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Abstract

Spinal muscular atrophy (SMA), the most common genetic disorder resulting in
infantile death, is caused by defective production of the Survival Motor Neuron
(SMN) protein encoded by SMNL1, leading to degeneration of motor neurons (MNs)
and neuromuscular dysfunction within months of birth in the most severe cases.
Two licensed treatments are now available; one antisense oligonucleotide and one
adeno-associated virus serotype 9 (AAV9) encoding SMNL1. The pre-clinical
development of these two therapies was investigated here in a systematic review
and meta-analysis, showing an overall significant improvement in survival following
the treatment of SMA models with these agents. Integration-deficient lentiviral
vectors (IDLVs) are highly efficient tools for delivering therapeutic genes,
representing an alternative therapeutic avenue. This thesis describes the in vitro
characterisation of IDLVs expressing codon-optimised SMN1 under three
transcriptional controls (CMV, hSYN, hPGK). Neuronal cell lines and severe SMA
fibroblasts showed significantly increased SMN protein levels following transduction
with IDLVs, as well as significant increases in gem numbers (an endpoint
suggestive of functional SMN1 expression). Since MNs are the primary pathological
target of SMA, a protocol to differentiate human induced pluripotent stem cells
(iPSCs) to MNs was implemented, showing high transduction of the resulting MNs.
SMA iPSC MNs recapitulate in vivo characteristics and hallmarks of SMA disease. It
was possible to rescue SMN production to supraphysiological levels following
transduction with IDLVs, something that was not able to be achieved using an AAV9
encoding an equivalent cassette. Moreover, IDLVs were able to restore gemin
proteins in mutant MNs as well. Finally, the extent of DNA damage and apoptosis
was examined in SMA cells, as well as attempting to rescue these with IDLV
transduction. These findings suggest that IDLVs may be particularly effective tools

and could be useful for novel SMA gene therapy approaches.
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1 Introduction

1.1 Spinal muscular atrophy

Spinal muscular atrophy (SMA) is a neuromuscular disease chiefly characterised by
degenerating alpha motor neurons (MNs) caused by defects in the gene Survival
Motor Neuron 1 (SMN1,; see section 1.1.1 regarding genetics) (Lefebvre et al.,
1995). SMA mostly affects children, with symptoms including muscle weakness,
areflexia, difficulty swallowing and feeding, and in the most severe cases is fatal.
MN loss results in atrophy of skeletal muscles, paralysis and denervation of
neuromuscular junctions (NMJs) (Bowerman et al., 2017), with infantile death most
commonly attributed to respiratory failure (Farrar et al., 2017). Although MNs are the
cells primarily affected in this disease, we are becoming increasingly aware that
systemic pathology exists. Systemic abnormalities such as cardiac defects
(Wijngaarde et al., 2017) are beginning to be reported more widely, with an

increasing number of body systems seeming to be involved.

SMA was first described in 1890 (Werdnig, 1890) and again the following year
(Hoffman, 1891), where children presented with muscle weakness in the early
months of their life. Later, a more mild form of the disease was also recorded
(Kugelberg and Welander, 1956). These descriptions were the basis of the current
types we use to classify SMA today (Table 1.1) that were agreed by international
consensus and presented at the 1992 International SMA consortium meeting
(Munsat and Davies, 1992). Type | SMA (also known as Werdnig-Hoffman disease)
is the most severe form of the disease where children are affected from birth,
requiring invasive ventilation and succumb to the disease by the age of two if left
untreated. Type Il and Il (lll: Kugelberg-Welander disease) are less severe forms
where children are physically disabled (type Il can sit unsupported but never walk,
type Illl may acquire ability to walk unaided) but are able to live a relatively normal
lifespan. Type IV onset occurs in adulthood where ambulation is maintained. A final
class of SMA (type 0) can also be classified, however this exists with in utero onset

and fetal death.
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Type of SMA

0 | 1l 1 [\
SMN2 copy number* 1 2 3 3-5 3-5
Age of onset In utero Majority by 6 months 6-12 months After 18 months (llla: Adulthood
<3 years, lllb:
>3 years)
Key clinical features Widespread motor and Neonatal hypotonia Sit unsupported Walk unaided, even if Progressive proximal
sensory neuronal loss  Poor feeding and head Never walk briefly weakness

Lower limb
predominance

control
Respiratory insufficiency
Never develop ability to roll
or sit unaided

50% death by 12 months
90% death by 24 months
without invasive ventilation

Contractures

High incidence of
congenital cardiac
defects

Respiratory muscle
weakness

Peri-natal death Loss of ambulation very
variable (from
childhood to late life)

Respiratory involvement
uncommon

Life expectancy near
normal

Slow progression

Ambulation
maintained

Normal lifespan

Life expectancy
30-50 years
depending on
respiratory function

Natural history

*All SMA patients, regardless of type have no functional copies of SMN7; the number of SMN2 copies in unaffected individuals (carriers or non-carriers) can range
from 2 to 5.

Table 1.1 Classification of spinal muscular atrophy types.

SMA is classified into five sub-types based on SMN2 copy humber and clinical
presentation of the disease. Type 0 is the most severe form of SMA and as this
results in fetal death, this type is sometimes not considered as one of the main
clinical types of SMA. Types I-IV decrease in severity whilst increasing in the
number of SMN2 copies and a range of symptoms can be seen in these types.
Taken from Bowerman et al. (2017).

1.1.1 Genetics of SMA

SMA is the second most common autosomal recessive disease after Cystic Fibrosis
(Monani, 2005) and is also the most common genetic disease resulting in infantile
death (Bowerman et al., 2017). Despite these statistics stating that this disease is
common, SMA actually has rare disease status due to the fact it only affects 1 in
6000 births, with a 1 in 50 carrier rate (Pearn, 1980), a lower incidence rate than the
1 in 2000 needed for official rare disease classification (Rare Disease UK, 2020).
Alternative, less common, forms of SMA without an autosomal recessive inheritance
pattern do exist, but these are caused by mutations in genes other than SMNL1.
Autosomal dominant (Oates et al., 2012) and X linked forms (Dressman et al., 2007)
are examples and are caused by mutations in the TRPV4 and UBAL1 genes,
respectively. These have been included here for completeness, but will not be the
subject of this project.

The genetics of SMA were researched thoroughly in the early 1990s. Linkage
analysis by several groups (e.g. Gilliam et al. (1990), Melki et al. (1990), Sheth et al.
(1991) and others) revealed the SMA disease locus resided in the 5913 region
within a 500kb inverted duplication (Figure 1.1). The causative gene for SMA was
identified and characterized soon after (Lefebvre et al., 1995). Lefebvre and

colleagues narrowed the critical region in progressive steps to a 20kb telomeric
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fragment where a candidate gene, which they named SMN for survival of motor
neurons, was found to be absent in 93% of SMA patients. SMN was predicted to
encode a novel 294 amino acid, 38kDa protein with no homology to already known
proteins. Upstream (Figure 1.1), a duplicated centromeric form of this gene was
found with only five differences in genomic sequence. Later these genes were re-

named with the telomeric gene called SMN1 and centromeric gene SMNZ2.

Within SMNZ2, a translationally-silent C to T mutation 6bp into exon 7 results in an
alternatively spliced, truncated transcript known as SMNA7 (Figure 1.1), which,
when translated, leads to a protein with a different C-terminus. Specifically, the C to
T transition is necessary and sufficient to induce SMNA7 production by disrupting a
cis-acting exonic splicing enhancer (ESE) in exon 7 (Lorson et al., 1999, Monani et
al., 1999) that normally promotes the inclusion of this exon. This disruption leads to
the increased production of SMNA7, at the expense of full-length transcripts.
Reciprocally, the correction of the T nucleotide back to C, rescues the production of
full-length SMN2 transcripts. SMN2 pre-mRNA splicing is particularly complex with
combinatorial action of both splice enhancers and silencers. A naturally occurring
intronic splicing silencer located immediately downstream of the 5’ splice site in
intron 7 of SMN2, known as ISS-N1, also acts as a limiting factor for exon 7
inclusion. Negative splice factors such as hnRNPA1 and hnRNPA2 bind to ISS-N1
and prevent recognition of exon 7 by splicing machinery, resulting in its exclusion.
The combination of the C to T transition disrupting the ESE that normally promotes
exon 7 inclusion, as well as the strong inhibitory influence of the ISS-N1, leads to
90% of transcripts from SMN2 lacking exon 7.

Northern blot analysis found the presence of a full length 1.7kb mRNA transcript
encoded by SMNL1 in various tissues, within wild type samples, which also showed
far less abundant truncated transcripts (Lefebvre et al., 1995). SMA patients
showed a decrease in total RNA, the vast majority of which were truncated
transcripts. The final hypothesis from Lefebvre and colleagues suggested that if this
truncated transcript was translated to form a partially functional protein, there may
be a gene dosage effect from SMN2 responsible for delineating the SMA type I-llI
phenotypes.

95% of SMA patients show deletions of SMN1 with the remaining 5% carrying

mutations in this gene. Homozygous deletions or mutations cause no SMN protein
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production from SMNL1, however this can be partially compensated for by SMN2. As
stated above, SMN2 is alternatively spliced 90% of the time, resulting in a truncated
protein which is rapidly degraded, however a very small amount of full-length protein
is produced and is sufficient for survival. A study determined that approximately
15% of normal Smn acted as a threshold for survival in a mouse model, a level that
could be achieved with two copies of SMN2 (Bowerman et al., 2012). Both SMN
and SMNA7 are normally degraded by the ubiquitin proteasome system, but via
pulse-chase labelling, it has been found that degradation of SMNA7 occurs twice as
fast as full length SMN (Burnett et al., 2009). The extent to which SMN2 can rescue
the SMA phenotype is tightly correlated to SMN2 copy number. The genomic region
in which these two genes lie has a complex organisation and is very unstable
(Monani, 2005) causing variable copy numbers of the SMN2 gene between
individuals (Schmutz et al., 2004). So, as Lefebvre and colleagues predicted, SMN2

copy number does play a vital role in SMA phenotypes.
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Figure 1.1 Genetics of SMA.

SMNL1 (telomeric) and SMN2 (centromeric) are located at the 5913 locus and are
encoded by 8 exons. SMN1 and SMN2 vary by only five nucleotide differences, the
most important of which being a C to T transition 6bp in exon 7. This transition
causes alternative splicing of the transcript encoded by SMN2, the formation of an
exonic splice suppressor and the exclusion of exon 7 from 90% of mMRNA
transcripts, which when translated form a truncated, unstable protein. Adapted from
(Groen et al., 2018).
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In situ hybridisation data from early studies showed widespread SMN expression in
the CNS of humans, rats and monkeys (Battaglia et al., 1997). Signals were
particularly strong in the ventral horn of the spinal cord and in specific neuronal
subpopulations such as pyramidal neurons in layer V of the neocortex and MNs in
the brainstem and spinal cord. Subcellular localisation of SMN transcript was
located predominantly in the cytoplasm of neurons. This neuroanatomical data was
the first link between SMN expression and the cells degenerating in SMA.
Developmentally, SMN expression can be detected as early as 13 weeks gestation
in human fetal forebrain and spinal cord samples with particularly intense signals
within spinal cord anterior horn MNs and the basal nucleus of Meynert (a major
source of cholinergic afferents to the cortex) (Briese et al., 2006).

1.1.1.1 SMN homologues

SMN1 homologues exist in all vertebrate species, but it has been found that SMN2
is unique to humans (Lorson et al., 2011) and bonobos only (Swoboda, 2014). The
murine homolog of SMN1 was discovered in 1997 by three groups (Bergin et al.,
1997, DiDonato et al., 1997, Viollet et al., 1997) all presenting data showing the
same key information. Mouse Smn is located on chromosome 13, has 82% DNA
sequence identity to SMN1, expresses a 1.3kb transcript encoding a 288 amino acid
protein with 31.3kDa molecular weight. These groups also proved that only one
Smn gene was present and that no alternative splicing was found. Later it was
found that homozygous deletion of Smn is embryonic lethal (Schrank et al., 1997)
due to the lack of a SMN2 homolog, thus a simple knockout could not be used to

mimic SMA in humans.

SMN homologues in other animal species have been studied to create models of
SMA across multiple species. Drosophila melanogaster Smn exhibits 41%
sequence homology and is found to cause a dominant negative developmental
arrest or pupal lethality if expressed in a truncated form (Miguel-Aliaga et al., 2000),
highlighting the necessity of Smn for Drosophila survival (Edens et al., 2015).
Zebrafish (Danio rerio) have been popular SMA models due to a simple, but
conserved nervous system (Edens et al., 2015). The smn gene was mapped using
a radiation hybrid panel (Hukriede et al., 1999) and its expression has been
confirmed as ubiquitous by in situ hybridisation (McWhorter et al., 2003).
Furthemore, antisense morpholino knockdown of smn can recapitulate MN defects
seen in SMA patients (McWhorter et al., 2003). Finally, non-human primates,
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specifically chimpanzees, have been shown to have 2-7 copies of a SMN homolog
per diploid genome and do not exhibit any signs of a SMNA7-like transcripts

(Rochette et al., 2001), confirming the lack of SMN2 in species other than humans.
1.1.2 Functions of the SMN protein

SMN encodes a 294 amino acid protein of approximately 38kDa (Monani, 2005).
This protein has multiple domains including a nucleic acid and Gemin2 binding
domains in the N terminal region (Figure 1.2A). Mutations have been mapped to all
regions of the protein, suggesting that a specific tertiary structure is necessary for
proper function (Singh et al., 2017c¢). SMN localises to both the nuclear and
cytoplasmic compartments of the cell; in gems and associated with proteins such as
coilin in Cajal bodies within the nucleus, and associated with microtubules and the
Golgi network in the cytoplasm (Singh et al., 2017c¢). SMN oligomerisation (Monani,
2005) has been shown to be mediated by self-association domains encoded by
exons 2 (Young et al., 2000), 6 (Lorson et al., 1998) and 7 (Burnett et al., 2009).
Deletion of these exons reduces SMN protein stability, suggesting these
oligomerisation domains are important for stability (Burnett et al., 2009), perhaps
explaining why SMNA7 is degraded faster than its full length counterpart. Within
development, SMN may have different roles than postnatally, as at least one
isoform of the protein, axonal-SMN (a-SMN) has a different temporal expression
pattern. The a-SMN isoform is encoded by SMN1, but differs from FL-SMN1
transcripts due to retention of intron 3 caused an alternative splicing event (Setola et
al., 2007). An in-frame stop codon within this intron leads to premature termination
and a shorter splice variant (Locatelli et al., 2012). a-SMN has been shown to
promote axonal growth, cell motility and regulation of chemokine and growth factor
expression, but after birth this isoform is degraded by the nonsense mediated decay
pathway (Locatelli et al., 2012).

SMN is a ubiquitously expressed protein that has many roles (Figure 1.2B),
including well established housekeeping functions such as those involved in RNA
metabolism. However, SMN is also involved in other processes such as cytoskeletal
maintenance, transcription, translation, cell signaling, DNA repair and telomerase
functions (Singh et al., 2017c). Although expressed in all cells, as well as the
ubiquitous functions mentioned above, the extreme vulnerability of MNs to a lack of
SMN is still largely not understood. It has been proposed that MN specific pathways

(Monani, 2005), aberrant in SMA may account for this vulnerability, or that the
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variety in tissue-specific vulnerability may be due to different abundance of SMN’s
interacting partners in each tissue (Singh et al., 2017c). Just some of these binding
partners include small nucleolar ribonucleoproteins, RNA helicase A, RNA

polymerase I, fibrillarin and profillin (Monani, 2005).

The SMN complex

N _ W . snRNP biogenesis, maturation and recyding

ribosome bsogenesls

( SMN in synapse:
. actin dynamics
L \\ vesicle release

snRNP biogenesis
actin dynamics

ubiquitin homeostasis
bioenergetics pathways

SMN in axons:
mRNA transport

c D SMN DAPI Gemin5 DAPI

Figure 1.2 SMN protein and its cellular functions.

(A) The SMN protein exists in a multiprotein complex with Gemin2-7 and a model
representation of this based on protein interaction evidence is shown here, adapted
from Gubitz et al. (2004). (B) Within the motor neuron, the SMN protein has many
roles in different cellular compartments, such as small nuclear ribonucleoprotein
(snRNP) biogenesis, perhaps the most well characterised role of SMN; adapted
from Bowerman et al. (2017). (C) HelLa cells in which gems (labelled with arrows)
were first identified with an antibody against SMN; gems are not visible in cells
undergoing mitosis, labelled m (left image). Gems (labelled with arrows) often are
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seen in very close proximity to Cajal bodies, but these are not the same structure
(green = SMN, red = coilin in Cajal bodies, right image); adapted from Liu and
Dreyfuss (1996). (D) Gems can now be identified with antibodies against SMN and
gemin proteins (arrowhead represent SMN cytoplasmic and nuclear gem
localisation); adapted from Prusty et al. (2017).

Perhaps the most studied binding partners of SMN are the gemin proteins, so much
so that an alternative name for SMN is Geminl. The nuclear localisation of SMN
protein was first identified in 1996 (Liu and Dreyfuss, 1996) where
immunofluorescence of Hela cells showed dot-like foci in the nucleus (Figure 1.2C).
These foci appeared in similar sizes and numbers as Cajal bodies, however they
were not the same, even though these two structures could often be found adjacent
to, or in contact with one another (Figure 1.2C) (Liu and Dreyfuss, 1996). This novel
nuclear structure was termed a “gem” due to the fact that they appeared like a twin,
or gemini, of the Cajal body. It is true that SMN localises to Cajal bodies during
SnRNP biogenesis (discussed below), but this nuclear structure is more complex
than a gem as it contains other proteins such as coilin. Within gems, multiple gemin
proteins were later identified largely by the Dreyfuss laboratory; Gemin 2 (Liu et al.,
1997), Gemin 3 (Charroux et al., 1999, Campbell et al., 2000), Gemin 4 (Charroux
et al., 2000), Gemin 5 (Gubitz et al., 2002), Gemin 6 (Pellizzoni et al., 2002) and
Gemin7 (Baccon et al., 2002). Now, antibodies against multiple gemin proteins, or

SMN itself, can detect these nuclear structures (Figure 1.2D).

SMN and gemin proteins form gem complexes within the nucleus and together
participate in SMN’s most studied housekeeping role: RNA metabolism and more
specifically spliceosomal small nuclear ribonucleoprotein (snRNP) assembly. SMN
and gemin proteins form an assemblysome within the cytoplasm with snRNAs.
SnRNAs recognise critical splice signals at 5’ and 3’ ends of introns, acting as
guides for splicing machinery. The assemblysome then further binds with immature
heptameric Sm rings, which surround the snRNA molecule. The snRNP (now
consisting of SMN, gemins 2-7, snRNAs and an Sm ring) translocates back to the
nucleus to undergo final maturation steps within the Cajal body (Monani, 2005,
Singh et al., 2017c). The mature snRNP then binds to pre-mRNA transcribed from
any gene to form what is known as the spliceosome. This whole process is
important and necessary for the cell because snRNP biogenesis is critical for the
removal of introns from pre-mRNA and thus highlights SMN’s critical role in splicing
regulation. Furthermore, a correlation has been found between the degree of

disrupted snRNP biogenesis and clinical severity of SMA (Gabanella et al., 2007).
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SMN also has many other roles. These include a role in homologous recombination
in DNA repair where SMN interacts with Gemin2 and RAD51 to promote
homologous DNA strand pairing and exchange (Takaku et al., 2011). SMN has a
prominent role when regulating the actin cytoskeleton through interactions with
Profillin2a (Giesemann et al., 1999), an actin-binding protein found in neurons, the
RhoA/ROCK pathways (Nélle et al., 2011) and Plastin3 (Delanote et al., 2005), all of
which have been implicated in SMA pathology or as disease maodifiers (Oprea et al.,
2008). SMN has a role in ubiquitin homeostasis and this pathway is strongly
dysregulated in SMA where UBA1, an E1 ubiquitin-activating enzyme (Ramser et
al., 2008), levels are depleted causing accumulation of its downstream targets
including B catenin (Wishart et al., 2014). Targeting of UBA1 may be a promising
therapeutic avenue (Powis et al., 2016).

1.1.3 Pathophysiology

Despite the many roles of the SMN protein that have been described above and
elsewhere, still the pathophysiology of this disease is not fully understood. However,
SMA pathophysiology is known to involve defects in axonal transport and
functionality of small nuclear RNAs, leading to aberrant pre-mRNA splicing and
subsequently transcriptional dysregulation of genes involved in synaptogenesis and
NMJ maintenance (Zhang et al., 2013). However, further work is required to gain a
deeper understanding of why MNs are particularly susceptible when SMN is
ubiquitously expressed (Monani, 2005) and systemic damage to peripheral tissues
such as the heart and liver exists (Bowerman et al., 2017). Propositions that SMN
deficiency causes a vulnerability-resistance spectrum along which all body tissues
are located, place MNs at the very extreme of vulnerability (Sleigh et al., 2011), but

it is unclear why.

1.1.3.1 Motor neuron specific pathophysiology

MN pathology is a hallmark feature of SMA and is present in all patients. It is likely
that MN-specific and non-neuronal cellular pathways combined cause the overt MN
pathology seen in SMA patients and animal models. Theories have been proposed
to explain the vulnerability of MNs. One example regards disrupted axonogenesis
(Hamilton and Gillingwater, 2013) that potentially could be caused by deficient
SMN/hnRNP-R-mediated delivery of p-actin to pre-synaptic sites (Mourelatos et al.,
2001). This may be linked to SMN’s protein trafficking role which has been
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evidenced by bi-directional SMN-positive puncta moving along axons (Zhang et al.,
2003). Lower levels of B-actin mRNA in primary motor neurons from severe
Taiwanese model mice (discussed in section 1.3.2.1) correlated with a three-fold
reduced growth cone size (Rossoll et al., 2003), highlighting axonal defects.

Pathologies associated with motor function can be found not only within the MNs
themselves, but also at sites closely linked, such as the NMJ. Neuromuscular
pathology has been found to occur prematurely to MN loss in SMA patients
(Swoboda et al., 2005) and model mice (Murray et al., 2008). NMJ pathologies
include a loss of nerve terminals with accumulation of neurofilament proteins in any
remaining units, as well as impaired neurotransmitter release and improper
maturation of post-synaptic acetylcholine receptor (AChR) clusters (Kong et al.,
2009).

1.1.3.2 Systemic nature of SMA

SMN depletion specifically in MNs does not lead to an SMA phenotype in vivo,
instead presenting with dystrophic qualities (Park et al., 2010). This strengthens the
argument that SMA is a systemic disease, and a lack of the ubiquitous SMN protein,
does lead to disease pathogenesis in non-MN tissues. Here, the most common and
well studies non-MN pathologies will be discussed (Figure 1.3), but other
pathologies have been reported in a small number of publications and can also be

found in Figure 1.3.

As stated above, NMJ pathology exists because MNs are closely linked to the
musculature that they innervate. A reciprocal relationship between these cell types
occurs where muscles secrete neurotrophic factors to promote MN neurite
outgrowth towards potential NMJ sites, supporting MN survival, whilst the MNs
themselves promote muscle connections by secreting neuregulin and agrin to
increase AChR synthesis (Guo et al., 2010). Muscle tissue pathology in SMA is
prevalent with delayed muscle growth in severe SMA fetuses (Martinez-Hernandez
et al., 2009), represented by small myotubes, which correlates with reduced
proliferative rate and fusion defects seen in myoblasts (Shafey et al., 2005).
However, muscle defects are not consistently seen across all SMA models, as
evidenced by a lack of muscle differentiation defects in zebrafish (McWhorter et al.,
2003).
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The second most prevalent body system to display pathological features is the
cardiovascular system. Arrythmias (most commonly bradycardia) and dilated
cardiomyopathy have been reported in both patients (Rudnik-Schoneborn et al.,
2008) and in mouse models (Bevan et al., 2010). Vascular defects such as necrosis
of digits in patients (Araujo et al., 2009, Rudnik-Schoneborn et al., 2010) or tails and
ear tissue (Hsieh-Li et al., 2000, Passini et al., 2010, Foust et al., 2010, Valori et al.,
2010) in SMA mouse models, respectively, have been observed. These phenotypes
are more often seen following invasive ventilation or survival-prolonging treatment,
suggesting these may be later emerging phenotypes that are not seen in untreated
animals that succumb to the disease before their appearance.

Brain: human, mouse

Q Lung: mouse

Heart: human, mouse

Blood vessels:
human, mouse

Muscle: human,
mouse, Drosophila

/ _ \ Bone: mouse
\ Pancreas: human, mouse
Liver: mouse \ \

Gastrointestinal tract: mouse

Figure 1.3 Systemic pathologies known to be present in SMA.

Various non-neuronal pathologies have been found in SMA patients and animal
models of SMA disease. Models in which each pathology has been identified are
indicated. Taken from Hamilton and Gillingwater (2013).
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1.1.4 Treatments and emerging therapeutic strategies

Two treatments are now licensed for administration in the clinic to SMA patients, but
many others are still in development at various stages of pre-clinical research and
clinical trials (Figure 1.4). Within SMA therapeutic development, three strategies are
simultaneously being developed; these are known as SMN-dependent, SMN-
independent and SMN-plus strategies. The first of these strategies aims to augment
SMN protein using viral vectors or correcting the aberrant splicing of SMN2 to
enhance full length SMN protein production (either using antisense oligonucleotides,
or small molecules), generally taking into consideration the development of SMA
and the body’s normal SMN requirements (Figure 1.5).

The age at which a therapy is administered is crucial when determining potential
therapeutic benefit. The requirement for SMN protein greatly increases during
embryonic development and then remains plateaued at a high level during infancy
(Figure 1.5). This highlights a time when neuromuscular maturation is occurring and
infants are growing at a fast rate, and also when symptoms present in the most
severe SMA patients. Thus, implementing SMN augmentation strategies here may

have a larger benefit than later in life after these events have already occurred.

The second and third strategies aim to identify non-SMN targets for therapeutic
intervention that can either be targeted alone, or in combination with SMN-
dependent therapeutics. These often aim to provide supportive care to prevent SMA
hallmarks such as neuromuscular degeneration, for example SRK-015 which

(Figure 1.4) targets myostatin to prevent muscle atrophy.
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Therapeutic Pre-clinical development Clinical development FDA/EMA To
approval patients

Identification | Optimisation Safety & Phase 1 Phase 2 Phase 3
Manufacture

Spinraza
Biogen/lonis

Zolgensma (1V)
AveXis/Novartis

AVXS-101 (IT)
AveXis/Novartis

Temporary hold

Reldesemtiv/
CK2127107
Cytokinetics/Astellas

Olesoxime
Roche

Risdiplam/RG7916
Roche/Genentech

Branaplam/LM1070
Novartis

Development stopped

SRK-015
Scholar Rock

Figure 1.4 The pipeline of SMA therapies in clinical development.

A substantial number of therapeutic strategies are in development for SMA with those in clinical development shown here. Spinraza and
Zolgensma are the only two therapies licensed for administration in the clinic, whilst others are at various stages of clinical trials. A temporary
hold has been placed on AVXS-101 delivered directly to the central nervous system due to toxicity concerns. Development of Olesoxime was
halted at the 18 month stage of the OLEOS phase 2 trial. IV = intravenous delivery, IT = intrathecal delivery.
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F Drugs enhancing neuromuscular development

Drugs promoting neuromuscular maintenance
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CNS requirement for SMN
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development growth Pubertal growth loss of motor units
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Figure 1.5 SMN protein requirements at different stages of SMA development.

The requirements for SMN vary during development, affecting treatment strategies
used at different stages of the disease. During healthy embryonic development the
requirement for SMN, particularly in the CNS, increases until birth as the genesis
and development of the neuromuscular system occurs. In severe SMA, this
increase in SMN cannot be achieved and fetal death occurs in type 0 cases. Here,
therapies that could mimic this endogenous increase would be optimal, such as
genetic therapies including viral vectors and potentially antisense oligonucleotides,
possibly preventing early defects in neuromuscular development. In infancy (0-3
years), the requirement for SMN remains relatively stable, albeit at a high level, and
here the SMN2 copy number dictates the differences in onset between types I-Ill.
This will alter the therapeutic strategy needed; gene therapies will continue to
produce SMN protein whilst antisense oligonucleotides can enhance the production
of full-length protein from SMN2, both providing the high level SMN required.
Further drugs may be included in the treatment regimen to promote neuromuscular
development and maintenance, attempting to prevent degeneration. Considerations
of how many of these therapeutic strategies to employ together are important based
on disease severity and efficacy of the treatments. Taken from Bowerman et al.
(2017).
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1.1.4.1 Spinraza

The antisense oligonucleotide (ASO) Spinraza (Nusinersen) aims to promote
inclusion of exon 7 within SMN2 mRNA transcripts and hence the synthesis of full-
length SMN protein. Spinraza binds to SMN2 pre-mRNA at the ISS-N1 splice
silencing sequence discussed in section 1.1.1. This prevents negative splice factors
such as hnRNPA1 and hnRNPAZ2 from binding this site (Figure 1.6C) (Talbot and
Tizzano, 2017). This allows the recognition of exon 7 by the U1snRNP cellular
splicing machinery (Figure 1.6C) and thus the inclusion of exon 7 in the mature
SMN2 mRNA transcript (Talbot and Tizzano, 2017). ISS-N1 has been termed the
master checkpoint that regulates SMN2 splicing since its deletion or masking with
an ASO can abrogate the requirement for functional positive cis-elements such as
the ESE that is disrupted by the C to T transition (Singh et al., 2017a).

The ISS-N1 was first discovered in 2004 by the Singh and Androphy laboratories
(Singh et al., 2006) where they also found that the activity of this inhibitory element
could be abrogated in a highly specific manner by ASOs at nanomolar
concentrations. These results were later validated independently by lonis
Pharmaceuticals and the Krainer laboratory (Hua et al., 2007) with an ASO of a
different chemistry, strengthening the value of this new therapeutic strategy.
Spinraza was licensed later on as an 18-mer ASO with lonis’ proprietary chemistry
(Singh et al., 2017b).

Spinraza has provided excellent results in type | SMA patients. Several clinical trials
were conducted prior to the licensing of Spinraza in 2017 (more details regarding
the use of Spinraza in clinical trials can be found in section 3.6). Licensing approval,
however, was based heavily on the phase 3 ENDEAR trial which showed a
significant 47% reduction in risk of death or permanent ventilation requirements
(Finkel et al., 2017). Other clinical trials are continuing now even after approval to
attempt to expand the use of Spinraza to other SMA patient populations. For
example, NURTURE is an ongoing trial enrolling pre-symptomatic infants with SMA

aiming to dose patients before 6 weeks of age.

The marketing approval of Spinraza was a dramatic development for SMA and the
wider neuromuscular disease community. Spinraza was only licensed by the FDA in
December 2016 and later by the European Medical Agency (EMA) in April 2017.
Spinraza is delivered via intrathecal injection in repeated doses every few months,
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however, this is one of the great limitations of this therapy. Intrathecal injections are
invasive procedures that can be challenging in young children due to compliance
issues, or may be technically difficult in patients presenting with scoliosis, rendering
the injection site hard to access. Secondly, Spinraza is hugely expensive and the
repeated nature of administration poses threats to drug accessibility for all patients
that need it.

Long term effects of this treatment are still unknown. Initially only licensed for type |
SMA patients, and only very recently approved for expanded access to all SMA
types and patient ages, the effect of Spinraza on those with milder phenotypes is
largely unknown. Due to the nature of intrathecal delivery, SMN protein levels will
only be restored in spinal MNs, leaving all tissues outside of the CNS untreated.
This treatment will prolong survival of SMA patients by preventing MN degeneration
and the lethal consequences of this, but hitherto masked peripheral organ damage
may now be at the forefront of the clinical phenotype presenting yet unknown
burdens. Evidence of how the neuromuscular system will react to the presence of
antisense oligonucleotides over the lifetime is a question that remains to be
answered as children who received Spinraza in early clinical trials are only now
reaching adolescence. It is possible that cells may become sensitised to this
treatment and no longer respond. New targets for therapies may be needed to

provide alternatives to Spinraza and Zolgensma and are explored in section 1.1.4.3.

1.1.4.2 Zolgensma

This issue of systemic pathology not corrected by Spinraza leads on to the need for
treatment options that can restore SMN levels throughout the body. Zolgensma
(Onasemnogene Abeparvovec), a gene therapy strategy developed by Avexis (and
recently purchased by Novartis), may solve this issue. Zolgensma is a self-
complementary AAV9 vector that is delivered intravenously leading to systemic
transgene expression. The SMN1-expressing construct is driven by a chicken -
actin hybrid promoter (Figure 1.6D) which replaces the missing endogenous SMN1
gene. Impressive results described below have culminated in the recent FDA and
EMA approval of Zolgensma. Zolgensma is indicated for the treatment of SMA
patients with bi-allelic SMN1 mutations, either with a clinical type | diagnosis, or up
to 3 copies of SMN2 (EMA, 2020).
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A phase 1 clinical trial providing Zolgensma to SMA type | patients (Mendell et al.,
2017) has produced outstanding results with 100% of patients surviving at 20
months of age, compared to 8% in a historical cohort. Patients exceed the natural
history of the disease achieving motor milestones such as sitting unassisted, rolling
and even in two cases, walking, achievements held by no patients in the historical
cohort (Mendell et al., 2017). At the March 2019 data cut-off point for the STR1VE
phase 3 clinical trial (recruitment now completed), results continued to be promising.
91% patients were alive without permanent ventilatory support, one patient died at
7.8 months of age and one withdrew from the clinical trial (AveXis, 2019).
Improvement in motor functions were commonly seen with 50% patients sitting
unaided and increases in CHOP INTEND score (AveXis, 2019). Data from the
STR1VE clinical trial formed the basis of EMA approval of Zolgensma earlier this
year. A number of other clinical trials using Zolgensma to treat SMA are currently
ongoing (SPR1INT, START, STRONG and STR1IVE-EU).
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Figure 1.6 The mechanisms of action of Spinraza and Zolgensma.



(A) Healthy individuals possess two SMN genes. SMNL is transcribed to produce
full length mRNA which is translated into a stable, active protein. SMN2 contains a
C to T transition within exon 7, causing this to be excluded from mRNA transcripts
by the action of negative splice factors (NSFs) binding to the ISS-N1 (intronic
splicing silencer) in intron 7. This causes translation into a largely unstable protein,
rapidly degraded. (B) SMA patients do not possess a SMN1 gene and as only 10%
of SMN protein produced from SMNZ2 is stable, the SMA phenotype presides. (C) In
SMA patients treated with Spinraza, the antisense oligonucleotide binds to ISS-N1,
masking this from NSFs so they are unable to bind. Exon 7 is then able to be
recognised by cellular splicing machinery and is included in the SMN2 mRNA
transcript, translating into full length, active SMN protein. (D) Although Zolgensma
does act through the manipulation of the endogenous SMN genes, it acts to replace
SMN1 delivered by a self-complementary AAV9 vector encoding SMN1 under
transcriptional control of the CAG promoter. This vector expresses full length, active
SMN and can thus replace the missing endogenous SMN1 gene. Adapted from
Corey (2017) and Kim and Monani (2018).

1.1.4.3 Other SMN-dependent and SMN-independent strategies

There is growing consensus in the SMA research community regarding the need for
combinatorial therapy to fully address the disease phenotype (Bowerman et al.,
2017). This is likely to include SMN-dependent and SMN-independent avenues.
ASOs, gene therapy or small molecules can be used to increase SMN protein levels
separately or together, whilst neuroprotective or muscle-targeted strategies could
also be used.

Reldesemtiv, formerly known as CK-2127107, (Figure 1.4) targets muscles to
reduce fatigue and weakness (Hwee et al., 2015) by slowing the release of calcium
from skeletal muscle regulatory troponin complexes. The aim of this therapy is to
increase skeletal muscle contractile ability despite a potential lack of MN
innervation. This could improve the quality of life of SMA patients without attempting

to correct the underlying SMN-dependent cause.

Olesoxime is an oral drug targeting mitochondria with the aim of preventing
oxidative stress that might exacerbate motor neuron degeneration. This drug was
performing well at the 12 month interim of the phase 2 OLEOS clinical trial with
some evidence of functional improvements in non-ambulant type Il or type Il
patients (Bertini et al., 2017). However, at the 18 month stage, Roche decided to
withdraw Olesoxime from further development based on motor deterioration in
patients despite drug administration, as well as problems including formulation and

dosage of the compound.
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Following the withdrawal of Olesoxime from Roche’s therapeutic program, effort has
been focused on the development of orally delivered, small molecules to augment
full-length SMN production from SMN2. The first small molecule clinical trial
(compound: RG7800, MOONFISH trial) was terminated following ophthalmological
and skin-related toxicology results in the concurrent 39 week non-human primate
study administering doses in excess of that in the MOONFISH trial (Ratni et al.,
2018), despite no evidence of these issues seen in human subjects. Following
analysis of RG7800 and resolution of these pre-clinical issues by adjustment of
chemical structure, Risdiplam (formerly known as RG7916), in collaboration with
Genentech was developed. This compound has a very similar mode of action to
RG7800 and augments full-length SMN2 transcription by promoting inclusion of
exon 7 in transcripts. Multiple clinical trials administering Risdiplam are now ongoing
(SUNFISH, FIREFISH, JEWELFISH, RAINBOWFISH), all of which are paying close
attention for any potential toxicology.

Recent data presented at the Cure SMA 2020 annual conference has revealed
promising data from FIREFISH, SUNFISH and JEWELFISH trials. The primary
difference between the FISH trials lies in the SMA patient population enrolled.
FIREFISH enrolled 1-7 month old SMA type | patients (2 SMN2 copies), whilst
SUNFISH enrolled patients between the ages of 2-25 with nhon-ambulant type 1l or
Il SMA. Finally, JEWELFISH enrollment was inclusive of a broad age range (6
months to 60 years) and also included non-treatment naive patients. 12 month
endpoint data from the FIREFISH trial where were treated has shown 29% of infants
are now able to sit without support, something never occurring in the natural history
of SMA type | (Servais, 2020). This study update also presented 85% event-free
survival at 12 months, compared to only 50% survival at 8 months in a natural
history cohort (Servais, 2020). The SUNFISH trial has shown that it improves or
stabilises motor function (Day, 2020). Finally, the JEWELFISH trial assessing
patients treated with Risdiplam after previous treatment with any of the MOONFISH,
Spinraza, Olesoxime, or Zolgensma drugs found a sustained more than 2-fold

increase in SMN protein levels from baseline (Chiriboga, 2020).

Branaplam, or LMIO70, is a small molecule drug that is delivered by oral dosing and
that targets alternative splicing of SMN2. Initial development of this drug was
paused in 2016 after reports of nerve injury in pre-clinical animal trials (Shorrock et
al., 2018), but research was resumed in 2017 (Novartis, 2017). A phase 1/2 clinical
trial (NCT02268552) administering Branaplam to SMA type | patients is currently
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active, but not recruiting, with some patients having received the drug for between 4

and 5 years.

1.2 Gene therapy

Gene therapy can be defined as the introduction of genetic material to host cells to
prevent or correct disease (Verma and Weitzman, 2005) or as a technique to modify
a person’s genes with therapeutic intent (FDA, 2018). Gene addition, correction,
silencing and cell elimination strategies are possible through using this group of
techniques. Types of gene therapy agent include therapeutic genes encoded by
plasmid DNA, viral or bacterial vectors (further information on specific viral vectors
can be found in sections 1.2.3 and 1.2.4), gene editing technology such as
CRISPR/Cas9, or cell therapy based products which have been corrected ex vivo,
before being transfused back into patients (FDA, 2018). Agents such as ASOs are
not classically defined as a gene therapy as they do not modify the genome
sequence, instead modifying the RNA to provide therapeutic effects and as such are
sometimes known as genetic therapies. However, for simplicity within this

introduction, ASOs will be included within the gene therapy umbrella.
1.2.1 Advantages and disadvantages of gene therapy

Most genetic diseases currently lack treatment strategies that address the
underlying cause of the disease, instead focusing on the use of conventional
therapies to potentially alleviate symptoms and improve quality of life. Monogenic
diseases have been the primary focus of in vivo gene therapy development, but
treatment of human cancers both in vivo or ex vivo gene and cell therapy
approaches have also provided very encouraging results. Some of the advantages
and disadvantages of gene therapy applications can be found in Table 1.2 and

Figure 1.7 details some licensed gene therapy products in.
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Advantages Disadvantages

Potentially long-lasting effects Costly
Potential to treat diseases that Potential for pre-existing immunity to
conventional medicine has failed viral vectors, precluding their use

Hope for patients with rare diseases that | Access to widespread genetic testing is
may not be appropriately targeted with | not readily available
pharmacological means

Opportunity for personalised medicine Difficult to use in polygenic or complex
disorders

Table 1.2 Advantages and disadvantages of gene therapy approaches

compared to conventional disease treatment.

1.2.2 Licensed gene therapy products

Gene therapy products are increasingly becoming licensed for use in the clinic for
both in vivo and ex vivo administration (Figure 1.7) with over twenty products
approved, and many more in clinical trials (Shahryari et al., 2019). Gendicine was
approved for the treatment of head and neck squamous cell carcinoma in China in
2003, Neovasculgen was approved in Russia in 2011 for peripheral artery disease
and Glybera was licensed for the treatment of lipoprotein lipase deficiency in Europe
and the US in 2012. Following this, rapid approval of further therapies such as
Luxturna, a treatment for inherited retinal dystrophy that utilises an AAV2
expressing the deficient RPE65 gene, or Kymriah and Yescarta, both ex vivo,
autologous, CAR T cell therapies to treat acute lymphoblastic leukaemia, were also
licensed (Butera, 2018). Since then, the number of licensed gene and cell therapy
products has increased significantly within the last four years, now including two

gene therapies for SMA (Spinraza and Zolgensma) within this roster.
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A Invivo Gene Therapy Drugs

Gendicine Ad_Tp53
Neovasculgen pCMV_VEGF165
Glybera  AAV1_[PLS447X

Patient

Luxturna  AAV2 RPE65

Vitravene ASO CMV_JE-2

Spinraza ASO SMN2 pre-mRNA v
Onpattro  RNAI Transthyretin

Kynamro  ASQ apolipoprotein B100
Imlygic HSV-1 oncolytic virus GM-CSF
Eteplirsen PMO Exondys51

Oncorine E1B mutant Ad

Defitelio Oligo VOD

Macugen RNA oligo VEGF165

Rexin-G Retro_cyclinG1

Zolgensma AAV9_SMN1
Figure 1.7 Examples of licensed gene therapy products.

B Ex vivo Gene Therapy Products

Allogenic T cells
Zalmoxis HSV transduced_ALNGFR

Donor

Allogenic Chondrocytes
Invossa Retro transduced_TGF-31

Autologous T cells (CAR T cell therany)
Yeskarta Retro transduced_anti-CD19
Kymriah LV transduced_anti-CD19

Autologous Haematopoietic stem cells

Strimvelis Retro transduced ADA
Zynteglo LV transduced_[84787Q-globin

Over twenty gene therapy products have been licensed, examples of which are shown here, although this is not a complete list. Commercial
names and a brief description of the gene therapy agent have been given. (A) In vivo and (B) ex vivo gene therapy products. Ex vivo products
consist of cells that have been transduced outside of the body with a gene therapy agent, before being transfused into the same patient
(autologous), or another patient (allogenic). Licensing may vary between countries. Adapted from Shahryari et al. (2019). Ad = adenoviral
vector, AAV = adeno-associated viral vector, ASO = antisense oligonucleotide, RNAi = RNA intereference, HSV = Herpes Simplex viral vector,
PMO = phosphorodiamidate morpholino, Retro = retroviral vector, LV = lentiviral vector.
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1.2.3 Lentiviral vectors

Lentivirus is a genus within the Retroviridae family, with several species exploited
and manipulated to become lentiviral vectors. These include Human, Simian and
Feline immunodeficiency viruses, Equine Infectious Anaemia, Caprine Arthritis
Encephalitis and Jembrana Disease viruses. The lentiviral vectors used throughout
this project descend from Human immunodeficiency virus 1 (HIV-1).

Lentiviruses exist as enveloped viral particles (Figure 1.8A) containing a single
stranded RNA genome. These viral particles use envelope glycoproteins (GP120 in
the case of wild type HIV-1) to bind to cell surface receptors (CD4 and CXCR4 for
HIV-1) to initiate clathrin-mediated endocytosis. The viral genome and proteins such
as reverse transcriptase and integrase are released into the host cell cytoplasm.
Reverse transcription of viral RNA into DNA and subsequent nuclear import of this
pro-viral DNA follows. Pro-viral DNA can be successfully integrated by the integrase
protein into chromatin of the host genome leading to persistent gene expression.
These qualities have been exploited to create highly efficient lentiviral vectors to
deliver a gene of interest to a host, resulting in persistent expression with a host of
other advantages ((A) Schematic of a HIV-1 enveloped viral particle containing the
single stranded (ss) RNA genome and viral proteins such as reverse transcriptase
and integrase. Adapted from
https://old.abmgood.com/marketing/knowledge_base/The_Lentivirus_System.php.
(B) Successive alterations have been made to the wild type HIV-1 provirus to
improve biosafety by removing or separating viral genes. These alterations are
known as lentiviral vector generations. 1st generation lentiviral vectors had
endogenous LTRs and the HIV-1 envelope removed. 2nd generation vectors lacked
accessory proteins such as VIF, R and U. Finally, 3rd generation vectors involve the
separation of transgene, Rev and envelope constructs to prevent replication
competent viruses forming. Taken from Vigna and Naldini (2000). (C)
Configurations of self-inactivating (SIN) vectors compared to wild type. SIN vectors
have a truncated U3 3’ LTR, abrogating intrinsic promoter activity, and instead
contain an external promoter such as CMV to drive transgene expression, but will
not integrate itself. Advanced lentiviral vector transfer constructs also contain
elements such as PPT to aid in reverse transcription, or WPRE to improve
transgene expression. Taken from Sakuma et al. (2012) to be found at
https://portlandpress.com/biochemj/article-abstract/443/3/603/80645/Lentiviral-
vectors-basic-to-translational ?redirectedFrom=PDF.
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Table 1.3).

Lentiviral vectors are created by manipulating the parental viral genome, in this case
HIV-1, to remove pathogenic and replicative genes and separate functional
elements into several plasmids for vector manufacture (Verma and Weitzman,
2005). These genomic manipulations aim to increase biosafety of the resulting
lentiviral vectors and have been implemented in successive generations (Figure
1.8B). The separated functional constructs that exist in the third generation lentiviral
vectors used in this project include packaging (viral structural genes; gag and pol),
Rev (required for gag and pol expression and nuclear export of viral transcripts),
envelope and transfer (gene of interest flanked by cis-acting LTRs (long terminal
repeats)) constructs. Finally, vectors can be made self-inactivating (SIN; Figure

1.8C) through the use of truncated LTRs lacking endogenous promoter activity, in

Advantages Disadvantages

High coding capacity of approximately  |Low titres

7.5-9Kb

Low immunogenicity Difficult to scale up production

Host immunologically naive to vector

Efficient transduction of mitotic and
quiescent cells

Non-integrating vectors available

Stable and robust gene expression

which case an internal promoter such as the immediate early cytomegalovirus
(CMV) promoter is used to drive transgenic expression, improving biosafety further.

All the vectors in this project were classed as SIN vectors.

To improve transgene expression in the target cell or tissue, transfer plasmids also
contain a relevant promoter (in the case of SIN vectors) and possibly the mutated
woodchuck hepatitis virus cis-acting post-transcriptional regulatory element
(mMWPRE) to improve transgene expression (Zufferey et al., 1999). Other elements
may be included in advanced lentiviral vectors (Figure 1.8C, bottom) such as
nuclear import and export signals or elements aiding in reverse transcription.
Transgene expression can be targeted to a certain cell types, or can be kept broad,
in a process known as pseudotyping. Here, the wild type HIV-1 envelope gene, env,

is replaced with a gene from another virus, mitigating the need for HIV-1 envelope
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binding to CD4 receptors. This allows retargeting of vector entry mediated by
alternative envelope proteins in cells that do not express CD4. In some cases, the
use of specific envelope proteins significantly improves transduction, for example
baculovirus GP64 for hepatocyte transduction (Markusic et al., 2004). Here, all
vectors are pseudotyped with VSV-G from the Vesicular Stomatitis virus, allowing
viral entry into a broad range of cells. When packaging, Rev and transfer constructs,
along with a plasmid containing the alternative env gene, are co-transfected into a
cell line like HEK293T cells, production of vector particles will result.
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Figure 1.8 Structure, genomic organisation and safety improvements of lentiviral vectors.
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(A) Schematic of a HIV-1 enveloped viral particle containing the single stranded (ss)
RNA genome and viral proteins such as reverse transcriptase and integrase.
Adapted from

https://old.abmgood.com/marketing/knowledge base/The Lentivirus_System.php.
(B) Successive alterations have been made to the wild type HIV-1 provirus to
improve biosafety by removing or separating viral genes. These alterations are
known as lentiviral vector generations. 1% generation lentiviral vectors had
endogenous LTRs and the HIV-1 envelope removed. 2" generation vectors lacked
accessory proteins such as VIF, R and U. Finally, 3" generation vectors involve the
separation of transgene, Rev and envelope constructs to prevent replication
competent viruses forming. Taken from Vigna and Naldini (2000). (C)
Configurations of self-inactivating (SIN) vectors compared to wild type. SIN vectors
have a truncated U3 3’ LTR, abrogating intrinsic promoter activity, and instead
contain an external promoter such as CMV to drive transgene expression, but will
not integrate itself. Advanced lentiviral vector transfer constructs also contain
elements such as PPT to aid in reverse transcription, or WPRE to improve
transgene expression. Taken from Sakuma et al. (2012) to be found at
https://portlandpress.com/biochemj/article-abstract/443/3/603/80645/Lentiviral-
vectors-basic-to-translational?redirectedFrom=PDF.

Advantages Disadvantages

High coding capacity of approximately  |Low titres

7.5-9Kb

Low immunogenicity Difficult to scale up production

Host immunologically naive to vector

Efficient transduction of mitotic and
quiescent cells

Non-integrating vectors available

Stable and robust gene expression
Table 1.3 Advantages and disadvantages of lentiviral vectors in gene therapy

applications.

1.2.3.1 Integration deficient lentiviral vectors

Lentiviral vectors with the ability to integrate viral DNA into the host genome pose a
risk of insertional mutagenesis where nearby genes can become dysregulated.
Early retroviral gene therapy trials (Hacein-Bey-Abina et al., 2003, Gaspar et al.,
2004, Howe et al., 2008) aiming to treat SCID-X1 encountered problems when
retroviral integration caused LTR enhancer activity to interact with the promoter of
an endogenous oncogene (LMO2), causing hematological malignancies to occur in
five patients. Therefore, non-integrating vectors (e.g. integration-deficient lentiviral

vectors; IDLVs) are preferred. IDLVs are engineered with class | missense
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mutations (Engelman, 1999) in the viral pol gene encoding integrase, the enzyme
responsible for proviral insertion (Philippe et al., 2006, Yanez-Mufioz et al., 2006).
Defective integration results in the accumulation of episomal DNA circles in the host
cell nucleus (Figure 1.9). Episomal gene expression activity is transient in dividing
cells due a lack of episomal replication capacity, but quiescent cells show long-
lasting, efficient expression. This is relevant here where cells of the central nervous
system are targeted. Successful use of IDLVs for transduction of the eye, brain and
spinal cord has previously been published with comparable efficacies of IDLVs and
their integration-proficient counterparts when expressing the transgene of interest
(Philippe et al., 2006, Yéafiez-Mufioz et al., 2006, Hutson et al., 2012, Peluffo et al.,
2013, Lu-Nguyen et al., 2014, Lu-Nguyen et al., 2015). Of particular relevance here,
SMN overexpression can be detected in all cells transduced with IDLVs expressing
hSMNL1 or a codon-optimised version (Co-hSMN1), for instance in primary rat MN
cultures with higher transgene expression occurring with Co-hSMN1 (Ali
Mohammadi Nafchi, 2017).

Packaging

Integrase mutation

Packaging

Promoter

( 4
| Transfer |

.~/ Transgene

Integration deficient O@‘@

Integration proficient
(IDLV)

(IPLV)

Figure 1.9 Integration proficient and deficient lentiviral vectors.

