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ABSTRACT

Duchenne muscular dystrophy (DMD) is a severe, X-linked genetic disorder characterized by
progressive muscle degeneration and fibrosis due to the absence of dystrophin. Despite
advancements in supportive care, current treatments remain palliative, underscoring the
urgent need for therapies targeting fibrosis and inflammation to improve patient outcomes.
While the role of inhibitor of apoptosis proteins (IAPs), particularly cellular-lAPs 1 and 2
(clAP1/2) in skeletal muscle pathology are increasingly recognized, their specific
contribution to muscle fibrosis and the inflammatory response in DMD remains poorly
understood. This study investigated the therapeutic potential of LCL161, a Second
Mitochondria-derived Activator of Caspases (SMAC) mimetic targeting clAP1/2, in both adult
and juvenile D2.mdx mice, a severe mouse model of DMD. Using a comprehensive approach
combining functional, histological and biochemical analyses, | evaluated the impact of
LCL161 on muscle pathology. In adult D2.mdx mice, LCL161 treatment showed marginal
effects on muscle damage and strength, with a trend toward reduced fibrosis in the
gastrocnemius muscle and modulation of the cytokine/chemokine profile. Conversely,
juvenile D2.mdx mice exhibited reduced muscle damage without improved grip strength,
accompanied by increased necrosis in the gastrocnemius and significant decreases in Tnfa
and Pax7 expression. The muscle and age-dependent responses suggest that the
therapeutic efficacy of LCL161 is influenced by the timing and severity of disease
progression. This warrants further investigation into the mechanisms by which IAP inhibition

influences muscle regeneration, inflammation, and fibrosis in DMD.
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CHAPTER ONE: INTRODUCTION



1.1 Skeletal Muscle: Overview

Skeletal muscle is a highly dynamic tissue that constitutes approximately 40% of
human body mass. Attached to bones by tendons, skeletal muscle primarily functions to
convert chemical energy into mechanical energy, generating the force and contraction
needed for movement and posture maintenance. Beyond facilitating mobility, skeletal
muscle is also an essential metabolic and endocrine organ. At a fundamental level, muscle
supports basal energy metabolism through the storage of essential nutrients such as
carbohydrates and amino acids. Additionally, it contributes to the homeostasis of body
temperature. In response to various physiological and environmental stimuli, skeletal
muscle produces signalling factors, known as myokines, which promote inter-organ
communication and influence overall health.

Skeletal muscle tissue is composed of bundles of muscle fascicles which individually
contain groupings of multinucleated cells termed myofibres which are composed of several
hundred contractile units known as myofibrils. The hierarchical organization of muscle
tissue, from muscle fascicles to myofibrils, enables the coordinated and precise contraction
of skeletal muscles. As such, maintaining the health of each of these units is critical for

physical function, metabolic regulation, disease prevention, and overall well-being.



1.2 Post-Natal Skeletal Muscle Regeneration:

1.2.1 Satellite Cells

Skeletal muscle has a remarkable capacity for regeneration. The postnatal growth
and repair of skeletal muscle depends on a heterogenous population of muscle stem cells
(MuSC), called satellite cells, that reside between the basal lamina and plasma membrane
of myofibres and are characterized by the expression of paired-box transcription factor 7
(Pax7)'. Upon injury, these normally quiescent cells become activated, re-enter the cell
cycle, and proceed to differentiate under the controlled expression of muscle-specific
transcription factors known as the myogenic regulatory factors (MRFs)*3. Activated or
committed satellite cells upregulate myogenic determination protein 1 (MyoD) and
myogenic factor 5 (Myf5) and begin to proliferate as myoblasts*’. Following successive
rounds of proliferation, myoblasts then upregulate myogenin (MyoG), followed by MRF4 and
withdraw from the cell-cycle to differentiate into myocytes®®'. These terminally
differentiated myocytes fuse to one another or existing myofibres to give rise to new fibres
and repair damaged ones, respectively. In addition to their capacity for terminal
differentiation, satellite cells also have the ability to self-renew to maintain the stem cell

population™.



1.3 The Extracellular Matrix

The extracellular matrix (ECM) within the MuSC niche plays a vital role in supporting
regeneration, providing structural integrity, and facilitating communication between muscle
cells and their microenvironment (i.e., fibroblasts, immune cells, blood capillaries, and
nerves). The ECM can be subdivided into three protein classes: collagenous glycoproteins,
non-collagenous proteins, and proteoglycans'>™. Together, they function to maintain
mechanical homeostasis, muscle elasticity, and serve as signalling intermediates during
muscle injury and repair'*'®, This ECM scaffold influences myoblast differentiation and
myofibre regeneration by regulating cell proliferation, adhesion, migration, and ECM
remodelling’®°. The transient deposition and subsequent degradation of ECM during the
regenerative phase are crucial for allowing the growth of new fibres. The balance of the
extracellular matrix (ECM) within healthy skeletal muscle is meticulously regulated by
various growth factors (e.g., transforming growth factor beta (TGFB), connective tissue
growth factor (CTGF), fibroblast growth factor (FGF), and matrix metalloproteinases (MMP),
along with their inhibitors, tissue inhibitors of metalloproteinases (TIMPs)?*2'. These
regulatory molecules are secreted not only by damaged myofibres but also by fibroblasts
and infiltrating immune cells.

While the ECM plays a crucial role in normal muscle function and regeneration, its
dysregulation can lead to pathological consequences, most notably muscle fibrosis?.
Muscle fibrosis is a pathological condition characterized by excessive deposition of ECM,
particularly collagen, in skeletal muscle tissue. This process is characteristic of several

skeletal muscle disorders, including Duchenne muscular dystrophy.



1.4 Immune-Mediated Muscle Regeneration

While MuSCs are the predominant contributor to skeletal muscle regeneration, the
inflammatory response is a critical mediator of skeletal muscle repair. This intricate
phenomenon is characterized by a dynamic and temporally regulated interplay between
innate and adaptive immune cells and the regenerating tissue. Following acute injury,
damage-associated molecular patterns (DAMPs) and pro-inflammatory contents are
released from the necrotic myofibres, serving as key mediators in the initiation and
propagation of the inflammatory response.

Neutrophils are among the first immune cells to infiltrate the site of injury, appearing
within one hour and remaining up to 96 hours, with peak infiltration occurring between 12-
24 hours?*2%, The primary function of neutrophils following muscle damage is to initiate and
drive the early inflammatory response. As neutrophils transmigrate into the tissue, they
facilitate the removal of necrotic fibres via phagocytosis while promoting further monocyte
recruitment and repair by releasing a wide array of reactive oxygen species (ROS), cytokines,
chemokines, and growth factors. These include but are not limited to tumour necrosis factor
alpha (TNFa), interferon-gamma (IFNy), interleukin 1 alpha/beta (IL-1a/B), IL-6, IL-8,
monocyte chemotactic protein-1 or CC chemokine ligand (MCP-1/CCL2), TGFB, FGF, insulin
growth factor 1 (IGF1), platelet-derived growth factor (PDGF), and vascular endothelial
growth factor (VEGF) (reviewed in 4-7).

Macrophages are the key innate effector cell during skeletal muscle regeneration.
Skeletal muscle contains populations of tissue-resident macrophages

(CD45'F4/80"CD64* Ly6C"") that support muscle homeostasis, regeneration and



growth?®3°, Wang et al. identified a CCR2-MHCII"“*Lyve1"¢" population as the predominant
skeletal muscle resident macrophages, characterized by strong phagocytic activity based
onh gene expression and morphology, emphasizing their role in clearing damaged myofibres
and cellular debris?. Moreover, macrophages residing in skeletal muscle, specifically within
the diaphragm and quadriceps, exhibit distinct gene expression clusters. These differences
are hypothesized to reflect functional diversity, likely driven by the unique characteristics
and roles of each muscle type?-31.

Infiltrating, inflammatory macrophages (Ly6C"), derived from circulating monocytes,
are recruited to muscle injuries via the release of MCP-1 by damaged muscle tissue and
previously infiltrated neutrophils®?4. Macrophage infiltrates begin to increase day one post-
injury, and peak between day three and four before gradually declining for the remainder of
regeneration®>3¢, Within the first one to three days after injury, inflammatory macrophages
aid in the clearance of necrotic myofibres, promoting further immune cell recruitment and
priming MuSCs for myoblast proliferation and muscle regeneration®-*'. As debris is cleared
and the myogenic program is initiated, the recruited macrophages begin to transition to an
anti-inflammatory state (Ly6'°)*>%3. Characterized by their secretion of anti-inflammatory
cytokines (e.g., IL-4, IL-10, IL-13) and growth factors (e.g., TGFB, FGF, IGF1, PDGF, VEGF),
these macrophages promote myoblast differentiation, matrix remodeling and
angiogenesis*+“®, Several studies have shown that depleting macrophages or inhibiting their
recruitment during acute injury impairs skeletal muscle regeneration, highlighting their
importance in musculoskeletal health?346-%°, However, one study has shown that

macrophage depletion prior to exhaustive exercise reduced the number of injured myofibres



and proinflammatory cytokines, and similar benefits are seen when targeting macrophage
populations in chronic injury disease models®'-3,

In addition to macrophages, T-cells play a crucial role in skeletal muscle repair and
regeneration following injury. Both conventional CD4* and CD8* T-cells contribute
significantly to these processes; however, the precise mechanisms by which they promote
muscle repair remain less clearly defined. For this study, the contributions of T-cells to
skeletal muscle health were not examined as an emphasis was placed on infiltrating
macrophages. However, the role of T-cells in muscle regeneration and repair, along with
avenues for further investigation, will be detailed in the Discussion section.

In summary, immune cells are indispensable orchestrators of skeletal muscle
regeneration, guiding the process from the initial inflammatory response through to the
resolution of inflammation and the completion of muscle repair. Their diverse functions,
including phagocytosis, cytokine and growth factor secretion, and interactions with muscle
stem cells and other niche components, make them central to the successful regeneration
of skeletal muscle in both mice and humans. Disruptions to this carefully coordinated
process, such as a persistent pro-inflammatory phase or premature transition to the anti-
inflammatory phase, can lead to impaired muscle regeneration, as observed in various

muscle pathologies.

1.5 Duchenne Muscular Dystrophy: Overview

Duchenne muscular dystrophy is the most prevalent and severe form of muscular
dystrophies®*%®. This X-linked recessive genetic disorder affects approximately 1 in 5000

male births and has a median survival rate of 22 years®®. However, median life expectancy



for individuals born after 1990 increases to approximately 28 years, likely attributable to
improvements in both the management and treatment of the disease *’. Children with DMD
present signs of developmental and motor delay around two years old and most use a
wheelchair by 12 years. By the age of 20, most DMD patients have respiratory complications
and cardiomyopathy, which are the leading cause of fatality.

DMD arises from inherited (2/3 of cases) or spontaneous (1/3 of cases) frameshift or
nonsense point mutations in the dystrophin gene®®%°, Dystrophin is a cytoskeletal protein
encoded by the DMD gene, the largest gene in the human genome, spanning over 2Mb which
further complicates potential therapies®. Dystrophin forms part of the dystrophin-
associated protein complex (DAPC), integral for maintaining muscle structure and function®
(Fig. 1). Dystrophin binds to the F-actin cytoskeleton in the muscle sarcomere (contractile
unit of the myofibre) and is anchored to the extracellular matrix via its interaction with the
intracellular domain of dystroglycan®*%®, The loss of this connection in DMD leads to
weakening of the muscle sarcolemma (muscle cell membrane) by disrupting the
mechanical and signalling components that maintain structural integrity and contractile
activity. Consequently, the muscle becomes prone to contraction-induced damage giving
rise to cycles of regeneration and degeneration. Loss of dystrophin in DMD patients presents
as progressive muscle wasting and excessive fibrosis which leads to loss of skeletal muscle

function 4.



Extracellular matrix

Sarcolemma

Cytoplasm
i

Figure 1. The dystrophin-associated protein complex (DAPC). The DAPC is a critical multi-protein
assembly that links the intracellular cytoskeleton of skeletal muscle cells to the extracellular matrix,
providing structural stability and protecting muscle fibres from contraction-induced damage. This
diagram illustrates the key components of the DAPC and their organization within the sarcolemma
(muscle cellmembrane). Laminin: An extracellular matrix protein that interacts with dystroglycan to
anchor the DAPC to the extracellular matrix. Dystroglycan (a and B subunits): A transmembrane
protein complex that connects laminin in the extracellular matrix to dystrophinin the cytoplasm. The
a-subunit binds laminin, while the B-subunit spans the membrane and interacts with dystrophin.
Sarcoglycan (a, B, 8, y subunits): A group of transmembrane proteins that stabilize the DAPC and
contribute to its structural integrity. Sarcospan: A transmembrane protein that associates with
sarcoglycans and helps maintain the stability of the DAPC. Dystrophin: A cytoskeletal protein that
links the actin cytoskeleton (F-actin) to the DAPC, providing mechanical support and preventing
muscle damage during contraction. Dystrobrevin: A cytoplasmic protein that interacts with
dystrophin and syntrophins, contributing to signal transduction and structural stability. Syntrophins
(a and B1 subunits): Adapter proteins that bind signalling molecules, such as neuronal nitric oxide
synthase (nNOS), and mediate intracellular signalling. nNOS: An enzyme associated with the DAPC
that produces nitric oxide, a signalling molecule involved in muscle function and blood flow
regulation.
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1.5.1 Mouse Models of DMD

Mouse models of Duchenne muscular dystrophy (DMD) play a crucial role in
understanding the pathophysiology of this debilitating disease and developing potential
therapies. The most extensively studied mouse model is the mdx mouse, first discovered by
Bulfield et al. in a colony of inbred C57BL/10ScSn mice®. These mice harbour a point
mutation in exon 23 on the dystrophin gene, resulting in the loss of dystrophin protein and
reduced dystrophin RNA in skeletal muscle®®®8. While the mdx mouse exhibits chronic
degeneration and regeneration of myofibres with peak necrosis occurring at age 5-6 weeks,
the progressive deterioration and development of fibrosis is primarily seen in the
diaphragm®. In contrast, the hindlimb muscles of mdx mice fail to recapitulate the severity
of the disease compared to human DMD patients. The hindlimb muscles display significant
necrosis, immune cellinfiltration, and reduced power and force outputs when normalized to
cross-sectional area (CSA) and muscle mass’®”2. However, the discrepancy between the
disease progression in the mdx mice and humans is largely attributed to a robust
regenerative capacity and partial compensation by the upregulation of utrophin in the mouse
model”74. These mice have a much milder phenotype, and their lifespan is reduced by up to
25% compared to controls whereas the lifespan of DMD patients is reduced by roughly
65%7°.

