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Abstract

Diseases affecting striated muscle are prevalent and deadly in both the Western and
developing worlds. Such diseases include peripheral arterial disease and coronary artery
disease, characterized by reduced blood flow to extremities and heart muscle, respectively,
all of which manifest as reduced function and quality-of-life. Although promising in animal
models, many clinical trials of stem cell therapy have yielded modest results at best. Growing
evidence suggests that in a disease state, improvements in local environments using natural
methods that already exist in the body hold great promise for supporting recovery and
regeneration. This may be accomplished by exploiting natural progenitor cell functions and
interactions with endogenous extracellular matrix (ECM) components, pro-regenerative
cytokines and ligands.

This thesis uses ECM-mimicking, collagen-based matrices to improve the
regenerative response. Specifically, such a matrix is demonstrated to improve the potency of
ex vivo expanded circulating angiogenic cells for treatment of ischemic muscle (Chapter 2).
Matrices were also functionalized to release chemoattractant molecules to improve the
recruitment of progenitor cells (Chapter 3) and to present progenitor cell-binding ligands for
improved cell retention in ischemic muscle (Chapter 4), with the ultimate goal of restoring
perfusion. Matrices were also observed to improve muscle function and augment muscle
regeneration in models of ischemic and dystrophic muscle (Chapters 4 & 5).

The results of this thesis provide insights into the ability to modulate regeneration in
vivo with treatment of biomaterials that have been designed to exploit and amplify progenitor

cell responses. Specifically, this thesis contains some of the first reports for the use of ECM-



based biomaterials to stimulate passive enrichment of CACs, functional regeneration of
muscle, and a potential method of benefitting from necrosis. These data provide an
interesting pilot perspective on improvements or alternatives to cell therapy, and that future
studies will seek to better tune these prospective therapies so that one day they may be

clinically available.
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CHAPTER 1. General Introduction



Striated Muscle Diseases

Three types of muscle exist in the body: smooth muscle, cardiac muscle and skeletal
muscle. Of these, the latter two are considered to be ‘striated muscle’, given their highly
organized, repeating sarcomeric ultrastructure and similar metabolic activities. Despite
having countless biochemical, structural and physiological differences, both cardiac and
skeletal muscle can experience similar disease states and both have also demonstrated similar

responses to the same therapies.

Coronary artery disease

Coronary artery disease (CAD) persists as the leading cause of death in the Western
world. For various reasons, the arteries supplying the heart with blood become constricted,
ultimately reducing perfusion in the heart and manifesting as a potentially fatal myocardial
infarction (MI) (Jaffe and Strauss, 2007). Post-MI, tissue loss is rapid; within minutes, cells
that comprise cardiac muscle and also coronary vessels have died, posing serious risk. This
damage leaves behind a barren zone that is ultimately repopulated with dense scar tissue,
which impedes normal heart function and recovery (Skyschally et al., 2008; Sutton and
Sharpe, 2000).

The downstream events that occur after infarction are mostly attributable to the lack
of blood flow. The post-MI “dead zone” remains relatively unpopulated, and there are few
cells to aid in the re-growth of blood vessels and restoration of cardiac tone. As scar tissue is
deposited, it modifies the post-MI environment and creates a tough, granulomatous
microenvironment. Such an environment is not permissive of blood vessel in-growth and

prevents adequate reperfusion (Tonnesen et al., 2000). Scar tissue is persistent and
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predisposes patients to future episodes and disease. In theory, a well-perfused heart would
support vessel and muscle growth, hinder scar deposition and maintain normal structure and
physiology. Therefore, strategies are geared towards improving and maintaining blood
vessels in the heart, a term called therapeutic angiogenesis, as an alternative to surgical
intervention (Ruel et al., 2004). The premise of therapeutic angiogenesis is that if perfusion
can be restored to the ischemic myocardium, blood vessels may re-grow, the aforementioned
consequences of infarction would be reduced, heart function would be restored and patient

quality-of-life will then improve.

Peripheral artery disease

Similar to CAD, peripheral artery disease occurs through irreversible loss of vascular
tone and blood vessels, resulting in reduced perfusion to the extremities (Belch et al., 2003).
This disease affects at least 27 million individuals in the Western world and its prevalence
increases with age and other increasingly common co-morbidities, such as diabetes and
obesity. This disease is painful and chronic ischemia may result in necrotic arms or legs that
require amputation. Like CAD patients, individuals suffering from PAD could benefit from
therapeutic angiogenesis; improvements in perfusion would allow for tissue survival,

restoration of muscle function and ultimately enhancement of patient qualify-of-life.

Muscular dystrophy

“Muscular dystrophy” is a broad term applied to a large family of diseases that
gradually weaken the musculoskeletal system. Of all dystrophies, Duchenne’s muscular
dystrophy (DMD) is perhaps the best characterized. DMD is a recessive, x-linked disorder

affecting approximately 1 in 3500 boys. Due to a mutation in the dystrophin gene, muscle



cells become weak and fragile, and eventually cannot maintain the abilities of normal
intercellular communication and contraction (Blake et al., 2002). Afflicted individuals
experience degeneration and hyperfibrosis of all skeletal and cardiac muscle, lose the ability

to walk during pre-pubescence and carry an average life span of 25 years.

Muscular atrophy

Cachexia, or muscle loss, is a common symptom of various diseases, such as cancer,
heart failure and autoimmune diseases. In the aforementioned disease states, the patients’
abnormal physiology does not allow for restoration of muscle to pre-disease size or state,
yielding a net loss of muscle (Bonaldo and Sandri, 2013). Atrophy occurs when decreases in
muscle cell measurements (via protein and cytoplasm loss) leads to a reduction in muscle
size. In constrast to muscular dystrophies, the pathways that lead to muscle atrophy are
passive and atrophies are not generally hallmarked by aggressive cell death or remodeling. In
amyotrophic lateral sclerosis (ALS), motor neurons slowly degenerate and this loss of
innervation leads to disuse atrophy (Pasinelli and Brown, 2006). ALS is the most common
motor neuron disease that manifests as gradual muscle weakening and loss of function, and
within 5 years of diagnosis, most patients die from respiratory failure.

This thesis will address and discuss various types of diseases that affect striated
muscle. Although the term myopathy correctly refers to diseases that originate and affect the
muscle specifically, this thesis uses myopathy in a broad sense to refer to pathologies of

muscle, which includes ischemia and ALS.



Regeneration of Diseased Muscle

The vasculoregenerative response

Endogenous mechanisms for self-guided regeneration exist and have been observed
in ischemic muscle. In both ischemic cardiac and skeletal muscle, an ischemic event triggers
the production of small signaling molecules, or cytokines, to initiate the regenerative
response. Cytokines, such as stromal cell-derived factor-1 (SDF-1) and vascular endothelial
growth factor (VEGF) are released in a gradient fashion in order to guide the body’s own
progenitor cells towards the site of injury (Gnecchi et al., 2008). These signaling molecules
are able to affect progenitor cell populations in various fashions: cell proliferation increases;
cell emigration and homing from bone marrow, blood and muscle tissue occurs; cells migrate
and engraft at the site of injury; engrafted cells coordinate regeneration via differentiation
into new blood vessel or muscle cells, secondary recruitment of other progenitor cells, and
also modulation of local inflammation and remodeling. Regardless of the mechanisms
involved, the ultimate goal is to first restore perfusion to ischemic muscle, as without an
adequate blood supply, nervous and muscular tissues will not be able to regenerate
themselves in any significant capacity (Grounds, 2008a; Ko et al., 2007). New blood vessel
growth can be of three types: vasculogenesis, or the de novo generation of new blood vessels
from progenitor cells; arteriogenesis, or the growth of pre-existing vessels to functional
arteries; and, angiogenesis, or the growth of new capillaries from pre-existing capillaries.

After ischemic injury, reduced oxygen and nutrient availability in combination with
increased reactive oxygen species induce severe cell death. These changes also cause rapid
alterations of the native extracellular matrix (ECM) by inducing production of proteases and

also recruitment of immune cells that remove damaged ECM (Barallobre-Barreiro et al.,
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2012; Muller et al., 2013; Wang et al.,, 2013). Perhaps the greatest change in ECM
ultrastructure that persists is the deposition of collagen fibres. The process of fibrosis
generates scar tissue that is less labile and ultimately less permissive for cell invasion and the
in-growth of wvasculature. This long-lasting pathophysiological change is considered
irreversible and once fibrotic tissue has been deposited, the tissue’s capacity for regeneration
is significantly hampered. Ideally, the regenerative response would be able to overcome these
inhibitory changes in the ECM. In an otherwise healthy state, the ECM would recover from
an ischemic insult and guide regeneration by guiding progenitor cells and blood vessel
growth (Bayomy et al., 2012); however, these endogenous abilities for regeneration are
further hindered by co-morbities common in the Western world today: the growth of new
blood vessels, involvement of progenitor cells and healthy remodeling of the extracellular
matrix are all severely impaired in aged individuals, as well as in obese patients, diabetic

patients and patients with heart disease (Devaraj and Jialal, 2012; Tobler et al., 2010).

The myoregenerative response

Post-natal skeletal muscle has a remarkable ability to repair itself. This is largely due
to the presence of muscle precursor cells, or satellite cells (SCs). SCs reside under the basal
lamina of mature muscle fibres. In response to various stimuli, such as exercise, damage or
injury, quiescent SCs are activated, proliferate and migrate towards damaged myofibres (Le
Grand and Rudnicki, 2007). Here, they begin differentiation and develop into an elongated
myotube. Multiple myotubes fuse to form multinucleated myocytes. As these cells mature
into myocytes, the expression of markers such as myf5, desmin, MyoD, myogenin, Mef2C
and MCK rise and fall, allowing for cell maturation to be monitored using molecular

techniques.



In addition to its importance in blood vessel growth, it is believed that the ECM plays
a key role in directing SC maintenance and muscle regeneration (Yin et al., 2013), although
this function is poorly understood. The role of the ECM in myogenesis is also believed to be
abnormal in diseased or dystrophic muscle (Zanotti et al., 2007). Also similar to the
vasculogenic response, the myogenic response tends to be impaired in individuals who
require it most. SC number and integrity decreases with age, and the regenerative capacity of
SCs is greatly reduced in individuals suffering from myopathies such as DMD or ALS

(Pradat et al., 2011).

Cell Therapy to Augment Regeneration

Cell therapy is no longer in its infancy nor is it a new concept. To date, there have
been dozens of clinical trials to assess the ability of transplanted cells to aid in the
regeneration of diseased tissue. Due to the socioeconomic burden and great prevalence of
CAD, many of these trials have focused on cells to restore perfusion to the ischemic heart.

After an ischemic event, the local environment experiences many changes related to
death, inflammation and ECM remodeling and these changes present challenges to successful
cell therapy. Furthermore, there are many variables of cell therapy that still need to be
optimized in order for clinical practice. Such hurdles include: optimization of autologous cell
harvest, ex vivo amplification of cells, preparation of cells for transplantation, and the ideal

methods of transplantation to the ischemic heart.



Circulating angiogenic cells

The circulating angiogenic cell (CAC) has perhaps received the most clinical
attention for regenerating ischemic tissue (Abdel-Latif et al., 2007; Dimmeler et al., 2008).
Working under the hypothesis of therapeutic angiogenesis, CACs are delivered to ischemic
skeletal or cardiac muscle with the hope of augmenting perfusion and therefore allowing for
regeneration and normal function.

First described in 1997, the CAC was termed the endothelial progenitor cell (EPC)
and was shown to differentiate into new blood vessels, highlighting its therapeutic potential.
Since its inaugural description, the identity of the EPC has become convoluted and
controversial; depending on the source, isolation technique, phenotype and cell function,
EPCs may be referred to as CACs or circulating progenitor cells (CPCs) (Prater et al., 2007;
Yoder and Ingram, 2009). Regardless of the terminology used, CACs, EPCs and CPCs share
many broad commonalities: they are of bone marrow origin, they are mononuclear, they
express at least a subset of progenitor cell surface markers, and via transdifferentiation or
paracrine effects, they are able to augment blood vessel growth. The chapters in this thesis
will use the acronyms CAC, EPC and CPC interchangeably; however, the focus will reflect
the current state of cell biology in the literature and use CAC and CPC since the cells used in
these studies did not fulfill all criteria to use the name ‘EPC’ set forth by the American Heart
Association at the time of experimentation.

CACs remain an attractive cell source because of the feasibility associated with their
usage. CACs may be harvested and delivered in an autologous fashion. They are also present
in significant numbers (the potent CD34 VEGFR2" phenotype comprises up to 2% of
circulating peripheral blood mononuclear cells (Sofrenovic et al., 2012)) and the risk of
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unwanted cell growth is far less than that of embryonic or mesenchymal stem cells. Recent
meta-analyses of CAC and CAC variant populations have summarized their efficacy based
on clinical trial data; however, the positive results in these studies are only considered
modest and the degree of improvement seen in animal studies was not present in human
studies (Cleland et al., 2006; Delewi et al., 2013; Martin-Rendon et al., 2008). It is believed
that the success of CAC therapy is limited for many reasons, including poor cell engraftment,
persistence and survival, and also the delivery of sub-optimal cells from diseased patients

(Aicher et al., 2003; Li et al., 2009).

Satellite cells

Like CACs, SC clinical trials have failed to produce results that would see their
clinical usage a common technique (Tedesco et al., 2010). Similarly, the overall lackluster
performance of transplanted SCs is attributed to poor engraftment and viability, and the
depletion of the SC niche (Fan et al., 1996; Huard et al., 1992). During myodegenerative
diseases or injury, SCs naturally respond to injured tissue and mount their own regenerative
responses. Thus, both CACs and SCs have potential clinical benefits, but their usage is

hampered by their inherent potential and also unconvincing clinical trials.

Acellular Therapy to Augment Regeneration

Given that the regenerative abilities of transplanted cells have now been shown to be
underwhelming, investigation into cell-free interventional methods to guide tissue
regeneration has become a current and competitive field. The initiation and maintenance of

regeneration by delivered acellular molecules still relies on the ability of endogenous cells to
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participate in the regenerative response; however, the therapeutic application of these
materials also considers strategies by which the efficacy of the endogenous cell response may

be improved or enhanced.

Growth factor therapy

During vasculo- and myoregenerative efforts, small growth factor molecules are
released in an attempt to coordinate cell activation, migration, recruitment and
differentiation. Given the known regenerative effects of many growth factors, it can be
hypothesized that the delivery of specific, regenerative growth factors alone will aid in
regeneration (Gnecchi et al., 2008). Much support for this hypothesis comes from
conditioned medium studies whereby transplantation of cells or the medium that these cells
were maintained in (which contain their secreted growth factors) yielded comparable results
(Gnecchi et al., 2006; Urbich et al., 2005).

Of note is SDF-1, which is released in response to ischemia and mediates progenitor
cell recruitment (Askari and Penn, 2003; Askari et al., 2003). After an ischemic event, SDF-1
production is increased transiently and returns to basal levels after 4 to 5 days. Given its
potent chemoattractant ability, a prolonged presence of SDF-1 was hypothesized to improve
cell recruitment and ultimately improve the regenerative response. Experiments have shown
this to be true (Jin et al., 2006; Kucia et al., 2004; Segers et al., 2007), highlighting the
potential of maintaining growth factor signals in vivo as a therapeutic option. Currently,
studies are investigating other factors for mobilization and attraction, such as granulocyte
colony stimulating factor, hepatocyte growth factor, stem cell factor and vascular endothelial

growth factor.
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Therapeutic application of biomaterials

As discussed, the integrity and composition of the ECM during disease is often
compromised and these changes negatively impact the ability of tissues to regenerate. During
embryonic development and also post-natal regeneration, the ECM plays important and
integral roles in directing normal cell growth and behavior (Bayomy et al., 2012; Daley et al.,
2008). Thus, recapitulation of normal or healthy ECM may prove to be a new and effective
method for augmenting and guiding tissue regeneration.

A ‘biomaterial’ is currently defined as a material intended to interface with biological
systems to evaluate, treat, augment or replace any tissue, organ or function of the body
(Williams, 1999). This definition is broad and encompasses many materials, such as dental
ceramics, metal bone plates and cardiac stents (Huebsch and Mooney, 2009). The chapters
presented in this thesis will focus on the use of natural biomaterials (i.e., materials made from
naturally-occurring molecules produced in the body in some capacity), which allows us to
by-pass limitations associated with other therapies. Since the components of these materials
are already produced endogenously, the risk of a harmful inflammatory response is
minimized (materials are not recognized as foreign or dangerous), the potential for cell
interaction is greater (cells already possess receptors for these materials), and the ability for
material degradation and incorporation can be anticipated (natural degradation pathways
already exist for these materials). Various strategies exist to enhance biomaterials using ECM
components. Improved regenerative responses may be elicited by changing the material
composition, such as by adding laminin or glycosaminoglycans (Kuraitis et al., 2012c).
Furthermore, if biomaterials can be used in a manner that produces results comparable to cell

therapies, then biomaterial therapy will confer even more advantages, such as not requiring
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autologous cell sources, the ability to be available off-the-shelf and ready for rapid delivery,

and also reduced cost via inexpensive, non-cellular scale-up operations.
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Thesis objectives

Aims

The primary aim of this research was to improve the understanding of biomaterial
therapy for various muscle diseases and also to test clinically relevant materials in
appropriate models to assess and describe their effects.

Specifically, Aim #1 was to use biomaterials to improve CAC cell therapy. Given the
variability in both the production and harvest of CAC populations, and the subsequent
modest results from clinical trials of CAC therapy, this Aim sought to generate
therapeutically superior CACs by improving their culture methods (Chapter 2). CACs were
isolated using traditional techniques, but then exposed to a soft biomaterial matrix. Cells
were then harvested and evaluated in vitro and in vivo to determine if matrix culture confers
any relevant changes in CAC function.

The study in Aim #2 sought to combine biomaterial and growth factor therapies in
order to restore perfusion to ischemic skeletal muscle (Chapter 3). SDF-1 was incorporated
into a biomaterial matrix system whereby the growth factor was slowly released. This system
was delivered intramuscularly and the ability of the SDF-1 releasing biomaterials was
assessed with regards to its ability to attract CACs and also aid in the restoration of
perfusion.

Both Aims #3 (Chapter 4) and #4 (Chapter 5) attempted to augment regeneration of
ischemic, atrophic and dystrophic muscle. Biomaterials, similar to those of the previous aims,
were applied to ischemic or diseased muscle. The capacity of these materials to accelerate
vascular and muscular regeneration, and the ideal context in which they may be most

efficacious, was assessed.
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Hypotheses

It was hypothesized that:

1. Pre-exposure of CACs to an ECM-like biomaterial matrix will prime them for
transplantation and enhance their efficacy at restoring perfusion;

2. The use of an SDF-1-releasing system for treating ischemic muscle will rapidly
restore perfusion, mediated by improved recruitment of endogenous CACs;

3. Application of a biomaterial mimic of skeletal muscle ECM that also has
vasculoregenerative effects will be able to restore both perfusion and muscle tone
to muscle damaged by ischemia; and,

4. The disease state is integral to a tissue’s ability to respond to biomaterial therapy,
and necrosis plays an important an interactive role in myogenesis when an ECM

mimic is applied.

Role in research

At the beginning of each chapter, the role of co-authors is described for the respective
studies. Other than the stated co-author contributions, the experiments were designed,

performed and analyzed by myself.
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CHAPTER 2. Ex vivo generation of a highly potent
population of circulating angiogenic cells using a collagen

matrix

This chapter has been published in the Journal of Molecular and Cellular Cardiology, as per
the following citation:

D. Kuraitis, C. Hou, Y. Zhang, B. Vulesevic, T. Sofrenovic, D. McKee, Z. Sharif, M. Ruel
and E.J. Suuronen (2011) Collagen biomatrices for endothelial progenitor cell enrichment

and functional enhancement. J Mol Cell Cardiol 51(2):187-97.
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Notes on Chapter

Our lab had previously used the matrix described within this chapter for CAC delivery in a
model of hindlimb ischemia (Suuronen et al., 2006). Matrix-deployment of CACs appeared
to be more efficacious than matrix or CAC treatment alone when delivered to ischemic
skeletal muscle. The study in this chapter was first designed to examine the effects that the
matrix may have on CACs, but later revelations indicated that the matrix itself induced a
potent phenotypic shift towards a more regenerative state and that exposure to the matrix
could “prime” CACs, ultimately improving the reperfusion phenomenon after cell

transplantation into ischemic muscle.

Contributions of co-authors to results and/or manuscript:

C. Hou performed Western blotting [Fig. 2-2E-F] and ERK inhibition [Fig. 2-5C,D] and
wrote the respective parts of the Materials & Methods section.

Y. Zhang assisted with adhesion, angiogenesis and invasion assays [Figs. 2-4,5].

B. Vulesevic performed Western blotting [Fig. 2-5A,B] and assisted with reading cytokine
arrays [Fig. 2-7].

Z. Sharif assisted with the invasion assay [Fig. 2-5C]

E.J. Suuronen and M. Ruel were involved in experimental planning, analysis and manuscript

editing.
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Abstract

Biomaterials that have the ability to augment angiogenesis are highly sought-after for
applications in regenerative medicine, particularly for revascularization of ischemic and
infarcted tissue. We evaluated the culture of human circulating angiogenic cells (CAC) on
collagen type I-based matrices, and compared this to traditional selective-adhesion cultures
on fibronectin. Culture on a collagen matrix supported the proliferation of CD133" and
CD34°CD133" CACs. When subjected to serum starvation, the matrix conferred a resistance
to cell death for CD34" and CD133" progenitors and increased phosphorylation of Akt. After
4 days of culture, phenotypically enriched populations of endothelial cells (CD31°CD144")
and progenitor cells (CD34'CDI133") emerged. Culture on matrix upregulated the
phosphorylation and activation of ERK1/2 pathway members, and matrix-cultured cells also
had an enhanced functional capacity for adhesion and invasion. These functional
improvements were abrogated when cultured in the presence of ERK inhibitors. The
formation of vessel-like structures in an angiogenesis assay was augmented with matrix-
cultured cells, which were also more likely to physically associate with such structures
compared to CACs taken from culture on fibronectin. /n vivo, treatment with matrix-cultured
cells increased the size and density of arterioles, and was superior at restoring perfusion in a
mouse model of hindlimb ischemia, compared to fibronectin-cultured cell treatment. This
work suggests that a collagen-based matrix, as a novel substrate for CAC culture, possesses
the ability to enrich endothelial and angiogenic populations and lead to clinically-relevant

functional enhancements.
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Introduction

Coronary artery disease (CAD) persists as the leading cause of death in both men and
women in the Western world. Invasive treatments exist for those suffering from severe CAD;
although, the current options are short-term, and do not offer long-term solutions for afflicted
patients. To address this, new therapeutic approaches under investigation aim to promote the
regeneration of ischemic myocardium, using stem/progenitor cells, cytokines, and
biomaterial-based scaffolds. One hope is that if blood flow can be restored, then further
cardiomyocyte loss may be prevented and damaged regions may be repopulated by
proliferating cardiomyocytes and/or activated resident cardiac stem cells, and heart function
can be somewhat improved.

An important cell population in cell-based vascular homeostasis and regeneration is the
circulating angiogenic cell (CAC)[1-3]. CACs are a mixed population of mononuclear cells
that are derived from the bone marrow, and enter the circulation in response to a variety of
factors. CACs can home to hypoxic or ischemic sites, where they may take part in
angiogenesis by differentiating into endothelial cells (ECs)(Asahara et al., 1999; Kalka et al.,
2000; Murohara et al., 2000; Schatteman et al., 2000). CAC transplantation has shown
promising results in revascularization of ischemic tissue (Hur et al., 2004; Kalka et al., 2000;
Kawamoto et al., 2001; Murohara et al., 2000; Yoon et al., 2005).

Traditionally, CACs have been obtained from the adhesion-selective culture of peripheral
blood mononuclear cells on fibronectin. However, this yields a highly heterogeneous CAC
population (Kalka et al., 2000). Therefore, one challenge to achieving successful therapy

using CACs is the improvement of culture methods that will yield a better characterized
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population of therapeutic cells. Due to the positive effects of chemokines and homing signals
produced by adult cell sources (Cho et al., 2007; Gnecchi et al., 2008), the heterogeneity of
the differentiated cell population might be advantageous, but control of this heterogeneity is
desirable. To address this, the use of 3D extracellular matrix (ECM) microenvironments
rather than 2D monolayer cultures may offer better control over cell fate and function (Lutolf
et al., 2009; Metallo et al., 2007), and thus provide a more potent population of therapeutic
cells.

Collagens are the main components of the heart’s and blood vessels’ extracellular matrix,
and therefore collagen-based materials constitute a candidate choice for creating
microenvironments for cardiovascular applications. Collagen-based matrices have been used
successfully for the transplantation of CACs to restore perfusion and function to ischemic
tissues (Suuronen et al., 2006; Zhang et al., 2008). In these studies, the use of a matrix
conferred additional therapeutic effects compared to treatment with cells alone. While
improved cell retention is likely to play a role, the mechanisms involved in matrix-assisted
cell therapy are yet to be fully elucidated. However, the evidence suggests that collagen
matrices may enhance the therapeutic potential of the delivered cells.

Therefore, the aim of the present study was to assess a collagen [-based matrix as a
potential substrate for CAC culture and revascularization therapy. Specifically, we
investigated the in vitro effects of the matrix on CAC proliferation, survival and
differentiation, and on clinically relevant functional properties of CACs, such as adhesion,
invasion and angiogenesis. Matrix-cultured cells were also tested in vivo, for their ability to

vascularize and restore perfusion in the ischemic mouse hindlimb.
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Materials & Methods

Materials

All reagents were obtained from Sigma-Aldrich (Oakville, Canada), unless indicated
otherwise.
CAC Isolation & Culture

Methods were approved by the Human Research Ethics Board of the University of
Ottawa Heart Institute. Under informed consent, approximately 100ml of peripheral blood
was procured from healthy volunteers, and density-gradient centrifuged on Histopaque 1077.
Peripheral blood mononuclear cells (PBMCs) were removed with the buffy coat, washed
twice (0.11% EDTA, 1% FBS, in dPBS) and plated on fibronectin-coated tissue culture
polystyrene (TCPS) plates in Endothelial Growth Medium-2 (EGM-2; Clonetics, Guelph,
Canada; FBS, VEGF, R’-IGF-1, and hEGF supplements added). After 4 days in culture,
supernatant and non-adherent cells were discarded. Adherent cells were trypsinized (0.25%),
lifted with dPBS, and considered to be circulating angiogenic cells (CACs).
Biomatrix Preparation

Similar to methods described previously (Suuronen et al., 2004), matrix was prepared
from collagen I (BD Bioscience, Mississauga, Canada) and chondroitin sulfate-C (CS-C; 9:1
CS-C:CS-A). Collagen was mixed in a cold glass tube with 500ul of buffer (29ml buffer
made from: 9ml FBS, 9ml 10X DMEM, 10ml 200mM HEPES, 3-5 drops gentamycin) on
ice. The final concentration of collagen was 2.35mg/ml. CS-C was added to a total
concentration of 11.49 mg/ml. Glutaraldehyde (1.5%) in 1X DMEM was used to cross-link

the CS-C and collagen and left for 45 minutes on ice; 20% glycine was then added to react
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with excess glutaraldehyde and left for 45 minutes on ice. Matrix solution was added to 24-
well plates (500ul each) or was evenly spread on a 10cm tissue culture dish, and gels were
formed at 37°C for 30 minutes. After gelation, EGM-2 was added to each gel to prevent
dessication, and pH was maintained between 7.2 and 7.5.
CAC Characterization

CACs were lifted from fibronectin-coated plates using 0.25% trypsin for 5 minutes, and
vigorous pipetting with dPBS, prior to staining for progenitor markers CD34 and CD133,
endothelial markers CD31 and CD144, and common leukocyte antigen CD45 for 30 minutes
at 4°C in HBSS. Cells were washed and resuspended in 0.5% BSA in dPBS and
subsequently analyzed by flow cytometry.
Proliferation Assay

CACs were lifted from fibronectin-coated plates, and 5x10° cells were plated on matrix-
coated plates, and additional fibronectin plates, as controls, with 10uM 5-ethynyl-2’-
deoxyuridine (EdU) in 1ml EGM-2. EdU is taken up by cells as a thymidine analog and
incorporates into new DNA, and is used to indicate DNA replication and cell proliferation.
After 24 hours, cells were lifted as previously described, and stained for CD133 for 30
minutes at 4°C in HBSS. The incorporation of EAU into DNA was then determined by fixing
and permeabilizing the cells, and staining with an AlexaFluor488 azide, as per the kit
manufacturer’s protocol (Invitrogen, Burlington, Canada). Cells were then stained for CD34
and CD144 for 30 minutes at 4°C in HBSS, then cells were washed and resuspended in 0.5%
BSA in dPBS for analysis by flow cytometry.

