon). The incision was closed with staples. After 7
days, the pump and catheter were removed under isoflurane anesthesia and the incision was
closed with staples. Ketoprofen (4 mg/kg, subcutaneously) was administered at time of pump
implantation and removal.

At the specified time points, experimental and uninjured contralateral control muscles
were removed for analysis. Animal and LD muscle weights at the time of VML injury surgery and
explant are in Table 4-2. For the 14 and 28 day harvest groups, whole blood was collected by
cardiac puncture and then centrifuged to collect serum. IL-10 levels were detected in serum
using the rat IL-10 quantitative sandwich ELISA kit as described by the manufacturer’s protocol

(Abcam).
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Table 4-2. Animal weight and LD muscle weights

Grou Animal weight at Excised injury Animal weight LD muscle
p VML surgery (g)  muscle weight (g) at explant (g) weight (g)

No repair
Z:f’;';"a”t 332.3 +21.42 0.149 + 0.021 330.4+24.32  1.076 +0.082
(1:‘5 g’)‘p'a”t 331.5+ 14.68 0.154 +0.018 339.7+8505  1.000 + 0.061
(1:‘5 g’)‘p'a”t 332.8 +10.47 0.148 +0.014 355.3+10.14  1.031+0.151
(Z:f g’)‘p'a”t 346.4 + 28.49 0.155 +0.033 353.3+3.643  0.928+0.287
Decell ECM
Z:f;‘)"a”t 3254£9.858  0.146+0.016 321.2£14.92  1.191+0.093
(1:‘j :’)‘p'a”t 323.7 +21.14 0.172 +0.010 333.4+12.86  1.238+0.252
(1:‘1 :’)‘p'a”t 329.5 +9.958 0.145 + 0.018 350.5+11.60 | 1.207+0.174
(zf‘j :’)‘p'a”t 339.1 + 4.109 0.166 + 0.023 385.2+11.62  1.067 +0.207
IL-10 + decell ECM
(1:? :’)‘p'a”t 323.7 +6.855 0.144 + 0.014 3452+9.830  1.362+0.249
(Z:‘f :’)‘p'a”t 340.7 +7.115 0.159 + 0.023 374.9+12.06  1.066 +0.173

4.3.2.2 Histology and immunohistochemistry

Muscles from all experimental groups were frozen in liquid nitrogen cooled isopentane.
The injury area was divided in half, and muscle samples were embedded in OCT floating in a dry
ice/ethanol bath at approximately -70°C to help prevent freeze-artifact. Transverse muscle
sections (10 um thick) were cut from the middle of the injury region of the muscle. Hematoxylin
and eosin stains were done using standard techniques to determine the basic morphology of

cells in and around the injury and to observe connective tissue deposition.
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For immunofluorescent staining, slides were prepared by fixing the tissue (4% PFA in
PBS) for 10 minutes followed by antigen retrieval if needed. Autofluorescence reduction
treatment was with 0.3% Sudan black solution for 15 minutes and then permeabilization with
0.5% Triton-X-100 in PBS for 30 minutes. Primary antibodies were incubated overnight at 4°C to
detect myotubes or immature myosin heavy chain (anti-mouse F1.652, Hybridoma Bank, 1:10
dilution), SSCs (anti-mouse Pax7, Hybridoma Bank, 1:50 dilution with antigen retrieval), laminin
(anti-rabbit ab11575, Abcam, 1:200 dilution), fibroblasts (anti-rabbit PDGFRa, ab203491,
Abcam, 1:500 dilution with antigen retrieval), and macrophages (anti-mouse CD68, MCA341R,
BioRad, 1:100 dilution with antigen retrieval; anti-rabbit CD163, ab182422, Abcam, 1:400
dilution with antigen retrieval). M1 macrophages stained CD68+/CD163- and M2 macrophages
stained CD163+ [7,61,82]. PDGFRa+ cells were representative of non-myogenic fibro-adipogenic
progenitor cells [90,95,140,141]. Secondary antibodies were applied for 2 hrs at room
temperature at 1:400 dilution: alexa fluor 488 (anti-rabbit, ab150077, Abcam; anti-mouse,
ab150113, Abcam) and alexa fluor 594 (anti-rabbit, ab150080, Abcam; anti-mouse, ab150116,
Abcam). Slides were mounted with DAPI containing mounting media.

All slides were imaged using a Leica Inverted Confocal Microscope DMi8 and 20x
objective. For each animal, a 3x3 image panel was acquired of the injury/muscle interface for 2
sections. Custom MATLAB code was used to define the healthy and border regions of the image
and quantify the number of cells in each region that were double positive for the respective
marker and DAPI. The border region was defined by identifying the fiber closest to the injury
space and then measuring 350 um, consistent with the ABM defined border region, into the

muscle (Figure 4-2). The counts of each cell type were divided by the area of the region and
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then normalized by the number of cells in the contralateral control to calculate the fold change

and allow for direct comparison with values from ABM predictions.

healthy ; border
region . : region

Figure 4-2. Immunofluorescent stain of decellularized ECM at 10 days post-injury for
macrophages (M1 CD68+ (green)/CD163-, M2 CD163+ (red), and DAPI (blue)). The white
dashed line marks the outline of the native LD muscle. The native LD muscle is on the left side
and the injury on the right side of the image. The yellow box marks the fiber closest to the
injury space, and then from that fiber 350 um is measured into the native muscle to identify the
edge of the border region, marked by the solid yellow line. Scale bar = 100 pum.

4.3.3 Statistical analysis

In vivo data were presented as mean * standard deviation and ABM predictions were
presented as mean + 95% confidence interval, unless otherwise noted. For dose sensitivity
analysis using the ABM, statistical significance between the count of each concentration of
exogenous growth factor and the baseline count was calculated using a t-test and Holm-Sidak
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post hoc test. All other statistical significance was determined using a one-way analysis of
variance (ANOVA) and Tukey multiple comparisons test. The level of significance was set a p <

0.05 in all statistical tests. Statistical analysis was conducted using GraphPad Prism.

