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Abstract

Myotonic dystrophy type 1 (DM1) is a complex autosomal dominant neuromuscular
disorder that affects approximately 1 in 8,000 individuals. DM1 impacts multiple organ
systems, including skeletal muscle, heart and central nervous system (CNS), leading to a
diverse range of symptoms. Despite ongoing research efforts, no curative treatments are
currently approved and readily available to patients. Antisense oligonucleotide (ASO)
based therapies are some of the most advanced treatments being tested in DM1 patient
clinical trials. These approaches utilise ASOs conjugated to moieties, such as cell-
penetrating peptides or antibodies, designed to enhance their delivery into skeletal
muscles and the heart. However, no therapy has yet been specifically developed that aims
to additionally penetrate the CNS and treat the neurological symptoms experienced by
patients. Furthermore, cell-penetrating peptide ASO conjugates (CPP-ASOs) can be
associated with nephrotoxicity at higher doses, resulting in a trade-off between efficacy
and toxicity, highlighting the need for further optimization to broaden their therapeutic

window.

In this study | have tested CPP-ASO and antibody-ASO strategies for treatment of critically
affected DM1 tissues: skeletal muscle, heart and CNS. In vitro assessment of the novel
CPP-ASO, DELO1-(CAG)y, identified DELO1-(CAG); as a leading CPP-ASO candidate,
with a more favorable therapeutic window and lower toxicity compared to earlier CPP-ASO
iterations. Subsequent in vivo testing confirmed these findings, demonstrating enhanced
delivery to skeletal muscle, heart and significantly reduced nephrotoxicity, relative to its
previous CPP-PMOs. Although, DEL01-(CAG)7, was unsuccessful in treating the milder

DMSXL mouse model for DM1, it successfully reversed the DM1 phenotype in the more



severe HSA-LR mouse model. Coupled with its promising safety profile these results

overall support the continued development of DELO1-(CAG); towards clinical trials.

To address the challenge of CNS delivery in DM1, | also tested the potential of ASO
conjugation to a CNS optimized, anti-transferrin receptor 1 (anti-TfR1)- targeting antibody.
The antibody-ASO conjugate, BBT-8D3130-(CAG)7, was evaluated in vivo and successfully
increased ASO distribution to the CNS. However, although systemically delivered, it failed
to also achieve sufficient concentrations for the effective of the DM1 phenotype correction
in skeletal muscles. It was concluded that this was likely due to the specific chemical
properties of the compound rather than inherent limitations of anti-TfR1 antibodies,
suggesting that further optimization of the conjugate’s chemical characteristics is
necessary to improve therapeutic efficacy. Nevertheless, the study serves as a proof-of-
concept for being able to treat the CNS in DML1 using anti-TFR1 targeting delivery

strategies.

Overall, this study highlights promising advancements in ASO-based therapies for DM1,
with DELO1-(CAG)7 showing potential for further preclinical development as a safer
alternative to current CPP-PMOs and anti-TfR1 targeting offering a promising strategy for
addressing CNS involvement. Furthermore, the study findings underscore the need for
continued optimization of ASO conjugates to balance safety and efficacy while addressing

the challenges of multi-organ targeting.
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Introduction

Introduction to Myotonic Dystrophy 1

Myotonic Dystrophy 1 (DM1) is a rare autosomal dominant genetic disorder and the most
common form of muscular dystrophy in adults. The disease was first described by Hans
Steinert in 1909 and is primarily characterised by muscle weakness, myotonia (prolonged
muscle contraction) and atrophy, although the disease is multi-systemic, affecting multiple
organs within the body (Harper P, 2001). The prevalence of DM1 is 0.5-18.1 per 100,000
people world-wide (Theadom et al., 2014), however, more recent reports indicate that
milder cases are under-diagnosed and that the prevalence of the genetic cause could be

2-3 times higher (Johnson et al., 2021).

The genetic cause of DM1 is a tandem CTG trinucleotide repeat expansion in the 3 prime
untranslated region (3’ UTR) of the myotonic dystrophy protein kinase (DMPK) gene
(Brook et al., 1992; Y. H. Fu et al., 1992; Mahadevan M et al., 1992). Transcription of the
expanded CTG repeats, gives rise to the production of CUG repeat expanded ribonucleic
acid (RNA) (as shown in Figure 1). These RNA repeat expansions form hairpin-like
structures called RNA foci that act via a toxic gain of function mechanism, sequestering
and interfering with key transcription and splicing regulators, in particular muscleblind-like
protein 1 and 2 (MBNL1 and MBNL2) (Davis et al., 1997; K. Lee et al., 2013; J. W. Miller et
al., 2000; Taneja et al., 1995). Consequently, the function of these transcription factors
and splicing regulators is impaired, causing global splicing dysfunction across all cell and

tissue types (L6pez-Martinez et al., 2020).
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Figure 1: A schematic showing the genetic cause of DM1 and its generation of

pathological RNA transcripts.

The severity and nature of the molecular phenotype and symptoms experienced by
patients has been successfully correlated, by several groups, to the number of CTG
repeats carried by each patient (Eguchi et al., 1994; Gennarelli et al., 1996; Jaspert et al.,
1995). Healthy individuals harbour CTG repeat lengths of 5-37 repeats within the DMPK
gene, repeat lengths between 38 and 50 are considered to be ‘pre-mutation’, while repeat
lengths of greater than 50 lead to the manifestation of the DM1 phenotype (Turner &
Hilton-Jones, 2010). Furthermore, the size of the CTG repeat and the symptom severity
are inversely proportional to the age of onset, with the most severely affected patients
exhibiting symptoms from an earlier age (Hunter et al., 1992). This has allowed for the

sub-categorization of DM1 into five clinical sub-types: congenital DM1 (CDM1), infantile
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onset -, juvenile onset -, adult (classical) onset- and late-onset (mild)- DM1 (De Antonio et

al., 2016).

CDML1 is the most severe form of DM1, with patients harbouring a median expansion size
of 1000 CTG repeats (De Antonio et al., 2016). Affected individuals present symptoms
either prenatally or from birth, where severe generalised weakness, hypotonia, respiratory
distress and intellectual disability are typically observed (Zapata-Aldana et al., 2018). Life
expectancy in CDML1 patients is greatly reduced and the neonatal mortality rate is
estimated to be between 30 — 40 % (Echenne & Bassez, 2013; G. Ho, 2015). Infants that
survive this critical period experience a biphasic disease course where there may be an
improvement or stabilisation in symptoms until adolescence, at which point symptoms of

classical adult onset DM1 may begin to emerge (Hageman et al., 1993).

Infantile - and juvenile - onset DM1 patients typically carry more than 800 CTG repeats
and first display disease symptoms during childhood (G. Ho, 2015). The initial symptoms
to emerge are typically neurological and many patients experience intellectual disability
and cognitive and behavioural deficits, before beginning to experience symptoms of adult
onset DM1 around adolescence (De Antonio et al., 2016; G. Ho, 2015). In contrast, adult
onset DM1 patients display much milder cognitive impairment, harbour 50 —1000 CTG
repeats and have a median age of 20 —25 for symptom onset (G. Ho, 2015). These
symptoms include severe myotonia, cardiac dysfunction, progressive muscle weakness,
insulin resistance, cataracts and excessive daytime sleepiness (Meola & Cardani, 2015;
Yum et al., 2017). Respiratory distress, followed by cardiac dysrhythmias are the leading
causes of death in this patient population, leading to a reduced overall life expectancy (De
Die-Smulders et al., 1998; Groh et al., 2008) . Late-onset DM1 is the only form of DM1 that

does not reduce life expectancy and is characterised by mild myotonia and cataracts
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(Meola & Cardani, 2015; Yum et al., 2017). These patients carry 50 —150 CTG repeats
and often symptoms do not appear until 40 years of age, however, they can manifest as

young as 20 years of age (G. Ho, 2015).

In general, DM1 is a highly variable disease and while the above clinical classification
subgroups have been defined, there are significant overlaps in CTG repeats and symptom
severity between groups (De Antonio et al., 2016; Wenninger et al., 2018). This can
partially be attributed to the high somatic instability of the CTG tandem repeats which
varies between tissues and individuals and increases with age (Castel et al., 2010).
Somatic instability during cell division or DNA replication can lead to the further expansion
of CTG repeats, progressing the disease and triggering more severe and earlier onset
symptoms (Fortune et al., 2000; Jansen et al., 1994; Martorell et al., 1997). Furthermore,
this instability plays a crucial role in the genetic anticipation of DM1, wherein the CTG
repeat expansion within germ line cells intensifies disease severity and reduces the age of
onset in successive generations (Ashizawa et al., 1992; Monckton et al., 1995). Maternal
bias adds an additional layer to this complexity, as the severity of DM1 is often greater
when the expanded CTG repeat is maternally inherited. This bias is believed to arise from
a combination of somatic instability during oogenesis and differences in the epigenetic
regulation between male and female germ cells (Barbé et al., 2017). Such intricate
interplay underscores the multifaceted nature of DM1 and contributes to its observed

variability.

Animal models of DM1

Animal models have been essential in understanding the molecular mechanisms

underlying DM1 pathology, especially the toxic effects of expanded CUG repeats and their
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impact on skeletal muscle, heart, and CNS function. These models have helped
demonstrate the role of RNA toxicity in disease progression and the potential for

therapeutic interventions. The most commonly used models are outlined below.

The HSA-LR mouse model

The HSA-LR (human skeletal actin long repeat) model is one of the most widely used in
vivo models of DM1. These mice express a human ACTA1 transgene, on a friend
leukemia virus B (FVB/N) background, which contains an expanded CUG repeat tract of
250 repeats within its 3' UTR (Mankodi et al., 2000). The expression of this gene is
restricted to the skeletal muscles and recapitulates several key aspects of DM1 pathology.
As seen in DM1 patients, these mice display alternative splicing in skeletal muscles and
develop myotonia, myopathy, and reduced grip strength (Mankodi et al., 2000). This model
is commonly used for preclinical testing of DM1 therapeutics in the skeletal muscles with
effective therapies being able to reverse myotonia and correct mis-splicing events

(Wheeler et al., 2012; Klein et al., 2019).

The DMSXL mouse model

The DMSXL mouse model (Huguet et al., 2012) was generated by breeding DM300 mice,
containing a human DMPK transgene harbouring 300 CTG repeats, to produce offspring
that express over 1000 CTG repeats in the DMPK locus. However, neonatal mortality is
high, with approximately 60% of homozygous DMSXL mice dying during the first month of
life (Huguet et al., 2012). While this is similar to the high neonatal mortality rate (30-40 %)

observed in congenital DM1 (Echenne et al., 2008), it can make the model challenging to
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work with. Nevertheless, the DMSXL model exhibits a multisystemic phenotype that
closely mirrors the human disease, including foci formation, mild splicing defects, and RNA
dysregulation in the heart, skeletal muscle, brain, and other tissues (Huguet et al., 2012).
DMSXL mice show hallmark DM1 features such as decreased muscle strength, motor
impairment, abnormal muscle histology, cardiac conduction defects and respiratory
impairment (Huguet et al., 2012; Hernandez-Hernandez et al., 2013). The DMSXL model
has also revealed neurological impairments such as axonopathy, neuronopathy, and
reduced motor neuron counts, leading to compromised motor function and cognitive
deficits (Panaite et al., 2011; Hernandez-Hernandez et al., 2013). Furthermore, mice
exhibit progressive neurodegeneration, including impaired synaptic function, reduced long-
term potentiation (LTP), and abnormal spatial learning and memory (Hernandez-
Hernandez et al., 2013). These phenotypes align with DM1 patient symptoms, making the

DMSXL model a valuable tool for studying CNS involvement in DM1.

The LC15 mouse model

The LC15 mouse model was recently developed to study the cardiac and multisystemic
effects of DM1. The model contains an uninterrupted expanded 250 — 400 CTG repeat
tract harboured within the 3'UTR of a human DMPK transgene. The transgene and
therefore expanded CUG repeat RNA is particularly expressed in the heart. Consequently,
LC15 mice recapitulate many of the cardiac phenotypes observed in DM1 patients,
including prolonged QRS and QTc intervals, indicative of cardiac conduction abnormalities
(Tylock et al., 2020). Despite these abnormalities, LC15 mice generally do not exhibit
spontaneous arrhythmias under normal conditions. However, when challenged with

flecainide, a sodium channel blocker, they show increased susceptibility to lethal
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ventricular arrhythmias, suggesting a heightened vulnerability to stress-induced cardiac

events (Tylock et al., 2020).

At the cellular level, LC15 mice exhibit RNA foci in over 80% of ventricular myocytes and
mis-splicing events similar to those observed in human DM1 patients (Tylock et al., 2020).
Consequently, the LC15 model may serve as an important tool for understanding the

molecular mechanisms underlying DM1-associated cardiac defects.

MBNL Knockout Mice

Double knockout (DKO) of MBNL1 and MBNL2 results in embryonic lethality,
demonstrating the critical importance of these proteins in early development (K. Lee et al.,
2013). However single or conditional knockout models of MBNL proteins have been
particularly informative in deciphering the role of splicing regulators in DM1. MBNL1
knockout mice exhibit cataracts, myotonia, and cardiac defects, but they do not display
muscle wasting or significant cognitive impairment, suggesting that MBNL2 compensates
for some of MBNL1's functions in the CNS (Dixon et al., 2015; Matynia et al., 2010). In
contrast, MBNL2 knockout mice develop only mild muscle pathology but show severe CNS
phenotypes, including sleep disturbances, defective spatial memory, abnormal synaptic
activity, and increased susceptibility to seizures (Charizanis et al., 2012). These findings
underscore the differential roles of MBNL1 and MBNL2 in tissue-specific spliceopathy and
support the hypothesis that CNS involvement in DM1 is largely mediated by MBNL2
dysfunction. Meanwhile, conditional knockout models targeting specific tissues have

revealed that inactivation of both MBNL1 and MBNL2 in skeletal muscle and the CNS
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results in enhanced disease phenotypes, including severe neonatal mortality, respiratory

distress, and widespread splicing and gene expression defects (Thomas et al., 2017).

Other DM1 mouse models

Other lesser used but still valuable DM1 mouse models include the EPA960 model and
DM5 model. The EPA960 model introduces inducible CTG repeats in the 3' UTR of the
DMPK gene. This model, like the DMSXL, demonstrates both cardiac and muscular
phenotypes, along with neurological abnormalities, including impaired spatial learning and
memory (G. S. Wang et al., 2007). The model's electrophysiological profiling revealed
impaired hippocampal function, specifically reduced long term potentiation, suggesting

postsynaptic abnormalities (P. Y. Wang et al., 2017).

Meanwhile the DM5 model expresses short CTG repeats in the DMPK 3' UTR, resulting in
myotonia and cardiac conduction defects, though without detectable RNA foci (Mahadevan
et al., 2006). The absence of foci in this model suggests that soluble CUG RNA is also
pathogenic, indicating that the toxicity of repetitive RNA is not solely determined by the
repeat length but also by the abundance of the transcripts (Mahadevan, 2012). This model
highlights the potential for different mechanisms of RNA toxicity and may serve as a

complement to longer-repeat models such as the HSA-LR and DMSXL models.

MBNL proteins

The MBLNL proteins are a family of tissue specific regulators of developmentally

programmed gene expression that bind to double-stranded RNA hairpins formed by large
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CUG repeat tracts (J. W. Miller et al., 2000). In mammals the family is comprised of 3
proteins, encoded by the genes: MBNL1, MBNL2 and MBNL3. MBNL1 and MBNL?2 are
ubiquitously expressed with MBNL1 being more dominant in the majority of tissues.
Contrastingly, in the central nervous system (CNS), MBNL2 is the more abundantly
expressed gene (Charizanis et al., 2012; Fardaei et al., 2002; Kanadia, Johnstone, et al.,
2003; Kanadia, Urbinati, et al., 2003). Meanwhile, MBNL3 is limited to more specific
expression in differentiating and regenerating adult muscle tissues and the placenta

(Konieczny et al., 2014; Poulos et al., 2013).

All MBNL paralogs are structurally similar with exons 1,2 and 4 from of each paralog,
encoding for four zinc finger domains (ZnFs) (Begemann et al., 1997; J. W. Miller et al.,
2000). The four ZnF domains are arranged into two tandem pairs which bind 5-'YGCY-3’
motifs (where Y is pyrimidine), the consensus binding motif of MBNL pre-messenger RNA
(mRNA) targets. These motifs are also especially abundant in CUG expanded RNA, as
found in DM1 DMPK transcripts (Goers et al., 2010). Additionally, the expression of each
paralog is regulated by alternative splicing in a tissue- and cell type-specific manner,

influenced by the developmental stage (Konieczny et al., 2014; Terenzi & Ladd, 2010).

Functionally, MBNL proteins play a central role in regulating alternative splicing (E. T.
Wang et al., 2012), particularly during development. For example, MBNL1 and MNBL?2 are
typically upregulated during differentiation, with a marked elevations particularly in heart,
brain and skeletal muscle (Artero et al., 1998; Begemann et al., 1997; J. W. Miller et al.,
2000). As a result, MBNL1 and MBNL2 promote embryonic stem cell differentiation and
induce a transition from fetal to adult splicing patterns (H. Han et al., 2013). Such
regulation is critical for generating protein diversity and ensuring proper gene expression in

a tissue- and developmentally specific manner. Beyond splicing regulation, MBNL proteins
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are also present in the cytoplasm (Hammond et al., 2017; Thomas et al., 2017) where they
also play a role in mRNA nuclear export and cytoplasmic localization (Adereth et al., 2005;
E. T. Wang et al., 2012) and mRNA stability (Du et al., 2010; Masuda et al., 2012),

consequently impacting protein translation.

MBNL1 dependent splicing regulation

As the most widely expressed MBNL gene, MBNL1 has been the focus of much research,
allowing for the elucidation of the functional roles of its exons. Extensive analyses of
MBNL1 deletion constructs, in embryonic and human cell lines, have identified that the
inclusion of exon 5 and the presence of the KRAEK motif, conserved within exon 6,
together form a bipartite nuclear localization signal (NLS) (Fernandez-Costa & Artero,
2010; Terenzi & Ladd, 2010; Tran et al., 2011). This NLS is vital for directing MBNL1 into
the nucleus, where it regulates the alternative splicing of a variety of pre-mRNA targets.
The KRAEK motif provides the basic amino acid clusters required for nuclear import, while
exon 5 appears to enhance and modulate the localization process, ensuring that MBNL1
can effectively carry out its nuclear functions, such as binding to RNA targets and

influencing splicing events (Fernandez-Costa & Artero, 2010; Tran et al., 2011).

Exon 7, on the other hand, plays a pivotal role in the dimerization of MBNL1, promoting the
formation of multimeric ring-like structures when bound to toxic RNA hairpins, such as
those containing expanded CUG repeats, a hallmark of diseases such as DM1 (Tran et al.,
2011; Yuan et al., 2007). This was confirmed by yeast two-hybrid assays, which
demonstrate that exon 7 enhances the protein's ability to self-associate, thereby

influencing its overall functional activity in RNA binding and regulation (Tran et al., 2011).
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Additionally, exon 3, a region that is almost universally included in MBNL1 transcripts,
encodes for a linker sequence that is crucial for the protein’s RNA binding and splicing
regulation activities. Deletion of exon 3 severely impairs the binding affinity of MBNL1 with
the current hypothesis being that this linker region increases the protein’s flexibility,
permitting the binding of MBNLL1 to a range of targets (Cass et al., 2011; Tran et al., 2011).
Although, in the case of DM1, it has been shown that the deletion of the exon 3 linker
region has very little effect on interactions with the toxic CUG repeat expanded RNA foci

(Rehman et al., 2014).

Overall, the alternative splicing of exons within MBNL1, such as exon 5, 7, and 3,
generates a diverse array of protein isoforms with distinct functional properties. This
splicing regulation allows MBNLL1 to adapt its activity according to the needs of specific
tissues or developmental stages, ensuring precise control over gene expression programs
and enabling MBNL1 to play multiple roles in cellular function. However, in the context of
diseases like DM1, the inclusion of exons 5 and 7 can contribute to pathological
processes. For example, while the inclusion of exon 5 enhances the nuclear localization of
MBNL1, in a DM1 context this facilitates sequestration into RNA foci, further exacerbating
the loss of functional MBNL1 (Tran et al., 2011). Similarly, exon 7 promotes MBNL1
dimerization, strengthening interactions with CUG repeat RNA and intensifying entrapment
in the foci. Consequently, exon 5 and 7 inclusion, although essential for MBNL1’s normal
function, play a significant role in the mis-regulation of splicing and gene expression

observed in DM1 due to their involvement in MBNL1 sequestration.

As previously mentioned, MBNL1 is also critically involved in the regulation of the
transition from fetal to adult splicing patterns during development. Normally, MBNL1

represses fetal splicing variants and promotes the inclusion of adult-specific exons, which
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is vital for proper maturation and function in tissues such as muscle, heart, and the central
nervous system (Artero et al., 1998; Begemann et al., 1997; J. W. Miller et al., 2000). In
DM1, sequestration of MBNL1 impairs its ability to regulate this splicing transition due to
lack of functional protein. This results in the persistence of fetal splicing patterns in adult
tissues, causing the expression of fetal-specific isoforms that are inappropriate for mature
tissue functions (Du et al., 2010; Kalsotra et al., 2008; Kanadia, Johnstone, et al., 2003;
Lin et al., 2006). For instance, in DML, the retention of fetal splicing patterns in skeletal
muscle leads to the inclusion of embryonic exons in proteins like CLCN1, which disrupts
chloride channel function and contributes to symptoms such as myotonia in patients and
DM1 models (Charlet-B. et al., 2002; Lueck et al., 2007; Mankodi et al., 2002). Similarly,
the failure to exclude fetal exons in cardiac and CNS proteins contributes to the cardiac
and neurological abnormalities observed in DM1(Lépez-Martinez et al., 2020). Overall,
therefore, the sequestration of MBNL1 by toxic RNA prevents the critical fetal-to-adult

splicing transition, driving many of the clinical symptoms associated with DM1.

MBNL1 and MBNL2 compensatory mechanisms

As MBNL1 and MBNL2 share high structural and functional similarity and play similar roles
in regulating alternative splicing, the two proteins exhibit a compensatory mechanism
where here one protein can partially offset the loss or dysfunction of the other (K. Lee et
al., 2013; E. T. Wang et al., 2012). Indeed, MBNL knockout studies in mice have shown
that when MBNL1 function is compromised, such as in DM1 due to sequestration by CUG
repeats, MBNL2 is upregulated and can partially take over its role in regulating alternative
splicing, helping to mitigate some of the splicing defects. However, the compensatory

capacity of MBNLZ2 is limited and often insufficient to fully prevent splicing defects,
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particularly in tissues such as heart and skeletal muscles where MBNL1 is more heavily

relied upon (K. Lee et al., 2013).

CUGBP Elav-like family protein 1 (CELF1)

Although the sequestration of MBNL1 alone accounts for a significant portion of the
splicing defects seen in DM1, the mis-regulation of CELF1, a member of the CUGBP Elav-
like family, also significantly contributes to the induction of fetal splicing patterns in DM1
tissues. CELFL1 is a ubiquitously expressed heterogenous nuclear ribonuclear protein
(hnRNP) that specifically binds CUG repeats in RNA (L. T. Timchenko et al., 1996). The
protein plays a role in mRNA processing, including modulation mRNA stability, with its
expression promoting a fetal patterning of splicing (Ho et al., 2004; Kalsotra et al., 2008;

Meola 2013; Nikonova 2024).

As such, CELF1 acts as an antagonistic regulator of splicing to MBNL1, therefore in DM1,
a functional loss of MBNL1, results in increased CELF1 activity (T. H. Ho et al., 2005;
Mahadevan et al., 2006; Savkur et al., 2001; N. A. Timchenko et al., 2004, 2005). It has
been shown, using transgeniinc mice overexpressing CELF1, that CELF1 does not directly
interact or co-localise with nuclear foci but rather binds single-stranded CUG repeats
preferentially (L. T. Timchenko et al., 1996). Subsequent research into the DM1 associated
increase in CELF1 activity has shown, in both human cells and tissues and DM1 mouse
modesl, that this occurs via an activation of protein kinase C (PKC), associated with
expanded CUG repeats, hyper-phosphorylating of CELF1 (Kuyumcu-Martinez et al.,
2007). Consequently, the stability and steady-state levels of CELF1 are increased,

therefore further exacerbating and promoting the inversion to foetal splicing patterning in
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DM1 tissues (Kalsotra et al., 2008; Kuyumcu-Martinez et al., 2007). Furthermore,
conditional upregulation of CELF1 in murine skeletal muscles led to muscle wastage,
myopathy and impaired motor function, accompanied my mis-splicing events (Ward et al.,

2010).

Despite its overexpression in DM1, CELF1 levels increase at the protein level rather than
through transcriptional changes. In DM1 mouse models, inhibition of CELF1 has been
shown to correct abnormal translational regulation in muscle, leading to improved motor
function and muscle histopathology, though it does not address myotonia, splicing defects,
or cardiac issues (Y. K. Kim et al., 2014). This supports the widely held hypothesis that
DM1 pathology is predominantly attributed to MBNL sequestration and its loss of function

with regards to splicing regulation.

DM1 as multisystemic disorder

As previously detailed, DM1 is characterised by global splicing mis-regulation, primarily
due to a shift from adult to foetal splicing patterning that is caused by MBNL protein
sequestration and CELF1 upregulation. It should also be noted that expanded DMPK
MRNAs are also spliced, however their sequestration to the nucleus due to foci formation
prevents translation (Davis et al., 1997). More than 32 alternatively spliced transcripts in
patients and over 60 in mouse models have been identified. (Kalsotra et al., 2008; L6pez-
Martinez et al., 2020). This spliceopathy results in alternatively spliced transcripts that are
insufficient for the functional requirements of adult tissues, consequently contributing to the
DM1 pathology and symptoms observed in patients. The ubiquitous expression of MBNL

and DMPK genes dictates that this process can occur in almost all tissues, however the
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somatic mosaicism of DMPK repeat expansions results in the greatest levels of aberrant
splicing and DM1 pathology affecting the skeletal muscles, CNS and heart (Ballester-

Lopez et al., 2020; Thornton et al., 1994).

Skeletal muscle

The splicing alteration of at least 24 genes have been reported in DM1 patients muscle
biopsies (Lopez-Martinez et al., 2020). Of the three mammalian MBNL paralogs, MBNLL1 is
the primary regulator of splicing in the skeletal muscles and is itself aberrantly spliced in
DM1 pathology, with exon 7 known to be developmentally regulated by MBNL1 homotypic
interactions. As such, inclusions of exon 5, 7 and 10 have been reported in DM1 patient
skeletal muscle biopsies (Konieczny et al., 2014; Nakamori et al., 2013; Yamashita et al.,
2012). Therefore, in addition to MBNL1 sequestration, these alterations in MBNL1 splicing
isoforms also contribute to the disease pathology, as they too lead to the generation of

alternative protein isoforms.

One of the best documented splicing alterations in DM1 skeletal muscles, caused by
MBNL1 depletion, is the inclusion of exon 7a in the transcript of chloride voltage-gated
channel 1 (CLCN1) (Lueck et al., 2007; Nakamori et al., 2013). Additionally, exon 2
inclusion in the CLCNL1 transcript has been reported in DM1 patient and animal model
tissues, with the inclusion of the two additional introns resulting in a premature stop codon
(Charlet-B. et al., 2002; Mankodi et al., 2002). This results in a truncated protein that is
unable to localise to the muscle membrane. As the main chloride ion channel in skeletal
muscles, CLCN1 is responsible for ion conductance and muscle membrane excitability,

therefore the impaired function of CLCN1 in DM1 leads to chloride channelopathy,
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hyperexcitability of the muscle membrane and ultimately myotonia (Lueck et al., 2007;

Mankodi et al., 2002; Wheeler et al., 2007) .

In addition to myotonia, muscle weakness is another key phenotype of DM1 skeletal
muscles, with alternative splicing events being shown to contribute. For example, the
exclusion of exon 11 in bridging integrator 1 (BIN1) transcripts leads to the translation of
an inactive protein, unable to play its role in T tubule generation and therefore impairing
excitation-contraction coupling within the sarcomere (Fugier et al., 2011). Similarly,
exclusion of exon 29 in the CACNALS transcript, which encodes the calcium channel
CAV1.1, leads to causes impaired excitation-contraction coupling as a result of increased
channel conductance and voltage sensitivity (Tang et al., 2012). Both of these alternative
splicing events are directly related to MBNL1 depletion and result in skeletal muscle

weakness (Fugier et al., 2011; Tang et al., 2012).

Another protein involved in calcium homeostasis affected by DM1 is
sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA)1, which is encoded for by
ATP2AL. This calcium ATPase responsible for the reuptake of calcium into the
sarcoplasmic reticulum during muscle relaxation (Brandl et al., 1986). In DM1, the
inclusion of ATPAL exon 22, alters SERCAL protein structure and impairs calcium
homeostasis in patient muscle cells, thus contributing to the muscle weakness and fatigue,

characteristic of the disease, and leading to muscle degeneration (Kimura et al., 2005).

Several other splicing alterations have been linked to DM1 skeletal muscle weakness,
including exclusions of exons in transcripts encoded by DTNA, RYR1, CAPN3, LDB3 and
DMD (Kimura et al., 2005; Nakamori et al., 2013; Rau et al., 2015; Yamashita et al., 2012).
Alterations in the splicing of DMD, a gene which encodes dystrophin are particularly

interesting, given that out of frame mutations in DMD cause Duchenne muscular dystrophy
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(DMD), another severely debilitating muscle wastage disorder (Worton & Thompson,
1988). In DM1, the exclusion of exon 78 is thought to contribute to muscle weakness given
the role of dystrophin in the maintenance and integrity of the muscle membrane
(Yamashita et al., 2012). This is supported by a report of exon 78 skipping causing a mild
case of DMD, characterised by sarcolemma instability (Traverso et al., 2018). Meanwhile
research, using human patient biopsies, has shown that alterations in LDB3 splicing lead
to defective interactions between X-disc proteins, causing sarcomere disorganisation and
muscle fibre instability which impairs muscle function and contributes to progressive

muscle weakness (Nakamori et al., 2013).

The largest alternative splicing effect described in DM1 patient samples to date is the
alternative splicing of son of sevenless homolog 1 (SOS1), which encodes a guanine
nucleotide exchange factor involved in the RAS-MAPK signalling pathway (Cherniack et
al., 1994; Corbalan-Garcia et al., 1996). In DM1 patients 16% of SOS1 transcripts contain
exon 25, vs 99% in healthy individuals (Nakamori et al., 2013). Disrupted splicing of SOS1
impairs critical signalling pathways important for muscle cell proliferation and differentiation
(Gilbert et al., 2021), likely exacerbating the issues of muscle regeneration and repair in

DM1 and contributing to muscle atrophy and weakness over time.

Beyond splicing alterations related to muscle function and weakness, metabolic processes
in DM1 skeletal muscles are also impaired. DM1 skeletal muscles are well documented in
exhibiting insulin resistance, linked to alternative splicing in INSR, which encodes the
insulin receptor (Savkur et al., 2001). The INSR gene undergoes alternative splicing to
generate two protein isoforms: insulin receptor A and B (INSR-A and INSR-B), with the
latter being more prevalent in adult tissues. However, in DM1 patients, there is a shift

toward the fetal isoform, INSR-A, which has a reduced ability to mediate insulin signaling
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(Savkur et al., 2001). This abnormal splicing contributes to the insulin resistance
commonly observed in DM1 patients (Matsumura et al., 2009; Moxley et al., 1978;
Tevaarwerk & Hudson, 1977), underscoring the metabolic disturbances that accompany

the disease.