Apoptosis Assay
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CACs were lifted from fibronectin-coated plates, and 5x10° cells were plated on matrix-
coated plates, and additional fibronectin plates. Cells were subjected to serum starvation to
induce apoptosis, by culture in 1ml EGM-2 without serum and VEGF (26). After 48 hours,
cells were lifted as previously described, before being stained for CD34, CD133, and CD144
for 30 minutes at 4°C in HBSS. Cells were then washed and resuspended in 2.5pg/ml 7-
Aminoactinomycin D (7-AAD) in 0.5% BSA in dPBS for subsequent analysis by flow
cytometry. 7-AAD does not pass through intact membranes of viable cells. It is used to
indicate dead or dying cells, as it can diffuse through damaged membranes and bind to DNA.
AKT protein expression

CACs were seeded on matrix- or fibronectin-coated plates, subjected to serum-starvation
and incubated at 37°C under hypoxic conditions (1% O, with 5% CO,) for 48 hours. Cells
were then lysed using 2% SDS, 2% B-mercaptoethanol, 1% sodium orthovanadate, in 50mM
Tris-HCI, pH 6.7, supplemented with phosphatase and protease inhibitor cocktail tablets
(Roche, Laval, Canada). For Western blotting, equal amounts of lysate were loaded into 10%
Precise Protein Gels (Fisher, Ottawa, Canada) and resolved by SDS-PAGE. Gels were run
according to manufacturer’s protocol and protein transfer was performed at 4°C onto
polyvinylidene fluoride membranes (Immobilon-FL, Millipore). Membranes were then
blocked in 5% nonfat dry milk in TBS-Tween 20 buffer for 1 hour before probing with
primary antibodies. To detect Akt expression, blots were incubated with Akt (pan) and p-
Aktl (Cell Signaling Technology, Pickering, Canada), at 1:1000 in 5% BSA, 1X TBS, 0.1%
Tween-20 at 4°C overnight. Secondary antibody (Anti-rabbit IgG, HRP-linked antibody from
Cell Signaling Technology) was applied at 1:1000 dilution for 1 hour at room temperature

and the signal detected using the Pierce SuperSignal West Pico chemiluminescence Kkit.
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Equal loading was confirmed using anti-GAPDH (mouse monoclonal, Millipore). Bands
were quantified using densitometry and results are expressed as a ratio of p-Aktl:Akt (pan).
Differentiation Assay

CACs were lifted from fibronectin-coated plates, and 5x10° cells were plated on matrix-
coated plates, and additional fibronectin plates, in 1ml EGM-2. After 4 days in culture at
37°C, cells were lifted as previously described. Cells were stained for CD31, CD34, CD133,
and CD144 for 30 minutes at 4°C in HBSS, then washed and resuspended in 0.5% BSA in
dPBS for immediate analysis by flow cytometry.
Flow Cytometry

The following antibodies were used: CD31-FITC (Beckman Coulter, Mississauga,
Canada); CD34-PE-Cy7 (eBioscience, San Diego, USA); CDI133-APC (Miltenyi Biotec,
Bergisch-Gladbach, Germany); CD144-PE (Beckman Coulter); and anti-EdU-Alexa488
(Invitrogen). In controls, isotype-matched FITC-, PE-Cy7-, APC-, PE- and Alexa488-
conjugated antibodies were used. All flow cytometry was performed on a FACSAria™ (BD
Biosciences, Mississauga, Canada) immediately after sample staining was complete. Data
was analyzed using FACSDiva software.
Adhesion Assay

After 4 days of culture, cells were lifted as previously described. CACs (2x10%) were
resuspended in Iml of EGM-2 and seeded in 12-well dishes containing fibronectin-coated
coverslips. After 1 hour at 37°C, with or without the ERK inhibitor PD98059 (20 pmol/L,
added directly in the media), the media was aspirated and adherent cells were fixed with 4%
paraformaldehyde. Coverslips were washed twice with dPBS, and placed on slides with 4',6-

diamidino-2-phenylindol-(DAPI) containing mounting medium (Vector Laboratories). Six
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random fields-of-view were imaged using a Zeiss Z1 fluorescent microscope, and DAPI"
cells were counted.
Angiogenesis Assay

ECMatrix (Chemicon, Temecula, USA) was prepared as per the manufacturer’s protocol,
and 80pul of the mix was added into wells of a 96-well plate and incubated at 37°C for 1 hour.
Immortalized human umbilical vein endothelial cells (HUVECs; (Gagnon et al., 2002)) were
maintained in HUVEC media (10% FBS, 1% L-Glutamine, 2pg/ml sodium heparin, 1%
penicillin/streptomycin, 30pg/ml endothelial growth supplement (BD Biosciences), in M199
media, pH 7.2). When confluent, HUVECs were lifted similarly to CACs, and stained with
CellTracker™ Orange (5-(and-6)-(((4-chloromethyl)benzoyl)amino) tetramethylrhodamine
(CMTMR; Invitrogen), as per the manufacturer’s protocol. After 4 days of culture, CACs
were lifted as previously described, and incubated at 37°C in 50pg/mL DAPI. Both cell
populations were washed twice to remove excess dye, and then 1x10* of each cell type were
co-cultured in one well containing the ECMatrix for 18 hours. Afterwards, supernatant was
removed and cells were imaged using a Zeiss Z1 fluorescent microscope. Total endothelial
network length was quantified using Image-Pro Express software, and DAPI" cells were
counted as either contributing to structure formation (co-localization of DAPI and CMTMR),
or not contributing (no co-localization). Experiments were performed in triplicate, and 3
random fields-of-view were imaged per well.
Invasion Assay

Cell populations generated from fibronectin and matrix culture methods were added to
the upper chamber of a Cytoselect Basement Membrane Cell Invasion Assay (Cell Biolabs

Inc., San Diego, CA) in serum-free media with or without PD98059 (20umol/L). The lower
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chamber contained EGM-2 with serum and VEGF. After 48 hours, cells that had penetrated
the basement membrane and adhered to the lower insert membrane were stained, lysed, and
quantified at 560nm, as per the manufacturer’s protocol.
ERK Protein Expression

After 4 days of culture, cells were lifted and stained with 7-AAD. Viable cells (7-AAD’;
5x10°) from each substrate were sorted using FACS. Cells were lysed and sample protein
lysates were assayed by Western blotting as described above. Briefly, ERK1/2 and p-ERK1/2
primary antibodies (New England Biolabs, Pickering, Canada) were applied, both at 1:1000
dilution, and protein signal detection was conducted. Equal protein loading was confirmed
using anti-GAPDH and bands were quantified by densitometry. ERK protein expression
results are given as a ratio of p-ERK1/2:total ERK1/2.
Animal Model

All procedures were performed with the approval of the University of Ottawa Animal
Care Committee, in accordance with the National Institute of Health's Guide for the Care and
Use of Laboratory Animals. A unilateral hindlimb ischemia mouse model was used to
compare collagen matrix- versus fibronectin-cultured CACs in vivo. The left proximal
femoral artery of 8-9 wk old athymic nude CD1 mice (Jackson Laboratories, Bar Harbor,
USA) was ligated to induce ischemia, as described (Limbourg et al., 2009). Survival for all
treatment groups was 100%. Immediately following ligation, mice randomly received one of
the following treatments in a volume of 50ul dPBS, administered by multiple injections into
the ischemic main adductor muscle using a 27-gauge needle: (1) 5x10° 4-day matrix cultured

CACs; (2) 5x10° 4-day fibronectin cultured CACs; or (3) dPBS only (n=6 for all treatment

groups).
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Laser Doppler Perfusion Analysis

Hindlimb blood perfusion was measured using a multifiber needle probe and a laser
Doppler blood flow monitor from Moor Instruments (Axminster, UK) in both ischemic and
non-ischemic hindlimbs before and after femoral artery ligation, as well as on days 4, 7, 10
and 14 postoperatively. The results are expressed as a ratio of ischemic/non-ischemic
hindlimb blood flow.

Histology and Immunohistochemistry

Mice were sacrificed after 14 days and blood samples were procured from all animals via
cardiac puncture and the sera collected for cytokine array analysis. Gastrocnemius muscle
was dissected and split two ways: the upper half was snap frozen for cytokine analysis, and
the lower half was embedded in OCT and cooled in liquid nitrogen.

Muscle sections of Sum were prepared and arterioles were identified by direct staining
with a-smooth muscle actin antibody (prediluted rabbit polyclonal; Abcam) followed by
secondary antibody at 1:600 dilution (Alexa Fluor 488, anti-rabbit IgG; Invitrogen). Imaging
was performed with a Zeiss Z1 fluorescent microscope. To quantify arteriole density, 6
random microscopic fields were counted per sample in a blinded fashion. Cross-sectional
arteriole area was determined using ImagePro Plus. Additional hindlimb sections were
incubated with monoclonal anti-human mitochondria (1:40; Chemicon) or monoclonal anti-
human nuclei MAB1281 (1:50; Millipore), following the manufacturer’s instructions.
Cytokine Arrays

Frozen sections of muscle explants and terminally-collected serum were lysed and

prepared for anti-mouse cytokine arrays (Raybiotech, Norcross, USA). Protocols were

26



carried out as per the manufacturer’s recommendations. Results are expressed as relative
levels of cytokine-to-total protein.
Statistical Analysis

Due to donor variability, data was reported as the mean fold-change of treatment-to-
control + standard error, and analyzed using paired #-tests. For flow cytometry, values for
calculating the fold-change were expressed as delta mean fluorescence intensity (MFI) values
(i.e. specific MFI minus isotype control MFI). Probability values of P<0.05 were considered
statistically significant. All flow cytometry experiments were performed with n=5, functional

assays were performed with n=4, and animal work was performed with n=6.
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Results

Cell Proliferation

After 24 hours of culture, CAC proliferation on matrices was increased 1.7-fold
compared to culture on fibronectin (Fig. 2-1; P<0.05). Further analysis showed that there was
no significant change in the number of proliferating cells positive for CD144 (P=0.4);
however, a trend for increased proliferation was observed for CD133" cells (by 2.9-fold) and
significantly more proliferating CD133'CD34" cells (by 1.6-fold) were seen on matrix
compared to fibronectin (Fig. 2-1; P=0.1 and 0.02, respectively). CACs that were single-
positive for CD34 showed reduced proliferation on matrices, corresponding to 0.7-fold of
their proliferation on fibronectin (Fig 2-1; P<0.001).
Cell Survival and Akt Phosphorylation

Cell death from serum starvation averaged 45+36% across all groups and varied greatly
among donors. For seeded CACs, there was no difference in viable cells from either
fibronectin or matrix (Fig. 2-2A, B; P=0.2). However, there were 3.8-fold more viable
CD34" cells and 7.8-fold more viable CD133" cells on the collagen matrices compared to
fibronectin (Fig. 2-2A, C, D; P=0.07 and 0.02, respectively). Serum-starved hypoxic CACs

cultured on matrix had a 1.6-fold increase in p-Akt (Fig. 2-2E, F; P=0.05).

28



Figure 2-1. Fold-change in the total number of proliferating cells, as indicated by positive
staining for EdU, and the fold-change in proliferating CD144", CD34", CDI133", and

CD34'CD133" after 24 hours of culture. (n=5)
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Figure 2-2. Cell Viability after 48 hours of serum deprivation to induce apoptosis. Fold-
changes in the number of viable cells, and fold-changes in viable CD144", CD34", and
CD133" cells after 48 hours of culture in serum-starved conditions (A). Representative
histograms of total viable cells (B), CD34" cells (C) and CD133" cells (D) depict fibronectin-
cultured populations in grey, and matrix-cultured populations in black. (n=5) Western
blotting for p-Akt and total Akt (E) reveal an increase in relative levels of p-Akt on matrix-

cultured cells (F). (n=4)
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Enrichment of Endothelial and CAC Phenotypes

After 4 days of culture on collagen matrices, 2.3- and 3.2-fold more CACs expressed the
endothelial cell markers CD31 and CD144, respectively, compared to CACs at day 0 (Fig. 2-
3A, B; P=0.03; P=0.02). Additionally, there were 3.7-fold more CD31'CD144" cells (Fig. 2-
3A, B; P=0.003). Differences were also noted in progenitor markers for CACs cultured on
matrices: there were 2.6-fold more CD34" cells (P=0.02); 4.2-fold more CDI133" cells
(P=0.06); and 3.4-fold more CD34'CD133" cells (P=0.03), compared to CACs at day 0 (Fig.
2-3C, D). Although populations expressing endothelial markers also expressed the common
leukocyte antigen CD45, the proportions of CD31'CD45 and CD31°CD144'CD45" cells
were greater in the matrix-cultured populations. Specifically, in CD45  populations, there
were 1.4- and 3.6-fold more CD31" (P=0.03) and CD31'CD144" (P=0.05) cells, respectively,
after culture on matrix (Fig. 2-3E).
Augmentation of Angiogenesis

When co-cultured with endothelial cells, matrix-cultured CACs supported a greater
formation of capillary-like networks, by 18% (P=0.02; Fig. 2-4A, C, D). These cells also had
a greater presence (by 1.9-fold; P=0.02) within or adjacent to the formed capillary-like
structures, as indicated by co-localization of CACs (DAPI) and endothelial cells (red,

CMTMR; Fig. 2-4B, C, D).
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Figure 2-3. The fold-change in the number of cells expressing endothelial markers CD31 and
CD144 after 4 days of culture on fibronectin or matrix, relative to baseline measurements
(A). Representative histograms of CD31" and CD144" cells on fibronectin and matrix (B).
The fold-change in the number of cells expressing progenitor markers CD34 and CD133
after 4 days of culture on fibronectin or matrix, relative to baseline measurements (C).
Representative histograms of CD34" and CD133" cells on fibronectin and matrix (D). IgG
controls are indicated as grey and cell counts are black. Gating on non-leukocyte, CD45-

negative cells shows an increase in endothelial phenotypes after matrix culture (E). (n=5)
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Figure 2-4. Assessment of CAC contribution to angiogenesis. Vessel-like HUVEC structures
are stained in red; CACs are stained with DAPI (blue). Co-culture of HUVECs with CACs
cultured on matrix increased total network length (A), and significantly more of these CACs
were proximally associated with structures (B), as measured by co-localization of DAPI with
HUVEC structures (white arrows). Representative images of co-cultures with fibronectin-

(C) and matrix- (D) cultured CACs. Scale bar = 100pum. (n=4)

36



A 6000 -

Network Length, pm

5750 -

5500 -

5250 -

5000 -

4750 A

4500 -

4250 A

4000

P=0.02

Fibronectin
W Matrix

DAPI* Cells Proximal to Structures

-
N

P=0.02

Fibronectin
B Matrix

37



ERK1/2 Phosphorylation and Involvement in CAC Adhesion and Migration

Cells cultured on matrix had 1.4-fold more phosphorylated ERK1 (P=0.05) and 1.1-fold
more phosphorylated ERK2 (P=0.04), when expressed as a ratio of p-ERKI1/2 to total
ERK1/2 (Fig. 2-5A, B), compared to cells cultured on fibronectin. More matrix-cultured cells
migrated into a basement matrix hydrogel, by 1.4-fold (Fig. 2-5C; P=0.002). When ERK was
inhibited, there was a 23% reduction in migration of matrix-raised CACs, compared to
fibronectin-raised CACs (Fig. 2-5C; P=0.003). CACs cultured on matrix displayed greater
adhesion potential (by 4.0-fold) when harvested and exposed to fibronectin (Fig. 2-5D;

P=0.02). This difference was abrogated when ERK was inhibited (P=0.6).
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Figure 2-5. Phosphorylation of ERK1/2 in cells after 24 hours of culture. Ratio of phosphor-
ERK1/2 to total ERK1/2 (A). Western blot of fibronectin- () and matrix- (M) cultured cells
that were lysed and probed for ERK1/2, p-ERK1/2, and GAPDH (B). (n=3) Increased
migration (C) and adhesion (D) was observed for matrix-cultured cells. Both of these

functional improvements were abrogated for CACs in the presence of ERK inhibitor. (n=4)
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Perfusion and Arteriole Assessment of CAC-Treated Ischemic Hindlimbs

The viability at the time of transplantation was 92.6+2.8% and 94.842.6% for
fibronectin- and matrix-cultured CACs, respectively (P=0.2). At day 4 post-treatment, mouse
hindlimbs receiving PBS experienced a further 20% reduction in perfusion (Fig 2-6A;
P=0.05). The perfusion defect created by ligation surgery remained unchanged in animals
receiving fibronectin-raised CACs, which was maintained up to 14 days (Fig. 2-6A; P>0.9).
At later time points (days 7-14), there was a trend for improved perfusion in these animals
over PBS recipients (Fig. 2-6A; P=0.09). Animals receiving matrix-cultured CACs exhibited
increased perfusion by day 4, and this was maintained through day 14, compared to other
treatments (Fig. 2-6A; P<0.02 from days 4 to 14).

At termination (day 14), a trend for increased arteriole density in hindlimbs receiving
matrix-raised CACs was observed (Fig. 2-6B; P=0.09). The average cross-sectional area of
arterioles increased with CAC transplantation, compared to PBS, specifically by 1.8- and 3.4-

fold for fibronectin- (P=0.01) and matrix-raised CACs (P=0.04), respectively (Fig. 2-6C-F).
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Figure 2-6. Transplantation of CACs (matrix- or fibronectin-cultured) for the treatment of
hindlimb ischemia in mice. Matrix-cultured cells improved perfusion early after
administration (A), whereas perfusion was maintained in animals receiving fibronectin-raised
cells, and was further reduced in PBS-treated animals. Matrix-raised CAC treatment tended
towards an increase in arteriole density (B), and yielded significantly larger arterioles (C). D,
E, F are representative images of arterioles in PBS, fibronectin-CAC and matrix-CAC
treatments, respectively. *P<0.05 vs. all other treatments; **0.05<P<0.1 vs. PBS; ***P<0.05

vs. post-op perfusion; "P<0.05 vs. PBS.
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Human Cell Engraftment
Despite the use of anti-human antibodies, no persistent transplanted human cells could be

detected in sections at the time of sacrifice.

In vivo Cytokine Profiles

Many cytokines were significantly increased in the serum of animals receiving CAC
transplantation. Treatment with matrix-raised CACs increased levels of granulocyte colony-
stimulating factor (G-CSF), interleukin (IL)-1a, IL-1f, IL-6, IL-10, stem cell factor (SCF),
stromal cell-derived factor-1a (SDF-1a) and vascular endothelial growth factor (VEGF) (Fig.
7A; all P<0.05). Fibronectin-raised CACs trended towards increases in IL-1a, SDF-1a and
VEGEF (Fig. 2-7A; all P<0.1). In the hindlimb muscle, matrix-raised CACs increased local
levels of IL-1P (Fig. 2-7B; P<0.05), and both CAC populations trended towards increases in

IL-1a levels (Fig. 2-7B; P<0.1).

44



Figure 2-7. Cytokine profiles of serum (A) and hindlimb (B) of mice 2 weeks after treatment.
Relative levels of granulocyte-colony stimulating factor (G-CSF), interleukin (IL)-1a, IL-1,
IL-6, IL-10, monocyte chemoattractant protein-1 (MCP-1), stem cell factor (SCF), stromal
cell-derived factor-lo (SDF-1a), tumor necrosis factor-o (TNF-a), vascular cell adhesion
molecule-1 (VCAM-1), and vascular endothelial growth factor (VEGF) were assessed.

*P<0.05 vs. PBS; **0.05<P<0.1 vs. PBS.
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Discussion

In this study, we found that a collagen matrix may be superior to fibronectin for the
culture of circulating angiogenic cells with respect to increased proliferation, resistance to
apoptosis, and endothelial cell differentiation, in addition to enriching functionally enhanced
populations and improving the regenerative response in ischemia. Fibronectin is used
throughout the literature as the primary substrate for obtaining CACs through adhesion-
selective culture (Kalka et al., 2000). CACs are grown on fibronectin-coated plates until they
reach their desired phenotype, early- or late-outgrowth stages. Although early-stage CACs
readily adhere to fibronectin, their proliferation has been reported as being negligible
(Hristov and Weber, 2004; Hur et al., 2004). In the present study, CAC proliferation was
significantly increased on collagen matrices after 24 hours of culture, compared to
fibronectin. Further analysis showed no significant change in proliferating CD144" cells, and
a reduction in proliferating CD34" cells. Rather, it was the CD133" cells, whether or not they
also expressed CD34, which showed increased proliferation on the collagen matrix. Since the
lack of a sufficient number of ex vivo cultured CACs is considered to be a limitation for their
use in therapy, a collagen matrix is presented as a possible superior alternative method for the
culture and expansion of CACs.

During serum starvation, cells are expected to undergo apoptosis via the dsRNA-
dependent protein kinase pathway (Srivastava et al., 1998). After serum deprivation, there
was a slight reduction in the total number of viable cells (total CACs) cultured on collagen
matrices compared to fibronectin; however, significantly more cells expressing progenitor

markers (CD34" and CD133" cells) were viable on collagen than on fibronectin. This
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suggests that cells of progenitor lineage are more resistant to death in a pro-apoptotic
environment with culture on collagen matrix.

In hypoxic conditions, CACs have been shown to enhance their resistance to apoptosis
via the PI3K/Akt pathway (Dai et al., 2008). Activation of the Akt pathway can also lead to a
more “active” CAC phenotype with enhanced transendothlelial migration, and Akt gene
transfer to normal muscle showed increased entrapment of endothelial progenitor cells (Hur
et al., 2007). With respect to ECs, the Akt pathway can increase survival (Fujio and Walsh,
1999), migration (Morales-Ruiz et al., 2000), and adhesion molecule expression
(Radisavljevic et al., 2000), and increases in phosphorylated Akt are indicative of cell
survival or cytoprotection (Lu et al.). Mesenchymal stem cells over-expressing the Akt
protein were shown to be effective in preventing remodeling and restoring performance of
infarcted hearts (Mangi et al., 2003). Taken together with our demonstrated increase in p-Akt
during matrix culture in serum starvation and hypoxia, our hypothesis of improved CAC
survival mediated by collagen matrix is further supported.

After 4 days of culture on matrix, significantly more cells expressed the endothelial cell
markers CD31 and CD144, compared to day 0. By showing that the seeded CACs can
acquire endothelial-specific markers, this suggests that the gels are able to promote CAC-to-
EC differentiation. As expected, many of the CD31'CDI144" cells expressed CD45,
indicating leukocyte, and not endothelial, origin; however, the number of
CD31'CD144°CD45 endothelial phenotype cells was greater after culture on matrix,
providing evidence for the generation of true endothelial cells from matrix-cultured CACs.
Interestingly, Akt expression has also been positively correlated with circulating angiogenic

cell maturation and differentiation (Mogi et al., 2008), in addition to its previously described
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involvement in prevention of apoptosis. In this study, there were more cells expressing the
CD34 and CD133 progenitor markers for CACs that were cultured on collagen matrices. It
was not expected that the collagen matrix would both differentiate CACs into an endothelial
lineage, as well as maintain a population of more primitive, self-renewing progenitor cells.
This scenario may be ideal in a therapeutic setting: to be able to support a progenitor cell
population, while also encouraging the differentiation of cells to an endothelial phenotype.
Even though cells cultured on fibronectin had the advantage of already being
phenotypically fibronectin-adherent, matrix-cultured cells displayed greater adhesion
potential to fibronectin after a rapid exposure. Enhanced adhesive potential is a desired trait
for therapeutic cell populations, as one of the main limitations of cell therapy is poor
engraftment of transplanted cells (Cho et al., 2007; Fukushima et al., 2007). Complementary
to this, the enriched progenitor populations also had a greater ability to penetrate a basement
membrane towards a chemotactic stimulus in an invasion assay. Cells with a strong ability to
transmigrate will have better access to vasculature, and to augment new vessel formation
from pre-existing vessels. Although it is debatable whether or not CACs will incorporate into
developing vasculature, we have demonstrated that our enriched population preferentially
associates itself in close proximity, or even within, developing capillary-like structures in an
angiogenesis assay. Matrix-cultured CACs may also have exerted a greater pro-angiogenic
effect via cytokine secretion, contributing to the greater total capillary-like network size that
was observed. Overall, we have demonstrated the ability to produce potent, pro-angiogenic
cells from a heterogeneous CAC culture, which could be a novel source of clinically-relevant

transplantable cells.
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One important signaling pathway in many active cell types is the extracellular signal-
regulated protein kinase (ERK) pathway. ERKs are mitogen-activated protein kinases, which
are ubiquitous enzymes involved in the transduction of external signals to regulate
intracellular activities, such as cell growth, differentiation, and proliferation (Deng et al.,
2006; Robinson and Cobb, 1997; Sharma et al., 2003). Recently, ERK activation in
endothelial cells was shown to support neovessel formation (Uraoka et al., 2009) and
endothelial proliferation (Srinivasan et al., 2009). It has also been observed that activation of
Ras/Raf, upstream pathway regulators, can improve endothelial cell survival via resistance to
apoptosis (Alavi et al., 2003). Our results show an increase in ERK pathway activation in
CAC:s after culture on a collagen matrix, which may help to explain the observed increases in
progenitor proliferation, differentiation, survival and augmented angiogenesis. The ERK
pathway can be activated by integrin binding at the cell’s surface; therefore the differences in
ERK observed between matrix- and fibronectin-cultured CACs may be attributable to altered
integrin-mediated binding, since the two substrates differ in their integrin binding motifs, as
previously described [34]. Although the increases in phosphorylated (active) ERK proteins
are small, we have shown these low levels to be highly relevant in CAC function. Inhibition
of ERK abrogated the improved potential of matrix-cultured CACs, demonstrating the
importance of ERK in CAC adhesion to collagen matrix. Also, ERK inhibition not only
reduced the ability of matrix-cultured cells to migrate, but reduced this to less than that of the
fibronectin-cultured CACs; highlighting the importance of ERK in CAC function,
particularly in CACs that have been raised in a 3-D matrix environment.

