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ABSTRACT
The muscular dystrophies are marked by progressive muscle degeneration and
subsequent maladaptive repair. In the most common childhood form, Duchenne
muscular dystrophy (DMD), patients develop weakness of skeletal muscles
accompanied by cardiac and respiratory muscle dysfunction. Mouse models of
muscular dystrophy replicate the pathological aspects of the human disease.
Transforming growth factor beta (TGFf) has been shown to be elevated in both human
and animal models of MD, where it is associated with increased fibrosis and decreased
muscle strength function and regeneration. Herein, a pre-clinical assessment of isoform
specific anti-TGFp antibodies was conducted in the mdx/hL TBP4 model, which mirrors
the regulation of TGFf seen in human muscle. These antibodies elicited improved
signs of regeneration on histopathology with reduction in fibrosis. A similar pre-clinical
trial was also carried out using antibodies to latent transforming growth factor beta
binding protein-4 (LTBP4). This approach yielded similar signs of decreased
inflammation, increased regeneration and resistance to injury with anti-LTBP4
antibodies. In addition to testing novel approaches to ameliorate disease, | also helped
characterize a large cohort of Sgcg null mice that serve as a model for Limb Girdle
Muscular Dystrophy 2C. By analyzing echocardiographic data alongside
histopathological quantitation, | found correlations between cardiac and muscle
outcomes, providing new endpoints for preclinical analysis and identifying the

abdominal muscles as important for cardiopulmonary outcomes.
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Chapter 1

MUSCULAR DYSTROPHY AND TGFB

Introduction

Portions of this text and the figures derive from a Chapter entitled “Abnormal Muscle
Physiology” appearing in Cardioskeletal Myopathies in Children and Young Adults by
EM McNally, BB Gardner, S. Bogdanovich. (eds. Towbin, Jefferies, Blaxall, Robbins,
Elsevier)

Introduction

The genetically mediated cardiac and skeletal myopathies often share a similar
pathophysiology that adversely alters both normal cardiac and skeletal muscle function
through cell intrinsic pathways. In these genetic disorders, myocyte functional defects
arise from matrix, plasma membrane, sarcomeric, mitochondrial and nuclear
perturbation that render dysfunction in both cardiac myocytes and in skeletal myofibers.
Sarcomere structure is conserved between cardiomyocytes and skeletal myofibers,

although the proteins that constitute the sarcomere may often differ in isoform or family



member. Mutations in genes that are expressed in both heart and muscle cause both
cardiac and skeletal myopathy, although the pace at which disease manifests in heart or
muscle may occur at strikingly different times in the course of disease.

Structural and functional differences between cardiac myocytes and skeletal
myofibers may contribute to the distinct pathological manifestations in heart versus
skeletal muscle, but often the physiological rationale for this may be unclear. One
striking difference between heart and skeletal muscle is the capacity for regeneration.

In skeletal myofibers, there is robust regeneration after injury (Carlson and Faulkner,
1983; Charge and Rudnicki, 2004). Skeletal muscle regeneration is mediated by
satellite cells that, with injury, differentiate into committed myoblasts that first proliferate
and then differentiate to repair and regrow muscle (Relaix and Zammit, 2012; Zammit et
al., 2006). In contrast to skeletal muscle where the regenerative program has been
comparably well outlined, regeneration in the heart and the degree to which it can repair
ongoing injury from genetic defects remains controversial (Alexander and Bruneau,
2010; Jackson et al., 2001; Mercola et al., 2011). But what is known is that cardiac
regeneration occurs at a vastly lower rate than skeletal muscle (Costamagna et al.,
2014). In addition to the distinctly different regenerative potential of heart and skeletal
muscle, the fundamental cell shape and elements of calcium handling and excitation-
contraction coupling have differences adapted to the unique properties of both heart
and skeletal muscle. In this chapter, | will review the muscular dystrophies and
myopathies with specific focus on those that target both cardiac and skeletal muscle
outlining the interaction and physiological consequences of concomitant heart failure

and skeletal muscle weakness. The interrelationship between heart and muscle



dysfunction can exacerbate the disease course and represents an important area for

therapeutic improvement.

The Muscular Dystrophies

The muscular dystrophies are a group of inherited neuromuscular disorders that
may manifest in early childhood and progressively worsen throughout life. The most
common subset of muscular dystrophies is caused by mutations that disrupt proteins
localized to the sarcolemma. A genetic subset is typified by Duchenne Muscular
Dystrophy (DMD), which occurs in 1:5000 males. Without cardiac and respiratory
support, DMD patients will die of cardiopulmonary complications in the second or early
third decade of life. Animal models have served as an invaluable tool in gaining insight
into the pathophysiology of muscle loss and weakness in DMD, and studies in these
models led to identification of the molecular mechanisms underlying force decrement in
muscular dystrophy (Bogdanovich et al., 2002; Bogdanovich et al., 2008; Petrof et al.,
1993; Stedman et al., 1991). The physiological properties of dystrophic muscle were
discovered with methods to elucidate the ex vivo muscle mechanics, commonly using
the extensor digitorum longus (EDL). Related ex vivo mechanical studies have also
been adapted for examining the tibialis anterior and diaphragm mouse muscle.

Ex vivo muscle studies employ standardized electrical stimulation protocols of an
entire muscle or muscle group while suspended between force transducers to permit
measurement of force. There are multiple muscle parameters that can be measured on
explanted muscle in order to characterize the origins of force decrement in normal and

dystrophic muscle. Major measurements revolve around determining force generation



in twitch or tetanus. These measurements correlate with in vivo muscle function and can
be used as major indicators of myofiber health. Beyond standard measurements of
force production, methods have been devised to elicit more intense and damaging
conditions in the form of eccentric contraction and fatigue models in order to represent
physiological stressors that occur to muscle in vivo (McCully and Faulkner, 1986; Sacco
and Jones, 1992). These “fiber damaging” protocols have also been vital to provide a
better perspective on how and why a weakened sarcolemma leads to tissue damage
and necrosis (Lieber et al., 2002). The abnormal muscle physiology in dystrophic
muscle can be characterized by a constant decrease in force response to isometric
twitch, tetanus and eccentric contraction over time. Indeed, many animal studies use
such ex vivo physiologic testing in evaluating potential therapeutics.

Cardiac involvement in DMD is common and a leading cause of morbidity and
mortality. Nearly all patients with DMD will develop cardiac manifestations of their
disease, either cardiomyopathy or changes in cardiac rhythm and conduction
(arrhythmias) (Fayssoil et al., 2010; Finsterer and Stollberger, 2008). Cardiomyopathy
is seen histologically as myocardial fibrosis and early clinical signs of cardiomyopathy
correlate with sinus tachycardia (Finsterer and Stollberger, 2003; Thomas et al., 2012).
Progressive cardiac degeneration can be monitored using cardiac MRI and/or

echocardiography and typically progresses to dilated cardiomyopathy.

Duchenne Muscular Dystrophy (DMD)
DMD and the milder allelic variant Becker muscular dystrophy (BMD) are X-linked

recessive diseases caused by loss of function mutations in the DMD gene encoding



dystrophin (Hoffman et al., 1987). The DMD gene is located on chromosome Xp21 and
spans 2.5 MB (Coffey et al., 1992; Monaco et al., 1986), consisting of 79 exons (Brown,
1997; Khurana et al., 1990). Mutations in DMD produce diverse outcomes, and the
severity of disease is linked to the type of mutation and degree of residual dystrophin
protein produced (Bladen et al., 2015; Flanigan et al., 2009; Koenig et al., 1988).
Deletions and duplications spanning multiple exons account for nearly two-thirds of
DMD. Premature stop codons and single (or small) nucleotide changes account for the
remaining one-third of DMD cases. Premature truncation of dystrophin commonly
results in loss of dystrophin protein likely through nonsense-mediated decay reducing
MRNA levels and what little protein is produced is unstable. An intact carboxy-terminus
is needed to stabilize dystrophin through its protein-protein interactions that link to the
transmembrane dystrophin protein complex (Flanigan et al., 2011). In contrast, BMD
mutations leave some dystrophin protein present. BMD mutations reduce the amount of
dystrophin protein and/or arise from internal truncations that maintain the reading frame
and keep an intact carboxy-terminus (Bies et al., 1992; Monaco et al., 1988; Vulin et al.,
2014). Mutations that target a small highly conserved domain near the carboxy
terminus render a more severe phenotype indicating the importance of this domain
(Beggs et al., 1991; Koenig et al., 1989). In the case of premature truncations due to
stop codons or splice site variants, alternative splicing to the next available exon that
maintains a reading frame can produce a subset of myofibers that express dystrophin,
referred to as revertant fibers. The presence of these missplicing events was the
impetus for strategies that promote these events as a therapeutic effort, referred to as

exon skipping (Mitrpant et al., 2009).



Dystrophin is a major link between the extracellular matrix and intracellular
structural elements. In the absence of dystrophin, the sarcolemma cannot sustain its
integrity and ruptures easily with contraction. Sarcolemmal rupture, whether occurring
in a skeletal myofiber or a cardiomyocyte, is accompanied by an increase in cytosolic
Ca®, triggering a cascade of intracellular events including proteolysis and mitochondrial
dysfunction. The cell membrane is very susceptible to Ca** changes, as Ca?*-
dependent proteases become constitutively activated, leading to necrosis. These
proteolytic activities and necrosis are accompanied by a primarily mononuclear
inflammatory response and macrophage infiltrate that is thought to further weaken
muscle performance (Tidball and Villalta, 2010). The basic process of cellular
disruption and repetitive injury is also seen in dystrophin-deficient cardiomyocytes.
Adding additional stressors to the myocardium such as pressure overload via
transverse aortic constriction, or adrenergic stimulation via dobutamine infusion further
enhances myocyte breakdown, leading to cardiac dysfunction (Jung et al., 2008;
Kamogawa et al., 2001; Yasuda et al., 2005).

Morphologically, dystrophic muscles consist of myofibers that vary in size and
shape, foci of necrosis, and fibrofatty infiltration (Figure 1.1). Not all muscles are
equally damaged in DMD; this is also true for relevant animal models. In this thesis, |
will present data on the abdominal muscles as correlative of cardiopulmonary outcomes
a mouse model of Limb Girdle Muscular Dystrophy type 2, which arises from mutations
in the dystrophin-associated protein y-sarcoglycan.

Clinical symptoms in DMD begin in early childhood with delayed motor

milestones such as walking. Diagnosis is usually made by age five with proximal



muscle weakness seen as difficulty rising from the floor, running and climbing stairs
(Dubowitz, 1975; Jennekens et al., 1991). Muscle weakness is progressive and, in
DMD, the average age at which ambulation is lost is around 11 years. The mainstay of
treatment currently relies on glucocorticoid steroids use, either prednisone or
deflazacort. ith steroid treatment, ambulation is maintained on average approximately
two years longer (McAdam et al., 2012; Moxley et al., 2010). Dystrophin is normally
present in all skeletal muscles including the heart. Lack of dystrophin in DMD muscle
directly correlates to cardiac involvement and susceptibility of the cardiomyocyte
sarcolemma to stressful contractions, which leads to Ca®* overload and activation of a
deadly cascade. This results in protein degradation and finally cardiomyocyte death.

Cardiac dysfunction can be detected by approximately age ten



Figure 1.1 Histological findings from pediatric DMD muscle demonstrating the
characteristic fiber size variation, centrally placed nuclei and fibrofatty infiltration.
A. Normal muscle stained for dystrophin (brown). B. Mild dystrophic phenotype and
absent dystrophin (no brown staining). C. Hematoxylin and eosin (H&E) staining
showing moderate dystrophic phenotype with an increase in fibrous tissue deposition.
D. H&E staining showing a severe dystrophic phenotype with fibrous and fatty
replacement of muscle. Images courtesy of Dr. Peter Pytel, Dept. of Pathology,
University of Chicago.



using cardiac magnetic resonance imaging (MRI) (Hor et al., 2009). With cardiac MR,
abnormalities of ventricular strain and volume can be quantitated even before reduced
ventricular function is detected.

Cardiomyocyte loss in DMD results in a unique pattern of fibrotic area localized
first in the epicardium and later spreading through the myocardium; cardiac MRI is well
suited to identifying fibrosis in DMD-associated cardiomyopathy (Tandon et al., 2015a).
These fibrotic changes can be detected using gadolinium or other contrast agents that
produce delayed enhancement. MRI findings are thought to correlate with histological
findings such as inflammatory response and macrophage infiltration as well as the
formation of scar tissue. Over time, interstitial fibrosis may progress and correlate with
regional wall motion abnormalities, which can also be seen on echocardiography
(Ameen and Robson, 2010). With progressive fibrosis, dilated cardiomyopathy (DCM)
develops in DMD and BMD (Tandon et al., 2015b). In addition to changes in ventricular
morphology and function, EKG changes are present in DMD. By age ten, sinus
tachycardia is often evident, and notably this same finding is replicated in mouse
models (Bostick et al., 2008; Thomas et al., 2012).

Serum biomarkers of disease progression, including those that reflect skeletal
and/or cardiac muscle disease, are of considerable interest for their use in clinical trials
and to provide information regarding disease prognosis. The mainstay of serum testing
in DMD has been to monitor serum creatine kinase (CK), as this is highly elevated in
DMD and BMD, and is thought to reflect sarcolemmal disruption (Allen and Whitehead,
2011). In DMD, the CK-MB isozyme fraction of total serum CK may be elevated,

reflecting regenerating skeletal muscle. Cardiac biomarkers are variably elevated in



DMD and can include troponin subunits (Matsumura et al., 2007). Newer biomarkers
for DMD are emerging from research studies of both animal models and humans; these
include titin subfragments, myosin light chain and carbonic anhydrase among others

(Dahlqyvist et al., 2014; Hathout et al., 2014; Rouillon et al., 2014).

Limb-Girdle Muscular Dystrophy (LGMD)

The LGMD family of muscular dystrophies is a diverse group of muscle disorders
defined by the pattern of muscles afflicted, which include mainly the hips, shoulders and
proximal limb musculature. Distal muscles are affected less and later in the course of
disease. LGMD is caused by mutations in more than 15 autosomal genes. Some of the
genes mutated in LGMDs encode protein products that are components of the
sarcomere, the nuclear lamina, the sarcolemma or the cytoplasm.

Cardiomyopathies have been described in LGMDs type 2C, 2D, 2E, 2F, 2I, and
LGMD1B. The timing of cardiomyopathy onset and associated pathology in LGMD is
variable and can manifest in unique combinations in each individual patient, including
hypertrophic versus dilated myopathy, with or without arrhythmias. The
sarcoglycanopathies arise from loss of function mutations in the genes encoding the
sarcoglycan subunits including a-, -, y- and d-sarcoglycan. These subunits are each
single-pass transmembrane proteins and four together form the sarcoglycan complex in
both skeletal and cardiac striated muscle. The sarcoglycans are a subunit within the
dystrophin glycoprotein complex, where they contribute to binding dystroglycan and
reinforcing the transmembrane linkages between the cytoplasm and matrix. The

sarcoglycans associate with the extracellular matrix on their extracellular side, while

10



maintaining cytoskeletal anchoring on its cytoplasmic domain (Crosbie et al., 2000; Holt
and Campbell, 1998). For reasons that are still poorly understood, loss of function
mutations in the sarcoglycans result in an inability of myofibers to protect themselves
against contraction-induced damage, despite leaving dystrophin at its usual position at
the sarcolemma (Heydemann and McNally, 2007). It is important to note that, EKG
and/or echocardiographic abnormalities are common in the sarcoglycanopathies and
should be monitored, with a high percentage of patients developing cardiac dysfunction
at some point in life, especially for -, y- and d-sarcoglycan (Melacini et al., 1999;

Politano et al., 2001).

Animal Models
Animals have been used to model MD since the discovery of dystrophin in 1984.
Evolutionarily, dystrophin and its associated protein complex evolved early in the
phylogenetic lineage of striated muscle, and there does not seem to be sarcomeric
muscle without some form of dystrophin complex (DGC) in the animal kingdom.
Although the DGC varies greatly between species, almost all forms have a large
dystrophin-like protein linking its many components to cytoskeletal filamentous (F)-actin.
As a result, dystrophin null models have been generated and also characterized from
naturally occurring models in Drosophila, mice, zebrafish, dogs and hamsters among
others. Of these, murine models have arguably provided the most invaluable and
robust insights into the pathophysiology of muscular dystrophy.

The best characterized mouse model is the mdx mouse, a model of DMD

(Partridge, 2013). The mdx mouse has a naturally occurring nonsense mutation early
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on in the Dmd gene. Loss of dystrophin is not a mortal lesion in mice, and mdx mice
remain ambulatory with a modestly shortened lifespan. The murine histopathology has
many of the same features of human DMD but is less severe, especially when
comparing older animals with older DMD humans (Figure 1.2). One muscle that
displays histopathology close to what is seen in human DMD is the diaphragm. The
mdx diaphragm develops pathology seen as early as a few weeks post-birth. This is
also seen in other MD models (Figure 1.3) (Stedman et al., 1991). The early dystrophic
morphology of mdx diaphragm is thought to derive from a failure in muscle
regeneration. In Chapter 4, | will present data on the histopathology of the abdominal
muscles (Gardner et al., 2015). Serum CK levels in DMD patients and mdx mice are
elevated as an early biomarker of disease. In human DMD with progressive loss of
muscle mass and replacement by fibrosis, the serum CK decreases in end stage
disease. However, in the mdx mouse, where muscle mass is maintained along with
ambulatory capacity, serum CK levels remain elevated. Ex vivo muscle mechanics
performed on mdx muscle demonstrates that, in the absence of dystrophin, the muscle
is weaker with reduced force production per stimulation. In addition to being weaker,
dystrophin null muscle is highly susceptible to damage during lengthening contractions,
a property not seen in normal muscle (Bulfield et al., 1984; Moens et al., 1993).

Unlike humans with DMD who lose ambulation, mdx mice remain ambulatory.
However, ad libitum exercise in mdx mice is reduced compared to wildtype controls

(Carter et al., 1995). mdx mice can also be induced to exercise with forced treadmill

12



Haematoxylin & Eosin (H&E) Masson Trichrome Sirius Red

Tibialis Anterior

Figure 1.2 The mdx model of muscular dystrophy demonstrating a similar
pathology to human DMD. H&E staining highlights fiber size variation, centrally
placed nuclei and mononuclear cell infiltrate. Masson’s Trichrome and Sirius Red
staining demonstrate the increase in fibrosis that typifies muscular dystrophy and
documenting replacement of muscle by fibrosis in the tibialis anterior muscle.
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Segmental
fibrosis

Intact
muscle

Figure 1.3 Diaphragm muscle pathology in an animal model of muscular
dystrophy. The diaphragm muscle is shown from an 8 week Sgcg null mouse model
and represents the mild end of the phenotypic spectrum at this age. The animal was
injected with Evans blue dye, a vital tracer that marks sarcolemmal disruption. White
areas, which overlap with blue areas, represent segmental fibrotic replacement of the
diaphragm muscle. An area of intact muscle is indicated for comparison.

14



running being a common method used to monitor exercise tolerance; forced exercise
can be used to exacerbate mdx muscle pathology and their overall dystrophic
phenotype (De Luca et al., 2003; Fraysse et al., 2004). In addition to the mdx mouse
with a natural occurring exon 23 premature stop codon, there are four other artificially
created dystrophin null mouse models and the degree to which dystrophin positive
revertant fibers occur varies from model to model (Chapman et al., 1989; Cox et al.,
1993; Im et al., 1996; Rafael et al., 2000). Due to the relatively mild disease course
mdx mice experience compared to humans, a more severe double knock out (DKO)
model lacking both dystrophin and utrophin was generated. The dystrophin/utrophin
(mdx/utrn”") DKO mouse model has reduced lifespan and cardiopulmonary dysfunction
(Deconinck et al., 1997; Deconinck et al., 1998; Grady et al., 1997). Utrophin is similar
in structure to dystrophin and its overexpression seems to be a robust compensatory
mechanism in mice, one that humans have not retained (Amenta et al., 2011; Krag et
al., 2004). Recently, a new severe mouse model of mdx muscular dystrophy was
created by bacterial artificial chromosome mediated-transgenic expression of the large
extracellular scaffolding protein LTBP4, because this TGF-f scaffolding moiety modifies
muscular dystrophy in mice and humans (Ceco et al., 2014). Specifically, the LTBP4
transgene exacerbates the dystrophic phenotype via increasing local TGF-f3 activation.
Consequently, these mice have weaker muscles and display an increased inflammatory
infiltrate compared to the mdx mouse without the transgene. This model was used for
preclinical testing of biological reagents in Chapters 2 and 3.

Beyond rodent models, there are large animal species that have naturally-

occurring mutations in the dystrophin gene. Large animal DMD models include the

15



canine golden retriever and German shorthaired pointer (Cooper et al., 1988;
Schatzberg et al., 1999). The canine models have a closer resemblance to human
pathology than the rodent animal models, but the breeding costs and individual variation

between the groups forces judicious use of these models for experimentation.