In summary there are numerous mis-splicing events that comprise the DM1 pathology in
skeletal muscles and contribute to symptoms experienced by patients. Many of those
described above are used as biomarkers for the testing of DM1 therapeutics, however they
represent only a fraction of the genes impacted by the disease's broad splicing

dysregulation.

Heart

Cardiac involvement in DM1 is a major contributor to morbidity and mortality in patients
and typically presents as arrhythmias, conduction abnormalities, and cardiomyopathy
(Matsumura et al., 2009; Petri et al., 2014). The primary mechanism behind cardiac
dysfunction in DM1, as in skeletal muscle, is the widespread mis-regulation of RNA
splicing due to the sequestration of MBNL1 by toxic RNA repeats, which is further
exacerbated by CELF1 upregulation (Kalsotra et al., 2008).This leads to abnormal splicing

of multiple cardiac-related genes, resulting in impaired function.

One of the most studied splicing alterations in DM1 cardiac tissue is in the SCN5A gene,
which encodes the alpha subunit of the cardiac sodium voltage channel NaVv1.5. MBNL1
depletion in DM1 patient hearts causes the inclusion of exon 6a in SCN5A. This leads to

the production of non-functional sodium channels, impairing the cardiac action potential
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and contributing to conduction block and arrhythmias (Freyermuth et al., 2016; Nakamori

et al., 2013).

Cardiac conduction impairment in DM1 patient cardiac tissues has also been linked to mis-
splicing of ATP2A2 and RBFOX2 gene. In the case of ATP2A2 this is as a result of an
intronic inclusion which disrupts the function of the SERCAZ2 calcium channel, leading to a
dysregulation of calcium influx (Dixon et al., 2015; Kimura et al., 2005). Meanwhile splicing
alterations in RNA-binding protein, RBFOX2, another regulator of splicing, are thought to

be related to cardiac conduction delay (Misra et al., 2020).

Three final genes have been reported to be alternatively spliced in DM1 cardiac tissue:
TNNTZ2, TTN and LDB3. Inclusions in the transcripts of these genes have been linked to
alterations in contractile properties, impaired myofiber assembly and cardiac tissue
morphological abnormalities, respectively (Dixon et al., 2015; Lin et al., 2006; Nakamori et

al., 2013; Yamashita et al., 2012).

CNS

DM1 spliceopathy occurs in both neuronal and glial cells in the CNS and is predominantly
driven by MBNL2 sequestration, due to it being the primarily expressed MBNL paralog
within CNS tissue (Kanadia, Urbinati, et al., 2003). One key target of MBNL2 dysregulation
in the CNS is the GRIN1 gene, which encodes a subunit of the N-methyl-D-aspartate
(NMDA) receptor. Mis-splicing of GRIN1, in MBNL2 knock-out mice, has been linked to
decreased dendritic localization of glutamate receptors, impairing synaptic transmission
and plasticity (Charizanis et al., 2012) . Furthermore, in the same study, mis-splicing of

TANC2 was shown to exacerbate glutamate receptor mislocalization, further disrupting
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synaptic function (Charizanis et al., 2012). This altered glutamatergic transmission,
particularly in the frontal cortex, may contribute to the cognitive impairments observed in
DML1 patients, including deficits in memory and learning (S. Han et al., 2010; Jiang et al.,

2004).

Additional splicing defects in genes such as CACN1 and NDRG4 are thought to impair
neuronal activity and learning, as they are associated with disrupted calcium channel
function and neuronal differentiation (Charizanis et al., 2012; Yamamoto et al., 2011).
Notably, RNA sequencing analyses of DML1 frontal cortex tissues have shown a gradient of
splicing alterations in neurotransmitter receptors that correlate with disease severity (Otero

et al., 2021).

Mis-splicing of genes involved in synaptic trafficking and scaffolding also plays a crucial
role in the CNS pathology of DML1. For instance, GRIP1, a gene involved in localizing
AMPA receptors (AMPARS) to synapses, is mis-spliced in DM1 patients, which disrupts its
association with kinesin (Otero et al., 2021). This impairs synaptic trafficking and may lead
to synaptic dysfunction, further contributing to the neurodegenerative aspects of DM1,
aligning with human transcriptomic data which presents a downregulation of neuronal

genes in the frontal cortex of DM1 patients (Otero et al., 2021).

Another hallmark of DM1 in the CNS is tauopathy, characterized by the abnormal
accumulation and hyperphosphorylation of tau protein (Caillet-Boudin et al., 2014;
Sergeant et al., 2001; Vermersch et al., 1996). Mis-splicing of the MAPT gene, which
encodes tau, leads to an abnormal distribution of tau isoforms in patient brains,
contributing to the formation of neurofibrillary tangles (NFTs). This accumulation of
hyperphosphorylated tau interferes with axonal transport and neurosecretion, likely

exacerbating neurodegeneration in DM1 (Dhaenens et al., 2011; Sergeant et al., 2001,
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Vermersch et al., 1996). Such tauopathies are typically associated with progressive
cognitive decline, and neurodegenerative diseases such as Alzheimer’s disease (Hanger
et al., 2009; Y. Huang et al., 2011), this correlates with the signs of cognitive decline

observed in DM1 patients (Modoni et al., 2004, 2008).

DM1, mis-regulated splicing also affects CNS neurotransmission. It has been shown that
DM1 patients exhibit altered glutamatergic transmission in the frontal lobe and heightened
sensitivity to gamma-aminobutyric acid (GABA) agonists, which may contribute to
hyperexcitability similar to that seen in epilepsy, although epilepsy itself is rare in DM1
(Meola & Sansone, 2007; Takado et al., 2015). This abnormal neurotransmission is likely

another contributing factor to the cognitive and behavioural disturbances observed in DM1.

Beyond neurons, splicing dysregulation additionally affects glial cells. MBNL2
sequestration leads to the formation of nuclear foci in neurons, glia, and oligodendrocytes
(Jiang et al., 2004), which disrupts their normal function. Transcriptomic data suggest an
increase in microglial activation in DM1 brains, consistent with the neuroinflammation
observed in these patients (Otero et al., 2021). Additionally, gliosis has been reported in
DM1 patient CNS tissues, further indicating an ongoing inflammatory response (Itoh et al.,
2010). Furthermore, a relatively recent study using DMSXL mice, revealed, using RNA
sequencing, that over 128 transcripts are mispliced in primary DMSXL astrocytes, with cell
adhesion, cytoskeleton regulation and morphogenesis pathways being primarily affected
(Dinca et al., 2022). Validation of the results revealed that mis-splicing of transcripts
involved in these process, including Sorbs1, Fermt2, Itga6, Itgh4 and Dmd, extended to
the frontal cortex and hippocampus of not only DMSXL samples but also to human

postmortem CNS samples (Dinca et al., 2022).
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Disease modifying therapeutics for neuromuscular disease

Introduction to antisense oligonucleotides (ASOs)

Neuromuscular diseases, which progressively weaken muscles and impair mobility due to
dysfunction in muscle tissue or nerves, have historically been difficult to treat, due to the
tissues affected being well-protected by their biological membranes. However, in recent
years, there has been significant progress in developing disease-modifying therapeutics
aimed at addressing the underlying causes of these disorders. One such therapeutic
approach is through the use of ASOs. ASOs are nucleic acid polymers typically comprised
of 14 to 30 nucleotides. These short synthetic sequences of nucleic acids are single
stranded and able to target and bind to RNA via Watson-Crick base pairing in order to
modulate gene expression. ASOs are highly specific, binding to a precise target sequence
within the RNA, which allows for rational design tailored to individual genes with a minimal
risk of off-target effects. This specificity offers the potential for ASOs to be applied as
precision medicine tools, targeting not only disease-related genes but also specific
sequences, alleles (Giorgio et al., 2019; V. M. Miller et al., 2003) and transcript isoforms
(Crnkovi¢-Mertens et al., 2006) i.e. patient-specific sequences (J. Kim et al., 2019),

opening the door to personalized medicine approaches.

With respect to ASOs for the treatment of neuromuscular disease, ASOs can be
categorized into two classes based on their mode of action: RNase H1 dependent ASOs
and steric blocking ASOs (RNase H-1 independent). RNase H1-dependent ASOs operate
by forming a hybrid duplex with the target RNA, which is then recognized by the RNase H1
enzyme. The enzyme cleaves the RNA strand within this RNA-DNA duplex, leading to

degradation of the target RNA and reduced gene expression (Wu et al., 2004). ASOs
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functioning via this mechanism are often referred to as "gapmers" because they typically
consist of a central DNA segment, approximately 10 nucleotides long, that is
complementary to the target RNA sequence. This central segment is flanked by 2 to 5
chemically modified nucleotides on either side (Monia et al., 1993). These modifications
protect the flanking regions from RNase H1 activity, while improving the overall binding
affinity to the target RNA. This design allows the gapmer to be highly effective in degrading
the RNA without triggering off-target cleavage. RNase H1-dependent ASOs have proven
effective for gene silencing in various diseases, with four currently having gained
regulatory approval for treatment in patients: fomivirsen for the treatment of
cytomegalovirus (CMV) retinitis (Geary et al., 2002), mipomersen for familial
hypercholesterolemia (Raal et al., 2010), inotersen for hereditary transthyretin-mediated
amyloidosis (HATTR) (Benson et al., 2018) and volanesorsen for familial chylomicronemia
syndrome (FCS) (Gaudet et al., 2015). It should, however, be noted that mipomersen was
rejected by the European Medicines Agency (EMA) on the grounds of patient safety, while

formivirsen is now discontinued due to limited clinical need.

Steric-block ASOs, by contrast, do not induce RNA degradation but instead act by binding
with a high affinity to specific RNA sequences, thereby preventing transcript interactions
with RNAs or proteins. Their chemical modifications render them incapable of triggering
RNase H1 activity. Steric-block ASOs have been most widely applied to modulate
alternative splicing, allowing for exon inclusion or exclusion, depending on the therapeutic
needs (Dominski & Kole, 1993; Singh & Singh, 2018; Wan & Dreyfuss, 2017). This
mechanism is used in splice-switching therapies, where ASOs mask splicing signals to
alter the splicing pattern of pre-mRNA. For example, this approach has been used to

restore the translational reading frame in genetic diseases, such as DMD (Aartsma-Rus et
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al., 2017). There are currently 6 FDA-approved splice-switching ASOs to date: eteplirsen
(Aartsma-Rus & Krieg, 2017), golodirsen (Heo, 2020), viltolarsen (Czifrus & Berlau, 2023)
and casimersen (Shirley, 2021) all for the treatment of DMD, milasen for Batten disease (J.
Kim et al., 2019) and Nusinersen for the treatment of spinal muscular atrophy (SMA)

(Corey, 2017; Finkel et al., 2016).

Beyond splicing regulation, steric-block ASOs have other applications, such as preventing
ribosome access to MRNA to inhibit translation (Baker et al., 1997), altering
polyadenylation signals to stabilize transcripts (Vickers et al., 2001) and blocking
sequences of RNA with a toxic gain of function mechanism (Kanadia et al., 2006; Klein et
al., 2019; Mulders et al., 2009). These diverse mechanisms make steric-block ASOs highly

versatile in treating various RNA-mediated diseases.

Despite this progress in ASO therapeutics, a significant challenge hindering their broader
application lies in the difficulty of effectively delivering these molecules to target tissues
and organs beyond the liver and kidney and their rapid degradation in serum (Eder et al.,
2009; Geary, Norris, et al., 2015; Tsui et al., 2002). Consequently, two strategies are being

employed to enhance ASO delivery: chemical modification and bioconjugation.

Chemical modification of ASOs

Chemical modification is one of the most fundamental strategies for improving the efficacy
and delivery of ASOs. Modifying various aspects of ASOs—including the nucleic acid
backbone, ribose sugar, and nucleobases—can significantly enhance their
pharmacokinetics, pharmacodynamics, and biodistribution, thereby improving their overall

therapeutic potential (Brad Wan & Seth, 2016; Roberts et al., 2020). These modifications
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are particularly important in enabling ASOs to avoid serum and nuclease degradation and

penetrate target tissues and organs effectively.

One of the most widely used chemical modifications is the inclusion of phosphorothioate
(PS) linkages. Here, replacement of a non-bridging oxygen atom in the phosphate
backbone with sulphur increases resistance to nuclease degradation (Sayers et al., 1989).
PS linkages also promote interactions with plasma proteins, improving circulation time and

overall pharmacokinetics (Gaus et al., 2019; Watanabe et al., 2006).

Meanwhile, ribose sugar modifications at the 2' position are particularly common.
Substituting the 2'-hydroxyl group with 2'-O-methyl (2'-OMe), 2'-O-methoxyethyl (2'-MOE),
or 2'-fluoro (2'-F) groups enhances nuclease resistance, improves target binding affinity,
and stabilizes the ASO in plasma (Manoharan, 1999). These modifications also reduce
immunogenicity, making ASOs safer for therapeutic use (Hamm et al., 2010). Specifically,
with regards to gapmers, such ribose modifications can be used in the flanking regions to
boost binding without disrupting RNase H1 activity (Geary, Baker, et al., 2015). However,
the application of these modifications also extends to ASOs that modulate their action by
steric blocking or splice switching mechanisms. For example, Nusinersen, the first
approved ASO for the treatment of SMA, comprises a 2’MOE backbone that is sufficient
for the effective treatment of disease affected motor neurons, increasing levels of full
length SMN protein and ameliorating symptoms experienced by patients (Finkel et al.,

2016; Mercuri et al., 2017).

Another innovative approach involves the use of bridged nucleic acids, such as locked
nucleic acids (LNAs) and constrained ethyl (cEt) nucleotides. These modifications
constrain the ribose sugar to a 3'-endo conformation by the creation of a bridge between

carbons at the 2’ and 4’ positions of the ribose sugar. This significantly increases binding
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affinity to target RNA and enhances stability against nucleases (Morita et al., 2002; Obika
et al., 1998, 2001). Again, this has proven particularly beneficial in gapmer designs, where
the introduction of LNA or cEt modifications into the flanking regions has been shown to
improve efficacy (Hung et al., 2013). However, as these modifications are not RNAse H1
competent, they cannot be included in gapmer flanking regions. This is the same for the 2’

sugar modifications discussed in the previous paragraph.

Other advanced madifications include phosphorodiamidate morpholino oligomers (PMOS)
and peptide nucleic acids (PNAs), which feature neutral backbones that increase serum
stability and reduce protein interactions (Hudziak et al., 1996; H. J. Larsen et al., 1999;
Summerton & Weller, 1997). In the case of PMOs, the nucleotide backbone is substituted
with a 6 membered morpholino rings (Summerton & Weller, 1997), while in the case of
PNAs, the backbone is replaced with pseudopeptide analogues (Saarbach et al., 2019).
The neutrality of these modifications also easily enables the conjugation of delivery-
enhancing moieties, such as cell-penetrating peptides, to improve tissue targeting (Betts et
al., 2012; Hammond et al., 2017; Klein et al., 2019). PMOs, in particular, have shown
promise in treating neuromuscular diseases. For example, Sarepta Therapeutics has
developed several federal drug agency (FDA) approved PMO drugs such as eteplirsen,
casimersen and golodirsen, which target specific exons of the dystrophin gene to treat
DMD. These therapies work by skipping disease-causing exons and enabling the
production of a functional, albeit truncated, dystrophin protein (Aartsma-Rus & Krieg, 2017;

Heo, 2020; Shirley, 2021).

However, while many of these chemically modified ASOs demonstrate remarkable stability
and specificity, challenges remain in achieving effective tissue distribution, particularly in

skeletal muscle. For example, a cEt-modified gapmer, developed by lonis Therapeutics for
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the treatment of DM1 showed promising efficacy in preclinical models (Jauvin et al., 2017)
achieving sufficient ASO concentrations in skeletal muscle. However, in a phase 1/2a
clinical trial (Thornton et al., 2023; IONIS, NCT02312011), insufficient compound reached
the skeletal muscles to elicit a therapeutic benefit and the trial was discontinued.
Consequently, a significant amount of research is focusing on enhancing ASO delivery
through bioconjugation and alternative delivery methods to improve stability,

biodistribution, and ultimately therapeutic outcomes.

ASO conjugation

Various conjugation strategies have been developed to improve the delivery and
therapeutic efficacy of ASOs, aiming to enhance their tissue specificity, cellular uptake,
and overall bioavailability. These approaches leverage different targeting mechanisms to
direct ASOs to specific cells or tissues. For example, N-acetylgalactosamine (GalNAc)
conjugation targets the asialoglycoprotein receptor on hepatocytes, making it an effective
delivery strategy for ASOs designed to treat hepatic conditions (Prakash et al., 2014;
Tanowitz et al., 2017). Meanwhile lipid conjugation, involving the attachment of
hydrophobic molecules such as cholesterol or fatty acids, can increase compound potency
by enhancing association with plasma lipoproteins to extend circulation time, reducing
renal clearance, and enhancing endosomal escape (M. T. Larsen et al., 2016; @stergaard
et al., 2019; S. Wang et al., 2019). However, among the various conjugation techniques,
peptide and antibody conjugates are two of the most advanced and widely used for

targeting neuromuscular diseases.
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Peptide ASOs

Peptide conjugation of an ASO using a cell-penetrating peptide moiety (CPP) is a
particularly attractive approach for enhancing the cellular uptake and tissue-specific
delivery of ASOs, proteins and small molecules. CPPs are short, cationic, or amphipathic
peptides, of less than 30 amino acids, that can transport ASOs across cell membranes,
enhancing cellular uptake (Lehto et al., 2016). As described in greater detail by McClorey
& Banerjee, 2018, many of the early CPPs were derived from naturally occurring proteins
that contain peptide sequences capable of facilitating membrane translocation. Examples
include Penetratin-1, derived from the Drosophila Antennapedia homeodomain (Derossi et
al., 1994), the HIV-Tat protein, Transportan (Pooga et al., 1998), and cationic sequences
such as polyarginines (Futaki et al., 2001). Subsequent generations of CPPs have been
iterative advancements of these original molecules, with each iteration designed to

optimize their translocation efficiency, stability and targeting specificity.

CPPs achieve membrane translocation via various mechanisms, dependent on their size,
cargo, and charge. These mechanisms of entry into the cell can be broadly categorized
into direct translocation and endocytosis. Direct translocation allows CPPs to cross cell
membranes in an energy-independent manner, often through mechanisms such as pore
formation or lipid reorganization in the membrane (Ehrenstein & Lecar, 1977; Pouny et al.,
1992; Rydstrom et al., 2011). Meanwhile other CPP molecules favour endocytic pathways

(Fittipaldi et al., 2003; Nakase et al., 2007).

Another critical aspect of CPP-based delivery systems is ensuring that the cargo avoids
endosomal entrapment and subsequent lysosomal degradation. Common approaches
used to achieve endosomal escape include designing CPPs that exploit the low pH within

the endosome or through direct interactions between the CPP and the endosomal
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membrane (McClorey & Banerjee, 2018). For example, some CPPs induce endosomal
escape by disrupting the membrane through proton-sponge effects, which increase
osmoatic pressure and cause the endosome to rupture (Lo & Wang, 2008). While other
CPPs are designed to destabilize the endosomal membrane through interactions that lead
to the release of the peptide and its cargo into the cytoplasm (Lehto et al., 2014; Wadia et

al., 2004).

Conjugating CPPs to neutral backbone ASOs, such as PMOs or PNAs has shown promise
in the field of neuromuscular disorders (Godfrey et al., 2015; lvanova et al., 2008; Yin et
al., 2011). In particular, studies have shown that PMO conjugation to an arginine rich
peptide, Pip6a, which feature arginine-rich sequences flanked by a hydrophobic core,
enhances ASO delivery to skeletal and cardiac muscles (Godfrey et al., 2015). The Wood
group (University of Oxford, UK) has used this approach to great advantage to treat
disease phenotypes in mouse models of several neuromuscular diseases including DMD,

SMA and DM1 (Betts et al., 2012; Hammond et al., 2017; Klein et al., 2019).

While cell CPP-PMOs greatly improve ASO delivery and efficacy, a major concern
associated with CPPs is nephrotoxicity. In preclinical studies, CPP-PMOs, particularly
those with arginine-rich CPPs, have been linked to renal damage in animal models
(Amantana et al., 2007; Klein et al., 2019). Indicators of kidney dysfunction, such as
elevated kidney injury marker 1 (KIM-1) and creatinine levels, have been observed in
rodent experiments, while in non-human primate studies, arginine-rich CPP-PMOs

exhibited signs of tubular degeneration in the kidneys (Moulton & Moulton, 2010).

To address this issue, research is focused on optimizing CPP chemistry to reduce toxicity
without compromising efficacy. Within the Wood research group, strategies for this include

modifying the length of the peptide, adjusting the arginine content, and introducing
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structural alterations. Alternatively, many research groups are exploring less toxic delivery

moieties as alternative approaches for ASO delivery.

Antibody-ASOs

Antibody-antisense oligonucleotide (Ab-ASO) conjugates are an emerging approach for
improving the targeted delivery of ASOs to specific tissues. By conjugating ASOs to
antibodies that recognize cell surface receptors, these conjugates enhance cellular uptake
and tissue specificity, increasing therapeutic efficacy while minimizing off-target effects
(Dugal-Tessier et al., 2021). This strategy is akin to that used by antibody-drug conjugates
(ADCs), which have long been employed to deliver chemotherapeutic agents directly to
cancer cells (Sievers & Senter, 2013). The first ADC, Mylotarg, was approved in 2000 and
since then, 14 ADCs have gained FDA approval, with over 100 more being investigated in

clinical trials (Z. Fu et al., 2022).

Among the most studied targets for Ab-ADCs is the transferrin receptor 1 (TfR1), a
glycoprotein responsible for the transport of iron-bound transferrin into cells, that is often
overexpressed in cancer cells, due to their high iron requirements (Das Gupta & Shah,
1990; Ding Cheng Yang et al., 2001; Kondo et al., 1990; Seymour et al., 1987). TfR1-
targeting antibodies have been conjugated to anti-tumor agents to direct these therapies
specifically to cancer cells, with the goal of enhancing the therapeutic index and reducing
potential side effects. This approach has shown promise in preclinical studies, with several
anti-TfR1 targeting ADCs demonstrating efficient delivery and anti-tumor effects in cancer

models (Candelaria et al., 2021; Daniels et al., 2011; Leoh et al., 2018)).
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Beyond oncology, TfR1 has also been a key target on the blood-brain-barrier (BBB) for
achieving drug delivery to the CNS, a major challenge for neurotherapeutics. Early anti-
TfR1 constructs, such as OX26, 8D3, and R17-217, demonstrated the ability to bind TfR1,
without disrupting transferrin binding or iron transport, and effectively deliver therapeutic
agents to the CNS (Friden et al., 1991; Kissel et al., 1998; H. J. Lee et al., 2000;
Pardridge, 2002). More recent advances, including lower-affinity and bispecific antibodies,
have further improved brain accumulation and distribution (Webster et al., 2016; Yu et al.,
2011). For example, bispecific antibodies combining an anti-TfR1 arm with another
therapeutic target have shown enhanced CNS penetration for treating conditions like

Alzheimer’s disease (Yu et al., 2011).

The use of antibody-ASO conjugates has expanded the therapeutic potential of anti-TfR1
strategies to neuromuscular diseases. The Wood group exemplified this approach by
using a TfR1-targeting antibody-PMO conjugate to deliver PMOs across the BBB in an
SMA mouse model, achieving sufficient delivery to the brain to reverse the disease
phenotype, while also reaching peripheral tissues such as skeletal muscle and liver
(Hammond et al., 2022). This highlights a potential dual benefit of TfR1-targeted therapies

for both CNS and systemic tissue delivery.

Similarly, other research has demonstrated the success of TfR1-targeting strategies for
skeletal muscle and heart delivery. For example, Sugo et al. (2016) showed that anti-TfR1
conjugates could effectively deliver small interfering RNAs (siRNAs) to skeletal muscle and
cardiac tissue in animal models. More recently, two companies, Dyne Therapeutics and
Avidity Biosciences, have advanced anti-TfR1 antibody based oligonucleotide conjugates

into clinical trials for neuromuscular diseases such as DMD and DM1, where these
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conjugates have shown promise in improving muscle targeting and therapeutic efficacy

(ACHIEVE: NCT05481879; MARINA: NCT05027269; HARBOUR: NCT06411288).

TfR1 expression, function and regulation

TfR1 is the primary importer of cellular iron, playing a crucial role in maintaining cellular
iron homeostasis which itself is vital for oxygen transport, energy generation, mitochondrial
function, DNA synthesis and ultimately cell survival (Cairo et al., 2006).As part of the
transferrin receptor family, TfR1 shares a 45-60% structural homology with transferrin
receptor 2 (TfR2) (Calzolari et al., 2007; Kawabata et al., 2000), which is selectively
expressed in human hepatocytes and erythroid precursors and not present at all in the
mouse genome (Deaglio et al., 2002). In contrast, TfR1 protein is ubiquitously expressed
across almost all vertebrate tissues, reflecting its essential role in iron uptake (Lambert &

Mitchell, 2007) .

TfR1 exists at the cell surface as a 97 kDa type 2 glycoprotein homodimer (Kiihn et al.,
1984; McClelland et al., 1984) and mediates iron uptake via cell-mediated endocytosis of
the iron carrier protein, transferrin (Cheng et al., 2004; Mayle et al., 2012). Under acidic
endosomal conditions, iron dissociates from transferrin and is then enzymatically reduced
and released into the cytosol via divalent metal transporter 1 (DMT1) (Andrews, 1999;
Tabuchi et al., 2000). Meanwhile transferrin bound TfR1 is recycled to the cell membrane,
with a cycling time of approximately 17 min (Ciechanover et al., 1983). However,
regardless of receptor occupancy, TfR1 constitutively undergoes endocytosis(Ajioka &
Kaplan, 1986) and has for a long time been a target of interest for the delivery of

therapeutic agents to specific tissues or cells.
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The expression of TfR1 protein is tightly regulated to meet cellular iron demands. Under
iron-deficient conditions or hypoxia, TfR1 expression increases through both
transcriptional and post-transcriptional mechanisms. TfR1 is encoded by the Tfrc gene and
hypoxia-inducible factors (HIFs) are able to upregulate Tfrc transcription by binding to
hypoxia response elements (HRES) in its promoter (Tacchini et al., 1999; Xu et al., 2017).
Post-transcriptionally, iron response proteins (IRPs) bind to iron-responsive elements
(IREs) in the 3’ UTR of Tfrc mRNA, stabilizing the transcript and enhancing expression
when iron levels are low (Cheng et al., 2004; Rouault, 2006). Conversely, in states of iron
excess, these regulatory mechanisms promote mRNA degradation to reduce receptor
expression (lwai et al., 1998; Yikilmaz et al., 2005). Additionally, TfR1 recycling can shift
towards lysosomal degradation under conditions of iron overload, further modulating

cellular iron uptake (Tachiyama et al., 2011).

The general protein expression pattern of TfR1 correlates with tissue iron requirements
and cellular proliferation rates. It is highly expressed in rapidly dividing cells, such as
activated lymphocytes and erythroblasts, where iron is essential for functions such as
heme synthesis (Gatter et al., 1983; Jefferies et al., 1984). Expression levels are lower in
non-proliferating cells but remain significant in various tissues, including the basal
epidermis, pancreas, and endothelial cells of brain capillaries (Gatter et al., 1983; Oh et
al., 1986). In the brain, TfR1 is enriched in capillary endothelium and serves as a key
mediator for iron transport across the BBB (Jefferies et al., 1984). This makes it an
appealing target for therapeutic delivery to the CNS, with several studies exploring anti-

TfR1 antibodies to facilitate drug transport across the BBB.

To date, there are no comprehensive studies denoting a high expression of TfR1 protein

on the cell surface of skeletal muscles and heart, relative to other systemic tissues.
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However, TfR1's expression is also hypothesised to be prominent in skeletal muscle and
heart tissue, reflecting their high iron content and demand, and indeed the Human Protein
Atlas shows mRNA expression Tfrc in these tissues is particularly high relative to other
tissues and organs (Uhlen et al., 2015). Skeletal muscle comprises approximately 10-15%
of the body's total iron, mainly stored in myoglobin, while cardiomyocytes rely on iron for
efficient mitochondrial function (Hoes et al., 2018; Wittenberg & Wittenberg, 2003). As a
consequence, TfR1 has become a target of interest for ASO delivery into muscles within

the context of neuromuscular disorders.

Therapeutic strategies for DM1

ASOs for DM1

ASO therapies have been a major focus of DM1 treatment research for many years. Both
steric block and RNase H1-dependent ASO strategies have been applied in the preclinical
development of treatments for DM1. Steric block ASOs, bind to CUG repeat expansions
with a high affinity. This consequently prevents the binding and sequestration of MBNL1,
alleviating abnormal splicing events caused by the loss of MBNLL1 function (Klein et al.,
2019; Mulders et al., 2009; Wheeler et al., 2009). In contrast, RNase H1-dependent
gapmers target and bind the expanded DMPK RNA repeats, recruiting RNAse H1 and
leading to the cleavage and degradation of the toxic RNA. This again leads to a reduction
in DM1 alternative splicing events (Jauvin et al., 2017; J. E. Lee et al., 2012; Wheeler et

al., 2012; Yadava et al., 2020).

While early-generation ASOs, such as IONIS-DMPKRXx, showed promise in preclinical

models, challenges with drug delivery, particularly with regards to achieving sufficient ASO

47



concentrations in skeletal muscle tissues, have limited their success in clinical trials
(Thornton et al., 2023; IONIS, NCT02312011). To overcome these limitations, efforts have
focused on conjugating ASOs to enhance delivery to key tissues such as muscle, heart,
and, potentially, the central nervous system (CNS). As such there are now peptide and

antibody conjugated ASO therapies currently in patient clinical trials.

Regarding peptide conjugated ASOs for DM1, peptides, such as pip6a, have
demonstrated enhanced PMO delivery into muscle and heart tissues in the HSA-LR
model, using a steric blocking ASO. This resulted in a reversal of both mis-splicing events
and functional myotonia (Klein et al., 2019). While progressions to clinical trials were
halted, subsequent iterations of the pip6a series resulted in the generation of CPPs now
licensed to the company PepGen (Oxford, UK) where the CPP-PMO, PGN-EDODM1, was
developed as DM1 treatment. PGN-EDODML is currently in Phase 1 clinical trials
(FREEDOM-DM1, NCT06204809) with preclinical studies having demonstrated efficacy in
alleviating the DM1 skeletal muscle phenotype, enhanced PMO delivery into heart

(although not CNS) and a reduced toxicity profile relative to pip6a.

With respect to antibody based ASO conjugates for DM1, there are currently two such
compounds being tested in DM1 patient clinical trials. Both compounds utilise antibody-
based technologies which targeting TfR1 for the purpose of achieving enhanced ASO
delivery into skeletal muscles and heart. Del-desiran, developed by Avidity Biosciences,
comprises of a monoclonal anti-TfR1 antibody conjugated to an siRNA which target CUG
repeat expansion and induces mutant DMPK transcript knockdown. Meanwhile Dyne-101,
developed by Dyne Therapeutics, is formed of an anti-TfR1 targeting antibody fragment
conjugated to a gapmer ASO targeting the DMPK CUG repeat. Both therapies have shown

efficacy in reducing toxic RNA levels in animal models of DM1 and are being evaluated in
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Phase 3 and Phase 1/2 clinical trials, respectively (HARBOUR: NCT06411288; ACHIEVE:
NCT05481879). The data reported from these trials appears positive with regards to

efficacy, impact on patient quality of life and safety.