Transplantation of matrix-raised CACs markedly improved perfusion as early as day 4,

suggesting a superior ability to aid in the restoration of blood flow in ischemic tissue. This
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observation correlated with a trend for greater arteriole density and an increase in arteriole
size. Cross-sectional arteriole area has been shown to increase over 4 weeks after ischemic
damage (Ruvinov et al.). Although transplanted CACs were not observed in tissue sections at
2 weeks, their pro-regenerative effects were still present, as evidenced by the increased levels
of many vasculogenic and recruiting cytokines in the serum. Our results suggest that
maintenance of the CAC-induced response was largely systemic, since there were relatively
little cytokine differences in lysed hindlimb. These results are similar to those reported in a
recent publication by Cho et al., whereby human cells were transplanted into infarcted mouse
myocardium (Cho et al., 2007). In their study, Cho and colleagues observed that the
transplanted cells did not persist, that cytokines produced by transplanted cells were not
detected after 1 week, and that activated host cells were responsible for maintaining the
regenerative response, as indicated by increased systemic cytokines. The use of growth
factors/cytokines has been tested as therapy for restoring ischemic tissue, through the
application of growth factor-releasing scaffolds (Sun et al.), systemic administration of
cytokines (Sato et al., 2001), injection of conditioned medium (Di Santo et al., 2009), or
engineering of growth factor-overexpressing stem cells (Tang et al.). With the observed
persistence of cytokine effects in the current study, we have demonstrated a new strategy for
cytokine-mediated regeneration: ex vivo CAC culture on matrices prior to transplantation.
Interactions between collagen type I and several cell types in revascularization and
regeneration have been described. Collagen-based biomaterials have been reported to: have a
chemotactic effect on endothelial cells (Senger et al., 2002); have the ability to augment
differentiation of neonatal cardiomyocytes (Zimmermann et al., 2002); enhance survival of

transplanted cardiomyoblasts in infarcted hearts (Kutschka et al., 2006); promote
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revascularization of ischemic hindlimbs in a rat model through progenitor cell recruitment
(Suuronen et al., 2006; Suuronen et al., 2009); support proliferation of skeletal myoblasts
(Lanasa and Bryant, 2009); and improve the retention of transplanted CACs (Zhang et al.,
2008). Our study adds to this list of properties by demonstrating that collagen-based matrices
are also likely to: 1) stimulate an active CAC phenotype that is capable of EC differentiation;
2) improve the survival and proliferation of CD34"CD133" CACs; 3) produce a population of
progenitor cells with enhanced functional capacities, mediated by the ERK pathway; and 4)
lead to the generation of a potent population of cells that can restore perfusion in ischemic
tissue, making these matrices ideal candidate biomaterials for progenitor culture for cell

therapy.

52



Conclusion

We have shown that CAC culture on a collagen matrix may be superior to traditional
fibronectin culture methods for producing a highly potent population of progenitors that have
the capacity to proliferate, differentiate, endure harsh environments, and also have improved
functional capacities. Functional improvements may be explained by the activation of
ERK1/2 pathways, and survival mediated by the increase of p-Akt. In vivo, these cells had a
superior ability to restore perfusion to ischemic tissue, and induce long-lasting systemic
cytokine effects. The culture method presented offers the potential of expanding and

producing progenitor populations of high clinical relevance for future cell therapies.

53



Acknowledgments

This work was supported by grant MOP-77536 from the Canadian Institutes of Health
Research (to Drs. Ruel and Suuronen) and by grant NA6121 from the Heart and Stroke
Foundation of Ontario (to Dr. Suuronen). DK and TS were supported by Master’s
studentship awards from the Heart and Stroke Foundation of Ontario, DK was also supported
by a Canadian Graduate Scholarship from the Canadian Institutes of Health Research, and

YZ was supported by a doctoral research award from the Heart Stroke Foundation of Canada.

54



CHAPTER 3. A stromal cell-derived factor-1 releasing
matrix enhances the progenitor cell response and blood

vessel growth in ischemic skeletal muscle
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derived factor-1 releasing matrix enhances the progenitor cell response and blood vessel

growth in ischemic skeletal muscle. Eur Cell Mater 24:175-95.
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observed using ELISA. The studies presented in this chapter sought to maximize the release
profile of SDF-1 by incorporating the microsphere system into a collagen matrix, and assess
the physical and biological consequences of doing so, using mechanical, in vitro and in vivo
studies, ultimately assessing the therapeutic potential for an SDF-1 releasing system in the

context of ischemic skeletal muscle.
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Abstract

Although many regenerative cell therapies are being developed to replace or
regenerate ischemic muscle, the lack of vasculature and poor persistence of the therapeutic
cells represent major limiting factors to successful tissue restoration. In response to ischemia,
stromal cell-derived factor-1 (SDF-1) is up-regulated by the affected tissue to stimulate stem
cell-mediated regenerative responses. Therefore, we encapsulated SDF-1 into alginate
microspheres and further incorporated these into an injectable collagen-based matrix in order
to improve local delivery. Microsphere-matrix impregnation reduced the time for matrix
thermogelation, and also increased the viscosity reached. This double-incorporation
prolonged the release of SDF-1, which maintained adhesive and migratory bioactivity,
attributed to chemotaxis in response to SDF-1. In vivo, treatment of ischemic hindlimb
muscle with microsphere-matrix led to increased mobilization of bone marrow-derived
progenitor cells, and also improved recruitment of angiogenic cells expressing the SDF-1
receptor (CXCR4) from bone marrow and local tissues. Both matrix and SDF-1-releasing
matrix were successful at restoring perfusion, but SDF-1 treatment appeared to play an
earlier role, as evidenced by arterioles that are phenotypically older and by increased
angiogenic cytokine production, stimulating the generation of a qualitative microenvironment
for a rapid and therefore more efficient regeneration. These results support the release of
implanted SDF-1 as a promising method for enhancing progenitor cell responses and

restoring perfusion to ischemic tissues via neovascularization.
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Introduction

Myopathies, such as ischemic heart disease and peripheral arterial disease (PAD) are
significant killers in developed nations. In particular, PAD afflicts an estimated 27 million
people in Europe and North America (Belch et al., 2003). This disease manifests when the
flow of blood to extremities is acutely or chronically reduced (Selvin and Erlinger, 2004;
Shamoun et al., 2008). Attributed to the lack of blood flow, symptoms typically include:
pain, cramping, weakness and a poor ability to heal. To restore perfusion, current treatments
include stent or vascular transplants with surgical intervention, or amputation; however, these
options are invasive, carry risks, and amputation significantly reduces quality of life.
Therefore, non-invasive options for restoring perfusion would be invaluable for PAD
patients. Recent years have seen the generation of many novel approaches for developing
tissue substitutes to replace or regenerate ischemic muscle; however, the supply of sufficient
and appropriate vasculature represents a major limiting parameter for a successful therapeutic
approach (Kaully et al., 2009; Ko et al., 2007).

To augment reparative processes, regenerative therapies using bone marrow-, blood-,
or tissue-derived progenitor cells have emerged; however, the results of these treatments are
controversial and there is growing evidence to suggest that non-embryonic transplanted cells
do not successfully integrate with host tissue (Murry et al., 2006; Suuronen et al., 2007). It is
now believed that functional improvement results from neovascularization and the restoration
of blood flow to ischemic muscle, and that this phenomenon is initiated, maintained, and
enhanced by paracrine factors and secondary recruitment of progenitor cells (Cho et al.,

2007; Formigli et al., 2007).

58



After ischemic injury, an endogenous response to recruit the endogenous progenitor
cells is initiated (Hofmann et al., 2005). Regarded as critical to this process is the up-
regulation and release of the cytokine stromal cell-derived factor-1 (SDF-1) from ischemic
muscle (Askari et al., 2003) and the subsequent recruitment of circulating progenitor cells
(CPCs), mobilized from distal tissues, such as bone marrow, into ischemic tissue (De Falco
et al., 2004). However, the stem cell recruitment response is short-lived and tissue
accumulation is low (Fazel et al., 2006; Wojakowski et al., 2004). Recruited CPCs are
observed to be pro-angiogenic (Park et al., 2004; Suuronen et al., 2009) and are thought to
augment functional recovery by promoting neovascularization.

This study aims to use the SDF-1 signaling mechanism in an effort to amplify the
endogenous response to ischemia and the recruitment of vasculogenic progenitor cells.
Herein, we report on the encapsulation of SDF-1 into microspheres, which are added to an
injectable collagen-based matrix that thermogels at physiological temperature. We provide
evidence that treatment with an SDF-1 releasing collagen matrix improves the vasculogenic

response of ischemic muscle, mediated by the recruitment of progenitor cells.
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Materials & Methods

All reagents were obtained from Sigma-Aldrich (Oakville, Canada), unless otherwise
indicated.
Generation of Microspheres

Through a physical cross-linking reaction, blank (no peptide added) alginate
microspheres were created with 1.25% sodium alginate (w/v). The solution was added to a
syringe and forced through a J1 Encapsulation Device (Nisco, Zurich, Switzerland) at
Iml/min, using a syringe pump, and 9.8L/min N, gas. Microspheres were allowed to fall into
a 2% CaCl, (w/v) cross-linking bath, and kept stirring for 20 minutes before washing with
PBS, and snap-freezing in liquid nitrogen. SDF-1 loaded microspheres were created by
adding 200ng SDF-1 per g of alginate solution during sodium alginate solubilization.
Microspheres with both human (Cedarlane Laboratories, Hornby, Canada) and murine SDF-1
(Biovision, San Francisco, USA) were generated, and stored at -80°C.
Microsphere Morphology

Microspheres were thawed and suspended in PBS. Images were taken using an
inverted phase contrast microscope (Olympus 1x81F), and microsphere size was assessed
using Image-Pro Plus. Microsphere ultrastructure was observed using a Phillips XL-30
scanning electron microscope (Hillsboro, USA); WD = 7.0 and keV = 1.2. Microspheres
were fixed in 3% glutaraldehyde for 2 h, washed and subsequently dehydrated in various
ethanol dilutions (30%, 50%, 70%, 80%, 90%, 95%, 99%) for 5 min each before being
critically point-dried. Specimens were mounted on stubs and coated with Pd/Au using a

Hummer Sputter Coater (Ladd Research, Williston, USA).
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Matrix Preparation

As described previously (Suuronen et al., 2009), a collagen matrix was created on ice,
using a cross-linking mixture containing a 1:1 molar ratio of N-(3-dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride and N-hydroxysuccinimide (EDC/NHS; 13mM) in 2(-N-
morpholino) ethanesulfonic acid (MES) buffer, a solution of 1% porcine type I atelocollagen
(w/v; Nippon Ham, Tskuba, Japan) and 40% chondroitin sulfate-C (CSC) (w/v; Wako
Chemicals, Osaka, Japan). The cross-linked collagen solution was diluted with PBS before
adjusting the pH to 7.24+0.2 using 1N NaOH or HCI. The final concentration of collagen and
CSC were 0.59% (w/v) and 2.35% (w/v), respectively. The proportion of microspheres in the
matrix was 21% (w/v), and when included, the SDF-1 concentration was 40 ng/ml. SDF-1
microsphere-matrix was prepared using the same procedure, except 400mg of microspheres
was added in the PBS dilution step. For in vitro use, matrices were thermogelled for 20 min
at 37°C.
Reagent Sterilization

All liquid reagents (PBS, MES, CSC, alginate) were sterile filtered (0.45 pm).
Collagen (1%) was prepared with sterile water and the resulting solution was sterilized by
exposure to UV light for a period of 15 min.
Rheology

The rheological properties of the collagen matrix were measured using a Brookfield
R/S Plus Rheometer as previously described (Deng et al.). Samples of collagen matrix or
microsphere-collagen matrix (1.5ml) were subjected to a constant shear rate of 55 for 20-30
min using a C50-2 spindle (spindle gap of 4um, according to the spindle specifications), and

the temperature was maintained at 37°C. Rheo3000 v1.2 software was used to monitor
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viscosity (Pa-s) and time to gelation (s). The time at which maximum viscosity was reached
was considered to be the material’s time to gelation. In addition to time viscosity profiles,
elastic storage (G’) and loss (G”) modulus as a function of temperature at a frequency of 1
Hz was also measured.
SDF-1 Release

Microspheres containing human SDF-1 were used to assess release kinetics.
Microspheres alone or embedded in a collagen matrix were added to a 20ml flask with Sml of
PBS. At various time points, samples were taken and immediately frozen at -80°C and fresh
PBS was added to replace the removed aliquot volume. SDF-1 content in the supernatant was
assessed using an ELISA kit (R&D Systems, Minneapolis, USA), according to the
manufacturer’s protocol. Data is reported as a ratio of concentration at time ¢, standardized to
the maximal release.
Release Kinetics

To analyze SDF-1 release from microspheres (+/- matrix embedding), various release
kinetic models were used to describe the observed release kinetics. Correlation coefficients
were determined for data fit to zero-order release (Hadjiioannou et al., 1993), first-order
release (Bourne, 2002), Higuchi (Higuchi, 1963), Hixson-Crowell (Hixson and Crowell,

1931) and Korsmeyer-Peppas (Korsmeyer et al., 1983) models.

Cell Culture

Procedures for the isolation of human circulating progenitor cells (CPCs) were
approved by the Human Research Ethics Board of the University of Ottawa Heart Institute.
After obtaining informed consent, total peripheral blood mononuclear cells (PBMCs) were

isolated from the blood of healthy human volunteers by Histopaque 1077 density-gradient
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centrifugation, as previously described (Ruel et al., 2005). Cells were cultured on fibronectin-
coated plates in endothelial basal medium (EBM-2; Clonetics, Guelph, Canada) containing
5% FBS (v/v), VEGF, R’-IGF-1, and hEGF supplements. After 4 days in culture, supernatant
and non-adherent cells were removed, and adherent populations were considered to be
circulating progenitor cells (CPCs).
Adhesion Assay

CPCs (2x10%) were resuspended in 1ml of medium and seeded in 12-well dishes with
fibronectin-coated coverslips, containing medium with 50mg of blank microspheres or
medium with 50mg of human SDF-1 loaded microspheres. After 1 hour at 37°C, medium
was aspirated and adherent cells were fixed with 4% paraformaldehyde (PFA). Coverslips
were washed with PBS and mounted on slides with 4',6-diamidino-2-phenylindol-(DAPI)-
containing mounting medium (Vector Laboratories, Burlington, Canada). Six random fields-
of-view were imaged using a Zeiss Z1 fluorescent microscope and DAPI" cells were counted.
Migration Assay

CPCs (2x10%) in VEGF-free medium were added to the top chamber of a Transwell
tissue culture well (Corning, New York, USA). The lower chamber contained VEGF-free
medium with 50mg of blank microspheres or VEGF-free medium with 50mg of human SDF-
1 loaded microspheres. The bottom of each well contained a fibronectin-coated coverslip.
After 24 hours of incubation, cells were fixed, DAPI-stained, visualized, and counted.
Chemokinesis versus Chemotaxis Assay

To investigate the mode of action through which SDF-1 induces CPC migration,
assays, based on a previously described protocol for the evaluation of chemokinesis versus

chemotaxis (Misiak-Tloczek and Brzezinska-Blaszczyk, 2009), were carried out. Three
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treatment conditions (represented as the presence of SDF-1 in the upper well/lower well)
were tested: SDF-1/0 (SDF-1 only in the upper well); SDF-1/SDF-1 (SDF-1 in both upper
and lower wells); 0/SDF-1 (SDF-1 in the lower well only). SDF-1 was used at a
concentration of 9 ng/ml, as this is the approximate amount released from microspheres after
24 h. Quantification was performed in the same manner as described for the migration assay
above.
Animal Model

All procedures were performed with the approval of the University of Ottawa Animal
Care Committee, in compliance with the National Institute of Health’s Guide for the Care
and Use of Laboratory Animals. Bone marrow transplantation was performed as previously
described (Whitman et al., 2004). Briefly, female C57BL/6J mice (8-9 weeks old, Jackson
Laboratories, Bar Harbor, USA) were irradiated with a total of 900 rads from a cesium
source, delivered in 2 equal doses, 3 hours apart. Donor bone marrow cells (7x10%) from
green fluorescent protein (GFP) transgenic mice (C57BL/6-Tg(CAG-EGFP)10sb/J, Jackson
Laboratories) were injected into the tail vein of irradiated recipient mice. Six weeks after
transplantation, proximal femoral arteries in left hindlimbs were ligated as described
(Limbourg et al., 2009), using 4.0 silk thread, under 2% isoflurane. Limbs subsequently
received 80ul injection of: 1) PBS (n=9); 2) collagen matrix (n=8); or 3) collagen matrix
containing murine SDF-1 microspheres (n=8). Treatments were delivered by 3
equivolumetric injections into the adductor muscle downstream of the ligation site, using a

27-gauge needle.
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Blood perfusion of both hindlimbs was measured before and after ligation, and at
days 4, 7, and 14 post-operatively using a multifiber needle probe (8 separate collecting
fibers), and a laser Doppler blood flow monitor (Moor Instruments, Axminster, UK).

Blood samples (~100ul) were procured from the right saphenous veins on days 0
(pre-operative baseline), 1, 4, 7, and 14 post-operatively. PBMCs were isolated using
density-gradient centrifugation and immediately characterized using flow cytometry as
described below.

Flow Cytometry

Cells were labeled with antibodies against the following antigens: c-kit (Southern
Biotech, Birmingham, USA), CXCR4 (BD Biosciences, Mississauga, Canada), and flk-1
(eBioscience, San Diego, USA), and analyzed with a FACSAria flow cytometer (BD
Biosciences). Isotype-matched immunoglobulin antibodies were used as controls.
Immunohistochemistry

Animals were sacrificed at day 14. Hindlimb muscle tissue was collected and fixed
overnight in PFA before paraffinization. All samples were analyzed in cross-section.
Samples were de-paraffinized and hydrated with sequential washes in toluene and decreasing
concentrations of ethanol. Antigen retrieval was performed using boiling citrate buffer. All
staining was performed in PBS containing 10% normal horse serum (Vector Laboratories).
The following antibodies were used: anti-a-smooth muscle actin (SMA; pre-diluted, Abcam,
Cambridge, USA), anti-GFP (1:100; Abcam), and anti-CXCR4 (1:50; Abcam). For all tissue
sections, mounting medium with DAPI (Vector Laboratories) was used to visualize nuclei.
All measurements and cell counts were determined from 6 random microscopic fields-of-

view and averaged from 2 blinded observers.
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Cytokine Antibody Arrays

Relative cytokine levels in hindlimb lysates and serum from sacrificed animals (n=5
per treatment group) were analyzed using RayBio Mouse Cytokine Antibody Array Kits
(Raybiotech, Norcross, USA), according to the manufacturer’s protocol.
Statistical Analysis
Unless otherwise stated, values are expressed as means =+ standard error. Statistical analyses
were performed using SPSS (IBM, Somers, USA). Comparisons of continuous data between
groups were performed with a one-way analysis of variance and comparisons between
individual groups were performed with a two-tailed Student’s t-test. For in vitro CPC
analysis, results were paired by donor, and subjected to a paired t-test. Probability values of

P<0.05 were considered statistically significant

Results

Generation of SDF-1 Microspheres

Microspheres had a mean diameter of 38.5um (£ 14.0um (SD); Fig. 3-1A). When
hydrated, microspheres had a smooth, spherical morphology (Fig. 3-1B), and a rougher
surface upon dehydration as visualized by SEM (Fig. 3-1C).
Microsphere-Matrix Impregnation

The addition of microspheres to the collagen matrix reduced the time to gelation and
caused the matrix to solidify at a greater viscosity, as early as 400s after application (P=0.05;
Fig. 3-2A,B), which was maintained over time. Maximum viscosity reached was greater for

the matrix containing microspheres (1.42Pa‘'s), compared to matrix alone (1.18Pas;
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P=0.003). Microspheres in solution released their SDF-1 content within 1 day, but matrix
impregnation prolonged the maximal release up to approximately 10 days (Fig. 3-2C).
Analysis of SDF-1 release kinetics shows that release from microspheres best fits a first order
model, indicated by the greatest correlation coefficient, but after impregnation in a matrix,

release follows the Higuchi model (Table 3-1, Fig. 3-2D).
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Figure 3-1 Characterization of SDF-1-containing alginate microspheres. Average size of
microspheres was 38.5um (A). Microspheres displayed a rounded morphology in saline
solution (B; 400X), and a lattice structure after drying and imaging using scanning electron

microscopy (C; 379X). Scale bars = 50um.
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Figure 3-2. Matrix-microsphere effects. After microsphere (MS) impregnation into
collagen matrix, rheological properties of the matrix were altered: time to gelation was
reduced by 16%, and viscosity increased by 22% (A; n=10). Differences in gelation were
first noted at 400s. B shows representative modulus versus time curves, which illustrate G’
(storage) and G” (loss) values for the different hydrogels. The burst-release effect of SDF-1
was reduced upon incorporation into matrix; the maximal release was delayed from
approximately 1 day to 10 days (C; n=3). Analysis of release kinetics demonstrates that when
microspheres are embedded in a matrix, SDF-1 release fits the Higuchi model (D; R?=0.94).

*P<0.05 versus matrix without microspheres at the same time point.
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Table 3-1 — Correlation coefficients, r’, for SDF-1 release from microspheres alone or

embedded in a collagen matrix, based on classical drug release models.

Zero Order | First Order Hixson- Higuchi Korsmeyer-
Crowell Peppas
Free MS .93 .95 .94 .84 .92
Matrix- .66 .75 .78 .94 .59

Embedded MS
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Bioactivity of SDF-1 Microspheres

Blank microspheres did not confer any difference in adhesion potential with cultured
CPCs, but the addition of SDF-1 loaded microspheres supported an increase in adhesive
CPCs by 2.3-fold after 1 hour of exposure (P=0.04; Fig. 3-3A-C). When CPCs were given a
chemotactic stimulus of blank or SDF-1 loaded microspheres, 3.2-fold more cells migrated
towards the SDF-1-releasing microspheres than the blank ones after 24 hours (P=0.004; Fig.
3-3D-F).
SDF-1 Mediated-Migration of CPCs is Mainly Chemotactic

Compared to the lack of a chemotactic stimulus (absence of SDF-1 in the lower well),
chemokinesis, stimulated by equivalent amounts of SDF-1 in the upper and lower chambers,
increased CPC movement to the lower chamber by 13% (P=0.04; Fig. 3-3G). The
chemotactic stimulus with SDF-1 only in the lower chamber induced the greatest migration

of CPCs, by 177% (P=0.006; Fig. 3-3G).
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Figure 3-3. Effects of blank (no SDF-1) and SDF-1 loaded microspheres on cultured
primary CPCs. In the presence of SDF-1 loaded microspheres (MS), over 2-fold more CPCs
were adherent to fibronectin within 1 hour of exposure (A; n=4); B, C are representative
images of adherent CPCs in the presence of blank or SDF-1 loaded microspheres,
respectively. More CPCs migrated towards SDF-1 microspheres (D; n=4); E, F are
representative images of blank and SDF-1 loaded microsphere-induced migration of CPCs,
respectively. The effect of SDF-1 on CPC migration was mainly chemotactic, rather than
chemokinetic, as evidenced by the greater migratory effect of CPCs towards SDF-1 when it

is presented as a gradient (G). Scale bars=100um. *P<0.05; **P<0.05 vs. all others.
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In Vivo Mobilization of CPCs by SDF-1 Treatment

Based on the in vitro chemotactic properties of SDF1 microsphere matrix, we defined
whether the construct is able to enhance the recruitment of CPC in an in vivo system. GFP"
(bone marrow-derived) CPCs in the peripheral blood were analyzed over time, and compared
to baseline. Interestingly, the SDF-1 microsphere matrix treatment significantly increased
circulating CXCR4" cells (by 45%; P=0.02), flk-1" cells (by 105%; P=0.001), and c-kit" cells
(by 18%; P=0.04) at early time point post injury (Fig. 3-4A) and was able to maintain
elevated numbers of circulating flk-1" cells (by 149%; P=0.002) and c-kit™ cells (by 48%;
P=0.01) for an extended period (7-14 days) post operation (Fig. 4.4B). Notably, the collagen
matrix alone increased circulating flk™ cells (by 20%; P=0.009) at the earlier evaluation and
c-kit" cells at both early (by 48%; P=0.01) and late time point (by 29%; P=0.02; Fig. 3-
4A,B).
Restoration of Perfusion by Matrix Treatments

Indeed, both matrix treatments (with or without SDF-1 microspheres) were able to
restore perfusion to baseline levels by one week post-treatment, compared to PBS controls

(Fig. 3-4C; P<0.04), which was maintained at two weeks post-treatment (P<0.05).
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Figure 3-4. Functional effects of collagen & SDF-1 microsphere matrix treatments in
vivo. At early time points after treatment (A; days 1-4), animals receiving SDF-1
microsphere-matrix (SDF-1) had greater numbers of circulating CPCs. This was also
observed at later time points (B; days 7-14). By 7 days post-op, hindlimb perfusion was
restored to baseline levels with matrix treatments (C; n=6-8 per group). *P<0.05 versus PBS;

*#P<0.05 versus PBS & collagen.
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Arteriole Density of Ischemic Hindlimbs

Arteriole density in ischemic hindlimbs was not different between collagen and SDF-
1 collagen matrices (P=0.9); however, both matrix and SDF-1 microsphere matrix treatments
increased arteriole density compared to PBS by 67% (P=0.01) & 69% (P=0.02), respectively
(Fig. 3-5A-E). Mean arteriole size was greater in the SDF-1 microsphere matrix treatment
group compared to PBS-treated mice (P<0.05; Fig. 3-5B-E). There was also a trend for
greater arteriole cross-sectional area with SDF-1 microsphere matrix treatment compared to
collagen matrix (P=0.09), and for collagen matrix treatment compared to PBS (P=0.08; Fig.
3-5B).
Recruitment of Bone Marrow-Derived Cells to Treated Hindlimbs

SDF-1 microsphere matrix and collagen matrix treatments recruited 17.7- and 4.2-
fold more GFP' cells to treated hindlimbs, compared to PBS (P=0.0007 and 0.02),
respectively (Fig. 3-6A-D). There was a trend for SDF-1 microsphere matrix treatment to

recruit more GFP" cells than collagen matrix alone (P=0.06; Fig. 3-6A).
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Figure 3-5. Assessment of vasculature in treated hindlimbs. There was a trend for
increased arteriole counts with matrix treatments (A). Larger arterioles were produced in
animals receiving collagen or SDF-1 microsphere-matrix (SDF-1) treatments, with the SDF-
1 microsphere-matrix treatment leading to the largest arterioles (B). C, D, E are
representative images of arterioles (indicated by SMA”, red), and counter stained with DAPI

(blue). Scale bars=50um. n=6-8 per group. **P<0.05; *0.05<P<0.10.
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Figure 3-6. Recruited bone marrow-derived cells. More GFP" cells were engrafted in
ischemic hindlimbs treated with collagen or SDF-1 microsphere-matrix (SDF-1), with a trend
for more GFP" cells in the SDF-1 microsphere-matrix treatment, compared to matrix alone
(A). Representative images of GFP" cells recruited to PBS- (B), collagen matrix- (C), or
SDF-1 microsphere-matrix- (D) treated hindlimbs. Scale bars=100pum; n=6-8 per group.

*P<0.02 vs. PBS, TP=0.06 vs. collagen.
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Engrafiment of CXCR4" Cells in Ischemic Hindlimbs

Overall, SDF-1 microsphere matrix treatment recruited 4.3- and 1.8-fold more
CXCR4" cells to treated hindlimbs compared to PBS and collagen (P=0.0004 and 0.05; Fig.
3-7A-D). Separating the analysis of CXCR4" cells into those recruited from the marrow
versus those recruited locally, SDF-1 microsphere matrix treatment recruited 4.9-fold more
CXCR4'GFP" (bone marrow-derived) and 4.5-fold more CXCR4'GFP™ (local) cells,
compared to PBS and collagen (P=0.008 and 0.02; Fig. 3-7A). Collagen matrix alone also

recruited 2.8-fold more CXCR4 GFP" cells compared to PBS (P=0.03; Fig. 3-7A).
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Figure 3-7. Localized CXCR4" cells. SDF-1 microsphere-matrix (SDF-1) treatment
recruited more CXCR4" cells, from both bone marrow (GFP") and locally (GFP; A).
Representative images of GFP™ (green), CXCR4" (red), or GFP"CXCR4" cells (yellow) in
PBS- (B), collagen matrix- (C), or SDF-1 microsphere-matrix- (D) treated hindlimbs. Scale

bars=200um; n=6-8 per group. *P<0.05 vs. PBS, **P<0.05 vs. all.
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Cytokine Profiles

In the hindlimb (Fig. 3-8a), interleukin-1a (IL-1a; P=0.04) and monocyte inhibitory
protein-3a (MIP-3a; P=0.04) were reduced, and vascular cell adhesion molecule-1 (VCAM-
1; P=0.03) and insulin-like growth factor-1 (IGF-1; P=0.03) were increased with SDF-1
microsphere matrix treatment. In the serum (Fig. 3-8B): L-selectin was increased with SDF-1
microsphere matrix treatment (P=0.01) and reduced with collagen alone (P=0.01); basic
fibroblast growth factor (bFGF) was increased with collagen alone (P<0.001) and with SDF-
1 microsphere matrix treatment (P=0.02); and VCAM-1 was reduced with SDF-1
microsphere matrix treatment compared to collagen matrix (P=0.007) and PBS (P<0.001).
For both serum and hindlimb, no significant differences between any treatments were
observed for the following inflammatory cytokines: GM-CSF, TNF-a, IL-1B and IL-6 (all

P>0.4).
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Figure 3-8. Cytokine profiles. Observed differences in cytokines in hindlimb lysates (A)

and serum (B), two weeks after treatment (n=5). *P<0.05.
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Discussion

In this study, we demonstrated that the release of SDF-1 from alginate microspheres
can be effectively prolonged by incorporation of the microspheres into a thermogelling
collagen matrix. Released SDF-1 was bioactive, supported rapid adhesion and migration of
CPCs, and also stimulated the mobilization of CPCs from bone marrow when applied to
ischemic muscle. Both matrix alone and SDF-1-releasing matrix restored perfusion and
improved arteriole density by 2 weeks, but the SDF-1 treatment best supported the growth of
arterioles. SDF-1 microsphere matrix treatment also recruited more bone marrow-derived
cells and local CXCR4" cells to the ischemic muscle, and altered levels of local angiogenic
factors.