To address the limitations of the mdx model, researchers have developed several
variations and additional models which are reviewed in depth elsewhere’®”’. Of particular
interest is the D2.B10-Dmd madx /) model (herein referred to as D2.mdx), established by

Fukada et al. in 201078, The group demonstrated that in response to cardiotoxin (CTX; snake
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venom utilized for contraction-induced damage and muscle cell lysis) injury, DBA/2J mice
had decreased muscle weight, less myofibres, and impaired satellite cell renewal in
comparison to BALB/c, C3H/HeN and C57BL/6 mice. By crossing the mdx mutation onto the
DBA/2J background, many of the inherent limitations of the traditional mdx model were
addressed. Consequently, D2.mdx mice exhibit a more severe pathology, with both the
diaphragm and limb muscles undergoing progressive degeneration like that observed in
DMD patients. Comparative studies between the mdx and D2.mdx models have shown that
the latter experience more extensive muscle degeneration, which is attributable to
diminished regenerative capacity, heightened inflammation, fibrosis, fat infiltration, and
earlier onset of disease’®®. D2.mdx mice also exhibit cardiomyopathy, have lower
respiratory rates, and perform poorer on hanging wire and grip strength tests®8 The severity
of disease in the D2.mdx model and DMD patients is attributed to a Latent Transforming
Growth Factor Beta Binding Protein 4 (LTBP4) polymorphism, a known genetic modifier 8",
LTBP4 plays a critical role in regulating TGF activity by sequestering it and thereby limiting
its activity. The polymorphism seen in D2.mdx mice compromises the stability of LTBP4,
resulting in increased activation of TGFB and consequent tissue degeneration and fibrosis,
further intensifying disease pathology 384,

While the D2.mdx better models the disease progression of DMD patients, it does not
come without limitations. These mice develop calcifications that can impact the analysis of
fibrosis and there are conflicting studies as to whether the DBA/2J background is a

confounder in cardiac fibrosis and hypertrophic cardiomyopathy &-88,
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1.5.2 Satellite Cell Dysfunctionin DMD

Direct defects in MuSCs have been observed in DMD. Asymmetric division is
essential for the self-renewal and myogenic fates of MuSCs. In DMD-derived MuSCs, the
absence of dystrophin and DAPC interactions has been shown to affect the polarity of
MuSCs and their expression of myogenic transcription factors, effectively impairing their
commitment and function®. Interestingly, MuSC depletion in limb-girdle muscular
dystrophy and DMD models improved histopathology, potentially due to reduced MuSC
activation and MyoD-driven myogenesis®'. This challenges the conventional view that
MuSCs are universally beneficial for repair and implies that persistent MuSC activation
contributes to sarcolemmal fragility, potentially by generating new but structurally
compromised myofibres that are more prone to degeneration. Conversely, MuSCs isolated
from aged dystrophic muscle retain the same regenerative potential as those from young or
aged wild-type mice when grafted into immunocompromised dystrophic mice®. This is
further highlighted by environmental modifications, such as host muscle irradiation, use of
immunodeficient mice, or even age, which enhance donor MuSC proliferation and self-
renewal®*-%, In summary, there are intrinsic defects in dystrophic MuSCs that appear to be
exacerbated by the muscle microenvironment and in DMD this niche is strongly infiltrated by

immune cells and fibro-adipogenic progenitors (FAPs).

1.5.3 Immune Cell-Mediated Fibrosis in DMD: Innate effector cells

Unlike acute injuries, frequent damage in DMD muscle leads to the persistence and
accumulation of neutrophils and pro-inflammatory macrophages. This leads to elevated

levels of pro-inflammatory cytokines and free radicals that increase oxidative stress, inhibit
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myogenic differentiation and increase muscle cell lysis. For example, neutrophil depletion
and the use of etanercept (a TNF-a inhibitor) in mdx mice reduced both spontaneous and
exercise-induced muscle damage®. Similarly, IL-6 blockade in mdx mice led to reduced
necrosis, improved treadmill performance, decreased classical NF-kB signalling (Nuclear
factor kappa-light-chain-enhancer of activated B cells), and increased the expression of
myogenic markers Pax7, Myod1, Myog, Des and 1l4%’. Myeloperoxidase (MPO) and inducible
nitric oxide synthase (iNOS), primarily released by neutrophils and pro-inflammatory
macrophages, respectively, catalyze the production of reactive oxygen species (ROS) and
reactive nitrogen species (RNS)*®°, Evidence also suggests that MPO is capable of
increasing the catalytic activity of INOS in inflamed areas’. Knockout models for both MPO
and iINOS in mdx mice have demonstrated reductions in muscle membrane lysis™1%2,

In the dysregulated inflammatory milieu, the balance between macrophage
transition states is also affected. IFNy-signalling is a strong inducer of the pro-inflammatory
phenotype and has been shown to inhibit C2C12 myoblast proliferation and differentiation
in vitro, and promoted muscle damage and decreased MyoD expression in mdx mice'®. In
12-week-old IFN-y""mdx mice, there was significantly less muscle damage consistent with
reductions in macrophage infiltrate, necrotic myofibres and a shift towards anti-
inflammatory macrophages’®. Notably, no significant differences were noted in younger, 4-
week-old mice where degeneration seems to outpace regenerative efforts’®. Since distinct
regions of the muscle may be in different states of damage and repair, macrophages can also
exhibit a transitional state displaying both pro/anti-inflammatory effector functions resulting

in an unresolving environment. For example, the anti-inflammatory macrophages are a key
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source of TGFB, which is elevated in D2.mdx mice and DMD patients®!##4104 TGFB is a well-
established driver of fibrosis and impairs myogenesis, contributing to disease severity 958,
The sustained levels of TGFB are capable of converting fibroblasts to a myofibroblast
phenotype resulting in increased collagen production and induces the differentiation of
myogenic cells into fibrogenic cells'”%9'1° As the disease progresses and TGFB increases,
it also competes with TNFa and outpaces the ability of macrophages to induce TNFa-
dependent apoptosis in FAPs'"'2, By promoting FAP differentiation into myofibroblasts,
collagen production is further increased and contributes the replacement of muscle tissue

with non-functional fibrotic deposits.

1.5.4 Current and Emerging Therapeutic Strategies for DMD: Challenges and

Limitations:

Despite medical advances, all current treatments for DMD remain palliative. The gold
standard of care includes glucocorticoid therapy (e.g., prednisone and deflazacort)
combined with multidisciplinary management, encompassing physical therapy, respiratory
care, nutritional support, and cardiac monitoring 34, While these drugs can slow the
progression of the disease through their anti-inflammatory effects, there are notable
concerns regarding adverse events associated with long-term use of anti-inflammatory
steroids such as excessive weight gain, short stature, behavioural changes, and bone health
issues.

To address the unmet clinical need for alternatives, there has been progress in
developing nonsteroidal therapies for DMD patients; however, they have not yet

demonstrated consistent and substantial improvements in patient outcome. Antisense
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oligonucleotide based drugs (ASOs) function at the RNA level, degrading, inhibiting, or
modulating the splicing of messenger RNA (mMRNA) or pre-mRNA™S. In general, ASOs for
DMD work by binding target exons or splice sites on the dystrophin gene to restore the
reading frame and produce a shorter but functional dystrophin protein™®. Currently, four
ASOs have reached FDA approval (eteplirsen, golodirsen, viltolarsen and casimersen) for
demonstrating increased production of dystrophin, which does not necessarily correlate
with clinical improvement™’7'?', Although ASOs present a promising therapeutic option for
some DMD patients, the majority of patients remain ineligible for ASO treatment due to
advanced disease progression or mutations that are not addressed by current
therapies™?'%, Read-through compounds, which attempt to enhance ribosomal reads of
premature stop-codons are also being explored to address nonsense mutations, which
comprise 10-15% of DMD cases’?*'?°, Ataluren has been shown to delay both ambulatory
and respiratory decline in patients with nonsense mutations’'?’. However, its approval is
limited to a small number of countries.

More recently, givinostat, a histone deacetylase (HDAC) inhibitor, received FDA
approval'®. Givinostat works by blocking enzymes involved in gene regulation, potentially
activating muscle repair mechanisms, reducing inflammation, and decreasing fibrosis, as
demonstrated in the mdx mouse'®. Recent clinical trials have provided encouraging results,
where DMD boys receiving givinostat performed significantly better on the 4-stair climb
(4SC) time than the placebo group’882130.131 However, both groups still experienced a decline
in performance times. As research continues, givinostat's broad applicability and ability to

stabilize disease progression make it a significant addition to the muscular dystrophy
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treatment landscape. These findings underscore the importance of identifying additional
therapeutics capable of restoring or maintaining healthy tissue, which is crucial for

enhancing the efficacy of cell and gene therapies.

1.6 The NF-kB Pathway

The NF-kB pathway exhibits a basal level of activation across most cell types under
normal physiological conditions and is rapidly inducible in response to a variety of stimuli.
The NF-kB family of transcription factors include RelA (p65), RelB, c-Rel, NF-kB1 (p105/p50)
and NF-kB2 (p100/p52). These proteins share a highly conserved 300-amino acid Rel
homology domain (RHD) at their N-terminus, which facilitates subunit dimerization to
produce an NF-kB transcription factor. Through their RHD, the dimers interact with the
inhibitors of NF-kB (IkBa, IkBf, IkBe, p100, and p105), which sequester the subunits in the
cytoplasm. Only upon their phosphorylation, ubiquitination, and subsequent degradation
can the NF-kB subunit translocate to the nucleus to act on target genes. The kB kinase (IKK)
complex, composed of IKKa, IKKB, and IKKy (NEMO; NF-kB essential modulator), plays a
central role in the activation of the NF-kB pathway'®2. The differential phosphorylation of the
IKK subunits can bias the signalling towards either the classical (canonical) or alternative
(non-canonical) arms (Fig.2)'*2'%4, Through both signalling cascades, NF-kB has been
implicated in a wide array of biological processes including innate and adaptive immunity,
cell cycle progression, apoptosis, and stress responses''%,  Given its central role,
dysregulation of this pathway is frequently associated with a variety of pathological

conditions™8,
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1.6.1 The NF-kB Pathway in Skeletal Muscle Regeneration and Disease

Both classical and alternative NF-kB pathways have been implicated in regulating
myogenesis (Fig.2). Guttridge et al. revealed that classical NF-kB activation inhibits
differentiation through posttranscriptional regulation of MyoD expression and function,
thereby preventing premature differentiation of myoblasts. This finding has been
corroborated by other studies that demonstrate that pro-inflammatory cytokines (TNFa, IL-
1B and TNF-like weak inducer of apoptosis (TWEAK)) activate classical NF-kB signalling and
inhibit myogenic differentiation™”'%, Furthermore, Mourkioti et al. demonstrated that
muscle-specific deletion of IKKB led to impaired regeneration following injury®. Similarly,
inactivation of components of the classical pathway in MuSCs (TAK1, TRAF6 and IKKp),
impairs self-renewal, regenerative myogenesis, and leads to premature differentiation42,
Together these studies demonstrate that classical pathway activation supports proliferating
myoblasts during early muscle regeneration and inhibits differentiation*244143144 " For
differentiation to occur, the activity of the classical pathway decreases, and the alternative
pathway becomes increasingly active. A paper from Bakkar et al. demonstrated that both
arms of the NF-kB are essential for the myogenic program and are temporally regulated™?.
Specifically, myogenesis and differentiation are enhanced in p65~ mice and myoblasts, and
alternative pathway components, IKKa , RelB, and p52 are induced late into myogenesis '4°.
Alternative signalling is also essential to myoblast fusion and myotube homeostasis by
regulating mitochondria and oxidative metabolism 448,