Other DM1 therapies

Beyond ASOs, a number of small molecules are also being investigated for DM1, with
several candidates in clinical trials. These drugs can either target the toxic RNA itself or
address specific disease symptoms. The advantage of small molecules is their potential
for oral administration, which simplifies treatment and enhances patient compliance.
Examples of small molecules in DM1 patient clinical trials include: Tideglusib, a glycogen
synthase kinase 3 beta (GSK3B) inhibitor, originally developed for Alzheimer’s disease,
which has shown potential for DM1 by reducing toxic DMPK RNA levels and correcting
splicing defects and improving muscle function (Horrigan et al., 2020; Wei et al., 2018;
AMO Pharma Ltd, NCT02858908); ERX-963: a small molecule in phase 1 clinical trials
that is specifically designed to bind and neutralize the toxic RNA hairpin ( Expansion
therapeutics, NCT03959189); and MYD-0124 (erythromycin), a repurposed antibiotic
being evaluated for its ability to reduce RNA foci and correct splicing abnormalities (Japan

Agency for Medical Research Development, j]RCT2051190069).

In addition to small molecules, gene therapies are also being explored a therapeutic option
for DM1. These therapies aim to either excise expanded CTG repeats in the DMPK gene
at the DNA level or degrade the toxic RNA molecules produced upon transcription (Batra

et al., 2021; Lo Scrudato et al., 2019). However, these technologies are currently still in a
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relatively early stage of development. As such, so far, ASO conjugates offer the most

immediate promise of hope to DM1 patients.
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Aims of Study

The most advanced ASO therapeutics for DM1 involve utilising both CPP and anti-TfR1
targeting ASO conjugates. Both strategies are displaying good progress in DM1 patient
clinical trials, however, there remain limitations associated with each approach. Firstly, in
the case of CPP-ASOs, it was noted upon the preclinical development of the CPPs
licensed to PepGen by the Wood group, that the reduction in toxicity relative to the CPP
predecessor, pip6a, comes with a compromise regarding compound activity (data not
disclosed). | therefore hypothesised that there is scope to further optimise future CPP
iterations of pip6a in order to enhance compound while maintaining an improved safety

profile.

Meanwhile, with regards to the antibody-based ASO conjugates currently in clinical trials, it
is unknown whether these therapies can treat DM1 patient CNS symptoms, given that their
design and evaluation has been termed specifically for skeletal and cardiac muscle. As
CPP-ASOs have generally displayed limited CNS penetration in DM1 (Klein et al., 2019),
there remains a significant need to develop treatment strategies that can reach the CNS
and address neurological symptoms of DM1. Recent research, within the field of treatment
development for SMA, has shown that using an anti-TfR1 antibody with a reduced affinity
for TfR1 (8D3130) (Webster et al., 2019), increases its ability to deliver compounds into the
CNS and allows for the successful treatment of SMA mouse models (Hammond et al.,
2022). The antibody-ASO employed was able to correct the disease phenotype in both
CNS and peripheral tissues. | therefore hypothesis that by employing the same CNS
optimised anti-TfR1 antibody (8D3130) as an ASO delivery vehicle, it will be possible, using
one compound, to treat the DM1 CNS phenotype in addition to skeletal muscle and heart

tissues.
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Therefore, in light of the limitations associated with CCP-ASO and antibody based ASO
conjugates, mentioned above, the aims of this study were to test two ASO conjugates as

therapeutic strategies for DM1 in preclinical models. More specifically:

1. To test the novel CPP-ASO conjugate, DELO1-(CAG)7 as a DM1 treatment with an
enhanced balance of efficacy and toxicity relative to previous CPP-ASOs

developed within the Wood group.

2. To test a CNS-optimised antibody-ASO conjugate targeting TfR1, BBT-8D3130-

(CAG)7, with the goal of evaluating its potential as a treatment that could reach the

CNS, in addition to skeletal muscle and heart.
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Results Chapter 1 — In vitro evaluation of cell-penetrating
peptide conjugated PMOs (CPP-PMOs) for the treatment

of DM1

Results

Previously published work in the Wood group demonstrated that the peptide, pip6a, when
conjugated to a PMO, significantly enhanced skeletal muscle delivery in a DM1 mouse
model, improving mis-splicing and reducing myotonia (Klein et al., 2019). However,
progression to clinical trials were halted due to pip6a-associated nephrotoxicity, a known

issue with CPP-PMOs in various animal models (Amantana et al., 2007; Gait et al., 2019.

More recently, P1.9 and P3.8 were developed, by the Wood group, as safer CPPs by
reducing peptide length and arginine content and have been licensed to PepGen for
further development in DM1 and DMD therapies. However, the improved toxicological
profile led to reduced efficacy, leaving room for further CPP enhancement. By further
optimizing peptide length and arginine content, the Wood group have developed the novel
CPP, DELO1. In this chapter, | evaluate DELOL1 in vitro, as a CPP candidate for DM1
treatment. | assess its cell toxicity relative to P1.9, P3.8, and Pip6a, in addition to its ability
to enhance PMO delivery and reverse DM1 pathology in patient-derived myotubes, relative

to the same CPPs.
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In vitro toxicity testing of DELO1-(CAG)7 in human renal epithelial cells

reveals reduced compound-induced toxicity

Prior to any in vitro experiments, DELO1, P1.9, P3.8 and pip6a were each conjugated to a
21-mer PMO with a (CAG)7 sequence which targets CUG repeat-expanded RNA. This
PMO has has been shown to correct the DM1 phenotype via an RNase H1 independent

steric blocking mechanism (Klein et al., 2019; Pantic et al., 2016).

First, to evaluate the cytotoxicity of the CPP-(CAG), conjugates, an MTS assay (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium assay)
for cell viability was carried out on a human renal proximal tubular epithelial cell line
(HRPTEpCs) (Figure 2). This cell line was chosen due to the known association of CPP-
PMOs with nephrotoxicity (Amantana et al., 2007; Gait et al., 2019), making it a relevant
model for assessing potential renal toxicity (J. X. Huang et al., 2015). Cells were
transfected for 48 h with increasing concentrations of CPP-PMOs ranging from 1 uM to 80
UM. After 44 h the MTS reagent for cell viability and proliferation was added with
absorbance measured 4 h later at 490 nm. The results were normalized to untreated cells,

which served as the control (marked in red for comparison, Figure 2).

Across the different CPP conjugates, P1.9, P3.8, DELO1, and pip6a, the cell viability
generally decreased in a dose-dependent manner. At the lowest concentration of 1 uM, all
CPP-(CAG), conjugates exhibited relatively high cell viability, with no significant changes
relative to untreated cells, indicating minimal cytotoxicity. As the concentrations increased,
a significant reduction in cell viability was observed across all conjugates, although the
extent varied by CPP. DELO1, P1.9 and P3.8 conjugates showed significantly better cell
viability (P < 0.05) at all concentrations compared to pip6a which was confirmed as the

most cytotoxic compound. At concentration of 2 uM the cell viability of DELO1, P1.9 and
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P3.8 conjugates vs. pip6a-(CAG); was 76.5%, 80.8% and 85.5% respectively, while for
pip6a-(CAG)y treated cells the cell viability was 51.3%. Meanwhile at the highest
concentrations tested (40 uM and 80 uM), the cell viability pip6a-(CAG); treated cells was

less than 10%, with visual inspection of the wells suggesting little or no cells present.

More pronounced differences in cell viability also emerged between DELO1 and P3.8
conjugates relative to P1.9-(CAG), at higher concentrations (20 uM to 80 uM). DELO1 and
P3.8 conjugates displayed a comparatively better profile, maintaining a cell viability of
greater than 70% for all tested concentrations, while the cell viability of P1.9-CAG7
declined to less than 70% at a concentration of 10 uM (67.5% viability). At the highest
concentration of 80 uM the viability of P1.9-(CAG)- cells had decreased to 47.1%, allowing
the calculation of a lethal concentration 50 (LC50) of 72.79 uM. The LC50 of Pip6a-(CAG),

was 2.59 uM.

A naked (CAG), PMO was included as a control for PMO induced cell toxicity. PMOs are
usually regarded as the safest oligonucleotide chemistry due to their uncharged backbone
which lack protein bindings, the main source of oligonucleotide toxicity beside sequence
specific effects (Zorko & Langel, 2022). While cell viability maintained relatively high
across all tested concentrations, the naked (CAG), PMO did affect viability at higher
concentrations. Promisingly however, its overall viability was similar to that of P3.8 and

DELO1 conjugates, suggesting that these CPPs are exhibiting a limited toxic effect.
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P1.9(CAG); 1 uM=
P1.9-(CAG); 2 pM=
P1.9-(CAG); 5 pM=
P1.9-(CAG); 10 pM -
P1.9-(CAG); 20 pM =
P1.9-(CAG); 40 pM -
P1.9-(CAG); 80 pM=
P3.8-(CAG); 1 pM=
P3.8-(CAG); 2 pM =
P3.8-(CAG); 5 pM-
P3.8-(CAG); 10 pM=
P3.8-(CAG); 20 pM -
P3.8-(CAG); 40 pM =
P3.8-(CAG); 80 pM -
DEL01-(CAG); 1 pM—
DEL01-(CAG); 2 pM=
DEL01-(CAG); 5 uM=
DEL01-(CAG); 10 yM=
DELO0O1-(CAG); 20 pM-
DEL01-(CAG); 40 pM=
DEL01-(CAG); 80 uM—
pip6a-(CAG); 1 pM=
pip6a-(CAG); 2 uM =
pip6a-(CAG); 5 pM=
pip6a-(CAG); 10 pM-
pip6a-(CAG); 20 pM=
pip6a-(CAG); 40 pM-
pip6a-(CAG); 80 yM=
naked (CAG); 1 pM-
naked (CAG); 2 pM=
naked (CAG); 5 pM =
naked (CAG); 10 pM-
naked (CAG); 20 pM =
naked (CAG); 40 yM=-
naked (CAG); 80 pM=-
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Figure 2: Effect of CPP-PMO conjugates on human proximal tubule epithelial kidney

cell viability.
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Viability of HRPTEpCs treated with CPP-(CAG)7 conjugates was assayed via MTS assay,
48 h after gymnotic transfection. Data are normalised to untreated cells and represented
as mean * standard error mean (S.E.M.) (n=3). Naked (CAG); PMO and untreated control
(shown in red) groups are included for comparison. Statistical analysis via one-way
ANOVA corrected for multiple comparisons using Tukey’s test showed significant changes
(P < 0.05) for all treatments greater than 1 yM relative to the untreated control group.
Statistically significant differences between DELO1-(CAG); treatments and corresponding
doses of other CPP-(CAG); conjugates are denoted on the graph (*P < 0.05, **P < 0.005,

***P < 0.0005, ***P < 0.0001).
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Pip6a-(CAG)7 and P1.9-(CAG)r induce elevations in KIM-1 release from

human renal epithelial cells

To more specifically investigate potential nephrotoxic effects of CPPs, the release of KIM-1
in HRPTEpCs was quantified following treatment with the CPP-(CAG), conjugates (Figure
3). KIM-1 is released by kidney epithelial tubule cells (J. X. Huang et al., 2015) and is used
in vivo as a serum and urinary biomarker of drug induced nephrotoxicity (Han et al., 2010;
Vaidya et al., 2010). To assess the impact of CCP-(CAG), conjugates on KIM-1 release,
HRPTEpCs were transfected with CPP-(CAG), conjugates via gymnosis at concentrations
of 1 uM and 2 uM. The release of KIM-1 into the cell media was then quantified after 48 h
via enzyme linked immunosorbent assay (ELISA). This assay is sensitive to low cell
viability therefore no higher concentrations were tested, as results in Figure 2 indicated

that pip6a-(CAG), would induce too great an amount of cell loss for reliable comparison.

At 1 uM concentrations (Figure 3A), only pip6a-(CAG), showed a significant increase in
KIM-1 levels compared to the untreated control. It was found that the KIM-1 concentration
in the media was 30% higher in the pip6a-(CAG), treated group compared to untreated
cells (p < 0.0001), indicating nephrotoxicity. At 2 uM (Figure 3B), both pip6a-(CAG), and
P1.9-(CAG), exhibited a significant increase in KIM-1 levels compared to the untreated
control group. The KIM-1 concentration in the media was approximately 32% higher for
pip6a-(CAG), (p < 0.0001) and 26% higher for P1.9-(CAG), compared to untreated cells (p
< 0.0001). Other CPP-PMOs tested at this concentration (DEL0O1-(CAG), and P3.8-
(CAG),) did not result in a significant elevation of KIM-1 levels, and the naked (CAG)~

PMO also showed no significant changes relative to the untreated control.
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These results correlate with those observed in the MTS cell viability assay (Figure 2),
indicating DELO1 and P3.8 as the safest CPPs with a much-improved toxicity profiles over

pip6a and additionally favourable profiles relative to P1.9.
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Figure 3: Levels of KIM-1 released from CPP-PMO treated human proximal tubule

epithelial kidney cells.

HRPTEpCs were transfected via gymnosis for 48 h with CPP-(CAG); conjugates and the

concentration of KIM-1 released to cell media quantified via ELISA. Cells were treated with

CPP-PMO concentrations of (A) 1 uM and (B) 2 pM. A naked (CAG); PMO treatment

group and untreated group were included for comparison. Data are represented by mean *

S.E.M. (n=3) and statistical significance relative to untreated cells was determined via one-

way ANOVA, corrected for multiple comparisons using Dunnett's test (*P < 0.05, **P <

0.005, ***P < 0.0005, ****P < 0.0001).
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In vitro screening of CPP-(CAG)7 PMOs in DM1 myoblasts corrects the DM1-
specific mis-splicing phenotype

Having demonstrated that DELO1-CAGY7 is less toxic than previously developed pip6a-
(CAG)7 and additionally P1.9-(CAG)~, the in vitro activity of the CPP-(CAG), PMO
conjugates was next evaluated and compared in immortalised DM1 patient-derived
myoblasts containing 2600 CTG repeats (Arandel et al., 2017) (Figure 4). Myoblasts were
differentiated to myotubes for 7 d then transfected for 48 h with escalating concentrations
of P1.9-(CAG),, P3.8-(CAG),, DELO1-(CAG),, and unconjugated (CAG)7 PMO.
Concentrations ranged from 1 uM— 20 uM. A 1 uM pip6a-(CAG), treatment group was
included as a positive control for activity but no higher concentration was used, given the
impact of the conjugate on cell viability (Figure 2). Myoblasts from healthy individuals were

also included as a wild-type (WT) control reference.

For each CPP-(CAG), conjugate tested at escalating doses, a dose-dependent reversal of
DML1 alternatively spliced was observed, with significant correction of MBNL1 dependent
splicing defects in MBNL1, DMD and SOS1 pre-mRNAs, as analysed via RT-PCR (Figure
4A-D At a dose of 20 uM, P1.9-(CAG),, P3.8-(CAG),, and DELO1-(CAG), elicited
improvements in exon inclusion and overall performed similarly to cells treated with 1 pM
pip6a-(CAG),. All CPP-(CAG), conjugates achieved near WT-levels of exon inclusion for
MBNL1 and SOS1 mRNAs with P1.9-(CAG), and DELO1-(CAG), conjugates attaining a
full correction in SOS1 exon 25 inclusion. Furthermore, each CPP-(CAG), conjugate
demonstrated improved activity when compared to 20 uM treatments of naked (CAG),

PMO, lacking a peptide for cell delivery.
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Improvements were also observed in the inclusion of DMD exon 78 and LDB3 exon 11
treated with higher doses of DELO1, P3.8 and1.9 conjugates but to a lesser extent than 1
UM pip6a-(CAG),. Indeed, a greater level of activity for all compounds, including 1 uM

pip6a-(CAG), is required to reach WT levels of splicing inclusion for these exons.

In comparison to P1.9-(CAG), and P3.8-(CAG),, DEL01-(CAG); displayed less efficacy at
the lower concentrations tested (1 UM — 5 uM). However, at the highest concentrations (10

UM — 20 uM), DELO1-(CAG); exhibited the greatest correction on all mis-spliced genes.

Lastly, as DELO1-(CAG)y elicited the greatest correction on splicing of all the novel CPP-
(CAG)7 conjugates, a group of cells were also treated at concentration of 20 uM with
DELO1 conjugated to a hon-template scrambled control PMO sequence (DELO1-NTC).
This treatment produced no improvement in splicing relative to untreated cells while being
significantly different to DELO1-(CAG);, at 20 uM (Figure 4A-D). These results are in
accordance with the PMO being the active portion of the conjugate and that peptide

enhances activity by facilitating improved delivery.
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Figure 4. CPP-(CAG); PMOs demonstrate partial correction of DM1-specific

molecular phenotype in DM1 muscle cells.

7d-differentiated immortalized DM1 myoblasts were transfected with CPP-PMOs and
harvested 48 h later. Splicing correction of key DM1-specific mis-spliced biomarkers
MBNL1 (A), DMD (B), SOS1 (C) and LDB3 (D) was quantified by RT-PCR (n = 3),
demonstrating increasing splicing correction with escalating doses of candidate CPP-
PMOS: P1.9-(CAG)+, P3.8-(CAG)7 and DEL0O1-(CAG),. Pip6a-(CAG)- is included as a
benchmark for compound activity. Wild-type levels of key exon inclusion are indicated by
dotted lines and all data are expressed as mean + S.E.M. Statistical significance relative to
untreated cells determined via one-way ANOVA, corrected for multiple comparisons using

Dunnett's test (*P < 0.05, **P < 0.005, ***P < 0.0005, ***P < 0.0001).
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DELO1-(CAG)7 reduces the number of RNA foci and facilitates MBNL release

in DM1 myoblasts

As DELO01-(CAG), displayed improvements in efficacy over its P1.9-(CAG); and P3.8-
(CAG); predecessors, its ability to treat RNA foci, a hallmark of DM1 pathology, in patient-
derived differentiated myoblasts was investigated. This was carried out as part of a
collaboration with the Furling group at the Institut national de la santé et de la recherche
médicale (INSERM, Paris, France). Differentiated myoblasts were transfected with 10 uM
and 20 uM DELO1-(CAG), and foci analysed after 24 h using a combination of fluorescent
in-situ hybridization (FISH) and immunofluorescence for MBNLL1 protein (Figure 5). These
concentrations were selected as they displayed the greatest splicing correction. The
images produced reveal that 10 yM and 20 uM treatment reduces the number of foci in
DM1 myoblasts (Figure 5B and 5C respectively) relative to untreated control DM1
myoblasts, although interestingly the size of remaining foci appears to increase. A
reduction in co-localisation of MBNL1 and (CAG), FISH staining also suggests the release

of sequestered MBNL1 upon DELO1-(CAG), treatment.

Overall, these results, complement the correction of splicing observed in Figure 4 and
demonstrates the ability of DEL01-(CAG), to treat the DM1 phenotype. The combination of
improved efficacy over P1.9-(CAG), and P3.8-(CAG), with a greatly reduced toxicity profile
in comparison pip6a-(CAG), justifies exploring DELO1-(CAG), further, as a treatment for

DM1.
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Cy3-(CAG), FISH MBNL1
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MBNL1 sequestration in DM1 muscle cells.
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Figure 5: Treatment with DELO1-(CAG); reduces the number of RNA foci and

Combined FISH (Cy3-(CAG) (red) and immunofluorescence (MBNL1, green) in day 8
differentiated untreated (A) and treated (B-C) DM1 myoblasts and untreated WT control
myoblasts (D). Treated cells were transfected with 10 uM (B) and 20 uM (C)
concentrations of DEL0O1-(CAG)7 on day 6 of differentiation and elicited both a reduction in
the number of RNA foci (red) and releases sequestered MBNL1 (green) upon treatment.

Scale bars: 20 um. Data generated by collaborators at INSERM, Paris, France.
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Discussion

In vitro screening of DELO1-(CAG)7 demonstrates favourable toxicity relative
to pip6a-(CAG)7

One of the primary aims of this work was to evaluate DELO1-(CAG); as a potential CPP-
PMO for the treatment of DM1 with an improved balance of toxicity and efficacy. To this
end, | performed a cell-based evaluation of DEL0O1-(CAG)- relative to previously developed
CPP-PMO predecessors: pip6a-(CAG)7, P1.9-(CAG); and P3.8-(CAG);. A major concern
in the development of PMOs and CPP-PMOs has been the associated toxicity, specifically
nephrotoxicity (Amantana et al., 2007; Gait et al., 2019; Sazani et al., 2011). This was a
critical issue for the development of pip6a-PMO conjugates in the Wood group, leading to
the prevention of their further clinical development. Therefore, the cell toxicity of DELO1-
(CAG); was initially assessed in a human renal epithelial cell line (HRPTEpCs). Results
from the MTS cell viability assay indicated that DELO1-(CAG)- exhibits a markedly reduced
toxicity profile relative to pip6a-(CAG)7 across all tested concentrations, and to a lesser

extent, P1.9-(CAG).

The results from the MTS assay, in line with previous findings, confirm that the strategy of
reducing arginine content and peptide length successfully lowers CPP toxicity. Arginine-
rich CPPs are well-documented for their potency and efficiency in cellular uptake, primarily
due to the positive charge of the arginine residues, notably the guanidinium side chain,
which interacts with negatively charged cell surface molecules such as phospholipids and
proteoglycans (Herce et al., 2014; Lattig-Tunnemann et al., 2011; Mitchell et al., 2000; Su
et al., 2009). While increased arginine content enhances cellular uptake (Futaki et al.,

2001; Mitchell et al., 2000), it also contributes to increased toxicity, as demonstrated by
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(Mitchell et al., 2000) where it was shown that CPPs of a shorter peptides and fewer

arginine residues exhibit reduced cytotoxicity.

It is likely that a lower arginine content reduces electrostatic interactions with cell
membranes, decreasing the risk of membrane destabilization and damage. Additionally, a
shorter peptide length would also decrease the number of CPP-cell surface interactions.
Consistent with this, DELO1 (6 arginines, 15 amino acids), displayed significantly less cell
toxicity than pip6a (10 arginines, 22 amino acids) and, to a slightly less extent, P1.9 (6

arginines, 16 amino acids).

Similarly, results from the KIM-1 ELISA echo those from the MTS assay. Quantification of
KIM-1 release in CPP-PMO treated HRPTEpCs revealed that while Pip6a and P1.9
conjugates triggered elevations in KIM-1 release, DELO1-(CAG); induced no notable
increase. Huang et al. (2015) utilized the same in vivo cell line to demonstrate that the
release of KIM-1 from proximal tubule epithelial cells can effectively indicate drug-induced
nephrotoxicity. Following injury, the conserved ectodomain of KIM-1 is shed from proximal
tubular kidney cells, a process observed in patients (W. K. Han et al., 2002; van Timmeren
et al., 2007), rodents (Ichimura et al., 1998; Prozialeck et al., 2009; Y. Zhou et al., 2008)
and in vitro (Balilly et al., 2002). As such, KIM-1 is a well-established and specific
biomarker for drug induced nephrotoxicity (W. K. Han et al., 2002; Ozer et al., 2010;
Vaidya et al., 2006, 2010) with both the FDA (Federal drug agency) and EMA having
qualified KIM-1 as a renal safety biomarker in drug development (Dieterle et al., 2010).
Therefore, the results from this study, showing no elevation in KIM-1 following 1 pM and 2
UM DELO1-(CAG)y treatments, demonstrate a diminished impact on kidney epithelial

tubule cells relative to pip6a-(CAG).
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Unfortunately, due to the high sensitivity of the KIM-1 ELISA assay to reduced cell viability,
KIM-1 concentrations in media of cells subjected to higher treatment concentrations (> 2
UM) could not be reliably assessed to give an indication of dose-dependent KIM-1 release.
It could be possible to circumvent this issue by quantifying KIM-1 release at an earlier
time-point, before the onset of drug-induced cell death. Indeed Huang et al. (2015) show
alterations in KIM-1 release following treatment with nephrotoxicants at three discrete
time-points (24 h, 48 h and 72 h) showing that even a period of 24 h may be sufficient for
detecting alterations in KIM-1 expression. However, determining the optimal assay time-
point for the concentrations use was not possible due to patent complications preventing
the further synthesis of additional P1.9-(CAG); and P3.8-(CAG)7. Consequently, insufficient
material was available to conduct this experiment. Nevertheless, combined with findings
from the MTS assay, these results implicate DELO1 as a safer CPP alternative to pip6a,
with potential to reduce the risk of nephrotoxicity that has previously impeded clinical

translation.

Another important aspect of predicting ASO toxicology is the potential off-target effects of
the sequence binding to other similar RNA sequences. In the case of the PMO (CAG)~
used in this study, this aspect was already described in Klein et al (2019) where RNAseq
showed that despite the repetitive nature of the sequence, the effect on the expression of
other genes with CTG tracks longer than seven units was limited. The steric blocking
mechanism that the PMO elicits and the accumulation of mutant targets in the nuclei could
sponge the effect of the ASO on other targets. Klein et al. also showed that this safety
translated to in vivo experiments. Following three doses of pip6a-(CAG)7at 12.5 mg/kg, the

number of deregulated genes with greater than seven CAG repeat tracts (fold change >2
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when compared with WT mice) was reduced from seventeen to one in gastrocnemius and

from 27 to four in quadriceps, two weeks after the treatment.

In vitro screening of DELO1-(CAG)7 demonstrates favourable efficacy on

ameliorating DM1 mis-splicing

In addition to its favourable toxicity profile, DELO1-(CAG); demonstrated promising
therapeutic efficacy in immortalised DM1 patient-derived myotubes relative to P1.9 and
P3.8 conjugates. P1.9 and P3.8 are previously developed CPP alternatives to pip6a which
exert improved toxicity but at the compromise of reduced efficacy. At lower concentrations
(1-5 pM), DELO1-(CAG)7 exhibited slightly less efficacy in correcting DM1 splicing
pathology compared to P1.9-(CAG); and P3.8-(CAG);. However, it outperformed both
conjugates at the higher concentrations of 10-20 puM, concentrations where maximal
improvement in molecular biomarkers was observed. Notably at these concentrations

DELO1-(CAG)7 achieved near WT levels of exon inclusion in MBNL1 and SOS1.

The observed differences in concentration-dependent performance between the CPP-
conjugates are likely due to variations in their chemical structures, which influence key
pharmacodynamic properties such as cellular uptake, target engagement, and intracellular
distribution. Structural differences among the CPPs, patrticularly their peptide lengths,
could significantly affect their efficiency in cellular uptake at varying concentrations.
Several studies have demonstrated that arginine-rich CPPs typically undergo cellular
uptake via endocytosis at lower concentrations (< 2 uM). However, at higher
concentrations (> 10 uM), their uptake shifts towards direct penetration (Duchardt et al.,

2007; Fonseca et al., 2009; Madani et al., 2011).
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A notable structural difference between DELO1 and its predecessors, P1.9 and P3.8, is
peptide length, a characteristic known to influence cellular uptake (Futaki et al., 2001;
Kamei et al., 2013; Wender et al., 2000). In general, longer peptides exhibit greater
efficacy but higher toxicity, as demonstrated by the performance of pip6a-(CAG)~ in these
in vitro experiments. DELO1, with a peptide length of 14 amino acids, is shorter than P1.9
and P3.8, which have lengths of 16 and 17 amino acids, respectively. Additionally, P3.8
contains one less arginine than P1.9 and DELO1, both of which contain 6 arginines; it has
been shown that CPPs containing 5 arginines or less are less efficiently up-taken than
those containing 6 arginines or more (Futaki et al., 2001; Mitchell et al., 2000). These
structural differences may lead to variations in cellular uptake mechanisms, with the longer
P1.9 and P3.8 peptides being more efficiently taken up via endocytosis at lower
concentrations (< 5 uM), likely due to their larger size which facilitates increased contact
with the cell surface prior to uptake (Kamei et al., 2013). Meanwhile, DELO1 potentially
exhibits superior uptake via direct penetration at concentrations of 10 uM and 20 puM,
leading to its greater efficacy in correcting splicing defects. Further experiments would be
required to confirm this hypothesis, as these structural differences may also affect other
pharmacodynamic properties, such as intracellular engagement and endosomal release,
which could contribute to the varying efficacies observed at different concentrations.
However, what is clear is that at the concentrations eliciting the greatest correction of
splicing biomarkers, the chemical structure of the DELO1 CPP—particularly its length and
arginine content—demonstrates a refined design that offers enhanced efficacy compared

to P1.9 and P3.8.

The panel of biomarkers employed to investigate conjugate efficacy: MBNL1 exon 7,

SOS1 exon 25, DMD exon 78 and LDB3 exon 11, were selected to match those used in
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the previous testing of pip6a-(CAG); by Klein et al. (2019). Results pertaining to the
efficacy of 1 uM pip6a-(CAG) treatment in patient derived myoblasts published as part of
that study are consistent with the high levels of splicing correction observed in the present
work. As expected, comparison of Pip6a-(CAG); to DELO1-(CAG); showed pip6a-(CAG);
to be more potent, achieving similar splicing correction to DEL01-(CAG)7 at 1 uM
concentrations versus 20 pM. However, as discussed, the MTS assay revealed DELO1-
(CAG)- treatments to be significantly less toxic than pip6a-(CAG);. Therefore, the
difference in potency becomes less critical, as DELO1-(CAG); can still achieve the same
therapeutic efficacy as pip6a-(CAG)7, albeit at a higher dose, while maintaining cell viability
and low toxicity. Therefore, despite requiring a higher dose, DELO1-(CAG); clearly
emerges as a viable and safer alternative, offering a balanced approach that combines

efficacy with a significantly improved safety profile.

DELO1-(CAG)7 reduces the number of nuclear foci in patient derived DM1

myoblasts

The therapeutic potential of DELO1-(CAG)y is further supported by its ability to reduce RNA
foci, a hallmark of DM1 pathology. In accordance with previous results obtained in DM1
myoblasts (Arandel et al., 2017; Christou et al., 2019; Kawada et al., 2023; Klein et al.,
2019; Mulders et al., 2009; Pantic et al., 2016), treatment with an ASO induced a reduction
in the number of nuclear RNA foci, coupled with decreased co-localization of MBNL1
within CUG repeats. This indicates that DELO1-(CAG)- alleviates the sequestration of
MBNL1, facilitating its displacement and relocation to the nucleoplasm. Over the years, a
number of studies have demonstrated that the release of MBNL1 from nuclear foci is

aligned with correction in MBNL1 dependent splicing defects, suggesting a restoration of
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functional MBNL1 (Arandel et al., 2017; Christou et al., 2019; Klein et al., 2019; Mulders et
al., 2009; Wheeler et al., 2009). The dose dependent correction of MBNL1 dependent
splicing defects that were observed following treatment with DELO1-(CAG)y (Figure 4),
combined with the reduction the number of RNA foci (Figure 5), further support this

concept.

Interestingly however, while it is a well-established hypothesis that MBNL1 sequestration
by RNA foci is a major cause of mis-splicing in DM1, more recent findings suggest that
ASO binding to RNA foci and the subsequent reduction in foci may not entirely account for
the observed improvements in splicing correction. Works published by El Boujnouni et al.
(2023) suggested a potential disconnect between foci reduction and complete splicing
correction, with the levels of foci reduction following treatment with gapmer or steric
blocking ASOs being disproportionate to the levels of splicing correction achieved. These
findings indicate that the therapeutic effects of ASOs, including steric blockers, are not fully
explained by the current hypothesis and that further investigation is needed to truly
understand the contributions of other DM1 mechanisms of pathogenesis and the impact
ASO therapies may exert on them. Nevertheless, the clear effectiveness of DELO1-(CAG)?
in reversing key hallmarks of DM1 pathology, including reducing foci and correcting

aberrant splicing, underscores its potential as a promising therapeutic agent for DM1.