Incorporation of alginate microspheres into the collagen matrix increased the
hydrogel’s viscosity and reduced the time to gelation. This is thought to be mediated by the
cross-linking reaction, whereby functional groups on collagen (—NH;) and alginate (-COOH)
are covalently bound by EDC/NHS (Mitra et al.), increasing the total number of cross-links
within the material and enhancing its strength, as has been previously reported (Liu et al.,
2008). An earlier onset of gelation is advantageous in a clinical setting, allowing for a
reduction in the time required for stable material integration within host tissue. Additionally,
a positive correlation between hydrogel viscosity and resistance to degradation has been
noted (Yang et al., 2010), suggesting a better persistence in vivo of microsphere-containing
hydrogels.

During the period of release, SDF-1 kinetics from matrix-embedded microspheres fit
the Higuchi model of release whereby the initial drug concentration >> drug solubility in the

matrix, swelling is negligible, perfect sink conditions are maintained and edge effects are
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negligible, suggesting that diffusion is the primary mechanism of SDF-1 release (Higuchi,
1963). In contrast, microspheres alone initially demonstrated a burst release followed by a
first order release of SDF-1. Although a burst-release effect was observed with microspheres
alone, the embedding of microspheres in matrix was able to prolong the SDF-1 release by 10-
fold. This observation can be explained by the properties of the microspheres and the
collagen-hydrogel system. Hydrogels have an innate ability to retain small peptides (Cadee et
al., 2002; Ruvinov et al.), and incorporation of peptide-containing microspheres into
hydrogels has been shown previously to extend the release profile of the peptide (Kempen et
al., 2008). SDF-1 bioactivity was maintained during the microsphere generation and cross-
linking procedure; upon its release, SDF-1 augmented rapid adhesion of CPCs, as well as
inducing chemotaxis of CPCs, rather than chemokinesis, indicating its ability to induce CPC
homing towards a chemotactic gradient rather than the induction of random mobilization.

In the ischemic hindlimb study, marrow-mobilized cells expressing the SDF-1
receptor CXCR4 were increased in circulation of SDF-1 microsphere matrix-treated animals
at early time points, but this effect was later lost. This can be explained by previous studies
showing the eventual down-regulation of CXCR4 following cytokine-induced mobilization
from the bone marrow (Kim et al., 2006). More specifically, CXCR4 expression is dose-
dependent on SDF-1 levels; doses of < lug in a mouse model have shown CXCR4 levels
equivalent to controls that did not receive SDF-1 (Kimura and Tabata). Interestingly, higher
doses of SDF-1 have the same effect, suggesting a potential negative feedback loop for the
SDF-1/CXCR4 axis. Notably, SDF-1 microsphere matrix treatment also stimulated an early
mobilization of flk-1" and c-kit™ cells from the bone marrow into circulation, and maintained

this effect up to 2 weeks post-treatment. CXCR4 is SDF-1’s exclusive receptor and CXCR4"

91



CPCs are reduced over time, mechanisms other than SDF-1 release are needed to explain the
increase in mobilized CPCs expressing flk-1 and c-kit. We have previously shown that
systemic transplantation of CPCs can induce a potent response from the host’s CPCs
(Suuronen et al., 2009). Additionally, this effect has been documented in humans, and CPC
persistence in the circulation has been observed up to 1 year after cell transplantation (Turan
et al.). Therefore, it is likely that the initiation of the SDF-1/CXCR4 mobilization and
recruitment response by SDF-1 microsphere matrix treatment activates other endogenous
progenitor cell mechanisms.

Ischemia was induced in all mice (average of 55% of normal perfusion). By one week
post-treatment, animals that received matrix treatment (with or without SDF-1 microspheres)
had hindlimb perfusion restored to baseline levels, which is similar to previous reports of
matrix treatment for hindlimb ischemia (Suuronen et al., 2009). It has been previously
demonstrated that an increase in perfusion is attributable to increased local vasculature (Kim
et al.; Suuronen et al.), an observation that was seen in the current study; matrix treatments
increased arteriole density in ischemic hindlimbs. It was hypothesized that SDF-1
microsphere matrix treatment would confer superior restoration of perfusion, but instead, the
matrix-only treatment was equally effective. Kimura and Tabata also attempted to enhance
neovascularization using an SDF-1-releasing hydrogel (Kimura and Tabata), and observed
increased capillary density with SDF-1 treatment at 4 days post-treatment, which was
abrogated by 10 days. Another SDF-1 release study did not show a difference in vascular
density between SDF-1 and controls at 9 days post-treatment (Rabbany et al.). It may be that
the addition of SDF-1 accelerates the regenerative response to collagen matrix treatment.

This is supported by the observation that SDF-1 treatment increased the cross-sectional size
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of arterioles. Cross-sectional area of new vasculature has been shown to increase over a
period of 4 weeks (Ruvinov et al.), demonstrating that vessel area is indicative of vessel
maturity. Therefore, it is plausible that SDF-1 treatment had an earlier effect on
neovascularization, allowing for more rapid growth/maturation of arterioles, compared to
both matrix and PBS treatments.

The SDF-1 microsphere matrix treatment recruited the most GFP" marrow-mobilized
cells in our animal model. Other SDF-1-release studies have also shown recruitment of stem
cells, positive for c-kit (Thevenot et al.; Zhang et al., 2007) expression. In particular, it was
expected that SDF-1 treatment would increase the recruitment and engraftment of CXCR4"
cells. Both the matrix and SDF-1 microsphere matrix treatments increased homing of bone
marrow-derived CXCR4" cells to the treated hindlimbs (SDF-1 microsphere matrix treatment
had the most pronounced effect), but the SDF-1 microsphere matrix treatment also
demonstrated an improved recruitment of CXCR4" cells of non-bone marrow origin.
Recently, it was shown that local pools of progenitor cells co-expressing CXCR4 and
endothelial markers reside in tissues (Sandstedt et al.), suggesting a potential role in
neovascularization. In our experiment, SDF-1 treatment may be recruiting a similar
population, as evidenced by CXCR4 GFP" staining. Microvascular endothelial cells have
also been documented to express CXCR4 (Takagi et al., 2009), suggesting another CXCR4-
expressing population that is possibly activated in treated hindlimbs. Regardless, CXCR4"
fractions have been observed to be superior to whole CXCR4™ fractions with respect to
potential for invasion, neovascularization, and restoration of perfusion (Seeger et al., 2009).

Compared to controls, inflammatory cytokines (IL-1a and MIP-3a) were reduced in

hindlimbs treated with SDF-1 microsphere matrix, a similar result to Thevenot ef al.’s study.
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The latter examined cytokine responses to SDF-1 delivery in a synthetic scaffold (Thevenot
et al.); however, our results also suggest that the SDF-1 microsphere matrix supports a
favorable environment for angiogenic activity through local factors, as evidenced by
increased IGF-1 and VCAM-1 in hindlimb lysates. IGF-1 is a stimulator of angiogenesis (Su
et al., 2003) and is cytoprotective (Li et al., 1997), and elevated IGF-1 is ideal for recovery.
Pelosi et al. have shown that persistent IGF-1 expression accelerates the regenerative
response and restores architecture and structure soon after skeletal muscle injury (Pelosi et
al., 2007). VCAM-1 is a cell adhesion molecule expressed by endothelial cells. When
VCAM-1 is solubilized and detected in serum, it is used as an indicator of dysfunctional
endothelium (Balciunas et al., 2009). Our SDF-1 microsphere matrix treatment had
significantly less circulating VCAM-1, further suggesting a vasculo-protective role of this
therapy. Furthermore, both matrix treatments increased systemic bFGF, which is a potent

angiogenic cytokine (Hosseinkhani et al., 2006).
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Conclusion

In this study, we demonstrated that SDF-1 can be successfully encapsulated in an
alginate microsphere system and further incorporated into an injectable matrix for non-
invasive delivery. The treatment of ischemic mouse hindlimbs with SDF-1-releasing matrix
enhanced progenitor cell mobilization and recruitment. Compared to collagen-only treatment,
the addition of SDF-1 appears to confer an earlier effect on neovascularization, as suggested
by greater arteriole maturity. These findings suggest that application of an SDF-1-releasing
matrix constitutes a suitable therapy for prevalent myopathies with reduced perfusion, with
the potential to augment progenitor cell mobilization and homing, as well as its ability to

rapidly support neovascularization.
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CHAPTER 4. Injected matrix stimulates myogenesis and

regeneration of mouse skeletal muscle after ischaemic

injury
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Notes on Chapter

Although the first study to develop novel methods for restoring perfusion to ischemic
muscle in Chapter 3 was successful, the results were underwhelming. One of our previous
studies explored the possibility of restoring perfusion using the same collagen matrix, but
with the oligosaccharide sialyl lewisX (sLe™) incorporated into the structure (Suuronen et al.,
2009). Presentation of this ligand, which in theory will bind progenitors expressing the
receptor L-Selectin, was hypothesized to augment the recruitment and retention of CACs.
Enhancement with sLe™ dramatically improved rapid reperfusion and vascular density, and
this was indeed accompanied by many more recruited and retained CACs, compared to
unenhanced matrix or PBS controls. Further studies elucidated that the enhanced matrix has a
strong affinity for progenitor phenotypes (CACs) when exposed to a heterogeneous
population of PBMCs, and that when cells were exposed to it, the cell phenotype switched to
one that was more pro-regenerative with regard to its paracrine secretion.

Biomaterial therapy must first address any relevant shortages of perfusion before
further tissue regeneration can occur. Given the therapeutic success with the sLe*-enhanced
matrix, this study sought to further characterize its potential for application in an ischemic
state, and therefore focused on the molecular, phenotypic and functional changes that
occurred in the ischemic muscle, in addition to the effect of the material on perfusion.
Additional physical characterization and in vitro studies were performed to assess the
materials’ inherent ability to augment myogenesis in order to offer a global hypothesis for the

restoration of muscle observed in vivo.
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Abstract

Biomaterial-guided regeneration represents a novel approach for the treatment of
myopathies. Revascularization and the intramuscular extracellular matrix are important
factors in stimulating myogenesis and regenerating muscle damaged by ischemia. In this
study, we used an injectable collagen matrix, enhanced with sialyl Lewis™ (sLe¥), to guide
skeletal muscle differentiation and regeneration. The elastic properties of collagen and sLe*-
collagen matrices were similar to those of skeletal muscle, and culture of pluripotent mESCs
on the matrices promoted their differentiation into myocyte-like cells expressing Pax3,
MHC3, myogenin and Myf5. The regenerative properties of matrices were evaluated in
ischemic mouse hindlimbs. Treatment with the sLe™-matrix augmented the production of
myogenic-mediated factors insulin-like growth factor (IGF)-1, and IGF binding protein-2 and
-5 after 3 days. This was followed by muscle regeneration, including a greater number of
regenerating myofibers and increased transcription of Six1, M-cadherin, myogenin and Myf5
after 10 days. Simultaneously, the sLe™-matrix promoted increased mobilization and
engraftment of bone marrow-derived progenitor cells, the development of larger arterioles
and the restoration of tissue perfusion. Both matrix treatments tended to reduce maximal
forces of ischemic solei muscles, but sLe*-matrix lessened this loss of force and also
prevented muscle fatigue. Only sLe*-matrix treatment improved mobility of mice on a
treadmill. Together, these results suggest a novel approach for regenerative myogenesis,
whereby treatment only with a matrix, which possesses an inherent ability to guide myogenic
differentiation of pluripotent stem cells, can enhance the endogenous vascular and myogenic

regeneration of skeletal muscle, thus holding promise for future clinical use.
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Introduction

The capacity of adult tissues to regenerate in response to injury stimuli represents an
important homeostatic process. Nevertheless, the complete regenerative program in cases of
aging, extended injury, peripheral artery disease or pathological conditions is severely
affected and it is precluded by fibrotic tissue formation and consequent functional
impairment. It is likely that the restricted tissue repair program under pathological conditions
is due to either progressive loss of stem cell populations or to missing signals that limit the
damaged tissues to efficiently activate a regenerative program (Carosio et al., 2011). Despite
major advances in medicine, current therapies do not yet allow for muscle regeneration to
take place when needed. Attempts at stem cell therapy for these diseases have demonstrated
experimental success; for instance, the transplantation of cultured circulating angiogenic cells
(CACG:s) can restore perfusion in ischemic hindlimbs (Kuraitis et al., 2011a); embryonic stem
cells can improve function and prolong life in a spinal muscular atrophy model (Corti et al.,
2010); and, improvement of motor function following mesenchymal stem cell transplantation
was demonstrated in a model of DMD (Li et al., 2011). Despite such promise, no optimal
therapy has yet emerged, and the need for strategies to regenerate muscle remains
considerable.

The limitations of stem cell therapy are partially attributed to the poor engraftment and
persistence of transplanted cells (Suuronen et al., 2008). To address this, materials are being
tested as stem cell delivery vehicles for the regeneration of muscle; in particular, components
of the body’s extracellular matrices may be advantageous for therapeutic application because
cells already have a pre-disposition for recognizing them (reviewed in (Kuraitis et al.,

2012c)). Other technical challenges of stem cell therapy may include: potential requirement
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for co-administration of immunosuppressant drugs, time required for preparation of cells for
transplantation, and unavailability of autologous cells. Therefore, as an alternateve, an
acellular approach to tissue regeneration has the potential to circumvent the risks and
demands of these limitations. Recent studies have focused on the ability of implantable
materials to augment tissue regeneration after ischemic damage by the release of stem cell-
activating growth factors (Borselli et al., 2010; Kuraitis et al., 2011b; Saif et al., 2010).
Another strategy, one that does not rely on having to control the release of growth factors,
may be to provide the tissue with a healthy cell-supportive environment by implanting a
material that can mediate and augment the body’s natural responses.

In designing such a biomaterial, it may be vital to consider the importance of vasculature
and the extracellular matrix in the muscle regeneration process. Specifically,
revascularization and the provision of an adequate blood supply represent major limiting
parameters for a successful therapeutic approach at regenerating muscle damaged by
ischemia (Grounds, 2008a; Ko et al., 2007). Regenerative myogenesis has been characterized
by increased transcription of the myogenic regulatory factors (MRFs) MyoD, Myf5 and
myogenin (Sabourin and Rudnicki, 2000), and may be augmented by the activation and
maturation of local myocyte progenitors, termed satellite cells, often identified by Pax7
expression (Parise et al.,, 2006). In addition, appropriate adaptive changes in the
intramuscular extracellular matrix can enhance the potential of muscle to recover and/or
regenerate from damage (Kovanen, 2002). Notably, type I collagen is the predominant
component of the skeletal muscle’s extracellular matrix (San Antonio and lozzo, 2006), and
has been used for muscle cell differentiation in myoblast cell culture and in grafts (Kroehne

et al., 2008). Collectively, these findings suggest that a collagen-based material that can
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promote blood vessel growth may be an ideal candidate treatment for promoting skeletal
muscle regeneration.

We previously reported on a type I collagen-derived matrix that contained the
oligosaccharide sialyl Lewis™ (sLe™), a ligand for the receptor L-selectin (Suuronen et al.,
2009). L-selectin, a receptor for sLe™, is expressed on the surface membrane of circulating
angiogenic cells (CACs), and has a role in regulating their homing and adhesion (Biancone et
al., 2004). When applied in a rat model of muscle ischemia, the sLe™-matrix increased the
number of c-kit’, CXCR4" and VEGFR2" CACs, augmented blood vessel regeneration and
restored perfusion, while not eliciting a foreign body or harmful immune response (Suuronen
et al., 2009). Given the importance of vasculature and the extracellular matrix in muscle
regeneration, and since the sLe™-matrix can promote neovascularization and its composition
is based on type I collagen, we hypothesized that it may possess the ability to stimulate
regenerative myogenesis.

In this study, we characterized the mechanical properties of the sLe™-matrix (which may
be contributing factors towards its regenerative effects), and its ability to promote
differentiation of mouse embryonic stem cells into a myogenic lineage in vitro. In vivo, a
mouse hindlimb ischemia model was used to temporally investigate the ability of the sLe*-
matrix to induce bone marrow and local tissue responses for myogenesis and vasculogenesis
in ischemic skeletal muscle. The results suggest that the provision of a vascularized matrix
environment can promote regenerative myogenesis in ischemic muscle, supporting the sLe*-

matrix as a promising future therapy for muscle diseases.
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Materials & Methods

Unless otherwise stated, all materials and reagents were obtained from Sigma-Aldrich
(Oakville, Canada).
Matrix preparation

As previously described (Suuronen et al., 2009), 1mM sLe® (Cedarlane Laboratories,
Hornby, Canada) was prepared in 0.1M 2-(N-morpholino) ethanesulfonic acid (MES) buffer,
at pH 5.0, containing 1:1 (molar equivalent) cross-linking mixture of N-ethyl-N-(3-
dimethylaminopropyl) carbodiimide and N-hydroxysuccinimide (EDC/NHS; 13mM). This
mixture was subsequently mixed on ice with 1% porcine type I atelocollagen (w/v; Nippon
Ham, Tskuba, Japan) with 40% (w/v) chrondroitin sulfate-C (CS-C; Wako Chemicals,
Osaka, Japan) and thoroughly mixed, then diluted with PBS. The final concentration of each
component was: 0.59% collagen (w/v), 2.35% (CS-C) and 0.1mM sLe*. The final pH was
adjusted to 7.2-7.4 using 1N NaOH. Collagen-only matrices were prepared identically, but
without sLe™ in the mixture. For in vitro use, 150pl of each matrix was evenly spread into a
well of a 6-well culture plate (BD Biosciences, Mississauga, Canada) using a cell scraper,
resulting in an approximate thickness of 6 mm. Materials were allowed 20 minutes at 37 °C
to solidify. After gelation and hydration with media or PBS, the matrices display little
affinity for TCPS and are easily removed. For in vivo application, materials were kept on ice
and when required, 80ul was rapidly transferred to a syringe and subsequently injected.
Compression testing

Unconfined compression tests were performed using an MTS Bionix 858 servo-hydraulic
material-testing system (MTS, Bellevue, USA) equipped with a 5kg load cell. Matrices (+

sLe™) were swelled for 24h in dPBS at 37°C. Samples were cut using an 8 mm diameter
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punch, measured for thickness and placed inside of a plexiglass tank filled with dPBS for 1h
prior to testing at 37°C. Samples were then placed between two non-porous stainless steel
plates. Crosshead position and load were recorded using the Instron Wavemaker Software
(version 7.0.0, Instron) at a crosshead-speed of 50%-per-minute and strained to a maximum
of 20% strain. Each material was tested with »=5. Data was fitted to a stress-strain, 5-
parameter double exponential growth model, as described (Millon et al., 2009):
o =y + a*exp(b*e)tc*exp(d*e) Equation (1),
where o is stress, € is strain, and yy, a, b,c and d are curve-fitting parameters. The elastic
modulus, as a function of strain was calculated by differentiating Equation (1),
o’ = a*b*exp(b*e) + c*d*exp(d*e) Equation (2),
where ¢’ is the elastic (tangent) modulus, € is strain, and a, b, ¢ and d are curve-fitting
parameters. Elastic moduli are reported in kPa for the linear elastic region of the curves,
which is the slope of the fitted curve in the linear region.
Water contact angle assessment

Contact angle measurements were performed on a VCA Optima contact angle system that
relies on the deformation of drops or bubbles by gravity. The instrument equipped with a
motorized syringe allows a water drop (5ul) to be suspended from a syringe of known radius.
The drop is held up initially by surface tension but soon is deformed by gravity. Matrices
were swelled for 24h in dPBS at 37°C. Samples were cut using a 4mm diameter punch,
placed on the instrument’s platform and tested immediately. Contact angle measurements

were analyzed using VCA Optima Image Analysis software (n=6 for each material).
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Rheology

Measurements of gelation time and viscosity were performed using a Brookfield R/S Plus
Rheometer and a CC-3-50-2 R/S Spindle (Brookfield, Middleboro, USA), as previously
described (Deng et al., 2010). The maximum viscosity Nmax and the time required to reach
Nmax (Tmax) Were recorded for collagen- and sLe*-matrices (n=5 each).
Mouse embryonic stem cell culture

D3 mouse embryonic stem cells (mESCs) were grown and differentiated as previously
described (Kennedy et al., 2009). Briefly, the cells were aggregated at a density of 4x10"
cells/ml for 2 days in hanging drops and 5 days in non-tissue culture plates (Fisher Scientific,
Ottawa, Canada). On day 7, the embryoid bodies were transferred to standard TCPS plates or
tissue culture plates coated with either collagen or sLe*-matrix. At the same time, some
aggregates were transferred to coverslips coated with 0.1% gelatin (Fisher Scientific),
collagen or sLe™-matrix for later immunofluorescence analysis. On day 10, the medium
(DMEM High Glucose + 15% FBS + 1% non-essential amino acids + 1% pen-strip + 0.8%
beta-mercaptoethanol) was changed to a low serum formulation (DMEM-F12 + 1% pen-strep
+ 1% N2 Supplement (Invitrogen)) and the cells were allowed to grow for 5 more days. On
day 15, the cells were harvested from the TC plates and fixed on coverslips. All experiments
were performed in duplicate, with n=6.
RNA extraction, cDNA synthesis and quantitative PCR

Total RNA was extracted from cells and tissues using the RNeasy Kit (Qiagen Inc.,
Streetsville, Canada) following the manufacturer’s protocol. The first strand of cDNA was
synthesized from 1ug RNA by reverse transcription using QuantiTect Reverse Transcription

Kit (Qiagen Inc.). gPCR reactions were performed as previously described (Savage et al.,

106



2009) using the primer sequences in Table 4-1. The reactions and data analysis were
performed on an Epgradien S system (Eppendorf, Hamburg, Germany) using RealPlex
version 2.2 software (Eppendorf). Relative gene expression was calculated using the
comparative Ct method as described previously (Savage et al., 2009). Results for in vitro and
in vivo tissue work were expressed as a ratio to f3-actin and GAPDH, respectively. In vitro
results were compared to results obtained on TCPS; in vivo results were compared to each

animal’s untreated, contralateral limb.
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Table 4-1 — qPCR primer sequences used for analysis of murine transcripts in both

tissue lysates and embryonic stem cell cultures.

GENE

FORWARD PRIMER, 5’ to 3’

REVERSE PRIMER, 5’ to 3’

GAPDH

TCGGTGTGAACGGATTTG

GGTCTCGCTCCTGGAAGA

M-cadherin

CATCCCACCCATTAGTGTGTC

TCCCAGTGAACTTGTCGATAGA

MHC3

GCATAGCTGCACCTTTCCTC

GGCCATGTCCTCAATCTTGT

MHC7

GATGAGCAAGCCCTGGGCAGTC

TCAGAGCGCAGCTTCTCCACCT

Myf5

CCTGTCTGGTCCCGAAAGAAC

GACGTGATCCGATCCACAATG

MyoD

CCCCGGCGGCAGAATGGCTACG

GGTCTGGGTTCCCTGTTCTGTT

Myogenin

GCAATGCACTGGAGTTCG

ACGATGGACGTAAGGGAGTG

Pax3

TTTCACCTCAGGTAATGGGACT

GAACGTCCAAGGCTTACTTTGT

Pax7

CTCAGTGAGTTCGATTAGCCG

AGACGGTTCCCTTTGTCGC

Six1

TAACTCCTCCTCCAACAAGCA

CGAGTTCTGGTCTGGACTTTG

B-actin

AAATCGTGCGTGACATCAAA

AAGGAAGGCTGGAAAAGAGC
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Western blotting

Cells were harvested for total protein extract with modified RIPA buffer (50mM Tris-
HCI, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150mM NaCl, ImM EDTA, 1mM PMSF)
with a protease inhibitor cocktail (Roche, Laval, Canada). Protein was separated on a 10%
SDS PAGE gel in a 1x Running Buffer and transferred to an Immunoblot PVDF-membrane
(BioRad, Saint-Laurent, Canada). Anti-Pax3 (1:300, R&D Systems) was used and visualized
with HRP-conjugated secondary antibodies. Blots were enhanced using Western Blot Signal
Enhancer (Fisher Scientific) before blocking with 5% Milk in TBST.
Immunofluorescence

mESCs were fixed in cold methanol and incubated with mouse anti-myosin heavy chain
(MHC) monoclonal antibody MF20 (Developmental Studies Hybridoma Bank) overnight at
4'C. Goat anti-mouse IgG (H+L) Cy3-linked secondary antibody (Jackson ImmunoResearch
Laboratories, West Grove, USA) was used to visualize MHC3 protein expression. Hoechst
dye was used for nuclear staining. Images were acquired with an Olympus BX50 microscope
using Image Pro Plus. Fusion index was reported as the percentage of nuclei per field-of-
view (FOV) that are in multi-nucleated cells, indicating that cell fusion has occurred.
Animal model

All procedures were performed with approval of the University of Ottawa Animal Care
Committee, in compliance with the National Institute of Health’s Guide for the Care and Use
of Laboratory Animals. To investigate the endogenous bone marrow response, a green
fluorescent protein (GFP) bone marrow transplantation (BMTx) was performed, as
previously described (Whitman et al., 2004). Briefly, 8-9 week-old female C57BL/6J mice

(Jackson Laboratories, Bar Harbor, USA) were irradiated with a total of 900 rads from a
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cesium source, delivered 3 hours apart in 2 equal doses. Donor bone marrow cells (7x10°)
from a transgenic GFP mouse (C57BL/6-Tg(CAG-EGFP)10sb/J; Jackson Laboratories) were
injected into the tail vein of irradiated recipient mice in a total volume of 150ul dPBS. Six
weeks after BMTx, proximal femoral arteries in left hindlimbs were ligated, as described
(Limbourg et al., 2009), using 4.0 silk thread, under 2% isoflurane. Gastrocnemius muscles,
downstream of the ligation site, subsequently received 80 pl injection of: dPBS (n=9),
collagen matrix (n=8), or sLe*-matrix (n=8), using a 27-gauge needle (BD Biosciences) in 3
equivolumetric injections spaced throughout the muscle. Animals were sacrificed on day 14.
To further characterize the myogenic response without the effects of a BMTx, the same
procedure was performed on wild-type C57BL/6J mice without a BMTx, and animals were
sacrificed on day 3 or day 10 (n=6 for all treatments per time point). Additional age-matched,
untreated animals (no ligation surgery or treatment) were sacrificed as baseline controls
(n=6).
Flow cytometry