Giventhe integralrole of NF-kB in myogenesis and regeneration, it is no surprise that

aberrant signalling is characteristic of several muscle diseases including DMD '4°52_ Studies
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have shown that NF-kB DNA binding activity was significantly higher in diaphragm muscles
from mdx mice compared to controls and consequently levels of pro-inflammatory
cytokines (TNFa, IL-1B) were also increased '5*'%, Furthermore, pharmacological inhibition
of the IKK/NF-kB pathway using the NEMO-binding domain (NBD) peptide in mdx mice
resulted in improved diaphragm muscle function, with significantly higher developed tetanic
force compared to controls™®'%5, This treatment also reduced inflammation and enhanced
regeneration in limb muscles. In a chronic injury model using a MuSC-specific knockout of
NEMO and constitutively active IKKB (IKK2CAMuSC), persistent activation of classical NF-kB
resulted in telomere shortening'®. Similarly, this study showed crossing the IKK2CAM“S¢ mice
with the mdx mice worsened the dystrophic phenotype’®. Improvement to the dystrophic
phenotype in both mdx mice and golden retriever muscular dystrophy models has been
demonstrated by Hammers et al. using edasalonexent and CAT-1041, both potent inhibitors
of classical NF-kB signalling. Notably, CAT-1041 showed enhancements in muscle function
and reductions in inflammation, fibrosis, and muscle damage'®’. Despite having a promising
safety profile and slowing disease progression in phase | and Il clinical trials, the clinical
program for edasalonexent in DMD was halted due to the failure to meet primary (North Star
Ambulatory Assessment; NSAA) and secondary endpoints (time to stand, 10-meter
walk/run, and 4-stair climb) in the Phase 3 PolarisDMD trial'*®-'%°, These findings underscore
the therapeutic potential of targeting NF-kB signalling pathways to mitigate disease
pathology in muscular dystrophy. However, they also highlight the need for alternative
approaches to modulate NF-kB more effectively, as current methods may not fully address

the complexity of the disease or its side effects. Further exploration of diverse NF-kB-
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targeting strategies is essential to maximize therapeutic benefits and improve patient

outcomes.
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Figure 2. Classical and alternative NF-kB Signalling Pathways. The conventional mechanism of
classical pathway activation involves ligand binding to various surface receptors, which
subsequently converge on the IKK complex. Activation of classical signalling is achieved by the direct
ubiquitination of receptor-interacting protein kinase 1 (RIPK1) by clAP1/2, triggering the
phosphorylation-dependent degradation of IkBa by the IKK complex. This relieves the inhibition on
the NF-kB dimer to activate genes associated with regulating inflammation, immune responses, cell
survival, proliferation, and stress responses. The alternative pathway is induced by ligand binding to
TNF superfamily receptors leading to NIK accumulation, IKKa phosphorylation and the proteasomal
processing of p100 into p52. The p52 unit dimerizes with RelB, and ultimately influences genes
associated with B cell maturation, immune regulation, and tissue homeostasis. In the context of an
IAP antagonist like a SMAC mimetic, clAP1/2 degradation leads to NIK accumulation in a ligand-
independent manner.
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Figure 3. NF-kB Signalling Regulates Skeletal Muscle Regeneration and Diseases. (Top panel)
Adapted from J. H. Nguyen et al. 2019; Byun, Lee, and Baek 2024. Schematic representation of
skeletal muscle regeneration showing the progression from quiescent muscle stem cells (MuSCs)
through activation, proliferation, differentiation, fusion, and maturation to form myofibres, with self-
renewal capacity indicated. (Bottom panel, left) Classical NF-kB pathway activation in muscle
disorders leads to telomere shortening and MuSC exhaustion, promotes inflammation and fibrosis,
and results in decreased muscle regenerative capacity and muscle damage. (Bottom panel, right)
Alternative NF-kB signalling supports healthy muscle function by promoting myoblast fusion,
maintaining myotube homeostasis, enhancing mitochondrial biogenesis through PGC-1B
upregulation, and establishing an oxidative muscle phenotype.
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1.7 Inhibitors of Apoptosis Proteins

The inhibitors of apoptosis proteins (IAPs) are a family of antiapoptotic proteins that
exert their function through the direct inhibition of caspase or via downstream signalling
pathways. Within the human genome, eight IAPs are encoded by BIRC (baculoviral IAP
repeat-containing) genes, of which the X-linked IAP (XIAP) and cellular IAP 1 and 2 (clAP1,
clAP2) are the most widely studied (Fig.4). Shared amongst XIAP, clAP1, and clAP2 are three
BIR domains, a ubiquitin-associated domain (UBA) and a Really Interesting New Gene
(RING) domain which mediate protein-protein interactions, interact with ubiquitinated
proteins and confer E3 ligase activity, respectively’®'®%. The clAPs possess an additional
conserved caspase recruitment domain (CARD) which has been implicated in protein-
protein interactions and inhibits the E3 ligase activity of clAP1 and subsequent RING
dimerization's*6°,

While the IAPs are implicated in apoptosis and caspase inhibition, their roles extend
beyond the regulation of cell death. Due to their intrinsic E3-ligase activity, the IAPs are
capable of mediating ubiquitin-dependent signalling events in cell-cycle progression and
signal transduction pathways. The diverse functions of the IAPs, specifically clAP1/2, have
been thoroughly reviewed elsewhere'®'%’, Of particular interest, are the roles of clAP1 and
clAP2 inimmune cells and inflammation through their regulation of classical and alternative
NF-kB pathways (Fig.2) and their significance appears to be context-dependent, varying with

infection or disease conditions.
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1.7.1 clAP1/2in Skeletal Muscle Biology and Disease

As key intermediates of NF-kB signalling, the Korneluk lab has focused on the role of
the IAPs in skeletal muscle biology. Research has focused on clAP1 as it is the only clAP
expressed in skeletal muscle™®. These studies have demonstrated that clAP1 negatively
regulates myoblast fusion and its expression is upregulated in dystrophic and denervated
muscle'®%9170 | oss of clAP1 appears to have positive impact on muscle histology and
function in mdx mice'""', In comparisons between macrophage infiltration of clAP1**and
clAP1” mdx mice, Enwere et al. demonstrated that mice lacking clAP1 had a greater
population of M2 macrophages (CD163*) compared to pro-inflammatory macrophages
(CD68*) in the soleus muscle™®. They also showed a general reduction in inflammatory
markers (/l6, Tnfa, and /{10) in clAP1”7-mdx mice compared to clAP1**mdx mice. To date, no
studies have demonstrated a role for the IAPs in muscle fibrosis, despite their known roles
in degenerative pathology and similarly, the underlying mechanism of attenuation of fibrosis
and improved muscle histology remains unknown. Also, clAP1-null macrophages have a
diminished capacity to produce and release nitric oxide (NO), which promotes muscle
damage in vitro and in vivo'’?>"74, Unpublished data from our lab has shown that clAP1-null
mice had decreased MuSCs in the tibialis anterior and soleus after CTX injury and both
clAP2-null mice and conditional knockout of clAP1 from PAX7" cells results in smaller
regenerated fibres'". Together these studies suggest that clAP1/2 have roles in skeletal

muscle repair by influencing both the tissue-resident cells and infiltrating immune cells.
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1.7.2 Targeting the IAPs: SMAC Mimetics

SMAC mimetics (SMCs) are a class of small molecule drugs designed to mimic the
activity of the endogenous Second Mitochondria-derived Activator of Caspases (SMAC)
protein. Specifically, these compounds replicate the Ala-Val-Pro-lle (AVPI) tetrapeptide
binding motif of SMAC, which facilitates their interaction and subsequent inhibition or
degradation of XIAP and clAP1/2, respectively’’>. SMAC mimetics can be classified as
monovalent or bivalent based on the presence of one or two AVPI domains, the latter of
which has 100-1000 times greater potency based on in vitro studies’’®. Clinical and pre-
clinical research of these compounds has focused on the treatment of cancers given that
the IAPs are overexpressed in many solid and hematological cancers'’®. Through clAP1/2
degradation, SMCs promote NF-kB signalling via NIK stabilization, shifting the pathway
towards alternative signalling. As a secondary effect, they can also induce classical

signalling through autocrine TNF-a production'”.

1.7.3 SMAC Mimetics Effects on Macrophages

In the context of immune responses, SMCs have been shown to mediate the
induction of cytokines and chemokines, improving immune cell infiltration, increase TNFa
and IFNy production in macrophages as well as revert their phenotype from anti-
inflammatory to pro-inflammatory'’. Unpublished data from the Robertson Lab at
Dalhousie University also demonstrated that the monovalent SMC, LCL161, biased
macrophages towards a pro-inflammatory phenotype and induces apoptosis in anti-
inflammatory macrophages in vivo'®. McComb et al.,, also demonstrate significant

decreases in macrophage populations upon the administration of SM-164, a bivalent SMC,
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but did not investigate whether there was preferential killing of specific phenotypes '7°.
Interestingly, another study using LCL161 revealed clAP2 is preferentially expressed in pro-
inflammatory macrophages while clAP1 appears to be expressed in anti-inflammatory
macrophages, despite functional redundancies between the two IAPs'. Additionally, it has
been demonstrated that apoptosis of human pro-inflammatory macrophages by LCL161 is
dose-dependent and partially reliant on clAP2 '8!, As potent IAP antagonists and modulators
of NF-kB signalling, SMCs hold promise for drug repurposing in diseases characterized by

dysregulated NF-kB activity.
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Figure 4. Schematic representation of selected human inhibitor of apoptosis domain
structures. In the mammalian IAP family, BIR domains enable protein-proteininteractions. Type | BIR
domains (BIR1) primarily interact with tumour necrosis factor receptor-associated factor 1 and 2
(TRAF1, TRAF2) while type Il BIR domains (BIR2, BIR3) interact with caspases, SMAC and IAP
antagonists. The UBA domain binds ubiquitin and polyubiquitin. In clAP1/2, CARD domain inhibits
the E3 ligase activity of the RING domain.
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1.8 Rationale and Hypothesis

Skeletal muscle atrophy and fibrosis are distinct but associated events characteristic of
muscular dystrophies, myopathies, and chronic inflammation from multiple injuries. The
role of clAP1/2 in muscle fibrosis remains unknown as does the relative contribution of IAP
expression in fibrotic tissue versus infiltrating immune cells. Since loss of clAP1 reduces the
profibrotic inflammatory response and macrophage infiltration in BL10-mdx mice and the
IAP antagonist, LCL161, reduces diaphragm histopathology of BL-10-mdx mice (Fig.5), |

hypothesize that the loss of IAPs will attenuate muscle fibrosis.

The specific aims of the study are to:
1. Evaluate fibrosis and the inflammatory response in adult D2.mdx mice treated with
LCL161
2. Evaluatefibrosis and the inflammatory response in juvenile D2.mdx mice treated with

LCL161
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Vehicle

25mg/kg LCL161
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Figure 5. The IAP antagonist, LCL161, reduces fibrosis in the diaphragm of mdx mice. Picrosirius
red staining of diaphragm muscle from BL10-mdx mice treated with vehicle (30% 0.1N HCL + 70%
100mM NaOAc) or 25 mg/kg LCL161. Scale bars= 50 um. Unpublished data from Dr. Neena Lala-
Tabbert.
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2.1 Animal Care and Experimental Design

Mice were handled as recommended by the guidelines established by the University
of Ottawa Animal Care Veterinary Service and the Canadian Council on Animal Care.
D2.mdx and the corresponding genotype control, DBA/2J (Wild type) were obtained from
Jackson Laboratories at 5-8 weeks. All animals were housed in a controlled facility (22 °C
with 30% relative humidity on a 12-hour light/dark cycle) and provided with food and water
ad libitum.

To explore whether SMCs can reduce muscle fibrosis, mice were administered either
a vehicle solution (30% 0.1N HCland 70% 100 mM NaOAc) or LCL161 (25 mg/kg, Novartis)
via oral gavage three times weekly for 4 to 8 weeks. Mice were categorized as adults if
treatment began at 8 weeks of age and concluded at 16 weeks, and as juveniles if treatment
began at 5 weeks and concluded at 9 weeks. Functional assessments (hanging wire and grip
strength) were performed following the standardized protocol outlined in the TREAT-NMD
SOPs: DMD_M.2.1.004 and DMD_M.2.2.001 82183

Mice were sacrificed 1 (juvenile) or 5 (adult) days after the final treatment. The left
and right tibialis anterior (TA), gastrocnemius (Gas), soleus (Sol), and extensor digitorum
longus (EDL) were collected along with the diaphragm and heart (adult only) and weighed.
Tissue used for sectioning was either embedded in Tissue-Tek OCT compound or fixed in
10% neutral buffered formalin (NBF) for freezing in liquid nitrogen-cooled isopentane or
paraffin embedding, respectively. Tissues used for biochemical analysis were flash frozen in

liquid nitrogen. Treatments and functional tests were performed in a blinded manner.
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Figure 6. Schematic of treatment schedule for the adult and juvenile mice.
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2.2 Creatine Kinase Assay:

Whole blood was collected from mice into Eppendorf tubes at endpoint via cardiac
puncture. To isolate serum, tubes were left incubated for 30 minutes at room temperature,
then centrifuged at 10 000 rpm for 10 minutes at 4°C. The serum was removed and
transferred to fresh Eppendorf tubes and stored at —80°C. Quantitative analysis of creatine
kinase (CK) activity in serum was conducted using the liquid creatine kinase reagent set
(Pointe Scientific, 23-666-208), following the standardized protocol outlined in the TREAT-

NMD SOP: MD_M2.2.001"#4.

2.3 Histology:

Gastrocnemius and hemi-diaphragms from D2.mdx mice were collected and placed
in 10% NBF at room temperature for 48 hours. Tissues were then placed in 70% EtOH and
sent to the Louise Pelletier Histology Core Facility (LPHCF, University of Ottawa) for
processing, paraffin-embedding, sectioning and H&E staining services. Muscle samples
were sectioned into 4pum-thick cross-sections.

Prior to staining, slides were baked at 60°C for 1 hour and deparaffinized in a series of
xylene washes (3 x 5 min). Xylene was then removed by two washes 100% EtOH (2 x 10
minutes) and rehydrated through a graded series of EtOH (95%, 70% 50%, 5 minutes each)

and placed in double-distilled water (ddH20) for 5 minutes.