Overall DEL01-(CAG)7 demonstrates a superior balance of efficacy and safety in vitro,
compared to its predecessor CPP-PMO conjugates and is able to treat multiple hallmarks
of DM1 pathology in in vitro cell models. These findings emphasize the importance of
optimizing CPP sequences to enhance ASO delivery and minimize adverse effects with

the long-term goal of being able to offer safer and more effective treatment option for DM1
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patients. Overall, these data strongly supported the continued development of DELO1-

(CAG)7 and in vivo as a promising candidate for DM1 therapy.
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Results Chapter 2 — In vivo evaluation of DELO1-(CAG)7 as

an improved a therapy for DM1

Results

As results from the in vitro testing of DELO1-(CAG); proved the compound to be a
promising candidate for the treatment of DM1, | have endeavoured to further evaluate its
potential in vivo. In this chapter | evaluate the therapeutic reach, efficacy and toxicity of
DELO1-(CAG), using two separate animal models of DM1: the HSA-LR model, which
harbours a severe skeletal muscle phenotype and the DMSXL model that allows for the
added determination of compound efficacy in CNS and heart tissues. Animals were treated
in groups comprised of equal numbers of male and females, as previous experiments
within the Wood group have shown no difference in disease phenotype between sexes.
The CPP-PMOs, P1.9-(CAG); and P3.8-(CAG); were investigated no further as a result of

their licensing to PepGen.

Novel CPP, DELO1, enhances the therapeutic window and reach of (CAG)zin
HSA-LR mice, relative to previously developed CPPs

DELO01-(CAG)7 was first tested in vivo using the HSA-LR mouse model. This DM1 mouse
model expresses a 250 CTG repeat expansion in the 3'UTR of a human skeletal actin

transgene, ACTAL, giving rise to ribonuclear foci and subsequent MBNL1 sequestration

and mis-splicing events in skeletal muscles only (Mankodi et al., 2000). Additionally, HSA-
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LR mice display hind-limb myotonia, a disease phenotype also present in the skeletal

muscles of DM1 patients (Harper, 2001).

With the goal of assessing the therapeutic window of DELO1-(CAG)+, mice were treated at
8-10 weeks of age, 4 weeks after disease phenotype onset, via single intravenous tail vein
injections (Figure 6A) with a range of escalating doses (5 mg/kg, 7.5 mg/kg, 30 mg/kg and
40 mg/kg). Urine, serum and tissues were then collected for assessment (Figure 9A). A
group treated with the previously tested 7.5 mg/kg of pip6a-(CAG); (Klein et al., 2019) was
included as a benchmark for efficacy and a group treated with 30 mg/kg DELO1-NTC were
also included as a non-targeting control. The dose of 30 mg/kg was selected for DELO1-
NTC as the 30 mg/kg dose of DELO1-(CAG)~ displayed the greatest activity for this
conjugate (Figure 6B). An additional group of mice were treated using a multiple dosing
strategy (Figure 6B) of four biweekly tail vein administrations of 7.5 mg/kg DELO1-(CAG)~,
as several studies have reported that multiple dosing of ASOs can confer greater
phenotypic improvements than single dose strategies (Hammond et al., 2016; Hua et al.,

2011; Nizzardo et al., 2014; H. Zhou et al., 2015).

Administration of DELO1-(CAG)7 in HSA-LR mice reverses the functional and

molecular DM1 phenotype

To gain an initial read out of compound efficacy, the ability of DELO1-(CAG); doses to
functionally improve the DM1 phenotype in HSA-LR mice was tested. Hind limb myotonia
was assessed weekly from the point of initial injection until tissues were harvested using a
scoring system (Figure 6C). A score of 4 represents severe myotonia, while a score of 0

corresponds to a mouse displaying no evidence of myotonia. Mice receiving treatments of
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7.5 mg/kg pip6a-(CAG)7, 30 mg/kg DELO1-(CAG)7 and 40 mg/kg DELO1-(CAG); showed
complete and sustained reversal of myotonia 7 d after treatment. Meanwhile animals in the
four biweekly 7.5 mg/kg DELO1-(CAG); treatment group showed scoring demonstrating
complete myotonia reversal from 14 d post initial injection. No improvement in splicing
defects or myotonia was observed upon treatment with non-template PMO controls and no
improvement or extremely mild and short-lasting effects, were observed following all other

treatments.

As previously observed in the DM1 cell model, evaluation of compound efficacy via the
splicing analysis of key DM1 skeletal muscle biomarkers Mbnl1, Clcnl, Ldb3 and Atp2al
(Figure 7A-D), demonstrates that DELO1-(CAG); is able to reverse the mis-splicing events
observed in untreated HSA-LR mice 14 d post-treatment, in a dose dependent manner, in
both gastrocnemius and quadriceps. Lower doses of 5 mg/kg and 7.5 mg/kg of DELO1-
(CAG); produced little or minimal effects on splicing, contrasting with the activity at 7.5
mg/kg of the highly potent and active pip6a-(CAG);. However, higher doses of 30 mg/kg
and 40 mg/kg were significantly effective in fully ameliorating mis-splicing to near wild-type
levels. Interestingly, either the 30 mg/kg dose appeared to perform better or there was little
difference between these two highest doses. This suggests that at a dose of 40 mg/kg the
therapeutic of DELO1-(CAG);window has been surpassed and indicates a single

administration of 30 mg/kg to be the optimum dosing strategy.

Similarly, to the in vitro experiments, administration of 30 mg/kg DELO1-NTC exhibited no

significant effect on splicing in any muscle or biomarker, confirming changes in splicing are
caused by the PMO moiety of the CPP-PMO conjugate. Meanwhile, comparison to a data

set provided by Miguel Varela (Wood Group) for age-matched HSA-LR mice treated with

200 mg/kg naked (CAG)y (included in Figure 7), showing no significant mis-splicing
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correction, demonstrates that while DELO1 is not the active portion of DELO1-(CAG), it is

key in facilitating PMO cellular delivery and therefore, indirectly, compound activity.

Applying a multiple dosing strategy of four biweekly doses of 7.5 mg/kg DELO1-(CAG),
showed a marked improvement in activity for each splicing biomarker, relative to a single
7.5 mg/kg dose. Conversely this regime appeared less effective than a single 30 mg/kg

dose.
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Figure 6: Functional assessment CPP-PMO treatment activity in DM1, HSA-LR
mice.

(A-B) Diagram of study designs. HSA-LR mice were injected with (A) a single or (B) four
bi-weekly treatments of naked (CAG)-, CPP-(CAG); conjugates or 0.9% saline via tail vein

injection (n=4-5 per treatment group). Myotonia was assessed weekly, and tissues
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harvested 14 d post-final administration for analysis. (C) Scoring of myotonia in CPP-PMO
and naked (CAG); treated HSA-LR mice, data are expressed as mean = S.E.M with 1 x
7.5 pip6a-(CAG)7, 4 x 7.5 mg/kg DELO1-(CAG)7, 1 x 30 mg/kg DELO1-(CAG); and 1 x 40
mg/kg DELO1-(CAG); treatment regimens being statistically significant from 0.9% saline—
treated group, P < 0.0001 (log-rank [Mantel-Cox] test). Myotonia scoring was stopped 14 d

post final treatment administration.
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Figure 7: Functional assessment of the activity of CPP-PMO treatment upon

skeletal muscle mis-splicing in DM1, HSA-LR mice.

HSA-LR mice were injected with a single or multiple bi-weekly treatments of naked
(CAG)7, CPP-(CAG); conjugates or 0.9% saline via tail vein injection (n=4-5 per treatment
group). Tissues were harvested 14 d post-final administration. Quantification of splicing
correction was performed via real-time polymerase chain reaction (RT-PCR) in key DM1
skeletal muscle biomarkers: (A) Mbnl1, (B) Clcnl, (C) Atp2al and (D) Ldb3 in
gastrocnemius and quadriceps. The data set for 1 x 200 mg/kg naked (CAG); was
provided by Miguel Varela from the Wood group. Data are expressed as mean = S.E.M.
and each dot represents a biological replicate. Statistical significance was determined via
one-way ANOVA, corrected for multiple comparisons using Tukey's test. Significance
relative to saline treated animals is displayed via representative P-values: *P < 0.05, **P <

0.005, **P < 0.0005, ****P < 0.0001.
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Administration of DELO1-(CAG)7 enhances PMO distribution to critically

affected DML1 tissues, beyond the skeletal muscles

While the skeletal muscles are greatly impacted in the pathology of DM1, heart and CNS
tissues are also critically affected and display disease pathology in patients and
considered major therapeutic targets for many drugs in development (De Serres-Bérard et
al., 2022; Stoodley et al., 2023). As HSA-LR mice only carry the repeat expanded ACTAL
transgene in skeletal muscles, it is not possible to assess compound activity in tissues
beyond the skeletal muscles. Therefore, to give an indication of the potential therapeutic
reach of DELO1-(CAG)y relative to other CPP-PMO, PMO concentration were quantified
via ELISA, 14 d post treatment, in skeletal muscle, heart and brain cortex (Figure 8A-8C,
respectively). PMO concentrations were also quantified in kidney and liver (Figure 8D-8E),
tissues known to accumulate PMOs (Amantana & lversen, 2005). As before, a data set for
mice treated with 200 mg/kg (CAG)~is included for reference as an unconjugated PMO
control. Lastly, for this assay an additional data set, kindly provided by Miguel Varela, from
mice treated with an 80 mg/kg dose of R6GLY-(CAG)-is included. R6Gly is a peptide
tested in a Phase Il Clinical Trial of a CPP-PMO in Duchenne muscular dystrophy patients
(Sarepta therapeutics, NCT04004065) and therefore serves as a delivery benchmark to

skeletal muscles and heatrt.

Overall, comparison to the 200 mg/kg naked (CAG); data set showed that DELO1
conjugation enhances PMO tissue delivery into skeletal muscle, heart and brain cortex, in
a largely dose-dependent manner that correlates with splicing activity (Figure 7). The
exception to this was the 40 mg/kg DELO1-(CAG); dose which produced lower PMO
tissues concentrations than the 30 mg/kg dose, however this again correlates with the

patterns observed in splicing activity. Consequently 30 mg/kg was considered the optimum
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dose of DELO1-(CAG)- for delivery into critically affected tissues, achieving the highest

PMO tissue concentrations.

In comparison of DELO1-(CAG); against other CPP-(CAG); conjugates, DELO1-(CAG);
outperformed R6GIly-(CAG)7, despite a lower administered dose (30 mg/kg vs. 80 mg/kg
respectively). DELO1 facilitated PMO concentrations of 3433 + 376.4 pM in skeletal muscle
and 2384 + 618.7 pM in heart vs. 2488 £311.0 pM and 652 + 141.9 pM, respectively for
R6GIly-(CAG); treated mice. This indicates DELO1 as a superior vehicle for PMO delivery
into tissues. With regards to the pip6a CPP, at 7.5 mg/kg, pip6a was able to deliver more
PMO into all tissues than the DELO1 conjugate administered at the same dose. This was

anticipated given its known potency and the higher splicing activity it also achieves.

Delivery to the brain cortex for all CPP-PMO conjugates was relatively limited. PMO
concentrations for 200 mg/kg naked PMO, 80 mg/kg R6Gly-(CAG)7, 30 mg/kg DELO1-
NTC, 5 mg/kg DELO1-(CAG)7and 7.5 mg/kg DELO1-(CAG); were undetectable. However,
encouragingly higher DELO1-(CAG)r doses achieved quantifiable delivery into the brain,

demonstrating that it is possible to deliver DEL01-(CAG)-to all key affected DM1 tissues.

As expected, the highest levels of PMO for each dosing regimen were detected in the
kidneys followed by liver (Figure 8D-8E). R6Gly-(CAG)- treated animals had the PMO
concentration in these tissues (944.33 £ 78.41 nM for kidney and for liver 27.12 + 7.90
nM), followed by the 30 mg/kg DELO1-(CAG), treatment group (780.91 £ 114.67 nM and
38.48 + 2.18 nM, respectively). As a result, it was subsequently important to investigate

any potential nephrotoxicity or hepatotoxicity associated with higher doses DELO1-(CAG);.
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Figure 8: Tissue biodistribution of CPP-PMO conjugates in DM1, HSA-LR mice.
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Animals were injected with a single or multiple bi-weekly treatments of naked (CAG); or
CPP-(CAG)y conjugates (n=4-5). Tissues were collected 14 d post-final administration and
PMO concentration quantified in (A) skeletal muscles, (B) heart, (C) brain, (D) liver and (E)
kidney via ELISA. (F) Overall tissue biodistribution pattern of PMO concentration in mice
treated with an optimum treatment regime of single intravenous administration of 30 mg/kg
DELO1-(CAG);. All data are expressed as mean + S.E.M. and analysed via one way
ANOVA, corrected for multiple comparisons using Tukey’s test (*P < 0.05; **P < 0.01; ***P
< 0.001, ****P < 0.0001). Data sets for naked 200 mg/kg naked (CAG)7 and 80 mg/kg

R6GIly-(CAG); were kindly provided by Miguel Varela from the Wood Group.
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DELO1-(CAG)7 reduces nephrotoxicity in HSA-LR mice

To investigate the toxicological profile of DELO1-(CAG)~, terminal serum and urine 2 d and
7 d post- single or final administration, were collected from treated animals (see Figure 9A
for experimental timeline) and analysed for markers of toxicity and changes in key
metabolites (Figure 9). To evaluate CPP-PMO conjugate induced kidney toxicity, the
urinary concentration of KIM-1 in treated mice was measured via ELISA and normalised to
creatinine (Figure 9B). For all dosing regimen of DELO1-(CAG); at 30 mg/kg or less,
relative levels of KIM-1 at d 2 were no greater than 0.35 £ 0.16 (DELO1-(CAG); 30 mg/kg)
and significantly reduced when compared to the pip6a-(CAG); (28.68 + 10.05) and R6Gly-
(CAG)7.(1.01 £ 0.39) at doses of 7.5 mg/kg and 80 mg/kg respectively. Furthermore, any
treatment induced elevation in KIM-1 levels was returned to untreated levels 14 d post-

administration, overall showing DELO1 to be a safer CPP conjugation option.

Serum calcium (Figure 9C) was also measured; it has been observed within the Wood
group in previous experiments that CPPs can elicit an effect on this metabolite. Changes
in serum calcium can be an indicator of kidney disease, with hypocalceamia being
associated with poor renal outcomes (Lim et al., 2014; Nakamura et al., 2024). The data
here shows that R6Gly-(CAG)7, the clinical benchmark peptide conjugate, does indeed
alter urinary calcium levels, demonstrating a 56.9% decrease relative to saline treated
control animals. DELO1-(CAG)-, on the other hand, did not cause any deviation in calcium
levels. Moreover, analysis of creatinine in the terminal serum (Figure 9D), another
biomarker of kidney damage (Perrone et al., 1992), showed no change with DELO1-

(CAG)y treatment, furthering the case for a safe toxicological profile.

To detect potential liver toxicity, levels of biomarkers commonly used for liver function tests

(Giannini et al., 2005): aspartate transaminase (AST) alanine transaminase (ALT) and
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alkaline phosphatase (ALP) (Figure 9E-9G respectively), were evaluated in terminal
serum. With the exception of a 30.0% decrease in ALP levels upon 7.5 mg/kg DELO1-
(CAG); treatment, relative to the saline control group, no significant changes were
detected for any other treatment group. It is also important to note that data was not
collected for KIM-1 levels of DELO1-(CAG)- and serum calcium of DELO1-(CAG); at doses
of 7.5 mg/kg and 40 mg/kg respectively, due to insufficient sample collection volumes.
However, given that the 30 mg/kg DELO1-(CAG); treatment group shows the greatest
splicing activity and penetration into key tissues, it is the toxicological profile of mice from

this treatment group which is of the greatest interest and most value.

Lastly, kidney and liver samples from animals treated at high doses of 30 mg/kg and 40
mg/kg DELO1-(CAG)7 (n=6) were submitted for histopathological analysis. Several mild
structural variations were denoted but these were consistent with the usual patterning of
spontaneous background findings in saline treated control mice (Table 1). Overall, no
structural changes associated with the onset of hepatotoxicity or nephrotoxicity could be
reported, confirming the promising safety profile of DELO1-(CAG)- suggested by the serum

and urine analysis.
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Liver

Saline

DELO1-(CAG),
30 mg/kg

DELO1-(CAG),

40 mg/kg

Male Female

Male

Female

Male

Female

mononuclear cells infiltration
hepatocyte vacuolation
hepatocellular cytoplasmic rarefaction
hepatocyte hypertrophy
hepatocellular inclusion
hepatocellular necrosis

Kidney

if - -[{Im - - 1m

1f

1f

1f

1f

mononuclear cells infiltration
tubular basophilia

tubular proteinuria

tubular hydropic degeneration
tubular pigment

tubular swelling and dilation

Table 1: Histopathological assessment of HSA-LR mouse liver and kidney tissues

14 d post-administration of 30 mg/kg or 40 mg/kg DELO1-(CAG)-.

Structural abnormalities were graded for severity from 1-4 and distribution noted. Grading

is denoted as follows: 1, minimal; 2, mild, 3, moderate, 4, marked, with a distribution of

focal, multifocal, or diffuse. Distribution of abnormality in tissues is noted as follows: f,

focal; m, multifocal; d, diffuse.

treatment group.

“o

denotes that no abnormalities were documented. N=6 per
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Figure 9: Toxicological Assessment of CPP-PMOs in DM1, HSA-LR mice.

(A) Diagram of study designs. HSA-LR mice were injected with a single or multiple bi-
weekly treatments of naked (CAG)7, CPP-(CAG)7 conjugates or 0.9% saline via tail vein
injection (n=5). Urine was collected 2 d and 7 d (urine) post-final administration and (B)
urinary KIM-1 levels quantified via ELISA and normalised to urinary creatinine levels.

Terminal serum was collected 14 d post final administration and levels of key serum

metabolites (C) calcium, (D) creatinine, (E) AST, (F) ALT and (G) ALP were analysed via a

clinical chemistry analyzer at Harwell MRC, UK. All data are expressed as mean = S.E.M.,

with each data point representing a biological replicate. Statistical significance was

determined via one-way ANOVA, corrected for multiple comparisons using Dunnett's test

(*P < 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001) and outliers removed using Grubb’s

test for outliers.
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Treatment of DMSXL mice with DELO1-(CAG)7shows enhanced delivery to

key tissues targets but no phenotypic correction

As the HSA-LR mouse model only allows for the testing of compound activity in skeletal
muscles but DM1 also critically affects cardiac and CNS tissues, the potential of DELO1-
(CAG); as a preclinical candidate for DM1 was further evaluated using the DMSXL, DM1
mouse model, which displays mild mis-splicing phenotype in heart, CNS, and skeletal
muscle tissues (Huguet et al., 2012). This was done in collaboration with the Furling /

Gourdon group at INSERM, Paris, owners and experts of this mouse model.

Given that DMSXL mice are notoriously difficult to treat, with previous experiments
employing pip6a-(CAG), showing that doses effective in phenotypic correction in the HSA-
LR model were ineffective in DMXSL mice, an increased dosing strategy of 50 mg/kg
DELO1-(CAG)+, administered via biweekly tail vein injections (Figure 10A), was selected to
maximize the potential therapeutic impact. This approach led to effective tissue
penetration, as demonstrated by PMO concentrations in skeletal muscle, heart, brain
cortex, liver, and kidney tissues (Figure 11A). These distribution patterns were consistent
with those observed in HSA-LR mice treated with 30 mg/kg of DELO1-(CAG); (Figure 8F).
Notably, DELO1-(CAG); achieved strong delivery into critical tissues affected by DM1,
including the heart and skeletal muscle (782.6 + 138.1 pM, and 2382.0 = 305.1 pM,
respectively). This PMO concentration in muscle has been previously associated with the
complete recovery of the disease phenotype in HSA-LR (Klein et al., 2019). A PMO

concentration of 497.2 + 63.15 pM was also detectable in the frontal cortex.

Despite successful delivery, phenotypic analysis post-treatment revealed no significant
improvement of the DM1 pathology. Weight measurements, taken before and after the

treatment period, showed no significant changes in growth for male or female DMSXL
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mice compared to saline-treated controls (Figure 10B). Additionally, grip strength tests
performed on forelimbs and hindlimbs, similarly indicated no improvement in muscle

strength following DELO1-(CAG)- treatment (Figure 10C-10D).

At the molecular level, relative quantification hDMPK and mDmpk transcript levels via real
time quantitative polymerase chain reaction (RT-gPCR) in the heart, tibialis anterior (TA)
muscle, and brain frontal cortex did not show any significant reduction in CUG repeat-
expanded mRNA after treatment with DELO1-(CAG); (Figure 11B-C). Furthermore, splicing
correction analysis for key DM1 biomarkers, Fermt2 exon 4a, Itgéa exon 27, and Sorbs1
exons 6 and 27 (as described by Dinca et al., 2022), revealed no significant splicing

correction in any of the tested tissues (Figure 11D-G).

Overall, while DELO1-(CAG); successfully penetrated target tissues, it failed to produce
therapeutic effects in terms of molecular or functional phenotypic improvement in DMSXL
mice. The significance of this finding will be explored in more detail in the discussion

section.
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Figure 10: Functional and observational assessment of DEL0O1-(CAG)7 treated

DMSXL mice.

(A) Experimental timeline: DMSXL mice were administered four 50 mg/kg biweekly tail
vein injections of DEL0O1-(CAG); or 0.9% saline, at a dose of 50 mg/kg (n=8). Weights of
mice (B) were recorded immediately before and 14 d after the final injection. (C-D) Grip
strength was measured in both (C) forelimbs and (D) hindlimbs front legs before and after
the treatment protocol in male, M, and female, F, animals, showing no improvement post
treatment. All data are expressed as mean + S.E.M. and each dot represents a biological
replicate. Statistical comparison between sex-specific saline and DELO1-(CAG); treatment

groups was determined via students t test, showing no significance (ns) in any data set (ns
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>0.05). Data in figure generated by collaborators in the Furling group at INSERM, Paris,

France.
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Figure 11: Treatment of DMSXL mice with DELO1-(CAG); achieves skeletal muscle

delivery but fails to correct DM1 phenotype.

DMSXL mice were administered four biweekly tail vein injections of DELO1-(CAG); at a
dose of 50 mg/kg (n=8). 14 d after the final injection animals were sacrificed and tissues
analysed. (A) ELISA analysis PMO tissue biodistribution in skeletal muscle, heart,
diaphragm, brain, liver and kidney. (B-C) RT-qPCR quantification of CUG repeat-
expanded (B) human DMPK (hDMPK) and (C) mouse CUG repeat-expanded Dmpk
(mDmpk) transcripts after saline or DELO1-(CAG); treatment in key target tissues: heart,
skeletal muscle (TA) and brain. Data are normalised to RIp0. (D-G) Quantification of

splicing correction via RT-PCR in key DM1 skeletal muscle biomarkers (D) Fermt2 exon

4a, (E) Itgba exon 27, (F) Sorbsl1 exon 6 and (G) Sorbs1 exon 27 in key target tissues. All

data are expressed as mean + S.E.M. and each data point represents a biological

replicate. Statistical comparison between saline and DEL01-(CAG); treatment groups was

determined via students t test, showing no significance (ns) in any data set (ns >0.05).
Data for (B-G) was generated by collaborators in the Furling group at INSERM, Paris,

France.
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Discussion

Single 30 mg/kg dose of DELO1-(CAG)r is sufficient for reversal of DM1

phenotype in HSA-LR mice

The aim of the work this chapter was to further evaluate the potential of DEL01-(CAG); as
an improved CPP-PMO candidate for the treatment of DM1 using in vivo models. Firstly,
treatment of HSA-LR mice with escalating doses of DELO1-(CAG); corrected biomarkers of
DM1 aberrant splicing events in a dose dependent manner. The splicing correction
observed correlated to a reversal in functional myotonia, which was anticipated given that
treatment corrected Clcnl exon 7a inclusion, a known cause of myotonia in DM1 animal
models and patients (Charlet-B. et al., 2002; Mankodi et al., 2002). This supports the
ability of DELO1-(CAG)- to restore splicing biomarkers to wild-type levels, reinforcing its
therapeutic potential in line with previous studies on CPP-PMO efficacy in DM1 (Klein et

al., 2019; PepGen, FREEDOM-DM1: NCT06185764; Vertex, NCT06185764).

A dose of 30 mg/kg dose was most effective in correcting the DM1 skeletal muscle
phenotype and consequently was established the optimal dose. Interestingly, increasing
the DELO1-(CAG); dose to 40 mg/kg did not result in additional splicing or functional
improvement. A similar phenomenon was observed in a dose escalation study where a
mouse model of spinal muscular atrophy was treated with a PMO conjugate (Hammond et
al., 2022) and overall suggests that a saturation point or therapeutic ceiling has been

reached.

As previous studies have reported that multiple dosing strategies can confer greater
compound activity (Hammond et al., 2016; Hua et al., 2011, Klein et al., 2019; Nizzardo et

al., 2014; Zhou et al., 2015), a multiple-dose regimen of DEL01-(CAG)7at 7.5 mg/kg (four
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doses totalling 30 mg/kg) was tested. As previously observed, this approach offered some
improvement over a single 7.5 mg/kg dose. However, it did not surpass the efficacy of a
single 30 mg/kg dose, most likely due to pharmacokinetic factors such as differential drug
absorption, distribution and elimination half-life. To more fully investigate the potential
benefits of multiple dosing for DELO1-(CAG)~in the future, it may be beneficial to test
repeat administrations of the optimal 30 mg/kg dose. However, given that a single 30
mg/kg dose was sufficient for full correction of DM1 biomarkers of skeletal muscle
misplicing and myotonia and that no improvement was observed increasing to a higher
single dose, it is uncertain whether additional administrations at such an effective dose
would confer any therapeutic benefit. Nevertheless, PepGen have reported enhanced mis-
splicing correction and muscle delivery in HSA-LR mice treated with four repeat 30 mg/kg
doses of PGN-EDODM1, a CPP-PMO with an extremely similar structure to DELO1-
(CAG)y, relative to a single 30 mg/kg administration (Pepgen, 2023) suggesting that

investigation could be merited.

The following four biomarkers were selected to evaluated treatment efficacy for this study:
Mbnll exon 5, Clcnl exon 7a, Atp2al exon 22 and Ldb3 exon 11. These biomarkers were
selected based on those used in Klein et al.’s 2019 evaluation of pip6a-(CAG);in HSA-LR
mice. Since the inception of this current work, however, it has become more common to
use a broader panel of biomarkers in DM1 research. For instance, Dyne Therapeutics has
employed over 35 splicing biomarkers in preclinical testing of an antibody-Fragment ASO
in HSA-LR mice (Dyne Therapeutics, 2021), based on mis-splicing events assessed and
indexed by Tanner et al., 2021. Similarly, it is now an established practise in DM1 clinical
trials (Dyne Therapeutics, ACHIEVE: NCT05481879; Avidity, MARINA: NCT05027269) to

assess compound efficacy by analysing splicing correction in 22 genes from which a
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composite alternative splicing index (CASI-22) can be calculated (Provenzano M et al.,
2024). While the core set used in this chapter appear in the extensive panels now utilised
in preclinical and clinical practices and provide valuable insights into the efficacy of
DELO01-(CAG)7, expanding the panel in future studies could yield more robust and
comprehensive data, ultimately strengthening findings. Furthermore, a wider range of
biomarkers would also align with current clinical practices, potentially facilitating a

smoother translation towards clinical trials.

DELO1-(CAG)7 administration in HSA-LR mice exhibits an enhanced

therapeutic window relative to previous CPP-(CAG)7 conjugates

Similarly to results from the in vitro testing of DELO1-(CAG)-, detailed and discussed in
results chapter 1, the results in this chapter demonstrate that relative to the pip6a CPP,
DELOL1 offers an improved therapeutic window with an improved safety profile, relative to
pip6a-(CAG);. These results therefore address a critical limitation in CPP-PMO

development.

As previously described, the preclinical development of pip6a-(CAG); was halted due to
elevated levels nephrotoxicity. It is well documented that CPP-PMOs accumulate in the
kidneys which consequently presents a persistent issue in the development of CPP-PMOs
across various animal models (Amantana et al., 2007; Gait et al., 2019. Previous
unpublished data from the Wood group revealed a > 20-fold elevation of KIM-1 observed 2
days after 7.5 mg/kg compound administration when compared to saline animals.
Meanwhile histopathological assessment of the liver and kidney of pip6a-(CAG); treated

animals revealed dose dependent hypertrophy and intranuclear inclusions of the liver and
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tubular proteinuria, dose dependent tubular basophilia and tubular hydropic degeneration
in kidneys (Klein et al., 2019). Changes in the liver were reversed after 6 months, however
only partial recovery was observed in the kidney abnormalities. It was therefore imperative

to develop a safer alternative treatment.

Here, it is again shown that a single 7.5 mg/kg dose, pip6a-(CAG); causes a dramatic
increase in KIM-1 levels, underscoring the substantial nephrotoxicity associated with
pip6a. By contrast, DEL01-(CAG)7 showed little evidence of toxicity in any of the liver or
renal function tests conducted at the highest tested doses. Serum liver enzymes, such as
ALT, AST and ALP, as well as renal toxicity markers serum calcium and serum creatinine,
all remained within normal ranges. This lack of toxicity highlights a key advantage of
DELO1-(CAG), positioning it as a safer alternative to pip6a. Furthermore, histopathological
assessment of kidney and liver tissues from mice treated with higher doses (30 mg/kg and
40 mg/kg) of DELO1-(CAG); revealed no changes in no structural changes associated with

the onset of hepatotoxicity or nephrotoxicity.

Histopathological assessment is considered the “gold standard” with regards to assessing
drug induced renal toxicity, therefore the improved toxicity profile of DELO1-(CAG);is
extremely significant in the progression of developing non-toxic CPP-PMOs. These results
are made more impressive by the fact that a 30 mg/kg dose of DELO1-(CAG); delivers
significantly more compound to the kidney than pip6a-(CAG)- (see Figure 8E). This
suggests that it is a difference in CPP chemistry and not compound concentration that
elicits these toxicological differences. The improvement in DELO1-(CAG); safety is likely
due to its optimized design of reduced arginine content and peptide length in the
composition of DELO1, relative to pip6a. This is discussed in greater detail in results

chapter 1.
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In addition to outperforming pip6a in terms of safety, DELO1-(CAG); also demonstrated
superior safety compared to R6Gly-(CAG);. R6Gly is another CPP, comprised of 6
arginines and one glycine residue, currently under clinical investigation as CPP-PMO
conjugate (SRP-5051) for the treatment of Duchenne muscular dystrophy (DMD) (Gan et
al., 2022; Sarepta, MOMENTUM: NCT04004065) and was included in this body of work as
an industry standard benchmark for tissue penetration and safety, at the time of writing.
While R6Gly has made encouraging clinical progress, it has been associated with
toxicities, including a temporary hold to the MOMENTUM phase 2 clinical trial of SRP-
5051, as a result of the hypomagnesemia experienced by some patients (Sarepta
Therapeutics, 2024). This hypomagnesemia was later shown to be transient and
manageable with supplementation, allowing the continuation of the trial, however
hypomagnesemia can be indicative of kidney dysfunction or metabolic alterations and
therefore requires close monitoring (Bosman et al., 2021; Keating et al., 1977; Uslu
Gokceoglu et al., 2014) Intriguingly, the results in this chapter reveal significant
hypocalcaemia in mice treated with R6Gly, another phenomenon associated with poor
renal outcomes (Lim et al., 2014; Nakamura et al., 2024). In contrast, DE01-(CAG)y elicited
no effect on serum calcium levels, suggesting DELO1 to be safer than a CPP approved for

testing in patients, adding to its weight as a CPP with enhanced safety.