4.4 Results

4.4.1 ABM predictions for therapeutic and experimental design

Using the ABM model of a VML injury treated with decellularized ECM, a dose sensitivity
analysis of exogenous growth factor delivery reveals that increasing the concentration of FGF
and IGF, SSC proliferation growth factors, increases the maximum number of SSCs (Figure 4-3A,
B). Increasing the concentration of IL-10, SSC differentiation growth factor, significantly
increases the maximum number of myotubes (Figure 4-3C). Although FGF and IGF increase the
number of SSCs near the injury, delivering the growth factors in combination with IL-10 did not
significantly improve the number of myotubes and thus would not significantly improve the
repair of muscle fibers in the VML injury (Figure 4-4A). The combination of IGF, FGF, and IL-10
resulted in less myotubes compared to IL-10 alone for IGF and FGF promote SSC proliferation,
are modeled as suppressing differentiation and thus two proliferating growth factors further
impair differentiation (Chapter 3.3.1). Informed by the ABM predictions, exogenous delivery of
IL-10 was chosen for the therapeutic. Then the ABM model of a decellularized ECM treated
VML injury was used to design the experimental delivery of IL-10. A 7-day continuous infusion
of IL-10 starting at day 7 predicted the highest number of myotubes in the injury and was

chosen for the in vivo experiment (Figure 4-4B).
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Figure 4-3. ABM model of a VML injury treated with decellularized ECM used to inform
therapeutic design. Dose sensitivity analysis of exogenous growth factors revealed that the
addition of a SSC proliferation growth factor — FGF (A), IGF (B) — increased the number of SSCs.
While delivery of a SSC differentiation growth factor, IL-10 (C), significantly increased the

number of terminally differentiated SSCs or myotubes, a marker of muscle regeneration. Model

results reported as mean * standard deviation. ** p < 0.05

A
Combination of growth factors Optimization of IL-10 delivery
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Figure 4-4. Delivery of a combination of growth factors did not significantly improve the
number of myotubes in the ABM model of a VML injury treated with decellularized ECM (A).

Thus, the delivery of IL-10 alone was optimized using the ABM. Single injections of 3 doses of IL-
10 given every 48 hours was simulated with doses starting at 5, 7, and 10 days after VML injury

creation, and continuous infusion of IL-10 for 7 days starting at 5 and 7 days after VML injury
was simulated (B). Continuous infusion of IL-10 for 7 days starting at day 7 post-VML injury
predicted the highest number of myotubes. Model results reported as mean * standard
deviation.
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4.4.2 In vivo experimental validation of model-predicted therapy effect

The treatment of decellularized ECM in combination with continuous infusion of IL-10
for 7 days starting at 7 days post-VML injury in vivo validated the ABM predictions of increased
myotube counts (Figure 4-5). The initial ABM predicted a treatment with IL-10 delivery would
result in significantly more myotubes at 14 days and 28 days post-injury (initial ABM: 17.00 +
3.94 counts/mm?) compared to an unrepaired and decellularized ECM treated injury. For in vivo
experimental data of myotube counts, the IL-10 group was significantly larger than the other
two groups at 14 days and the IL-10 group was also larger at 28 days, although not significantly.
The experimental results validated the model predictions. No significant differences in serum

levels of IL-10 concentration were found in vivo (Figure 4-6).

40+ Experimental:
17.00 £ 3.94 17.00 £ 3.94
@® Norepair
5.14 +3.54 11.80+11.36
~ 30 . i @ Decell ECM
r 1 f—._|
S @ 11-10 + Decell ECM
E Q o
7 -
= 20 Initial ABM prediction:
= * %k
o r — 1 O No repair
= O Decell ECM

Jialt

14 28
Time (d)

O |IL-10 + Decell ECM

Figure 4-5. The continuous infusion of IL-10 for 7 days in vivo validated the initial ABM
predictions of myotube counts in the total area. At 14 days post-injury, the model predicted
significantly more myotubes compared to unrepaired and decellularized ECM alone and this
was confirmed in vivo. Experimental and model results reported as mean + standard deviation.
** p < 0.05, statistical significance between groups using a one-way analysis of variance at each
time point and Tukey multiple comparisons test.
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Figure 4-6. In vivo serum levels of IL-10 concentration were not significantly different between
VML injuries treated with decellularized ECM with continuous infusion of IL-10, decellularized
ECM alone, and control rats with no injuries [142].

4.4.3 Unrepaired VML injury in vivo experimental cell counts comparable to ABM predictions
For an unrepaired VML injury, the cell counts of SSCs, fibroblasts, and macrophages
were compared to ABM predictions and literature experimental data. The experimental fold of
SSCs and macrophages was consistent with ABM predictions and literature experimental data
(Figure 4-7A, C) [11,82]. For fibroblasts, the experimental and ABM fold change was consistent
at 7 and 10 days post-injury; but experimentally, the counts of PDGFRa+ cells increased at the
later time points of 14 and 28 days (Figure 4-7B). The increased experimental fibroblast count
corresponds with the qualitative observation of increasing connective tissue over time seen in

the no repair VML injury (Figure 4-8).
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Figure 4-7. For unrepaired VML injuries, comparison of ABM predictions and in vivo
experimental data of SSCs (A), fibroblasts (B), and macrophages (C). The ABM predictions of SSC
and macrophages were similar to experimental data. The ABM predicted fibroblast counts and
experimental counts were similar at 7 days post-injury but then diverged at later time points.
Aguilar et al. 2018 experimental data of fibroblasts and SSCs reported as mean + standard
deviation, and Garg et al. 2014 experimental data of M1 and M2 macrophages reported as
mean = standard error mean [11,82]. Literature fold change is the gene expression normalized

by the contralateral control gene expression.
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Figure 4-8. Histology of
hematoxylin and eosin-
stained rat LD muscle shows
the cross-section in no
repair and decellularized
ECM treated VML injuries 7,
10, 14, and 28 days post-
injury. The native LD muscle
is on the left side and the
injury on the right side of
each image. Holes in some
muscle fibers are a result of
freeze artifact. Scale bars =
200 um.
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4.4.4 Decellularized ECM treated VML injury in vivo experimental cell counts larger than ABM
predictions