Anatomy of Breathing in Muscular Dystrophy
The muscles of respiration are some of the earliest and most severely afflicted in the
muscular dystrophies, and for reasons that are still poorly understood, fail at different
rates. This differential rate of decline leads to an imbalance between expiratory and
inspiratory strength, often changing thoraco-abdominal anatomy and mechanics
(D'Angelo et al., 2011; Sawnani et al., 2015). Understanding how this imbalance
changes the mechanics of breathing is a relatively new area of study, and is one of
importance for developing new therapies to support the individual anatomy of each
patient. In healthy/normal subjects, the rib cage expands but does not significantly
distort in shape during respiration due to equal and opposite expanding pressures
applied between the diaphragm, abdominal muscles and intercostal muscles that
stabilize this compartment. This interrelationship is perturbed in muscular dystrophy,
and the rib cage distorts unevenly due to an imbalance in muscle strength and/or
scoliosis. As a result, patients may develop unique compensatory mechanisms to
adjust for their challenges.

Although some generalizations can be made about respiratory failure in muscular

dystrophy, it is important to note that, ultimately, no two patients are the same and a
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DMD timeline:

Cardiac MRI changes

A\ Heart rate WHeart function WWheart fxn, arrhythmias
A A heart size

yrs 0 5 10 15 20 25 30 35

diaphragm
abdominal
scoliosis

Figure 1.4 DMD timeline. The earliest cardiac finding in DMD is often sinus
tachycardia which can be detected often before age 10. With the sensitivity of cardiac
MRI, strain and delayed enhancement can be detected usually between ages 10 and
15. Around this same time, there is weakening of the diaphragm muscle, accompanied
by weakness of the accessory muscles of respiration including the abdominal muscles.
Scoliosis may also occur during this time. With progression, the heart becomes
enlarged, taking on the course of DCM.
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wide range of phenotypes can be seen between and within diagnostic subtypes of
muscular dystrophy. For instance, some individuals with LGMD show primary
weakness in expiratory muscles compared to inspiratory muscles with little diaphragm
involvement, while others show the opposite trend (Romei et al., 2012). Additionally,
some patients will develop kyphoscoliosis while others will develop little to no
deformation of spine, leading to different compensatory mechanics between these

groups as well (Figure 1.4).

Transforming growth factor beta (TGF) in the muscular dystrophies

The transforming growth factor beta (TGF) super-family of proteins are a highly
conserved set of cytokines broadly expressed throughout development and adult life
where they serve functions in orchestrating differentiation and also recovery from injury,
respectively (Goumans et al., 2009; ten Dijke and Arthur, 2007; Zavadil and Béttinger,
2005). TGFp family members are processed intracellular to form a dimerized ligand and
this dimerization requires the prodomain, also known as the latency associated peptide
(LAP), which is non-covalently linked to the C-terminal active domain (Schmierer and
Hill, 2007) (Figure 1.5). This aggregate of the prodomain with active domain is referred
to as the small latent complex, and is one means by which TGFp is regulated in an
inactive form. The LAP domain sterically inhibits the binding of TGFp ligand to its
receptor until chemical, physical or enzymatic events unseat the ligand from its LAP
position (Fontana et al., 2005; Koli et al., 2001; Saharinen et al., 1999). In this way,
TGFp and its LAP are thought to serve as a signal of ECM degradation and weakness

when localized to ECM as a latent element.
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Figure 1.5. Schematic of TGFp processing. TGFp is produced as a single peptide
that is cleaved by furins and then dimerized covalently by disulfide bonds. The final
small latent complex consists of the latency associated peptide or prodomain non-
covalently linked to the carboxy-terminal active domain (orange).
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There are ~50 TGFp family members but TGFp 1, 2, and 3 constitute the key
proteins that contribute to the TGFp performing roles while other protein members of
this family are in the Growth and Differentiation Factors (GDFs), Bone Morophogenetic
Proteins (BMPs) and Activins (Schmierer and Hill, 2007). TGFp overexpression has
been implicated in promoting many disease processes including epithelial-
mesenchymal transition in certain cancers, fibrotic scarring and reduced muscle
regeneration and wasting (Border and Noble, 1994; Burks and Cohn, 2011; Feng and
Derynck, 2005; Kalluri and Neilson, 2003). Most muscular dystrophies are
characterized by increased tissue fibrosis, especially DMD where it has been best
studied. Indeed TGFp and its receptors are upregulated in the mdx mouse and in
human DMD muscle (Bernasconi et al., 1995; Chen et al., 2005; lannaccone et al.,
1995). These and other studies have focused extensively on the upregulation of TGF§-
1 without as much attention to TGF-2 and TGFp-3 (Dadgar et al., 2014; Nelson et al.,
2011a).

Inhibition of TGFf forms was examined using antibodies that neutralize TGFf
and prevent interaction with its ligands (Dasch et al., 1989). Specifically, the 1D11
antibody, a monoclonal antibody that recognizes TGF-$1 and TGFf-2, was shown to
improve respiratory function, grip strength and reduce fibrosis in a 9 month study in the
mdx mouse (Nelson et al., 2011a). In another study, losartan, an angiotensin receptor
blocker thought to be a downstream consequence of TGFf activation was also shown
to reduce fibrosis and markers of fibrosis (Cohn et al., 2007a). This study also
examined the effect of losartan or TGF neutralization on acute recovery from injury

including effects on regeneration, finding that both promoted regenerative potential
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(Cohn et al., 2007a). Interestingly, in the study led by Nelson, 1D11 showed little
improvement in reducing inflammation or other long-term histologic markers of disease
noting that markers of disease were not so dramatically elevated in the mdx mouse

model of DMD.

Latent transforming growth factor beta (LTBP) in muscular dystrophy
The small latent complex, consisting of dimerized TGFf3 active domain coupled to its
latency associated peptide, is secreted to the ECM covalently linked to latent TGFf
binding proteins, known as LTBPs. The link between the small latent complex and an
LTBP is covalent through two disulfide bridges. LTBPs are members of the fibrillin
superfamily and incorporate into the ECM like fibrillin (Robertson et al., 2015). Both
fibrillins and LTBPs contain more than 15 epidermal like growth factor (EGF) domains,
and fibrillins contain more than LTBPs since they are larger in size. In addition, these
proteins contain “8-cys” repeats, some of which are specialized to bind directly to TGFp
(Yuan et al., 1997). The TGFf binding domain relies on the presence of conserved
cysteine residues, which form four disulfide bonds; disrupting these cysteine residues
disrupts TGFp binding. Therefore, the LTBP family has both structural and regulatory
roles in homeostasis that may be interdependent.

A genome-wide search for modifiers of muscular dystrophy in mice identified
Ltbp4 (Heydemann et al., 2009). This approach relied on using an intercross of the
Sgcg null mouse that lacks the dystrophin associated protein y-sarcoglycan and shares
similar histopathological defects as the mdx mouse model. The Ltbp4 locus was found

to strongly influence sarcolemmal leakiness, a reflection of membrane stability, as well
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as fibrosis. An insertion/deletion polymorphism was found in Ltbp4 that changes the
proline-rich “hinge” region of LTBP4 protein resulting in either deletion of 12 amino acids
or insertion of 12 amino acids. Mice with the deleterious “deleted” Ltbp4 allele have
elevated SMAD signaling, while strains with the protective “insertion” Ltbp4 allele have
reduced SMAD signaling. This hinge region can be proteolyzed and undergo a
conformation change that is coupled to TGFp release (Saharinen et al., 1999).
Stabilizing the hinge region using an antibody or small molecular therapy may prove to
be an effective way to reduce TGFp activation. Mice with a hypomorphic Ltbp4 allele
develop cardiomyopathy and pulmonary defects and do not survive into adulthood,
limiting studying this gene in mature tissues (Sterner-Kock et al., 2002).

In humans, there are two common alleles of the L TBP4 gene found at high
frequency in the population (Figure 1.6). These two alleles differ from each other at
four amino acid positions spread along the length of the LTBP4 protein. The LTBP4
“risk” allele is associated with increased SMAD signaling while the LTBP4 “protective”
allele is associated with reduced SMAD signaling. In DMD, boys with the protective
LTBP4 allele lose ambulation at age 12.5 £ 3.3 years of age while those with the
deleterious risk allele lose ambulation at 10.7 £ 2.1 years of age (Flanigan et al., 2013).
Two other groups replicated this same finding demonstrating that the LTBP4 allele is
protective (Bello et al., 2015; van den Bergen et al., 2015). None of the four amino acid
substitutions fall within the hinge region of LTBP4 but one does fall near the the “8-cys”
region implicated in TGFp binding. Because LTBP4 binds all three isoforms of TGFf3,
therapeutic approaches directed at LTBP4 are expected would likely reduce cellular

availability of all three isoforms and act as a pan-TGFf3 suppressor.
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Figure 1.6. Latent TGFB protein 4 (LTBP4) domains. The largest form of LTBP4
includes multiple epidermal growth factor (EGF) domains, interspersed with 8-cysteine
containing repeat regions. There is a proline rich hinge region (dark blue) that
separates the amino-terminus that binds to the extracellular matrix. The 8-cys domain
marked with an asterisk binds TGFB. The arrows indicate the position of non-
synonymous single nucleotide polymorphisms in human LTBP4 that correlate with
muscular dystrophy outcomes.
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OVERVIEW OF THESIS

The chapters in this thesis focus on two areas: 1) Exploring the efficacy of anti-TGFf
antibody and anti-LTBP4 antibodies in a pre-clinical short-term trial conducted in a
mouse model of DMD, and 2) Characterizing the inter-relationships among muscle
groups in mice with muscular dystrophy.

Chapter 2 describes studies conducting a 30-day preclincial examination of two
humanized monoclonal antibodies against TGFp-2 or TGFf-3 in the mdx mouse, a
model of Duchenne muscular dystrophy (DMD). To determine outcomes, mice were
tested for grip-strength, cardiac function and respiratory function at three separate time-
points prior to sacrifice at which time muscles were excised and processed for
measures of fibrosis, membrane-leak, and inflammation. Both antibodies had some
effect on reducing inflammation, membrane leak and fibrosis although not always in the
same muscle groups. These studies are considered preclinical in nature since these
antibodies could be transitioned into the clinical setting as a biological therapy for DMD.
These studies were undertaken based on the rationale that while TGF-1 increases in
dystrophic muscle, TGF-2 and TGFp-3 comprise the majority of the TGFf within a
muscle.

Chapter 3 is a summary of a preclinical study conducted similarly to chapter 2
using polyclonal antibodies generated against LTBP4 protein. These two antibodies
were designated 28199 and 28200 and generated against the “hinge-like” proline-rich
region of LTBP4 that is highly conserved and integral to the binding and latent nature of
TGFp family members. The rationale for pursuing LTBP4 as the target was based on

the concept that LTBP4 binds all three TGFf isoforms and as such this may provide a
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means to target all the TGF@ in muscle without completely ablating TGF@ availability.
This strategy may provide greater tissue specificity and therefore have a more favorable
side effect profile when used long term.

In Chapter 4, | will summarize findings from a study of over 200 twelve-week old
Sgcg mice. Sgcg mice lack the dystrophin-associated protein y-sarcoglycan. Sgcg
mice have a phenotype very similar to mdx mice. However, these mice have a more
severe cardiac phenotype that allows better integration of cardiac and pulmonary
findings (Roberts et al., 2015). This cohort of mice was used for mapping genetic
modifiers of mice (Swaggart et al., 2014; Swaggart et al., 2011) and provided a unique
cohort that allowed us to make comparisons among muscle groups. Importantly, these
data allowed us to make correlations between muscle groups. These data were the first
to suggest that the abdominal “core” muscles may contribute to cardiopulmonary health
in mouse models of muscular dystrophy, and suggest that the abdominal muscle group
may be similarly important in human muscular dystrophy.

In Chapter 5, | provide a contextual analysis of these data and how these
findings can be interpreted based on our current knowledge and trends of literature in
both murine and human muscular dystrophy fields. TGFp has been implicated in many
disease processes, including muscular dystrophy and may provide an approach to
therapy especially in reducing inflammatory infiltrate and fibrosis. Mechanical support of
the abdominal muscles, especially in response to respiratory decline, may be beneficial
in muscular dystrophy and is worth exploration. Together these findings provide

approaches and outcomes for treating and monitoring muscular dystrophy progression.
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Chapter 2

Evaluation of targeted TGFf isoform inhibition in a mouse model of
muscular dystrophy

ABSTRACT

TGFp is a key cytokine that regulates growth and development as well as response to
injury. Muscular dystrophy is a chronic degenerative disease of muscle characterized
by elevated TGFp. Previous studies examined the role of neutralizing TGFp using a
well-characterized antibody that reacts with multiple TGFp isoforms, albeit with varying
sensitivity among the isoforms. To assess the degree to which TGFf-2 and TGFp-3
contribute to muscular dystrophy progression, we assessed individually TGF-2 and
TGFp-3 antibodies for their ability to modulate features of muscular dystrophy. We
conducted a short term four week study of TGF antibody injections and assessed
histological and functional readouts of muscle disease and function. We found that anti-
TGFp-3 neutralizing antibody improved several readouts of muscle membrane stability
and function, while TGFf-2 neutralizing antibody may improve muscle regenerative
capacity. Both antibodies reduced macrophage infiltration in muscle. Together these
data identify that TGFp specific antibodies target unique aspects of the muscular

dystrophy disease process.
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INTRODUCTION

TGFp in Muscular Dystrophy.

TGFp is a dimerized cytokine essential to normal mammalian growth and development
where it regulates septation events in the developing lungs, heart and peripheral
vasculature (Gaengel et al., 2009; Guo and Wang, 2009). In addition to its role in
development, TGFf and its family members have critical roles in response to tissue and
organ injury, most notably in the mediation of fibrotic response (Border and Noble,
1994; Kalluri and Neilson, 2003; Leask and Abraham, 2004; Penn et al., 2012).
Duchenne Muscular Dystrophy (DMD) is the most common cause of X-linked recessive
disease in humans and is characterized with excessive fibrosis in muscle in humans
and its primary animal model, the mdx mouse. Along with this increase in fibrosis is a
concomitant increase in TGFp and its receptors (Bernasconi et al., 1995; lannaccone et
al., 1995). Unbiased gene expression profiling of DMD muscle at early and later stages
of disease identified the TGF pathway as markedly elevated in the later symptomatic

stages of disease (Chen et al., 2005).

Targeting intracellular TGFp signaling pathway reduces dystrophic phenotype
and restores function in the mdx model of DMD.

TGFp is represented by a set of three family members, TGFg-1, TGFp-2 and TGF-33.
These proteins activate transcriptional events via tyrosine-kinase receptor mediated
activation of the intracellular canonical SMAD pathway, and inhibition of this pathway at
varying levels has been the focus of pre-clinical studies in the mdx mouse model of

DMD (Burks and Cohn, 2011; De Luca, 2012; MacDonald and Cohn, 2012). FDA
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approved angiotensin |l receptor antagonists such as losartan reduce SMAD signaling
indirectly by reducing TGFp transcriptional levels. Losartan was found to reduce
features of cardiomyopathy and improve respiratory function in independent pre-clinical
trials of the mdx mouse model of DMD (Cohn et al., 2007a; Nelson et al., 2011a). In
humans with DMD, losartan or the angiotensin converting enzyme inhibitor lisinopril
have been equally successful in treating cardiomyopathy but with limited effect on
reducing skeletal muscle dysfunction (Allen et al., 2013). In other studies, this same
limited effect on skeletal muscle targeting of TGFf by losartan was seen (Bish et al.,
2011). Together, these data suggest that more potent blockers of TGF may be

needed to see a skeletal muscle effect in DMD.

Blockade of TGFf improves regeneration and respiratory function in the mdx
mouse

The 1D11 antibody is a monoclonal antibody that recognizes TGFp1 and TGFp2 (Dasch
et al., 1989). 1D11 also recognizes TGFf3, and when compared, 1D11’s affinity for
TGFB-2 was much less than for TGFp-3 (Zwaagstra et al., 2012). Thus while many
investigators consider 1D11 a “pan-TGFp” antibody, it does not react to TGFf isoforms
equally and only poorly recognizes TGFp-2 (Zwaagstra et al., 2012). The 1D11
antibody was shown to improve the mdx muscle’s response to acute cardiotoxin injury
(Cohn et al., 2007a). In a 9 month study, the 1D11 antibody was shown to improve
respiratory function, grip strength and features of fibrosis (Nelson et al., 2011a).

However, despite this improvement many features of muscular dystrophy were still
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present in the 1D11-treated mdx mice, suggesting that additional or potent therapies

would be needed.

Isoform specific antibodies for TGFB-2 or TGFf-3 may be useful for treating
muscular dystrophy.

Although TGFp1 is induced in muscular dystrophy (Nelson et al., 2011a), we identified
that TGFB3 is also induced at the mRNA level. When compared, TGFf2 and TGFf33
mMRNA contributed significantly to the TGFf pool in muscle. Therefore, we
hypothesized that TGF@ isoform-specific neutralizing antibodies may be beneficial in
muscular dystrophy. Through a collaborative effort with Novartis Institutes of
Biomedical Research, humanized TGFpB2 and TGFp3 specific antibodies were made
available for testing in a mouse model of muscular dystrophy. Antibodies were
administered via intraperitoneal injection over a 30-day trial period with intermittent in
vivo phenotyping over time. Interestingly, anti-TGFB2 and anti-TGFf3 antibody therapy
both reduced some histologic aspects of dystrophy, while only the group that received

anti-TGFpB3 demonstrated improved muscle strength and performance.
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MATERIALS AND METHODS

Animal use and care

mdx/hLTBP4 BAC mice were generated as described previously (Ceco et al., 2014)
hLTBP4 BAC mice were engineered to carry two copies of the human LTBP4 locus,
including its regulatory regions, on a bacterial artificial chromosome (BAC). hLTBP4
BAC transgene positive mice were then crossed to mdx mice (Jackson Laboratories) to
generate mdx/hLTBP4 BAC mice. Only male mice were used for the study. Animals
were housed in a pathogen-free barrier facility at Northwestern University. Care and
handling was always conducted with personal protective equipment in a manner
consistent with standards approved by Northwestern’s Institutional Animal Care and

Use Committee (IACUC).

Intraperitoneal injection and antibody preparation

Humanized murine monoclonal antibodies specific to TGFf-2 or to TGF3-3 were
generated by Novartis and provided at a stock concentration of 7.55 mg/ml and 5.45
mg/ml respectively and stored at -80°C (Novartis, Basel, Switzerland). Mice were
injected once a week via intraperitoneal injection for a total of four doses prior to
sacrifice. On injection days, stock solutions stored at -20°C were diluted into sterile
Eppendorf tubes containing sterile phosphate buffered saline (PBS) (Invitrogen, 14-829-
1A) at a concentration of 5mg/kg the morning of each injection date. The total volume
injected did not exceed 190ul per individual injection. Individualized aliquots were
prepared by a non-blinded technician in a sterile laboratory hood and kept covered on

ice for injection by a different, blinded technician. Sterile BD Micro-Fine IV Insulin
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Syringes (Fisher Scientific, 14-829-1A) were used to inject the intraperitoneal cavity of

unanesthetized animals.

Body weight and muscle analysis
Mice were weighed weekly over the course of thirty days with body mass recorded on
Days 0, 7,14, 21, and 28. Upon sacrifice tibia lengths were measured using digital
calipers. Raw body mass was normalized to the average tibia length and expressed as
fold change from Day 0. Muscle were removed and immediately weighed. Muscle
mass was normalized to tibia length. The left and right tibialis anterior, quadriceps,
gluteus/hamstring, gastrocnemius/soleus, kidneys and abdominal muscles were excised
and weighed prior to Evans blue dye (EBD) uptake analyses. The left and right
extensor digitorum longus (EDL) muscles were excised for in vitro electrophysiologic
study. Both tibialis anterior muscles and the left and right heart ventricles were
collected for histologic analyses. The diaphragm, abdominal muscles and quadriceps
were hemisected, and one portion was used for hydroxyproline (HOP) quantification
while the other portion was used for histologic analyses. The quadriceps muscle was
large enough to be used for histology, EBD and HOP analysis. The midportion of the
quadriceps muscle was used for histological analysis while the remaining portion was
minced and used for EBD and HOP quantitation.

Excised muscles were immediately frozen in liquid nitrogen, placed in pre-cooled
Nalgene cryovials and stored at -80°C or placed in 10% formaldehyde for processing.
Seven pm sections from the center of the quadriceps muscle and triceps muscle were

stained with hematoxylin and eosin (H&E). The percentage of myofibers with internal
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nuclei was calculated from the number of myofibers containing internal nuclei / total
number of myofibers counted per field, standardized as a percentage (approximately n
> 150 fibers per animal from at least n = 3 animals per condition). Mean fiber size and
fiber variation was calculated using the cross-sectional area of individual myofibers (n 2
150 fibers per animal, from at least n = 3 animals per condition). Imaging was
performed using a Zeiss Axio Imager.M2 microscope using a 10X or 20X objective.

Statistics analysis used Prism (Graphpad, La Jolla, CA) using a one-way ANOVA.