With regards to efficacy, while a single 7.5 mg/kg dose of pip6a-(CAG); demonstrated
enhanced activity over DEL0O1-(CAG)7 administered at the same dose, exhibiting stronger
splicing correction and myotonia reversal, a 30 mg/kg DELO1-(CAG)- treatment performed
similarly, if not slightly better for certain splicing biomarkers readouts in specific muscles
(Mbnl1 exon 5 in quadriceps and Ldb3 exon 11 in gastrochemius, Figure 7A and 7D).

Although these results re-emphasize the higher potency of pip6a, they also show that
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DELO1-(CAG) is able to achieve similar therapeutic outcomes using a higher but less
toxic dose. Consequently, and consistent with the results from results chapter 2, despite
requiring a higher dose, DELO1-(CAG)y clearly emerges as a viable and safer alternative,
offering a balanced approach that combines efficacy with a significantly improved safety

profile.

DELO1-(CAG)7 demonstrates an improved therapeutic reach with enhanced

penetration into critically affected tissues in vivo

DELO1-(CAG)~ not only exhibited improved efficacy in skeletal muscle but also
demonstrated, superior biodistribution and penetration into the skeletal muscles and other
critically affected tissues including heart and brain. This is particularly significant because
achieving therapeutic concentrations in these tissues is crucial for addressing other
systemic manifestations of DM1, including cardiac and neurological symptoms, which have
previously been neglected by therapeutic strategies focused primarily on targeting skeletal

muscle.

The results show that at a dose of 30 mg/kg, DELO1-(CAG)- delivered a higher
concentration of PMO to skeletal muscles in comparison to naked (CAG); PMO
administered at a higher dose (200 mg/kg) and that this concentration was sufficient for
reversing myotonia and normalising splicing. As a reference for the level of tissue delivery
achieved, the PMO tissue concentrations achieved by DELO1 were compared to those
attained by R6Gly, a CPP designed to enhance PMO delivery and treatment in DMD.
Despite a higher administered dose of the R6Gly-(CAG); (80 mg/kg), a 30 mg/kg

administration of DELO1-(CAG)y led to superior skeletal muscle penetration. This is
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particularly notable as the R6Gly CPP was specifically designed to improve delivery into
tissues crucially affected by DMD, a neuromuscular disorder that, similarly to DM1, is
characterized by progressive muscle weakness in both skeletal muscles and heart

(Flanigan, 2014).

The fact that DELO1 performs better than R6Gly—a CPP considered to have sufficient
skeletal muscle efficacy to warrant clinical trials —underscores its potential as a more
efficient delivery vehicle. However, it is important to note that the integrity of the skeletal
muscle membrane in DMD has been reported as damaged and more porous (Clarke et al.,
1993; Pestronk et al., 1982), while the structural integrity of the DM1 muscle membrane
appears unaffected (Gonzalez-Barriga et al., 2015). Therefore, care should be taken when
comparing the relationship between tissue penetration and efficacy across these two
neuromuscular diseases, as differences in membrane permeability may influence delivery

outcomes.

While skeletal muscles are the tissue most heavily targeted by DM1 therapies in
development, DM1 patients experience also experience extensive cardiac issues including
cardiomyopathies and arrhythmias (Groh et al., 2008; Nguyen et al., 1988), the latter of
which is associated with the mis-splicing of SCN5a, a gene encoding a cardiac voltage
gated sodium channel (Freyermuth et al., 2016). Furthermore, cardiac involvement is a
leading cause of mortality in DM1 patients (De Die-Smulders et al., 1998; Groh et al.,
2008). Consequently, to be able to treat heart tissues would also be of great benefit to
patients. Again, encouragingly, significantly higher PMO concentration was achieved in
heart tissues using DELO1 as a PMO delivery vehicle relative to R6Gly and even pip6a,
demonstrating its enhanced therapeutic reach to tissues beyond the skeletal muscles.

Unfortunately, the HSA-LR model employed does not present with a DM1 phenotype in
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heart, therefore determination of whether the levels of PMO delivered was therapeutically

meaningful was not possible.

One model that could provide insight into whether DELO1-(CAG)- elicits activity in heart is
the more recently developed LC15 mouse (Tylock et al., 2020). This mouse contains a
human DMPK transgene harbouring a repeat tract of 250 — 400 repeats and exhibits
robust cardiac expression of repeat expanded CUG RNA. Mice present with missplicing
and RNA foci in cardiac tissues, in addition to electrophysiological cardiac deficits. As
such, it could be extremely interesting to test DELO1-(CAG)7 in LC15 in the future, to
establish whether the impressive PMO delivery into heart translates into a meaningful

improvement to the DM1 cardiac phenotype.

In addition to enhanced skeletal muscle and heart penetrance, DELO1 also improved PMO
delivery to the brain with 3-fold more PMO delivered relative to R6Gly and 57-fold more in
comparison to pip6a. However, unsurprisingly, the levels of PMO concentration in the
brain still remained relatively low and were less than 300 pM. Previous work in the CPP-
ASO field, such as studies using the Tat CPP, have also similarly struggled with efficient
brain delivery (Al Humaidan et al., 2022), underscoring the challenge of achieving effective
CNS delivery. Overall, this is a significant hurdle for treating DM1 patients, as CNS
involvement in DM1 contributes to cognitive and behavioural issues that severely impact
the quality of life, particularly in earlier onset patient groups, such as congenital and
infantile onset patients (Angeard et al., 2011; Douniol et al., 2012; Ekstrém et al., 2009).
However, while CNS symptoms in adult patients are milder, adult or later onset DM1
patients also display increased cognitive decline and fetal CNS splicing patterns (Degener

et al., 2022), which may also benefit from therapeutic intervention.
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The CNS has long been known as one of the most difficult tissues targets for treatment,
due to the impenetrable nature of the BBB. With the exception of small molecules, most
approved CNS treatments circumvent this issue by direct brain or intrathecal delivery, as in
the case of Nusinersen, the first FDA approved ASO, for SMA (Finkel et al., 2016;

Ottesen, 2017). Given that DM1 is a multi-systemic disease, a systemically delivered
therapy that can penetrate all critically affected organs would be the optimum outcome for
patients. While CPPs seem a promising delivery mechanism for many other tissue targets,
it is clear that much work is still needed to make them viable options for brain delivery, and

it is possible that other delivery platforms may be more effective.

For example, two compounds developed by Dyne Therapeutics and Avidity and currently
in clinical trials for DM1, employ antibody-based technologies targeting TfR1, for the tissue
delivery of a gapmer ASO and siRNA respectively. The TfR1 receptor is well documented
as highly expressed on the BBB and has consequently been greatly exploited as a CNS
drug delivery target for several decades (Paterson & Webster, 2016; Sievers & Senter,
2013). So far, anti-TfR1 targeting DM1 treatments have generated promising preclinical
delivery in heart, skeletal muscle, and CNS (Avidity Biosciences, 2021; Dyne
Therapeutics, 2023; Dynes Therapeutics, 2022) and both have shown encouraging safety
and skeletal muscle activity in patients (Dyne Therapeutics, ACHIEVE: NCT05481879;
Avidity, MARINA: NCT05027269), however any neurological benefit remains to be seen.

These two DM1 therapies are discussed further in results chapter 3.
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DELO1-(CAG)r fails to display correction of the DM1 phenotype in DMSXL
Mice

Despite the promising results in HSA-LR mice, the efficacy of DEL01-(CAG)7 did not
translate to the DMSXL mouse model. The DMSXL mode is a more complex model,
displaying a broader range of DM1 pathology, including aberrant splicing and functional
phenotypes in skeletal muscle, heart and the CNS (Hernandez-Hernandez et al., 2013;
Huguet et al., 2012). The hope was therefore to be able to additionally test DEL01-(CAG);
activity in the heart and CNS, tissues for which HSA-LR mice have no DM1 phenotype,

due to the skeletal muscle specific expression of the ACTAL gene (Mankodi et al., 2000).

DELO1-(CAG); achieved good tissue penetration in the DMSXL mice, similar to the levels
observed in the HSA-LR model at a 40 mg/kg dose. As a result, there was optimism that
an improvement in skeletal muscle and heart phenotype may be observed.
Disappointingly, no alterations in mis-splicing were observed in either tissue, nor was there
any improvement in muscle strength, as determined by the grip strength testing. Similarly,
no misplacing correction was observed in the frontal cortex, following treatment. However,
this was not wholly unexpected as the levels of PMO delivered to the brain remained

relatively low (497.2 £ 63.15 pM).

The failure of DEL01-(CAG)7 in the DMSXL model could be attributed to several factors,
including the inherent challenges of treating this more severe model of DM1. DMSXL mice
carry a larger CTG repeat expansion and present with widespread mis-splicing events,
which may require more potent therapeutic strategies. It is also possible that the
differences in efficacy observed between mouse models are due to differences in the
stoichiometry of the target for each model as it has been shown that the abundance of

repeat expanded CUG transcripts varies greatly between mouse models, with RNA for
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ACTAI1 transgene being 1000-fold more abundant that that from the Dmpk gene (Gudde et
al., 2016). Conversely, the DMPK transgene in DMSXL mice has 10-fold lower expression

than the endogenous Dmpk gene.

In general, the DMSXL model is known within the DML1 field as being notoriously
challenging to treat, as highlighted again by the failure of DELO1-(CAG)-, despite a
rigorous treatment regime of four biweekly administrations of 50 mg/kg. To my current
knowledge, no report exists of a PMO able to treat the DMSXL DM1 phenotype. However,
in 2017, Jauvin et al. published a report of an ASO gapmer (ISIS 486178) able to
effectively treat this model, facilitating knockdown in repeated expanded DMPK transcripts
in skeletal muscle and heart (70% and 30%, respectively) alongside reductions in RNA foci
and improvements in muscle strength and histology. The gapmer acted via an RNAse
dependant mechanism that leads to the breakdown of DMPK transcripts. This differs
greatly from the mechanism of a PMO, which acts by sterically blocking the sequestration

of splicing factors to DMPK transcripts (Mulders et al., 2009; Wheeler et al., 2009).

Given that our results indicate good delivery into skeletal muscle and heart, and the lack of
published data showing PMO efficacy in DMSXL mice, it could be argued that PMOs are
perhaps not potent enough to elicit meaningful activity and perhaps other ASO chemistries

with alternative mechanisms of action better suited to this disease model.

The lack of efficacy in DMSXL mice potentially raises important concerns about the
suitability of this model for evaluating PMO compounds or its applicability as a model for
therapies nonspecific towards treating earlier onset DM1 patients. As DMSXL mice exhibit
relatively mild mis-splicing and myotonia but present with severe neurological deficits and
a high neonatal mortality rate (Hernandez-Hernandez et al., 2013; Huguet et al., 2012), the

model more closely aligns with congenital DM1 patients who similarly experience severe
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neurological and cognitive deficits and high neo-natal mortality but typically lack muscle
weakness until later in life (Angeard et al., 2007; Douniol et al., 2012; Echenne et al.,
2008). In contrast, adult or later-onset DM1 patients, tend to have more pronounced
muscle weakness and myotonia with fewer central nervous system symptoms (Harper,
2001), which is better modelled by HSA-LR mice which display severe myotonia and
aberrant splicing in skeletal muscles (Mankodi et al., 2000). Given the emphasis that has
been placed on treating skeletal muscles cells in the development of DEL01-(CAG)~, the
PMO conjugate is more appropriate and more intentionally designed as treatment for adult
or later forms. Furthermore, considering that CPPs show limited penetration into the CNS,

the DMSXL may not be the most clinically relevant model for testing DELO1-(CAG).

The CPP-(CAG); conjugate, PGN-EDODM1, currently being tested by PepGen in a P1
clinical trial (FREEDOM-DM1, NCT06204809) in DM1 patients, has not been tested in the
DMSXL model. Given the overlap between these compounds, with DELO1 being an
iteration of the CPP employed by PepGen, it is unlikely that PGN-EDODM1 would yield
significantly different results in the DMSXL model. Should PepGen's compound
demonstrate clinical efficacy without being tested in DMSXL mice, this would challenge the
relevance of the DMSXL model in predicting clinical outcomes for DM1 therapies, at least
in adult-onset patients. Ultimately, the results of PepGen's clinical trials could help clarify
whether DMSXL is useful as a predictor of treatment efficacy in skeletal muscle, or if the
HSA-LR mouse model remains the more reliable predictor of therapeutic outcomes in

human patients.

Overall, despite the failure to achieve phenotypic amelioration in all animal models tested,
the work in this chapter reveals DELO1 to be a promising delivery modality for penetrating

skeletal muscle and heart, while maintaining a safe toxicological profile. The results
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demonstrate great improvement on previous CPP-PMO iterations and make a case for the
potential employment of our DELO1 as a PMO delivery vehicle in other neuromuscular
diseases amenable to ASO therapies. For example, DMD is a disease shown to be
treatable using PMOs, that would benefit from enhanced delivery into skeletal muscle and
heart. Future work will therefore focus on the furthering development of DELO1-(CAG);
towards clinical trials and additionally extending the clinical applications of DELO1 into

other disease contexts.
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Results Chapter 3 — Preclinical development of Ab-PMOs

for the treatment of DM1

Results

Previous work published by the Wood group demonstrated that the systemic intravenous
administration of a PMO conjugated to the BBT-8D3130 antibody, a human Immunoglobulin
G (IgG) antibody produced and optimized by AstraZeneca (Cambridge, UK) for targeting
murine TfR1 on the BBB (Webster et al., 2016), was able to facilitate sufficient delivery to
the brain parenchyma to reverse the disease phenotype observed in an SMA mouse
model (Hammond et al., 2022). Furthermore, the antibody-PMO conjugate (Ab-PMO) was
also able to penetrate and treat tissues beyond the CNS, including skeletal muscles and
liver. Building on these promising results, this approach was adapted to test, as a proof of
concept, anti-TfR1-targeting Ab-PMOs as a treatment strategy for DM1. Thus, the (CAG);
PMO, employed in previous chapters, was conjugated to the BBT-8D313 antibody,
generating the TfR1 targeting PMO conjugate, BBT-8D3130-(CAG)7. The rationale behind
this strategy was the potential for a systemic DM1 treatment with the added benefit of
penetrating the CNS, a tissue that, at the inception of this study, remained largely

inaccessible to DM1 therapeutics.

In addition to BBT-8D3130-(CAG)7, two control conjugates were synthesized: NIP228-
(CAG)7, a non-targeting antibody-PMO control, and BBT-8D3130-NTC, which served as a
TfR1 targeting non-template PMO control. Given the lack of availability of a murine DM1
cellular model for the in vitro screening of the Ab-PMO conjugates, the compounds were

tested directly in vivo. Here | present the findings from the testing of BBT-8D3130-(CAG)7 in

111



HSA-LR mice, along with subsequent follow-up experiments, after the compound failed to

ameliorate the DM1 phenotype.

Evaluation of BBT-8D3130-(CAG)7in HSA-LR mice

It was decided to initially test the Ab-PMO conjugates in the HSA-LR model as it is the
DM1 model for which there is an established colony within the Wood group. Although the
model only expresses a DM1 phenotype in skeletal muscle, the model can be used to
establish compound biodistribution to all critically affected DML tissues e.g. skeletal
muscles, heart and CNS. Evaluation of efficacy in skeletal muscles could also provide an
initial measure of compound activity that could subsequently be used to support further
testing of compound activity in CNS and heart tissues via collaboration with groups
possessing the relevant animal models, e.g. LC15 and DMSXL models (Huguet et al.,

2012; Tylock et al., 2020).

Toxicological evaluation of Ab-PMOs in HSA-LR mice

As a 50 mg/kg dose of a BBT-8D3130-conjugated PMO was shown to be sufficient for
treating SMA mice in the dose-response study conducted by Hammond et al. (2022),
HSA-LR mice were treated with a single intravenous 50 mg/kg administration of either
BBT-8D3130-(CAG)7, NIP228-(CAG)7, BBT-8D3130-NTC or 0.9% saline (n= 6 per group).
All tissues were collected 14 d post treatment for evaluation of tissue biodistribution and
efficacy in skeletal muscle. Additionally terminal serum and day 2 and day 7 urine was
collected for toxicological assessment (Figure 12A). Very limited investigation into
compound-induced toxicity had been carried out as part of the SMA study, it was therefore

paramount to establish here whether the Ab-PMO conjugates induced any toxicity,
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especially given the history of nephrotoxicity associated with alternative PMO conjugates

(Amantana et al., 2007; Gait et al., 2019; Sazani et al., 2011).

To evaluate whether Ab-PMO conjugates induced kidney toxicity, the urinary concentration
of KIM-1 in treated mice was measured via ELISA and normalised to urinary creatinine
concentration (Figure 12B). No significant changes were observed in KIM-1 levels in any
of the treatment groups on days 2 or 7, when compared to the 0.9% saline control group.
Similarly, assessment of additional serum biomarkers of nephrotoxicity, serum calcium and
serum creatinine (Figures 12C-D) (Lim et al., 2014; Perrone et al., 1992; Vaidya et al.,

2010), revealed no notable alterations from the 0.9% saline treated animals.

To detect potential liver toxicity, levels of biomarkers commonly used for liver function tests
(Giannini et al., 2005): AST, ALT and ALP (Figure 12E-G), were evaluated in terminal
serum. Again, no concerning deviations from 0.9 % saline treated controls were observed
for any of the Ab-PMO conjugates administered. Taken together, this suggests that Ab-
PMOs administered at 50 mg/kg do not induce toxic effects in the liver or kidneys, the
classical sites of ASO drug induced toxicity issues. Furthermore, in support of the safety of
compound suggested by these data, a recovery time of 0 min after compound
administration was noted for each Ab-PMO conjugate. Recovery time is estimated based

on clinical observations of lethargy and/or hypoapnea post-administration of treatment.

Lastly, as it was expected that BBT-8D3130-(CAG)7 would be able to penetrate the CNS,
transcript levels of Gfap and Aifl were assessed, as previously evaluated by IONIS in their
testing of a DM1 gapmer via intracerebral ventricular administration (Ait Benichou et al.,
2022), to give an indication of neuroinflammation or CNS toxicity (Figure 12H-I). As with all

other toxicological biomarkers assessed, there were no changes observed in Gfap or Aifl
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expression following treatment with BBT-8D3130-(CAG)7 and its controls relative to 0.9%

saline treated animals.

114



115

K .vvv_l—vn_ > > o | __
Vwﬁ /\\VQG /\A\,Q% . )
& &

.“__ﬂ B e " ..TT r % o&«e . Tm .
n
VO\“ @ v,,u\. ®
%, s, ﬂ
MWA A a\.Q < M _A <1< Ze Q.o‘ LR} s s
mﬂ ,Qmw, Lo,
&
L3 00\ 0% . TT. e~\ 0% . L]
%, ), ., 1 .W
LI % Y
I 1 1 1 T T T T Ll T I T 1 T L]
o wn o n o =] -] =] (=) o < n < w
Q < o o o o [T < o = o~ _ o - - S
(/n) wniojen wnieg (17N} 17V wniag fiod / dejo

uofssaidxa aanefay

0.0

~ > TW > 2 o
z %, . TT..
o . 1
&
LI " < omv'
. B, % .;.
vv (4 .
\.,o
< [4—Hd < % %av, . .
OV. O‘\A\ .
o [>)
g %,
o . THIT . o, m.o . LI_ .
%, Y
L] .\m@ ,\Q [
_ _ _ 1 % o ¥ O N A | i e
M M pi M o, g 8 8 8 § - - ol
V) -
sujuealal L-WIM Aeuln & {I/n) LSV wniag fiod / Ly
1] ® L T uoissaidxo oanejey
> =3 >
_ oc vﬁ_vv % > LS
© [ = \VU
Lgeg ©
Esc2 B2
_w % m w " - u W\ %v.\ - - lll
3 2%
o aq b@nv y
i e A 4 a4 44
c < OV. ONV
5 > = U
M Qm;\ L] -
Y < es/% e 3, »90 . .
a » £ - %, a, . .
2 s % Av@
I T L] 1 L] L) T T
wn (=] wn (=] w0 o (= (=] (=1
o~ ™~ - - ﬁ m e
n
(irn) sulupeasy wnieg () 4 wnieg

(A) Diagram of experimental sample collection: HSA-LR mice were injected with a single

Figure 12: Toxicological Assessment of Ab-PMOs in DM1, HSA-LR mice.



50 mg/kg dose of an Ab-PMO or 0.9% saline (n=6). Urine was collected 2 d and 7 d (urine)
post-final administration while terminal serum and cortex tissues were collected 14 d post
administration. (B) urinary KIM-1 levels quantified via ELISA and normalised to urinary
creatinine levels. (C-G) Analysis of key terminal serum metabolites: (C) calcium (D)
creatinine, (E) AST, (F) ALT and (G) creatinine, via a clinical chemistry analyser at Harwell
MRC, UK. Analysis of biomarkers of CNS toxicity (H) Aifl and (I) Gfap were quantified via
gPCR with data normalised to Polj. All data are expressed as mean + S.E.M. and each dot
represents a biological replicate. Statistical significance was determined via one-way
ANOVA, corrected for multiple comparisons using Dunnett's test. All comparisons between

all treatment groups were non-significant (P > 0.05).
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Anti-TfR1-PMO penetrates the CNS in HSA-LR mice

To assess BBT-8D3130-(CAG); penetration into the CNS, the PMO concentration in CNS
tissues was quantified via ELISA assay (Figure 13C). Cortex, cerebellum and brain stem
were collected, and, for each region, BBT-8D3130-(CAG)7 was able to penetrate and deliver

PMO at significantly higher concentrations than NIP228-(CAG)-.

Additionally, to further explore penetration specifically into neurons and astrocytes, key
CNS cell types affected by DM1, an extra set of mice were treated with 50 mg/kg
administrations of BBT-8D3130-(CAG)7 and NIP228-(CAG);. After 24 h the animals were
sacrificed and brains perfused and fixed for immunostaining. Neurons were labelled using
Nissl staining and astrocytes via immunostaining of glial fibrillary accessory protein
(GFAP). Meanwhile, to detect Ab-PMO conjugates, a goat anti-human IgG was employed,
to detect the human IgG antibody component of the conjugates. The images generated
reveal that BBT-8D3130-(CAG)7 colocalises with neurons and partially with astrocytes, no
such co-localisation was observed with NIP228-(CAG); treatment (Figures 13A-B). This
suggests delivery of BBT-8D3130-(CAG)~ into these cell types, albeit at varying levels.
Combined with the CNS ELISA results, the data strongly suggests successful delivery of

BBT-8D3130-(CAG)7into the CNS and its target cell types.
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Figure 13: BBT-8D3130-CAG7 penetrates CNS tissues and colocalises with neurons.

8-10-week-old HSA-LR mice were treated with 50 mg/kg intravenous administrations of
BBT- BBT-8D3130-(CAG)7, NIP228-(CAG)7 or 0.9% saline. For immunohistochemistry (A-B),

brains were perfused, fixed and harvested 24 h later. Immunostaining was performed on 20
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um cortex slices and representative images are shown using DAPI (blue) antibodies
targeting specific murine CNS cells (red) and human antibody conjugates (green). (A) Nissl
staining (red) in mice receiving BBT-8D3130-(CAG)7, NIP228-(CAG)7 or 0.9% saline. (B)
GFAP (red) staining for astrocytes in mice receiving BBT-8D3130-(CAG)7, NIP228-(CAG)7 or
0.9% saline (n=3 per treatment group). Scale bars: 100 um. (C) PMO concentration
guantified via ELISA in regions of CNS, harvested 14 d post-treatment. Data shown as the
mean = S.E.M, n = 5-6 per group. Statistical significance (representative P values) was
performed using an unpaired students t-test between treatment groups within each tissue

set. (*P =0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001).
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Anti-TfR1-PMOs fail to correct skeletal muscle mis-splicing and myotoniain

HSA-LR mice

To gain an initial read out of penetration into the skeletal muscles and the efficacy the of
BBT-8D3130-(CAG)~, skeletal muscle biomarkers of DM1 mis-splicing: Mbnl1, Clcnl, Ldb3
and Atp2al (Figure 14A-D), were analysed in gastrocnemius and quadriceps 14 d after 50
mg/kg Ab-PMO administrations. Surprisingly, no correction or change in splicing was
observed for BBT-8D3130-(CAG)7 or any control treatments when compared to 0.9% saline
treated mice. Similarly, no clear amelioration in hind-limb myotonia was observed for any

treatment group, prior to the harvesting of tissues (data not shown).

Consistent with the disappointing lack of efficacy in the skeletal muscles, ELISA analysis
of PMO concentrations within the skeletal muscles revealed that extremely low levels, of
less than 120 pM, are delivered into these tissues (Figure 14E). However, one
encouraging result was the relatively good PMO delivery into heart observed following
BBT-8D3130-(CAG); treatment. This was significantly enhanced relative to NIP228-(CAG)-,
suggesting at least some specific delivery via TfR1. However, not all delivery can be
attributed to TfR1-mediated delivery as NIP228-(CAG) still achieved a PMO concentration
in heart of 797.9 + 249.6 pM, ~ 53% of that achieved by BBT-8D3130-(CAG)7 (1493.7

131.1 pM).

As the lack of Ab-PMO activity could be attributed to the low concentrations of PMO
delivered into the skeletal muscles, it was decided to treat one further group of mice with
an increased dose of BBT-8D3130-(CAG)7, to see if this would produce sufficient PMO
delivery into the skeletal muscles to elicit a therapeutic effect. Given the apparent lack of
drug-induced toxicity at a dose of 50 mg/kg and that double the dose had already been

trialed in the preceding SMA body of work (Hammond et al., 2022), a 100 mg/kg dose of
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BBT-8D3130-(CAG); was decided upon and administered to HSA-LR mice (n=6). Both
surprisingly and disappointingly again, no splicing correction or improvement in functional
myotonia (data not shown) was observed (Figure 15A-D). A very slight increase in the
PMO concentration delivered into the skeletal muscles was observed (Figure 15E),
however this still remained relatively low (< 245 pM). Material constraints meant that it was
not possible to synthesis sufficient NIP228-(CAG); or BBT-8D3130-NTC for testing at a high
dose. Nevertheless, it is clear that doubling the dose of BBT-8D3130-(CAG)7 administered

provides little benefit.
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Figure 14: Peripheral tissue biodistribution and efficacy of anti-TfR1-PMO

conjugates in ameliorating DM1 skeletal muscle phenotype in DM1 mice.

HSA-LR mice were injected with single intravenous administrations of BBT-8D3130-(CAG)7,
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NIP228-(CAG)7, BBT8D313-NTC or 0.9% saline and analysed 2 weeks after treatment.
Splicing analysis and inclusion of key exons was measured via RT-PCR in gastrocnemius
and quadriceps for (A) Mbnll exon 5, (B) Clcnl exon 7a, (C) Atp2al exon 22 and (D) Ldb3
exon 11. One-way ANOVA with Tukey’s multiple comparison test was performed on data
and showed no significance (ns) differences between any treatment groups (ns > 0.05). WT
exon inclusion data is included for reference. Tissue PMO concentration was quantified via
ELISA in (E) heart and skeletal muscles and (F) liver and kidney. Statistical significance
(representative P values) was performed using an unpaired students t test between
treatment groups within each tissue set. (*P < 0.05; **P < 0.01; ***P <0.001, ****P < 0.0001).
All data are represented as mean £ S.E.M. and each dot represents a biological replicate

(n=5-6 per treatment group).
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Figure 15: Treatment of HSA-LR mice with 100 mg/kg BBT-8D3130-(CAG)7 fails to

improve DM1 phenotype.

HSA-LR mice were injected with single 100 mg/kg intravenous administrations of BBT-
8D3130-(CAG)7 or 0.9% saline and analysed 2 weeks after treatment. Splicing analysis and
inclusion of key exons was measured via RT-PCR in gastrocnemius and quadriceps for (A)
Mbnll exon 5, (B) Clcnll exon 7a, (C) Atp2al exon 22 and (D) Ldb3 exon 11A student’s t
test was performed on data and showed no significance differences between treatment
groups for any biomarker assessed (P > 0.05). WT exon inclusion data are included for
reference. (E) Tissue PMO concentration treated animals quantified via ELISA. All data is
represented as mean + S.E.M. and each dot represents a biological replicate (n=6 per

treatment group).
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Understanding the failings of BBT-8D3130-(CAG)7 to penetrate and treat

skeletal muscles in HSA-LR mice

Assessment of expression of Ab-PMO delivery target, TfR1, in DM1 patient-

derived DM1 myotubes and HSA-LR mice

It was illogical to pursue testing the compound further in additional DM1 models as
collaborations were unlikely to be fostered, given the lack of activity shown by BBT-8D3130-
(CAG)7. Furthermore, to test even higher doses of BBT-8D3130-(CAG)7 was not
economically viable, given the amount of BBT-8D3130 that would be required. | therefore
sought to understand why BBT-8D3130-(CAG); had failed in the DM1 animal model, when it
had shown such promise in the previous work conducted in SMA mice (Hammond et al.,
2022). One possible hypothesis that warranted further investigation was the concept that
the expression of TfR1, the receptor target of the BBT-8D3:130 antibody, may be reduced in
the HSA-LR DM1 model, relative to WT or even SMA mice. This hypothesis stemmed from
data generated in human myoblasts, as part of another study, which shows that TfR1
expression in differentiated patient derived DM1 myoblasts is reduced, relative to a WT
control line (Figure 16). This reduction in expression was found to be consistent on an
MRNA, protein and cell surface expression level (29%, 61% and 60% TfR1 expression
reduction, respectively) and reversible following CPP-PMO treatment with 20 uM DELO1-

(CAG)-.

To establish whether TfR1 expression is similarly affected in the DM1 HSA-LR model,
TfR1 expression was compared in tissues harvested from 10 week old untreated HSA-LR
mice and mice from their WT background strain, FVB/N. Tissues were also harvested from

the transgenic hSMN2 SMA mouse model, used by Hammond et al. (2022), to aid
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rationalising any potential differences in TfR1 expression and how that may relate to the
differing activity results for BBT-8D3130-PMO conjugates observed between their study and

this body of work.

TfR1 expression was assessed across a panel of tissues comprised of quadriceps,
gastrocnemius, heart, brain cortex, liver and kidney, initially focusing on RNA and protein
expression. gPCR analysis of Tfrc transcript expression (Figure 17) revealed that Tfrc is
overexpressed by ~ 1.4 — 1.9-fold in HSA-LR skeletal muscles, relative to both FVB/N and
SMA transgenic mice. Tfrc transcript expression also appears to be elevated in the brain
cortex and kidney of HSA-LR mice, however this elevation does not carry through to an
elevation in protein expression. In contrast, western blot analysis of TfR1 protein
expression shows that TfR1 protein expression is significantly increased in the quadriceps
and gastrocnemius of HSA-LR mice (4.1-fold and 2.7-fold, respectively. Figure 18A-C).
Furthermore, assessment of TfR1 expression in HSA-LR treated tissues suggests that this
related to the DM1 disease pathology, with 30 mg/kg DELO1-(CAG); treatment leading to a

reversal in Tfrc and TfR1 protein expression towards WT FVB/N levels (Figure 19).

