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ABSTRACT

Motor Neuron Disease (MND), also known as amyotrophic lateral sclerosis (ALS) is a
progressive neurological disorder characterised by the death of upper and lower motor
neurons. The aetiology of MND remains unknown and treatment options are limited. A
hallmark of MND pathology is altered localisation of the transactive response (TAR) DNA
binding protein 43 kDa (TDP-43), which is normally found within the nucleus of neuronal and
glial cells and is involved in RNA regulation. In MND, TDP-43 aggregates within the cytoplasm

and facilitates motor neuron degeneration.

The exact mechanism of how TDP-43 mislocalisation results in neurodegeneration is still
unclear. One proposed mechanism involves endogenous retroviruses (ERVs). ERVs are
genomic remnants of ancient viral infection events, with most being inactive and not retaining
the capacity to encode a fully infectious virus. However, some ERVs retain the ability to be
activated and transcribed, and ERV transcripts have been found to be elevated within the
brain tissue of MND patients. Therefore, ERVs, specifically human endogenous retrovirus type
K (HERV-K), have been proposed to be involved in the cause and propagation of

neurodegeneration.

Due to the association between ERVs and their potential role in neurodegeneration,
antiretroviral therapy to target ERVs was proposed as a treatment. A phase Il clinical trial of
an antiretroviral therapy, Triumeq, showed promising results for reducing HERV-K levels in a
small cohort of MND patients. While this a promising result for identification of a novel

therapy for MND, further research into this treatment is needed.

The aim of the current study was to test the efficacy of Triumeq in a TDP-43 mouse model of
MND to further elucidate the mechanisms of action of Triumeq in MND. The study first
assessed the tolerability of Triumeq in a small cohort of TDP-43 transgenic mice where it was
deemed tolerable before testing in a larger cohort. The mice studies identified a significant
improvement in motor performance in TDP-43 mice treated with Triumeg. However, this
significant difference was only seen at Day 17 of the study and no further differences were

observed by the time the mice reached the ethical end point. This difference in motor
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performance also coincided with a significantly lower level of urinary p75&P in the treated
mice. At this same point of disease, there was also a significantly lower number of motor
neurons in the lumbar region of untreated mice compared to treated mice. Other disease
progression measures including weight loss were not significantly different between Triumeg-
treated mice and untreated mice at any point of the study. Real Time Quantitative Polymerase
Chain Reaction (RT-gPCR) was employed to measure the mRNA expression of inflammatory
markers within the brain of the treated and untreated mice. While there were no significant
differences in expression between treatment groups, there was a correlation between TDP-
43 expression and an inflammatory cytokine C-X-C motif chemokine ligand 10 (CXCL10), a
chemokine known to be increased in MND patients with influence on neurodegenerative

mechanisms.

Based on the results from Chapter 3, an increased dose of Triumeq was tested in the mice to
determine any further therapeutic benefit. While only a small cohort was used for this study,
no significant differences between mice treated with an increased dose of Triumeq and
untreated mice were observed for any measure of disease progression. These findings,
alongside the findings from Chapter 3, suggest that Triumeq could be reducing

neurodegenerative mechanisms at the current dose used in the human clinical trials.

In addition to the mice studies, this study also aimed to further elucidate the mechanism of
Triumeq on TDP-43 and HERV-K relationship in vitro. To do this, the expression of HERV-K and
TDP-43 in multiple cell lines, including a primary cell, was analysed. Using one of the analysed
cell lines, exogenous viral infection was shown to increase the levels of HERV-K expression,
independent of TDP-43 expression but associated with increased inflammatory cytokine

expression.

This study provides valuable insight into the use of Triumeq as a treatment for MND and
further elucidate the involvement of HERV-K in MND pathology, specifically involving TDP-43
and inflammatory pathways. Further elucidating the functional relationship between HERV-
K, neuroinflammation and TDP-43 will allow for a greater understanding of potential
therapeutics to target the intersection of these mechanisms and hopefully slow or halt MND

disease progression.
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1 INTRODUCTION

1.1 Motor Neuron Disease

1.1.1 A Neurodegenerative Disease

Motor Neuron Disease (MND), also known as amyotrophic lateral sclerosis (ALS), is a
progressive neurological disorder with amyotrophic lateral sclerosis (ALS) the most common
form of MND. MND was first identified by French Physician, Jean-Martin Charcot in 1869
(Charcot, 1869) and is characterised by death of upper motor neurons (UMN) and lower
motor neurons (LMN) (Chio and Traynor, 2015, Foster and Salajegheh, 2018). UMNs emanate
from the primary motor cortex with axons terminating in the brain stem and spinal cord.
LMNs emanate from the brainstem and spinal cord to control movements of the face, eyes
and tongue. LMNs emanating from the spinal cord synapse with skeletal muscles to form the
neuromuscular junctions (Mora and Chio, 2015). Death of motor neurons controlling muscle
movements results in muscular atrophy, the eventual inability to activate muscles of the body
and control vital functions such as respiration (Foster and Salajegheh, 2018, Kiernan, 2018).
However, particular muscles remain intact throughout disease progression such as the

muscles controlling the bladder, bowel and eye movements (Shaw et al., 2014).

Two opposing hypotheses are proposed for the place of origin of neurodegeneration within
the neurons, the dying-forward hypothesis and the dying-back hypothesis. The dying-forward
hypothesis suggests that neurodegeneration occurs first in corticomotoneurons resulting in
downstream anterior horn neurodegeneration from excitotoxicity. The dying-back hypothesis
suggests that neurodegeneration begins in the neuromuscular junction from neurotrophin
deficiency and results in retrograde neurodegeneration (Williamson and Cleveland, 1999,
Eisen et al., 1992, van den Bos et al., 2019). The cause of MND remains elusive and with no
cure and approximately a year between symptom onset and diagnosis, life expectancy of
MND sufferers lies between 2-5 years from diagnosis (Hardiman et al., 2011, Foster and
Salajegheh, 2018). To put an end to this discouraging statistic, Motor Neuron Disease research

continues with its search for a cause, disease-halting treatments and a cure.
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1.1.2 Epidemiology of Motor Neuron Disease

The global prevalence of MND is 4.5 per 100,000 people (Logroscino et al., 2018). In Australia,
approximately 2000 people have MND with two people diagnosed and two people losing their
life to the disease, each day (Deloitte Access Economics (Report), 2015). In Australia, the
prevalence rate of MND is approximately 8.7 per 100,000. There is great variability in
prevalence rate among different countries with the global prevalence rate ranging from 1 per
100,000 to 11 per 100,000 (Chio et al., 2013). The countries with the lowest prevalence rate
were in Sub-Saharan Africa with prevalence rates of lower than 1 per 100,000 people. The
highest rates were parts of North America with rates of approximately 20 per 100,000 people
(Logroscino et al., 2018). MND is socially, economically and personally burdensome with the
cost of the disease at $1.1 million AUD per individual, reported by Deloitte Access Economics
(2015). The annual economic cost of the disease is primarily due to costs associated with loss
of productivity at $35,510 per individual with MND and health care costs at $77,776 per

individual.

1.1.3 Heterogeneity of Motor Neuron Disease

Motor neuron disease does not present homogeneously among patients (Al-Chalabi et al.,
2016, Ticozzi and Silani, 2018). Heterogeneity is observed in the type of MND, the site of
onset, presence of concomitant cognitive impairments and the lifespan of affected
individuals. MND presents either sporadically or with a genetic origin (Byrne et al., 2010 as
reviewed by Mathis et al., 2019). Sporadic MND (also known as sALS) affects 90% of MND
cases (Mathis et al., 2019) with the remaining 10% of cases having a familial cause (fALS). fALS
usually presents at an earlier age with the average age of onset of 45 while sALS has a later
average age of onset of 55 (Mehta et al., 2019, Cady et al., 2015). Multiple genetic causes are
implicated in fALS, discussed in section 1.1.5, furthering the heterogeneity in the cause of the
disease (Nguyen et al., 2018, Ticozzi and Silani, 2018). This heterogeneity results in difficulties

determining potential causes and hence ways to prevent MND.

The site of onset is another aspect of MND that varies among patients. Symptoms are first
reported either in limbs, classified as limb onset, or in speech and swallowing, classified as

bulbar onset (Brown and Al-Chalabi, 2017). Limb onset is more common than bulbar onset
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with 70% of MND patients exhibiting limb onset compared to 30% exhibiting bulbar onset
(Shellikeri et al., 2017). Both types ultimately result in death due to failure of the motor

neurons involved in respiration within 2-5 years from diagnosis (Kiernan, 2018).

Another aspect of heterogeneity of MND is the presence of behavioural or cognitive
symptoms. Ringholz et al., (2005) reported that 50% of patients exhibit mild cognitive
impairments including slight changes in executive functioning and language. It was also
reported that 15% on MND patients have concurrent Frontotemporal Dementia (FTD) as
determined by neuropsychological examination. MND-FTD is a severe cognitive impairment
involving difficulties with learning, executive function, behaviour and personality changes and
learning (Raaphorst et al., 2012). Various rates of concurrent MND-FTD have been reported
ranging between 5-30% of MND patients (Benjaminsen et al., 2018, Vinceti et al., 2019). This
inconsistency in the reported prevalence may be due to poor sensitivity of the FTD diagnostic
criteria. Regardless of the prevalence rate, these statistics illustrate the heterogeneity of

MND.

MND is diagnosed when symptoms of both upper and lower motor neuron dysfunction are
present. In the early stages of MND, it can often be difficult to distinguish MND from other
motor diseases including primary lateral sclerosis (PLS) and progressive muscular atrophy
(PMA), again adding to the heterogeneity. PLS is characterised by degeneration of upper
motor neurons while PMA is characterised by degeneration of lower motor neurons (Brown
and Al-Chalabi, 2017). These are outlined in Table 1.1 and are often misdiagnosed as MND,
influencing treatments and prognosis. MND is a rapidly progressive disease with poor
prognosis whereas PLS and PMA develop slowly, with average life expectancies of 10-20 years

(Statland et al., 2015, Liewluck and Saperstein, 2015, Turner et al., 2020).

Another aspect of heterogeneity seen in MND is the life expectancy with varying rates of
survival among MND patients. Although the survival rate for a large proportion of MND
patients is 2-5 years, there is a small proportion of patients that live beyond 5 years. There
are varying reported percentage rates of long-term survival of MND patients. An Italian

longitudinal study reported 10% of MND patients with long term survival, as considered by
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survival of 8 years or more (Zoccolella et al., 2008). However, other population studies in
Denmark and Taiwan have identified prolonged survival in 20% (Jennum et al., 2013) and 25%
(Lee et al., 2013) of MND cases respectively (Pupillo et al., 2014). The reasons behind these
population specific long-term survival rates are unknown but younger age at onset and delay
in diagnosis, suggesting slower disease progression, are predictors of long-term survival
across populations (Calvo et al., 2017). Misdiagnosis of other slower progressing forms of
MND, such as PMA and PLS, may influence studies on survival rates (Pupillo et al., 2014,
Pupillo et al., 2017). The heterogeneity of MND outlined above indicates the difficulty in

identifying the cause of MND and hence, delays treatment development.
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Table 1.1 Types of Motor Neuron Disease and the motor neurons involved, presentation of disease and life

expectancy of each type

Motor neuron
involvement

Disease Name

Presentation of disease/onset

Life expectancy

Amyotrophic Lateral
Sclerosis
(ALS)
Progressive
Muscular Atrophy
(PMA)
Primary Lateral
sclerosis
(PLS)

Progressive Bulbar
Palsy
(PBP)

Upper and lower motor
neurons

Lower motor neurons

Upper motor neurons

Upper and lower motor
neurons

Limb or bulbar onset with limb
weakness

Limb onset with generalised
muscle weakness

Limb onset with stiffness and
weakness of muscles

Bulbar presentation with
difficulties with speech and
swallowing

2-5 years from
diagnosis

5-10 years

20 years

2-5 years from
diagnosis
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1.1.4 Pathology of Motor Neuron Disease

At autopsy, macroscopic pathology is rare to see and not deemed a characteristic of MND
pathology. Gross atrophy of the brain is more common in PLS and in MND with concomitant
FTD. The main pathological sign of MND is the loss of motor neurons within the anterior and
lateral columns of the spinal cord and the primary motor cortex of the brain and is seen
microscopically. This has been well characterised in mouse models expressing MND-
associated genes. In humans, immunofluorescent staining of cervical and lumbar spinal cord
sections shows the progressive loss of motor neurons across the disease course compared to

healthy controls (Dai et al, 2017).

A pathological characteristic of MND is the presence of bunina bodies in the lower motor
neurons of the anterior horn of the spinal cord, first described in 1962 (Bunina, 1962). Bunina
bodies are eosinophilic cytoplasmic inclusions present in sporadic and familial forms of the
disease (Saberi et al., 2015). Immunohistochemical analysis of bunina bodies showed the
inclusions are positive for cystatin C (Okamoto et al., 1993) and transferrin (Mizuno et al.,

2006) and negative for ubiquitin (Leigh et al., 1991, Saberi et al., 2015).

Ubiquitin-positive inclusions are a hallmark of MND pathology also found within the anterior
horn neurons. Neumann et al., (2006) identified TAR DNA binding protein 43 (TDP-43;
discussed further in 1.1.5.3) as the main component of the ubiquitinated inclusions. TDP-43
pathology is now considered a hallmark of MND with the presence of ubiquitinated TDP-43
aggregates with cytoplasmic mislocalisation, found in 50% of FTD cases and 97% of MND cases
(Birsa et al., 2019). This contrasts with bunia bodies, not found in all MND cases. However,
TDP-43 inclusions are not present in a small proportion of MND patients with MND-associated
superoxide dismutase (SOD1) mutations. TDP-43 involvement in MND will be further

discussed in sections 1.1.7.5 and 1.4.4.1.

1.1.5 Molecular Genetics of Motor Neuron Disease

An inherited genetic cause of MND explains only 10% of cases, while the remaining 90% are
regarded as sporadic (Hardiman et al., 2017b). Interestingly, twin studies have revealed there
is 60% heritability of fALS (Al-Chalabi et al., 2010).
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Within the 10% of familial cases, 65-70% are accounted for by 4 genes including GGGGCC
(GaC;) hexanucleotide repeats in chromosome 9 open reading frame 72 (C9orf72; 40%)
(Delesus-Hernandez et al., 2011, Renton et al., 2011), missense mutations in the SOD1 Cu/Zn
superoxide dismutase 1 (SOD1; 15-20%) (Rosen et al., 1993, Wijesekera and Nigel Leigh,
2009), point mutations in TAR DNA binding protein 43 (TDP-43; 4%) (Neumann et al., 2006)
and point mutations in the Fused in Sarcoma gene (FUS; 4%) (Vance et al., 2009, Kwiatkowski
et al., 2009). The prevalence of these mutations will be discussed below. More recently
identified MND-associated gene mutations including TANK-binding Kinase 1 (7BK1) and
NIMA-related Kinase 1 (NEK1) and unidentified genes are thought to explain the genetic cause
behind the remaining 40% of familial cases (Nguyen et al., 2018). Familial genes are also

implicated in sALS (Ryan et al., 2019).

1.1.5.1 Superoxide Dismutase 1

Missense mutations in SOD1 account for 15-20% of the fALS cases (Wijesekera and Nigel
Leigh, 2009). The association between SOD1 mutations and inheritance of MND was found in
1993 and was the first genetic link found for MND (Rosen et al., 1993). Since then, over 150
mutations within the SOD1 gene have been associated with MND (Wijesekera and Nigel Leigh,
2009). The SOD1 enzyme, encoded by the SOD1 gene is located on chromosome 21 (Tafuri et
al., 2015). The SOD1 protein has copper and zinc binding sites that binds these ions to enable
the conversion of free superoxide radicals to reactive oxygen species and hydrogen peroxide
which is then broken down further by another cellular catalase enzyme (lghodaro and
Akinloye, 2017). This breakdown of free radicals protects cells from their damaging effects.
Hence, SOD1 can be considered protective against events such as oxidative stress and build-

up of free radicals, as described below.

There are many potential causes of neuronal apoptosis in MND related to the SOD1 mutation.
The original hypothesis for SOD1-related neurodegeneration was the loss of effective SOD1
enzyme function, resulting in a build-up of damage-causing free radicals (Rosen et al., 1993;
Deng et al., 1993; as reviewed by Saccon et al., 2013). However, Reaume et al. (1996)
suggested that loss-of-enzyme function was not the cause of neurodegeneration since

neurodegeneration was not observed in SOD1 knock-out mice. Instead, a gain-of-toxic
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function of the mutated SOD1 enzyme was postulated (as reviewed by Saccon et al., 2011).
First reported in 1994, a transgenic mouse model with a single amino acid change from
alanine to glycine at position 93 (SOD1:p.Gly93Ala), has been shown to accurately reflect
human disease progression and has identified SOD1-related neurodegenerative mechanisms
(Gurney et al., 1994 as reviewed by Joyce et al,. 2011). Using this model, evidence for SOD1
gain-of-function was demonstrated, including motor neuron degeneration from SOD1
overexpression (Gurney et al., 1994; as reviewed by Turner and Talbot, 2008). SOD1-related
toxicity is thought to influence multiple cellular pathways involving endoplasmic reticulum
(ER), proteasome and mitochondrial stress, altered axonal transport and RNA-processing

defects (Dion et al., 2009).

1.1.5.2 Chromosome 9 Open Reading Frame 72

In over 40% of fALS patients, there is an increased number of hexanucleotide repeats in the
short arm of chromosome 9 open reading frame 72 (C9orf72). The association between MND
and the increased number of hexanucleotide repeats was discovered in 2011 by two
independent research labs (Delesus-Hernandez et al., 2011, Renton et al., 2011). C9orf72
explains 40% of fALS, making it the most common familial cause of MND (Renton et al., 2014).
C9orf72 typically contains 20-30 GGGGCC (G4C;) hexanucleotide repeats, MND patients have
a pathogenic C9orf72 variant containing hundreds of G4C; hexanucleotide repeats (Delesus-
Hernandez et al., 2011). This hexanucleotide repeat is believed to cause neurodegeneration
through one or more pathways (Gitler and Tsuiji, 2016). One hypothesis is that the
hexanucleotide repeat results in loss-of-function of C9orf72, decreasing available functioning
protein and resulting in disease due to haploinsufficiency (Ciura et al., 2013, Gitler and Tsuiji,
2016). Furthermore, hypermethylation of the C9orf72 promoter at the hexanucleotide repeat
expansion has been proposed to suppress gene expression and also cause loss-of-function
(He and Todd, 2011). Multiple studies have provided evidence for this loss-of-function
hypothesis by showing reduced C9orf72 transcript levels in MND models (Delesus-Hernandez
et al., 2011, Renton et al., 2011, Gijselinck et al., 2012). This process has been observed in
other repeat expansion disorders such as Fragile X syndrome, which is caused by an expansion

of a repeat region of the FMR1 gene (Bozdagi et al., 2012).
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Another suggested pathway of C9orf72-related neurodegeneration is gain-of-function due to
the formation of toxic RNA foci from the expanded G4C; repeat (Delesus-Hernandez et al.,
2011, Gitler and Tsuiji, 2016). These RNA foci sequester RNA-binding proteins and effect RNA
processing. RNA foci are also formed from the antisense GGCCCC (G2Ca), sequestering further
RNA binding proteins. However, research using a Drosophila model with 160 G4C; repeat
expansions demonstrated that the accumulation of G4C; sense RNA foci did not affect RNA
processing or cause neurodegeneration (Tran et al., 2015). This finding suggests that the
accumulation of toxic RNA foci is insufficient to cause neurodegeneration in this model.
Lastly, abnormal transcription leading to repeat-associated non-AUG-initiated (RAN)
translation into aggregation-prone dipeptide repeat proteins (DPRs) could also be responsible
for the neurodegeneration in C9orf72-caused MND (Gitler and Tsuiji, 2016). RAN translation
of sense G4C; and antisense G,Ca transcripts generates 6 DPRs, glycine-alanine (GA), glycine-
proline (GP), glycine-arginine (GA), proline-alanine (PA) and proline-arginine (PR) (Mori et al.,
2013). Several studies have identified DPR-related neurodegeneration in C9orf72-related
MND (Shi et al., 2018). By contrast, human post-mortem studies have found no correlation
between the DPR protein levels and degree of neurodegeneration (Mackenzie et al., 2015).
As there is evidence for each mechanism, neurodegeneration resulting from the C9orf72
hexanucleotide repeat expansion could be a result of one or a combination of these

pathways.

1.1.5.3 TAR DNA Binding Protein 43

While a majority of fALS cases can be explained through mutations in the SOD1 and C9orf72
genes, a small portion (5%) are attributed to mutations in the gene that encodes TAR DNA-

binding protein 43kDa (TDP-43; TARDBP) (Zufiria et al., 2016).

As shown in Figure 1.1, TDP-43 contains a nuclear localisation sequence, nuclear export
signal, two highly conserved RNA recognition motifs and a glycine-rich domain (Cohen et al.,
2011). The nuclear localisation sequence and nuclear export signal enable the transport of
TDP-43 between the nucleus and the cytoplasm through importin-a (Pinarbasi et al., 2018).
The functions of TDP-43 are thought to occur predominately within the nucleus where TDP-

43 binds to precursor mRNA and regulates transcription. The RNA recognition motifs enable
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the identification and binding of the protein to RNA and the glycine rich domain of TDP-43 is
important for protein-protein interactions (Buratti and Baralle, 2001, Buratti et al., 2005,

Heyburn and Moussa, 2017).

The functions of TDP-43 occur predominately within the nucleus where TDP-43 binds to DNA
and RNA and is involved in transcriptional regulation, RNA splicing and stability, and transport
of mRNA (Lee et al., 2011, Reddi, 2017). TDP-43 also has cytoplasmic functions including
translation, mRNA transport and stress granule formation (Alami et al., 2014, Gao et al., 2018,
Colombrita et al., 2009). TDP-43 was first described as a transcription factor that regulates
the transcription of the human immunodeficiency virus (HIV) trans-activation response (TAR)
element to repress HIV-1 transcription (Ou et al., 1995). Since then, TDP-43 has been
identified as a transcriptional repressor involved in the repression of a spermatid-specific
acrosome vesicle gene (ACRV) with the promotor region containing TDP-43 binding sites

(Acharya et al., 2006).

Lalmansingh et al. (2011) experimentally identified a role of TDP-43 in transcriptional
repression of ACRV, localising the repressor activity to the RRM1 region of TDP-43. Mutations
in TDP-43 causing dysfunctional RRM1 mitigated the repressor activity of TDP-43. In addition,
TDP-43 was also found to be involved in the alternative splicing of human cystic fibrosis
transmembrane conductance regulator (CFTR) exon 9 (Buratti et al., 2001) and human
survival of motor neuron 2 (SMN2), a gene associated with sporadic MND (Bose et al., 2008).
Furthermore, TDP-43 also regulates the alternative splicing of ciliary neurotrophic factor
receptor (CNTFR) , a protein that is implicated in neurodegeneration (Hashimoto et al., 2009,

Tollervey et al., 2011, Polymenidou et al., 2011).

Although it has been implicated in disease, particularly MND, TDP-43 is indispensable for
healthy development. Wu et al. (2010) demonstrated the importance of the protein through
TDP-43 knock-out mice, which caused embryonic lethality. The link between TDP-43 and fALS
was identified in 2006 through the presence of ubiquitinated TDP-43 inclusions in MND
patients (Neumann et al., 2006). Since then, approximately 35 MND-causing mutations
related to TDP-43 have been discovered (Gendron et al., 2013, Sreedharan et al., 2008). These

mutations are all dominant missense mutations located within the glycine-rich domain of the
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protein (Cohen et al., 2011). These single nucleotide mutations interrupt important function
of the protein glycine-rich domain of the protein and it has been proposed to involve
impairment of TDP-43 phosphorylation from altered phosphorylation sites (Pesiridis et al.,
2009). This has been hypothesised to result in accumulation of protein aggregates, potentially
causing neurodegeneration, further discussed below in section 1.1.7.5 (Guo et al., 2011,
Scotter et al., 2015). Furthermore, TDP-43 regulates its own expression through binding to
3’UTR sequences in its own mRNA, promoting degradation to decrease TDP-43 levels (Ayala
et al., 2011). This self-regulating negative feedback loop may be affected by non-functional
TDP-43 aggregates that are unable to bind the mRNA, increasing TDP-43 levels and
perpetuating neurodegenerative processes. While only 5% of fALS cases can be attributed to
mutations of TDP-43, 97% of MND cases have TDP-43 pathology characterised by cytoplasmic
aggregation and nuclear clearance and the protein (Neumann et al., 2006, Heyburn and

Moussa, 2017).
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Figure 1.1 Structure of TDP-43

The TDP-43 protein contains a nuclear localisation sequence (red), 2 RNA recognition motifs
(RRM; yellow), with a nuclear export sequence (purple) and a glycine-rich domain (green).
The MND-associated mutations are localised within the glycine-rich domain (Cohen et al.,

2011). Figure made in BioRender.
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1.1.5.4 Fused in Sarcoma

A further 5% of the known familial causes of MND can be explained by mutations within the
Fused in Sarcoma (FUS) gene (Vance et al., 2009, Kwiatkowski et al., 2009). Along with TDP-
43, FUS encodes a nucleic acid binding protein, involved in transcription regulation and RNA
processing including alternative splicing (Sun et al., 2011). Over 50 MND-associated missense
mutations have been defined, with a majority located in the nuclear localisation sequence
(Kwiatkowski et al., 2009, Deng et al.,, 2014). Similarly, to TDP-43, FUS pathology is
characterised by loss of nuclear FUS and formation of cytoplasmic FUS aggregates which
results in both loss-of-function toxicity and gain-of-function toxicity, leading to

neurodegeneration (Ratti and Buratti, 2016, Ishigaki and Sobue, 2018).

1.1.5.5 TANK-binding Kinase 1

Loss-of-function or missense mutations in TANK-binding Kinase 1 (TBK1) have also been
observed in MND, explaining a small portion of fALS (Nguyen et al., 2018, Cirulli et al., 2015).
TBK1 mutations reduces the expression of functional protein and is proposed to result in MND
development through haploinsufficiency (Freischmidt et al., 2017). TBK1 regulates immune
response, inducing production of interferon-a (IFN- a) and IFN-B. TBK1 mutations in MND
have shown to reduce function of the neuronal autophagy system, causing
neurodegeneration due to protein aggregation (Oakes et al., 2017). The involvement of TBK1

in neuroinflammation-mediated neurodegeneration is discussed further in section 1.1.7.7.

1.1.6 Risk Factors of Motor Neuron Disease

Aside from known causative genes, other factors including environmental and lifestyle

factors, increase the risk of developing MND.

1.1.6.1 Older Age and Gender as a Risk Factor of MND

MND can affect adults at any age, although the average age of onset is 55 (Deloitte Access

Economics Report, 2015). Age as a risk factor for MND appears most prevalently between the
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ages of 65-74. The total prevalence rate of MND in Australia increases from 12.3 per 100,000
people at ages 45-54 to 28.4 per 100,000 people at ages 65-74. However, there is a drop in
the prevalence for the age groups of 75-84 and 85* to 23.1 per 100,000 people and 11.3 per
100,00 people respectively (Deloitte Access Economics (Report), 2015). This pattern of age-
related prevalence has been consistently reported across populations (Marin et al., 2018,
Benjaminsen et al., 2018, Mehta et al., 2018). Age is hence described as a biphasic risk factor

for the development of MND.

The male gender is another risk factor for the development of MND. The prevalence rate for
males is consistently higher than for females across all age groups with the average all-age
proportion of male/female cases at 1.5:1 (Deloitte Access Economics (Report), 2015). The
reason for the greater prevalence rate among males is still unclear. It has been hypothesised,
however, that the greater proportion of male MND patients may be due to differences in
hormone influences, environmental risks and lifestyle risks, further discussed below

(McCombe and Henderson, 2010, Chio et al., 2011).

1.1.6.2 Environmental Risks of MND

Environmental factors have been linked to the development of MND. With 90% of MND
occurring sporadically, it is hypothesised that the following environmental risks are involved
in the development of MND. Exposure to environmental risks as a cause of MND could

provide a partial explanation for MND epidemiology.