Immunofluorescence microscopy

Seven um sections from the triceps muscle were fixed in 4% cold paraformaldehyde
(PFA) for 10 minutes, rinsed in PBS (Gibco, 14190-144) and blocked in PBS with 0.1%
Triton and 10% fetal bovine serum (FBS) for 1 hour at room temperature. The sections
were incubated with either anti-pSmad2/3 antibodies (pSMAD2/3, Abcam, ab51451) or
anti- F4/80 conjugated to Alexa-488 (ab6640, Abcam, Cambridge, MA) at a dilution of
1:100 overnight at 4°C. Donkey anti-rabbit 488 (1:2500, Thermo Fisher Scientific, A-
21206) and WGA-594 (W11262, 1:100, Thermo Fisher Scientific) were incubated for 1
hour at room temperature. One PhosStop™ Phosphatase inhibitor tablet (Sigma-
Aldrich, 04906837001) was added to 10ml of PBS and used for all incubations with the
anti-pSMAD antibody. Nuclei were visualized with Vectashield with DAPI (Vector
Laboratories). Imaging was performed using a Zeiss Axio Imager.M2 microscope using
a 20 X objective. F4/80 positive cells were quantified from at least 3 fields per mouse
and 3 animals per genotype (Ceco et al., 2014). Statistical analysis was performed with

Prism (Graphpad, La Jolla, CA) using a one-way ANOVA.
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Fibrosis quantification and analysis
Picrosirius red staining was performed on the center core taken from the midsection of
the quadriceps muscles fixed in 10% formalin. Representative images (n = 5 animals
per condition) of stained whole muscle sections were taken at 10x magnification on a
Zeiss Axio Imager.M2. The images were adjusted for brightness and contrast and
converted to black and white images. Whole muscles were outlined (with exclusion of
external fascia) using ImagedJ software (NIH). Contours of picrosirius red positive
staining inside previously outlined muscle were optimized by threshold and converted to
binary images. Area fraction (% area) of picrosirius red stained muscle was calculated
compared to whole muscle area. Statistical analysis was performed with Prism
(Graphpad, La Jolla, CA) using a one-way ANOVA.

Hydroxyproline (HOP) content was measured (Ceco et al., 2014; Flesch et al.,
1997; Swaggart et al., 2011) on the diaphragm and abdominal muscles. The
quadriceps muscles, minus the core taken for H&E staining, was minced and divided,;
half was used for HOP determination. Muscles were excised, minced, weighed, and
flash frozen in liquid nitrogen. Tissue was stored at -80°C until the HOP assay was
performed. The assay was performed on frozen muscle that was kept on ice until
added to sterile glass culture tubes (Corning, 9826-13). Muscle was hydrolyzed
overnight in 2 ml of 6 M hydrochloric acid at 115°C. Once hydrolyzed, 10 pl of
hydrosylate was mixed with 150 ul isopropanol, then 75 ul of 1.4% chloramine-T
(Sigma-Aldrich) in citrate buffer and incubated at room temperature for 10 minutes.
After 10 minutes, one milliliter of Ehrlich’s reagent [3 g of 4-(dimethylamino)

benzaldehyde (Sigma-Aldrich), 10 ml ethanol, 675 pl sulfuric acid] was added, vortexed,
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and incubated for 30 minutes in a water bath at 55°C. Hydroxyproline content was
quantified via absorbance at 558 nm using the Synergy HTX multi-mode 96-well plate
reader (BioTek®, Winooski, VT) plate reader. A standard curve (0—4,000 nM, trans-4-
hydroxy-I-proline; Sigma-Aldrich) was included in each assay results are reported as nM
HOP/mg tissue. Statistical analysis was performed with Prism (Graphpad, La Jolla, CA)

using a one-way ANOVA.

Evans blue dye analysis

Evans blue dye (EBD) uptake into muscle was quantified as described previously (Ceco
et al., 2014; Heydemann et al., 2005; Swaggart et al., 2014). Approximately forty hours
prior to sacrifice, animals were injected intraperitoneally with 5 ul/g body mass EBD
(Sigma, E-2129) dissolved in phosphate-buffered saline at 10 mg/ml. The entire
gastrocnemius/soleus and gluteus/hamstrings muscles, the remaining portion of
quadriceps muscle, and both kidneys were harvested for the dye uptake assay.
Muscles were removed, minced, weighed and incubated in 1 ml of formamide for 2 h at
55°C with shaking. Spectrophotometric absorbance was measured at 620 nm using the
Synergy|HTX Multi-mode plate reader (BioTek, Winooski, VT). Results were reported
as the absorbance per milligram of tissue.

For section-based analysis of dye uptake, the triceps muscle were sectioned and
fixed with ice-cold acetone. Sections were stained with WGA-488 (W11261, Thermo-
Fisher Scientific) and mounted in Vectashield with DAPI. Representative images of
stained muscle sections were taken at 5x magnification on a Zeiss Axio Imager.M2.

The percentage of EBD-positive muscle was calculated in Image J from the area of
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EBD-positive muscle divided by the total muscle area. Statistical analysis was

performed with Prism (Graphpad, La Jolla, CA) using a t-test.

Serum Creatine Kinase Measurement

Serum creatine kinase was quantified as described previously (Demonbreun et al.,
2015). Approximately 20 ul of blood collected was collected from individual mice
through serial retro-orbital bleeds on the day prior to the first antibody injection, day 20
and day 30. Heparinized capillary tubes (Fisher, Pittsburgh, PA) were used to collect
blood into separator tubes (Becton Dickinson, Franklin Lakes, NJ) followed by a 5-
minute incubation and then centrifuged for 10 minutes at 8000 X g. The separated
plasma fractions were immediately placed on ice, stored at -80C, and then assayed
later using the Enzy-Chrom CK Assay kit (ECPK-100; BioAssay Systems, Hayward,
CA). Serum creatine kinase activity was measured in the Synergy|HTX Multi-mode
plate reader (BioTek, Winooski, VT). Statistical analysis was performed with Prism
(Graphpad, La Jolla, CA) using a one-way ANOVA. Mice that were injected with

cardiotoxin were excluded from the day 30 analysis.

Grip strength Measurement

Grip strength was conducted in a pathogen-free procedure room using a grip strength
meter (Columbus Instruments, 1027SM) consisting of a metal horizontal bar attached to
a force meter according to standardized operating procedures described by the Treat-
NMD working group (DMD_M.2.2.001) (http://www.treat-

nmd.eu/downloads/file/sops/dmd/MDX/DMD_M.2.2.001.pdf). Mice were tested every
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seven days, beginning at day zero, for a total of five time-points for each subject. Each
time-point consisted of four trials consisting of three forelimb challenges, with at least
one minute of rest between trials. During one challenge, the animal grips the bar with
forelimbs downward facing while the operator uses the animal’s tail to pull it in a plane
horizontal to the bar. The force was recorded at the time just before the animal’s grip
released. Mean, maximum, minimum values, and statistical analysis was performed

with Prism (Graphpad, La Jolla, CA) using a t-test at each time point.

In Vitro electrophysiology and mechanics

Contractile and physiological parameters (n= 6 mice per group) were performed in the
EDL muscle. The Aurora Scientific 1200A intact (in vitro) muscle test system was used
(Aurora Scientific, Inc, Aurora, Ontario, Canada). The system consisted of vertically
placed muscle bath filled with oxygenated (gas mixture: 5%CO0,, 95%0;) Ringer solution
(120mM NacCl, 4.7mM KCI, 1.2mM MgSOy4; 1.2mM KH2POy4; 1.75mM CacCly; 0.05mM
EDTA; 25mM NaHCos; 15mM glucose), maintained at 24°C by circulating water.
Briefly, EDL muscle was dissected and weighted, tendon tied using 5-0 sutures and
transferred to the previously described muscle bath, where it was attached to Aurora
Scientific dual force transducer, between two platinum electrodes placed longitudinally
alongside the muscle. The muscle was stimulated using Aurora Scientific high power
follow stimulator (Aurora Scientific, Inc, Aurora, Ontario, Canada). The protocol
consisted of 3 twitches, 3 tetanii, and 5 lengthening (eccentric: ECC) contractions, each
separated by 2 minutes (Bogdanovich et al., 2002; Bogdanovich et al., 2008). EDL

length was adjusted to produce optimal twitch and tetanus at 500ms duration, and this
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length was measured (Lo). For ECCs muscle was stimulated with 5 tetanic stimuli;
duration of 700ms (500ms isometric phase and 200 ms eccentric phase), and it was
lengthened by 10% L, at velocity of 0.5 Lo/s during the contraction. The percentage of
force decrement between first and fifth ECCs was obtained from isometric phase of
ECC. Parameters analyzed from isometric contractions were: isometric max twitch
force, time to max twitch force, % relaxation time, and isometric max tetanic force. Data
acquisition Dynamic Muscle Control (DMC) software v.5.294 from Aurora Scientific, Inc.
was used to obtain and analyze force recordings of twitch, tetanic and ECC parameters.
EDL’s cross sectional area (CSA) was calculated by dividing muscle mass by the
muscle density coefficient (1.06g*cm?), muscle Lo and the EDL length coefficient of
0.45. This CSA was used to calculate specific force of twitch and tetanii. Right EDL
muscle was flash-frozen in liquid nitrogen and left EDL fixed in paraformaldehyde,

frozen in liquid nitrogene and both were stored at -80°C.

Cardiotoxin injection

Ten days prior to sacrifice, on day 20 of the protocol, the right tibialis anterior (TA)
muscle was injected with ten microliters of 10 uM cardiotoxin (Sigma, C9759) in sterile
PBS (Gibco, 14190-144) using a insulin syringe (Fisher Scientific, 14-829-1A), while the
left tibialis anterior muscle was mock injected with PBS alone (n=6 of each condition).
Specifically, the needle of an insulin syringe was inserted near the distal tendon of the
TA and directed down the midline of the muscle proximally towards the knee. The
cardiotoxin solution was slowly released as the needle was retracted. Both TA muscles

were excised, flash frozen in liquid nitrogen then stored at -80°C. Muscle was sectioned
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and stained with hematoxylin and eosin for analysis. Images were acquired on the

Zeiss Axio Imager.M2using a 10x objective.

Echocardiography

Echocardiographic studies were conducted in a sterile animal facility procedure room
according to standard protocols (Spurney et al., 2008), and as described previously
(Gardner et al., 2015). Animals were imaged at day 0, day 14 and day 28 of the
protocol. Animals were anesthetized using isoflurane, 2% in O, and then placed on a
heated platform for imaging. Time on isoflurane was recorded for each animal, and all
studies were completed in less than 15 minutes. During imaging, isoflurane was titrated
to avoid heart rates below 350bpm and averaged ~450bpm. Mice with heart rates
below 350bpm were excluded from analysis. Imaging utilized a Vevo 2100
(Visualsonics, Toronto, Ontario, Canada) ultrasound machine with 40Mhz probe to
acquire all measurements and images. Left- ventricular fractional shortening was
acquired by collecting M-mode images in both the parasternal long-axis and parasternal
short-axis views while global longitudinal strain (GLS) was derived from the parasternal

long-axis view only. Imaging was conducted on n=12 animals per condition.

Whole Body Plethysmography

Unanesthetized whole-body plethysmography was used to measure respiratory function
using a Data Sciences International, Buxco® Finepointe® 4-site WBP. Individual mice
were placed in a calibrated cylindrical chamber. Each mouse was allowed to acclimate

to the plethysmography chamber for 120 minutes before recording was initiated. Data
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was recorded for a total of 15 minutes broken into 3 consecutive 5-minute periods.
Tidal volume (ml), frequency (breaths/minute), minute volume (tidal volume multiplied
by respiratory rate, ml/minute), Ti (Time inspiration), and Te (Time expiration), and
PENH (pause = Te-Tr/Tr, penH ((PEP/PIP) X pause) were evaluated using Finepoint
software (DSI). Studies were performed at room temperature. Statistical analysis was

performed using Finepoint software (DSI, St. Paul Minnesota).

RESULTS

TGFp isoforms are expressed differentially in muscle.

RNA sequencing of the abdominal muscles and quadriceps from wildtype 129Sv/EmsJ
mice showed differential expression of Tgfb1, Tgfb2 and Tgfb3 (Table 1.1). Specifically,
we found Tgfb3 mRNA to be expressed at ~ 6 times the levels of Tgfb1, and Tgfb2 was
expressed at ~2-3 X the level of Tgfb1 in these muscles. Together these data suggest
that Tgfb2 and Tgfb3 constitute far more of the TGFf encoding mMRNA pool in skeletal

muscle compared to Tgfb1.

Table 2.1. Relative mRNA expression levels as determined by RNA sequencing.

Gene FPKM value | FPKM value
Name Gene Description Abdominal Quadriceps
Tgfb1 transforming growth factor, beta 1 2.6389 2.7175
Tgrb2 transforming growth factor, beta 2 7.4401 5.7572
Tgrb3 transforming growth factor, beta 3 19.0089 10.0939

FPKM (fragment per kilobase of exon per million fragments mapped) X10.
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Pre-clinical trial protocol

L TBP4 was identified as a modifier of muscular dystrophy in both mice and humans and
is associated with increased membrane fragility and fibrosis (Flanigan et al., 2013;
Heydemann et al., 2005). A mouse model containing a human LTBP4 BAC was
generated and crossed with the mdx mouse model of DMD to generate the
mdx/hLTBP4 mouse, that was recently characterized and shown to have increased
TGFp signaling, sarcolemmal leak, fibrosis, inflammation and muscle weakness
compared to mdx controls (Ceco et al., 2014). Together, these qualities made the
mdx/hLTBP4 mouse a useful model in which to test the effect of a-TGFf therapy on
muscular dystrophy.

Thirty-six male mdx/hLTBP4 BAC mice were divided into three groups of 12 and
distributed into the three groups to minimize differences in both body mass and age
among groups (Table 2.1). At day 0, body mass ranged from 21.6-31.8 grams among
animals with group means of 28.1+0.7 g, 28.3+0.6 g and 25.4+0.5 g for the groups
designated to receive PBS, a-TGFp-2 and a-TGFg-3, respectively. The mean age for
these 3 groups at day zero was 70.5, 72.5 and 71.4 days respectively, with no
significant difference found between groups based on mass or birthdate via ordinary
one-way ANOVA. Although all groups began with twelve animals, premature death of
three mice during the trial period lead to modified group n values of 12, 10, and 10 for
PBS, a-TGFp2 and aTGFp3, respectively. Two deaths were related to complications
with intraperitoneal injection, while two deaths were related to isoflurane exposure
during echocardiography. The outline of the antibody injection protocol is shown in

Figure 2.1.
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Day 0
Echo, Grip

Day 14
Echo, Grip

Day 19
Eye Bleed

Day 28
Echo, Grip, EBD

Day 1

Injection, Eye bleed

Day 8

Injection

Day 15

Injection

Day 22

Injection

Day 30
Eye bleed, Harvest

Figure 2.1 Pre-clinical trial design and timeline for a-TGFp antibody testing
Above is a time-line representing the in vivo phenotyping and injection schedule of the
30-day pre-clinical protocol. Twelve mice per condition received pre-injection baseline
phenotyping. No differences were found between groups at baseline for these
measures.
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TGFp antibody injections did not affect growth over 4 weeks in mdx/hLTBP4 BAC
mice.

To investigate changes in growth, body mass was measured at days 0, 7, 14, 21, and
28. Body mass increased in each groups over time at a similar rate to recently
published studies of similar time-period (Latres et al., 2015). The average increase in
body mass for PBS, anti-TGFB2 and anti-TGF3 injected groups over the 30-day
protocol was 2.5g, 1.6g, and 2.3g, respectively. This translated to an average increase
of 9.4+1.7%, 6.5£2.0 %, and 10.2+1.5% over baseline for PBS, a-TGFp2 and a-TGFf3
injected groups respectively (n=10 mice per group at each time point). No differences
were seen between any conditions in body mass (Figure 2.2A) or body massi/tibia
length (Figure 2.2B) at any time point when groups were compared via ordinary one-
way ANOVA within each time point. A matched repeated-measures 2-way ANOVA to
investigate differences over time did not reveal any significant difference between
groups.

Differences in whole muscle mass have been shown to be indicative of
therapeutic response and are useful for normalization (Bogdanovich et al., 2002;
Wagner et al., 2002). All muscles were excised and weighed prior to processing and
compared via ordinary one-way ANOVA. Mean gluteus/hamstring muscle mass
normalized to tibia length was reduced in the anti-TGFf-3 group (0.016£0.006 g/mm)
compared to PBS group (0.02+0.0008 g/mm) (Figure 2.2C, n=13 muscles per
condition, P<0.05). No significant differences were seen between the masses of any
muscle group normalized to tibia length, including quadriceps (Figure 2.2D). These

data suggest anti-TGFp therapy does not hinder normal growth and maturation.
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Figure 2.2 Body mass was unaffected by TGFp antibody injection. Body mass
was collected the day prior to initial injection (day 0) and at four subsequent time-points
prior to sacrifice. A) Mean raw body mass did not differ between groups at baseline,
nor at any time point thereafter when compared by ordinary one-way ANOVA (n= 0
mice per group at each time point). B) Body mass normalized to tibia length was
analyzed similarly to raw body mass in 2.2A and no differences found between groups
at baseline, nor any time point thereafter. C) anti-TGF3 injected gluteus/hamstring
muscle weight was found be significantly decreased compared to PBS-injected muscle
weight via ordinary one way ANOVA (n=13 muscles per group, P<0.05) when all
excised muscle mass was analyzed for differences in raw mass and raw mass/tibia
length. D) anti-TGFp2 or anti-TGF{3 injections did not result in changes in quadriceps
mass when compared against PBS via one-way ANOVA.
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Anti-TGFp antibody injections reduced macrophage infiltration.

To determine if isoform specific TGFf neutralization modifies muscle histopathology,
muscle from mdx/hLTBP4 mice injected with anti-TGFp2, anti-TGFp3, or PBS was
analyzed via light microscopy. Quadriceps and triceps muscle were harvested at day
30 and analyzed. These muscles displayed characteristic features of muscle disease
including fibrosis, internalized nuclei, and immune infiltrate (Figure 2.3A, triceps). The
mean cross-sectional area of individual myofibers was not significantly different
between anti-TGFB2 (92655 um2), anti-TGFB3 (756146 um2) and PBS (814+49 um2)
injected controls via a one-way ANOVA or simple t-test (Figure 2.3B, n=3 mice per
condition, n~ 150 myofibers per animal). However, anti-TGFB2 and anti-TGFp3
injections resulted in an increase in larger sized myofibers and a reduction in medium
sized myofibers compared to PBS (Figure 2.3C). Additionally, triceps and quadriceps
muscle had an increased percentage of myofibers containing internalized nuclei with
anti-TGFp-2 injection compared to PBS (60.2+1.9% compared to 47.4+2.3 %) via a one-
way ANOVA (Figure 2.3D, n=3 mice per condition, P<0.05), while anti-TGFf3
(47.61£3.5%) was not different from PBS. These data suggest that anti-TGFp2 injections
may promote myofiber regeneration.

Inflammation is a prominent feature in many forms of muscle disease and can be
assayed by documenting macrophages infiltration (Kronqvist et al., 2002). Activated
macrophages, marked by F4/80 conjugated to Alexa-488, were decreased after
injection of either anti-TGFp-2 (7.7+1.3 cells) or anti-TGF3-3 (10.5+3.5 cells) antibodies

compared to PBS (3315.7 cells) using a one-way ANOVA (Figure 2.3E, n=3 mice per
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Figure 2.3 Anti-TGFf antibodies reduce macrophage infiltration. A)
Representative histology was used to visualize the inflammatory infiltrate, centralized
nuclei, and mean myofiber cross-sectional area. B) Mean cross-sectional area (CSA) of
triceps showed no difference between groups (n=3 mice per group). C) anti-TGFp2 and
anti-TGF3 injections increased number of large myofibers and reduced medium sized
myofibers compared to PBS. D) Triceps histology of anti-TGFp2 injected mice had
significantly more centralized nuclei compared to PBS via a one-way ANOVA (n=3 per
group, P<0.02). E) Both anti-TGFB2 and anti-TGFp3 injections both reduced F4/80
labeled macrophages when compared via a one-way ANOVA (n=3 per group, P<0.05
for both).
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condition, P<0.05). This is consistent with the improved pathological features noted

with anti-TGFf condition.

Dye uptake is influenced by TGFB neutralization.

Evans blue dye (EBD) is a vital tracer that is normally excluded from healthy myofibers
(Heydemann et al., 2009). In many forms of muscular dystrophy, sarcolemmal defects
allow for uptake of this dye into muscle reflecting a decrease in sarcolemmal integrity
(Swaggart et al., 2014). Figure 2.4A shows representative images of dye uptake (red)
into the triceps muscle where myofibers were outlined with Alexa-488 conjugated wheat
germ agglutinin (WGA) (green). Both anti-TGFp2 and anti-TGF3 injected muscles
trended towards a reduction in dye uptake compared to PBS controls (Figure 2.4B, n=4
mice per group). EBD can also be measured in the entire muscle using
spectrophotometric methods. Anti-TGFB3 was found to decrease gluteus/hamstring
dye uptake significantly over PBS controls (0.32+0.6 abs/g compared to 0.47+0.2 abs/q)
as measured by t-test (Figure 2.4C, P<0.05, n=8 mice per condition).