2.4 Picrosirius Red Staining

To stain for collagen networks within the muscle tissue, sections were stained with

picrosirius red. Once deparaffinized and rehydrated, slides were post-fixed in a pre-warmed
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jar of Bouin’s Solution (Sigma-Aldrich, HT10132) at 60°C for 1 hour and excess solution was
rinsed under running tap water for 10 minutes followed by submersion in ddH20O for 2
minutes. The slides were then stained with picrosirius red (Abcam, ab150681) for 1 hour at
room temperature, with gentle rocking and protected from light. The stain was removed
using acetic acid solution, dehydrated in 100% EtOH, cleared with xylene and cover-slipped

with DPX mountant (Sigma-Aldrich, 06522)

2.5 Multiplex Immunohistochemistry (mIHC)

Multiplex IHC was performed with Opal 6-Plex Manual Detection Kit (Akoya
Biosciences, NEL811001KT) to detect total macrophage, pro-inflammatory macrophage and
anti-inflammatory macrophage populations in D2.mdx gastrocnemius. See Table 1 for the
Macrophage Panel, including a comprehensive list of antigen retrieval conditions, primary
antibody dilutions, and fluorophore pairings. Deparaffinized and rehydrated slides were
placed in the provided antigen retrieval buffer (Akoya Biosciences) and underwent heat-
induced antigen retrieval (HIAR) using the 2100 Antigen Retriever (Prestige Medical, 210050).
Slides were allowed to cool to room temperature prior to proceeding with staining. Cooled
slides were briefly washed with 1X Tris-buffered saline with 0.1% Tween 20 (3x3min, TBST)
and placed in ddH20. Autofluorescence was quenched with TrueBlack Lipofuscin Quencher
(Biotium,23007) for 1 minute, washed with 1xXTBST (3x3 min) and then blocked with Ab
diluent/block (Akoya, ARD1001EA) for 10 minutes. All primary antibodies were diluted in the
provided blocking buffer and incubated overnight at 4°C. Subsequently, slides were washed
with 1X TBST and incubated with 1x Opal Anti Ms+Rb HRP (Akoya, ARH1001EA) for 10

minutes. Slides were washed again in 1X TBST and then incubated for 30 minutes with Opal
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520,570, 650, or 690) diluted in 1X Plus Manual Amplification diluent (1:100, Akoya, FP1609)
for primary antibody detection. Fluorophore staining was quenched using HIAR in the buffer
optimized for the next primary antibody. Blocking, primary incubation and fluorophore signal
generation were repeated until all targets were stained. Slides were counterstained with
DAPI (PerkinElmer, 0.5ug/mL) and cover-slipped using Dako Fluorescence mounting
medium (Agilent, S3023). Antigen retrieval buffer, primary antibody dilution and staining

order were all optimized prior final staining and imaging.

2.6 Embryonic Myosin Heavy Chain (eMyHC) Staining:

Immunofluorescence staining was performed as previously described for paraffin-
sections '8, Deparaffinized and rehydrated slides underwent HIAR in IHC-Tek Epitope
Retrieval Solution (IHCWorld, 1TW-1100-1L). Slides were permeabilized with 0.1M Glycine,
0.1% Triton X-100 in PBS for 10 minutes. Autofluorescence was quenched with TrueBlack,
and sections were blocked with 5% normal goat serum and 2% bovine serum albumin (BSA)
in PBS. When staining with mouse antibodies, mouse-on-mouse IgG blocking solution was
added at 1:40 (Invitrogen, R37621). Sections were probed overnight at 4°C, with
MYH3/eMyHC (Developmental Studies Hybridoma Bank, F1.652) and laminin (Abcam,
ab11575) at 1:2 and 1:200, respectively. Signal was generated using goat anti-mouse IgG1
AlexaFluor 594 (1:250) and goat anti-rabbit IgG AlexaFluor 488 (1:250) and slides were cover-

slipped using Dako Fluorescence mounting medium.
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2.7 Image Acquisition and Analysis:

All microscopy images were acquired using the 10X objective onthe Zeiss Axiolmager
Z2 widefield microscope with Colibri 5/7. Entire cross-sections were imaged and stitched
using Zen Blue 2.3 (Zeiss). LED intensity and exposure time were consistent across all
samples within the same experiments and imaging techniques, ensuring uniform imaging
conditions. Cross-sectional area and minimum Feret diameter were determined using full
muscle-cross sections stained with laminin and analyzed with MIRAVision Al (MIRA Vision

Microscopy GmbH, Wangen, Germany).

2.7.1 Quantification of Fibrosis

Percent fibrosis of gastrocnemius was quantified using FlJI software by first
converting the picrosirius red stained tissue images to an RGB stack. This process allowed
for the separation of colour channels, enabling precise identification of the red-stained
collagen areas indicative of fibrosis. The green channel was selected for further analysis, as
it provided the optimal contrast for thresholding the red-stained regions. To account for
variability in staining intensity across samples, the baseline threshold value was set using
the image that displayed the highest sensitivity to red staining. This threshold was then
applied consistently across allimages to ensure accurate and comparable quantification of
the red-stained regions. The area of the thresholded regions was measured to determine the

extent of fibrosis in each sample.
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2.7.2 mlIHC Analysis

mIHC samples were spectrally unmixed using the single-stain spectral library
compiled for the macrophage panel in skeletal muscle tissue. Images were imported and
analyzed using QuPath 0.5.0., following the documentation for multiplexed analysis 8587,
Briefly, cell detection was performed using DAPI as the detection channel using the default
parameters. A training dataset was created by selecting a random subset of images and
duplicatingthem into their individual channels. The Random Trees object classifier was then
trained using manually annotated samples, allowing it to learn and differentiate between
multiple cell types based on the individual staining intensity of Opal 520 (CD86+), Opal570
(F480+), and Opal650 (CD206+). For each trained classifier, artifacts and non-specific
staining were also considered by annotating them under the “Ignore*” class. Three
classifiers were defined for the identification of macrophages: Total macrophages (F480+),
Pro-inflammatory macrophages (F480+CD86+), and Anti-inflammatory macrophages
(F480+CD206+). These classifiers were subsequently applied to the entire dataset to
quantify macrophage populations across the entire tissue section. The results were defined
as number of macrophages per mm? of tissue to account for variations in overall cellularity

between samples.

2.8 Total Collagen Assay:

Total collagen content in the gastrocnemius of adult and juvenile D2.mdx mice was
quantified using the Perchlorate-Free Total Collagen Assay Kit (Abcam, ab222942), following
the manufacturer's instructions. Briefly, 10 mg of adult D2.mdx tissue or 50mg of juvenile

D2.mdx tissue was pulverized into a powder and further homogenized using a Bio-Gen
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PRO200 tissue homogenizer (Pro Scientific, 01-01200). Samples were then hydrolyzed in
10N concentrated NaOH at 120°C for 1 hour and neutralized with an equal volume of 10N
concentrated HCL. Hydrolyzed samples were centrifuged at 10 000 x g for 5 minutes and the
hydrolysate (supernatant) was transferred to a new tube. To a 96-well plate, 10uL of each
sample was added in triplicate, evaporated at 65°C and incubated the Chloramine-T reagent
for 20 minutes at room temperature. Subsequently, the samples were incubated with the
developer solution and DMAB concentrate for 5 minutes at 37°C and 45 minutes at 65°C,
respectively. Absorbance was measured at 560 nm using the Biotek Synergy HTX microplate
reader. A standard curve was generated using the provided collagen standard, and the

collagen content in each sample was calculated accordingly.

2.9 Cytokine and Chemokine Array

Cytokine and chemokine expression in adult D2.mdx gastrochemius samples were
analyzed using the Proteome Profiler Mouse XL Cytokine Array Kit (R&D Systems, ARY028).
Frozen gastrocnemius from 16-week-old D2.mdx mice were digested using gentleMACS M-
tubes (Miltenyi Biotec,130-096-335) in 1% Triton X-100 in phosphate buffered-saline (PBS)
with protease and phosphatase inhibitors. Tissue lysate was quantified using a standard
curve and 200 pg of protein was used for the assay, according to the manufacturer’s protocol
for LI-COR Detection and scanned on the LI-COR Odyssey CLx imaging system. For the first
trial, membranes were scanned at the same settings but individually, while subsequent trials
were scanned as one to minimize any differences in pixel intensity. It should be noted that

the observed global shift in treatments was not affected by the scanning technique. Blots
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were analyzed using QuickSpots software (IdealEyes, Bountiful, United States) and data

were expressed as pixel intensity and fold-changed, normalized to the vehicle group.

2.10 Gene Expression Analysis:

Total RNA was extracted from the hemi-diaphragms of adult and juvenile D2.mdx
mice using standard RNAzol isolation and 1ug was reversed transcribed using iScript gDNA
Clear cDNA Synthesis kits (BioRad). Synthesized cDNA was diluted 1:2 /l6 only) or 1:5 in
ddH.,O prior to being added to a total reaction volume of 10 uL using SsoAdvanced SYBR
Green SuperMix (BioRad). Real-time quantitative PCR (RT-qPCR) was performed on Applied
Biosystems’ QuantStudio 6 Pro Real-Time PCR System. Primers for RT-gPCR were
synthesized by IDT and full sequences can be found in Table 2. Cycling parameters were set
under the FAST run mode. Initial denaturation was 95°C for 30 seconds followed by 40 cycles
of 95°C for 15 seconds and the optimized primer temperature for 30 seconds. Gene
expression was normalized to the geometric mean of the housekeeping genes RPL13A,
AP3D1 and CSNK2A2, as previously described'® '8, Results were expressed as fold-
induction compared to wild-type (DBA/2J)) for adult D2.mdx mice or vehicle-treated for

juvenile D2.mdx mice.

2.11 Western Blot Analysis:

Protein lysates were collected from three gastrocnemii of vehicle or LCL161-treated
juvenile D2.mdx muscle with modified RIPA-SDS (0.1%) including protease and
phosphatase inhibitors. Protein was quantified using the Bio-Rad Protein Assay (500-0006)

and protein loading was normalized to 25ug per well. The proteins were resolved on an 8 or
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10% SDS-PAGE gel and transferred to a nitrocellulose membrane. Total protein staining was
performed using REVERT™ total protein stain (LI-COR, 926-11011) following the
manufacturer’s protocol to normalize the protein levels. Membranes were then probed with
specific antibodies: clAP1/2 (Cyclex, CY-P1041), p100/p52 (Santa Cruz Biotech, sc-7386),
RelB (Cell Signaling, 10544S), P105/p50 (Cell Signaling, 13586S) and GAPDH (Advanced
ImmunoChemical Inc., 2-RGM2). Alexa Fluor 680 (Invitrogen, A21109) or IRDye® 800 (LI-
COR, 926-32210) were used to detect the primary antibodies, and fluorescent signals were
detected using the Odyssey CLx Imaging System (LI-COR). Signals were determined using
the Image Studio software (LI-COR) and normalized using the lane normalization factor from

total protein stain with the highest signal.

2.12 Statistical Analyses:

The statistical analyses were determined using GraphPad Prism 10 software (San
Diego, CA). Data from experiments evaluating the differences between the vehicle- and
LCL161-treated D2.mdx mice were analyzed using the Mann-Whitney U test. When
comparing D2.mdx with the wild-type, the Kruskal-Wallis with Dunn’s post-hoc test for
multiple comparisons was performed. For data comparing time and treatment related
differences a two-way repeated measures ANOVA was performed. Where relevant, data are
presented as mean * SEM. All pvalues <0.05 were statistically significant and are

represented as follows: *p < 0.05, ** p <0.01, ***p < 0.001, and ****p < 0.0001.
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Table 1. Optimized Antibody Order, Antigen Retrieval Conditions and Fluorophore
Pairing for Multiplex Immunohistochemistry Panel of Macrophage Markers

:Ti:::ﬁ Antibody ProductID Concentration F:a ':::iﬁ:l Opal I;;ui;rnogphore
1 CD86 Celﬁ;ggggng’ L1pgML oo o Opal520
2 CD206 Celgfgggng’ 0.2325pgimL oo 1o Opal650
3 F4/80 Celgfg;’g & 1.45pg/mL ARS, ph=5 Opal570
4 Laminin aAbblcla;% 720gML oo g Opal690




Table 2. List of primer sequences used for RT-qPCR
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Gene Primer Sequences
Collal Forward: 5'-AGACCTGTGTGTTCCCTACT-3'
Reverse: 5'-GAATCCATCGGTCATGCTCTC-3'
Fn1 Forward: 5'-TTCAAGTGTGATCCCCATGAAG-3'
Reverse: 5'-CAGGTCTACGGCAGTTGTCA-3'
Timp1 Forward: 5'-CGAGACCACCTTATACCAGCG-3'
Reverse: 5'-ATGACTGGGGTGTAGGCGTA-3'
Forward5'-AACAACGCCATCTATGAGAAAACC-3'
Tgfb1 Reverse: 5'-CCGAATGTCTGACGTATTGAAGAA-3'
Ctaf Forward: 5'-GGGCCTCTTCTGCGATTTC-3'
Reverse: 5'-ATCCAGGCAAGTGCATTGGTA-3'
e Forward: 5'-TAGTCCTTCCTACCCCAATTTCC-3'
Reverse: 5'-TTGGTCCTTAGCCACTCCTTC-3'
Thfa Forward: 5'-GGTGCCTATGTCTCAGCCTCTT-3'
Reverse: 5'-GCCATAGAACTGATGAGAGGGAG-3'
Pax7 Forward: 5'-GACGACGAGGAAGGAGACAA-3'
Reverse: 5'-CGGGTTCTGATTCCACATCT-3'
Myod1 Forward 5'-TGGCATGATGGATTACAGCG-3'
Reverse: 5'-CCACTATGCTGGACAGGCAGT-3'
Myog Forward: 5'-ATCGCGCTCCTCCTGGTTGA-3'
Reverse: 5'-CTGGGGACCCCTGAGCATTG-3'
L Forward: 5'-AAAGCTCTGGATTACTGCCAC-3'
Csnk2a2 Reverse: 5'-“AGACCCCAATCAATCAGTCGG-3'
Ap3d1 Forward: 5'-CGACCGCATGTTCGATAAGAA-3'
Reverse: 5'-GCTTGATCTCGTCAATGCACTG-3'
Forward: 5'-CCTGCTGCTCTCAAGGTTGTT-3'
Rpl13a

Reverse: 5'-CGATAGTGCATCTTGGCCTTT-3'
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3.1 Aim 1: Evaluation of fibrosis and the inflammatory response in adult D2.mdx
mice treated with LCL161

LCL161 treatment induces splenomegaly and shows marginal effects on muscle
damage and strength.