1.1.6.2.1 B-N-methylamino-L-alanine BMAA

Cyanobacteria have been proposed as a cause of neurodegenerative disease, including MND.
The cyanobacteria neurotoxin, B-N-methylamino-L-alanine (BMAA), is found in bodies of
water with algal blooms, including sources of drinking water, and cycad plants. BMAA has
been implicated as a cause of MND, especially among third-world countries (Cox et al., 2018).
The implication of BMAA as a cause of MND originated from a high incidence within a small
community in Guam (Baugh, 2017, Cox et al., 2018, Holtcamp, 2012). Kurland et al., (1994)

hypothesised BMAA in commonly consumed foods in Guam, namely foods made from cycad
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seeds or consumption of animals that feed on cycads, resulted in neurological illness . It has
been hypothesised that biomagnification could link BMAA to MND through consumption of
seafood in the Western world also (Lance et al., 2018, Brand et al., 2010). Similarly, Li et al.
(2019) identified bioaccumulation of BMAA from BMAA-rich soil into crops in China. The
increased exposure of BMAA through foods has then been thought to cause MND through
accumulation of BMAA causing toxic aggregates with nerve cells through its misincorporation
into proteins, replacing amino acid L-serine and resulting in apoptosis (Dunlop et al., 2013 as
reviewed by Cox et al., 2018). Administration of L-serine to target BMAA has been assessed
in a Phase | clinical trial which showed a reduction in disease progression according to the
ALSFRS-R compared to placebo control patients (Levine et al., 2017). Research is required to
further decipher the link between MND and BMAA and determine the benefit of targeting
BMAA as a treatment for MND.

1.1.6.2.2 Metals

Exposure to metals is another environmental risk factor that has been proposed to cause
neurodegeneration in MND (Ingre et al., 2015). Although some metals have important
biological function, excess exposure to metals has been linked to the development of
neurodegenerative diseases, including MND (Cicero et al., 2017, Roos, 2017). Examples of
heavy metals implicated in MND are copper, zinc, lead, selenium and manganese but most
have conflicting results about their specific role in disease development (Roos, 2017, Peters
et al., 2016). The link between MND and heavy metal exposure was first identified through
patients with chronic lead poising presenting with symptoms that mimicked MND (Livesley
and Sissons, 1968). Exposure to metals can occur through respiration, consumption of certain
foods and through skin contact (Rehman et al., 2018). High prevalence of MND have been
identified in those with occupations with high heavy metal exposure, such as construction
work and manufacturing (Andrew et al., 2017). Metal exposure is proposed to increase the
risk of MND through increased production of reactive oxygen species resulting in oxidative

stress and consequential neuronal apoptosis (Bozzo et al., 2017, Cicero et al., 2017).

Comparisons of metal concentration within cerebrospinal fluid (CSF) of MND patients versus

controls identified increased copper, zinc, manganese and lead levels for MND patients (Roos,
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2013 as reviewed by Roos, 2017). Furthermore, increased copper levels have been identified
within serum from MND patients compared to controls. However, in a larger study, this
finding was not replicated (Peters et al., 2021, Peters et al., 2016). This study also found the
inverse association for zinc levels in blood and risk of MND, potentially due to the involvement
of zincin SOD1 function (Hilton et al., 2015). Manganese, a well-established neurotoxicant, is
another metal associated with MND due to its excessive accumulation within neurons
(Horning et al., 2015, Sarkar et al., 2019). Multiple studies have identified high levels of
manganese within CSF of MND patients compared to controls (Roos et al., 2012, Peters et al.,

2016).

As previously stated, lead exposure has been implicated as a risk factor of MND for over 50
years (Livesley and Sissons, 1968). Many studies since then have identified increased lead
levels in blood and CSF of MND patients compared to controls (Wang et al., 2014, Fang et al.,
2010, Roos, 2013, Peters et al., 2016). Recent research has implicated lead as a potential risk
factor of MND through its direct association with TDP-43 pathology, with excess lead leading
to accumulation of TDP-43, in vitro (Ash et al., 2018). However, a case-controlled study of
MND patients did not find the same association between lead and MND development, with
no significant differences in CSF lead levels between MND patients and age-matched healthy
controls (Vinceti et al., 2017a). Further research is required to determine the extent of metal
exposure as a risk factor for MND and examine potential treatments based on deficiency or

excess exposure to metals.

1.1.6.2.3 Pesticides

High pesticide exposure has been linked to certain occupations such as agriculture with the
use of pesticides on plants (Vinceti et al., 2017b, Dickerson et al., 2019). The effect of pesticide
exposure on MND risk has been consistently reported across time and populations with
studies showing a significant increase in risk of development from high pesticide exposure (Su
et al., 2016, Bonvicini et al., 2010, Kamel et al., 2012, Mostafalou and Abdollahi, 2017,
Gunnarsson et al., 1992, Morahan and Pamphlett, 2006). High level of pesticide exposure is
also correlated with shorter survival time (Goutman et al., 2019). Pesticides are long lasting

within the body and have neurotoxic effects (Jayaraj et al., 2016). The mechanism of pesticide
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causing MND is unknown, but pesticides are proposed to irreversibly affect the central
nervous system through excitotoxic mechanisms from acetylcholinesterase inhibition (Chen,
2012). Oxidative stress is also implicated as a mechanism of neurodegeneration from
pesticide exposure (Zepeda-Arce et al.,, 2017, Mostafalou and Abdollahi, 2017). Thus,
antioxidant therapy has been investigated as a therapy against oxidative stress and to restore
acetylcholinesterase activity (Fakhri-Bafghi et al., 2016). Pesticide and MND risk analysis
studies rely on self-reported pesticide exposure and do not provide a description of specific
pesticides used and their chemical properties (Malek et al., 2012). Although a risk has been
identified, further investigation is required to determine particular pesticides and length and
time of exposure that may be associated with MND prior to clinical translation of these

findings.

1.1.6.3 Lifestyle Risk Factors

1.1.6.3.1 Diet factors as a risk factor of MND

Nutrition is implicated as a risk factor for many diseases (Tarry-Adkins and Ozanne, 2017,
Tollefsbol, 2018). In MND specifically, a high carbohydrate diet and low-fat diet have been
associated with increased risk of disease development (Okamoto, 2019, Ingre et al., 2015).
Murine models have identified the benefits of a low-carbohydrate diet in not only reducing
the risk of development of MND but improving the survival of remaining motor neurons in
animals with MND (Zhao et al., 2006 as reviewed by Paoli et al., 2014). Although the
mechanisms remain unclear, low carbohydrate diets are proposed to improve motor function
in neurological disease through an increased production of ketone bodies (Veyrat-Durebex et
al., 2018). Ketone body production can reduce neurodegeneration through the removal of
reactive oxygen species, and repairs mitochondrial dysfunction, a mechanism implicated in
the neuropathogenesis of MND (Veyrat-Durebex et al., 2018, Veech, 2014). The benefits of a
ketogenic diet have been identified in in vivo models of other neurological disorders, such as
epilepsy. Danial et al. (2013) and Martin et al. (2016) used a mouse model of epilepsy to
investigate the effects of a ketogenic diet on seizures. They demonstrated a reduction in
number of seizures in the mice on a ketogenic diet compared to those on a standard diet. This

research suggests the ketogenic diet can influence neuronal excitability (Martin et al., 2016,
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Danial et al., 2013). Therefore, treatment with ketone bodies or a strict ketogenic diet could
be a novel avenue for treating neurodegenerative diseases, including MND (Sharma et al.,
2014, Vandoorne et al., 2018). Further research including clinical trials investigating the safety

and tolerability of the ketogenic diet in MND patients is required prior to clinical use.

Along with low-carbohydrate diets, higher intake of polyunsaturated fatty acids has been
suggested to have a neuroprotective effect with low-fat diets also considered a nutritional
risk factor of MND (Fitzgerald et al., 2014). This is proposed to be due to anti-inflammatory
and antioxidant properties of polyunsaturated fatty acids such as docosahexaenoic acid (Mori
et al., 2018, Fitzgerald et al., 2014). This research is promising for the neuroprotective effect
of low-carbohydrate, higher fat diet for MND. However, safety and tolerability clinical trials

are required prior to their use in a clinical setting.

1.1.6.3.2 Smoking increases risk of MND development

. Most studies suggest smoking results in an increased risk of developing MND (de Jong et al.,
2012, Wang et al., 2011, Bryan et al., 2016, Zhan and Fang, 2019). Armon (2018) suggested
smoking leads to MND development through cumulative DNA damage that results in
neurodegeneration. A toxic ingredient within cigarette smoke, formaldehyde, passes through
the blood-brain barrier (Shcherbakova et al., 1986, as reviewed by Seals et al., 2017) and is
implicated as a risk factor for the development on MND (Roberts et al., 2016, Seals et al.,
2017). It has been hypothesised to cause neurodegeneration through protein aggregation and

oxidative damage (Spencer, 2018).

1.1.6.3.3 Physical Fitness as a risk factor of MND development

Physical fitness and sports are considered a risk factor of MND (Ingre et al., 2015, Okamoto,
2019). A United States-based study on professional football players identified a 40-fold
greater risk of developing MND among the professional football players compared to the
general population (Abel et al., 2007 as reviewed by Larcorte et al., 2016). Similarly, an
increased risk of MND development has been identified in population-based studies on

professional soccer players (Belli et al., 2005, Chio et al., 2009 as reviewed by Larcorte et al.,
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2016). The reason for increased risk of MND among athletes is unclear but multiple
hypotheses have been proposed. One hypothesis for the association between sports and
MND is the increased exposure to mild traumatic brain injury (mTBI) (Gardner and Yaffe,
2015). High-contact sports, such as football, result in risk of mTBI and although inconclusive,
mTBI has been shown to be linked with later MND development. This may be caused from

stress granule formation (Anderson et al., 2018) and neuroinflammation (Loane et al., 2014).

1.1.7 Underlying Pathogenesis of Neurodegeneration

The exact process underlying neurodegeneration in MND remains elusive. However, the
identification of genes involved in MND pathology has helped in the understanding of
neurodegenerative mechanisms. This includes oxidative stress, protein aggregates, RNA/DNA
processing and many other neurodegenerative processes (Taylor et al.,, 2016). Possible
neurodegenerative processes involved in MND, and susceptibility of motor neurons are

discussed below and shown in Figure 1.2.

1.1.7.1 Susceptibility of Motor Neurons to Degeneration

Motor neurons are particularly vulnerable to damage due to their large size, low expression
of glutamate receptor a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
receptor subunit 2 (GluR2) and lack of intracellular calcium controlling proteins (Ferraiuolo et
al., 2011). The size of the motor neurons increases their susceptibility to neuronal damage
due to the higher energy requirements. Given the reduced ATP production that occurs from
mitochondrial dysfunction in MND, the large motor neurons with high energy demands are
highly susceptible compared to other neuron subtypes with lower energy needs (Le Masson
et al., 2014, Ragagnin et al., 2019). Furthermore, the large axons of the motor neurons mean
they rely on functioning axonal transport systems for maintaining healthy cell function
(Ragagnin et al., 2019, De Vos and Hafezparast, 2017). Both mitochondrial function and
axonal transport systems are dysfunctional in MND, as discussed below, which provides
further explanation for the susceptibility.

Low expression of GIuR2 also influences their susceptibility to neurodegeneration due to

increased influx of Ca?*. With Ca%* permeability determined by the GIuR2 subunit, low
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expression of GIuR2 increased calcium permeability and increases AMPA-mediated
excitotoxic events that results in neurodegeneration (Gregory et al., 2020, Nijssen et al.,
2017). Similarly, motor neurons lack important calcium buffering proteins, parvalbumin and
calbindin D28k, that bind to calcium ions and maintain healthy levels of intracellular Ca?*.
Without these proteins, there is increased intracellular Ca?*, potentially resulting in damaging
excitotoxic events (Fairless et al., 2019). Excitotoxicity is further explained below in section
1.1.7.2. Insulin-like growth factor 2 (IGF-2) receptor expression is also proposed to play a role
in the susceptibility of motor neurons. Motor neurons that are susceptible to damage in MND
do not express IGF-2 receptors while other motor neuron subtypes that are not affected in
MND, such as oculomotor neurons, express this receptor (Ferraiuolo et al., 2011, Allodi et al.,
2016). Further research is required for comprehensive understanding of selective resistance

and vulnerability of neuronal subgroups in MND.

1.1.7.2 Excitotoxicity as a Cause of Neurodegeneration in MND

Excitotoxic mechanisms have been proposed as a cause of neurodegeneration in MND (King
et al., 2016, Staats and VanDenBosch, 2014). Excitotoxicity is mediated by glutamate, the
main excitatory neurotransmitter within the CNS (Spalloni et al., 2019). An early study
identified increased levels of glutamate within the blood of MND patients compared to
healthy controls (Rothstein et al.,, 1990) which lead to the proposed involvement of
excitotoxicity in MND. Glutamate reuptake from the synaptic cleft is important for reducing
the levels of glutamate to avoid glutamate-induced toxicity (Spalloni et al., 2019). One
potential cause of the glutamate accumulation within the synaptic cleft is due to damage to
the EAAT2 glutamate transporter responsible for the removal of glutamate into nearby
astrocytes (Rothstein et al., 1993 as reviewed by Spalloni et al, 2019). Excessive glutamate
within the synaptic cleft leads to increased activation of glutamate receptors, a-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and N-methyl-D-aspartate (NMDA) on
the post-synaptic neuron. Increased neuronal excitability results in a cascade of detrimental
downstream effects, including increases in intracellular Ca?*, leading to neuronal death (Kwak

et al., 2010).
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Dysregulation of intracellular calcium has detrimental effects for neurons such as
mitochondrial dysfunction from calcium accumulation and increase of harmful free radicals
(Turner et al., 2013a, Spalloni et al., 2019). As previously mentioned, research has shown that
motor neurons in MND have altered expression of glutamate receptors containing the GIuR2
subunit that may influence their calcium permeability and result in excitotoxic events, leading
to neurodegeneration (Blizzard et al., 2015). MND-associated gene mutations have been
shown to increase the vulnerability of motor neurons to excitotoxic events with mutant SOD1
influencing glutamate uptake (Hayashi et al., 2016, Trotti et al., 1999). Due to the involvement
of excitotoxicity in neurodegeneration, Riluzole, a glutamate antagonist, is used as a therapy
for MND to reduce glutamate-induced excitotoxicity and reduce the progression of

neurodegeneration (Lacomblez et al., 1996). This is further discussed in section 1.2.5.1.

1.1.7.3 Impaired Proteostasis

Protein homeostasis (proteostasis) is a vital aspect of maintaining healthy cell function.
Molecular chaperones, including heat shock proteins, maintain proteostasis through
detection and control of misfolded proteins by refolding or through removal (Hartl et al.,

2011, Balchin et al., 2016).

MND-causing pathogenic variants including SOD1 and TDP-43 discussed above, impair
proteostasis within motor neurons and is thought to be one of the main processes involved
in neurodegeneration (Ruegsegger and Saxena, 2016, Hipp et al., 2014). Misfolded protein
accumulation can lead to impaired proteostasis through multiple pathways. The Ubiquitin
Proteasome System (UPS) is involved in degradation of misfolded protein to avoid toxic
accumulation. However, impairment of this system may result in neuronal death. Farrawell
et al. (2018) used a mutant SOD1 cell model to investigate any alteration of ubiquitin
homeostasis within the cells expressing MND-associated genes. Overexpression of mutant
SOD1 resulted in the sequestration of free ubiquitin to the mutant SOD1 aggregates.
Furthermore, altered ubiquitin homeostasis within the SOD1 aggregates resulted in altered
mitochondrial morphology and dysfunction. This promotes the potential of MND-associated
genes that form protein aggregates, such as mutant SOD1 and TDP-43, to cause

neurodegeneration through dysfunctional ubiquitin homeostasis.
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The unfolded protein response (UPR) system may also be impaired in MND. The UPR is
initiated through proteins from the ER, regulating degradation of misfolded proteins to
maintain ER homeostasis (Hetz et al., 2015). In normal cells, misfolded proteins will induce
the UPR, resulting in refolding or removal of these proteins. If these misfolded proteins
overwhelm the UPR, it results in ER-stress and induction of cell death. In MND, misfolded
proteins such as mutant SOD1, alter ER homeostasis, requiring the UPR to remove or refold
the proteins. Similarly, when ER homeostasis cannot be maintained, ER-stress occurs leading
to neuronal cell death (Shore et al., 2011; as reviewed by Ruegsegger and Saxena, 2016).
Saturation of chaperone proteins such as heat shock proteins from misfolded protein
accumulation further increases protein accumulation, eventually resulting in neuronal death

(Carraetal., 2012).

1.1.7.4 Axonal Transport

Transport of material, such as neurofilaments and membrane-bound organelles, between the
cell body and axonal terminal along the axon is vital for neuronal function. Axonal transport
disruption can result in neuronal apoptosis (Morfini et al., 2009, Taylor et al., 2016). Axonal
transport defects may originate from mutations of motor proteins, accumulation of axonal
filaments causing axonal strangulation or from mitochondrial dysfunction resulting in lower
energy production in the neuron (Brady and Morfini, 2017). Regardless of aetiology, axonal

transport defects contribute to motor neuron degeneration in MND.

Gene mutations in motor proteins influence axonal transport and have been demonstrated
to effect neurodegeneration (Araki et al., 2014, lkenaka et al., 2013). Point mutations in
DCTN1 encoding dynactin subunit 1 is one axonal transport-affecting mutation associated
with MND, identified in both sALS and fALS (Araki et al., 2014, Brown and Al-Chalabi, 2017).
Dynactin is a biochemical regulator of the motor protein dynein, vital for retrograde transport
of organelles to maintain neuronal health. Thus, dynactin mutations affect the function of
dynein, inhibiting retrograde transport, and resulting in neurodegeneration observed in MND.
Similarly, lkenaka et al., (2013) observed inhibited axonal transport and subsequent
neurodegeneration from knockdown of dynein-dynactin in motor neurons in a

Caenorhabditis elegans model.
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Neurofilament light (NF-L) protein mutations result in impaired axonal transport due to
accumulation of neurofilaments from overexpression of neurofilament heavy (NF-H) and
neurofilament medium (NF-M) (Gaiani et al., 2017). Research with a transgenic mouse model
expressing human mutant SOD1, discussed in section 1.3.2, has demonstrated the effects of
neurofilament accumulation on slow axonal transport, early in the disease process (Bilsland
et al., 2010). Prior to motor neuron degeneration, neurofilaments accumulate and impair
axonal transport, which depletes the motor axons and synapses of important nutrients and
materials necessary for cell survival, including oxygen and mitochondria (Millecamps and

Julien, 2013).

1.1.7.5 TDP-43 Pathology and its Role in Neurodegeneration

Only 5% of familial MND can be explained by direct TDP-43 mutations (Neumann et al., 2006).
TDP-43 pathology, observed as cytoplasmic TDP-43 aggregation, is present in both familial
and sporadic MND (Cairns et al., 2007). With the exception of those with fALS caused by SOD1
mutations, 95% of people with MND have cytoplasmic inclusions containing TDP-43. In
healthy cells, TDP-43 is localised with the nucleus of the neuron (Mackenzie et al., 2007).
However, in neurons and some glial cells of people with MND, TDP-43 inclusions are present
within the cytoplasm. Cytoplasmic TDP-43 inclusions have been implicated as a major player
in the initiation and progression of neurodegeneration (Gao et al., 2018, Afroz et al., 2019).
These aggregates undergo post-translational modifications including phosphorylation and
ubiquitylation, which are not observed in healthy brain tissues. Currently, it is unclear
whether phosphorylation of TDP-43 occurs early in the disease process or after the formation
of the cytoplasmic aggregates. However, due to the presence of phosphorylated but not
ubiquitinated TDP-43 inclusions, it is proposed that phosphorylation occurs prior to
ubiquitination (Neumann et al.,, 2006, Dong and Chen, 2018). Although the protein is
ubiquitinated, failure of the UPS to degrade these proteins results in formation of

ubiquitinated TDP-43 inclusions (Dong and Chen, 2018, Scotter et al., 2014).

One hypothesis for neurodegeneration from TDP-43 is a loss of function of nuclear TDP-43.
DNA damage and impaired DNA repair system has been proposed as a cause of

neurodegeneration resulting in loss of nuclear TDP-43 (Mitra et al., 2019). In neuronal SH-
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SY5Y cells with an inducible TDP-43 depletion system, an increase in unrepaired DNA double-
strand breaks correlated with the level of TDP-43 depletion in a dose-dependent manner and
was independent of cytoplasmic aggregations (Mitra et al., 2019). Similarly, changes in
expression of genes related to DNA damage has been observed in pathology-affected neurons
from neocortex brain tissue from MND patients and associated with loss of nuclear TDP-43
(Liu et al., 2019). Loss of nuclear TDP-43 has been suggested to cause neurodegeneration by
altering RNA processing as determined by altered patterns of gene splicing in shRNA-
mediated TDP-43 knock-down in NSC34 cells (Highley et al., 2014). Furthermore, functional
TDP-43 within the nucleus is vital for splicing of stathmin-2 (STMN2), an important regulator
of axonal health. Pathological TDP-43 results in cryptic splicing of STMN2, producing non-
functional STMN2 RNA and increases axonal degeneration (Spence et al., 2024, Klim et al.,
2019). A similar mechanism has also been shown for UNC13A, where loss of neuronal TDP-43
through CRISPR inhibition in human induced pluripotent stem cell (iPSC)-derived motor
neurons caused inclusion of a cryptic exon in UNC13A and caused a reduction in synaptic

transmission (Brown et al., 2022, Ma et al., 2022).

In addition to loss of function TDP-43-associated neurodegeneration, a gain of toxicity from
the cytoplasmic TDP-43 inclusions may also induce neurodegeneration. Barmada et al. (2010)
used rat primary cortical neurons transfected with constructs encoding human ALS-linked
mutant TDP-43 or wild-type TDP-43, to identify the effects of TDP-43 nuclear clearance and
cytoplasmic aggregation on neuronal death. Transfection of mutant TDP-43 increased the
presence of cytoplasmic TDP-43 aggregates compared to the wild-type TDP-43 transfected
cells and the level of cytoplasmic TDP-43 was an accurate predictor of cell death, indicating

gain-of-function toxicity (Barmada et al., 2010, Gao et al., 2018).

Gain-of-function toxicity from cytoplasmic TDP-43 occurs through both the disruption of
protein synthesis and transport (Bjork et al., 2022) and mitochondrial dysfunction (Gao et al.,
2019). Aberrant TDP-43 accumulation within the cytoplasm results in the formation of stress
granules and ribonucleoprotein complexes and reduces protein synthesis within the axon and
synapse (Narayanan et al., 2013, Colombrita et al., 2009). These translation deficits influence
synaptic function and reduce the integrity of the neuromuscular junction, resulting in

muscular atrophy. In human induced pluripotent stem cell (iPSC)-derived motor neurons,
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clearance of the axonal accumulation of TDP-43 restored the function of the neuromuscular

junctions (Altman et al., 2021).

A gain of function toxicity from cytoplasmic TDP-43 can also influence mitochondrial function.
Using transgenic mice expressing wild-type human TDP-43 (hTDP-43) under a mouse prion
promoter, Xu et al. (2010) identified aberrant mitochondrial aggregation and dysfunctional
mitochondrial mechanics from TDP-43 overexpression in the cytoplasm. Similarly, TDP-43 was
found to be aggregated within mitochondria isolated from spinal cord and cortex neurons in
MND patients (Wang et al., 2016). In HEK-293 cells overexpressing wild-type or mutant TDP-
43, TDP-43 localised within the mitochondria and disrupted mitochondrial function
determined through increased mitochondrial fragmentation and reduced ATP levels (Wang
et al.,, 2016). Blocking TDP-43 localisation via genetic ablation of the mitochondrial
localisation sequence, reduced TDP-43 localisation to the mitochondria and reduced the

neuronal loss and mitochondrial fragmentation compared mutant TDP-43.

The combined effects of both loss of nuclear TDP-43 and the gain of toxic cytoplasmic TDP-43
aggregates should not be ruled out as the cause of TDP-43-related neurodegeneration.
Knockdown of endogenous TDP-43 by siRNA in murine spinal cord x neuroblastoma hybrid
cell line (NSC-34) was used to measure cell viability in the absence of cytoplasmic TDP-43
aggregates. Neuronal toxicity was indicated by both a significant reduction in cell viability and
an increase of caspase-3 activity was found, suggestive that loss-of-function toxicity can occur
without the need for TDP-43 aggregation. However, a similar result was found when TDP-43
inclusion bodies were intracellularly delivered via a plasmid expressing human TDP-43 into
the NSC-34 cell line to mimic cytoplasmic aggregation. The relative contributions of loss-of-
function and gain-of-function toxicity were calculated and determined to equally contribute

to neuronal toxicity (Cascella et al., 2016).

TDP-43 is also proposed to be involved neurodegeneration through inflammation. The TDP-
43 promoter contains binding sites for Interferon regulatory factor 1 (IRF3), IRF3 and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-xB) (Douville et al., 2011). Swarup
et al. (2011) identified TDP-43 dependent increases in NF-kB from immunoprecipitation

experiments in MND spinal cord samples. They also demonstrated the toxicity of TDP-43
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overexpression through transfection of mutant TDP-43 within a SH-SY5Y cell line activating
the immune response. Further in vivo experiments using TDP-43 transgenic mice
demonstrated a reduction in MND-related motor deficits from administration of an NF-kB
inhibitor (Swarup et al., 2011). This promotes the role of neuroinflammation-mediated
neurodegeneration from TDP-43. It has also been suggested TDP-43 proteinopathy is involved
in neurodegeneration through endogenous retroviruses (ERVs), involving a feedback loop
between ERV transcription, TDP-43 cytoplasmic accumulation, DNA damage and

inflammation (Chang and Dubnau, 2019). This is further discussed further in section 1.1.7.7.

1.1.7.6 Mitochondrial Dysfunction

Mitochondrial dysfunction is typically seen in MND and has been proposed as a cause of
neurodegeneration (Bozzo et al., 2017). This dysfunction is primarily related to oxidative
stress through unregulated production of reactive oxygen species (ROS) and loss of energy to
the neuron (Bhat et al., 2015). There is a proposed positive feedback loop between the
production of ROS and mitochondrial dysfunction, with an increase in ROS causing further
mitochondrial damage and mitochondrial damage resulting in an increase in ROS, eventually
resulting in apoptosis (JeZek et al., 2018). Protein aggregates are thought to be a driving factor
in the initial cause of mitochondrial dysfunction (Carri et al., 2017). Intracellular adenosine
triphosphate (ATP) levels have been found to be significantly reduced in lymphocytes from
MND patients (Ghiasi et al., 2012). Similarly, reduced neuronal ATP production has been
shown in iPSC motor neurons from MND patients compared to controls (Hor et al., 2021).

Alterations to mitochondrial function is seen in both familial and sporadic cases of MND (Carri
et al., 2017). However, some altered function has been linked to specific familial mutations,
such as SOD1 (Tafuri et al., 2015, Pickles et al., 2016). Mutant SOD1 has been shown to impair
mitochondrial activity through the binding of BCL2, an antiapoptotic protein and through
SOD1 protein aggregation leading to oxidative stress (Tan et al., 2014). Similarly, TDP-43
aggregation also influences mitochondrial function by localising within mitochondria and
reducing ATP production and inducing mitochondrial fragmentation, perturbing functional
mitochondrial networks (Wang et al., 2013, Wang et al., 2016, Shah et al., 2019). Mouse
models of TDP-43 and SOD1 both show impaired mitochondrial morphologies (Gurney et al.,

1994, Xu et al., 2010). Morphologic changes such as mitochondrial swelling and
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mislocalisation have also been observed in post-mortem spinal cord tissue from MND

patients using electron microscopy (Sasaki and Iwata, 2007, Smith et al., 2019).

With a high number of mitochondria at the neuromuscular junction (NMJ), mitochondrial
dysfunction is thought to begin at the NMJ and provides support for the dying back hypothesis
of neurodegeneration (Shi et al., 2010, Chung et al., 2017). Targeting mitochondrial function,
such as increasing mitochondrial biogenesis through pharmaceutical modulation of
biogenesis signalling pathways, could provide therapeutic benefits in MND by increasing the
number of functioning neuronal mitochondria (Golpich et al., 2017, Uittenbogaard and

Chiaramello, 2014).
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Figure 1.2 Proposed mechanisms of motor neuron degeneration in MND

Neurodegeneration in MND may be caused by one or multiple mechanisms including axonal
transport deficits, non-neuronal cell involvement including microglia and astrocytes,
excitotoxicity, protein aggregation from TDP-43, FUS and SOD1, mitochondrial dysfunction

and oxidative stress. Figure adapted from Turner et al. (2013). Figure made in BioRender.
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1.1.7.7 The Role of Neuroinflammation in Neurodegeneration

The impact of inflammation has been well established in MND with dysregulation of
inflammatory cytokines in MND patients, involvement of astrocytes and microglia, and T
lymphocyte infiltration into the CNS linked to MND disease progression (Appel et al., 2021).
Animal models of MND including SOD1, C9orf72 and TARDBP also have dysregulated
inflammatory processes, as seen in human ALS (Sheean et al., 2018, Rudnick et al., 2017,
Beers and Appel, 2019). Transgenic mice with a loss of function C9orf72 mutation had
increased inflammatory cytokine expression within plasma and reduced survival rates
compared to wild-type controls (Burberry et al., 2016). Furthermore, a TDP-43%331K mouse
model was used to investigate the inflammatory processes with the transgenic TDP-43 mice
showing increased microglial activation that correlated with motor deficits and subsequent

increased progression of neurodegeneration compared to WT mice (Lee et al., 2018).