These findings show differential TfR1 expression in HSA-LR mice, although not the
reduced expression that was hypothesized. However, the level of expression most crucial
to therapeutics exploiting TfR1 as a cellular delivery target, is the cell surface expression
(CSE). Therefore, the CSE of TfR1, also known in the context of cell surface experiments
as cluster of differentiation marker (CD) 71, was also analysed in single skeletal muscle
cell types via fluorescent activated cell sorting (FACs) and flow cytometry. Single cell
suspensions from HSA-LR, FVB/N and transgenic hSMN2 SMA mice were sorted into four
discrete cell populations: satellite cells (CD45- CD31- SCA1- VCAM+), mesenchymal cells

(CD45- CD31-SCA1+), endothelial cells (CD45- CD31+) and macrophages (CD45+
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CD163+) (Figure 20A). CD71 CSE was assessed for each cell type (Figure 20B-F) and it

was found that its expression is significantly elevated specifically in macrophages and
endothelial cell populations. No significant changes were seen in mesenchymal and

satellite cell populations.

While certainly intriguing, as these findings did not show the same reduction in TfR1
expression as seen in DM1 myotubes, they do not align with the hypothesis that TfR1
expression is reduced in HSA-LR mice and therefore do not explain why BBT-8D3130-

(CAG)~ falls to penetrate or treat DM1 skeletal muscles.
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Figure 16: DM1 patient derived myotubes exhibit reduced TfR1 expression.

TfR1 expression was analysed in 8 day differentiated WT, untreated patient derived DM1

myoblasts and (A-B) patient derived DM1 myotubes treated with 20 uyM DELO1-(CAG)-. (A)

TFRC transcript expression was analysed via RT-gPCR with data normalised to GAPDH
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and then to WT myotubes. (B) TfR1 total protein expression was analysed via western blot
with data normalised to total protein then to WT myotubes. (C) Representative blots of TfR1
(top) and total protein (bottom) are also shown. (D-F) Cell surface expression of CD71 (TfR1)
was analysed via flow cytometry. (D) gating strategy for selection of CD71+ myotubes via
discrimination of debris, doublets and dead cells and selection of cells expressing CD71. (E)
Fluorescent intensity of CD71+ populations were assessed showing a significant reduction
in CD71 fluorescent intensity in DM1 myotubes (grey) relative to WT (white), corresponding
to (F) a statistically significant reduction in DM1 myotube mean fluorescent intensity (MFI)
analysed via student's t test. With the exception of (D-E), all data are expressed as mean *
S.E.M and each dot represents one biological replicate (n=3 per group). For RT-gPCR and
western blot, statistical analysis was performed via one-way-ANOVA corrected for multiple
comparisons via Tukey's test. Representative P values for all data: *P < 0.05; **P < 0.01;

***P <0.001, ****P < 0.0001.
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Figure 17: Analysis of Tfrc transcript expression across tissues in HSA-LR, WT and

SMA mice.

(A-F) Tfrc transcript levels were quantified via RT-gPCR relative in 10-week-old untreated
WT FVB/N, HSA-LR and SMA mice in (A) quadriceps, (B) gastrocnemius, (C) heart, (D)
brain cortex, (E) kidney and (F) liver. Data are normalized to Polj transcript expression then

to WT FVB/N mice. Each dot represents a biological replicate (n = 4). Data are represented
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as mean +* S.E.M. and compared with a one-way ANOVA test with Tukey’s multiple

comparison test (*P < 0.05; *™*P < 0.01; ***P < 0.001, ****P < 0.0001).
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Figure 18: Analysis of TfR1 protein expression across tissues in HSA-LR, WT and

SMA mice.

(A)TfR1 protein levels were quantified via western blot relative to total protein in 10-week-
old untreated WT FVB/N, HSA-LR and SMA mice. All data are normalized to WT FVB/N
mice and each dot represents a biological replicate (n = 4). (B-G) Representative western

blots show TfR1 protein in (B) quadriceps, (C) gastrocnemius, (D) heart, (E) brain cortex,

133



(F) kidney and (G) liver of WT FVB/N, HSA-LR and SMA mice (top). A representative
section of total protein stain, used for protein normalization, is also shown (bottom). Size in
kilodalton (kDa) is indicated on the right. Data are represented as mean + S.E.M. and
compared with a one-way ANOVA test with Tukey’s multiple comparison test (*P < 0.05;

**P <0.01; *™*P < 0.001, ****P < 0.0001).
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Figure 19: Elevated TfR1 expression in DM1 HSA-LR skeletal muscles is reversed

upon treatment.
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10-week-old HSA-LR mice were injected with single intravenous administrations of 30
mg/kg DELO1-(CAG); and skeletal muscles were harvested 14 d post treatment, in
addition to tissues from untreated HSA-LR and WT FVB/N mice. Tfrl transcript expression
in (A) gastrocnemius and (B) quadriceps was analysed via RT-qPCR and normalised to
Polj. TfR1 total protein expression in (C) gastrocnemius and (D) quadriceps was analysed
via western blot and normalised to total protein. Below, representative blots (E-F) of TfR1
(top) and total protein (bottom) are shown for both (E) gastrocnemius and (F) quadriceps.
All data are normalised to untreated WT FVB/N group and expressed as mean + S.E.M.
Each dot represents one biological replicate (n=3 per group). Statistical analysis was
performed via one-way-ANOVA corrected for multiple comparisons via Tukey's test.

Representative P values for all data: *P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
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Figure 20: Analysis of CD71 (TfR1) cell surface expression in single skeletal muscle

cells of HSA-LR, WT and SMA mice.

(A) Gating strategy for obtaining primary single cell types from WT FVB/N, SMA transgenic
and DM1 HSA-LR skeletal muscle in 10-week-old mice (n=4 per group). Single cells were
obtained via discrimination of debris, doublets and dead cells. Cell populations were then
selected based on fluorescence intensity to identify skeletal muscle cell populations.
Briefly, macrophages were identified from the CD45+ CD163+ cell population, endothelial
cells were identified as CD45- CD31+ while from the CD45- CD31- population,
mesenchymal stem cells (SCA1+) and satellite cells (SCA1- VCAM+) were identified. (B-F)
Fluorescent intensity of cell surface CD71 (TfR1) was analysed in WT FVB/N, DM1 HSA-
LR and SMA transgenic mice. (B-E) Mean fluorescent intensity (MFI) in (B) mesenchymal
cells (C) satellite cells (D) endothelial cells and (E) macrophages for WT FVB/N mice (solid
black line) and DM1 HSA-LR (dotted line, grey fill) with data normalised to the mode.
Significant fold-change was calculated using mean fluorescent intensity for each sample
followed by one-way ANOVA with Tukey’s multiple comparison test (*P < 0.05; **P < 0.01;
***P < 0.001, ****P < 0.0001). (F) Heatmap for CD71 mean fluorescent intensity in all cell

populations analysed for WT FVB/N, DM1 HSA-LR and SMA transgenic mice.
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Comparison of DM1 and SMA BBT-8D3130- and NIP228- conjugate PMO tissue

concentrations

In an attempt to differentiate whether the lack of BBT-8D3130-(CAG)7 mice skeletal muscle
activity was related to the animal model used or an issue with the compound itself, HSA-
LR mice were treated with 50 mg/kg administrations the PMO conjugates utilized by
Hammond et al. (2022) in their treatment of an SMA model. These were conjugates
comprised of the BBT-8D3130- and NIP228- antibodies conjugated to a PMO sequence
targeting the intron splice silencer N1 (ISSN1) site of intron 7 in the SMN2 gene (Porensky
et al., 2012). Tissues were harvested 14 d post-administration and PMO concentrations
were again analysed via ELISA. The results generated show a general trend of the SMA
Ab-PMOs being able to deliver higher concentrations of PMO into the tissues than the Ab-
PMOs designed to target the DM1 phenotype (Figure 21). Consequently, it could be
concluded that there is potentially an issue with the synthesis, stability or uptake of BBT-
8D3130-(CAG)7 and its non-targeting control NIP228-(CAG);. A Wood group chemist has
also since reported that more issues of aggregation were experienced when synthesizing
BBT-8D3130-(CAG); and NIP228-(CAG)- relative to their SMA BBT-8D313-PMO and
NIP228-PMO counterparts. However, it should also be noted that the PMO concentrations
delivered to the skeletal muscles by the SMA BBT-8D3130- and NIP228- PMO conjugates
are still relatively low, when one considers what can be achieved using high doses (> 30
mg/kg) of CPP-PMOs (see Figure 8). If similar skeletal muscle concentrations to the SMA
Ab-PMOs were reached using BBT-8D3130-(CAG)7 and NIP228-(CAG)~, the compounds
would still be unlikely to meaningfully correct the DM1 phenotype in this mode if one
compares to the levels of PMO concentration required by CPP-PMOs to exert an effect on

splicing.
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Overall, while BBT-8D3130-(CAG)- is able to deliver PMO across the BBB into the CNS in
HSA-LR mice, it was unable to deliver sufficient PMO concentration into the skeletal
muscles to ameliorate the DM1 phenotype. Investigations to understand this failure to
penetrate the skeletal muscles were not entirely conclusive but suggest that it may be
related to the compound itself or that higher doses, which are not viable within the funding
constraints of the project, may be required. Consequently, no further exploration of BBT-

8D3130-(CAG)7 was conducted.
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Figure 21: Comparison of Ab-PMOs for SMA and DM1 in HSA-LR mice.

HSA-LR mice were injected with single 50 mg/kg intravenous administrations of (A) BBT-
8D3130 PMO conjugates or (B) NIP228-PMO conjugates or 0.9% saline and analysed 14 d
post-administration. The BBT-8D3130 PMO conjugates were comprised of the BBT-8D3130
antibody conjugated to either a PMO for the treatment of SMA (ISSN-1 targeting) or DM1
(CAGy). Similarly, NIP228-PMO conjugates were comprised of the NIP228 antibody
conjugated to either a PMO for the treatment of SMA or DM1 (CAGy). Tissue PMO
concentration was quantified via ELISA in skeletal muscle, heart, brain cortex, liver and

kidney. All data is represented as mean + S.E.M. and each dot represents a biological
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replicate (n=5-6 per treatment group). Statistical significance (representative P values) was

determined using a student’s t test. (*P < 0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001).

142



Discussion

Anti-TfR1 targeting Ab-PMO, BBT-8D3130-(CAG)7, penetrates the CNS

The aim of this study was to evaluate the potential of an anti-TfR1 targeting Ab-PMO
conjugate, BBT-8D3130-(CAG)-, as a proof of concept for a systemically delivered therapy
for DM1, with the distinct advantage of therapy delivery into the CNS, in addition to other
key affected tissues in DM1 pathology. In their naked form, systemically delivered ASOs
are unable to cross the BBB, similarly conjugation to moieties such as CPPs only
demonstrates limited improvement on CNS penetration (see Figure 8C).The data in this
chapter demonstrates that BBT-8D3130 is able to deliver (CAG); PMO across the BBB in
the DM1, HSA-LR mouse model with PMO detected in all areas of the CNS tested and the

BBT-8D3130 antibody detectable in cells within the brain parenchyma.

The BBT-8D3130 anti-TfrR1 antibody is specifically optimized to penetrate the brain
parenchyma via binding with low affinity to TfR1 on the luminal side of endothelial cells on
the mouse BBB (Webster et al., 2016). The antibody is the daughter of the previously
developed 8D3 antibody (Kissel et al., 1998) which binds to TfR1 with a stronger affinity
(130 nM vs. 1.2 nM, respectively). It is indicated that 8D3 is capable of some transduction
into the brain parenchyma, with fusion to the neuroprotective glycoprotein cytokine
erythropoietin (EPO) demonstrating a modest effect in models of Alzheimer’s disease (Q.
H. Zhou et al., 2010). However, the lower affinity binding BBT-8D3130 allows for improved
transduction across the BBB and release into the parenchyma, contrasting with antibodies
exhibiting high affinity for TfR1 which largely accumulate in brain capillaries rather than to

the abluminal side (Cabezén et al., 2015; Manich et al., 2013; Moos & Morgan, 2001; Yu
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et al., 2011). Thus, conjugation of BBT-8D313,t0 a PMO designed to treat SMA disease
models, displayed high levels of bioavailability in the CNS and therapeutically relevant
levels of SMN2 splicing and full-length SMN protein expression in a systemically treated
transgenic hSMN2 animal model (Hammond et al., 2022). The results presented in the
chapter are in accordance with this study, again demonstrating the ability of BBT-8D3130to
facilitate uptake of a PMO into the CNS and supports the concept that one can employ
anti-TfR1 targeting antibodies as a means of delivering therapeutics into the CNS for the

treatment of DM1 affected CNS cells.

In contrast to the previous work by Hammond et al. (2022), immunohistochemical
experiments in this chapter showed that BBT-8D3.130 localises with both neuronal and
astrocytes in HSA-LR mice, in contrast to merely the glial cell penetration seen in the
hSMN2 SMA model. The reason for this difference is unclear, beyond possible differences
in animal models or unexpected differences arising from differing PMO sequences.
However, the potential to treat both cell types would be of great benefit to DM1 patients,
who may suffer from cognitive dysfunction and decline, fatigue and hypersomnia (Gallais
et al., 2017; Heatwole et al., 2012; Kierkegaard et al., 2009). Loss of signaling in both
dopaminergic and serotonergic neurons has been reported in adult DM1 patients, in
addition to abnormal glutamatergic transmission (Takado et al., 2015). While
downregulation of the glutamate transporter 1 (GLT1) has been reported in DM1 patient
and DMSXL astrocytes, with the latter proving to lead to impaired glutamate transportation
and ultimately excitotoxicity in neurons (Sicot et al., 2017). Furthermore, nuclear foci and
spliceopathy have been documented in both cell types (Jiang et al., 2004; Sicot et al.,

2017).
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A limitation of the immunohistochemistry experiments that should be noted, however is
that the PMO component of the conjugate is not detected by the staining, only the antibody
moiety. There is therefore an assumption that the Ab-PMO conjugates are not degraded
prior to cellular uptake. Nevertheless, combined with the PMO concentrations quantified in
HSA-LR tissues via ELISA and the evidence of CNS efficacy in the Hammond et al. study,
the data strongly suggests successful delivery of BBT-8D3130-(CAG)~ into the CNS and its
target cell types. Furthermore, a comparison of PMO concentrations in the brain cortex
following treatment with BBT-8D3130-(CAG)7 and the CPP-(CAG)7 conjugates tested in
results chapter 2 reveals that a 50 mg/kg dose of BBT-8D3130-(CAG)~ delivers more than
twice the amount of PMO to the cortex compared to the 30 mg/kg DELO1-(CAG)7, which
was the most effective CPP-(CAG); regimen tested and, with regard to molarity, provides a
significantly higher dose of ASO. This highlights the significant advantage of anti-TfR1

conjugation in enhancing CNS penetration for PMO delivery.

This is not the first anti-TfR1 antibody or antibody fragment to have successfully leveraged
this pathway for the delivery of drug cargoes into the CNS. For example, the use of TfR1
antibodies in drug delivery has been explored in the development of bispecific antibodies,
such as those employed by Yu et al. (2011, 2014). In their work, an anti-TfR1 arm is
conjugated to enzyme B-secretase (BASE1) to enhance its CNS penetration for the

degradation of amyloid precursor proteins associated with Alzheimer's disease.

More recently, Roche (Germany) has developed a bispecific fusion protein, trontinemab
(RG6102), which is currently undergoing clinical trials for Alzheimer’s disease (Roche,
NCT04639050). This compound fuses an anti-amyloid-beta antibody with a Brainshuttle™
module targeting human TfR1, allowing for significantly improved BBB penetration

compared to traditional antibody therapies (Grimm et al., 2023). Beyond Alzheimer's
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disease, Roche’s Brainshuttle platform has been designed for broader CNS delivery, with

potential applications in delivering nucleic acids and other therapies.

Additionally, TfR1-targeting antibodies have been employed in other therapeutic areas,
such as the treatment of mucopolysaccharidosis Il (MPSII). The bispecific antibody JR-
141, which combines a TfR1-targeting domain with the enzyme iduronate-2-sulfatase,
showed promising results in preclinical studies in mice and non-human primates, reaching
the cerebellum and hippocampus, in addition to peripheral tissues (Sonoda et al., 2018).
JR-141 was later progressed to clinical trials, where it has been shown to reduce
cerebrospinal fluid glycosaminoglycan levels, a key biomarker of MPSII (Giugliani et al.,
2021). However, as noted by Hammond et al. (2022), the specificity of the TfR1 binding

remains unclear as no antibody isotope control was tested in these studies.

Despite the amount of CNS targeting therapies that already exploit TfR1, this successful
proof of concept of PMO delivery into the CNS is particularly notable for the field of DM1.
DML1 therapies have historically struggled to achieve CNS penetration, with most efforts
primarily focused on skeletal muscle delivery. The only published DM1 ASO that has been
shown to improve the CNS phenotype remains IONIS 486178, a gapmer that targets
mutant DMPK transcripts. This compound has demonstrated an ability to ameliorate
spliceopathy in induced pluripotent stem cell (iPS)-derived DM1 neural cells and was able
to reduce expanded DMPK transcripts in the CNS of DMSXL mice while also reversing
behavioral abnormalities (Ait Benichou et al., 2022). However, to ensure efficacy, IONIS

486178 was administered directly into the brain via intracerebroventricular injection.

While there are currently two anti-TfR1 targeting ASO therapies in clinical trials for DM1,
DYNE-101 (Dyne Therapeutics and AOC-1001 / del-desiran (Avidity Biosciences), their

primary treatment targets have been skeletal muscle and heart, with much of the
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preclinical and clinical trial data presented focusing on those two tissues. However, Dyne
Therapeutics recently presented data indicating that their TfR1 targeting delivery ‘FORCE’
platform enables widespread ASO delivery to the brain in non-human primates following
intravenous administration, outperforming an intrathecally delivered naked ASO (Dyne
Therapeutics, 2024). While it is important to note that this data is unpublished and has yet
to be peer-reviewed, this achievement could be highly promising for DM1 patients,
particularly when considered alongside the positive results from the ongoing Phase I/II

ACHIEVE clinical trial (Dyne Therapeutics, NCT05481879).

Efficient traversing of the BBB is also a persistent challenge in the broader context of
neuromuscular diseases, particularly with regards to ASO therapies. For instance,
Tominersen, an ASO developed as a treatmant for Huntington's disease by IONIS
Pharmaceuticals and Roche requires direct intrathecal delivery to bypass the BBB (Tabrizi
SJ et al., 2019). Similarly, Nusinersen, an ASO for SMA, also developed by IONIS
Pharmaceuticals, is again administered to patients intrathecally (Finkel et al., 2016).While
these therapies have greatly improved patient outcomes, intrathecal administration is
highly invasive and costly. Moreover, a number of nheuromuscular diseases including SMA
(i.e. DM1 and DMD), present with systematic disease pathology that would benefit from
the treatment of peripheral tissues. In the same way that the BBB limits the systemic
delivery of unconjugated ASOs to the CNS, it can also impede the delivery of intrathecally
administered ASOs to peripheral tissues. In this context, utilizing an intravenous anti-TfR1-
PMO delivery method offers a non-invasive strategy to reach the brain, expanding the

potential for systemic treatment of both CNS and peripheral organ pathologies.
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Anti-TfR1 targeting Ab-PMO, BBT-8D3130-(CAG)7, penetrates the heart

In addition to achieving PMO delivery to the CNS, BBT-8D3130-(CAG)7, also demonstrated
effective delivery into heart tissues of HSA-LR mice. As previously discussed in results
chapter 2, DM1 patients experience extensive cardiac issues including cardiomyopathies
and arrhythmias (Groh et al., 2008; Nguyen et al., 1988), with cardiac involvement being a
leading cause of mortality in DM1 patients (De Die-Smulders et al., 1998; Groh et al.,

2008). Therefore, the ability to treat cardiac tissues is of great therapeutic benefit.

While BBT-8D3130-(CAG)7 achieved heart delivery, its efficacy was somewhat lower than
that of CPP-PMO conjugates when compared at doses expressed in mg/kg. However,
direct comparisons in mg/kg are misleading due to the significant difference in molecular
weight between the two conjugates. BBT-8D3130-(CAG)7 is approximately 18.5 times larger
than DELO1-(CAG); (168,624 g/mol vs. 9,126 g/mol). Therefore, a 50 mg/kg administration
of BBT-8D3130-(CAG) is equimolar to only a 2.7 mg/kg dose of DELO1-(CAG);. At these
equimolar doses, it becomes apparent that Ab-PMO has enhanced delivery to the heart,
particularly when considering that a 7.5 mg/kg dose of DELO1-(CAG)- results in
concentrations of less than 50 nM of PMO in the heart whereas a 50 mg/kg administration
of BBT-8D3130-(CAG)7 (equimolar to 2.7 mg/kg of DELO1-(CAG)y) led to a PMO
concentration in the heart of ~ 1500 pM. This therefore renders BBT-8D3130-mediated
PMO delivery to the heart particularly impressive, especially given that the upper limit of
Ab-PMO tolerance in mice has not yet been reached (or even fully determined), due to the
high cost of the antibody. Moreover, when considering clinical applications, the
significantly higher manufacturing costs of antibody conjugates compared to CPPs may
also be a consideration for in determining the overall cost-benefit ratio with regards to

delivery to the heart.
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Interestingly, the mechanisms leading to BBT-8D3130-(CAG)~ heart delivery appear to be
only partially mediated by TfR1. The non-targeting isotope control antibody conjugate
NIP228-(CAG); also displayed reasonable uptake in the heart, indicating the involvement
of an alternative mechanism of cellular uptake. Furthermore, small amounts of non-specific
uptake can also be noted in other tissues (see Figures 13-15). One possible route of
uptake could be via the neonatal Fc receptor (FcRn). FcRn interacts with, transports and
recycles immunoglobulin G (IgG), preventing its lysosomal degradation (Roopenian &
Akilesh, 2007). The expression of FCcRn is relatively widespread across tissues and
species, with its expression being consistently high among endothelial cells and
macrophages (Latvala et al., 2017). It is therefore possible that circulating BBT-8D3130 and
the control antibody NIP228 could interact with endothelial FcRn, facilitating non-TfR1-
mediated cellular uptake. In general, FcRn uptake of antibody-drug-conjugates is
underexplored but further could be extremely valuable given its potential to influence

delivery efficiency of many antibody-based therapies.

Anti-TfR1 targeting Ab-PMO, BBT-8D3130-(CAG)y7, fails to treat skeletal

muscles in HSA-LR mice

Despite the promising results in the CNS and heart, BBT-8D3130-(CAG)7 showed
disappointing penetration and therapeutic efficacy in HSA-LR skeletal muscles, a critical
issue given that muscle weakness and myotonia are hallmark features of DM1. Analysis of
key splicing biomarkers in gastrocnemius and quadriceps showed no significant
amelioration of splicing, while similarly there was no improvement in functional hind limb

myotonia. This was the same for administrative doses of both 50 mg/kg and 100 mg/kg.
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The lack of activity observed can be explained by the remarkably low PMO concentrations
(< 250 pM) detected within the skeletal muscle, suggesting that insufficient delivery is the
primary limitation to treatment efficacy. This low skeletal muscle penetration was, however,
initially puzzling, especially given that SMA mice were able to be successfully treated by
an BBT-8D3130-PMO conjugate (Hammond et al., 2022) and the successful use of other
anti-TfR1-ASO conjugates designed for enhancing skeletal muscle activity. For example,
as previously mentioned, both Dyne Therapeutics and Avidity Biosciences have
compounds in clinical trials for the treatment of several neuromuscular diseases, including
DMD, DM1 and fascioscapulohumeral muscular dystrophy (FSHD). Their advanced
compounds utilize TfR1 targeting antibody-based platforms that are able to successfully
facilitate the skeletal muscle, heart and diaphragm delivery of ASOs and siRNAs
(Desjardins et al., 2022; Malecova et al., 2023), which contrasts with the limited muscle
delivery observed in the current study. Similarly, Sugo et al. (2016) showed that the
conjugation of an siRNA to an anti-TfR1 antibody resulted in improved delivery and
silencing activity in skeletal muscles and cardiac tissue in WT BALB/C mice. Meanwhile

their isotope 1gG control-siRNA was not active in the skeletal muscle.

To understand the lack of skeletal muscle activity, TfR1 expression in tissues of HSA-LR
mice were investigated as previous experiments in DM1 differentiated patient derived
myotubes had shown that TfR1 is downregulated relative to cells from healthy controls. No
such effect was observed in HSA-LR skeletal muscles, rather TfR1 was shown to be
overexpressed in HSA-LR muscles and specifically on the cell surface of skeletal muscle
endothelial cells and resident macrophages. As such, this renders altered TfR1 expression

an unlikely explanation for the lack of (CAG); delivery by BBT-8D3130 into skeletal muscles.
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It should be noted, however, that while expression of TfR1 was assessed the functional

activity and its cellular internalisation was not investigated.

A more likely rationale for the failure of BBT-8D3130-(CAG)~ delivery to skeletal muscles
lies with the compound itself and the dose administered. Treatment of HSA-LR mice with
BBT-8D3130- and NIP228- PMO conjugates, previously employed in the SMA study by
Hammond et al. (2022), showed enhanced delivery over the BBT-8D3130- and NIP228-
(CAG); conjugates tested in this body of work. Coupled with chemist reports that the
(CAG); antibody conjugates were challenging to synthesize and prone to aggregation, it is
possible that physiochemical properties may contribute to the lack of skeletal muscle
uptake. Nevertheless, it is important to highlight that the PMO concentrations delivered to
skeletal muscles by the SMA BBT-8D3130-PMO conjugates are still considered to be
relatively low. Historically, it has been found, from studies involving CPP-PMOs in the
Wood group, that significant changes in DM1 splicing biomarkers are only observed when
skeletal muscle PMO concentrations exceeded a threshold of 400 pM following single
intravenous administrations. This is supported by the results presented in results chapter 2
(see figures 7 and 8). Therefore, even if BBT-8D3130-(CAG)7 delivered PMO into skeletal
muscles to the same level as SMA BBT-8D313-PMO, it is unlikely that the compound

would be able to significantly treat the DM1 phenotype in HSA-LR skeletal muscles.

In the case of SMA, the therapeutic mechanism involves a single PMO binding to the
ISSN1 site on SMN2 pre-mRNA, leading to splicing correction and translation of the full-
length SMNZ2 protein, effectively ameliorating the disease phenotype (Hua et al., 2008;
Porensky et al., 2012). However, treating DM1 presents a more complex challenge due to
differences in stoichiometry. DM1 therapies using steric-blocking, non-RNase H-

dependent PMOs, such as (CAG)7, may require multiple PMOs to bind to a single repeat-
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expanded transcript. This is because a single transcript in DM1 can sequester multiple
MBNL1 proteins, thus potentially requiring more PMOs to effectively neutralize the toxic
RNA. Such stoichiometric differences could therefore further explain the differences in
efficacy observed in this study and the previous work carried out in SMA mice, as a higher
PMO concentration is required to disrupt MBNL1 sequestration in DM1 muscles cells and
correct the DM1 phenotype. Ultimately in the case of BBT-8D3130-(CAG)7, to achieve
greater skeletal muscle penetration to elicit meaningful activity, a greater dose may be

required. Unfortunately, this was not viable within the funding constraints of this project.

A final contributor to the poor skeletal muscle penetration of BBT-8D3130-(CAG); could be
the use of BBT-8D3130 as the anti-TfR1 moiety. BBT-8D313, was specifically optimized for
improved CNS penetration by reducing the binding affinity to TfR1 localised to the BBB
(Webster et al., 2016). As already discussed, this resulted in the successful delivery of the
(CAG)7 PMO to the CNS in HSA-LR mice, in addition to its proven successful CNS
delivery of a PMO for the treatment of SMA (Hammond et al., 2022) and an antagonist
against the interleukin-1 receptor (IL-1R) for the treatment of neuropathic pain (Webster et
al., 2016). However, the impact of the optimization for CNS delivery has never been
investigated with regards to delivery into peripheral tissues. It is possible that binding
affinity requirements for optimal internalisation and cytoplasmic release differ between the
BBB and the endothelium of other tissues. Consequently, there may not be a ‘one-size-
fits-all’ solution with regards to designing anti-TfR1 technologies able to deliver sufficient
concentrations of their drug cargo in diseases where there are multiple target tissues, as in

the case of DM1.

Despite the disappointing results obtained through the testing of BBT-8D3130-(CAG)7 in

skeletal muscle, the advancement of two DM1 therapies that take advantage of the TfR1
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receptor-mediated uptake to clinical trials mean that this strategy cannot be discounted as
a means of treating DM1 skeletal muscle. The ‘FORCE platform’ developed by Dyne
therapeutics comprises of an anti-TfR1 antibody fragment and when conjugated to an ASO
which targets DMPK mRNA transcripts (DYNE-101), knockdown is induced, leading to a
reversal of the DM1 phenotype in animal models (Dyne Therapeutics, 2021). DYNE-101 is
currently in phase 1/2 clinical trials and displaying promising results (Dyne Therapeutic,
ACHIEVE: NCT05481879). Meanwhile Avidity Biosciences developed del-desiran or AOC
1001, a compound comprised of a monoclonal TfR1 antibody conjugated to an siRNA
targeting DMPK mRNA (Malecova et al., 2023). Treatment of patients with del-desiran as
part of phase 1/2 clinical trials (Avidity Biosciences, MARINA: NCT05027269) led to
functional improvements in muscle strength, mobility and voluntary open hand timing
(vHOT), alongside improvements in myotonia and reductions in DMPK mRNA. As of this
year, del-desiran gained acceleration to a phase 3 clinical trial (Avidity Biosciences,
HARBOUR: NCT06411288). Similarly to DYNE-101, del-desiran demonstrated a

favourable safety profile.

Ab-PMOs present a safe toxicological profile

One promising result that arose from the testing of the Ab-PMO conjugates, BBT-8D3130-
(CAG)7and NIP228-(CAG)7, in HSA-LR was that lack of toxicity detected following
treatments. For the duration of the study, all animals appeared healthy and showed no
signs of lethargy or compound-induced toxicity. Furthermore, despite high PMO
accumulation in the kidneys (Figure 14F), no significant toxicity was observed in any of the

antibody conjugate treatment groups for any of the biomarkers assessed (Figure 12).
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As suggested by Hammond et al (2022), where similar biodistribution patterns were
observed, the absence of kidney toxicity could be explained by the natural renal
processing of monoclonal antibodies (mAbs). Most mAbs are reabsorbed in the proximal
tubules and recirculated systemically (Lobo et al., 2004). However, as high PMO
accumulation in the kidneys occurred and the molecular mass of 8D313-PMO is ~ 110 kDa
greater than the glomerular filtration cut off (170 kDa vs. 60 KDa), this PMO accumulation
is likely due to the conjugate being metabolic cleaved to release free PMO moieties.
Subsequent PMO reabsorption by the kidney proximal tubule epithelia would therefore be
expected, given previous reports detailing kidneys as a primary site of naked ASO
accumulation (Engelhardt, 2016; Sazani et al., 2011). In addition to a lack of
nephrotoxicity, no CNS or hepatoxicity was detected in any other toxicity biomarkers

analysed.

Overall, the absence of compound-induced toxicity is notable since other PMO conjugates,
such as peptide-PMOs, have often been limited by kidney toxicity. The findings suggest a
significant advantage of antibody-PMO conjugates over other PMO conjugate types due to
the lower toxicity risk. This is further supported by the favourable safety profiles observed
in the clinical trials for DYNE-101 and del-desiran (Dyne Therapeutic, ACHIEVE:

NCT05481879; Avidity Biosciences, MARINA: NCT05027269).