Since DMD is characterized by progressive muscle degeneration, tracking body
weight changes can reflect the overall physical health of the mice. A lack of weight gain or
weight loss may indicate muscle wasting, disease severity, or compromised health due to
the disease or therapy. Therefore, to determine whether LCL161 treatment helped maintain
muscle mass or slowed muscle degeneration, D2.mdx body weights were tracked over the
course of 9 weeks (8 weeks of treatment) and compared to age-matched wild-type (DBA/2)J)
mice. There was no significant difference between the vehicle group compared to the
LCL161 group when final body weights were measured (Fig.7A). However, only the LCL161-
treated mice were significantly smaller than the wild-type at endpoint (17 weeks of age) while
surprisingly the vehicle-treated D2.mdx were not. Given the differences in starting weights
among the mice, the percent change in body weight from the initiation of treatment was also
evaluated. A similar pattern was observed, with wild-type mice showing a 16.8% increase in
body weight, while D2.mdx mice exhibited increases of 11.6% in the vehicle group and 5.8%
in the LCL161-treated group. When comparing collected muscle weights of the diaphragm,
heart and hindlimbs, again, the diaphragm and heart of LCL161-treated mice were not
significantly different from wild-type levels (Fig. 7B). The gastrocnemius muscle weights in
both D2.mdx groups were significantly lower than those of the wild-type controls, with no

significant difference between the two D2.mdx groups. In contrast, the soleus and extensor
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digitorum longus (EDL) muscles showed no significant differences across all groups. Spleen
weights, however, were significantly larger in the LCL161 group. Notably, muscle/body
weight ratios did not impact the observed results to a significant degree.

While body weight may give some insight into muscle degeneration, | also performed
a creatine kinase (CK) assay and functional tests (hanging wire and grip strength) to evaluate
the therapeutic efficacy of LCL161 on muscle damage, strength, coordination and
endurance (Fig.8). As a biomarker of reduced muscle damage and increased muscle
integrity, CK levels were measured from the serum of wild-type and D2.mdx mice. LCL161-
treated D2.mdx mice exhibited lower CK levels, averaging ~101 U/L, whereas vehicle-treated
D2.mdx mice had significantly elevated CK levels compared to the wild-type mice, at ~212
U/L (Fig.8A). After 8 weeks of treatment, the max hang time of mice treated with LCL61 was
not significantly better than the vehicle treated mice, however, it was marginally greater
(~230 sec vs 180 sec, Fig.8B). During grip strength assessments, both groups exhibited a
decline in force from week 1 to week 8; however, the LCL161-treated mice showed a slightly
smaller reduction in strength compared to the vehicle group (Fig.8C). Conversely, while both
groups of mice demonstrated an increase in muscular endurance, as assessed by fatigue
grip strength, the LCL161-treated group exhibited a significantly greater improvement
compared to the initial measurement (Fig.8D). These tests were initially conducted across
all groups (DBA/2), D2.mdx-Vehicle, and D2.mdx-LCL161) during the first round of
treatment. However, the wild-type DBA/2) mice appeared to adapt to the testing procedures,
and their performance did not surpass that of the D2.mdx mice, likely due to the

development of a learned avoidance behaviour.
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Figure 7. LCL161 treatment does not significantly affect body weight or muscle mass in adult
D2.mdx mice butinduces splenomegaly. (A) Body weight trajectories of adult D2.mdx mice treated
with 25 mg/kg LCL161 three times per week for 8 weeks compared to vehicle-treated D2.mdx mice
and wild-type (DBA/2J) controls. Data were collected weekly, and weights were recorded up to the
collection date (8 weeks treatment + 5 days). at which point mice were 16-weeks of age (B) Weights
of diaphragm, gastrocnemius, tibialis anterior, soleus, extensor digitorum longus (EDL), heart, and

spleen collected at the end of the study (5 days post-final treatment). Data represent the mean + SEM
(n=5-10 per group).
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Figure 8. LCL161 treatment shows marginal effects on muscle damage and strength but
significantly improves resistance to fatigue in adult D2.mdx mice. Baseline serum creatine
kinase (CK) levels of adult wild-type and D2.mdx mice were measured from blood collected at
endpoint. Indices of muscle function were assessed by (B) max hang time at week 8, (C) grip strength
and (D) fatigue grip strength at weeks 1 and 8. Data represent mean + SEM (n=5-10 per group).
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LCL161 affects gastrocnemius and diaphragm histopathology of adult D2.mdx mice.

Previous reports demonstrated that genetic and pharmacological ablation of clAP1
in madx and C57BL/6 reduces muscle atrophy and results in larger fibres with the same trend
observed seen in clAP2-null C57BL/6 mice'™""". Since LCL161 is a potent inhibitor of
clAP1/2, fibre sizes were also analyzed to determine if this was still consistent in the D2.mdx
model. Though not significant, the gastrocnemius from LCL161-treated mice appears to
have a greater distribution of larger fibres (>1000 um?) and increased mean fibre size
compared to the vehicle-treated mice (Fig.9A). Notably, only the vehicle-treated mice had
significantly smaller mean fibre sizes when compared to the wild-type mice. The cross-
sectional area of the diaphragm does not follow the same trend as the gastrocnemius with
D2.mdx populations being skewed towards smaller fibres (Fig.9B). Additionally, the mean
fibre sizes measured in the diaphragm of each group were significantly smaller than the wild-
type diaphragms. Despite the observed differences, our treatment with LCL161 was not
sufficient to produce a statistically measurable change in fibre sizes, which has been
consistent with the observations in the functional assessment.

As a hallmark of muscular dystrophy, | next aimed to quantify fibrosis in the D2.mdx
mice compared to the wild type (Fig.10). The development of fibrosis in the gastrocnemius
is more progressive over a 12-month period while the diaphragm becomes hyper-fibrotic as
early as 4 months 7°. Given the advanced disease state in the diaphragm and the lack of shift
towards larger fibre size distributions, attention was directed to the gastrocnemius to assess
the extent to which LCL161 treatment mitigates this pathological process. Fibrosis

guantification in the gastrocnemius muscle showed a moderate reduction in collagen
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deposition in LCL161-treated mice compared to vehicle-treated controls (7.29% vs 8.25%,
Fig.10B) however this did not reach statistical significance (p<0.05). To support this
observation, a biochemical assay for total collagen content was also performed (Fig.10C).
Despite using a homogenized fraction of the gastrocnemius, the general trend was still
observed and only the vehicle-treated mice had significantly more collagen per mg of tissue
compared to the wild-type.

To assess the regenerative response induced by LCL161 administration, embryonic
myosin heavy chain (eMyHC) was detected via immunofluorescence, serving as a well-
established marker of nascent myofibre formation (Fig.11). An increase in the number of
eMyHC+ fibres can be seen in both the gastrocnemius (approx. 128 vs 79) and diaphragm
(approx. 93 vs 84) of the LCL161-treated mice, although this difference is not statistically
significant (Fig.11B). When expressed as a percent of total fibres, there is an absolute
difference of 2% in the gastrocnemius and 1% in the diaphragm (Fig.11C). In both muscle
tissues, the total number of fibres analyzed between groups was not significantly different.

The balance between a pro-inflammatory and anti-inflammatory (pro-regenerative)
muscle microenvironment is essential for the effective resolution of inflammation and the
repair of muscle tissue. Given the critical role of macrophages in orchestrating the shift from
inflammation to regeneration, | used the pan-macrophage marker F4/80 along with pro-
inflammatory and anti-inflammatory markers, CD86 and CD206 to delineate macrophage
phenotypes within the D2.mdx gastrocnemius (Fig.12A). Since the spontaneous injury of
D2.mdx muscle is unevenly distributed throughout the muscle, | investigated whether the

proportions and identities of macrophages shift in areas exhibiting significant damage
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(regions with necrosis and/or centrally located nuclei, cross-referenced with H&E-stained
images). As adult D2.mdx mice tend to exhibit less muscle damage compared to juvenile
D2.mdx mice, the boundaries of damage were not as clearly established and, in some
instances, could not be reliably drawn. Analysis of these damage areas revealed virtually no
differences compared to whole tissue analysis (i.e., macrophage infiltrate and phenotypes
were not significantly different) and was therefore omitted. Examining the tissue as a whole,
reveals that there is a slight reduction in total macrophages detected in the LCL161-treated
mice. Within treatment groups, the proportions of pro-inflammatory (F480*CD86°CD206")
and anti-inflammatory (F480°CD86°CD206%) macrophages were not significantly different
from one another and between groups, this is also observed. While not significant, there are
fractionally more pro-inflammatory macrophages and a decrease in anti-inflammatory

macrophage in the LCL161-treated mice compared to those that received the vehicle.
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Figure 9. Gastrocnemius muscle from LCL161-treated adult D2.mdx mice demonstrates a more
notable presence of larger fibres. Cross-sectional area and mean fibre size (min. Feret diameter)
for adult wild-type and D2.mdx mice were determined using whole muscle sections with MIRAVision
Al-Assisted Image Analysis. (A) Relative fibre area distribution (%) and distribution of fibre size for
gastrocnemius muscle. (B) Relative fibre area distribution and distribution of fibre size for the
diaphragm muscle. Relative fibre area distribution is presented as mean + SEM (n=5-8 per group)
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Figure 10. LCL161 treatment trends towards reduced fibrosis in the gastrocnemius of adult
D2.mdx mice. (A) Hematoxylin and eosin (H&E; top panel) stained sections of the gastrocnemius
from wild type, vehicle- and LCL161-treated adult D2.mdx and the corresponding picrosirius red
stain (bottom panel). (B) Quantification of fibrosis in the gastrocnemius, measured as a percent of
red stained area to total area from the picrosirius red stain using Fiji (n=5-8 per group). (C) Total
collagen content (pg/mg wet tissue) in gastrocnemius muscle lysates determined via colorimetric

detection (n=4-6 per group).



52

A
Vehicle 25 mg/kg LCL161
[72])
2
£
Q
f =
(8]
o
@
©
o
£
o
o
"
-
)
a
B C
300+ =155
ns (7))
"E -QEJ ns ns
3 =
13} ©
o 2001 § 10-
Q Y—
= o @ Vehicle (D2.mdx)
+ X A
O < O 25 mg/kg LCL161 (D2.mdx)
<,1001 & 5 ﬂ
= T bRJ
[) > .
=
()
0 1 ] 0 1 |
GAS DIA GAS DIA

Figure 11. LCL161 treatment trends towards increased regeneration in the gastrocnemius and
diaphragm of adult D2.mdx mice. (A) eMyHC expression assessed in the gastrocnemius (top panel)
and diaphragm (bottom panel) of vehicle- and LCL161-treated adult D2.mdx mice. Representative
images show the size and distribution of eMyHC* myofibres (red), co-stained with laminin (turquoise)
in the respective muscle types. (B) Quantification of eMyHC" myofibres in the gastrocnemius and
diaphragm (n=8 per group). (C) eMyHC" myofibres expressed as a percent of total fibres detected in

the gastrocnemius and diaphragm (n=8 per group).
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Figure 12. LCL161 has no apparent impact on macrophage infiltrate or phenotype in adult
D2.mdx gastrocnemius. (A) Representative images showing entire gastrocnemius cross-sections
and regions of interest with increased macrophage (F4/80%) density from vehicle- (top panel) and
LCL161-treated (bottom panel) D2.mdx mice. (B) Quantification of total macrophage infiltrate
(F4/807), pro-inflammatory (F4/80°CD86'CD206°) and anti-inflammatory phenotypes (F4/80°CD86"
CD206") per unit area (mm?). Data represent mean = SEM (n=7-8 per group).
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LCL161 changes the expression profile of inflammatory, fibrotic and myogenic markers
in the gastrocnemius and diaphragm of adult D2.mdx mice.

Given the critical role of the immune response in muscle repair, regeneration, and
fibrosis, and the immunomodulatory properties of LCL161, cytokine and chemokine
profiling of the D2.mdx gastrocnemius muscle was performed (Fig.13). This analysis aimed
to determine whether LCL161 elicited a significant effect on the muscle microenvironment
and to assess how it may influence the recruitment of immune cells and modulate
inflammatory responses. It is important to note that three biological replicates were used
from both the LCL161 and vehicle-treated groups. However, data from the third replicate
were excluded when thresholding due to the presence of non-positive pixel density values
for certain markers. Despite this, the raw pixel density data from all replicates showed a clear
shift in the LCL161-treated gastrochemius. Using just the remaining replicates, 71.17% of
the markers were elevated compared to the vehicle group (70.27 and 72.07% vs 29.73 and
27.93%, Fig.13A). When applying thresholds of 0.5-fold and 1.5-fold changes, 25 proteins
were upregulated in Trial 1, and 27 in Trial 2, while just 3 proteins were downregulated in Trial
1 and 2 proteins in Trial 2 of the 111 proteins analyzed (Fig.13B).