Elevated serum creatine kinase (CK) is a hallmark of muscle injury in both mice
and humans (De Luca, 2012). Raw and baseline normalized CK was analyzed at three
time points for which serum was collected, day 0, day 20, and day 30. No significant
differences in serum CK levels were found between groups at any time point. However,
anti-TGFp3 injected mice trended towards a reduction in serum CK levels after 30 days
when normalized to CK levels present at day O (Figure 2.4D, n=5 mice per condition).
These data suggest that anti-TGFf injection improved sarcolemma integrity resulting in

reduced leak.
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Figure 2.4 Improved sarcolemmal integrity after anti-TGFf antibody injections.
A) Immunofluorescence microscopy of representative images of triceps muscle from
animals that were injected with Evans blue dye prior to sacrifice. Alexa-488 conjugated
wheat germ agglutinin (WGA) was used to outline the boundaries of myofibers (green)
while naturally fluorescent dye can be visualized as red cytoplasmic staining. B)
Quantification of triceps dye shows a trend towards reduced dye uptake for both a-anti-
TGFB2 and anti-TGFB3 injection when compared to PBS injection (n=4 per condition).
C) Colorimetric measurement of dye uptake in whole Gluteus/Hamstring muscle is
significantly lower in the anti-TGF3 injected group (P<0.05, n=8 mice per condition).
D) All three groups show a non-significant decline in serum creatine kinase (CK) over
the 30-day trial period with the largest reduction seen with anti-TGF@3 injection.
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Reduction in fibrosis with Anti-TGFB2 and a-TGFB3 injections.
Picrosirius red is a polyazo dye with high affinity for collagen used in histologic staining
to highlight regions of extra-cellular matrix (ECM) connective tissue and fibrosis. In
healthy muscle, the ECM is relatively thin and therefore contains low levels of picrosirius
red on histology. Mid-belly muscle sections of quadriceps muscle were stained with
picrosirius red and imaged to determine the fibrosis composition within the muscle
Figure 2.5A. Significantly decreased levels of fibrosis occurred after anti-TGFp2
injection, while anti-TGF@3 injection resulted in a trend towards reduction when
compared to PBS controls (9.1£1.9%, 12.8+1.0%, and 15.5+ 3.0% respectively) (Figure
2.5B, P<0.05, n=6 mice per condition).

Hydroxyproline (HOP) is a modified amino acid found in collagen, and elevated
HOP concentration is seen in dystrophic skeletal muscle (Heydemann et al., 2009).
HOP content was quantified in the quadriceps, diaphragm and abdominal muscle
groups. Anti-TGF3 injection reduced HOP content when compared to PBS
(8097£1711 mM HOP/g versus 3053215906 mM HOP/g, respectively) via a one-way
ANOVA in the diaphragm muscle only (Figure 2.5C, P<0.05, n=8 mice per condition).
In muscular dystrophy models, diaphragm muscle typically has markedly elevated levels
of fibrosis compared to other muscle groups. HOP content in anti-TGFB2 injected
quadriceps muscle did not replicate the picrosirius red data when compared via simple
t-test and ordinary one-way ANOVA likely due to increased sensitivity of the picrosirius
red imaging assay (Figure 2.5C) (Lohcharoenkal et al., 2014; Smith and Barton, 2014).
These data combined suggest that anti-TGFf injections reduce fibrosis within skeletal

muscle.
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Figure 2.5 Anti-TGFB2 antibody therapy reduced fibrosis in the quadriceps and
diaphragm muscles. A) Representative images of picrosirius red stained quadriceps
muscle. B) Whole mid-belly quadriceps images were analyzed for percent area of
picrosirius red staining per total quadriceps area. Anti-TGFB2 injection significantly
reduced the amount of picrosirius red compared to PBS when analyzed via t-test (n=6
for each condition, P<0.05). C) Diaphragm fibrosis measured by the less sensitive HOP
quantitation assay showed that anti-TGF3 injection reduced HOP content compared to
PBS via t-test (n=8 per group, P<0.05).
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Muscle strength and performance in a-TGFp injected mice

To investigate the effect anti-TGFf injections on muscle strength over time, in vivo grip
strength was examined. Grip strength was measured on days 0, 7, 14, 21 and 28 of
therapy and was observed to increase in all groups over time with respect to baseline
(Figure 2.6A). The anti-TGFp3 injected group showed the largest increase in strength
normalized to body mass, while anti-TGFp2 injection was not different from PBS
injected controls at all time points analyzed. Despite this trend, there were no
significant differences observed between any groups when raw values and baseline
adjust values are analyzed via matched repeated measures two-way ANOVA. When
baseline adjusted data is subjected to t-test between groups and PBS, the anti-TGF3
group showed significantly increased grip strength at day 7 and day 14 (P<0.05). This
improvement was not significance at the subsequent time points (P=0.27 and P=0.94
respectively).

Ex vivo muscle mechanics of the EDL muscle showed that anti-TGF-3 injections
improved the percentage force decrease during eccentric contraction compared to PBS
injection using a simple t-test (39.4+5.9% compared to 64.0+5.1%, respectively) (Figure
2.6B, P<0.05, n=4 mice per condition). Anti-TGFp-3 injections trended towards
improved percentage force decrease while undergoing eccentric contraction compared
to PBS (50.4+3.9, P<0.07). Other measures of muscle force, including twitch and
tetanic specific force, were not significantly improved compared to PBS control with
either anti-TGFf injections (Figure 2.6C and 2.6D, n=7 muscles per condition). These

data suggest that anti-TGFg-3 injection protected myofibers against contraction-induced

injury.

51



; B
vy

100+

Grip Strength x %
© .
g 2.0 9 807 .
g s | + .
E 2 o [ . .
— [ ]
% 1.5 § .. r ..
e
2 8 a0 1
> 1.0 2 * E3
[ = O | |
g (&]
4 W 2p-
S Day 0 Day 7 Day 14 Day 21 Day 28 =
= PBS’ SSTCRB2 ==TGFB3 " PBS TGFB2 TGFB3
30+ 150+
< * T
2 L]
[ o é .
-~ ]
24 10090 o
.2 ] 'e L] ...
4 .. [} 9 7._
& n = 754 =
2 | T | =
% ° - . L)
- 10+ ° u @ 50+ .
£ - 3
o c
= . = .
E . 2 25 d
a -y
w . B .
PBS TGFB2 TGFB3 PBS TGFB2 TGFB3

Figure 2.6 Anti-TGFpB3 antibodies preserve muscle function in response to
eccentric contraction. A) Mean grip strength normalized to body mass over time
reveals a general increase in strength over time across all conditions although the
protocol. There were no significant differences via repeated measures 2-way ANOVA.
When baseline normalized and raw values are analyzed via one-way ANOVA per each
time point, only the anti-TGF@3 group showed a significant difference compared to PBS
and only at day 7 and 14 (n=10 per group at each time-point, Day 7 P<0.05, Day 14
P<0.05). B) Anti-TGFp3 injected EDL muscle has a significantly smaller reduction in
force than PBS injected controls in response to repeated eccentric contractile injury
(n=7 muscles per group, P<0.05). C and D) Anti-TGFf2 injected mice trended towards
higher twitch (left) and tetanic (right) force than PBS injected animals, but this result was
not significantly higher via ordinary one-way ANOVA or t-test.
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Effect of a-TGFp injection on cardiac function

Cardiac decline in muscular dystrophy has been characterized in both human disease
and mouse models using imaging modalities (De Luca, 2012; Gardner et al., 2015).
Echocardiography was performed at days 0 and 28 and analyzed for measures of left
ventricular fractional shortening (LVFS), pulmonary artery flow, mitral valve function and
quality of flow through the pulmonary artery. Only the anti-TGF3 injection group
(26.1£1.0%) showed improved LVFS when compared to the PBS injected group
(22.6+£1.05%) at day 28 (Figure 2.7A, n=11 mice per condition). No significant
differences in LVFS were found between any groups at day 0 using a one-way ANOVA
or over time with a repeated measures two-way ANOVA (Table 2.2).

The anti-TGFp-3 injected group trended towards a reduction in left ventricular
internal dimensions in diastole (LVIDd) on day 28 compared to the PBS injected group,
with a mean value of 3.9 + 0.05 mm compared to a 4.05+0.05mm (Figure 2.7B, n=9
mice per condition). There was no significant difference in LVIDs (systole) with anti-
TGFB2 (3.04+£0.08 mm) or anti-TGFB3 (2.97+0.06mm) injection compared to the PBS
(3.141£0.08mm) injected group (Figure 2.7C, n=11 mice per condition). No significant
differences in LVIDd or LVIDs were found between any groups at day 0 via a one-way
ANOVA nor between any groups over time with repeated measures two-way ANOVA.

Pulmonary artery velocity time integral (PA VTI) is a Doppler interrogation of
blood flow in the pulmonary artery (PA) and is an indirect measure of right ventricular
function (RV) and stroke volume. The anti-TGFf3 injected group showed increased PA
VTl on day 28 compared to the PBS injected group, with a mean value of 25.4+1.0cm?

compared to a 20.7+1.2cm? (Figure 2.7C, n=9 mice per condition). Pulmonary artery
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acceleration time (PAAT) measures the time for flow to reach its maximum velocity in
the PA. Decreased PAAT values have been positively correlated with higher PA
pressures in mice as both values are affected by the compliance of the PA and its distal
pulmonary circuitry (Thibault et al., 2010). No significant differences were seen
between groups at day 28 via a one-way ANOVA or over time when compared via
repeated measures 2-way ANOVA.

Flow through the mitral valve (MV) was measured and the ratio between
maximum velocity during early passive ventricular filling (E) and maximum velocity
during atrial kick (A) was calculated and analyzed for as many mice as time would
permit (n=5 for each group and time-point). A higher MV E/A is indicative of healthy
passive ventricular diastolic filling (Jearawiriyapaisarn et al., 2010). Only the anti-
TGFB3 injected group trended towards improvement of MV E/A at day 28 with a 1.9+0.2
increase compared to 1.4+0.2 and 1.31£0.25 seen with anti-TGFB2 and PBS injections,
respectively (Figure 2.7F). Despite the improvement seen with anti-TGF{3 injection,
there was no significant difference compared to PBS injected animals when measured
via repeated measures 2-way ANOVA. This lack of significance can be attributed to the
large standard deviation and n seen in both groups. Additionally, no group was
significantly different than PBS at day 0 when measured via a one-way ANOVA.
Combined, the echocardiography data suggest that anti-TGFp2 injection performed
similarly to PBS while anti-TGF@3 injections showed improved flow patterns for both left

and right ventricular function.
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Figure 2.6 Anti-TGFp antibody effect on cardiac function. A) Mean fractional
shortening (FS) was increased in the anti-TGFp3 injected group after 28-days
compared to the PBS group (P<0.05). B & C) LVIDd and LVIDs trended towards
reduction in the anti-TGFp3 injected group compared to PBS injected group, although
this was not signficant. D) Pulmonary artery velocity time integral (PA VTI) increased in
both the anti-TGFB2 and anti-TGF3 injected groups when compared to PBS injection
via t-test on day 28 (both P<0.05). E) Pulmonary artery acceleration time (PAAT) was
not significant between groups at day 28. F) Mitral valve E/A ratio shows a non-
significant increase in anti-TGFB3 injected animals compared to PBS injected animals.
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Table 2.7. Anti-TGFB effects on cardiac function.

PBS TGFB2
Echo parameter Day 0 Day 28 Day 0 Day 28 Day 0 Day 28
FS (%)
Mean = SEM 26.7+1.45 22,6+ 1.05 28.3+1.6 25.1 £ 1.2 24.7 £ 0.6 26.1  1.0%*
N= 9 12 9 11 10 11
LVID;d
Mean £ SEM 3.98 £ 0.1 4.1+ 0.06 4.03+0.05 4.05+0.05 3.9+0.06 3.9 £ 0.05
N= 9 12 9 11 11 12
LVID;s
Mean = SEM 291 +£0.1 3.14+£0.08 2.94+0.1 3.04+0.08 2.99+0.06 2.97 +£0.06
N= 9 12 9 11 11 11
PA VTI (cm?)
Mean = SEM 25.6 £ 1.6 20.7 £ 1.2 27.6 1.4 24.9+1.2*% 20.2+0.7 25.4+ 1.0*%
N= 6 11 9 10 10 9
PAAT (ms)
Mean = SEM 18.5+ 1.6 17.1+£0.7 1744 +09 159+0.4 16.9 + 1.1 16.3 £ 0.5
N= 6 11 9 10 9 11
M/V (cm?/cm?)
Mean + SEM 2.0 £ 0.22 1.3+ 0.25 1.9+ 0.2 1.4+ 0.2 1.5+ 0.3 1.9+ 0.2
N= 8 5 8 6 6 8
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DISCUSSION

Differential expression of TGFp isoforms in muscle.

Dysregulation of TGF is a feature of DMD, first observed in human and mouse
muscles (Bernasconi et al., 1995; Chen et al., 2005). These early studies focused
heavily on TGFB1, noting its upregulation in dystrophic muscle and specifically
correlating the increase of TGFB1 with fibrosis. In a larger study of many different types
of muscular dystrophy, a TGFf centered network was a common “node” of gene
dysregulation in multiple forms of muscle disease (Dadgar et al., 2014). In this light, it is
interesting to note that in normal mouse muscle that Tgfb1 contributes relatively little to
the total TGFp pool. In wildtype mouse muscle, we observed that Tgfb3 is expressed at
higher levels than Tgfb2 and especially Tgfb1, which contribute relatively little to the
total TGF pool. While numerous groups have reported the increase of TGFp1 in
dystrophic muscle, including the Nelson study that used quantitative PCR to measure a
3-4 fold upregulation of Tgfb7 mRNA in quadriceps, gastrocnemius and triceps (Nelson
et al., 2011a). This group also noted an induction of Tgfb3. Whether this relative
increase of TGFp in muscular dystrophy is compensatory to, or causative of dysfunction
is still unknown. However, each of these studies focused on that upregulation rather
than total TGFp pool, which contains significant amounts of TGF@-2 and TGF-3. It was
because of the contribution of TGFp-2 and TGFf-3 that we elected to test TGFf isoform

specific neutralizing antibodies in a murine model of muscular dystrophy.
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Anti-TGFp3 antibody injection improved inflammation and sarcolemmal leak.
Neutralizing antibodies to TGFp3 were found to reduce macrophage inflammation,
reduce Evans blue dye uptake and diaphragm muscle collagen content and protect
against eccentric contraction. These data suggest an effect on stabilizing the
sarcolemma, and this was also reflected in the trend towards a reduction in serum CK.
Importantly, anti-TGFB3 antibody replicated two specific findings seen previously in the
study that used the pan-TGFp 1D11 antibody in the mdx mouse model (Nelson et al.,
2011a). Both 1D11 and anti-TGF-3 showed significantly reduced fibrosis in the
diaphragm muscle as measured by HOP content, a reflection of collagen content. The
diaphragm muscle is known to be one of the most severely affected muscles in the mdx
model, and is often considered more reflective of what is seen in human DMD (Stedman
et al., 1991). Itis possible that a significant fibrosis burden must be present in order to
see a decrease, and this burden may only be adequately present in the diaphragm
muscle in this model of muscular dystrophy. Additionally, both antibodies produced
significant increases in grip strength over time, although the anti-TGF@3 antibody did so
only transiently. We did not assess whether any neutralization of the antibodies
occurred over time, and this could account for loss of activity of the non-species
matched antibody. Longer term studies with species specific antibodies would help

resolve this question.
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Anti-TGFB2 antibodies reduced inflammation and increased central nuclei, a
marker of regeneration.

Overall, the anti-TGFp2 antibody showed few differences in many assays of muscle
degeneration and muscle function. Both the anti-TGFp2 and anti-TGF3 injected
groups shared a significantly reduced activated macrophage content compared to PBS,
suggesting a role for both isoforms in the recruitment of inflammatory infiltrate.
Macrophage infiltration in muscle has a complex role in muscular dystrophy and many
injury states since macrophages can be both beneficial and deleterious depending on
subtype (Kharraz et al., 2013). Further subtyping macrophages could shed more light
on the function of macrophage reduction after TGFf inhibition. The anti-TGFp2
antibody significantly reduced fibrosis in the quadriceps muscle as measured by
picrosirius red staining on histology, but was not shown to increase fibrosis in the
quadriceps based on HOP assay. This discrepancy is likely due to increased sensitivity
of the sirius red assay, but could also be due to a different fibrotic makeup between
muscles.

These data combined suggest that TGFp2 and TGF3 play different roles with
TGFp3 perhaps playing a more essential role in the stability of muscle membranes and
TGFp2 being more important for regeneration. Muscle regenerates from an
endogenous stem cell pool, referred to as the satellite cells (Chang and Rudnicki, 2014;
Cheung and Rando, 2013). In muscular dystrophy, satellite cells are redirected by a
Wnt3A and TGFp2 pathway into fibrogenesis (Biressi et al., 2014). This redirection of
myogenesis is thought to amplify the fibrotic response and explain the exhaustion of the

stem cell pool in muscular dystrophy.
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Limitations and future directions

Most parameters measured after four weeks of antibody injections showed relatively
few deleterious outcomes, indicating that neutralizing TGFB2 or TGFf3, did not
dramatically adversely affect muscle function. Although four mice died during the
course of the study, all deaths were due to traumatic procedures and not the antibody
content as PBS injected animals died similarly. Despite being well tolerated, the overall
effect of isoform specific TGFp neutralization was relatively modest for most parameters
measured. The relatively minimal effect could be anticipated since the study used a
short term dosing design. Muscular dystrophy is a chronic disease and longer term
exposure is needed. Additionally, these studies were carried out in animals with
established disease and it may be necessary to start TGFf neutralization earlier in the
course of disease similar to what was done in the Nelson study (Nelson et al., 2011a).
The Nelson study importantly showed benefit on a number of functional and histological
measures, and the degree to which this effect was due to specific TGFf isoforms is not
known. The 1D11 antibody does not react equally to TGFf isoforms (Zwaagstra et al.,
2012). Our study lacked an anti-TGFB1 antibody arm, whereas the 1D11 antibody
neutralizes TGFp1 in addition to its effects on TGFp2 and TGFB3. Thus, while a
number of outcomes were suggestive of improvement in this short-term study, and anti-
TGFB3 antibodies showed more benefit than anti-TGFp2 antibodies, longer term studies

with species-matched antibodies are needed.
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Chapter 3

Anti-LTBP4 antibody injection and its effect on muscular dystrophy

ABSTRACT

Muscular dystrophy is a chronic degenerative disease of muscle characterized by
elevated TGFp levels. Genetic variants in LTBP4, a TGFf binding protein that confers
its latency and localization to the extra-cellular matrix, modifies muscular dystrophy and
other disease processes. Specifically, mice and humans with muscular dystrophy with
the protective LTBP4 alleles display decreased TGFf activation and improved
outcomes. Previous studies examined the role of a neutralizing TGFf antibody in the
mdx model of Duchenne Muscular Dystrophy. The neutralizing TGFf antibody reacts
variably with multiple TGFf isoforms. To assess the degree to which TGFf can be
limited at an earlier upstream point, we administered two different rabbit polyclonal
antibodies raised against the same region of LTBP4 important in TGFf activation. We
conducted a short-term four-week study of once weekly intraperitoneal anti-LTBP4
antibody injections and assessed histological and functional readouts of muscle disease
and function. We found that even short-term exposure to anti-LTBP4 neutralizing
antibody improved measures of regenerative capacity and reduced features of muscle
membrane instability and dysfunction. Reduced macrophage infiltration in muscle was

observed after LTBP4 antibody exposure and one antibody trended towards improved
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cardiac function. Together these data identify that LTBP4 specific antibodies may be

useful to mitigate TGFp hyperactivation in muscular dystrophy.
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6(259):259ra144. PMCID 4337885. | conducted the experiments in Figure 3.1A.

INTRODUCTION

In Duchenne muscular dystrophy (DMD), the loss of dystrophin weakens the
sarcolemma of muscles rendering them susceptible to contraction-induced damage.
Mutations in the dystrophin-associated proteins, the sarcoglycans, lead to a similar
weakened sarcolemma and myofiber injury. A genomewide scan for modifiers of
muscular dystrophy in mice identified the Ltbp4 gene, encoding latent TGFf binding
protein 4, as an important determinant of sarcolemma fragility and fibrosis (Heydemann
et al., 2009). In humans with DMD, polymorphisms in the LTBP4 gene were shown to
correlate with extended ambulation in DMD patients and reduced TGFf signaling (Bello
et al., 2015; Flanigan et al., 2013; van den Bergen et al., 2015).

LTBP4 encodes an extracellular matrix-associated protein and is highly
expressed in skeletal muscle. LTBPs are anchored to extracellular matrix fibrils through
the N-terminus, whereas the C-terminus binds to latent TGFp to form a large latent
complex (Chen et al., 2005; Saharinen and Keski-Oja, 2000; Sinha et al., 1998). A
proline-rich hinge domain separating the N- and C-terminal domains is the target of
proteolysis, and this cleavage is associated with latent TGFf release and activation
(Dallas et al., 2002; Ge and Greenspan, 2006; Hyytiainen et al., 1998; Taipale et al.,
1992). TGFp activity regulates injury and repair in muscle, kidney, lung, heart and brain

(Chin et al., 2001; Kane et al., 1991; Karonen et al., 1997; Lin et al., 1995; Schiller et al.,
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2004). TGFp activity is triggered in both chronic and acute muscle injury (Kane et al.,
1991; Leask and Abraham, 2004). TGFB1 mRNA levels are elevated in human DMD
(Bernasconi et al., 1995; Chen et al., 2005; Gosselin et al., 2004), and systemic
administration of neutralizing TGFf antibody or the angiotensin Il type 1 receptor
blocker losartan helps to normalize muscle architecture, repair and function in the mdx
mouse model of DMD, suggesting a direct role for excessive TGFf signaling in muscle
disease (Cohn et al., 2007a; Nelson et al., 2011a).