Blood samples (~100ul) were procured from the right saphenous veins on days 0 (pre-
operative/baseline), 1, 4, 7 and 14 post-operatively. As previously described (Suuronen et al.,
2009), CACs were isolated using density-gradient centrifugation on Histopaque 1077 and
immediately stained with the following antibodies: anti-c-kit (Southern Biotech,
Birmingham, USA), anti-CXCR4 (BD Biosciences, Mississauga, Canada) and anti-flk-1
(eBioscience, San Diego, USA). Cells were analyzed with a FACSAria flow cytometer (BD
Biosciences). Isotype, fluorochrome-matched immunoglobulin antibodies were used as
controls. CAC expression of a particular antigen is presented as relative to its baseline value

(at day 0).
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Laser Doppler

Perfusion was assessed using laser Doppler pre-operatively (baseline) and on days 4 and
14, as previously described (Kuraitis et al., 2011a). Briefly, under 2% isoflurane, a multi-
fiber needle probe (8 separate collecting fibers; Moor Instruments, Axminster, UK) was used
to evaluate perfusion in both treated and untreated hindlimbs. Data are reported as perfusion
indexes, calculated as a ratio of perfusion in treated:untreated hindlimbs.
Immunohistochemistry

Gastrocnemius muscles from BMTx mice were collected and fixed overnight in 4%
paraformaldehyde before paraffinization. All samples were analyzed in cross-section.
Samples were de-paraffinized and hydrated with sequential washes in toluene and decreasing
concentrations of ethanol. Antigen retrieval was performed using boiling citrate buffer (pH
5.6). All staining was performed in PBS containing 10% normal horse serum (Vector
Laboratories, Burlington, Canada). The following antibodies were used: anti-a-SMA (pre-
diluted, Abcam, Cambridge, USA), anti-GFP (1:100; Abcam), and anti-CXCR4 (1:50;
Abcam). Hindlimbs from non-BMTx mice were collected and placed in OCT solution before
being frozen in liquid nitrogen. Tissue sections were stained with anti-active caspase-3
antibody (1:50; Abcam), and myofiber borders were visualized using wheat germ agglutinin-
Texas Red (Invitrogen, Burlington, Canada), following the manufacturer’s protocol. For all
analyses: sections were Sum in thickness; mounting medium with DAPI (Vector
Laboratories) was used to visualize nuclei; and measurements and cell counts were
determined from 6 random microscopic FOV, taken by a blinded observer with a Zeiss

AxioObserver Z1 microscope and visualized with Axiovision. Counts were averaged from
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two blinded observers. The cross-sectional area (CSA) of arterioles was determined using
Image Pro Plus.
Cytokine arrays

As previously described (Kuraitis et al., 2011a), hindlimbs were lysed under liquid
nitrogen, and cytokine arrays (Raybiotech, Norcross, USA) were performed according to the
manufacturer’s recommendations. Custom cytokine arrays were used to analyze the protein
levels of basic fibroblast growth factor (bFGF), insulin-like growth factor-I (IGF-I), IGF
binding proteins -2 and -5 (IGFBP-2, -5), interleukin-10 (IL-10), L-selectin, P-selectin,
stromal cell-derived factor-la. (SDF-1a), tissue inhibitor of matrix metalloproteinase-2
(TIMP-2), tumor necrosis factor-a (TNFa), vascular cell adhesion molecule-1 (VCAM-1),
and vascular endothelial growth factor (VEGF). Arrays were performed with n=5 for each
group evaluated.
Functional assessment of treated muscle

A subset of mice that received PBS or one of the matrix treatments into the ischemic

hindlimb (n=6 per group) were sacrificed at day 10 for functional assessment of the treated
muscle. Untreated wild-type animals were included as controls. Soleus muscles were
carefully isolated and maintained in a continuously oxygenated Krebs-Ringer bicarbonate
buffer solution. One end of the muscle was linked to a fixed clamp and the other end to the
lever arm of an Aurora Scientific Instruments 300B actuator/transducer system. Muscles
were electrically stimulated via two platinum electrodes and cross-sectional area, twitch
force, maximum force, power decrease and time to fatigue were recorded as previously
described (Del Prete et al., 2008). Cross-sectional area measurements allowed for calculation

of specific force values.
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To assess the functional recovery of treated muscles, animals were subjected to a
forced treadmill protocol. They were conditioned to the treadmill process for 1 week prior to
final testing at an incline of 0° for Smin at S5m/s and 5min at 10m/s. Animals that did not
maintain the treadmill speed received a shock of 0.5mA. The maximal test of exhaustion was
modified from Ferreira et al. (Ferreira et al., 2008). In brief, the treadmill speed increased
every 3 minutes at a rate of 3m/min. Animals were removed from the treadmill when they
could no longer manage to return to the treadmill from the shock platform. Total distance and
speed at which exhaustion occurred were recorded (n=5).

Statistical analysis

Comparisons between multiple groups were performed using a one-way analysis of
variance with Tukey’s post-hoc test. Comparisons between repetetitive stimulation in power
measurements were performed using a two-way analysis of variance with Bonferroni’s post-
hoc test. Comparisons between two groups were performed using a 2-tailed student’s #-test.
(SPSS; IBM, Somers, USA). Unless otherwise stated, values are expressed as means +

standard error. P-values of < 0.05 were considered statistically significant.

Results

Mechanical properties of the matrices are similar to those of skeletal muscle

It is known that a substrate’s mechanical properties (such as stiffness) are important for
regulating the development and maintenance of muscle (Engler et al., 2004; Engler et al.,
2006). Therefore, the physical properties of sLe*-matrix and collagen-only matrix were

tested to determine if these fell within the range considered favorable for the support of
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skeletal muscle. Rheological assessment revealed that the addition of sLe* to the collagen
matrix did not alter the time to gelation at 37°C (P=0.7; Fig. 4-1A), nor did it change the
viscosity of the material upon gelation (P=1.0; Fig. 4-1B). Both matrices (with and without
the addition of sLe™) displayed a gradual increase in stiffness and showed a linear stress-
strain response up to 12% strain, followed by a non-linear response (Fig. 4-1C). In this linear
region, the elastic modulus (c’) for the collagen matrix was 5.854+0.06 kPa. Incorporation of
sLe”™ into the matrix increased the modulus to 7.51+0.07 kPa (p=0.013). These moduli are
similar to the range of native skeletal muscle elasticity (Engler et al., 2006). Water contact
angles were not measurable on the collagen matrix (Fig. 4-1D), due to its extreme
hydrophilicity and water content; however, the addition of sLe® generated areas on the
matrices where contact angle was measured at 48.1°£3.2, indicating the presence of less
hydrophilic areas within the matrix (Fig. 4-1E). To summarize, our mechanical analysis

revealed that the elastic moduli of the matrices are similar to that of skeletal muscle.
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Figure 4-1 Characterization of matrices’ mechanical properties. (A) Average viscosity
upon gelation (nmax, Pa-s), and (B) average time to gelation (7yax, S) measurements for the
collagen matrix and the sLe™-matrix. (C) Stress-strain curves for the 2 matrices at 20% strain
and a 50%/min strain rate. (D, E) Representative images of water contact angle (0) for
collagen (D) and sLe*-matrix (E); water contact angle of 6=46° is shown. Histograms in A
and B represent data from n=4 different samples, and in C are from n=5 different samples.

Water contact angle images in D and E are representative of n=6 separate samples per group.
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Matrices facilitate myogenic differentiation of murine embryonic stem cells

To study the myogenic properties of the matrices, we compared the differentiation of
murine embryonic stem cells (mESCs) on the sLe*-matrix versus collagen-only matrix and
tissue culture polystyrene (TCPS) substrates over a period of 8 days, after 7 days of embryoid
body formation. The culture of mESCs on collagen and/or sLe*-matrix increased mRNA
levels for factors involved in myogenic progenitor formation, myogenic regulation, and final
muscle development (Fig. 4-2A-H). Collagen matrix and sLe*-matrix increased mRNA
levels of Pax3 (P<0.03; Fig. 4-2C), MHC3 (P<0.05; Fig. 4-2D), myogenin (P<0.1; Fig. 4-
2E) and troponin-C (P<0.05; Fig. 2H). Only culture on collagen matrix increased Pax7
mRNA levels (P=0.02; Fig. 4-2B) and Myf5 (P=0.01; Fig. 4-2F). Differences in mRNA were
not noted for Six1 (Fig. 4-2A) or MyoD (Fig. 4-2G). An increase in the protein level of Pax3
in cells cultured on either matrix was detected by Western blotting (Fig. 4-2I). The fusion
index was greater for both matrix treatments (Fig. 4-2J). Immunofluorescence staining
demonstrated increased MHC protein in mESCs cultured on matrix versus TCPS (Fig. 4-2K-
M). These results demonstrate that the matrices enhanced skeletal myogenesis in mESCs,

indicated by the upregulation of skeletal muscle markers.
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Figure 4-2 Matrices augment myogenic differentiation of murine embryonic stem cells.
(A-H) mESCs were differentiated for 8 days on collagen matrix or sLe*-matrix (after 7 days
of EB formation) and mRNA levels for several myogenic factors were measured by q-PCR,
and compared to culture on tissue culture polystyrene plates (TCPS). The y-axis for all
graphs represents the fold-difference relative to TCPS. (I) Pax3 protein expression in mESCs
differentiated on the 3 substrates was measured by Western blot. Myocyte fusion was
increased in both matrix treatments (J). (K-M) Hoechst staining (blue) and
immunofluorescence staining for MHC (red) in differentiated mESCs. Scale bars=180um.
*P<0.05 and '0.05<P<0.1 vs. TCPS. Results are from 2 (n=6 total per group; in duplicate for

A-G) independent experiments.
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Myocyte regeneration is enhanced 10 days post-matrix treatment

Regenerative myogenesis was quantified in sections of hindlimb muscle by the number of
myocytes with centralized nuclei, which represent young myocytes under 1-month of age
(Sun et al., 2009). Data is reported as the percentage of myocytes with centralized nuclei
(termed regenerating myocytes). At day 14, the sLe*-matrix-treated animals had 8.1-fold
more regenerating myocytes, compared to PBS (P=0.005; Fig. 4-3A). To better understand
the myogenic regenerative process of the ischemic muscle in response to our treatment
temporally, additional mice were evaluated 3 and 10 days after treatment. At day 3, mice did
not show any differences in regenerating myocytes between treatment groups (P=0.8; Fig. 4-
3A-D). However, at day 10, the sLe™-matrix treatment significantly increased the
regenerating myocyte number by 4.5-fold compared to the PBS group (P=0.02; Fig. 4-3A, E,
G).

Similarly, differences in the mRNA levels of several skeletal muscle markers in ischemic
hindlimbs were not noted between treatment groups at day 3. The exception was Pax7
(marker for skeletal muscle satellite cell), which was greatest in PBS-treated animals
compared to treatment with collagen matrix (13.9-fold; P=0.007) or with sLe*-matrix (6.1-
fold; P=0.02; Fig. 4-4A). However, at day 10, matrices induced the transcription of several
myogenic factors (Fig. 4-4B), compared to PBS. Specifically, treatment with sLe*-matrix
upregulated the hindlimb tissue mRNA levels of the MRFs MyoD (3.7-fold; P=0.06),
myogenin (8.1-fold; P=0.007) and Myf5 (3.4-fold; P=0.007), as well as Six1 (2.1-fold;
P=0.04), and the satellite cell markers Pax7 (8.5-fold; P=0.06) and M-cadherin (3.5-fold;
P=0.01). There was a favourable trend for collagen matrix treatment to upregulate the muscle

differentiation marker MHC3 (3.2-fold; P=0.06), the MRF Myf5 (1.6-fold; P=0.09), and

120



Six1 (2.3-fold; P=0.1). Overall, both matrices increased the transcription of myogenic genes.
Although no differences were detected between the 2 matrices, only treatment with sLe*-
matrix resulted in significantly elevated levels of some of these genes compared to PBS, and

only the sLeX-matrix treatment increased the number of new myocytes.
y yocy
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Figure 4-3 Regenerative myogenesis is enhanced after treatment with sLe*-matrix. (A)
The number of regenerating myocytes (identified by centralized nuclei) per FOV in hindlimb
muscle sections in non-BMTx model, 3 and 10 days after treatment, and in the BMTx model,
14 days after treatment. (B-G) Double immunofluorescent staining for nuclei (DAPI) and
myocyte borders (wheat germ agglutinin-Texas Red (red)) in early- (day 3; B-D) and late-
(day 10; E-G) stage cross-sections of hindlimb muscle (non-BMTx model). Scale
bars=50pm. **P<0.01 vs. PBS of the same day. Results are representative of n=8-9 (BMTx

model) and n=6 (non-BMTx model) separate mice per treatment group per time point.
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Figure 4-4 Treatment with sLe™-matrix increases the transcription of myogenic factors
in the hindlimb muscle. (A) gPCR analysis of myogenic transcripts in hindlimb tissue at 3
days after treatment (non-BMTx model). (B) qPCR analysis of myogenic transcripts in
hindlimb tissue at 10 days after treatment (non-BMTx model). The y-axis for all graphs
represents the fold-difference relative to the untreated, contra-lateral limb. 10.05<P<0.1 vs.

PBS; *P<0.05 vs. PBS. Results are from n=6 different mice per group per time point.
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Cytoprotection is conferred by matrices

The level of ischemia-induced apoptosis, as determined by positive staining for active
caspase-3, was assessed in hindlimbs. At day 3, hindlimbs of PBS and collagen matrix
treatments had 1.47- (P=0.01) and 1.51-fold (P=0.01) more apoptotic cells, respectively, than
those treated with sLe™-matrix (Fig. 4-5A). Later, at day 10, there was no longer a difference
in local apoptosis between the two matrix treatments, but PBS-treated hindlimbs maintained
more apoptotic cells than those which received collagen matrix (by 2.1-fold; P=0.02) or
sLe*-matrix (by 3.4-fold; P=0.0002; Fig. 4-5A-D). From day 3 to day 10, the number of
apoptotic cells in sLe*-matrix-treated hindlimbs did not change (P=0.4), but a reduction (0.6-
fold) was observed for collagen matrix treatment (P=0.02). A trend for increased apoptosis

(by 1.4-fold) was observed for the PBS treatment (P=0.07).
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Figure 4-5 Reduced apoptosis is observed in hindlimbs treated with sLe*-matrix. (A)
The number of apoptotic cells (positive for active caspase-3) per FOV in hindlimb muscle
sections at 3 and 10 days post-treatment (normalized to PBS). (B-D) Double
immunofluorescence for the detection of active caspase-3 (green) and nuclei (DAPI) in
hindlimb muscle sections. Scale bars=30um. *0.05<P<0.1 vs. collagen; **P<0.05 vs. all
others; "0.05<P<0.1 between days 3 and 10; "P<0.05 between days 3 and 10. Results are

from n=6 different mice per group per time point.
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Treatment with sLe*-matrix improves arteriogenesis and restores perfusion

The same hindlimb ischemia model was used to assess matrix effects on vascular
regeneration, but using a bone marrow transplantation (BMTx) model. We have previously
demonstrated that an injectable matrix can restore perfusion to ischemic muscle (Suuronen et
al., 2009), and wanted to identify the role of bone marrow-derived progenitors in this
phenomenon. Bone marrow reconstitution was performed using donor bone marrow cells
from a transgenic green fluorescent protein (GFP) mouse, so that the mobilized bone marrow
cells could be tracked using immunohistochemistry and flow cytometry. Laser Doppler
analysis demonstrated that the ligation surgery reduced perfusion in the hindlimb by
approximately 50%. Four days after ligation surgery and treatment injection, there was no
difference in perfusion among the treatment groups (Fig. 4-6A; P=0.6). At day 14, sLe*-
matrix treatment restored perfusion to a level that was 85% greater than the PBS group
(P=0.01), and 24% greater than the collagen matrix group (P=0.03; Fig. 4-6A).

Although hindlimb arteriole density (determined by immunofluorescence with a-smooth
muscle actin (SMA)) did not differ between matrix treatments (P=0.7), it was increased in
both the sLe™-matrix and collagen matrix groups by 1.8- (P=0.01) and 1.7-fold (P=0.01),
respectively, compared to PBS treatment (Fig. 4-6B-E). Upon examination of arteriolar size,
the mean cross-sectional area of arterioles of sLe™-matrix-treated animals was 3.2- and 5.2-
fold greater than that of the collagen matrix (P=0.01) and the PBS-treated animals,
respectively (P=0.003; Fig. 4-6F). A trend for increased arteriolar area by 1.6-fold was
observed for treatment with collagen matrix compared to PBS (P=0.08). To summarize, the
sLe*-matrix induced the formation of arterioles of greater size, accompanied by a greater

restoration of blood flow.
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Figure 4-6 The sLe™-matrix improves perfusion of ischemic hindlimbs and augments
arteriole formation. (A) Hindlimb perfusion measured by laser Doppler analysis up to 2
weeks after treatment with PBS, collagen or sLe*-matrix. (B-D) Double immunofluorescence
images of hindlimb muscle for a-SMA (red) and nuclei (DAPI). (E) The number of arterioles
quantified in hindlimb muscle sections. (F) Assessment of the average arteriolar lumen size
(area) in hindlimb muscle. Scale bars=125um. *P<0.05 vs. PBS; **P<0.01 vs. all others.

Results represent data from n=8-9 separate mice per group.
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The sLe*-matrix mobilizes CACs from bone marrow

Marrow-derived progenitor cells (GFP" cells) that were mobilized to the circulation were
characterized by flow cytometry using antibodies for the CAC markers c-kit, flk-1 and
CXCR4. At early time points after intramuscular delivery of the treatment (days 1-4), the
sLe*-matrix increased GFP'c-kit" cells in the circulation by 1.4-fold, compared to PBS (Fig.
4-7A; P=0.001). Both collagen and sLe™-collagen matrices increased the frequency of
GFP'flk-1" cells by 2.1- and 2.3-fold, respectively (Fig. 7A; P=0.03, 0.006). At later time
points (days 7-14), continued effects of the sLe*-collagen matrix treatment on bone marrow
cell mobilization were observed (Fig. 4-7A). Specifically, the sLe*-matrix treatment
increased circulating GFP'CXCR4" cells compared to both PBS (1.7-fold; P=0.04) and
collagen matrix (1.5-fold; P=0.02) treatments. In addition, sLe™-matrix treatment increased
GFP'flk-1" cells by 2.3-fold (P=0.001) compared to PBS, and by 1.4-fold (P=0.02)
compared to collagen matrix. Collagen matrix and sLe™-matrix increased GFP c-kit" cells by
1.5-fold (P=0.03) and 2.1-fold (P=0.0001), respectively, compared to PBS. Overall, these
results demonstrate the ability of the sLe*-matrix to increase the mobilization of CACs from
the bone marrow.
Matrix treatment increases marrow-derived and local CXCR4" cell recruitment to the
ischemic hindlimb

Following bone marrow cell mobilization into the circulation, we investigated the effect
of the different treatments on recruiting mobilized GFP" cells from the circulation to the
ischemic hindlimb muscle. After 2 weeks, the sLe*-matrix treatment resulted in the greatest
recruitment and engraftment of bone marrow cells in the hindlimb muscle, which was 5.6-

(P=0.004) and 2.5-fold (P=0.02) more than the PBS and collagen matrix treatments,
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respectively (Fig. 4-7B-E). The collagen matrix also increased the number of engrafted GFP
cells by 2.3-fold (P=0.02), compared to PBS (Fig. 4-7E). Immunostaining did not
demonstrate any GFP" cell incorporation into vasculature, nor into myocytes.

The importance of CXCR4 expression for neovascularization has been previously shown
(Borselli et al.,, 2010; Grounds, 2008a; Seeger et al., 2009); therefore, we sought to
characterize CXCR4" cells in the present study. Both sLe*-matrix and collagen matrix
treatments increased total counts of CXCR4" cells in treated hindlimbs compared to PBS
(Fig. 4-7F-I), by 3.3- (P=0.002) and 2.4-fold (P=0.03), respectively. Notably, the sLe*-
matrix recruited more non-marrow derived CXCR4" cells (by 9.2-fold; likely from the local
tissue since they lack GFP expression), compared to the PBS group (P=0.02). Therefore,
recruitment/engraftment of both bone marrow-derived CACs and local angiogenic cells were

greatest with the sLe™-matrix treatment.
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Figure 4-7 Mobilization and recruitment of bone marrow CACs and local cells are
improved by sLe*-matrix treatment. (A) Levels of GFP” circulating cells (relative to day 0
baseline) expressing CXCR4, flk-1 and c-kit measured by flow cytometry at 1-4 and 7-14
days after treatment with PBS, collagen or sLe*-matrix. (B-D) Double immunostaining of
hindlimb muscle for recruited GFP" marrow cells (green) and nuclei (DAPI). (E) Numbers of
GFP" cells per FOV in hindlimb muscle. (F) Numbers of local (GFP"), marrow (GFP"), and
total CXCR4" cells per FOV in hindlimb muscle. (G-I) Triple immunostaining of hindlimb
muscle for recruited GFP™ marrow cells (green), CXCR4 (red) and nuclei (DAPI). Scale
bars=50pum. *P<0.05 vs. PBS; **P<0.05 vs. all others; 'P<0.05 vs. baseline. Results

represent data from n=8-9 separate mice per group.
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Matrix treatments augment protein levels of regenerative factors and cytokines

To explore potential mechanisms for the observed myogenic and vascular regeneration,
we used a mouse-specific antibody array to assess protein levels of cytokines in the ischemic
tissue in the non-BMTx model. A summary of differences in the levels of various cytokines
in the hindlimb is presented in Fig. 8 (differences with P<0.05 are indicated). Animals that
received neither the ligation surgery nor an injected treatment served as baseline controls.
Myogenic-mediated factors assessed included IGF-1 and IGFBPs. At day 3, the sLe™-matrix
greatly increased local IGF-1 (17.9-fold versus baseline). Similarly, IGFBP-2 and -5 levels
were increased with sLe*-matrix treatment versus all other treatments at the early time point
(>2.1- and >1.4-fold, respectively).

In the analysis of angiogenic cytokines, notably, only the sLe*-matrix treatment increased
hindlimb VEGF levels (2.3-fold versus baseline; >1.8-fold versus other treatments). In
addition, bFGF was upregulated in both matrix treatments early on (versus baseline at day 3),
and this upregulation was maintained later on (versus baseline and >4.2-fold versus PBS at
day 10). VCAM-1 was increased for all treatments at the 3- and 10-day time point; however,
matrix treatments increased VCAM-1 levels by >2.2-fold versus PBS early on (day 3). At 10
days, only limbs treated with PBS had a lasting increase in the anti-angiogenic and anti-
remodeling protein TIMP-2 (5.4-fold vs. baseline). Matrices promoted greater levels of IL-10
(anti-inflammatory cytokine) in the ischemic muscle (by >1.8-fold), compared to PBS-
injected hindlimbs. Overall, both matrices increased local anti-inflammatory and angiogenic
cytokines, but the sLe*-matrix treatment had the most profound effect of increasing both

myogenic and vasculogenic cytokine production.
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Figure 4-8 Matrix treatment augments the protein levels of regenerative cytokines in
ischemic hindlimb muscle. Histograms represent protein levels of cytokines, relative to
baseline controls (animals that did not receive ligation surgery or treatment) in hindlimb
muscle tissue samples at 3 and 10 days after treatment with PBS, collagen or sLe*-matrix
(non-BMTx model). Pro-vasculogenic (bFGF, TIMP-2, VCAM-1, VEGF), pro-myogenic
(IGF-I, IGFBP-2, IGFBP-5), chemotactic (SDF-1a, VEGF) and immunomodulatory (IL-10,
L-Selectin, P-Selectin, TNFa) cytokines were evaluated. The y-axis for all graphs represents
arbitrary chemiluminescence units. "P<0.05 vs. baseline; *P<0.05 vs. PBS; **P<0.05 vs. all
others at the indicated time point. Histograms represent data n=5 different mice per group per

time point.
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Matrix treatment affects muscle function

For the first 8 shortenings, soleus power was reduced in all treated animals, compared to
wild-type (P<0.05; Fig. 4-9A). The soleus muscle from PBS- and collagen matrix-treated
mice fatigued more rapidly than wild-type soleus (51.0+5.7s and 53.3+5.4s versus 71.2+4.2s,
respectively; P<0.03; Fig. 4-9B), whereas no difference in the time to fatigue was observed
in sLe™-matrix-treated muscles (64.0+4.1s) compared to wild-type controls. Only treatment
with the collagen matrix changed the soleus twitch and specific forces compared to wild-type
controls; specific force was reduced (172.1£10.8 versus 214.0£12.7 mM; P=0.03; Fig. 4-9C)
and twitch force was reduced (25.4+1.4 versus 38.9£4.5 mM/mm?; P=0.01; Fig. 4-9D). The
sLe®-matrix-treated muscles only trended towards a reduction in twitch force (P=0.1; Fig. 4-

9D).
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Figure 4-9 Ex vivo analysis of explanted soleus muscle function. Power was reduced in all
ligated soleus muscles, compared to wild-type controls (A). Time to fatigue was unaffected
with sLe®-matrix treatment, but reduced in PBS controls and collagen matrix treatment (B).
Specific force (C) and specific twitch force (D) were reduced with collagen matrix treatment.

*P<0.03 vs. wild-type; **P<0.05 for wild-type vs. all other treatments.
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The sLe*-matrix ultimately supports in vivo functional recovery

The sLe*-matrix-treated mice that were forced to run until exhaustion were able to run
significantly greater lengths, compared to PBS- and collagen matrix-treated animals (553m
versus 401m and 433m, respectively; P<0.009; Fig. 4-10A). Exhaustion also occurred at
higher speeds for sLe™-matrix-treated mice (31.8m/s) versus PBS- (25.8m/s) and collagen
matrix-treated (27m/s) animals (P<0.02; Fig. 4-10B). Differences in running abilities were

not observed between PBS and collagen matrix treatments.
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Figure 4-10 sLe™-enhanced matrix allows for functional recovery in a unilateral model
of hindlimb ischemia. When forced to run on a treadmill, animals treated with sLe*-matrix
ran significantly further (A; P<0.009) and at greater speeds (B; P<0.02) than PBS- or

collagen matrix-treated animals.
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Discussion

The need for biomaterials to act as de novo environments in vivo for stem cell and
regenerative responses has been identified (Kuraitis et al., 2012c; Rossi et al., 2010). In the
present study, we demonstrated that the treatment of hindlimb ischemia with a sLe*-collagen
matrix can augment bone marrow and local cell responses, to improve neovascularization
and regenerative myogenesis of skeletal muscle. Notably, the sLe*-matrix demonstrated an
inherent ability to: 1) physically mimic skeletal muscle; 2) augment pluripotent mESC
differentiation towards a muscle lineage; 3) stimulate skeletal muscle regeneration; 4)
augment the mobilization and recruitment of marrow-derived progenitor cells; and 5)
regulate the temporal expression of cytokines involved in both the muscular and vascular
regenerative processes.

The culture of mESCs on our materials as a substrate resulted in increased differentiation
towards a myogenic lineage compared to the standard ESC-to-myocyte culture protocol
(which uses TCPS). ESC cultures were performed to assess the matrices’ inherent ability to
guide pluripotent progenitors towards a myocytic lineage. At day 15, mESCs cultured on
matrices expressed greater levels of Pax3 and Pax7 (myogenic progenitor marker), Myf5 and
myogenin (MRFs), and MHC3 (final muscle differentiation marker) versus culture on TCPS.
Therefore, culture on the matrices promoted a more efficient differentiation pathway in
mESCs that produced a premyogenic progenitor population, and enhanced MRF expression
and terminal differentiation. Given that ESCs are pluripotent and have the capacity to
differentiate into cells of any lineage (Guan et al., 1999), it is significant that the collagen-

based matrix appears to have an inherent ability to direct mESC differentiation towards a

145



Pax3/7" progenitor population and skeletal myogenesis. The generation of Pax3/7 " muscle
progenitor cells is noteworthy, as these cells would be valuable in replenishing the satellite
cell niche (Kuang et al., 2007; Montarras et al., 2005) in therapies targeted at treating muscle
diseases, and Pax3/7 induce skeletal myogenesis in stem cells (Ridgeway and Skerjanc,
2001; Seale et al., 2004). These results suggest that the collagen-based matrices could serve a
two-fold purpose: 1) to provide an injectable biomaterial for the promotion of endogenous
regenerative myogenesis; and 2) to enhance and enrich populations of myogenic lineage cells
for transplantation.