Modulation of the inflammatory processes evident in these animal models has provided
evidence for slowing motor neuron degeneration and extending animal survival. For instance,
cytotoxic CD8 T cells infiltrate the CNS selectively destroying motor neurons in mutant
SOD1%%3* mice and increase the expression of interferon-y (IFN-y) (Coque et al., 2019).
Removal of this cell population via genetic ablation results in a slowing of this selective motor
neuron degeneration. Whilst the role of the immune system has been explored in the more
common forms on inherited ALS, less frequent mutations in OPTN, SQSTM1, VCP and TBK1
are also associated with inflammation (Beers and Appel, 2019, Yu and Cleveland, 2018). In
addition, patients with sporadic MND exhibit an activated immune phenotype including
changes in cytokine concentrations including tumour necrosis factor — alpha (TNF-a), and
interleukins (IL), IL-1B, IL-4, IL-6 and IL-10 in serum (Jin et al., 2020, Sun et al., 2021, Huang et
al., 2020). Other inflammatory markers that can be detected within CSF, serum or urine of
MND patients includes monocyte chemoattractant protein 1 (MCP-1), C-reactive protein
(CRP), neopterin and C-X-C motif chemokine ligand 10 (CXCL10) (Gille et al., 2019, Huang et
al., 2020, Shepheard et al., 2022, Tateishi et al., 2010). MCP-1 has also been found to be
present within activated microglia within the motor cortex of sporadic and familial MND
patients with co-localisation of MCP-1+ activated microglia and degenerating Betz cells within

the cortex (Jara et al., 2017).
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1.1.7.7.1 Dysregulation of the cGAS/STING pathway influences immune-mediated

neurodegeneration in MND

The cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS)
and stimulator of interferon genes (STING) pathway (cGAS/STING) pathway has been
implicated in neuroinflammation-mediated neurodegeneration (Yu et al., 2020a, Fryer et al.,
2021). cGAS detects danger signals such as double stranded DNA (dsDNA) within the
cytoplasm and triggers the formation of cyclic cGAMP. cGAMP binds to STING and
subsequently activates TBK1 resulting in phosphorylation of interferon regulatory factor (IRF)
3, IRF7 and release of NF-xB from the cytoplasm. These transcription factors move to the
nucleus and subsequently induce transcription of mRNA for multiple inflammatory factors
such as IL-6 and TNF-q, interferons (IFNs) including IFN-a and IFN-B and released from the cell
(Shu et al., 2014, Decout et al., 2021, Ouyang et al., 2023). Translation and release of IFN-a
and IFN-B from these cells can act on neighbouring cells via the IFN-a/B receptor (IFNAR) to
activate the Janus-associated kinase (JAK) and signal transducer and activator of transcription
(STAT) pathway and induce transcription for interferon stimulated genes (ISGs) such as

CXCL10 (Taylor et al., 2018).

Under normal physiological conditions, the cGAS/STING pathway is neuroprotective and
produces an immune response to clear unwanted pathogens and prevent cell death (Fryer et
al., 2021). However, aberrant activation of this pathway has been linked to
neurodegeneration, where increased IFN production results in faster disease progression
(Hofer and Campbell, 2013, Paul et al.,, 2021). MND mouse models have been used to
investigate the role of cGAS/STING in neurodegeneration. In C9orf727- mice, there is an
upregulation of Type 1 IFNs resulting in systemic CNS inflammation due to increased cGAS-
STING pathway signalling (McCauley et al., 2020). Through STING”" in a neurodegenerative
disease model, Nazmi et al. (2019) proposed a STING-dependent toxic increase in IFNs,
resulting in neurodegeneration through microglial phenotype modulation. Furthermore, a
recent investigation has demonstrated that TDP-43 cytoplasmic mislocalisation results in
mitochondrial DNA release that also activates the cGAS/STING pathway, resulting in the
upregulation of NF-kB and IFN pathways (Yu et al., 2020a). In contrast, inhibition of STING
using a validated STING inhibitor, H-151 (Haag et al., 2018) in MND patient derived iPSCs and
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a TDP-43 mouse model normalises IFN levels, resulting in reduced neuronal loss and improved
motor performance in mice (Yu et al., 2020a). Furthermore, manganese has been shown to
directly bind to cGAS, increasing its sensitivity to dsDNA (Wang et al., 2018, Sun et al., 2023).
As described in section 1.1.6.2.2, MND patients have significantly higher levels of manganese
within CSF compared to healthy controls (Roos et al., 2012, Peters et al., 2016). Thus, the
neuronal accumulation of manganese in MND patients and its ability to drive the cGAS/STING
pathway may suggest a role of metals such as manganese influencing inflammatory pathways

in MND.

To further outline the role of the immune response in neurodegeneration, TBK1 mutations
causing disease through haploinsufficiency have also been linked to MND in a small number
of familial MND cases (Cirulli et al., 2015, Freischmidt et al., 2015). TBK1 is involved in the
cGAS/STING pathway and induces IFNs whilst also being involved in autophagy mechanisms
(Ahmad et al., 2016). The dysregulation of TBK1 could be contributing to neurodegeneration
through disrupted autophagy resulting in aberrant protein aggregation or through increased
neuroinflammation from activation of the inflammatory pathways involving TBK1 (Oakes et

al., 2017).

1.1.7.7.2 Non-neuronal cells and release of pro-inflammatory cytokines in MND

Neuroinflammation in MND includes the activation of microglia and the polarisation of
microglia into two different phenotypes, either pro-inflammatory, M1, or anti-inflammatory,
M2 (Beers and Appel, 2019). Activated microglia that produce a neuroprotective response
with production of anti-inflammatory cytokines, such as IL-4 and IL-10, are referred to as M2
microglia (Cherry et al., 2014, Puentes et al., 2016). As indicated by mouse models of MND,
further into MND disease progression, microglia become activated into the M1 phenotype
with neurotoxic properties, releasing pro-inflammatory cytokines including IL-18, TNF-a, IL-6
and IL-18 (Geloso et al., 2017, Clarke and Patani, 2020). In MND, levels of pro-inflammatory
cytokines including TNF-a and IL-6 are increased in blood and CSF from MND patients
compared to healthy controls as disease progresses (Tortarolo et al., 2017, Ono et al., 2001,

Garbuzova-Davis et al., 2018). TNF-a also mediates the activation of NF-kB which has

50



apoptotic and neurotoxic properties, with increased activation of the NF-xB signalling
pathway in ALS, driving further inflammatory cytokine release (Appel et al., 2021, Frakes et
al., 2014). TDP-43 and SOD1 aggregates within microglia are likely to induce a pro-
inflammatory M1 phenotype due to increased NF-kB signalling pathways and NLRP3
inflammasome (Zhao et al., 2015, Hunter et al., 2021). Furthermore, the formation of the
NLRP3 inflammasome within microglia produces IL-18 and IL-1B and induces microglia

pyroptosis, exacerbating the pro-inflammatory M1 state (Wu et al., 2022).

Astrocyte-mediated neurotoxicity has been proposed to be caused by protein aggregation
such as mutant SOD1 and TDP-43 (Nagai et al., 2007, Tong et al., 2013). Furthermore,
astrocytes may contribute to neurodegeneration through alteration of secreted factors (Vaz
et al., 2021). In healthy function, astrocytes provide the surrounding motor neurons with
neurotrophic factors such as brain derived neurotrophic factor (BDNF) (Brigadski and
LeBmann, 2020). In MND, astrocytes release toxic factors such as nitric oxide, transforming
growth factor B1 (TGF-B1) and pro-inflammatory cytokines to the surrounding motor neurons
and microglia (Endo et al., 2016, Tripathi et al., 2017). Overexpression of astrocyte-derived
TGF-B1 in SOD1%%3A mice was shown to reduce the neuroprotective state of microglia and
resulted in faster disease progression (Endo et al., 2015). Moreover, a rat astrocyte cell line
treated with CSF from MND patients showed impaired regulation of nitric oxide and release
of pro-inflammatory cytokines, IL-6 and TNF-a compared to control CSF and reduced release
of neurotrophic factors (Mishra et al., 2016). In the pro-inflammatory state, T-helper type 1
cells also release IFN-y which can further activate IRF-1, NF-kB and CXCL10 (Malaspina et al.,
2015, Ottum et al., 2015).

In  conclusion, while the exact mechanism of neuroinflammation-mediated
neurodegeneration remains unknown, it is proposed to occur through a perpetual cycle of
motor neuron death and sustained microglia and astrocyte activation with neurotoxic pro-
inflammatory cytokine increases. Cell-to-cell spread of toxicity occurs between non-neuronal
cells and surrounding motor neurons to propagate neurodegeneration (Lee and Kim, 2015,
Polymenidou and Cleveland, 2011). An example of this cell-to-cell spread to propagate
neurodegeneration involves astrocytic release of saturated lipoproteins, apolipoprotein E

(APOE) and apolipoprotein J (APQJ). The release of APOE and APOQJ, along with pro-
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inflammatory cytokines, from neurotoxic reactive astrocytes causes neuronal death in

surrounding motor neurons (Guttenplan et al., 2021).

Use of anti-inflammatories has been used to target neuroinflammation-mediated
neurodegeneration in vitro including Tocilizumab, an IL-6 receptor antagonist (Mizwicki et al.,
2012) and lenalidomide and thalidomide, a TNF-a antagonist (Kiaei et al., 2006, Liu and Wang,
2017). However, a phase Il clinical trial of thalidomide in MND patients did not show any
differences in disease progression according to the ALS functional Rating Scale Revised
(ALSFRS-R), compared to historical controls, and no significant changes in serum levels of TNF-
o were determined (Stommel et al., 2009). A phase |l clinical trial of an immune regulator,
NP0OO01, identified slower progression of MND in patients with higher C-reactive protein levels
at baseline but failed to reach significance in the whole cohort (Miller et al., 2015). Targeting
other players involved in neuroinflammation such as the cGAS/STING pathway has been
proposed as another potential therapeutic avenue for ALS, with STING inhibitors already in

development (Van Damme and Robberecht, 2021).

1.2 Disease Characteristics: From Diagnosis to Treatment

1.2.1 Diagnosis

The average time between reported symptom onset and diagnosis is approximately one year.
Diagnosis of MND uses the revised El Escorial World Federation of Neurology criteria (Agosta
et al., 2015, Rutter-Locher et al., 2016). This diagnosis criteria relies on several assessments
to identify MND-related symptoms, including electrophysiological measures, ruling out other
potential causes (Paganoni et al., 2014). The heterogeneity in presentation of MND negatively
impacts the diagnostic delay (van Es et al., 2017). Time from symptom onset to diagnosis is
influenced by gender and site of onset with both fALS and bulbar onset associated with
shorter time to diagnosis (Paganoni et al., 2014). However, due to the large number of
diagnostic tests required for MND to rule out potential mimic syndromes, misdiagnosis of

MND is low (Williams, 2013).
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Diagnostic biomarkers of MND have been investigated to reduce time between onset and
diagnosis. However, while some biomarkers have diagnostic value, discussed below, there are
no biomarkers that can be used as a standalone diagnostic tool. At present, the lack of

effective treatment means research into diagnostic markers of MND is not a priority.

1.2.2 Progression of MND

Currently, progression of MND is reliant on the revised ALS Functional Rating Score (ALSFRS-
R) (Kaufmann et al., 2005). This is a questionnaire-based score between 0 (no function) and
48 (normal function), that records activity of daily living. It is powerful over time, but
subjective. Disease progression can also be monitored by magnetic resonance imaging and
assessment of motor function and respiratory function (Chipika et al., 2019). ALSFRS-R is
measured monthly from symptom onset and is used in clinical trials to measure progression.
MND progresses at a rapid rate with many factors associated with faster or slower disease

progression.

1.2.3 Prognostic Factors Associated with MND

There are factors that may influence the prognosis of MND such as demographic factors,
clinical factors and cognitive factors (Creemers et al., 2015). At present, being male and
having bulbar onset of MND signifies a shorter disease duration to death, and thus, poor
prognosis (Moura et al.,, 2015, Turner et al., 2013b). Wolf et al. (2015) identified an
association between gender and disease course outcome, with males showing poorer
prognosis than females. However, contrary to this, other population-based studies found no
significant difference in disease outcome between genders indicating ineffectiveness of sex
as an appropriate prognostic factor (Calvo et al., 2017, Mandrioli et al., 2018). The anatomical
site of onset can also largely impact prognosis. Bulbar onset occurs in 15-20% of MND patients
and results in poorer prognosis than those with spinal onset, with a life expectancy of less
than 2 years post diagnosis (Turner et al., 2013a, Moura et al., 2015). This effect has been
consistently reported (Dorst et al., 2019, Calvo et al., 2017, Stevic et al., 2016). Cognitive
function is also considered a prognostic factor for MND with poor cognitive function and
comorbid frontotemporal syndrome associated with shorter survival, with a life expectancy

of 2.5 years post diagnosis (Govaarts et al., 2016, Hardiman et al., 2017a, Ratti et al., 2016).
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Various environmental factors, some described previously, have been shown to influence
prognosis as well as risk of development. While exposure to metals and pesticides have been
shown to increase the risk of development, higher levels within serum and plasma of MND
patients have also been shown to correlate with poor survival (Goutman et al., 2019, Oggiano
et al., 2018). Similarly, lifestyle factors can also affect prognosis. Dietary factors such as
vitamin intake have been proposed to influence the prognosis of MND, with levels of vitamin
E and D positively correlated with life expectancy (Camu et al., 2014). However, there are
inconsistent results of vitamin E and D associated with MIND progression (Blasco et al., 2017,
Libonati et al., 2017, Paganoni et al., 2017). Pre-diagnostic BMI has prognostic value, with
both low BMI (below 24kg/m?) and a high BMI (above 35kg/m?) correlated with shorter life

expectancy (Calvo et al., 2017, Paganoni et al., 2011).

1.2.4 Biomarkers of MND

Biomarkers are important for the classification of diseases, determination of disease course
and for the determination of effective treatments via clinical trials (Biomarkers Definitions
Working Group, 2001). Biomarkers can be further categorised into progression markers,
prognostic markers, pharmacodynamic markers and diagnostic markers. Currently
investigated biomarkers for MND include p75tP, TDP-43, uric acid, neurofilament heavy
(NfH) and light (NfL) chain, neuroimaging and electrophysiological measures. Due to
conflicting results and limited studies, further research is required prior to use of TDP-43, NfH
and NfL, uric acid and electrophysiological markers as standalone biomarkers for MND (Vu
and Bowser, 2017, Vucic and Rutkove, 2018, Benatar et al., 2016). Both p758P and TDP-43

will be discussed further due to their use in the current project.

1.2.4.1 p75 Extracellular Domain as a Prognostic, Progression and Pharmacodynamic

Biomarker of MND

Neurotrophins are growth factor proteins that are involved in nervous system development
and function. They bind to two types of receptors, tyrosine kinase receptors (Trk) and pan-
neurotrophin receptor (p75) (Meeker and Williams, 2015). Trk consists of three receptors,

TrkA, activated by nerve growth factor (NGF), TrkB, activated by brain-derived neurotrophic

54



factor (BDNF) and TrkC, activated by neurotrophins 3 and 4 (NT3 and NT4). In contrast, p75
neurotrophin receptor can bind all neurotrophins, NGF, BDNF and NT3/4/5 (Bothwell, 2016).
The binding of these neurotrophins to Trk promotes cell survival and proliferation. However,
binding of neurotrophins to p75 in motor neurons without co-expression of TrK receptors
results in cell death. (Bothwell, 2016, Meeker and Williams, 2015). The p75 receptor, involved
in promoting cell death, is expressed on motor neurons twice throughout life. Upregulation
of p75 is first observed during embryonic development through synaptic pruning in motor
neurons (Singh et al., 2008, Je et al., 2013). After embryonic development, p75 expression is
down regulated and is only re-expressed after neuronal injury, including MND onset.
Increased p75 expression after neuronal injury has been shown in many studies. Volosin et
al. (2008) identified seizure-induced hippocampal expression of p75, and Rostami et al. (2014)
identified increased p75 expression after traumatic brain injury in mice, via in situ
hybridization. Importantly, p75 is re-expressed on spinal motor neurons (Copray et al., 2003)
and Schwann cells (Ahmad et al., 2015) in MND. Apoptotic motor neurons from SOD16%34

mice also express p75 (Smith et al., 2015).

In embryonic development and after injury (including in MND), neurotrophins and pro-
neurotrophins bind to the available p75 receptors. These bound ligands promote the
recruitment of adaptor proteins to stimulate apoptotic pathways, such as the activation of c-
Jun N-terminal kinase (JNK). Through tumour necrosis factor alpha converting enzyme (TACE),
p75 undergoes proteolysis resulting in the cleavage of the intracellular domain (ICD) by y-
secretase and the release of the extracellular domain. The unbound ICD binds with NRIF, T6
and a DNA-binding protein, which promotes NRIF ubiquitination and allows NRIF
translocation into the nucleus to initiate the apoptosis process. The extracellular domain

(50kDa) is cleaved from the membrane (Pathak and Carter, 2017).

An early study showed that p75t“P appeared in rat urine after a sciatic nerve injury (DiStefano
and Johnson, 1988). Our group has since identified p75t<P in the SOD1%°3* mice model and in
humans living with MND (Shepheard et al., 2014). Hence, p75fP is proposed to be
transported from injured nerves and Schwann cells to the CSF and blood and eventually

secreted in urine. This finding led to the identification of p75fP as a potential urinary
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biomarker for MND that can provide additional value to the current clinical criterion (Gold et

al., 2019, Shepheard et al., 2017).

With the ALSFRS-R being the only current way to determine disease progression, a biomarker
with progression value is of vital importance for MND research. Shepheard et al. (2017)
identified a positive correlation between p75t° levels within urine of MND patients, as
measured by Enzyme-linked Immunosorbent Assay (ELISA), and ALSFRS-R score, indicating
that levels of p758P increase with decline in motor function. Notably, the levels of p75tP in
urine increased at a measurable rate or 0.19 ng/mg per month over disease progression
(Shepheard et al., 2017). This was the first time a fluid-based biomarker has been described
to increase at a measurable rate over disease progression in MND and was confirmed in a

follow up study (Shepheard et al., 2022).

Shepheard et al. (2017) also showed that baseline levels of urinary p75tP are a predictor of
survival. Patients with MIND that had higher levels of p75fP above the median level had
decreased survival time than those with baseline p75tP levels below the median. This finding
suggests that levels of p75tP within urine has prognostic value (Shepheard et al., 2017). Since
urinary p75EP is a progression marker, it may also be pharmacodynamic (Benatar et al.,
2016). Investigating the use of p75fP levels in a clinical trial may indicate treatment efficacy.
Therapeutic interventions that are efficient in reducing or stabilising the levels of urinary

p75ECP (as described in Gold et al., 2019) could suggest effective MND treatments.

1.2.4.2 TDP-43 as a Biomarker of Disease Progression

As outlined earlier in section 1.1.5.3, cytoplasmic TDP-43 aggregation occurs in MND. This
accumulation of TDP-43 has been proposed to be a biomarker of disease progression and may
also have prognostic value. The presence of TDP-43 has also been suggested to aid in the
diagnosis of MIND, as it is present in 97% of all MND cases (Majumder et al., 2018). The
aggregation of phosphorylated TDP-43 occurs in stages in MND, first occurring in motor
cortex and spinal cord and in later stages occurring in other cortices including the frontal and
temporal cortex (Brettschneider et al., 2013). This finding suggests phosphorylated TDP-43

may have value as a progression biomarker of the disease. However, these stages and evident
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increases in pTDP-43 with disease progression is not as evident within biofluids of MND
patients as it is in post-mortem tissue (Feneberg et al., 2018), making it difficult to use as a
diagnostic or progression biomarker.

While some studies have identified an increase in the levels of TDP-43 from CSF from MND
patients compared to healthy controls (Bourbouli et al., 2017, Noto et al., 2011), increases in
the level of TDP-43 as the disease progresses were not found. This reduces the value of TDP-
43 as biomarker of disease progression. Moreover, regular collection of CSF for monitoring
disease progression is not ideal compared to collection of a less invasive biofluid such as urine.
Regardless of the increase observed in MND patients compared to healthy controls, TDP-43
could not be used as a diagnostic biomarker for MND due to the presence of TDP-43
proteinopathy in other neurological disorders such as Alzheimer’s disease (McAleese et al.,
2017, Chang et al., 2016). While TDP-43 pathology is a hallmark of MND and observable in
post-mortem tissue, it has not yet been established as a prognostic or progression biomarker
for MND. However, further research with advances in TDP-43 detection and further
understanding of the pathophysiology of TDP-43 may result in its use as a biomarker for the

disease in the future.

1.2.5 Current Treatments and Therapy

1.2.5.1 Pharmaceutical Treatment for MND

There is no cure for MND and only four approved pharmaceutical treatments, Riluzole,

Edaravone, Relyvrio and Qualsody, discussed below.

1.2.5.1.1 Riluzole

The first approved pharmaceutical treatment is Riluzole, a glutamate antagonist that reduces
calcium-mediated toxic events leading to motor neuronal damage (Doble, 1996 as reviewed
by Viswanad et al., 2017). Original clinical trials of Riluzole indicated it increases survival by 2-
3 months (Miller et al., 1996, Bensimon et al., 1994, Lacomblez et al., 1996), with more recent

data suggesting an increase of survival between 6-19 months (Thakore et al., 2022).
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1.2.5.1.2 Edaravone

The second pharmaceutical treatment, Edaravone, is an antioxidant which could reduce the
progression of motor neurons through the removal of reactive oxygen species (lkeda and
Iwasaki, 2015, Watanabe et al., 2018). However, Edaravone is only effective in a small subset
of MND patients (5%) with fast disease progression and life expectancy is only increased by

2-3 months (Yoshino and Kimura, 2006, Abe et al., 2017).

1.2.5.1.3 Relyvrio

Relyvrio, a combination of sodium phenylbutyrate and taurursodiol, targets cellular stress
involving the mitochondria and ER and reduces apoptotic mechanisms reducing neuronal
death (Paganoni et al., 2020). A phase |l clinical trial identified a slower progression according
to the ALFSRS-R and increased survival by 6 months in the treated patients (Paganoni et al.,

2022). A phase lll clinical trial is currently ongoing to determine further clinical benefit.

1.2.5.1.4 Qualsody

Qualsody, also known as Tofersen, is a recently approved pharmaceutical therapy for MND.
Itis an antisense oligonucleotide therapy targeting SOD1 mRNA and reducing levels of mutant
SOD1 protein. While only effective in those with SOD1-associated MND, clinical trials have
shown Qualsody is effective in reducing the levels of NfL, suggesting a slower progression of

neurodegeneration (Miller et al., 2022)

1.2.5.2 \Ventilation as Supportive Therapy for MND

Non-invasive ventilation (NIV) is a common therapy option for MND patients. As respiratory
failure is the main cause of death from MND, NIV aims to increase survival by providing
mechanical breathing support. Berlowitz et al (2016) identified a significant increase in
survival for those with NIV treatment compared to non-treated patients. This effect was
observed regardless of age and gender. However, for NIV to provide patient benefit, adequate

ventilation is required to reduce upper airway obstruction (Georges et al., 2016, Schellhas et
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al., 2018). NIV does not slow the progression of the disease but it has shown to increase

quality of life (Vandoorne et al., 2016).

1.2.5.3 Need for Further Treatment Development

While the treatments discussed above, and outlined in Table 1.2, provide short-term benefits,
there is a lack of treatments that provide any long-term benefits such as a significant increase
in survival. With a fast-progressing disease such as MND, a treatment that could reduce the
progression of neurodegeneration should be investigated. Determining causative factors of
neurodegeneration is vital for the discovery and effectiveness of further treatment options.
Discussed further in section 1.4.6, anti-retroviral therapy is being investigated as a treatment
for MND based on the association with human endogenous retroviruses (HERVs) (Gold et al.,

2019).
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Table 1.2 Summary of treatments and therapies for MND and their mechanism of action and benefit

MECHANISM OF CLINICAL PATIENT
TREATMENT/THERAPY ACTION AVAILABILITY BENEFIT REFERENCE
(Doble, 199643,
Miller et al.,
Glutamate antagonist Available for use Increased 1996,
Riluzole to reduce as MND survival by 2-3  Bensimon et
excitotoxicity treatment months al., 1994,
Lacomblez et
al., 1996)
(Watanabe et
Available for use Increased al. .2018'
Removal of free . Yoshino and
Edaravone . as MND survival by 2-3 |
radicals Kimura, 2006,
treatment months
Ikeda and
Iwasaki, 2015)
Relyvrio ress muoing  Avalableforuse _ [EESES (paganon e
mitochondria and ER BT months Zarnce)
Slowed
Available for use ) (Miller et al.
| Red SOD1 mRNA funct I ’
Qualsody educes SOD1 m as MND therapy unc |9na 2022)
decline
I Reduce respiratory  Available for use Quality of life (Vandoorne et
Ventilation .
symptoms as MND therapy increase al., 2016)
Triume REduec:diXF:ar:;:: "o Ij?)tnyec;: V?DILaazls To be (Gold et dl.,
9 g going determined 2019)

retroviruses

[l clinical trial
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1.3 Models of MND

1.3.1 In Vitro Models

1.3.1.1 Induced Pluripotent Stem Cells

Induced pluripotent stem cells (iPSCs) derived from MND patients have been used to model
MND in vitro. Dimos et al. (2008) identified the ability to generate motor neurons from skin
fibroblasts of MND patients and healthy controls to compare pathogenesis. Pathological
differences in differentiated motor neurons were identified between the two groups with a
time-dependent neuronal loss observed from MND patient iPSCs. This finding allowed for
examining patient specific differences in neuropathogenesis, an ideal way of studying MND
given the heterogeneity. Comparison of motor neuron pathology can also be examined
between sALS patients and fALS patients, allowing for determination of mutation-specific
differences in pathogenesis (Sances et al., 2016). iPSCs derived from patients with specific
mutations, such as TDP-43 and SOD1, develop pathologies such as neurodegeneration, as
seen in post-mortem brain and spinal cord tissue from MND patients (Egawa et al., 2012).
Furthermore, MND patient-derived iPSCs can provide insight into TDP-43 pathologies as they

contain endogenous levels of TDP-43.

1.3.2 In Vivo Models

1.3.2.1 SODI1 Mice Models

The first transgenic mouse model of MND was a mutant SOD1 expressing mouse (SOD1%°34)
and is the most commonly used mouse model of MND (Gurney et al., 1994). The SOD1%%34
model expresses 25 copies of mutant human SOD1, with a single change of glycine to alanine
at position 93. The SOD1%%# mice develop pathologies that are similar to human MND.
Starting at 70-90 days of age, the mice develop signs of motor deficits. This includes gait
abnormalities and reduction in muscle strength. By 20 days post symptom onset, the mice
have 30% remaining muscle strength and severe gait abnormalities, with total hind limb
paralysis by end-stage at 130 days of age. Microscopic pathologies are evident in the lumbar
region of the spinal cord, preceding motor behavioural changes. This includes loss of motor
neurons, reaching a total 50% motor neuron loss at end-stage. Further microscopic

pathologies include axonal degeneration, mitochondrial dysfunction and SOD1 protein
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aggregation (Gurney et al., 1994). This model has been used extensively in research, providing
evidence of MND pathogenesis mechanisms including excitotoxicity, protein aggregation and
oxidative stress (De Giorgio et al., 2019). After thorough investigation of the SOD1%%3 mice
model, particular guidelines have been determined for their use in MND treatment research.
This includes the minimum number of mice required to power experiments and quantitative

genotyping to assess mutant SOD1 copy number (Scott et al., 2008).

Other mutant SOD1 expressing transgenic mouse models have been developed, with single
amino acid changes at various positions, including SOD1%8°R (Bruijn et al., 1998), SOD13"R
(Wong et al., 1995) and SOD1P%°A (Jonsson et al., 2006). These models vary in disease onset
from early to late and in disease progression rate from slow to fast. The SOD1%%*A is the gold
standard for MND research and the only one used in pharmaceutical trials for MND due to its
similarity to human MND. However, similar to cases of human MND with SOD1 mutations,
SOD15%3A mice do not have TDP-43 pathology including cytoplasmic mislocalisation (Penndorf

et al., 2017) and is therefore, not an appropriate mouse model for research involving TDP-43.