The modifier polymorphism in murine Ltbp4 encodes a deletion or insertion of 12
amino acids within LTBP4’s hinge region (Heydemann et al., 2009). The Ltbp4 allele
with the smaller hinge is more susceptible to proteolysis and is associated with
increased release of latent TGFp and TGFp signaling (Heydemann et al., 2009).
Because human LTBP4 has an even smaller hinge, human LTBP4 is predicted to
release more latent TGFf. We found that the human LTBP4 hinge was more readily
proteolyzed than the murine LTBP4 hinge (Ceco et al., 2014). Further, an antibody that
blocked proteolytic cleavage of LTBP4 demonstrated that the proline-rich hinge is the
site of proteolysis. The human LTBP4 gene was inserted into mdx mice using a
bacterial artificial chromosome (BAC). Mdx mice with the human LTBP4 BAC showed
increased muscle membrane leakage and fibrosis. Furthermore, the presence of the
human LTBP4 gene was associated with weaker muscles, greater infiltration of muscles
by macrophages and increased TGFf} signaling.

Because these data identify cleavage of LTBP4 as a potential target for treating

muscular dystrophy and provide a biological strategy for regulating TGFf release, we
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now conducted a four-week study using the anti-LTBP4 antibodies in the hLTBP4/mdx

model of muscular dystrophy.

MATERIALS AND METHODS

Animal use and care

The mdx/hLTBP4 BAC mice used in these experiments were generated as previously
described (Ceco et al., 2014). Mice were cared for and housed as described in Chapter
2 in a manner consistent with standards approved by Northwestern’s Institutional

Animal Care and Use Committee (IACUC).

Antibody generation

The proline-rich 19 amino acid sequences EPRPEPRPDPRPGPELPLPC and
EPRPEPRPDPRPGPELPC were conjugated to KLH and used as antigens in rabbits
(Pocono Animal Farms). Two different antibodies were raised to the same LTBP4
sequence, designated 28199 and 28200. Affinity purification was carried out against

the peptide antigen by Pocono Rabbit Farms.

Intraperitoneal injection and antibody preparation

Mice were injected once a week via intraperitoneal injection in a similar regimen and
protocol as chapter 2 with the exception of dosing. On injection days, stock solutions
stored at -80°C were diluted into sterile Eppendorf tubes containing sterile phosphate
buffered saline (PBS) (Invitrogen, 14-829-1A) at a concentration of 5mg/kg according to
the mass of each mouse the previous morning. The total volume injected did not

exceed 190ul per individual injection.
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Immunofluorescence microscopy

Seven um sections from the triceps muscle were fixed and processed as previously
described in chapter 2 methods prior to incubation with either anti-pSmad2/3 antibodies
(PSMADZ2/3, Abcam, ab51451) or anti- F4/80 conjugated to Alexa-488 (ab6640, Abcam,
Cambridge, MA). Imaging was performed using a Zeiss Axio Imager.M2 microscope

using a 20 X objective.

All other analyses were carried out identically to that described in Chapter 2.

LTBP4 isoforms are expressed differentially in striated muscle.

LTBP4 was identified as a modifier of limb girdle muscular dystrophy in both mice and
humans and is associated with decreased membrane stability and increased pathology
(Flanigan et al., 2013; Heydemann et al., 2005). RNA sequencing of wildtype DBA/2J
(WTP?) and dystrophic (Sgcg”?) abdominal and quadriceps muscle and left ventricle
revealed varied expression levels of Ltbp isoforms 1 through 4 (Table 3.1). Ltbp2 and
Ltbp4 were induced in dystrophic muscle. Ltbp4 expression comprises the majority of

the Ltbp pool present in skeletal muscle.

Table 3.1 Relative level of expression of Ltbp4 isoforms in normal and
dystrophic muscle and heart as determine by RNA sequencing.

Abdominal muscles Quadriceps muscles Left ventricle
wr’?|  sgcg™ wrP? Sgcg™ Wr??|  Sgcg™
Ltbp1 32.62 54.27 36.84 50.07 112.33 108.85
Ltbp2 4.54 36.69 2.89 93.02 11.45 10.36
Ltbp3 155.32 173.94 148.46 291.56 102.97 113.16
Ltbp4 509.13 735.59 445.61 803.60 1256.11 1427.72
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RNA sequencing was performed from DBA/2J (WTP?) wildtype mice and Sgcg null mice
in the DBA/2J background (Sgcg™?). Values are expressed as FKPM (fragment per
kilobase per million X10).

LTBP4 is organized in a striated pattern around muscle fibers.

Ltbp4 was identified as a modifier of muscular dystrophy in mice from an unbiased
genomewide screen where it strongly associated with increased membrane fragility and
fibrosis (Heydemann et al., 2009). We examined LTBP4’s pattern of protein expression
using anti-LTBP4 antibodies and confocal microscopy. Two distinct extracellular pools
of LTBP4 were seen using four different anti-LTBP4 antibodies. One pool of LTBP4
protein was parallel to the long axis of myofibers, and a second pool was observed
closely apposed to the sarcolemma in a striated pattern in muscle (Figure 3.1A). The
LTBP4 localized near the sarcolemma was in a striated pattern. This pattern reflected
an organized matrix immediately surrounding muscle fibers and suggested that LTBP4

is positioned to stabilize the myofiber.

The hinge region of human LTBP4 is a target of serine proteases.

The insertion/deletion polymorphism that modifies muscular dystrophy in mice alters the
proline rich region (PRR) of LTBP4 by 12 amino acids. The shorter PRR hinge was
associated with greater LTBP4 proteolytic susceptibility, increased TGFf signaling, and
worsening of muscular dystrophy (Heydemann et al., 2009). The exacerbated muscle
membrane fragility and muscle fibrosis seen with a shorter PRR hinge was associated
with decreased grip strength (Heydemann et al., 2009). Human LTBP4 has a smaller
LTBP4 hinge region compared to the murine LTBP4 sequence (Figure 3.1B). The

canine LTBP4 hinge is also small, and it is notable that DMD mutations in these two
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species cause severe disease that is associated with accelerated loss of ambulation

(Sharp et al., 1992; Vainzof et al., 2008; Worton et al., 1988).
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Figure 3.1 LTBP4 has a striated pattern in muscle. A) Individual muscle fibers were
isolated from murine muscle and stained with multiple antibodies to LTBP4.
Longitudinal muscle fibers have two pools of LTBP4 protein, which run parallel (white
arrows) and perpendicular (white arrow heads) to the long axis of the muscle. The
perpendicular or costameric LTBP4 is closely apposed to the muscle membrane (white
arrows). The right panel shows the costameric LTBP4 pattern in striated muscle. B)
Mice have an insertion/deletion polymorphism that alters the proline-rich region (PRR)
of LTBP4. The majority of mouse strains carries the insertion allele shared by the
129T2/SvEmsJ strain (129), while a minority of mouse strains shares the deletion seen
in the DBA/2J strain (D2). This polymorphism regulates the severity of muscular
dystrophy in mice and alters proteolytic cleavage of LTBP4, a process that is linked to
TGFp release and signaling. Human LTBP4 has a smaller PRR hinge compared to
murine LTBP4. C) Fragments containing either human or murine LTBP4 PRR hinge
were expressed in vitro and digested with either plasmin (D) or elastase (E), two serine
proteases know to cleave LTBPs. Human LTBP4 was more readily digested compared
to murine PRR (F).
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RESULTS

To test whether human LTBP4 protein was more susceptible to proteolytic
cleavage than murine LTBP4, the PRR hinge from LTBP4 was expressed in vitro and
digested with serine proteases. With increasing concentrations of plasmin, the human
LTBP4 PRR hinge was rapidly digested whereas the murine PRR hinge was
comparatively resistant to plasmin treatment (Figure 3.1D). A larger fragment of LTBP4
containing the PRR and flanked by an 8 cysteine repeat and two EGF motifs was
similarly rapidly digested compared to the comparable murine LTBP4 sequence and
results were similar for plasmin and elastase (Figure 3.1D, E) (Ceco et al., 2014), two
serine protease family members that have been shown to cleave LTBPs in vitro

(Flaumenhaft et al., 1993; Koli et al., 2001; Saharinen et al., 1998).

Pre-clinical trial protocol

The mdx/hLTBP4 mouse, which carries the human LTBP4 gene was used in these
studies (Ceco et al., 2014). Thirty-six male mdx/hLTBP4 BAC mice were divided into
three groups of 12 to minimize differences in both body mass and age among groups
(Table 3.2). At day 0, body mass was 28.1+0.7 g, 25.91£0.7 g and 26.5+0.7 g for the
groups designated to receive PBS, 28199 and 28200, respectively. The mean age for
all groups at day 0 was 70.5, 61.0 and 71.4 days respectively, with no significant
difference found between groups based on mass or birthdate via ordinary one-way
ANOVA. Although all groups began with twelve animals, premature death of three mice
during the initial trial period lead to final n values of 12, 10, and 11 for PBS, 28199 and
28200 respectively. Additional mice were added to augment the loss of animals due to

death in each cohort.
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Table 3.2 Cohorts for preclinical assessment of anti-LTBP4 antibodies.

Day1 Day 30

body mass (g) | age (Days) body mass (g) | age (Days)

PBS 28.1 70.5 30.7 100.3
28199 25.9 61 29.9 92
28200 26.5 71.4 28.3 103.8

Day 0 Day 14 Day 19 Day 29
Echo, Grip Echo, Grip Eye Bleed Echo, Grip

Day 1 Day 8 Day 15 Day 22 Day 30

Injection, Eye bleed Injection Injection Injection Eye bleed, Harvest

Figure 3.2 Pre-clinical trial design and timeline for a-LTBP4 antibody testing.
Above is a time-line representing the in vivo phenotyping and injection schedule of the
30-day pre-clinical protocol.
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Anti-LTBP4 antibody injections did not affect overall body mass but increased
lower body hind limb mass in mdx/hLTBP4 BAC mice.

To investigate changes in growth, body mass was measured at days 0, 7, 14, 21, and
28. The average increase in body mass for PBS, 28199, and 28200 injected groups
was 2.5g, 3.9g, and 1.8g over the 30-day protocol for an average increase of 9.4+1.7%,
13.841.2%, and 6.0£1.4% over baseline, respectively (n=10 mice per condition). This
increase was slightly higher than the 3-6% mean increase seen for mdx mice increase
(Latres et al., 2015). No differences were seen between any conditions in body mass
(Figure 3.3A) or body mass/tibia length (Figure 3.3B) at any time point when groups
were compared via ordinary one-way ANOVA within each time point. A matched
repeated-measures 2-way ANOVA to investigate group effect over time did not reveal
any significant affect of a-LTBP4 therapy over time.

Differences in whole muscle mass have been shown to be indicative of
therapeutic response in muscular dystrophy models (Bogdanovich et al., 2002; Wagner
et al., 2002). All muscles were excised and weighed prior to processing and compared
for differences. The 28200 antibody group did not show any difference compared to
PBS in any muscle group for raw or tibia-length normalized muscle mass. In contrast,
the 28199 antibody group increased mass in both the quadriceps and gluteus/hamstring
muscles normalized to tibia length (quadriceps, 0.015+£0.002 g/mm,
glut/ham=0.026+0.001) compared to PBS group (quadriceps 0.013+0.0005 g/mm,
glut/ham=0.021+0.001) (Figures 3.3C and 3.3D, n=9 muscles per condition, P<0.05

for both muscle groups, one-way ANOVA). These data suggest a-LTBP4 antibody
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Figure 3.3 Body mass was unaffected by LTBP4 antibody injection and may
additionally preserve hind-limb muscle mass. Body mass was collected the day
prior to initial injection (day 0) and at four subsequent time-points prior to sacrifice. A)
Mean raw body mass did not differ between groups at baseline, nor at any time point
thereafter when compared by ordinary one-way ANOVA (n=10 mice per group at each
time point). B) Body mass normalized to tibia length was analyzed similarly to raw body
mass in 3.3A and no differences were found between groups at baseline, nor any time
point thereafter. C) The 28199 antibody injected quadriceps muscle weight was found
to be significantly higher compared to PBS-injected muscle weight via ordinary one-way
ANOVA (n=17 muscles per group, P<0.05) when all excised muscle mass was analyzed
for differences in raw mass and raw mass/tibia length. D) The 28199 antibody
injections resulted in mice with significantly increased glut/ham mass normalized to tibia
length when compared to PBS via one-way ANOVA (n217 per condition, P<0.05).
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injections did not affect normal growth and development, and in the case of 28199, may

increase hindlimb muscle mass compared to PBS.

Both anti-L TBP-4 antibodies reduced macrophage infiltration and increased
measures of regeneration in quadriceps muscle.

To determine if a-LTBP4 antibodies modified muscle histopathology, muscle

from mdx/hLTBP4 mice injected with 28199, 28200, or PBS was analyzed via light
microscopy. The quadriceps muscles were harvested at day 30 and analyzed for
characteristic features of muscle disease including fibrosis, internalized nuclei, myofiber
cross-sectional area and immune infiltrate (Figure 3.4A, triceps). The mean cross-
sectional area (CSA) of individual myofibers varies greatly in dystrophic muscle, and its
variance is a hallmark of disease. Mean CSA was significantly higher in 28199 treated
triceps (975.8453.3 um2) when compared to PBS (821.6+49.6 um2) injected controls
via a one-way ANOVA and simple t-test. (Figure 3.4B, n=3 mice per condition, P<0.05,
n~ 150 myofibers per animal). When these data are plotted as a histogram binned
according to relative CSA frequency, the higher frequency of very small (CSA<1000
um2) fibers in the PBS group can be more readily appreciated compared to either a-
LTBP4 antibody (Figure 3.4C, n=3 mice per condition).

Nuclei in healthy muscle reside at the periphery of the cell, adjacent to the
sarcolemma. Non-adjacent “internal nuclei” located on the interior of myofibers is an
indication of active regeneration (Coulton et al., 1988). Both the 28199 and 28200
antibody injected groups had significantly more myofibers containing one or more

internalized nuclei in triceps (60.5£4.8% and 62.8+5.1%, respectively) compared to PBS
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Figure 3.4 Anti-LTBP4 antibody injection increased markers of active
regeneration and reduced macrophage infiltration. A) Representative histology was
used to visualize the inflammatory infiltrate, centralized nuclei, and mean myofiber
cross-sectional area of triceps muscle. B) Mean cross-sectional area (CSA) of 28199
group triceps (975.8+53.3 um2) showed a significant increase compared to PBS
(836.4+47.3 um2), (n=3 mice per group). C) Anti-LTBP4 injections increased the
number of large myofibers and reduced small sized myofibers compared to PBS. D)
Triceps histology of both 28199 and 28200 antibody-injected mice had significantly
more centralized nuclei compared to PBS via t-test (n=3 per group, P<0.05). E) Both a-
LTBP4 injections reduced F4/80 labeled macrophages on triceps compared to PBS, but
only the 28199 group was found to have a significant decrease when compared via a
one-way ANOVA (n=3 per group, P<0.05).
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(47.5£2.3%) via a t-test, while the 28200 group was also significant with a one-way
ANOVA (Figure 3.4D, n=3 mice per condition, P<0.05, ~ 125 fibers per mouse). These
data suggest that a-LTBP4 antibody injections may promote myofiber regeneration and
resistance to atrophic reduction.

Inflammation is a prominent feature in many forms of muscle disease and can be
assayed by documenting macrophage infiltration (Krongyvist et al., 2002). Activated
macrophages, marked by F4/80 staining were quantified in mid-belly quadriceps section
and found to be lower in the group injected with the 28199 antibody (15.51+3.4 cells)
compared to PBS (33.315.7 cells) and 28199 (20.31+4.3 cells) using a one-way ANOVA
(Figure 3.4E, n=3 mice per condition, P<0.05). These data combined suggest that the
28199 and 28200 antibodies increase the rate of myofiber regeneration compared to
PBS, while 28199 has additional properties of reducing cross-sectional area and

number of inflammatory cells per area compared to PBS.

EBD uptake is influenced by a neutralization.

Healthy myofibers with an intact sarcolemma exclude the vital tracer Evans blue dye
(EBD) (Heydemann et al., 2009). In many forms of muscular dystrophy, decreased
sarcolemmal integrity allows for uptake of this dye into the muscle (Swaggart et al.,
2014). Figure 3.5A shows representative images of dye uptake (red) into the triceps
muscle where myofibers were outlined with Alexa-488 conjugated wheat germ
agglutinin (WGA) (green). When these images were processed for percent area of

EBD, the 28199 injected group had significantly reduced area of EBD uptake
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(2.1£1.0%) compared to PBS (6.7+3.4%) via t-test, while the 28200 injected group
showed the most uptake (11.3+3.4%) (Figure 3.5B, n=4 mice per condition, P<0.05).

EBD uptake was also measured via colorimetric assay of EBD from whole
muscle lysate of the gluteus/hamstring, quadriceps, abdominal and
gastrocnemius/soleus groups. This colorimetric method did not replicate the EBD
reduction found with 28199 injection in triceps muscle by microscopy or show a
reduction in any of the muscle groups measured including glut/ham and quadriceps
(Figure 3.5C and 3.5D, n=9 muscles per group). Muscle lysate from 28200 group
showed significantly less EBD (0.33 + 0.6 AU/g) than PBS (0.47 £ 0.8 AU/g) in the
glut/ham as measured by t-test but did not reduce uptake in any other muscle group
measured by ordinary one-way ANOVA or t-test (Figure 3.5C and 3.5D, n=9 muscles
per group, P<0.05).

In both mice and humans, elevated serum creatine kinase (CK) is a hallmark of
muscle injury (De Luca, 2012). Raw and baseline normalized CK was analyzed at three
time points for which serum was collected, day 0, day 20, and day 30. (Figure 3.4E,
n=10 mice per condition). No significant differences in serum CK levels were found
between groups at any time point via ordinary one-way ANOVA or multiplicity adjusted
t-test and all three groups had lower day 30 mean CK values than at baseline (day 1)
although no significant differences were found within or between groups over time as
tested by repeated-measures 2-way ANOVA (Figure 3.5E, n=10 mice per condition).
These data suggest that both 28199 and 28200 may reduce sarcolemmal leak but do so

in different muscle groups.
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Figure 3.5 Anti-LTBP4 antibody injections reduce membrane damage and leak in
two large muscle groups. A) Immunofluorescence microscopy of representative
images of triceps muscle from animals that were injected with Evans blue dye (EBD)
prior to sacrifice. Alexa-488 conjugated wheat germ agglutinin (WGA) was used to
outline the boundaries of myofibers (green), while naturally fluorescent dye can be
visualized as red cytoplasmic staining. B) Quantification of triceps dye uptake is
significantly lower than PBS for the 28199 group when compared via t-test (n=3 per
condition, P<0.05). C) Colorimetric measurement of dye uptake in whole
gluteus/hamstring muscle is significantly lower in the 28200 injected group (P<0.05, n=9
muscles per condition). D) All three groups show a non-significant difference in
colorimetric assay of EBD in the quadriceps. E) All groups experienced a slight
decrease in serum creatine kinase (CK) over the 30-day trial period, however no group
showed any statistically significant decreases and were not statistically different than
one another at any time-point.
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Both 28199 and 28200 injection reduced quadriceps fibrosis on histology.
Picrosirius red is a polyazo dye with high affinity for collagen used in histologic staining
to highlight regions of extra-cellular matrix (ECM), connective tissue and fibrosis. The
ECM is relatively thin in healthy muscle and therefore normally contains low levels of
picrosirius red on histology. Mid-belly muscle sections of quadriceps muscle were
stained with picrosirius red and imaged to determine the percent fibrotic area within
each muscle Figure 3.6A. Significantly decreased levels of fibrosis were measured in
28199 (12.2+0.6%) and 28200 (9.3+0.98%) injected animals compared to PBS controls
(15.5£1.2%) as measured by t-test, while the 28200 group was also significant via a
one-way ANOVA (Figure 3.6B, P<0.05, n=6 mice per condition).