A VML injury treated with decellularized ECM was created in vivo and cell counts of
SSCs, fibroblasts, and macrophages were analyzed over 28 days and compared to ABM
predictions. The experimental fold change of SSCs was similar to ABM predictions, although it
was a bit lower than ABM predictions at 7 and 10 days post-injury (Figure 4-9A). The

experimental fibroblast fold change had similar discrepancies to the ABM predictions at 14 and
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28 days post-injury as the unrepaired VML injury (Figure 4-9B). For macrophages, the
experimental fold change of M1 and M2 macrophages was higher than the ABM predictions

(Figure 4-9C).
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Figure 4-9. For VML injuries treated with decellularized ECM, comparison of ABM predictions
and in vivo experimental data of SSCs (A), fibroblasts (B), and macrophages (C). The
experimental data and ABM predictions for SSC fold change were consistent. The fibroblast and
macrophage experimental fold changes were higher than ABM predictions.

4.4.5 ABM refined based on experimental results of VML injuries without repair

The cellular regional distribution of unrepaired VML injury experimental data revealed
an aspect of the ABM to be refined and improved. The experiment SSC regional distribution
showed approximately 50% of the cells in the border region and 50% in the healthy region;
however, the initial ABM predicted 90% in the border region and only 10% in the healthy region
(Figure 4-10A). There was also discrepancy between the regional distributions of experimental

and ABM fibroblast counts. The experimental data showed a 50% border, 50% healthy region
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breakdown and the initial ABM predicted a 90% border, 10% healthy region breakdown (Figure
4-10B). The M1 macrophage regional distribution was consistent between experimental data
and ABM predictions (data not shown), but the experimental M2 macrophage regional
distribution was approximately 50% in the border and 50% in the healthy region; while the
initial ABM prediction was 60% in the border and 40% in the healthy region (Figure 4-10C).

After refining and tuning model parameters (Table 4-1), the refined ABM predicted SSC
regional distribution was more similar to the 50%-50% distribution of experimental results
(Figure 4-10A). However, at 10 and 14 days post-injury, the refined ABM predicted slightly
more SSCs in the border region than the experimental data. The total SSC counts predicted by
the ABM were also slightly larger than the in vivo total data (Figure 4-7A), so it’s likely that the
smaller area of the regional counts highlighted the discrepancy between ABM and experiment.
Overall, the SSC fold changes are order of magnitudes smaller than the other cells and this
difference in SSCs between model and experiment is unlikely to affect the predicted outcome
of the ABM. The refined ABM predicted fibroblast regional distribution was similar to the
experimental data at 7 days post-injury but then diverged from experimental counts at later
time points (Figure 4-10B). The refined ABM predicted M2 macrophages regional distribution
was a similar distribution of 50% in the border and 50% in the healthy region, like the
experimental data (Figure 4-10C).

The experimental myotube counts of unrepaired VML injuries at 28 days post-injury
revealed that a few SSCs were terminally differentiating to myotubes (in vivo: 3.88 + 4.68
counts/mm?); however, the ABM did not capture this behavior (initial ABM: 0 counts/mm?)

(Figure 4-5). The unrepaired VML injury ABM was refined and parameters re-tuned to capture
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this occurrence (refined ABM: 6.21 * 6.83 counts/mm?) (Table 4-1, Figure 4-11A). After

refinement of the ABM, the model predictions of the therapeutics’ regenerative effect

remained validated by experimental data (Figure 4-11B). For the therapeutic group at day 28,

the refined ABM predicted myotube counts (refined ABM: 10.77 + 5.03 counts/mm?) that were

more similar to in vivo experimental data (in vivo: 11.80 + 11.36 counts/mm?) than the initial

ABM (initial ABM: 17.00 + 3.94 counts/mm?).
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Figure 4-10. Experimental
regional cellular distributions of
SSCs (A), fibroblasts (B), and M2
macrophages (C) led to
additional refinement of the
ABM. For unrepaired VML
injuries, the initial ABM
predicted too many cells in the
border region whereas the
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predictions of regional
distributions were similar to
experimental counts (column ).



Counts/mm?

B
40 40+ Experimental:
10.77 £5.03 @ No repair
i @ Decell ECM
&
30+ ~  30- 5.14+3.54 11.80 £ 11.36
£ - () @ IL-10 + Decell ECM
£
+ - —
20 BETERES 2 204 o Refined ABM prediction:
[e) (= *% .
3.88+4.68 QO 3 — O No repair
O [ —|
104 ° O 404 % ° O Decell ECM
; O  IL-10 + Decell ECM
0- 0-
14 28 14 28
Time (d) Time (d)

Figure 4-11. The unrepaired VML injury ABM was tuned to capture the myotube counts
measured experimentally at 28 days post-injury (A). Refinement of the ABM did not alter the
outcome of the ABM predictions for the therapeutic experimental data validated the model (B).
Experimental and model results reported as mean * standard deviation. ** p < 0.05, statistical

significance between groups using a one-way analysis of variance at each time point and Tukey
multiple comparisons test.