TfR1 is differentially expressed in DM1 cellular and animal models

Lastly, while proven to be unrelated to the successes and failure of BBT-8D3130-(CAG)7in
the HSA-LR mouse, an intriguing observation from the data presented in this chapter is the

differential expression of TfR1 between animal models and species models. Specifically, it
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was observed that TfR1 expression is reduced in patient-derived DM1 myoblasts
differentiated into myotubes. While in contrast, TfR1 was overexpressed in the skeletal

muscles of the HSA-LR mouse model.

A possible explanation for this discrepancy, beyond inherent species differences, may lie
in the composition of the samples. The human-derived myotube cultures consist of a
single cell type, whereas murine skeletal muscles are tissues containing a heterogeneous
population of cells where expression patterns may also be influenced by interactions
between different cell types and their surrounding environment. Therefore, qPCR and
western blot analyses of murine muscles are confounded by this complexity. Single-cell
analysis of the TfR1 CSE on HSA-LR skeletal muscles using flow cytometry enabled the
separation of different cell types. However, it unfortunately was not possible to isolate
single muscle fibres or myotubes via this technique, limiting the ability to directly compare
with the data from cultured myotube. Nevertheless, the flow cytometry analysis did
interestingly reveal that TfR1 CSE is unchanged in satellite cells and mesenchymal cells

but significantly elevated in endothelial cells and macrophages.

Macrophages are particularly sensitive to oxidative stress, a phenomenon well-
documented in dystrophic muscles where increased oxidative stress due to mitochondrial
dysfunction and chronic inflammation leads to elevated reactive oxygen species (ROS)
(Casati S. R et al., 2024; Petrillo et al., 2017; Renjini et al., 2012). Typically, the iron-
responsive element/iron regulatory protein (IRE/IRP) system would act to counteract this
by reducing TfR1 expression to prevent iron accumulation in stressed cells (Rouault,
2006). Conversely, macrophages, key to detoxifying ROS in stressed tissues, require iron
for the production of antioxidant enzymes and so can upregulateTfR1 to facilitate iron

import, enabling antioxidant synthesis and overall supporting their metabolic demands
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under oxidative stress conditions, as they detoxify tissues and neutralising ROS (Recalcati

& Cairo, 2021).

In the context of DM1, although inflammation is present, it is less prominent in comparison
to other muscular dystrophies like DMD. However, mitochondrial dysfunction and
increased accumulation of ROS have been noted in patients and DM1 cell line (Garcia-
Puga et al., 2020; Hasuike et al., 2022; Sahashi K et al., 2005; Toscano et al., 2005),
highlighting the potential contribution of oxidative stress to the disease's progression. One
could therefore plausibly hypothesize that the observed overexpression of TfR1 in HSA-LR
skeletal muscles may be attributed to the oxidative stress and mitochondrial dysfunction

characteristic of DM1 pathology, particularly in macrophages.

In contrast, the reduced expression of TfR1 in patient-derived DM1 myotubes may be a
result of the differentiation process itself. While conducting these experiments, visual
inspection of differentiating cells in the immortalised wild-type (WT) and DM1 patient-
derived myoblast cell lines suggested that the lines may be differentiating at different
speeds, with the DM1 line appearing to form elongated myotubes more rapidly. This
variation was challenging to confirm as typical markers of myoblast differentiation such as
myosin heavy chains are affected by the DM1 disease pathology (Rinaldi et al.,
2012).There is evidence to suggest that TfR1 expression in skeletal muscle cells
decreases with age (Ding et al., 2021), this could explain the downregulation observed in
the in vitro models, if the DM1 myotubes are indeed more advanced. However further,

more robust, experiments are needed to confirm these hypotheses.

Overall, the distinct cellular environments and cell types involved likely account for the
contrasting TfR1 expression patterns observed between human cell cultures and animal

models. For future research focused on targeting TfR1, it will be crucial to account for
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these differences—not only species and model-specific variations but also discrepancies
between healthy and diseased states. These factors have the potential to significantly
influence the effectiveness of therapeutic strategies aimed at modulating TfR1 expression.
Furthermore, the field may also benefit from more comprehensive studies examining TfR1
biodistribution across tissues, particularly focusing on cell surface expression. Such

insights would be invaluable for enhancing and predicting the biodistribution of therapeutic

strategies.
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General discussion:

The therapeutic landscape of DM1

Antisense therapy

Antisense therapies, utilising ASOs or siRNAs, have been a major focus of DM1 treatment
development. Over the years, the chemistry of ASOs and siRNAs has been modified to
increase stability, target binding affinity and resistance to nuclease degradation. For
example, use of bridged nucleic acids such as locked nucleic acids (LNAs) and cEt
modifications improve RNA-binding affinity and protect ASOs from serum and nuclease
degradation (Morita et al., 2002; Vester & Wengel, 2004). Meanwhile, PMO modification of
an ASO backbone allows for greater nuclease resistance, serum stability and reduced
non-specific binding. However, one major drawback of PMOs is that compound neutrality
prevents binding to plasma protein, leading to rapid renal clearance (Amantana et al.,

2007; Hudziak et al., 1996; Iversen P.L, 2001; Youngblood et al., 2007).

In general, it has been shown across the field of neuromuscular diseases that naked or
unconjugated ASOs are not capable on their own of penetrating skeletal muscle at high
enough concentrations to enact a therapeutic benefit. For instance, in the case of DM1,
despite IONIS-DMPKRXx (ISIS 598769), a naked gapmer developed by IONIS
Therapeutics, demonstrated good potency and ability to correct the DM1 phenotype in the
DMSXL model (Thornton et al., 2023). However, the compound failed in clinical trials, with
drug concentrations below the levels predicted to achieve sufficient DMPK target reduction
in skeletal muscles (lonis Therapeutics: NCT02312011). While intramuscular
administration could overcome such issues for skeletal muscle, the multi-systemic nature

of DM1 renders a systemic administration route more desirable and if successful, more
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beneficial to patients. Therefore, to circumvent delivery issues many groups and
companies in the neuromuscular disease field turned to ASO conjugation as a means of

improving ASO delivery into cells and key tissues.

PGN-EDODM1, a CPP-PMO, is currently in phase 1 clinical trials, with initial data
expected in the latter phase of 2024 (PepGen: FREEDOM-DM1, NCT06204809). As the
first CPP-PMO to be tested in DM1 patients, this is greatly anticipated with safety data of
great interest, due to the nephrotoxicity commonly associated with CPPs (Amantana et al.,
2007; Gait et al., 2019; Sazani et al., 2011). Promising data from these trials would support
the further development of DELO1-(CAG)y, given that the compound utilises the same

PMO but employs a more optimised iteration of the PGN-EDODM1 CPP component.

Meanwhile, although BBT-8D3130-(CAG)7 was shown to be unsuccessful in treating a DM1
animal model, del-desiran and Dyne-101, developed by Avidity biosciences and Dyne
therapeutics respectively, demonstrate the promise of utilising anti-TfR1ASO conjugates
as a means to penetrating skeletal muscle and heart. These compounds are more
advanced in clinical trials than PGN-EDODM1, with data from patients regarding
compound efficacy and impact on quality of life appearing extremely positive (Dyne
Therapeutics, ACHIEVE: NCT05481879; Avidity Biosciences, MARINA: NCT05027269).
Furthermore, the favourable safety profile that this class of compounds presents,
potentially offers a distinct advantage over CPP-ASO conjugates. However, the cost of
such compounds will be significantly greater, given the expense of synthesising antibodies
relative to peptides. What is yet to be determined is whether their efficacy extends to

treating CNS associated DM1 symptoms in patients.

One additional form of ASO conjugation that is being employed as a strategy for improved

delivery to DM1 muscle tissues, that was not explored in this thesis, is lipid conjugation. By
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conjugating ASOs to hydrophobic lipid moieties, association with lipoproteins such as
serum albumin are enhanced and ASO uptake is increased, as a result of albumin
interactions with endothelial cell surface receptors, including on skeletal and cardiac

muscle cells (Biscans et al., 2019; Khan et al., 2016).

The group of Roberto Artero at the University of Valencia have developed antisense
compounds comprised of cholesterol conjugated to antagomiRs which sterically block
microRNAs (miRNAs). AntagomiR-23b and antagomiR-218 target miRNA 23b-3p and
miRNA 218 respectively, both of which are endogenous repressors of MBNL1 and MBNL2.
As a result, MBNL1 protein levels are increased, leading to a correction in skeletal muscle
splicing defects (Cerro-Herreros et al., 2018). This has led to the development of ATX-01
(ARTHEX Biotech, Valencia, Spain), an antagomir targeting miR-23b, which has just begun
a Phase 1/2 clinical trial (ARTHEX Biotech, NCT06300307) that is expected to conclude

late in 2025.

Small molecules

Beyond RNA therapies for DM1, there are number of small molecules being tested in
clinical trials, the majority of which are repurposed from the treatment of other diseases. A
key advantage of this is that compound safety is already determined, rendering clinical
trials and access for patients to effective treatment, a far quicker process. These small
molecule therapies can be divided into two main categories: those targeting the underlying
cause of DM1 and those addressing specific disease symptoms. The latter category
includes Mexiletine, an antiarrhythmic drug which reduces myotonia (Heatwole et al.,
2021); cannabinoids, used for chronic pain and myotonia management (Montagnese et al.,
2019); pitolisant, which treats excessive daytime sleepiness (Harmony Blosciences, 2024);

and metformin, a diabetic drug which has shown potential in correcting splicing
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abnormalities via AMPK activation (Bassez et al., 2018). Each of these therapies offer the
hope of providing symptomatic relief to patients that may improve their overall quality of

life.

Of the small molecule drugs that target the underlying cause, tideglusib is the most
advanced. Tideglusib is a GSK3B inhibitor, repurposed from Alzheimer’s disease therapy.
The compound was shown to be able to reduce elevated GSK3B and CELF1 levels, while
decreasingrepeat expanded DMPK RNA in myoblasts derived from DM1 and CDM1
patients (M. Wang et al., 2019). Meanwhile in animal models tideglusib improved muscle
weakness and myotonia in HSA-LR mice and enhanced survival and neuromotor activity in
the DMSXL model (M. Wang et al., 2019). Given its potential to treat CSN symptoms,
tidesglusib is currently in an extended Phase 2/3 clinical trial (AMO Pharma,
NCT02858908) for oral administration in CMD and child-onset DM1, groups where the
most severe CNS symptoms are observed (Horrigan et al., 2020). Promisingly, patients
have reported improvements in both neuromuscular and CNS symptoms, addressing a
critical gap in DM1 treatments and offer an advantage over RNA therapeutics, which have

yet to demonstrate significant efficacy in the CNS.

Other small molecule therapies aimed at targeting the root causes of DM1, that are in
clinical trials, include MYD-0124 (erythromyocin) and ERX-963 (Expansion Therapeutics).
Both these compounds selectively bind to the hairpin RNA structure created by CUG
repeats, leading to a reduction in RNA foci and splicing correction in both DM1 cell and
animal models (Nakamori et al., 2024; Rzuczek et al., 2017). MYD-0124 is currently in
phase 2 clinical trials (JRCT2051190069) in adult DM1 patients, as a repurposed, orally
administered antibiotic. Meanwhile ERX-963 has just completed a phase 1 clinical trial in

adult DM1 patients (Expansion therapeutics. NCT03959189), with a benefit of the
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molecule being its rational design to bind specifically to pathogenic CUG repeats, thereby
reducing off-target effects. It should be noted that ERX-963 is not a repurposed molecule
and therefore will likely take longer to progress through patient clinical trials than the other
small molecule strategies mentioned. Overall, these small molecule therapies offer
significant hope to DM1 patients, particularly with the added convenience of oral

administration, which enhances patient compliance and ease of use.

Gene Therapy
A final key, strategy being employed to treat DM1 is the use of gene therapies. These

therapies are less advanced relative to other approaches treating DM1, but the success of
Zolgensma, an adeno-associated viruses (AAVs) delivered gene replacement therapy
approved for use in SMA patients, highlights their substantial potential (Blair, 2022). In the
context of DM1, Audentes, a subsidiary of Astellas Gene Therapies, have developed
AT466 which utilises an AAV vector to deliver a vectorized ASO-like therapy that targets
toxic DMPK RNA via RNA degradation or exon skipping (Gray J. T, 2022). Preclinical

studies are ongoing to optimize this approach.

Another emerging approach involves the use of CRISPR/Cas9 genome editing, which can
either excise the toxic CTG repeats at the DNA level, thereby preventing transcription of
the toxic RNA or can directly target and degrade the RNA itself. Lo Scrudato et al. (2019)
have demonstrated a successful AAV-CRISPR/Cas9 application in the DMSXL mouse
model, showing excision of long CTG repeats and a reduction in RNA foci within muscle
tissue, after a single intramuscular injection. Another related approach, targets toxic RNA
molecules using PIN-dCas9, a Cas9 variant fused with an RNA endonuclease. When

delivered via AAV in HSA-LR models, this method showed sustained expression for up to
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three months, leading to the elimination of RNA foci, restoration of MBNL1 function,

correction of splicing defects, and improvement of myotonia (Batra et al., 2021).

Overall, gene therapies present an exciting future treatment option for DM1. However
further studies are needed to determine their long-term safety and potential induced
immunoreactivity and use in humans remains a long way off. For now, at least, peptide and

antibody conjugated ASOs remain the therapeutic frontrunners.

Impact of this study

In this thesis, | have employed and tested in DM1 models two such methods of ASO
conjugation: peptide conjugation, specifically a PMO with a (CAG)7 sequence conjugated
to the DELO1 CPP, and antibody conjugation, using the BBT-8D343 anti-TfR1 conjugated
again to a (CAG)r PMO. As discussed in previous chapters (see discussions in results
chapters 1-3), both strategies are already proven to have been successful in treating
skeletal muscle and achieving heart delivery in animal models and there are now peptide

and antibody conjugated ASOs in DM1 clinical trials.

The results obtained in both DM1 myoblasts and HSA-LR mice utilising DELO1-(CAG)y
highlight how adjustments in CPP chemistry, such as peptide length and arginine content
can lead to optimising the balance between CPP toxicity and efficacy. DELO1-(CAG); was
shown to be significantly less toxic than pip6a-(CAG)rin both human cells and the HSA-LR
DM1 mouse model while also outperforming the industry benchmark CPP, R6Gly,
conjugated to the (CAG); PMO with regards to efficacy and delivery into the heart. Taken
without the results generated in the DMSXL model, these findings would make the case for

the further development of DELO1-(CAG)7 and at the very least strongly advocate DELO1
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as a delivery moiety for other ASO treatable diseases that require ASO delivery into heart

and skeletal muscle.

However, the lack of efficacy displayed by DEL01-(CAG)7 in DMSXL mouse heart and
skeletal muscles, despite strong delivery into these tissues, raises the question of whether
steric blocking ASOs, such as the (CAG); PMO, are suitable for treating DM1 patients,
especially given that gapmer ASOs have been shown to be successful in treating this
model (Jauvin et al., 2017). Furthermore, the DM1 pathology of the DMSXL mouse is
caused by the insertion of a human DMPK transgene harbouring CTG expansions which,
arguably, more truly reflects the genetic cause of DM1 in patients than the HSA-LR mouse
model, where the phenotype manifested is caused by the insertion of an expanded ACTA1
human transgene. lt is likely that the difference in the ability of each ASO type is due to
stoichiometry, with gapmers needing only to bind once to degrade their target mMRNA,
whereas steric blocking ASOs are required to bind at multiple points on CUG mRNA
expansions to sufficiently release sequestered MBNL proteins. Therefore, in the case of
longer repeat expansions, such as the > 1000 CTG expansion harboured in the DMSXL
mice and in congenital DM1 patients, the steric blocking ASO strategy appears to be

unsuitable.

In light of this, it will be important to see how PepGen’s CPP-PMO, PGN-EDODM1,
performs in patients (PepGen: FREEDOM-DM1, NCT06204809). Promising results from
clinical trials would show that a steric blocking strategy is sufficient to treat adult forms of
DM1, where the CTG repeat tract is typically far shorter than 1000 repeats (De Antonio et
al., 2016) and as such support the further development of DEL01-(CAG); towards clinical
trials. However, if PGN-EDODM1 is unsuccessful in improving the DM1 phenotype in

patients, coupled with the results of this body of work, the field may need to seriously
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consider whether steric blocking ASOs are an appropriate strategy for the treatment of
DM1. Nevertheless, the strong delivery achieved by the DELO1 CPP into skeletal muscles
and heart, suggests it could be of great benefit in other disease contexts, such as

conjugated to exon skipping PMOs for the treatment of DMD.

With regards to using the anti-TfR1 delivery strategy tested in thesis, | have again shown
that employing a CNS optimised anti-TfR1 antibody is a viable and successful method for
achieving ASO distribution into the CNS. While BBT-8D3130 was unable to deliver sufficient
levels of PMO into skeletal muscles, making it unsuitable as a treatment approach for
systemically treating all tissues critically affected in DM1, my work shows that compound
delivery was achieved in both neurons and glial cells within the CNS. As such this
approach could be extremely useful as a systemic drug delivery approach for disease
more specifically affecting the CNS, particularly those where neuronal drug delivery is
paramount. In the context of DM1, no compound has yet been developed that appears to
be able treat all three target tissues: skeletal muscle, heart and CNS. Dyne Therapeutics
have alluded to some patient reported improvements in CNS symptoms in their clinical trial
of DYNE-101 (Dyne Therapeutics, ACHIEVE: NCT05481879), however no data has been
shown to support this and they are yet to report any improvements relating to the DM1
cardiac symptoms. Given the challenges of developing a single comprehensive
compound, as highlighted by the testing of both DEL01-(CAG); and BBT-8D3130-(CAG)~ in
this thesis, it may be time for the field to consider a more combinatorial approach to

treating DM1.

A combinatorial approach could involve tailoring therapies to address specific tissue types
using a combination of different modalities e.g. CPPs for skeletal muscle and heart and

CNS optimized anti-TfR1 for treating CNS tissues. Alternatively, one could take advantage
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of the wide range of diverse therapeutic types in development for DM1 i.e. antisense
oligonucleotides, small molecules, and gene-editing strategies, in order to achieve broader
therapeutic coverage. Overall, however one incorporates the therapeutic and delivery
strategies available, it seems far more likely that a combinatorial approach will address the
multifaceted nature of DM1 pathology more effectively than a ‘one-size-fits-all’ solution and

give the greatest improvement in patient quality of life.
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Conclusion

In this study | have tested CPP-PMO and anti-TfR1-PMO strategies for treatment of
critically affected DM1 tissues: skeletal muscle, heart and CNS. In vitro studies revealed
the CPP-PMO, DEL0O1-(CAG)7, to be a lead candidate, displaying a more favourable
therapeutic window and safer toxicity profile than previous iterations of CPP-PMOs
developed within the Wood group. In vivo testing of DEL01-(CAG)7 further confirmed this,
with the compound demonstrating significantly less nephrotoxicity than its predecessor
pip6a-(CAG)7, while maintaining excellent and enhanced delivery into skeletal muscles
and heart tissues. Interestingly, DEL01-(CAG); was only able to correct the DM1
phenotype in HSA-LR mice and not in the milder DMSXL model. However, PGN-EDODM1
the current CPP-PMO in clinical trials, was untested in the DMSXL model. Should initial
results, expected at the end of 2024, show positive outcomes in DM1 patients, it would
support the further development of DELO01-(CAG); as an effective yet safer alternative

CPP-PMO therapy for DM1 patients.

A major limitation of CPP-PMOs, also demonstrated by DEL01-(CAG) is the limited drug
delivery achieved to CNS tissues. Here | have demonstrated, as a proof of concept, that
utilising a CNS optimised, anti-TfR1 targeting antibody as a delivery vehicle enhances
PMO biodistribution to the CNS. This offers hope that the two antibody conjugates
currently in clinical trials and showing promising results in treating skeletal muscles, may
also have the potential to improve CNS symptoms. Disappointing however, in contrast to
these compounds, the conjugate tested here, BBT-8D3130-(CAG)y, failed to deliver
sufficient PMO concentrations for achieving correction of the DM1 phenotype in skeletal

muscle. This raises questions about whether specific optimisation for CNS delivery affects
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delivery into other tissues or whether a higher dosing strategy for skeletal muscle
penetration may be required. However, a conclusive rationale for the lack of skeletal

penetration by BBT-8D3130-(CAG)7 remains to be, so far, elusive.

A final interesting result to arise from this study is that TfR1 expression is inconsistent
between disease models and species and can alter between states of health and disease.
Moving forward, this is something that should perhaps be considered more by those
exploiting TfR1 as a delivery target and certainly warrants further investigations, even
beyond the field of DM1. Nevertheless, the promising advancements of anti-TfR1
targeting, DYNE-101 and del-desiran, in DM1 clinical trials offer great hope for DM1
patients. Combined with the potential of the CPP-PMO, PGN-EDODM1, and the various
small molecules progressing through clinical trials, the therapeutic outlook for DM1

patients has never looked so promising.
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Materials and Methods

2.1 Materials

All reagents were of an analytical grade and purchased from Sigma-Aldrich (Paisley, UK)

unless otherwise stated.

2.1.1 Antisense oligonucleotide (ASO) conjugates

ASO sequences were purchased from Gene Tools (Philomath, USA). The sequence for the
DM1, CTG repeat -targeted ASO was CAGCAGCAGCAGCAGCAGCAG for the SMA, ISS-
N1-targeted ASO (5-3") was GTAAGATTCCTTTCATAATGCTGG and the sequence for
scrambled ASO (5-3") was CCTCTTACCTCAGTTACAATTTATA. All ASOs had fully
modified PMO backbones. Cell-penetrating peptide sequences are listed in Table 2 and
were synthesized in-house by the Wood group chemistry team. The low affinity TfR1-
targeting antibody, BBT-8D3130 and the isotope control antibody, NIP228 (Webster et al.,
2016), were kindly provided by AstraZeneca (Cambridge, UK). All CPP- and antibody- ASO
conjugates were synthesized for all experiments by the Wood group chemistry team,
following methods described by Yin et al. (2011) and Hammond et al. (2022), respectively.
In brief, CPPs were directly conjugated to the 3’ end of PMO sequences via standard Fmoc
chemistry and purified by high-performance liquid chromatography. For Ab-PMO
conjugation, PMOs were first conjugated at the 3’ end to an amino acid RB6 linker before
antibodies were conjugated via amide coupling to the C-terminal carboxylic acid moiety of

the linker.
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CPP ID Amino acid sequence

Pip6a RXRRBRRXRYQFLIRXRBRXRB
P1.9 RBRRBRFQILYBRBRB

P3.8 RBRRBRFQILYRBHBHB

DELO1 RBRRYQFLIRBRXR

Table 2: CPP amino acid sequences. Amino acid sequences are denoted by IUPAC
nomenclature, with B and X representing beta-alanine and artificial amino acid 6-

aminohexanoic acid respectively.

2.2 Methods

2.2.1 Cell culture

All cells were grown in a humidified incubator at 37 °C with 5% (v/v) CO.. Immortalised
myoblasts from healthy individuals or a DM1 patient with 2600 CTG repeats (Arandel et
al., 2017) were obtained as a kind gift from the Furling group (INSERM, Paris, France).
Immortalized myoblasts were maintained in Skeletal Muscle Growth Medium Kit (C-23060,
PromoCell, Heidleberg, Germany). To induce myogenic differentiation, confluent cell
cultures were switched to a serum-free Skeletal Muscle Differentiation Medium Kit (C-
23061, PromocCell) and differentiated for 7 days. Human renal proximal tubule kidney
epithelial cells (HRPTEpCs, catalogue no: 930-05A) were obtained from Sigma-Aldrich
and maintained in Renal Epithelial Cell Growth Medium 2 Kit (PromocCell, catalogue no: C-

26030). All media were supplemented with 1% Gibco Antibiotic-Antimycotic (PSA-
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Penicillin, Streptomycin and Amphotericin B) (Gibco™, Thermo Fisher Scientific, Waltham,

USA).

MTS assay
To evaluate the toxicity of CPP-PMO conjugates, MTS Cell Proliferation Assay Kit (Abcam,

Cambridge, UK) was used. The kit comprises a colourless reagent containing MTS
tetrazolium which viable cells convert to coloured formazan, allowing for the colorimetric
determination of cell toxicity. Briefly, HRPTEpCs were plated in triplicate into 96-well plates
at 3,000 cells per well in 100 uL medium. 6 h later, CPP-PMO conjugates or unconjugated
PMO were diluted in 100 pL medium to a 2-x final concentration and added to cells at a
range of concentrations from 1 uM to 40 uM. 1 uM staurosporine was included as a
treatment to positively control for cell death. Following 44 h of treatment, 20 mL of MTS
reagent was added to each well. After 4 h the absorbance at 490 nm was measured using
CLARIOstar Microplate Reader (BMG Labtech, Aylesbury, UK). Non-toxic concentrations
were determined when absorbance was insignificantly different from untreated control cells

and cells appeared viable upon visual inspection.

Assessment of KIM-1 levels in PPMO treated human epithelial kidney cells

To assess potential for PPMO induced nephrotoxicity in vitro, KIM-1 was used as a toxicity
biomarker. HRPTEpCs were plated in triplicate into 12-well plates at 50,000 cells per well
in 900 uL medium. 6 h later, CPP-PMO conjugates or unconjugated PMO were diluted in
100 uL medium to a 10-x final concentration and added to cells. After 72 h of incubation

cell supernatants were collected and secreted KIM-1 protein quantified using Human
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Serum KIM-1 Quantikine ELISA Kit (R&D Systems Inc, Minneapolis, USA, catalogue no:

DSKM-100), following manufacturer’s instructions.

Transfection of oligonucleotides for determining in vitro efficacy

Immortalised myoblasts were plated in triplicate into 12-well plates at 50,000 cells per well
for RT-PCR applications or in Nunc™ Lab-Tek™ Il Chamber Slides (Thermo Fisher
Scientific) with an initial seeding density of 400,000 to 500,000 cells per well for
fluorescent in situ hybridization (FISH) of RNA foci. Cells were differentiated for 7 d with
media changes every 2-3 days. On day 7, cell media were aspirated and replaced with
900 puL of fresh differentiation medium. CPP-PMO conjugates or unconjugated PMO were
then diluted in 100 uL medium to a 10-x final concentration and added to cells. After 48 h
of incubation, RNA was extracted for RT-PCR analysis of DM1 splicing biomarkers or cells
were fixed for 10 min in 4% paraformaldehyde (PFA), then washed and kept in 1X

phosphate buffered saline (PBS) at 4 °C for FISH experiments.

Evaluating TFRC transcript expression in immortalised DM1 and control
human myoblasts

Immortalized myoblasts were plated in triplicate into 12-well plates at 50,000 cells per well
in 1 ml of medium and differentiated for 7 d. On day 7, cell media were aspirated and
replaced with 900 uL of fresh differentiation medium. Untreated cells then received an
additional 100 pL fresh differentiation medium while treated cells received 100 pL medium
containing 100 uM DELO1-(CAG)~ to give a final concentration of 10 uM for each well.

After 48 h of incubation RNA was extracted for gPCR analysis.
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Evaluating TFR1 protein expression in immortalised DM1 and control human
myoblasts

Immortalized myoblasts were plated in triplicate into 6-well plates at 100,000 cells per well
in 2 ml of medium and differentiated for 7 d. On day 7, cell media were aspirated and
replaced with 900 uL of fresh differentiation medium. Untreated cells then received an
additional 100 pL fresh differentiation medium while treated cells received 100 pl medium
containing 100 uM DELO01-CAGY7 to give a final concentration of 10 uM for each well. After

48 h of incubation protein was extracted for western blot analysis.

2.2.2 Animal work

Conditions and husbandry

With the exception of the collaborative work using the DMSXL mouse model, all animal
procedures were carried out at the Biomedical Services Building or Institute of
Developmental and Regenerative Medicine at the University of Oxford. All procedures
were authorised by the UK Home Office in accordance with the Animals (Scientific
Procedures) Act 1986 and by the University of Oxford ethics committee (PPL no:

PDFEDCG6FO, PIL no: IF26B772A).

Mouse Models

HSA-LR mouse model

The HSA-LR (human skeletal actin-long repeat) transgenic mouse (mus musculus) model,

FVB/N-Tg(HSA*LR)20bCath/J (Mankodi et al., 2000), was employed for the preclinical
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testing of CCP-PMO and antibody-PMO conjugates as treatments for DM1. The colony
bred at the University of Oxford, was maintained by homozygous matings on an FVB/N
background. HSA-LR mice express a human skeletal actin transgene containing an
approximately 220 CTG repeat expansion in the 3’UTR. The transgene is predominantly
expressed in skeletal muscles. It is possible that there is minor expression in non-muscles
cells, but this has not been systematically examined. The expression of the CTG repeat
tract gives rise to RNA foci which sequester MBNL proteins and leads to DM1-like
dysregulation of skeletal muscle splicing. HSA-LR mice also display reduced muscle
strength, hind limb myotonia from as early as 4 weeks of age and altered muscle

histopathology consistent with observations in DM1 patients.

DMSXL mouse model

The DMSXL mouse (mus musculus) model (Huguet et al., 2012) was utilized as an
additional model for preclinically assessing CPP-PMOs as treatments for DM1. This
transgenic model carries > 1,000 expanded CTG repeats in the human DMPK locus, which
mimics the genetic mutation observed in DM1 patients. DMSXL mice exhibit toxic RNA foci
and mis-splicing, presenting with DM1 phenotypes of muscle weakness, myotonia, cardiac
and respiratory abnormalities and behavioural and electrophysiological CNS deficits.
Consequently, this model allows for the assessment of the ability of compounds to treat
the CNS and heart, in addition to skeletal muscle. The mice used for these studies were

bred and maintained by collaborators in the Furling group at INSERM (Paris, France).
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hSMN2 mouse model

The hSMN2-transgenic mouse [SMN2, FVB.Cg-Smn1™mHundTg(SMN2)2Hung/J] was
generated and maintained, at the university of Oxford, as previously described (Gogliotti et
al., 2010; Hsieh-Li et al., 2000).These mice carry multiple copies of the human SMN2 gene
(hSMN2) and possess a knockout of the endogenous murine Smn gene. The inclusion of
the hSMN2 transgene renders them amenable to the testing of the splice switching ability
of ASOs designed for the treatment of SMA. This model was used in experiments
comparing TfR1 expression between mouse models to evaluate potential differences in

anti-TfR1-ASO conjugates delivery.

FVB/N Mouse Strain

The FVB/N mouse strain (Taketo et al., 1991) is a commonly employed inbred line utilised
in genetic and transgenic research and is the background strain from which the HSA-LR
and hSMN2 mouse models were generated. FVB/N mice were utilised as a WT control for
the testing of ASO conjugates in HSA-LR mice and as a healthy background control for
experiments comparing TfR1 expression between mouse models, to evaluate potential
differences in anti-TfR1-ASO conjugates delivery. The colony was bred and maintained at

the university of Oxford.

Intravenous administration and preparation of PMOs and PMO conjugates

For in vivo testing of DM1 treatments, compounds were administered at volume of 6 ul/g
body weight in 8 — 10-week-old mice via intravenous tail-vein administration. All PMO and

PMO conjugates were diluted with 9% saline to give a final saline concentration of 0.9%.
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For specifically CPP-PMO conjugates, prior to dilution in 9% saline, CPP-PMO stock
solutions were incubated at 37 °C for 30 min then sonicated for 5 min. These two
additional preparation steps were carried out to ensure CPP-PMOs were fully dissolved in
solution and that no precipitate was present. For all administrations the researcher was

blinded.