As previously mentioned, the diaphragm displays advanced disease progression
including fibrosis before the hindlimb muscles. Due to difficulties accurately quantifying the
fibrosis in the diaphragm and tissue availability, | looked at the expression of genes
associated with fibrosis, inflammation and myogenesis (Fig.14). Col1a1, Tgfb1 and Timp1
levels are all significantly higher in the D2.mdx mice compared to the wild-type mice while

Fn1 and Ctgf expression is not-significantly different across all cohorts. Again, although
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there is no significance between the vehicle and LCL161-treated mice, the gene expression
of these fibrotic markers is decreased to varying degrees. TIMP1 is markedly increased
compared to the other fibrosis-associated genes in the D2.mdx mice, highlighting that the
development of fibrosis is strongly driven by failed ECM remodeling, outpacing the
degradation of these components. When looking at the genes associated with inflammation,
TNFa expression is significantly increased in the LCL161-treated mice even 5 days post-final
treatment while no significant differences are seen between the wild-type and vehicle
D2.mdx. This lack of significance is seen across cohorts for /l6, however there does appear
to be slightly less /6 transcripts in the LCL161-treated mice which follows the trend from the
gastrocnemius cytokine and chemokine array. Analysis of the myogenic markers (Pax7,
Myod1 and Myog), showed that Myog was significantly higher in the LCL161-treated mice
when compared to the wild-type and moderately increased compared to the vehicle D2.mdx
mice. The lack of significance between vehicle and LCL161-treated mice in Myod1

transcripts is consistent with similarities in the diaphragm’s regenerative response (Fig.11).
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Figure 13. Difference in immune response modulation by LCL161 in the gastrochemius muscle
of D2.mdx mice through cytokine and chemokine profiling. (A) Fold-change (LCL161/Vehicle) of
111 cytokines and chemokines measured from the protein lysates of D2.mdx gastrocnemius. A fold-
change of 0.5 or 21.5 was defined as the threshold to determine the effect of LCL161. Data
represent 2 individual trials (n=1 per group, per trial). (B) List of proteins that exhibited similar
changes across trials, based on fold change thresholds.
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Figure 14. Expression of fibrotic, inflammatory, and myogenic markers in the diaphragm of
LCL161-treated adult D2.mdx mice. Genes associated with fibrosis (Col1al, Tgfb1, Fn1, Ctgf,
Timp1), inflammation (Thf/Tnfa, Il6) and myogenesis (Pax7, Myod/Myod1, Myog). Relative mRNA
expression levels were measured via qPCR in diaphragm muscle tissue from wild-type, vehicle- and
LCL161-treated adult D2.mdx mice. Data represent mean * SEM (n=5-10 per group).
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3.2 Aim 2: Evaluation of fibrosis and the inflammatory response in juvenile D2.mdx

mice treated with LCL161

In comparison to the adult D2.mdx mice, juvenile D2.mdx mice exhibit an enhanced
inflammatory response that fails to resolve efficiently and have a poor regenerative capacity
leading to increased damage. Thus, | examined whether earlier intervention with LCL161
could improve these observed trends by modulating the muscle microenvironment during
heightened inflammation. To address this question, juvenile D2.mdx mice (4-5 weeks) were
administered 25 mg/kg LCL161 for 4 weeks (+1 final dose 24 hours prior to collection). To
capture transient effects of the drug, these mice were also collected 1-day post-final
treatment as opposed previously where adult mice were sacrificed 5 days after.

LCL161 treatment increases soleus weight, reduces muscle damage, but has no effect
on muscle strength.

Although D2.mdx mice generally weigh less than their wild-type counterparts, they
still experience age-dependent weight gain, which may be partially attributed to the
accumulation of fat and fibrotic tissue as muscle degeneration progresses. Over a 5-week
period, | aimed to evaluate whether LCL161 treatment could promote the preservation of
muscle mass and enhance body weight maintenance, potentially mitigating the negative
impact of muscle wasting in the younger D2.mdx mice. Both the vehicle- and LCL161-treated
mice exhibited a significant increase in body weight from week 1 to week 5 (P<0.0001), with
weight changes of 38% and 28.9%, respectively (Fig. 15A). However, no significant

difference was observed between the two groups during this period. Upon examination of
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the muscle weights, on average, the diaphragm, gastrochnemius and heart were smaller in
the LCL161-treated mice although only the gastrocnemius exhibited a significant decrease
in muscle weights (Fig.15B). The TA, soleus and EDL of the LCL161-treated mice tend to be
larger, but only the soleus was significantly heavier than the vehicle-treated mice.
Consistent with the adult D2.mdx mice and existing data on LCL161 treatment in mice, the
spleen was significantly larger.

To assess functional improvements, | again looked at CK levels and grip strengths at
the start and end of treatments. Analysis of the serum CK levels revealed that CK levels in
LCL161-treated mice were 50.6% lower than the vehicle-treated mice (Fig.16A). Importantly,
this significant reduction in muscle damage does not appear to correlate with any
improvements to grip strength (Fig.16B), suggesting the damage may be affecting other
muscle groups more than those recruited for the test. While both vehicle- and LCL161-
treated mice experienced a significant decline in grip-strength, LCL161-treated mice appear
to have had a greater decline from week 1. There was no significant difference between
groups at week 1 and week 4 and the fatigue grip strengths were virtually unchanged (Fig.

16C).
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Figure 15. LCL161 treatment alters select muscle weights and induces splenomegaly without
affecting body weight in juvenile D2.mdx mice. (A) Body weight trajectories of juvenile D2.mdx
mice treated with 25 mg/kg LCL161 three times per week for 4 weeks compared to vehicle-treated
D2.mdx mice. Data were collected weekly, and weights were recorded up to the collection date (4
weeks treatment + 1 day). at which point mice were 9-weeks of age (B) Weights of diaphragm,
gastrocnemius, tibialis anterior, soleus, extensor digitorum longus (EDL), heart, and spleen collected
at the end of the study (1-day post-final treatment). Data represent the mean * SEM (n=5-10 per

group).
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LCL161 increases necrosis and macrophage infiltrate in the gastrocnemius of D2.mdx
mice.

In line with the rationale used for adult D2.madx mice, | also examined fibre sizes in
the gastrocnemius and diaphragm muscles of juvenile mice (Fig.17). | also wanted to
determine whether the significant reduction in muscle damage observed with LCL161
treatment corresponded to fibre preservation, with potential changes in fibre area and size.
The distribution of fibre cross-sectional areas between treatment groups showed no distinct
shift, with both groups displaying a similar pattern and balance without marked asymmetry
(Fig.17A, B; left panels). Interestingly, there was an upward trend in larger fibres within the
diaphragm muscle of LCL161-treated mice, though this did not reach statistical significance.
In examining mean fibre sizes for both muscle groups (Fig.17A, B; right panels), a slight
increase in median fibre size was observed in vehicle-treated mice compared to LCL161-
treated mice, though this difference was not statistically significant. This minor trend could
suggest a slight enlargement of individual fibres in the vehicle group, even though the overall
distribution pattern remained largely consistent across treatments

| evaluated muscle morphology in juvenile gastrocnemius muscles from LCL161-
treated mice to assess necrosis, fibrosis, and collagen content (Fig.18). Examination of H&E-
stained sections revealed extensive tissue damage in the LCL161-treated samples, which
contrasted with the overall decrease in muscle damage suggested by lower CK levels
(Fig.18A; top panel). To clarify, | quantified necrotic regions characterized by myofibre
damage and dense immune cell infiltration. The results showed that LCL161-treated
gastrocnemii exhibited 10.5% necrotic tissue area, significantly higher than the 6.1%

necrotic area observed in vehicle-treated controls (Fig.18B). Further analysis focused on
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fibrosis. Histochemical and biochemical assays revealed no significant differences in
fibrosis levels between treatment groups, with no consistent pattern emerging between the
two methods (Fig.18C, D). This suggests that while LCL161 treatment may impact
gastrocnemius muscle integrity, its effects on fibrosis and collagen deposition in juvenile
D2.mdx gastrocnemius are inconclusive.

Juvenile D2.mdx mice exhibit impaired regeneration and an amplified inflammatory
response, characterized by extensive macrophage infiltration. Given the complex
inflammatory environment in these mice and LCL161's ability to modulate NF-kB
pathways—affecting cytokine and chemokine production as well as macrophage
polarization—the specific effects of LCL161 in this heightened inflammatory context are
difficult to predict. My aim was to determine whether LCL161’s influence on macrophage
infiltration would be more pronounced under these conditions (Fig.19). Consistent with the
extensive necrosis observed in H&E-stained gastrocnemius sections, LCL161-treated mice
displayed significantly higher macrophage infiltration (F4/80+), likely due to tissue damage
(Fig.19B). Notably, this significance is lost upon removal of an outlier, which corresponds to
the same sample showing severe necrosis in H&E-stained sections (Fig.18). The outlier
remains significant in the pro-inflammatory macrophage count but not in the anti-
inflammatory subset and does not affect the significance of either population. Both pro-
inflammatory and anti-inflammatory macrophages increased in parallel with the total
macrophage count, suggesting that the rise in both subsets may be attributed to the overall

increase in macrophages rather than a direct effect of LCL161 treatment.
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Figure 17. LCL161 has no effect on fibre size distribution in the gastrocnemius and diaphragm
of D2.mdx mice. Cross-sectional area and mean fibre size (min. Feret diameter) for vehicle- and
LCL161-treated D2.mdx mice were determined using whole muscle sections with MIRAVision Al-
Assisted Image Analysis. (A) Relative fibre area distribution (%) and distribution of fibre size for
gastrocnemius muscle. (B) Relative fibre area distribution and distribution of fibre size for the
diaphragm muscle. Relative fibre area distribution is presented as mean = SEM (n=10 per group).
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Figure 18. LCL161 has no effect on fibrosis but significantly increases necrosis in the
gastrocnemius of D2.mdx mice. (A) Hematoxylin and eosin (H&E; top panel) stained sections of the
gastrocnemius from vehicle- and LCL161-treated juvenile D2.mdx and the corresponding picrosirius
red stain (bottom panel). (B) Quantification of necrosis in the gastrocnemius, defined as regions with
dead/damaged myofibres, loss of muscle structure and presence of inflammatory infiltrate,
expressed as a percent of total tissue area. (C) Quantification of fibrosis in the gastrocnemius,
measured as a percent of red stained area to total area from the picrosirius red stain using Fiji. (D)
Total collagen content (pg/mg wet tissue) in gastrocnemius muscle lysates determined via
colorimetric detection. (n=10 per group).
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Figure 19. LCL161 treatment increases macrophage infiltrate in juvenile D2.mdx mice but has
no effect on macrophage polarization. (A) Representative images showing entire gastrocnemius
cross-sections and regions of interest with increased macrophage (F4/80%) density from vehicle- (top
panel) and LCL161-treated (bottom panel) D2.mdx mice. (B) Quantification of total macrophage
infiltrate (F4/80%), pro-inflammatory (F4/80°CD86'CD2067) and anti-inflammatory phenotypes
(F4/80*CD86°CD206") per unit area (mm?). Data represent mean = SEM (n=8-9 per group).
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LCL161 reduces Tnfa and Pax7 mRNA levels and clAP1/2 protein levels in the
diaphragm and gastrocnemius muscle, respectively, of juvenile D2.mdx mice.

Phase | clinical trials in patients with advanced solid tumors reported that LCL161
reaches peak plasma concentrations within 30 minutes to 2 hours, followed by a decline
over 4-16 hours™®. Given its rapid absorption, the effects on gene expression may be more
pronounced 24 hours after treatment rather than after 5 days (as examined in the adult
D2.mdx mice). To explore this further, | again examined the expression of fibrotic,
inflammatory, and myogenic genes in the juvenile D2.mdx mice (Fig.20). Among the five
fibrotic genes analyzed (Col7a1, Tgfb1, Fn1, Ctgf,and Timp1), LCL161 induced modest, non-
significant reductions in transcript levels. Notably, TNFa levels were significantly decreased
following treatment, while /l6 remained unaffected. Regarding myogenic markers, Pax7
expression was significantly reduced, while Myod7 and Myog showed a decrease, though
not significantly.

To determine the effects of LCL161 on NF-kB signalling 24 hours after treatment,
western blots were performed on the protein lysates from the juvenile D2.mdx mice (Fig.21).
Although only modest degradation of the clAPs was observed, the significant enlargement
of the spleen in LCL161-treated mice suggests that the drug is engaging its target and
modulating immune responses (Fig.15B) (Fig.21A).While spleen enlargement alone is not
definitive evidence of IAP degradation, its occurrence alongside even partial IAP depletion
aligns with previous findings from our lab in mouse models of cancer, muscular dystrophy,
and muscle atrophy treated with LCL161. Notably, the difference is clAP2 degradation is

approximately 2.21-fold while clAP1 is degraded to a lesser extent at 1.41-fold. This was
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accompanied by insignificant downwards trends in both p50/p105 ratios in the classical

pathway, and in the p52/p100 ratio in the alternative pathway (Fig.21B, C).
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Figure 20. LCL161 treatment reduces Tnfa and Pax7 levels in the gastrocnemius muscle of
juvenile D2.mdx mice. Genes associated with fibrosis (Col1a1, Tgfb1, Fni1, Ctgf, Timp1),
inflammation (Tnf/Tnfa, Il6) and myogenesis (Pax7, Myod1, Myog). Relative mRNA expression levels
were measured via qPCR in diaphragm muscle tissue from vehicle- and LCL161-treated juvenile
D2.mdx mice. Data represent mean * SEM (n=8-10 per group).
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Figure 21. LCL161 leads to degradation of clAP1 and clAP2 in juvenile D2.mdx gastrochnemius
muscle. Representative western blots of (A) clAP1/2, (B) classical NF-kB (p105, p50) and (C)
alternative NF-kB (RelB, p100, p52) signalling with their corresponding densitometric quantitation.
Data represent mean * SEM (n=3 per group).
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Overview:

This thesis investigated the therapeutic potential of LCL161, an IAP antagonist and
SMAC mimetic targeting clAP1/2, in both adult and juvenile D2.mdx mice as a model for
Duchenne Muscular Dystrophy (DMD). The study revealed age-dependent effects of LCL161
treatment, with adult mice showing trends towards reduced fibrosis and modulated
cytokine profiles, while juvenile mice exhibited reduced muscle damage but increased
necrosis and altered gene expression. These findings underscore the broader importance of
aligning therapeutic strategies with the timing and severity of disease progression, with IAP
inhibition serving as a compelling example. The age-dependent effects of LCL161 observed
in this study highlight the complex interplay between muscle regeneration, inflammation,
and fibrosis in DMD progression. Further investigation is necessary to elucidate the precise

mechanisms by which LCL161 modulates these processes across different disease stages.