Upon co-transfection of envelope, packaging, Rev and transfer plasmids into
producer cells, viral vector particles will result. When these are used to transduce
target cells transgene DNA will either be (A) integrated into the host cell genome or
(B) retained within the nucleus as episomal circles.
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1.2.4 Adeno-associated virus vectors

Adeno-associated virus (AAV) vectors are derived from the wild type AAV
Dependoparvovirus genus and exist as a single stranded DNA (ssDNA) genome
encased in a capsid (Figure 1.10A) that occurs in a range of serotypes. The wild
type ssDNA genome consists of two open reading frames (ORFs; the 5’ encoding
viral Rep proteins (rep), whilst the 3’ encodes capsid VP1-3 proteins (cap)) flanked
by 145bp inverted terminal repeats (ITRs; Figure 1.10B) (Buning et al., 2004).
Naturally, expression of these two ORFs are driven by the action of three
promoters; p5, p19 and p40. ITRs contain all cis-acting elements necessary for the

replication and packaging of an AAV.

Again, the AAV genome has been manipulated to remove viral genes and make it
suitable for use as a gene therapy vector. AAV vector genomes consist of ITRs
flanking an up to 4.5Kb of transgene cassette, replacing the rep and cap ORFs
(Figure 1.10C). To improve biosafety, a transient transfection system of multiple
plasmids is required to produce AAV vectors (Warnock et al., 2011). This is due to a
lack of VP protein-encoding genes in the AAV genome, so a helper virus or plasmid
expressing these must be introduced to producer cells as well as the separate
transfer construct. AAV vector production also involves the use of Rep protein
supplied in trans, further improving biosafety. Capsid serotypes (known as 1-9)
direct the vector’s cellular tropism (Warnock et al., 2011) and it is possible to
change AAV vector serotype by mixing capsids and genomes from different
serotypes to improve transduction efficacy or alter tropism. Most AAV vectors used
for gene therapy use an AAV2 genome with a relevant capsid, for example serotype
9 (notation: AAV2/9) for transduction of the CNS.

The nature of the ssSDNA AAV vector genome means that the host’s cellular
machinery is needed to synthesise a second DNA strand upon transduction of a cell
following uncoating of AAV vector particles (Figure 1.10D). This is a rate limiting
step before expression of the transgene can occur (McCarty et al., 2003). ITRs
serve as replications origins for host cell DNA polymerases to begin de novo second
strand synthesis. Strand annealing is an alternative method to obtain a double
stranded genome which relies on sense and antisense DNA strands from different
viral particles annealing (Figure 1.10D). To overcome this, self-complementary AAV
(scAAV) vectors have been developed (McCarty et al., 2003). A mutation in one ITR
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causes a failure in the Rep protein being able to nick the terminal resolution site
within the ITR, resulting in maintenance of the ITR hairpin structure, rather than
resolution into a linear strand. This maintained hairpin ITR structure results in a
dimeric genome structure with an ITR at each of the 5’ and 3’ ends, but also one

central ITR that mediates strand complementation (Figure 1.10D).

Therefore, the ORF within scAAV vectors contains the transgene cassette, and a
sequence complementary to this within the dimeric genome. Following transduction,
these complementary sequences spontaneously anneal, producing dsDNA without
the need for synthesis. This vastly improves speed of transgene expression onset,
but requires that the coding capacity of the ORF is halved to accommodate the
complementary sequence. A compromise must be drawn between very fast gene
expression onset and a very small coding capacity of approximately 2.5Kb. As with
any viral vector system, AAVs are subject to further advantages and disadvantages

and some of these can found in Table 1.4.

Similarly to IDLVs, the genomes of AAVs and their derived vectors exist primarily as
episomes within the target cell’s nucleus. Second order interactions including end to
end joining mediated by strand annealing is able to cause the generation of
concatemeric episomes (McCarty, 2008), stabilising the genome. However, wild
type AAVs can integrate at very low levels as well as forming episomes. Integration
preferentially occurs into the AAVSL1 site on chromosome 19 (Samulski et al., 1991)
as this site has sequence similarity to that of ITRs as well as it containing an active
Rep binding element (McCarty et al., 2004). In the cases of AAV vectors were Rep
was supplied in trans during production, AAV vector genome integrations is further
reduced (Wang et al., 2019).

AAVs have been commonly used in vivo to transduce a variety of tissues taking
advantage of different tropisms and serotypes (Gao et al., 2004). AAV9 is a
particularly relevant serotype when conducting CNS research as this has been
shown to cross the blood brain barrier (BBB) (Foust et al., 2009). Concurrently with
Kaspar’s group reporting BBB crossing, the Barkats’ laboratory replicated this and
also showed the first successful transduction of MNs in vivo following AAV9
intravenous delivery in adult mice (Duque et al., 2009). More recently, the
biodistribution of AAV9 transduction has been demonstrated using an AAV9_GFP
vector delivered intravenously at postnatal day 1 (P1) to wild type mice (Powis et al.,
2016). Strong GFP expression in the heart and liver was visible 48 hours post-
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transduction and this expression level was sustained from P3-P60, whereas
expression in brain, muscle and spinal cord showed a delayed, linear increase in

expression over time (Powis et al., 2016).
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Figure 1.10 AAV vector particle structure and genomic organisation.

(A) A model of the AAV vector capsid surface. (B) The wild type AAV genome
consists of two open reading frames (rep and cap) with three promoters (p5, p19
and p40), flanked by inverse terminal repeats (ITRs). Rep encodes four proteins
that function in genome replication (rep78/68) and packaging (rep52/40). Cap
encodes three proteins (VP1/2/3) that form the viral capsid. AAP is a support protein
that promotes maturation of capsid an is encoded by an alternative open reading
frame. (A,B) Taken from Samulski and Muzyczka (2014). (C) AAV vector genomes
contain a promoter, transgene and polyA signal instead of rep and cap open reading
frames. Adapted from Russell and Kay (1999). (D) Upon entry to the nucleus, the
AAV vector genome is released by capsid uncoating. AAV vector genomes are
classed as single stranded (SSAAV) or self-complementary (SCAAV). SSAAV
genomes contain single strands of DNA in either sense (+) or antisense (-) formats,
that undergo second strand synthesis to form double stranded DNA. scAAV
genomes bypass this second strand synthesis as they are already double stranded
by design. Strands anneal and then are transcribed. Inter- or intra-molecular
recombination of transcripts can occur to form circularised episomes or integrate
into the host genome, albeit at a lower frequency. Adapted from Wang et al. (2019).
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Advantages Disadvantages

High titres with easier large scale Helper virus/plasmid-dependent
production production

Wide range of serotypes provides broad |Small packaging capacity of

cellular tropisms approximately 4.5-5Kb

Transduce both dividing and non- Slow onset gene expression unless self-
dividing cells complementary system is used

Strong and sustained transgene Possible pre-existing immunity
expression

Low immunogenicity

Table 1.4 Advantages and disadvantages of AAVs in gene therapy
applications.

1.3 Gene therapy in SMA models

1.3.1 Invitro

1.3.1.1 Primary cells and cell lines

Much of the early gene therapy work finding SMA therapeutic strategies was
completed in primary SMA fibroblasts or cell lines whose SMN protein was knocked
down. The first study attempting gene addition for SMA used adenoviral vectors
encoding SMN to transduce SMA fibroblasts resulting in increased levels of
functional SMN protein (DiDonato et al., 2003). Fibroblasts and lymphoblasts have
also been used to study how histone deacetylase inhibitors can increase FL-SMN
transcripts and SMN protein (Andreassi et al., 2004, Andreassi et al., 2001, Also-
Rallo et al., 2011, Farrelly-Rosch et al., 2017). Vast amounts of research aiming to
modulate SMN2 exon 7 splicing was completed in vitro with analysis of U7 snRNAs
(Madocsai et al., 2005, Marquis et al., 2009, Nlend and Schumperli, 2012), ASOs
and phosphorodiamidate morpholinos (PMOs) (Singh et al., 2013, Pao et al., 2014,
Singh et al., 2015b, Touznik et al., 2017, Touznik et al., 2018, Maruyama et al.,

2018), as examples.
1.3.1.2 Induced pluripotent stem cells

Induced pluripotent stem cells (iPSCs) are somatic cell-derived pluripotent cells

similar to embryonic stem cells (ESCs). iPSCs will indefinitely self-renew whilst also
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retaining the capacity to differentiate into cell types from all three germ layers,
highlighted by their ability to form teratomas (Takahashi et al., 2007). iPSCs have
become popular in vitro pathophysiological disease models (Takahashi and
Yamanaka, 2006) when derived from patient biopsies then differentiated into
relevant cell types. The use of iPSCs as a source of pluripotent stem cells obviates
the ethical concerns of using ESCs which necessarily involve the destruction of a
blastocyst, as no fertilised embryos are required for iPSC production (Frattini et al.,
2015).

IPSCs were first produced by retroviral transduction of mouse (Takahashi and
Yamanaka, 2006) and subsequently human (Takahashi et al., 2007, Yu et al., 2007)
fibroblasts. The retroviral vectors used to induce pluripotency in these three studies
encoded the transcription factors OCT4 and SOX2 along with KLF4 and C-MYC
(Takahashi et al., 2007) or NANOG and LIN28 (Yu et al., 2007). The transcription
factors used reprogrammed the cells from an epidermal fate to that of an embryonic
one by masking transcription of skin genes and promoting ESC gene transcription

by binding to these promoters (Frattini et al., 2015).

However, the use of retroviral vectors to encode transcription factors poses safety
concerns so several adaptations to this protocol have been created to improve
biosafety. Firstly, the re-expression of KLF4 or C-MYC oncogenes in iPSC progeny
could produce tumours so this re-expression can be prevented through Cre-loxP
excision. The retroviral reprogramming cassette is flanked by loxP sites which is
then excised in iPSC progeny upon expression of the Cre recombinase. Secondly,
non-integrating vectors, such as the Sendai virus, or episomal methods can be used
to deliver the transcription factors. These methods are of relevance here as they
were used to reprogram the AD3-CL1 and 19-9-7T, SMA-13 and SMA-32 iPSC
lines, respectively, used within this project. Non-integrating methods of
reprogramming offer opportunity to switch transcriptional profile of the cells being

targeting, without the safety concerns that integrated oncogenes bring.

It is now possible to replace some or all of these transcription factors with small
molecules (Lin and Wu, 2015). Forskolin is a small molecule that can replace OCT4
whilst some TGF-f inhibitors can replace SOX2 through induction of Nanog
transcription (Ichida et al., 2009). WNT signaling regulators or valproic acid could
replace C-MYC (Huangfu et al., 2008) and KLF4 could be substituted for
Kenpaullone (Lyssiotis et al., 2009). Chemical cocktails have been shown to
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generate mouse iPSCs in combination with OCT4 transduction (Li et al., 2011b).
Increasing the number of small molecules within these cocktails, as well as
supplementing culture media with growth factors such as bFGF has proven that
mouse embryonic fibroblasts can be reprogrammed into iPSCs without any use of
transcription factors, calling for these cells to be termed chemical iPSCs (CiPSCs)
(Hou et al., 2013).

Recent advances have shown that cells other than fibroblasts obtained by patient
biopsy have now been reprogrammed into iPSCs. Examples of cells now used
include keratinocytes from hair samples (Umegaki-Arao et al., 2014, Re et al., 2018)
and renal tubule epithelial cells isolated from urine (Feng et al., 2018). These
solutions provide more convenient sources of cells that are isolated in a non-

invasive, cost-effective manner (Yi et al., 2018).

iPSCs from SMA patients are now common with these cells retaining comparable
SMN protein levels to the fibroblasts from which they were reprogrammed and
alternatively spliced SMN2 transcripts (Ebert et al., 2009). Direct conversion of SMA
fibroblasts to MNs, bypassing the iPSC stage, has also been achieved as an SMA
model (Zhang et al., 2017) with reduced neurite growth rate and degeneration
recapitulating phenotypes seen in in vivo models and human patients. Many groups
have now been able to differentiate iPSCs into MNs (Ebert et al., 2009, Corti et al.,
2012, Du et al., 2015, Yoshida et al., 2015, Fuller et al., 2016, Powis et al., 2016,
Bhinge et al., 2017, Yi et al., 2018), the cell type primarily affected in SMA and other
motor neuron diseases such as ALS. Modulation of SMN has been explored in SMA
iPSC MNs using histone deacetylase inhibitors to increase SMN2 expression,
genome editing to convert SMN2 to a SMN1-like gene by correction of the Cto T
point mutation in exon 7 and other RNA therapeutics. However, in comparison to
the vast amount of papers exploring SMN modulation in vivo, far less research has
actually been published regarding gene therapy in SMA iPSC MNs, something that
has been investigated in this thesis. The differentiation of SMA iPSC MNs and the
modulation of SMN within SMA iPSC MNs will be discussed in more detail in
chapters 5 and 6.

1.3.2 Invivo

1.3.2.1 SMA mouse models

51



The mouse is a very valuable model because of anatomical and physiological
similarities to human neuromuscular systems as well as an easy to manipulate
genome. There is 82% amino acid identity between Smn and hSMN1. Smn
knockout is embryonic lethal and approximately 85% loss of Smn protein is required
to reflect SMA phenotypes (Bowerman et al., 2017), therefore introduction of human
SMN2 to Smn” mice produces a severely affected SMA phenotype while allowing
survival for up to two post-natal weeks, modelling severe infantile SMA. Among the
many SMA mouse models (please see Table 1.5 for more details), one
progressively gaining acceptance is the Taiwanese model, with two SMN2 copies
on Smn null background.
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SMA model common name Genotype Severity Notes Reference(s)
/-

Smn knockout Smn ++++ Death of embryo occurs prior to uterine implantation. Schrank et al., 1997
Smn heterozygote Smn"” + Early acute loss of lumbar spinal cord motor neurons Jablonka et al., 2000;
(~28% within 5 weeks), with subsequent slowly Balabanian et al.,
progressive reduction over an extended time scale. 2007
Taiwanese Smn”; ” +10 +++ | Transgene including human SMN2, SERF1 and part of | Hsieh-Li et al., 2000
SMN2(2Hung) NAIP; rescues embryonic lethality of Smn--. Transgene

copy number correlates with disease severity, which
ranges from death within 1 week to normal survival.

SMNA7 smn”; o | Transgene containing human SMNA?7, the predominant | Le et al., 2005
SMN2(8+§)+Ahmb) ; isoform produced by SMN2; improves the phenotype of
SMNA7 Smn--; SMN2++, Mean lifespan: 13.3+0.3 days.

Smn”®" Smn®®" ++ Smn transgene harbouring three nucleotide substitutions | Bowerman et al, 2009

within the exonic splicing enhancer of exon 7. Mean
lifespan: 28 days.

Burghes' severe Smn™; +10 +++ | Transgene containing only the SMN2 locus, rescues Monani et al., 2000
SMN2(89Ahmb)""* Smn’- embryonic lethality. 42/56 mice with one or two
transgene copies were stillborn or died before 6 hours,
with the remainder dying between 4-6 days. Mice with
eight copies of the transgene reach adulthood.

Neuronal Smn exon 7 NSE-Cre”; Smn™"" | ++ SmnF77 (also written as Smn*/*) mice with Cre-loxP- Ferri et al., 2004
deletion mediated deletion of Smn exon 7 in neuronal tissue.
Mean lifespan: 312 days.

Table 1.5 Comparison of frequently used SMA mouse models.

Genotypes, phenotypes and specific characteristics of SMA mouse models vary widely. Presented here are the most commonly used SMA
mouse models within the literature. Adapted from Sleigh et al. (2011), please see therein for details of further SMA mouse models not included
here for brevity. Severity scale: + mild, ++ moderate, +++ severe, ++++ embryonic lethal.
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1.3.2.2 Gene therapy in SMA mouse models

Proof of principle for the use of lentiviral vectors for the delivery of SMN in an in vivo
model was obtained whereby intramuscular injection of an Equine Infectious
Anaemia-derived lentivirus increased SMN protein levels, decreased MN death and
extended the life of SMAA7 mice by 3-5 days (Azzouz et al., 2004). Further to this,
gene therapy research in mouse models of SMA rapidly increased in 2010-11 where
several leaders of the field published research all suggesting AAV-mediated
expression of SMN1 in vivo on the day of birth provides amelioration of SMA
phenotype, specifically improving survival (up to 340 days compared to 13-15 in
untreated mice), motor function, neuromuscular physiology and prevention for MN
death (Foust et al., 2010, Passini et al., 2010, Valori et al., 2010, Dominguez et al.,
2011).

Many strategies pertaining to the implementation of in vivo gene therapy for SMA
have been developed. The vast amount of research in this field necessitates
comparisons between studies to gain a detailed consensus of how gene therapy for
SMA should be implemented. Only a very brief overview of SMA in vivo gene
therapy has been given above as an extensive analysis of this subject and the
necessary comparisons, as highlighted in the first objective of this thesis, is

presented in chapter 3.

1.3.3 In utero

Despite the current licensed and pipeline therapies, no strategies address the
genesis of SMA in utero. It is recognised that the translation of fetal gene therapy to
humans is a challenging feat, but the technology is becoming more common and in
utero gene therapy (IUGT) remains the best possible avenue for the treatment of
genetic diseases arising during gestation (Almeida-Porada et al., 2019). IUGT is
simply the delivery of relevant genes to the developing fetus to correct genetic
defects (Chauhan et al., 2004). Prevention of disease onset is only one of the
advantages of this technology. Immune tolerance to the transgene product due to
an immature immune system (Waddington et al., 2004), increased vector
biodistribution due to small body size and the possibility of transducing stem cells
leading to the permanent genetic correction are all also highly beneficial qualities
(Waddington et al., 2005).
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IUGT in rodents and large animal models is becoming increasingly studied in a wide
variety of diseases, including Parkinson’s disease (Chansel-Debordeaux et al.,
2017), X-Linked Hyponhidrotic Ectodermal Dysplasia (Hermes et al., 2014),
hereditary tyrosinemia type | (mice: (Nicolas et al., 2017, Rossidis et al., 2018), pigs:
(Nicolas et al., 2018)), Thalassemia (mice: (Shangaris et al., 2017, Ricciardi et al.,
2018), macaques: (Mattar et al., 2011, Mattar et al., 2017, Chan et al., 2019)) and
Gaucher disease (Massaro et al., 2018) and fetal growth restriction (sheep: (Carr et
al., 2014, Mehta et al., 2012, Mehta et al., 2014, David et al., 2008) and guinea pigs:
(Swanson et al., 2016)).

Prospective clinical studies to inform design of the upcoming EVERREST phase
I/lla clinical trial (NCT02097667) are now ongoing (Spencer et al., 2017). Further in
utero interventions in humans include treatment of three second trimester X-Linked
Hypohidrotic Ectodermal Dysplasia patients (Schneider et al., 2018) and in utero
surgeries to correct Spina Bifida at Great Ormond Street Hospital. Lastly, the BOOSTB4
phase I/l clinical trial (NCT03706482; started May 2019) aims to deliver allogeneic
fetal mesenchymal stem cells intravenously for the treatment of severe

Osteogenesis Imperfecta between 16 and 35 weeks of gestation.

Preclinical studies in mice aiming to restore SMN protein levels using gene therapy
have derived a therapeutic window consisting of postnatal days 0-3 (P0-3) where
treatment is effective at improving motor function, neuromuscular physiology and life
span (Farrar et al., 2017). Pre-symptomatic delivery of treatment may prevent
development of the SMA phenotype and the irreversible damage that accompanies
this, perhaps due to the deficiency being corrected during the period of NMJ
maturation (Farrar et al., 2017). In light of this, in utero delivery is an attractive
opportunity to prevent any development of symptoms and potentially allow healthy
offspring to be born.

More recently, a laboratory has published the first use of IUGT in SMA mice
(Rashnonejad et al., 2019) to investigate the efficacy of fetal gene therapy for this
disease. This study compared intracerebroventricular (ICV) and intraplacental
routes of administration, as well as both single-stranded and self-complementary
AAV9_SMNL1 vectors, concluding that ICV injection of sSCAAV9 vectors was optimal.
SMNAY fetuses injected in this manner at E15 resulted in 43.8% full-term gestation

births, with these pups going on to survive for a median of 105 days, compared to
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12 days in untreated pups (Rashnonejad et al., 2019). Supraphysiological levels of
SMN protein were found in CNS samples, but not in muscles. Despite this,
atrophied muscle present in untreated SMA mice had been rescued in IUGT treated
animals, which also showed increased numbers of MNs in spinal cord sections
(Rashnonejad et al., 2019). This study provides proof of principle that IUGT for SMA
may be a viable option and should be explored further, however a comparison
between the phenotypic benefits of in utero and post-natal gene therapy for SMA
should also be considered.

1.4 Obijectives

The overall aim of this project was to study the phenotype of SMA models in vitro
upon transgenic expression of the novel transgene, Co-hSMNL1, using viral vectors.
This thesis assessed aspects that were possible to rescue and those which may
need revising with alternative strategies. It was hypothesised that expressing a
codon-optimised version of the SMN1 gene (Co-hSMN1) in MNs, would rescue
SMN protein levels, leading to an improved phenotype which could become a viable
therapeutic strategy for pre-clinical translation. The overall aim of this project could
be broken down into four, more specific, objectives.

Objective 1: Analyse current data from literature of in vivo gene therapy in SMA

models using meta-analytic techniques.

Objective 2: Apply in vitro delivery of lentiviral and AAV vectors expressing Co-
hSMNL1 in cell lines.

Objective 3: Establish an iPSC-derived model of SMA MNs.

Objective 4: Apply in vitro delivery of lentiviral vectors expressing Co-hSMN1 within

SMA iPSC MNs and assess downstream phenotypic effects.
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2 Materials and methods

2.1 Materials

2.1.1 Cell lines and primary cells

A number of different cell lines and primary cells were used throughout this project.

Table 2.1 describes their origin, the media used to culture each cell type as well as

a brief description of how these cells were used.

Cell line or |Origin Media Use
primary
cells
HEK293T/17 [Human embryonic | DMEM+Glutamax Lentiviral vector
kidney cell line 10% FBS production and
1% Penicillin/ preliminary tests
Streptomycin
HelLa Human DMEM+Glutamax Lentiviral vector
adenocarcinoma 10% FBS titration
cell line 1% Penicillin/
Streptomycin
Neuro2a Murine Undifferentiated state: |Validation of
neuroblastoma cell |DMEM+Glutamax IDLV_eGFP and
line 10% FBS IDLV_Co-hSMNL1 in a
1% Penicillin/ neuronal cell line
Streptomycin
Differentiated:
DMEM+Glutamax
1% FBS
1X Non-essential amino
acids
0.7M NaCO3
20uM Retinoic acid
SH-SY5Y Human Undifferentiated state: |Validation of
neuroblastoma cell |DMEM+Glutamax IDLV_eGFP and
line 10% FBS IDLV_Co-hSMN1 in a
1% Penicillin/ human neuronal cell
Streptomycin line
Differentiated:
DMEM+Glutamax
1% FBS
1X Non-essential amino
acids
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20uM Retinoic acid

CHO Chinese hamster DMEM+Glutamax AAV9 vector
ovary cell line 10% FBS characterisation
1% Penicillin/
Streptomycin
0.02g/I L-proline
Growth arrest:
Methionine-free DMEM
+ Glutamax
2% FBS
1% Penicillin/
Streptomycin
0.02g/1 L-proline
Wwild type Primary human skin {65% DMEM+Glutamax |Validation of
fibroblasts fibroblasts obtained [21% M199 IDLV_Co-hSMN1
from healthy donor. [10% FBS
Provided by Dr. 10ng/ml FGF2
Eduardo Tizzano 25ng/ml EGF
(Barcelona, Spain) |1ug/ml gentamicin
GMO04603 Primary human 65% DMEM+Glutamax | Validation of
wild type fibroblasts obtained [21% M199 IDLV_Co-hSMN1
fibroblasts from healthy donor. [10% FBS
Obtained for Coriell |10ng/ml FGF2
Institute for Medical |25ng/ml EGF
Research 1ug/ml gentamicin
SMA type | |Patient skin 65% DMEM+Glutamax | Validation of
fibroblasts fibroblasts obtained [21% M199 IDLV_Co-hSMN1
from Dr Eduardo 10% FBS
Tizzano (Barcelona, [10ng/ml FGF2
Spain) 5ng/ml EGF
1ug/ml gentamicin
GMO00232 Primary fibroblasts [65% DMEM+Glutamax |Validation of
SMA type | |obtained from an 21% M199 IDLV_Co-hSMN1
fibroblasts SMA type | donor. |10% FBS
Obtained for Coriell |10ng/ml FGF2
Institute for Medical [5ng/ml EGF
Research 1ug/ml gentamicin
Cc2C12 Mouse myoblast Undifferentiated state: |Establishment of co-

cell line

DMEM+Glutamax
10% FBS

1% Penicillin/
Streptomycin

Differentiated:
DMEM+Glutamax
2% horse serum
1% Penicillin/
Streptomycin

culture system with
iPSC MNs
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Wild type Wild type iPSCs Undifferentiated state: |MN differentiation

iPSC lines: |derived from MTESR1, grown on and testing of
healthy fibroblasts |Matrigel matrix IDLV_Co-hSMNL1 in

4603 wild type

19-9-7T Differentiated: backgrounds

AD3-CL1 See section 2.3.1.7

SMAIPSC [iPSCs derived from |Undifferentiated state: |[MN differentiation

lines: SMA type | patient |mMTESR1, grown on and testing of
fibroblasts Matrigel matrix IDLV_Co-hSMNL1 in

CS13iSMAI- patient specific

nxx SMA-19 Differentiated: backgrounds

CS32iSMAI- See section 2.3.1.7

NXX

Table 2.1: Summary of cell lines used.

Various cell lines were used throughout this project. Here, the media use to culture
cells, as well as a brief description of the cells and their uses here are given. For
more information regarding iPSC clones, please see section 5.3.1.

2.1.2 Plasmids

A number of plasmids were used within this project for molecular cloning, production

of lentiviral and AAV vectors. These are detailed in Table 2.2.

Plasmid Plasmid name Vector Use
number

pRY 397 pMDLg pRREintD64V LV Packaging
pRY_399 pMD2_VSV-G LV Envelope
pRY_400 pRSV_Rev LV Rev

pRY 396 pRRLsin PPT CMV_eGFP WPRE LV Transfer
pRY 543 pRRLsc_CMV _Co-hSMN1 mWPRE LV Transfer
pRY 544 pRRLsc hSYN Co-hSMN1 mWPRE LV Transfer
pRY 552 pRRLsc_hPGK_Co-hSMN1_mWPRE LV Transfer
pRY 586 121 _AAV9 CAG eGFP AAV Transfer
pRY_ 587 701 pAAV _CAG_ Co-hSMN1 mWPRE AAV Transfer

Table 2.2 Plasmids used throughout this project.

Plasmid numbers and names are given for each of the plasmids used throughout
this project. Transfer plasmids carry the transgene cassette containing a gene of

interest, whilst packaging, envelope and Rev plasmids are used in the production of
lentiviral vectors. LV = lentiviral vector, AAV = adeno-associated viral vector.

2.1.3 Molecular biology buffers

Various molecular biology buffers were used for agarose gel electrophoresis,
western blotting and immunofluorescence staining. The composition of these buffers

is shown in Table 2.3.
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Use

Buffer

Ingredients

Agarose gel
electrophoresis

50X TAE

2M Tris Acetate, 0.05M EDTA, pH
8.2-8.4, made up to 1 litre with
distilled water

Running buffer

1X TAE, 0.5ug/ml Ethidium Bromide
(Sigma)

Western blotting

10X TBS

200mM Tris, 1.5M NaCl, made up to
1 litre with distilled water

10X running buffer

250mM Tris, 1.9M glycine, 1% SDS,
pH 8.3, made up to 1 litre with
distilled water

10X transfer buffer

250mM Tris, 1.9M glycine, made up
to 1 litre with distilled water. 20%

methanol was added to buffer when
diluted to 1X immediately before use

20X running buffer

NuPAGE™ Tris-Acetate SDS
Thermo Fisher Scientific

20X transfer buffer

NuPAGE™ Thermo Fisher Scientific

Wash solutions

0.1% Tween-20 in PBS or TBS

Immunofluorescence
staining

Fixation solution

4% paraformaldehyde (PFA).

Wash solution

0.1% Tween-20 in PBS

Blocking solution

1% bovine serum albumin (BSA) in
PBS, 3% BSA, 0.25% Triton X-100
in PBS or 5% normal goat serum,
0.25% Triton X-100 in PBS

Table 2.3 Molecular biology buffers and their composition.

2.1.4 Antibodies

Antibodies were used in this project for western blotting, immunofluorescence

staining and flow cytometry (for protocols please see sections 2.3.4, 2.3.5 and

2.3.6.3, respectively). The following antibodies were used within these protocols

depending on the target required (Table 2.4, Table 2.5 and Table 2.6, respectively).
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2.1.4.1 Western blot antibodies

Western blot antibody [Stock Working Dilution |Source and
concentration |concentration catalogue
Mouse monoclonal anti- |Lmg/ml 0.5ug/ml 1:2000 Abcam,
Gemin2 ab6084
Mouse monoclonal anti- [250ug/mi 0.05pg/ml 1:5000 BD
SMN Biosciences,
610646
Rabbit polyclonal anti-  |0.66mg/ml 0.33pg/ml 1:2000 Abcam,
alpha tubulin ab4074
Mouse monoclonal anti- {1mg/ml 0.5pg/ml 1:2000 Abcam,
ATM ab78
Rabbit monoclonal anti- [0.12mg/ml 0.12ug/ml 1:1000 Abcam,
ATM ab32420
Rabbit monoclonal anti- [0.56mg/ml 0.28ug/ml 1:2000 Abcam,
ATM (phospho S1981) ab81292
Polyclonal IRDye 800  |1mg/ml 0.5pug/ml 1:2000 LiCor, 926-
CW goat anti-mouse 32210
Polyclonal Goat anti- 2mg/ml 0.4pg/ml 1:5000 Invitrogen,
rabbit Alexa Fluor 680 A-21076
Table 2.4: Summary of western blot antibodies used.
2.1.4.2 Immunofluorescence antibodies
Immunofluorescence [Stock Working Dilution |Source and
antibody concentration |concentration catalogue
Mouse monoclonal anti- {1mg/ml 2.5-5pg/mi 1:200-400 | Abcam,
Gemin2 ab6084
Mouse monoclonal anti- [250ug/ml 0.6ug/ml 1:400 BD
SMN Biosciences,
610646
Mouse monoclonal anti- [200ug/ml 2ug/ml 1:100 Santa Cruz,
OLIG2 sc-515947
Mouse monoclonal anti- {1mg/ml 10pg/ml 1:100 Biolegend,
neurofilament heavy 801701
SMI-32
Rabbit polyclonal anti- |0.6mg/ml 10pg/ml 1:60 Sigma,
Bl tubulin T2200
Rabbit monoclonal anti- [0.54mg/ml 5.4ug/ml 1:100 Abcam,
choline ab181023

acetyltransferase
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Mouse monoclonal anti- [Unknown Unknown 1:50 DSHB,
HB9 81.5¢c10
Polyclonal, Goat anti- 2mg/ml 2ug/ml 1:1000 Invitrogen,
mouse Alexa Fluor 488 A-11001
Polyclonal, Goat anti- 2mg/ml 2ug/ml 1:1000 Invitrogen,
mouse Alexa Fluor 555 A-21424
Polyclonal, Goat anti- 2mg/ml 2ug/ml 1:1000 Invitrogen,
rabbit Alexa Fluor 488 A-11034
Table 2.5: Summary of immunofluorescence antibodies used.

2.1.4.3 Flow cytometry antibodies

Flow cytometry Stock Optimal Source Catalogue
antibody concentration [dilution number
Mouse monoclonal anti- 0.5mg/ml 10ul for 5x10° |Biolegends |125602
human/mouse SSEA1 cells

PE-Cy7 conjugated

Rat monoclonal anti- Unknown 7.5l for 5x10° |Biolegends |330308
human/mouse SSEA3 cells

Alexa Fluor® 647

conjugated

Mouse monoclonal anti-  [Unknown 15pl for 5x10° |Biolegends |330708
human TRA-181 PE cells

conjugated

Table 2.6: Summary of flow cytometry antibodies used.

2.1.5 Kits

Various commercial kits were used throughout this project to extract DNA and RNA

from cell pellets, purify DNA from bacterial colonies, purify molecular biology

reactions, synthesise cDNA and quantify protein concentration in samples. Details

of the kits used for these reactions can be found in Table 2.7.

Kit Use Source Catalogue
number

DNeasy Blood and DNA extraction from Qiagen 69506

Tissue Kit mammalian cells

QIAprep Spin Miniprep |DNA extraction from bacterial | Qiagen 27104

Kit mini-cultures

EndoFree Plasmid DNA extraction from bacterial | Qiagen 12362

Maxi Kit maxi-cultures
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QIAquick PCR Purification of PCR products Qiagen 28104
purification Kit from amplification reactions
QIAquick Gel Extraction of DNA fragments Qiagen 28704
Extraction Kit from agarose gels, used in
cloning experiments
RNeasy Mini Kit Purification of total RNA from Qiagen 74104
mammalian cells
High Capacity cDNA | Synthesis of cDNA from RNA, |Applied 4368814
Reverse Transcription |for use in RT-PCRs Biosystems
DC protein assay Determining protein BioRad 5000112
concentration from lysed cells
hPSC Genetic Analysis |gPCR analysis kit for detecting |STEMCELL |07550
Kit karyotypic abnormalities in Technologies
iPSCs

Table 2.7: Summary of kits used.

2.2 Data source and meta-analytical methods

2.2.1 Study identification

The electronic databases PubMed and Web of Science were searched for relevant
published studies between 1950 and 12" June 2020. Keyword strings “gene therapy
AND spinal muscular atrophy” and “antisense oligonucleotide AND spinal muscular
atrophy” were used. Despite literature often colloquially referring to the use of
oligonucleotide-based approaches in gene therapy experiments, oligonucleotides
are not officially classed as gene therapies by the FDA, or Advanced Therapy
Medicinal Products by EMA. Therefore, the term genetic therapies was used for the
remainder of this analysis, with the exception of the search criteria. To avoid
missing studies, a broad search string including the words gene therapy was used,
as well as a more specific oligonucleotide-containing string. All languages were
included in the search and relevant papers were translated if necessary. No
restriction concerning type of publication was used. Manual searching of the
bibliographies of each of the electronically identified studies revealed references for

additional studies which were then retrieved.

2.2.2 Study selection criteria

Primary studies found from the electronic and manual searches were screened for

eligibility based on the following inclusion criteria; (1) genetic therapy was
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administered in vivo; (2) a rodent model of SMA was used; (3) median survival data
were reported in text, or were calculable form Kaplan-Meier plots; and (4) the
number of animals in control and treated groups were reported. Here, in vivo
genetic therapy was defined as the introduction of genetic material (DNA, RNA,
oligonucleotides, viral vectors, bacterial vectors or genome editing technology)
directly into an animal. All studies using pharmacological means to manipulate gene
expression, for example histone deacetylase inhibitors, were excluded. No
restrictions on the type of SMA rodent model were enforced.

2.2.3 Data extraction of primary studies

Survival data and aspects of experimental design for each comparison were
extracted from included publications. Experimental design characteristics included
the type of genetic therapy agent used, rodent model, therapeutic target route and
time of administration. Here, P1 was designated as the day of birth. Disparity was
observed in the reporting of viral vector dose, with some studies using the total
number of vector genomes (vg) administered per animal and others using vector
genomes per kilogram (vg/kg). Here, all doses were converted to vg/kg using an
approximate birth weight of 1g per pup. Outcome data were recorded as median
survival (the number of days at which 50% of animals were alive), and the number
of animals in both control and experimental cohorts was recorded. If no median
survival data were reported in text, these were measured from figures or sought
through contact with authors. If more than 50% of animals survived at the end of the
reported time period, the median survival value was recorded as the last time point
of assessment. If studies presented multiple control groups, the following hierarchy
was implemented and data were extracted from that of the highest relevance; (1)
reporter gene (if viral vector) or scrambled ASO (if oligonucleotide), (2) sham
surgery or saline injection, (3) untreated. If data were presented from both
heterozygous and homozygous SMA animal models, data were extracted from that
of homozygous comparisons. If any data were not reported within the study, or if
clarification was necessary, study authors were contacted; if no reply was received

after two weeks, corresponding studies were excluded.

2.2.4 Data analysis

Standard meta-analysis techniques could not be employed here given that no

standard error or deviation is associated with median survival data. Therefore, the
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meta-analysis workflow used here was adapted using techniques presented in
(Vesterinen et al., 2014). This approach has proven successful in other recent pre-
clinical meta-analyses (Hirst et al., 2013) and has shown to be comparable to

standard (hazard or odds ratio) techniques (Michiels et al., 2005).

Median survival ratios (MSR), equivalent to the survival of treated animals divided
by survival of control animals, were calculated to summarise the median survival
data that were extracted. This approach was used to maximise consistency with the
hazard ratio method commonly used in meta-analyses (Tierney et al., 2007,
Michiels et al., 2005). Log-transformed MSRs were entered into a random effects
model adapted from DerSimonian and Laird (DerSimonian and Laird, 1986,
DerSimonian and Laird, 2015) with the number of animals used as a measure of
precision to weight each study. The number of animals was calculated as the sum
of treated and true control (number of control animals divided by the number of
treatment groups per control group) animals. To achieve an estimate of variance
from data that do not contain an inherent error or deviation value, a fixed effect size
with associated measure of heterogeneity, denoted by tau, was first calculated. This
was then substituted into the random effects model. Finally, the overall MSR (a
measure of whether treatment provided a therapeutic benefit or not) was calculated
with associated 95% confidence intervals and a final random effects standard error.
An MSR of 1 represents a neutral treatment effect, <1 suggested genetic therapy
was detrimental to survival, >1 suggests genetic therapy provided a survival

advantage.

A stratified meta-analysis was undertaken so that the effect of different experimental
intervention conditions could be analysed. The effect of heterogeneity across strata
was identified using the x? statistic to determine a threshold level of significance to
compare all individual stratifications to. Seven strata were used in this review; type
of genetic therapy, dosage of viral vector, overall therapeutic target and SMN1-
versus SMN2-based approaches, mouse model and finally route and time of
administration. The x? statistic with degrees of freedom equal to the number of sub-
strata minus 1 was adjusted to account for stratifications using the Bonferroni
correction. The threshold level of significance calculated was equal to P=0.0073.
Stratifications that produced a Bonferroni adjusted P value less than P=0.0073
suggested that heterogeneity between sub-strata, and thus the MSR, was

significantly different from one another.
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Publication bias was assessed using funnel plots, Egger regression (Egger et al.,
1997) and Trim and Fill analysis (Duval and Tweedie, 2000) using the number of
animals as a measure of precision. The number of animals was used here, instead
of inverse variance, as previously described (Hirst et al., 2013, Vesterinen et al.,
2014). The approach here also avoids potential correlation between standard error
and effect sizes that can cause the appearance of funnel plot asymmetry (Peters et
al., 2006).

2.2.4.1 Statistical formulae

The formulae used when calculating meta-analytic statistics are shown here.
Equations marked with an asterisk give a single summary value for all comparisons
combined whilst equations without give a value for every comparison. Equations

were used in a sequential manner to produce a meaningful endpoint.

treated median survival

Eq.1 Median survival ratio (MSR) = - -
control median survival

N total control animals )

Eq.2 Weight (W) = N treated animals + (
1 etght (W) reated animats + number of treatment groups served

treated median survival)

Eq. A [ ES) =
q.3 Weighted effect size (WES) = W x (In (control median survival

Y WES

Eq4‘* ESfixed = ZW

Eq.5 Heterogeneity = W x (WES — ESgixea)®

Eq.6" 1 = 2 heterogeneity — (N comparisons — 1)

1
Eq.7 Wyranaom = 71 N
(w+7)
WES x W,
Eq. 8* ESrandom — <Z( Z T 61;0mdom))
random
Wrandom

Eq.9WDrandom = ( )x (WES — ESramdom)2

Z Wrandom

0.5
Z WD random >

Eq 10* SErandOm = <N COmpaT'iSOTlS
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WES x W,
Eq.11* Overall MSR = exponential (Z( m”d"m)>

Z Wrandom

Eq.12* 95% CI = exponential(ES,qnqom T (1.959963985 x SE,qndom))

2.2.5 Software

Searches were uploaded to the Collaborative Approach to Meta-Analysis and

Review of Animal Data from Experimental Studies (CAMARADES) tool to screen
studies for inclusion or exclusion. Data extraction and statistical calculations were
performed in Microsoft Excel and Stata. Graphical results were created using the

ggplot2 package within R and Microsoft Excel.

2.3 Laboratory-based methods

2.3.1 Cell culture

All cell lines and primary cells were cultured using the following techniques, with the
exception of iPSCs and iPSC-derived MNs, whose techniques are described in
sections 2.3.1.6 and 2.3.1.7. The medium in which each individual cell type grows is
shown in Table 2.1, FBS and horse serum were both heat inactivated at 65°C for 30
minutes prior to medium addition. All cells were cultured in 37°C incubator at 5%
COsa.

2.3.1.1 Resuscitation of frozen cells

Cells that were stored in liquid nitrogen were thawed quickly in a 37°C water bath
before being resuspended in 9ml medium, centrifuged at 300xg to remove freezing

medium containing DMSO and then seeded into medium in appropriate cultureware.

2.3.1.2 Passaging of cells

Cells were grown until 80-90% confluency before being passaged using trypsin

digestion or EDTA clump passaging.
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Trypsin digestion required briefly washing cells in PBS, before adding an
appropriate volume of trypsin for the culture vessel. Trypsin was inactivated by the
addition of appropriate medium. The suspended cells were then centrifuged at
300xg for 5 minutes. A 10ul aliquot of cells was counted in the presence of trypan
blue using a haemocytometer to determine the number of live cells in the whole
sample. After centrifugation, the cell pellet was resuspended in 1ml medium before
the appropriate number of cells were re-seeded.

EDTA (Ethylenediaminetetraacetic acid) clump passaging was used in situations
where a single cell suspension was not appropriate and lifting clusters of cells from
the culture vessel was needed. Adherent cells were washed with PBS before
0.5mM EDTA was added to the culture vessel and incubated for 5-8 minutes at
room temperature. EDTA was aspirated and the addition of medium to the culture
vessel was lifted cells from the surface. An appropriate dilution of cells were
immediately added in a drop-wise fashion to new cultureware without pipetting up

and down to dissociate cells.

2.3.1.3 Freezing of cells for long-term storage

Between 1 and 1.5x10° cells were frozen in cryovials for long-term storage in
appropriate freezing medium for that cell type, also containing DMSO as a
preservative. These were stored at -80°C overnight in an isopropanol freezing

chamber before being transferred to liquid nitrogen.

Cell type Freezing medium

HEK293T/17 40% DMEM, 50% FBS, 10% DMSO

HelLa 40% DMEM, 50% FBS, 10% DMSO
Neuro2a 40% DMEM, 50% FBS, 10% DMSO

CHO 40% DMEM, 50% FBS, 10% DMSO
C2C12 40% DMEM, 50% FBS, 10% DMSO
SH-SY5Y 95% culture medium, 5% DMSO
Fibroblasts 90% culture medium, 10% DMSO

iPSCs 100% Cryostor (STEMCELL Technologies)
iPSC-MNPs 90% basal medium, 10% DMSO

Table 2.8 Freezing media for long term cell storage in liquid nitrogen.
Culture media stated for SH-SY5Y and fibroblast cells are stated in Table 2.1. Basal
medium for iPSC storage is stated in Table 2.9.

2.3.1.4 C2C12 culture
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Passaging of C2C12 cells varied from the above protocol due to the requirement for
low seeding densities and frequent passages to prevent onset of differentiation.
C2C12 cells were seeded at low density (0.06x10* cells/cm?) during growth phases
and were passaged every two days. Differentiation of myoblasts to myotubes was
initiated by seeding cells at high density (1.75x10* cells/cm?) in combination with

serum starvation (2% horse serum compared to 10% FBS in growth media).

2.3.1.5 CHO cell cycle arrest

To induce exit from the cell cycle CHO cells were switched from standard medium
to growth arrest medium (Table 2.1). Growth arrest medium contained DMEM
lacking methionine and low serum concentrations. Cells were cultured in growth
arrest medium for four days before cellular DNA content was measured using flow
cytometry (see section 2.3.6.1 for details) to confirm that cells had successfully
exited the cell cycle.

2.3.1.6 iPSC culture

Six iPSC lines were used in this project; three wild type (4603, 19-9-7T, AD3-CL1)
and three SMA type | (CS13iSMAI-nxx, SMA-19 and CS32iSMAI-nxx). For general
culture and prior to the start of differentiation iPSCs were seeded at a density of
20,000 cells/cm? onto Matrigel-coated cultureware in mTESR1 medium. For more

information regarding individual iPSC clones, see Table 2.9.

2.3.1.7 iPSC MN differentiation

iPSCs were grown until 90% confluent in 6 well plates then clump EDTA passaged
to matrix-coated 10cm dishes until 60-70% confluent. A published protocol (Maury
et al., 2015), with some adaptions, was used to differentiate iPSCs into MNs (see
section 5.4 and Figure 5.7). The 28-day cell culture protocol was divided into
stages. Days 0-9: iPSCs were grown in basal medium (Table 2.9) whilst undergoing
neural induction and patterning. Specific media alterations such as additions of
retinoic acid and SAG (Smoothened agonist) at day 3 and removal of Chir99021
and Compound C at day 4 were used to mimic signaling pathways present in
embryogenesis (see section 5.4). Days 9-16: single cell passaging (on day 9 and 13
with 1:3 split ratio) was performed using Accutase and cells were re-seeded onto
matrix-coated cultureware in the presence of Rock inhibitor (Y27632) for 24 hours.

During days 9-16 MN progenitors (MNPs) expanded and subsequently acquired
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OLIG2 positivity. Day 16: OLIG2+ MNPs were passaged again and seeded for the
final time onto matrix-coated cultureware appropriate for the desired assay (e.g. 6
well plates for protein analysis). The addition of DAPT into media from day 16
encourages maturation of MNPs into to post-mitotic MNs highlighted by the
appearance of neuronal morphology and axon sprouting. Laminin and a cocktail of
growth factors (IGF1, CNTF, BDNF and GDNF) were also added to media to
supplement maturation. Day 23: DAPT was removed from the media.

Basal medium component Differentiation element
Supplement Timing of addition

1X DMEM/F12 3uM Chir99021 Days 0-3

1X Neurobasal 1uM Compound C Days 0-3

1X B27 1uM Retinoic Acid Day 3 onwards

IX N2 500nM SAG Day 3 onwards

1X Antibiotic-Antimycotic 0.5ug/ml Laminin Day 16 onwards

1X B-mercaptoethanol 10ng/ml BDNF Day 16 onwards

0.5uM Ascorbic Acid 10ng/ml GDNF Day 16 onwards
10ng/ml CNTF Day 16 onwards
10ng/ml IGF1 Day 16 onwards
10uM DAPT Days 16-23

Table 2.9 Media for MN differentiation.

Basal medium consisted of the elements in the first column and was used
throughout the differentiation protocol. Basal medium was supplemented at specific
time points with differentiation elements.

2.3.2 Bacterial culture and molecular cloning

2.3.2.1 Bacterial culture

LB agar plates (20mg/ml LB, 15mg/ml agar, both Sigma) and LB broth (2%w/v)
were prepared freshly for each session of bacterial work. Antibiotics (ampicillin and
kanamycin at working concentrations of 100ug/ml) were added to LB agar plates
when poured or to LB broth immediately before mini-culture set up. Bacterial (E.
coli) glycerol stocks were removed from -80°C and immediately placed on ice to
prevent thawing before being streaked onto set LB agar plates in serial dilutions to

obtain single colonies. These were incubated at 37°C overnight then stored at 4°C.
Mini-cultures were set up by picking a single colony with a pipette tip and dropping

this into 5ml LB broth containing the appropriate antibiotic. Overnight incubation at

37°C with 225rpm shaking allowed mini-cultures to grow. Maxi-cultures were set up
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using the final 1ml of mini-culture. 1:1000 dilution of mini-culture to LB broth (with

antibiotic) was cultured overnight at 37°C with 225rpm shaking.

2.3.2.2 Glycerol stocks

1ml of mini-culture was used to make glycerol stocks, if needed, by diluting this 1:1
with 50% glycerol to give a final 25% glycerol concentration. Glycerol stocks were
stored at -80°C.

2.3.2.3 Mini-prep DNA extraction

Mini-cultures can be used to extract low concentration yields of plasmid DNA for
diagnostic testing. 3ml of mini-culture was used for DNA extraction using QIAprep
Spin Miniprep Kit (Qiagen) according to kit instructions. Briefly, bacteria were
pelleted then resuspended in 250ul each P1 and P2 buffers to lyse cells. 350ul N3
buffer was added to neutralise lysis reactions before centrifugation at 13,000rpm for
10 minutes to pellet cell debris. The supernatant was applied to the spin column and
spun to bind DNA to membrane. Bound DNA was washed sequentially with 500l
PB and 750ul PE. DNA was eluted in 50l EB twice, or if a high concentration was
required the first eluate was used again. The ND1000 Nanodrop Spectrophotometer
(Thermo Fisher Scientific) was used to determine DNA concentration and purity in

each sample.

2.3.2.4 Maxi-prep DNA extraction

A bacterial cell pellet is obtained by centrifuging maxi-cultures at 4°C, 3240xg for 45
minutes. The EndoFree Plasmid Maxi Kit (Qiagen) was used to obtain sterile,
purified plasmid DNA to be used in transfection experiments or to make viral
vectors, according to kit instructions. Briefly, the bacterial cell pellet was
resuspended in 10ml P1, lysed with 10ml P2 for 5 minutes, then neutralised with
10ml chilled P3 buffer. The lysate was filtered using a QIlAfilter Cartridge to remove
cell debris. 2.5ml buffer ER was added to the filtered lysate and incubated on ice for
30 minutes, before applying to an equilibrated QIAGEN-tip 500 to bind DNA. This
was washed twice with 30ml buffer QC before eluting DNA in 15ml buffer QN. DNA
was precipitated using isopropanol then pelleted by centrifuging at 6000rpm for 1
hour at 4°C. DNA was washed with endotoxin-free 70% ethanol, then re-pelleted by
centrifugation at 6000rpm for 30 minutes at 4°C. The pellet was air dried in a tissue

culture hood to maintain sterility then dissolved in a suitable volume of endotoxin-
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free, sterile TE. The concentration of this purified DNA was determined, then

restriction digested to confirm the expected fragment pattern was present.

2.3.2.5 Ligation of plasmid DNA

Ligation of plasmid DNA was prepared in microcentrifuge tubes on ice using the T4
DNA Ligase (NEB) protocol. For a 20pl reaction, 2ul 10X T4 DNA Ligase buffer, 1pl
T4 DNA Ligase, vector and insert DNA fragments at an appropriate molar ratio and
nuclease-free water were combined. The reaction was gently mixed before
incubating at 16°C overnight. Following this, the reaction was chilled on ice before
being stored at -20°C until use.

2.3.2.6 Transformation of plasmid DNA

Transformation of ligated or control plasmid DNA was performed using chemically
competent Top10 or XL10 Gold Ultracompetent (Stratagene) bacterial cells using
similar heat shock protocols. Appropriate controls such as a supercoiled plasmid
(pUC18), uncut vector and digested vector were used during the transformation
procedures. Topl0 E. coli were thawed on ice then aliquoted into 50ul samples. 1-
5ul ligated DNA (corresponding to 10pg-100ng DNA) was added to the aliquot of
cells then incubated on ice for 2 minutes. Heat shock transformation of each tube
was conducted by placing each in a 42°C water bath for 30 seconds. Immediately
following heat shock, tubes were placed on ice for 2 minutes. 900ul pre-warmed
antibiotic-free LB broth was added to each tube before plating 100ul onto Ampicillin-

containing LB agar plates and incubated at 37°C again overnight.