4.5 Discussion

VML injuries are a challenging medical condition to treat because of the simultaneous
loss of resident cells and structures responsible for muscle regeneration and the functional and
biological mechanisms of repair are poorly understood [11-13]. Current treatments
inadequately treat VML injuries, although regenerative medicine technologies offer great
potential for improved functional outcomes [6—8]. There is a need for more rapid and efficient
clinical translational of regenerative therapeutics; thus, in this work we demonstrate the utility
of a computational model to design a novel therapeutic and aid in experimental design. The
predictive capabilities of the ABM allowed testing of one therapeutic, instead of over 11
different combinations of growth factor delivery, which saved hundreds of hours of

experimental work and over 100 rats.
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Our ABM simulations in Chapter 3 revealed that treatments designed to modulate the
pro-inflammatory and fibrotic cellular components of the tissue healing response would not be
successful in improving muscle regeneration following VML injury (Figure 3-6, Figure 3-7, Figure
3-8). We also revealed in theoretical simulations that lowering the threshold for SSC
differentiation, so that it occurs more frequently, helps to improve the muscle regeneration in
the injury (Figure 3-9). Therefore, our focus in this new therapeutic was to alter SSC behaviors.
The ABM reflects the current understanding of biology and currently it is believed that the
microenvironment and secreted factors influence SSC behavior in muscle regeneration (Table
3-2) [21,40,104]. We focused on altering the growth factor environment because it can be
easily adjusted in vivo. Specifically, the effects of fibroblast growth factor (FGF), insulin-like
growth factor (IGF), and interleukin-10 (IL-10) on muscle regeneration were explored [45,109—
113]. Through a series of ABM simulations, we decided to deliver exogenous IL-10 continuously
via a subcutaneous pump to VML injuries which will help to eliminate experimental variability
of delivery.

To our knowledge, the effect of exogenous IL-10 for muscle regeneration has been
predominantly tested in vitro and this was the first use of IL-10 for VML injuries in vivo
[110,113,143]. The effect of IL-10 on SSC differentiation behavior was encouraging but was
inadequate to replace lost muscle fibers in the injury space. The H&E images of the IL-10 and
decellularized ECM group were comparable to the decellularized ECM group images, and there
were few new fibers seen in the injury space (Figure 4-8). This observation suggests that the
differentiated SSCs were located on remaining fibers damaged during injury creation.

Therefore, it was unlikely that IL-10 in combination with decellularized ECM improved the
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muscle’s functional response; however, incorporating IL-10 with more complex therapeutics
that can regenerate some of the lost muscle fibers may further improve the regenerative and
functional outcome.

The unrepaired VML injury ABM predictions of SSCs and macrophages were consistent
with experimental data; however, there was discrepancy in the fibroblast counts after 10 days
post injury. The ABM was built and tuned to previously published experimental data of a VML
injury in the rat tibialis anterior (Chapter 3) [11]. In that study, the H&E images showed less
connective tissue at 14 and 28 days post-injury compared to 7 days which was consistent with
the fibroblast counts [11]. In our experiment in the rat LD, the H&E images showed more
connective tissue at 14 and 28 days post-injury compared to 7 days which was consistent with
our experimental fibroblast counts (Figure 4-8, Figure 4-7). Therefore, it is likely that this
discrepancy in counts reflects the different muscles used for VML injury. Additional
experimental studies that explore a more robust range of fibroblast markers are needed to
ensure that the increased trend in fibroblast counts in the rat LD is reflective of increased
fibrosis and not PDGFRa marker specific. Currently in the ABM, generalized fibroblast behaviors
and development of fibrosis are incorporated (Table 3-1). Future studies that expand upon the
current model could incorporate more complex behaviors of fibroblasts, different types of
collagen, and behaviors of collagen thickening and scarring to more accurately capture and
predict fibrotic changes after VML injury. Based on the fibroblast experimental regional counts,
it appears that the discrepancy between model and experiment at 14 and 28 days was a result
of differences in the healthy region (Figure 4-10). Expanding the fibroblast behavior in the

model may aid in more accurately predicting these fibroblast regional behaviors.
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The experimental data of cell counts for the decellularized ECM treated VML injury was
the first quantified, temporal data for decellularized ECM treatments and provided additional
data to validate our ABM. The SSC experimental counts were similar to ABM predictions;
however, the macrophage experimental counts were higher than model predictions (Figure
4-9). The high macrophage counts were consistent with the in vivo qualitative observation of a
pus bolus forming around day 7 and then disappearing between days 14 and 28. This is
indicative of a foreign body response; however, our ABM currently does not have the capability
to account for this response which likely explains the discrepancy between experiment and
model predictions. Macrophages are currently incorporated in the ABM as a system of ordinary
differential equations, which accounts for their counts but does not include their behaviors or
interactions with other agents. Expanding the model to include the autonomous behaviors of
macrophage agents would provide a platform to model a foreign body response.

Several simplifying assumptions were made in modeling the delivery of exogenous
growth factors (Section 3.2.1.1). There was no quantified in vivo data demonstrating that IL-10
was successfully delivered to the injury for there was not a significant difference in IL-10 serum
levels at day 14 between the decellularized ECM alone and IL-10 and decellularized ECM
groups. Yet the experimental counts of myotubes were consistent with model predictions
indicating that IL-10 was indeed delivered. Because of the short half-life of IL-10 (1.6 hours), it is
likely that we missed collecting serum at a time when IL-10 serum levels were elevated [134].
Additionally, the temporal response of exogenous growth factor delivery could be improved in
the model. In the ABM, the full effect of IL-10 on myotube counts is achieved by 14 days post-

injury but the experimental data shows that the response is more gradual and the maximum
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number of myotubes does not occur until 28 days post-injury (Figure 4-11). Future in vivo
studies focused on the pharmacokinetics of IL-10 delivery would further improve the accuracy
and predictive capabilities of the model.