4.1 Muscle Preservation and Functional Outcomes.

In both adult and juvenile mice treated with LCL161, there was no significant decline
in body weight compared to the vehicle group. Although the percent change in body weight
from the start of treatment to collection was higher in the untreated mice, it is unlikely that
this reflects a biologically beneficial outcome. D2.mdx mice typically exhibit age-dependent
increases in body weight, often driven by pathological factors such as increased fibrosis, fat
infiltration, or edema-induced muscular enlargement’®#%8, These factors contribute to
weight gain both directly and indirectly through reduced mobility and functional impairment.
However, the current treatment regimen using LCL161 does not have a clear effect on these

variables. On the contrary, this study does demonstrate that both the dose, frequency, and
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length of treatment using LCL161 is well tolerated in this mouse model. Work from our lab
has demonstrated that acute doses of 75 mg/kg LCL161 reduce muscle atrophy, whereas
chronic dosing can have detrimental effects on muscle health? unpublished data ' [agpite this,
LCL161 has shown a favorable safety profile in cancer research, where it is generally well
tolerated and reports 5-10% loss in body weight recovered when treatment was
discontinued™®'%2, The effects of LCL161 are context-dependant and modifications to
dosing and frequency should be determined for each model. Further emphasizing what we
have seen in muscle, LCL161 has been less favourable in a MYC-driven lymphoma model
where 75 mg/kg twice weekly exacerbated cytokine storm and reduced survival’®. A similar
effect was reported in 3 out of 53 patients during a Phase | clinical trial using LCL161 in
patients with advanced solid tumors™®. In contrast, a mouse xenograft model of human
melanoma tolerated daily doses of 100 mg/kg for four weeks without significant adverse
effects’.

While this study focused on the diaphragm and gastrocnemius muscles, there is some
evidence for a more pronounced effect on certain muscles compared to others. This is
potentially due to variations in muscle composition, regeneration capacity, or disease
severity across different muscle groups. In the adult D2.mdx mice, LCL161 treatment does
not contribute to detectable weight differences in the diaphragm and hindlimb weights
however the weight of the heart remained at wild-type levels. Although there’s no apparent
significant difference when compared to the vehicle, it’s possible that a real effect exists but
the sample size is too small. Most DMD patients develop dilated cardiomyopathy (DCM),

whereby the left ventricle stretches, becomes weaker and leads to heart enlargement 19519,
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Similarly, D2.mdx have significantly larger hearts than wild-type controls due to fibrosis and
calcification of the epicardium by 16-weeks and reduced cardiac functioning by 28-
weeks® %7, Future studies should look to determine the biological significance of this trend
by increasing the sample size. Assuming the observation is biologically relevant, analysis of
cardiac structure function should be performed, similar to the methods seen by Hayes et al.
198 Classical NF-kB signalling in cardiomyocytes has been linked to adverse remodeling,
fibrosis, myocyte atrophy and endoplasmic reticulum-induced apoptosis in heart failure
models %297, Notably, Maier et al., able to reduce inflammatory DCM and heart failure by
turning off IKKPB in their transgenic mouse model'®. LCL161's capacity to activate alternative
NF-kB signhalling presents a potential avenue for further investigation of cardiomyocytes.

In the juvenile D2.mdx mice, LCL161 treatment resulted in increased soleus weight
and decreased gastrochemius weight. The soleus muscle is predominantly composed of
slow-twitch (type ) fibres, which are reportedly less susceptible to dystrophic processes?°?
206, This was first demonstrated by Webster et al. in 1988, where fast-twitch fibres
(particularly type llb) were shown to degenerate earlier?®? . Another study confirmed that
despite their larger mean diameter, type |l fibres were significantly reduced in number,
suggesting greater vulnerability to degeneration?®. This aligns with my findings of no
significant difference in soleus weight between adult D2.mdx and wild-type mice, as well as
with mdx models, where the soleus exhibits resilience to eccentric contraction-induced
damage and benefits from low-intensity eccentric training?°42%, Additionally, in mdx mice,
the loss of clAP1 reduced macrophage infiltration and centronucleation in the soleus, while

enhancing its contractile properties'®. The reason for the increase in soleus weight in
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LCL161-treated juvenile D2.mdx mice remain unclear, although the observed decrease in CK
levels suggests that LCL161 is reducing overall muscle damage and potentially promoting
muscle growth or maintenance. This is entirely speculatory and must be confirmed in future
analyses to rule out LCL161-induced pseudohypertrophy, which is commonly seen in DMD
muscles and may explain the weight increase. The discrepancy between the juvenile and
adult D2.mdx solei response to LCL161 should also be clarified.

The observed decrease in gastrocnemius weight is more difficult to explain. When
examining the H&E images, it appeared that the gastrocnemius of LCL161 treated juvenile
D2.mdx mice had larger regions of necrosis. As this conflicted with the CK assay, | quantified
the necrotic area and found that there was significantly more necrosis following LCL161
treatment. While necrosis results in a loss of muscle continuity and atrophy, analysis of the
juvenile gastrocnemius fibre sizes and numbers does not reflect this increase. Additionally,
there are no considerable differences in fibrotic deposits that may have contributed to

weight changes.

4.2 LCL161’s impact on muscle regeneration may be dependent on disease severity

and regulation of MuSCs.

In the adult D2.mdx gastrocnemius, LCL161 treatment appeared to modestly increase
the number of regenerating myofibres and the mean fibre size, though the total fibre count
showed fewer notable changes. These promising trends are less distinct in the more severely
affected diaphragm. However, Myog expression was slightly elevated compared to the
vehicle group, and significantly higher than in wild-type controls. While LCL161 may exert

mild effects on muscle regeneration, it seems insufficient to counteract the extensive
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muscle damage seen in this model, preventing substantial improvements. This is further
supported by the significant decrease in Pax7 and modest reductions in Myod7 and Myog in
juvenile diaphragms, where inflammation and damage are more pronounced. The severity
of damage in D2.mdx muscle could also explain the discrepancy between these findings and
previous studies, where LCL161 or clAP1 loss reduced atrophy and promoted myoblast
fusion in acute injury models and in the less severe mdx mouse'46:16%:170,

A common finding between the juvenile and adult D2.mdx diaphragms was the
reduction in Pax7 expression. While this decrease was not significant in the adult mice, it
may be attributed to the unexpected improvement in regenerative capacity with age, despite
only a 7-week difference compared to the younger mice ?°’. The exact mechanism by which
LCL161 reduces Pax7 expression in the juvenile diaphragm remains unclear. Excessive
inflammation and poor ECM remodeling contribute to MuSC dysfunction; however, LCL161
does not significantly elevate fibrotic or proinflammatory gene expression. A possible
explanation may liein LCL161’s modulation of classical NF-kB sighalling. A study using BaCl,
to induce acute injury in the TA demonstrated an increase in classical NF-kB signalling in
MuSCs?%, It also highlighted the crucial role of IKKB in MuSCs, as MuSC-specific deletion of
IKKB led to reduced MuSC numbers in injured muscle, impaired proliferation, and increased
apoptosis?®®. These findings build on previous work from this group, showing that classical
NF-kB is essential for MuSC survival, proliferation, and self-renewal. This was demonstrated
through the deletion of upstream regulators, TAK1 and TRAF6, in mice or by using TWEAK, a
known degrader of IAPs™40:141.209 |nterestingly, the TWEAK study showed a decrease in PAX7*

cells cultured on myofibres and an increase of binding to a NF-kB consensus sequence
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without distinguishing between the pathways?®. Notably, the dose they used (10ng/mL) has
been shown to preferentially upregulate alternative signalling™''“¢, Together, these studies
highlight the possibility that LCL161 is affecting MuSCs by promoting alternative NF-kB
signalling. Future studies should explore the impact of LCL161 on MuSC activation,
proliferation, and differentiation in both acutely injured wild-type mice and the D2.madx
model. Furthermore, investigating the dose-dependent effects of LCL161 on the expression
of key MRFs, including Pax7, Myod1, and Myog, could help identify optimal therapeutic
windows based on age and disease severity, particularly in the context of MuSC dysfunction.

Based on these data and existing literature, future studies should investigate the direct
effects of LCL161 on the regenerative capacity of dystrophic muscle. The observed trends
may stem from its influence on muscle regeneration rather than from preventing fibrosis or
modulating inflammation. Muscle sections should be examined for the number of
proliferating (Pax7+/MyoD+), differentiating (Myogenin+) and self-renewing (Pax7+/MyoD-)
cells to evaluate MuSC function. This could be more easily studied using acute injury models
to reduce the complexity and confounding factors present in the D2.mdx model. However, it
would also be of interest to explore any age-dependent differences in D2.mdx mice.

Importantly, the treatment regimen should be refined to enable more direct comparisons.

4.3 s fibrosis secondary to the regenerative benefits of LCL161?

| aimed to determine whether fibrosis was attenuated upon LCL161 administration.
Encouragingly, there was a general trend toward reduced collagen deposition in the
gastrocnemius of adult D2.mdx mice, and slightly lower expression of fibrotic genes (Col7a1,

Tgfb1, Fn1, Ctgf, Timp1) in both adult and juvenile diaphragms compared to vehicle-treated
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controls. Activation of both NF-kB pathways has been shown to regulate the expression of
Col1a1l, FN1, Tgfb1 in lung fibroblasts, bronchiolar epithelial cells and in fibroblastic cells
isolated from a model of pulmonary fibrosis and classical NF-kB regulated TIMP1
expression?'®2", Since NF-kB activation can regulate both the transition to myofibroblasts
and direct regulation of pro-fibrotic genes, its modulation by LCL161 and the underlying
effects should be further explored. While this presents a possible explanation for the slight
reductions in collagen deposition and fibrotic gene expression but does not elicit enough of
an effect to overcome other mechanisms and cell-types driving pro-fibrotic genes. Periostin
(POSTN) and plasminogen activator inhibitor-1 (PAI-1/SERPINE1) were also elevated in the
gastrocnemius of LCL161-treated mice and have previously been implicated in fibrosis for
their roles in extracellular matrix and tissue remodelling®'?>2'*, Their elevation may be
explained by a potential rebound/withdrawal effect from LCL161 and restoration of classical
NF-kB2'5217,

Unfortunately, as with many of the other findings in this study, true conclusions cannot
be drawn due to lack of statistical significance. However, aside from the necrosis observed
in the juvenile gastrocnemius, LCL161 does not appear to significantly worsen the
phenotype either. The observed trends instead highlight the potential for optimizing
treatment timing and dosing to maximize its benefits. | attempted to address this by utilizing
the juvenile model; however, treatment and collection occurred within a period when
inflammation and regenerative deficits had begun to subside, with fibrosis becoming
increasingly predominant’®. Positive effects of LCL161 may become more apparent with

extended treatment duration, as suggested by the modestly improved outcomes observed
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after the 8-week treatment period in adult mice, where the benefits of sustained alternative
NF-kB signalling can begin to emerge. To facilitate clearer comparisons in future studies,
maintaining treatment lengths when examining mice at two distinct time points would help
minimize confounding variables and allow for more direct assessment of treatment impact.

To more effectively assess the impact of LCL161 on regeneration, acute injury studies
could be performed in the wild-type strain, reducing the complexity introduced by disease-
related damage based on the methods used by Mazala et al. 2%’. Specifically, the MuSC and
macrophage dynamics within the early days of injury, along with the tracking of nascent
myofibre formation and fibre regeneration and maturation over the month following injury,
are crucial areas of investigation. Pre-treatment and post-treatment assessments with
LCL161 can also provide insights into its potential to limit muscle damage and enhance the
regenerative capacity of muscle tissue. While extensive data exist on the influence of clAP1
in these processes, much of this research has been conducted using knockout models.
Variations in tissue and target specificity, drug kinetics, and dosage effects can significantly
impact the observed outcomes, despite targeting the same mechanism. The results from
these studies may also inform which muscle groups should be prioritized for analysis in
testing the disease model.

Another interesting avenue is exploring the effects of LCL161 on FAPs. The
replacement of the functional muscle tissue with fibrotic tissue and fat infiltrate is a hallmark
of DMD and multipotent ability of FAPs to differentiate into fibrotic and adipogenic lineages
is problematic?'®. Human muscle-derived FAPs (PDGFRa+) have been shown to accumulate

in dystrophic tissue and colocalize with areas of fatty and fibrous degeneration and can
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express Peroxisome proliferator-activated receptor gamma (PPARYy), a master regulator of
adipose cell development or secrete high levels of TGFB2'8. Importantly, these high levels of
TGFB limit FAP apoptosis from macrophage-secreted TNFa®2. Therefore, in vitro studies can
be designed to address how LCL161 impacts the expansion of FAPs and influences the
differentiation potential of adipogenic or fibrogenic fates. Through dose-dependent
experiments, one can determine whether LCL161 is cytotoxic to these populations and if
certain doses preferentially direct the differentiation program. It would also be valuable to
culture FAPs in the presence of TNFa or macrophage conditioned media to better model the
inflammatory environment of dystrophic muscle. While TNFa alone does not induce FAP
apoptosis, does LCL161 also sensitize these cells to apoptosis when exposed to
inflammatory stimuli. In vivo, using flow cytometry or mIHC, FAPs, adipocytes and fibroblast
populations can be tracked, and their relative ratios can be compared between treatment
groups. Multiplex IHC could provide the added layer of spatial resolution to identify

interactions with macrophages and distribution through the tissue and injured regions.