XL10 Gold Ultracompetent cells (Stratagene) were thawed on ice then aliquoted into
50ul samples before adding 2ul B-mercapthoethanol and incubated for 10 minutes
on ice. 2ul ligated DNA was added to one aliquot of cells, whilst the pUC18 control
plasmid was diluted 1:10 then 1pl added to a second aliquot. These were incubated
on ice for 30 minutes then administered a heat shock by placing tubes in a 42°C
water bath for 30 seconds. Immediately following heat shock, tubes were placed on
ice for 2 minutes. 450l pre-warmed SOC media (Fisher Scientific) was added per
tube and were incubated at 37°C for 1 hour with 225rpm shaking to provide time for
the synthesis of antibiotic resistance proteins. 200ul of cells transformed with the
ligation or 5pl of pUC18 transformed cells were plated onto Ampicillin-containing LB

agar plates and incubated at 37°C again overnight.
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2.3.3 Molecular biology

2.3.3.1 DNA extraction

The Qiagen DNeasy Blood and Tissue Kit was used to extract DNA from cultured
cell samples following kit instructions. Briefly, a cell pellet containing a maximum of
5x10° cells was resuspended in 200l PBS before adding 20ul proteinase K. 200ul
buffer AL was added and samples incubated at 56°C for 10 minutes to allow
complete lysis of cells. 200ul of 96-100% ethanol was used to precipitate DNA
before application of the cell lysate and DNA precipitate onto the spin column.
Centrifugation at >6000xg was used to bind DNA to the membrane. A series of
washes (500ul AW 1, 500ul AW?2) was used to remove impurities and residual
ethanol from DNA. DNA was eluted twice in 200ul buffer AE. The ND1000
Nanodrop Spectrophotometer (Thermo Fisher Scientific) was used to determine
DNA concentration and purity in each sample.

2.3.3.2 RNA extraction

The Qiagen RNeasy Mini Kit was used to extract total RNA from cultured cell
samples following kit instructions. Cells were lysed as either pellets or directly in the
culture vessel by adding 350pl or 600pl buffer RLT (350ul for <5x10° cells or 650l
for 5x106-1x107 cells). Samples were lysed and homogenized using a pipette and/or
vortexing for a 1 minute. 1 volume of 70% ethanol was added to precipitate RNA.
Lysates were transferred to a spin column and centrifuged at >8000xg for 15
seconds to allow RNA to bind to the membrane. A series of washes (700ul RW1,
500ul RPE, 500ul RPE) was used to remove impurities, residual ethanol from RNA
and dry membrane. RNA was eluted twice in 30ul RNase-free water, or by re-using
the first eluate if a high concentration was required. The ND1000 Nanodrop
Spectrophotometer (Thermo Fisher Scientific) was used to determine RNA

concentration and purity in each sample.

2.3.3.3 cDNA synthesis

Single stranded complementary DNA (cDNA) was synthesised from total RNA using
the Applied Biosystems High Capacity cDNA Reverse Transcription Kit. Up to 2ug

total RNA was used per 20pl reaction. A 2X reverse transcription (RT) master mix
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was first prepared on ice using 2ul 10X RT buffer, 0.8ul 25X 100mM dNTP mix, 2l
10X random primers, 1ul MultiScribe™ Reverse Transcriptase and nuclease-free
water up to 10ul per reaction needed. To this, 10ul of RNA extract (containing a
maximum of 2ug RNA) was added to each thin-walled PCR tube already containing
10ul of master mix. Briefly, tubes were centrifuged to collect all material at the
bottom and eliminate air bubbles. Reactions were placed into the Techne 512
thermocycler and the following program was set; 25°C 10 minutes, 37°C 2 hours,
85°C 5 minutes, 4°C hold. Resulting cDNA was stored at 4°C if synthesised up to
24 hours before use, or at -20°C for long-term storage.

2.3.3.4 PCR

Polymerase chain reaction (PCR) was performed using the following reaction
components and cycling conditions in the Techne 512 thermocycler. Temperature
gradient PCRs were performed to find optimal primer annealing temperature. All
PCR reactions were set up on ice. Primer sequences can be seen in Table 2.10.
PCR products were visualised on agarose gels with an appropriate molecular
weight marker. Two PCR protocols were followed depending on the DNA

polymerase used in per experiment.

The first protocol details procedures for GoTaq G2 Flexi DNA polymerase
(Promega). 1X GoTaq Flexi Green buffer, 1.5mM Mg?*, 0.3uM each forward and
reverse primers, 0.2mM dNTPs, 0.05U/ul GoTag G2 Flexi DNA Polymerase and an
appropriate amount of starting genomic or plasmid DNA were included per reaction
in a final volume of either 25ul or 50pl. Initial denaturation 95°C 2 minutes, 35 cycles
of denaturation 95°C 30 seconds, annealing optimal°C 30 seconds, extension 72°C
(extension time varies based on expected product length, 1 minute for 1kb using

GoTaq), final extension 5 minutes then 4°C hold.

The second protocol details procedures for Q5 High-Fidelity DNA polymerase
(NEB). 1X Q5 reaction buffer, 0.5uM each forward and reverse primers, 0.2mM
dNTPs, 0.02U/ul Q5 High-Fidelity DNA Polymerase and an appropriate amount of
starting genomic or plasmid DNA were included per reaction in a final volume of
either 25pl or 50ul. Optionally, 1X Q5 High GC Enhancer was added to reactions
containing template DNA with a high GC content. Initial denaturation 98°C 30

seconds, 35 cycles of denaturation 98°C 10 seconds, annealing optimal°C 30
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seconds, extension 72°C (extension time varies based on expected product length,

30 seconds for 1kb using Q5), final extension 2 minutes then 4°C hold.
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Name Purpose Sequence (5' to 3")
Exon6_F_Gaby Origins of SMN transcript CTCCCATATGTCCAGATTCTCTTG
Exon8_R_Gaby RT-PCR CTACAACACCCTTCTCACAG
pRY_586/7_CAG_Sequencing_F1 | Sequencing of CAG CAATACGCAAACCGCCTCTC
pRY_586/7_CAG_Sequencing_F2 | Promoter region in AAV TATGCCAAGTACGCCCCCTA
PRY_586/7_CAG_Sequencing_F3 pg‘imé%?pmj% and  TCTGACTGACCGCGTTACTCC
PRY_586/7_CAG_Sequencing_F4 PRY_ CCGCAGCCATTGCCTTTTAT
pRY_586/7_CAG_Sequencing_R4 CCTTGATCAGGGCGGTGTC
pRY_586/7_CAG_Sequencing_R5 CAGATGTCGCCGTTCTTCAG
189 mGapdhex4_Fw Origins of SMN transcript AAAGGGTCATCATCTCCGCC
190 _mGapdhex4-5 Rv RT-PCR ACTGTGGTCATGAGCCCTTC

B-actin_F Origins of SMN transcript TCACCCACACTGTGCCCATCTACGA
B-actin_R RT-PCR CAGCGGAACCGCTCATTGCCAATGG
B-actin_F Lentiviral titration gPCR TCACCCACACTGTGCCCATCTACGA
B-actin_R CAGCGGAACCGCTCATTGCCAATGG
2d-LRT_F Lentiviral titration gPCR AACTAGAGATCCCTCAGACCCTTTT
2d-LRT_R CTTGTCTTCGTTGGGAGTGAATT
Endog SMN_F Amplifies exons 1-4 of CAGGAGGATTCCGTGCTGTT
Endog_SMN_R endogenous SMN genes | GGGTGGTGGAGGGAGAAAAG
pRY_587_Co-hSMN1_F Transgene specific CCCGAGCAGGAAGATAGCGT
pRY_587_Co-hSMN1_R amplification for RT-PCR | CTGCAGGTCAGTTCAGGCT

Table 2.10 Primers used throughout this project.
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2.3.3.5 Reverse transcriptase-PCR (RT-PCR)

RT-PCR was performed as above for general PCRs, but with the exception that
starting genomic material was not genomic or plasmid DNA, but was cDNA
synthesised from RNA. Please see sections 2.3.3.2 and 2.3.3.3 for RNA extraction

and cDNA synthesis protocols.

2.3.3.6 Quantitative PCR and RT-PCR (gPCR and gRT-PCR)

gPCR reactions were set up on ice and utilised the SensiMix SYBR No-ROX Mix
mastermix containing all necessary reaction components except target primers.
Mastermixes for each target were prepared by multiplying the volumes stated by the
number of each reaction needed. An appropriate volume of mastermix was
aliquotted per qPCR tube. Reactions were analysed using the Qiagen Rotorgene Q
gPCR machine with the following cycling conditions: 50°C 2 minutes, 95°C 10
minutes, then 50 cycles of 95°C 15 seconds, 60°C 1 minute. Where appropriate, the
AACt method of gPCR analysis was used to determine gene expression fold-
change.

2.3.3.6.1 Preparation of gPCR standards

gPCR standards were prepared from plasmid DNA for LRT lentiviral titration gPCR
reactions using the pRY_396 plasmid. The average molecular weight of the plasmid
was calculated as 660g/mol multiplied by total length of plasmid. The number of
molecules in 1ug of each plasmid was calculated using Avogadro’s number and
adjusted to calculate number of molecules/ul. Dilutions of this plasmid were

prepared to achieve 10%-10” molecules in 6.25pl for input into gPCR reactions.

gPCR standards using genomic DNA were prepared for 8 actin standards for

lentiviral titration. HeLa cells were cultured and genomic DNA was extracted from
1x1068 cells using the Qiagen Blood and Tissue DNeasy kit as per kit instructions.
This genomic DNA was serially diuluted to a 1x10*-10° range of molecules. 5l of

this was used per qPCR reaction.

2.3.3.6.2 hPSC Genetic Analysis gPCR assay

The hPSC Genetic Analysis Kit (STEMCELL Technologies) provided all reagents

necessary for the analysis, except target cell DNA. Provided reagents included
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gPCR mastermix (2X), genomic DNA control, TE buffer and probes specific to the
following chromosomal regions: 1q, 4p, 8q, 10p, 12p, 17q, 20g, Xp. All reactions

were set up on ice.

Genomic DNA was harvested from undifferentiated iPSC lines using the Qiagen
Blood and Tissue DNeasy kit as per kit instructions. gPCR reaction set up was
conducted as per hPSC Genetic Analysis Kit instructions, briefly described here.
Genomic DNA control and harvested DNA from target cells was diluted in nuclease
free water to a final concentration of 5ng/pl in a total of 58ul. gPCR mastermix was
vortexed on high for 5 seconds, then 145ul was added to each genomic DNA
sample and mixed by pipetting up and down. These were protected from light and
stored on ice until needed. Stock solutions of primer-probe mixes were prepared by
resuspension of powdered probe in 33ul TE buffer. These were then diluted in
nuclease-free water by a factor of 1.6. Dilute genomic DNA and dilute primer-probe
mixes were then combined by adding 14l DNA and 6ul primer-probe mixes to a
total of 20l reaction volume possible in the Qiagen Rotorgene Q gPCR machine.
Reactions were analysed with the following cycling conditions: 95°C 3 minutes then
40 cycles of 95°C 15 seconds, 60°C 1 minute. Values were analysed using the
AACt method described below.

2.3.3.6.3 AACt analysis of expression

Average Ct values for each sample (both housekeeping or control gene and gene of
interest) were first calculated. ACt values were then calculated by subtracting the
average gene of interest Ct value from the average housekeeping or control Ct
value within the same sample. This normalises data within samples to account for
any differences in starting material concentration. Next, AACt values were
calculated by subtracting the average ACt value from the sample of interest from the
average ACt value of an external control sample (e.g. wild type cells, or control
genomic DNA). Expression fold change was then calculated by 224, or

chromosomal copy number by 2 multiplied by 2-42¢,

2.3.3.7 Restriction digests

Restriction digests of mini-prep DNA were completed using the following reaction
volume: 2.5ul 10x buffer, 2.5ul 10mg/ml BSA, 500ng plasmid DNA, 10 units

restriction enzyme, sterile water up to 25ul. Reactions were incubated at appropriate
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temperatures for cleavage (e.g. 37°C) for 1 hour then heat inactivated (e.g. 65°C)
for 20 minutes. Loading dye was added to samples before agarose gel
electrophoresis with an appropriate molecular weight marker for reference. Gels and
running buffer contained ethidium bromide to intercalate into DNA. Gels were

imaged using a Gel Doc under UV light.

2.3.3.8 Blunting

If DNA were required to be blunt ended prior to a procedure such as blunt end
ligation for example, the following procedure were used. T4 DNA ligase buffer,
50uM dNTPs, 1 unit Klenow (NEB) per 1ug plasmid DNA were incubated at 25°C
for 15 mins before the addition of 10mM EDTA and a further incubation at 75°C for

20 minutes.

2.3.3.9 Agarose gel electrophoresis

An appropriate mass of agarose (depending on percentage of gel desired) was
dissolved in 1x TAE by microwaving in short bursts. Once fully dissolved, the
mixture was cooled under running water and ethidium bromide added to a final
concentration of 0.5ug/ml. The molten gel was poured into a tank containing a well
comb of appropriate size and left to set for 30 minutes. Following this, buffer dams
and combs were removed and the tank filled with running buffer before samples
were loaded. If samples did not contain a coloured buffer, 5x or 6x loading dye was
added as appropriate before loading onto the gel. Gels were run at 1V/cm, generally
at 50V for 60 minutes in most cases. DNA bands were visualized using the Bio-Rad
Gel Doc 2000 UV Transilluminator. If necessary, Image J was used to quantify

visible bands.

2.3.3.10 Gel extraction and PCR purification

The QIAquick Gel Extraction Kit (Qiagen) was used to retrieve desired DNA
fragments following agarose gel electrophoresis of either PCR amplicons or
restriction digested DNA. The desired fragment was excised from the gel with a
scalpel, minimizing the amount of excess gel. The weight of the excised gel was
used to calculate the volume of buffer QG to add (100mg gel ~100pl). 3 volumes
buffer QG (or 6 volumes if >2% agarose gel used) was added and incubated for 10
minutes at 50°C, vortexing every few minutes, to dissolve the gel. 1 volume
isopropanol was added to precipitate DNA and the solution was transferred to a spin
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column. Centrifugation at full speed (~17,900xg) was used to bind DNA to the
column membrane. Washes with 500l buffer QG and 750ul buffer PE were used to
wash DNA, particularly important steps for downstream salt-sensitive applications
such as blunt end ligation and sequencing. DNA was eluted in 30ul buffer EB (EB
was left to stand in the column for up to 4 minutes to increase yield) then

concentration was determined.

PCR purification was performed using the QIAquick PCR Purificatin Kit (Qiagen) to
remove primers, nucleotides, polymerases and salts from PCR products of interest.
5 volumes of buffer PB was added to 1 volume PCR sample and mixed, pH was
adjusted if necessary using 3M sodium acetate. The sample was applied to a spin
column and centrifuged for 1 minute at full speed (~17,900xg). One wash using
750ul buffer PE removes impurities before a further spin to remove residual ethanol.
DNA was eluted in 30l buffer EB twice, or re-using the first eluate if a high
concentration was required. Concentration and purity were determined using a

Nanodrop Spectrophotometer.

2.3.4 Protein analysis

Cells of interest were lysed using RIPA (radioimmunoprecipitation assay; Fisher
Scientific) buffer in the presence of protease inhibitor cocktail, and phosphatase
inhibitors if needed, for 5 minutes on ice. This lysate was gathered, transferred to an
eppendorf and centrifuged for 15 minutes at 14,000xg (4°C) to pellet cell debris. The
supernatant was then stored at -80°C until use. The concentration of total protein in
this supernatant was determined using the microplate BioRad DC protein assay
according to kit instructions. Briefly, BSA standards (0-2mg/ml) and samples of
unknown concentration were incubated in the presence of alkaline copper tartrate,
dilute folin and surfactant solution for 15 minutes before the absorbance of these

samples was measured at 750nm using a plate reader (BioTek).

Western blotting protocols were optimised individually for the detection of each
protein of interest, therefore detailed protocols for these proteins can be found
below. Whilst all possible attempts were made for consistency and reproducibility
between western blots completed throughout this project, inherent variation will be
present. Therefore, the comparison of protein signals across all western blots within
this thesis should not be undertaken, but only within experiments that were

completed concurrently.
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2.3.4.1 Standard western blots

Western blots were undertaken as soon as possible after protein extraction to avoid
loss of protein immunoreactivity over time (Hunter et al., 2014). SDS-PAGE was
undertaken using 4-15% Tris-Glycine pre-cast gels (Bio-Rad) in the presence of 1x
running buffer (see Table 2.3 for 10X recipe). 8uug protein (unless otherwise stated),
loading buffer (Invitrogen) containing Coomassie G250 and Phenol Red tracking
dyes and a reducing agent (Invitrogen) were denatured by heating to 95°C for 5
minutes. Samples were then loaded into gels and run at 200V for 30 minutes to
allow protein separation, along with 5ul PageRuler™ Plus Prestained Protein
Ladder. Gels were removed from cassettes and immediately placed in 1x transfer
buffer (see Table 2.3 for 10X recipe) to avoid dehydration. Transfer cassettes were
assembled with nitrocellulose membranes (Sigma) then placed into the transfer tank

with an ice block to prevent excessive heat, then run at 100V for 1 hour.

Following transfer of protein samples obtained from MNSs, nitrocellulose membranes
were washed once in PBS then incubated for 5 minutes in REVERT Total Protein
Stain then washed twice for 30 seconds each with REVERT Total Protein Wash
(LiCor). Membranes were then immediately imaged using the Odyssey CLx (LiCor)

in the 700nm channel.

Following total protein staining or transfer for all other experiments not using protein
samples from MNs, membranes were blocked in Odyssey blocking buffer (LiCor)
1:1 PBS for 1 hour at room temperature with gentle agitation. Primary and
secondary antibodies (Table 2.4) were diluted in Odyssey blocking buffer 1:1 0.1%
PBST. Primary antibody incubation of membranes took place overnight at 4°C,
whilst secondary antibody incubation occurred at room temperature for 1 hour, both
with gentle agitation. Following each antibody incubation, four 5 minute 0.1% PBST
washes were used to remove antibody residue and prevent high background signal.
Membranes were imaged using the Odyssey CLx in 700nm and 800nm channels.

Quantification of protein signals was achieved using Image Studio Lite (LiCor).

2.3.4.2 ATM and phosphorylated ATM western blots

SDS-PAGE was undertaken using NUPAGE™ 3-8% Tris-Acetate pre-cast gels in
the presence of 1X running buffer containing 1X antioxidant (NUPAGE™). 10ug
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protein (unless otherwise stated) and loading buffer (NUPAGE™) containing
Coomassie G250 and Phenol Red tracking dyes (NUPAGE™) denatured by heating
to 70°C for 10 minutes, following which reducing agent (NUPAGE™) was added
immediately prior to loading. Samples were then loaded into gels and run at 150V
for 70 minutes to allow protein separation, along with 10ul HiMark Pre-stained
protein standard. Gels were removed from cassettes and immediately placed in 1X
transfer buffer plus 10% methanol to avoid dehydration. Transfer cassettes were
assembled with nitrocellulose membranes (Sigma) then placed into the transfer
tank, buffer and an ice block to prevent excessive heat, then run at 30V for 2 hours.

Following total protein staining or transfer for all other experiments not using protein
samples from MNs, membranes were blocked in blocking buffer (Table 2.11) for 1
hour at room temperature with gentle agitation. Primary and secondary antibodies
(Table 2.4) were diluted in antibody dilution buffer (Table 2.11). Primary antibody
incubation of membranes took place overnight at 4°C, whilst secondary antibody
incubation occurred at room temperature for 1 hour, both with gentle agitation.
Following each antibody incubation, four 5 minute washes (Table 2.11) were used
to remove antibody residue and prevent high background signal. Membranes were
imaged using the Odyssey CLx in 700nm and 800nm channels. Quantification of

protein signals was achieved using Image Studio Lite (LiCor).

Reagent ATM-probed Phosphorylated ATM-
membranes probed membranes
Blocking buffer 5% milk in PBS 5% BSA in TBS

Antibody dilution buffer | 5% milk in 0.1% PBS-T | 5% BSA in 0.1% TBS-T

Wash buffer 0.1% PBS-T 0.1% TBS-T
Table 2.11 Buffers used in ATM and pATM western blots

2.3.5 Immunofluorescence staining

Cells to be immunostained were fixed by washing twice with ice-cold PBS then
incubated in 4% PFA for 10 minutes at room temperature, followed by two further
ice-cold PBS washes. If not being stained immediately, samples were stored at 4°C.
Cells were then permeabilised to allow binding of antibodies to intracellular target
proteins. This step was combined with blocking to prevent unspecific binding when

cells were incubated with 5% normal goat serum (Fisher Scientific) in PBS with
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0.25% Triton X-100 for 45 minutes. Antibodies (see Table 2.5) were also diluted in
the same solution. Primary antibody incubation occurred at 4°C overnight before
three 5 minute PBS washes with gentle agitation removed the excess. Cells were
incubated with the secondary antibody at room temperature for 1 hour before three
further 5 minute PBS washes. Cells were counterstained with DAPI (Sigma) at
1pg/ml for 5 minutes then rinsed once with PBS. Cells were imaged using a Zeiss
Axio Observer D1 fluorescent microscope with consistent exposure settings for all

corresponding experiments.

2.3.5.1 Immunofluorescence staining of motor neurons

Immunofluorescence staining was used to assess expression of markers indicating
MN maturity. For this, MNs were seeded at a density of 25,000 cells on day 16 of
differentiation (see 2.2.2.4) onto 13mm coverslips coated with 15ug/ml poly-
ornithine and Matrigel. Primary antibodies against SMI32 (a component of
neurofilament heavy chains), Blll-tubulin (a pan-neuronal marker), choline
acetyltransferase (ChAT; the enzyme responsible for recycling the neurotransmitter
choline) and HB9 (a MN-specific transcription factor) were used to assess maturity.
Antibodies used and their corresponding working concentrations can be found in
Table 2.5.

Due to the fragile nature of MNs are the likelihood of detachment from coverslips,
an adjusted immunofluorescence protocol was used to avoid cell loss. Coverslips
were removed from cultureware using sharp forceps and dipped into a clean well of
ambient temperature PBS to wash off excess cell culture media, before being
dipped in a clean well of pre-warmed 4% PFA, then a second clean PBS well. At all
times coverslips were gently held in forceps and were only in contact with each new
solution for a few seconds. These were transferred into a 24 well plate containing
5% normal goat serum in PBS with 0.25% Triton X-100 for blocking (45 minutes). All
solutions removed or added to the coverslips were done so very gently to avoid MN
loss. Primary antibody incubation occurred at ambient temperature for 2 hours
before three 5 minute PBS washes removed the excess. Cells were incubated with
the secondary antibody at room temperature for 1 hour before three further 5 minute
PBS washes. Cells were counterstained with DAPI at 1pug/ml for 5 minutes then
rinsed once with PBS. Coverslips were mounted onto glass slides using

Fluoromount (Sigma) to preserve fluorescence, slides were stored 4°C in the dark.
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Cells were imaged using a Zeiss Axio Observer D1 fluorescent microscope with

consistent exposure settings for all corresponding experiments.

2.3.5.2 iPSC MN neurite length measurement

Neurite length was assessed using an ImageJ plugin called NeuriteTracer (Pool et
al., 2008). Briefly, MNs immunostained against BllI-tubulin and counterstained with
DAPI were fluorescently imaged in separate channels for the nuclear marker and
the neuronal marker. These were adapted into grey-scale images and loaded into
the NeuriteTracer plugin, multiple pairs of images were analysed simultaneously.
Thresholds were set that ensured that all neurite outgrowths and nuclei were framed
in each channel, without background signals. The diameter of a number of nuclei
were measured to determine a size range of visible nuclei, which is then inputted
into the program. The scale of the image is inputted into the plugin to allow
calculation of absolute neurite lengths in micrometers. The total length of all neurites
in the image, as well as the number of nuclei present, is presented. This total length

was divided by the number of nuclei to calculate an average neurite length per cell.

2.3.6 Flow cytometry

Cells to be assessed by fluorescent associated cell sorting (FACS) were harvested
by trypsin or Accutase digestion then pelleted by centrifugation at 2000rpm for 5
minutes. If samples were to be assessed immediately the cell pellet was
resuspended in PBS, but if samples were to be stored prior to analysis the cell pellet
was resuspended in 1% PFA. The FACS Canto Il (BD Biosciences) and associated
FACS Diva software were used for all flow cytometry. Cell samples were mixed prior
to loading onto the machine to achieve a homogeneous suspension. Appropriate
lasers containing relevant excitation and emission bandpass filters were used
depending on the experiment. eGFP expression was detected using the blue laser
and FITC channel with 488nm excitation and 530/30 bandpass filter.

2.3.6.1 Cellular DNA content measurement

Samples containing approximately 1x10° cells were harvested by trypsin digestion,
pelleted then resuspended in 1% PFA for 10 minutes on ice. Samples were then
centrifuged, PFA discarded and cells resuspended in 0.1% (v/v) Triton X-10 in PBS
to allow permeabilisation for 10 minutes. 10ul of 10mg/ml RNase A was added to
1ml of cell suspension (final concentration 100ug/ml) to prevent measurement of
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RNA rather than DNA content. Samples were incubated for 5 minutes at room
temperature. The nucleic acid stain DAPI (1ug/ml final concentration) was added to
samples which were then incubated in the dark for 10 minutes. To collect DAPI
fluorescence, the violet laser with Pacific Blue channel was used (401nm excitation
and 450/50 bandpass filter).

2.3.6.2 Survival of iPSC-derived MNs

Survival and longevity of mature MNs was analysed using a flow cytometry-based
assay. MNs were harvested with Accutase digestion then stained with 20pg/ml
propidium iodide (Sigma) on ice for 10 minutes or 1uM SYTOX AADvanced dead
cell stain (Thermo Fisher Scientific) at 37°C for 5 minutes to label dead cells, with
CellEvent Caspase 3/7 Green Detection Reagent (Thermo Fisher Scientific) at 37°C
for 30 minutes to label apoptotic cells, without PFA-mediated fixation. Propidium
iodide fluorescence was collected in the PE channel, SYTOX AADvanced
fluorescence in PerCP-Cy5.5 channel (488nm excitation and 695/40 bandpass filter)
and CellEvent fluorescence in FITC channel (488nm excitation and 530/30
bandpass filter). The percentage of cells expressing each marker was calculated.

2.3.6.3 Direct antibody staining

Cells were harvested and counted before the total number of cells needed were
resuspended in 0.1% BSA in PBS. No fixation was used in direct antibody staining
experiments. 50l of cell suspension was used per sample. Samples were kept on
ice at all times to prevent antigen internalisation. To determine the appropriate
volume of antibody to add to each sample, a titration was performed that maximized
number of positive cells without creating high background signal. Antibodies were
added directly to tubes containing 50pl cell suspension, then incubated on ice in the
dark for 30 minutes. Two washes (700rpm centrifugation for 3 minutes) using 500yl
0.1% BSA/PBS were used to remove excess, unbound antibody. Cell suspensions

were transferred to FACS tubes before being analysed on the flow cytometer.

Antibodies used for flow cytometry can be seen in Table 2.6. Appropriate controls
were used to exclude background signal from results. Unstained samples are used
to detect autofluorescent cells, whilst single stained samples help to reveal spectral

overlap between fluorophores. In samples stained with more than two antibodies,
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fluorescent minus one (FMO) controls detect spillover induced background and

allow for compensation calculations.

2.3.7 Viral vectors

2.3.7.1 Production of lentiviral vectors

A 3'-generation lentiviral system was used to produce IDLVs. This involved
transient calcium phosphate co-transfection of HEK293T/17 cells with four plasmids
(1:1:1:2 ratio) encoding the packaging constructs (pMDL_D64V), replication and
transcriptional machinery (pRSV_REV), envelope proteins (pMD2_VSV-G) and the
transfer plasmid encoding the transgene of interest (see Table 2.2). Transgene
cassettes are driven by relevant promoters (CMV, hSYN or hPGK) and are coupled
to MWPRE. Packaging plasmids contain a D64V point mutation (Yafiez-Mufioz et
al., 2006) in the catalytic active site of the integrase enzyme to prevent viral
integration into the host cell genome. The co-transfection of all four plasmids was
undertaken in the presence of 2.5M CacCl, and HBS (100mM HEPES, 281mMM
NaCl, 1.5mM NazHPO., pH 7.12). Ultracentrifugation (23,400 rpm for 2 hours) of the
supernatant collected from each HEK293T plate at 48 and 72 hours post-
transfection was used to concentrate vectors. These vectors were resuspended in
DMEM without supplements, centrifuged briefly to remove debris then adjusted to a
concentration of 10mM MgCl. as well as DNase | added. For long term storage and
future use these were frozen at -80°C as whole samples. Both 48 and 72 hour
samples for each vector produced were thawed fully and combined together so that

harvests are mixed. This combined sample was then aliquotted and stored at -80°C.
2.3.7.1.1 Titration of lentiviral vectors

Titration of lentiviral vectors was performed by gPCR and in addition flow cytometry
for vectors expressing eGFP. HelLa cells were transduced with vectors of unknown
titre in serial dilutions in the presence of 8ug/ml polybrene. Vector stock was diluted
at both 1:2000 and 1:20000 for transductions for gPCR titration, whilst serial

dilutions ranging from 1x107 to 1x10 were used for FACS titrations.

2.3.7.1.2 gPCR
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For qPCR analysis, 1x10° HeLa cells transduced with serial dilutions (A 1:2000 or B
1:20000) of the vector(s) of interest were harvested by trypsin digestion, pelleted
and subjected to DNA extraction using DNeasy Blood and Tissue Kit (Qiagen), 24
hours post-transduction. This HeLa DNA containing viral genomes was used to set
up gPCR reactions. All DNA extractions and gPCR set up were performed in a
laminar flow hoods to avoid contamination from DNA sources wherever possible.
Water and AE DNA elution buffer (from DNeasy Blood and Tissue kit) were used as
no template controls. DNA from HeLa cells mock transduced with vector was used
as a negative control. LRT standards (102, 103, 10%, 10°, 10, 10’ copies of the
PHR'SIN-cPPT-SEW plasmid) and B-actin standards (10%, 102, 103, 10, 10°, 10°
HeLa cell genomes) were used in standard curves. See section 2.3.3.6.1 for details
of gPCR standard production. Control and standard reactions were performed in
triplicate, whilst viral DNA reactions were performed in duplicate.

gPCR reactions were set up on ice using the components stated in

Table 2.12. A mastermix for both LRT and B-actin reactions were prepared,
following which 13.75ul of LRT mastermix or 15ul of 3-actin mastermix was
aliquoted per qPCR tube. 6.25ul or 5ul control, standard or DNA was added to LRT
and B-actin reaction tubes, respectively, to a total of 20ul per tube. Reactions were
analysed using the Qiagen Rotorgene Q gPCR machine with the following cycling
conditions: 50°C 2 minutes, 95°C 10 minutes, then 50 cycles of 95°C 15 seconds,
60°C 1 minute.

Component LRT reaction B-actin reaction
(1) (1)

SensiMix SYBR No-ROX Mix |10 10

Forward primer (LRT_F/ - |0.2 0.2

actin _F;10uM)

Forward primer (LRT_R/B- |0.2 0.2

actin _R;10uM)

Sterile water 3.35 4.6

Total 13.75 15

Table 2.12 Reaction components used in LRT and B-actin gPCR lentiviral

titration reactions.
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Samples were analysed in the Cycling A. Green channel with an automatic
threshold set. The signal values (copies/ul) for LRT and (-actin were exported and
viral titres calculated based on the following equations. The total LRT signal from
each viral dilution was calculated by multiplying the average LRT signal by 64
(representing the proportion of total eluted DNA (400ul) added to LRT reactions
(6.25ul)) then dividing this by the average B-actin signal. The total LRT value was
multiplied by either 2000 or 20000 (the dilution factor used at transduction stage),
then also by 100000 (to account for 1x10° HeLa cells seeded prior to transduction).
This equation gives the viral titre for dilution A and B, which are then averaged to

give a final titre. Titres were measured in vector genomes per milliliter (vg/ml).

Average LRT signal x 64
Total LRT = ( g g )

Average [ actin signal

Viral titre (vg/ml) = Total LRT x dilution factor x 100000

2.3.7.1.3 Flow cytometry

Flow cytometric analysis was performed 72 hours post-transduction. Cells
transduced with fluorescent vectors to be analysed by flow cytometry were
harvested, pelleted and resuspended in PBS or 1% PFA, if not being subjected to
FACS immediately. The percentage of eGFP-positive cells in each sample was
determined before the following calculation was used to determine titre, based on

the dilution in which 1-10% cells were eGFP-positive.

) . % eGFP positive cells 5
eGFP transducing units = x10° x —
100 vector dilution

Flow cytometric analysis reveals a value of functional vectors measured in
transducing units per milliliter (TU/ml). Functional vectors exist where the viral
genome is packaged correctly, subsequently forming a virion which is able to
transduce cells. gPCR titres are more accurate and reliable than flow cytometric
titres, which often do not distinguish between cells containing single or multiple viral
copies (Barczak et al., 2015), thus gPCR values were used when calculating the

MOI used in subsequent experiments.

2.3.7.2 Production of AAV vectors
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Two AAV9 vectors were commercially produced by Atlantic Gene Therapies. These
vectors were designed to have equivalent expression cassettes to the lentiviral
vectors used in this project. Therefore, a single stranded conformation expressing
either eGFP or Co-hSMN1 coupled to mMWPRE under transcriptional control of the
CAG promoter was designed. To achieve this goal 100ug of the pRY_543
IDLV_CMV_Co-hSMNL1 plasmid was sent with instructions to release a 1483bp
fragment containing both Co-hSMN1 and mWPRE by digestion with Agel and
Acc65l or Kpnl. From this, AAV9 vectors were produced and titrated by Atlantic
Gene Therapies using gPCR against viral ITRs (inverse terminal repeats).

2.3.8 Transduction and transfection

2.3.8.1 Lentiviral and AAV9 transduction

24 hours prior to transduction, cells were seeded into 6, 12 or 24 well plates. The
number of cells seeded varies based on the experiment being conducted and the
cell type, but commonly 5x10° cells/6 well for protein analysis, 1x10° cells/12 well for
flow cytometry and 5x10* cells/24 well for Co-hSMN1 transduction and subsequent
immunofluorescence were used. Seeding cells 24 hours prior to transduction allows
them to settle and encourages higher transduction efficacy. The appropriate volume
of vector was diluted in fresh media according to a calculation that takes into
account cell number, the desired MOI and the vector titre obtained by gPCR. Once
dilutions were made, medium in the plate was aspirated and replaced with the

minimum volume of diluted vector needed to cover the cells (500ul/6 well plate,

300pl/12 well plate, 100ul/24 well plate).

For lentiviral vector transductions, minimal media containing the vector was left for 1
hour so the cells are in presence of concentrated vector, then after this hour, fresh
medium was topped up (1.5ml/6 well, 700ul/12 well, 400ul/24 well). For AAV9
vector transductions, serum-free medium was used to dilute the vectors and the
minimal volume was left in the cells presence for 5 hours before topping up with
media containing serum. All cells were incubated for 72 hours post-transduction

before analysis.

2.3.8.2 Transfection of plasmid DNA using Lipofectamine 2000
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Cells were seeded 24 hours prior to transfection at a density that allowed 70-90%
confluency upon addition of transfection reagents. Media was changed to serum-
and antibiotic-free media 45 minutes before transfection. Separately, Lipofectamine
2000 and plasmid DNA were diluted in Opti-MEM media at required concentrations.
Equal volumes (150ul/6 well plate, 25ul/24 well plate) of each diluted reagent were
then combined and incubated at room temperature for 5 minutes. DNA-lipid
complexes were then added to cells and left for 48 hours before analysis.

2.3.9 Statistical analyses

Experimental data were collated using Microsoft Excel then analysed using
GraphPad Prism. Data are presented as mean * standard deviation. For all
experiments where replicate data were presented, n = 3 replicates were used,
unless otherwise stated in specific sections. A range of statistical tests were used
throughout this thesis, with the most appropriate test for each dataset being
determined individually. Data were tested for a normal distribution wherever
possible, and appropriate parametric and non-parametric tests were used

accordingly. Individual statistical tests used are highlighted for each experiment.

Common statistical tests employed included one-and two-tailed t-tests and one- and
two-way ANOVASs. Post-hoc tests including Dunnett’s and Bonferroni corrections
were applied to one- and two-way ANOVAs. T-tests were used to directly compare
data from two samples, with two-tailed tests used as default to better detect an
effect in a particular direction. One-tailed t-tests with higher power to detect a
statistical difference were only performed after preliminary data were collected that
informed the direction of effect. To avoid multiple t-tests on the same dataset,
ANOVAs were used to assess multi-sample data. One-way ANOVAs were used to
analyse datasets with more than one sample compared to a control (for example,
transduction of one cell line with three different vectors, all compared to the same
mock sample). Two-way ANOVAs were used to analyse more complex datasets
with two variables to be compared in multiple samples (for example, multiple cell
lines were transduced with multiple MOIs, all compared to mock). In some
instances, if an ANOVA with a very large number of comparisons did not reveal
significance of a sample with a very clear fold-difference, compared to control, a
second statistical test may have been applied with fewer comparisons to detect a

true effect.

90



Significance was determined where P<0.05 and is represented on graphs in the
following manner: * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. Individual P
values will be stated wherever possible, but in some cases GraphPad only indicated

if a comparison was significant or not, without stating the actual P value.
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3 Systematic review and meta-analysis determining the
benefits of in vivo gene therapy in SMA rodent
models

The data presented in this chapter were obtained with help from Theodore Hirst and
Evalyne Muiruri. TH provided expertise on pre-clinical statistical meta-analyses. EM

provided R script used for data transformation and visualisation.

3.1 Introduction

3.1.1 Benefits of conducting meta-analyses

Meta-analyses were first introduced by Glass (1976) and aim to integrate findings of
individual studies into a statistical framework allowing meaningful conclusions to be
drawn. The use of meta-analyses has increased in popularity in medical and clinical
research recently, with the DerSimonian and Laird random-effects model employed
here, gaining over 20,000 citations since its publication in 1986 (according to Web
of Science Core Collection). Often, data from individual studies of a small number of
participants or animals can contradict that of other studies, but due to low statistical
power it can be hard to identify true patterns or conclusions. Findings from pooled
analyses may provide increased precision and validity of estimates of treatment

effect than any individual contributing study (Haidich, 2010).

3.1.2 Pre-clinical meta-analyses

Although traditionally meta-analyses are conducted using randomised, controlled
clinical trial publications, it is becoming an increasingly used technique for pre-
clinical studies too. The CAMARADES (Collaborative Approach to Meta-Analysis
and Review of Animal Data from Experimental Studies) consortium was launched to
promote pre-clinical meta-analyses as a tool to investigate the common translational
failure between promising animal trial data that were not replicated in clinical trials.
Part of the NC3Rs initiative to prevent excessive use of animals in research,
combining data from multiple pre-clinical studies may help to compute estimates of

risk factors or treatment effect, without new animal studies being undertaken.
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Examples of existing pre-clinical systematic reviews and meta-analyses have
investigated pharmacological improvement of stem cell implantation after
myocardial infarction (Dai et al., 2015), the benefits of histone deacetylase inhibitors
after acute brain injury (Gibson and Murphy, 2010) and cell based therapies for

chronic kidney disease (Papazova et al., 2015) as just a few examples.

3.1.3 Relevance to SMA

SMA has been the subject of a few systematic reviews and meta-analyses over the
past decade. Systematic reviews have assessed the health and wellbeing of adult
SMA patients (Wan et al., 2020), the quality of life of patients (Vaidya and Boes,
2018, Landfeldt et al., 2019), and the evidence available to support the use of
Spinraza in clinical trials (Meylemans and De Bleecker, 2019). Those that also
included a quantitative meta-analysis component assessed the effects of long-term
non-invasive ventilation in infants (Bedi et al., 2018), or the efficacy and safety of
valproic acid as a therapeutic target (Elshafay et al., 2019). The publications
mentioned above focused on human data, only two reviews have included pre-
clinical SMA as a subject of investigation. The first assessed genome editing for a
variety of monogenic neuromuscular diseases (Long et al., 2016), whilst the second
investigated ASO delivery in heritable neurodegenerative and neuromuscular
disorders (van der Bent et al., 2018). To my knowledge, no systematic review or

meta-analysis has investigated gene therapy for SMA as is done here.

Two treatments have been approved to treat SMA within the last three years.
Spinraza is an antisense oligonucleotide targeting SMN2 splicing, aiming to promote
inclusion of exon 7 within transcripts and hence the synthesis of full-length SMN
protein. Spinraza binds to SMN2 pre-mRNA at an intronic splicing sequence in
intron 7, preventing negative splice factors from binding this site. This causes
recognition of exon 7 by U1 snRNP and inclusion in the mature SMN2 mRNA
transcript (Talbot and Tizzano, 2017). A second treatment called Zolgensma is a
self-complementary AAV9 vector encoding SMN1. This therapy aims to replace the
missing SMN1 gene in SMA patients, thus restoring normal SMN protein function
(Mendell et al., 2017). Both of these therapies were extensively tested in pre-clinical
experiments before progressing to clinical trials. The approval of Spinraza was

largely underpinned by data from ENDEAR and CHERISH clinical trials, whist only
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one clinical trial using Zolgensma has been completed. Data from these studies will

be reviewed in this chapter.

Here, studies that have used a gene therapy approach to treat SMA rodent models
were reviewed using meta-analytic techniques to provide quantitative data
pertaining to treatment efficacy. The hypothesis stated that application of gene
therapy would likely lead to a prolonging of survival in treated SMA animals, but the
efficacy of this was affected by the type of gene therapy used and the severity of the
SMA model it is administered to, amongst other factors. Together, this information is
useful as it can provide insights into the most successful strategies in pre-clinical
data, avoiding unnecessary and unethical repetition of animal experimentation
(Vesterinen et al., 2014), or identify gaps in knowledge that can be addressed in the

future.

3.2 Aims

In this chapter | aimed to systematically review and analyse existing in vivo SMA
gene therapy studies from a literature search and assess any benefits of this.
Specifically, my objectives were:
(A) Systematically identify literature pertaining to in vivo SMA gene therapy.
(B) Assess how gene therapy impacts overall survival and how experimental
design affects this.
(C) Explore potential sources of bias and heterogeneity in pre-clinical studies.

(D) Identify how well pre-clinical data can predict clinical trial outcome.

3.3 Publication identification

Electronic and manual searching retrieved 1,737 publications, 469 of which were
duplicates found from more than one database search. 1,268 publications were
screened to determine if they met inclusion criteria, 1,179 of these were excluded.
Reasons for exclusion included: reviews or non-primary literature, non-SMA, non-
genetic therapy intervention, non-rodent model, clinical only data. Of the 89
publications that were deemed relevant, data extraction were completed
successfully for 51. The remaining 38 were excluded due to missing, incalculable or
irrelevant data. From the included publications, 155 individual comparisons were

used in statistical analysis, corresponding to 2,573 animals in total. This information
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is summarised in Figure 3.1, with characteristics of included publications in Table
3.1. Figure 3.2 shows the distribution of publications and individual comparisons

across the years, highlighting a large increase from 2009 onwards.

N = 23 publications contained comparisons using an oligonucleotide-based
approach, n = 26 used a viral vector and n = 2 used a combination of both. Genetic
therapy agents were delivered between P1 and P25 into a range of models
including Taiwanese (n = 14 studies) and SMNA7 (n = 28 studies) mice, via local
(intrathecal, intramuscular and intracranial), systemic (intravascular, subcutaneous
and intraperitoneal), or multiple routes of administration. The different
characteristics of each study provided the basis of the stratified meta-analysis.

On pooling the 155 comparisons in meta-analysis, it was found that SMA animals

treated with a genetic therapy to survive over 3 times as long as controls (MSR:
3.23, 95% CI 2.75-3.79; x*>= 2671.65, df = 154; P < 0.0073).
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Literature search

Screening

Inclusion

Extraction

Analysis

Records identified through
searching:
Web of Science (n = 886)
PubMed (n = 847)
Manual search (n = 4)

A 4

Titles screened for duplicates
(n=1,737)

»

A 4

Inclusion and exclusion criteria
applied
(n=1,268)

Excluded (n = 469)

A 4

Data extracted for meta-analysis
(n=89)

Total excluded (n = 1,179):
Non-primary (n = 599)
Non-SMA (n = 253)
Non-gene therapy (n = 241)
Non-rodent model (n = 50)
Clinical only (n = 36)

A 4

Publications included in
quantitative synthesis (meta-
analysis)

(n=51)

Excluded (n = 38)

Figure 3.1 Flow chart illustrating steps in study identification and assessment

of eligibility for inclusion in the meta-analysis.

This meta-analysis was conducted in five stages; literature search, screening,

inclusion, extraction and analysis. Publications were excluded from the screening
stage onwards, with the largest number excluded when strict inclusion criteria were
applied. At this stage, the reason for exclusion is shown, the most common reason

being the publication was not primary research. 38 studies were excluded at data

extraction due to missing, incalculable or irrelevant data on close inspection. n =

number of studies.
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Genetic

Administration

Median survival (days)

Study therapy Target and/or transgene SMA model Time Route Dosage Treated | Control
Oligonucleotide-based approaches:
Baughan et al, 2009 RNA SMN2 Burghes’ severe P2+P4 ICV 6 ug 7 5
Coady and Lorson, 2010 ASO SMN2 Burghes’ severe P1 ICV Not reported 7 4
SMN2 6
Shababi et al, 2011 RNA IGF1 Burghes’ severe P2+P3+P4 ICV 10 pg 7 4
SMN2+IGF1 8
P1 ICV 20 pg 16 10
P1+P3 SC 50 pg/g 108 9
P1+P3+P5+P7(SC 50ug/g 137 9
P1+P3 ICV+SC 20 ug+50 pg/g 173 10
Hua et al, 2011 ASO SMN2 Taiwanese P1+P3 SC 40 pg/g 84 10
P1+P3 SC 80 ug/g 170 10
P1+P3 SC 160 ug/g 248 10
P5+P7 SC 100 pg/g 16 11
P1+P3 IP 80 ug/g 118 11
8 ug 23
4 g 25
Passini et al, 2011 ASO SMN2 SMNA7 P1 ICV 2 ug 23 16
19 20
0.5 ug 17
ASO 16.5
Osman et al, 2012 RNA 1 SMN2 SMNA7 P1 ICV 6 ug 19 12
RNA 2 20
ICV 27 ug 83
ICV 54 ug 104
P1 ICV 81 ug 112
Porensky et al, 2012 MO SMN2 SMNA7 I\ 50 pg/g 35 15
IV +ICV 54 ug 93
P4 ICV 54 ug 41
P4 I\ 81 ug 21
PMO 18 20 ugl 12
1oV 40 pg/g 32
P1 20 pg/g 43
Zhou et al, 2013 PMO 25 SMN2 Taiwanese 40 uglg 85.5 9.5
I\ 230
P1+P3 IV + SC/IP |40 pg/g 93.5
VPMO 25 IV +IP 7 ug/g 16

Table continued on next page.
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Genetic

Administration

Median survival (days)

Study therapy Target and/or transgene SMA model Time Route Dosage Treated |Control
) 20 pg/s 8 10
Keil et al, 2014 ASO SMN2 Taiwanese P1+P5+P10 [IP 80 tg/g 13 10
Hemi-hybrid 80 ug/g 50 16
MO (modified) 2nM 42.5
. 10 nM 40
Nizzardo et al, 2014 MO (unmodified) SMN2 SMNA7 P1+P3 ICV+SC 5T yr: 17
2nM 40
IP 14 10
SMNA7 ICV 39
Osman et al, 2014 ASO SMN2 P2 ICV+ICV 2mM 54
ICV+IP 54
SMNRT ICV 175 17
Bogdanik et al, 2015 ASO SMN2 117111 Burgheron g;g IP 80 ug/g twice :gis 125.5
) SC 120 mg/kg 237 10
Hua et al, 2015 ASO SMN2 Taiwanese P1+P3 1CV2SC 120 mglkg + 30 g decoy _|212 10
ICV 212
SC 401/g 261
. ICV 43
Zhou et al, 2015 PMO 25 SMN2 Taiwanese P1 3C 20 ug/g 58 9.5
Olivan et al, 2016 Plasmid SMN Type Il P1 IM 50 ug in two muscles 8 8
Hammond et al, 2016 PMO SMN2 Taiwanese P1 [\ 10 pg/g 167 12
Hosseinibarkooie et al, 2016 |ASO SMN2 Taiwanese P1+P2 SC 30 ug 25 12.5
Lin et al, 2016 ASO SMN2 Taiwanese P1 SC 80 ug/g 19.7 7.7
ASO E1 MO 47.8
ASO E1Mo" 15.8
ASO E1MO 10.2
ASO E1MO® 19
ASO E1MOv 19.5
ASO E1MO% 15.3
Osman et al, 2016 ASO E1"0v® SMN2 SMNA7 P1 ICV 2 pl of 40nM 18.8 12.3
ASO E1MO 15.8
ASO E1VO*® 18.3
ASO E1MO® 17.5
ASO E{Mov1© 30.8
ASQ E1MO! 50.9
ASO E{Mo2 19.2

Table continued on next page.
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Study t(:‘ir:::; Target and/or transgene SMA model :icrinn:mstratlonRome Dosage :_’:;Z’; suzzl:tlrf:ays)
Arnold et al, 2016 ASO SMN2 SMNA7 Eg ICV 40 ug 22 16.5
Riessland et al, 2017 ASO SMN2 Taiwanese P1 SC 30 pg 180 17
Shabanpoor et al, 2017 Emg Eg?_k:ng) SMN2 Taiwanese P1+P2 v 10 pg/g 52 14
ASO 400 mg/kg 18
d'Ydewalle et al, 2017 SSO SMN2 SMNA7 P1+P3 SC 50 mg/kg 25 18
ASO + SSO 400 mg/kg + 50 mg/kg 37
Viral vector-based approaches:
Lesbordes et al, 2003 Ad CT1 NSE-Cre+ Smn™F" |P5-7 IM 10e8 pfu/mouse 44.4 33.7
Azzouz et al, 2004 EIAV SIN LV SMN1 SMNA7 P2 M 1.2e8 vg/mouse 18 13
" ssAAVS8 5e10 vg/mouse 50 15
Passini et al, 2010 ~oAAVE SMN1 SMNA7 P1 ICV+IS 17610 vgimouse 157 5
Valori et al, 2010 scAAV9 Codon optimised SMN1 SMNA7 P1 v 10e11 vg/mouse 69.1 11.2
Foust et al, 2010 scAAV9 SMN1 SMNA7 P1 v 5e11 vg/mouse 250 15.5
Dominguez et al, 2011 sCAAV9 SMN1 SMNA7 P1 1\ 4.5e10 vg/mouse 160 13.7
Glascock et al, 2012a scAAV9 SMN1 Burghes’ severe P1 :SV 2e11 vg/mouse 1; 7
Glascock et al, 2012b scAAV9 SMN1 SMNA7 P2 v 2e10 vg/mouse 84.9 11
P2+P3 ICV 126.7
Shababi et al, 2012 scAAV9 SMN1 SMNA7 P2 v 1e11 vg/mouse 23.5 12
Benkhelifa-Ziyyat et al, 2013 |scAAV9 Codon optimised SMN1 SMNA7 P1+P2 IM (2 imbs) |0 13 vg/kg 26 12
IM (4 limbs) 163
Tsai et al, 2014 AAVA IGF1 Burghes’ severe P1 [\ 3.4e9 vg/mouse 12 9
5e10 vg/mouse 153
Passini et al, 2014 scAAV9 SMN1 SMNA7 P1 ICV+IT 1e10 vg/mouse 70 17
1e9 vg/mouse 18
P2 204
P3 75
P4 167
Robbins et al, 2014 scAAV9 SMN1 SMNA7 P5 ICV 1e11 vg/mouse 37 14
P6 34
P7 28
P8 18
Little et al, 2015 scAAV9 PTEN SMNA7 P1 v 10e10 vg/mouse 23.5 10
Powis et al, 2016 ssAAV9 Uba1t Taiwanese P1 v 2.4e11 vg/mouse 12 9

Table continued on next page.
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Genetic

Administration

Median survival (days)

Study therapy Target and/or transgene SMA model Time Route Dosage Treated |Control
4.07e12 vg/kg 22
1.75e13 vg/kg 25.5
Odermatt et al, 2016 sCAAV9 SMNZ2 via U7-ESE-B SMNA7 P1+P2 ICV 3.21e13 vg/kg 33 12
4.34e13 vg/kg 34
2.27e14 vg/kg 195
ICV 1.9e13 vg/kg 201
3e13 vg/kg 346
Armbruster et al, 2016 SCAAVO Codon optimised SMN1 SMNA7 P1 7.5¢13 vghkg 154 16
1.9e13 vg/kg 283
ICV+IV 3e13 vg/kg 188
7.5e13 vg/kg 262
Alrafiah et al, 2018 ssAAV9 Plastin3 SMNA7 P1 IT 5e10 vg/mouse 17.5 12.5
Villalon et al, 2019 scAAV9 Stathmint Smn2B/- P2 ICV 1e11 vg/mouse 27.02 19.04
P1+P3 1.5e12 vg/mouse 219
Donadon et al, 2019 AAV9 SMNZ2 via ExSpeU1s Taiwanese P1 P 150 10
P1+P3 1.5e11 vg/mouse 13.56
Rashnonejad et al, 2019 [Sonnv? SMN1 SMNA7 E14-15 Icv 410 vg/mouse 63 12
scAAV9 105
Simon et al, 2019 scAAV9 Stasimon SMNA7 P1 ICV 1e11 vg/mouse 15.03 14.12
SMN1 70
D. rerio Smn 70
X. laevis Smn 38 10
Osman et al, 2019 scAAV9 D. melanogaster Smn SMNA7 P2 ICV 1e11 vg/mouse 138
C. elegans Smn 11
S. pombe Smn 9
SMN_236 15 13
Smn2B/- 36 25
) 2e10 vg/mouse 13.8
Ahlskog et al, 2020 SCAAVS KIf15 Taiwanese P1 v Te10 vg/mouse 7.88 12.82
Smn2B/- 2e10 vg/mouse 21.73 20.7
Codon optimised SMN1 (hSYN) 4.5e10 vg/mouse 155
Besse et al, 2020 AAVY SMNA7 P1 Icv 1.2e11 vg/mouse 39.5 16
Codon optimised SMN1 (hPGK) v 4.5e10 vg/mouse fi;
Nizzardo et al, 2020 AAV9 Syt13 SMNA7 P1 IM 5e10 vg/mouse 18 12

Table continued on next page.
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Genetic

Administration

Median survival (days)

Study therapy Target and/or transgene SMA model Time Route Dosage Treated | Control
Combinatorial approaches:

SCAAV9 Plastin3 \% 1e11 vg/mouse 15 15
ASO Plastin3 SMNA7 ICV 1 nmol 17 15
ASO+ scAAV9 [SMN2 + Plastin3 ICV+IV 1 nmol+1e11 vg/mouse 14 15

Kaifer et al, 2017 ASO SMN2 P1 ICV 2 nmol 20 17
ASO+scAAV9 | SMNZ2 + Plastin3 ICV+IV 2 nmol+1e11 vg/mouse 43.5 17
SCAAV9 Plastin3 Smn2B/- \% 1e11 vg/mouse 43.75 30
scAAV9 Plastin3 I\ 3e11 vg/mouse 45 30
AAV Myostatin 2.5e10 vg/mouse 12

Zhou et al, 2020 PMO 25 SMNZ2 Taiwanese P1 SC 40 ug/g 261 10
PMO + AAV SMN2 + Myostatin 40 pg/g + 2.5e10 vg/mouse |166

Table 3.1 Overview of pre-clinical gene therapy applications in SMA mice models.