A circular VML injury was chosen for this experimental study because it can be created
in vivo with a biopsy punch which improves injury consistency between animals. We used our
previously validated FE model of VML injuries (Chapter 2) to determine whether to do in situ
testing experimentally (Appendix D). A power analysis using the FE model predicted force of
treated injuries and the standard deviation of previous in situ testing [129] revealed that at
least 20 additional rats would need to be tested in situ to see statistical difference between
unrepaired and decellularized ECM treated VML injuries. The ABM predicted a couple new
fibers for the IL-10 and decellularized group, which would have a negligible effect on whole
muscle force production [6]. Therefore, in situ testing would not show a significant difference
between decellularized ECM alone and the IL-10 and decellularized ECM groups and we did not
include in situ testing in our experiment.

In conclusion, this work demonstrates that computational models can be used to design
a novel therapeutic for VML injuries and inform experimental design before testing in vivo.
Using the ABM (Chapter 3) to design the therapeutic and identify the time points and outcomes
in the experimental study saved time and expenses and thus, improved the efficiency of pre-
clinical studies. Additionally, we were able to refine the ABM using the experimental data which
further improved the ABM’s ability to capture cellular dynamics following VML injury. The
demonstrated capability of the ABM to accurately predict the therapeutic effect of a scaffold in

combination with exogeneous growth factor provides confidence in utilizing the ABM to design
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more complex therapeutics, such as cell-seeded biomaterials where simulations could be used
to optimize the initial cell density and material’s degradability. Coupling the tools of
computational modeling and tissue engineering fields has the ability to accelerate the
development of more efficacious regenerative therapeutics, and thus, ensure the rapid clinical

translation of therapeutics for VML injuries.
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Chapter 5

Conclusions

“Let’s go. I’'ve had enough waking hours for one day.” — Moira Rose

Schitt’s Creek
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5.1 Summary

My goal in this dissertation was to couple the computational modeling and tissue
engineering fields to improve the design of therapeutics for VML injuries and accelerate their
translation to the clinic. The treatment of VML injuries is challenging because the wound
severity, size and location varies widely. Although regenerative medicine is a promising
alternative treatment for these injuries, there are no current treatment options that result in
complete restoration of muscle form and function. The lack of insight into the mechanisms
responsible for the failure of functional regeneration in VML injuries is a major barrier to the
development of novel therapeutics for improved functional outcomes. We believed this was an
ideal opportunity to use computational models to unravel the complex mechanical and cellular
mechanisms in VML injuries that may be difficult to elucidate with only experimental tools and
to improve experimental design prior to expensive in vivo testing.

First, we built and validated a biomechanical FE model to inform the effect of injury
location on in situ force production. The coupled framework of in situ and in silico methods
provided new biomechanical insights into force production of VML injuries in a complex muscle
architecture. We then focused on cellular mechanisms and built an ABM that predicts tissue
regeneration following VML injury. The model allowed us to elucidate the cellular mechanisms
contributing to failed muscle regeneration in these injuries and identify targets of future VML
therapeutics. Lastly, we used our ABM to inform the design of a novel therapeutic and an
experiment that validated the model-derived predictions of the regenerative effect of the

therapeutic in vivo.
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Our coupled experimental-modeling framework provided insight into both mechanical
and cellular mechanisms of VML injuries and served as a predictive tool to guide the design of a
novel therapeutic for VML injuries and aid in experimental design. The predictive capabilities of
our computational models saved hundred of hours of experimental work and animals, thus
improving the efficiency of tissue engineering therapeutic development. Moving forward, this
coupled framework provides the tools to continue utilizing computational models to accelerate
the development of more efficacious regenerative therapeutics and ensure the rapid clinical

translation of therapeutics for VML injuries.

5.2 Contributions

5.2.1 FE mechanical model of VML injury for in situ testing

| have developed the first FE model of VML injuries to uncover the relationship between
injury location and muscle force production. Previous FE models of VML injury had been
developed to understand force production in different sized injuries and with treatments in the
case of in vitro functional testing, where only the longitudinal fibers are constrained [6].
However, my FE model of in situ functional testing represents a more physiologically relevant
force for all muscle fibers are constrained, consistent with how the latissimus dorsi is anchored
in vivo. Analysis of FE model simulations revealed that for injuries with identical areas, location
can have a dramatic effect on force production. Specifically, injury location affects the percent
of injured fibers and this percentage of injured fibers affects how lateral force transmission

influences total force production. Our model simulations provided important new
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biomechanical insights regarding the relationship between VML injury location and the

corresponding force deficits produced in a clinically relevant rodent LD model.

5.2.2 ABM of muscle regeneration following VML injury

| have developed the first computational model to better understand the cellular
mechanisms of muscle regeneration in VML injuries. Previous work in our lab developed ABMs
of muscle inflammation to study the role of macrophages in healing after laceration injury and
of muscle regeneration to probe the effects of different mechanisms of Duchenne muscular
dystrophy [61,62], but there is no computational model that has been focused on the cellular
mechanisms of regeneration in VML injuries. Few experimental studies have focused on
exploring the mechanisms governing regeneration in VML injuries, and there is a need in the
field to expand mechanistic knowledge in order to improve the design of therapeutics [10,11].
Our model simulations suggested that multiple overlapping cellular mechanisms are
responsible for the overt failure of tissue repair in untreated VML injuries and therapeutics

focused on addressing one component will not improve the regenerative response.