Hydroxyproline (HOP) is a modified amino acid found in collagen, and elevated
HOP concentration is seen in dystrophic skeletal muscle (Heydemann et al., 2009).
HOP content was quantified in the quadriceps, diaphragm and abdominal muscle
groups. Neither 28199 nor 28200 showed any difference in fibrosis content using this
assay in any of the three muscle groups measured. Additionally, HOP content in 28199
and 28200 injected quadriceps muscle did not replicate the decrease seen in picrosirius
red analysis of the same organ when compared via t-test (Figure 3.6C). This
discrepancy is not uncommon and is likely due to increased sensitivity of the picrosirius
red imaging assay (Lohcharoenkal et al., 2014; Smith and Barton, 2014). These data
combined suggest that 28199 and 28200 injections may reduce fibrosis within skeletal

muscle over short-term trial periods.
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Figure 3.6 Anti-LTBP4 antibody therapy reduced fibrosis in the quadriceps
muscle. A) Representative images of picrosirius red stained quadriceps muscle. B)
Whole mid-belly quadriceps images were analyzed for percent area of picrosirius red
staining per total quadriceps area. Both 28199 and 28200 injection significantly
reduced the amount of picrosirius red compared to PBS when analyzed via t-test (n=6
for each condition, P<0.05). C) Quadriceps fibrosis measured by the less sensitive

HOP quantitation assay showed no difference between groups when measured by
simple t-test.
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Muscle strength and performance in a-LTBP4 injected mice

To investigate the effect a-LTBP4 antibody injections on muscle strength over time, in
vivo grip strength was examined. Grip strength was measured on days 0O, 7, 14, 21 and
28 of therapy and was observed to increase in all groups over time with respect to
baseline (Figure 3.7A). The 28200 antibody injected group showed the greatest
increase in strength over the trial period, with a nearly two-fold increase in mean grip-
strength over 30 days over baseline (2.0£0.19 fold change over baseline). The 28199
and PBS showed modest improvement with a 30-day mean increase of (1.41£0.2 and
1.51£0.23 fold change over baseline, respectively). When baseline adjusted data is
subjected to t-test between antibody groups and PBS within each time-point, the 28200
group showed significantly increased grip strength at day 7 and day 14 compared to
PBS, but loses significance thereafter (n=9 per condition, P<0.05). Since grip strength
is a repeated measures test, maximum and minimum values can also be measured.
We plotted and analyzed maximum (Figure 3.7B) and minimum (Figure 3.7C) grip
strength values and found a similar trend between conditions independent of what value
was analyzed.

Ex vivo muscle mechanics of the EDL muscle showed that 28200 antibody
injection improved the percentage force decrease during eccentric contraction
compared to PBS injection using a t-test and one-way ANOVA (31.5£5.0% compared to
64.1+4.2%, respectively) (Figure 3.7D, P<0.05, n=9 muscles per condition). The 28199
antibody injections trended towards improved percentage force decrease while
undergoing eccentric contraction compared to PBS (50.4+3.9%, P<0.07). Twitch and

tetanic specific force, were not significantly improved with either a-LTBP4 injections
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Figure 3.7 Injection of the 28200 antibody preserved grip strength and muscle
function in response to eccentric contraction. A) Mean grip strength normalized to
body mass over time reveals a general increase in strength over time across all
conditions although the protocol. There were no significant differences via repeated
measures 2-way ANOVA. When baseline normalized and raw values are analyzed via
one-way ANOVA per each time point, only the 28200 group showed a significant
difference compared to PBS and only at day 7 and 14 (n=10 per group at each time-
point, Day 7 P<0.05, Day 14 P<0.05). B) 28200 antibody injected mice showed a
similar increase at day 7 and 14 when a similar analysis was conducted on the
maximum grip force recorded on each day. C) When minimum grip-force for each
mouse is analyzed, group 28200 loses significance at the day 14 measurement and
only day 7 is significantly greater than PBS. D) Ex vivo muscle mechanics were
analyzed on the extensor digitorum longus (EDL) muscle. The 28200 antibody injected
group had a significantly smaller reduction in force compared to the PBS-injected group
in response to repeated eccentric contractile injury (n=7 muscles per group, P<0.05). E
and F). Anti-LTBP4 injected mice trended towards higher twitch (right) and tetanic (left)
force than PBS injected animals, but this result was not significantly higher via ordinary
one-way ANOVA or t-test.
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(Figure 3.7E and 3.7F). However, the a-LTBP4 28199 group trended towards an
increase in twitch specific force when compared to the PBS group via a simple t-test
(18.5£1.7 compared to 13.8+1.9, respectively) (Figure 3.7F P<0.08, n=10 muscles per
group). These data suggest that 28200 injection protected myofibers against
contraction-induced injury, preserving strength and performing better in both voluntary

and involuntary assays of muscle strength.

Effect of a-LTBP4 antibody injection on cardiac function

Cardiac decline in muscular dystrophy has been characterized in both human disease
and mouse models using imaging modalities (De Luca, 2012; Gardner et al., 2015).
Echocardiography was performed at days 0, 14 and 28 and analyzed for measures of
left-ventricular fractional shortening (LVFS), pulmonary artery flow, mitral valve function
and quality of flow through the pulmonary artery.

Changes in mean LVFS at day 28 trended towards improvement in the 28199
group (25.9+2.0%) with a modest increase in 28200 (24.6+1.1%) compared to the PBS
group (22.6+1.05%) (Figure 3.8A, n=10 for each condition). No significant differences
in LVFS were found between any groups over time with repeated measures two-way
ANOVA nor were any significant differences found at any single time-point between
groups via ordinary one one-way ANOVA (Table 3.3). However, when an outlier in the
28199 group was removed on the basis of having an abnormal LVFS, then the 28199
group was significantly different at day 28 than PBS as compared via one-way ANOVA

between groups (n=10 for all conditions, p<0.05).
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The 28200 injected group trended towards a reduction in LVIDd on day 28
compared to the PBS injected group, with a mean value of 3.9 + 0.05 mm compared to
a 4.05+0.05mm (Figure 3.8B, n=11 mice per condition). There was no significant
difference in LVID;s with 28200 (3.04+0.08 mm) or 28199 (2.97+0.06mm) injection
compared to the PBS (3.14+0.08mm) injected group (Figure 3.8C, n=11 mice per
condition). No significant differences in LVIDd or LVIDs were found between any
groups at day 0 via a one-way ANOVA nor between any groups over time with repeated
measures two-way ANOVA

Pulmonary artery velocity time integral (PA VTI) is a Doppler interrogation of
blood flow in the pulmonary artery (PA) and is an indirect measure of right ventricular
function (RV) and stroke volume. In both the 28199 and 28200 groups, PA VTI trended
towards improvement at day 28 compared to the PBS group with final PA VTI values of
24.4+1.5cm?, 24.5+1.7 cm?, 20.7+1.2 cm?, respectively (Figure 3.8D, P<0.08, n=10
mice per condition). Despite this marked improvement, neither one-way nor repeated
measures two-way ANOVA showed any significant differences between any conditions
at any time-point. Decreased PAAT values have been positively correlated with higher
PA pressures in mice as both values are affected by the compliance of the PA and its
distal pulmonary circuitry (Thibault et al., 2010). In both the 28199 and 28200 groups,
PAAT trended towards improvement at day 28 compared to the PBS group, with final
PAAT values of 19.6+1.1ms, 19.1£1.1ms, 17.1£0.7ms, respectively (Figure 3.8E, n=10
mice per condition). In the context of PBS showing progressive decrease of PAAT over

time (day 28 PBS= -7.78% relative to baseline), these data suggest a-LTBP4 therapy
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may stave off a characteristic increase in pulmonary artery pressure associated with
elevate TGFp signaling.

Flow through the mitral valve (MV) was measured and the ratio between
maximum velocity during early passive ventricular filling (E) and maximum velocity
during atrial kick (A) was calculated and analyzed for as many mice as time would
permit (n=4 for each group and time-point). A higher MV E/A is indicative of healthy
passive ventricular diastolic filling (Jearawiriyapaisarn et al., 2010). MV E/A declined
progressively in PBS group over time, with a final mean value of 1.3£0.25. The 28199
group trended towards an increase in MV E/A, 1.84£0.14, however, no differences were
found between 28199 and PBS at any time point when values were compared via
ordinary one-way ANOVA or t-test (Figure 3.8F, P<0.08, n=4 mice per condition). In
contrast, 28200 saw a marked improvement in MV E/A, 2.1£0.5, compared to the PBS
group using a one-way ANOVA (Figure 3.8F, P<0.58, n=4 mice per condition). In the
context of all echocardiographic data combined, 28199 appeared to have a more

prominent effect in the heart.
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Figure 3.8 Anti-LTBP4 antibody effect on cardiac function. A) Mean Fractional
shortening (FS) trended towards improvement with 28199 injection compared to PBS,
however, no significant differences were found between groups (n=10 mice per
condition). B & C) LVIDd and LVIDs trended towards reduction compared to PBS
although this was non-significant (n=11 mice per condition. D) Pulmonary artery
velocity time integral (PA VTI) increased in 28199 and 28200 groups, but this was not
statistically significant compared to the PBS group (n=10 mice per condition, P<0.08).
E) Pulmonary artery acceleration time (PAAT) increased in 28199 and 28200 groups,
but this was not statistically significant compared to the PBS group (n=10 mice per
condition, P<0.08). F) Mitral valve E/A ratio increased in both the 28199 and 28200
groups compared to the PBS group, but was only significantly different for 28200 group
compared to the PBS group (n=4 mice per condition, P<0.05).
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Table 3.3 Anti-LTBP4 antibody effect on cardiac function.

Echo parameter Day 0 Day 28 Day 0 Day 28 Day 0 Day 28
FS (%)

Mean = SEM 26.7 £1.45 22.6+1.05 21.5+1.74 259+ 1.99 25.6+0.91 24.6 +1.11
N= 9 12 11 10 10 11
LVID;d (mm)

Mean = SEM 398+ 0.1 4.1 +£0.06 3.78+0.09 4.04 £0.07 4.05+0.05 4.0+ 0.04
N= 9 12 11 11 10 11
LVID;s (mm)

Mean = SEM 291 +£0.1 3.14+£0.08 296+0.1 3.00+0.19 3.02+0.06 3.01 *0.06
N= 9 12 11 11 10 11

PA VTI (cm?)

Mean = SEM 256 1.6 20.7+x1.2 20.6+x0.9 244+15 249+1.7 24.5=+1.7
N= 6 11 12 11 10 10
PAAT (ms)

Mean £ SEM 18.5+ 1.6 17.1 £ 0.7 20.0 £ 0.8 19.6 £ 1.1 18.4 £ 0.6 19.1+1.1
N= 6 11 12 11 10 12
M/V (cm?/cm?)

Mean + SEM 2.0 £ 0.22 1.3 %0.25 1.0+ 0.2 1.8+ 0.14 2.0+ 0.23 2.1+ 0.05
N= 8 5 4 10 5 4
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DISCUSSION

The LTBP4 hinge region is important in TGF@ availability and activation.

Although receptors for TGFf are broadly expressed and found on nearly all cell types,
TGFp activation is limited to sites where TGF[3 has been released from latency. TGFf's
active domain is secreted in the extracellular matrix (ECM) non-covalently bound by a
large amino-terminal pro-domain, commonly referred to as the latency-associated
peptide (LAP) to form the small latent complex. The small latent complex is secreted
with and binds to scaffolding proteins like LTBPs forming the large latent complex (LAP)
and its TGFp dimer are secreted bound to scaffolding proteins such as LTBP or similar
fibrillin-like family members (Todorovic and Rifkin, 2012). There are four LTBPs, and
LTBP4 is expressed highly in muscle although other LTBPs are also present. TGFp is
liberated from the large latent complex by at least two, independent mechanisms: 1)
enzymatic cleavage by activated matrix metalloproteinase (MMP), or by 2) the physical
unfolding of LAP dimer by cellular traction force applied through integrins and/or
shearing forces. (Maeda et al., 2011). Universal to both activating modes is a
requisite/resultant cleavage in LTBP family members at a proline-rich molecular “hinge”
region adjacent to the TGF[3 binding motif, separating the protein in two fragments that
can be independently identified on western-blot post-activation (Ceco et al., 2014).

We now tested antibodies against the LTBP4 hinge region for their ability to alter
the phenotype of muscular dystrophy in a mouse model. We tested two antibodies
raised to identical polypeptide fragments within the hinge region. These antibodies
were raised in rabbits as polyclonal species and therefore can be expected to differ from

each other in epitope and affinity. Moreover, the rabbit species of origin limited the use
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of these antibodies in mice because of potential recognition by the mouse host as a
foreign protein. Therefore, these studies were carried out for a limited interval in order
to determine whether any benefit could be seen. The two different antibodies, 28199
and 28200, showed trends in the same general direction for many measures, but by
most measures the 28199 antibody performed better. Neither antibody appeared toxic.
The 28199 antibody showed an increase in quadriceps and gluteus/hamstring
muscle mass, increased triceps myofiber cross sectional area, increased internalized
nuclei and a reduction in macrophage infiltration. These features support an increase in
regeneration prompted by the 28199 antibody. The 28199 antibody also showed a
decrease in Evans blue dye positive fibers in the triceps muscle and a reduction in the
percentage of the quadriceps muscle that was fibrotic. The 29200 antibody generally
performed less well with only trends towards these same effects and generally failing to
reach significance. By functional measures, including grip strength and ex vivo muscle
mechanics, the 29200 antibody did suggest improvement in performance while the
29200 antibody did not show this same effect. These measurements notably assess
different muscle groups (the forelimbs and EDL muscles, respectively), and it is possible
that antibody access to these muscles may differ based on animal activity or inherent
properties of different muscle groups. We did not assess the effect of antibody injection
on the animals’ performance such as ambulation and climbing and these features may

change measurements like serum creatine kinase and Evans blue dye uptake.
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LTBP4 binds both myostatin and TGFf and antibody blockade may affect the
bioavailability of both.

In vitro, LTBP4 binds all three TGFf isoforms (Lamar et al., 2016b). Moreover in
separate experiments, we found that LTBP4 also binds myostatin (Lamar et al., 2016a).
Myostatin is a negative regulator of muscle mass (McPherron et al., 1997). Antibodies
that neutralize myostatin or block its receptor can stimulate muscle growth and in the
setting of muscular dystrophy, reduce fibrosis (Bogdanovich et al., 2002; Bogdanovich
et al., 2008; Latres et al., 2015). It is possible that the effects of growth seen with anti-
LTBP4 antibodies are, in part, mediated by enhancing LTBP4’s ability to sequester

myostatin.

The short term nature of anti-LTBP4 antibody exposure and lack of
documentation of dose efficacy limit conclusions.

The relative affinity of the 28199 and 28200 polyclonal rabbit antibodies is not known.
Dosing of antibody therapy is often largely based on affinity as measured in quantitative
ELISA or similar methods and was not available prior to our study. An additional
limitation of our study was the fact that these antibodies were raised in rabbits, and
therefore may be recognized as foreign and neutralized by the murine hosts. For this
reason, long term dosing was not carried out. Indeed, the loss of efficacy seen in the
grip strength over the week assessment may relate to neutralization. Many measures
included in this study were only collected after four week dosing, limiting the ability to
document efficacy or changes over the four week dosing. Nonetheless, several
features were observed to improve suggesting that additional studies with species

matched antibodies are worthwhile to conduct.
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Chapter 4

Cardiac function in muscular dystrophy associates with abdominal

muscle pathology

ABSTRACT

The muscular dystrophies target muscle groups differentially. In mouse models of
muscular dystrophy, notably the mdx model of Duchenne Muscular Dystrophy, the
diaphragm muscle shows marked fibrosis and at an earlier age than other muscle
groups, more reflective of the histopathology seen in human muscular dystrophy.

Using a mouse model of limb girdle muscular dystrophy, the Sgcg mouse, we compared
muscle pathology across different muscle groups and heart. A cohort of nearly 200
Sgcg mice were studied using multiple measures of pathology including
echocardiography, Evans blue dye uptake and hydroxyproline content in multiple
muscle groups. Spearman rank correlations were determined among
echocardiographic and pathological parameters. The abdominal muscles were found to
have more fibrosis than other muscle groups, including the diaphragm muscle. The
abdominal muscles also had more Evans blue dye uptake than other muscle groups.
The amount of diaphragm fibrosis was found to correlate positively with fibrosis in the

left ventricle, and abdominal muscle fibrosis correlated with impaired left ventricular
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function. Fibrosis in the abdominal muscles negatively correlated with fibrosis in the
diaphragm and right ventricles. Together these data reflect the recruitment of
abdominal muscles as respiratory muscles in muscular dystrophy, a finding consistent

with data from human patients.
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INTRODUCTION

The muscular dystrophies (MD) are a heterogeneous set of muscular disorders often
linked to mutations in proteins within the dystrophin-glycoprotein complex (DGC). The
DGC is a large protein complex localized to the sarcolemma of skeletal, smooth, and
cardiac muscle fibers. The dystrophin glycoprotein complex physically links the
extracellular matrix to intracellular cytoskeletal elements. Dystrophin and its associated
proteins prevent sarcolemmal damage by mechanically stabilizing the lipid membrane,
while additionally localizing important membrane repair mechanisms to their site of

action (Rybakova et al., 2000). Mouse models of muscular dystrophy are highly useful
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as preclinical models because they are small, reproduce easily, and can be genetically
manipulated. The most studied mouse model of muscular dystrophy, the mdx mouse,
recapitulates many of the pathologic hallmarks seen in Duchenne Muscular Dystrophy
(DMD), and the mdx diaphragm muscle displays profound features of disease with
severe replacement fibrosis that can be seen grossly on inspection (Hack et al., 1998;
Ishizaki et al., 2008; Stedman et al., 1991). Mouse models of sarcoglycan gene
mutations similarly reflect the pathology seen in humans with Limb Girdle Muscular
Dystrophies (LGMDs), and like the mdx mouse have marked pathology in the
diaphragm muscle compared to other muscle groups (Vainzof et al., 2008).

In heart failure, diaphragm muscle and cardiac function are interdependent
(Habedank et al., 2013; van Hees et al., 2010). This interdependence is especially
evident in muscular dystrophy, where primary deficits in respiratory muscles and the
myocardium may accelerate pathology and dysfunction. Deletion of the skeletal muscle
specific transcription factor MyoD in the mdx mouse, which specifically impairs skeletal
muscle regeneration, accelerates cardiomyopathy (Megeney et al., 1999).
Correspondingly, rescue of diaphragm muscle with utrophin overexpression in the
mdx/utrophin double null mice improved right-ventricular (RV) and left-ventricular (LV)
ejection fraction (EF) (Crisp et al., 2011). In another study, cardiomyopathy was evident
in older mdx mice whose skeletal muscle, including diaphragm muscle, had been
rescued by micro-dystrophin transgene expression (Wasala et al., 2013). These
findings emphasize the importance of correcting multiple muscle groups, including the

respiratory and cardiac muscles.
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The diaphragm muscle is responsible for approximately 50% of respiratory force
in humans, but this contribution varies with body position and exercise demands
(Sant'/Ambrogio et al., 1966; Wang and Josenhans, 1971). Other muscle groups
contribute significantly to respiration, especially when the primary breathing muscle is
diseased, as it is in muscular dystrophy. The abdominal muscle group is considered an
accessory of respiration, aiding mostly in expiration (Kaneko and Horie, 2012).
Increasing evidence suggests that the abdominal muscles adapt for additional function
in patients with muscular dystrophy by contributing to both expiration and inspiration
(Mauro et al., 2009; Romei et al., 2012; Ugalde et al., 2001). The progression of
disease in the abdominal musculature is not as well characterized as the diaphragm
muscle in human patients or animal models of MD, and it still remains largely unknown
what relationship, if any, the abdominal muscles have with in vivo measures of
cardiopulmonary function. We now used a mouse model of muscular dystrophy to
assess the relationship between markers of abdominal muscle pathology and measures
of cardiopulmonary dysfunction. We took advantage of a large well characterized
cohort of mice lacking the dystrophin associated protein y-sarcoglycan, as these mice
are a model for severe childhood autosomal recessive muscular dystrophy, also known
as LGMD 2C (Azibi et al., 1993). This subtype of muscular dystrophy is notable for its
similar phenotype to DMD, and this model was selected since it displays an earlier
cardiac phenotype more reminiscent of what is seen in human DMD and LGMD 2C.
The rectus abdominus muscle is the primary abdominal muscle, and abdominal
muscles are important in maintaining posture for proper respiration, in addition to being

the primary muscle of expiration. We studied mice at an early time-point in disease, 8
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weeks, and found that abdominal muscle pathology correlated with in vivo and
postmortem markers of cardiopulmonary dysfunction. These findings demonstrate that
the abdominal muscles are useful and accessible muscles to study in preclinical models

and reflect cardiopulmonary pathology.

MATERIALS AND METHODS

Animals. Sgcg mice, a model for limb girdle muscular dystrophy, were described
previously (Hack et al., 1998; Heydemann et al., 2005). Sgcg on the DBA/2J (D2)
background and the 129T2/SvEmsJ (129) background were intercrossed to create
homozygous Sgcg mice on a mixed D2/129 genetic background. Male (n=95) and

female (n=101) Sgcg”¥"#

mice were studied (total cohort 196). Animals were housed
in a single pathogen-free barrier facility under the approval of the University of Chicago
Animal Care and Use Committee. At 8 weeks of age, animals were sacrificed and
muscle groups removed and isolated for further processing. Hydroxyproline (HOP)
content was measured in the whole diaphragm, the right ventricular free wall (right
ventricle), left ventricular free wall and septum (left ventricle), abdominal muscle, and
one half of each quadriceps muscle. The abdominal muscle was taken from two 1cm
square dissections adjacent to, but not including, the non-muscular linea alba. The
abdominal muscle taken did not include lateral portions of the abdominal wall, and
therefore, the abdominal rectus muscle is likely most represented in our dissection.
Evans blue dye (EBD) content was measured in whole triceps, gluteus

group/hamstrings, gastrocnemius/soleus and abdominal muscles, and one half of each

quadriceps muscle. Together, this generated 35 different data points measured for
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each animal, and all 35 measurements were available from 126 animals. The
remaining 70 animals had more than 30 data points available. The measurements of
HOP and EBD utilized the entire muscle groups. Histopathology was performed on

separate animals.