It is known that mechanical properties of a cell’s extracellular environment, and in
particular the elasticity of the cell’s substrate, are key regulating factors in the differentiation
of cells (Engler et al., 2006). Ex vivo, cells appear to differentiate towards phenotypes that
would naturally be found on similar substrates, such as neural differentiation on very soft
materials and osteogenic differentiation on very hard materials. A substrate with an elastic
modulus range of 6.5-17 kPa appears ideal for maximal myotube differentiation (Engler et
al., 2004). Similarly, a range of 8-17 kPa induces a myoblast-like morphology in
mesenchymal stem cells and a marked increase in the myogenic transcription factor MyoD
(Engler et al., 2006). Unstimulated skeletal muscle has a range of 10-20 kPa (Engler et al.,
2006). Although these examples used atomic force microscopy, which may overestimate the
moduli values, the elasticity values of our matrices (5.85 and 7.51 kPa) obtained using
compression testing are quite similar. This suggests that the matrices’ elasticity may play a
role in the observed myogenesis. Furthermore, the statistical difference between matrices’
elastic moduli may be one of the key reasons for the increased emergence of myocytic

lineages on the sLe™-matrix. It is not likely that the matrices’ rheological properties
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contributed to the observed differences in myogenesis, since viscosity and time to gelation
between the two materials were very similar. However, the addition of sLe” to the collagen
matrix made regions of the material less hydrophilic. The degree of hydrophilicity is another
key property for cell interaction, as slight changes in a material’s hydrophilicity have been
shown to have dramatic effects on cellular adhesion and spreading (Derkaoui et al., 2010;
Elliott et al., 2007), and this may be involved in the observed differences in mESC
phenotypes.

Pelosi et al. have demonstrated that in wild-type mice, the onset of skeletal muscle
regeneration begins around 10 days after injury (Pelosi et al., 2007). In the present study, at 3
days post-treatment, very few regenerating fibres were apparent and we observed no
differences between treatments. However, at day 10, mice treated with sLe™-matrix displayed
an increase in the number of regenerating fibres, and the same effect was observed at 14 days
in the BMTx model. In parallel, the sLe*-matrix did not increase the hindlimb levels of
myogenic mRNA transcripts at day 3, but at day 10 it had induced an upregulation of
transcripts of genes that are known to have active roles in directing myogenesis, such as M-
cadherin (Donalies et al., 1991), Myf5 (Gayraud-Morel et al., 2007; Rudnicki et al., 1993),
MyoD (Rudnicki et al., 1993), myogenin (Nabeshima et al., 1993), Pax7 (McGeachie and
Grounds, 1987) and Six1 (Liu et al., 2010). Interestingly, animals receiving the PBS control
demonstrated a greater abundance of Pax7 transcripts at day 3, compared to both matrices.
Pax7 is indicative of skeletal precursor satellite cells, and after injury, the normal response
for satellite cells is to synthesize new DNA and proliferate after 18 h, peaking at 3 days and
gradually reducing afterwards (McGeachie and Grounds, 1987). Our results suggest that

PBS-treated animals experienced this phenomenon, and that matrix treatment may have
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delayed it. Despite this delay, the sLe*-matrix was superior in inducing regenerative
myogenesis over the longer term.

In our previous report, we noted that the sLe*-matrix could increase the number of CACs
in the circulation (Suuronen et al., 2009). In the present study, using a GFP" marrow
transplant and hindlimb ischemia model, we demonstrated that c-kit", flk-1" and CXCR4"
CACs were increased in animals with sLe®-matrix-treated hindlimbs at early time points
(days 1-4) after treatment. The circulating cells analyzed were positive for GFP expression,
indicating bone marrow origin of the responding cells. Greater numbers of these cells
persisted in the circulation of sLe*-matrix-treated animals by 2 weeks post-application.

The analysis of hindlimb tissue sections revealed that the sLe*-matrix was superior at
recruiting marrow-derived (GFP") and CXCR4" cells to the treated muscle tissue. Notably,
the number of CXCR4" cells of non-marrow origin (GFP") was greater in hindlimbs treated
with sLe*-matrix than in the other groups, suggestive of an enhanced local cell response with
this treatment. It is well-known that marrow-derived CACs are therapeutic and may augment
reperfusion (Abdel-Latif et al., 2007). Recently, the role of CXCR4" fractions of CACs has
been highlighted (Seeger et al., 2009): compared to CXCR4" fractions, CXCR4" cells display
a more potent ability to migrate, as well as a superior ability to augment neovascularization
and to secrete pro-vasculogenic cytokines. This suggests that CXCR4" cells are a highly
therapeutic fraction of CACs with a strong homing ability, which is particularly important in
the response to ischemic damage and support of neovascularization.

By 2 weeks, the sLe*-matrix improved the perfusion of ischemic hindlimbs compared to
PBS and collagen matrix treatments, although both matrices increased hindlimb arteriole

density to similar levels. In contrast, we have previously observed increased arteriole density
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with sLe*-matrix compared to collagen matrix treatment (Suuronen et al., 2009). Despite
being another hindlimb ischemia model, there were key differences between the current
study and our 2009 study that may have altered the physiological responses to the material’s
application: rat versus mouse model; BMTx versus non-BMTx; young (rats) versus older
(mice). In this study, the sLe™-matrix was able to induce the formation of arterioles of greater
size, possibly contributing to greater blood flow. This may be indicative of more mature
and/or strengthened arterioles, since the size (cross-sectional area) in newly developing
vasculature was recently shown to increase over time, up to a period of 4 weeks (Ruvinov et
al., 2011). The differentiation of GFP" marrow-derived cells into cells of the vasculature was
not observed. The differentiation of CACs into vascular cells is a topic of intense debate
(Klein et al., 2010) and the potential for vascular transdifferentiation of CACs is not yet
clear. It is more likely that the increased engraftment of GFP™ marrow cells in the sLe*-
matrix treated hindlimbs contributes to a greater paracrine mechanism (higher levels of
angiogenic cytokines were observed), which then induces a superior local cell response
(supported by the observation that greater numbers of non-marrow derived (GFP') CXCR4"
cells were present in sLe™-matrix treated muscle). Furthermore, it was recently highlighted
that the expression of L-selectin (the receptor for sLe™) greatly enhances the in vivo
migration and retention of transplanted cells into ischemic myocardium (Bernal et al., 2011).
Therefore, the presentation of sLe™ may also contribute to the retention of therapeutic cells in
the ischemic muscle.

A time course analysis of cytokines indicated the simultaneous signaling for vascular and
muscular regeneration and also corroborated the myogenic and vasculogenic results that were

observed. IGF-1, a potent initiator of skeletal myogenesis (Pelosi et al., 2007), displayed the
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greatest increase with sLe*-matrix treatment at day 3 post-treatment. Similarly, an increase in
IGF binding proteins IGFBP-2 and -5, in response to sLe*—matrix treatment, was observed
only at the 3 day time point. The family of IGFBPs (1 through 5) have implicated and
overlapping roles in regulating myogenesis (Duan et al., 2010); however, a knock-out of
multiple members has shown reduced skeletal muscle size, implicating their role in the
growth and homeostasis of skeletal muscle (Ning et al., 2006). IGFBP-5 is perhaps the most
potent family member for myogenesis. Its expression increases greatly in differentiating
myoblasts (Bayol et al., 2000) and in the presence of IGF-1, it can augment the myogenic
actions of IGF-1, indicated by greater myogenin expression and fusion of myoblasts into
myotubes (Ewton et al., 1998; Musaro and Rosenthal, 1999). Vasculogenic cytokines were
also assessed. The matrix-induced production of bFGF, a molecule able to stimulate
reperfusion of ischemic muscle (Boodhwani et al., 2008), was observed at the same time
when matrices demonstrated improved perfusion, while concurrently, the level of an inhibitor
of angiogenesis, TIMP-2 (Koike et al., 2003), was reduced. Another indicator of
neovascularization, VCAM-1 (Martin et al., 2005), was also increased with matrix treatment.
Together, with the transcriptional and morphological evidence of myogenesis, it is believed
that sLe™-matrix induced local paracrine signaling, which is responsible for the later
initiation of regenerative events that manifest as amplified vasculogenesis, followed by
myogenesis, at around 10 days. This concept is supported by findings which demonstrate that
when vascularization is present, there is a greater functional enhancement of regenerating
muscle (Koffler et al., 2011).

PBS treatment led to the greatest local level of SDF-1 (at the late time-point), a

chemoattractant for CXCR4-expressing cells. Interestingly, more CXCR4" cells were
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observed in the circulation and engrafted into muscle after matrix treatment, despite the
greater concentration of SDF-1 in the PBS-treated hindlimbs (at 10 days). Greater levels of
SDF-1 were expected with matrix treatment; however, serum SDF-1 levels were not
measured. If elevated, serum SDF-1 could explain the increase in mobilized and engrafted
CXCR4" CPCs in matrix-treated tissue. Furthermore, local SDF-1 expression in response to
ischemic injury is maintained over longer periods in older mice (~18mo) compared to the
response in younger mice (3mo), which peaks at day 3 (Wang et al., 2011). This suggests that
increased SDF-1 levels may persist in tissue that is less efficient at recovering from perfusion
defects; under this scenario, the PBS-treated hindlimb muscle, in which perfusion was not
restored, would maintain an elevated local SDF-1 concentration compared to the reperfused
matrix-treated hindlimbs. Also, SDF-1-CXCR4 responses may not be linear, whereby a
threshold concentration of SDF-1 is reached, resulting in a plateau of the CXCR4 response
(Kimura and Tabata, 2010), and therefore the elevated SDF-1 levels seen with PBS treatment
may be ineffective at activating CXCR4" cells over the long-term. Other chemokines, such as
VEGF, were upregulated with sLe™-matrix treatment. When VEGF, known as a progenitor
cell activator and homing factor, and as an angiogenic cytokine, is produced locally by
transplanted muscle-derived stem cells, enhanced myogenesis occurs in addition to increased
angiogenesis (Deasy et al., 2009), underscoring the importance and role of local VEGF
production in injured muscle. Furthermore, both matrix treatments augmented the level of IL-
10, a known cytoprotective cytokine that is endogenously upregulated after an ischemic
episode (Frangogiannis et al., 2000; Hayward et al., 1997). IL-10 has also recently been
associated with improved muscle regeneration, based on its ability to inhibit the cytotoxic

M1 macrophage phenotype (Villalta et al., 2011). We assessed the potential of these
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materials to elicit a harmful inflammatory response by monitoring TNF-o. Similar to our
previous study, the matrix application did not induce TNF-a expression (Suuronen et al.,
2009), highlighting the material’s biocompatibility.

It is known that ischemic injury reduces the maximal forces in soleus muscle (Vignaud et
al., 2010) and that this leads to fibre death and subsequent regeneration. Power measurements
showed that all ischemic solei were less efficient; however, the small changes in maximal
(specific and twitch) forces observed in our model were surprising, but perhaps attributable
to the relatively mild degree of ischemia that was induced. Statistically, both matrix
treatments reduced specific maximal forces, but the reductions observed with sLe™-matrix
were less severe when compared to control animals. Despite these reductions in matrix-
treated solei, it has been shown that regenerating soleus muscle exhibits reduced maximal
forces, compared to soleus in a non-regenerative state (Esposito et al., 2007), suggesting
regeneration is occurring in matrix-treated muscles. Given that ischemic injury initiates
major changes in ECM composition (Roy et al., 2006), together with the observed changes in
ECM-modulating proteins in this study and others (Kuraitis et al., 2011b; Suuronen et al.,
2009), we believe that muscle regeneration and ECM turnover leads to the observation of
reduced maximal forces. Moreover, the reduction in specific force is probably due to the fact
that the matrix increases the number of regenerating fibers, which do not contribute to force
generation. We can envision that the regenerating fibers, once they complete the maturation
program, will significantly contribute to an increase in muscle strength. Despite the loss of
force, this did not translate into reduced function in vivo for mice with ischemic hindlimbs
treated with sLe™-matrix, which experienced improved mobility (ran further and faster on a

treadmill). Arguably the most important parameter measured, sLe™-matrix treatment allowed
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for functional restoration of ischemic hindlimbs. This result was supported by the ex vivo
observation that sLe™-matrix treatment improved muscle endurance, compared to both PBS-
and collagen matrix-treated muscle, which reached fatigue sooner. Furthermore, these
functional benefits were observed in ischemic soleus muscles, which are distal to the
injury/treatment site (gastrocnemius muscle), highlighting the potential of the matrix to
mediate vascular and muscle regeneration beyond the site of application.

In order to achieve maximal recovery of skeletal muscle from ischemic injury, the
formation of new vessels is a requirement before the regeneration of myocytes will occur
(Grounds, 2008a; Ko et al., 2007). Experimentally, it has been demonstrated that skeletal
myogenesis is correlated with vascular regeneration after stem cell transplantation (Shi et al.,
2009). Our study also shows that while two matrix treatments both induce relatively similar
amounts of myogenesis, the treatment with superior vasculogenesis (sLe™-matrix) is the only
one to lead to functional recovery in ischemic hindlimbs. One study has used an injectable
alginate scaffold to release multiple regenerative growth factors in an attempt to restore
skeletal muscle after ischemic injury (Borselli et al., 2010). Although a combined result of
muscle and vascular regeneration occurred, the outcome depended greatly on the ability of
the materials/releasing systems to function properly and this function is difficult to assess in
vivo. Growth factor delivery strategies face various biological, engineering and technical
limitations (Chen et al., 2010), such as loss of bioactivity, insufficient gradients and rapid
cytokine depletion. Our results present an efficacious method of restoring both muscular and
vascular profiles of skeletal muscle, overcoming the potential limitations that have been

associated with material functionality after implantation.
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Conclusion

We have presented evidence for the reperfusion and both phenotypic and functional
regeneration of muscle damaged from an ischemic event after the application of a sialyl
Lewis*-enhanced injectable collagen matrix. Based on its mechanical properties and its
ability to guide pluripotent cells towards a myogenic lineage, we believe that this injectable
matrix has an inherent ability to support muscle regeneration. Considering the limited
success of regenerative stem cell transplantation, the need for cell-free methods of
regeneration may be necessary, and the non-invasive application of biocompatible, naturally
derived materials that can augment neovascularization and myogenesis holds great promise

as a future therapy for prevalent myopathies.
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CHAPTER 5. A necrotic stimulus is required to maximize

matrix-mediated myogenesis in mice

This chapter has been published in Disease Models & Mechanisms, as per the following

citation:

D. Kuraitis, M.G. Berardinelli, E.J. Suuronen and A. Musaro (2013) A necrotic stimulus is

required to maximize matrix-mediated myogenesis. Dis Model Mech;6(3):793-801.
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Notes on Chapter

The study in Chapter 4 successfully demonstrated the ability of a collagen matrix to
augment myogenesis. The source of the regenerated muscle was not entirely clear; the gene
expression of Pax7 over time did not overtly suggest the role of satellite cells in the
regeneration process. It was obvious that in order to define the role of muscle progenitors in
the observed matrix-mediated myogenesis, further studies would be necessary. Antonio
Musard graciously offered to host and oversee these studies at his laboratory at the
University of Rome, which were designed to further characterize the potential of our

materials to augment myogenesis.
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A. Musaro and E.J. Suuronen were involved in experimental planning and manuscript
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Abstract

Biomaterials that are similar to skeletal muscle extracellular matrix have been shown
to augment regeneration in ischemic muscle. In this study, treatment with a collagen-based
matrix stimulated molecular myogenesis in an mdx murine model of necrosis. Matrix-treated
animals ran >40% further, demonstrating functional regeneration, and expressed increased
levels of myogenic transcripts. In contrast, matrix treatment was unable to induce

transcriptional or functional changes in an MLC/SOD1%%**

atrophic mouse model. /n vitro,
satellite cells were cultured: 1) under standard conditions, 2) on matrix, 3) in the presence of
myocyte debris (to simulate a necrotic-like environment), or 4) with both matrix and necrotic
stimuli. Exposure to both stimuli induced the greatest increases in mef2c, myf5, myoD and
myogenin transcripts. Furthermore, conditioned medium collected from satellite cells
cultured with both stimuli contained elevated levels of factors that modulate satellite cell
activation and proliferation, such as FGF-2, HGF and SDF-1. Application of the conditioned
medium to C2C12 myoblasts accelerated maturation, demonstrated by increased mef2c,
myf5 and myogenin transcripts and fusion indexes. In summary, the collagen matrix required
a necrotic stimulus to enhance the maturation of satellite cell and their secretion of a
myogenic cocktail. Considering that matrix treatment supports myogenesis only in in vivo

models that exhibit necrosis, this study demonstrates that a necrotic environment is required

to maximize matrix-mediated myogenesis.
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Introduction

Skeletal muscle regeneration is a coordinated process in which several factors are
sequentially activated to maintain and preserve muscle structure and function after injury.
Muscle regeneration occurs in four interrelated and time-dependent phases: degeneration,
inflammation, regeneration, and remodeling-repair (Carosio et al., 2011). Injury of myofibers
results in rapid necrosis, which activates a defined inflammatory response characterized by
the sequential invasion of muscle by specific inflammatory cell populations (Tidball, 2005).
This response is followed by a regenerative phase, characterized by satellite cell (SC)
activation and the presence of regenerating fibers. The final phase is a period during which
the regenerated myofibers mature, the extracellular matrix (ECM) undergoes remodeling, and
the injured muscles functionally recover. The major roles of growth, remodeling and
regeneration are played by SCs, a quiescent population of myogenic progenitor cells that
resides between the basal lamina and plasmalemma and are rapidly activated in response to
appropriate stimuli.

The potential for endogenous or supplementary stem cells to restore the form and
function of damaged tissues is particularly promising for overcoming the restricted
regenerative capacity of skeletal muscle in different pathologic conditions, including
Duchenne’s muscular dystrophy (DMD) and amyotrophic lateral sclerosis (ALS). DMD is an
X-linked degenerative disease in which the absence of dystrophin expression renders the
muscle fibers more sensitive to mechanical damage. The main consequence of dystrophin
absence is that the normal regenerative capacity of skeletal muscle cannot compensate for
increased susceptibility to damage, resulting in the replacement of muscle fibers with fibrotic
or fat tissue (Gillis, 1999; Grounds, 2008b). In DMD patients, the SC response is to replace
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degenerating myofibres with new myofibres that still lack dystrophin, a cycle that proceeds
and ultimately depletes SC pools. Furthermore, the rate of myocyte telomere loss is 14 times
greater in DMD patients (Decary et al., 2000) and their SCs appear to have a reduced
potential for proliferation (Renault et al., 2000). Ultimately, poor quality progenitors
regenerate poor quality muscle, and this muscle is still weak and still experiences necrotic
degeneration. ALS is a neuromuscular disease that manifests as progressive motor neuron
degeneration, muscle atrophy and paralysis. This degeneration occurs without evident signs
of necrosis. Atrophic muscle maintains fewer SCs and these SCs are dysfunctional with
respect to their abilities to proliferate and differentiate into myotubes (Mitchell and Pavlath,
2004). ALS-derived SCs have also been observed to be abnormally senescent and fail to fully
differentiate (Pradat et al., 2011) and ALS patients also display myopathic changes (Dupuis
and Echaniz-Laguna, 2010). Thus, in such disease states characterized by insufficient
myogenesis, SC contributions are not optimal and may be a key reason for poor recovery and
regeneration of healthy muscle.

In skeletal muscle diseases, whether characterized by necrotic degeneration or
atrophic wasting, there is a homeostatic imbalance towards muscle loss and away from
muscle regeneration. Despite having genetic causes, strategies (such as gene transfer, protein
delivery and stem cell transplantation) that can shift this equilibrium towards muscle
regeneration may offer time and hope for patients suffering from these debilitating
conditions. However, no strategy has yet emerged as ideal for enhancing muscle regeneration
in the clinic. There is a great need for regenerative strategies that can enhance or initiate
muscle regeneration (Turner and Badylak, 2012). Although biomaterials for the regeneration

of bone, cardiovascular and nerve tissues have been extensively investigated, little research
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has been performed to evaluate biomaterial treatment for muscle diseases. The use of
naturally-derived materials that mimic healthy ECM is a promising therapeutic option, and
also bypasses risks associated with other treatments, such as the need for immunosuppressant
drugs, induction of endogenous inflammatory responses and the difficulties associated with
cell culture (Kuraitis et al., 2012c). We have recently used collagen-based matrices to
augment regeneration in ischemic skeletal muscle (Kuraitis et al., 2012b). The objectives of
this study were to: (i) evaluate the potential of a myogenesis-augmenting collagen matrix in
different muscle disease states; (ii) characterize the interaction of this collagen matrix with

SCs; and (iii) explore the role of necrotic stimuli in matrix-mediated myogenesis.
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Results

Matrix treatment confers functional improvements in mdx mice

Matrix or PBS was injected into the extensor digitorum longus (EDL) muscle of
mice. The EDL was chosen to receive treatment, as it allows for basic animal motility. As a
model for DMD, the mdx mouse was used. Matrix-treated mdx mice were able to run
distances 47% greater than shams (p=0.02) and 40% greater than PBS-treated mice (p=0.01;
Fig. 5-1A). Matrix-treated mice also resisted physical exhaustion until reaching speeds of 22
n/s, unlike sham and PBS-treated mice who reached exhaustion at 17 (p=0.02) and 18 m/s
(p=0.02), respectively (Fig. 5-1B).
Myogenic transcripts increase with matrix treatment in mdx mice

Compared to PBS, matrix treatment induced transcription of myogenic genes in mdx
muscle (Fig. 5-1C). Specifically, increases were observed for crucial factors regulating the
entry of SCs into the myogenic program, proliferation and commitment, such as Pax3 (5.9x;
p=0.02), myf5 (3.5x; p=0.05), desmin (2.3%x; p=0.04) and myogenin (3.0%; p=0.02). A
favorable trend for increased transcription of Pax7 was also observed with matrix treatment
(1.7%; p=0.1). No difference in transcript levels of the late regeneration gene encoding

muscle creatine kinase (MCK) was observed between treatments (p=0.5).
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Figure 5-1 - Functional and molecular regeneration in mdx muscle with matrix
treatment. Matrix-treated mdx mice were able to run at greater speeds (A) and greater
distances (B) than PBS-treated littermates. Early- and mid-stage myogenic gene transcription
was also increased with matrix treatment when compared to untreated contralateral muscle

(C). *p<0.05 vs. PBS; **p<0.02 vs. all other treatments.
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Matrix treatment does not support functional recovery or myogenic gene transcription
in a mouse model of muscle atrophy

Similarly, matrix treatment was also evaluated in the MLC/SOD1%**

mouse, a model
for ALS. No differences were observed with respect to the maximal distances run by
MLC/SOD1%%** mice (p>0.3; Fig. 5-2A), nor the speed at which exhaustion occurred (p>0.5;
Fig. 5-2B) among sham, PBS and matrix treatments. Differences in myogenic transcript

levels were also not observed between treatments for Pax7 (p=0.3), Pax3 (p=0.6), myf5

(»p=0.5), desmin (p=0.3), myogenin (p=0.2) and MCK (p=0.6; Fig. 5-2C).
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Figure 5-2 - Lack of observable regeneration in matrix-treated atrophic mice. Matrix
treatment did not improve the running speed (A) or maximum distance run (B) of
MLC/SOD1** mice, nor was there any observed difference in levels of myogenic

transcripts with matrix treatment (C).
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Matrix stimulus increases primary myoblast-derived myotube maturation and a
necrotic co-stimulus increases myotube size

To investigate the matrix’s effect on SCs, primary myoblasts were cultured on
traditional collagen I-coated dishes or matrix substrate. SC populations were differentiated
using low serum and after 24h, cells were collected and analyzed. Additionally, necrotic
myocyte debris (NMD) was added to paired cultures to act as a necrotic stimulus. Four
culture conditions were therefore created: i) control; ii) NMD; iii) matrix; and iv) NMD-
matrix. Morphologically, the presence of NMD and/or matrix stimuli altered the shape of
SC-derived myotubes (Fig. 5-3A-D). Matrix culture, regardless of NMD stimulus, increased
the amount of generated myotubes to 13.9 + 1.3, which was significant compared to control
cultures and NMD stimuli (5.0 + 0.9; p<0.0001; Fig. 5-3E). However, matrix exposure in the
presence of the necrotic stimuli increased the robustness of these myotubes, generating
myotubes that were at least 1.5% longer (p<0.003; Fig. 5-3F) and 1.2x thicker (p<0.02; Fig.
5-3G). In addition to increasing myotube frequency, matrix culture (either with or without
NMD) also supported beating and self-alignment of myotubes (Table 5-1).
In a necrotic context, matrix stimulus greatly amplifies myogenic gene transcription in
satellite cell cultures

Compared to control (no NMD or matrix stimuli) cultures, matrix exposure increased
transcription of myoD by 2.2x (p=0.03; Fig. 6-3I), myogenin by 1.3x (p=0.04; Fig. 5-3J) and
mef2c by 1.2x (p=0.02; Fig. 6-3K). When a necrotic stimulus was added to matrix cultures,
transcriptional myogenesis was greatly enhanced. Compared to all other treatment
conditions, simultaneous matrix and NMD stimulation increased transcript levels of myf5 by

4.9x (p<0.02; Fig. 5-3H), myoD by 13.1x (p<0.03; Fig. 5-3I), myogenin by 12.8% (p<0.02;
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Fig. 5-3J) and mef2C by 4.5% (p<0.04; Fig. 5-3J). NMD stimulus alone did not induce any

changes.
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Figure 5-3 - Matrix and necrotic stimuli co-activate satellite cells. Combinations of NMD
and matrix culture conditions generated myotubes at different stages of maturation after 24 h
(A-D). Culture on matrix increased the number of SC-derived myotubes (E), but addition of
the NMD co-stimulus allowed for the generation of larger myotubes (F,G). Myogenic gene
transcription was greatest in SC cultures on matrix with the addition of NMD (H-K). *p<0.04

vs. control; **p<0.04 vs. all other treatments; ***p<0.0001.

170



X
:
X
:
L4 J—
%:: ***:L_ E
%12- N
B \
Lmal
Control NMD Matrix NMD-Matrix
£ 4
G F
5 N
- o N\
Control NMD Matrix NMD-Matrix
£2 G
= =
211 NI
S, § \\
=

Control NMD Matrix NMD-Matrix

Fold-Change

Fold-Change

Control NMD  Matrix NMD-Matrix
& Myogenin  __ J
15- T
104 B
4-

24 *

7 N
oL 1 1 N\

Control NMD Matrix NMD-Matrix
8-

Mef2c -~
6 el
‘- v v v v
24 *
72 N B

B Myf5
* %
3 & T
c
1]
5
_-) B
e 24 K
J 12 N\ E
Control NMD  Matrix NMD-Matrix
209 MyoD e
g 151 &=
£l i
O 47 |
3
£ 2 k!
iIs= 0\

Cor;trol

NMD

AL A A W
Matrix NMD-Matrix

171



Table 5-1 — Observed behavior of myotubes for the four culture conditions after 24

hours.
NMD +
NMD Matrix Matrix

Control stimulus stimulus co-stimuli
Stimulus
NMD - + - +
Matrix - - + +
Myotube behaviour
Spontaneous beating (n=6) 0 0 4 5
Self-alignment of myotubes (n=6) 0 0 5 6
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Satellite cell populations experiencing necrotic and matrix stimuli produce a paracrine
cocktail with potent myogenic effects

To investigate the potential for the matrix to induce myogenesis via activation of
paracrine signaling, supernatants collected from SC cultures (:NMD, +matrix stimuli) were
applied to proliferating C2C12 myoblast cultures. After 24h of exposure to conditioned
medium from SC cultures (or control medium), C2C12 transcription of myogenic markers
was increased only when supplemented with conditioned medium from matrix-NMD SC
cultures. Specifically, myf5 increased by 4.5x (p<0.03; Fig. 5-4A), myogenin increased by
213.4x (p<0.02; Fig. 5-4B) and mef2C increased by 191.9x (p<0.0002; Fig. 5-4C). These
changes were abrogated for all markers at 48 h (p>0.3).