51 publications were included in this meta-analysis, as highlighted by the first column. However, some studies incorporated multiple relevant
comparisons within the publication, for example with different treatment dosages, so were included as part of the 155 individual comparisons
analysed here. Details of each comparison are highlighted in the table, including the type of genetic therapy and its target, the mouse model in
which this was administered, the dosage, time and route of administration and finally the median survival. ASO = antisense oligonucleotide, MO

= morpholino, PMO = phosphorodiamidate morpholino, AAV = adeno-associated viral vector, EIAV = equine infectious anaemia virus, SIN =

self-inactivating, LV = lentiviral vector, IV = intravascular, IT = intrathecal, ICV = intracerebral ventricular, IS = intraspinal, IM = intramuscular, IP
= intraperitoneal, SC = subcutaneous, P1 = post-natal day 1, vg = vector genomes, pfu = plaque forming unit.
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Figure 3.2 Distribution of studies and the individual comparisons they
contain.
Within the last 18 years, 51 eligible studies were included in this meta-analysis.

Some publications contained multiple comparisons within the main study; together
155 individual comparisons were assessed here.
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3.4 Stratification of data

3.4.1 Type of genetic therapy

Three categories of genetic therapy agents were compared; oligonucleotide-based
approaches (including antisense oligonucleotides (ASO), peptide morpholinos and
naked DNA/RNA), viral vector-based approaches (including AAVs, adenoviruses
and lentiviruses) and oligonucleotide plus viral vector combinatorial approaches.
Oligonucleotide-based approaches led to the development of Spinraza, whilst viral
vector-based approaches, specifically AAV, led to the development of Zolgensma.
Therefore, this allows direct comparison of the efficacy of two drugs’ rationale, and
how successfully these translated to human clinical trials.

All three types of genetic therapy were associated with a significant increase in
median survival (x?= 38.54, df = 2; P < 0.0073). Both oligonucleotide and viral
vector approaches provided just over three-fold survival advantage (oligonucleotide:
MSR: 3.18, 95% CI 2.58-3.93; n comparisons = 85; Figure 3.3A, viral vector: MSR:
3.33, 95% CI 2.60-4.27; n = 66; Figure 3.3A). Efficacy was very similar, if slightly
increased, when oligonucleotide and viral vectors were combined within a single
treatment (MSR: 3.41, 95% CI 0.89-13.08; n = 3; Figure 3.3A). However, only two
publications (Kaifer et al., 2017, Zhou et al., 2020), containing three individual

comparisons, used a combinatorial treatment so efficacy may be overestimated.

3.4.1.1 Viral vector dosage

Within the different types of genetic therapy, an attempt was made to further stratify
by dosage of genetic therapy agent. This was possible for those studies that used
viral vector-based approaches as raw data presented in total vector genomes per
mouse, or vector genomes (vg)/kg could be delineated into discreet groups by
conversion of all to vg/kg. However, dosage delineation for oligonucleotide-based
approaches was not possible due to disparity in the presentation of dose. Some
publications presented dose as weight-based measures (either absolute ug or pg/g)
or in molar concentrations. Therefore, only sub-stratification by viral vector dosage

is shown here.
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Of the 69 comparisons that administered viral vectors, alone or in combination with
an oligonucleotide, significant differences between efficacy were observed (x? =
1817.93, df = 2; P < 0.0073). A minority of comparisons used <e12vg/kg leading to
a small, but significant increase in survival (MSR: 1.29, 95% CI 1.14-1.45; n = 5;
Figure 3.3B). These comparisons either used <el12vg/kg as a low dose comparison
to others in e13vg/kg or 2e14vg/kg categories, or vector titre may have been limited
due to the nature of virus used, as in the case of lentiviral vectors (Azzouz et al.,
2004) and adenoviral vectors (Lesbordes et al., 2003). Approximately equal
numbers of comparisons implemented either e13vg/kg or 2el14vg/kg viral dosages.
el3vg/kg was associated with the largest survival advantage (MSR: 4.83, 95% CI
3.32-7.03; n = 30; Figure 3.3B). Finally, the highest dose of viral vector (zel4vg/kg)
produced a larger increase in survival than <e12vg/kg, but not as high as e13vg/kg
(MSR: 2.72, 95% CI 1.98-3.74; n = 34, Figure 3.3B).

104



A Type of GT

Oligonucleotide +

Viral vector +

Subgroup

Combinatorial

5 10
Median survival ratio

B Dosage of viral vector

<el2vg/kg —_

o
S
= 13vg/k

el3v
g e ¢
]
0p]

>el4vg/kg ¢

2 4 6

Median survival ratio

Figure 3.3 Stratification by type of genetic therapy and dosage of viral vector.

Both (A) type of gene therapy and (B) dosage of viral vector accounted for
significant heterogeneity in median survival ratio (MSR P<0.0073). (B) Sub-strata
were defined as viral vector dosage of <e12vg/kg, e13vg/kg and ze14vg/kg. (A,B)
Plots represent mean = 95% confidence intervals with the size of diamonds
representing the number of comparisons within each stratum. The vertical line at
MSR = 1 represents a neutral treatment effect. Grey rectangles represent global
95% confidence intervals.
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3.4.1.2 Therapeutic target

Since SMA is a monogenic disease, augmentation of SMN protein production has
been the preferred genetic therapy strategy, however SMN-dependent, SMN-
independent and SMN-plus strategies have been reported in the literature, with
differing improvements in median survival (x*> = 363.02, df = 2; P < 0.0073).
Augmentation of SMN protein, whether this be through replacement of the SMN1
gene, or manipulation of SMN2 splicing, provided the largest survival benefit here
and was used in 86% of comparisons included (MSR: 3.65, 95% CI 3.08-4.34; n =
134; Figure 3.4A). A smaller number of comparisons addressed non-SMN targets:
UBAL, Plastin3, PTEN, IGF1, CT1, Stathmin, Stasimon, Myostatin and
Synaptotagminl3. These led to a more modest increase in survival (MSR: 1.30,
95% CI 1.15-1.47; n = 17, Figure 3.4A). Furthermore, when combining SMN-
dependent and -independent targets into an SMN-plus strategy, the lifespan of
animals fell between that of each constituent therapy (MSR: 2.98, 95% CI 1.06-8.36;
n = 4; Figure 3.4A). However, only 72 animals were treated in this manner in three

publications.

When directly comparing SMN-dependent therapeutic targets (x? = 507.97, df = 1; P
< 0.0073) it was seen that SMN1-targeted therapies produced an MSR of 4.47 (95%
Cl1 3.34-5.97; n = 43; Figure 3.4B) compared to SMN2-dependent MSR of 3.36
(95% CI 2.73-4.14; n = 90; Figure 3.4B).
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Figure 3.4 Stratification by therapeutic target.

Significant differences in MSR are apparent dependent on (A) overall therapeutic
target (MSR P<0.0073) and between (B) SMN1- and SMN2-dependent therapies
(MSR P<0.0073). Plot represents mean * 95% confidence intervals with the size of
diamonds representing the number of comparisons within each stratum. The vertical
line at MSR = 1 represents a neutral treatment effect. Grey rectangle represents
global 95% confidence intervals.
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3.4.2 Mouse model

Although the search employed in this review aimed to retrieve studies from any
SMA rodent species, every publication used a mouse model. Most commonly, the
SMNA7 model was used, followed by the severe Taiwanese model. Other mouse
models were also used but in lower frequencies, so have been grouped into one
category here. These other models included Smn2B/- (n = 5), type 1l/lll Burgheron
(n = 2), hemi-hybrid (n = 1), Burghes’ severe (n = 8), SMNRT (n = 1), moderate type
I1 (Smn*~ SMN2 SMNA7, n = 1), neuronal Smn deletion (NSE-Cre+ Smn™F7 n = 1).
Improvements in median survival differed between mouse model sub-strata (x? =
471.05, df = 2; P<0.0073).

Taiwanese mice provide the most severe phenotype within the pure groupings in
this review, on average surviving up to 15 days untreated (Hsieh-Li et al., 2000).
When genetic therapy was administered to Taiwanese mice a more than six-fold
improvement in median survival was found (MSR: 5.49, 95% CI 3.83-7.87; n = 41,
Figure 3.5). SMNA7 mice survive approximately 15-22 days (Le et al., 2005) without
therapeutic intervention, so are useful when a slightly longer lifespan may reveal
more subtle phenotypic benefits of a therapy. SMNA7 mice showed a 3.4-fold
increase in survival (MSR: 2.92, 95% CI 2.45-3.49; n = 96; Figure 3.5). Less
frequently used mice models showed a more modest increase in survival (MSR:
1.65, 95% CI 1.28-2.12; n = 18; Figure 3.5).
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Figure 3.5 Stratification by SMA mouse model.

Significant differences were found between mouse models (MSR P<0.0073). Plots
show mean + 95% confidence intervals with the size of diamonds representing the
number of comparisons within each stratum. The vertical line at MSR = 1 represents
a neutral treatment effect. Grey rectangle represents global 95% confidence
intervals.

3.4.3 Route of administration

Both local (intracranial, intrathecal and intramuscular) and systemic (intravascular,
intraperitoneal and subcutaneous) routes of administration were reported in the
literature, but significant differences in efficacy were observed between these routes
(x? = 422.34, df = 5; P<0.0073). Despite recent advances regarding the systemic
nature of SMA, the proportion of comparisons employing systemic or multiple routes
of administration has remained relatively stable (Figure 3.6A).

CNS delivery of therapeutics by either intracranial or intrathecal injection was the
most commonly used route of administration and was associated with an almost
three-fold increase in survival (MSR: 2.70, 95% CI 2.22-3.27; n = 77; Figure 3.6B).
Local, intramuscular delivery more than doubled the lifespan of treated mice (MSR:
2.05, 95% CI 1.03-4.07; n = 6; Figure 3.6B), highlighting the importance of treating
the muscular pathology of SMA. Regarding systemic routes, both intravascular
(MSR: 2.79, 95% Cl 1.82-4.28; n = 22; Figure 3.6B) and intraperitoneal (MSR: 2.71,
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95% CI 1.30-5.63; n = 10; Figure 3.6B) delivery were associated with similar
survival rates as CNS and intramuscular delivery. Subcutaneous delivery was the
third systemic route addressed, providing the largest median survival ratio (MSR:
5.75, 95% CI 3.33-9.92; n = 18; Figure 3.6B). Finally, 14% of comparisons
investigated used multiple routes of administration within their study. In most cases,
these comparisons used intracranial injection in combination with a second route.
This led to a 5.32-fold increase in survival (95% CI 3.60-7.84; n = 22; Figure 3.6B).

3.4.4 Time of administration

SMA in its most severe form is a childhood disease with onset in utero. Therefore,
early intervention is thought to be key to halting disease progression or providing
phenotypic benefit before irreversible pathology occurs (Robbins et al., 2014). Here,
the time of genetic therapy administration greatly impacted the resulting efficacy (x?
=284.93, df = 3; P < 0.0073). The need for early intervention is highlighted here
with approximately half of comparisons administering genetic therapy on the day of
birth. Intervention on P1 leads to a 3.12-fold increased lifespan (95% CI 2.49-3.90; n
= 83; Figure 3.6C). Slightly later intervention within the P2-P5 window provided
similar results (MSR: 2.98, 95% CI 2.16-4.12; n = 24; Figure 3.6C). Administration
later than P6 provided a much lesser, yet still significant benefit (MSR: 1.37, 95% CI
1.03-1.82; n = 6; Fig. 6C). Finally, repeated administrations provide the largest
increase in survival time seen (MSR: 4.08, 95% CI 2.92-5.69; n = 39; Figure 3.6C).
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Figure 3.6 Stratification by route and time of administration of gene therapy.

(A) Stratification by year of publication and delivery route shows that local
administration remained an often used strategy, despite increasing knowledge of
SMA as a systemic disease. (B,C) Forest plots demonstrating significant differences
in survival data within both route and time of administration strata (MSR P<0.0073).
Plots represent mean + 95% confidence intervals with the size of diamonds
representing the number of comparisons within each stratum. The vertical line at
MSR =1 in B and C represents a neutral treatment effect. Grey rectangles
represent global 95% confidence intervals.
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3.5 Publication bias

Publication bias in meta-analyses can occur due to unintentional exclusion of
missing data, potentially causing misinformed conclusions to be drawn. Evidence of
publication bias can be sought using funnel plots, Egger’s regression and trim and
fill analyses (Figure 3.7). While there was no obvious asymmetry to the funnel plot,
only a small relative number of comparisons reported an effect size <1 (n =7;
Figure 3.7A). On Egger’s regression a positive intercept was found (Figure 3.7B),
suggesting the presence of an excess of small, imprecise comparisons overstating
efficacy in this analysis. Trim and fill analysis did not suggest the presence of any
‘missing’ publications. However, Trim and fill analysis has been suggested as a
relatively insensitive technique and can be an inadequate method of correcting for

publication bias (Simonsohn et al., 2014).

112



80
A
.
60—
€
5 R
@ 407 * »
[T} * : *
:  RES LR
o . .":‘ .
20 *30 @ : ., .
* ot o : 0” 0 P
. \ % 44 .
R fé 23%20 0 b
0 1 1 * 1 1 1
0.36 1 2.7 7.39 201 54.6
Median survival ratio
B 70
60 -
50 4
<
C
S
@
3
a
-20

Log-MSR*n

Figure 3.7 Publication bias in included publications.

(A) Funnel plot showing untransformed median survival against study precision
(number of animals), representing no obvious asymmetry. The solid line at X=1
represents a neutral treatment effect, whilst the dotted line at X=3.23 represents the
global median survival ratio of all comparisons. Data are plotted on a natural
logarithmic X axis. (B) Egger’s regression revealed positive intercept suggesting
imprecise studies showed overstated efficacy. Dotted lines represent 95%
confidence intervals.
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3.6 Translation of pre-clinical data to clinical trials

One aim of this systematic review and meta-analysis was to assess how predictive
pre-clinical studies can be when translated to clinical trials. Therefore, here n = 6
clinical trials have been reviewed; n = 5 of which were assessing Spinraza efficacy
(Chiriboga et al., 2016, Darras et al., 2019, Finkel et al., 2016, Finkel et al., 2017,
Mercuri et al., 2018) and n = 1 assessing Zolgensma (Mendell et al., 2017). Table 2
details data presented in these studies. Unfortunately, meta-analytic techniques
could not be applied to these data for two reasons: (1) no consistent outcomes were
reported in all six trials, highlighting the need for consistent outcome reporting
across clinical trials, to allow for direct comparison of data; and (2) only two out of
six studies included control groups (Finkel et al., 2017, Mercuri et al., 2018),

meaning statistical methods could not be employed.

Overall, 255 affected individuals were treated and 83 control individuals were
included across the 6 studies. Only two out of six studies included control groups,
(ENDEAR (Finkel et al., 2017) and CHERISH (Mercuri et al., 2018)). 16 deaths
were reported in treatment vs 39 deaths in control groups. Serious adverse events
were reported in all studies except NCT01780246/NCT01494701 (Chiriboga et al.,
2016). In the studies that reported HFMSE (Hammersmith Functional Motor Scale
Expanded) scores, treated patients showed increases in score including some
patients showing increases by =3 points which is said to be clinically meaningful.
HINE-2 (Hammersmith Infant Neurological Examination section 2) and CHOP-
INTEND (Children’s Hospital of Philadelphia Infant Test of Neuromuscular
Disorders) scores also increased following treatment. Half of the studies reported
motor milestones in treated patients compared to control groups, all showing

improved responses in treatment groups.
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Control = 16/41

Gene therapy Spinraza Zolgensma
Chiriboga et al, 2016 Finkel et al, 2016 Finkel et al, 2017 Mercuri et al, 2018 Darras et al, 2019 Mendell et al, 2017
Study Phase 1 Phase 2 Phase 3 Phase 3 Phase 1/2 Phase 1
NCTO01780246 NCT01839656 ENDEAR CHERISH NCT01703988 NCT02122952
NCT01494701 NCT02193074 NCT02292537 NCT02052791
n=28 n=20 Treatment n = 80 Treatment n = 84 n=28 n=15
Participants Control n = 41 Control n = 42
Type 2 or 3 SMA Type 1 SMA Type 1 SMA SMA onset after 6 months of age |Type 2 or 3 SMA Type 1 SMA
6.7x10"°vg/kg
Cohorts 1,3, 6 and 9mg 6 and 12mg 12mg 12mg 3, 6,9 and 12mg ”
2.0x10""vg/kg
Untreated control group |No No; compared to natural history cohort n =23 |Yes Yes No No; compared to natural history cohort
Deaths 0/28 3/20 Treatment = 13/80 01126 0/28 015

Serious adverse events

Treatment = 0/28

Treatment = 16/20

Treatment = 61/80

Treatment = 14/84

Control = 39/41

Control = 12/42

Treatment = 5/28

Treatment = 13/15

1, 3 and 6mg = 0%

Treatment = 57%

Type 2 = 82% and 78%

response

Control = 0%

Control = 6%

HFMSE increase by 3 pts N/A N/A N/A
VS RS g = 75% Control = 26% Type 3 = 19% and 36%
. . . . Type2=10.8
HFMSE score 9mg = increase of 5.8 points | N/A N/A Treatment = increase of 4.9 points — N/A
Type 3 = 1.8 point increase

6mg = 25% Treat! t = 28%
HINE-2 score N/A mg==o% feaiment = 287 N/A N/A N/A

12mg = 100% Control = 5%

12mg = 15.2 point increase Treatment = 71% '3 = int i
CHOP-INTEND score N/A 9=152p ‘ : 1% —{niA N/A 6.7x10 vg/kg = 7.7 point increase

Natural history = 1.27 point decline Control = 3% increase 34 points 2.0x10""vg/kg = 24.6 point increase
Motor milestone N/A Treatment = 65% Treatment = 51% Treatment = 20% N/A Treatment = 92%

Natural history = 0%

Table 3.2 Characteristics of clinical trials using Spinraza and Zolgensma.

Six clinical trials were qualitatively analysed here; five employing Spinraza and one employing Zolgensma. Details of patients, treatment
regimens, and reported outcomes are shown here. Outcome measures reported at set follow up time points: Chiriboga et al. (2016): 9-14

months, Finkel et al. (2016): up to 32 months, Finkel et al. (2017): day 394, Mercuri et al. (2018): 15 months, Darras et al. (2019): days 253 and
1050, respectively, Mendell et al. (2017): 24 months. HFMSE, HINE-2 and CHOP-INTEND scores represent change from baseline. Finkel et al.
(2016) define motor milestone response as “improvement of two or more levels per motor milestone category in at least one category”. Finkel et
al. (2017) define motor milestone response as “improvement in at least one HINE-2 motor milestone with more categories with improvement
than worsening”. Mercuri et al. (2018) define motor milestone response as achievement of “>1 new World Health Organisation motor
milestone”. HFMSE = Hammersmith Functional Motor Scale Expanded. HINE-2 = Hammersmith Infant Neurological Examination section 2.
CHOP-INTEND = Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders, N/A = not reported in publication.
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3.7 Discussion

In this meta-analysis of 51 publications, containing data from 2,573 animals, it was
found that, overall, genetic therapies led to approximately a three-fold increase in
median survival. Stratified meta-analysis suggested a significant impact of type of
therapy, mouse models, time and route of administration on perceived treatment
effect. To my knowledge, this is the first quantitative meta-analysis of published
literature of genetic therapy for SMA. Two other systematic reviews (van der Bent et
al., 2018, Qomi et al., 2019) were found, but neither analysed survival benefits. Van
der Bent and colleagues (2018) assessed ASO use in heritable neurodegenerative
or neuromuscular disorders, including SMA, however, the only data quantitatively
analysed pertained to Duchenne Muscular Dystrophy. Qomi and colleagues (2019)
systematically describe the development of multiple SMA therapeutic advances at
both pre-clinical and clinical level.

With two genetic therapy agents approved for the treatment of SMA patients, a
major question concerns the predictive value of pre-clinical studies of
oligonucleotide-based approaches that led to Spinraza and viral vector-based
approaches that led to Zolgensma. The mechanism and efficacy of Spinraza have
been extensively reviewed elsewhere (see refs. (Singh et al., 2017b, Singh et al.,
2015a, Douglas and Wood, 2013, Porensky and Burghes, 2013)). A recent, succinct
review (Pattali et al., 2019) of pre-clinical AAV9 vector gene therapy for SMA

highlights multiple animal models, including large animals and non-human primates.

A significant improvement of median survival was observed with the use of both
oligonucleotide- and viral vector-based approaches, with very similar resulting
MSRs (3.33 and 3.18, respectively) in the pre-clinical studies analysed in this
manuscript. A recent paper (Dabbous et al., 2019) compared the Zolgensma
NCT02122952 (Mendell et al., 2017) and Spinraza ENDEAR NCT02193074 (Finkel
et al., 2017) clinical trials and found that patients treated with Zolgensma had a 20%
higher probability of prevented death, than patients treated with Spinraza (risk ratio
1.2, 95% CI 1.1-1.3). At the last follow up visit in each trial, 100% of Zolgensma
patients were alive, whereas only 84% of Spinraza patients were (Dabbous et al.,
2019). However, several limitations of this comparative study should be noted

(Sandrock and Farwell, 2019). Trial design (including aspects such as multi- versus
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single-centre design) and baseline characteristics of treated patients (including age
at first dose, mean disease duration and mean motor function score) were not
adjusted for in the number needed to treat analysis conducted in this study and
therefore potentially confound any conclusions drawn. Baseline characteristics
show a more severe, older patient population in the ENDEAR trial, perhaps
explaining the apparent lower efficacy concluded by Dabbous and colleagues
(Dabbous et al., 2019). It should also be stated that the authors of this comparative
study were Avexis employees, potentially highlighting a source of bias.

With regards to an oligonucleotide plus viral vector combinatorial approach, the
efficacy of combinatorial treatment here in fact led to the most pronounced survival
benefit, but data are minimal as only two publications (Kaifer et al., 2017, Zhou et
al., 2020) attempted this. Within the clinical setting, three patients from the
Zolgensma NCT02122952 (Mendell et al., 2017) clinical trial are now said to be also
being treated with Spinraza, but data from these patients are not available at the

time of writing.

Mendell et al (2017) presented data from two cohorts of Zolgensma treatment in
their clinical trial; one low dose of 6.7x10*3vg/kg and one high dose of
2.0x10%vg/kg. Their rationale for using these two dosages was that in selected pre-
clinical models, the low dose doubled survival, but the high dose led to a 250 day
survival compared to 15 day control survival (Foust et al., 2009, Foust et al., 2010,
Valori et al., 2010, Dominguez et al., 2011). In contrast, in the preclinical data
(which entailed a broader selection of paradigms), a lower dose (e13vg/kg; n = 30)
was in fact associated with greater efficacy than higher (2el4vg/kg; n = 34) viral
vector dosage. However, there were some differences in experimental design so
this finding may be influenced by unaccounted confounders. Respectively, e13 and
2el4vg/kg dosage strata showed differences in use of mouse model (83% vs
73.5%: SMNA7Y mice), route of delivery (43% vs 58%: ICV) and transgene (10% vs
5.9%: codon-optimised SMN1). Raw median survival ranges of treated SMA
animals also differ between the two strata (e13vg/kg: 7.9-346 days; =2el14vg/kg: 9-
250 days) in favour of the e13vg/kg dosage. Biologically, it may be possible that
transgene saturation had occurred in the higher dose. Potentially, if SMN protein
was already produced at supraphysiological levels at e13vg/kg, as suggested within
Passini et al (2014, 2010), Benkhelifa-Ziyyat et al (2013), and Dominguez et al
(2011), increasing viral vector dosage beyond this rodent models may not lead to a

further increase in survival and perhaps be even less efficacious. It has also
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recently been shown that supraphysiological levels of SMN leads to a late-onset
gain of toxic function phenotype caused by disrupted snRNP biogenesis and

neuroinflammatory-linked transcriptome changes (Van Alstyne, 2020).

Pre-clinical assessment of therapeutic efficacy can be heavily influenced by the
disease model in which the therapy is applied. For SMA, many mouse models exist
with varying phenotypes ranging from severe to more mild phenotypes mimicking
type Il or Il SMA. Although SMA mouse models are the most commonly used,
models from other species are also available. Increasingly, more non-mouse
studies are appearing in the literature using zebrafish (Powis et al., 2016, Hao et al.,
2011, Hao et al., 2013), cats (Duque et al., 2009), pigs (Duque et al., 2015) and
non-human primates (NHPs) (Foust et al., 2010, Meyer et al., 2015). However,
these were not included in this review in order to appreciate the effects of study
design and quality more reliably.

Here, greater survival benefits were observed when genetic therapy was given to
Taiwanese mice than in treated SMNA7 mice. Furthermore, bimodal survival curves
were reported in at least three comparisons assessing AAV-treated SMNA7 mice,
perhaps suggesting there is a population of animals whose phenotype cannot be
ameliorated by AAV vector-mediated therapeutics. In these publications, the first
group of animals died before approximately 1 month of age (17-27 days (Passini et
al., 2010), 25-35 days (Glascock et al., 2012b) and 27-32 days (Dominguez et al.,
2011)). The four seminal papers (Foust et al., 2010, Valori et al., 2010, Passini et
al., 2010, Dominguez et al., 2011) first describing AAV_SMN-mediated increase in
survival all used SMNA7 mice. These papers cited the choice of SMNA7 mice due
to the robust phenotype including an approximate two-week lifespan, loss of motor
neurons, skeletal muscle atrophy and progressive body weight decline. The SMNA7
model had also widely been used in previous pharmacological efficacy studies due

to this phenotype (Valori et al., 2010).

It is possible that the mix of different SMA severities within the collated group of less
frequently used mouse models contributed to the lower survival benefit seen. For
example, Burghes’ severe mice survive 4-6 days on average, whilst type Il/IlI
models may survive into adulthood. No attempt to delineate a severe and a mild
group from these other models was made to avoid inflicting bias when categorising

less frequently-used models.
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The manner in which a therapy is delivered is important to both patients and
clinicians. Spinraza is delivered through an intrathecal injection, whilst Zolgensma is
intravenously administered. Lumbar puncture in young children, such as those
under the age of 6 months with type | SMA, especially those with severely distorted
spines, can be distressing and has associated risks not seen with other modes of
delivery. Mercuri et al (2018) observed 9% of adverse events were associated with
lumbar puncture 24 hours post Spinraza delivery, rising to 15% at 168 hours and
these were at least 5% higher than in the sham lumbar puncture control group.
Intrathecal drug delivery, in bypassing the blood-brain barrier, provides good CNS
penetrance. SMN protein levels augmented by Spinraza are restored in anterior
horn cells, but all tissues outside of the CNS are unaffected. In turn this may
prolong survival of SMA patients by preventing motor neuron degeneration and its
consequences, but hitherto masked peripheral organ damage may become
increasingly prevalent in the clinical phenotype, presenting yet unknown burdens.
Because of this issue, systemic gene delivery has been a point of interest within

recent SMA research.

The definition of a therapeutic window in which administration of a therapeutic agent
provides clinical benefit is important, particularly in a disease like severe SMA
whose genesis is in utero. Studies have aimed to define this window (Robbins et al.,
2014). For some time, it has been thought that the pre-clinical therapeutic window
for SMA exists from the day of birth to approximately three days afterwards.
However recently, the application of an AAV9_SMN therapy for SMA has been
delivered in utero for the first time with results indicating a significant increase in
survival compared to untreated animals (Rashnonejad et al., 2019), highlighting the
potential of fetal genetic therapy for SMA too. Here, similar efficacies can be seen
when genetic therapy was administered on the day of birth, or between P2 and P5
(MSR: 3.12 and 2.98, respectively). Pre-symptomatic delivery of treatment may
prevent development of the SMA phenotype and the irreversible damage that
accompanies this, perhaps due to the deficiency being corrected during the period
of neuromuscular junction maturation (Farrar et al., 2017). Later delivery, on or after
P6, causes a dramatic decrease in efficacy (MSR: 1.37), consistent with current
knowledge that symptom onset begins at approximately this time, such as reduction
in body weight from P6 onwards in SMNA7 mice (Valori et al., 2010). Administering
repeated doses of genetic therapy increased MSR further compared to the leading

single time point (P1). Of the comparisons that administered genetic therapy at
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multiple time points, 55% of these used an oligonucleotide approach. This is
consistent with the delivery of Spinraza in the clinic, where intrathecal injections are
given every four months during the stable dosing phase, in contrast to a single dose

of Zolgensma.

Monogenic diseases such as SMA are prime candidates for gene replacement
therapies, thus it is not surprising that 86% of comparisons reviewed here used an
SMN-dependent approach and these were associated with the greatest survival
improvements. It is also reasonable that replacement of the missing SMN1 gene
would provide more benefit than augmentation of SMN protein produced by
targeting SMN2, as was identified via a 1.3-fold difference between MSRs (4.47 and
3.36, respectively). Nevertheless, the contributions of disease modifiers are
increasingly being linked with the alteration of SMA phenotypes. Plastin3 and
NCALD are protective modifiers of SMA in humans, although further modifiers have
been found in animals (Janzen et al., 2018). When studying the interactome of SMN
and SMA disease modifiers, non-SMN proteins have been discovered as potential
therapeutic targets. Non-SMN targets have been reviewed excellently elsewhere
(Bowerman et al., 2017, Groen et al., 2018). Within this meta-analysis 17
comparisons targeted non-SMN proteins with a 44% increase in survival, albeit

lower than SMN-dependent survival.

Further evidence for the use of non-SMN targets to treat SMA is available from non-
genetic therapy clinical trials formerly evaluating Olesoxime (now discontinued) and
currently assessing Reldesemtiv and SRK-015. These drugs aim to combat
oxidative stress in mitochondria, muscle fatigue and improve muscle strength,
respectively. With regards to addressing both SMN and non-SMN targets, also
known as a SMN plus strategy, it is possible to use ASOs alone (Shababi et al.,
2011), viral vectors alone or both (Kaifer et al., 2017), to express or modify each
target. Here, these approaches led to an MSR of 2.98, higher than that of non-SMN-
dependent strategies. Many further publications were found during the literature
search using SMN plus strategies, but were ineligible to be included as they
modified the non-SMN target via germline transgenesis, instead of gene therapy
delivered in vivo. Two example studies showed promising results with transgenic
animals (Smn’ SMN2'9° Chp1va@™) plus SMN2 targeting ASOs (Janzen et al.,
2018) as well as transgenic animals (Smn’- SMN2 KLF15 Mtg) plus viral vectors
(Walter et al., 2018).
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Limitations of meta-analytic statistics are, of course, present. Risk of bias was
prevalent in a random sample of publications describing in vivo research (Macleod
et al., 2015); coupled with a proclivity for the “file drawer problem”, selective
publication of positive results, published treatment efficacies are generally inflated.
As conventional meta-analytic techniques could not be used with median survival
data, an estimate of standard error was made using sample sizes, weights and
inter-study variance so that a random effects model could be implemented (Hirst et
al., 2013, Vesterinen et al., 2014). While not as precise as the gold-standard hazard
ratio model used in clinical meta-analyses, we believe this model approach to be
valid in the context of the limitations in the data. Despite testing the same dataset
multiple times, the risk of type 1 errors was managed by using Bonferroni

correction.

A significant limitation in this meta-analysis is the application of a univariate model,
which does not allow for assessment of how variables interact. Given the varied
study designs seen in small animal literature, covariance is generally an issue in
preclinical meta-analyses. An example from the data presented here highlights this:
all but three comparisons administering genetic therapy via subcutaneous delivery
used Taiwanese mice as the chosen model. Both of these two sub-strata showed
very high MSRs. With a univariate approach it is impossible to determine which of
these factors is influential. Multivariate meta-analysis techniques have been
described in preclinical literature (Zwetsloot et al., 2016, Jue et al., 2017), but their
adoption with median survival data has not yet been fully validated. On this basis, it
is strongly suggested that these results should be interpreted with caution and
considered hypothesis-generating only: resulting questions should be investigated
through the conduction of high-quality prospective studies.

3.8 Conclusions

Genetic therapy is proving to be a promising therapeutic strategy for SMA. This
systematic review and meta-analysis has shown that genetic therapies can
significantly prolong survival, but that experimental design has a fundamental
influence on perceived study outcome. Furthermore, pre-clinical results appear to
correlate with clinical experience of Spinraza and Zolgensma. However, pre-clinical
data are typically at high risk of bias and single paradigms have not reliably

predicted translational efficacy. These conclusions should be borne in mind when
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conducting pre-clinical studies of other candidate SMA treatments and small animal

research in general.
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4 Characterisation of vectors expressing Co-hSMN1 in
cell lines

4.1 Introduction

4.1.1 Analysis of SMA therapeutic strategies in vitro

As discussed in section 1.3.1, in vitro analysis of basal SMN protein and how this
could be augmented in SMN-deficient cells, whether these be transient knockdowns
or chronic deficiencies from SMA patients, has been studied extensively. Three
main strategies have been used within the literature to increase SMN protein levels;
(1) gene addition to replace the missing SMN1 gene, (2) modulation of SMN2
splicing to promote exon 7 inclusion and (3) the use of histone deacetylase
inhibitors to facilitate transcription of SMN2. The use of each of these strategies will

be briefly summarised here with select examples.

SMA is a monogenic disease where SMNL1 is missing, meaning this disease is a
prime candidate for gene addition therapy. DiDonato et al. (2003) first attempted
replacement of the missing SMN1 gene through expression of the same gene via
an adenoviral vector in primary SMA fibroblasts. The authors found that functional
SMN protein was increased and gems were restored to a number equal to, or
greater than, wild type cells (DiDonato et al., 2003). Introduction of the SMN1 gene
via genome editing expression cassettes has also proven promising. Using a
homologous recombination-mediated approach, a SMN1 cDNA sequence flanked
by homology arms located upstream and downstream of the endogenous SMN1
exon 1 locus, transfected into severe SMA type | fibroblasts (Rashnonejad et al.,
2016) resulted in similar outcomes to adenoviral gene replacement. Genome editing
at loci other than the endogenous SMNL1 locus has also been tried. Expressing
SMNL1 at the ribosomal DNA locus in mesenchymal stem cells has also resulted
restoration of SMN levels and gem numbers (Feng et al., 2018). Finally, the gene
addition strategies described here often result in SMN levels equal to, or greater
than, that of wild type cells, so it was necessary to consider if supraphysiological
levels of SMN could in fact be detrimental. This was, however, not found to be the
case in an adenoviral over-expression study (2-fold normal SMN at MOI 100 and
10-fold SMN at MOI 1000) where SMN still localised correctly with binding partners

in gems and Cajal bodies and no transcriptional dysfunction was seen. The only
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deficit that was found was slight reduction in growth rate in transduced fibroblasts
(Goulet et al., 2013).

The second strategy involves the modulation of SMN2 splicing. Normally, only
about 10% FL-SMN transcripts are produced from this gene due to degradation of
transcripts lacking exon 7. The exclusion of exon 7 is mediated by an intronic splice
sequence that negative splicing factors bind to, causing splicing machinery to pass
over exon 7, not including it in the mature mMRNA transcript (Talbot and Tizzano,
2017). Therefore, strategies were identified to promote the inclusion of exon 7, and
thus increase amounts of full length SMN translated. ASOs like Spinraza bind to,
and prevent recognition of, the intronic splicing sequence within exon 7, causing it
to be included in transcripts. Bifunctional RNA oligonucleotides can also be used.
These contain an exon 7 targeting domain and another domain that recruits splicing
factors, causing the recognition and inclusion of exon 7. These have been used
successfully to increase SMN protein and gem number (Baughan et al., 2006), with
some increases in protein up to 4.6-fold which was sustained for one month (Owen
et al., 2011). Targeting of specific proteins involved in splicing machinery (hnRNP M
(Cho et al., 2014)), or RNA molecules involved in histone pre-mRNA processing (U7
snRNA (Geib and Hertel, 2009)) has also shown promise by promoting exon 7
inclusion and increases in resulting SMN protein. Finally, in vitro development of
Branaplam and Risdiplam was conducted prior the clinical trials mentioned in
section 1.1.4.3. Branaplam (formerly known as LM1070 or NVS-SM1) could
increase promote exon 7 inclusion leading to increases in SMN protein as assayed
by ELISA in mouse myoblasts and SMA patient fibroblasts (Palacino et al., 2015).
Risdiplam was shown to target SMN2 splicing with high selectivity, resulting a 1.5-
fold increase in SMN protein when only 29nM of the compound was applied in vitro
(Ratni et al., 2018).

The final strategy to augment SMN protein uses histone deacetylase inhibitors
(HDAC:s) to enhance SMN2 promoter activity. These work by increasing the
acetylation of histones, particularly at the N terminus, causing a relaxation of
chromatin structure, increasing accessibility of target gene sequences to
transcriptional machinery (Also-Rallo et al., 2011). Examples of HDACIs that are
commonly used for SMA include valproic acid, phenylbutyrate and trichostatin A.
However, HDACIs are not gene therapy agents and thus are not wholly relevant to
this thesis, but have been included here briefly for completeness. For an excellent

review of HDACi use in SMA, please see Mohseni et al. (2013).
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4.1.2 Codon optimisation of the SMN1 transgene

Two different types of vector (IDLVs and AAV9) were used in this project to
compare the efficacy of transduction, their respective abilities to induce SMN over-

expression and the extent of functional rescue.

The vectors used in this project all express the transgene Co-hSMN1, a codon-
optimised version of the human SMN1 gene that was developed in a previous PhD
within the Yafez-Mufioz laboratory (Ali Mohammadi Nafchi, 2017). Codon-
optimisation is a strategy that has shown promise when increasing protein
translation (Deml et al., 2001, Hamdan et al., 2002, Gustafsson et al., 2004). Mature
MRNA transcripts are translated into proteins when ribosomes and associated
transfer RNAs form a chain of amino acids based on the DNA codon sequence.
Codon-optimisation uses the degenerate nature of DNA nucleotide triplets encoding
the same amino acid, by biasing the codon used to one that is preferentially
selected by the human pool of transfer RNAs (Waldman et al., 2010).

Previously in this laboratory, Co-hSMN1-expressing lentiviral vectors have led to
increased SMN intensity when measured by immunofluorescence in primary rat
motor neurons and an increase in functional SMN, measured by the number of
gems in SMA type | fibroblasts, when compared to wild-type SMN1 expressing
vectors (Ali Mohammadi Nafchi, 2017). Others have also found similar results when
using codon-optimised versions of the SMN1 gene. When SMA type | fibroblasts
were transduced with lentiviral vectors expressing either the wild-type or codon-
optimised SMN1 sequences, a two-fold difference in SMN protein was seen

between the two, favouring the codon-optimised sequence (Valori et al., 2010).
Although developed in a previous project, the sequence of the Co-hSMN1

transgene has not yet been reported. The codon-optimised sequence with a

comparison to wild type SMN1 can be found in Figure 4.1.
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atggcgatgagcagcggcggcagtggtggcggcgtcccggagcaggaggattccgtgectgttccggecgecggcacaggccagagcgatgattctgacattt 100

atggccatgagcagcggcggctctggcggcggagtgcccgagcaggaagatagecgtcctgttcagacggggcaccggccagagcgacgacagcgacatct 100

* * % * * ok ok * * % * *x ok * k  kkkk *
gggatgatacagcactgataaaagcatatgataaagctgtggcttcatttaagcatgctctaaagaatggtgacatttgtgaaacttcgggtaaaccaaa 200
gggacgacaccgccctgatcaaggcctacgacaaggccgtggccagcttcaagcacgccctgaagaacggcgacatctgcgagacaagcggcaagcccaa 200

* ok ok k% * ok ok ok x X % * % %k % * * k% * % * ok % *% ok k%
aaccacacctaaaagaaaacctgctaagaagaataaaagccaaaagaagaatactgcagcttccttacaacagtggaaagttggggacaaatgttctgcc 300
gaccacccccaagcggaagcccgccaagaagaacaagagccagaagaagaacaccgccgccagecctccagcagtggaaagtgggcgacaagtgcecagegec 300
* * * *% ok * * * * * * * * * * %k %k * * * * * %k ok k
atttggtcagaagacggttgcatttacccagctaccattgcttcaattgattttaagagagaaacctgtgttgtggtttacactggatatggaaatagag 400
atttggagcgaggacggctgcatctaccccgccacaatcgccagcatcgacttcaagcgggaaacctgcgtggtggtgtacaccggctacggcaacagag 400

* % % * * E *  ckkkk ok k% * ok *x % * * ok %k * %

aggagcaaaatctgtccgatctactttccccaatctgtgaagtagctaataatatagaacaaaatgctcaagagaatgaaaatgaaagccaagtttcaac 500
aggaacagaacctgagcgacctgctgagccccatctgcgaggtggccaacaacatcgagcagaacgcccaggaaaacgagaacgagagccaggtgtccac 500

* ok % * % * *  kkk * x ok x ok ok ox ox % x k% ok Kk % %k kK * ok k
agatgaaagtgagaactccaggtctcctggaaataaatcagataacatcaagcccaaatctgctccatggaactcttttctccctccaccaccccccatg 600
cgacgagagcgagaacagcagaagccccggcaacaagagcgacaacatcaagcctaagagcgccccctggaacagcttcctgcccecctecccccaccaatg 600
* * ok * % * %k % * * ok kokkok * * * %k ok % * ok kkk ok * ok * ok * *
ccagggccaagactgggaccaggaaagccaggtctaaaattcaatggcccaccaccgccaccgccaccaccaccaccccacttactatcatgectggetge 700
cctggccctagactgggccctggcaagcccggcctgaagttcaacggccctccccccccacctccaccaccccctccacatctgctgagectgetggectge 700

* * ok * ok * * * ok * * * ok * * * E 3 kK Kk * %k ok %
ctccatttccttctggaccaccaataattcccccaccacctcccatatgtccagattctcttgatgatgctgatgectttgggaagtatgttaatttcatg 800
ccccattccccagcggccctcccatcattccccctccaccccccatctgccccgacagcctggatgatgccgacgeccctgggcagcatgctgatcagcetg 800
* kkkk ok * ok * * * * ok *kkk ok * * * % k% ok S * % 5k %
gtacatgagtggctatcatactggctattatatgggtttcagacaaaatcaaaaagaaggaaggtgctcacattccttaaattaa 885
gtacatgagcggctaccacacaggctactacatgggcttccggcagaaccagaaagagggccgctgctcccacagcctgaactga 885
* * ok * * * * * %k * ok * * kk Kk * *kk kK * %

Figure 4.1 Alignment of wild type and codon-optimised cDNA sequences of SMNL1.

A codon-optimised SMN1 sequence (bottom sequence), known as Co-hSMN1, was developed in a previous PhD project (Ali Mohammadi
Nafchi, 2017) using GENEART’s Gene Optimizer software, compared to the wild type SMN1 ORF (top sequence). The Co-hSMNL1 transgene
has been cloned into three lentiviral vector backbones and one AAV vector backbone, all of which are used in this project. Asterisks represent
changed nucleotides.
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4.1.3 Vector constructs

The Co-hSMNL1 transgene is transcriptionally controlled by one of four promoters
within this project. IDLVs contain cytomegalovirus immediate early (CMV), human
synapsin (hSYN) or human phosphoglycerate kinase (hPGK) promoters whilst the
AAV9 vector used the synthetic CAG promoter, also called chicken p-actin (CBA) by
some groups, for example in the Zolgensma construct. Finally, the Co-hSMN1
transgene is coupled to MWPRE, an RNA element that acts post-transcriptionally to
improve transgene expression by stabilising the poly-A tail and promoting nuclear
export (Zufferey et al., 1999). Maps of the four existing Co-hSMNL1 transfer plasmids

used to make the IDLVs in this project can be seen in Figure 4.2.

The CMV immediate early promoter has become commonly used in expression
vectors because of stable, long-term expression it induces (Thomsen et al., 1984,
Foecking and Hofstetter, 1986). The ubiquitous hPGK promoter is of use when
targeting cells where CMV may be methylated, such as stem cells (Meilinger et al.,
2009). Work by a previous MSc student in the Yafez-Mufioz laboratory has shown it
to be promising when driving Co-hSMN1 expression in lentiviral vectors used to
transduce CHO cells (Hayler, 2017). The neuron-specific hSYN promoter can be
used to add transcriptional targeting to lentiviral vectors so the transgene is only

expressed in neurons, including vulnerable MNs.

The synthetic CAG promoter is a hybrid containing the immediate early enhancer
element from the CMV promoter bound to the promoter of the chicken B-actin (CBA)
gene. It is important to note that different versions of the CAG promoter exist within
the literature and not all contain the same construct assembly (Fitzsimons and
During, 2005). As well as the combined CMV immediate early and CBA promoters,
it is also possible to clone in the CBA first exon, intron and enhancer, as well as the
splice acceptor of the rabbit B-globin gene (Miyazaki et al., 1989), or introns from
other viruses such as the minute virus of mice (MVM) (Gray and Samulski, 2011).
The CAG promoter used in this project contains a hybrid intron from CBA and rabbit
B-globin genes. Adding these elements improves transgene expression, but limits
transgene coding capacity; an important consideration when using AAVs, especially
SCAAVs. Despite the addition of extra elements to improve efficacy, it is known that
the CMV promoter is stronger than CAG, but CAG does not become silenced over

long periods of CNS expression (Gray et al., 2011).
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IDLVs that express eGFP were used as reporter systems to assess transduction
efficacy. IDLVs contained eGFP coupled to WPRE, under the control of the CMV
promoter whereas AAV plasmids contained the CAG promoter and eGFP
transgene, but no WPRE due to size restrictions. Transfer plasmids expressing

eGFP with the lentiviral backbone and AAV backbone can be seen in Figure 4.3.

4.1.3.1 Comparison to published constructs

The original construct used for lentiviral expression of SMN1 (Azzouz et al., 2004)
consisted of an Equine Infectious Anaemia virus expressing SMN1 under the control
of a CMV promoter, coupled to a WPRE element with self-inactivating LTRs. This
construct is very similar to that of the CMV-controlled vector used in this study
(Figure 4.2A), except the use of wild type SMN1 sequence in the published study

and the mutated version of the WPRE used here.

The construct present in Zolgensma, first developed by the Kaspar laboratory
(Foust et al., 2010), consists of a AAV2 backbone, Rep2Cap9 sequence to encode
the AAV9 serotype, with self-complementary ITRs. The SMNL1 gene is
transcriptionally controlled by the CAG/CBA promoter, but it has not been published
whether this promoter contains any additional intronic or exonic elements. In
contrast, the CAG promoter used in this project contains a hybrid intron from CBA

and rabbit B-globin genes (Burger et al., 2005).
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Figure 4.2 Maps displaying features of the four transfer plasmids encoding Co-hSMNL1.
The constructs used in transfer plasmids to produce (A-C) lentiviral or (D) AAV vectors are shown. Each plasmid encodes the Co-hSMN1
transgene flanked upstream by a promoter (CMV, hSYN, hPGK or CAG) and downstream by mWPRE, a post-transcriptional element that

improves transgene expression. Other features such as lentiviral backbone elements, such as (RSV, GAG, RRE), antibiotic resistance genes
(ampicillin or kanamycin) and LTR or ITRs are also shown.
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Figure 4.3 Maps displaying features of eGFP transfer plasmids.

The constructs used in transfer plasmids to produce (A) lentiviral or (B) AAV vectors are shown. Each plasmid encodes the eGFP transgene
flanked upstream by a promoter (CMV or CAG and hybrid intron). Downstream of eGFP in the lentiviral plasmid only is WPRE, a post-
transcriptional element that improves transgene expression. Other features such as lentiviral backbone elements, such as (RSV, GAG, RRE),

antibiotic resistance genes (ampicillin for both plasmids) and LTR or ITRs are also shown.
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4.2 Aims

In this chapter | aimed to produce lentiviral vectors expressing Co-hSMN1 and
control eGFP cassettes and then test these in cell lines and primary patient tissues.
Specifically, my objectives were:

(A) Produce lentiviral vectors of sufficient titres.

(B) Determine transduction efficacies of IDLVs and AAV9s expressing eGFP in
a variety of cell lines.

(C) Over-express SMN protein in cell lines and primary SMA type | patient
fibroblasts, quantifying increase in protein directly and with a functional
assay detecting gems.

(D) Compare and contrast IDLV_Co-hSMN1 and AAV9_Co-hSMNL1 vectors.

4.3 Production of lentiviral vectors

Lentiviral vectors expressing eGFP under the control of CMV promoter or Co-
hSMNL1 under transcriptional control of CMV, hSYN or hPGK promoters were
constructed using the calcium phosphate plasmid transfection method described.
Both integration-proficient and -deficient vectors were produced successfully. gPCR
and flow cytometry (given the presence of a fluorescent marker) were used to titrate
vectors produced to give a measure of vector potency (Table 4.1). Two batches of
CMV_eGFP lentiviral vectors were produced on two separate occasions. All
subsequent eGFP vectors and those not expressing a fluorescent gene were solely
analysed by qPCR. Titres calculated using gPCR were used to calculate all
experimental MOls. As well as producing new vector stocks, IDLVs produced by
previous lab members were used in some experiments. The characteristics of these

vectors are shown in Table 4.2.
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Vector Transfer |Integration | Flow gPCR titre
plasmid | proficiency | cytometry (vg/ml)
titre (TU/mlI)
CMV_eGFP_WPRE pRY_396 | IPLV 2.1x10° 2.9x10°
CMV_eGFP_WPRE pRY_396 | IDLV 6.9x10° 2.6x10°
CMV_eGFP_WPRE pRY_396 | IDLV N/A 1.6x10%°
CMV_Co- pRY_543 | IDLV N/A 2.6x10°
hSMN1_mWPRE
hSYN_Co- pRY_544 | IDLV N/A 3.4x10°
hSMN1_mWPRE
hPGK_Co- pRY_552 | IDLV N/A 2.2x10°
hSMN1_mWPRE

Table 4.1 Summary of titres of lentiviral vectors produced during this project.

IDLVs expressing eGFP were produced on multiple occasions so separate titres
were determined for each batch. IPLV = integration proficient lentiviral vector, IDLV
= integration deficient lentiviral vector, TU = transducing units, vg = vector genomes,
N/A = vector not titrated using flow cytometry.