5.2.3 Addition of exogenous IL-10 in VML therapeutics

The use of exogenous IL-10 in the treatment of VML injuries was the first application of
IL-10 in this injury model. Previous in vivo studies have used exogenous IL-10 in the treatment
of liver ischemia, renal ischemia, hindlimb ischemia, spinal injuries, stroke, and Chron’s disease
and a few studies have explored the effect of exogenous IL-10 on macrophage phenotype in

muscle regeneration in vitro [110,113,138,143-148]. However, to our knowledge, our in vivo
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study was the first use of exogenous IL-10 in the treatment of VML injuries. The design of our
novel therapeutic was informed by ABM simulations, which identified IL-10 as a promising
exogenous growth factor to improve SSC differentiation in VML injuries. These model
predictions were validated with our experimental data and we observed significantly more
terminally differentiated SSCs in injuries treated with exogenous IL-10. These promising results
suggest the use of exogenous IL-10 in combination with more complex therapeutics, such as
cell-seeded scaffolds which have shown promise in regenerating some fibers, may further

improve muscle regeneration and function in the injury.

5.2.4 Coupled experimental-modeling framework

Our novel coupled framework of biomechanical and cellular models with experimental
testing optimizes experimental variables and design of therapeutics for VML injuries prior to
expensive in vivo studies. Experimental in vivo studies are time consuming and resource
intensive but by coupling experimental work with computational models hundreds of hours of
experimental work and animals can be saved. The ABM provides tissue regeneration
predictions of the proposed therapeutic and then the ABM prediction of muscle regeneration
can be simulated in the FE model to predict the functional response. This feedback loop can
continue until the preferred experimental variables have been identified and then can be
validated experimentally. Additionally, the computational models can be used to interpret and
understand experimental results. We have demonstrated the utility of computational models in
informing therapeutic design (Chapter 3, 4) as well as informing experimental variables, such as

injury location, injury size, time points, group sizes and assays to include (Chapter 2, 4).
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Coupling the tools of computational modeling and tissue engineering fields can accelerate the
development of more efficacious regenerative therapeutics, and thus, ensure the rapid clinical

translation of therapeutics for VML injuries.

5.3 Future applications

The goal of this dissertation was to combine the tools of the computational and tissue
engineering fields to improve the efficiency and efficacy of novel therapeutics. The work
presented in this dissertation has developed the foundation for using an experimental-
modeling coupled framework to improve the design of therapeutics for VML injuries. The next
steps include expanding the muscles modeled, incorporating expanded cellular behaviors in the
ABM, and follow up experimental studies to provide additional insight into mechanisms specific
to VML injuries. The long-term goal of this coupled framework is to design injury specific

treatment options to improve patient outcomes following VML injury.

5.3.1 Future modeling work to study VML injuries

Finite-element models

VML injuries are challenging to treat because the wound severity, size and location
varies widely. The FE model developed in this work was of the rat LD, which has a complex
muscle architecture of parallel and pennate fibers (Chapter 2). Expanding to FE models of other
muscles, such as the tibialis anterior (TA) which is composed of parallel fibers, will provide

mechanical insight into additional injury environments. The FE models can be used to predict
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anticipated functional outcomes of specific VML injuries in other in vivo experimental studies
and identify the preferred experimental injury location in a given muscle to increase the margin
of difference between isometric force produced in intact and VML injured muscles, providing a
more favorable condition for evaluating treatment effects. Additionally, biomechanical insight
into the relationship between muscle environment and the corresponding force deficits can
eventually be used to guide injury specific treatment options. This computational tool will have
the ability to capture the intrinsic variability of VML injuries and ensure improved functional

outcomes for patients.

Agent-based models

The ABM developed in this work captures the regenerative response of unrepaired and
treated VML injuries; however, simplifying assumptions were made when developing the model
(Chapter 3). Specifically, the fibroblast behavior included in the ABM is a simplified
representation of fibroblast and collagen behaviors and we did not incorporate collagen
subtypes into this ABM. Expanding fibroblast behavior in the ABM to include more specifics
about the effect of the mechanical environment, collagen subtypes, and development of
fibrosis would likely allow the model to more accurately model anti-fibrotic therapies. Fibrosis
is an important aspect of the tissue response following VML injury and impairing or slowing
down its development, in combination with other treatments, would aid in improving muscle
regeneration [10,11,81,82,149]. Thus, an important next step in utilizing this ABM for the

design of more complex therapeutics is to expand the modeling of fibroblast behavior.
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It is known that the pro-inflammatory presence following VML injuries is an important
aspect of the tissue response, and we incorporated inflammatory cells in our ABM through a
system of ordinary differential equations (Chapter 3). This allowed us to capture their cell
counts and the effect of their counts on the behavior of other agents. However, our in vivo data
of pro-inflammatory macrophages showed higher counts with a treatment of decellularized
ECM than in unrepaired injuries suggesting that there was an inflammatory response to the
treatment (Chapter 4). Although decellularized ECM is not believed to elicit an inflammatory
response, our experimental data at time points less than 28 days reveal that may not be the
case. Currently, the ABM does not have the ability to capture the interactions of macrophages
with ECM for autonomous behaviors are not incorporated in the model. Expanding the model
to incorporate macrophage behaviors and interactions would improve the predictive
capabilities of the ABM in therapeutic design. For example, to use the model to tune
biomaterials that have the ability to attenuate inflammatory cells, it would be crucial to have
macrophage autonomous behaviors incorporated in the ABM to accurately predict their effect
on regeneration in VML injuries.