At 24h, C2C12 cultures exposed to NMD-matrix conditioned medium corroborated the
transcriptional profile; these myoblast cultures tended to demonstrate a greater fusion index
(3.8% vs. 1.2-2.4%; p<0.09; Fig. 5-4D); however, the increased fusion index became more
pronounced at 48h (16.1% vs. 6.5-10.0%; p<0.05; Fig. 5-4D). At 48h, all myoblast cultures

were morphologically representative of proliferation/early differentiation (Fig. 5-4E-N).
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Figure 5-4 - Paracrine effects of SCs after matrix and necrotic cell debris exposure. The
addition of conditioned medium from SC cultures exposed to matrix and NMD
accelerated the transcription of myf5 (A), myogenin (B) and mef2¢ (C) in SC at 24 h,
compared to all other conditioned medium treatments and with standard myoblast
differentiation conditions with DM. At 48 h, there was an increase in cell fusion of
myoblasts cultured with conditioned medium from matrix-NMD SC cultures (D).
Representative images of differentiating myoblasts at 24 h (E-I) and 48 h (J-N). Cells
are visualized with anti-laminin (green) and nuclei with Hoescht (blue) stains. Scale bar
=100 pm. *p<0.09 vs. all other treatments at 24 h; **p<0.05 vs. all other treatments at

each time point; ***p<0.0002 vs. all other treatments at 24 h.
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Matrix and necrotic co-stimuli cause satellite cells to produce both inflammatory and
regenerative cytokines

To elucidate the paracrine factors responsible for accelerating C2C12 myoblast
maturation, supernatant collected from SC cultures (control, NMD, matrix and NMD-matrix)
was screened using a cytokine array. NMD and/or matrix stimuli did not induce changes in
the amount of SC-produced myogenic regulatory factors insulin-like growth factor (IGF)-I
(»=0.2; Fig. 5-5A), IGF-II (p=0.6; Fig. 5-5B), IGF binding protein (IGFBP)-2 (p=0.6; Fig. 5-
5C), IGFBP-5 (p=0.3; Fig. 5-5D) or IGFBP-6 (p=0.2; Fig. 5-5E). NMD-matrix stimuli
increased interleukin (IL)-1a production by 2.1x (p<0.05; Fig. 5-5F), but did not alter IL-13
production (p=0.5; Fig. 5-5G). Both NMD and NMD-matrix conditions increased IL-4 by
2.7x and 2.0x%, respectively (»p<0.003; Fig. 5-5H). IL-6 was increased by 4.7x only under
NMD-matrix conditions (p<0.01; Fig. 5-5I). No conditions induced changes in production of
IL-10 (p=0.2; Fig. 5-5]) or tumor necrosis factor-a (TNF-a; p=0.2; Fig. 5-5K). Monocyte
chemoattractant protein-1 (MCP-1) trended towards a 23% reduction in all treatments,
compared to control (no NMD, no matrix stimuli) conditions (p<0.06; Fig. 5-5L). Both NMD
and NMD-matrix conditions increased fibroblast growth factor-2 (FGF-2) levels by 2.8% and
3.3x, respectively (p<0.02; Fig. 5-5M). Only NMD-matrix conditions increased levels of
hepatocyte growth factor (HGF; by 1.5%; p<0.02; Fig. 5-5N) and stromal cell-derived factor-

1 (SDF-1; by 1.5x%; p<0.05; Fig. 5-50).
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Figure 5-5 - Identification of paracrine factors produced by satellite cells after exposure
to matrix and necrotic cell debris stimuli for 24 h. Matrix-NMD stimuli did not induce
changes in the production of IGF-I (A), IGF-II (B), IGFBP-2 (C), IGFBP-5 (D) or
IGFBP-6 (E). Changes in production of some inflammatory cytokines were observed
with matrix and NMD exposure; IL-1a (F), IL-1g (G), IL-4 (H), IL-6 (I), IL-10 (J),
TNFa (K) and MCP-1 (L). Matrix and NMD co-stimuli enhanced the production of
regenerative cytokines FGF-2 (M), HGF (N) and SDF-1 (O). **p<0.02 vs. treatments
without NMD stimulus; ***p<0.05 vs. all other treatments; ****p<0.06 vs. all other

treatments.
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Discussion

In dystrophic mice, collagen matrix treatment stimulated myogenesis, likely contributing
to the observed functional improvements. It is important to note that the model was
unilateral; therefore, the functional results probably underestimate the potential of this
treatment should both legs receive treatment. Mid-stage myogenic gene encoding myogenin
was increased, as were the early-stage genes encoding desmin and myf5. SC marker Pax3
was also increased, but interestingly the SC marker Pax7 was not. Pax3 and Pax7 have
similar roles in specifying myogenic cell fate and both may be used to identify SCs (Horst et
al., 2006; Relaix et al., 2006). It is possible that the increase in only Pax3 mRNA may be
attributed to a sub-population of SCs. A new myogenic Pax3 Pax7 population, found in the
interstitium and not the basal lamina, has previously been identified (Kuang et al., 2006). It
has also been reported that Pax3 is expressed in quiescent muscle satellite cells in a subset of
muscles and it plays an important role in regulating the entry of satellite cells into the
myogenic program (Buckingham, 2007; Relaix et al., 2006). Thus, Pax3 plays a distinct role
in this context, as it is expressed in proliferating SCs before they exit the cell cycle (Conboy
and Rando, 2002), thereby suggesting that Pax3" SC proliferation may be greater in matrix-
treated muscles. MCK, a late marker of myogenesis, was not increased with matrix
treatment, implying that the observed myogenesis had not yet reached a stage of late
maturation. Treatment of ischemic muscle — another disease state characterized by necrotic
degeneration — with the same collagen matrix also resulted in increased expression of
myogenic genes, but not in Pax7 transcripts (Kuraitis et al., 2012b). It is curious that despite

the striking functional improvements and molecular myogenesis in the mdx and ischemic
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models, no indication of myogenesis was evident in atrophic animals. The obvious
differences between the models are the muscle microenvironment and the modes by which
muscle is lost: dystrophic muscles and ischemic muscles are characterized by degeneration of
necrotic myofibres and inflammation, whereas atrophic muscles do not present significant
amounts of necrotic or non-apoptotic dead myocytes. The difference between these
microenvironments’ abilities to modulate myogenesis was further explored with in vitro
studies.

Exposure to a collagen matrix improved the number of SC-generated myotubes; however,
the addition of a necrotic stimulus increased their size and induced functional beating,
something that is not typically seen in SC cultures until 2-3 days after differentiation.
Similarly, matrix exposure induced mild increases in myogenic genes, but in a necrotic
context, the matrix markedly amplified transcription of a greater number of myogenic genes.
We have recently demonstrated that this collagen matrix has an inherent potential for
myogenesis: when it was used as a substrate for the culture of pluripotent embryonic stem
cells, multinucleated Pax3" populations were generated that also expressed myogenin and
myf5 (Kuraitis et al., 2012b). This matrix also mimics skeletal muscle elasticity. ECM
elasticity is one of the key parameters that govern progenitor cell differentiation (Engler et
al., 2006), as maximal myoblast-to-myotube differentiation has been shown to occur when
the substrate’s elasticity mimics that of native skeletal muscle (Engler et al., 2004; Gilbert et
al., 2010). The novelty of our study is that matrix and necrotic co-stimuli aggrandize
myogenesis from SCs. Dehne et a/ have shown that muscle cell debris exposure activates
myoblasts and signals for the production of regenerative factors (Dehne et al., 2011). Thus, a

necrotic mechanism — in particular, direct SC-necrotic myocyte contact — may be necessary
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in order to achieve maximal myogenesis with collagen matrix treatment. Because the DMD
phenotype is exacerbated from the lack of functional glycoprotein complexes to link the
ECM and cytoskeleton (Straub and Campbell, 1997), the in vitro observations support the
hypothesis that provision of a material that potentially mimics healthy ECM may at least
partially compensate and support robust regeneration in mdx mice.

Muscle turnover and regeneration is a complex process and highly coordinated among
myocytes, progenitor and inflammatory cells. Because of this cross talk, it is difficult to
identify the sources of regenerative signals. Myotube incubation with muscle cell debris
appears to produce autocrine and/or paracrine factors, because application of this supernatant
alone was able to activate other myotubes that were not exposed to cell debris (Dehne et al.,
2011). Application of conditioned medium from SC cultures (= NMD, matrix stimuli) to
myoblasts revealed that exposure to both the matrix and necrotic stimuli generated a
paracrine cocktail that could induce myogenesis in myoblasts 24 h after exposure. The
acceleration of myf5, myogenin and mef2c transcription was no longer apparent at 48 h, but
increased cell fusion was maintained at the later time point. It would have been interesting to
observe these effects later into stages of myotube maturation, but after 48 h, cell media could
not be replaced with fresh media of known contents and thus the experiment could not be
continued beyond this time point.

Arrays were used to identify paracrine factors whose presence might explain why the
conditioned medium from NMD-matrix SC cultures can accelerate myogenesis. Surprisingly,
treatment conditions did not generate different amounts of IGF-I, -II, or their binding
proteins. IGFs and their binding proteins have important and known roles in myogenesis

(Duan et al., 2010). SCs exposed to both stimuli produced IL-1a, IL-4 and IL-6. Under
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proinflammatory stimuli, SC-derived myocytes naturally produce inflammatory interleukin
cytokines (Nagaraju et al., 1998). Considered one of the most degenerative cytokines, it may
be favourable that TNFa levels were not elevated. The presence of IL-4 is required for
myoblast fusion with myotubes and its absence leads to myotubes of reduced size (Horsley et
al., 2003). IL-6 is produced by SCs and growing myofibres and its absence reduces myoblast
proliferation and migration (Serrano et al., 2008). Thus, SCs exposed to a combination of
matrix and necrotic stimuli increase their production of inflammatory cytokines that have
defined roles in myoblast function and maturation. The chemokine MCP-1 is important for
recruitment of mononuclear cells post-injury (Chazaud et al., 2003) and MCP-1 “ animals
display impaired regeneration (Shireman et al., 2007). However, SCs appear to produce
MCP-1 immediately after activation and emigration from quiescence, and this production
tapers off over time (Chazaud et al., 2003). Given that SCs appeared to mature under NMD
or matrix stimuli and that the control conditions were least supportive of SC maturation, it is
plausible that the precursor cells in control conditions produced greater amounts of MCP-1
because they are in a more primitive stage of the myocytic lineage and have not yet matured
to a phenotype with ablated MCP-1 production.

In addition to inflammatory cytokines, skeletal muscle regeneration requires coordinated
growth factor signals (Turner and Badylak, 2012). Of the cytokines with known roles in
myogenesis, the production of HGF, FGF-2 and SDF-1 was greatly increased by SCs in
response to NMD-matrix co-stimuli. HGF is a potent growth factor produced in an autocrine
fashion, and is capable of stimulating quiescent SC activation (Tatsumi et al., 1998) and
proliferation (Sheehan et al., 2000). FGF-2 is also produced by muscle progenitor cells

(Joseph-Silverstein et al., 1989) and has a strong ability to induce SC proliferation (Deasy et
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al., 2002). Furthermore, HGF and FGF-2 synergistically increase SC proliferation (Sheehan
and Allen, 1999). SDF-1 is a chemoattractant capable of recruiting a variety of progenitor
cell populations, including SCs (Miller et al., 2008; Ratajczak et al., 2003). It has been
suggested that based on its ability to attract SCs, SDF-1 may play a bimodal role and
function to recruit cells both to a quiescent niche and also to sites of injury or regeneration
(Miller et al., 2008). Together, the cytokines produced by SCs under NMD-matrix conditions
are supportive of myoblast activation, proliferation and maturation, as we demonstrated by
the accelerated myogenesis in C2C12 myoblast cultures in the presence of this cytokine
cocktail.

This study employed a collagen-based matrix, containing chondroitin sulfate-C, which
has physical properties similar to those of native, healthy skeletal muscle. It is noteworthy
that provision of a matrix — containing only two ECM components — is able to support and
accelerate myogenesis. Future studies will need to better understand how the ECM changes
in disease states; and how we can best replicate “healthy” ECM in order to facilitate recovery
and regeneration. When designing therapeutic biomaterials, such studies will likely exploit
specific regenerative cues that already exist in the ECM in order to best harness and benefit
from endogenous cues for regeneration (Kuraitis et al., 2012c¢).

The conclusions of this study are multiple: (i) treatment with a collagen-based matrix can
augment myogenesis, but this regeneration is context-dependent and may require a necrotic
environment as a mechanism for achieving maximum regeneration; (ii) under necrotic
conditions, the matrix superactivates SC populations to mature and also to produce a potent
myogenic cocktail of secreted proteins; and (iii) instead of attempting to modulate necrosis

and inflammation, this study provides a novel therapy that may harness the constant necrosis
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that occurs in DMD and use it as a “Trojan Horse” for regeneration that translates into
improved function. Perhaps more globally, this study also highlights that the disease state
must be carefully considered when applying therapeutic biomaterials, because the matrix
presented in this study only induced myogenesis in states of active necrosis and failed to

induce myogenesis in an atrophic model.
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Materials & Methods

Unless otherwise specified, all materials and reagents were obtained from Sigma-
Aldrich (Schnelldorf, Germany).
Matrix preparation

Collagen matrix was prepared on ice, as previously described (Kuraitis et al., 2011b).
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide ~ hydrochloride =~ (EDC) and  N-
hydroxysuccinimide (NHS) were mixed in a 1:1 molar ratio (13 mM) in 2(-N-morpholino)
ethanesulfonic acid (MES) buffer. This EDC/NHS cross-linker was added to a solution of 1
% (w/v) type I collagen (Nippon Ham, Tskuba, Japan) and 40 % (w/v) chondroitin sulfate-C
(CSC; Wako Chemicals, Osaka, Japan). The solution was diluted with PBS before adjusting
the pH to 7.2+0.2. The final concentrations of collagen and CSC were 0.59 and 2.4 % (w/v),
respectively. For in vivo use, the matrix was kept on ice and transferred to a cold syringe
immediately prior to use. For in vitro use, 150 pl was spread onto 6 cm tissue culture
polystyrene plates before being thermogelled at 37°C and rinsed with PBS before cell
application.
Animal model

The animals were housed in a temperature-controlled (22°C) room with a 12:12 hr light-
dark cycle. All of the mice were maintained according to the institutional guidelines of the
animal facilities of DIEM-National Institute of Health-Italy.

Two mouse lines were used to evaluate the matrix’ potential for myogenesis. The well-
characterized mdx mouse (Willmann et al., 2012) was used as a model for DMD. The
MLC/SOD1%%** mouse, recently characterized in (Dobrowolny et al., 2008), was used as a
model for muscle atrophy and ALS. Given its ability to represent animal motility and muscle
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function, the EDL muscle was chosen to evaluate matrix treatment. The left EDL of 1-month
old male mdx and 4 month-old female MLC/SOD1%** mice was surgically exposed and
received a 5 pl injection of either PBS or matrix. Treadmill tests were performed at 6 weeks
for mdx mice and at 6 months for MLC/SOD1°%** mice. After collection of treadmill data,
animals were sacrificed and EDL muscles were harvested, flash frozen in liquid nitrogen and
stored at -80°C.
Functional analysis with a forced treadmill test

To assess the function of treated muscles, mice were subjected to a forced treadmill
protocol. They were conditioned to the treadmill process for 1 week prior to final testing at
an incline of 0° for 5 min at 5 m/s and 5 min at 10 m/s. Animals that did not maintain the
treadmill speed received a shock of 0.5 mA. The maximal test of exhaustion was modified
from Ferreira et al. (Ferreira et al., 2008). In brief, the treadmill speeds increased every 3
minutes at a rate of 3 m/min. Animals were removed from the treadmill when they could no
longer manage to return to the treadmill from the shock platform. Total distance and speed at
which exhaustion occurred were recorded. The same parameters were also measured on
untreated (sham) animals for both models.
C2C12 myoblast culture

All cells in culture were maintained at 37°C in a humidified incubator with 5% CO,.
C2C12 myoblasts were used between passages 6 and 9. Cells were maintained on 20 cm
tissue culture dishes in growth medium (GM), consisting of DMEM supplemented with 20%
fetal bovine serum (FBS), penicillin/streptomycin and 4 mM L-glutamine. Upon reaching
~85% confluence, cells were differentiated by replacing their GM with differentiation

medium (DM), which is equivalent to the GM formulation but containing only 2% FBS. To
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store amplified cells, 1x10° C2C12 myoblasts were suspended in GM and DMSO in a 9:1
ratio and frozen at -80°C.
Necrotic myocyte debris preparation

Confluent C2C12 myoblasts were differentiated into early-stage myotubes for 24 h.
NMD was prepared by manually scraping myotubes, centrifuging and storing the collected
debris at -80°C at a concentration of 2x10° cells/ 100 pl PBS. Application of NMD to other
cell populations allows for the observation of interactions that stem from direct cell contact
with dead myocytes (Dehne et al., 2011). Prior to application in culture, NMD was confirmed
to contain non-viable cells by examination under a light microscope using trypan blue dye.
Satellite cell isolation

Wild-type C57 mice, 3—4 weeks of age, were sacrificed and the hindlimb muscle was
harvested under sterile conditions. Muscles were minced and enzymatic digestion using
collagenase and dispase was performed, as previously described (Musaro and Barberi, 2010).
After digestion, the solutions were pre-plated on tissue culture dishes to remove
contaminating fibroblasts, for 1x 45 min and then 1x 30 min. SCs were amplified on
collagen I-coated plates in GM, consisting of DMEM supplemented with 20% horse serum,
penicillin/streptomycin, L-glutamine (4 mM) and 3% chick embryo extract. One day after
isolation, cells were lifted using 0.25% trypsin, pre-plated again for 30 min and re-plated on
new collagen-coated dishes. Cells were washed with PBS and GM was changed every other
day.
Satellite cell differentiation

After 4-5 days, 6-8x10° cells could be collected from the primary cultures derived

from one mouse and 8x10* SCs were plated in 3 ml DM on 6 cm dishes coated with collagen
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I (used as standard SC culture substrate (Musaro and Barberi, 2010)) or matrix. Cultures then
received either 100 pl of NMD or 100 ul of PBS. Ultimately, four culture conditions were
created: 1) standard culture conditions; 2) NMD stimulus; 3) matrix substrate stimulus; and
4) NMD-matrix stimuli. After 24 h in culture, cell observations were recorded and cells were
imaged, then thoroughly rinsed with calcium- and magnesium-free PBS (CMF) to remove
dead cells and NMD, and immediately frozen at -80°C. Cell images were analyzed using
ImageJ 1.32s (National Institutes of Health, Bethesda, MD) for the number of myotubes per
field-of-view (FOV), and their lengths and widths. Width was defined as the maximum width
of a myotube. Based on myotube morphology, this measurement was taken at the centre,
approximately equidistant from either end. The medium from these 24-hour cultures (for all 4
conditions) was flash frozen in liquid nitrogen and stored at -80°C to be used as conditioned
medium in subsequent C2C12 studies.
C2C12 myoblast differentiation

As described, C2C12 myoblasts were differentiated into early-stage myotubes using
low serum medium. Cultures were maintained on 3 cm dishes. Upon ~85% confluence, GM
was replaced either with 3 ml DM or with 2 ml DM + 1 ml of conditioned medium from SC
cultures (4 conditions tested: control, NMD, matrix, or NMD-matrix). Upon harvest at 0, 24
or 48 h, cells were rinsed with CMF and stored at -80°C for RNA extraction. A subset of
differentiating myoblasts was prepared for fusion index analysis. Cells were fixed with 70%
methanol for 20 min, blocked for 45 min with 10% goat serum in CMF, incubated for 2 h at
room temperature with 1:200 goat anti-laminin in 1.5% goat serum and then incubated for 45
min at room temperature with 1:2000 mouse anti-goat Alexa488 (Invitrogen, Burlington,

Canada) and 1:1000 Hoechst 33342 stain. Before and after each incubation step, cells were
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washed 2x 10 min with 1% bovine serum albumin/ 0.2% triton-X in PBS. Cells were imaged
using an inverted Axioskop 2 Plus microscope (Zeiss, Oberkochen, Germany) and images
were processed using Axiovision 3.1 software (Zeiss). The fusion index was calculated as the
percentage of nuclei present in multinucleated cells.
RNA preparation and quantitative PCR analysis

Total RNA was isolated from homogenized muscle and manually scraped cell
cultures using TRIzol reagent (Invitrogen) as previously described (Rio et al., 2010). RNA
was converted to cDNA using the QuantiTect Reverse Transcription kit according to the
manufacturer’s instructions (Qiagen, Milan, Italy). The reagent proportions as specified by
the manufacturer were used for each 1 ug of RNA. cDNA concentrations were raised to 10
ng/ml with nuclease-free water and stored at -20°C. qPCR reactions were prepared with 5 pl
cDNA, 6.25 pl nuclease-free water, 12.5 ul TagMan PCR Master Mix (Applied Biosystems,
Foster City, CA) and 1.25 pl TagMan Probe (Applied Biosystems). TagMan Probes were
used for murine B-actin, desmin, GAPDH, muscle creatine kinase (MCK), mef2C, myoD,
myoegnin, myf5, Pax3 and Pax7. The reaction was performed using an Applied Biosystems
RealPlex 7500 Fast Real Time system and software. Relative gene expression was quantified
using the AAC; method, as described (Livak and Schmittgen, 2001). Transcripts from treated
muscles were expressed relative to those in untreated muscles (using housekeeping genes
encoding GAPDH for mdx mice and B-actin for MLC/SOD®”** mice; n=4). Transcripts from
cultured cells were expressed relative to control treatments (using housekeeping genes
encoding GAPDH for C2C12 myoblast cultures and p-actin for SC cultures; n=4 — 6).

Cytokine arrays
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Conditioned medium collected from SC cultures was analyzed using a cytokine array,
according to the manufacturer’s instructions. Custom cytokine arrays (RayBioTech,
Norcross, GA) were used to analyze protein levels of IGF-1, IGF-II, IGFBP-2, IGFBP-5,
IGFBP-6, IL-1a, IL-1B, IL-4, IL-6, 11-10, TNFa, MCP-1, FGF-2, HGF and SDF-1.
Statistical analysis

All experiments were performed with n=4, except SC cultures and cytokine arrays,
which were performed with #n=6. Data between two experimental conditions were analyzed
using a student’s t-test and data between multiple groups was analyzed using a one-way

analysis of variance with Tukey’s post-hoc using Prism 4.0 (GraphPad, La Jolla, CA).
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Translational Impact

CLINICAL ISSUE

Diseases associated with muscle loss, including Duchenne’s muscular dystrophy (DMD),
represent a huge burden to society, and ideal therapies are not yet visible on the horizon. In
such diseases, muscle loss can occur via active, necrotic degeneration, or muscle wasting via
atrophic degeneration. Recent studies have shown that the application of biomaterials that
mimic healthy extracellular matrix can provide stem cell niches and augment skeletal muscle
regeneration.

RESULTS

In this study, the authors show that an injectable collagen matrix is able to successfully
regenerate skeletal muscle in a mouse model of muscle necrosis, but not in an atrophic mouse
model. This in vivo phenomenon was supported by in vitro observations: satellite cells (SCs)
that were exposed to the matrix demonstrated an improvement in myogenesis that was
maximized when SCs were cultured on the matrix in a necrotic environment. Furthermore,
matrix and necrotic co-stimuli induced SCs to produce a cytokine cocktail containing
myogenesis-regulating factors, and this mixture accelerated myogenesis in cultured
myoblasts, and in dystrophic and ischemic muscle.

IMPLICATIONS & FUTURE DIRECTIONS

The clinical evaluation and application of biomaterials is becoming more prevalent every
day. However, to date no gene, pharmacological or cell therapy has emerged as an ideal
candidate to promote muscle regeneration. This study has broad implications: application of
a “healthy” extracellular matrix-like material has the potential to activate muscle progenitor

cells and functionally regenerate muscle. Regeneration conferred by this particular therapy
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appears to be optimal under necrotic conditions, highlighting the importance of considering

the disease environment when applying therapeutic biomaterials.
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CHAPTER 6. General Discussion
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The studies presented in this thesis have assessed feasibility and potential of various
aspects of natural biomaterial therapy, from biomaterial modification of cell culture, to
biomaterial systems for releasing growth factors, to injectable biomaterials for enhancing the
regeneration of blood vessels and muscle. These studies were all novel to the field and will
constitute platforms for future studies to assess safety and efficacy. Despite being early
investigative studies in vitro and in small animals, they provide insight into biomaterial

therapy as a whole.

Is Biomaterial Therapy Truly a Viable Option?

Perhaps the most important question is whether or not biomaterial therapy is truly a
viable option. At this point in time, it may be too soon to predict the role that biomaterial
therapy may play in the future of health care. In order to proceed, researchers need to present
a strong case that supports pre-clinical and clinical trials. Given what we know so far, we can
make some guarded conclusions regarding the potential that biomaterial therapy has for

SuUcCCess.

Biomaterial therapy vs. cell therapy

Unarguably, clinical trials using CAC or CAC-like cell populations have produced
underwhelming results given the expectations that preceded them; however, the results were
at first very promising based on small and large animal studies (Martignoni et al., 2006;
Mestas and Hughes, 2004; Nossner and Parham, 1995). Thus far, biomaterial studies in small

animals have been exhaustive, but also hopeful. It remains to be seen whether or not
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biomaterial translation to humans will follow the same pattern that CAC therapy did and
similarly, yield modest results.

Various reasons have been proposed to explain the discrepancy between human and
animal studies. In brief, human physiology is terribly difficult to replicate in an animal model
and there are far more potentially confounding factors in human subjects than in animals,
such as typical co-morbidities of cigarette smoking, obesity, exercise and diabetes. Few
studies have attempted to address the impact biomaterial therapy may have in these contexts,
and thus it is difficult to predict whether or not these factors will affect the use of

biomaterials in humans.

Timing of biomaterial delivery

The timing of cell delivery appears to be an integral parameter governing the success
of cell therapy. Early studies observed that cells delivered one week after myocardial
infarction displayed improved engraftment and led to a greater angiogenic response
compared to cells that were delivered 1 or 2 days post-infarction (Hu et al., 2007). However,
other studies have shown that there is no significant difference in myocardial recovery using
a similar delivery time frame (Swijnenburg et al., 2010). Research efforts still need to
address when the optimal delivery times are for both cells and biomaterials.

Muscle disease or damage is accompanied by alterations in ECM composition and
structure. Given the known roles of ECM interaction in regeneration, it is plausible that
delivered ECM-like materials will also be subject to conditions similar to those experienced
by native ECM. It is interesting that some sort of necrosis or active degeneration needs to be
present in order to elicit potent myogenic responses when an injectable matrix is applied.

These observations are supported by a study performed by laboratory colleague Tanja
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Sofrenovic, where she used the same injectable material in infarcted mouse myocardium
either 1 or 2 weeks post-MI. The closer to the MI event that the material is delivered, the
more potent are its cardiomyogenic effects (Sofrenovic, unpublished data). The myocardium
is highly necrotic immediately post-MI, but this drastic environment is tempered within days
of the event (Boudoulas and Hatzopoulos, 2009). Thus, it is probable that temporal delivery
of at least the injectable materials used in these studies is important and it appears that
delivery will be optimized when the recipient tissue is experiencing a great degree of
necrosis. Curiously, cell delivery is avoided when the relative level of necrosis is high, as it is
expected that the environment would be too hostile for transplanted cells and negatively
impact their viability and engraftment. Attempts to modulate the infarcted myocardium and
suppress the degree of inflammation have had poor outcomes and failed to produce beneficial
results (Hwang et al., 2001; Kloner et al., 1978).