Testing of hind limb myotonia in HSA-LR mice

To assess the ability of treatments to correct the DM1 functional phenotype in HSA-LR
mice, myotonia severity was scored prior to treatment and 7 d and 14 d post-treatment.
This was conducted via pinching and elongating the hindlimbs (Figure 22) and allocating a
score from 1 (no signs myotonia present) to 4 (severe myotonia), based on the speed at
which the limbs returned to their natural position. The test was performed in triplicate for
each animal at each discrete testing timepoint, with the score denoted being an average of

the 3 tests.

O

\ Pinching and

elongation of
hind limb

Figure 22: Schematic of myotonia testing in HSA-LR mice.
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Evaluation of weight and grip strength of DMSXL mice

DMSXL mice were weighed and mouse grip strength performance assessed in hind- and
fore- limb muscles, immediately prior to initial CPP-PMO treatment and two weeks after
final treatment administration. Grip strength in limb muscles was conducted using a
commercial grip strength dynamometer (Bioseb, Chaville, France). Briefly, to evaluate
hindlimb muscle strength, mice were placed on a grid and gently pulled by their tails in the
opposite direction. While to evaluate forelimb muscle strength, mice were lowered over the
grid until forepaws were attached before gently pulling the mice backwards by their tails.
For each parameter, the maximal strength exerted by the mouse before releasing their grip
was recorded five times with the measurement mean taken as an index of grip strength.

Mice were allowed a 30 s recovery period between measurements.

Collection and analysis of urinary proteins in HSA-LR mice

To collect urine for toxicity testing, compound or saline treated animals were placed in
metabolic cages overnight 1d and 6 d post-treatment and urine collected on days 2 and 7.
Urine was stored at —80 °C until analysed. KIM-1 levels in urine were analysed using the
Mouse TIM-1/KIM-1/HAVCR Quantikine ELISA Kit (R&D Systems™, Minneapolis, USA)
and normalised to urinary creatinine levels during data analysis. Urinary creatinine levels

were analysed using the clinical chemistry analyser at MRC Harwell (Oxford, UK).

Culling and sample collection

With the exception of mice designated for CNS immunohistochemistry experiments (see

section 2.2.4), mice were sacrificed via rising levels of CO,. Tissues for ELISAs and RNA
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and protein isolation were placed in cryovials and snap-frozen on dry ice before storage at
— 80 °C. Liver and kidney tissues for histopathology were fixed in 4% PFA and sent to
MRC Harwell (UK), to on the day of harvest, for subsequent sample processing and
histopathological assessment. For animals toxicity studies, terminal serum was collected
immediately after culling and centrifuged at x 8,000 g at 4 °C for 10 min. Serum
supernatant was then collected and sent to MRC Harwell (Oxford, UK) for the analysis of

serum metabolites using the clinical chemistry analyser.

Collection of brain for CNS immunohistochemistry. 24 h after treatment administration,
mice designated for CNS immunohistochemistry received a terminal intraperitoneal dose
of pentobarbital (Bioventa, Ivanovice na Hane, Czech Republic) and were then given a
cardiac perfusion of 1X PBS followed by 4% PFA. Brains were collected and stored in 10
ml of 4% PFA overnight before transferral to 10 ml of 12% sucrose solution for 8 h and
then subsequent transferral and storage in 10 ml of 30% sucrose solution at 4 °C for up to
1 week. Brains were then halved via the mid-sagittal axis and embedded and frozen in

OCT. Samples in OCT were stored at — 20 °C.

2.2.3 Nucleic acid analysis methods

RNA extraction and quantification

Cellular and murine RNA was extracted from 15 — 25 mg of frozen tissue using Maxwell®
SimplyTissue (Promega, Madison, USA), in accordance with the manufacturer’s
instructions. An additional incubation of the samples at 55°C for 10 min prior to the
addition of lysis buffer and Proteinase K (Thermo Fisher Scientific, Waltham, USA). The

RNA concentration of each sample was measured using Nanodrop (Thermo Fisher
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Scientific) and 1 png of RNA in a 20 pL reaction volume was used to synthesise from the
cDNA with the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific).
The synthesised cDNA was diluted 1:5 with 80 uL of nuclease-free water to give a final

concentration of 10 ng/uL.

PCR agarose gel electrophoresis

PCR reactions were carried out on cDNA synthesised from cells and mouse quadricep and
gastrocnemius muscles. For each PCR reaction, 8 uL of sample cDNA (80 ng) was added
to 17 uL of PCR Dream Taq polymerase master mix (Thermo Fisher Scientific), made
according to the manufacturer’s instructions and containing a final primer concentration of
0.5 uM. The PCR reactions were run in a thermocycler programmed with an initial heating
period of 2 min at 95 °C, followed by 30 cycles of 30 s at 95 °C, 30 s at the annealing
temperatures specified in Table 3 and 1 min at 72 °C. The reaction was ended with 5 min
at 72 °C. PCR products were diluted with 6X gel loading dye (New England Biolabs,
Ipswich, USA) and separated on a 2% (w/v) agarose gel containing 0.5 ug/ul ethidium
bromide with 1 x tris-acetate-ethylenediaminetetraacetic acid (EDTA) (TAE) buffer at 120
V for approximately 75 min. HyperLadders™ 50 and 100 bp (Meridian Bioscience,
Cincinnati, USA) was used as a reference. The gel was visualised using an ultraviolet (UV)
gel imaging system. FIJI (Schindelin et al., 2012) was used to perform a sliding paraboloid
background subtraction on each image and to quantify the density of bands obtained on
the gel. Band densities were used to calculate the percentage exon inclusion for key exons

in target genes.
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Transcript |Alternative Exon |Primer Sequence (5°-3’)
Human
MBNL1 5 FW: GCTGCCCAATACCAGGTCAAC
RV: GTGGGAGAAATGCTGTATGC
SOS1 11 FW: AGTACCACAGATGTTTGCAGTG
RV: TCTGGTCGTCTTCGTGGAGGAA
DMD 78 FW: TTAGAGGAGGTGATGGAGCA
RV: GATACTAAGGACTCCATCGC
LDB3 11 FW: GCAAGACCCTGATGAAGAAGCTC
RV: GACAGAAGGCCGGATGCTG
Mouse
Mbnl1 5 FW: GCTGCCCAATACCAGGTCAAC
RV: TGGTGGGAGAAATGCTGTATGC
Clenl 7a FW: TTCACATCGCCAGCATCTGTGC
CACGGAACACAAAGGCACTGAATGT
Atp2al 22 FW: GCTCATGGTCCTCAAGATCTCAC
RV: GGGTCAGTGCCTCAGCTTTG
Ldb3 11 FW: GGAAGATGAGGCTGATGAGTG
RV: TGCTGACAGTGGTAGTGCTCTTTC
Sorbs 6 FW: CTGCATCTGGGAAGACTCGCCT
RV: GACTTGCTTTCATGCTTCGGAGATTC
Sorbs1 27 FW: CCAGCTGATTACTTGGAGTCCACAGAAG
RV: GTTCACCTTCATACCAGTTCTGGTCAATC
Fermt2 4a FW: GCTTGAGCTGGAAGGACCTCTTATC
RV: GCAGAAGTTGGTGACAAAGGGC
ltga6 27 FW: GGGATTCTGATGCTGGCTCTATTAG
RV: GGCTTTGGGTAGTGTGAGGTGTTC

Table 3: Oligonucleotide primer sequences for the splicing analysis of alternative

exons. @
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Reverse transcription qPCR (RT-gPCR)

gPCR reactions were performed using Fast SYBR Green Master Mix (Life
Technologies, Carlsbad, USA) with target transcripts amplified using gene-specific
primers (Table 4), purchased from IDT, and 20 ng cDNA per reaction. Universal cycling
conditions were used: 95 °C for 10 minutes, 40 cycles of 95 °C for 15 seconds, 60 °C
for 1 minute. Reactions were analysed with Applied Biosystems StepOnePlusTM real-
time PCR system (Life Technologies) (Pfaffl, 2001) and reaction efficiencies were

corrected for using LinReg software (Untergasser et al., 2021).

Transcript Primer Sequence (5’-3’)
Human
DMPK FW: GGAGAGGGACGTGTTG
RV: CTTGCTCAGCAGTGTCA
KIM-1 FW: CTTCACCTCAGCCAGCAGAAAC
RV: GCCATCTGAAGACTCTGTCACG
HPRT1 FW: CTCATGGACTGATTATGGACAGGAC
RV: GCAGGTCAGCAAAGAACTTATAGCC
TERC FW: GTGCAGATGGGAGCTGTG
RV: GGCCACATATGATCCTGACAG
GADPH FW: ACATCGCTCAGACACCAT
RV: TGTAGTTGAGGTCAATGAAGGG
Mouse
Aifl FW: CTGGAGGGGATCAACAAGCAATTC
RV: CCAGCATTCGCTTCAAGGACATAA
Dmpk FW: GGAAGAAAGGGATGTATTA
RV: CTCAGCAGCGTTAGCA
Gfap FW: GACCAGCTTACGGCCAACAG
RV: TTCATCTTGGAGCTTCTGCCT
Tirc FW: TGATGTCATTCCTGCCCA
RV: AGGTCAAAGAGGTCACTTAAGC
Polj FW: ACCACACTCTGGGGAACATC

RV: CTCGCTGATGAGGTCTGTGA

Table 4: Oligonucleotide primer sequences for gRT-PCR analysis.



2.2.4 Immunohistochemistry methods for microscopy

Combined fluorescent in-situ hybridisation (FISH) and immunostaining of
DM1 myotubes

Combined FISH and immunostaining and visualisation of DM1 myotubes was carried
out by collaborators at the Furling group at INSERM (Paris, France). The protocol used

is briefly described below.

FISH. Differentiated myoblasts, prepared as described in section 2.2.1, were
permeabilized with 0.5% Triton X-100 solution for 10 min at room temperature. This
was followed by washing and pre-hybridisation in, freshly prepared, 2X SSC (saline
sodium citrate UltraPure 20x, Invitrogen, catalogue no: 15557044) containing 40%
formamide for 10 min. Subsequently, freshly prepared hybridisation solution (40%
formamide, 2x SSC, 0.2% BSA) containing 2'0OMe Cy3-(CAG)7 probe (Eurogentec,
Seraing, Belgium) at a concentration of 100 nM was added to each well. Samples were
incubated at 37 °C for 90 min in a dark humidified chamber. Cells were then washed
once with PBS-T (1X PBS (Gibco™), 0.1% Tween-20) for 5 min at room temperature

and subsequently incubated with 2X SSC/40% formamide at 45 °C for 30 min.

Immunostaining. Cells were washed thrice with PBS-T then blocked for 1 h in blocking
solution (0.1% Tween-20, 3% bovine serum albumin, 1X PBS (Gibco™). Next cells
were incubated for 1 h at 37 °C with a mouse monoclonal anti-MBNL1 (MB1la clone
4A8 gift, from G.E. Morris, DHSB) at a dilution of 1:100 in blocking solution. Post-
incubation, cells were washed three times with PBS-T for 10 min each. Secondary
Alexa Fluor 488-conjugated goat anti-rabbit antibody (Life technologies, diluted 1:500
in blocking solution) was added and cells were incubated for 1h at room temperature.
Cells were then washed with PBS-T and nuclei counterstained with 2 pg/mL 4',6-
diamidino-2-phenylindole (DAPI) in 1X PBS for 15 min. DAPI was removed and
samples were washed a final three times in 1X PBS before being mounted ProLong™

Diamond antifade mounting medium (Molecular Probes, Eugene, USA). Slides were
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left to cure for 24 h prior to sealing of the perimeter with clear nail polish. Confocal
images were realized at a magnification factor of x100 using a Nikon Ti2 microscope
equipped with a motorized stage and a Yokogawa CSU-W1 spinning disk head
coupled with a Prime 95 sCMOS camera (Photometrics, Tuscon, USA). Images were

processed with Adobe Photoshop software (Adobe Inc, San Jose, USA).

Immunostaining of AbPMO in HSA-LR mouse CNS

OCT embedded tissues were sectioned at a thickness of 20 um via the mid-sagittal
axis onto SuperFrost Plus™ Adhesion slides (Epredia™, Kalamazoo, USA). Slides
were stored at —20 °C. Slides were thawed at room temperature for 30 min then the
region containing tissue was circled with InmEdge® Hydrophobic Barrier PAP Pen
(Vector Laboraties, Burlingame, USA). Slides were rehydrated for 40 min in 1X PBS,
permeabilised in 0.1% Triton X-100 in 1X PBS for 15 min then washed twice in 1X PBS
for 5 min. Slide sets designated for Nissl staining or for controls for endogenous tissue
background fluorescence and secondary antibody background were incubated at 4 °C
overnight in a blocking solution comprised of 3% BSA in 1X PBS blocking solution. For
slide sets designated for astrocyte staining, slides were incubated for 4 h at 4 °C with
the blocking solution prior to the addition of a rabbit monoclonal primary anti-GFAP
antibody (Abcam, catalogue no: ab33922), diluted 1:5000. These slides were then also
incubated at 4 °C overnight. The next day, all slides were washed three times in 1X
PBS for 5 min then incubated for 2 h at room temperature with secondary antibodies

(see Table 5).

For astrocyte staining: slides were staining with Alexa Fluor™ 594 Goat anti-Rabbit
IgG (H+L) (Invitrogen) and Alexa Fluor™ 488 Goat anti-Human IgG (H+L) (Invitrogen),

both at a dilution of 1:500 in 1 X PBS.
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For neuron staining: Slides were incubated with Alexa Fluor™ 488 Goat anti-Rabbit
IgG (H+L), at a dilution of 1:500, then washed thrice in 1X PBS for 5 min followed by an
additional incubation for 20 min with Nissl NeuroTrace 530/615 (Invitrogen) diluted

1:200 in 1X PBS before proceeding to following steps.

After secondary incubations, all slides were washed thrice in 1X PBS then incubated
for 15 min with DAPI, diluted 1:10,000 in 1X PBS. A final set of three 5 min washes in
1X PBS was performed on all slides before drying the slides and mounting them with
coverslips using ProLong™ Diamond Antifade Mountant (Invitrogen). Slides were
stored at 4 °C until images were taking Olympus FV1000 confocal microscope using
Fluoview FV1000 software (Olympus Corporation, Tokyo, Japan). Minimal post-

imaging processing was carried out with FIJI (Schindelin et al., 2012).
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. Primary Secondary Catalogue | Catalogue Dilution | Dilution
geRicatien Antibod Antibod No. No. (Primary)| (Secondary)
y v (Primary) |(Secondary) v /
. Not
Combined FISH |Mouse Alexa Fluor 488- o
. specified
and monoclonal |conjugated goat (gift from
Immunostaining|anti-MBNL1 |anti-rabbit & GE A-11008 1:100 1:500
of DM1 (MB1a clone |antibody (Life ".
myotubes 4A8) Technologies) Morris,
¥ DHSB)
Immunosta.mlng Rabbit Alexa Fluor™
of AbPMO in monoclonal 594 Goat anti-
HSA-LR mouse |anti-GFAP . ab33922 A-11012 1:5000 1:500
. Rabbit IgG (H+L)
CNS antibody (Invitrogen)
(Astrocytes) (Abcam) g
Immunostaining Niss| Alexa Fluor™
OFADPMOIN 1 urotrace  [fo0 GOALaM | \r1487 | A-11008 | 1:5000 |  1:500
HSA-LR mouse 530/615 Rabbit IgG (H+L)
CNS (Neurons) (Invitrogen)
Raboit IRDye® 800CW
polyclonal Goat anti-Mouse
Western Blot | TfR1 ab84036 | 925-32210 | 1:1000 1:10,000
) IgG (LI-COR
antibody Biosciences™)
(Abcam)

Table 5: Antibodies used for Inmunostainings, FISH and Western Blot.

2.2.5 Fluorescent activated cell sorting and flow cytometry methods

Preparation and staining of TfR1 in single murine skeletal muscle cells

Single cell dissociation of murine skeletal muscles. Gastrochemius, quadriceps and TA

were collected from 10-week-old HSA-LR mice and minced on ice into 2-4 mm pieces.

Minced tissues were immediately subjected to enzymatic digestion using the

GentleMACS Dissociator (Miltenyi Biotec, Bergish Gladbach, Germany) and the Skeletal

Muscle Dissociation Kit (Miltenyi Biotec, catalogue no: 130-098-305). Briefly, tissue

pieces and proprietary enzyme mix were transferred into GentleMACS C Tubes (Miltenyi
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Biotec) and processed on the GentleMACS Dissociator using the ‘m_ske_mus_02’
programme. Following dissociation, cell suspensions were filtered through a 70 um cell
strainer, washed with cold Dulbecco’s Modified Eagle Medium (Gibco™), and
centrifuged at 300 x g for 20 min at 4 °C. Cell pellets were resuspended in Red Blood
Cell Lysis Solution (Miltenyi Biotec, catalogue no.130-094-183) and red blood cells
removed, according to manufacturer's instructions. Cell suspensions were then
centrifuged again at 300 x g for 20 min and pellets resuspended in 500 uL of a staining
buffer comprising of Ham’s F-12 Nutrient Mix (Gibco™) with 10% horse serum (Gibco™)

and 1% Gibco Antibiotic-Antimycotic (Gibco™), ready for further processing.

Staining of skeletal muscles single cell suspensions

Cell suspensions were incubated for 40 min at 4 °C, protected from light, with a panel of
fluorochrome labelled antibodies (CD163, CD31, CD45, Ly-6A/E and CD71) and a
CD106 antibody biotinylated for human and mouse samples, respectively. The
antibodies were carefully selected to label cell surface TfR1 (CD71, transferrin receptor
1) and other surface antigens expressed on different skeletal muscle cell types (see
Table 6 for antibody details and dilutions). After the incubation, cell samples were
washed in the staining buffer (Ham’s F-12 Nutrient Mix, 10% horse serum and 1% Gibco
Antibiotic-Antimycotic) and centrifugated at 500 x g for 5 minutes. Subsequently, cells
were resuspended in 500 uL staining buffer containing 5 uL of PE/Cyanine7 Streptavidin
(BioLegend) and 15 uL of propidium iodide (PI) (Life Technologies), used as a viability
dye, and incubated for 20 min at 4 °C, protected from light. Following incubation, cells
were again washed in staining buffer and centrifugated at 500 x g for 5 min. Cells were
then filtered through a 40 um cell strainer and centrifuged at 500 x g for 5 min. Finally,

cells were resuspended in 250 pL of staining buffer, ready for sample acquisition.
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Species | Antibody |Antibody Catalogue|Volume /test
Target - Isotype Provider
Reactivity Label Clone No. (uL)
Brilliant
CD163| Mouse S15049I | IgG2a, k | BioLegend 155327 5
Violet 605™
Rat
CD31| Mouse FITC MEC13.3 BioLegend 102506 5
IgG2a, K
Rat
CD45 | Mouse APC 30-F11 BioLegend 103112 5
IgG2b, k
Ly-
Mouse | Pacific Blue D7 IgG2a, k| BioLegend 108120 5
6A/E
Rat
CD106| Mouse Biotin 429 BioLegend 105704 5
IgG2a, k
Strept-
N/A PE/Cy7 N/A N/A BioLegend 405206 5
avidin
Rat
CD71| Mouse PE R17217 BioLegend 113807 5
IgG2a, k
Alexa BD
CD71 | Human M-A712 | 1gG2a, K 563769 5
Fluor® 700 Pharmingen

Table 6: List of antibodies used for flow cytometry and cell sorting analysis.

Flow cytometry was performed using a MA900 Multi-Application Cell Sorter (Sony

Biotechnology Inc, San Jose, USA) in purity mode using a 100um sorting chip (Sony

Biotechnology Inc, San Jose, USA). The instrument was calibrated using Sony Automatic
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Setup Beads Kit (Sony Biotechnology Inc, catalogue no: LE-B3001) according to the
manufacturer's instructions. To correct for spectral overlap between fluorophores,
compensation was set up using BD Biosciences Compensation Beads (BD Biosciences,
catalogue no: 55284) and ArC™ Amine Reactive Compensation beads (Thermofisher),
with single-stained compensation beads prepared for each fluorophore at the
recommended concentrations and run on the flow cytometer. The compensation matrix
was created using [compensation wizard] on the instrument software, adjusting the
compensation settings until the fluorescence spillover into adjacent channels was

minimized.

Cell Sorting and flow cytometry. Cell suspensions were loaded into the flow cytometer,
and unstained samples were used to set gates based on forward and side scatter (FSC-
A and SSC-A, respectively) to exclude debris and dead cells. Doublets were excluded
using forward scatter height (FSC-H) versus forward scatter area plots (FSC-A). Live
cells were distinguished from dead cells using propidium iodide negativity. Using a gating
strategy established by (Liu et al. (2015), stained cell samples were gated based on
fluorescence intensity to identify skeletal muscle cell populations. Haematopoeitic cells
were identified as the CD45+ population, from which the majority of cells were CD163+
and therefore identified as macrophages. Endothelial cells were identified as CD45-
CD31+, while from the CD45- CD31- population, mesenchymal stem cells (SCA1+) and
satellite cells (SCA1- VCAM+) were identified. Once gating and compensation settings
were finalized, cells were sorted with targeted drop mode (22 drops/sec) at 20psi, and
the acquisition rate was established between 3,000-6,000 events per second for each
sample. Each sorted fraction was counted and divided into two different fractions (CD71+
and CD71 Neg) within the target cell populations. Slight adjustments of gates were
required to properly visualize the sorted fractions per sample. 10,000 events were

recorded for each cell population for analysis of CD71 CSE.
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Flow cytometric quantification of TfR1 CSE in control and patient-derived DM1

differentiated myoblasts

Preparation and staining of myoblasts. Immortalized myoblasts were seeded in triplicate
into 150 mm petri dishes at 2.5 million cells per dish and differentiated for 7 d as
described in section 2.2.1. Cells were removed from the dishes using TrypLE™ Express
Enzyme (1X) (Gibco™) followed by neutralisation and resuspension with Gibco
Dulbecco's Modified Eagle Medium GlutaMAX (DMEM, Gibco™) supplemented with 2%
FBS (Gibco™). Cells were spun at 500 x g for 5 min and 1 million cells per sample were
resuspended in 3 ml of a wash solution comprised of 1X PBS (Gibco™), supplemented
with 2% FBS. Cells were then spun again at 4 °C for 5 min at 1500 x g. Supernatant was
removed and cells resuspended with 25 uL of 1 ug/mL DAPI in 1X PBS, then gently
vortexed and incubated protected from light 10 min at 4 °C. Following incubation, 50 pL
of Alexa Fluor® 700 Mouse Anti-Human CD71 (BD Pharmingen ™), diluted 1:10 in 1X
PBS, was added to the cells and cells incubated in the dark at 4 °C for a further 20 min.
After incubation, 3 ml of wash solution was added to each sample and samples were
spun at 4 °C for 5 min at 1500 x g. Supernatants were removed and cell pellets
resuspended in 200 pL of 1X PBS and kept at 4 °C until ready for acquisition of TfR1 cell

surface expression (CSE) via flow cytometry.

Flow cytometry. To quantify TfR1 CSE on Flow cytometry was performed using ID7000™
Spectral Cell Analyzer (Sony Biotechnology Inc) was previously calibrated using
AllignCheck Particles (Sony Biotechnology Inc, catalogue no: AE700510) and alignment
was verified according to the manufacturer's instructions. Instrument settings were
adjusted for optimal detection of the fluorochromes used: Alexa Fluor® 700 for CD71
detection, and DAPI for cell viability. Unmixing was not required due to the large spectral
gap between the fluorochromes used. Unstained control samples were run first to
establish baseline fluorescence and to set gates based on forward and side scatter
(FSC-A and SSC-A, respectively) to exclude debris and dead cells. Doublets were
excluded using forward scatter height (FSC-H) versus forward scatter area plots (FSC-
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A). A single stained DAPI control was used to exclude dead cells with live cells being
DAPI negative. A single stained control and isotype control for CD71 were then used to
set the appropriate voltage settings and to identify non-specific binding. Finally
experimental samples were acquired with 10,000 events recorded per sample for the

analysis of CD71 CSE.

Flow cytometry data analysisThe mean fluorescent intensity (MFI) of CD71 CSE was
compared across different cell populations and samples. MFI data were analysed using
FlowJo ™ software version 10 (FlowJo-LLC, Ashland, USA) to quantify differences in
CD71 expression levels. Statistical analysis and generation of CD71 CSE heat maps
were performed using GraphPad Prism (Graph Pad Software, Boston, USA). Statistical
significance in human cells was determined via Student’s t-test, while for murine skeletal
muscle cell types, to compare between multiple mouse lines, one-way analysis of
variance (one-way ANOVA) with Dunnett's correction for multiple comparisons was

used. Results were considered significant at a confidence of 95% (p < 0.05).

2.2.6 Western blot and ELISA methods

Western blot

Extraction and preparation of total protein. For protein extraction, cells or tissues were
lysed in Pierce RIPA Buffer (Thermo Scientific, catalogue no. 89900) with complete
mini proteinase inhibitors (Roche, Basal, Switzerland). A colorimetric DC Assay Kit
(Bio-Rad, Hercules, USA) was used to calculate protein concentration against bovine
serum albumin standards. Single-use aliquots of 10 to 15 ug (cells) or 25 to 30 ug
(tissues) of total protein per sample were diluted in RIPA buffer containing NUPAGE™
LDS Sample Buffer (4X) (Invitrogen, Catalogue no: NP0O007) and NUPAGE™ Sample
Reducing Agent (10X) (Invitrogen, Catalogue no: NP0004) and stored at —80 °C, ready

for use.
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Western blot. Western blot samples were denatured at 95 °C for 5 min then separated
on 4 — 12% NuPAGE™ Bis-Tris Midi Protein Gels (Invitrogen, catalogue no.
WG1403BOX) at 60 V for 10 min followed by 180 V for 50 min SeeBlue™ Plus2 Pre-
stained Protein Standard (Invitrogen). Protein was then transferred to 0.2 um
polyvinylidene fluoride (PVDF) membranes using the Trans-Blot Turbo Transfer
System (Bio-Rad) with Trans-Blot Turbo Midi 0.2 um PVDF Transfer Packs (Bio-Rad,
catalogue no: 1704157). To control for transfer efficiency and sample loading, the
membrane was incubated in 0.0005% Fast Green FCF (Merck KGaA) stain for 15 min
and signal imaged at 690 nm using a ChemiDoc Touch Imaging System (Bio-Rad).
Subsequently, the membrane was blocked for 1 h using Odyssey™ Blocking Buffer,
PBS (LI-COR Biosciences™, Lincoln, USA) then incubated at 4°C overnight with a
primary rabbit polyclonal antibody TfR1 antibody (Abcam, Cambridge, UK, Catalogue
no. ab84036), diluted 1:1000. Excess primary antibody was removed by 3 x 5 min
washes in 1X PBS and the membrane was incubated for 1 h with IRDye® 800CW goat
anti-mouse 1gG (LI-COR Biosciences™), diluted 1:10,000. Membranes were imaged
again using ChemiDoc Touch Imaging System at 800 nm and analysed with Image

Studio™ software (LICOR Biosciences,USA).

ELISA quantification of PMO tissue concentration

Tissue lysate preparation. To detect the concentration of PMO conjugates in the
tissues of treated mice, 30 — 80 mg of tissue was homogenised in 10 ul per mg of
tissues of RIPA buffer (Thermo Fisher Scientific) using Precellys®24 Tissue
Homogenizer and Homogenisation tubes (Precellys). Homogenates were centrifuged
at 12,000 x g for 3 min and the supernatant collected and incubated at 55 °C overnight.
Samples were centrifuged at 13,000 x g for 15 min to remove debris and supernatants

collected and transferred to clean Eppendorf tubes.
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ELISA assay. ELISAs were conducted as described in Burki et al. (2015) using
phosphorothioate probes (Table 7) double-labelled with digoxigenin and biotin for the
detection SMA and DM1 PMO conjugates. In brief, samples were added to a 96-well
plate and a standard curve ranging from 25 pM to 2000 pM was included for each PMO
conjugate used in the tissues on each ELISA plate. Where necessary, samples were
diluted to ensure the concentration measured was within the range of the standard
curve. Once plated, the respective PMO probe, diluted in 1X Tris-EDTA (TE) buffer, 1M
NaCl, 0.1% v/v Triton X-100, was added to each well to a final concentration of 0.25
nM. The plate was sealed then with Adhesive PCR plate seals (Thermo Fisher
Scientific) and incubated at 37 °C for 30 min. 100 pL of the hybridized solution was
then transferred to Pierce™ NeutrAvidin™ coated plates (Thermo Fisher Scientific).
The plate was resealed and incubated at 37 °C for 30 min to allow the biotinylated
probe to bind to the NeutrAvidin coating. The plate was washed thrice then micrococcal
nuclease (New England Biolabs) was added to each well, at a final amount of 30 U per
well. The plate was sealed and incubated at 37 °C for 1 h to ensure at least 99%
enzymatic cleavage of single-stranded (unhybridized) probe. Following three washes,
150 pL of anti-digoxigenin antibody conjugated with alkaline phosphatase (Roche),
diluted 1:5,000 in SuperBlock (TBS) Blocking Buffer (Thermo Fisher Scientific) with
0.25% v/v Tween-20, was added to each well. The plate was sealed and incubated at
37 °C for 30 min to allow binding of the antibody to the probe. The plate was washed
thrice and 150 pL of AttoPhos substrate (Promega) was added to each well. The plate
was sealed, protected from light, and incubated at 37 °C for a final 30 min to facilitate
the catalytic removal of a phosphate group from the AttoPhos substrate by alkaline
phosphatase, converting it to a highly fluorescent product. The endpoint fluorescent
intensity of each ELISA was measured at 444 nm excitation and 555 nm emission
using CLARIOstar Microplate Reader (BMG Labtech, Aylesbury, UK). The average
fluorescent intensity of saline controls for each tissue was subtracted from samples to

normalise for the background fluorescence of each tissue. The PMO standard curve on
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the ELISA plate was then used to determine the PMO concentration within each

sample.

Probe Target |Sequence

SMAPMO  |5-[DIG]JCAGCATTATGAAAGTGAATCTTAC[BIO]-3’

DM1 PMO S'DIGIA*C*G*T*A*C*G*CTGCTGCTGCTGCTGCTGCTG*A*C*G*T*A*C*G|

probe BIOJ-3’

NTC PMO 5’-[DIGIT*A*A*A*T*T*G*TAACTGA*G*G*T*A*A*G*A[BIO]-3’

Table 7: List of ELISA probes for the detection of PMOs in tissues. [DIG]
indicates digoxigenin labelling, [BIO] indicates biotin labelling and asterisks (*)

indicate phosphorothioate bonds in the sequences.

2.2.7 Data analysis and visualisation

GraphPad Prism software was used to prepare graphs and calculate standard errors of
the mean (S.E.M.), where experiments were performed with replicates. For comparison
between two groups only, a students t test was performed for statistical analysis. When
the mean of multiple groups were compared, a one-way analysis of variance (one-way
ANOVA) with Tukey’s correction for multiple comparisons was used. When more than
two groups were compared to a control group only, a one-way ANOVA with Dunnett’s
correction for multiple comparison was used. Results were considered significant at a
confidence of 95% (p < 0.05). Biorender and Power Point were used to prepare

cartoons and diagrams.
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