Moving forward, the ABM can be used to simulate and design complex therapeutics. The
model has the capability to simulate biomaterials with varying collagen composition or
degradation. Previous experimental studies have demonstrated the utility of cell-seeded
therapeutics for VML injuries, and the ABM can aid in designing these therapies which would
limit the number of experiments that would need to be conducted. Using model perturbations,
the preferred population of cells to seed and the initial cell density for the therapeutic could be

optimized. If the cell composition of the therapeutic is known, then that could be imported into
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the model and the regenerative effect simulated. Additionally, the administration of exogenous
growth factors in combination with a cell-seeded scaffold could be explored. For example, a
novel therapeutic consisting of decellularized ECM seeded with muscle progenitor cells in
combination with IL-10 was simulated and showed a significant increase in muscle
regeneration, marked by the number of fully differentiated SSCs (myotubes) and number of

new fibers (Figure 5-1).
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Figure 5-1. ABM simulations of exogenous IL-10 in combination with cell-seeded decellularized
ECM and decellularized ECM treated VML injuries. Example therapeutic of ABM simulation with
muscle progenitor cells seeded at 2x10* cells/cm? on decellularized ECM at day 0 and then day
28 (A). The yellow circle is highlighting new, small fibers present in the injury defect. The cell-
seeded decellularized ECM with IL-10 treatment predicted significantly more myotubes and
new fibers compared to decellularized ECM with IL-10. Model results reported as mean +
standard deviation. ** p < 0.05

110



5.3.2 Future experimental work to study VML mechanisms of regeneration

Comparison of our experimental fibroblast data of unrepaired VML injuries in the LD
compared to unrepaired injuries in the TA reveals that there may be differences in fibrosis
development depending on the muscle (Chapter 4). To date, a handful of studies have
examined the mechanisms of fibroblast development in VML injuries and it has not been
compared across injury models [10,11,23,149]. The first step is an in vivo study of VML injuries
in the rat LD examining a range of fibrosis markers to ensure that the temporal behavior of the
PDGFRa marker is consistent with other fibroblast markers. Then FE models of the rat LD and
TA can be used to explore mechanical differences in each injury environment. Based on the
mechanical insight, a follow up experimental study can be performed to identify if differences
in fibrosis development are a result of the mechanical environment or a biological difference
between muscles. If there are mechanical and/or biological differences, new therapeutics could
be tested computationally in each environment using the FE and ABM models to determine the
environment where a therapeutic would be most effective. This could eventually lead to injury
specific treatment options.

Follow up in vivo studies are needed to tune the pharmacokinetics of growth-factor
delivery subcutaneously for VML injuries. The ABM prediction of the regenerative effect of
exogenous IL-10 in VML injuries was validated in vivo, although there was a difference in the
temporal response (Chapter 4). In the ABM, SSCs differentiated to myotubes with exogenous IL-
10 at a faster rate than was measured experimentally. An in vivo study measuring serum levels
of IL-10 consistently over the 7 days of subcutaneous delivery would allow the ABM

implementation of growth factor delivery to be tuned to capture experimental measurements.
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Additionally, a dose sensitivity analysis of IL-10 in vivo would provide data to validate the
sensitivity of IL-10 in the model and to correlate experimental dosing of IL-10 to levels of
administered IL-10 in the ABM.

The administration of exogenous IL-10 in VML injuries had an encouraging effect on the
regenerative response in VML injuries (Chapter 4). Although the regenerative effect of IL-10
alone was not significant enough to replace all lost fibers and alter the functional response,
incorporating exogenous IL-10 with more complex therapeutics may result in significant muscle
tissue regeneration and a functional improvement. ABM simulations reveal that the
incorporation of cells with the decellularized ECM and IL-10 would further improve the
regenerative response (Figure 5-1). A follow up experimental-modeling coupled study would
provide insight into the further utility of IL-10 in complex therapeutics. The ABM can be used to
predict the muscle tissue response from the therapeutics and determine the optimal design of
the cell-seeded therapeutic, and the FE model can be used to predict the potential functional
effect of this therapeutic and identify optimal experimental variables. Informed by the
computational models, an in vivo study can be done to assess the regenerative effect of

exogenous IL-10 in combination with cell-seeded therapeutics.
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5.4 Final remarks

In VML injuries, the intrinsic regenerative process of skeletal muscle fails and results in
functional impairment. These injuries are especially common in servicemembers and there are
currently no clinical treatments that result in complete restoration of tissue and function.
Regenerative medicine approaches are a promising alternative treatment, but their
development is limited by the poor understanding of mechanical and cellular mechanisms in
VML injuries. | believed this was the ideal opportunity to couple experimental and
computational modeling tools to improve the design of preclinical therapeutics and aid in
experimental design. In this dissertation, | have developed mechanical and physiology-based in
silico models to unravel the complex mechanical and cellular mechanisms resulting in failed
muscle regeneration in VML injuries. The insight from the ABM informed a novel therapeutic
design and both of these models improved the efficiency of our in vivo studies. | have
demonstrated the utility of an experimental-modeling coupled framework and believe that the
coupling of FE models and ABMs offers a unique ability to predict the functional and tissue
regeneration effects of a new regenerative therapeutic. In the future, this framework can
continue to accelerate the development of more efficacious therapeutics and ensure the rapid

clinical translations of regenerative therapeutics for VML injuries.
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Appendix A: Perturbations of M1 and M2 macrophages regional distributions

There was limited quantified data available in the literature describing the regional
distribution of M1 and M2 macrophages. The Goldman et al. 2018 experimental study
qguantified the spatial distribution of a pan-macrophage marker which we incorporated in the
ABM as an assumption of 60% of macrophages in the border region and 40% in the healthy
region [78]. We varied the distribution of M1 and M2 macrophages in each region to determine
its effect on the model outputs. For each M1 macrophage distribution (80% border + 20%
healthy regions vs 60% border + 40% healthy regions vs 40% border + 60% healthy region), the
M2 macrophage distribution was varied (Figure A-1). There were no significant differences in
fibroblast, SSC, or macrophage fold changes. These model simulations suggest that the
distribution of macrophages does not alter the development of fibrotic tissue, marked by

collagen density, nor the regenerative response, marked by the number of new fibers.
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Figure A-1. Varying the
distribution of M1 and M2
macrophages did not alter
the fibrotic nor
regenerative response of
VML injuries. M1
macrophage distributions
of 80% border region (20%
healthy), 60% border
region (40% healthy), and
40% border region (60%
healthy) were tested. For
each M1 distribution, M2
macrophage distributions
of 80% border region (20%
healthy), 60% border
region (40% healthy), 40%
border region (60%
healthy), and 20% border
region (80% healthy) were
simulated. Fibroblast, SSC,
and macrophage fold
changes, collagen density,
and counts of new,
regenerated fibers were
predicted. Model results
reported as mean + 95%
confidence interval.