1.3.2.2 TDP-43 Mice Models

With TDP-43 proteinopathy being a hallmark of MND, a TDP-43 mouse model is ideal for
investigating the disease. Many transgenic TDP-43 mouse models have been developed since
the discovery of MND-associated TDP-43 mutations in 2006 (De Giorgio et al., 2019). Due to
the importance of TDP-43 for embryonic and early development, issues arose in the
development of a mouse model expressing mutant TDP-43 from mouse TDP-43 promoters
expressed during development (Wegorzewska and Baloh, 2011). Instead, postnatally
expressed TDP-43 promoters were used to induce mutant TDP-43 expression in the mice. One
TDP-43 model commonly used in MND research consists of mouse promoter-controlled
expression of mutant TDP-43, with a change of an alanine to threonine at position 315 (TDP-
43M31T)(Wegorzewska et al., 2009). These mice develop pathologies consistent with MND
including significant gait abnormalities. Furthermore, these mice show spinal cord
pathologies observed in human MND such as reduced innervation of neuromuscular
junctions, motor neuron loss and ubiquitinated protein inclusions (Hatzipetros et al., 2014,

Wegorzewska et al., 2009). However, TDP-43%315T mice also develop gastrointestinal
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abnormalities that interfere with MND disease progression unless controlled for with an
easily digestible gel diet and presence of TDP-43 cytoplasmicinclusions are yet to be identified
(Hatzipetros et al., 2014). Due to these caveats, this TDP-43 mouse model has questionable

use for MND research.

A more recent development in TDP-43 mouse models of MND is an inducible mutant TDP-43
overexpression mouse model (Walker et al., 2015). This model is a Doxycycline (Dox)-
suppressible neurofilament heavy chain (NEFH) promoter-driven system with defective
nuclear localisation signal expressing human TDP-43 (hTDP-43ANLS). When these mice are
given Dox-lacking chow, the tetracycline transactivator (tTA) protein is active, activating the
tTA promoter (tetO) and causes expression of hTDP-43ANLS (Figure 1.3). These mice are bred
on a C57BL/6J background.

Following hTDP-43ANLS expression, the mice develop disease characteristics and symptoms
that recapitulate human MND (Walker et al., 2015). After 2 weeks off Dox, the hTDP-43ANLS
mice develop a behavioural phenotype that is consistent with MND. This includes clasping of
the limbs, development of a tremor, gait abnormalities as measured by the rotarod test and
loss of hind limb control as measured by the wirehang test. These motor deficits progress
significantly until end stage disease at approximately 6 weeks off Dox. Pathological changes
within the brain and spinal cord can also be observed in these mice such as loss of NMJ
innervation and motor neuron loss. Importantly, TDP-43 pathology is evident within the brain
and spinal cord with cytoplasmic TDP-43 inclusions and nuclear clearance, consistent with

human MND.

With TDP-43 proteinopathy being a driving factor in neurodegeneration in almost all other
MND patients, a mouse model that mimics the TDP-43 pathology within the spinal cord and
brain is ideal for investigating causative factors and treatments. With the proposed
association between TDP-43 and endogenous retroviruses, and TDP-43 pathology being a
hallmark of MND, the hTDP-43ANLS mouse model provides a logical model choice for

investigating endogenous retroviruses in MND.
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Figure 1.3 Schematic of a Dox-suppressible system for hTDP-43 expression resulting in
cytoplasmic mislocalisation of TDP-43

The hTDP-43ANLS mouse model uses a Dox-suppressible TDP-43 expression system A.

Schematic of the Dox-regulated expression of hnTDP-43ANLS B. The hTDP-43ANLS expression

results in mislocalisation of hTDP-43 (depicted as red circles) from the nucleus to the

cytoplasm. Adapted from Walker et al. (2015). Figure made in BioRender.
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1.4 Endogenous Retroviruses as a Proposed Cause of MND

1.4.1 Retroviruses

Retroviruses are enveloped, positive-sense single stranded RNA viruses (Saxena, 2016).
Retroviruses use an RNA-dependent DNA polymerase (RdDpol), termed reverse transcriptase
(RT), that enables transcription of their viral RNA to viral DNA during replication. This is a
unique property of some viruses and not a normal function found in eukaryotic cells. Instead,
in eukaryotic cells, transcription of cellular genes converts DNA to RNA by DNA dependent
RNA polymerase (DdRpol; (Coffin, 2018). Retroviruses that are transmitted between
individuals are considered as exogenous retroviruses. Two pathogenic exogenous
retroviruses that infect humans are HIV and human T cell leukemia virus type 1 (HTLV-1)
(Isache et al., 2016). The retrovirus particle consists of an RNA genome packaged with
replication machinery, including integrase and RT inside the capsid core and surrounded by
the envelope containing viral glycoproteins and lipid derived from cell membranes. When an
exogenous retrovirus infects a cell, the genomic RNA is reverse transcribed into double
stranded DNA in the cytoplasm, that then moves to the nucleus and integrates into the
chromosome of the host cell forming a provirus. The process of exogenous retroviral infection

into the host cell and release from the cell can be seen in Appendix Figure A.1

The proviral DNA genome consists of gag, pol and env coding regions, flanked by long terminal
repeats (LTRs). Gag (Group specific antigen) encodes structural proteins including the capsid,
matrix and nucleocapsid, pol encodes the enzymatic functions of the virus, viral protease, RT
and integrase and the env encodes the surface and transmembrane glycoproteins, gp120 and
gp140 (Coffin, 2018). Complex retroviruses also contain accessory genes such as tat within
the HIV genome, encoding a transcriptional activator. Each LTR consists of a unique 3’ region
(U3) a repeat (R) and unique 5’ region (U5). The U3 region of the LTRs serve as the viral
promoter regions controlling gene expression. The R region contains the trans-activation
response element (TAR), which interacts with viral tat protein during transcription and

recruits cellular factors to enhance viral gene transcription (Coffin, 2018).
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1.4.2 Endogenous Retroviruses: Structure and Function

ERVs are a type of transposable element which is a type of mobile genetic element that can
move to other locations in the genome. Transposable elements are classified as DNA
transposons or RNA transposons. Based on the presence of LTRs, retrotransposons are further
classified into non-LTRs including short interspersed nuclear elements (SINE) and long
interspersed nuclear elements (LINE) or ERVs with LTRs. LTR retrotransposons can be
transcribed from the host cell genome into ERV RNA, then, in the same cell, reverse
transcribed back into double stranded DNA and re-integrated into another site of the host
genome (Gifford et al., 2018, Bourque et al., 2018). This would have the potential to be
damaging to the host cell genome and hence many species, including humans, have cellular
processes to restrict this from happening (Zhang et al., 2022). ERVs are then classified into
three different classes based on their homology to exogenous retroviruses genera. Class |
encompasses Gammaretroviruses, class Il encompasses Betaretroviruses and Class lll,
Spumaviruses (Gifford et al., 2018) The relationship between classification of transposable
elements and ERVs is seen in Figure 1.4. One type of ERV, HERV-K (HML-2), and its association

with MND is discussed further below.

While exogenous retroviruses are capable of horizontal transmission from person to person
and produce infectious virions, ERVs, in contrast, are traditionally not thought to produce
infectious virions and are not horizontally transmitted. Instead, ERVs have integrated into the
host genome and are vertically transmitted through the germ lines (Diehl et al., 2016, Gifford
et al., 2018). The process of germ-line integration of ERVs occurred millions of years ago with
the subsequent process of endogenisation. After endogenisation within the genome, the virus
no longer produces an infectious particle and lacks the capacity to infect as an exogenous
retrovirus (Kury et al., 2018). Eventually, ERVs will be fixed within the genome and inherited
within every member of the species (Figure 1.5). The koala retrovirus is believed to be an
example of a current exogenous retrovirus in the process of endogenisation in the koala
population (Nishat et al., 2020). In humans, ERVs compose 8-10% of the human genome,
usually thought to be transcriptionally silent and lack the ability to transpose (Lander et al.,

2001, Gifford et al., 2018). In contrast, 10% of the mouse genome is comprised of endogenous
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retroviruses and, unlike human ERVs, most murine ERVs remaining transcriptionally active

and mobile within the mouse genome (Stocking and Kozak, 20083, Li et al., 2012a).
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Figure 1.4 Classification of Human Endogenous Retroviruses

Betaretrovirus, that are long terminal repeat (LTR) containing retrotransposons present
within the human genome. HERV-K are distinct from other endogenous elements such as
DNA transposons, the non-LTR retrotransposons such as long interspersed nuclear elements
(LINE) and short interspersed nuclear elements (SINE). HERV-K are related to other LTR-
containing endogenous retroviruses such as HERV-W (a Class | Gammaretrovirus) and the
Class 1ll Spumaviruses. The HERV-K family is further subdivided into 10 human mammary
tumor like (HML) elements, where HERV-K (HML-2) is further grouped into Type | (np9) and

Type |l (rec) based on the envelope sequence. Figure made in BioRender.
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Figure 1.5 Endogenisation of retroviruses from exogenous retroviral infection

Originally, exogenous retrovirus infected humans and were horizontally transmitted and
integrated into germ line cells. This resulted in vertical transmission and eventual
endogenization and fixation into the genome. Full length retroviruses genomes integrated
into the host genome but over time, point mutations and deletions have resulted in
truncated endogenous retroviral elements (Grandi and Tramontano, 2017). Figure made in

BioRender.
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1.4.3 HERV Benefit and Role in Disease

Most human endogenous retroviruses (HERVs) are not transcribed and contain deletions and
mutations resulting in a lack of functional protein production and lack the components
required for a functional virus (Lenz, 2016). Recently, however, transcriptional activation of
ERV elements in humans has been proposed as a causative factor or progressive factor for a
multitude of diseases, including MND (Li et al., 2015, Suntsova et al., 2015, Nexg et al., 2016,
Douville and Nath, 2014). One type of HERV, HERV-W, does have a physiological benefit to
the host with an important placental protein, Syncitin-1, encoded by the HERV-W envelope
gene (Mi et al., 2000). Syncitin-1 aids in trophoblast fusion and is a necessary step in the
healthy formation of the placenta (Chuong, 2018). Abnormal expression of syncitin-1 has
been associated with pregnancy-related disorders, such as pre-eclampsia and other placenta-
related pathologies (Qiao et al., 2017). While this type of HERV-W plays an important role in
placental development, HERV-W expression has also been associated with multiple sclerosis
(MS) pathology (Dolei, 2018). Several studies have identified increased levels of HERV-W env
protein within brain tissue and human peripheral blood mononuclear cells (PBMCs) from MS
patients compared to healthy controls (Kremer et al., 2018, Ruprecht and Mayer, 2019,
Rasmussen et al., 1995, Perron et al., 2012). The reactivation of HERV-W and the association
with MS has been proposed to be caused by an exogenous viral infection from Epstein-Barr
Virus (Dolei, 2018, Pérez-Pérez et al, 2022, Soldan and Lieberman, 2023).
Thus, while some HERVs have physiological importance, dysfunctional expression of these
HERVs can have detrimental effects on the host. Other HERVs have been correlated with a
variety of diseases; HERV-K, HERV-E and HERV-W are associated with cancers such as ovarian
cancer and breast cancer (Grandi and Tramontano, 2018, Christensen, 2010, Rycaj et al.,
2015, Wang-Johanning et al., 2003), HERV-W and HERV-K are associated with autoimmune
diseases such as rheumatoid arthritis and systemic lupus erythematosus (Mameli et al., 2017,
Grandi and Tramontano, 2018) and HERV-W with schizophrenia (Leboyer et al., 2013, Slokar
and Hasler, 2016).

The evolutionarily youngest ERV to enter the human genome is HERV type K (HERV-K), which
is predicted to have endogenised into the human genome approximately 700,000 years ago

(Zimmer, 2019). While HERV-K is the most recent insertion into the human genome, it is no
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longer considered to be mobile within the human genome (Magiorkinis et al., 2015). HERV-K
is a class Il ERV and is referred to as type K due to the use of lysine (single amino acid code, K)
tRNA as a reverse transcription primer. HERV-K is further classified into 10 families denoted
HML-1 to HML-10 based on their similarity with the mouse mammary tumour virus (MMTV),
a prototype used for comparison when new HERVs first became to be described
(Subramanian et al., 2011). Human endogenous mouse mammary tumour virus like-2 (HML-
2) is the best preserved HERV-K element, maintaining the capability of encoding viral proteins
such as the env protein (Hohn et al., 2013). The delineation of HERV-K and HML subtypes is
shown in Figure 1.4 and the HERV-K proviral genome structure can be seen in Figure 1.6

(Hughes, 2015, Grandi and Tramontano, 2018).

Two LTR regions are also present on a portion of other HERV families (Gifford and Tristem,
2003, Hughes, 2015). HERV-K (HML-2) are further classified into two types based on the
expression of accessory genes. HML-2 type | proviruses have a 292 bp deletion within env and
encode accessory protein, Np9. Type Il proviruses do not have this deletion and encode
accessory protein, Rec (Chan et al., 2019). Rec is similar to HIV-1 Rev accessory gene, a protein
that is involved in RNA splicing. While the biological role of these proteins is still unclear,
MRNA transcripts for Rec and Np9 from multiple HERV-K loci have been found in many human

tissue types (Schmitt et al., 2015).

Many of the HERVs that exist in the human genome are in the form of solitary LTRs (Garcia-
Montojo et al., 2018, Hughes and Coffin, 2004). However, some HERVs, as described above
for HERV-K and HERV-W, retain intact open reading frames (ORFs), with the ability to produce
functional proteins (Dewannieux et al., 2005, Boller et al., 2008). Approximately 950 solitary
LTRs have been described in the human genome (Subramanian et al., 2011) with 17 identified
full length HERV-K (Shin et al., 2013, Turner et al., 2001, Wildschutte et al., 2016). Both the
solo LTRs and the HERV-K proviral elements capable of producing RNA and proteins have been

implicated in diseases (Wildschutte et al., 2016).
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Figure 1.6 Structure of the HERV-K (HML-2) full-length provirus

HERV-K (HML-2) full-length provirus, approximately 9.5 kb, with a capacity to generate
infectious virus by virtue of the presence of 2 complete LTR’s containing U3, R and U5
regions, that flank the viral structural proteins gag, pol and env. Type | env region encodes
the accessory protein np9, while Type Il harbours an additional 292 base pair region in the
env ORF and encodes the accessory protein Rec. Adapted from Li et al. (2015). Figure made

in BioRender.

72



1.4.4 Human Endogenous Retrovirus Type-K is Associated with MND

The link between MIND and retrovirus activity was first identified in 1975, through discovery
of RT activity in brain tissue of two MND patients (Viola et al., 1975). Further studies
confirmed this finding with elevated RT levels in serum and CSF of MND patients without
exogenous retroviral infection (Andrews et al., 2000, Steele et al., 2005, McCormick et al.,
2008). Andrews et al. (2000) demonstrated increased RT levels in 59% of the 56 MND patients
compared to 5% of the 58 controls. In a separate cohort of 14 MND patients, RT activity in
serum was detected in 47% of the MIND patients compared to 18% in the controls. However,
RT activity was also elevated in blood relatives of the MND patients in this cohort (Steele et
al., 2005, Li et al., 2022). Rare cases of an MND-like syndrome were observed in patients
infected with exogenous retroviruses such as HIV-1 (Alfahad and Nath, 2013, Moulignier et
al., 2001). Additionally, these motor symptoms were observed to be reversed in the HIV
positive patients after they were initiated on antiretrovial therapy (ART). This association
between HIV and development of MND-like motor symptoms was proposed to occur through
activation of a specific endogenous retrovirus, HERV-K with a reduction in the levels of HERV-

K DNA within the plasma after ART (Bowen et al., 2016, Garcia-Montojo et al., 2018).

Experimental studies further supported the proposed association between MND and ERVs.
Hadlock et al. (2004) evaluated the immunoreactivity of MND patient serum to HML-2 gag
protein. Their study observed that MND patient serum had greater than 5-fold higher 1gG
reactivity to recombinant gag (57% vs 11% in MND patients and age-matched controls
respectively). This finding suggests that HML-2 gag can induce an antibody response in MND
patients and the involvement of ERVs in Immune-mediated MND has been proposed (Alfahad

and Nath, 2013).

Recently, an antibody response to specific epitopes of HERV-K (HML-2) env has also been
demonstrated with a greater antibody response in MND patients compared to age- and sex-
matched controls (Garcia-Montojo et al., 2022). Furthermore, HERV-K pol transcripts,
measured through quantitative real-time PCR (RT-qPCR), in brain tissue from the prefrontal
cortex, sensory cortex and occipital cortex of 28 MND patients were compared to levels in
brain tissue from people who succumbed to other diseases. These HERV-K pol transcripts

were found to be significantly higher in MND patients than age-matched controls (Douville et
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al., 2011). Post-mortem cortical brain tissue analysis from 11 MND patients using RT-PCR
identified increased expression of 3 HERV-K genes, gag, pol and env compared to control
brain tissue (Li et al., 2015). However, one study failed to confirm the HERV-K transcript
elevation in cortical brain tissue from MND patients compared to controls, measured through
RT-qPCR (Garson et al., 2019). Transfection of a construct to express the HERV-K env gene in
human neuronal cultures derived from iPSCs, has demonstrated the toxicity of env, with
reduced viable neuronal cell number after env transfection (Li et al., 2015). Similarly, Steiner
et al. (2022) found an increase of HERV-K env protein in CSF from 11 out of 15 MND patients
measured through Immunocapillary Western Blot, and in only one healthy age-matched
control. The authors also demonstrated the neurotoxic properties of HERV-K env protein
through intracerebral injection of recombinant env protein into mice, showing a reduction in
neuronal cell number 1-week post-injection compared to control injection. These results

provide further support for a role of HERV-K in neurodegeneration in MND.

1.4.4.1 Interaction Between HERV-K, TDP-43 and Inflammation may Cause
Neurodegeneration in MND

The association between HERV-K and MND pathology is proposed to occur through an
interaction with TDP-43. Importantly, chromatin immunoprecipitation identified 5 binding
sites for TDP-43 on the consensus sequence of HERV-K LTR (Li et al., 2015). This suggests that
TDP-43 may be involved in HERV-K transcriptional regulation (Ou et al., 1995). HERV-K RT
expression is positively correlated with TDP-43 protein levels within cortical brain tissue and
human neuronal cells from iPSCs supporting this regulatory link (Douville et al., 2011, Liet al.,
2015). An in vitro study with cultured human neural progenitor cells transfected with a
construct to express mutant human TDP-43, identified an increase in HERV-K RT mRNA levels

in the transfected cells compared to untransfected cells (Manghera et al., 2016a).

HERV-K has also been shown to influence TDP-43 expression and aggregation (Li et al., 2015,
Chang and Dubnau, 2022). Ibba et al. (2018) proposed an association between HERV-K and
TDP-43 when disruption of HERV-K env throughout the genome resulted in a decrease in TDP-

43 mRNA and protein levels in human prostate adenocarcinoma cells. While previous findings

74



have identified TDP-43-dependent increases in HERV-K expression (Manghera et al., 2016a),
the above finding demonstrates the inverse relationship in that HERV-K is capable of
regulating TDP-43 mRNA and protein expression levels, suggesting a positive feedback loop
of TDP-43 and HERV-K activation (lbba et al., 2018, Dolei et al., 2019). Chang and Dubnau
(2023) established a Drosophila model expressing TDP-43 within glial cells to elucidate the
mechanisms of ERV-TDP-43 involvement in neuronal damage. In this model, glial TDP-43
protein aggregates increased the expression of drosophila ERVs within the glial cells. This
increased ERV expression within glia resulted in increased cellular release of neuronal toxic
factors that induced DNA damage and neuronal death in surrounding neurons. These studies
provide evidence for a self-perpetuating feedback loop between HERV-K and TDP-43 as a

potential mechanism of neurodegeneration in MND.

As outlined in section 1.1.7.7, there is increased activity of transcription factors that drive
inflammatory mediator production including IRF-1, IRF-3 and NF-kB in MND (Taylor et al.,
2016, Appel et al., 2021). The TDP-43 promoter has binding sites for IRF-1, IRF-3, and NF-kB,
suggesting the role of activation of these transcription factors in driving increased expression
of TDP-43 and potentially TDP-43 proteinopathy. Similarly, HERV-K expression is induced by
inflammatory mediators within neurons and non-neuronal cells. HERV-K LTR consensus
sequences contain two interferon-stimulated response elements, which will activate HERV-K
expression when activated by Type | IFN signalling and activation of the JAK/STAT pathway
(Manghera and Douville, 2013). Furthermore, IFN-y has been experimentally shown to
increase transcription of HERV-K gag and pol determined by RT-qPCR and increased RT
activity in an astrocytic cell line (Manghera et al., 2015). Additional evidence for the
association between ERVs and inflammation has been demonstrated in vivo (Di Curzio et al.,
2020, Jonsson et al., 2021, Arru et al., 2021). Genetic deletion of known ERV repressor,
Trim28, in mice during development resulted in increased ERV expression in the adult cortex
of the mice and increased microglia activation, suggestive of a pro-inflammatory environment

in the brain (Jonsson et al., 2021).

In support of the relationship between inflammation and ERVs, NF-kB is also thought to
induce HERV-K expression. Manghera et al. (2016) demonstrated increases in HERV-K

expression, measured by levels of HERV-K RT activity, when transfected with constructs
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expressing NF-kB in human neural progenitor cells. Neuroinflammatory mediators such as
TNF-a and NF-kB also increase TDP-43 expression which can drive further HERV-K expression
and further neuroinflammation. This pathway (Figure 1.7) may result in the
neurodegeneration observed in MND, with cell-to-cell spread of toxicity (Chang and Dubnau,

2019, Brown and Al-Chalabi, 2015).
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Figure 1.7 Proposed pathway leading to motor neuron disease involving neuroinflammation
and HERV-K

MND (ALS) is proposed to be caused by a combination of genetics environmental stimuli and
involve neuroinflammation influencing TDP-43 and HERV-K. This feedback loop is proposed to

result in impaired motor neurons which results in MND (Brown and Al-Chalabi, 2015). Figure

made in BioRender.
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1.4.5 Anti-retroviral Therapy

An effective therapy against retroviral infection, most commonly HIV, is anti-retroviral
therapy (Cihlar and Fordyce, 2016, Ghosn et al., 2018). Different types of anti-retroviral drugs
target different stages of the retroviral replication cycle. Anti-retroviral drugs fall into one of
the following categories: Nucleoside Reverse Transcriptase Inhibitors (NRTIs), Non-nucleoside
Reverse Transcriptase Inhibitors (NNRTIs), Protease Inhibitors (Pls), Integrase Inhibitors (lls)
and Fusion Inhibitors (FI) (Arts and Hazuda, 2012). NRTIs target the reverse transcription of
the viral RNA into DNA by binding to the forming viral DNA strand and causing chain
termination. Similarly, NNRTIs also prevent reverse transcription but achieve this through
binding to RT directly, impairing its function. Pls inhibit the viral protease function. As
described in the retrovirus replication cycle, protease is required for the maturation of the
newly formed infectious virion. Pls bind protease, inhibiting its function and prevent virion
maturation. lls prevent the action of integrase, blocking integration of viral DNA into host

DNA.

Antiretrovirals (ARVs) were characterised in 1987, as a treatment for HIV with the first ARV
being an NRTI, azidothymidine (Furman et al., 1986, St Clair et al., 1987). While this treatment
showed significant increases in life expectancy, major side effects questioned its long-term
safety and efficacy as a treatment for HIV. Further classes of ARVs were developed, acting on
different stages of the replication cycle, as described above, and optimised to reduce side
effects. Combination drugs were developed to target multiple mechanisms of the HIV cycle
with one tablet (Vella et al., 2012). Hence, treatment adherence was improved through a
single tablet, once daily treatment which lowered the cost. Globally, 62% of individuals living
with HIV are receiving ARV therapy (ART). While HIV is yet to be eradicated, ART has reduced
the number of new HIV infections by 37% between 2000 and 2018 (World Health
Organisation, 2018). ART has been proposed as a potential treatment for MND, discussed

further below.
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1.4.6 Treatment of HERV-K-associated MND Through Antiretroviral Therapy

As described, HERV-K has been implicated in the causation and perpetuation of the signals
that drive neurodegeneration in MND. This, and the early clinical anecdotal findings of
improved MND-like symptoms in HIV patients on ART, led to the proposal that targeting ERVs
could be used as a treatment for MND, through ARTs designed to target HIV (Bowen et al.,
2016, Tyagi et al., 2017). Two early clinical trials investigated the effect of two different
antiretrovirals in MND patients, a NRTI, Zidovudine, and a PI, Indinavir (Scelsa et al., 2005,
Westarp et al., 1993). Neither study identified any slowing of disease progression, although
low sample sizes and poor adherence due to the advancing MND symptoms resulted in
inconclusive results. An in vitro study demonstrated the ability of an NRTI, abacavir, to inhibit
HERV-K using a pseudotyped HERV-K with infectious capabilities. Pseudotyped HERV-K-
infected Hela cells were treated with abacavir and HERV-K RT levels were examined through
RT assay and determined to be significantly reduced (Tyagi et al., 2017). Interestingly,
abacavir was more potent against HERV-K than HIV as determined by significantly lower 1Cso
and ICgp concentrations of the drug. Triumeq is an example of combination ART that is widely
used for treatment of HIV, which is a single tablet, once daily treatment. Triumeq consists of
two NRTIs, abacavir and lamivudine and an Il, dolutegravir. all of which are capable of
penetrating the CNS. (Gubernick et al., 2016, Ene et al., 2011, Letendre et al., 2014). However,
while it is capable of CNS penetrance, lamivudine has been shown to have low CNS
penetrability compared to abacavir and other NRTIs (Yilmaz et al., 2011, Letendre et al., 2008,
Osborne et al., 2020).

Theoretically, the two reverse transcriptase inhibitors within Triumeq, abacavir and
lamivudine, could inhibit the formation of HERV-K dsDNA inside cells where HERV-K has been
activated. cGAS/STING is a cell sensor that detects dsDNA in the cytoplasm as a danger signal
and activation of the cGAS/STING pathway has been suggested to occur in MND (Yu et al.,
2020a). Furthermore, cytosolic dsDNA can also trigger the assembly of the AIM?2
inflammasome and result in further inflammatory cytokine release including IL-1B and IL-18
and initiate cell death (Hornung et al., 2009, Rathinam et al., 2010, Adamczak et al., 2014).
Thus, NRTI actions to inhibit HERV-K RT activity and reduce production of dsDNA in the

cytoplasm that would subsequently activate cGAS/STING and the AIM2 inflammasome can
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be envisioned as a mechanism that may underpin the therapeutic success of ART and agents
such as Triumeq. It would be expected that such a treatment would reduce production of
inflammatory mediators and to slow progression of MND (Figure 1.8).

Recently, the de-repression of HERV-K was proposed to be involved in ageing, with increased
HERV-K gag, pol and env transcript levels and protein levels in senescent human mesenchymal
progenitor cells (hnMPCs) compared to phenotypically young cells (Liu et al., 2023). The
increased HERV-K levels in these cells, coincided with increased activation of cGAS/STING.
Senescent hMPCs treated with abacavir showed reduced HERV-K DNA and reduced levels of
inflammatory cytokines IFN-a, IFN-B and IL-1 measured through g-PCR compared to vehicle
treated senescent hMPCs. ARVs have also been shown to have anti-inflammatory properties,
decreasing immune activation and inflammatory mechanisms as determined by reductions in
TNF-a, IL-6 and IFN-y in patients with HIV (Hileman and Funderburg, 2017, Hattab et al.,
2014).

A phase lla clinical trial for Triumeq as a treatment for MND has recently been completed
(Gold et al., 2019). This clinical trial involved investigating the safety and tolerability of
Triumeq in 40 patients with MND across 24 weeks of treatment. During the 24 weeks, the
amyotrophic lateral sclerosis functional rating scale — revised (ALSFRS-R) was used as a
primary outcome measure of disease progression along with secondary measures of
respiratory function, grip strength and the biomarkers, urinary p75t° and neurofilament-light
and phosphorylated neurofilament heavy within CSF. Levels of serum HERV-K were also

measured through droplet digital PCR.