Vector Transfer | Integration |gPCR titre | Producer
plasmid proficiency | (vg/ml)

CMV_eGFP pRY_396 |IDLV 4.8x10° Neda Ali
Mohammadi Nafchi

CMV_Co-hSMN1 | pRY_543 |IDLV 5.7x10° Neda Al
Mohammadi Nafchi

hSYN_Co-hSMN1 | pRY_544 |IDLV 2.7x10% Neda Al
Mohammadi Nafchi

CMV_Co-hSMN1 | pRY_543 |IDLV 5.3x10%° Daniel Hayler

hSYN_Co-hSMN1 | pRY_544 |IDLV 2.1x10% Daniel Hayler

hPGK_Co-hSMN1 | pRY_552 | IDLV 3.6x10%° Daniel Hayler

Table 4.2: Lentiviral vectors produced by previous lab members that were

used in this project.
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4.4 Production of AAV9 vectors

Two AAV9 vectors were commercially produced by Atlantic Gene Therapies. These
vectors were designed to have equivalent expression cassettes to the lentiviral
vectors used in this project. Therefore, a single stranded conformation expressing
either eGFP alone or Co-hSMN1 coupled to mWPRE under transcriptional control of
the CAG promoter was designed. To achieve this goal 100ug of the pRY_543
IDLV_CMV_Co-hSMNL1 plasmid was sent with instructions to release a 1483bp
fragment containing both Co-hSMN1 and mWPRE by digestion with Agel and
Acc65l or Kpnl. From this, AAV9 vectors were produced and titrated by Atlantic
Gene Therapies using gPCR against viral ITRs (inverse terminal repeats) and
resulted in the following titres; eGFP = 3.8x10*2 vg/ml; Co-hSMN1 = 2.2x10* vg/ml.

4.5 Determining the transduction efficacies of IDLV and AAV9

vectors

Prior to testing and optimisation of vectors in iPSC MNs, the ability of the vectors to
transduce other cell lines with high efficacy was confirmed using a range of MOIs
(multiplicity of infection; the number of vector particles available to each cell).

HEK293T/17 and two undifferentiated neuroblastoma cell lines: murine Neuro2a
and human SH-SY5Y cells were transduced with IDLVs expressing eGFP. All cell
types showed high IDLV_eGFP transduction efficacy measured by fluorescent
microscopy (Figure 4.4A) and flow cytometry in an MOI-dependent manner. When
very high MOls (>200) were used to get a measure of peak fluorescence, up to 98%
of cells were GFP-positive. When lower, more routinely used MOIs (10-150) were
tested a linear increase in GFP-positive cells was present (range 27-89%; Figure
4.4B,C).

CHO cells were chosen to determine the efficacy of AAV9_CAG_eGFP transduction
due to previous experience in the laboratory with other AAVs. For efficient gene
expression from AAVs a much higher MOIs is required than is used with lentiviral
vectors. A time course of eGFP expression was obtained using fluorescent
microscopy 24, 48 and 72 hours post-transduction when CHO cells were
transduced with the highest tested MOI (Figure 4.4D). However, at MOls of 1x10°
and 1x10° an average of only 2.1% (P=0.0038) and 18.8% (P<0.0001) GFP-positive
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cells, respectively, were seen after flow cytometry compared to mock-treated cells
(Figure 4.4E).
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Figure 4.4 Transduction of cell lines with vectors expressing eGFP.

All cells were transduced for 72 hours then assessed by fluorescent microscopy and
flow cytometry. (A) Visual representation of HEK293T/17 cells showing bright GFP
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fluorescence following IDLV_CMV_eGFP transduction at MOI 200. (B) Very high
MOIs were first tested to prove that nearly all cells can be transduced when in the
presence of high concentrations of IDLV_CMV_eGFP. (C) Lower more feasible
MOlIs are to be used in actual experiments so a dose-response assay was used to
determine optimal MOls to use in the future. (D) Time course of eGFP expression
after transduction with AAV9_CAG_eGFP at MOI 1x10°. (E) Transduction of CHO
cells with an AAV9 vector encoding an equivalent cassette requires much higher
MOls to achieve lower transduction efficacy than IDLVs (MOI 1x10° P=0.0038,
1x10° P<0.0001). One-way ANOVA with Dunnett’s post-hoc test was used to
calculate statistical significance. MOI = multiplicity of infection.

4.6 Optimising endogenous gem detection

SMN forms a multiprotein complex with five other proteins known as gemins and
these complexes are located in nuclear gems; SMA patients show fewer gems due
to SMN deficiency. Therefore, detection of gems is an endpoint that can be used to
test the functionality of SMN expressed by the vectors. The immunofluorescence
procedure used to detect these gems was optimized to detect the best possible gem
signal. Undifferentiated Neuro2a cells were cultured for 96 hours (the length of time
used to seed and transduce cells) without vector transduction to allow visualisation
of endogenous protein levels following immunostaining. As Gemin2 is a protein
located solely in nuclear gems, rather than SMN which is expressed within multiple
cellular compartments, this is the preferred target for immunostaining as this should

lead to clearer images with easily quantifiable gems.

However, issues arose when the Gemin2-stained samples were not as clear as
desired, showing cytoplasmic as well as nuclear staining with high background
signal (Figure 4.5A,B). Potential solutions to this problem have been identified and
some tested by altering aspects of the immunofluorescence staining protocol. These
include increasing primary antibody incubation time whilst also increasing the
dilution factor, using a more concentrated blocking solution, changing secondary
antibody from Alexa Fluor 488 to 555, reducing fixation time and combining
permeabilisation and blocking steps in the protocol to reduce cells lifting from the
plate (Figure 4.5C-F). These alterations have produced slightly clearer images, but
unfortunately still not eliminating problems altogether. The use of a primary antibody
against SMN protein was also tested showing cytoplasmic signal as well but gem
signal was stronger. Further potential solutions that were not tested include using a
different fixative, for example using methanol instead of paraformaldehyde (PFA) or

using a different serum in the blocking solution, for example fetal horse serum.
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The decision was made to test the immunofluorescence protocol in a second
neuroblastoma cell line (SH-SY5Y) to assess if the problems arising could be cell-
specific rather than protocol-specific. In both SH-SY5Y and Neuro2a cells Gemin2-
stained samples showed fewer gems with less intense signal strengths than SMN-
stained samples. However again, immunostained SH-SY5Y cells proved difficult to
focus upon with background signal in many areas (Figure 4.5G,H), suggesting that
this may not be a cell-specific issue. In conclusion, the following protocol was used
for the remainder of experiments; 1:400 anti-SMN diluted in 1% BSA in 0.1% PBST
with an overnight incubation for 4°C, followed by 1:1000 anti-mouse Alexa Fluor 555
diluted in 1% BSA in 0.1% PBST incubated for 1 hour at room temperature.
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Figure 4.5 Immunostaining against endogenous protein levels of Gemin2 and
SMN in two cell lines at different stages optimisation.

Gemin2-stained samples consistently show fewer gems with lower intensity than
SMN-stained samples in both SH-SY5Y and Neuro2a cell lines. Cells were plated at
the same density in 24 well plates and allowed to grow for 96 hours before fixing
and immunostaining protocols were applied. Scale bar = 20um. (A) 1 hour primary
antibody incubation (anti-Gemin2; 1:200 dilution), Alexa Fluor 488 secondary
antibody (1:1000 dilution), (B) inset images showing gems more closely. (C-H)
Overnight primary antibody incubation (either anti-Gemin2 or anti-SMN; 1:400),
Alexa Fluor 555 (1:1000), with insets showing gem visibility.
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4.7 Quantitative assessment of IDLV_Co-hSMN1 functionality

An assessment was attempted to quantitate any increase in gem number after
transduction with Co-hSMN1 vectors under control of CMV, hSYN and hPGK
promoters in Neuro2a and SH-SY5Y cells, despite the difficulties described
surrounding gem detection following immunostaining. Following on from the dose-
response seen in Figure 4.6C, as well as evidence showing that SMN can be
increased by transduction with IDLVs expressing SMN at MOls of 30, 60 and 100
(Ali Mohammadi Nafchi, 2017), MOls between 25 and 100 were chosen for
continued use in this chapter as these were able to transduce cells with between
50-90% efficacy, as well as no detrimental effects on cell viability seen. 100 nuclei
were randomly selected from each vector treatment then the number of gems within
those 100 nuclei were subsequently counted. Triplicates were obtained for each
condition immunostained with anti-Gemin2 and anti-SMN.

NeuroZ2a cells showed higher numbers of gems present when cells were transduced
with an MOI of 75 rather than 25, as expected (Figure 4.6B,D). When comparing
transduced and mock treated cells, no significant difference was seen in the number
of gems present, except for cells transduced with CMV_Co-hSMN1 immunostained
against SMN (Figure 4.6B; MOI 25 P=0.0017, D; MOI 75 P<0.0001). Fluorescent
images (Figure 4.6A,C) show similar immunostaining problems as seen before
which caused gem counting to become difficult, thus meaning that gem numbers in
samples with particularly high background and low gem signal may be over- or

under-represented, calling significance of results into question.

SH-SY5Y cells showed similar results where, again, CMV_Co-hSMN1 transduced
(MOI 75) cells stained against SMN were the only samples to show significantly
increased numbers of gems compared to mock (Figure 4.6F; P<0.0001).
Immunostained images (Figure 4.6E) also show background signal but clear gems
were visible. More gems were seen in samples transduced with MOI 75 rather than
25 when cells were transduced with CMV- and hSYN-controlled vectors but not with

hPGK-controlled vectors.
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Figure 4.6 Quantitative assessment of vector functionality.

Undifferentiated Neuro2a and SH-SY5Y cells were transduced for 72 hours with Co-
hSMNL1 vectors under the control of CMV, hSYN or hPGK promoters to quantitate
any increase in SMN expression. Any increase would be detected by increased
numbers of nuclear gems. (A,C,E) Fluorescent images of CMV_Co-hSMN1
transduced cells at MOI 25 and 75 following fixation and immunostaining against
SMN protein. Scale bar = 20um. (B,D) CMV_Co-hSMNL1 anti-SMN Neuro2a cells
showed significantly increased gems compared to mock samples (B; MOI 25
P=0.0017, D; MOI 75 P<0.0001), but all other samples were non-significantly
different. However, images with high background signal made counting gems
difficult. Clearer images would allow easier counting and may provide evidence for
an increase in gem number. (F) Again, only CMV_Co-hSMN1 SH-SY5Y cells at
MOI 75 showed a significant increase in gem number (P<0.0001). Two-way ANOVA
with Dunnett’s post-hoc test was used to compare treated to mock.
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4.8 eGFP expression in differentiated neuronal-like cells

Following confirmation of high transduction efficacy and an increased number of
gems in undifferentiatied cells of a neuronal lineage, Neuro2a and SH-SY5Y cells
were then differentiated to become neuron-like by replacement of proliferation
medium (DMEM+Glutamax, 10% FBS, 1% Penicillin/Streptomycin) with
differentiation medium (DM; DMEM+Glutamax, 1% FBS, 1X Non-essential amino
acids , 0.7M NaCOs, 20uM retinoic acid). Serum starvation and addition of retinoic
acid promotes a neuronal phenotype. NaCOs in Neuro2a DM counteracts acidic
conditions produced by these cells, but is not necessary for SH-SY5Y cells which do
not produce this acidity. The aim of this experiment was to compare transduction
efficacies in a neuronal-like population of easy to grow cells, but separate progress

was made to establish an iPSC-derived neuronal model (presented in chapter 5).

Neuro2a and SH-SY5Y cells were cultured for 6 days in DM before transduction
with CMV_eGFP vectors at MOls of 25 and 75. The majority of cells showed a
neuronal-like morphology with long dendritic projections, however some remained in
a rounded morphology similar to that of undifferentiated cells. When assessed by
fluorescent microscopy and flow cytometric analysis a very low proportion of
NeuroZ2a cells exhibited eGFP expression (Figure 4.7A,B). A peak of 9% eGFP-
positive differentiated cells when transduced with an MOI of 75 (Figure 4.7E) is far
below than the value for undifferentiated cells at an MOI of 10 (38.7% eGFP-
positive; Figure 4.7D; also Figure 4.4C). We can see that transduction was
successful in some cells (Figure 4.7), however these cells that express eGFP
appear to have a rounded, flattened morphology with no evidence of dendritic
projections, suggesting these were not differentiated. This provides evidence that
the protocol was successful and it is something about the differentiated cells
specifically that causes transduction to falil. It is possible that differentiated cells may

require a higher MOI to detect eGFP expression than undifferentiated cells.

In contrast, SH-SY5Y cells did not show the same lack of eGFP expression
following transduction. GFP-positive values for differentiated cells were lower than
those for undifferentiated cells at equivalent MOIs (MOI 25 30.2% vs 41.3%
respectively; Figure 4.7D,E), but not to the same extent as Neuro2a cells. It is

interesting to note the comparison between cell types at undifferentiated and

140



differentiated stages. When undifferentiated, Neuro2a cells display more GFP-
positive cells than SH-SY5Y cells (Figure 4.7D) under the same conditions, yet once
differentiated, this pattern is reversed with SH-SY5Y cells showing increased

numbers of GFP-positive cells (Figure 4.7E).
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(A-C) NeuroZ2a cells were transduced with IDLV_CMV_eGFP for 72 hours following 6 days of differentiation then imaged using phase contrast
and fluorescent microscopy. (B) and (C) show the same conditions but represent two different fields of view, highlighting differences in eGFP
expression in cells of different morphology. Undifferentiated NeuroZ2a cells (D) at the lowest MOI show 38.7% GFP-positive cells whereas
differentiated cells (E) with the highest tested MOI of 75 do not exceed 9% GFP-positive cells. Replicates were not obtained when
undifferentiated cells were tested. SH_SY5Y cells show far higher eGFP expression, similar to levels seen in undifferentiated cells.
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4.9 Rescue in primary patient cells following IDLV transduction

In the previous sections, | have shown that increases in gem detection were observed
in Neuro2a and SH-SY5Y cells after IDLV_CMV_Co-hSMN1 transduction when
immunostained with an anti-SMN antibody. In a previous PhD project (Ali Mohammadi
Nafchi, 2017), primary type | SMA fibroblasts were also observed to have significant
increases in gem number, consistent with data presented here. To gain an
understanding of total SMN increases following transduction, in addition to positive
data regarding increases in gem number, an alternative approach employed
immunofluorescence to assess cytoplasmic and nuclear staining, as well as

guantitative western blot for whole cell analysis.

Firstly, a comparative experiment was undertaken in both wild type and SMA type |
fibroblasts assessing the efficacy by which these cells express eGFP following IDLV
transduction. SMA type | fibroblasts show a maximum of 21% GFP-positive cells at an
MOI of 150, compared to 72% in wild type cells (Figure 4.8A). To try to increase the
efficacy of transduction, polybrene was added to media at the time of transduction. At

2ug/ml polybrene maximum efficacy increased to 74.6% and at 4pg/ml this was further

increased to 98.1%, a value higher than wild type efficacy (Figure 4.8A).

SMN immunofluorescence was employed in wild type and SMA type | fibroblasts
following IDLV transduction with 2ug/ml polybrene. Here, there was clear increase in
cytoplasmic SMN signal (Figure 4.8B,C). Confirmation of a significant difference
between wild type and SMA type | fibroblast SMN protein levels was seen by western
blot (Figure 4.8D, P<0.0001). Transduction of SMA type | fibroblasts (2pg/ml
polybrene) with IDLVs encoding Co-hSMN1 under transcriptional control of CMV,
hSYN and hPGK promoters shows significant protein over-expression (Figure 4.8D) at
all tested MOIs compared to mock treated SMA type | fibroblasts when assessed by
western blot (SMA mock vs CMV both MOIs P<0.0001, vs hSYN MOI 75 P=0.0386,
MOI 100 P=0.0243, vs hPGK both MOIs P<0.0001). CMV- and hPGK-controlled
vectors also produced significantly higher SMN protein levels than in wild type cells
(Figure 4.8D; WT mock vs CMV both MOIs P<0.0001, hPGK MOI 75 P=0.0005, MOI
100 P<0.0001).

143



»n 150+
Ag
Q
[
2
I 1111 [ OOt .
g . WwT
& B WT + 2ug/ml polybrene
° s B SMA Type |
.§, B SMA Type | + 2ug/ml polybrene
§ [ SMA Type | + 4ug/ml polybrene
£ ol I
Q S Q) \)
@o"" D I R SR
CMV_eGFP MOI
B
(0]
o
>
2
3
=
C
W
S
|_
<<
=
wn
Mock CMV_Co-hSMN1 MOI 75 CMV_Co-hSMN1 MOI 100
D WIMock SMAMock CMVMOI75 CMVMOI100 hSYNMOI75 hSYNMOI100 hPGK MOI75 hPGK MOI 100
50kDa
30kDa
Alpha tubulin
E .
7 60
.‘é
F
g 401
3
&
E 201
=]
"
4
=
» o
&

Vector treatment

Figure 4.8 Transduction of SMA type | patient fibroblasts.

(A) Efficacy (measured as percentage of GFP-positive cells by flow cytometry) was
compared in wild type and SMA type I fibroblasts with and without polybrene (2pg/ml).
Replicates were not obtained for all samples. (B,C) Wild type and SMA type |
fibroblasts transduced with IDLV_CMV_Co-hSMNL1 in the presence of 2ug/ml
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polybrene at MOls 75 and 100, then immunostained against SMN. Scale bar = 50um.
(D) Western blot using lysates from SMA type | fibroblasts transduced in the same
manner as in (B,C) and wild type untransduced fibroblasts. (E) All SMA type |
fibroblasts transduced produced significant increases in SMN protein level (SMA mock
vs CMV both MOIs P<0.0001, vs hSYN MOI 75 P=0.0386, MOI 100 P=0.0243, vs
hPGK both MOls P<0.0001). One-way ANOVA with Dunnett’s multiple comparison
post-test was used to assess statistical significance. Comparing wild type and SMA
mock only confirms a significant difference in SMN protein (unpaired, two-tailed t-test,
P<0.0001).

4.10 AAV9 vector-mediated Co-hSMN1 expression

4.10.1 Transduction and transfection of AAV9 _CAG_Co-hSMN1 in CHO cells

The IDLVs tested in neuronal cell lines and primary patient fibroblasts were then
compared with a commercially produced AAV9 vector in CHO cells to assess any
differences in their ability to induce SMN over-expression. CHO cells were transduced
with AAV9_CAG_Co-hSMN1 at MOls of 1x10%, 1x10° and 1x108, however no
significant increase in SMN protein levels was detected by western blot (Figure 4.9A,C;
Mock vs MOI 1x10* P=0.2328, vs 1x10° P=0.8544, vs 1x10° P=0.2889) without even
evidence of a trend of increased SMN in transduced samples. As stated in section 4.5,
the efficacy of transduction with AAV9_CAG_eGFP in CHO cells was low here also
(Figure 4.9B; also Figure 4.4E; MOI 1x10° 2.1%, 1x10° 18.8%) so this perhaps
accounts for no evidence of over-expression. The low percentage of cells that were
transduced could have indeed had higher levels of SMN protein, but this may have
been masked by the majority of untransduced cells, leading to no detection by western
blot.

Given the low expression levels detected from Atlantic Gene Therapies AAV vectors, |
confirmed the presence of the main plasmid elements in the relevant transfer plasmids.
To confirm presence of the Co-hSMNL1 transgene, CAG promoter, mMWPRE and bGH
(bovine growth hormone) polyA elements, sequence alignments and restriction digests
were performed. Sequence files for the two transfer plasmids used to make the vectors
(pRY_586 for eGFP and pRY_587 for Co-hnSMN1) were analysed on SnapGene along
with the plasmids from which the desired elements were taken. Of importance, when
pRY_587 and pRY_543 (the transfer plasmid contained with CMV_Co-hSMN1 IDLVS)
were aligned an 882bp fragment encoding Co-hSMN1 was found in both plasmids and
a 590bp fragment from pRY_543 and 588bp fragment from pRY_587 were found
encoding the mMWPRE (11bp after the end of Co-hSMN1). Sequence alignments also
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revealed the presence of the CAG promoter and bGH polyA transcriptional terminator
in the AAV9 plasmids.

Appropriate restriction enzymes were chosen during sequence analysis to digest DNA
of the pRY_586 eGFP and pRY_587 Co-hSMNL1 plasmids. Plasmid DNA was obtained
by streaking bacterial glycerol stocks on LB agar plates containing either ampicillin or
kanamycin, growing mini-cultures then extracting DNA using the QIAprep Spin Miniprep
kit. Single and combination digests were performed using Apal, Sphl, EcoNI, EcoRl,
Sacll, Xbal and Ncol in appropriate buffers and temperatures. pRY_587 digests
showed all expected bands when imaged (Figure 4.9D shows a representative gel)
corresponding to the presence of all desired elements within the DNA. Therefore, this
proves that the lack of SMN over-expression after transduction with these vectors was

not due to missing expression cassette elements.

As the pRY_587 plasmid contained all the desired elements, it was decided to confirm
SMN over-expression following transfection of this plasmid into CHO cells. This would
allow confirmation that the expression cassette is viable and the lack of SMN protein
level increase was due to an issue with the vector configuration. In order to obtain
sterile plasmid DNA at sufficient concentrations for transfection, two maxi-cultures were
set up from the same pRY_587 mini-cultures used for restriction digests then DNA was
extracted. These were digested again to confirm retention of the expected pattern, then

used for transfection experiments.

Concurrently with preparing DNA, other elements of the transfection protocol were
optimised. The density at which to seed CHO cells was determined so that at the time
of transfection they were 70-90% confluent. This density was found to be 0.5x10° cells
in 24 well plates and 2.5x10° cells in 6 well plates which both are equivalent to
0.26x10° cells/cm?. Next, the ratio of DNA to Lipofectamine 2000 transfection reagent
was investigated; as the concentration of Lipofectamine 2000 increased the
percentage of GFP-positive cells, but at the expense of cell viability. It was decided that
a ratio of 2:1 DNA:Lipofectamine 2000 would be used as this gave 80% live cells and
approximately 20% GFP-positive cells. Increasing the Lipofectamine 2000
concentration further did not significantly increase transfection efficiency, but did lead

to a 20% drop in cell viability.

With these optimal transfection conditions, a control lentiviral eGFP plasmid
(pRY_396), a lentiviral Co-hSMN1 plasmid (pRY_543) and the AAV9_CAG_Co-

hSMNL1 (pRY_587) plasmid were transfected into CHO cells. eGFP-transfected cells
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were analysed by flow cytometry (Figure 4.9E) and it was seen that only those cells in
the presence of DNA-lipid complexes produced any GFP-positive cells (P<0.0001),
however, despite original estimates of 20% transduction efficacy only 3% of GFP-
positive cells were seen here. A potential explanation for this would be that cells were
over-confluent when harvested, even though seeded at the optimal density, so the
plasmid could have been diluted out during cell divisions.

Regardless of low transfection efficacy, the cells transfected with either Co-hSMN1
plasmid showed evidence of significantly increased SMN protein levels by western blot
(Figure 4.9F). It is visible that the AAV9 plasmid (pRY_587 P=0.0022) produced lower
over-expression than the lentiviral plasmid (pRY_543 P=0.0002). From these data, we
can see that the expression cassette contained with the AAV_CAG_Co-hSMN1 is
functional and the lack of over-expression originally seen is likely due to the vector

itself.
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Figure 4.9 Transduction and transfection of AAV9 vectors encoding eGFP or Co-

hSMN1 in CHO cells.

(A) Western blot image showing samples transduced with AAV9_CAG_Co-hSMNL1 at
three MOIs, red = alpha tubulin (~50kDa), green = SMN (~38kDa). (B) Transduction
efficacy of AAV9_CAG_eGFP in CHO cells (Mock vs MOI 1x10* P=0.2328, vs 1x10°
P=0.8544, vs 1x10° P=0.2889). The same data were presented in Figure 4.4E. (C)
Quantification of western blot image shown in (A) showing no significant increases in
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SMN protein. (D) Representative restriction digest of AAV9_CAG_Co-hSMNL1 plasmid
DNA that confirmed the presence of Co-hSMNL1 transgene, CAG promoter and
MWPRE. (E) Transfection efficacy 48 hours after incubation with a control lentiviral
eGFP plasmid (pRY_396) with 2:1 DNA:Lipofectamine 2000 ratio, (Cells only vs
Cells+DNA P>0.9999, vs Cells+Lipofectamine P=0.9727, Cells+DNA+Lipofectamine
P<0.0001. (F) Quantification of a western blot using samples from CHO cells
transfected with AAV9_CAG_Co-hSMNL1 (pRY_587; P=0.0022) and IDLV_CMV_Co-
hSMNL1 (pRY_543; P=0.0002) plasmid DNA in parallel with cell transfected in (E). SMN
signal was normalised to alpha tubulin. One-way ANOVAs with Dunnett’s post-hoc test
were used to analyse all statistical significances. mMWPRE = mutated woodchuck
hepatitis virus RNA element.

4.10.2 Transduction of SMA type | patient fibroblasts with AAV9_CAG_Co-
hSMN1

To provide data showing the use of AAV9_CAG_Co-hSMNL1 in a relevant cell
population, primary type | SMA patient fibroblasts were transduced with these vectors,
again in the presence of 4ug/ml polybrene, for 5 hours before serum-free vector-
containing media was replaced with full serum media. 4ug/ml polybrene concentration
was chosen here to maximise potential for SMN expression increase as a result of

transduction.

Firstly, transduction of these cells with AAV9_CAG_eGFP provided a maximum of 7%
eGFP-positive cells at MOl 1x10° in the presence of 4ug/ml polybrene (Figure 4.10A).
Those samples transduced without polybrene had significantly lower numbers of
eGFP-positive cells than in the presence of polybrene, assessed by flow cytometry at
the two MOls tested (1x10° 0.47% vs 0.9% P>0.05, 1x10° 2.3% vs 6.7% P>0.0001).
These values are far below even the lowest IDLV MOI used to transduce SMA type |
fibroblasts (MOI 10 35.3% eGFP-positive cells; Figure 4.8A).

AAV9 CAG_Co-hSMNL1 transduction, using the same experimental procedures,
showed no significant increase in SMN protein expression by western blot (Figure
4.10B,C). A small trend might be inferred from these data, but this was not significantly

different from mock transduced cells (P=0.2627).
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Figure 4.10 SMA type | patient fibroblasts transduced using AAV9 vectors
expressing eGFP or Co-hSMNL1.

(A) SMA fibroblasts were transduced with AAV9_eGFP at two MOIs with or without
4ug/ml polybrene. 72 hours later cells were harvested and subjected to FACS.
Significance compared to mock using two-way ANOVA and Bonferroni multiple
comparisons test. (B) Western blot scan and (C) quantification of SMA fibroblasts
transduced with AAV9_Co-hSMNL1 in the presence of 4ug/ml polybrene at three MOls.
Two-way ANOVA with Bonferroni multiple comparison, significance compared to mock,
P=0.2627.
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4.10.3 Transduction following cell cycle arrest in CHO cells

Proliferating cells gradually lose vector load (if the vector is in a non-integrative
configuration), causing dilution of the transgene following division. To limit this,
transduction of growth arrested cells is advantageous and can reveal increases in
transgene protein expression that may have been missed in a proliferating population.

To this end, CHO cells were growth arrested by replacing normal proliferation medium
(DMEM+Glutamax, 10% FBS, 1% Penicillin/Streptomycin, 0.02g/l L-proline) with
medium containing no methionine and with reduced serum content (Methionine-free
DMEM+Glutamax, 2% FBS, 1% Penicillin/Streptomycin, 0.02g/l L-proline). Growth
arrest medium was changed every other day for 5 days before analysis of DNA content
was performed using DAPI staining (1pug/ml) and flow cytometry. Figure 4.11A shows
representative plots from both proliferating and growth arrested populations of cells.
There is a shift towards GO/G1 phase with a smaller shoulder in S phase and peak in
G2/M. From these histograms we can see some cells still within the S and G2/M
phases of the cell cycle, representing incomplete cell cycle arrest. DAPI fluorescence
was measured here by flow cytometry, however, due to data being acquired on the log
scale instead of linear, accurate DNA content measurements within each cell cycle
stage could not be obtained using software such as FloJo. Nevertheless, as the main
goal of this experiment was to minimise vector dilution, the shift between populations

was deemed sufficient to proceed with transductions.

Both proliferating and growth arrested cells were seeded in triplicate with equal
numbers of cells on day 0. The following day, each population of cells were transduced
with AAV9 vectors expressing either eGFP or Co-hSMN1 at MOIs 1x104-1x108. When
eGFP-positive cells were analysed by flow cytometry, growth arrested populations
appeared to have approximately double the number of fluorescent cells than
proliferating populations (Figure 4.11B; 1x10° 2.3% vs 0.7% P<0.05, 1x10° 9.27% vs
3.8% P<0.0001). It is worth noting the difference in e GFP-positive cells in proliferating
populations between the values shown here and those presented earlier in the chapter
in section 4.10.1 and Figure 4.4B. Here, a maximum of 3.8% fluorescent cells were
seen at 1x108, but previously this value was higher at 19.4%. Both values show low
transduction efficacy but are quite different from one another. Despite the same
number of cells seeded, the same volume of vector added and the same time courses,
the differences in efficacy could have arisen due to different length of culture before
experiments were ran. Cells in the later experiments would have been cultured for

approximately 1 week longer due to the need for growth arresting a second population
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for use in the same experiment. Therefore, comparisons should only be drawn

between cells in the same section and figure.

Despite the low transduction efficacy in both growth arrested and proliferating
populations of CHO cells, transduction with AAV9_CAG_Co-hSMN1 was continued.
Upon protein extraction, it was found that the concentration of proteins within the
lysates from growth arrested samples was very low (0.07-0.21ug/ul) compared to that
from proliferating samples (0.7-1.69ug/ul). Due to this issue, only 2ug of protein was
loaded onto western blots instead of the usual 8ug, but still one mock replicate and two
1x10* replicates from growth arrested populations could not reach the required 2ug so
were not loaded at all. Despite the same 2ug protein being loaded for proliferating and
arrest samples, the western blot scan (Figure 4.11C) shows far brighter bands in

proliferating samples.

Nevertheless, quantification was attempted and results are shown in Figure 4.11D-F
(the same data are used in D and E-F but are compared in two separate manners).
Relative to alpha tubulin signal, the SMN signal in growth arrested samples was
significantly higher than in proliferating samples (Figure 4.11D; Mock P<0.01, 1x10*
P<0.05, 1x10° P<0.0001, 1x10° P<0.0001). This suggests that in cells exited from the
cell cycle, either entry to the cell was facilitated, transgene expression was more
efficient or more vector was retained within the cell following transduction. When
comparing the growth arrested or proliferating cell populations separately from one
another, we see a significant (P<0.01) increase in SMN signal at 1x10° and 1x10° MOI
AAV9_ CAG_Co-hSMNL1 in arrested cells only (Figure 4.11E). Proliferating cells show a
non-significant (P>0.05) difference across all tested MOls (Figure 4.11F).
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Figure 4.11 AAV9 transduction efficacy and SMN protein expression in both
growth arrested and proliferating CHO cells.

(A) Cell cycle analysis of PFA fixed cells from both proliferating and growth arrested
population to confirm arrested DNA content. (B) Following confirmed arrest, both cell
populations were transduced with AAV9_eGFP at two MOIs then subjected to FACS.
Significance compared to mock using two-way ANOVA and Bonferroni multiple
comparisons test. Mock P>0.05, 1x10° P<0.05, 1x10° P<0.0001. (C) Western blot with
2ug protein loaded (instead of usually 8ug due to low protein concentrations) and (D-F)
quantification of SMN expression following transduction with AAV9_Co-hSMN1. Note
bands are much weaker from growth arrested protein lysates due to very low protein
concentration, but quantification was still possible. Also note, only one sample for
1x10* MOI was loaded as the other two replicate samples had too low protein
concentration to even load 2ug. (D) A two-way ANOVA and Bonferroni multiple
comparisons test were used to compare significance of SMN signal between growth
arrested and proliferating populations under each treatment condition. Mock P<0.01,
1x10* P<0.05, 1x10° P<0.0001, 1x10° P<0.0001. (E,F) Using the same data as that
presented in (D), a comparison of SMN signal between treatment conditions was
performed using a one-way ANOVA. (E) Growth arrested (GA) samples, mock
compared to: 1x10* P>0.05, 1x10° P<0.01, 1x10° P<0.01. (F) Proliferating samples,
mock compared to: 1x10* P>0.05, 1x10° P>0.05, 1x10° P>0.05.

4.10.4 Detection of Co-hSMNL1 in HeLa cells by RT-PCR

In an alternate attempt to compare expression from IDLVs and AAV9 vectors, HelLa
cells were transduced with either IDLV_CMV_Co-hSMN1 (MOI 75) or AAV9_CAG_Co-
hSMN1 (MOI 1x10°) and RNA was harvested at 72 hours post-transduction. From this,
cDNA was synthesised and an RT-PCR differentiating between endogenous SMN and
transgene Co-hSMNL1 transcripts was ran. Full primer details can be found in Table
2.10. Co-hSMNL1 transcript (856bp) was detected in both IDLV and AAV9 vector
transduced cells, but not in untransduced samples (Figure 4.12A). Endogenous SMN
transcript (552bp) was detected in all samples. When quantified and normalised to
endogenous SMN, more Co-hSMN1 transcript was present in IDLV- than AAV9-
transduced samples (p=0.0127; Figure 4.12B), consistent with increased SMN protein
in pRY_543 (IDLV_CMV_Co-hSMNL1 transfer plasmid) compared to pRY_587
(AAV9_CAG_Co-hSMNL1 transfer plasmid) transfections (section 4.10.1).

154



Mock transduction  AAV9 transduction IDLV transduction

NTC Co-hSMN1 SMN1 NTC Co-hSMN1 SMN1 NTC Co-hSMN1 SMNI

800bp
500bp

1.5+
B s * mm AAV9_Co-hSMN1T
? = IDLV_Co-hSMN1
2 404
£ 1.
»
[
-
g
> 0.5+
<
o]
(&)
0.0- T
A N
& &
X X
e QcP
49’ s
v &

Vector

Figure 4.12 Transgene-specific RT-PCR.

HelLa cells were transduced with either IDLV_CMV_Co-hSMN1 (MOI 75) or

AAV9 _CAG_Co-hSMN1 (MOI 1x10°) and processed downstream to reveal presence of
the Co-hSMNL1 transcript in both IDLV- and AAV9-transduced cells (A), with IDLV-
transduced cells exhibiting higher levels of expression following agarose gel
quantification with ImageJ (B; P=0.0127 unpaired t-test).

4.11 Discussion

Within this chapter, | have provided evidence of high transduction efficacy from IDLVs,
resulting in increases in SMN protein in a variety of cell types and evaluated by
different assays. Comparisons have also been drawn between the efficacy of IDLVs

and AAV9 vectors, with IDLVs generally proving more promising.

SMN-gemin complexes provide essential functions during the biogenesis of ShnRNPs
for RNA metabolism and splicing. Hence, assessing the ability of transduced cells to
form gems provides an endpoint to showing that the SMN expressed by the IDLVs is
functional, can bind to its partners and could complete its necessary housekeeping
roles. In both neuroblastoma cell lines tested for gem increase post-transduction, only
one of the three vectors tested provided a significant increase in gem number. This
was controlled with the CMV promoter, the strongest of the three promoters tested.
Theoretically, each of the three promoters should be active within the two

neuroblastoma cell lines tested as CMV and hPGK are constitutive and hSYN is
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neuronal specific. It has been reported that CMV is often able to induce strongest
transgene expression within comparisons of multiple mammalian promoters.
Systematic, comparative analyses of mammalian promoters has revealed that CMV
leads to high levels of GFP expression (both GFP intensity and percentage GFP-
positive cells) but variability between cell lines is also present. Within two such
analyses, CMV was found to induce the highest GFP expression out of six promoters
(Damdindorj et al., 2014), but this can also be highly variable (low GFP fluorescence in
MRC5 and MSC cells, but very high in HT1080 and HEK293T cell lines (Qin et al.,
2010)). This reflects the pattern observed here with CMV inducing strongest SMN

expression, detected by a significant increase in gem number in these samples only.

Moreover, an increased number of gems could only be detected when samples were
immunostained against SMN rather than Gemin2, reflecting the same findings of the
optimisation period. Several cells within each sample showed no gems and
occasionally these cells appeared to be actively undergoing mitosis at the time of
fixation. Both of these features have been reported before (Liu and Dreyfuss, 1996).
Approximately 10% of cells will show no gems, whilst those undergoing mitosis, or
have recently divided, only show diffuse cytosolic staining of SMN. Following addition
of a viral vector to culture medium, there is a period of time encompassing viral entry of
cells, transgene transcription and translation of the fully formed protein. Hence, the 72
hour period before any analyses are conducted may be sufficient time for SMN protein
to increase, however, there may be further period of time before complete formation of
SMN-gemin complexes. This may explain why gems can be detected more readily with
SMN antibody than Gemin2. It is possible, given a longer incubation time, the
increased SMN protein could increase Gemin2 protein through transcriptional
regulation, given that SMN itself (Lorson and Androphy, 1998) and Gemin5 (another
gemin protein within the macromolecule complex) (Workman et al., 2015) are both
capable of directly binding mRNA. Transcriptional and translational control of Gemin2
has been proposed before (Wang and Dreyfuss, 2001), as well as the notion of SMN

and Gemin2 associations stabilising the SMN-gemin complexes (Ogawa et al., 2007).

It has been shown that the IDLVs tested in this chapter can successfully rescue SMN
protein levels in SMA type | patient fibroblasts. This was shown visibly with
immunofluorescence against protein with clear increases in cytoplasmic signal similar
to that published (Valori et al., 2010) and also with direct quantification of protein levels
by western blot. IDLVs expressing Co-hSMN1 under all three transcriptional controls
(CMV, hSYN, hPGK) were able to significantly increase SMN compared to mock-

treated cells, whilst CMV and hPGK vector transduction also led to full SMN rescue
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above wild type SMN levels. It is interesting to note that increases in SMN protein were
induced by all three transcriptionally controlled vectors, but increases in gem number
were only seen in IDLV_CMV_Co-hSMNL1 transduced neuroblastoma cell lines.
Nevertheless, this rescue in patient cells represents an important translational step in
pre-clinical development of any therapy and directly leads on to the use of iPSCs
derived from SMA type | patient fibroblasts, as well as the differentiation of these into
IPSC MNs, the primarily affected cell type in SMA.

As stated previously, the use of differentiated, neuronal-like Neuro2a and SH-SY5Y
cells was a proof of concept experiment to determine if transduction efficacy differed
between undifferentiated and differentiated cells. This information could then be used
to inform decisions (such as necessary MOI or length of transduction) made later when
an iPSC MN model was established. It is unclear at this time why IDLVs expressing
eGFP were unable to transduce Neuro2a cells post-differentiation. There is evidence in
the literature that lentiviral transduction of Neuro2a cells is difficult (Holehonnur et al.,
2015) and is not commonly tested, perhaps due to the problems encountered in this
study. A possible cause may be that the VSV-G protein receptors may be down-
regulated in murine neuronal-like cells, causing viral entry into the differentiated
NeuroZ2a cell to be blocked. It is now known that VSV-G binds to the low density
lipoprotein (LDL) receptor (LDLR) (Finkelshtein et al., 2013) (see (Nikolic et al., 2018)
for crystal structures of VSV-G bound to LDLR). Binding of VSV-G to LDLR (and other
secondary proteins such as phosphatidylserine and Gp96) permits viral entry to cells
via clathrin-mediated endocytosis. Evidence suggests that LDLR is expressed in
NeuroZ2a cells while cultured in proliferation media (Fan et al., 2001), but there is no
literature suggesting if it is still expressed following differentiation. Certain cells such as
T, B and haematopoietic stem cells are unamenable to efficient gene transfer with
VSV-G pseudotyped vectors due to low LDLR expression (Amirache et al., 2014). The
transduction efficacy of natural killer cells has been shown to increase following
rosuvastatin treatment by increasing LDLR expression on these cells (Gong et al.,
2020). Thus, it is possible that differentiated Neuro2a cells pose similar barriers to

efficient lentiviral transduction.

It may be possible to transduce Neuro2a cells in their undifferentiated state and
subsequently differentiate these transduced cells into neurons to see if transgene
expression is still detectable. As the vectors used are IDLVs where the viral genome is
retained in episomal circles not inserted into the host genetic sequence, viral DNA will
be diluted during cell divisions, however as differentiation proceeds cell division should

slow, perhaps allowing sufficient viral DNA to be present post-differentiation.
157



When comparing the vectors tested in this study, it is clear to see that IDLVs are more
efficient than AAVSs in vitro. Initial transduction efficacies show maximal transduction
efficacy of 18.8% at MOI 1x106 for AAV9 vectors, whereas IDLVs can achieve 4.7-fold
higher transduction with an MOI 6000-fold lower. The results here present different
findings for AAV9 vectors and IDLVs regarding the optimal expression cassette
configuration for over-expression. SMN over-expression was seen from the
AAV9_CAG_Co-hSMNL1 vector only in CHO cells that had exited from the cell cycle,
not proliferating CHO cells or primary SMA type | fibroblasts. However, the transfer
plasmid used to make this vector is capable of significantly increasing SMN protein
levels upon transfection. This contrasts to lentiviral results showing significant SMN
over-expression upon transfection of plasmid DNA, but this is enhanced greatly when

in its vector configuration.

One potential explanation for this may rely on the serotype of AAV used. Differential
increases in SMN protein resulting from lipofectamine transfection of plasmid DNA
should only be caused by those elements contained within the transfer plasmid, such
as the CMV vs CAG promoters. In contrast, viral vector transduction relies on entry to
cells of interest mediated by receptor interactions. The IDLVs in this project were all
pseudotyped with VSV-G meaning that entry to most, if not all, cell types was possible.
The AAV used here had the serotype 9 with specific tropisms such as skeletal
(Tarantal et al., 2017) and cardiac muscle (Pacak et al., 2006), as well as the CNS
(Foust et al., 2009). The cell types transduced here, ovarian and skin, do not fall within
these favoured tropisms. Extensive effort was put into cloning the CAG promoter from
the AAV9 vector transfer plasmid, into a lentiviral vector backbone to obtain
IDLV_CAG_Co-hSMN1 as a means to investigate the above issues, however, this was

not possible and thus data were not presented in this thesis.

It is also necessary though to reflect on the sensitivity of the western blots used to
detect any increase in SMN protein expression. Western blots were run with total
protein lysates from a large population of cells. Therefore, if a low proportion of these
cells were actually transduced, any increases in SMN protein expression may not be
detected if the vast majority express normal levels. This is supported by the
appearance of a significant number of eGFP-positive cells after AAV9_CAG_eGFP
transduction and analysis by flow cytometry (a method of detection at the single-cell
level), but this significance not carrying over to significant SMN increases. Inefficient
entry of AAV9 vectors, but not lipofected plasmid DNA, into cells, combined with

proliferating cells’ continually decreasing vector load may explain why using an assay
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such as western blot to detect protein expression increasing by a minimal amount may
not be entirely suitable here. Therefore, a transgene specific RT-PCR was tested here
and this was able to detect more subtle changes. This assay was indeed able to detect
increased Co-hSMNL1 transgene transcripts in IDLV-transduced samples compared to
AAV9-transduced samples, consistent with increased SMN protein following IDLV, but
not AAV9, plasmid lipofection. Together, these results demonstrate that a variety of
assays should be used to detect true changes in transgene expression, assessing if
consistent outcomes are seen in all assays attempted.

4.12 Conclusions

In summary, within this chapter | have shown that IDLVs are able to transduce cell
lines with high efficiency, leading to significant increases in SMN protein in three cell
lines and primary SMA type | fibroblasts. In contrast, AAV9 vectors expressing the
same cassette cannot increase SMN protein unless cells have exited the cell cycle.
These results are important because they highlight the promise of IDLV-based
therapeutics for SMA, increasing the number of viral vectors that may be able to treat
this disease. IDLVs have not been studied outside of this laboratory for SMA and thus
the results shown in this chapter are novel. The promising results found in this chapter

could then be translated to a more clinically relevant iPSC-derived MN model of SMA

type 1.

159



5 Establishment of an iPSC-derived motor neuron model
of SMA

5.1 Introduction

5.1.1 Embryogenesis of MNs

When developing a differentiation protocol from pluripotent cells, it is important to
understand how the target cell is naturally derived in vivo; thus understanding the
embryogenesis of the central nervous system is important before modelling MN
differentiation from iPSCs. Three important physiological stages of MN genesis
(neuralisation, caudalisation and ventralisation) are tightly regulated in vivo and are key

to translation into an in vitro differentiation protocol.

The embryogenesis of the central nervous system begins with the specification of
neuroectoderm and its folding to form the neural tube. This process is known as
neuralisation and is chiefly regulated by bone morphogenetic protein (BMP). The
neural tube is subjected to patterning via the actions of different signaling molecules
and morphogens present along its rostrocaudal and dorsovental axes. Morphogens
induce the activation of intracellular pathways leading to transcriptional activation of

cell type specific genes and resulting cellular differentiation (Faravelli et al., 2014).

Caudalisation, the second physiological stage, defines distinct differences between the
anterior (rostral) regions of the neural tube that will later form the brain, and the
posterior (caudal) regions that will form the spinal cord. The combinatorial action of
Wnt and FGF signaling maintains neural progenitor cells in a proliferative state with a
caudal identity. This is maintained until secretion of retinoic acid (RA) from nearby
somites reaches these cells, inhibiting FGF and thus releasing cells from their
progenitor state. RA acts as a neuralising agent exerting its effects through
suppression of Nodal signaling (Engberg et al., 2010) and regulation of pro-neural

factors such as Neurogenin2 (Kam et al., 2012).

Caudal cells then become sensitive to dorsoventral cues such as sonic hedgehog
(SHH) signaling (Ulloa and Briscoe, 2007) in the final specification stage known as
ventralisation. SHH signaling is extremely important when patterning early neural
tissue and specifying neuronal identity (Jacob and Briscoe, 2003). An antagonistic
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relationship exists between BMP secreted dorsally and SHH secreted from the ventral
most point, the floorplate, close to the region of MN birth. This antagonistic signaling
specifies distinct regions along the dorsoventral axis of the neural tube. Expression of
specific transcription factors delineates boundaries between each region (Jacob and
Briscoe, 2003), such as the SHH-induced expression of OLIG2 and Nkx2.2 in ventral
cells destined to become MNs.

5.1.2 iPSCs as model systems

As stated previously (section 1.3.1.2), iPSCs are somatic cell-derived pluripotent cells
that have been reprogrammed to indefinitely self-renew, whilst also retaining the ability
to differentiate into somatic cell types of the three germ layers. Since their advent in
2006 (Takahashi and Yamanaka, 2006) iPSCs have been extensively used in both
their pluripotent and differentiated states. Disease modelling is perhaps the most
relevant application of iPSCs in this project, as this can be used to give insight into
disease phenotypes in live human cells, a feat that cannot be achieved in animal
models and post-mortem analysis (Dolmetsch and Geschwind, 2011). iPSCs derived
from an individual patient with a genetic disease will capture the disease genome,
meaning these cells can be used to model cellular and molecular pathophysiological
features, specifically affected in that patient.

Human neurons are a cell type with innate inaccessibility, precluding their isolation for
in vitro studies of molecular pathogenesis or therapeutic testing (Frattini et al., 2015).
This leads to a lack of proper models of neurological diseases, perhaps contributing to
the large disparity between the number of effective therapies for neurological diseases,
yet their huge impact on public health (Frattini et al., 2015). In vivo models, both rodent
and large animals, will remain important for disease visualisation and long term
progression of macro phenotypes such as survival. However, it has been shown that
some therapeutic strategies proving promising in animal models did not translate well
in clinical trials (Dragunow, 2008). Pre-clinical models of neurological disease
sometimes have gross differences in the genetics of disease in question (for example
the lack of the SMN2 gene in species other than humans, or differences within the
development or structure of the CNS compared to humans (Dolmetsch and
Geschwind, 2011). Post-mortem analysis of human CNS tissue reveals the terminal
phenotype, but does not allow insights into disease manifestations occurring at initial
stages of disease onset, a particular problem in early onset neurological disorders
(Dolmetsch and Geschwind, 2011). The advent of iPSC disease modelling has
potential to resolve these issues.
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5.1.3 iPSC models of SMA

Ebert and colleagues provided early evidence that the derivation of SMA iPSC MNs
was possible (Ebert et al., 2009) using a differentiation protocol including RA, SHH,
CAMP, ascorbic acid and glial- and brain-derived neurotrophic factors (GDNF/BDNF).
These compounds were chosen specifically to mimic signaling pathways present in
early embryogenesis during neural induction and patterning, as described in section
5.1.1. Various differentiation protocols exist in the literature, but most display a
common theme using RA and SHH, agonists, or derivatives of these, to neuralise,
caudalise and ventralise iPSCs — the three physiological stages of MN embryogenesis
stated earlier. This is then supplemented with other compounds such as Chir99021
(Wnt agonist), DMH1/Compound C (BMP inhibitors), DAPT (Notch inhibitors) and many

others.

Many groups have now been able to differentiate iPSCs into MNs (Ebert et al., 2009,
Chang et al., 2011, Corti et al., 2012, Du et al., 2015, Yoshida et al., 2015, Fuller et al.,
2016, Powis et al., 2016, Bhinge et al., 2017, Yi et al., 2018), the cell type primarily
affected in SMA. Proof of principle that differentiation of these cells can be achieved at
high efficiency, whilst still retaining features such as reduced SMN mRNA has been
published (Du et al., 2015). Morphologically, SMA iPSC MNs exhibit shorter axons with
small growth cones and do not form functional NMJs in co-cultures (Corti et al., 2012);
all hallmarks of SMA in vivo. Downstream analysis of SMA iPSC MNs show deficits in
protein levels other than SMN. Fuller et al. (2016) reported decreased expression of

UBAL, UCHL1 (two enzymes involved in ubiquitin homeostasis) and Gemin2.

5.2 Aims

In this chapter | aimed to establish and characterise a model of SMA using iPSCs
differentiated to MNs. Specifically, my objectives were:

(A) Characterisation of SMA type | iPSC lines.

(B) Optimisation of a published protocol for the differentiation of iPSC derived MNs.

(C) Characterisation of resulting MNs.

Wherever possible within this chapter, experiments were aimed to be performed with
three wild type and three SMA iPSC lines, where appropriate, to improve validity of

results. However, it was not always possible to differentiate all at the same time with
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similar success rates. Therefore, some experiments were performed with less than six

lines.

5.3 Key characteristics of the wild type and SMA type | iPSC lines

5.3.1 Wild type and SMA type | iPSC lines used here

Six iPSC lines were used in this project; three wild type (4603, 19-9-7T, AD3-CL1) and
three SMA type | (CS13iSMAI-nxx, SMA-19 and CS32iSMAI-nxx). Here, CS13iSMAI-
nxx and CS32iSMAI-nxx are referred to as SMA-13 and SMA-32, respectively, for
brevity and consistency. Detailed information regarding parent cell line, genotype,
reprogramming methods, where known, can be found in Table 5.1. The three SMA
type 1 iPSC lines used here have been used in studies by other laboratories in
published literature (SMA-19: (Chang et al., 2011), SMA-13: (Du et al., 2015, Yoshida
et al., 2015, Ebert et al., 2009, Lai et al., 2017), SMA-32: (Du et al., 2015, Yoshida et
al., 2015, Fuller et al., 2016)).