Appendix B: Perturbations of decellularized ECM structure

Perturbations varying the structure of the decellularized ECM treatment were
performed to determine if the treatment structure significantly altered the regenerative
response. Five different decellularized ECM treatments were simulated — (i) ECM filling the
defect, (ii) layers 60 um thick ECM filling the defect, (iii) layers 10 um thick ECM filling the
defect, (iv) 4 layers of 60 um thick ECM, and (v) 4 layers of 10 um thick ECM (Figure B-1A). The
decellularized ECM thickness of 60 um and 10 um corresponds to different sources of swine
bladders used to produce the decellularized ECM in the Christ Lab. Previous experimental
studies in the Christ Lab have implanted 4 layers of decellularized ECM [6-8]. Focusing
specifically on the cell type which directly determines the regenerative response, the different
ECM structures did not significantly affect the fold change of SSCs (Figure B-1B). It might be
expected that ECM structure would affect the behavior of SSCs because the microenvironment
is known to affect SSC proliferation and differentiation (Table 3-2). Looking at the location of
SSCs in the border region, there were no significant differences in the number of SSCs on
injured fibers nor on ECM ready to generate a new fiber. Therefore, the model simulations
suggest that decellularized ECM structure does not significantly alter the regenerative response

of VML injuries.
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Figure B-1. Perturbations of decellularized ECM structure did not significantly alter the
behaviors of SSCs. Five different structures of decellularized ECM (shown in gray) were
simulated (A). The SSC fold change was not changed by ECM structure and the location of SSCs
in the border region with each ECM treatment was not significantly different (B). The different
ECM structures did not significantly affect the fibroblast and macrophage fold changes (plots
not shown). Model results of SSC fold change reported as mean + 95% confidence interval.

Model counts of SSC location (on injured fiber, on ECM to generate new fiber) reported as

mean * standard deviation.
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Fold change

Appendix C: Parameterization of SSC differentiation max chance

The maximum probability of SSC differentiation was one of the unknown model

parameters tuned in Chapter 3. When initialing building the ABM, there was no experimental
data of myotube counts in unrepaired injuries available and thus, it was challenging to tune

that parameter. Now in Chapter 4, we have experimental myotube counts available to help us

further tune the unrepaired ABM. Varying the value of the maximum probability of SSC

differentiation per hour reveals that it does not aid in capturing the few myotubes measured

experimentally in unrepaired VML injuries (Figure C-1). The maximum probability of SSC

differentiation per hour remained at 1/15 (0.0666).
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Figure C-1. Comparison of ABM predictions and in vivo experimental data of SSCs and myotubes
for unrepaired VML injuries. In Chapter 3, the maximum probability of SSC differentiation per
hour was determined to be 1/15 (blue). Varying the SSC differentiation max chance in the ABM
did not significantly affect the total counts of SSCs or myotubes. Re-parameterization of this
parameter was unable to recapitulate the experimental data of myotubes.
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Appendix D: FE model predictions of circular injury

As described in detail in Chapter 2, a three-dimensional FE model of a rat latissimus
dorsi (LD) was created and in situ experimental testing conditions were simulated [54]. In total,
nine different injury models were created (Figure D-1B). To analyze the effect of size,
unrepaired circular injuries with 14.5 mm, 12 mm, and 8 mm diameters were tested with the
injury 10 mm from the cranial edge of the LD. To analyze the effect of location, 12 mm diameter
circular injuries were created in the middle of the rectangular portion of the LD (Model 1), at the
very caudal edge (Model Il), at the far side of the muscle (Model lll), and near the cranial edge
(Model V). To analyze the effect of a decellularized ECM treatment, the injury space was filled
with a passive material assuming a vertical fiber trajectory and using previously determined
material parameters [6]. The injury was 12 mm in diameter and near the cranial edge of the LD
(Model V). Three different treatment models were tested representing if the treatment filled
15%, 50% or 100% of the thickness of the muscle. Muscle activation levels were set at the
maximum activation for all trials to simulate maximum tetanic force. Total force of the modeled
LD was measured in the y-direction on the cranial rectangular surface in the x-z plane.

With the VML injury 10 mm from the cranial edge of the LD, the force deficit from intact
muscle increased with increasing circle diameter (Figure D-1A). A 14.5 mm diameter circular
injury created the largest force deficit from intact, and this model isometric force prediction
was 49% lower than an intact LD (Figure D-1A). However, the largest biopsy punch available for
in vivo experiments was a 12 mm diameter and that injury size was chosen for additional FE
model predictions. Then the injury location of a 12 mm circular injury was varied to determine

the preferred location for the experiment. A similar trend was seen in force predictions of a
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circular injury compared to a rectangular injury (Chapter 2). A caudal injury location (Model Il)
generated a force value closest to an intact muscle, and a cranial injury location (Model V)
created the largest force deficit from intact at 36% lower (Figure D-1A). The larger force deficit
from an intact LD provides a larger margin to see treatment effects on force production, and
thus a cranial injury location was chosen for additional FE models. In the third set of FE model
predictions, a decellularized ECM treatment in the VML injury was simulated. The thickness of
the decellularized ECM was modeled at 15%, 50%, and 100% filling of the thickness of the
muscle (z-direction). Increasing the thickness of the ECM treatment resulted in increased force

predictions, consistent with previously published FE models (Figure D-1A) [6].
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Figure D-1. FE model isometric force
predictions of injury size, location, and
treatment informed experimental
design (A). A sensitivity analysis of
circular injury diameter and injury
location found that a found that a 12
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generated the smallest force value
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