The results of the study showed patients on Triumeq treatment had a slower clinical decline
as measured by the ALSFRS-R compared to pre-treatment. HERV-K DNA serum levels were
significantly decreased over the treatment course (Gold et al., 2019, Garcia-Montojo et al.,
2021). This research has progressed to a phase lll clinical trial to further assess the efficacy of
Triumeq in halting the progression of MND and increasing survival. This will be completed
with approximately 400 MND patients from Europe, United Kingdom and Australia. While the
Phase lla clinical trial has shown promise, the mechanism of action of Triumeq for use as an

MND therapeutic is still unclear. Interestingly, another antiretroviral, Raltegravir, has been
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trialled in relapsing remitting multiple sclerosis, but unfortunately this did not produce any

clinical improvement (Gold et al., 2018).
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Figure 1.8 Proposed interaction of HERV-K, TDP-43 and inflammatory mediators in the
process of neurodegeneration in MND

Depiction of the proposed interactions of HERV-K, TDP-43 and inflammatory mediators in
the process of neurodegeneration in MND. A. Astrocytes and Microglia release
proinflammatory cytokines that is a trigger for TDP-43 cytoplasmic mislocalisation in
neurons B. Mislocalisation of TDP-43 to the cytoplasm de-represses HERV-K transcription
which leads to the production of HERV-K RNA. The HERV-K mRNA is translated into HERV-K
proteins including Gag, Envelope (env) and the reverse transcriptase enzyme (RT) from the
pol gene. The RT enzyme acts to reverse transcribe the HERV-K into double stranded DNA
(dsDNA). Cytoplasmic dsDNA is a danger signal that is recognised by and activates the
cGAS/STING pathway that subsequently activates TBK1 resulting in phosphorylation of IRF3,
IRF7 and release of NF-kB from the cytoplasm. These transcription factors move to the
nucleus and subsequently induce transcription of mRNA for multiple inflammatory factors
and interferons which can trigger further TDP-43 mislocalisation. Additionally, NF-kB can
further drive HERV-K transcription. C. Triumeq contains two RT inhibitors which could act on
inhibiting the reverse transcription of HERV-K RNA into dsDNA to prevent the activation of
CcGAS/STING pathway. D. This would be predicted to reduce the release of inflammatory
mediators and prevent the spread of toxicity between neurons. IRF3/7 — Interferon
regulatory factor 3 and 7, NF-kB - nuclear factor kappa-light-chain-enhancer of activated B
cells, TNF-a — Tumour necrosis factor alpha TGF-B1 - transforming growth factor 1, NO —
Nitric oxide, P — phosphorylation, TBK1 — Tank Binding Kinase 1, IL-6 — Interleukin 6, T —

Triumeq. Figure made in BioRender.
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1.4.7 Mouse Endogenous Retroviruses and their association with TDP-43

The mouse genome is made of approximately 10% of endogenous retroviruses. Two mouse
retroviruses were identified in the early 1970s, murine leukemia virus (MLV) and mouse
mammary tumour virus (MMTV). Endogenous MMTV was proposed after discovery of
integrated copies of the cancer-causing MMTV provirus within the mouse genome
(Bentvelzen et al., 1970). Endogenous MMTV is present in the genome of all laboratory mice,
while the exogenous virus has been eliminated. Many mouse endogenous retroviruses
remain mobile within the mouse genome, unlike human ERVs, which are no longer considered
mobile within the human genome (Stocking and Kozak, 2008a, Li et al., 2012a). In TDP-43
mouse models of MND, there is an increase in the fraction of bound TDP-43 to transposable
element transcripts. This finding suggests that there is an association between mouse ERVs
(MERVs) and TDP-43. Previous studies in mice and drosophila have identified the regulation
of ERVs from TDP-43 expression suggesting a similar mechanism of TDP-43 binding to ERVs as
is seen with HERVs and TDP-43 (Li et al., 2012b, Krug et al., 2017). Furthermore, a recent study
has shown the effectiveness of using antiretroviral therapy on inhibiting mouse ERVs and
reducing inflammation as shown by a reduction in IL-1 3 and IL-6 protein expression in
abacavir-treated mice compared to vehicle controls (Liu et al., 2023). Due to the association
between TDP-43 and MERVs and the presence of endogenous MMTV in all laboratory mice,

MMTV will be used as a measure of endogenous retroviral activity for the current project.

1.5 Concluding Remarks

MND is a relentless neurodegenerative disease with no cure and limited treatment options.

While TDP-43 is a hallmark of MND pathology with known involvement in neurodegeneration,
there are no treatments that are effective against TDP-43 pathology. The activation of ERVs
has been proposed to be involved in neurodegeneration, potentially involving TDP-43.
Therefore, targeting ERVs through ART could provide a new therapeutic avenue for reducing
TDP-43 pathology and neurodegeneration in MND. However, while currently being used in
patients with MND, the mechanisms of ART in MND and how it influences TDP-43 pathology

has not been studied in in vivo and in vitro models. Further understanding of ERVs and their
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association with TDP-43 and inflammation through in vitro and in vivo models after ART could

provide insight into increasing the therapeutic benefit of ART for MND.
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1.6 Hypothesis and Aims

The overall goal of this PhD project is to determine the role of endogenous retroviruses,
inflammation and TDP-43 in MND and how this association is influenced by antiretroviral
therapy. If we can determine the efficacy and mechanism of action of Triumeq, and how it
relates to TDP-43, inflammation and ERVs, we can determine any potential of increasing the
therapeutic benefit of using antiretrovirals for treatment of MND. To achieve the project

goals, we proposed the following hypotheses:

Hypothesis 1: In hTDP43 mice, antiretroviral Triumeq treatment decreases endogenous
retroviruses, inflammatory signals and TDP-43 pathology in the brain and spinal cord which
improves MND-like motor symptoms, increases lifespan and reduces levels of the MND

biomarker, urinary p75£tP

Hypothesis 2: Exogenous viral infection or inflammatory stimuli will induce HERV-K
expression and increase TDP-43 pathology and the addition of antiretroviral therapy will

reduce HERV-K expression and TDP-43 expression

To address these hypotheses, | aim to:
Aim 1:

a) Determine the effects of antiretroviral therapy on TDP-43 pathology, inflammation,
motor symptoms and p75f° in a TDP-43 mouse model (hTDP43ANLS) of MND
(Chapter 3)

b) Determine the therapeutic benefit of increasing the dose of Triumeq on disease

progression, motor performance and p758Pin a TDP-43 mouse model (Chapter 4)

Aim 2:
a) Characterise HERV-K expression in multiple human cell lines (Chapter 5)
b) Determine the effect of exogenous viral infection and inflammatory stimuli on TDP-43

and HERV-K expression (Chapter 5)
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CHAPTER 2.
MATERIALS AND METHODS
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2 MATERIALS AND METHODS

2.1 Materials

2.1.1 Primers

All oligonucleotide primers were purchased from GeneWorks or Integrated DNA Technologies
and a stock concentration of 100 UM was obtained by resuspension in sterile water (Baxter)
and stored at -20 °C. Primers were further diluted to 20 uM working solution. Details of

human and mouse primer used for the study are provided in Table 2.1.

2.1.2 Antibodies

Primary and secondary antibodies used in ELISA and immunofluorescence (IF) throughout this

study are presented in Table 2.2

2.1.3 Buffers

Details of buffers used in this study are presented in Table 2.3
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Table 2.1 Primer sequences used for amplification of mRNA

. Amplicon
Primer Species Accession Sequence Size (base
P Number Forward (F) and Reverse (R) pair)
HERV-K Ser‘;‘\‘: d”eC(f I:'”S:y F: ATTTGGTGCCAGGAACTGAG 179
(Pan) pro YT R. GCTGTCTCTTCGGAGCTGTT
Avindra Nath
HERV-K Serzl\f d”ecj k':'”g:y F: CTGAGGCAATTGCAGGAGTT Lea
env pro Y T R GCTGTCTCTTCGGAGCTGTT
Avindra Nath
HERV-K Sequence kindly .\ GTCAGGTGCCTGTAACATT
Human provided by Dr. 214
gag : R: TGGTGCCGTAGGATTAAGTCTCCT
Avindra Nath
Sequence kindly
. F: TCACATGGAAACAGGCAAAA
HERV-K pol Human proylded by Dr. R: AGGTACATGCGTGACATCCA 140
Avindra Nath
F: GTACGGGGATGTGATGGATG
TDP-43  Human  NM_007375.4 ¢ 1GCGCAATCTGATCATCTG 8
F: TGTTTCCTGCCTCTGAAGC
ICAM-1 Human NM_000201.3 R: CTTCGTTTGTGATCCTCCG 282
. F: GGCAAATGCTGGACCCAACACAAA
Cyclophillin - Human NM_021130.4 R: CTAGGCATGGGAGGGAACAAGGAA 355
F: GACGGCCGCATCTTCTTGTGC
GAPDH Mouse NM_008084.3 R: TGCCACTGCAAATGGCAGCE 120
F: AGAAAGGACGAACATTCGGAAA
IFN-B Mouse  NM_010510.1 o - G1CATCTCCATAGGGATCTT 104
F: GATGGTATGAAGCAGGATGG
MMTV  Mouse — AF243039.1 o A AGGGTAAGTAACACAGGCAGATGTA 248
F: GAGGATACCACTCCCAACAGACC
IL-6 Mouse — NM_031168.2 ..\ A\GTGCATCATCGTTGTTCATACA 141
F: GCCGTCATTTTCTGCCTCAT
CXCL10  Mouse NM_0212742 o >~ "> =0 - = 7 101
F: CATCTTCTCAAAATTCGAGTGACAA
TNF-a Mouse  NM_O13693.3 o 1 cGAGTAGACAAGGTACAACCC 175
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Table 2.2 Antibodies used in ELISA and Immunofluorescence

Antibody Species Experiment Clonality Supplier
Produced from hybridoma
@ Anti-human p75 cell lines, supplied by
3 . Mouse ELISA Monoclonal A/Prof Rogers (Flinders
o antibody (MLR1) University, Rogers et al.
Q@ ) ,
= 2006)
2 Anti-mouse p75 Goat ELISA Polyclonal Sigma-Aldrich Australia
< (Cat#t N5788)
E ProteinTech via United
= Anti-NeuN Mouse IF Monoclonal Bioresearch
(Cat# 6836-1-1g)
ProteinTech via United
Anti-hTDP-43 Rabbit IF Polyclonal Bioresearch
0 (Cat# 8007-1-RR)
g R Jackson ImmunoResearch
g i:r:;?_y ?);i Bovine ELISA Polyclonal Laboratories
Z 8 (Cat# 805-065-180)
% Jackson ImmunoResearch
é 649 Anti-mouse Donkey IF Monoclonal Laboratories
8 (Cat# 715-175-150)
& Jackson ImmunoResearch
488 Anti-rabbit  Donkey IF Monoclonal Laboratories
(Cat# 75-545-152)
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Table 2.3 Buffers used in this project

Experimental

1% (v/v) GlutaMAX
supplement
10% (v/v) Foetal Calf
Serum

Buffer Use Components Supplier
20x Phosphate B
. 136.9 mM NacCl
Buffered Saline Buffers Chem supply
Pas a0 2.68 mM KCl
RS 8.1 mM NaHPO4
. 0 . .
Sodium Nitrate Mouse spma?I 1% (w/v) sodium nitrate
cord and brain 1x PBS ChemSupply
(pH =7.4) —
fixation
. 4% (w/v) PFA
Zamboni’s Fixative Chélrc;u:s;il::;ln 7.5% (v/v) Picric acid Siemna
(pH =7.4) fixation Al ;
pH to 7.4 with HCL
Mouse spinal 30% (w/v) sucrose
30% Sucrose cord and brain 0.1% (v/v) sodium azide ChemSupply
fixation 1x PBS
25mM Na,COs3
Coating Buffer ELISA 25mM NaHCO3
(pH =9.6) 0.01% (w/v) Thimerosal ChemSupply
pH to 9.6 with NaOH
5% (v/v) 20x PBS .
Wash Buffer ELISA 0.05% (v/v) Tween-20 Sigma
5% (v/v) 20x PBS
Sample Buffer ELISA 0.05% (v/v) Tween-20 Sigma
=7. .01% (w/v) Thimerosa emSu
(pH=7.3) 0.01% (w/v) Thi I ChemSupply
2% (w/v) BSA Sigma
5% (v/v) 20x PBS ChemSupply
Blocking Buffer ELISA 0.05% (v/v) Tween-20 Sigma
=7. .01% (w/v) Thimerosa emSu
(pH =7.3) 0.01% (w/v) Thi | ChemSupply
2% (w/v) BSA Merck Millipore
DMEM (Gibco; Cat#
11965092)
100 U/mL Penicillin Thermo Fisher
Cell culture media Cell Culture Dl gz ST po e ST
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2.2 Methods

2.2.1 Animal Welfare

All experiments involving mice were reviewed and approved by the Flinders University Animal
Welfare Committee (Ethics #2931) and in accordance with the Animal Welfare Act 1985. The
TDP-43 transgenic mice (hTDP-43ANLS), as described in section 1.3.2.2 and shown in Figure
1.3, were bred at the University of Queensland by Dr. Adam Walker and shipped to Flinders
Medical Centre where they were housed in the animal facility. Prior to the start of the
experiments, mice were given free access to water and rodent chow with 200 mg/kg
Doxycycline (Dox Diet #3888, BioServ). On day one of the experiments, mice were placed on
normal rodent chow lacking Dox and continued to be provided with free access to water.
Towards disease end-stage, mice were given easier access to food and water through soaked
food. Control mice were either non-transgenic C57BL/6 mice, which were age and gender-
matched to the transgenic mice, bred at the Flinders Medical Centre Animal House (Ethics
#293) or they were litter-matched controls lacking the hTDP-43ANLS transgene, bred
alongside the TDP-43 transgenic mice at the University of Queensland. A timeline of each

study and the study measurements used can be seen in Figure 2.1 and Figure 2.2.

2.2.2 Triumeq Treatment Administration of TDP-43 mice

On day one of the experiments, the mice were placed on Doxycycline-lacking chow and were
given the Triumeq treatment. A homogenous mixture of 0.0127 g of crushed Triumeq (ViiV
Healthcare; supplied by Professor Julian Gold) and 1.5 g of peanut butter was administered
to the mice daily for oral consumption. The mice that were not receiving the treatment were
given 1.5 g of peanut butter without Triumeq daily. This procedure continued daily until the
mice reached end-stage disease, as defined by a neurological score of 4 (Table 2.4) or ethical

end point due to weight loss.
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A. Validation of TDP-43 mouse model

Immunchistochemistry
for TDP-43

Immunohistochemistry
for TDP-43

mislocalisation (n = 1) mislocalisation (n =1)

Urinary p75Ee® Urinary p75f¢® Urinary p75:°® Urinary p75tc°
measured (n = 8) measured (n = 25) measured (n=11) measured (n = 27)
T 1 I 1
I 1 1 1
Removal off Dox 15 days 30 days 45 days

B. Pilot Study for Dox Removal

Male on Dox (n =1)
Male off Dox (n=1)
Female on Dox (n=1)

Female off Dox (n = 1)

Removal off Dox 5 days 10 days 15 days 20 days 25 days

C. Pilot Study for Triumeq Treatment

( Triumeq Treated mice (n =5) ]

Untreated mice (n =5)

measured
G
T

I T T T T 1
Removal off Dox 5 days 10 days 15 days 20 days 25days  30days

L ]
) 1
Triumeq treatment

Figure 2.1 Experimental timeline of the validation and pilot studies for Triumeq treatment in
hTDP-43ANLS mice

Experimental timeline of treatment and measurements taken for A. the validation of the TDP-
43 mouse model, B. the Pilot study for Dox removal in hTDP-43ANLS mice and C. the pilot

study for the Triumeq treatment
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D. Triumeq Treatment Study

Triumeq Treated mice (n = 16)
Untreated mice (n =15)
Litter-matched Control with
Treatment (n = 4)
Litter-matched Control without

Treatment (n = 4)
half of the cohort
( Gait analysis ) ( Gait analysis ) ( Gait analysis ) (Gait analysis) (Gait analysis)
Cwh )(wH)CwH)(wH)(wh)CWH Twe )YWH Y wH ) (wH Y WH Y (WH ) .
Removal Ioff Dox 5 c'ﬂays 10 dlays 15 Idays 20 Idays 25 dallys 30 days

Triumeq treatment

E. Double Dose Triumeq Treatment Study

Double Triumeq Treated mice (n =7)
Untreated mice (n =7)

End stage

( Gait analysis ) ( Gait analysis I
(wH)  (wH) (whH) (wH)(wH Y wH)(wH )Y WH

| pTSECDI | p75E{:D| | p75scn| | p75EnD| p75£cn] p755m| p75scnl p75ECDI p75EoD[ p755{:|:-

| 1 I I T | L
Removal off Dox 5 days 10 days 15 days 20 days 25 days 30 days

Gait analysis

1
Triumeq treatment

Figure 2.2 Experimental timeline of the Triumeq treatment in hTDP-43ANLS mice

Experimental timeline of treatment and measurements taken for D. the Triumeq treatment

study in hTDP-43ANLS and E. the double dose Triumeq treatment study. WH = Wirehang test
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2.2.3 Mouse Behavioural testing

As per ethics, disease end-stage of the mice was determined by a neurological score of 4
(Table 2.4) or a weight loss of 15%, whichever occurred first. At a neurological score of 3, mice

were given access to soaked food.

2.2.3.1 Weijght Measurement

The mice were weighed every day to monitor the overall health of the mice and to determine
disease end-stage. At end-stage, the mice weights were recorded twice daily. A 10% weight

loss, mice were given access to soaked food.

2.2.3.2 Neurological Scores

Along with their weights, the neurological score of the mice were measured daily. The

neurological score system for the mice can be seen in Table 2.4.

95



Table 2.4 Neurological score explanation for TDP-43 mice (Adapted from Leitner et al.,

2009)

Neurological Score

Explanation of score

Normal hindlimb extension reflex when mouse is suspended by its tail.
Normal gait and normal righting reflex

The hindlimb presents abnormal splay as determined by collapse or partial
collapse of leg extension towards lateral midline. Showing trembling
during tail suspension or clasped hindlimbs during tail suspension. Slightly
abnormal gait but normal righting reflex

The hindlimb is partially or completely collapsed without much extension.
The hindlimb is dragging while walking and the righting reflex is slowed or
normal, and toes are curled downwards during a 75cm walk

The hindfeet are unable to grasp or there is minimal joint movement. The
righting reflex is slowed but the mouse is able to right itself within 30
seconds from both sides

Rigid paralysis of both hindlimbs and the mouse is showing no forward
motion. The mouse is unable to right itself within 30 seconds from either
side
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2.2.3.3 Grip Duration using the Wirehang Test

Throughout the study, the motor strength and disease progression of the mice was assessed
through grip duration using the wirehang test, as previously described in Crawley (1999) and
Miana-Mena et al. (2005). The mice were placed on a wire lid and the lid was turned upside
down. Latency to fall was measured from the time when the lid was turned upside-down to
when the mice fell from the wire. Latency to fall was measured three times per mouse with a

rest time of one minute in between trials. A cut-off time was set to 180 seconds.

2.2.3.4 Gait Analysis

Mice were assessed for motor function using the gait analysis test, adapted from Wertman et
al. (2019). The hindlimbs of the mice were marked with a food-safe blue food colouring. The
mice were placed at the start of a 60 cm length of paper where they walked across the page
into an enclosed space with access to food. Two trials were undertaken per mouse with a 60
second break in between each trial. Gait was measured through stride width, length and toe
spread. Stride length was measured from the middle of one hindlimb print to the middle of
the next hindlimb print. Stride width was measured by distance between the hindlimb prints
and toe spread measured by the distance between the two outermost toes. An example of
the measurements taken with reference to a control mouse with no gait abnormalities can

be seen in Figure A.3 in the appendix.

2.2.3.5 Mice Urine Collection

Urinary samples were collected from untreated and treated TDP-43 mice and litter-matched
controls across the study. Mice were placed in a plastic cage and light pressure was applied
to the caudal area of the back with a thumb and forefinger to stimulate urine release, adapted
from Chew and Chua (2003). Urine was collected immediately and stored in a microcentrifuge
tube (Axygen). Samples were centrifuged at 2000 x g for 5 minutes before storage at -80 °C

until use.
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2.2.4 Spinal Cord and Brain Extraction for Immunohistochemistry

Mice were anesthetised with isoflurane (Zoetis) and perfused with sodium nitrate and
Zamboni’s fixative. Spinal cords and brains were extracted and stored in Zamboni’s fixative
overnight at 4 °C and cryoprotected using 30% sucrose until tissue was no longer yellow.
Spinal cords were washed in PBS and placed in Optimal Cutting Temperature (OCT) compound
for 5 mins. Spinal cord sections were cut into the lumbar, thoracic and cervical spinal cord
regions as described in Sengul and Watson (2012) and placed intro embedding cryomolds
containing OCT. Whole brain was placed into OCT-filled cryomolds. The cryomolds containing
the tissue were placed in isopentane which had been chilled with liquid nitrogen to solidify
the OCT. Frozen sections were stored at -20 °C until cut. To cut the brain and spinal cord
sections, the cryomolds were frozen onto a specimen stage using OCT and mounted in a
Cryostat (Leica) and cut at -20 °C. The tissue was cut into 30 uM sections for spinal cord tissue
and 50 uM sections for the brain tissue. Cut tissue sections were stored in 1X PBS with 0.1%
sodium azide and stored at 4 °C wuntil used for immunohistochemistry and

immunofluorescence.

2.2.5 Brain Extraction for RNA Analysis

Mice were placed in a plastic containment unit and anesthetised with isoflurane (Zoetis) and
transcardially perfused with 30 mL sodium nitrate and 30mL Zamboni’s fixative. Brain was
extracted and the left hemisphere was stored in 1 mL Trizol (Thermo Fisher Scientific) and

flash frozen in liquid nitrogen before storage at -80 °C until RNA extraction.

2.2.6 Enzyme-linked Immunosorbent Assay

An ELISA was used for urinary p75fP detection, as previously described and validated
(Shepheard et al., 2017). 96-well assay plates (Costar Corning, Sigma-Aldrich) were coated
with 100 pl of 8 ug/ml capture antibody (mouse anti-human p75 MLR1) in coating buffer and
incubated for 18 hrs at 4°C with gentle agitation. Plates were washed for 4x2 mins with wash
buffer using a BioRad ImmunoWash 1575 Microplate washer (BioRad). Plates were blocked

with 180 ul of Blocking Buffer for 4 hrs at 37°C. Mouse p75 (R&D systems) in sample buffer
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was used to create a standard curve (1000 pg/ml — 50 pg/ml) and 100 pl/well was added to
the plate in triplicate, for the analysis of human-derived samples. Mouse urine diluted (2.5%
v/v and 1.25% v/v) in sample buffer was added to the plates at 100 ul/well, along with the
standard curve and incubated for 19 hrs at room temperature with gentle agitation. Plates
were washed with wash buffer for 5x2 mins and 100 pl of 1 pg/ml detection antibody in
Sample Buffer was added to each well (Goat anti-mouse p75 antibody; Sigma-Aldrich
Australia) and incubated for 1 hour at room temperature with gentle agitation. Plates were
washed again with wash buffer for 5x2 mins and 100 ul/well secondary antibody (Biotinylated
bovine anti-goat; Jackson ImmunoResearch Laboratories) at 1 ug/ml in sample buffer was
incubated for 30 mins at RT with gentle agitation. Plates were washed with wash buffer for
5x2 mins and 100 pl of 1 pg/ml Streptavidin Horse Radish Peroxidase (HRP; Jackson
ImmunoResearch Laboratories) in sample buffer was added to each well and incubated for
20 mins at room temperature with gentle agitation. Plates were washed for 5x2 mins with
wash buffer and 50 ul 3,3’,5,5-Tetramethylbenzidine colour substrate kit (TMB; BioRad
Australia) was added to each well after final wash and incubated for 15 mins at room
temperature with gentle agitation. 50 ul of 2M sulphuric acid was added to each well to stop
the reaction. Colourmetric measurement was performed immediately using the Perkin Elmer

Victor X4 Multilabel Plate Reader (Perkin Elmer) at 450 nm at room temperature.

2.2.7 Urinary Creatinine Analysis

Mouse urinary creatinine was measured through a creatinine kit, as per manufacturer’s
instructions (Enzo Life Sciences). Urine samples were diluted to 1:10 with dH,0 and incubated
with creatinine detection reagent for 30 mins. Colourmetric measurement was performed
using the Perkin Elmer Victor X4 Multilabel Plate Reader (Perkin Elmer) at 450 nm at room

temperature.

2.2.8 Urinary p75fP calculations

Levels of urinary p758P from 2.5% (v/v) and 1.25% (v/v) diluted mouse urine was calculated
using the following equation:
y=mx-+c
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Where m is the gradient of the slope of the standard curve, x is p75fP ng in diluted mouse

urine and c is the constant which is O.

o Absorbance,sonm = pP755P ng xm

Absorbance
ng/mL = A5 dilution factor
m

5ECD

~p7

Urinary p75&¢P values were divided by urinary creatinine values as described in Section 2.2.7
to give a final value of ng of p758®/mg of creatinine. Coefficient of variance (CV) was

calculated from the following equation from triplicate values in two independent assays:

. . Standard Deviation
Coefficient of variance (%) = Voan x 100

2.2.9 RNA Analysis
2.2.9.1 RNA Extraction

Total RNA was extracted from mice brain tissue, stored in Trizol, and were homogenised using
the TissuelLyser (Qiagen) for 3x 30 second bursts at 30 Hz with 15 secs rest in between. In
brief, 0.2 mL chloroform (ChemSupply) per 1 mL of Trizol was added and centrifuged for 15
mins at 4 °C at 12,000 x g. The RNA-containing aqueous layer was collected and precipitated
with 1 mL 100% (v/v) isopropanol (Univar, Ajax) per 1 mL of Trizol. Samples were incubated
at RT for 10 mins and centrifuged for 15 min at 4°C at 12,000 x g. RNA pellet was washed with
1 mL 70% (v/v) ethanol (ChemSupply) per 1 mL Trizol and centrifuged for 5 mins at 7,000 x g.
The RNA pellet was air-dried and resuspended in 20 pL nuclease free water prior to DNase |

treatment, as per protocol below to remove genomic DNA.

2.2.9.2 DNase |l Treatment

The RNA from section 2.2.9.1 was treated with a DNase solution made up of DNase | enzyme

(1 U/uL; New England BiolLabs) and 1 x DNase | reaction buffer (New England Biolabs) and
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incubated for 15 mins at 37°C. The reaction was stopped by addition of 5 mM EDTA and
incubated for 10 mins at 75°C. The purified total RNA was quantitated by using a NanoDrop
Lite (Thermo Fisher Scientific). RNA integrity was measured using the absorbance ratio at 260
nm and 280 nm and considered acceptable at a 260/280 ratio of approximately 2. RNA was

stored at -80°C until use.

2.2.9.3 Reverse Transcription

The extracted RNA was reverse transcribed into cDNA. To do this, 500 ng of RNA was
incubated with 30 uM random hexamers (New England BiolLabs) and RNase-free water (New
England Biolabs) and incubated at 65°C for 5 mins before rapidly cooling to 4°C using a
thermocycler (Applied Biosystems). A mix of 10 U Moloney Murine Leukaemia Virus (M-
MulV) reverse transcriptase (New England BiolLabs), 5 mM dNTPs (New England BiolLabs), 10
U RNase inhibitor (New England BiolLabs) and 1X M-MuLV reaction buffer (New England
BiolLabs) was added to each sample. Using the thermocycler, the samples were incubated for
37°C for 90 mins followed by 5 mins at 95°C and cooled to 4°C. The cDNA was diluted 1:2 with

nuclease free water and was stored at -20°C until use.

2.2.9.4 Real-time Quantitative Polymerase Chain Reaction (RT-gPCR)

RT-qPCR was performed on the cDNA produced in section 2.2.9.3 and using the primers
described in Table 2.1. 2 uL of cDNA samples were mixed with 5 uLiTAQ Universal SYBR green
(Bio-Rad), 0.5 puL of 20 uM forward and reverse primer and 2 pL of nuclease free water and
cycled using a Rotor-gene Q PCR cycler (Qiagen). Samples were run in duplicate and heated
to 95 for 5 mins and then cycled 40 times at 95°C for 15 secs, 59°C for 30 secs and 72°C for 30
secs followed by one cycle of 72°C for 5 mins. Cycle threshold (Ct) values were compared to
a standard curve of known value for a positive control. A negative control of H,O and a no
template control was used. Melt curve analysis was used to assess for single symmetrical melt
profiles. The melt curve qPCR values were normalised to the housekeeping genes: cyclophilin
for human PCR and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for mouse PCR
with values calculated according to the double delta Ct method (Rao et al., 2013). Example
melt curve and primer validation shown in Figure A.3.
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2.2.10 Tissue Imaging

2.2.10.1 Brain Immunofiuorescence

Cryosections were washed in filtered PBS 4 x 15 mins to remove excess OCT. Sections were
blocked in 10% donkey serum (Sigma Aldrich) overnight at 4°C. Sections were incubated with
primary antibody solution overnight at 4°C or for 3-4 nights at 4°C. Primary antibodies are
described in section 2.1.2 and were diluted in antibody diluent reaction solution (ADRS; Sigma
Aldrich) and 1% donkey serum. Control samples were incubated with ADRS and 1% donkey
serum without the primary antibody. Sections were washed 4 x 15 mins with filtered 1x PBS
and placed in secondary antibody solution for 3 hrs at room temperature. The secondary
antibodies used are described in section 2.1.2 and were diluted in antibody diluent reaction
solution with 1% donkey serum. Sections were washed 4 x 15 mins with filtered 1x PBS before
being mounted onto slides with buffered glycerol in PBS (pH = 7.4) or Fluoromount (Thermo
Fisher Scientific) and covered with a coverslip. After drying, sections were viewed on a BX50

fluorescence microscope (Olympus).