The SMA type | iPSC lines used here were derived from three independent infants that
had homozygous deletions of exons 7 and 8 within SMN1, leading to no SMN protein
production from this gene. As SMN2 copy number is the most important disease
maodifier in SMA patients, it is important to know how many copies of this gene each
infant, and their respective iPSCs, possessed. SMA-13 and SMA-19 both harbor three
copies of SMN2, whereas SMA-32 contains only two SMN2 copies. It is important to
note that type | SMA patients usually only have two copies of SMN2, so SMA-13 and
SMA-19 are abnormal in this regard. Recently, due to the discovery of three SMN2
copies in SMA-13 (Stabley et al., 2015), this iPSC line, and its fibroblast parent cell line
GMO03813 (Coriell), have been re-classified as SMA type Il. Despite this re-
classification, several colleagues are continuing to use this iPSC line in their projects.
The donor of SMA-13 died at 23 months of age and exhibited several symptoms of
SMA type | including hypotonia, abnormal muscle biopsy and absent deep tendon
reflexes. A personal communication with Allison Ebert (whose laboratory developed the
first SMA iPSCs; (Ebert et al., 2009)) revealed a lack of differences between SMA-13
and other SMA type | iPSC lines she possesses (Patitucci and Ebert, 2016) with the

important conclusion that SMA-13 has a particularly severe molecular signature.
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iPSC line Diagnosis |Donor Parent cell line] SMN genes (SMA |Reprogramming method (if Source
age/gender | (if known) lines only) known)
AD3-CL1 Wild type M Unknown N/A Donor cells transduced with Transferred by
Sendai virus Majlinda Lako,
Newcastle
University
19-9-7T Wwild type M Unknown N/A Foreskin fibroblasts WiCell
reprogrammed vector free with
EBNA-1/oriP episome
4603 Wwild type Adult, M GMO04603 N/A Fibroblasts transduced with Reprogrammed by
Coriell recombinant Moloney Murine Gaby Boza-Moran
Leukemia viral vectors (OCT4, |atiStem
SOX2, KFL4 AND ¢c-MYC)
SMA-19 SMA type | |2 years, M |GM09677 SMN1: Homozygous|Eye lens fibroblasts transduced | Transferred by
Coriell deletion exons 7-8 | with recombinant Moloney Majlinda Lako,
SMN2: 3 copies Murine Leukemia viral vectors |Newcastle
(OCT4, SOX2, KFL4 AND c- University
MYC)
CS32iSMAI-nxx SMA type | |7 months, |GM00232 SMN1: Homozygous | Episomal plasmid Purchased from
(referred to here as M Coriell deletion exons 7-8 Cedars-Sinai
SMA-32) SMNZ2: 2 copies
CS13iSMAI-nxx SMA type | |3years,M |GM03813 SMN1: Homozygous | Episomal plasmid Purchased from
(referred to here as Coriell deletion exons 7-8 Cedars-Sinai
SMA-13) SMNZ2: 3 copies

Table 5.1: Detailed information, where known, regarding the six iPSC lines used in this project.

Details of the iPSC line, donor cell information including diagnosis, age, gender and genotype, and their reprogramming method are shown
here. Some debate regarding the re-classification of GM03813 fibroblasts and their derived SMA-13 iPSCs has arisen due to the three copies

of SMN2 present, however symptoms of SMA type | disease and a particularly severe molecular phenotype act as evidence that these cells are
still relevant models for this project.
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5.3.2 Determining SMN gene and protein expression in undifferentiated
iPSCs

Firstly, confirmation of SMN transcript and protein down-regulation in SMA type |
iPSC lines (SMA-32, SMA-19 and SMA-13) was sought in comparison to wild type
iPSC lines (AD3-CL1, 19-9-7T and 4603). To do this, an RT-PCR and western blot

were used.

For analysis of SMN1 and SMN2 transcripts, RNA was extracted from all lines and
cDNA was synthesised from this. An RT-PCR amplifying exons 6-8 of the SMN
genes was used to produce two products corresponding to FL-SMN (504bp) and
SMNA7 (450bp). Two control genes (GAPDH; 184bp and B-actin; 295bp) were also
amplified. Figure 5.1A displays two bands amplified from each line at expected
sizes. Control gene amplification was consistent across all iPSC lines (Figure 5.1B).
SMN bands were gel extracted together and then subjected to restriction digestion
with Ddel at 37°C for 2 hours. Digested products were electrophoresed on a second
gel to separate FL-SMNL1 (504bp), FL-SMN2 (382+122bp) and SMN2A7
(328+122bp) transcripts (Figure 5.1C). The transcript pattern was as expected with
wild type lines showing four bands whereas SMA lines lacked the 504bp FL-SMN1

transcript.

A western blot was used to confirm a reduction in SMN protein consistent with the
lack of FL-SMNL1 transcript in SMA type | iPSC lines. When using iPSC and MN
protein extracts for western blots, it was advised by colleagues in University of
Edinburgh to use total protein as a normalisation control, rather than a more
commonly used housekeeping protein. This is due to housekeeping proteins often
being differentially expressed in models of neurodegeneration. For example, $-actin
expression decreases by 19% in spinal cord samples from Taiwanese mice,
compared to wild type (Eaton et al., 2013). As expected, wild type lines show more
SMN than SMA type | lines (Figure 5.1D,E). No replicates were used here so no
statistics could be performed to assess the significance of the SMN difference.
Following differentiation of these iPSCs to MNs, confirmation of the same SMN

reduction was obtained (see section 5.5.3).
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Figure 5.1 Determining SMN transcript origin and protein expression in all six
IPSC lines.

(A-C) An RT-PCR was performed using primers to amplify a region between exons
6-8 of the SMN genes in all iPSC lines. -RT = minus reverse transcriptase control
reaction. (A) Full length SMN (FL-SMN) products were expected to be 504bp, whilst
those amplified from SMNA?7 transcripts should be 450bp. (B) Two control genes
(GAPDH: 184bp and B-actin: 295bp) were also amplified and were expected to
show consistent bands across all lines. The same lane order is present in all gels.
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(C) The two bands seen at 504 and 450bp in (A) were excised and amplicons
extracted. PCR amplicons were digested with Ddel for 2 hours before running
digested products on a second gel. Transcripts from the SMN1 gene do not possess
a Ddel restriction site and were expected to give 504bp products. Transcripts from
SMN2 do contain a diagnostic Ddel restriction site, so FL-SMN2 504bp amplicon is
cleaved to give 382 and 122bp fragments, whilst SMN2A7 450bp amplicon when
cleaved gives 328 and 122bp fragments. (D) Protein lysates from undifferentiated
iPSCs were extracted and run on a western blot to determine how SMN protein
expression varies between lines. Normalisation of SMN signal to that of total protein
reveals lower SMN protein in SMA iPSC lines, as expected. Replicate samples were
not used so no statistical significance can be calculated here.

5.3.3 Assessment of pluripotency markers in undifferentiated iPSCs

Before experiments differentiating iPSCs could take place, it was important to
determine if the iPSCs were in fact pluripotent. To do this, flow cytometric
assessment of the expression of markers of pluripotency was used. Three markers
were tested here; TRA-181, SSEAL and SSEA3. These are cell surface antigens
that are commonly used to characterise the pluripotency of embryonic stem cells
and iPSCs (Brimble et al., 2007).

Initially, a pilot experiment was completed to determine optimal antibody
concentration for each marker using 5x10° undifferentiated AD3-CL1 iPSCs per
sample. Starting antibody dilutions were obtained from a previous PhD thesis in this
laboratory (Boza-Moran, 2012). This dilution, along with 0.5- and 1.5-fold this
amount, was used to identify the optimal dilution. Table 5.2 contains details from

this experiment.

Antibody Fluorophore Volume of antibody per
5x10° cells (ul)
Mouse/human anti-SSEA1 | PE-Cy7 0.315

0.63

0.945

Human anti-SSEA3 Alexa Fluor 647 | 2.5

5

7.5

Human anti-TRA-181 PE 5

10

15

Table 5.2 Optimisation of antibody staining for flow cytometric analysis of

pluripotency markers in AD3-CL1 iPSCs.

Initial dilutions of antibodies were those used by Boza-Moran (2012) in a previous
PhD project, shown as the middle figure for each antibody. 0.5- and 1.5-fold these
volumes were used for optimisation purposes.
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No signal was obtained from SSEA1-stained iPSCs at all antibody concentrations
tested in Table 5.2. A further test using 10x higher concentration also revealed 0%
SSEALl-positive cells, therefore this antibody was not used in the remainder of
experiments. Examination of literature suggested that although the SSEA1 epitope
is expressed in early mouse embryos and highly undifferentiated murine ESCs and
iPSCs, it may not in fact be expressed in human equivalents (Draper et al., 2002,
Inada et al., 2019), instead only being expressed in subsets of adult stem cells such
as neuronal stem cells (Pruszak et al., 2009).

The highest concentrations of SSEA3 and TRA-181 antibodies were identified as
optimal concentrations for further analysis. Following this, all six iPSC lines were
subjected to both single and dual staining for SSEA3 and TRA-181 using optimised
protocols. Populations of cells in lower, left quadrants of dot plots represent
autofluorescent cells (Figure 5.2 and Figure 5.3). Variability in the number of SSEA3
and TRA-181 positive cells was observed between all lines (Figure 5.2 and Figure
5.3). Generally, a lower percentage of single-stained cells expressed TRA-181 than
SSEAS, despite TRA-181 antibody being used at a higher concentration. Dual
stained populations revealed some cells co-expressed both SSEA3 and TRA-181,
but again variability was present between lines (Figure 5.2 and Figure 5.3).
Although expression was non-significantly different between iPSC lines in all cases
(TRA-181: P=0.2366, SSEA3: P=0.9705, TRA-181 and SSEA3 P=0.0748; Figure
5.4), it appears that SMA lines exhibited much lower levels of TRA-181 expression,
visible in single-stained population as well as a lower percentage of TRA-181 and
SSEAS double-positive cells. Nevertheless, together these results suggest that the
iPSCs used in this project expressed markers of pluripotency and therefore were

suitable for use in differentiation experiments.
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Figure 5.2 Assessment of pluripotency markers TRA-181 and SSEA3 in wild
type iPSC lines.

Three wild type iPSC lines (4603, 19-9-7T and AD3-CL1) were immunostained
against two markers of pluripotency; TRA-181 and SSEAS before expression of
these cell surface markers was measured by flow cytometry. Percentages are
representative values from one technical replicate. The TRA-181 antibody used
here was conjugated to the fluorophore PE, so was measured using the PE-A
bandpass filter on the blue/green laser. The SSEA3 antibody used here was
conjugated to the fluorophore Alexa Fluor 647, so was measured using the APC-A
bandpass filter on the red laser. Single stained samples (the first two graphs in each
row) were measured against a fluorophore filter that should not produce any signal
(i.e. PE-Cy7-A). Quadrant 3, 3-1 and 3-2 represent autofluorescent cells as
represented in the unstained control plots.
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Figure 5.3 Assessment of pluripotency markers TRA-181 and SSEA3 in SMA
type | iPSC lines.

Three SMA type | iPSC lines (SMA-13, SMA-19 and SMA-32) were immunostained
against two markers of pluripotency; TRA-181 and SSEAS3 before expression of
these cell surface markers was measured by flow cytometry. Percentages are
representative values from one technical replicate. The TRA-181 antibody used
here was conjugated to the fluorophore PE, so was measured using the PE-A
bandpass filter on the blue/green laser. The SSEA3 antibody used here was
conjugated to the fluorophore Alexa Fluor 647, so was measured using the APC-A
bandpass filter on the red laser. Single stained samples (the first two graphs in each
row) were measured against a fluorophore filter that should not produce any signal
(i.e. PE-Cy7-A). Quadrant 3, 3-1 and 3-2 represent autofluorescent cells as
represented in the unstained control plots.
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Figure 5.4 Quantification of pluripotency marker expression in all six iPSC

lines.

TRA-181, SSEA3 and dual TRA-181 and SSEA3 expression was extracted from
flow cytometry data and analysed using One-way ANOVAs. Expression was non-
significantly different in all cases. (A) TRA-181: P=0.2366, (B) SSEA3: P=0.9705,

(C) TRA-181 and SSEA3 P=0.0748.
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5.3.4 Assessment of genomic stability in undifferentiated iPSCs

Traditionally following reprogramming from fibroblasts, or another parent cell line, to
iPSCs, these cells are subject to quality checks. These typically involve
morphological analysis to ensure a similar morphology to ESCs, as well as the
expression of pluripotency markers, testing the ability of iPSCs to differentiate into
cells of the three germ layers and the possession of a normal karyotype (Takahashi
et al., 2007). Karyotyping following reprogramming is normally performed using G-
banding, a complex technique that involves the partial digestion of chromosomes,
staining with Giemsa and then identifying any chromosomal abnormalities by
assessing the unique banding pattern for each chromosome. However, this
assessment of karyotype is typically only conducted once following reprogramming,

not after some time in culture.

Human stem cells (both ESCs and iPSCs) acquire recurrent genomic abnormalities
following prolonged periods of time in culture (Andrews et al., 2017). It is apparent
that specific genomic abnormalities are more frequently found in iPSC cultures than
others. These abnormalities may provide a selective advantage via enhanced cell
proliferation and survival or reduced spontaneous differentiation. Cells harbouring
these could increase in proportion to genetically stable cells (Andrews, 2006).
Frequent monitoring of genomic stability would be advisable at set passage

intervals and before banking any cells for future use.

A gPCR-based assay was used to determine genomic stability of iPSCs used in this
project. This hPSC Genetic Analysis Kit (STEMCELL Technologies) was designed
to identify the eight most common karyotypic abnormalities reported elsewhere in
ESC and iPSC literature with results previously validated by G-banding and

fluorescent in situ hybridisation.

Here, this kit was used to analyse five out of the six iIPSC lines used within this
project. Unfortunately, DNA could not be extracted from the SMA-19 cell line at the
time of this assay and to avoid large inter-run variability between lines (as
suggested by kit instructions), this line was not analysed. Specific primer-probe
mixes to the following regions were used; chromosomes 1q, 8q, 10p, 12p, 17q, 18q,
20g and Xp and chromosome region 4p as a negative control. No evidence of
chromosomal abnormalities within the 4p region has been reported, and thus copy
number can be normalised to this within the assay. Following internal normalisation
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to each lines’ own chromosome 4p values, this was further normalised to a
confirmed genetically stable control sample provided in the kit, using the AACt
method.

Overall, three out of the five tested lines presented with potential forms of genetic
instability (Figure 5.5). Should a cell line contain a copy number of <1.8 or >2.2 (with
an associated P value of <0.05 that is drawn from a comparison to all other
chromosomal locations), it is considered that there may be an abnormality within
this chromosomal region. This assay is able to detect abnormalities in cultures
exhibiting genetic mosaicism and it is therefore possible that only a fraction of cells
within the culture do contain this abnormality.

19-9-7T and AD3-CL1 were found to be genetically normal at all tested loci (Figure
5.5). The 4603 iPSC line presented with two potential chromosomes of abnormal
copy number (Chr20q = 2.85, ChrXp = 0.67) that were only significant when directly
compared to each other, not any other loci. However, as the P value for Chr20g was
highly non-significant when compared to all other loci, but ChrXp showed varying
levels of significance in all comparisons (Figure 5.6), it was deemed more likely the
probable deletion of ChrXp was more accurate. A similar case was seen in SMA-13
where the copy number of 3.78 (Figure 5.5) suggested a duplication of Chr20q
where varying levels of significance were again seen (Figure 5.6), but none
confirmed as being P<0.05, suggesting that potentially there may be an abnormality
but this not confirmed. SMA-32 showed two probable amplifications of Chr12p and
Chrl7q (copy numbers 2.4 and 2.68, respectively; Figure 5.5) with significance in
both comparisons (P=0.0183 and P=0.0078, respectively; Figure 5.6). Some
comparisons to ChrXp approached significance in SMA-32 (Figure 5.6), but as the
copy number was in range (0.86; Figure 5.5), this was deemed to be normal.

The four loci (Chrl2p, 17q, 20q and Xp) that were found to be potentially abnormal
in these cells, have commonly been found elsewhere in the literature. Studies have
found that amplifications (complete chromosome duplications, or sub-chromosomal
locations) of chromosomes 12, 17 and 20 have been found in approximately 34% of
pluripotent stem cell lines. Amplified loci generally provide selective advantages to
those cells containing them. For example, amplification of a centromeric region of
the q arm of chromosome 20, specifically the 20q11.21 section, has been identified
to encode 25 genes, one of which is Bcl-xL, an anti-apoptotic gene that enhances
ESC survival (Avery et al., 2013, Nguyen et al., 2014).
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Although, four loci were found to be potentially abnormal across three iPSC lines, it
was deemed these were still adequate to work with. These cells were only going to
be used in vitro for differentiation assays, not transplanted into animals where cells
harbouring karyotypic abnormalities would pose tumourigenic risks. To avoid using
cells with instabilities, earlier passages could be checked and then confirmed to be
genetically normal. However, as early passage cells were not available in this

project, the decision was made not to go ahead with this as no transplantation

assays were planned.
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Figure 5.5 Assessment of chromosomal copy number in five iPSC lines.

A gPCR based assay to assess the copy number of chromosomes using the hPSC
Genetic Analysis Kit by STEMCELL Technologies was conducted using DNA from
five out of six iIPSC lines. Confirmed genetically stable control DNA was provided in
the kit as a nhormalisation control. Chr4p also acts as a negative control as this is
rarely, if ever, unstable. DNA from SMA-19 was not available at the time of assay
and to avoid gross inter-run variability, this assay was not completed in the SMA-19
iPSC line. A copy number of <1.8 or >2.2 with a P value of <0.05 (indicated by *), is
a probable indication of an abnormality within the culture. A ? indicates cases where
an abnormality is potentially present as the copy number falls outside of the normal
range and shows a trend when compared to all other chromosomes. A dotted line is
shown at two on the y-axis in all but ChrXp, as this is the expected copy number,
ChrXp has an expected copy number of one as all iPSC donors were male.
Significance was determined with a one-way ANOVA with Tukey post-test and
significance values can be found in Figure 5.6. Error bars represent the standard
deviation of raw Ct values before copy number calculations.
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Figure 5.6 One-way ANOVA pair-wise statistical comparisons for

chromosomal copy number.

A one-way ANOVA was performed using the copy numbers calculated in Figure 5.5
to assess if the copy number was truly likely to be abnormal. Copy number at each
locus was compared to all other loci within each iPSC line. To determine patterns, a
heat-map based colour system was implemented to identify chromosomes with
multiple levels of significance against multiple other loci.
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5.4 Differentiation protocol optimisation

As stated in section 2.2.8, the protocol used to differentiate iPSCs into MNs has
been previously published (Maury et al., 2015), however maodifications to this
protocol were made by colleagues at University of Oxford. The published protocol
uses an embryoid body formation method (3D spherical aggregations of pluripotent
cells) for iPSC MN differentiation, but this was foregone here, instead only using
single cell cultures. A few other modifications were made to the media used,
including the replacement of penicillin/streptomycin with antibiotic-antimycotic
(Fisher Scientific), the consistent use of Rock Inhibitor was replaced with use for 24
hours only after each passage and the dual SMAD inhibitors SB431542 and

LDN193189 were removed from media.

Further to these adaptations made by the team at University of Oxford, | have also
optimised this protocol for use in this laboratory (Figure 5.7). The first wild type MNs
differentiated showed signs of cell death on the final day of differentiation and were
later found to be largely dead by flow cytometry at day 31 (see section 4.3 for these
results). To combat this issue, the growth factors used from day 16 of differentiation
were altered. Instead of 20ng/ml BDNF and 10ng/ml GDNF in the published
protocol (Maury et al., 2015), BDNF, GDNF, CNTF and IGF1 were used in a cocktail
all at the concentration of 10ng/ml. CNTF (ciliary neurotrophic factor) is a cytokine
critical for the survival of spinal MNs. When expression is lost MN degeneration
occurs (Masu et al., 1993) and exogenous CNTF can prevent the progression of
degeneration in vivo (Sendtner et al., 1992). IGF1 is important when maintaining
certain subsets of MNs such as trigeminal MNs (Vicario-Abejon et al., 2004),

however it displays general neurotrophic properties of use here.
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OLIG2+ MNPs Immature MNs Mature MNs

iPSCs
>
Day 0 Day 9 Day 16 Day 24 Day 28
Resuscitation after liquid nitrogen storage
MTESR1™ DMEM/F12:Neurobasal, B-mercaptoethanol, ascorbic acid, N2, B27, antibiotic-antimycotic
Acquire neuroepithelial identity Acquire MNP markers: Inhibition of Notch
Caudalisation: inhibition of BMP, OLIG2 Growth factor

Wnt activation supplementation

Acquisition of MN
markers: SMI-32, HB9,
ChAT

Ventralisation:
activation of Sonic Hedgehog,
inhibition of BMP, RA activation

Figure 5.7 Schematic representing the protocol used to differentiate iPSCs into MNs.

The 28-day differentiation protocol acts in a stepwise manner mimicking signaling pathways present in early embryogenesis. The basal media
used for culture of cells is shown with mTESR1 being used during expansion stages prior to day 0, then this is switched to a
DMEM/F12/Neurobasal based media for the rest of the protocol.
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5.5 Characterisation of MNs

All six iPSC lines were differentiated with high efficiency within this project. To
characterise all stages of the differentiation process from iPSCs to MNs, the
morphology was documented daily from day O to 28, immunofluorescence was used
to assess the expression of MNP markers from day 9-16 and later
immunofluorescence was used again to assess markers of maturity at days 23, 25
and 28. | have also characterised the SMN protein content at different stages of
maturity as well as the set-up of assays to measure neurite length and soma size.
Within this section | present the characterisation of subsets of iPSC MNs for each
assay for the sake of brevity, however data presented in figures was representative
of all iPSC MN lines.

It is very important to fully characterise the MNs resulting from the differentiation of
iPSCs to ensure the resultant cells recapitulate the features expected from MNs in
vivo (Faravelli et al., 2014), thus ensuring translatability of results presented here.
The number of different starting iPSC lines available, as well as variability between
differentiation protocols, are increasing as the iPSC disease modeling field
progresses. The inherent variation caused by these two factors highlights the
necessity for ongoing characterisation of resultant MNs to ensure they meet
required standards (Faravelli et al., 2014) and phenotypes emerging from these
experiments are valid. Looking for consistently shared features across a range of
experiments using different iPSCs and protocols will tend to give most important,

conserved phenotypes (Bhinge et al., 2017).

5.5.1 Morphological analysis

Phase contrast images of cellular morphology can be seen in Figure 5.8. At early
stages (day 0-9) when iPSCs were acquiring a neuroepithelial identity, cells formed
large colonies which then merged together. From day 5, particularly dense, circular
areas formed, known as neural rosettes. Cells within rosettes acquire neural stem
cell properties and exhibit high proliferative capacity (Faravelli et al., 2014).
Between days 5-16 cells continued to grow in a dense monolayer without further
gross morphological changes. At day 16, DAPT (a gamma secretase inhibitor)
accelerates the transition from progenitor cells to post-mitotic neurons (Maury et al.,

2015). This was highlighted by the appearance of axon sprouting 24 hours post-
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addition (Figure 5.8). DAPT promotes this transition by inhibiting Notch signaling,
thereby delaying the cell cycle transition from G1 to S, committing cells to
neurogenesis (Borghese et al., 2010). Cells were only kept in the presence of DAPT
for 7 days before this was removed from media. From day 20 onwards the network
of connecting axons becomes more complex with increasing numbers of neurites
present, then from day 25-28 migration of the cell somas to form clusters can be

seen (Figure 5.8).

Measurements of neurite length and soma size were taken in a subset of MN lines
to demonstrate the validity of differentiation protocols. The average length of wild
type 4603 iPSC-derived MN neurites (measured with ImageJ plugin NeuriteTracer)
was between 280-400pm and soma size was between 20-60um for 4603, AD3-CL1
and SMA-19 MNs, both of which values fall within the expected range seen in in

vivo studies.
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Figure 5.8 Phase contrast images of iPSC MNs throughout the differentiation

protocol.

Wild type 4603 colonies on day 1 (A) where colonies are tightly packed and (B) day
9 with some evidence of neural rosette formation (highlighted in bottom right
corner). (C) Day 17 iPSC MNPs 24 hours following DAPT addition to initiate axon
sprouting. (D) SMA-32 MNs at day 20 with more extensive connections. (E) Mature
AD3-CL1 and (F) SMA-13 MNs with interconnecting axonal network and large
clusters cell bodies. (G) SMA-32 and (H) SMA-19 mature MNs after the end of
differentiation protocol.
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5.5.2 Expression of relevant markers

Neural rosettes were dissociated at day 9 to prevent over-confluency and to
encourage cells to gain OLIG2-positivity. OLIG2 is a basic helix-loop-helix
transcription factor whose role is critical in MN development, demonstrated by the
knockout leading to complete absence of spinal MNs (Li et al., 2011a). During days
9-16 MNPs grew quickly, often requiring a further passage half-way through this
period to encourage monolayers of cells. Immunofluorescence was used here to
assess the increase in OLIG2-positive cells from day 9-16 (Figure 5.9).
Immunostaining for these cells was problematic at times due to different lines
dividing at different rates, despite a consistent seeding density, hence some
samples were maore confluent than others, so high background signal was present in
these images (Figure 5.9A). Different lines tested have acquired OLIG2-positivity at
different rates, however, at day 13 approximately 50% of cells were positive and this

increased to >90% at day 16.

To assess whether or not the MNs produced were in fact mature or not at the end of
the differentiation protocol, immunofluorescence against a range of a neuronal and
MN-specific proteins was undertaken in a subset of MN lines. SMI-32 is a
component of neurofilament heavy chains that is expressed as an early marker of
MN maturity from day 23 onwards (Figure 5.10). Blll-tubulin, a pan-neuronal marker,
was used to stain axons, often counterstained with SMI-32 to show overlapping
expression of these markers (Figure 5.10). HB9 is a homeobox MN-specific
transcription factor which is shown in Figure 5.10, where expression can be seen
colocalising with DAPI staining in the nucleus. MNs are cholinergic neurons as
opposed to dopaminergic or glutamatergic, meaning they use choline as the primary
neurotransmitter. Choline acetyltransferase (ChAT) is responsible for recycling the
neurotransmitter choline. This was used as a specific marker to show the MNs
produced have the machinery for functional neurotransmission. Figure 5.10 shows
strong ChAT expression in somas of MNs at day 25, also with expression in axons,
however, the signal is less intense. | would expect the axonal signal to increase in
strength at later time points, however due to technical issues during fixation and

immunostaining of day 28 MNs this was not possible to test.

Immunofluorescence of mature MNs has proven very difficult throughout this

project. Images presented within this chapter are the result of rare successes where

MNs were not removed from the coverslip during the immunofluorescence protocol.
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Fixation of mature MNs without complete removal of cells from the glass coverslip
has proven challenging, despite several protocols and colleague’s
recommendations being trialed. Fixation was completed using 4% PFA in all cases,
yet differences in temperature and time of fixation were tested. iPSC-MN fixation
protocols recommended to me included dipping coverslips once very briefly in pre-
warmed PBS and PFA, whereas another suggested ice-cold PBS and PFA
incubation for 20 minutes. Generally, the brief, dipping method was found to be
more successful. Nevertheless, the same protocol could be implemented to stain
MNs from the same iPSC line in different differentiation rounds, yet show variability
in attachment capabilities. It was also found that simultaneous fixation of multiple
lines led to successful attachment in samples of one line, but not the other.
Together, these two observations suggest the quality of MNs produced by each line,
in each separate round of differentiation, caused some variability in success rates.

Due to the technical difficulties described here, it was difficult to obtain accurate
measure of SMI-32, HB9 and ChAT expression across all six iPSC-MN lines as this
required high quality images, whereas images from some lines were of too low
quality to quantify. However, approximately 77.3% SMI-32-, 61.4% HB9- and 90.1%
ChAT-positive MNs were obtained in samples from 4603 and AD3-CL1 MNs and
values between these lines were consistent. These values are comparable to those
presented in literature, with some values even exceeding those published.
Previously, HB9 has been found to be expressed in approximately half of iPSC-
derived MNs, often with HB9 expression alternating with that of Isletl (another
transcription factor expressed in MNs) (Amoroso et al., 2013), thus the expression
pattern here with approximately 60% HB9-positive MNs is comparable to, or slightly
exceeding that of published values.

Although SMI-32 and ChAT expression was also detected in multiple rounds of MN
differentiation throughout this project, their expression was also detected in one
specific round of differentiation of AD3-CL1 and SMA-32 MNs that did not complete
the protocol successfully. These MNs appeared to differentiate well to MNs leading
up to day 17, but axons had degraded by day 21 when immunostained (Figure

5.11). Nevertheless, evidence of markers of maturity was still apparent at this stage.

Together, | have shown that of the two wild type and one SMA line from which

images of a sufficient quality were available, these all expressed the expected MN-

specific markers. As all lines differentiated with similar efficacy and phase contrast
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images (Figure 5.8) revealed the similar morphology between lines, it is probable

that expression of maturity markers would be very similar across all lines as well.
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Figure 5.9 OLIG2 expression in MN progenitors at early stages of
differentiation.

(A) Wild type (4603) and SMA type | (SMA-19) MN progenitors (MNPs) were
immunostained with an anti-OLIG2 antibody to detect the acquisition of OLIG2
expression at several time points leading up to the mid-point of the differentiation
protocol. (B) As images shown in (A) are a little blurry, a higher quality image was
provided by Neda Ali Mohammadi Nafchi of wild type (4603) MNPs at day 16. This
image was acquired during optimisation of the differentiation protocol in a
collaboration between myself and Neda and is used here with her permission.
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Figure 5.10 iPSC MNs express markers indicative of maturity.

MNs derived from (A) 4603 wild type iPSC line stained against SMI-32 (red) and B
[l tubulin (green) on day 23 of differentiation protocol. Wild type AD3-CL1 iPSC-
derived MNs stained against (B) HB9 and (C) ChAT on day 25 of differentiation
protocol, all counterstained with DAPI.
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Figure 5.11 Expression of maturity markers present in iPSC MNs that failed to
fully differentiate.

Expression of MN markers HB9, SMI-32 and ChAT can still be seen in cells that
begun acquiring an MN identity, but failed to fully differentiate or began to degrade
towards the end of the differentiation protocol. Images of wild type AD3-CL1 and
SMA type | (SMA-32) immature MNs taken at day 21 of differentiation.
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5.5.3 Confirmation of SMN gene expression and protein reduction in SMA

type | MNs

To confirm that data from undifferentiated iPSCs (section 5.3.2) still held true once
differentiation to MNs was completed, the same assays to determine the origin of
SMN transcripts and the level of SMN protein were completed again using MN

extracts.

The origin of FL-SMN and SMNA7 transcripts was completed using the same
protocol as in section 5.3.2. The expected pattern of products was seen in all lines
except 19-9-7T (Figure 5.12A), but this was likely due to the low RNA concentration
that only allowed 1ug cDNA to be synthesised, unlike 2ug in other lines. This
sample was discarded from further analyses. All other lines showed two bands at
approximately 500bp and 450bp (Figure 5.12A), corresponding to FL-SMN and
SMNAY7 transcripts, respectively. Following digestion of products with Ddel, the
same results were found in MN extracts as in iPSCs. The two wild type lines
showed a strong FL-SMN1 band (504bp), whilst the three SMA lines did not (Figure
5.12C). Two close bands representing the larger fragments of FL-SMN2 (382bp)
and SMN2A47 (328bp) digested by Ddel, were present in all samples, whilst fainter
bands were seen at lower molecular weight, representing the 122bp smaller digest
product of FL-SMN2 and SMN2A47 (Figure 5.12C).

Wild type (4603, AD3-CL1 and 19-9-7T) MN lysates contained significantly more
SMN protein than SMA type | (SMA-13, SMA-19 and SMA-32) MN lysates, showing
an 18-fold difference (P<0.0001; Figure 5.13). There was no significant differences
within the wild type lines or SMA type | lines, the only difference being observed
between wild type and SMA lines (Figure 5.13).
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Figure 5.12 Determining SMN transcript origin in iPSC-derived MNs.

An RT-PCR was performed using primers to amplify a region between exons 6-8 of
the SMN genes in iPSC-derived MNs. -RT = minus reverse transcriptase control
reaction. (A) Full length SMN (FL-SMN) products were expected to be 504bp, whilst
those amplified from SMNA7 transcripts should be 450bp. 19-9-7T sample RNA was
of low concentration and only 1ug of cDNA could be synthesised, unlike 2ug for all
other lines. This meant poor amplification of the SMN targets were seen. The 19-9-
7T sample was not included in the further analysis shown in parts (B and C). (B)
Two control genes (GAPDH: 184bp and (-actin: 295bp) were also amplified and
were expected to show consistent bands across all lines. The same lane order is
present in all gels. (C) The two bands seen at 504 and 450bp in (A) were excised
and amplicons extracted. PCR amplicons were digested with Ddel for 2 hours
before running digested products on a second gel. Transcripts from the SMN1 gene
do not possess a Ddel restriction site and were expected to give 504bp products.
Transcripts from SMN2 do contain a diagnostic Ddel restriction site, so cleavage of
FL-SMN2 504bp amplicon is cleaved to give 382 and 122bp fragments, whilst
SMN2A7 450bp amplicon (from initial PCR amplification) when cleaved gives 328
and 122bp fragments.
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Figure 5.13 SMN protein expression in wild type and SMA type | mature MNs.

SMA type | MNs show 18-fold (P<0.0001) less SMN protein than wild type MNs at
day 31 of differentiation. Total protein was used as a loading control to minimize
normalization bias if disease specific changes in standard loading control targets
had occurred. One-way ANOVA with Bonferroni multiple comparisons post-test.

189



5.5.4 SMN protein variation in immature and mature MNs

Despite the need for SMN protein increasing during development and the early
post-natal period within the CNS (Figure 1.5) (Bowerman et al., 2017), it has been
previously reported that SMN may in fact decrease during the differentiation of
IPSCs to MNs (Boza-Moran, 2012). However, SMN protein was only assessed at
distinct stages of differentiation such as neural rosettes, neurospheres and MNs,
with broad windows of time between stages. Here, | sought to confirm if SMN levels
varied within a small window of time in which MNs go from immaturity to maturity at
the end of differentiation protocol, as this was not assessed in the previous study. It
was hypothesised that the level of SMN protein may become critical at this stage,

just before MNs begin degenerating postnatally.

Protein lysates were extracted from three SMA type | lines and one wild type line
(19-9-7T) at days 23, 28 and 31 of differentiation. Day 23 was chosen as immature
MNs have developed the morphology expected and begin to express markers such
as SMI-32 and ChAT (see section 5.5.2). Day 28 represents the end of the
differentiation protocol where MNs should have reached full maturity, whilst day 31
represents the maintenance stage of mature MNs. Blots can be seen in Figure 5.14.
A repeated blot using protein lysates collected on day 28 for 19-9-7T, SMA-13 and
SMA-32 was re-ran to obviate technical issues present; results from this successful
blot (scan not shown) were used in quantitation (Figure 5.15). Consistently with
results seen in sections 5.3.2 and 5.5.3, SMN protein expression was higher in wild
type 19-9-7T MNs than SMA MNs at all three time points (Figure 5.15). Similar SMN
expression was seen in all three of the SMA lines at each time point (Figure 5.15).
When comparing the SMN expression within each of the four lines at all time points,
non-significant differences were seen (Figure 5.15), suggesting that no SMN protein

decay is seen within this small window.
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Figure 5.14 Assessment of SMN expression at immature, mature and mature maintenance stages of differentiation.

SMN protein was assessed at each of three stages; immature MNs (day 23), newly mature MNs (day 28) and MNs undergoing maintenance
(day 31). Total protein was used as a loading control to minimize normalisation bias if disease specific changes in standard loading control

targets had occurred. Blots were quantified and are presented in Figure 5.15.
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Figure 5.15 Quantification of SMN expression at three time points indicating
different stages of MN maturity.

Normalisation of SMN expression to total protein was used to determine SMN
expression from western blots (see Figure 5.14 for blots). Two-way ANOVA with
Bonferroni multiple comparisons post-test was used to assess significance (all
P>0.05).
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5.6 Discussion

Although the recognition of SMA as a systemic disease is increasing, it is still vitally
important that therapies developed can fundamentally improve MN phenotype.
Therefore, it is necessary to have robust models of human SMA MNs that can be
used for understanding the progression of SMA phenotype in these vulnerable cells
and testing new therapeutic agents for toxicity and efficacy. Here, | have identified
and optimised a protocol (Maury et al., 2015) to differentiate iPSCs into MNs within
28 days that can produce MNs, recapitulating hallmarks of SMA MNs in vivo. The
characterisation of the model described in this chapter is a necessary precursor to
the attempted rescue of SMA hallmarks and phenotypes described in the following

chapters.

Efficiency of MN differentiation from iPSCs has been a challenge; early studies
showed approximately 10% MNSs positive for markers such as SMI-32 and ChAT
(Ebert et al., 2009). However, increases in efficiency have been achieved through
the addition of compounds like DAPT (55% increase) (Maury et al., 2015), a gamma
secretase inhibitor that suppresses Notch signaling, in turn inducing the expression
of proneural genes (Maury et al., 2015). Homogeneous populations (~95%) of
OLIG2-positive MN progenitors (MNPs) reported by Du et al. (2015) and the
addition of Compound E increased efficiency to 91% ChAT+, electrophysiologically
active SMA MNSs. Here, a high efficiency of MNPs (>90%) was seen at day 16,
translating to high proportions of SMI-32-positive and ChAT-positive MNs in a
further 12 days. This represents a similar, or improved differentiation efficiency
compared to published literature. Furthermore, it was possible to differentiate all six
iPSC lines with similar efficiency confirming that SMA genetics do not predispose

against efficient MN generation.

SMN gene and protein expression here in both iPSCs and MNs was found to be
comparable to levels found in the literature. The RT-PCR used here to assess the
origin of SMN transcripts provided the same results as in a previous PhD thesis in
this laboratory (Boza-Moran, 2012). A lack of FL-SMNL1 transcripts by RT-PCR was
shown here with results very similar to that of a published paper where SMA iPSCs
too showed a complete lack of FL-SMN1 and approximately 67% reduction in total
FL-SMN transcripts in SMA type | iPSCs (Ebert et al., 2009). Similarly, SMN protein
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expression in both undifferentiated iPSCs and mature MNs showed significant
differences between wild type and SMA type | cells similar to that presented in
Powis et al. (2016) and Fuller et al. (2016).

Furthermore, SMA iPSC MNs show other hallmarks such as reduced cell survival
represented by reductions in cell number over time (Yoshida et al., 2015), also with
deficient neurite outgrowth (Chang et al., 2011) and reduced cell soma area (Ebert
et al., 2009), compared to wild type MNSs. In the literature, it has also been observed
that continuing neurogenesis can occur in long-term cultures of iPSC derived
neurons (8-10 weeks of differentiation), however, the numbers of MNs specifically
declines in SMA, but not wild type cultures. In the literature this was represented by
declining ratios of SMI-32-positive MNs to total Blll-tubulin positive neurons (Sareen
et al., 2012), with similar phenotypes seen in other MN diseases such as ALS
(Bhinge et al., 2017), but this was not studied within this thesis.

iPSC MNs differentiated in vitro have been described as fetal-like (Sances et al.,
2016, Barral and Kurian, 2016), in part due to aging characteristics of fibroblast
donor cells being reset upon reprogramming to iPSCs. This is highlighted by the
disappearance of abnormal nuclear morphology, DNA damage (as measured by
yH2AX foci) and mitochondrial reactive oxygen species upon reprogramming
fibroblasts from an aging donor (82 years old) to iPSCs (Miller et al., 2013).
Differentiated neurons may correspond to those present in first trimester, human
fetuses (Vera and Studer, 2015), with mRNA expression profiles suggesting despite
extended post-differentiation culture, iPSC MNs may lack full neuronal maturity.
This aspect of iPSC MN culture may provide a unique environment to test
therapeutics on immature cells, like those developing in SMA fetuses during the
period of increasing need for SMN protein (Figure 1.5) (Bowerman et al., 2017).
Therefore, analysis of SMN protein content in SMA iPSC MNs is necessary to
determine if these cells could be a good model for infantile diseases such as severe
SMA. Here, SMN protein was analysed at three time points reflecting immature,
newly mature and mature MNs in the maintenance phase of differentiation, however
no difference in SMN protein was seen across the phases which spanned a time
period of nine days. This suggests that SMN protein levels are stable within this

small window.

NMJs have been reported to show pathogenesis in SMA mouse models (Murray et
al., 2008) and patients (Swoboda et al., 2005), suggesting a lack of SMN protein
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impacts the connections between MNs and muscles. In this chapter, | have shown
that the MNs derived from iPSCs using the differentiation protocol here passed
visual inspections of morphology and mature MN marker expression, but no proof
that these cells were functional was obtained. A co-culture assay was designed
between iPSC-derived MNs and myotubes differentiated from mouse C2C12 cells,
however this assay was not implemented in this thesis due to time constraints, but

has been included within this discussion as a future avenue of investigation.

Co-cultures of myotubes and MNs to produce NMJs has been achieved in the
literature (Boza-Moran, 2012, Yoshida et al., 2015, Abd Al Samid et al., 2018),
however a critical barrier to the replication of these protocols is the necessity to
dissociate late stage, differentiating MNs. These dissociated MNs were then seeded
onto differentiated myotubes, co-cultured for a few days and NMJs analysed.
However, these studies primarily used different MN differentiation protocols utilising
embryoid bodies and neurospheres; spherical 3D, suspension structures that easily
can be transferred between cultures. The adherence-based protocol used in this
thesis to differentiate MNs does not allow dissociation of cells past day 16; 12 days
before mature MNs appear. Differentiated myotubes from C2C12 cells tend to only
survive approximately 7 days once mature, thus creating a problematic time

difference.

The basic co-culture model designed would involve the differentiation of C2C12
cells into myotubes then seeding day 16 MNPs onto these, establishing if C2C12
myotubes could survive the further 12 days required for post-mitotic MN generation.
Optimisation of C2C12 differentiation media to allow for efficient fusion of myotubes
and most importantly survival of both myotubes and MNs would be necessary. It
would also be noted if myotubes could survive for the whole 12 days necessary for
mature MN differentiation, or if only part of this time period could be achieved. If
only partly, the potential for NMJs to form with immature MNs at earlier stages

would also be assessed.

An alternative to C2C12-myotubes, would be the possibility of differentiating the
muscle cells from iPSCs. Colleagues at iStem have successfully differentiated wild
type and Facioscapulohumeral Muscular Dystrophy (FSHD) iPSCs using a three-
stage protocol to myogenic progenitors, myoblasts and finally myotubes (Caron et
al., 2016). Proof of concept experiments showing iPSC-derived contractile muscle
cells could be co-cultured successfully with MNs, leading to the formation of NMJs,
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would be possible if a similar protocol was applied to this project. Both myotubes
and MNs could be differentiated with from a syngenic background from the same
starting iPSCs. Distinct combinations of wild type and SMA myotubes and motor
neurons could have been examined and the importance of SMN levels within each

cellular compartment underpinned.

An enriched media similar to the one used in (Guo et al., 2010) could also be tested.
This paper showed NMJs formed between human spinal cord stem cells
differentiated to MNs and primary rat skeletal myocyte cultures. Optimisation of
media reagents included the addition of G5 supplement to significantly enhance
myocyte proliferation, removal of neurotrophic growth factors gradually as these
prevent synaptogenesis and the addition of cholesterol, estrogen and creatine to
promote synaptogenesis (Guo et al., 2010). Myotubes and MNs should exist in a
symbiotic environment, respectively secreting neurotrophic factors by myotubes to
support MN survival and attract neurite outgrowth and the secretion of neuregulin
and agrin by MNs to increase acetylcholine receptor (AChR) synthesis, stabilise and

refine synapses (Guo et al., 2010).

Once a co-culture system has been established two assays would be used to
characterise any resultant NMJs as well as the ability for MNs to innervate
myotubes. All assays would first be conducted using wild type MNs as proof of
concept before moving onto SMA MNs that may fail to produce functional NMJs as
expected due to the lack of SMN. Immunofluorescence would be employed to stain
for markers of mature MNs and myotubes, as well as NMJs. Specifically, myosin
heavy chain, SMI-32, Glutamate receptor 1 (Glutl) and a-bungarotoxin would be
used to mark each cell type as well as clusters of AChRs, a representative feature

of NMJs. Both aneural and amuscular controls would also be used.

Secondly, to assess functional innervation of myotubes by MNs, the Glut-Curare
contractile assay described in (Guo et al., 2010) would be used. Although MNs are
described as cholinergic due to their release of acetylcholine (ACh) onto muscle
targets, MNs can receive excitatory input via the neurotransmitter glutamate in vivo
from interneurons or sensory neurons, or in vitro from the exogenous application of
glutamate or its agonists. Exogenous application of glutamate to MNs is an
established procedure (Rekling et al., 2000) used to depolarise MNs and to
electrophysiologically record their action potentials. If functional NMJ formation has
occurred, the addition of glutamate should enable MN depolarisation, release of
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ACh onto myotubes, causing their contraction. It should be possible to arrest
contractions by administering a specific NAChR-blocking compound called curare
(Guo et al., 2010). The use of this assay revealed significantly increased contractile
frequency after addition of glutamate mediated specifically by MNs, which when
followed by curare addition led to complete attenuation of myotube contractions

within two minutes (Guo et al., 2010).

5.7 Conclusions

In conclusion, in this chapter | have identified and optimised a protocol used to
differentiate human iPSCs from three wild type and three SMA type | patients into
MNs that appear to recapitulate in vivo features. MNs express markers such as
SMI-32 and ChAT that indicate MN maturity, whilst SMA lines specifically also retain
characteristics such as a lack of FL-SMNL1 transcripts and significantly reduced
SMN protein. The design of a co-culture based functional assay was explored as an
avenue of future investigation for this work. Following on from the successful
implementation SMA iPSC MN differentiation and characterisation, experimental
evidence of SMN over-expression and its effects are explored in subsequent

chapters.
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6 Characterisation of Co-hSMN1 vectors in iPSC-
derived motor neurons

6.1 Introduction

Itis currently unclear if the two licensed SMA therapies could effectively treat all the
symptoms of SMA in the long term, primarily because the majority of patients
treated with these agents are still children, although some treatment of adults is just
beginning. Time will tell if the SMA phenotype has been well managed or if it has
shifted in its clinical presentation. The field is moving towards “combinatorial
therapy” in an attempt to prepare for this and as a means to increase the treatment
options available to all SMA patient populations. Individual treatments may
preferentially correct particular hallmarks of SMA, but if these are combined there is
a greater chance of systemic improvement in the disease phenotype.

The use of IDLVs provides one such option, particularly in an environment where
clinical use of gene therapy is becoming more widely considered and accepted. The
work here describing iPSC testing of IDLVs will be the first work testing these
vectors in human cells relevant to the primary pathophysiology of SMA. This
increases translatability between pre-clinical and clinical work and is an important
step in the progress towards human trials. The high quality IDLVs developed may
provide advantages over other viral vectors, such as strong and focal expression
with highly diminished risk of insertional mutagenesis. The IDLVs to be developed in
this project may be used as a stand-alone therapeutic approach, or more likely as

one aspect of a combinatorial therapy.

6.1.1 MN pathology in SMA

It was long thought that MNs were the sole pathological target of SMA, but this idea
is becoming increasingly challenged as pathology is discovered in other tissues
(see Hamilton and Gillingwater (2013) for an excellent review). Nevertheless, it is
still clear that MNs are particularly vulnerable along the spectrum of affected tissues

(Sleigh et al., 2011) and should be targeted by therapeutic strategies.

SMA MN loss occurs in a predictable pattern with particular sub-populations of MNs

lost at early or late stages of disease progression and some that are more
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vulnerable than others. For example, MNs that innervate abdominal core muscles,
as well as proximal upper and lower limbs degenerate early compared to distal limb
innervating-MNs, in which loss occurs later (Deymeer et al., 2008), or cranial MNs
that are spared completely (Kubota et al., 2000, Bowerman et al., 2018).
Transcriptional differences have been highlighted in differentially vulnerable
populations of MNs in SMA patients and mouse models, as well as comparison to
equivalent healthy populations of MNs (Bowerman et al., 2018). These analyses
have revealed commonalities between SMA and ALS (both diseases in which MN
degeneration is a hallmark pathology), such as increased IGF-2 expression in sub-
populations in MNs correlating with high levels of axon sprouting and a resistance to
degeneration (Hedlund et al., 2010, Murray et al., 2015). Further transcriptional
analysis aims to elucidate molecular mechanisms that will help to understand why
MNs are so vulnerable in SMA, but also to reveal potential neurodegenerative and
neuroprotective pathways (Kline et al., 2017) that could be targeted by therapeutic

interventions.

6.1.2 Increasing SMN levels in MNs as a therapeutic strategy

In the previous chapter | presented the optimisation of a differentiation protocol used
to obtain mature iPSC-derived MNs that recapitulated expected phenotypes of
SMA. In this chapter, | will build upon this by assessing the effect of IDLV
transduction of these MNs to induce expression of Co-hSMN1.

SMN levels in iPSC MNs have been increased by a number of interventions; for an
excellent summary please see Frattini et al. (2015). The small molecules valproic
acid and tobramycin were respectively able to increase SMN protein levels by 2-
and 3-fold (Ebert et al., 2009). Valproic acid acts as a histone deacetylase inhibitor
acting upon the promoter upstream of SMN2 to increase activity (Kernochan et al.,
2005). Tobramycin is an aminoglycoside that halts the recognition of a stop codon
present in exon 8 of SMN2, forming a more stable SMNA7 isoform (Wolstencroft et
al., 2005). Genome editing of SMA iIPSCs has also been reported to increase SMN
expression following genetic correction of SMN2 exon 7 (Zhou et al., Corti et al.,
2012), improving the phenotype of MNs differentiated from these. Transplantation of
gene edited iPSC-derived MNs has shown promise as a cell therapy strategy also
(Corti et al., 2012). RNA therapeutics including antisense morpholinos and small

nuclear RNAs have shown promise targeting SMNZ2 splicing, increasing the
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proportion of full length transcripts and SMN protein (Nizzardo et al., 2015). No
attempt so far has been made to use SMA iPSC MNs as a model for LV delivery,

therefore this will be addressed in this project.

6.2 Aims

In this chapter | aimed to use both IDLV and AAV9 vectors expressing a Co-hSMN1
cassette to induce increased SMN expression. Specifically, my objectives were:
(A) Assess the efficacy by which vectors transduce mature MNs.
(B) Induce over-expression of SMN protein in mature MNs.
(C) Compare and contrast IDLV_Co-hSMN1 and AAV9_Co-hSMNL1 vectors.
(D) Compare the effect of CMV, hSYN and hPGK transcriptional controls on the
levels of SMN expression.

(E) Assess any downstream rescue of Gemin2.

Wherever possible within this chapter, experiments were aimed to be performed
with three wild type and three SMA type | iPSC lines, where appropriate, to improve
validity of results. This also avoids bias inflicted by differing genetic backgrounds or
modulators of severity that may contribute to clonal variation (Barral and Kurian,
2016). However, it was not always possible to differentiate all at the same time with
similar success rates, whilst also considering the cost and time-consuming nature of

this work. Therefore, some experiments were performed with less than six lines.

6.3 Transduction efficacy

The same experiments performed in section 4.5 assessing the transduction efficacy
of cell lines were repeated here with MNs. Analysis of transduction efficacy with
IDLV_CMV_eGFP shows that MNs derived from two wild type iPSC MN lines (4603
and AD3-CL1) show minimum 23% GFP-positive cells at MOI of 25, increasing to
maximum 63% at MOI 75 (Figure 6.1C). These encouraging results provided proof
of principle that IDLVs can successfully transduce iPSC MNs. Transduction efficacy
with AAV9_CAG_eGFP was also assessed in SMA-19 iPSC-derived MNs. Similar
to the values reported in section 3.3.2 when transducing CHO cells, AAV9
transduction resulted in 1.7% (P=0.2162) and 17% (P<0.0001) transduction at MOIs
1x10° and 1x10°, respectively (Figure 6.1D).
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During these experiments it was noted that large proportions of the MNs appeared
to be dead according to flow cytometry forward vs side scatter plots (Figure 6.1B).
An average of 32.9% cells appeared to be viable at day 31. This was deemed
unlikely to be due to vector presence as both mock-treated and transduced samples
showed very similar plots (Figure 6.1B). It was likely that cell death or the generation
of cellular debris occurred during the preparation for flow cytometry. Sample
preparation for flow cytometry involved the removal of MNs from their adherent
environment and thorough dissociation. This likely caused axon shearing and break-
up of the MN clusters, presenting as debris in flow cytometry forward vs side scatter

plots.
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Figure 6.1 Transduction of mature MNs with IDLVs and AAV9 vectors
encoding eGFP.

(A) Fluorescent microscopy of mock-treated and MOI 75 IDLV_CMV_eGFP
transduced MNs analysed at day 31. (B) Representative forward vs side scatter flow
cytometry plots showing similar proportions of cell death in both mock-treated and
transduced samples. (C) Wild type 4603 and AD3-CL1 MNs show clonal variability
in transduction efficacy (range 23%-63% GFP-positive cells). (D) SMA-19 MNs
transduced with AAV9_CAG_eGFP show much lower percentages of GFP-positive
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cells (MOI 1x105 P=0.2162, 1x106 P<0.0001). One-way ANOVA with Dunnett’s
post-hoc test.