Echocardiography. Echocardiographic studies were conducted on animals following
standard protocols (Spurney et al., 2009) and as described previously (Wheeler et al.,
2004). Animals were anesthetized using isoflurane, 2% in O, and then placed on a
heated pad. Imaging studies were typically completed in less than 15 minutes of total
anesthesia time. During imaging, isoflurane was titrated to avoid heart rates less than
350 bpm. Imaging utilized a Vevo 770 (Visualsonics, Toronto, Ontario, Canada)
ultrasound machine with 30Mhz probe to acquire all measurements and images. Left-
ventricular fractional shortening was acquired by collecting M-mode images in both the

parasternal long-axis and parasternal short-axis views.

Hydroxyproline measurement. Hydroxyproline (HOP) assay was performed as
described previously (Heydemann et al., 2005). Muscles were removed, minced,
weighed and hydrolyzed in 2ml of 6 M hydrochloric acid at 110°C overnight. After
incubation, Ehrlich’s reagent was added and absorbance was measured at 558 nm.
Heart ventricles were assayed after removal of atria and great vessels. Results were
reported per milligram of tissue. HOP measurements were performed on half the
abdominal and quadriceps muscles, and on the entire diaphragm and cardiac ventricles

where the right and left ventricle were assayed separately.
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Dye uptake. Evans blue dye (EBD) uptake into muscle was measured as described
previously (Heydemann et al., 2005; Thurston et al., 1999). Forty hours prior to
sacrifice, animals were injected intraperitoneally with 5 ul/g body mass EBD (Sigma, E-
2129) in phosphate-buffered saline at 10 mg/ml. The entire gastrocnemius/soleus,
gluteus/hamstrings, and triceps muscles were harvested for the dye uptake assay. Half
of each abdominal and quadriceps muscle was used, while the other half was used for
HOP measurement (see above). Muscles were removed, minced, weighed and
incubated in 1 ml of formamide for 2 h at 55°C. Absorbance was measured at 620 nm,

and results reported as the Z score of absorbance per milligram of tissue.

Histology. Hematoxylin and eosin staining or Mason Trichrome was performed on Sgcg
(DBA/2J) mice or mdx (C57BI10) mice as described (Hack et al., 1998) (n= 2-5 mice of

each genotype).

Statistical Analysis. Statistical analysis was performed using Prism 6 software

(GraphPad Software, San Diego California, USA, www.graphpad.com) and R (R

Foundation for Statistical Computing, Vienna, Austria). For 3 images (LV fibrosis vs
abdominal fibrosis, LV fibrosis vs diaphragm fibrosis, and RV fibrosis vs diaphragm
fibrosis), 3 data points were removed for the purposes of presentation. The 3 data
points were removed only from the visual depiction of the data because these points
were so elevated as to compress the remaining data visualization. All data were

included for statistical calculations, including those three points that were removed from
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each of the three above referenced images. All parameters were evaluated for the
normality of their distribution using a D’Agostino and Pearson omnibus test. Non-
parametric Spearman rank correlation coefficients were used to examine pairwise
relationships among muscle groups due to the non-normal distribution of multiple
parameters. Additionally, non-parametric methods (Dunn’s multiple comparison test
and Mann-Whitney U test) were used to test for significant differences in parameters

across muscle groups. P values < 0.05 were accepted as significant.

RESULTS

A large, genetically heterogeneous cohort of mice reflects variability seen in
human muscular dystrophy.

Sgcg mice lack the dystrophin-associated protein, y-sarcoglycan, and are a model for
limb girdle muscular dystrophy (LGMD) type 2C (Hack et al., 1998). Like LGMD 2C and
DMD patients, Sgcg mice characteristically develop a progressive muscle disease
marked by inflammation, necrosis and muscle weakness (Griffin et al., 2005). LGMD
2C is phenotypically heterogeneous, even with an identical primary gene mutation (Kefi
et al., 2003). To model this phenotypic variability in mice, we generated a cohort of
Sgcg mice on a mixed genetic background taking advantage of the observation that the
muscular dystrophy phenotype is enhanced in the DBA/2J (D2) background and
repressed in the 129T2/SvEmsJ (129) background (Heydemann et al., 2005). The D2
strain background harbors a number of genetic loci that enhance muscular dystrophy,
and the genetic locus that contributes is the chromosome 7 encoded latent TGFf

binding protein 4 (Ltbp4) gene (Swaggart et al., 2011). A cohort of 196 Sgcg mice was
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assessed for cardiac function at 8 weeks of age using echocardiography followed by
post mortem measurements of fibrosis and muscle damage. Although increased
fibrosis can be detected in the heart at this stage, severe cardiac dysfunction is not yet
present. This cohort showed a range of disease severity affecting multiple muscle

groups and the heart (Figure 4.1).
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Figure 4.1 Sgcg mice replicate a range of severity and muscle group
involvement similar to human muscular dystrophy. Sgcg mice, a model for limb
girdle muscular dystrophy, were studied on a mixed genetic background. At eight
weeks of age, a relatively early time point in disease, Sgcg”?"? mice displayed
significant variability in severity of membrane leak and fibrosis. Gross images are
shown from the abdominal, diaphragm and quadriceps muscles, as well as the heart.
Animals were injected with Evans blue dye to mark muscle damage, and this is seen as
blue areas of muscles. Fibrosis appears as white patches or streaks, and turns
otherwise translucent muscle opaque. Dye uptake and fibrosis often occur together,
and individual animals can vary in how severely individual muscle groups are affected.
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The abdominal muscle group experiences the most severe membrane leak.
Evans blue dye (EBD) is an azol dye with high binding affinity for serum albumin. EBD
does not accumulate in healthy muscle tissue; rather, it characteristically accumulates in
muscles where the sarcolemma has been disrupted. Dye uptake, as a reflection of
abnormal muscle membrane permeability, can be quantified as a temporal marker of
tissue damage present at the time of analysis (Hamer et al., 2002; Wooddell et al.,
2010). Dye uptake was determined for the abdominal, triceps, quadriceps,
gastrocnemius/soleus and gluteus/hamstring muscle groups (n=124 mice) that are
subject to heavy use, even in cage-bound animals. Compared to the limb skeletal
muscles, the abdominal muscle group had a significantly higher mean dye uptake (6.67
+ 2.59 OD/mg) (Figure 4.2A). This mean was 34.9% higher than mean for
gluteus/hamstring, the second most affected muscle group. Mean abdominal muscle
dye uptake was significantly higher than all other muscle groups assayed (p<0.0001 for
all pairwise comparisons with the abdominal muscle). No significant differences were
found when considering dye uptake between other muscles groups. The distributions of
values for dye uptake in the abdominal muscles and gastrocnemius/soleus muscles
were non-normal (p=0.003 for abdominal, and p<0.0001 for gastrocnemius/soleus)
(Figure 4.2B). No other significant departures from normality were observed in any of
the other muscles assayed for dye uptake.

It has previously been reported that mdx mice may display an asymmetry that
was observed to affect both the quadriceps muscle and gastrocnemius muscles
(Kobayashi et al., 2012). The lateral preference was seen to affect performance on a

treadmill and correlate with increased muscle damage on the side bearing more of the
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Figure 4.2 Mean dye uptake, as marker of muscle damage, was highest in the
abdominal muscles. A large cohort (n=196) of Sgcg”?’?’ mice was assayed for dye
uptake in multiple muscle groups. A) Mean dye uptake was found to be highest in the
abdominal muscles (m=6.67 + 2.59 OD/mg), This value was found to be significantly
higher than other muscles assayed for EBD when compared by Dunn’s multiple
comparison tests (p<0.0001). Error bars represent standard deviation. B) A histogram
representing the distribution of abdominal muscle dye uptake. This distribution was
found to be non-normal, and right-skewed. C) Abdominal dye uptake was significantly,
negatively correlated with fibrosis in the left ventricle of the heart. D) Furthermore,
abdominal dye uptake was significantly, positively correlated with animal weight. Taken
together, these data support a model in which abdominal muscles are recruited to
support cardiopulmonary output.
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load. The Sgcg model similarly displayed asymmetry in two muscle groups: the
gastrocnemius/soleus muscle groups and the quadriceps muscles. A Wilcoxon signed
rank test found that mean dye uptake was significantly higher in the left
gastrocnemius/soleus (p=0.0495), while mean fibrosis, measured as hydroxyproline
content, was significantly higher in the left quadriceps (p<0.0001). Additionally, we
found two traits to exhibit sexual dimorphism. As expected, male mice had greater body
mass than female mice (male: 21.96 g + 2.95, female: 19.50 g £ 2.58, p<0.007). Male
mice were also found to have significantly higher dye uptake in the abdominal muscles
than female mice (male: 7.63 £ 2.49, female: 5.86 + 2.33, p<0.0001). However, these

sex-based differences did not alter any of the reported correlations.

Abdominal muscle dye uptake correlates with reduced left ventricular fibrosis
and increased animal mass.

Spearman based correlations were used to analyze relationships between abdominal
dye uptake and all other functional and pathologic markers. Abdominal dye content
correlated negatively with left-ventricular fibrosis, as measured by hydroxyproline (HOP)
content (Figure 4.2C). Abdominal muscle dye uptake was found to correlate
significantly and positively with animal weight (Figure 4.2D). No other studied muscle
group was found to correlate significantly with animal weight. Interestingly, abdominal
muscle dye uptake showed a weak correlation with the measurement of mean velocity
of blood across the pulmonary artery (r =0.1898, p=0.0502), which is a reflection of right
ventricular function. Taken together, these data suggest that increased dye uptake in

the abdominal muscles was seen in larger animals with less left ventricular fibrosis. An
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Figure 4.3 Mean tissue fibrosis was highest in the abdominal muscles. Sgcg”?'?

mice from the same cohort (n=196) were assayed for hydroxyproline (HOP) content as
a direct measure of fibrosis. A) Mean fibrosis, measured by HOP content, was highest
in the abdominal muscles (43.79 £ 22.16 mg/mg). This value was found to be
significantly higher than other muscles when compared by Dunn’s multiple comparison
tests (p<0.0001). Error bars represent standard deviation. B) A histogram representing
the distribution of abdominal muscle fibrosis (HOP content.) This is a non-normal
distribution and is right-skewed. C) Abdominal muscle fibrosis was significantly
negatively correlated with left-ventricular fractional shortening (LVFS) using Spearman
based calculations. D) Distribution of LVFS in the Sgcg cohort. The asterisk indicates

normal LVFS.
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animal’s mass may be large in part due to edema, which would be reflected as dye
uptake. We infer the increased abdominal muscle damage is consistent with these
muscles being recruited as accessory muscles of respiration, which in the shorter term,

may be protective for the heart by improving oxygenation.

The abdominal muscles have more fibrosis than other muscles.

Hydroxyproline (HOP) content was used as reflection of fibrosis because this modified
amino acid is found in matrix deposited collagen. The abdominal muscles had a mean
HOP measurement of 43.79 + 22.16 mg/mg, which was 47.5% higher than the
diaphragm muscle and 131% higher than what was seen in the left ventricle. Fibrosis in
the abdominal muscles was significantly higher than all other groups assayed (Figure
4.3A). Much like abdominal dye uptake, the distribution of values was right-skewed
(p=0.0002). Total body mass was found to correlate negatively with abdominal muscle
fibrosis (r = -0.206, p=0.0071), which could be influenced by sexual dimorphic
differences in body mass.

Left ventricular fractional shortening (LVFS) is a commonly used measure of
heart function applicable to both human and murine hearts. A normal LVFS for mice
under isoflurane anesthesia, as used here, is 39% (Gao et al., 2011). The mean LVFS
for Sgcg mice was 36.93% (SD + 9.1), and more than 30 animals had LVFS < 30%
reflecting cardiomyopathy. Those animals with the least abdominal muscle fibrosis had
the best cardiac function measured by LVFS (Figure 4.3C). The distribution of LVFS in
the cohort is shown in Figure 4.3D. Abdominal muscle fibrosis did not correlate with LV

fibrosis (r = -0.0975, p=0.2124). However, cardiac function measured by LVFS also did
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Figure 4.4. Diaphragm fibrosis associates with fibrosis in the heart. A) Diaphragm
fibrosis correlated positively with LV fibrosis using Spearman based methods, further
supporting the concept that scarring in the respiratory muscles may predict scarring in
the LV. B) Interestingly, diaphragm fibrosis correlated negatively with RV fibrosis,
indicating that the diaphragm correlation with LV fibrosis is independent of RV
pathology. C) Scatter plot representing abdominal and diaphragm fibrosis for each
animal. Although abdominal fibrosis correlates negatively with diaphragm fibrosis, the
distribution suggests a more complex relationship between the two organs. Specifically,
there are very few animals with high level abdominal and diaphragm fibrosis
(intersection point). Rather, the cohort can be divided into two virtual populations: those
that preferentially developed diaphragm fibrosis with little abdominal fibrosis, and those
that preferentially developed abdominal fibrosis with little diaphragm fibrosis. D)
Frequency distribution of fibrosis found within the diaphragm of the full cohort.
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not correlate significantly with LV fibrosis (r = -0.1300, p=0.1165), indicating that cardiac
dysfunction at this stage is not arising from fibrotic infiltration of the heart. These
findings are consistent with the view that respiratory dysfunction contributes to cardiac

dysfunction.

Diaphragm fibrosis correlates positively with left-ventricular fibrosis, and
negatively with right-ventricular fibrosis.

The diaphragm, in both large and small animals, is thought to be the major respiratory
muscle and is known to be particularly affected in muscle dystrophy in humans and
mouse models (Stedman et al., 1991). Diaphragm muscle fibrosis, as measured by
HOP content, was found to correlate positively with left-ventricular fibrosis (Figure
54.4A). These data suggest that the left-ventricle and diaphragm become fibrotic
relatively early in this model of muscular dystrophy. Conversely, diaphragm muscle
fibrosis correlated negatively with right-ventricular fibrosis (Figure 4.4B, r=0.1420,
p=0.016). It is important to note that, on average, the right-ventricle experienced the
least fibrosis of all muscles sampled by the HOP assay (1.771 £ 1.72 OD/mg). This
was 79% lower than the next most fibrotic organ, the quadriceps muscle (mean

quadriceps HOP 8.48 + 3.03 OD/mg).

Very few animals have severe diaphragm fibrosis and abdominal fibrosis.

Figure 4.4C is a paired scatter plot correlating diaphragm muscle fibrosis and

abdominal muscle fibrosis. These data are plotted without transformation and without a
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best-fit line in order to better visualize the data. Although there are independent
populations of mice that have severe diaphragm fibrosis (dashed line) or abdominal
fibrosis (solid line), there are few to no animals that have both severely scarred
abdominal and diaphragm muscles. The distribution for diaphragm HOP content is right

skewed (p=<0.0001) (Figure 4.4D).

Comparable histopathology between abdominal muscles and diaphragm muscles
in mouse models of MD.

To correlate the quantitative measures of pathology used above, histological sections
were examined from Sgcg mice to evaluate abdominal and diaphragm muscle
pathology (Figure 4.5). The abdominal muscle displayed the same range of pathology
seen in the diaphragm muscle with notable calcification, necrosis, and inflammation in
both muscles. Mason Trichrome staining highlighted significant fibrosis in the
abdominal muscles, consistent with the measurements made using hydroxyproline.
Abdominal muscles from mdx mice were examined and were similarly found to display
qualitatively comparably dystrophic features as the diaphragm muscle. Together these

data complement the findings in the large Sgcg cohort.
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Figure 4.5 Abdominal muscle and diaphragm muscle histopathology is
comparable in mouse models of MD. Representative histopathologic sections taken
from the diaphragm and abdominal muscles of normal wild-type (WT), Sgcg, and mdx
and Sgcg mice at an early time point in disease. All mice were less than 12 weeks old.
Hematoxylin and eosin (HE) staining highlights necrosis, calcification, and inflammation.
Mason’s trichrome (MT) stained sections from Sgcg and mdx mice both revealed a
more dense intercellular fibrosis throughout the abdominal and diaphragm muscles.
This degree of histopathology is greater than what is seen in limb-based skeletal
muscles (not shown).
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DISCUSSION

Abdominal muscles are severely affected in a mouse model of muscular
dystrophy.

At 8 weeks of age, a time-point that reflects established muscle pathology and emerging
cardiac dysfunction, we found the abdominal muscles had significantly elevated Evans
blue dye uptake as well as fibrosis. Evans blue dye is a measure of sarcolemmal
disruption and directly reflects myofiber injury and damage (Matsuda et al., 1995;
Straub et al., 1997). What triggers such notable pathology in the abdominal muscles at
such an early time point is not known, but it is likely that these muscles are being
recruited to participate in respiratory function. In this model of muscular dystrophy, like
the mdx model of muscular dystrophy, the diaphragm muscle displays profound
histopathological changes. At 8 weeks of age, the diaphragm muscle is nearly
completely replaced by fibrosis, which is visible both grossly and histologically, which is
anticipated to alter compliance. With the loss of the diaphragm muscle, other muscle
groups are expected to contribute to the work of breathing. The pathological findings in
the abdominal muscles in Sgcg mice are consistent with these muscles being recruited
for respiration.

The lack of correlation between diaphragm muscle and abdominal muscle
fibrosis is striking. Specifically, there were virtually no animals that displayed high levels
of fibrosis in both the diaphragm muscle and abdominal muscle. Many of the animals
collected at this time point had severe diaphragm fibrosis or severe abdominal fibrosis,
but rarely both. From this, we infer that animals with severe fibrosis in both muscle

groups may have a survival disadvantage. For example, if breathing were severely
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compromised in the first four weeks of life, such animals may not survive weaning and
would not be included in our analysis. The animals in this study were evaluated at 8
weeks of age, post puberty, and an equivalent age of the late second decade of human

life.

Respiratory muscle pathology correlates with cardiac measures of pathology and
dysfunction.

Markers of abdominal and diaphragm muscle pathology correlated significantly with
cardiac functional measures in this mouse model of muscular dystrophy. The strongest
correlates were between abdominal muscle damage and the mean velocity of blood
across the aortic valve, a measure of heart function. Fibrosis in the abdominal muscles
also correlated negatively with fractional shortening in the LV. Those animals with the
greatest abdominal muscle fibrosis had the most preserved LV function. We interpret
these findings as consistent with a model whereby cardiac function can be maintained
at the cost of increased breathing, reflected in the use and damage in the abdominal
muscles. It is notable that diaphragm muscle fibrosis and LV fibrosis were correlated.
This progression is supported by the correlation between diaphragm muscle fibrosis and
left ventricular fibrosis, furthering the notion that respiratory muscle fibrosis has a

negative impact on cardiac fibrosis (Figure 4.6).

Implications for human muscular dystrophy

The diaphragm and abdominal muscles oppose one another biomechanically,

the former serving as the primary muscle of inspiration while the latter serves as the
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Diaphragm Fibrosis > Abdominal Muscle Recruitment ) Abdominal Muscle Fibrosis Resplratory&
Heart Dysfunction

Decreased Diaphragm Function Decreased Abdominal Function

Figure 4.6 The abdominal muscle group may compensate for early diaphragm
failure in the Sgcg model of MD. Above is a simplified timeline representing a
progression for respiratory and heart dysfunction in muscular dystrophy based on data
taken at 8 weeks of age in mouse model of muscular dystrophy. This model parallels
studies in human DMD and myotonic dystrophy suggesting that the abdominal muscles
are “paradoxically” recruited during inspiration to compensate for diaphragm paralysis
and maintain function (Smith et al., 1989; Ugalde et al., 2001). Mice with poor heart
function had higher levels of fibrosis in the abdominal muscles, suggesting a
relationship between abdominal muscle health and heart function. Furthermore,
animals with the highest levels of abdominal fibrosis had relatively low levels of
diaphragm fibrosis, and vice versa. This relationship is supportive of a model in which
these two organs are compensatory to one another.
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primary muscle of expiration (Ugalde et al., 2001). Advanced plethsymography
methods have been used to characterize respiratory mechanics in DMD patients
(D'Angelo et al., 2011; Lo Mauro et al., 2010; Lomauro et al., 2013; Mauro et al., 2009;
Romei et al., 2012). With disease progression, DMD patients demonstrated less
abdominal wall distention during normal inspiration in the supine position. It was
suggested that these low abdominal volume changes during inspiration correlate
strongly with nocturnal hypoxemia, serving as a predictor of nocturnal desaturation.
These data are congruent with other observations that the paradoxical activation of the
abdominal muscles during inspiration may help expand the chest wall and thoracic
cavity during inspiration (Ugalde et al., 2001). Abdominal muscle activation may also
enhance venous return to the heart by further lowering thoracic pressures. Clinically,
supporting the abdominal muscles may increase both heart and lung function. Indeed,
abdominal binding has been shown to improve cardiac function in a handful of patients
with spinal cord injury (West et al., 2012).