2.2.10.2 Cresyl Violet Staining

Cut spinal cord sections (collection described in section 2.2.4) were mounted onto SuperFrost
Plus Adhesion slides (ThermoFisher Scientific) and dried overnight at 37°C. Slides were rinsed
in tap water to remove excess salts prior to defatting the tissue in xylene for 2x 15 mins and
100% ethanol for 2x 5 mins. The sections were rehydrated in 90% ethanol for 2x 3 mins
followed by 75% ethanol for 2x 5 mins. After rinsing, the sections were stained using a 0.1%
cresyl violet stain (0.1% cresyl violet acetate, 60 mM sodium acetate, 0.25% v/v glacial acetic
acid) for 15 mins. Excess stain was removed, and the sections were differentiated in 95%
ethanol with glacial acetic acid and microscopically monitored for successful differentiation
of nuclei and Nissl bodies. Sections were dehydrated in 100% ethanol for 2x 3 mins and
cleared in xylene. Coverslips were mounted using Dibutylphthalate Polystyrene Xylene (DPX)
mounting medium (Thermo Fisher Scientific). Sections were imaged on a BX53 Brightfield

light Microscope (Olympus).
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2.2.10.3 Motor Neuron Counts

A segment of the lumbar region (L3-L5) of the spinal cord was sectioned into 30 uM sections
and stained with cresyl violet as outlined in 2.2.10.2. Every third section was stained and the
motor neurons within the ventral horn were counted as previously described (Zhou et al.,

2010, Huang et al., 2011), with motor neurons over 25 uM included in the count (Figure A.2)

2.2.11 Cell Culture

2.2.11.1 Cell Maintenance

Hela cells (Source code: ATCC® CCL-2") were maintained using aseptic technique in a class II
biosafety cabinet. Cells were passaged every 3-4 days using adherent cell culture media (Table
2.3) and incubated in a humidified incubator at 37°C with 5% CO.. Briefly, cells were washed
and trypsinised with 1 ml of 0.25% (v/v) trypsin (Thermo Fisher Scientific) for 2-3 minutes at
37°C. 3 mL complete media was added to inhibit further trypsinisation and cells were
harvested. Harvested cells were mixed with 0.4% w/v trypan blue (BDH) and counted using a
counting chamber (Hawksley). Following counting, 5 x 10° cells, as determined by the

calculation below, were reseeded into a 75 cm? flask in 17mL complete media.

Dilution factor X cells counted per square

Cell L=
ells/m chamber volume (mlL)

2.2.11.2 Viral and Inflammatory Stimulation of HelLa Cells

The dengue viral stocks were kindly provided by Professor lJillian Carr and viral infection and
inflammatory stimuli of cells was kindly completed by Dr. Joshua Dubowsky. In brief, Hela
cells were seeded onto a 6-well plate (Corning) and incubated at 37°C with 5% CO; for 24 hrs.
Dengue virus (DENV) and lipopolysaccharide (LPS) was added to a 6-well plate and incubated
at 37°C with 5% CO; for 24 hrs before cells were harvested for RNA analysis as described in

2.2.9.
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2.2.11.3 Cell Lines Provided

Analysis of other cell lines occurred through kind provision of mMRNA or cDNA. Details of mRNA

or cDNA provided for this project are described in Table 2.5.
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Table 2.5 Cell lines used for RNA analysis provided for this project

Neuroepithelial

Cell Line Species Organ/Tissue Source
. Kindly provided by
Huh7 Human Hepatocyte (Liver) Professor Jill Carr
ARPE-19 Human Retma.I Plgmented Kindly prow.ded by
Epithelium Professor Jill Carr
Epstein Barr Virus . ;
U937 Human transformed Histiocytic Kindly prow'ded by
Professor Jill Carr
lymphoma
HEK293 Human Human_Embryonlc Kindly prow.ded by
Kidney Professor Jill Carr
SH-YSY5Y Human Neuronal Kindly provided by Dr. Rita
Mejzini
ONS Human Olfactory Kindly provided by

Professor lJill Carr
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2.2.12 Data Analysis

Statistical analyses were performed using Prism 10 (GraphPad). Values are representative of
the average * standard error of measurement (SEM). For the ELISAs, standard curves were
plotted using Microsoft Excel and urinary p75EP levels analysed using One-way ANOVAs with
Sidak’s multiple comparisons. Two-way ANOVAs with Sidak’s multiple comparisons were used
to analyse percentage weight change, latency to fall on the wirehang test and analysis of gait
in all mice experiments. mMRNA expression was analysed via double delta transformation of
RT-qPCR and analysed using a Two-way ANOVA with Sidak’s multiple comparisons. mRNA
expression from cell lines was analysed with a Two-way ANOVA with Tukey’s multiple

comparisons or a Student’s t-test. Statistical significance was considered at p < 0.05.
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CHAPTER 3.
EFFECTS OF TRIUMEQ TREATMENT ON AN
MND MOUSE MODEL
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3 EFFECTS OF TRIUMEQ TREATMENT ON AN MND MOUSE MODEL

3.1 Introduction

Antiretroviral therapy has been effectively used to suppress the replication of exogenously
acquired retroviruses such as HIV (Ghosn et al., 2018). With a suggested association between
ERVs and the causation and progression of MND, antiretroviral therapy has been proposed as
a novel therapy for MND (Gold et al., 2019), potentially reducing the progression of MND. A
recent clinical trial of using a combination antiretroviral, Triumeg, in MND patients has shown
promising results for reducing the level of endogenous retroviral activity measured via HERV-
K levels in serum of MND patients (Gold et al., 2019). However, the mechanisms underlying
the therapeutic benefit remain unclear, including the involvement of the pathological

hallmark of MND, TDP-43.

The current study aimed to determine the effects of antiretroviral therapy, Triumeq, on
disease outcomes in @ mouse model of MND expressing human TDP-43 with a defective
nuclear localisation sequence, hTDP43ANLS, on a Dox-suppressible expression system
(Walker et al., 2015). For this study, the TDP-43 mouse model was validated for disease
progression and initiation of symptoms after removal from Dox and motor symptoms, weight
loss and urinary p75E“P increases were measured. The effects of Triumeq were then assessed
through disease progression including weight change and neurological score, motor
symptoms including performance on a wirehang test and analysis of gait, TDP-43 pathology
including TDP-43 solubility within brain tissue, motor neuron count within the spinal cord and

muscle denervation from urinary p758P analysis.
This chapter describes the pilot study for validation of the mouse model and tolerability of

Triumeq before describing the influences of Triumeq on disease progression measured in a

cohort of hTDP43ANLS mice.
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3.2 Results

3.2.1 Validation of hTDP-43 Expression and Mislocalisation in hTDP43ANLS mice

To validate the expression and mislocalisation of hTDP-43 in the hTDP43ANLS mice,
immunofluorescence of cortical brain sections from non-transgenic control mice on a C57BI/6
background and the hTDP43ANLS mice on a C57BI/6 background. Brain sections were stained
with hTDP-43 (red) and NeuN (green) as a neuronal marker. Figure 3.1 shows the lack of hTDP-
43 expression in the non-transgenic control mice with a lack of red fluorescence from these
sections. In contrast, the cortical brain sections from the hTDP43ANLS mice show hTDP-43
expression as well as mislocalisation of hTDP-43 from the nucleus to the cytoplasm with the

hTDP-43 shown surrounding the NeuN-labelled neurons.

3.2.2 Validation of Urinary p75t<P Levels in h TDP43ANLS mice after Removal from Dox

To confirm that urinary p75tP was detectable in the hTDP43ANLS mice and to confirm the
timeline of disease progression based on p75fP, urine samples were collected and quantified
using a validated ELISA described in section 2.2.6. Urinary p758P was detected and quantified
in hTDP43ANLS mice on Dox (n = 8) and compared to hTDP43ANLS mice at 2 weeks (n = 25),
4 weeks (n =11) and 6 weeks (n = 27) off Dox (Figure 3.2). There was a significant increase in
the level of urinary p75f° between hTDP43ANLS mice on Dox and 6 weeks off Dox (p =
0.0329). There were no significant differences between the hTDP43ANLS mice on Dox and 2
weeks off Dox (p = 0.983) or 4 weeks off Dox (p = 0.0949). However, there was still a trend
towards an increase in the levels of urinary p758P from the hTDP43ANLS mice off dox to 2

and 4 weeks off Dox.
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Non-transgenic control
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Figure 3.1 hTDP-43 expression and mislocalisation in the cortex of the hTDP-43ANLS mouse
model

Representative confocal micrographs (20x) of cortical neurons from hTDP-43ANLS mice off Dox,
show hTDP-43 immunofluorescence, which is absent in C57BL/6 control mice A.
Immunohistochemistry of control mouse cortex labelled with hTDP-43 (red) and NeuN (green)
(Scale bar 200 uM) with inset (B.) showing the lack of hTDP-43 within the NeuN labelled
neurons (Scale bar 100 uM). Arrow showing the neuron shown in C. and D. labelled with hTDP-
43 and NeuN, respectively (Scale bar 50 uM). E. Immunohistochemistry of hTDP-43ANLS mouse
cortex at 15 days post dox-removal labelled with hTDP-43 (red) and NeuN (green) (Scale bar 200
M) with inset (F.) showing hTDP-43 in the cytoplasm around the nucleus (Scale bar 100 uM).
Arrow showing the neuron shown in G. and H. labelled with hTDP-43 and NeuN, respectively
(Scale bar 50 uM). I. Immunohistochemistry of h TDP-43ANLS mouse cortex at 30 days post dox-
removal labelled with hTDP-43 (red) and NeuN (green) (Scale bar 200 uM) with inset (J.)
showing hTDP-43 in the cytoplasm around the nucleus (Scale bar 100 uM). Arrow showing the

neuron shown in K. and L. labelled with hTDP-43 and NeuN, respectively (Scale bar 50 uM).
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Figure 3.2 Urinary p75&® levels in hTDP-43ANLS mice on Dox and 2, 4 and 6 weeks off Dox

Urinary p75ECD levels were quantified in samples from hTDP-43ANLS mice on Dox (n = 8) and
compared to p75ECD levels from hTDP-43ANLS mice off Dox at the time points 2 weeks (n =

25), 4 weeks (n = 11) and 6 weeks (n = 27). Levels of p75ECD were standardised to urinary
creatinine to account for dilution. Results represent the mean + SEM from 3 biological
replicates, 2 technical replicates. One-way ANOVA with Sidak’s multiple comparisons test * p

< 0.05
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3.2.3 Pilot Study for the Validation of MND Progression in hTDP43ANLS Mice off
Doxycycline

For the pilot study, four hnTDP43ANLS mice on a mixed genetic background of B6 and C3H, as
described in section 2.2.1 and shown in the timeline in Figure 2.1B, were used to assess the
progression of disease after removal off Dox and to determine any sex differences in disease
progression. Two mice, one female and one male, were removed off Dox and placed onto
regular chow to initiate hTDP-43 overexpression and the development of MND-like
symptoms. The other two mice remained on the Dox. Mouse weight was used to assess
disease progression based on reductions in mass from muscle degeneration and neurological

score was used to assess disease progression through the hindlimb function.

Figure 3.3 shows the percentage weight change of the male (Figure 3.3A) and female (Figure
3.3B) mice on and off Dox. The mice that were removed off Dox showed a significantly higher
percentage weight loss compared to the gender and age matched mice that remained on Dox.
These mice also developed motor symptoms that mimicked MND-like motor symptoms,

including decreased motor function of the hindlimbs according to hindlimb dragging

Male and female differences were observed during the pilot study, including weight loss in
the female mouse that was still on Dox, while the male mouse that remained on Dox, did not
lose weight. The mice that were removed off the Dox diet reached the ethical endpoint,

according to their weight loss, sooner than those that remained on Dox (Figure 3.3).
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Figure 3.3 Removal of Dox initiates MND-like symptoms in hTDP-43ANLS mice
A pilot study to validate the removal of Dox and initiation of MND-like symptoms in the

hTDP-43ANLS mouse model. A. male hTDP-43ANLS mice (n= 2) and B. female hTDP-43ANLS

mice (n = 2) on and off Dox were compared based on percentage weight change as a

measure of disease progression.
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3.2.4 Pilot Study to Assess the Tolerability and Palatability of Triumeq in hTDP43ANLS Mice

3.2.4.1 Triumeq Does not Influence Disease Progression

After previous validation that Dox removal induces the onset of MND-like disease, the
tolerability and palatability of Triumeg was assessed using mice bred on a C57BL/6
background resulting in a lower starting weight than the mice bred on the mixed B6 and C3H
background. Based on the sex difference noted in the previous study, only female mice were
used in the following studies. A small cohort of hTDP-43ANLS mice (n = 10) were removed off
Dox, with half the cohort treated with Triumeq. Disease progression was assessed through
weight loss and neurological score, and the wirehang test was used as a measure of motor
performance. The study timeline can be seen in Figure 2.1C. Dox removal did initiate disease
in both the untreated and treated mice as shown by weight loss and motor symptoms shown
through an increase in neurological score. However, there was no difference between the
treated and untreated mice according to weight loss (Figure 3.4A) and neurological score
(Figure 3.4B), with both groups showing a similar progression of disease and the study
reached the ethical endpoint according to weight loss, around the same time of 30 days post-

treatment onset and removal off Dox.

3.2.4.2 Triumeq Influences Motor Performance at 15 Days Post-treatment Onset

Motor performance was assessed through the latency to fall on the wirehang test, measuring
hindlimb strength. Motor performance was measured on day 1, day 15 and day 30 after
removal from Dox and post treatment onset. There was a significantly lower latency to fall for
the untreated mice compared to the treated mice at day 15 (Figure 3.5; p = 0.0032). This
effect was no longer seen by the time the mice reached the ethical endpoint, at 30 days post

treatment onset.
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Figure 3.4 Percentage weight change and neurological score after Triumeq treatment in
hTDP-43ANLS mice

A cohort of hTDP-43ANLS mice was treated with antiretroviral therapy, Triumeg, (n = 5) and
compared to an untreated hTDP-43ANLS cohort (n = 5) and disease progression was
measured through A. percentage weight change and B. neurological score where 0 = normal
hindlimb movement and normal gait, 1 = partial hindlimb splay and slightly abnormal gait, 2
= hindlimb dragging while moving forward, 3 = minimal hindlimb movement and slow and
abnormal gait and 4 =rigid paralysis in hindlimbs and no forward motion, deemed the ethical
end-point. Results represent the mean = SEM, Two-way ANOVA with repeated measures and

Sidak’s multiple comparisons.
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Figure 3.5 Latency to fall on the wirehang test between treated and untreated hTDP-43ANLS
mice

Mean latency to fall for a cohort of treated hTDP-43ANLS mice (n = 5) and untreated hTDP-

43ANLS mice (n = 5) at day 1, 15 and 30 post-treatment onset. Results represent the mean *

SEM, Two-way ANOVA with Sidak’s multiple comparisons. ** = p < 0.005
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3.2.5 Effects of Triumeq Treatment in hTDP43ANLS Mice

3.2.5.1 Triumeq Treatment Does Not Influence Disease Progression According to Weight
Loss and Neurological Score

After validation of the removal of Dox resulting in MND-like symptoms and promising results
for Day 15 being a crucial time point for differential impact of Triumeq, a larger cohort of
hTDP43ANLS mice were used to assess the effects of Triumeq treatment further. As described
in section 2.2.2 and shown in Figure 2.2D, mice were administered Triumeq daily and weight
and neurological score were used to assess disease progression until mice reached pre-
determined ethical endpoints, according to weight loss or neurological score. Treated and
untreated hTDP43ANLS mice along with treated and untreated litter-matched non-transgenic
controls were compared based on percentage weight change (Figure 3.6A) and neurological
score (Figure 3.6B). There was no significant difference according to percentage weight
change between the treated and untreated hTDP43ANLS mice (p = 0.833). There was no
significant difference between the treated and untreated litter-matched controls after Dox
removal (p = 0.998). However, there was a significant difference between the litter-matched
controls and the hTDP43ANLS mice regardless of treatment group at the end of the study
course (p = <0.0001) showing an induction of disease from Dox removal but a lack of affect

from Triumegq.
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Figure 3.6 Percentage weight change and neurological score in a large cohort of hTDP-

43ANLS mice

A cohort of hTDP-43ANLS mice was treated with antiretroviral therapy, Triumegq, (n =21) and

compared to an untreated hTDP-43ANLS cohort (n = 19), treated litter-matched control

cohort (n = 4) and an untreated litter-matched control cohort (n = 4) and compared A.

percentage weight change and B. neurological score where 0 = normal hindlimb movement

and normal gait, 1 = partial hindlimb splay and slightly abnormal gait, 2 = hindlimb dragging

while moving forward, 3 = minimal hindlimb movement and slow and abnormal gait and 4

= rigid paralysis in hindlimbs and no forward motion, deemed the ethical end-point. Results

represent the mean + SEM, Two-way ANOVA with Sidak’s multiple comparisons test.
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3.2.5.2 Triumeq Treatment Influences Motor Performance

Motor performance was assessed through the latency to fall on the wirehang test, measured
at multiple time points across the experimental study. A cohort of treated hTDP43ANLS mice
(n = 21), untreated hTDP43ANLS mice (n = 19), treated litter-matched controls (n= 4) and
untreated litter-matched controls (n = 4) were compared based on the latency to fall (Figure
3.7). The litter-matched controls, regardless of treatment group, consistently had a latency
to fall at the cut-off time of 180 seconds. The treated and untreated hTDP43ANLS mice
showed the first drop in latency to fall on day 15 of the study which was followed by a large
drop in the latency to fall by day 17. On day 17, there was a significant difference between
the treated and untreated hTDP43ANLS mice with the untreated group showing a significantly
lower latency to fall compared to the treated group (p < 0.0001). While there was a trend for
a lower latency to fall for the untreated group for the study course, this was not significantly

different to any other time point in the study.

3.2.5.3 Triumeq Treatment Influences Gait

Gait analysis was also used as another measure of motor performance, completed on day 1,
8, 15, 22 and 27. Stride length was measured from the distance of one hindlimb pawprint to
the following hindlimb pawprint on the same side of the body. Stride width was measured as
the distance between left and right hindlimb pawprints. There were no significant differences
between treated and untreated hTDP43ANLS mice on day 1, day 8, day 22 or day 27. However,
there was a significantly lower stride length in untreated mice on day 15 compared to the
treated mice (Figure 3.8; p = 0.0375). There were no significant differences in stride width

between the treated and untreated mice on any day of measurement.
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Figure 3.7 Latency to fall on the wirehang test for a large cohort of hTDP-43ANLS mice

Mean latency to fall for a cohort of treated hTDP-43ANLS mice (n = 21), untreated hTDP-
43ANLS mice (n = 19), treated litter-matched control cohort (n = 4) and an untreated litter-
matched control cohort (n = 4) across the course of the experimental study. Results
represent the mean + SEM, Two-way ANOVA with Sidak’s multiple comparisons test. * p <

0.05
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Figure 3.8 Gait analysis including stride length and stride width in treated and untreated
hTDP-43ANLS mice

Gait analysis of treated hTDP-43ANLS mice (n =7) and untreated hTDP-43ANLS mice (n = 5)
was measured and assessed by A. mean stride length and B. mean stride width across the
course of the treatment study. Results represent the mean + SEM, Two-way ANOVA with

Tukey’s multiple comparisons test. * p < 0.05
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3.2.5.4 Triumeq Influences p75t Levels

Using the p75f® ELISA, urinary p75f® was detected and quantified in the treated
hTDP43ANLS mice (n = 6-8) and untreated hTDP43ANLS mice (n = 5) at day 1 and day 15.
There was no significant difference in the levels of urinary p75E<P levels on day 1 between the
treated and untreated mice. On day 15, p755P were significantly higher in the untreated

hTDP43ANLS mice compared to the treated mice (Figure 3.9, p = 0.0489).

123



150
8 *
.E I—
= ®
S  100-
S
(&)
g
— @ ®
o Y
Y% 504
N
o I
g le
®
O 1 1 1

uT T uT T
Day 1 Day 15

Figure 3.9 Urinary p75EP levels in treated and untreated hTDP-43ANLS mice on day 1
and day 15 post-treatment onset

Urinary p75ECD levels were quantified in samples from treated hTDP-43ANLS mice (n = 6-8)

and untreated (n = 5) on day 1 and day 15 post-treatment onset. Levels of p75ECD were
standardised to urinary creatinine to account for dilution. Results represent the mean + SEM
from 3 biological replicates, 2 technical replicates. One-way ANOVA with Sidak’s multiple

comparisons test. * p < 0.05. UT = Untreated T = Treated

124



3.2.5.5 Triumeq Influences Motor Neuron Count in the Spinal Cord

Using cresyl violet staining, sections of the lumbar spinal cord from treated and untreated
hTDP-43ANLS mice and litter-matched controls were analysed for motor neuron count on Day
19 post-treatment onset. Figure 3.10 shows the histological analysis used to assess motor
neuron count within the spinal cord. Based on the histological staining, motor neuron number
was counted from 5 sections per mouse from treated mice, untreated mice and litter-matched
controls. Shown in Figure 3.11, there was a significant difference in the number of motor
neurons within the lumbar region between the litter-matched controls and the treated hTDP-
43ANLS mice (p =0.0001) and untreated mice (p =0.0001). There was also a significantly lower
amount of motor neurons within the untreated hTDP-43ANLS mice compared to the treated

mice (p = 0.00165).
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Figure 3.10 Histological presentation of motor neurons within the lumbar spinal cord from
treated and untreated hTDP-43ANLS mice

Histological analysis of motor neurons in the lumbar spinal cord from A. litter-matched
controls B. treated and C. untreated hTDP-43ANLS mice at day 19 stained with cresyl violet.
Red arrows represent a motor neuron included in the count. Scale bar represents 200 um

for images on the left-hand side and 50 um for the images on the right-hand side
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Figure 3.11 Motor neuron count from lumbar spinal cord of treated and untreated hTDP-
43ANLS mice

Motor neuron count per section from the lumbar region of the spinal cord from litter-
matched controls (n = 14), treated (n = 9) and untreated (n = 5) hTDP-43ANLS mice at Day
19, counted from the cresyl violet staining depicted in Figure 3.10. Data is representative of
mean motor neuron count per section £ SEM. LMC = litter-matched control T = Treated, UT
= Untreated. One-way ANOVA with Tukey’s multiple comparisons test * = p < 0.005, **** =
p <0.0001
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3.2.5.6 Triumeq Does Not Influence Expression of TDP-43, MMTV, TNF-a or CXCL10

Brain tissue from mice that were 19 days post -treatment was analysed for expression of TDP-
43, MMTV, CXCL10 and TNF-a. Expression levels were compared between treated hTDP-
43ANLS mice, untreated hTDP-43ANLS mice and litter-matched non-transgenic controls.
There was significantly higher expression of TDP-43 in the treated hTDP-43ANLS mice
compared to the litter-matched non-transgenic controls validating the TDP-43 expression
system in the TDP-43 mice (Figure 3.12A). However, there was no significant differences

between the expression of TDP-43 between the treated and untreated hTDP-43ANLS mice.

The influence of Triumeq on a mouse endogenous retrovirus, MMTV, was analysed and
compared between the treated and untreated hTDP-43ANLS mice and the litter-matched
controls. There was no significant difference in the expression of MMTV between either

treatment group or the litter-matched controls (Figure 3.12B).

Due to their involvement in neurodegeneration in MND, the expression of inflammatory
markers CXCL10, TNF-a, IL-6 and IFN- were also analysed. There was low expression of either
inflammatory marker in the litter-matched non-transgenic controls. There was induction of
inflammatory markers in the hTDP-43ANLS mice with significantly higher expression of TNF-
o (Figure 3.12C; p = 0.0073) and CXCL10 (Figure 3.12D; p = 0.026) in the treated hTDP-43ANLS
mice compared to the litter-matched controls. There were no significant differences in the
expression of TNF- a or CXCL10 between the treated and untreated hTDP-43ANLS mice. Other
inflammatory markers such as IFN-B and IL-6 were also analysed but there were no significant
expression differences between the non-transgenic litter-matched controls and the hTDP-
43ANLS mice for either marker, although a trend towards an induction of IFN-B in hTDP-

43ANLS mice was found (Figure 3.12E-F)
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3.2.5.7 TDP-43 Expression Correlates with Inflammatory Marker Expression

Due to the significant induction of TNF-a, CXCL10 and TDP-43 in the transgenic hTDP-43ANLS
mice compared to the litter-matched controls, the correlation between TDP-43 and TNF-aand
TDP-43 and CXCL10 was analysed. The expression levels were pooled for the treated and
untreated mice due to the there being no significant differences in the expression levels
between the treatment groups. There was no significant correlation between TDP-43 and
TNF-a (Figure 3.13A; RZ2= 0.129, p = 0.343). There was a strong and significant correlation
between TDP-43 and CXCL10 (Figure 3.13B; R?> = 0.885, p = 0.0002). There is also a significant
moderate correlation between TNF-a and CXCL10 ; R?=0.609, p = 0.0019).
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Figure 3.12 mRNA analysis of brain tissue from treated and untreated hTDP-43ANLS
mice

mRNA was quantified from brain tissue from treated hTDP-43ANLS mice (n = 4-5) untreated
hTDP-43ANLS mice (n = 3-4) and litter-matched controls (n = 4) from day 19 post treatment
onset by RT-gPCR using primers for A. TDP-43, B. MMTV, C. TNF-a, D. CXCL10, E. IL-6, F. IFN-
B. Expression for all mRNA candidates were normalised to GAPDH. Results represent the
mean + SEM from duplicate values. LMC = litter-matched controls, T = Treated, UT=

untreated, Two-way ANOVA with Sidak’s multiple comparisons test. ** p < 0.005
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Figure 3.13 Relationship between TDP-43 expression and TNF-a and CXCL10 expression
from brain tissue of treated and untreated hTDP-43ANLS mice

The relationship between the expression of A. TNF-a and B. CXCL10 to mRNA expression of
TDP-43 was quantified from brain tissue from pooled treated and untreated hTDP-43ANLS
mice (n =11). Red data points are representative of the treated hTDP-43ANLS mice and black

data points are representative of untreated hTDP-43ANLS mice.
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3.3 Discussion

3.3.1 Summary

Endogenous retroviruses have been a proposed cause of MND and be involved in the
progression of MND neurodegeneration (Li et al., 2022). While nuclear TDP-43 mislocalisation
is a hallmark of MND pathology and the involvement of inflammation in neurodegeneration
is well established, the association between TDP-43, inflammation and ERVs, specifically
HERV-K, is not well known. Due to the association between MND and ERVs, antiretroviral
therapy, Triumeq, was investigated as a potential therapy. While promising results were
obtained after a Phase Il clinical trial of Triumeq (Gold et al., 2019), the mechanisms of benefit
of Triumeq for MND and the influence of TDP-43 was not defined. The effect of Triumeq on
inflammatory pathways was also unclear. The aim of this study, therefore, was to investigate
the effects of Triumeq on a TDP-43 mouse model of MND to further understand where in the
pathway of brain to muscle, Triumeq was influencing. Determining the effects of Triumeq in
a MND mouse model will aid in the understanding of the mechanisms of action of

antiretroviral therapy for MND to potentially increase the therapeutic benefit.

3.3.2 Dox Removal in hTDP-43ANLS Mice Induces Disease

Prior to testing the influence of Triumeq in a large cohort of hTDP-43ANLS mice, a cohort of
mice were used to validate the removal of Dox to initiate disease and disease progression in
the mice, as shown by previous data with this mouse model (Walker et al., 2015). Firstly, to
confirm the expression and mislocalisation of hTDP-43 in this mouse model,
immunohistochemistry was used to assess the hTDP-43 expression in cortical brain tissue
from hTDP-43ANLS mice and non-transgenic control mice. This confirmed the expression and
cytoplasmic mislocalisation of hTDP-43 in the hTDP-43ANLS mice while there was no
expression in the control mice (Figure 3.1). A large cohort of hTDP-43ANLS mice were then
removed off Dox to measure the levels of urinary p75tP at 2 weeks, 4 weeks and 6 weeks off
Dox and were compared to mice that remained on Dox. The removal of Dox in this cohort
resulted in increases of the level of urinary p758P at 2 weeks, 4 weeks and 6 weeks off Dox
(Figure 3.2). This suggests that removal of Dox within this mouse model results in

neurodegeneration, as seen in human MND, with increased levels able to be detected at 2
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weeks off Dox. This increase of p75tP with disease is consistent with human MND, where
p75E<P has been well described as a progression biomarker of MND (Shepheard et al., 2017)
and consistent with what is seen in the SOD1%°** mouse model (Matusica et al., 2016). Further
validation of disease progression was then completed in a small cohort of hTDP-43ANLS mice

and sex differences were explored.