6.4 Co-hSMN1 expression in iPSC MNs following transduction

Two independent pilot experiments were conducted in SMA-19 and SMA-32 iPSC
MNs where mature cells were transduced with IDLV_CMV_Co-hSMNL1 to determine
if over-expression of SMN was possible in the most vulnerable SMA cell type.
IDLV_CMV_Co-hSMN1 was used as the IDLV of choice, rather than hSYN or hPGK
controlled vectors as CMV produced the largest increases in SMN expression in cell
line and primary culture testing. Comparisons between different transcriptional
controls in MNs has been undertaken and results are presented in section 6.4.2.

Results of this pilot experiment show that compared to mock-treated cells, those
transduced with IDLV_CMV_Co-hSMN1 at MOI 75 show significantly upregulated
SMN protein in lysates. SMA-19 MNs showed more than 23-fold higher SMN levels
than untransduced counterparts (P=0.0080; Figure 6.2B shows representative blot),
whereas this difference was more pronounced in SMA-32 MNs with 66-fold higher
SMN protein (P<0.001). Strong SMN signal was also verified by
immunofluorescence in SMA-19 transduced MNs (Figure 6.2A) that without

transduction show little or no SMN fluorescence.

Positive results from pilot data provided the basis for more extensive testing of
IDLV_CMV_Co-hSMNL1 in MNs to assess if this SMN increase was robust in all
three SMA type | MN lines. Simultaneous differentiation, transduction and
harvesting of SMA-13, SMA-19 and SMA-32 MNs was undertaken to reduce
variability. This experiment also led to increases in SMN protein in all transduced
samples compared to untreated counterparts (SMA-13: 14.5-fold, P=0.001; SMA-
19: 79.8-fold, P=0.0046; SMA-32: 42.8-fold, P=0.0032; bottom red stars in Figure
6.2C). Comparison of SMN protein in lysates from wild type MNs to transduced
SMA MNs was also undertaken, revealing supraphysiological SMN protein in two
lines (2.1-fold, P>0.05; SMA-19: 12.5-fold, P<0.0001; SMA-32: 3.6-fold, P<0.05; top
black stars in Figure 6.2C).

It should be noted that variation between SMN protein fold differences is present
within the same line in independent rounds of differentiation and transduction,

however the significance of these increases is common across all experiments. The
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most comparable results are available when all MNs were simultaneously
differentiated, transduced and harvested, as in the later experiments represented in
Figure 6.2C. It is, however, interesting to note that SMA-32 MNs showed the largest
fold difference between mock and treated cells in pilot experiments, but that SMA-
19 showed the largest fold difference in later experiments, reversing the pattern

seen earlier.
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Figure 6.2 Transduction of SMA type | MNs with IDLV_CMV_Co-hSMNL1.

(A) Representative images of SMA-19 MNs transduced with IDLV_CMV_Co-hSMN1
at MOI 75 upon reaching maturity and immunostained for SMN protein expression.
(B) Representative western blot of SMA-19 MNs with and without transduction. (C)
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Quantification of western blots from all three SMA type | MN lines with
IDLV_CMV_Co-hSMNL1 at MOI 75 transduction. All three SMA MN lines showed
significantly increased SMN protein following transduction (SMA-13: 14.5-fold,
P=0.001; SMA-19: 79.8-fold, P=0.0046; SMA-32: 42.8-fold, P=0.0032) assessed by
statistical comparison between mock and transduced samples of the specific SMA
line (one-tailed t-test with Welch’s correction; lower stars in red font). SMA-19 and
SMA-32 MNs revealed higher SMN protein than WT samples (12.5-fold, P<0.0001
and 3.6-fold, P<0.05, respectively), but transduced SMA-13 MNs did not (2.1-fold,
p>0.05). This is represented by the top stars (black font) showing statistical
comparison between combined wild-type SMN protein and that SMA line (assessed
by one-way ANOVA with Bonferroni multiple comparison post-test).

6.4.1 Comparison of AAV9_Co-hSMN1 and IDLV_Co-hSMN1

In sections 6.4 it was observed that IDLV transduction led to increases in SMN
protein above that of mock treated cells and indeed transduced SMA MNs exhibit

supraphysiological SMN protein compared to wild type cells.

Previously, in section 4.10 and sections therein, | showed that AAV9_CAG_Co-
hSMNL1 cannot induce SMN over-expression in CHO cells or SMA type | fibroblasts,
unless cells have exited from the cell cycle. Here, | aimed to confirm if this was the
case in SMA-32 MNs in a pilot experiment. A 1.9-fold increase in SMN protein was
observed following AAV9 transduction, but IDLV transduction significantly increased
SMN protein by 66-fold (P>0.001). When comparing IDLV_CMV_Co-hSMN1 and
AAV9_ CAG_Co-hSMNL1 transduction to mock transduced samples, the latter do not
provide significant over-expression (P=0.3219; Figure 6.3), suggesting that IDLVs
may be more preferable than more commonly used vectors like AAVs when

transducing MNs.
As preliminary data showed ineffective SMN expression, it was decided that no

further experiments would be completed using AAV9_Co-hSMN1 or
AAV9 CAG_GFP.
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Figure 6.3 Protein analysis of SMA-32 MNs following transduction with IDLVs
or AAV9s encoding Co-hSMNL1.

(A) SMA-32 MNs transduced with either AAV9_CAG_Co-hSMN1 at MOI 1x10° or
IDLV_CMV_Co-hSMN1 at MOI 75. (B) Quantification of (A) showing 1.9-fold
increase in SMN following AAV9 transduction, but IDLV transduction significantly
increased SMN protein by 66-fold (P>0.001). Significance assessed by one-way
ANONA with Dunnett’'s multiple comparison test.
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6.4.2 Transcriptional regulation of Co-hSMN1 expression from IDLVs

An initial experiment was performed in wild type AD3-CL1 MNs to assess any
differences in SMN protein expression following IDLV_Co-hSMN1 transduction
where three different promoters were used to drive transgenic expression. Here, as
expected, we see IDLV_CMV_Co-hSMN1 vectors led to significant increases in
SMN of 4.36-fold (P=0.0350; Figure 6.4) whereas, hSYN_Co-hSMN1 and
hPGK_Co-hSMN1 vectors led to 2.97- and 2.87-fold increases in SMN protein
compared to mock treated cells, however, these were not significant (P=0.2580 and
P=0.3998, respectively). In part, this result reflects the pattern observed when SMA
fibroblasts were transduced with vectors transcriptionally regulated by the three
different promoters. In both experiments, CMV controlled vectors outperformed
hSYN and hPGK controlled vectors. A difference, however, was apparent where
hSYN-controlled vectors induced marginally higher SMN protein expression
compared to hPGK controlled vectors in MNs, although this was non-significant.

This data may be reflective of the neuronal-specific nature of the hSYN promoter.

Further to the initial pilot experiment in wild type AD3-CL1 MNs, this experiment was
repeated in three SMA MN lines to determine if the same pattern was recapitulated.
As expected IDLV_CMV_Co-hSMN1 transduction led to significant increase in SMN
expression in all three SMA type | MN lines (SMA-13: 14.5-fold, P<0.0001; SMA-19:
79.8-fold, P<0.0001; SMA-32: 42.8-fold, P<0.0001; Figure 6.5 and Figure 6.6).
IDLV_hSYN_Co-hSMN1 only produced a significant increase in SMN protein
following transduction of SMA-13 MNs (SMA-13: 3.66-fold, P=0.0182; SMA-19:
9.55-fold, P=0.3441; SMA-32: 5.60-fold, P=0.2514; Figure 6.5 and Figure 6.6).
IDLV_hPGK_Co-hSMNL1 transduction led to significant increases in SMN protein
following transduction of all SMA MN lines (SMA-13: 6.13-fold, P=0.0004; SMA-19:
13.2-fold, P<0.05; SMA-32: 18.0-fold, P=0.0005; Figure 6.5 and Figure 6.6). Data
were statistically analysed using a one-way ANOVA with Dunnett’s multiple

comparisons post-test.
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Figure 6.4 Transduction of wild type AD3-CL1 MNs with IDLVs expressing Co-hSMN1 under three transcriptional controls.

Wild-type AD3-CL1 iPSC-MNs were transduced with IDLV_Co-hSMN1 under transcriptional control of either CMV, hSYN or hPGK at MOI 75
then protein was harvested and analysed after 72 hours. (A) Mock samples were loaded onto both gels to avoid any effects of differing transfer
efficiencies; all six lanes were quantified and used in statistics. The first hPGK replicate in (A) was not quantified due to the appearance of a
bubble or tear that would interfere with results. (B) A one-way ANOVA with Dunnett’s multiple comparison test to compare all transduced
samples to the mock control revealed significant increases in SMN protein only by CMV_Co-hSMN1 P=0.0350), but not by hSYN- or hPGK-
controlled vectors (P=0.2580 and P=0.3998, respectively).
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Figure 6.5 Transcription regulation of Co-hSMN1 expression from IDLVs using CMV, hSYN and hPGK promoters in SMA MNs.

Three SMA type | MN lines (SMA-13, SMA-19 and SMA-32) were transduced upon reaching maturity (day 28 of differentiation) at MOI 75. Total
protein was used as a loading control. Blots were quantified and are presented in Figure 6.6.
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Figure 6.6 Quantification of SMN expression following transduction of three

SMA type | MNs with IDLV_Co-hSMN1 using CMV, hSYN or hPGK promoters.

Western blots performed using protein lysates from SMA type | MNs transduced
with either IDLV_CMV_Co-hSMNL1, IDLV_hSYN_Co-hSMNL1 or IDLV_hPGK_Co-
hSMN1 (see Figure 6.5 for blots) were quantified. One-way ANOVAs were used to
assess statistical significance within each MN line. Transduction with
IDLV_CMV_Co-hSMNL1 led to significant increases in SMN protein expression in all
three lines (all P<0.0001) compared to mock treated cells. This was not the case for
IDLV_hSYN_Co-hSMN1, where only SMA-13 IDLV_CMV_Co-hSMN1 MNs had
significant increases in SMN protein (P=0.0182). SMN levels in IDLV_hPGK_Co-
hSMN1 transduced cells were significantly increased in all three lines (SMA-13:
6.13-fold, P=0.0004; SMA-19: 13.2-fold, P<0.05; SMA-32: 18.0-fold, P=0.0005).
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6.5 Downstream protein analysis in MNs

Reduced expression of Gemin2 has been shown in SMA MNs compared to wild
type controls (Fuller et al., 2016), consistent with SMA type | fibroblasts expressing
only 36% of control Gemin2 levels (Hao et al., 2007). Other gemin proteins
(Gemin3, 4, 6 and 7) also showed similar levels of reduction, except for Gemin5,
whose reduction was less pronounced (78%) (Hao et al., 2007). Transient
knockdown of chicken SMN via tetracycline-repressible system was shown to cause

a proportional decrease in Gemin2 protein (Wang and Dreyfuss, 2001).
6.5.1 Gemin2

A pilot experiment performed in SMA-32 MNs was completed to assess if
transduction with IDLV_CMV_Co-hSMN1 would affect Gemin2 protein levels. When
assessed by western blotting, it was found that two bands appeared (Figure 6.7A),
however, only the lower band was quantified as this was located just below the
35kDa ladder band, more accurately representing the 32kDa protein Gemin2.
Preliminary data from this experiment showed that IDLV_CMV_Co-hSMN1
transduced SMA-32 MNs (MOI 75) had significantly increased Gemin2 protein
levels (Figure 6.7B, P<0.0001) above mock transduced samples. As this evidence
proved that transduction does affect Gemin2 levels, a larger scale experiment was

conducted to confirm this.

Basal levels of Gemin2 were assessed in all six iPSC MN lines, as well as levels in
SMA-13, SMA-19 and SMA-32 MNs transduced upon reaching maturity with
IDLV_CMV_Co-hSMN1 at MOI 75. Again, only the lower band appearing on
western blots was quantified according to the expected size (32kDa) of Gemin2.
Non-significant differences were observed between almost all line’s basal levels of
Gemin2, except when 19-9-7T and SMA-32 specifically were compared which
showed a significant difference (Figure 6.8A,B P=0.0416). These two lines,
respectively, showed the highest and lowest levels of Gemin2 in samples assessed.
Upon transduction of SMA type | MNs, levels of Gemin2 were not different to basal
levels, in contrast to preliminary data (SMA-13: P=0.0859, SMA-19: P=0.0683,
SMA-32: P=0.3363; Figure 6.8C). Specifically, the SMA-32 data here highlight inter-

experiment variability; although an increased Gemin2 was seen after transduction in
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both the pilot and larger scale experiment, this was only significant in preliminary

data.
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Figure 6.7 Preliminary data assessing Gemin2 expression in SMA-32 MNs
transduced with IDLV_CMV_Co-hSMN1.

SMA-32 MNs were transduced with IDLV_CMV_Co-hSMN1 at MOI 75 upon
reaching maturity at day 28 of differentiation; 72 hours later, cells were lysed for
protein extraction. Total protein was used as a loading control but was only
quantified above the dotted line in (A) to avoid bubbles. Gemin2 was blotted for and
produced two bands, the lower band was quantified as this matched the expected
32kDa size of Gemin2. (B) Transduced samples showed significant increased levels
of Gemin2, compared to mock transduced samples (P=0.05). Statistical analysis
was performed using an unpaired, one-tailed Mann-Whitney test.
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Figure 6.8 Gemin2 expression in wild type, SMA type | and SMA type | MNs transduced with IDLV_CMV_Co-hSMNL1.
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(A) Protein lysates from wild type and SMA type | MNs were run on western blots
alongside samples from SMA type | MNs transduced with IDLV_CMV_Co-hSMNL1 at
MOI 75 as in the previous figure. Total protein was used as a loading control.
Gemin2 was blotted for and produced two bands, the lower band was quantified as
this matched the expected 32kDa size of Gemin2 (indicated by arrow). (B) Basal
levels of Gemin2 expression were assessed in wild type and SMA type | MNs and
generally no significant differences were found, except when comparing 19-9-7T
and SMA-32 specifically which was just significant (P=0.0416). Statistical analysis
was performed using a one-way ANOVA with Bonferroni multiple comparisons. (C)
Transduced SMA type | MNs were expected to show increased levels of Gemin2
based on preliminary data from SMA-32 MNs shown in Figure 6.7; but this was not
confirmed here as all three SMA lines were found to have non-significant
differences between basal and transduced levels of Gemin2 (SMA-13: P=0.0859,
SMA-19: P=0.0683, SMA-32: P=0.3363). Statistical analyses was performed using
an unpaired, two-tailed t-tests.

6.6 Discussion

Despite many groups having generated and characterised SMA iPSC MNSs, little
evidence exists in the literature regarding the transduction of these with viral vectors
and subsequent use as a therapeutic avenue. The vast majority of SMA gene
therapy research has been conducted in mouse models of SMA (see chapter 3).
Although, some literature has presented iPSC MN data in papers that also contain
in vivo correction. This being said, the phenotype or deficiency revealed in iPSC
MNs is never normally corrected in vitro, instead in vivo correction is sought more
immediately. Colleagues at University of Edinburgh, in collaboration with iStem in
France, have presented data confirming reduced SMN and UBA1 protein
expression in MNs and then subsequently the delivery of an AAV9_UBA1 vector to
mice models (Powis et al., 2016). However, this vector was not used to transduce
MNSs. It is unclear why this in vitro work was not carried out as it would have
provided translational evidence of UBAL expression in vitro in human tissues and
then later in vivo, strengthening their argument that UBA1 is a viable therapeutic
target for gene therapy. It is important to test therapeutics in iPSC MNs as well as
attempting rescue in vivo so that a better understanding of MN biology following
treatment can be ascertained. Otherwise, only general assumptions of MN health
based on cell number and biodistribution of the transgene within MNs can be
sought, whereas improvements in survival or health of an animal as a whole may be

due to non-MN related benefits.

Here, evidence that IDLVs expressing Co-hSMN1 can induce SMN protein

increases in three SMA type | MN lines was obtained. These data corroborate
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results observed in chapter 4, where transduction with IDLVs expressing Co-hSMN1
was able to both increase SMN protein in SMA type | fibroblasts (section 4.9) and
increase gem number as a functional endpoint in Neuro2a and SH-SY5Y
neuroblastoma cells (section 4.7). Further to this, iPSC MN results are similar to
those obtained when primary embryonic rat MNs were cultured in vitro and
transduced with the same vectors (Ali Mohammadi Nafchi, 2017). Results showed
significant increases in SMN mean fluorescent intensity in a dose dependent
manner (Ali Mohammadi Nafchi, 2017). Taken together, these results provide robust
evidence that IDLVs present a viable therapeutic strategy to increase SMN
expression in vitro; the potential physiological benefits of which will be explored in
the following chapter.

When comparing equivalent expression cassettes configured in both IDLV and
AAV9 vector forms, no significant increases in SMN protein were seen following
transduction by AAV9_CAG_Co-hSMNL. This recapitulates earlier evidence in SMA
type | fibroblasts that were transduced even in the presence of polybrene to
increase transduction efficiency (section 4.9). In this project, significant increases in
SMN protein following AAV9 transduction have only been seen in CHO cells that
were induced to exit the cell cycle (section 4.10.3) at MOls of 1x10° or higher.
However, MNPs stop proliferating at approximately day 18 of differentiation and
mature into quiescent MNs, yet no SMN increase was seen. The poor results here
from AAV9_CAG_Co-hSMN1 are in stark contrast to the successes seen in in vivo
models of AAV9 gene therapy for SMA. Biodistribution of GFP expression following
in vivo administration of AAV9 vectors has shown 42% GFP-positive lumbar spinal
MNs 10 days post-injection (Foust et al., 2010), whilst other studies have shown
higher values up to 66% (Valori et al., 2010). SMN expression has been seen in
ChAT-positive cells by immunofluorescence (Foust et al., 2010) with one study
reporting 49% MNSs in cervical spinal cord sections expressing SMN (Valori et al.,
2010). SMN-expressing MNs increase in number in AAV9-treated mice to levels
similar to wild type animals (Dominguez et al., 2011), highlighting a survival benefit

to MNs specifically following this gene therapy.

Transcriptional control of transgene expression is an important factor to consider
when designing gene therapies. In chapter 4 it was shown that CMV-driven Co-
hSMNL1 cassettes outperformed those transcriptionally controlled by hSYN or hPGK,
but all of which could induce significant increases in SMN expression. Here, data

from wild type and three SMA type | MNs revealed a similar pattern with CMV-
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controlled vectors consistently providing the highest SMN increases in all lines,
whilst hPGK transduced SMA-19 MNs was the only other condition to induce an
increase in SMN protein. SMA-19 consistently had the largest fold differences in
SMN expression, suggesting that perhaps this line is easier to transduce with IDLVs
than SMA-13 or SMA-32. It was interesting to learn that hSYN-controlled vectors
could not increase SMN protein expression in any MN line, despite the neuronal
specificity of this promoter. The hSYN promoter has been shown to drive strong
transgene expression in vivo following administration of both lentiviral (Dittgen et al.,
2004) or adenoviral (Kugler et al., 2001, Kugler et al., 2003) vectors, but it's use in
vitro has been less well studied. It remains unclear why increased SMN expression
could not be seen here.

In this thesis it has been shown that the number of gems can be restored by
IDLV_Co-hSMNL1 transduction as assessed by immunofluorescence when cells
where immunostained with an SMN, but not Gemin2, antibody (section 4.7) . In this
chapter, it was shown that a similar pattern of data emerges when assedded by
western blot. IDLV_Co-hSMNL1 transduction can lead to an increase in SMN protein,
similar to the increase in gems detected by SMN immunofluorescence, but neither
assay was able to detect an increase in Gemin2. This perhaps suggests that an
increase in, and correct localisation of, Gemin2 may require a slightly longer time
period before detection by immunofluorescence and western blot following
IDLV_Co-hSMNL1 transduction. SMN and Gemin2 are closely interlinked within the
cell and together with other SMN-complex members aid in sSnRNP assembly,
promoting interactions between newly transcribed RNA and it's binding partners
(Monani, 2005). It has been found that Gemin2 stabilises the SMN complex via self-
interaction (Ogawa et al., 2007), Gemin5 is able to bind SMN mRNA to
transcriptionally regulate expression (Workman et al., 2015) and gemin-bound SMN
is more stable than unbound SMN assessed by a pulse-chase assay (Burnett et al.,
2009). It is therefore tempting to speculate that if gemin proteins can promote SMN
expression and stabilisation, that this role could occur vice versa and SMN could
indeed post-translationally stabilise the Gemin2 protein, although not confirmed

here.

It is interesting to note that data presented here show no difference between overall
wild type and SMA type | Gemin2 levels, contradictory to what has been published
elsewhere (Hao et al., 2007). However, quantitative mass spectrometry has

revealed notable differences in proteomic expression profiles in wild type control

217



and SMA motor neurons (Fuller et al., 2016), but even this technique was not able
to detect differential expression of SMN or gemin proteins between wild type and
SMA MNs (Fuller et al., 2016). Only the 30% most abundant proteins can be
accurately identified (Hornburg et al., 2014) through this technigue and as such,
differences in the expression of SMN and gemin proteins (whose complex only
constitutes a small fraction of the proteome) may have been below the limit of
detection (Fuller et al., 2016).

6.7 Conclusions

It is encouraging to notice that the IDLV_Co-hSMNL1 expression data presented in
this chapter reflect the data from equivalent experiments in cell lines, providing
robust evidence of the promise of these vectors. It has been shown that iPSC-
derived MNs are able to be transduced with high efficacy and the presence of viral
vectors is tolerated well. Upon IDLV_Co-hSMNL1 transduction, all three SMA lines
showed increased SMN protein and analysis of different vector transcriptional
controls revealed that CMV-driven vectors were superior, as shown in fibroblasts
previously. Finally, an increase in SMN protein expressed by IDLVs, does not turn
increase the downstream expression of Gemin2. IDLV_Co-hSMNL1 expression in
MNs is vitally important in the development of IDLVs as a potential therapeutic
strategy for SMA, it is still necessary to translate this in vivo to see if the in vitro
successes seen here translate to an increase in survival or functional benefits in a

SMA mouse model, although this was beyond the scope of this project.
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7 Phenotypic rescue using IDLV expression of Co-
hSMN1

7.1 Introduction

It is well-established that MNs are particularly vulnerable to a lack of SMN protein,
so a goal of gene therapy for SMA has been to increase SMN in these at-risk
populations. SMA MNs show phenotypes in vitro including reduced soma size,
neurite length and growth cone area (Corti et al., 2012), significant declines in cell
number over time (Sareen et al., 2012), abnormal nicotinic AChR clustering at NMJs
(Yoshida et al., 2015), and evidence of proteomic dysregulation (Fuller et al., 2016)
compared to wild type MNs.

In the previous chapters, and elsewhere in the literature, it has been shown that
transduction of MNs with an SMN-encoding vector can increase the SMN protein
levels within vulnerable MNs. However, it is important to understand the
consequences of SMN restoration to wild type levels or higher, and what effect this
might have on cells that have always been severely deficient in SMN.

7.1.1 DNA damage- and apoptosis-related proteins and their involvement in
SMA

In this chapter, | have attempted to identify and correct DNA damage and apoptotic
phenotypes to elucidate how SMN modulates these. These phenotypes have been
less well studied in SMA model systems than those highlighted above and so the
molecular links between SMN and DNA damage- and apoptosis-related proteins are
less clear. Understanding how SMN interacts with and modulates these pathways is
an important step to understanding why SMA MNs degenerate and how this may be
prevented by treatment with a SMN-encoding vector. Here, three proteins of interest
were investigated; ATM (and its phosphorylated form, pATM), yH2AX and cleaved
caspase 3. Details of their involvement in SMA and the molecular mechanisms or

pathways that link these proteins (Figure 7.1) are provided in the sections below.
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Figure 7.1 The involvement of ATM, yH2AX and cleaved caspase 3 in DNA
damage and apoptotic pathways.

In its role as ‘chief mobiliser’ of the cellular response to damage, ATM is activated
(by autophosophorylation at Ser1981 and separation of its homodimer) upon the
MRN complex (consisting of the proteins MRE11, Rad50 and NBS1) sensing
damage such as DNA double strand breaks (DSBs). pATM then phosphorylates
downstream transducer proteins such as H2AX at Ser139 to form yH2AX, p53 at
Serl5 or others such as CHK2. yH2AX induces decondensation of chromatin
through acetylation of histones surrounding DSBs, again sensed by the MRN
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complex. Effector proteins such as BRCAL are then recruited to initiate DNA repair
pathways. Should ATM recognize that the cellular damage is too severe, it can
transduce a signal to initiate apoptosis by phosphorylating CHK2 to prevent p53
degradation via MDM2, or by phosphorylating p53 itself. The action of p53 then
proceeds via activation of Bax and release of cytochrome c¢ from mitochondria.
Cytochrome c, Apafl and caspase 9 together are known as the apoptosome as they
initiate caspase 3 activation. Caspase 3 is activated through calpain-mediated
cleavage of the pro-domain then caspase 9 mediated cleavage of the remaining
29kDa protein into p12 and p17 subunits. These subunits aggregate into a
heterotetramer representing the cleaved, or active form of caspase 3, executing
apoptosis within the cell. Circles represent sensor proteins, ovals represent
transducers, boxes represent secondary transducers and hexagons represent
effector proteins.

7.1.1.1 ATM

Ataxia Telangiectasia Mutated (ATM) is a 350kDa protein kinase that is a member
of the phosphatidylinositol 3-kinase-like family, also including proteins such as ATR
and DNA-PKcs (Blackford and Jackson, 2017). ATM is often called the ‘chief
mobiliser’ of the cellular DNA damage response, most importantly following DNA
double strand break (DSB) incidence. ATM acts as a transducer, coordinating the
phosphorylation of downstream proteins such as p53, CHK2, and H2AX (discussed
in section 7.1.1.3), either leading to DNA repair by effector proteins like BRCA1 or
apoptosis via the caspase cascade (discussed in section 0) if the damage is too
severe (Figure 7.1).

Reductions in SMN have been shown to causes increases in signaling pathway
proteins relating to the DNA damage response (DDR) such as ATM, BRCA1 and
particularly p53 which showed very early activation following SMN depletion (Jangi
et al., 2017). Upregulation of phosphorylated ATM (pATM) has been seen following
acute siRNA knockdown of SMN in HelLa cells and in chronic SMN depleted, SMA
type | fibroblasts, but phosphorylation was not induced in post-mitotic SMA spinal

cord lysates or primary SMA mouse neurons (Kannan et al., 2018).

pATM and pBRCAL1 are proteins involved in homologous recombination (HR)-
mediated DNA repair, as well as pATR and pCHK1. pATR and pCHK1 are
upregulated in SMA primary neurons and spinal cord lysates, but DNA DSBs still
accumulate, suggesting the HR DDR pathway is inactive in SMA post-mitotic
tissues (Figure 7.2). DNA-PKcs is the primary protein that transduces non-
homologous end joining (NHEJ)-mediated DNA repair, but this has been found to be

deficient in SMA fibroblasts, primary neurons and spinal cord (Kannan et al., 2018).

221



This DNA-PKCcs deficiency will render post-mitotic SMA neurons without a working
DDR pathway (Figure 7.2). This will lead to genomic instability and markers of
DSBs, e.g. YH2AX (as discussed in section 7.1.1.3), as well as the induction of
apoptosis by cleaved caspase 3 (section 0). Genomic instability has been proposed
as a cause of neurodegeneration in ALS systems where defective ATM-mediated
DNA repair signaling is also seen, highlighting conserved mechanisms of MN
degeneration across diseases (Walker et al., 2017).
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Figure 7.2 A proposed molecular mechanism to explain how a defective DNA
damage response may cause neurodegeneration in SMA cells.

A lack of SMN protein may lead to deficiencies of proteins such as Senataxin
(SETX; a RNA-DNA helicase) and DNA-PKcs (DNA-dependent protein kinase,
catalytic subunit). Genomic instability may be caused by structures such as R loops
(three stranded nucleic acid structures consisting of two DNA and one RNA
strands), causing DSBs to form. These can be repaired in dividing cells by BRCA1
and yH2AX (pH2AX) in HR coordinated by ATM. Post-mitotic neurons have inactive
HR-mediated repair, but cannot repair DSBs by NHEJ either due to the DNA-PKcs
deficiency caused by a lack of SMN. The inability to repair DSBs may cause
neuronal degeneration. DSB = DNA double strand break, SSB = DNA single strand
break, HR = homologous recombination, NHEJ = non-homologous end joining.
Figure taken from Kannan et al. (2018).
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7.1.1.2 Cleaved caspase 3

Caspase 3 is known as an executioner caspase of apoptotic cell death (Figure 7.1)
(Martin and Green, 1995). The activation of caspase 3 is tightly regulated by the
apoptosome consisting of apafl and caspase 9; this itself is only activated upon
release of cytochrome c from mitochondria (Deveraux et al., 1998). The activation of
caspase 3 is initiated by calpain-mediated proteolysis and removal of a 3kDa
peptide from the pro-caspase 3 protein. Removal of this silencing pro-domain
(Meergans et al., 2000) induces spontaneous proteolysis by caspase 9, separating
the remaining 29kDa protein into p12 and p17 subunits (so named due to their
respective sizes in kDa) (Han et al., 1997). Active, or cleaved, caspase 3 forms a
heterotetramer of two p12 and two p17 subunits that then executes apoptosis.
Cleaved caspase 3 may then act in a positive feedback loop by activating caspase 9
(Deveraux et al., 1998), further enhancing the apoptotic cascade.

The viability of NSC-34 neuroblastoma cells has been shown to be reduced by 23%
following siRNA knockdown of SMN with 37.4% of cells exhibiting DNA
fragmentation, a significant increase compared to control siRNA treated cells
(Parker et al., 2008). Caspase 3 activity remained elevated in SMN depleted cells
long after an initial spike caused presumably by the transfection of the siRNA itself
(Parker et al., 2008). SMA iPSC MN cultures showed more cleaved caspase 3-
positive cells than wild type MN cultures, with nuclear condensation seen in a higher

percentage of cells too (Sareen et al., 2012).

Figure 7.3 shows the multiple points at which SMN exerts anti-apoptotic properties,
something that SMNA7 is unable to do (Kerr et al., 2000). SMN has been proposed
to interact with anti-apoptotic Bcl-2 to provide dual protein-mediated anti-apoptotic
action against Bax-and Fas-mediated apoptosis (lwahashi et al., 1997), but this
binding is contentious (Sareen et al., 2012) as another study found no binding in
vivo (Coovert et al., 2000). SMN itself blocks calpain-mediated removal of a 3kDa
pro-domain to activate pro-caspase 3 (Anderton et al., 2011), reducing caspase 3
activation. Furthermore, SMN-ZPR1 interactions (Gangwani et al., 2001), may
reduce caspase 3 cleavage by caspase 9 still. One study has also found that 67%
of SMA type | patients also had deletions in the first two coding exons of the NAIP
gene which lies immediately adjacent to SMN (Roy et al., 1995). The NAIP protein
directly inhibits caspase 3 and 7 (Maier et al., 2002), so truncating mutations will

further increase levels of apoptosis in SMA patients.
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Apoptosis is a tightly regulated pathway that is controlled by both intrinsic and
extrinsic means and the question of SMN’s role in either of these pathways,
independently of each other, or interlinked, remains to be answered. Although many
of the anti-apoptotic roles of SMN are known and have been described above, it is
still unclear how the addition of ectopically expressed SMN may modulate the
apoptotic phenotype in SMA. Should ectopic SMN be able to reduce the level of
apoptosis in SMA cells, this could prove beneficial for SMA patients by reducing MN
loss.
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Figure 7.3 The role of SMN as an anti-apoptotic protein.

SMN acts as an anti-apoptotic factor at multiple stages of the apoptotic pathway.
Through the action of snRNPs, SMN regulates the splicing of U2-intron-containing
genes, such as MDM2. SMN binds to p53 via a domain encoded by exon 2 of the
SMN gene, this leads to localisation of the complex within Cajal bodies in the
nucleus. p53 can then no longer activate the pro-apoptotic protein Bax. Bax is also
inhibited by the action of Bcl2, a protein proposed to interact with SMN. SMN itself
inhibits Calpain-mediated cleavage of pro-caspase 3 and then interacts with ZPR1
and NAIP proteins that further inhibit caspase 9-mediated cleavage. Together, these
actions tightly regulate apoptosis, preventing unnecessary cell death.
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7.1.1.3 yH2AX

H2AX, a histone protein, was discovered to be phosphorylated on Ser139 following
DSBs (Rogakou et al., 1998) resulting in the phosphorylated form (yH2AX)
accumulating in nuclear foci within three minutes of exposure to ionizing radiation or
laser treatment (Rogakou et al., 1999). The presence of yH2AX at DSBs recruits
chromatin modifier complexes that acetylate neighbouring histones and leads to the
decondensation of chromatin surrounding the DSB (Figure 7.1). Relaxed chromatin
structures sensed by the MRN complex of proteins (MRE11, Rad50 and NBS1)
recruit effector proteins such as BRCAL to initiate DNA repair (Figure 7.1).

In an inducible model of SMA where adult mice (Smn”- with 4 copies of SMN2) were
administered an ASO that mediated the skipping of exon 7 causing a severe SMA
phenotype, yH2AX foci were found in 12.11% of pyramidal neurons within the
hippocampus, compared to 0.13% in control animals (Jangi et al., 2017). It was also
found that transient short hairpin RNA-mediated knockdown of SMN in both SH-
SY5Y neuroblastoma cells and healthy iPSC-derived MNs induced activation of
yH2AX signaling (Jangi et al., 2017). yH2AX can be detected in chronic SMA
systems as well as those acute SMN knockdowns just described.
Immunohistochemistry of muscle sections from the Burghes’ severe SMA model
has shown strongly yH2AX-positive cells, something not seen in littermate controls
(Mutsaers et al., 2011). yYH2AX activation has been seen in both fibroblasts and

lumbar spinal cord sections from SMA type | patients (Kannan et al., 2018).

The presence of yH2AX in multiple SMN depleted systems suggests an
accumulation of DNA damage or dysregulation of DNA damage signaling proteins. It
is therefore important to understand how a lack of SMN mediates this, how DNA
damage response proteins are interlinked with those controlling apoptosis in SMA
models and how these phenotypes might be rescued if SMN was ectopically

expressed.

7.2 Aims

In this chapter | aimed to validate DNA damage response and apoptotic phenotypes
in SMA cells and assess if these could be rescued by transduction. As this work

involved the use of previously untested reagents in this laboratory, it was necessary
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to first optimise some of the assays described using SMA type | fibroblasts before
their attempted implementation in SMA type | MNs. This aimed to reduce resource
wastage on harder-to-grow MNs and provide proof of principle that detection of
selected phenotypes was successful. Specifically, my objectives were:
(A) Design and implement a flow cytometric assay to assess MN survival with
and without transduction.
(B) Optimise assays to detect the expression of ATM, pATM, cleaved caspase 3
and yH2AX.
(C) Compare the expression of the above proteins in SMA type | and wild type
fibroblasts.
(D) Assessment of the effect of transduction with IDLV_CMV_Co-hSMN1 on
ATM and pATM expression in both SMA type | fibroblasts and MNs.

7.3 MN survival

An overt phenotype has been reported where SMA MNs show survival deficits,
compared to wild type cultures, towards the end of iPSC to MN differentiation
protocols (Sareen et al., 2012). The numbers of SMI-32- and ChAT-positive MNs
decline over time. This has also been seen in other MN diseases such as ALS
(Bhinge et al., 2017). Therefore, a flow cytometry-based assessment of MN survival
was implemented here to assess if this phenotype was recapitulated. This assay
was also designed to measure survival of MNs with and without transduction to

assess the effects of ectopic SMN.

7.3.1 Assay optimisation

Deficits in MN survival have been proposed to be caused by apoptosis, rather than
a lack of MN genesis in cultures, or any other means of cell death. CellEvent™
Caspase-3/7 Green Detection Reagent is a visualisation tool that can be used to
detect cells undergoing apoptosis by either fluorescent microscopy or flow
cytometry. It has been shown to detect an increased population of apoptotic cells in

ALS mutant MN cultures, compared to wild type (Bhinge et al., 2017).
Fluorescent microscopy of mature SMA-19 MNs showed some apoptotic nuclei

(green staining overlaying DAPI staining) within large clusters of MN soma (Figure

7.4B). Yet, due to the nature of these cells growing in large networks (Figure 7.4A),
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it was difficult to visualise many individual cells so a quantitative measure of
apoptosis could not be drawn. Repetition of this experiment using MNs seeded at
lower density, like that used for immunofluorescence analysis, would have been
optimal, but due to time constraints this was not completed. To improve single cell
analysis, this assay was translated to a flow cytometric protocol using MNs stained

with propidium iodide (PI) or CellEvent™ Caspase-3/7 Green Detection Reagent.

Here, MNs were treated with 0.1% Virkon for 5 minutes prior to staining to act as a
positive control for cell death. Virkon was used as a substance to insult MNs leading
to immediate cell death, rather than the use of another compound (such as
hydrogen peroxide or bleomycin used later in this chapter) with long incubation
times for ease of flow cytometry set up. Single-stained samples were used as
controls to set up the flow cytometry experiment (Figure 7.4C-E) and to measure the
values for dead cells (stained with PI) or apoptotic cells (stained with CellEvent™).
Unstained cells showed the expected population of autofluorescent cells to the left
of the histograms (Figure 7.4C), with no detectable signal within gates for PE-A (to
detect PI) and FITC-A (to detect CellEvent™) channels. Pl only stained samples
revealed a large population of dead cells in PE-A (Figure 7.4D, left) whilst also
showing a peak with a small shoulder in the FITC-A channel gate (Figure 7.4D,
right) suggesting some bleed through of PI signal detected in the wrong channel.
CellEvent™ stained samples showed an apoptotic peak in the FITC-A channel

(Figure 7.4E, right) only with no detection in PE-A channel.

When assessing SMA-19 MNs stained with PI or CellEvent™ Caspase-3/7 Green
Detection Reagent in dot plots with both PE-A and FITC-A channels displayed
simultaneously, we see diagonal line-shaped populations of cells for those stained
with Pl (Figure 7.5A) representing the signal being detected in both channels. This
bleed through could not be omitted using compensation techniques. CellEvent™
only stained, insulted (0.1% Virkon) samples showed a clustering of points at the
bottom of the dot plot (Figure 7.5A), but untreated samples still showed a diagonal
line-shaped population again (Figure 7.5A). Dual-stained, untreated samples
showed a different population shape, but unfortunately analysis of the dual-stained
insulted sample was not possible for technical reasons. Overall, it was unclear what
this data were representing so a different cell type was used simultaneously to

assess if difficulties were cell type specific.
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Primary splenocytes are particularly amenable to FACS analysis (owing to their
small, round morphology which leads to easily definable populations) so these were
isolated from a C57BL10 mouse by Dr Shan Herath then cultured for 2 days before
being subjected to flow cytometry with help from Shan. 0.1% Virkon insulted, PI
stained samples reveal a dense population of cells towards the top of the PE-A axis
that is not present in the untreated sample (Figure 7.5B; circled in red), highlighting
that 0.1% Virkon is able to induce cell death as expected. Insulted, CellEvent™
stained cells show an increase in density of the population towards the right of the
FITC-A axis (Figure 7.5B; circled in red). Dual-stained samples show a denser
population of cells towards the centre of the plot, representing dead, or dying cells
(Figure 7.5B; circled in red).

Taken together, it is possible to say that the staining technigques and the flow
cytometry protocols used were able to detect dead and dying populations of cells in
this positive control experiment using primary splenocytes. As these were identical
protocols used to that in MNs, with all flow cytometry represented in Figure 7.5
conducted simultaneously, it is possible to conclude that using these protocols for

MNs specifically posed a challenge.
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Figure 7.4 Detection of cleaved caspase 3/7 activity in MNs.

(A) Phase contrast and (B) fluorescent images of mature SMA-19 MNs at day 32 of
differentiation. (B) SMA-19 MNs were stained with CellEvent™ Caspase-3/7 Green
Detection Reagent in PBS with 5% FBS at a 2uM final concentration, then
counterstained with DAPI. (C-E) SMA-19 MNs treated with 0.1% Virkon to induce
cell death for a positive control was used. Histograms showing cell populations: (C)
unstained, untreated cells or cells stained with either (D) 20pg/ml propidium iodide
or (E) 5uM CellEvent™ Caspase-3/7 Green Detection Reagent. Left histograms
show signal in the PE-A channel and right histograms show signal in FITC-A
channel.
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Figure 7.5 Optimisation of Propidium lodide and CellEvent™ Caspase-3/7
Green Detection Reagent staining in SMA-19 iPSC MNs and primary
splenocytes.

(A) Mature SMA-19 MNs at day 28 of differentiation were either left untreated or
insulted with 0.1% Virkon for 5 minutes before being stained with 20ug/ml propidium
iodide or 5uM CellEvent™ Caspase-3/7 Green Detection Reagent. Unclear results
were seen. (B) Primary splenocytes cultured for 2 days following isolation from a
C57BL10 mouse were used for assay set up using FACS amenable cells. Red
circles indicate populations of interest. Propidium iodide signal is detected in the
PE-A channel (y axis), whilst Cell[Event™ is detected in FITC-A (x axis).
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7.3.2 Effect of early and late IDLV_CMV_Co-hSMNL1 transduction of MNs

on their survival

The assessment of MN survival both with and without transduction is important to
study if ectopically expressed SMN can rescue declining SMA MN numbers. As an
alternative to the use of PI for dead cell staining, the use of SYTOX™ AADvanced™
Dead Cell Stain was proposed as this live/dead stain has been proven to multiplex
with CellEvent™ Caspase-3/7 Green Detection Reagent successfully (Thermo
Fisher, 2020). Despite the challenges faced when optimising this assay, a pilot
experiment was performed nevertheless to attempt to assess the effect of

transduction on survival in SMA-32 MNSs.

Firstly, a trend showing reducing SMN protein levels between immature stages of
differentiation (day 23) and maturity (day 28) was found (Figure 7.6A-C) and that
transduction of either early or late stage MNs with IDLV_CMV_Co-hSMN1 could
increase SMN protein significantly (Figure 7.6D; day 23: 15.6-fold (P=0.0051) and
day 28: 29.1-fold (P=0.0493)). SMN protein levels did not differ (P=0.5169) at day
32 between those transduced at early or late stages of differentiation (Figure 7.6E)
suggesting that, at least in this pilot experiment, the time of transduction does not

impact resulting SMN expression.

These transduced MNs were concurrently analysed by flow cytometry for their
survival. Baseline levels of dead and dying cells were analysed in mock transduced
SMA-32 MNs at day 32 of differentiation and compared to MNs transduced at either
day 23 or day 28 and harvested again at day 32. SYTOX™ AADvanced™ Dead
Cell Stain was used to avoid signal from dead cells bleeding into the FITC-A
channel for CellEvent™ Caspase-3/7 Green Detection Reagent signal detection.
Figure 7.7 shows the results of this pilot experiment. Large amounts of debris can
be seen in Figure 7.7A representing either dead cells, debris such as sheared
axons or other cellular matter, perhaps reiterating that MNs are not a suitable cell
type for flow cytometric analysis. Nevertheless, quadrant, dot plot analysis with
PerCP-Cy5.5-A SYTOX™ and FITC-A CellEvent™ channels revealed the expected
autofluorescent population of cells in the bottom left of plots (Figure 7.7B; left plot,
Q3) whilst single stained CellEvent™ samples showed movement of the cell
populations into apoptotic quadrants (Figure 7.7B; middle plot, Q2 and Q4) and

SYTOX™ single stained samples showed a dense dead population (Figure 7.7B;
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right plot, Q1). The small apoptotic cell population is expected due to natural levels
of cell death in any population, corroborating the evidence of green nuclei seen in
SMA-19 MNs (Figure 7.4B) by fluorescent microscopy. Cell death could also be
induced by the harvesting procedure for this analysis; removing adherent cells from
their culture dish with thorough resuspension is likely to cause damage to cells

particularly fragile cells like MNs.

Dual-stained mock transduced, baseline samples (Figure 7.7C, left plot) shows both
apoptotic (Q2) and dead populations (Q1) and this appears to be very similar in
samples transduced at day 23 (Figure 7.7C, middle plot), suggesting no decrease in
cell death despite significant increases in SMN protein levels. Unfortunately, day 28
transduced samples could not be dual-stained with both SYTOX™ and CellEvent™
stains due to reagent supplies, but evidence of large cell death can still be seen in
the SYTOX™ PerCP-Cy5.5-A channel, again corroborating data from day 23 with
no reduction in cell death following transduction. When replicates were quantified,
very little difference between mock and transduced samples was evident (Figure
7.7D).

In summary, assay optimisation was challenging and data obtained from flow
cytometry experiments employing CellEvent™ Caspase-3/7 Green Detection
Reagent showed little difference between the survival of transduced and
untransduced cells. However, due to the technical challenges encountered, findings
from these experiments can be deemed inconclusive. Time constraints did not allow
for further implementation of this assay in non-MN cell types that could be
transduced, for example fibroblasts. Therefore, this assay was discarded for the

remainder of this project.
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Figure 7.6 Transduction of immature and mature SMA-32 MNs with IDLV_CMV_Co-hSMNL1.
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(A,B) Protein was extracted from untreated SMA-32 MNs at three time points
corresponding to different stages of MN maturity (left hand blots). Day 23; immature,
day 28; mature, day 32; mature plus transduction incubation. Protein was also
extracted (at day 32) from SMA-32 MNs that had been transduced with
IDLV_CMV_Co-hSMNL1 at MOI 75 at either day 23 or day 28. (C) Quantification
revealed a trend for SMN decreases during the maturation period, but this was non-
significant (P=0.6715, one-way ANOVA). (D) Transduction at either day 23 or 28
increases SMN protein by 15.6-fold (P=0.0051) and 29.1-fold (P=0.0493) compared
to basal SMN at the time of transduction, respectively (unpaired, one-tailed t-test).
(E) However, extent of SMN expression measured at day 32 following immature or
mature transduction are not significantly different from one another (P=0.5169,
unpaired, two-tailed t-test).
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Figure 7.7 Attempted analysis of cell death and cleaved caspase 3/7 activity in
SMA-32 MNs transduced at day 23 or day 28.

SMA-32 cells analysed at day 32 of differentiated unstained or stained with 1uM
SYTOX™ AADvanced™ Dead Cell Stain or 1uM CellEvent™ Caspase-3/7 Green
Detection Reagent. (A) Large amounts of debris (black dots) can be seen in forward
vs side scatter dot plots. (B) Baseline = mock transduced SMA-32 MNs analysed at
day 32 of differentiation. (C) Day 23 and day 28 = SMA-32 MNs transduced at day
23 or day 28, respectively, then analysed at day 32 of differentiation. SYTOX™
AADvanced™ Dead Cell Stain signal is detected in the PerCP-Cy5.5-A channel,
whilst CellEvent™ is detected in FITC-A. Q1 = dead cells, Q2 = apoptotic/dead
cells, Q4 = apoptotic, Q3 = autofluorescent cells.
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7.4 Assessing DNA damage response and apoptotic marker

expression

As no appropriate data were gathered from the above flow cytometry assay
employing CellEvent™ Caspase-3/7 Green Detection Reagent, a different approach
was designed to assess apoptosis and DNA damage markers. This molecular
analysis is described below.

7.4.1 Cleaved caspase 3 and yH2AX

7.4.1.1 Optimisation of detection methods

The detection of both yH2AX and cleaved caspase 3 was first sought using
immunofluorescence. Primary antibody concentration titrations were performed if
necessary, based on recommended concentrations from product literature or from
colleagues. 5, 10 and 25ug/ml rabbit anti-cleaved caspase 3 were tested as product
literature suggested a range of 10-20ug/ml for immunohistochemistry. Here, it was
found that the highest concentration showed diffuse signal throughout the nuclei,
without distinct localisation of the protein (Figure 7.8A, left). 10ug/ml began to reveal
more distinct foci (Figure 7.8A, middle), but the lowest concentration was chosen for

further analyses as the pattern of expression was clear (Figure 7.8A, right).

Optimisation of YH2AX immunostaining involved titrating secondary antibody
concentration. The primary antibody concentration was provided by a colleague at
University of Sheffield. Using 1pg/ml mouse anti-yH2AX and 2ug/ml goat anti-
mouse Alexa Fluor 488 revealed high background signal with no detectable nuclear
foci (Figure 7.8B, left). Both increasing primary (2pg/ml) and lowering secondary
(1pg/ml) antibody concentrations were tested with differing secondary antibody
fluorophores (Figure 7.8B). The optimal combination was determined as 1pg/ml
each antibody, with an Alexa Fluor 488 secondary conjugate. These two optimised
protocols were deemed suitable for use detecting any potential changes in yH2AX

and cleaved caspase 3 expression following transduction of fibroblasts.
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A 25ug/ml 10pg/ml Sug/ml

Cleaved caspase 3
SMA type |

B 1pg/mland 2ug/ml 2ug/ml and 2ug/ml 1pg/mland 1pg/ml

YH2AX
Wild type

Figure 7.8 Optimisation of cleaved caspase 3 and H2AX immunofluorescence detection.

(A) Three cleaved caspase 3 primary antibody concentrations were trialled in SMA type | fibroblasts, with 5ug/ml providing optimal results. (B)
Different combinations of anti-yH2AX primary and secondary antibody concentrations and fluorophores were tested, with 1ug/ml of each
antibody, with the secondary antibody Alexa Fluor 488 conjugated, was optimal. Scale bars = 50um in all, but (B) left and right).
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Technical challenges of using immunofluorescence in MNs were a concern (as
stated in section 5.5.2), so optimisation of an alternative detection method by
western blot was also attempted, despite this not necessarily being the gold
standard method of DNA damage protein detection. A standard western blot
protocol was employed to detect both yH2AX and cleaved caspase 3 in samples
from wild type, SMA type | fibroblasts and SMA type | fibroblasts treated with 200pM
hydrogen peroxide. No signal from either yH2AX or cleaved caspase 3 at 17kDa
was seen (Figure 7.9) despite alpha tubulin loading control bands and SMN bands
seen very clearly. The 10kDa protein standard was still visible on the membrane
precluding the suggestion that these small molecular weight proteins simply ran off

the gel.

Three further attempts to detect yYH2AX by modification of the western blot protocol
were trialed, but without success. YH2AX was chosen as the target for further
optimisation based on colleague’s advice and successful western blots in the
literature. Pharmacological treatment of both wild type and SMA type | fibroblasts
with bleomycin served as a positive control for the induction of yYH2AX expression.
Bleomycin is a DNA damage inducing agent that has previously been shown to
induce transient yH2AX signal (Scarpato et al., 2013, Di Tomaso et al., 2014,
Mavuluri et al., 2016) that is detectable 1-3 hours following treatment. 10ug/ml and
5ug/ml recommended concentrations of bleomycin were applied to fibroblasts for
either 2 hours or 4 hours before cells were lysed and extracts used for western
blots.

Firstly, the same standard protocol was applied as in (Figure 7.9) but this time using
bleomycin treated samples. Again, no clear yYH2AX bands were observed, despite
good alpha tubulin signal and the presence of the 10kDa protein standard (Figure
7.10A). Secondly, the same samples were run again but with slight modifications to
the western blot protocol. An increased amount of protein was loaded onto the gel
(13pg rather than 8ug), nitrocellulose membrane with a smaller pore size (0.2um
rather than 0.45um) membrane was used and a commercial blocking buffer was
employed (Odyssey Intercept® (TBS) instead of 5% BSA in TBS). These
modifications were aimed at increasing any yH2AX that may simply have been too
faint to see before. However, these modifications were not successful (Figure
7.10B). Finally, a more radical change in protocol was employed by reducing the

voltage at which the gel electrophoresis was conducted (100V vs 200V), elongation
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of transfer time at a low voltage (15V overnight vs 100V for 2 hours) and the use of
a 0.2um PVDF membrane. Again, no yH2AX was able to be detected (Figure
7.10C).

Although every care was taken to produce a positive control for this assay, it is
known that bleomycin is a very unstable compound and it is possible that the
pharmacological induction itself was potentially not optimal causing very little, if any,
yYH2AX to be present in the cells to detect. Therefore, this was assessed by
immunofluorescence of wild type fibroblasts treated with the same bleomycin
compound at 10ug/ml for a period of two hours. Immunofluorescence images
(Figure 7.10E) showed a clear increase in yH2AX signal. Cleaved caspase 3 was
also assessed in bleomycin treated fibroblasts and was also found to be increased
too (Figure 7.10E). The increase in signal was not quantitated in either case as this

was just deemed a confirmatory experiment.