4.4 LCL161 influences inflammation in D2.mdx mice.

In various mouse models utilized in our laboratory, administration of LCL161 has often
resulted in splenomegaly. Although literature on this phenomenon is limited and conflicting,
a study conducted in 2014 demonstrated that full-body knockouts of clAP1, clAP2, and
XIAP—targets of LCL161—lead to severe sterile inflammation and subsequent
splenomegaly'9%2'9-221 This observation suggests that LCL161 treatment induces a systemic
inflammatory response in both juvenile and adult D2.mdx mice, with the observed

enlargement of the spleen likely attributable to the expansion of splenic immune cells.
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Despite these observable alterations, the actual effect on inflammation in juvenile and
adult D2.mdx muscles revealed no consistent patterns. For instance, in the cytokine and
chemokine array performed on the adult D2.mdx gastrocnemius, IL-15 protein expression
was higherin LCL161 treated mice. In the mdx mouse model, IL-15 administration increased
diaphragm strength, cross-sectional area and decreased collagen content 2'°. Additionally,
IL-15 promotes myofibre regeneration and reduces fat infiltration, though it is also positively
associated with the severity of fibrosis and the fate of fibroblasts derived from FAPs 222,

Furthermore, IL-13, a well-established driver of tissue fibrosis, is elevated in the
gastrocnemius of LCL161-treated adult D2.mdx mice??*?%, |n partial agreement with the
published findings, the mildly positive trends in strength and cross-sectional area, collagen
deposition and regenerating fibres, may result from changes in IL-15, while being blunted by
the elevated IL-13 levels. However, the fact that these measurements were taken five days
post-final dose from just 2 trials complicates the assessment of LCL161's true effects.
LCL161. The association between these findings should be interpreted with caution, as they
involve different models, distinct muscle types, and are based on data with a low sample
size. Repeating the array could help identify consistent changes induced by LCL161, which
could then be validated through a secondary approach, such as ELISA.

As inflammatory markers, LIX (CXCL5/6), Pentraxin 3 (PTX3) and MPO were all
elevated in the adult D2.mdx gastrocnemius following LCL161 treatment. Broadly, research
hasimplicated each of these proteins in the coordination of the initialimmune response and
recruitment of immune cells to injured tissue. For instance, in models of pulmonary disease,

LIX has been shown to promote both neutrophil and macrophage chemotaxis and activation
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of classical NF-kB resulting in excessive inflammation and development of fibrosis?26-22°,
Additionally, LIX appears to be involved in adipogenesis, insulin resistance, and oxidative
stress although its role is not entirely clear. In CXCL5-treated soleus muscles, insulin-
stimulated glucose transport was diminished, whereas inhibition of CXCL5 or its receptor,
CXCR2, improved insulin sensitivity in obese, insulin-resistant mice??®. Conversely,
CXCL5 - mice developed insulin resistance and showed impaired ROS clearance, leading to
oxidative stress??”’. PTX3 is positively associated with myocardial damage and fibrosis in
DMD patients and influences parenchymal, stromal, and immune cell activity; in vitro
studies show it promotes TGF activation, anti-inflammatory responses in macrophages,
and fibrocyte differentiation?3®2*, As previously discussed, MPO plays a role in promoting
oxidative stress, inflammation and necrosis. Since temporal dynamics of these proteins are
intricately linked to muscle damage and regeneration, their elevation alone does not allow
us to definitively determine whether LCL161 is beneficial or detrimental to the tissue.
Consistent between the mRNA of the diaphragm and the protein expression in the
adult D2.mdx gastrocnemius was the reduction of IL-6. IL-6 is significantly upregulated in
DMD patients and mdx mice and contributes to myofibre damage through sustained
inflammation and MuSC exhaustion?3*2%’, Blockade of IL-6 have had differing effects; a 2012
study demonstrated that anti-IL-6R antibody administration in mdx mice increased immune
cellinfiltrate and IL-10 expression (but not TNFa) but did not worsen muscle pathology while
IL-6R antibody therapy in dystrophin-utrophin deficient mice decreased creatine kinase
levels, fibrosis and improved MuSC function and regeneration 2823, Reduction of IL-6 may

be one of the mechanisms driving the positive trends seen considering both protein from the
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gastrocnemius and RNA from the diaphragm followed similar patterns. This was not
observed in the RNA from the diaphragm of the juvenile D2.mdx perhaps because the effects
of the drug cannot surmount the highly inflammatory environment. The fact that LCL161 has
immunomodulatory properties complicate the very nature of these findings. Due to
biological variability in disease progression and how the pathological processes of DMD
manifest over time. This is further exemplified by the significant decrease in TNFa seeninthe
juvenile diaphragms, seemingly opposite from the adult diaphragms.

Despite examining two distinct age cohorts and time points, LCL161 administration
did not elicit significant alterations in macrophage phenotypes within the gastrocnemius
muscle of either adult or juvenile D2.mdx mice. Notably, the increase in total macrophage
infiltration in LCL161-treated juvenile D2.mdx gastrocnemii is likely associated with the
substantial necrosis detected. Conversely, the reduced macrophage infiltration in LCL161-
treated adult D2.mdx gastrocnemii lacked biological significance. Given that chronic
inflammation and persistent macrophage infiltration are detrimental to muscle
homeostasis, further investigation is warranted to elucidate whether LCL161 actively
promotes macrophage clearance in adult D2.mdx mice. Additionally, the underlying
mechanisms responsible for the increased necrosis and macrophage infiltration in juvenile
D2.mdx mice require further exploration. Considering the temporal dynamics ofimmune cell
infiltration and the cycles of regeneration and degeneration in DMD, studying macrophage
populations over a time course following LCL161 withdrawal could offer deeper insights into

transient and age-related changes.
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4.5 Investigating T-Cell dynamics in response to LCL161.

While macrophages have long been regarded as the primary immune mediators of
skeletal muscle regeneration, the role of T-cells in orchestrating immune responses and
influencing muscle repair mechanisms necessitates additional research. Recent findings
underscore the multifaceted contributions of T-cells, not only in acute injury models but also
in chronic pathological contexts.

In a CTX model, CD8” mice had poorer regeneration, smaller myofibres and
increased ECM deposition?®. This phenotype was rescued upon CD8" T-Cell
transplantation?®°. CD8* T-Cells also secrete MCP-1, and their absence decreased the
recruitment of protein gamma response 1 (Gr1)-expressing macrophages that contribute to
the stemness and proliferation of MuSCs?%°. Additionally, Castiglioni et al. demonstrated a
myogenic deficit, as evidenced by reduced Pax7 expression, decreased MuSC populations
and smaller myofibre size in CTX-injured mice that lack lymphocytes (Rag2’~ y-chain™).
Similarly, delayed muscle regeneration in RAG1”-mice (lack mature T-cells and B-cells) was
reversed with activated CD3* T-cell transplantation?*'. This study also demonstrated that T-
cell-derived cytokines such as IL-1q, IL-13, TNF-a, and IFNy stimulated MuSCs in injured
muscle and enhanced their proliferation in vitro?*'. This supported previous co-culture
experiments with MuSCs and T-Cells that demonstrated enhanced MuSC migration and
proliferation®42,

Most notably, work from Burzyn et al. has shown the significance of T.g in muscle
regeneration. The group demonstrated that T.g that direct the pro-inflammatory to anti-

inflammatory macrophage transition and influence MuSC function?*®. As the muscle
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microenvironment shifts to the anti-inflammatory/pro-regenerative state, T accumulate
and represent roughly half of all CD4* T-Cells by day 14 post-CTX injury. These T.g have
unique T-Cell receptors (TCRs) and distinct transcriptomes from lymphoid-derived Tregs
suggesting they are clonally expanded during regeneration of injured muscle?*. Ablation of
Tregs in mice compromised the accrual and polarization towards the anti-inflammatory
phenotype of muscle macrophages in vivo, prolonged inflammation, impaired regeneration
and promoted fibrosis?*3. Additionally, Rag1’- mice had milder fibrosis and more efficient
repair than the T.s-depleted mice, emphasizing the importance of T.g in controlling the
infiltrating immune populations®®?. T.e appear to exert a dual effect on MuSCs by both
modulating the secretion of cytokines, chemokines, and growth factors from other immune
cells that influence MuSC activity, and through the overexpression of amphiregulin (AREG),
an epidermal growth factor (EGFR) ligand, which has been shown to enhance MuSC
proliferation and differentiation in vitro, as well as promote repair in vivo*42%,

In immunocompromised mdx mice (mdx-nu/nu, scid/mdx), markers of fibrosis,
including TGFB1 were reduced when compared to immunocompetent mdx mice'" 2%,
Similarly, antibody-depletion of CD4* and CD8* T-cells significantly reduced the
histopathology and TGFB1 levels in mdx mice compared to normal C57BL/10 mice®¥. In a
study by Villalta et al., DMD patients and mdx mice had elevated T..s populations and in mdx
mice treated with IL-2c to expand T.g, mice had reduced muscle damage due to the
suppression of proinflammatory macrophage phenotypes 2. Similarly, partial depletion of
Tregs With an anti-CD25 antibody increased serum creatine kinase levels in young mdx mice

whereas a marked reduction in creatine kinase was seen upon IL-2c expansion?®.
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Furthermore, the study revealed that the distinct population of muscle-specific Tregs,
previously identified in healthy muscle following acute injury, was also expanded in
dystrophic muscle?*®. However, the chronic nature of muscle damage in dystrophic
conditions may overshadow the reparative functions typically associated with these cells in
acute injury scenarios. The role of T-cells in fibrosis development is more extensively
documented in other tissues, such as the kidney, liver and lungs, suggesting there may be
similar trends in modulating immune responses and tissue-resident cells in skeletal
muscle?*.

Together these studies emphasize the role of T-cells in maintaining skeletal muscle
health, and extensive research has focused on the regulation of T-cell activation,
proliferation, and survival through the NF-kB pathways®*°2?°2, Given this context, it is
important to explore how IAP antagonists, such as SMAC mimetics, may influence T-cell
effector functions, either directly or indirectly by modulating T-cell recruitment
mechanisms. However, the existing literature on the effects of SMCs on T-cell function
presents mixed results, with variations observed among different compounds within this
family and based on the model used.

LCL161 has been shown to enhance antigen-specific expansion of human T-cells,
promote IL-2 production in both mice and humans, and increase TNFa production in
humans but reduces T differentiation in a model of multiple sclerosis?®**2%, Additionally,
LCL161 has demonstrated the ability to reinvigorate CD8" T-cells by targeting pro-
inflammatory macrophages?®®. However, findings by Burton et al. indicate that treating

human peripheral blood mononuclear cells and purified T-cells with LCL161 did not
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enhance IL-2, IFN-y, or TNFa production and reduced T-cell proliferation, consistent with
another study that found minimal effects on CD4 and CD8 proliferation and survival?®2%’,
These discrepancies between in vitro and in vivo models highlight the complexity of immune
modulation and raises the question of whether SMCs can influence T-cells within skeletal
muscle. Future studies should investigate the effects of LCL161 on T-cells in injured and
diseased skeletal muscle, focusing on potential shifts in activation, proliferation, and T-cell

subsets through modulation of the immune environment to provide a more holistic view.

4.6 Conclusion

The investigation into the therapeutic potential of the IAP antagonist LCL161 in
Duchenne muscular dystrophy (DMD) has revealed complex and stage-dependent effects
that contribute to our understanding of IAP inhibition as a therapeutic strategy. Through
careful examination of both adult and juvenile D2.mdx mice, this study has suggested that
the efficacy of LCL161 is intrinsically linked to the stage of disease progression, presenting
both opportunities and challenges for therapeutic intervention.

In adult D2.mdx mice, the effects of LCL161 were modest but noteworthy, particularly
in reducing fibrosis in the gastrocnemius muscle and altering the cytokine and chemokine
profile. However, the most striking results came from the juvenile mice, where the treatment
significantly reduced muscle damage, though it did not translate to measurable
improvements in functional strength. Interestingly, while muscle damage decreased, the
gastrocnemius muscle of juvenile mice showed an increase in necrotic regions, alongside
significant reductions in TNFa and PAX7 expression—suggesting a complex relationship

between IAP inhibition and the muscle's ability to regenerate.
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These findings provide valuable insights into DMD treatment strategies but also
underline the need for further exploration. Key questions remain about how IAP inhibition
influences muscle repair, inflammation, and fibrosis at different stages of the disease. A
deeper understanding of the NF-kB pathway and the role of IAP degradation is particularly
important. While this study touched on these mechanisms in juvenile D2.mdx mice, further
research is needed to refine the dosing strategy and determine whether the lack of certain
therapeutic outcomes might be due to insufficient clAP1/2 degradation or suboptimal
activation of alternative NF-kB signalling.

To build on these findings, time-course studies will be crucial to track how quickly and
effectively clAP1/2 is degraded after administering 25 mg/kg LCL161, how long the effects
persist, and whether they result in meaningful biological changes in NF-kB pathways.
Moreover, future studies should include multiple muscle types to uncover any muscle-
specific differences in response to the treatment. Understanding these mechanisms will be

crucial for optimizing the therapeutic potential of LCL161 and similar IAP antagonists.
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