Dox removal from the hTDP-43ANLS mice resulted in progressive weight loss (Figure 3.3). This
suggests that with Dox removal, there is initiation of disease that progresses over time, with
mice reaching end stage disease at approximately 23 days post-Dox removal. Sex differences
were observed in this validation study with the male mouse on Dox losing weight across the
study course while the female mouse did not drop below the starting weight. Based on this
finding, female mice were used for the remainder of the mice studies. Although the validation
cohort was small, this study was consistent from previous findings with this mouse model and
was therefore, deemed an appropriate model for a pilot study of Triumeq treatment using

female hTDP-43ANLS mice.

3.3.3 Pilot Study for Triumeqg Use in hTDP-43ANLS Mice

Following the validation of Dox removal inducing disease in the hTDP-43ANLS mice, a pilot
study was conducted to examine the use of Triumeq in this mouse model, measuring disease
progression through weight loss, neurological score and motor performance through the
latency to fall on the wirehang test. There was no effect of Triumeq on disease progression
according to weight loss and neurological score (Figure 3.4), although weight loss coincided
with an increase in neurological score and continued to have an inverse association for the
remainder of the study. This suggests that the observed weight loss may be due to muscle
degeneration, causing the decreased hindlimb motor function and the increase in
neurological score. This study also found a difference between the treated and untreated
mice according to the motor performance was first observed in this cohort, at approximately
15 days post treatment onset and Dox removal (Figure 3.5). It is also at this point where
p75E<P increases were observed in mice removed off Dox, suggesting this timepoint may be

of interest for disease progression.
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While this finding suggests that Triumeq is influencing motor performance, it remained
unclear where Triumeq is influencing and if this difference in motor performance is consistent
with any other measures of disease pathology including alterations in mRNA expression in
cortical brain tissue or motor neuron count within the spinal cord. These measures were

analysed in a larger cohort, discussed below.

3.3.4 Effects of Triumeq Treatment on Disease Progression and Pathology

A larger cohort of hTDP-43ANLS mice (n = 40) was used to enable the understanding of the
action of Triumeq on the pathway from brain to muscle. Since Triumeq treatment resulted in
an improvement of motor performance at 15-17 days post-treatment onset, it suggests that
Triumegq is influencing the neurodegeneration pathway. A difference in motor performance at
day 15 was also noted in another measure of motor function through the gait analysis test.
While not seen on any other day of the study, there was a difference between the treated and
untreated hTDP-43ANLS mice in the stride length at day 15. This finding is consistent with the
wirehang results from the same cohort, where an improved performance was observed for
Triumeq treated mice between day 15-19 that is no longer seen at end stage disease. The
reduced stride length is also consistent with what has been observed in human disease where
gait abnormalities and a reduction in stride length is seen in human MND with a slower
walking pace as disease progresses (Sanjak et al., 2010). Furthermore, a comparison of day 1
and day 15 urine from treated and untreated hTDP-43ANLS mice showed a lower level of
urinary p75t<P in treated mice at day 15. This is suggestive of less motor neuron degeneration
in the treated mice and suggestive of reduced muscle degeneration due to the simultaneous

Improved performance on the wirehang test.

In this study, there was expression of human TDP-43 in the hTDP-43ANLS mice off Dox but no
hTDP-43 expression in non-transgenic controls, validating the TDP-43 expression system in
this model. However, there was no effect of Triumeq on the expression of TDP-43 from cortical
brain tissue from mice 15-17 days post-treatment onset. This suggests that the increased level
of motor function observed in the Triumeqg-treated mice, is not due to differences in

expression of hTDP-43 within the cortex but could be due to differences other TDP-43
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pathology including mislocalisation. Interestingly, there inflammatory markers TNF-a and
CXCL10 trended higher in the Triumeq-treated mice but not in the untreated mice. In addition,
there was a correlation between TDP-43 and CXCL10 expression, regardless of treatment
group, suggesting that TDP-43 expression in the transgenic mice may be associated with the
inflammatory pathway involving CXCL10 and not TNF-a, not influenced by Triumeq. The
finding of increased expression of CXCL10 and the correlation to TDP-43 is consistent with
previous research. Using the hTDP-43ANLS mouse model, Hunter et al. (2021) found
increased gene expression of CXCL10 occurred early in the disease process and remained at
an increased level through late stage disease also. CXCL10 is an inflammatory cytokine
involved in T-cell recruitment, including recruitment of CD4* and CD8* T-cells with T-cell
infiltrate found within the brain and spinal cord of MND patients (Engelhardt et al., 1993,
Garofalo et al., 2022). CD8* T-cells have been shown to have direct cytotoxic contact with
motor neurons in MND, potentially involved in the neurodegenerative process (Coque et al.,
2019). Although not examined in the current study, previous research with other TDP-43
mouse models has identified cellular infiltration in the brain and spinal cord, supporting the
increased CXCL10 expression seen in the present study (Garofalo et al., 2020). The lack of
significant difference in the levels of IL-6 and IFN-B between the transgenic TDP-43 mice and
the litter-matched controls could be explained by the low sample size for this analysis. .Further
research with greater numbers should be used to confirm the induction of these, and further,

inflammatory mediators within the cortex.

Further RNA analysis from cortical brain tissue also looked at expression levels of a mouse
endogenous retrovirus, MMTV. Due to the lack of human ERVs in mice, the MMTV ERV was
selected as a measure of ERV expression due to its high expression in all laboratory mice
(Subramanian et al., 2011). There were no differences in the levels of MMTV expression
between the hTDP-43ANLS mice and non-transgenic litter-matched controls which suggests
that MMTV was not induced from TDP-43 mislocalisation in this mouse model. The absence
of a significant difference between treatment groups also suggests that Triumeq is not
influencing MMTV expression at this stage of disease in this model. The improved motor
performance in this model from Triumeq treatment is consistent with recent research which
found improved grip strength in mice after abacavir, a component of Triumeq, treatment but

no differences in MMTV expression after abacavir treatment (Liu et al., 2023). Future research
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could include measures of other HERV analogues to confirm this finding due to the number

of active ERVs present within the mouse genome (Stocking and Kozak, 2008b).

The histological analysis of the lumbar section of the spinal cord also identified further
significant differences between treated and untreated mice. Here, there was a significantly
lower number of motor neurons in the spinal cord of the untreated mice compared to the
treated mice on Day 19. This lower motor neuron number coincides with the lower p75£P
levels in treated mice and the significantly higher latency to fall on the wirehang test. This
finding suggests that at this stage of disease, Triumeq is influencing the degeneration of the
motor neurons stimulating the muscles, but this may not yet be coinciding with muscle
atrophy. Further research will analyse the muscle to determine if Triumeq is influencing

muscle atrophy at this stage of disease.

Although Triumeqg was not shown to have an influence on TDP-43 expression or CXCL10
expression, there is a significant effect on the motor performance, p75tP levels and motor
neuron number within the lumbar spinal cord at the 15-19 day timepoint. This suggests that
Triumeqg could be having a direct influence on motor neuron degeneration which is not
associated with inflammation or reducing expression of TDP-43, although it is still unknown if
mislocalisation was improved. An overview of the significant differences found after Triumeq
treatment is outlined in Table 3.1 Antiretroviral therapy has been shown to induce
neurocognitive disorder with prolonged use that may involve pyramidal neuron excitability
(Stern et al., 2018, Chen et al., 2020, Akay et al., 2014). However, Triumeq, or other
antiretrovirals, are not linked to change in motor function. Hence, it is unlikely that Triumeq
is causing a toxic effect and instead, is protective at 15-19 days in regard to motor neuron
numbers, improved motor function and lower urinary p75fP. With chronic TDP-43
overexpression and cytoplasmic aggregation, this protective effect is not maintained. The
mechanism of action that improves motor neuron numbers does not appear to involve
inflammatory cytokines, IL-1B, IL-6 or CXCL10. This is different to what has been previously
published for this mouse model where IL-1B and IL-6 were up-regulated at 14 days off Dox in
the hTDP-43ANLS mice (Luan et al., 2023). Further work would use a greater sample size for

the immune response to confirm if these markers changed at 15-19 days in the hTDP-43ANLS
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mice treated with Triumeq. TDP-43 mislocalisation analysis would also be included in further

analysis.

This study demonstrates a moderate effect of Triumeq treatment on motor performance a
promising result for use as a treatment for MND patients. One approved pharmaceutical
therapy for MND, Riluzole, described in section 1.2.5.1, has not been shown to have any effect
in mice models of MND, including the mouse model used for this study (Hogg et al., 2018,
Wright et al., 2021). Therefore, the moderate effect observed here could have a greater
benefit on motor performance in MND patients. In an attempt to increase the therapeutic
benefit of Triumeq, the following chapter outlines the effects of increasing the dose of

Triumeq in the hTDP-43ANLS mouse model.

3.3.5 Conclusions

In summary, this chapter validates the parameters of the testing model and outlines the
validity of using Triumeq in vivo. This chapter validated the expression and mislocalisation of
hTDP-43 in hTDP-43ANLS mice compared to controls and identified an increase in urinary
p75fP from 2 weeks post-dox removal. Importantly, Triumeq is influencing the motor
performance in TDP-43 compared to untreated TDP-43 mice suggesting that Triumeq is
influencing muscle degeneration at 15-20 days post-treatment onset. Furthermore, Triumeq
in influencing the number of motor neurons in the lumbar region of the spinal cord with
improved motor neuron retention at this same timepoint. The strong correlation between
TDP-43 and CXCL10 also suggests that TDP-43 expression is associated with inflammatory
process, however the relationship is not fully defined and was not shown to be influenced by
Triumeq treatment. While this chapter did not show any effect on survival with all mice
reaching end-stage at a similar time regardless of treatment, the following chapter examines

the effect of increasing the dose to determine if this provides any further therapeutic benefit.
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Table 3.1 Overview of significant effects from Triumeq treatment on the pathways from

brain through to muscle

Part of the pathway
analysed

Significantly different between treated
and untreated mice on Day 15-20

Figure reference

Weight change across
study
Neurological score
across study

Urinary p75&®P

Wirehang

Gait analysis

Endogenous retrovirus
expression

TDP-43 expression

TDP-43 solubility and
mislocalisation

TNF-a
CXCL10
IL-6

IFN-B

Motor Neuron Count in
spinal cord

Muscle fibre analysis

Disease progression

N

N

Y

Motor performance
Y
Y

Endogenous retrovirus measure

N

TDP-43 pathology
N

N/A - still to be completed

Inflammatory profile
N
N
N
N

Motor Neuron number
Y

Muscle atrophy

N/A — still to be completed

Figure 3.5A

Figure 3.5B

Figure 3.8

Figure 3.6

Figure 3.7

Figure 3.11B

Figure 3.11A

N/A

Figure 3.11C
Figure 3.11D
Figure 3.11E

Figure 3.11F

Figure 3.10

N/A
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CHAPTER 4.
EFFECTS OF AN INCREASED DOSE OF
TRIUMEQ TREATMENT ON THE hTDP-
43ANLS MND MOUSE MODEL
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4 EFFECTS OF AN INCREASED DOSE OF TRIUMEQ TREATMENT ON
AN MND MOUSE MODEL

4.1 Introduction

After Chapter 3 outlined a therapeutic benefit of Triumeqg through improved motor
performance, the therapeutic window of benefit for Triumeq was investigated. Increasing the
dose of Triumeq would either increase the benefit that was outlined in chapter 3, or it will
provide insight about the most effective dosing. A double dose of 400mg/kg per day or the
equivalent human dose of 2 tablets of Triumeq per day was administered to a small cohort of
hTDP-43ANLS mice. In the previous chapter, the benefit from Triumeq was found in changes
in motor performance according to wirehang and gait analysis and changes in p75&P levels
between day 15-17 of the study. Based on these changes, the current chapter aimed to
understand the upper therapeutic limit of Triumeq, focused on determining the effects of the

increased dose on mouse motor performance and levels of urinary p75tP.
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4.2 Results

4.2.1 Increased Triumeq Dose Does Not Influence Disease Progression

A small cohort of hTDP43ANLS mice (n = 14) was used to assess the effects of increasing the
dose of Triumeq to a two times dose (400 mg/kg per day), equivalent to the human dose of 2
Triumeq tablets per day, as described in section 2.2.2. Weight and neurological score were
used to assess disease progression until the mice reached the ethical endpoint according to
weight loss at 27 days post Dox removal and treatment onset. There was no significant
difference between the treated hTDP43ANLS mice (n =7) and the untreated hTDP43ANLS
mice (n = 7) for percentage weight change (Figure 4.1A) or neurological score (Figure 4.1B)

across the study course.

4.2.2 Increased Triumeq Dose Does Not Affect Weight Loss

The percentage weight change across the study course was compared for double dose treated
mice (n = 7), double dose untreated mice (n = 7), single dose treated mice (n = 21) and single
dose untreated mice (n = 19). There were no significant differences between any of the
treatment groups regardless of dosing, and all treatment and dosing groups followed a similar

progression of disease according to weight loss (Figure 4.2).
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Figure 4.1 Percentage weight change and neurological score in a cohort of hTDP-43ANLS
mice after increased dose of Triumeq treatment

A cohort of hTDP-43ANLS mice were treated with a 2 times dose of antiretroviral therapy,
Triumegq, (n = 7) and compared to an untreated hTDP-43ANLS cohort (n = 7) and compared
A. percentage weight change and B. neurological score where 0 = normal hindlimb
movement and normal gait, 1 = partial hindlimb splay and slightly abnormal gait, 2 =
hindlimb dragging while moving forward, 3 = minimal hindlimb movement and slow and
abnormal gait and 4 = rigid paralysis in hindlimbs and no forward motion, deemed the

ethical end-point. Results represent the mean + SEM, Two-way ANOVA with Sidak’s multiple

comparisons.
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Figure 4.2 Percentage weight change of treated single dose and double dose hTDP-43ANLS
mice compared to untreated mice

The double dose (DD) cohort of hTDP-43ANLS mice, treated (n = 7) and untreated (n = 7), were
compared to the original single dose (SD) cohort, treated (n = 21) and untreated (n = 19) by
percentage weight change over the course of the study. Results represent the mean + SEM,

Two-way ANOVA with Sidak’s multiple comparisons.
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4.2.3 Increased Triumeq Dose Does Not Influence Motor Performance According to
Wirehang

Motor performance was assessed using the wirehang test to measure hindlimb strength and
gait analysis was performed as described in sections 2.2.3.3 and 2.2.3.4. A small cohort of
hTDP-43ANLS mice (n = 7) were treated with a double dose of Triumeq and compared to an
untreated hTDP-43ANLS cohort (n = 7) according to latency to fall on the wirehang test. There
was no significant difference between the double dose treated group and the untreated group
in terms of the latency to fall with similar fall times observed regardless of treatment group

across the study course (Figure 4.3A)

As shown in Figure 4.3B, all mice across treatment and dose groups were compared for
latency to fall on the wirehang test. At day 17, there was no significant difference in the
wirehang time between the treated single dose mice or the treated (p = 0.997) and untreated
double dose mice (p = 0.551). There was, however, a significantly lower latency to fall for the
single dose untreated mice (p = 0.009). There were no other significant differences between

the treatment groups regardless of dose across the rest of the study course.
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Figure 4.3 Latency to fall from the wirehang test for the double dose study

Mean latency to fall for a cohort of treated hTDP-43ANLS mice (n = 7), untreated hTDP-
43ANLS mice (n = 7), treated with a 2 times dose of Triumeq across the course of the
experimental study. Results represent the mean + SEM, Two-way ANOVA with Sidak’s

multiple comparisons test. DD = Double Dose SD = Single Dose * p < 0.05

146



4.2.4 Increased Triumeq Dose Does Not Influence Gait

Gait analysis was assessed on the treated (n = 7) and untreated (n = 7) hTDP-43ANLS mice on
day 1, 15 and 30 of the study. There were no significant differences in stride length between
the treated and untreated hTDP-43ANLS mice on Day 1 (Figure 4.4A; p = 0.708). By Day 15,
there was a significantly higher stride length in the untreated mice compared to the treated
mice (p = 0.013). This significant difference was not seen by the end of the study course on
Day 30. For the stride width (Figure 4.4B), there were no significant differences between
treated and untreated mice on any day of the study. However, there was a significant decrease
in stride width from Day 1 of the study to Day 15 in the untreated mice. There was also a trend
for this significant decrease in stride width for the untreated mice also, it just did not reach

statistical significance.
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Figure 4.4 Gait analysis including stride length and stride width in double dose treated
and untreated hTDP-43ANLS mice

Gait analysis of treated hTDP-43ANLS mice (n =7) and untreated hTDP-43ANLS mice (n = 5)
was measured and assessed by A. mean stride length and B. mean stride width across the
course of the treatment study. Results represent the mean + SEM, Two-way ANOVA with

Tukey’s multiple comparisons test. * p < 0.05
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4.2.5 Increased Triumeq Dose Does Not Influence Urinary p75&P

Across the study course, urine was collected from the hTDP-43ANLS mice and compared for
urinary p75fP levels between the treatment groups. There were no significant differences in
the level of p75fP between the treated mice with the increased Triumeq dose and the
untreated mice at any day of the study. Interestingly, p75tP within the urine did not increase
with disease progression with the highest values of p75fP seen within the urine on day 6

(Figure 4.5).

The urinary p75tP levels were also compared between the single dose treated (n = 6) and
untreated mice (n = 6) and the double dose treated (n = 5) and untreated mice (n = 5) from
Day 1 to Day 15 of the study. There were no significant differences between the levels of
p75EP on Day 1 between any of the treatment groups or dose groups. On Day 15, however,
there was a significantly higher level of urinary p758P in the single dose untreated mice
compared to the single dose treated mice (p = 0.0059) and both untreated (p = 0.0040) and
treated (p = 0.0009) double dose mice (Figure 4.6)

149



80
£ "
c | ] o
=607, 4 é .
g - ° »
o
?40-} of ’_I_‘ -
S u - é é 2 o ® I PY
u'..ln [}
@ ®
'S 20+ - - u
2

0 1 1 1 I 1 1 1 || 1

1
6 10 13 15 17 19 22 24 26
Day of Study

[ Untreated [ ] Treated

Figure 4.5 Urinary p75EP levels in double dose treated and untreated hTDP-43ANLS mice
across study course

Urinary p75ECD levels were quantified in samples from double dose treated hTDP-43ANLS

mice (n = 2-6) and untreated (n = 2-7) across study course. Levels of p75ECD were
standardised to urinary creatinine to account for dilution. Results represent the mean + SEM
from 3 biological replicates, 2 technical replicates. One-way ANOVA with Sidak’s multiple

comparisons test.
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Figure 4.6 Urinary p75EP levels in double dose treated and untreated hTDP-43ANLS
compared to single dose treated and untreated mice

Urinary p75ECD levels were quantified in samples from double dose treated hTDP-43ANLS

mice (n = 5) and untreated (n = 6) as well as single dose treated (n = 6) and untreated (n =

5) mice on Day 1 and Day 15 post-treatment onset. Levels of p75ECD were standardised to
urinary creatinine to account for dilution. Results represent the mean + SEM from 3
biological replicates, 2 technical replicates. One-way ANOVA with Sidak’s multiple

comparisons test. * p < 0.05. SD = Single Dose DD = Double Dose
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4.3 Discussion

4.3.1 Summary

Chapter 3 outlined the therapeutic benefit of Triumeq showing increased motor
performance, reduced urinary p75&P levels and a higher number of motor neurons within the
lumbar spinal cord of hTDP-43ANLS mice. This finding lead to the hypothesis that increasing
the dose of Triumeq in TDP-43 mouse model will improve the benefits outlined in Chapter 3,
using the regular dose of Triumeq. Hence, the aim of this chapter was to elucidate the
therapeutic benefit of Triumeq in a small cohort of hTDP-43ANLS mice. The experimental
timeline for this study can be seen in Figure 2.2E. This chapter describes no further increase

of the therapeutic benefit of Triumeq by increasing the dose.

4.3.2 Increasing the Dose of Triumeq in a small cohort of hTDP-43ANLS mice

A small cohort of hTDP-43ANLS mice (n = 14) were used to investigate the effects of increasing
the dose of Triumeq from the equivalent human daily dose of one tablet to two tablets. Firstly,
the weight and neurological score of the double dose treated and untreated mice were
compared but no significant differences were noted, with all mice reaching the ethical end
point of the disease at a similar time regardless of treatment group (Figure 4.1). According to
weight change, there was a similar disease progression seen for all mice regardless of
treatment group and dosing amount with all single dose treated mice and double dose treated
mice following a similar weight loss pattern across the study course. It should be noted here
that the mice in the double dose cohort reached the ethical end point of the study according
to weight loss and neurological score, sooner than the single dose cohort, outlining the

disease variability in this mouse model (Figure 4.2).

Motor performance was assessed through the latency to fall on the wirehang, and stride width
and stride length were measured through gait analysis. There was no significant difference
between the mice treated with the double dose of Triumeq and untreated mice for latency to
fall on the wirehang test (Figure 4.3A). This was a surprising result given that this was the first
study where a significant difference in motor performance was not found between the treated
and untreated mice and no motor benefits that have been seen in all previous single dose
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studies were not seen in this cohort. The double dose cohort was compared to the single dose
treated and untreated mice for the wirehang. There was a significantly lower latency to fall
for the untreated single dose mice, but no other significant differences were seen between
the mice regardless of treatment dose or group at any other point in the study. The untreated
double dose mice showed similar motor performance progression to the single dose treated
mice in the prior studies. This finding further describes the variability in the mouse model. For
the gait analysis, there was a significantly lower stride length for the treated mice compared
to the untreated mice, a contradictory finding from the previous single dose studies and not
consistent with human MND where a lower stride length occurs with increased motor

dysfunction (Sanjak et al., 2010).

Urinary p75tP? was measured at multiple time points across the study. While urinary p75&<P
has been previously validated as a progression marker of MND (Shepheard et al., 2017) and
also found to increase with disease progression in SOD1%%3A mice (Shepheard et al., 2014) and
the hTDP-43ANLS mice (Figure 3.2), the current study did not find the same increase with
disease progression. Not only were there no significant differences between treated and
untreated mice across the study course, but there was also variability in the levels of p75E<P,
with the highest levels seen on Day 6 of the study. This finding is not consistent with the
previously described p75E“P progression rates increasing with disease progression. Part of this
contradictory finding could be due to the low numbers of the study, particularly towards the
end of the study where urine collection in the mice is more difficult to obtain. When compared
to the single dose treated and untreated mice, the double dose treated and untreated mice
had a similar urinary p75E“P level on Day 15 to the single does treated mice. On Day 15, the
single dose untreated mice had significantly higher levels compared to any other treatment

group (Figure 4.6).

Overall, these findings suggest that increasing the dose of Triumeq does not improve the
therapeutic benefit. However, the variability seen in the progression of disease across mice
studies could be influencing the results. Furthermore, ERV activity in the mouse brain was not
measured due to a lack of induction or difference in MMTV in the single dose studies. Further
analysis should investigate the effect of Triumeq on mouse ERV expression within the mouse

brain. While only a small cohort of hTDP-43ANLS mice were used for the current study, the
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lack of any significant improvement in any measure of disease progression meant there was

no ethical basis for continuing to a larger cohort.

Previous research has investigated the therapeutic benefit of increasing the dose of other
FDA-approved therapeutics for MND. An early study of Riluzole, a FDA-approved drug for MND
described in section 1.2.5, determined that increasing the dose from 100 mg daily treatment
to 200 mg daily did not provide any further benefit (Lacomblez et al., 1996). In fact, a greater
number of adverse effects occurred at the increased dose although the survival benefit
remained the same as the 100 mg dose. Further Phase Il clinical trials for other treatments for
MND have shown similar results with the higher doses of Toprimate, a glutamate antagonist
and Xaliproden, a serotonin antagonist, showing the greatest adverse effects without showing
any increase in the benefit and in some cases, accelerating disease progression (Cudkowicz et

al., 2003, Meininger et al., 2004).

The toxicity of the components of Triumeq, dolutegravir, abacavir and lamivudine have also
been assessed at increasing doses. Dolutegravir has been shown to be non-toxic, even at high
doses, including the dose given to the mice in the current study (Shah et al., 2014). Similarly,
despite cases of abacavir hypersensitivity regardless of dose, increased doses of abacavir have
been shown to be tolerable and non-toxic (Kumar et al., 1999, Jesson et al., 2022).
Lamivudine, however, has been shown to have toxic effects at higher doses. Olaniyan et al.
(2015) showed increased liver toxicity from higher doses of lamivudine in rats, due to
increased oxidative stress. Furthermore, lamivudine treatment has been reported to have
neurotoxic properties with neurodegeneration seen in the cerebellum of Wistar rats treated
with lamivudine compared to control rats, also causing gait abnormalities (Li et al., 2007, Peter
et al., 2017). Thus, the effects observed in the current study could be explained by neurotoxic

effects from increased lamivudine dose.

4.3.3 Conclusions

In summary, this chapter investigated the effects of increasing the dose of Triumeq on a small
cohort of hTDP-43ANLS mice. The effect of the increased dose on weight change, neurological

score, motor performance and urinary p75tP was investigated. Only one significant difference
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between treated and untreated mice was observed with a significantly higher stride length
for the untreated mice seen at Day 15, an opposing result to the previous single dose studies.
However, this finding could be explained by variability of disease progression seen in this
mouse model. Furthermore, the p755P levels did not follow a consistent progression increase,
previously seen. Although only a small cohort was used, the lack of significant effects of
Triumeg on any measure did not warrant the use of more mice. Overall, this current study
does not provide evidence of an increase in therapeutic benefit from increasing the dose of

Triumegq.
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CHAPTER 5.
INVESTIGATING THE RELATIONSHIP
BETWEEN HERV-K, TDP-43 AND
INFLAMMATION IN VITRO
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5 [INVESTIGATING THE RELATIONSHIP BETWEEN HERV-K, TDP-43
AND INFLAMMATION /N VITRO

5.1 Introduction

The previous chapters have demonstrated the use of antiretrovirals, specifically Triumeq, for
MND to target endogenous retroviruses and determine their association with TDP-43 in a
TDP-43 mouse model of MND. Due to the lack of expression of human endogenous
retroviruses in these mice, specifically HERV-K, which is associated with MND, in vitro studies
are beneficial for investigation of the association between HERV-K and TDP-43. Although
Triumeq is currently being trialled in a Phase Il clinical trial, elucidating the effects and
mechanisms of Triumeq on the relationship between TDP-43, HERV-K and inflammation could

be beneficial to improving its therapeutic benefit.

Therefore, the aim of this chapter is to assess transcription factors that bind HERV-K, quantify
the expression of HERV-K targets in human cell lines and investigate the association between
HERV-K and TDP-43 with Triumeq treatment in vitro. To do this, HERV-K and TDP-43
expression levels were analysed in multiple cell lines including non-neuronal cell lines, a
neuronal cell line and a primary cell line from MND patients and controls. Determining the
best cell line for HERV-K and TDP-43 expression will help to understand the hypothesis that
exogenous viral infection or inflammatory stimuli will induce HERV-K expression and increase
TDP-43 pathology and the addition of antiretroviral therapy will reduce HERV-K expression

and TDP-43 expression.
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5.2 Results

5.2.1 /nsilico Analysis of Transcription Factors Predicted to Regulate HERV-K Gene
Expression

Due to COVID-19 lockdowns and interruptions to lab access and mouse breeding to continue
the in vivo work, the focus of the project shifted to computer-based in silico analysis. In silico
analysis was used to predict the transcription factors that regulate HERV-K gene expression.
For this analysis, 1100 base pairs upstream of the transcription start site for full length HERV-
K across 20 loci in the human genome were analysed through the promotor analysis online
tool PROMO (Alggen). The transcription factors and the number of binding sites across the 20
full length HERV-K loci are displayed in Table 5.1, ordered from highest number of binding
sites to least number of binding sites. 51 transcription factors were identified and predicted
to regulate full length HERV-K expression. Of these transcription factors, 18 were involved in
development or differentiation, 8 were oncogenic, 7 were related to immune function and 2
were known repressor of mouse endogenous retrovirus, MMTV. Highlighted in red boxes are
the transcription factors that are of importance for MND, discussed further in the Section

5.3.3.