While the studies presented in this thesis delivered cells or biomaterials, it is
important to note that many studies currently assess the deployment of cells with biomaterial
vehicles in order to capitalize on the benefits of both cell and biomaterial therapies. Although
still in a phase of infancy, it will be interesting to observe whether or not biomaterials applied
to hostile environments will be able to protect the health and function of delivered cells.

Timing of biomaterial delivery is also important in studies where growth factors are
released. The ideal doses of growth factors that are released into the system are speculative.
Is it advantageous to increase the amount of SDF-1 by releasing exogenous peptide when the
endogenous SDF-1 is peaking? Or, is it better to maintain a longer duration of SDF-1
production and release? Our use of an SDF-1-releasing biomaterial at first focused on

reducing the rate at which SDF-1 exits the system; this would prolong the presence of the
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signal, and thus provide a greater temporal window of exposure. Both our group and others
have performed growth factor release studies — designed to maximize the temporal exposure
of the growth factor — in non-disease states and these results have all echoed the same
conclusions: prolonged release of regenerative factors will ultimately enhance regeneration
(Cai et al., 2005; Kuraitis et al., 2012a). Future studies should now assess how to tailor these
systems to best coincide with endogenous regenerative signals so that we will be able to

effectively induce regeneration in clinically-relevant disease states.

Ideal biomaterials: do they exist?

Some biomaterials will undoubtedly have limited potential for application in certain
disease states. It would be illogical to use bone-mimicking materials as platforms for nervous
tissue regeneration. However, it is not yet known how closely delivered biomaterials need to
mimic healthy tissue. It is easy to imagine that the best biomaterial therapy would be one that
can completely recapitulate a healthy ECM that also supports regeneration. Before we can
build-up organs from scratch, we first need to better understand the role that the ECM plays
and to what capacity we should be mimicking or modifying it for therapeutic benefit.

The ECM is a complex system and ECM from different tissues present an infinite
amount of differences. In order to provide an ECM mimic or ECM-like environment for
regeneration of a particular tissue, it is advantageous to take advantage of the endogenous
cues present in a particular ECM. For example, Stern and colleagues investigated whether a
simple collagen coating would have a similar effect on myoblasts as a natural, decellularized
muscle ECM (Stern et al., 2009). As expected, there were cues in the skeletal muscle ECM

that enhanced proliferation, maturation and fusion of myoblasts, compared the basic collagen

198



coating. Another study compared the interaction of myoblasts with muscle or small intestine
ECM (Wolf et al., 2012). In a similar fashion, the muscle ECM better conferred cell survival
and proliferation, and also helped maintain a myogenic response when cell-ECM constructs
were applied in an abdominal wall injury model. However, by 35 days, there was no apparent
benefit to using muscle-derived ECM over small intestine ECM. These studies provide
evidence that tissue-specific ECMs are able to better guide regeneration of like tissues,
perhaps to a limited extent. In this thesis (Chapters 3, 4 & 5), matrices were injected
intramuscularly. The similarities that they had with native ECM were basic in nature: the
main structural component was collagen type I and they shared a similar elastic modulus. It is
notable that these similarities were sufficient to guide myogenesis and future research will
attempt to better mimic natural ECM in order to have a more potent and direct control over
regeneration.

When designing therapeutic biomaterials, one of the greatest concerns is safety and
biocompatibility. All of the efforts put forth into creating biomaterials may be futile if the
resulting product elicits harmful responses in the recipient. The materials used in this thesis
were carefully designed to be safe for both small animal and future pre-clinical (and ideally,
clinical) trials. Both collagen I and chondroitin sulfate, like most ECM components, are
highly conserved among mammals, and neither is expected to trigger inflammatory responses
(Hutter et al., 2000). Alginate, used to create microspheres, is considered relatively inert and
in small amounts does not contribute to inflammatory responses (Augst et al., 2006). SDF-1
and sLe” enhancements to matrices are both small molecules that are present in mammalian

systems and are therefore recognized by cells. Furthermore, all studies using injectable
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biomaterials assessed inflammation using cytokine arrays and demonstrated either no
increase or a reduction in local inflammatory cytokines after matrix treatment.

Other than structural and signaling components of our injectable materials, we also
employed an EDC/NHS cross-linking system for maintaining and preserving structure of the
matrices. Both EDC and NHS are cytotoxic and were used in low concentrations to create the
materials (increasing the concentration would reduce their degradation and also increase their
stiffness). However, EDC/NHS coupling is now recognized as acceptable to use for in vivo
implants and has even been used to cross-link collagen-based corneal substitutes in a human
trial (Fagerholm et al., 2009; Fagerholm et al., 2010). Subsequent studies in our lab have also
shown that the cytotoxicity of these compounds can be reduced by providing the material
with excess glycine after the coupling reaction, allowing for inactivation of cytotoxic free
aldehyde groups (McEwan et al.,, 2012). Thus, we have employed low levels of toxic
components, but their cytotoxicity does not ultimately impede the successful regeneration

that is mediated by the biomaterial constructs.

Limitations of Biomaterial Therapy

Although positive results were obtained that warrant the expansion of the studies
presented in this thesis, there are limitations. However, the limitations are not unique to thi

particular work; rather, they are applicable to the broad field of biomaterial therapy.

Biomaterial mechanisms

One of the biggest hurdles that the field of biomaterials faces is defining proper

mechanisms by which particular biomaterials elicit regenerative responses. Studies are still

200



being proposed and executed; however, rationalization for pursuing this research tends to be
phenomenon-based and not mechanism-based. Drug and antibody studies are simple in
comparison; there are few targets/interactions of an introduced substance and physiological
responses can be relatively well-anticipated. Applied biomaterials are different with regards
to the fact that they are space-filling, respond to the host environment and are able to interact
with a plethora of host cell types and factors. The materials used in this thesis were: space-
filling (i.e., allowed for physical contact with cells) and interactive with host cell types (e.g.,
inflammatory cells, local and bone marrow-derived progenitor cells) and factors (e.g.,
necrosis-associated degradation products). It will be extremely difficult to tease out the
specific and necessary roles that physical contact, degradation/turnover and cell interaction
plays in order to identify a proper mechanism to explain “how biomaterial therapy works”. In
the face of these difficulties, the field is now established with many robust examples of the
biomaterial successes and is now trending towards attempting to explain how these successes
came about.

Physical interactions with substrates are known to greatly influence cell fate, such as
differentiation pathways (Engler et al., 2006; Engler et al., 2007; Gilbert et al., 2010). Such
studies have identified that the elastic modulus of the interacting substrate is a key regulator
of cell fate, highlighting the important role of cell-substrate physical contact. Cells interact
with their physical surroundings through various integrins and kinase receptors and particular
ECM or ECM-like materials are able to use these cues to force cells down particular
differentiation pathways. It has recently been shown that in remodeling skeletal muscle,
myoblasts must maintain physical contact with their ECM in order for normal in vivo

function (Modulevsky et al., 2012). Other studies have noted that mechanical stretching
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(such as during ECM remodeling or muscle growth) is a potent activation factor of SCs to
enter the maturation phase, but that this stretch also induces secondary effects of regenerative
cytokine release (Tatsumi, 2010). In Chapter 2, it was shown that physical interaction with
the matrix increased the phosphorylation of ERK1/2, which is associated with improvements
in migratory and differentiation capacities. Together, these studies support the notion that
physical interactions between biomaterials and progenitor cell populations are an important
aspect in defining the mechanism of biomaterial therapy and help to guide future studies
towards uncovering mechanisms to describe why biomaterial therapy works.

When discussing the inflammatory responses to biomaterials, the initial tone in
biomaterial literature often considered inflammation to be something that was to be avoided.
This will always hold true to one extreme; no ideal therapy will ever consist of
overwhelming the body with inflammatory cells and cytokines to an extent that causes
serious distress and rejection of the transplanted material. Over time, the perception of the
role of the inflammatory system has changed. Studies have now shown that for functional
recovery, at least some aspects of the inflammatory response are essential. Considering its
central role in clearance of damaged tissue and secretome profile, the macrophage is the
inflammatory cell whose role in regeneration is now best defined. The macrophage has long
been observed to have “pro-inflammatory/M1” and “healing/M2” phenotypes. Macrophages
are among the first cells to arrive to interact with transplanted materials and their presence
has often been correlated with successful graft integration and tissue regeneration (Hibino et
al., 2011). Furthermore, macrophages have been shown to assist transplanted SCs and
encourage their persistence and proliferation (Segawa et al., 2008). In 2007, Arnold et al.

were the first to elucidate the macrophage’s role in muscle regeneration (Arnold et al., 2007).

202



In vitro, they noted that inflammatory macrophages readily switch to anti-inflammatory
phenotypes after phagocytosis of muscle cell debris, and that different macrophage
phenotypes would elicit either proliferation or differentiation of SCs. For mice in which
circulating macrophages had been completely depleted, regeneration of the damaged muscle
was wholly prevented. Mirza et al. performed a similar experiment to assess the
macrophage’s role in skin wound healing over time (Mirza et al., 2009). In this case,
macrophage depletion did not prohibit regeneration, but it did delay re-epithelialization and
impair the angiogenic response, and these defects are believed to result from impaired
paracrine signaling. The presence of other inflammatory cell types, such as mast cells,
lymphocytes and CD8" T-cells have been correlated with successful myogenesis (Kharraz et
al., 2013). However, it remains to be seen whether or not these cell types are essential for
coordinating the regenerative response in muscle, or if their roles in regeneration are minor in
nature. The overlap between immunology and biomaterial therapy is rapidly growing. Many
top research groups are now attempting to define the specific roles that inflammatory cells
play in regeneration, with or without biomaterial delivery. Uncovering these mechanistic
roles will be essential for future biomaterials studies so that researchers will be able to better
create materials and therapies that harness and use the endogenous regenerative responses for
therapeutic benefit.

Cytokine arrays were employed in each study presented in this thesis. These arrays
are powerful tools that allow for the identification and relative quantification of soluble
factors produced in response to a material. In addition to showing that all of the biomaterials
tested supported the production of regenerative cytokines, they also served to highlight the

complex signaling cascades that biomaterial therapy may have. This complexity further
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muddies the ability of picking out one or two important mechanisms; it is plausible that every
implicated cytokine has one role or another in regeneration. The final experimental chapter
was able to narrow the field by demonstrating that cellular debris and/or inflammatory
cytokines are essential for SC maturation and myogenesis. A recent clinical study utilized a
similar pilot experiment: application of TNF-a to SCs induced the production of the
myogenic cytokine IL-6 (Podbregar et al., 2013). Thus, in addition to inflammatory cells,
inflammatory cytokines may also be responsible for regenerative cues in the body.

Although a mechanism by which the materials in this thesis induced regeneration was
not identified, we can hypothesize that given (i) the matrices’ ability to guide differentiation
of ESCs, CACs and SCs, (ii) the matrices’ ability to selectively enrich progenitor CAC
populations, (iii) the heterogeneity of CAC and SC cultures, which often include
contaminating inflammatory cells, and (iv) the secretome-modifying properties of the
matrices both in vitro and in vivo, it is plausible that the biomaterial matrices acted as a
natural magnet for progenitor cells, facilitating their differentiation in vivo via physical cues
and also through paracrine signaling, mediated by interactions with endogenous progenitor

and inflammatory cell populations.

Influence of age

Like many disease states, ageing also reduces the integrity and functional signaling of
the ECM (Labat-Robert and Robert, 1988). Effects of the aging musculoskeletal and
cardiovascular systems are not usually evident until around 40 to 50 years of age (Kurtz and
Oh, 2012). Age-related changes in the ECM have known effects on progenitor cell
differentiation, proliferation, recruitment and integration. Given the negative changes that

occur to the ageing ECM, it is fair to propose this degeneration as a major reason why cell
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therapy has yet to be demonstrate overwhelming success. In aged, hypertensive hearts, there
is an increase in collagen I deposition (Querejeta et al., 2004; Varagic et al., 2001). Increased
deposition of collagen increases the stiffness of cardiac tissue, and this increase in stiffness
prevents future cell differentiation (Engler et al., 2008). In this context, ageing creates a
degenerative cycle whereby ECM changes reduce regenerative cell responses and the lack of
regeneration further allows for permanent changes in the ECM to occur.

In parallel to cell therapy studies, biomaterial studies have employed essentially only
young or otherwise healthy animals. Kang et al. addressed this issue by attempting to restore
therapeutic function to aged cells (Kang et al., 2012). MSCs from older donors failed to elicit
regenerative responses in the same magnitude as those from younger donors; however,
incorporation of older MSCs into a biomaterial scaffold containing VEGF and FGF-2 was
able to rejuvenate these cells and restore their therapeutic potential, measured by functional
outcomes after MI injury. This study is noteworthy as it is one of the first biomaterial studies
to address the issue of ageing and proposes that biomaterials may be used in a way that

overcomes the lack of regenerative potential in ageing patient populations.

Long-term studies

Biomaterials for soft tissue engineering must contain some degree of flexibility.
Studies attempting to engineer bone or cartilage share a common goal of attempting to
maintain long-term stability, or at least long enough for the endogenous system to remodel
the implant with strong, natural tissue. These studies have already reached follow-up periods
that extend beyond a decade post-implantation (Silvestri et al., 2011). Soft tissue experience
physical forces that significantly different from hard tissue; both muscle and vasculature

require degrees of elasticity and the ability to return to native forms after distortion. To this

205



effect, biomaterial strategies for soft tissue engineering currently aim to develop materials
that will assist in mounting a regenerative response and then ultimately be remodeled into
healthy tissue. As a consequence, these studies tend to utilize early end-points. Although
early responses are important, it will also be critical to know whether or not improvements in
perfusion, ejection fraction or muscle function will persist for the long-term. This is
something that the studies in this thesis did not address. If the beneficial effects are indeed
short-lived and transient, the non-invasive nature of applying injectable biomaterials will
allow for semi-continual administration. Hopefully, this will be a topic of future studies now

that proof-of-principles have been demonstrated.

Future Studies

In line with the previously discussed limitations of biomaterial studies, the proof-of-
principle studies presented in this thesis now provide a platform for interesting future studies
that can better elucidate mechanisms of biomaterial therapy and also help to better design

therapeutic strategies.

Long-term assessment

As mentioned, our studies did not assess whether or not the beneficial changes
mediated by biomaterial delivery would persist beyond the relatively short experimental
window. Injectable matrix delivery is considered to be minimally invasive. With the
advancements in minimally invasive surgical procedures and imaging technologies, the clinic
is evolving such that repeat delivery of these materials should become a real possibility, if
necessary. It would be interesting to perform similar experiments, but monitor animals over

longer periods and include experimental groups that receive periodic re-injections.

206



Assessment of ageing

We now know that the integrity of the ECM is jeopardized with age and that the stem
cell niche is compromised (Kurtz and Oh, 2012). Additionally, stem cells from aged patients
have notably reduced functional capacities. These cells may experience a phenotypic
rejuvenation with biomaterial therapy when they are co-transplanted, but it still remains to be
observed whether or not transplantable biomaterials alters the aged cell response in situ. It
would be simple and very informative to perform similar studies on young and old animal
cohorts. Furthermore, it would be clinically relevant and important if biomaterials elicited the
same regenerative responses in aged animals; if the results suggest that biomaterial therapy is
less effective in aged hosts, then this would encourage researchers to focus on the
rejuvenation effect that biomaterials may have, as a biomaterial + cell delivery may be best

for the aged cohort.

Improvement of current biomaterial systems

CACs that express CD133 and CD34 are considered to be among the most potent
CAC phenotypes. However, the frequency of these cells is often minimal. It is suggested that
future studies employing a matrix pre-culture for improving the regenerative CAC phenotype
also investigate the potential for increasing CD133°CD34" cell frequency. This population is
considered to be non-dividing ex vivo, but was shown to have the potential to proliferate on
matrices in Chapter 2, and therefore expansion of this population would be of great relevance
and novelty.

It was hypothesized that the SDF-1 releasing system would accelerate the restoration
of perfusion in Chapter 3. This hypothesis did not hold true. It is highly suggested that such a

growth factor-releasing system take into account current literature and the roles of multiple
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growth factors in order to best recapitulate the natural response. This may mean
incorporating other growth factors, such as FGF-2 and VEGF, as well as inflammatory
cytokines, such as IL-4 and IL-6. Such a system of coordinated growth factors may be
engineered to sequentially release the cytokines as they are produced in the body, thus
mimicking what should occur in a healthy regenerative state.

The addition of sLe* into a collagen matrix conferred better growth of new blood
vessels and of muscle in Chapter 4. The additive sLe™ was chosen as it is the natural ligand
for L-selectin, and it was hypothesized to mediate CAC recruitment and engraftment into the
local environment. The evidence presented in this study suggests that sLe™ enhancement
allows for rapid regeneration of vasculature, allowing for regeneration of muscle. It would be
interesting to co-enhance the material with other small signaling factors to see if other
aspects of regeneration could also be accelerated. Such options could include covalent
binding of SCF to encourage c-kit" progenitor engraftment, or even incorporation of a SDF-1
releasing system to aggrandize the natural recruitment of CACs and SCs. As research
continues to identify progenitor-specific surface ligands or receptors, we will be able to
incorporate these discoveries into our materials in order to maximize the progenitor response

to biomaterial therapy.

Generation of complex ECM mimics

Recent advances in manufacturing and processing technologies now allow
researchers to create 3-dimensional (3-D) materials that mimic ECM in both structure and
function. Structurally, polymers may be used to mimic a particular tissue’s ECM with respect
to physical properties. Functionally, novel cross-linking methods are now being employed to

direct ligand and cell placement in 3-D (Culver et al., 2012; Hoffmann and West, 2010). It is
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now possible to produce small biomimetic matrices that recapitulate natural ECM. Using
cell-specific ligands and receptors, the framework for blood vessels can be created ex vivo
and rapidly populated in culture for in vivo transplantation and ultimately, rapid integration
into the host (Hoffmann and West, 2013). The field of using 3-D patterning is still in its
infancy, but given what is now known about cell-ECM interactions, we are developing the
ability to finely tune and adjust biomaterials tailored for regenerative therapies by exploiting
these interactions. Long-term and large-scale, such techniques will allow for the generation
of thick tissues or organs from scratch and may even emerge as a substitute option for organ

transplants.

Allowing cells to do what they do best

The biomaterial studies in this thesis were passive in regards to how they elicited
regenerative responses; materials were applied and the endogenous responses of cells and
bodies took over. As cells interacted with the materials, the materials influenced the cells’
function and fate. More aggressive modulation techniques such as gene therapy or surgical
removal of diseased muscle were not employed. A recent study by Carosio et al. used
another passive approach to regenerate tissue (Carosio et al., 2013). The study simply
allowed for primary SCs to grow beyond the normal cell culture period. The researchers
observed that eventually, the dense network of myotubes would fold-in on themselves and
assemble into a large fibre-like structure. Transplantation of this structure into EDL muscles
that were severed allowed for animals to regain grip strength. Furthermore, this construct was
rapidly infiltrated by endogenous cells and vasculature, and also maintained characteristics
similar to that of native muscle. This study is incredibly simplistic in nature, but also

provides a novel approach to tissue engineering that is only just being accessed. Very little
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intervention occurred and the hypothesis that the SC-derived myotubes would arrange
themselves into functional muscle if left alone held true. Cells have innate abilities to recover
and regenerate, and it may be that we need to provide avenues for cells to do this, rather than

trying to force them to do so.

Clinically relevant studies

As discussed, there is a great need for both pre-clinical (i.e., large animal) and long-term
studies. At this point, the field of biomaterial research is overloaded with examples of what
biomaterials may do in small animals, but future large animal studies are absolutely essential
in order to determine whether or not biomaterial studies should proceed to clinical trials for
human benefit. Researchers will need to make a collective effort to select the most promising
material systems for the more costly pre-clinical studies. The underlying theme in
biomaterial research is that these studies are being performed in order to improve human
well-being. Therefore, it is highly recommended that the field proceed in this direction so

that afflicted patients will benefit from these therapies sooner rather than later.
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Table A- 1 — Summary of gene products analyzed and/or discussed in this thesis,

including other synonyms common in literature, form and location of each molecule,

and general function, as it relates to the work presented in this thesis.

Molecule

Molecule form

General molecule function, relative to this
thesis

Akt

Intracellular enzyme

Regulation of cell survival; anti-apoptotic

bFGF (FGF-2)

Secreted cytokine

Regeneration of many tissues; especially pro-

angiogenic/vasculogenic

C-kit

Cell surface receptor

Binds SCF; ubiquitous hallmark of many different

progenitor populations

Caspase-3

Intracellular protein

Once activated, plays central role in apoptosis

CD31 (PECAM-1)

Cell surface protein

Forms endothelial-endothelial intercellular junctions

CD34

Cell surface

glycoprotein

Mediates binding of bone marrow-derived stem cells to

bone marrow ECM

CD45 (leukocyte

common antigen)

Cell surface

glycoprotein

Direction of immune system & responses; exclusive to

leukocyte linage

Cell surface

General marker of bone marrow-derived stem cells;

CD133
glycoprotein function unknown
CD144 (VECAM) Cadherin Forms endothelial-endothelial adherens junctions
Permits cell homing towards the source of its exclusive
CXCR4 Cell surface receptor
ligand, SDF-1
Muscle cytoskeletal Maintains integrity of structure and mechanics during
Desmin
protein muscle cell contraction
Receives and transmits signals from physical, extrinsic
ERK1/2 Intracellular enzyme influences, such as ECM
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Flk-1 (VEGFR-2)

Cell surface receptor

Binds VEGF; found on progenitor cells with potential for

vascular lineage differentiation

Stimulates bone marrow to produce and release both stem

GCSF Secreted cytokine

cells and granulocytes
HGF Secreted cytokine Many aspects of tissue regeneration
IGF-1 Secreted cytokine Controls muscle growth and regeneration in adults

Similar role to IGF-I, but primarily in fetal or developing
IGF-1I Secreted cytokine

muscle

Binds IGF molecules to control their bioactivity and
IGFBP-2 Secreted cytokine

distribution

Binds IGF molecules to control their bioactivity and
IGFBP-5 Secreted cytokine

distribution

Binds IGF molecules to control their bioactivity and
IGFBP-6 Secreted cytokine

distribution
IL-1a Secreted cytokine Pro-inflammatory; broadly activates immune responses
IL-1B Secreted cytokine Pro-inflammatory; broadly activates immune responses
IL-4 Secreted cytokine Pro-inflammatory, also involved in myoblast fusion

Pro-inflammatory, also involved in myoblast migration
IL-6 Secreted cytokine

and proliferation

Anti-inflammatory; inhibits pro-inflammatory cytokine
IL-10 Secreted cytokine

secretion

Adhesion and homing of bone marrow and endothelial
L-Selectin Cell surface receptor

lineages

Cell-cell muscle precursor adhesion and terminal
M-cadherin Cadherin

differentiation

Intramitochondrial
MCK ATP provision in functional myocytes
enzyme
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MCP-1 Secreted cytokine Recruitment of mononuclear cells in disease or injury
Mef2c Transcription factor Myocyte maturation and regeneration
MHC3 Myocyte thick filament | Skeletal muscle contraction
MHC7 Myocyte thick filament | Skeletal muscle contraction
MIP-3a Secreted cytokine Pro-inflammatory; lymphocyte chemoattractant
Myf5 Transcription factor Muscle lineage specification and precursor differentiation
MyoD Transcription factor Represents commitment to myogenic differentiation
Myogenin Transcription factor Muscle cell maturation in both the embryo and adult
P-Selectin Cell surface receptor Mediates leukocyte recruitment to endothelium
Pax3 Transcription factor Expressed by proliferating satellite cells
Pax7 Transcription factor Expressed by quiescent satellite cells
Self-renewal and localization of bone marrow-derived
SCF Secreted cytokine
progenitor cells
Initiates mobilization and guides homing of CXCR4-
SDF-1a Secreted cytokine
exprssing cells
TIMP-1 Secreted cytokine Inhibits ECM/tissue remodeling peptidases
TIMP-2 Secreted cytokine Inhibits ECM/tissue remodeling peptidases
VCAM-1 Cell adhesion molecule | Mediates adhesion of inflammatory cells to endothelium
Regeneration of many tissues; especially pro-
VEGF Secreted cytokine

angiogenic/vasculogenic
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Appendix C — Response to examiner

In response to one examiner of this thesis, this section is meant to address specific

questions regarding Chapters 2 — 5.

Point #1: Sample size and analysis of studies in Chapter 2. In this chapter, all p values are
reported. In many figures, significant differences were reported with n=4. It is agreed that
this sample size is small; however, this sample size was also sufficient to demonstrate
statistically significant differences. The pattern of the results was also consistent: matrix
exposure improved viability and enrichment of CACs. Furthermore, cells were isolated from
one donor and used for each experiment. This allows the use of paired t-tests, which reduces
the effect of donor variability and improves power. It is expected that a greater sample size
would only increase the significance of the reported results.

Point #2: Co-localization in Figure 2-4. It is agreed that 3-dimensional, confocal microscopy
would be ideal to confirm true co-localization of DAPI" CACs within the capillary structures
formed by CMTMR" HUVECS.

Point #3: Western blot in Figure 2-5. It is agreed that a representative Western blot that is
less exposed would have been a better choice to include with this figure. These results have
since been reproduced in the lab and with better Western blots; there is still significantly
more phosphorylated ERK when compared to pan-ERK. This figure was also analyzed again
using a paired t-test, allowing us to describe the impact that matrix has on ERK

phosphorylation by comparing cells from the same individual donor on both substrates. The
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reported p values are derived from comparing the differences between fibronectin & matrix
treatments for each individual donor.

Point #4: Age of mdx mice. 1t is agreed that at one month, when mdx mice were treated, the
degree of impairment is minimal and that their performance on the treadmill should not be
significantly different than non-mdx, matched animals. Mice at one month of age were
chosen, as this age roughly corresponds to the age of DMD “onset” in humans. The onset of
myocyte necrosis in the mdx mouse begins at around 3 weeks and evidence of regeneration is
apparent shortly after (Grounds et al., 2008). The use of older mice (6 weeks — 6 months of
age) may have yielded different results, as these animals experience significant fibrosis,
accumulation of fatty connective tissue and atrophic loss of muscle mass. It would have been
interesting to perform the same studies using an older cohort of animals, but this study was
conceived with the hope of being able to circumvent some aspects of disease manifestation.
It is more likely that patients will be available from a young age, rather than presenting
themselves in the clinic at an older age after the disease has set-in. The effect of matrix
treatment on older subjects has yet to be evaluated.

Point #5: Use of cytokine arrays. Chapters 2, 3, 4 and 5 used cytokine arrays to assess the
relative levels of cytokines produced in response to matrix treatment. Sometimes cytokines
of potential interest were not included in this analysis because they could not be included in
the custom cytokine array. According to the manufacturer, some pairs of cytokine antibodies
cannot be included together on the arrays.

Point #6: Use of hindlimb ischemia model. Chapters 2, 3 and 4 use a model of hindlimb
ischemia to evaluate their respective therapies. In this model, the femoral artery is tied off.

For each study, a large thread was chosen so that after forming a knot, the artery is not
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completely occluded and approximately 40-50% of the baseline perfusion still remains.
Many other studies that use this model reduce perfusion by 90% or more. In comparison, the
injury caused in the studies in this thesis is far less severe; there is minimal apoptosis,
minimal cell death, less inflammatory cell infiltration and fibrosis, and the loss of digits, feet
or legs are not used as end-points. If a more severe model of ischemia was used, the effect of
the matrix may have been different: treatment may have improved, or perhaps treatment may
have been insufficient to overcome such severe contexts. Regardless, the rapid onset that the
animals experience does not mimic the gradual progression that humans experience with
PAD, and one must be cautious when comparing human diseases to their corresponding

animal models.

Additional Reference
Grounds M.D., Radley H.G., Lynch G.S., Nagaraju K., and De Luca A. (2008). Towards
developing standard operating procedures for pre-clinical testing in the mdx mouse model of

Duchenne muscular dystrophy. Neurobiology of Disease 31:1-19.
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