It was unclear why none of these steps provided any improvement of yH2AX
detection by western blot. It was difficult to ascertain what aspect of the western blot
protocol may not have been optimal as no signal was ever detected, rather than
being able to tweak blocking conditions, for example, to improve intensity of a faint,
but present band. Finally, it is possible that simply not enough protein lysate was
loaded onto gels so proteins in low abundance may not be detected, but due to low
concentrations of protein within lysates, the maximum (13ug) was indeed loaded
here. Taken together, the challenges uncovered here resulted in the decision not to
further attempt western blotting as a method of detection. This decision posed no
problem for experimental work using fibroblasts, however, due to the technical
challenges involving immunofluorescence in MNSs, it would unfortunately no longer

be possible to detect yH2AX and cleaved caspase 3 in MNs.
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A Wild type SMA SMA+H,0,

55kDa

35kDa

17kDa

Alpha tubulin Cleaved caspase 3

B Wild type SMA SMA+H,0,

55kDa

35kDa

17kDa

Alpha tubulin

Figure 7.9 Detection of cleaved caspase 3 and yH2AX in wild type, SMA type |
fibroblasts and SMA type | fibroblasts treated with hydrogen peroxide.

Lysates from wild type, SMA type | fibroblasts and SMA cells treated with 200uM
hydrogen peroxide for 2 hours were western blotted in an attempt to detect (A)
cleaved caspase 3 and (B) yH2AX. Both proteins of interest are an approximate size
of 17kDa. Alpha tubulin acted as a housekeeping protein and SMN was a positive

control showing differences between genotypes. No cleaved caspase 3 or yH2AX
bands could be seen on these blots.

242



Wild type SMA

55kDa
35kDa

15kDa

Alpha tubulin
C SMA

Wild type

55kDa
35kDa

15kDa

Wild type - Mock Wild type - Treated

Cleaved caspase3 ©

m

yH2AX

Figure 7.10 Further attempts to detect yH2AX in bleomycin-treated wild type
and SMA type | fibroblasts.

(A) Each genotype of cells was treated with bleomycin as follows; from left to right,
Mock, 5pug/ml for 2 hours, 10pug/ml for 2 hours, 5pg/ml for 4 hours, 10ug/ml for 4
hours. Western blot conditions: run 200V 30 minutes, transfer 100V 1 hour with
0.45puM nitrocellulose, blocking 5% BSA in 0.1% TBS. (B) The same samples as in
(A) were ran again using different western blotting conditions: run 200V 30 minutes,
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transfer 100V 1 hour 0.2uM with nitrocellulose, blocking Odyssey Intercept® (TBS).
One sample per genotype was not able to be loaded due to insufficient protein
concentration (Wild type 5ug/ml for 4 hours and SMA type | 10pug/ml for 4 hours).
(C) SMA type | fibroblasts samples only were run with the following conditions: run
100V 30 minutes, transfer 15V overnight with 0.2uM PVDF, blocking 5% BSA in
0.1% TBS. Concentrations of bleomycin were the same as in (A). (D,E) Bleomycin
treatment (10ug/ml for 2 hours) was applied to wild type fibroblasts to indicate if the
compound was capable of increasing yH2AX and cleaved caspase 3 signal and
thus proving lysates from these cells would be a valid positive control for western
blot optimisation.

7.4.1.2 Expression of cleaved caspase 3 and yH2AX in wild type and SMA

fibroblasts

Using optimal immunofluorescence conditions, any differences between wild type
and SMA type | fibroblast expression of cleaved caspase 3 and yH2AX was
analysed to determine if apoptotic or DNA damage phenotypes were indeed

present.

More diffuse cleaved caspase 3 signal was seen in wild type nuclei (Figure 7.11A,
left), whereas SMA nuclei revealed a more punctate signal pattern (Figure 7.11A,
right). Expression was scored from 0 being no signal, to 4 being strong signal
(examples of nuclei assigned scores 1-4 can be seen in Figure 7.12A), and a value
for each score as a percentage of the total cells was calculated. Wild type cells
showed similar values across all scores (range 17.54-24.56%; Figure 7.12B),
suggesting there are varying levels of apoptosis, but all are approximately, equally
likely. SMA type I fibroblasts exhibited a trend for increasing percentages of cells
with stronger cleaved caspase signal (increasing from 1.34% to 36.16%; Figure
7.12B). Significant differences were observed between wild type and SMA type |

cleaved caspase 3 expression levels at scores 0-2, but not at 3 or 4.

yH2AX immunostaining was able to reveal distinct foci in the nuclei of both cell
genotypes, but foci were more frequently found in SMA cells (Figure 7.11B). The
number of individual foci per cell and the percentage of foci-positive cells were
calculated and showed that SMA type I cells exhibited higher values for both
conditions (P=0.0057 and P=0.0069, respectively; Figure 7.12C).

Taken together, these data reveal that SMA type | fibroblasts exhibit hallmark signs

of DNA double strand breaks and undergo apoptosis in more cells, and with

stronger cleaved caspase 3 signal, than wild type cells.
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Wild type fibroblasts SMA type | fibroblasts

Cleaved caspase 3 >

yH2AX

Figure 7.11 Visualisation of cleaved caspase 3 and yH2AX expression in wild type and SMA type | fibroblasts.

Untreated wild type and SMA type | fibroblasts were immunostained for two target proteins (A) cleaved caspase 3 and (B) yH2AX. A view of two
separate SMA type | fibroblasts at increased magnification shows nuclear staining more clearly.
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Figure 7.12 Expression of cleaved caspase 3 and yH2AX in wild type and SMA
type | fibroblasts.

Fibroblasts were immunostained against cleaved caspase 3 and yH2AX before
expression was quantified. (A) As it was difficult to count individual foci in cleaved
caspase 3 stained samples, a scoring system was designed to delineate levels of
expression: 0 = no signal, 1 = less than 5 foci, 2 = more than 5 foci, 3 = light, diffuse
staining, 4 = strong, diffuse staining throughout whole nucleus, or very strong
expression in a concentrated area. Examples of nuclei representative of scores 1-4
are shown, an example of score 0 is not shown as no signal is self-explanatory. (B)
Values for each cleaved caspase 3 score as a percentage of total cells in each
replicate were calculated and an unpaired, one-tailed t-test between wild type and
SMA (average 19 and 37 cells per replicate, respectively), at each score was
conducted (0: P=0.0006, 1: P=0.0472, 2: P=0.0451, 3: P=0.4565, 4: P=0.1613). (C)
A count of individual yH2AX foci per cell (left axis) as well as the number of cells
positive for any number of foci (right axis) were recorded (wild type n=31 cells, SMA
n=65 cells). Unpaired, one-tailed t-tests were conducted for each condition: number
of foci P=0.0057, percentage of foci-positive cells P=0.0027.
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7.4.1.3 The effect of transduction on cleaved caspase 3 and yH2AX in SMA type |

fibroblasts

Following on from the conclusion that SMA cells show increased levels of DNA
damage and apoptosis and evidence in the literature suggestive of SMN’s anti-
apoptotic effect, it was hypothesised that transduction of cells with IDLV_CMV_Co-
hSMN1 may improve this phenotype.

SMA type | fibroblasts were transduced at MOI 75 with IDLV_CMV_Co-hSMNL1.
Following immunostaining against cleaved caspase 3, the same scoring system as
above was implemented. Similarly to the basal cleaved caspase 3 levels seen when
comparing to wild type, large proportions of the mock transduced cell population
here showed either light, diffuse or strong, diffuse signal (35.5% and 38.3%,
respectively; Figure 7.14A,B). Transduced samples appeared to show a similar
pattern as mock transduced with all comparisons non-significant (Figure 7.14B).
However, large amounts of variation were seen in both mock and transduced
samples. Within transduced samples, some images showed large differences in
cleaved caspase 3 signal in adjacent cells (Figure 7.13A), with some exhibiting
strong signal of the highest score, whilst adjacent cells showed two levels of scoring
lower. This may suggest that either, cells in the population are undergoing apoptosis
at different rates, or maybe that some individual cells are rescued, but not enough to

be detected by overall statistics.

Both the number of yH2AX foci per cell and the proportion of yH2AX foci-positive
cells were significantly different between mock and transduced cells, with fibroblasts
transduced with IDLV_CMV_Co-hSMN1 exhibiting signs of increased DNA damage
(P=0.0134 and P=0.0068, respectively; Figure 7.13 and Figure 7.14).

Taken together, in contrast to the stated hypothesis, here it was observed that
transduction of SMA type | fibroblasts with IDLV_CMV_Co-hSMNL1 led to no
apparent decrease in cleaved caspase 3 signal, and actually increased the

percentage of yH2AX foci-positive cells.
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Figure 7.13 The effect of IDLV_CMV_Co-hSMN1 transduction on cleaved caspase 3 and yH2AX expression in SMA type | fibroblasts.

SMA type | fibroblasts were immunostained for two target proteins (A) cleaved caspase 3 and (B) yH2AX following transduction with
IDLV_CMV_Co-hSMN1 at MOI 75. A view of transduced cells of interest at increased size shows nuclear staining more clearly.
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Figure 7.14 Quantification of cleaved caspase 3 and yH2AX expression
following SMA type | fibroblast transduction with IDLV_CMV_Co-hSMNL1.

(A) Cleaved caspase 3 was assessed by the same scoring system as used
previously (0 = no signal, 1 = less than 5 foci, 2 = more than 5 foci, 3 = light, diffuse
staining, 4 = strong, diffuse staining throughout whole nucleus, or very strong
expression in a concentrated area). Examples of nuclei representative of scores 1-4
are shown, an example of score 0 is not shown as no signal is self-explanatory. (B)
The percentage of total cells exhibiting each score was calculated, but large
variation is seen in both mock and transduced samples. At least 30 cells per
replicate were scored for each condition (total n=107 mock transduced cells, n=115
transduced cells). Significance was assessed at each score by unpaired, two-tailed
t-tests (0: P=0.1751, 1: P=0.8194, 2: P=0.9031, 3: P=0.5228, 4: P=0.8709). (C) A
count of individual yH2AX foci per cell (left axis) as well as the number of cells
positive for any number of foci (right axis) were recorded. At least 25 cells per
replicate were scored for each condition (total n=205 mock transduced cells, n=80
transduced cells). Unpaired, one-tailed t-tests were conducted for each condition:
number of foci P=0.0134, percentage of foci-positive cells P=0.0068.

249



7.4.2 ATM and phosphorylated ATM

7.4.2.1 SMA type | fibroblasts

No difference between ATM expression in wild type and SMA type | fibroblasts was
detected (Figure 7.15A,B), yet a trend for increased pATM was seen in SMA type |
lysates (Figure 7.15C,E). pATM expression could be further increased following
treatment of cells with hydrogen peroxide. 700uM hydrogen peroxide for 30 minutes
led to a slight increase, but 200uM hydrogen peroxide for 2 hours increased pATM
significantly above background levels (Figure 7.15C,E, wild type vs SMA+H>0;
P<0.01, SMA vs SMA+H,0; P<0.05). 200uM hydrogen peroxide treatment was then

used as a positive control for increased pATM expression.

As SMA type | fibroblasts seem to show a trend for increased pATM compared to
wild type cells, it was hypothesised that the restoration of SMN protein levels
through IDLV_CMV_Co-hSMNL1 transduction, may too restore pATM levels nearer
to that of wild type cells. Transduction with an IDLV expressing eGFP for 72 hours
increased pATM above mock transduced levels (P=0.0160; Figure 7.16C), whereas
IDLV_CMV_Co-hSMNL1 transduced samples showed a non-significant increase in
pATM compared to mock (P=0.4983; Figure 7.16C). It appears that the act of
transduction causes an increase in pATM, but this can be downregulated when the

transgene expressed is Co-hSMNL1.
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Figure 7.15 ATM and pATM in wild type and SMA type | fibroblasts.

(A) Western blots using protein lysates from wild type, SMA type | fibroblasts and
SMA type | fibroblasts transduced with IDLV_CMV_Co-hSMN1 at MOI 75. The
same samples were run twice and blotted using two antibodies against ATM (ab78
and ab32420) as the first showed non-specific bands. (B) Quantification of ATM
expression from western blots using both antibodies (SMA+IDLV was not
quantified); unpaired, two-tailed t-test, P=0.6662. (C) Western blots showing wild
type, SMA type | fibroblasts and SMA type | fibroblasts treated with 200uM
hydrogen peroxide for 2 hours prior to lysis. (D) SMN (P=0.0502) and (E) pATM
were quantitated (wild type vs SMA+H,0; P<0.01, SMA vs SMA+ H,0, P<0.05);
one-way ANOVAs with Dunnett’s multiple comparison post-hoc tests.
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Figure 7.16 The effect of delaying harvest following transduction on pATM
protein expression.

SMA type | fibroblasts were transduced with either IDLV_CMV_eGFP or
IDLV_CMV_Co-hSMN1 at MOI 75 and incubated for either 3 days (A left, C) or 7
days (A right, D) following transduction. SMN was detected as a positive control that
transduction was successful, but this was not quantified. (B) Comparing pATM
between the same sample at different time points revealed only significant changes
in eGFP-transduced samples (mock P>0.9999, eGFP P=0.0053, Co-hSMN1
P=0.1794). (C,D) pATM was quantified at 3 (eGFP P=0.0160, Co-hSMN1
P=0.4983, compared to mock) and 7 days (eGFP P=0.0002, Co-hSMN1 P=0.0.256,
compared to mock) and normalised to alpha tubulin. Data were analysed by (B) two-
way ANOVA with Bonferroni multiple comparisons or (C,D) one-way ANOVA with
Dunnett’s multiple comparison post-test.
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Given the increase seen in pATM following IDLV transduction, it was hypothesised
that this initial peak in pATM expression may be caused by the vectors entry into the
cell and could mask any potential benefit from transduction with IDLV_CMV_Co-
hSMNL1. Therefore, a a second harvest point was implemented to see if the initial
peak of pATM expression subsided once Co-hSMN1 was expressed stably,
potentially rescuing the phenotype. At 3 days post-transduction, pATM expression
significantly increased in eGFP- but not Co-hSMN1-transduced samples, compared
to mock (eGFP P=0.0160, Co-hSMN1 P=0.4983; Figure 7.16C). At 7 days post-
transduction pATM in IDLV_eGFP samples remained elevated compared to mock
(P=0.0002; Figure 7.16D), but had decreased significantly since 3 days post-
transduction (P=0.0053; Figure 7.16B). Interestingly, at 7 days post-transduction,
PATM protein levels in IDLV_Co-hSMN1 transduced samples decreased to that
significantly lower than the mock (P=0.0256; Figure 7.16D), perhaps in agreement
with the stated hypothesis that Co-hSMN1 can reduce pATM to nearer wild type
levels if given sufficient time. It is encouraging to see that IDLV_CMV_Co-hSMN1
transduced samples showed consistently lower pATM than those transduced with a
control eGFP vector, suggesting that the SMN produced by the IDLV has some

benefit.

7.4.2.2 SMA type | MNs

ATM and phosphorylated ATM western blots were completed in wild type and SMA
type | MNs without transduction, as well as IDLV_CMV_Co-hSMNL1 transduced
SMA type | MNs. Here, ATM or pATM expression was normalised to alpha tubulin
rather than total protein as is normally done in MN samples; this was due to the lack
of a goat anti-rabbit secondary antibody that could be detected in the green 800nm
channel, necessitating the use of a secondary antibody visible in the red 700nm
channel, the same as total protein. Alpha tubulin signal appeared very intense in
ATM blots (Figure 7.17A), despite the same amount of protein being loaded on gels
(15ug) and the same concentration of antibody (0.33ug/ml) as normally used. pATM
blots were run subsequently to ATM, so a lower concentration of alpha-tubulin
primary antibody was used (0.2ug/ml) was used to combat this excessive signal,

improving quality of the blot (Figure 7.17B).
It was also necessary to use the PageRuler™ Prestained Plus protein ladder in
ATM blots due to a lack of availability of the HiMark™ Prestained Protein Standard

normally used at the time of the experiment. Unfortunately, the PageRuler™
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Prestained Plus protein ladder’s highest molecular weight band is 250kDa which is
smaller than 350kDa ATM and pATM, but an indication of size could at least be
drawn using this ladder and the same western blot running conditions as normal.

Again, as pATM blots were run subsequently, the correct ladder was used here.

Initially, any difference in ATM and phosphorylated ATM levels between wild type
and SMA type | MNs were assessed without transduction. Five out of six lines
showed no difference in ATM expression to any other line with only 19-9-7T
showing much higher levels (Figure 7.18A, P<0.0001); it is unknown why this was
the case. No difference was seen in pATM expression across all six iPSC MNSs lines
(Figure 7.18A, P>0.9999).

Upon transduction of SMA type | MNs only, an increase in pATM expression was
seen in all SMA type | MNs at 3 days post-transduction (Figure 7.18C, P=0.0003,
P<0.0001, P=0.0160, respectively), but total ATM remained unchanged (Figure
7.18B). This pattern of increased pATM expression following transduction mirrored
that seen in SMA type | fibroblasts in section 7.4.2.1 and Figure 7.16, suggesting
this is conserved across cell types. Data from a later time point, such as 7 days

post-transduction used earlier in this chapter, were unavailable for MNs.
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Wild type SMA SMA + IDLV_CMV_Co-hSMN1
4603 19-9-7T AD3-CL1 SMA-13 SMA-19 SMA-32 SMA-13 SMA-19 SMA-32

Alpha tubulin (55kDa) ATM and pATM (350kDa)
Figure 7.17 ATM and pATM expression in wild type, SMA type | and SMA type | MNs transduced with IDLV_CMV_Co-hSMN1.

Protein lysates from six MN lines, as well as IDLV_CMV_Co-hSMN1 MOI 75 transduced SMA type | MNs were run on western blots. (A) ATM
and (B) pATM, indicated by an arrow in (B, left) signal was normalised to alpha tubulin. Total protein staining was not used as a loading control
due to the nature of both ATM and pATM antibodies requiring a secondary antibody that is only detected in the 700nm (red) channel. (A)
HiMark™ Prestained Protein Standard was unavailable at the time of the ATM western blot so PageRuler™ Prestained Plus protein ladder was
used instead; unfortunately, this does not extend to proteins larger than 250kDa. (B) pATM western blots were later ran using HiMark™
Prestained Protein Standard, also with a lower concentration of rabbit anti-alpha tubulin antibody (0.2pug/ml compared to 0.33pg/ml) to reduce
very high signal seen in (A).
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Figure 7.18 Quantification of ATM and pATM in wild type, SMA type | and SMA type | MNs transduced with IDLV_CMV_Co-hSMN1.

(A) 19-9-7T ATM expression was significantly different from any other line’s ATM expression (P<0.0001). pATM expression did not differ
between all of the six lines tested (P>0.9999). The same values for SMA type I line’s expression of ATM and pATM were used in (B) and (C) as
mock samples. All western blots were run con-currently so that data could be shared across plots. (B) Within SMA type | MN lines, ATM
expression was non-significantly different between mock samples and those transduced with IDLV_CMV_Co-hSMN1 at MOI 75 (SMA-13
P>0.9999, SMA-19 P=0.7778, SMA-32 P>0.9999). (C) pATM showed increased expression in transduced samples with a significant rise for

SMA-13 (P=0.0025) and SMA-19 (P<0.0001), but only a trend for SMA-32 (P>0.9999). All statistical analyses were completed using two-way
ANOVAs with Bonferroni multiple comparisons.
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7.5 Discussion

Firstly, an attempt to determine if transduction could improve MN survival was
conducted. This involved the optimisation of a flow cytometric assay using two
compounds that stained either apoptotic or dead cells. CellEvent™ Caspase-3/7
Green Detection Reagent has previously been used to detect apoptotic loss of MNs
in long term culture following differentiation from ALS iPSCs (Bhinge et al., 2017).
Here, transduction of MNs with IDLV_CMV_Co-hSMN1 was implemented at either
day 23 or day 28, representing immature, or mature MNs, respectively. A trend was
seen for reducing SMN protein levels from day 23-32, and although transduction at
either time point led to significant increases in SMN protein, the two were
insignificantly different from one another. Perhaps even earlier transduction at the
MNP stage (day 16) could have been able to induce some difference, but this was
not tested here. However, results from the accompanying flow cytometry
experiment were inconclusive. In retrospect, the use of flow cytometry to assess MN
survival was perhaps not the most appropriate method of detection. Simpler
methods of assessing MN cell numbers could have been employed, such as
counting cells positive for MN markers, or those showing hallmark morphological
features of MNs, at multiple time points and plotting the change in number over
time. This would have generated preliminary data to confirm if MN cell numbers

were indeed declining in SMA lines used in this project.

As the above assay provided no real insights into MN survival on a macroscopic
level, a molecular approach was designed to assess proteins of interest involved in
DNA damage and apoptotic pathways. The first of which was ATM and more
importantly its phosphorylated form, pATM, which acts as a chief mobiliser of the
above pathways. No differences in ATM expression was seen in both fibroblasts
and MNs, between wild type and SMA, with the exception of particularly high ATM
in the 19-9-7T MN line only. These results contrast to those seen in Kannan et al.
(2018) where pATM was significantly increased in GM03813 and GM09677
fibroblasts (i.e. those that SMA-13 and SMA-19 iPSCs were derived from). Using
the same protein lysate from 19-9-7T in the previous chapter (section 6.5.1) also
provided the highest Gemin2 protein levels compared to any other line, but no
difference in SMN was seen between 19-9-7T and other wild type MN lines. It is
unclear why ATM and Gemin2 in 19-9-7T were unusually high. pATM showed a

trend for increased levels in SMA fibroblasts, but no difference in MNs at all. pATM
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could be further increased in SMA fibroblasts when treated with hydrogen peroxide
at a dose that has previously been shown to have little effect on viability of cells or
protein synthesis, but caused DNA synthesis to be abolished and exit from the cell
cycle. This senescent phenotype with loss of replicative capacity was cumulative

and irreversible (Chen and Ames, 1994).

It was hypothesised that should an increase in pATM be evident in SMA cells
compared to wild type, as evidence of cellular stress, IDLV-mediated expression of
SMN in SMA cells may bring down the pATM levels closer to normal. However,
increases in pATM were in fact seen following transduction in both SMA type |
fibroblasts and iPSC-derived MNs. It is also unclear whether the pATM increase in
above experiments was due to the act of transduction alone, or if this was also
mediated by the specific transgene expressed. Here, a trend was seen for
increased pATM in cells transduced by eGFP- rather than Co-hSMN1-expressing
vectors. Nevertheless, regardless of the transgene encoded, a reduction down to
near wild type levels was not seen in any experiment conducted. Another group has
published downregulation of DDR proteins following SMN restoration with an
adenovirus (Kannan et al., 2018), but pATM was not measured specifically in this
experiment, so it is unclear how this may have been affected by Ad transduction, or

SMN restoration.

Naturally, cellular infection by viruses would activate innate immunity to prevent viral
propagation. Host anti-viral factors may be activated upon lentiviral vector
transduction of cells due to similarity of vector particles to those from an ancestral
HIV-1 virus. VSV-G pseudotyped lentiviral vectors, such as those used in this
project, rely on endocytosis to enter cells, potentially activating Toll-like receptors as
they do so (Kajaste-Rudnitski and Naldini, 2015). The single stranded RNA vector
genome, or double stranded RNA:DNA hybrids following reverse transcription, both
act as pathogen-associated molecular patterns, alerting the cell to presence of the
viral vector (Kajaste-Rudnitski and Naldini, 2015). This can also be exacerbated by
plasmid contamination of laboratory-grade lentiviral vector preparations, despite
best efforts to reduce these with DNasel incubation, as employed here. Finally, 3"
generation lentiviral vectors lack pathogenic proteins such as Vpr, whose role
normally is to counteract host anti-viral factors (Kajaste-Rudnitski and Naldini,
2015).
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All of the above host anti-viral sensing mechanisms will act together to activate type
| interferon (IFN) signaling and RNA interference mechanisms (Maillard et al., 2019)
to prevent viral propagation, potentially resulting in the dampening of transduction
efficiency and transgene expression. Similarly, conversion on IFN innate immunity
will likely activate ATM. Both ATM and DNA-PKcs have been shown to be activated,
in response to IFN-y treatment (Morales et al., 2017). Since the activation of ATM is
primarily mediated by its autophosphorylation, this will lead to an increase in the
expression of pATM, possibly explaining the increased pATM seen following IDLV
transduction in this chapter. Moreover, treatment with a Toll-like receptor 4 agonist
(which could mimic activation caused by viral particles) and IFN-y caused increases
in yH2AX protein expression (Morales et al., 2017). Another group has found that
unrepaired DNA lesions, such as those evidenced by the increased yH2AX foci in
SMA fibroblasts seen in this chapter, primes the type | IFN system leading to
enhanced anti-viral responses upon encounter with viral particles (Hartlova et al.,
2015). This too would then exacerbate pATM increases and may lead to apoptosis
of cells, as evidenced by increased cleaved caspase 3 signal. Future work should
investigate these factors in response to IDLV transduction to determine if host anti-
viral responses are indeed causing the observed changes in DNA damage

response proteins.

It was postulated that perhaps the pATM increase mediated by activation of the
DDR pathway, may peak shortly after transduction, but then settle again at a
reduced level. Therefore, a delayed harvest at seven days post-transduction was
also implemented as well as the normal three days post-transduction. Significantly
increased pATM was shown in eGFP, but not Co-hSMN1, transduced samples
compared to mock, in the short-term. However, analysis at a later time point
suggested that pATM indeed decreases from its level at three days post-
transduction, and in the case of Co-hSMN1-transduced cells, decreases to a level
lower than in mock transduced cells. This suggests that restoring SMN protein

levels by IDLV transduction can prove to be protective against DDR activation.

In this chapter it was shown that cleaved caspase 3 and yH2AX expression could be
detected by immunofluorescence, but not western blotting. Despite other groups
having managed to determine yH2AX levels by protein analysis (Hartlova et al.,
2015, Kannan et al., 2018), this is not commonly used, with most literature opting

for in situ methods such as immunofluorescence or immunocytochemistry (Yajima
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et al., 2009, Jangi et al., 2017). Nevertheless, using immunofluorescence here a
clear increase in both cleaved caspase 3 and yH2AX foci were seen in SMA cells
compared to wild type, as expected from the literature (Parker et al., 2008, Sareen
et al., 2012, Mutsaers et al., 2011, Jangi et al., 2017, Kannan et al., 2018). With this
information a hypothesis was formed; if cleaved caspase 3 and yH2AX were
increased as a result of SMN deficiency, it would be logical to expect a decrease in
the expression of these proteins once SMN was restored, for example using

lentiviral transduction.

However, no difference in cleaved caspase 3 was seen here. It is important to note
a scoring system was devised here to quantitate cleaved caspase signal as it was
not possible to count individual foci in cells that strongly expressed cleaved caspase
3. The use of this scoring system does come with the inherent limitation that scoring
can be subjective, however attempts to limit this included setting reference nuclei
with specific expression strengths that could be compared to all subsequent cells.
Within transduced samples, some images showed stark differences in levels of
apoptosis between neighbouring cells suggesting that adjacent cells are not
uniformly affected by apoptosis-inducing factors. Should it be the case that some
cells in a population do exhibit a very low level of cleaved caspase 3 following
transduction, this may serve as evidence that rescue is possible in a subset of the
population. It would be interesting to assess single cell responses on a larger scale,
for example using flow cytometry. However, the intranuclear localisation of this
protein would make this assay more challenging as flow cytometry is most often

used to assess expression of cell surface markers.

The data presented in this chapter contrast to that in the literature. Transfection of
PC12 rat adrenal medulla cells and Rat-1 fibroblasts with a hSMN-expressing
plasmid was able to protect against apoptosis induced by trophic support withdrawal
by 30%, improving cell viability to a level similar to transfection with the anti-
apoptotic IAP-2 protein (Vyas et al., 2002). Adenoviral-expressed SMN has also
been found to be protective against staurosporin-induced cell death, reducing the
presence of TUNEL-positive cells exhibiting DNA fragmentation (Parker et al.,
2008). Although hSMN transfection could not reduce cell death after UV irradiation
or etopside treatment, it could lower the levels of p53-positive cells and prevent the
release of cytochrome ¢ immediately following insult (Vyas et al., 2002). SMN

directly interacts with p53 via a domain encoded by exon 2 causing p53 to localise
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within Cajal bodies bound to SMN (Figure 7.3); suggested as a mechanism to
physically sequester p53 within a cellular compartment that inhibits it's function
(Young et al., 2002). The delayed release of cytochrome c until 24 hours post-insult
coincides with a significantly reduced intensity of the active p20 subunit of caspase
3, suggesting that SMN reduces caspase activation by delaying cytochrome ¢

release (Vyas et al., 2002), a downstream consequence of p53 sequestration.

As it was unclear if cell death could be assessed by flow cytometry and as
transduction did not improve cleaved caspase 3 signal, a marker of cellular
apoptosis, a potential cause of cell death that could trigger the caspase cascade
was assessed. Genomic instability caused by DNA DSBs is sensed by the MRN
complex and this signal is transduced via ATM and downstream proteins such as
H2AX (Figure 7.1). Transduction of this signal either leads to DNA repair by proteins
such as BRCAL, or if damage is too severe, apoptosis. SMA fibroblasts have been
found to have increased yH2AX expression here and elsewhere (Mutsaers et al.,
2011, Jangi et al., 2017, Kannan et al., 2018). Primary SMA spinal cord neurons
transduced with Ad_GFP_SMN has shown rescued expression of yYH2AX (a marker
of DSBs) and DNA-PKcs (a DNA repair protein) (Kannan et al., 2018), which had
suggested that the presence of SMN can revert some molecular signatures of DNA
damage. However, here, it was found that lentiviral mediated increase of SMN
actually caused an increase in the proportion of cells that exhibited yH2AX foci,
indicative of an increase in DNA DSBs. As stated earlier, lentiviral vector
transduction is likely to trigger host anti-viral responses causing an increase in Toll-
like receptor-transduced and type | IFN signaling, which when combined has been

shown to induce increases in YH2AX expression (Hartlova et al., 2015).

The data presented in this chapter warrant further investigation of how IDLV_Co-
hSMNL1 transduction leads to apparent increases in DNA damage-associated
proteins, rather than restoring the low levels of these proteins that are present in
wild type cells as was hypothesised. Assessment of DNA damage and apoptotic
protein expression changes following in vivo administration of IDLVs would also be
beneficial to determine if the patterns observed in this chapter are recapitulated in
an animal model, or if these patterns are specifically seen in vitro. In the context of
translating the use of IDLVs to animal models as a therapeutic strategy, the
increases in DNA damage response proteins observed in this chapter pose a

question of whether IDLV_Co-hSMN1 administration would be as beneficial as
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previously imagined. It is unclear at this time if the responses observed in this
chapter are due to vector transduction itself, in which case analysis of the same
proteins following transduction with a different vector, for example an integrating
lentiviral vector, or an AAV vector, would be interesting, or if the supraphysiological
levels of SMN induced by transduction could actually be detrimental in a system

that has been severely lacking in SMN since development.

7.6 Conclusions

Taken together, the data presented here suggests that SMA cells exhibit molecular
signatures associated with DNA damage and apoptosis such as significantly
increased cleaved caspase 3 and YH2AX and a trend for increased pATM, despite
no clear conclusions able to be drawn about their survival on a macroscopic level.
The clear increase in pATM and yH2AX following transduction provides evidence
that the vectors used here strongly activate the cell's DNA damage response
pathways, potentially in response to host anti-viral mechanisms. Despite increases
in both of these proteins, this did not translate to any difference in cellular apoptosis,
as measured by cleaved caspase 3 signal. Further investigation into DNA damage

response and apoptotic proteins following transduction is warranted.
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8 Discussion and conclusions

8.1 Discussion

Spinal muscular atrophy is a devastating genetic disease that proves fatal by the
age of two in the most severe cases. This disease has been the target for vast
amounts of gene therapy research for almost two decades, culminating in the
development and licensing approval of not one, but two, genetic therapies for SMA,
Spinraza and Zolgensma.

Overall, this project aimed to further investigate SMA gene therapy approaches;
analysing the pre-clinical development of the two licensed therapies whilst also
developing a new strategy focusing on the delivery of the novel, sequence-
optimised transgene Co-hSMNL1 within SMA in vitro systems. The novelty of the
work presented in this thesis lies primarily in the development and testing of a
human MN model for the assessment of integration-deficient lentiviral. Here IDLVs
vectors were employed to safely express the novel Co-hSMNL1 transgene with much
reduced risk of insertional mutagenesis, increasing the translatability of this gene
therapy approach. The hypothesis stated that the expression of Co-hSMNL1 by viral
vectors would increase SMN protein levels robustly across cell lines in vitro leading
to an improved phenotype, something that if successful, could then be translated
into an in vivo setting. In summary, the research presented here highlighted the

following key findings.

Firstly, a meta-analysis was conducted to assess the current standing of pre-clinical
SMA gene therapy. Meta-analyses, a term coined by Glass (Glass, 1976), provide
the unique opportunity to integrate the findings of a collection of related studies,
systematically reporting study design and characteristics, as well as incorporating
heterogeneity between studies into overall conclusions (DerSimonian and Laird,
2015). To my knowledge, no other quantitative meta-analyses of gene therapies for
SMA specifically have been performed, with only one systematic review compiling
studies relating to antisense therapies in neurodegenerative and neuromuscular
diseases (van der Bent et al., 2018). Here, it was found that administering gene
therapy in vivo to various SMA models improved median survival significantly, but
the manner in which the therapy was delivered fundamentally impacted the

outcome. Specifically, the route and timing of therapeutic agent administration, the
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model to which it was delivered and the therapeutic target were all found to
significantly alter the efficacy of the treatment in question. It was also shown that
pre-clinical efficacy was able to predict successful clinical translation of the six
clinical trials assessing Spinraza (Chiriboga et al., 2016, Darras et al., 2019, Finkel
et al., 2016, Finkel et al., 2017, Mercuri et al., 2018) and Zolgensma (Mendell et al.,
2017). Here, no quantitative analysis was undertaken due to inconsistent reporting
of clinical data within trials, but positive increases in HFMSE, HINE-2 and CHOP-
INTEND motor function scales were reported frequently. This suggests improved
responses in treatment groups, echoing the data from pre-clinical studies.

Secondly, extensive testing of IDLV and AAV9 vectors encoding Co-hSMN1 under
CMV, hSYN and hPGK promoters was completed in cell lines. These data revealed
that IDLVs are able to transduce multiple cell lines and primary cells (HEK293T/17,
Neuro2a, SH-SY5Y, CHO and wild type and SMA type | fibroblasts) with high
efficiency, leading to increased SMN production and reformation of nuclear gems.
The reformation of gems is an important endpoint suggesting that the SMN
expressed from viral vectors is indeed functional and can localise to the correct
subcellular compartment. These results are similar to those reported for lentiviral
(Valori et al., 2010) and adenoviral (DiDonato et al., 2003) transduction, SMN1
plasmid lipofection (Rashnonejad et al., 2016) and gene targeting (Feng et al.,
2018) approaches. Analysis of SMN protein expression from each of the three
transcriptionally controlled IDLVs showed that constitutive expression from the CMV
promoter drove the highest SMN increases as was the case in a previous PhD
project within this laboratory (Ali Mohammadi Nafchi, 2017), and also as expected
from promoter comparisons in the literature (Damdindorj et al., 2014). The
ubiquitous hPGK vectors and neuronal-specific hSYN vectors provided lower, but

still significant improvements.

The data presented in this thesis build upon the successful implementation of gene
therapy for SMA in many other laboratories, but provide further evidence of the
efficacy of different approaches and vectors to target this disease, as well as the
gold standard AAV9_SMN1 published by many groups. Currently, limited use of
lentiviral vectors to mediate SMN replacement for SMA has been reported in vivo
(Azzouz et al., 2004) or in vitro (Valori et al., 2010). Lentiviral vectors have been
used infrequently to rescue SMA phenotypes in vitro, for example, by expressing
the SMA disease modifier Plastin3 (Alrafiah et al., 2018), or by siRNA

downregulation of PTEN protein expression (Ning et al., 2010). In vivo, lentiviral
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vectors would not be expected to induce widespread expression following a
systemic injection, although some expression within the liver may bee seen after
vascular delivery, instead inducing expression locally around the delivery site. When
coupled with the fact that AAVs can express transgenes systemically and are able
to efficiently cross the blood brain barrier (Foust et al., 2009), these vectors have

often been favoured for in vivo gene therapy studies.

In contrast to the research suggesting that AAV9 vectors are successfully able to
treat SMA in vivo (Foust et al., 2010, Valori et al., 2010, Passini et al., 2010,
Dominguez et al., 2011), the data here suggest that in vitro lentiviral expression of
Co-hSMN1 was in fact superior to the AAV9 equivalent. Despite clear evidence of
the Co-hSMNL1 transcript from both vectors within transduced cells, SMN increases
were not detected following AAV9 transduction. To troubleshoot why transduction
did not produce the expected SMN protein increases, various analyses were
undertaken in an attempt to understand this surprising data. Increased SMN protein
was only evident when the AAV9 transfer plasmid was transfected, or when cells
were induced to exit the cell cycle prior to AAV9 transduction. The expression
cassettes within IDLVs and AAV9s were designed to be equivalent with the
exception of a CAG promoter in the AAV9 instead of a CMV in the IDLV. Since the
CAG promoter is a chimera of CMV and elements from the chicken B-actin and p-
globin genes and is thought to be more efficient than CMV, this does not wholly
explain the data seen here. Although it is known that AAVs can efficiently transduce
cells in vitro (Walker et al., 2017, Chandran et al., 2017, lannitti et al., 2018) and
successfully express transgenes relevant for gene therapy applications (Valori et
al., 2010, Powis et al., 2016), no logical reasons for their inefficiency here could be

found, despite extensive investigation.

Subsequently, a MN model of severe SMA was established by adapting and
optimising a published protocol (Maury et al., 2015) that directs the differentiation of
iPSCs into mature MNs. This optimised protocol was successfully employed to
differentiate six iPSC lines (three wild type and three SMA type 1), with all lines
expressing markers of mature MNs such as SMI-32 and ChAT. SMA type | MNs
recapitulated hallmarks of SMA in vivo, such as a lack of full length SMN transcripts
and reduced SMN protein. These data echo the results seen in many other SMA
iPSC MN studies (Ebert et al., 2009, Chang et al., 2011, Corti et al., 2012, Sareen
et al., 2012, Yoshida et al., 2015, Nizzardo et al., 2015, Fuller et al., 2016, Powis et
al., 2016). Using this iPSC MN model, transduction with IDLVs was able to increase
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SMN protein production significantly but this could not rescue downstream Gemin2

protein levels.

Although every care was taken to remove intra-experiment variability by culturing
and differentiating multiple iPSC lines simultaneously, obtaining biological replicates
within iPSC MN lines and the use of three lines per genotype, it is important to note
that inter-experiment variability may be present. Specifically, inter-experiment
variability was seen when Gemin2 expression was rescued following transduction,
with similar increases across the pilot and later experiments but differing
significance levels seen in the SMA-32 line. Given the lengthy period of time
necessary to grow and differentiate MNs (up to 8 weeks per round of
differentiation), it was not always possible to repeat experiments independently
using every iPSC line, representing an inherent limitation within this study. Despite
this, data from MNs produced similar overall conclusions as those seen in cell lines
earlier in this thesis, strengthening the argument that the emerging patterns were
indeed robust despite the highlighted variability. Furthermore, these data suggest

that translation of these vectors to in vivo systems would be advisable.

Finally, an aim of this thesis was to assess and attempt rescue of SMA phenotypes
relating to DNA damage and apoptosis, something not well investigated prior to this.
Although an improvement in MN survival could not be detected in short term
experiments by flow cytometry, molecular analysis revealed that SMA cells show
signatures of increased DNA damage and apoptosis, compared to wild type cells.
Specifically, cleaved caspase 3 and yH2AX levels could not be rescued by
IDLV_Co-hSMN1 transduction, and in the case of yH2AX, actually exacerbated
these further. These results contrasted with others seen in the literature where
restoration of SMN was able to lower levels of cleaved caspase 3 (Vyas et al.,
2002) and yH2AX (Kannan et al., 2018). However, some encouraging data were
observed when analysis of pATM protein was undertaken. An initial increase in
pATM was seen when assessed shortly after transduction, but with time, pATM
levels decreased again. It was also observed that restoration of SMN protein levels
by IDLV transduction could decrease pATM expression to below that of mock
transduced cells, something that was not seen following control eGFP transduction,

suggesting a protective effect of SMN.
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It was hypothesised that the patterns observed may be due to IDLV transduction
causing short-term host-anti viral responses to activate the DNA damage response
(DDR) pathway molecules, further increasing their expression above that of SMA
basal levels. However, it is important to note that unanswered questions still remain
regarding how IDLV_Co-hSMNL1 transduction may impact a cell, and whether this
will have both beneficial and detrimental effects. It would also be important to
consider whether the data found here are conserved if other transgenes (not just
the eGFP control used here) were expressed by IDLVs, determining if the increase
in DDR is a general feature after IDLV transduction. These questions present

avenues of investigation for future work.

Genetic therapies are now well established in the clinic for SMA, but limitations to
these therapeutic strategies do exist. The data presented here add to those existing
strategies by showing that lentiviral expression of Co-hSMNL1 is very efficient in both
cell lines and iPSC MNs. The in vitro presented data here warrant in vivo testing of
this approach to gain more insight into how this therapeutic approach may modulate
survival in vivo. It is currently unclear whether the insights gained from DNA
damage response experiments here would be similarly translated in vivo, and thus
would be important to understand. To answer both of these questions, a
collaboration with Melissa Bowerman (Keele University) has been forged where
intraspinal injection of IDLVs expressing Co-hSMN1 on the day of birth into
SMN2B/- mice was agreed in principle. However, due to regulatory requirements
and COVID-19 restrictions, this practical work has not yet been undertaken, but it is

our hope that this will be completed in the near future.

A technical limitation apparent in this project that should be noted was the difficulty
in undertaking immunofluorescence analysis of MNs. Primarily this was highlighted
in section 5.5.2 when assessing markers of MN maturity, where the main problem
encountered was the inability of cells to remain adherent to coverslips during
fixation and antibody incubations or washes. Protocol optimisations following
recommendations from colleagues were trialed but these did not lead to consistent
successes. In chapter 5 it was suggested that variation within quality of MNs
produced caused differing success rates when immunofluorescence protocols were
applied. This was suggested as the same protocol could successfully be
implemented, for example, in only one of two iPSC lines simultaneously
differentiated or it was found that success was not line-specific as results varied

between differentiation rounds of the same line. It is important to note that this
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problem was only encountered some of the time and several successful
experiments were completed, as evidenced in this thesis. However, due to the
inconsistency encountered, experiments in MNs were not designed to be analysed
by immunofluorescence wherever possible, for example necessitating the attempted

optimisation of western blot detection of cleaved caspase 3 and yH2AX in chapter 7.

Another important limitation of this work to address, is that the SMA therapeutic field
is saturated with therapies at various stages of development (see Figure 1.4 in
section 1.1.4). It is therefore difficult to foresee if and how the IDLV_Co-hSMN1
strategy developed here will progress further through translational studies and be
distinguishable from those already further down the pipeline. Therefore, it is
necessary to question how to best use this technology to maximise its potential

benefits and indeed its worth to the SMA therapeutics field.

An ultimate goal for SMA gene therapies would be to correct the majority of
pathologies occurring throughout the body. One potential approach to ensure
maximal correction would be a combinatorial approach, as already proposed in the
SMA field (Bowerman et al., 2017), perhaps using both an antisense oligonucleotide
and a viral vector, or two viral vectors with different tropisms or temporal expression
patterns. A dual viral vector approach would be optimal when using lentiviral
vectors; an AAV may be used intravenously to address systemic pathologies whilst
a lentivirus could reinforce expression in areas requiring particularly strong

expression, for example within the spinal cord to address MN loss.

A second strategy to best use the IDLV_Co-hSMN1 technology developed here
would be to deliver these vectors pre-natally. In utero delivery of vectors favours
widespread expression as the small size of the fetus, as well as the potential to
transduce stem cells (Waddington et al., 2005), ensures maximal transduction.
Secondly, if delivering vectors at a pre-symptomatic stage, the necessity for very
fast-onset gene expression (provided by vectors such as self-complementary
AAVS), is less important. All of these factors would suggest that lentiviral-based
expression systems could be successful when treating diseases whose genesis
occurs in utero. In utero delivery of an AAV9 for the treatment of SMA has only very
recently been employed (Rashnonejad et al., 2019). However, this study showed
only 44% of injected pups survived for the full gestation period with the authors
citing this may have been caused by an inflammatory response to the AAV capsid.

Patients receiving Zolgensma are required to have an anti-AAV9 antibody titre of
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less than 1:50 (Mendell et al., 2017), with those above this value excluded from
treatment. It is tempting to speculate that an alternative vector without the potential
for inflammatory responses, could rectify the number of pups reaching full gestation,

but no studies have been completed to confirm or refute this statement.

The translation from in vitro to in vivo is a key step in the pre-clinical development of
any novel therapeutic agent, so the following experiments are proposed as future
research based on this thesis. Firstly, administration of IDLVs on the day of birth in
a severe SMA model would allow a comparison to AAV9 post-natal delivery studies
already published, albeit an indirect comparison resulting from the direct CNS
delivery of IDLVs, compared to intravenous delivery of AAVs. These experiments
should assess any survival benefit, functional recovery of pups and biodistribution of
Co-hSMN1 expression. Following on from recently published data with eGFP
labelling in utero (Ahmed et al., 2018), the biodistribution of both IDLVs and AAV9s
following fetal delivery should be confirmed. Fetal delivery of vectors expressing Co-
hSMNL1 is hypothesised to allow earlier correction of SMN deficiency pre-
symptomatically, potentially preventing irreversible MN degeneration and
development of the SMA phenotype. Understanding of transduction patterns of
IDLVs and AAV9 in utero would then enable the potential for combined delivery of

both vectors in an attempt to maximise therapeutic efficiency.

8.2 Conclusions

In conclusion, this project has summarised the state of SMA gene therapy within the
vast amounts of literature published recently, highlighting the efficacy of genetic
therapies in both pre-clinical and clinical trials. The laboratory-based data here have
provided evidence that IDLV-mediated expression of a codon-optimised version of
the SMN1 gene can rescue SMN expression in multiple in vitro cell systems,
including the tissue primarily affected in SMA; the motor neuron. An iPSC-derived
MN differentiation protocol has been optimised to allow efficient generation of MNs
within 28 days that recapitulate features of mature MNs in vivo as well as hallmarks
of SMA disease. Furthermore, expression of Co-hSMN1 can induce the reformation
of gems within SMA type | cells, a downstream endpoint suggestive of functioning
SMN protein. Finally, molecular analysis has revealed that DNA damage and
apoptotic phenotypes in SMA type | cells is significantly higher than in wild type

cells, but cannot be rescued by lentiviral transduction, however the reasons for this
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are unclear. Taken together, these data add substantial evidence of the benefits of
a gene therapy approach for SMA and present an alternative transgene and

delivery system to those already in the SMA therapeutics pipeline.
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10 Appendix: Products

10.1 Caell culture

Item

Source

Catalogue number

DMEM+Glutamax media Fisher Scientific 12077549
Trypsin Fisher Scientific 11570626
M199 Earle’s salts media Thermo Fisher Scientific 31150022
Fetal bovine serum Life Technologies 10270106
Gentamicin Thermo Fisher Scientific 15710049
Penicillin/Streptomycin Thermo Fisher Scientific 15140122
FGF2 Miltenyi Biotech 130-093-838
EGF Miltenyi Biotech 130-093-825
Non-essential amino acids Fisher Scientific 11350912
Opti-MEM Fisher Scientific 10149832
Invitrogen™ Lipofectamine™ Fisher Scientific 12313563

2000 Transfection Reagent

10.1.1iPSC culture and MN differentiation

Item Source Catalogue number
MTESR1 media Stem Cell Technologies 85850

DMEM/F12 media Fisher Scientific 11574546
Neurobasal media Fisher Scientific 11560426

B27 supplement 50x Fisher Scientific 11500446

N2 supplement 100x Fisher Scientific 11520536
Antibiotic-antimycotic 100x Fisher Scientific 15240062
B-mercaptoethanol 1000x Thermo Fisher Scientific 31350010

Ascorbic Acid Sigma A92902-25G
Chir99021 Tocris Bioscience 4423

Compound C Merck 171261

Retinoic Acid Sigma R2625

SAG Enzo Life Sciences ALX-270-426-M001
Laminin Thermo Fisher Scientific 23017015

BDNF Thermo Fisher Scientific PHC7074

GDNF Thermo Fisher Scientific PHC7045
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DAPT Tocris Bioscience 2634

Rock inhibitor Miltenyi Biotech 130-106-538
CNTF Thermo Fisher Scientific PHC7015
IGF1 Thermo Fisher Scientific PHGO0071
Matrigel Fisher Scientific 11573560
Accutase Life Technologies A1110501
Poly-ornithine Sigma P4957
SYTOX™ AADvanced dead cell | Fisher Scientific 10287064

stain

10.2 Production and titration of IDLVs

Item Source Catalogue number
TE buffer Qiagen 1018456

HyPure™ cell culture grade GE SH30529.02

water

DNasel Promega M6101

Polybrene Sigma H-9268

SensiMix SYBR No-ROX Mix Bioline QT650-05

10.3 Molecular biology

Bacteriological reagent Source Catalogue number
LB broth Sigma 85850

Agar Sigma A5306

Ampicillin Sodium salt Sigma A9518

Kanamycin Sulfate Thermo Fisher Scientific 11815024

SOC medium Fisher Scientific BP9740

T4 DNA ligase NEB ELO014

XL10 Gold Ultracompetent cells | Stratagene 200314
Restriction enzyme Source Catalogue number
Sall Promega R605A

EcoRI NEB RO107L

Xhol Promega R616A

BamHI Promega R602A

305




Ddel Promega R6291
EcoNI NEB R0521S
Sacll NEB R0O157S
Sphl NEB R3182
Xbal Promega R618A
Ncol Promega R651F
Ndel NEB RO111S
Fspl NEB R0O135S
Molecular biology reagent Source Catalogue number
GoTaqg G2 Flexi DNA Promega M780A
Polymerase

5X Green GoTaqg Flexi buffer Promega M891A
5X Colourless GoTaq Flexi Promega M890A
buffer

Primers Sigma N/A
dNTPs Promega U1240
Hyperladders 25bp-1kb Bioline Assorted
Gene Rulers Thermo Fisher Scientific Assorted
Agarose Bioline B10-41026
SensiMix SYBR No-ROX Mix Bioline QT650-05
DNeasy Blood and Tissue Kit | Qiagen 69506
QIAprep Spin Miniprep Kit Qiagen 27104
EndoFree Plasmid Maxi Kit Qiagen 12362

10.4 Immunofluorescence staining

Item Source Catalogue number
DAPI Sigma D9542-1MG
Normal goat serum Fisher Scientific PCN5000
Fluoromount™ Agueous Sigma F4680

mounting medium

For antibodies used in immunofluorescence staining, please see section 2.1.4.2.

10.5 Protein analysis
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Item Source Catalogue number
DC protein assay BioRad 5000112
BSA 2mg/ml standard BioRad 5000206
RIPA buffer Fisher Scientific 10017003
Halt Protease Inhibitor Cocktail, | Thermo Fisher Scientific 78437
EDTA-Free

Phosphatase inhibitor cocktail 3 | Sigma P0044

4x loading buffer Thermo Fisher Scientific NPOO0O7
Reducing agent Thermo Fisher Scientific NP0009
Antioxidant Thermo Fisher Scientific NP0005
NuPAGE™ Tris-Acetate SDS | Thermo Fisher Scientific LAOO41

20x running buffer

NuPAGE™ 20x transfer buffer | Thermo Fisher Scientific NPO0006
Mini-Protean 4-15% TGX pre- |BioRad 4561083
cast gels

NuPAGE™ 3-8% Tris-Acetate | Thermo Fisher Scientific EA037BBOX
pre-cast gels

Amersham™ Protran™ Sigma GE10600003
premium nitrocellulose

membrane (0.45um)

Amersham™ Protran™ NC Fisher Scientific GE10600001
nitrocellulose membrane

(0.2um)

Immobilon-FL PVDF membrane | Merck Millipore IPFLOO010
(0.45um)

REVERT total protein stain and |LiCor 926-11015
wash

Odyssey blocking buffer LiCor 927-40000D
PageRuler™ Plus Pre-stained | Thermo Fisher Scientific 26619
Protein Ladder

HiMark™ Pre-stained Protein Thermo Fisher Scientific LC5699

Standard

For antibodies used in western blots, please see section 2.1.4.1.
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