Supporting and maintaining proper cardiopulmonary function in neuromuscular
disease is a mainstay of therapy. Sufficient ventilation is important for preventing
hypoxia and acidosis; two conditions that exacerbate cardiomyocyte dysfunction (Portal
et al., 2013; Tanaka et al., 1994). Maintaining diaphragm health has been the focus of
many studies in both humans and mice with muscular dystrophy, but few studies have
focused on supporting and evaluating the accessory muscles of respiration such as the
abdominal muscles. Therapies that spare the muscles of respiration in muscular
dystrophy have been shown to slow down overall disease progression and prolong life

(Kohler et al., 2009; Smith et al., 1989). The effects of nocturnal noninvasive ventilation
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on the accessory muscles of respiration are relatively unknown. The accessory
muscles of respiration, whether in human patients or animal models, may prove a viable
target especially for therapy directed at specific muscle groups. The abdominal
muscles are easily accessible and dissectible in mice, making them readily available for

study.
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Chapter 5

Discussion

Portions of this text derive from a Chapter entitled “Abnormal Muscle Physiology”
appearing in Cardioskeletal Myopathies in Children and Young Adults by EM McNally,
BB Gardner, S. Bogdanovich. (eds. Towbin, Jefferies, Blaxall, Robbins, Elsevier)

Summary

In this dissertation | discuss two main lines of experiments. The first line of experiments
assesses the effect of neutralizing or limiting the activation of TGFf isoforms in a mouse
model of muscular dystrophy. The results of these studies potentially pave the path
towards a biological therapy for patients with muscular dystrophy. The second line of
experiments examined the differential disease involvement of muscle groups, including
the heart muscle, in a separate but related mouse model of muscular dystrophy. The
findings from this work provide important insight into potential endpoints for clinical trials
and also yield clues as to the inter-relationship between heart function and breathing
muscles. These two areas are tied together in that the breathing muscles, the
diaphragm and as | have shown the abdominal muscles, demonstrate the most
profound pathological changes in animal models of muscular dystrophy and therefore
these muscles are critical to assessing new and developing therapies. In this Chapter, |

will discuss the repercussions from both lines of experimentation.
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Approaches and Implications of blocking TGFf in Muscular Dystrophy

Several different biologic, genetic, and non-biologic approaches have been taken to
assess whether inhibiting the TGFp pathway is useful in mouse models of muscular
dystrophy. An early approach to inhibiting TGF@, albeit indirectly and nonspecifically,
relied on using losartan, an angiotension receptor blocker (Cohn et al., 2007b). In this
same study, a pan-TGFp neutralizing antibody was tested for its effects on regeneration
after cardiotoxin injury. The losartan studies were carried out on a longer timeframe
with clear reduction in fibrosis and promotion of regeneration in skeletal muscle in the
mdx mouse model. These and other data suggested that this approach can have some
use and indeed, it has now become a recommendation to treat Duchenne Muscular
Dystrophy with compounds in this pathway, as these drugs are approved by the Food
and Drug Administration for the treatment of heart failure (Allen et al., 2013; Bish et al.,
2011; Fakhfakh et al., 2012; Spurney et al., 2011). A more direct approach to inhibiting
TGFp was examined using the pan-TGFp 1D11 antibody (Nelson et al., 2011b),
although the results by some were felt to be rather disappointing. The Nelson study did
show improvement in the diaphragm muscle and in respiratory function, but did not see
as much improvement in other skeletal muscles. One potential explanation for this
limited effect could be the use of the mdx mouse model in the traditional C57BI10
background. This model has less evident fibrosis and therefore it may be difficult to see
an effect where the pathological process is so much less than what occurs in the human
setting. Since the mdx diaphragm muscle is thought to more closely replicate the
human DMD process (Stedman et al., 1991), it is possible that the diaphragm results

are actually most important. Another interpretation is that the therapeutic window for
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blocking TGFp itself is limited by TGFp widespread expression. More potent means of
blocking TGFp throughout the body may actually be associated with unacceptable side
effects. It was for this reason that isoform specific TGFf antibodies were tested and
anti-LTBP4 antibodies were developed. Understanding the mechanism and forces
required for TGFp activation from LAP is key to the development of small molecule

based therapies aimed at disrupting TGFp activation.

Anti-TGFp antibodies in pre-clinical models of muscular dystrophy

Increased TGFf signaling is a hallmark of muscular dystrophy and anti-TGFp antibodies
have been shown to increase muscle function and reduce fibrosis in the mdx mouse
model of muscular dystrophy (Nelson et al., 2011a). The data presented in Chapter 2
are generally in agreement with these findings, although the shorter duration of testing
is a key difference. In Chapter 2, we found that anti-TGFp2 antibodies and anti-TGFp3
antibodies elicited some of the same effects as pan-TGFp neutralization, suggesting
that each isoform may contribute to the same pathways of injury repair and
regeneration, including effects on fibrosis. It was recently suggested that TGFp2 was
most critical for muscle regeneration (Biressi et al., 2014) with a direct effect on
myoblast differentiation. It is possible that TGFB3 alters distinct aspects of the repair
rather than the regeneration process. While each TGFf isoform may have different
direct functions in muscle injury, repair, and regeneration, indirect effects may account
for the general trends. For example, partially inhibiting regeneration in the situation

where fibrosis is present may actually have beneficial effects. Long term pre-clinical
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investigation of TGFf neutralization is needed to address these effects especially in the

setting of a chronic disease like muscular dystrophy.

TGFp Receptor Type 1 Blockade

TGFp homodimers are secreted in the extracellular matrix (ECM) bound non-covalently
by a pro-domain that is in turn bound to latent binding proteins, typically LTBP1, LTBP2
or LTBP4. TGFf remains inactive in the ECM until activating events physically
decouple TGFp from its pro-domain, also referred to as the latency associated peptide
(LAP). The LAP itself appears to sterically hinder TGFp-homodimers from binding the
TGFp type 1 receptor, but can be unbound from LAP with high heat, pH, proteolysis or
physical force and then activated to a bound state. The LAP monomer contains an
avp6 integrin binding Arginine-Glycine-Aspartic Acid (RGD) sequence important in
TGFp activation for many cell types, including myofibroblasts. Interestingly, the RGD
sequence contained within the LAP can only activate TGFf when LAP is bound to LTBP
family members specifically (Kantola et al., 2008). Deletion of the avf6 integrin from
mice recapitulates a phenotype consistent with a TGF null mouse (Yang et al., 2007).
Buscemi et al. observed activation of TGF signaling only if the LAP was tethered to
ECM via its adaptor protein, LTBP-1. When LAP was tethered to mica and tugged,
TGFp activation was not significantly increased above background (Buscemi et al.,
2011). Although not directly visualized, they predicted that TGFf release should occur
at 40 pN of force applied to LAP dimers bound to ECM. They propose an “all-or-

nothing” snap mechanism for TGF@ release, in which the LAP dimer becomes
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denatured to a new stable confirmation when force is applied beyond a given threshold,
thereby releasing TGFp. Identifying the force required to liberate TGFf activation would
help validate this model of mechanical release. Additionally, it is possible that less force
is required for activation, which would favor the application of small molecular therapies
aimed at disrupting TGFp activation. Therapies aimed at keeping LAP “closed” have
been proposed, but the force required to keep LAP inactivated is unknown (Rifkin,

2005).

Inhibition of the SMAD pathway

Intracellular TGFf signaling occurs through the canonical (SMAD) pathway as well as
non-canonical pathways. SMAD signaling can be targeted directly and indirectly,
although lacks specificity to muscle since this pathway is ubiquitously present and
activated in response to TGFp. In a Drosophila model of muscular dystrophy, genetic
reduction of SMAD by use of heterozygous co-SMAD mutations was observed to
improve walking function and heart tube contractility (Goldstein et al., 2011). Because
“dystrophic flies” do not demonstrate fibrosis, this finding suggests that partial inhibition
of SMAD activity in the muscle cells themselves is actually beneficial. A similar finding
was documented using heterozygous deletion of SMAD4 in a mouse model of muscular
dystrophy where improved cardiac function and skeletal muscle pathology was seen
(Goldstein et al., 2014). Together these data suggest that muscle intrinsic features of

pathology may be improved by decreasing intracellular TGFf signaling.

119



LTBP4 antibody design, optimization and assessment

Antibodies directed against LTBP4 were developed and tested as a means of reducing
TGFp liberation and activation in Chapter 3. This anti-LTBP4 approach is unique from
the prior methods of TGFf neutralization in that it has the added theoretical benefit of 1)
blocking TGFp at an upstream part of the pathway prior to release from latency and 2)
neutralizing multiple TGF isoforms at once in a stoichiometry relative to the
expressional levels of the TGFf isoforms in the underlying tissue. Some basal level of
paracrine-induced TGFp activation is needed for regular function in nearly all cell types
and may be why many pre-clinical trials have experienced diminished affects of long-
term anti-TGFp therapy (De Luca, 2012; Nelson et al., 2011a). TGFp is highly
expressed and known to be important in the lungs, spleen, liver, testes in addition to
muscle and direct ablation of TGF likely disrupts function in other more acutely vital
organs (Robertson et al., 2015). In this way, the upstream nature of anti-LTBP4
stabilization would have a different tissue specific affect than direct neutralizing of TGFf
would. LTBP4 is not as widely expressed as TGFf, and has secondary functions as a
matrix scaffolding protein, similar to fibrillin. Its role as a scaffolding protein binding
elastin and fibrillin-layered microfibrils is important to consider in discerning its role in
muscle and how this may modify disease. It is possible that LTBP4 serves as a signal
of elastic fiber damage. How LTBP4 changes the matrix stiffness compared to other
“fibrillin-like” proteins is unknown. In Chapter 3, we found that anti-LTBP4 antibodies
showed reductions in pathologic markers such as fibrosis and inflammation suggesting
that this approach is feasible. A comparison of the two antibody mediated approaches

is shown in Figure 5.1.
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A key to refining this approach will be a better understanding of how LTBP4 is
activated and specifically how this is coupled to TGFp activation. The structure of
LTBP4 has not been well characterized but important domains, such as the 8-cysteine
TGFp region as well as TGF itself seated within its latency associated peptide (LAP) is
known. LTBP4 likely confers latency to the TGF3 LAP domain by steric hindrance of
the proline rich arm that prevents access to TGFf3. The TGFp LAP domain itself
contains a uniquely placed RGD sequence that binds cellular integrins, and when under
traction can apply forces that unbind TGFB. This may be one major method of
activation in normal healthy muscle that is misaligned in muscular dystrophy in addition
to other pathology that includes increased levels of thromobospondin, a TGFf activating
serum protein. There is strong correlative evidence that suggest myofibroblasts activate
TGFp primarily through cellular traction forces applied through integrins (Aluwihare et
al., 2009). Further work is needed to elucidate the role of LTBP4 in muscle and what
population of cells produce the two seemingly different pools of TGFB. One pool of
LTBP4 was observed to be enriched between myofibers in a similar location to laminin
(Lamar et al., 2016a). A second pool of LTBP4 was seen in a striated, costameric
pattern that is very closely apposed to the sarcolemma. It is likely that this pool is made
by myofibers themselves due to its close proximity to myofiber membrane. The more
distal pool is of unknown cellular origin, but looks similar to many large collagen fibrils
observed recently and may be of fibroblastic origin. The LTBP4 that is adherent to the

sarcolemma may be particularly important for signaling within the myofibers.
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Animal models of muscular dystrophy and cardiopulmonary findings.

In Chapter 4, | outlined findings in a large cohort of Sgcg animals that were
characterized for cardiac and muscle pathology at 8 weeks of age. This represents a
relatively early timepoint in mouse muscular dystrophy pathology, but one that proved
useful for making correlations between cardiac function and specific muscle pathology.
Both human patients and animals with muscular dystrophy experience early and severe
impairment of the respiratory muscles. The diaphragm of the mdx mouse recapitulates
many of the histological changes the DMD human diaphragm undergoes including
pseudohypertrophy, varying fiber size, necrosis and inflammatory infiltrate (Stedman et
al., 1991). Remarkably, the abnormal histopathology in the mdx mouse diaphragm can
be detected using whole body plethysmography (WBP) (Gayraud et al., 2007; Ishizaki
et al., 2008; Nelson et al., 2011a). Ex vivo muscle mechanical experiments on the madx
diaphragm revealed functional changes in force that are reflected by reduced twitch and
contraction properties. In older mdx mice, collagen content is increased 7 to 10 times
compared to wildtype mice in both the diaphragm and leg muscles. Diaphragm
dysfunction has been characterized in other animal models as well. Respiratory
insufficiency as a cause of death in DMD was studied in the golden retriever muscular
dystrophy model. The authors noted diaphragm remodeling and compensatory
mechanics that grew worse over time based on plethysmography in the living animal
and correlating this with histology post mortem. The failing late-stage diaphragm
became a passive organ and the work of breathing was transmitted to the abdominal
muscles among other accessory muscles of respiration (DeVanna et al., 2014; Mead et

al., 2014). It appears that the diaphragm is particularly sensitive to Ca* mishandling,
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and overexpression of the sarcoplasmic reticulum calcium pump in diaphragm alone
reduced centrally nucleated fibers and rescued dysfunction measured as resistance to
injury after lengthening contractions in mdx mice (Avitabile et al., 2014; Morine et al.,
2010).

Most mouse models of muscular dystrophy do not develop a cardiac phenotype
as severe as human patients, and therefore, double knockouts and transgenic mice
have been created to amplify cardiomyopathy and better model human disease. One
such model is the mdx allele combined with a null allele for the myogenic regulatory
transcription factor MyoD (mdx/Myod”) (Megeney et al., 1999). This unique model
lacks both dystrophin and MyoD, a muscle specific transcription factor important for
stem cell differentiation into muscle cells during development and regeneration. Despite
no role for MyoD in cardiac muscle, mdx/Myod” mice developed cardiomyopathy, which
likely reflects the degree to which accelerated skeletal muscle pathology induces
cardiac pathology. Histologically, these mice have apical foci, with both necrosis and
fibrosis in the left ventricle. This phenotype characteristically develops over time as a

failed compensatory mechanism to initial left ventricle overload and hypertrophy.

Cardiorespiratory decline in Muscular Dystrophy

Boys with DMD aged from 6-14 years old show a steady decline in some but not all
respiratory parameters, and it is during this same interval that early phase
cardiomyopathy becomes clinically evident along with sinus tachycardia. Sensitive
measures of pulmonary dysfunction include sniff nasal inspiratory pressure (SNIP),

forced vital capacity, and diaphragmatic tension-time index (TTdi) (Anderson et al.,
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2012; Connolly et al., 2015). The first two values are related to a patient’s ability to
produce cough, while the last is a measure of the diaphragm’s resistance to fatigue.

Another muscle disease with preferential diaphragm involvement is Pompe
disease, a glycogen storage disease caused by a mutation in the acid a-glucosidase
gene. In mice, certain pharmacological agents provide additional phrenic and
hypoglossal nerve stimulus and increase respiratory drive and reduce respiratory
variation (EIMallah et al., 2015). In human Pompe, gene therapy restoration of enzyme
deficiency in the diaphragm muscle has been used to reduce ventilatory time (Smith et
al., 2013). A 14 year longitudinal study in DMD observed a correlation between
respiratory functional decline and overall measures of disease progression as monitored
by echocardiography (Khirani et al., 2014b). They also observed that early respiratory
functional decline was noted in groups of patients who lost their ambulation at the age
of 8 more often than those who lost it at a mean age of 16.

As severe skeletal muscle disease, particularly as it affects the respiratory
muscle, can impair cardiac muscle function, it is possible that in heart failure and
congenital heart disease, there may be concomitant skeletal muscle dysfunction
(Alonso-Gonzalez et al., 2013; Buber and Rhodes, 2014; Middlekauff, 2010). The
diaphragm muscle is a highly oxidative organ making it particularly susceptible to
hypoxia, and therefore the diaphragm may more readily exhibit a secondary response to
compensatory recruitment of the diaphragm and respiratory muscles in response to
heart failure. Diaphragm dysfunction may be monitored in heart failure as reduced
dynamic lung volumes measured as forced expiratory volume/1 second and forced vital

capacity.
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Inspiratory Muscles in Muscular Dystrophy.

The primary muscles active during inspiration are the diaphragm, scalenes,
parasternals, external intercostals and the transverse abdominis. During inspiration, the
respiratory muscles expand the thoracic cavity in as efficient a manner as possible,
thereby reducing the relative pressure of this compartment in accordance with Boyle’s
law. The diaphragm is the most important muscle in this process, and is closely related
to the lungs through its superior surface, attaching to the inferior parietal-pleura. During
inspiration, the diaphragm is displaced caudally and anteriorly, displacing abdominal
contents and raising the pressure of the abdominal compartment. As the abdomen is
displaced, the rectus abdominis relaxes while the transverse abdominis contracts
slightly, helping to flatten the diaphragm as it draws the inferior parietal pleura caudally
as well.

The diaphragm is a complex muscle with unique anatomy, developmental origins
and biomechanical insertion points. In development, the diaphragm appears during the
fourth week and is a fusion of two distinct structures, the septum transversum from
lumbar mesoderm and pleuroperitoneal folds (Merrell and Kardon, 2013). In adult
humans, the diaphragm is dome shaped and mostly muscular, with the exception of the
central tendon that is connective and non-contractile. Its proximal insertion points span
the T8-12 vertebrae, serving as a fairly immobile anchoring point. Distally, the
diaphragm inserts on the inferior costal surface of the thoracic ribs. These anchoring

points, combined with the fan like array of myofiber organization best suits the
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diaphragm for compressing abdominal contents infero-anteriorly, especially when the
rectus abdominis muscles are relaxed.

The diaphragm is the most well characterized respiratory organ in animal models
of muscular dystrophy. Correlating diaphragm fibrosis to respiratory function in humans
has been difficult but has been accomplished with moderate success in the mdx mouse
(Ishizaki et al., 2008). Notably, another study found that correction of the gene deletion
in the mdx mouse under a diaphragm specific promoter increased cardiac function in
addition to pulmonary function (Crisp et al., 2011). Most animal and human forms of
muscular dystrophy have diaphragm involvement, and preserving diaphragm function is
a therapeutic goal. It is notable that the diaphragm muscle, because of its discrete
position and limited mass and thickness, is a highly tractable target for gene therapy
and other targeted correction methods (Ishizaki et al., 2011).

The primary muscles of expiration are the rectus abdominis, internal intercostals
and triangularis sterni. Of these, the rectus abdominis are the most important, although
little activation of expiratory muscle is necessary during quiet respiration in healthy
subjects. Alveolar elasticity combined with diaphragm relaxation at the end of
inspiration provides most of the force needed for tidal expiration. However, when
healthy subjects are stressed by exercise, or under duress, the abdominal muscles are
recruited heavily during expiration and, in muscular dystrophy patients, the abdominal
muscles are similarly recruited for respiration. In muscular dystrophy, the abdominal
muscles are recruited more than expected during expiration, and sometimes, during

inspiration as well (Lo Mauro et al., 2010; LoMauro et al., 2014).
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Generating a productive cough is key to preventing respiratory tract infection,
and maintenance of cough or use of cough assist devices is critical with muscle
disease. Forced vital capacity, sniff inspiratory pressure, and peak expiratory velocity
are three important pulmonary function measurements that are measures of expiratory
muscle functional decline. An understanding of the compensatory mechanisms used to
compensate for respiratory muscle failure in end-stage muscle disease is important. As
respiratory muscles fail in end-stage DMD, some patients will develop paradoxical
chest-wall mechanics, while others will not, suggesting that individuals with similar
underlying mutations can develop unique compensatory mechanisms (Khirani et al.,
2014a). Posture plays a large role in determining respiratory muscles. Therefore, the
posture of patients and animals is important to take into account when comparing
physiologic studies of respiration in muscular dystrophy. To this end, supine
measurements of forced vital capacity may provide one of the early and sensitive
measures of respiratory muscle decline in DMD (Mayer et al., 2015; Seferian et al.,
2015; Yasuma et al., 2001). A normal seated forced vital capacity in the face of an
abnormal supine forced vital capacity is attributed to the fact that the diaphragm
operates more efficiently on its length-tension curve in the seated position.

In Chapter 4, we showed that the abdominal and diaphragm muscle pathology
correlated strongly with cardiac outcomes in the Sgcg mouse model. Extrapolating
these findings to what is known about human muscular dystrophy, cardiomyopathy and
physiology, suggests strongly that the abdominal muscles are being recruited as
accessory muscles of respiration. The finding of profound pathological changes in this

muscle group provides another useful muscle group for monitoring pre-clinical testing
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and better understanding the molecular defects that lead to disease. It remains a
significant problem for the field that mouse models do not fully recapitulate the severity
of skeletal and cardiac phenotypes as their human counterpart diseases. The findings
in this thesis provide new approaches to reduce the hyper-TGF{ state that
accompanies muscular dystrophy and importantly novel pre-clinical measures to

document the utility of this inhibition.
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Figure 5.1 A schematic of the approaches used to block TGFp activity or release is
shown. Our anti-LTBP-4 antibodies were generated against the proline rich “hinge”
region of the protein. This unique region has been shown to be critical in confering a
latency to TGFp family members. Via mechanisms that are still poorly understood, this
specialized region must be cleaved and disjointed in order to release TGFf. We hope to
stabilizing this proline rich “hinge” region against enzymatic attack, thereby preventing
release of TGF.
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