These transcription factors were also analysed for the number of loci they bind to determine
which transcription factors were common across the 20 HERV-K loci. Table 5.2 depicts these
transcription factors according to the number of loci they bind with green squares showing
one or more binding sites for that locus and red showing no binding sites for that locus, in
order from greatest number of loci to least. Transcription factors outlined in bold indicate

importance for MND.
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Table 5.1 Transcription factors upstream of full length HERV-K and the number of binding
sites across 20 HERV-K loci

Abbreviation

Transcription Factor

Total number
of binding sites

OCT1 Octamer transcription factor 1 122
FOXD3 Forkhead box D3 99
AP-1 Activator protein 1 54
Pax-4 Paired-homeodomain transcription factor 4 54
HNF-4 Hepatocyte nuclear factor 4 43
CDP CR1 CCAAT Displacement protein — cut repeat 1 39
Evi-1 Ecotropic viral integration sitel 39
HNF-3B Hepatocyte nuclear factor 3-beta 38
c-Rel Rel proto-oncogene protein 32
USF Upstream stimulatory factor 31
GATA-3 GATA binding protein 3 27
GATA-1 GATA binding protein 1 26
FOXJ2 Forkhead Box J2 25
GATA-2 GATA binding protein 2 23
MyoD Myogenic differentiation 1 21
COMP1 Cooperates with myogenic protein 1 20
NE-kB Nuclear factor kappa-light-chain-enhancer of 20
activated B cells

NF-Y Nuclear transcription factor Y 19
Sox-9 SRY-box transcription factor 9 19
Pax-6 Paired-homeodomain transcription factor 6 17
CP2 Transcription factor CP2 16
v-Myb Avian myeloblastosis viral oncogene homolog 16
IK-1 Ikaros isoform 1 15
RFX1 Regulatory Factor X1 15
Freac-7 Forkhead related transcription factor 7 14
v-Maf Musculoaponeurotic fibrosarcoma oncogene homolog 14
Hand1 Hand and neural crest derivatives expressed 1 14
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Brn-2 Brain-2 12
POU3F2 POU Class 3 homeobox 2 12
AREB6 ATP1al regulatory element binding factor 6 11
Elk-1 ETS domain-containing protein 11
HNF-1 Hepatocyte nuclear factor 1 10
Lmo2 LIM domain only 2 10
Sox-5 SRY-box transcription factor 5 10
HFH-3 Hepatocyte nuclear factor-3 (HNF-3)/fork head 3
homolog
XFD-2 Xenopus fork head domain related multigene 2 8
TATA TATA binding protein 7
TGIF TGFB induced factor homeobox 1 7
Gfi-1 Growth factor independent 1 7
CDP CR3+HD CCAAT Displacement protein — cut repeat 3 7
N-Myc MYCN Proto-oncogene protein 6
STAT Signal transducer and activator of transcription 6
C-Myc MYC Proto-oncogene protein 5
CHOP-C C/EBP homologous protein C 5
E47 E2A immunoglobulin enhancer-binding factor 5
MYOG Myogenin 5
P54 Paraspeckle regulatory protein 54-kDa 4
NF-E2 Nuclear factor erythroid-derived 2 4
Olf-1 Olfactory 1 3
HFH-8 Hepatocyte nuclear factor-3 (HNF-8)/fork head 3
homolog
HFH-1 Hepatocyte nuclear factor-3 (HNF-1)/fork head 2
homolog
HNF-3 Hepatocyte nuclear factor 3 1
YY1l Yin-yang 1 1
Mef-2 Myocyte-enhancer factor 2 1
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Table 5.2 Transcription factors predicted to regulate HERV-K expression showing the number of
binding sites on each locus with red representing no binding sites and green representing 1 or more
binding sites

2 s 6] 7809 14 | 15[ 16 [ 17 | 18 | 19 | 20 [TOTAL
OCT_1 2 6 |3/3]4]s 16| 5] 4] 2]12]8]1]12
FOXD3 7 1| 3[4]10]3 1041 [3]27] 4 99
HNF-3beta 5 2 | 1 3 3/ 1]1 4 | s 38
CDP CR1 3 4122 1 4 | 2 2 1] 2 39
Pax-4 5 2 | 4 2 212|442 ]5]|9] 54
HNF-4 2 1] 4 2 [s5[5[3[1]1]1] a
GATA-1 3 2 1)1 1 1|1 2 3 26
FOXJ2 1 1 141 3 1l 2]2] 2
AP-1 2 28] s5]s5]6 4 1 [ 1] 2] 54
Ik-1 1 2 1 [1]1]1 1 1] 15
Evi-1 3 6 | 3] 1]1 3 6 | 1 39
USF 1| 2]3]2 6 | 1] 31
c-Rel 2232 32
GATA-3 2 1 ]1]2 27
Sox-9 1122 19
Brn-2 12
CcoMP1 2 BN 4 | 1 | 20
GATA-2 | 3] a] 3] 23
MyoD 21
Pax-6 17
RFX1 15
Hand1 14
Elk-1 1
Freac-7 14
v-Myb
NF-Y
HNF-1 10
Lmo2 10
cP2 16
v-Maf 14
AREB6 11
XFD-2 1 8
Sox-5 10
Gfi-1
TGIF
HFH-3
TATA
STAT
NF-KB 20
CDP CR3+HD 7
E47 5
p54 4
Myogenin 5
N-Myc 6
CHOP-C 5
C-Myc 5
HFH-8 3
HFH-1 2
HNF-3 1
Mef-2 1
E47 1
YY1 1

161



5.2.2 Antisense Oligonucleotide against TARDBP reduces TDP-43 expression

During the current study, a collaboration with the MND laboratory at the Perron Institute for
Neurological and Translational Science allowed for the opportunity to visit and undergo the
following research. Professor Anthony Akkari and Dr. Rita Mejzini developed
phosphorodiamidate morpholino oligomers (PMO), an antisense oligonucleotide chemistry,
against TARDBP to knockdown TDP-43. Therefore, using this PMO, the relationship between
TDP-43 and HERV-K expression in vitro using a neuronal cell line, SH-SY5Y, was assessed. Using
Western Blot (Figure 5.1A), Dr. Rita Mejzini assessed protein levels in the SH-SY5Y with
increasing concentrations of the PMO which was quantitated and expressed as fold change
of untreated cells, normalised to total protein. The concentration of the PMO was increased
and the fold change of TDP-43 expression to untreated cells was compared. With an increase
in concentration of the PMO from 0.79 uM through to 100 uM, there was a decrease in the
fold change of TDP-43 compared to untreated suggesting successful knockdown of TDP-43

with increasing PMO concentrations (Figure 5.1B).

Following the western blot analysis, TDP-43 mRNA expression as well as two HERV-K targets
(visualised in Figure 1.6), Pan HERV-K, HERV-K env and inflammatory markers intracellular
adhesion molecule 1 (ICAM-1) and TNF-a was analysed at each concentration of the PMO
against TDP-43. Due to the low expression of immune markers in the SH-SY5Y neuronal cell
culture without a microglia co-culture, ICAM-1 was chosen due to its innate expression and
its known induction by TNF-a (Myers et al., 1992, Singh et al., 2023). There was no association
between the expression of TDP-43 (Figure 5.2A), Pan HERV-K (Figure 5.2B), HERV-K env
(Figure 5.2C), ICAM-1 (Figure 5.2D) or TNF-a (Figure 5.2E) with the increasing PMO

concentration.

5.2.3 TDP-43 Expression is Not Correlated with HERV-K Expression /n Vitro

To assess the relationship between TDP-43 and HERV-K in the SH-SY5Y neuronal cell line, the
expression of TDP-43 at the various concentrations of the PMO was correlated against Pan

HERV-K and HERV-K env. There was no correlation between TDP-43 and pan HERV-K (Figure
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5.3A; R2=0.3215, p = 0.4263) or between TDP-43 and HERV-K env (Figure 5.3B; R? = 0.1506,
p = 0.3284).

5.2.4 TDP-43 Expression is Correlated with Immune Markers /n Vitro

Following on from the previous investigation of the TDP-43 and HERV-K relationship in vitro,
the relationship between immune markers and TDP-43 was also investigated. Figure 5.4A
shows the moderate correlation between TDP-43 and TNF-a (R? = 0.563, p = 0.0125). TDP-43
expression was strongly correlated with ICAM-1 expression in the SH-SY5Y cell line (Figure

5.4B; R2 = 0.787, p =0.006).
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Figure 5.1 Change of TDP-43 expression to untreated SH-SY5Y after treatment with various
concentrations of a PMO against TARDBP

SH-SY5Y neuronal cell line was transfected with different concentrations of a type of
antisense oligonucleotide, PMO, against TARDBP to reduce TDP-43 expression. A. Western
Blot showing TDP-43 protein present after transfection with increasing levels of PMO
targeting TARDBP. B-actin used as housekeeping gene. B. Quantification of data shown in A
with fold change of TDP-43 protein levels of different concentrations compared to
untreated SH-SY5Y cells, normalised to total protein. Data from PMO-knockdown of TDP-43
in SH-SY5Ys was kindly provided by Dr. Rita Mejzini. Results expressed as mean * SEM from
duplicate values and analysed with One-way ANOVA with Tukey’s multiple comparisons UT

= untreated, MM = molecular marker
164



@

0.6 0.08
0.5+
0.4 X
™ >
< 14
a 0.3 &
=1 -
[l c
0.2 3
0.1
0.0-
UT 0.79 1.56 3.12 6.25 125 25 50 100 UT 0.79 1.56 3.12 6.25 125 25 50 100
PMO Concentration (M) PMO Concentration (uM)
C. D.
0.04 0.4
0.03 0.3
>
[=
@ il
¥
< 0.024 E 0.2
x e
i
= =
0.014 0.1-
0.00- 0.0-
UT 079 1.56 3.12 625 125 25 50 UT 0.79 1.56 3.12 6.25 125 25 50 100
PMO Concentration (uM) PMO Concentration (uM)
E.
0.15
0.10-
.
L
4
|—

UT 0.79 1.56 3.12 6.25 12.5 25
PMO Concentration (pM)

Figure 5.2 Expression of HERV-K and
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nst TARDBP to reduce TDP-43 expression. Expression

of A. TDP-43, B. Pan HERV-K, C. HERV-K env, D. ICAM-1 and E. TNF-a at different

concentrations of the PMO.
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Figure 5.3 Correlation of TDP-43 expression to Pan HERV-K and HERV-K env expression in
a TDP-43-knockdown SH-SY5Y cell line

The relationship between the expression of A. Pan HERV-K (n = 9) and B. HERV-K env (n = 9)

to mRNA expression of TDP-43 was quantified from SH-SY5Y neuronal cell line transfected

with different concentrations of a type of antisense oligonucleotide, PMO, against TARDBP

to reduce TDP-43 expression.
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Figure 5.4 Correlation of TDP-43 expression to ICAM-1 and TNF-a expression in a TDP-43-
knockdown SH-SY5Y cell line

The relationship between the expression of A. TNF-a (n = 9) and B. ICAM-1 (n = 9) to mRNA
expression of TDP-43 was quantified from SH-SY5Y neuronal cell line transfected with
different concentrations of a type of antisense oligonucleotide, PMO, against TARDBP to

reduce TDP-43 expression.
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5.2.5 HERV-K and TDP-43 Expression is Not Increased in a Primary Cell Line of MND

The previous findings outlined the ability to detect and investigate HERV-K expression in a
neuronal cell line. After investigating the levels of HERV-K in this cell line and assessing the
relationship with TDP-43, the expression of Pan HERV-K, HERV-K pol, HERV-K env and TDP-43
were quantified in a primary cell line. Due to accessibility of the cell line, olfactory
neuroepithelial-derived stem (ONS) cells were used to examine HERV-K and TDP-43
expression. ONS cells were obtained from sporadic MND patients (n = 5) and controls (n = 6).
There were no significant differences in the expression levels of pan HERV-K (Figure 5.5A; p =
0.964), HERV-K env (Figure 5.5B; p = 0.234), HERV-K pol (Figure 5.5C; p = 0.879) or TDP-43
(Figure 5.5D; p =0.085) between MIND patients and controls.
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Figure 5.5 TDP-43 and HERV-K expression from olfactory neuroepithelial derived stem
cells from MND patients and controls

MRNA extracted from olfactory neuroepithelial derived stem cells from MND patients (n= 4-
5) and controls (n = 6) was quantified using RT-gPCR using primers for A. pan HERV-K, B.
HERV-K env, C. HERV-K pol and D. TDP-43. Ct values were normalised to cyclophilin. Results

represent the mean + SEM from duplicate values and were analysed with Student’s t-test.
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5.2.6 Expression of HERV-K in Multiple Cell Lines

To determine the optimal cell line to use for assessing the influence of Triumeq in vitro,
multiple cell lines that were readily available were assessed for their expression of TDP-43
and HERV-K gene targets, HERV-K gag, HERV-K pol, HERV-K env shown in Figure 1.6, as well
as Pan HERV-K depicting full length HERV-K by binding the consensus LTR sequence. The cell
lines analysed were 1. Hela, a cervical cancer cell line 2. U937, Epstein Barr Virus transformed
Histiocytic lymphoma cell line 3. Huh7, a hepatoma cell line 4. HEK293, an embryonic kidney
cell line and 5. ARPE-19, a retinal epithelial cell line. There were no significant differences in
the expression of pan HERV-K, HERV-K gag, HERV-K env or HERV-K pol between any of the cell
lines used (Figure 5.6). There was, however, a significant increase in the level of TDP-43
expression in the Hela cell line compared to ARPE-19 (p = 0.0013), Huh7 (p = 0.0024), HEK293
(p=0.024) and U937 (p = 0.0052). There was also a correlation between expression of HERV-
K env and TDP-43 across all cell lines (; R2=0.702, p = 0.0132).
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Figure 5.6 HERV-K expression in multiple cell lines

MRNA from uninfected Hela, Huh7, U937, HEK293 and ARPE-19 cell lines were used to
guantify the expression of A. Pan HERV-K, B. HERV-K env, C. HERV-K gag, D. HERV-K pol and
E. TDP-43. Ct values were normalised to cyclophilin, and results are expressed as the mean
+ SEM from triplicate values. Two-way ANOVA with Tukey’s multiple comparisons. * p < 0.05,
** n>0.01
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5.2.7 Dengue Virus Infection or LPS stimulation does not increase HERV-K or TDP-43
expression in a Hela cell line

Due to Hela being an established and validated non-neuronal cell line for MND research,
(Figure 5.6), this cell line was used to investigate the ability to stimulate HERV-K expression
through exogenous viral infection and an immune response stimulation. To do this, as
described in Section 2.2.11.1, Hela cells were infected with dengue virus (DENV) or
stimulated with lipopolysaccharide (LPS) to induce an immune response and compared to
uninfected (Ul) cells. Pan HERV-K, HERV-K gag, HERV-K env and TDP-43 expression levels were
analysed from the DENV infected, LPS stimulated or uninfected (Ul) cells. There were no
significant differences in the expression of any HERV-K targets or TDP-43 between the DENV-

infected, LPS-stimulated or Ul cells (Figure 5.7).
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Figure 5.7 Expression of TDP-43 and HERV-K in a Hela cell line with Dengue Virus Infection
and LPS stimulation

Hela cells were uninfected (Ul), dengue virus (DENV) infected, or lipopolysaccharide (LPS)
stimulated and incubated for 24 hours. Cells were harvested and analysed for mRNA
expression of A. Pan HERV-K, B. HERV-K gag, C. HERV-K env and D. TDP-43. Ct values were
normalised to cyclophilin, and results are expressed as the mean + SEM from triplicate

values. Two-way ANOVA with Tukey’s multiple comparisons.
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5.2.8 Expression of HERV-K pan and HERV-K env is Increased Following Zika Virus Infection
In Vitro

Following the previous finding where Triumeq did not have a significant effect on the
expression of HERV-K or TDP-43 in vitro after DENV or LPS stimulation (Figure 5.7), the
expression of pan HERV-K and HERV-K env was investigated in another cell line of neuronal
origin, ARPE-19. ARPE-19 cell line was chosen due to the trend to increased expression of pan
HERV-K compared to the other cell lines analysed, including Hela cells (Figure 5.6A). The
expression of Pan HERV-K, HERV-K env and TDP-43 was compared between ARPE-19 that had
been infected with DENV, Zika Virus (ZIKV), LPS stimulated or Poly I:C stimulated. For pan
HERV-K (Figure 5.8A), there was a significantly higher expression in the ARPE-19 cells infected
with ZIKV compared to uninfected cells (p = 0.0001) DENV (p = 0.0002), LPS (p = 0.0001), or
Poly I:C (p = 0.0001). Similarly, as shown in Figure 5.8B, there was a significantly higher
expression of HERV-K env in the ZIKV-infected ARPE-19 compared to uninfected (p = 0.0051),
DENV-infected (p = 0.0049), LPS stimulated (p = 0.001) or transfected with Poly I:.C (p =
0.0012). For TDP-43 (Figure 5.8C), there was significantly higher expression in DENV-infected
ARPE-19 compared to Ul (p = 0.0002), LPS (p = 0.0007), and Poly I:C (p = 0.0008). There was
not significantly higher expression in the DENV-infected ARPE-19 compared to ZIKV-infected
(p=0.326).
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Figure 5.8 Expression of pan HERV-K and HERV-K env in ARPE-19 with Zika virus or dengue
virus infection and LPS and Poly-IC stimulation

ARPE-19 were uninfected (Ul) (n = 4), zika virus (ZIKV) infected (n = 2), dengue virus (DENV)
infected (n = 3), lipopolysaccharide (LPS) stimulated (n = 4) or Poly I:C stimulated (n = 3) and
incubated for 24 hours before cells were harvested and analysed for mRNA expression of A.
Pan HERV-K, B. HERV-K env and C.TDP-43. Ct values were normalised to cyclophilin, and
results are expressed as the mean + SEM . One-way ANOVA with Tukey’s multiple

comparisons. ** p <0.001, *** p < 0.0001, **** p < 0.00001
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5.3 Discussion

5.3.1 Summary

Although Triumeq is currently being trialled for MND in a phase lll clinical trial, there are still
unknowns regarding the mechanism of action of Triumeq, particularly its effects on the
association between HERV-K and TDP-43. The previous chapters outlined the effect of
Triumeq In vivo, providing valuable insight into the mechanism of action of Triumeq in a
mouse model of MND. However, due to the lack of expression of human endogenous
retroviruses in all mice, the previous chapters do not provide insight into the effects of
Triumeq on HERV-K expression and its association with TDP-43. Hence, the aim of this chapter
was to characterise the expression of HERV-K and TDP-43 in vitro, including in silico analysis
of the transcription factors that are predicted to regulate HERV-K expression. This chapter

also aimed to further elucidate the relationship between HERV-K andTDP-43 in vitro.

5.3.2 In Silico Analysis of Transcription Factors Regulating HERV-K Expression

During COVID-19 lockdowns with limited lab access, computer-based analysis became the
focus. The in silico analysis of the transcription factors that are predicted to regulate the
expression of full length HERV-K provided some interesting results (Table 5.1 and 5.2). This
work expanded on previous research identifying binding sites for transcription factors on four
HERV-K loci (Manghera and Douville, 2013) and looked at a further 20 HERV-K loci. Firstly, one
transcription factor that had 46 total binding sites across 16 of the 20 full length HERV-K loci
was CCCAAT displacement protein with cut repeats 1 and 3 (CDP CR1-3). This is of particular
interest for ERV analysis as these transcription factors are known repressors of mouse
endogenous retrovirus MMTV, binding the MMTV LTR (Zhu et al., 2000). Similarly, Octamer
transcription factor 1 (OCT1) which had the highest number of total binding sites and common
across all 20 HERV-K loci, has been shown to stimulate HERV-W through exogenous viral

infection (Lee et al., 2003).

Of the predicted transcription factors in Table 5.1, NF-xB, with 20 binding sites across the 20
loci, has been experimentally shown to stimulate HERV-K expression in MND with increased

levels of HERV-K activity after transfection with NF-kB-expressing constructs in a human
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neural progenitor cell line (Manghera et al., 2016b). Furthermore, NF-xB and AP-1, with 54
binding sites across 15 of the 20 HERV-K loci identified in the current study, have also been
shown to be stimulated from TDP-43 overexpression and mislocalisation (Zhao et al., 2015),
providing support for an association between TDP-43 and HERV-K. Transcription factor STAT
had 6 binding sites across 5 of the 20 full length HERV-K, consistent with previous research
identifying STAT involvement in HERV-K regulation (Russ et al., 2023, Manghera and Douville,
2013). The STAT involvement in HERV-K regulation could be a link between TDP-43,
inflammation and HERV-K with a known association between STAT signalling and CXCL10
expression reported in the literature (Burke et al., 2013, Makuch et al., 2022) and the TDP-43
and CXCL10 expression correlation observed in the current study (Figure 3.13).

Some of the transcription factors shown in Table 5.1 are known to be activated through
exogenous viral infection also. For example, human simplex virus 1 (HSV-1) is known to
stimulate activation of HERV-W and HERV-K through OCT-1 and AP-1 and could therefore, be
a link between exogenous viral infection and endogenous retroviral activation (Kwun et al.,
2002, Lee et al., 2003). Furthermore, HIV-1 has been shown to activate HERV-K through NF-
kB and Tat (Vincendeau et al., 2015, Gonzalez-Hernandez et al., 2012) and has been shown
to increase TDP-43 expression (Douville and Nath, 2017). The exogenous viral infection
activating endogenous retroviral activity through transcription factors involved in immune
function also supports the previous finding of ZIKV infection resulting in greater HERV-K
expression in ARPE-19 (Figure 5.9). The transcription factors identified in the current study
that are predicted to regulate HERV-K expression validate and expands on previous research
which identified transcription factor sites within HERV-K LTR consensus sequences (Manghera
and Douville, 2013). Overall, these results support the previous research and findings from

Chapter 3 that increased HERV-K expression could be due to immune function.

5.3.3 Analysis of HERV-K and TDP-43 Expression in Multiple Cell Lines

The in silico analysis outlined the involvement of an association between HERV-K and
inflammation with multiple HERV-K loci containing binding sites for transcription factors
associated with immune function. To elucidate this finding further, in vitro analysis included

investigation of HERV-K, TDP-43 and inflammatory marker expression in a neuronal cell line,
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SH-SY5Y. To investigate the relationship of TDP-43 and HERV-K in vitro, SH-SY5Ys were treated
with a type of antisense oligonucleotide, a PMO, to target and knockdown TARDBP at
different concentrations, resulting in significantly lower TDP-43 expression with higher PMO
concentration as determined by quantitative western blot analysis performed by Dr. Rita
Mejzini (Figure 5.1). TDP-43 mRNA levels were also quantified through PCR analysis and with
TDP-43 expression reduced with increased concentration of the PMO (Figure A.6A). The
current study then aimed to determine the relationship between TDP-43 and HERV-K
expression in this cell type through RT-qPCR (Figure 5.2). There was no relationship seen
between TDP-43 expression and concentration of the PMO in the current study (Figure 5.3A)
suggesting the PMO has not successfully altered the TDP-43 RNA levels. However, the
inconsistent TDP-43 RNA expression between the current study and the study performed by
Dr. Rita Mejzini could be explained through the different methods of detection of TDP-43
expression and the primers used for TDP-43 detection. To detect TDP-43, Dr. Rita Mejzini used
PCR, targeting the full-length TDP-43 sequence, shown in Figure A.6B. The current study,
instead, used RT-qPCR for quantitative analysis of TDP-43 expression using primers described
In section 2.1.1, with primer binding location shown as the red line in Figure A.6B, binding
exon 5, a location not affected by the PMO knockdown. Future research will reassess TDP-43
RNA levels using primers validated for detection of full-length TDP-43 and the exon skipped
transcripts to ensure accurate quantification after TDP-43 knockdown. Such methods for
assessing PMO knockdown have been achieved for Duchenne Muscular Dystrophy (Lépez-
Martinez et al., 2022) Furthermore, the gPCR analysis was completed from a single
experiment. Repetition of the analysis from further TDP-43 knockdown experiments would

be beneficial prior to drawing conclusions.

Although TDP-43 expression was not correlated with the concentration of the PMO in the
current study, correlation analysis between HERV-K and TDP-43 was still completed to assess
the relationship between TDP-43 and HERV-K expression in a neuronal cell line. The levels of
pan HERV-K and HERV-K env were assessed at the different concentrations of the PMO and
the correlation with TDP-43 examined. There was no correlation between pan HERV-K or
HERV-K env and TDP-43 expression in the current study, not consistent with previous in vivo
or in vitro studies (Manghera et al., 20164, Li et al., 2015). To assess the relationship between

TDP-43 expression and inflammatory markers in this cell type, TDP-43 expression was also
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correlated with inflammatory markers. This finding is consistent with research suggesting
neuronal TDP-43 expression induces inflammation, potentially involved in neurodegenerative
processes (Bright et al., 2021). Only two inflammatory markers were assessed based on the
limited amount innately expressed inflammatory markers in neuronal cells in the absence of
a microglial co-culture, where cytokines and inflammatory mediators are predominately
produced (Smith et al., 2012, Haenseler et al., 2017). There was a correlation between the
two markers assessed, however, with a moderate and strong correlation between TDP-43 and
TNF-a and ICAM-1, respectively. Although the involvement of ICAM-1 in neurodegeneration
and how the TDP-43/ICAM-1 association may be involved is unclear, it is understood that
ICAM-1 expression promotes an inflammatory response (Singh et al., 2023) and is induced by
TNF-a (Burke-Gaffney and Hellewell, 1996, Myers et al., 1992). Furthermore, serum levels of
ICAM-1 have been shown to be higher in MND patients compared to controls (Brodovitch et
al., 2021). Therefore, TDP-43 expression could induce an inflammatory state through TNF-a
which is further exacerbating pro-inflammatory processes and may be involved in
neurodegeneration. With a lack of correlation between HERV-K and TDP-43 in this model,
TDP-43 expression may be inducing the inflammatory state prior to the involvement of HERV-
K. Further research is required to elucidate this pathway with future directions discussed in

Chapter 6.

Analysis of HERV-K and TDP-43 expression in ONS cells did not show any statistical significance
in expression between MND patients and controls for HERV-K or TDP-43 (Figure 5.5). While
surprising, the limited sample size could be contributing to the lack of differences observed.
Furthermore, while this cell type was readily available and less invasive to obtain from MND
patients and controls, there is a lack of data regarding disease pathology in this model,
particularly regarding TDP-43 pathology (Mejzini et al., 2019).The trend towards higher
expression of HERV-K env in the MND patient cells compared to control patient cells is
promising with HERV-K env being shown to have elevated expression in MND patient CSF and
serum and is associated with neurotoxicity in vitro (Steiner et al., 2022). To further this
research in primary cells with cells that also produce a disease phenotype including TDP-43
mislocalisation, readily available induced pluripotent stem cells (iPSCs) from MND patients
and healthy controls will be used to analyse the expression levels of HERV-K and TDP-43 at

the different differentiation stages from iPSCs through to iPSC-motor neurons. Furthermore,
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the lack of significant difference in TDP-43 expression between MIND patients and controls
could be due to the pathology of TDP-43. Alternative splicing of TDP-43 pre-mRNA can
produce TDP-43 C-terminal and N-terminal fragments of TDP-43 (Igaz et al., 2009). These
fragmented forms of TDP-43 have been shown to contribute to disease pathology,
specifically, TDP-43 cytoplasmic accumulation (Chhangani et al., 2021, Che et al., 2015) but
may not be detectable by primers designed for full-length TDP-43 in the current study (as
indicated in section 2.1.1). Furthermore, recent research showed cryptic exons in TDP-43
generating de novo proteins in iPSCs and CSF of MND patients (Seddighi et al., 2024).
Therefore, the TDP-43 expression profile may not be adequately reflecting disease pathology

in these patients.

Following on from the research in a primary cell line, the expression levels of HERV-K and TDP-
43 were assessed using readily available secondary cell lines to determine which cell lines had
highest expression levels of HERV-K or TDP-43.(Figure 5.6). While there were no significant
differences in the expression of HERV-K between any cell lines, HelLa not only had a trend
towards a significant increase in the expression of HERV-K env, but there was also significantly
higher expression of TDP-43. This finding is consistent with previous research where the use
of Hela cells for TDP-43 pathology research has been validated as a non-neuronal model for

MND (Liu et al., 2013, Giannini et al., 2020).

Based on this finding, HeLa were used to stimulate HERV-K expression through exogenous
viral infection and inflammatory stimulation. Due to availability and the previous in silico
finding of NF-kB and STAT transcription factors predicted to regulate HERV-K expression,
DENV infection and inflammatory stimulation through addition of LPS was used to potentially
stimulate HERV-K expression. However, there were no effects of the DENV or LPS stimulation
on HERV-K or TDP-43 expression. With a lack of effect of DENV infection on HERV-K
expression, further analysis was conducted to assess the effects of another viral infection,
ZIKV, on HERV-K expression in a cell line of neuronal origin. ARPE-19 were chosen based on
the trend towards increased pan HERV-K expression compared to other cell lines. HERV-K env
expression was significantly increased in ARPE-19 with ZIKV infection compared to DENV

infection or inflammatory stimulation with Poly: IC or LPS (Figure 5.3). This finding is of
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particular interest due to the ability of ZIKV to modulate an immune response within the eye

(Simonin et al., 2019, Singh et al., 2017, Cowell et al., 2023).

The increased HERV-K expression within the ZIKV-infected ARPE-19 suggest a link between
exogenous infection, immune response and endogenous retrovirus activation. TDP-43
expression analysis from these cells also showed that DENV significantly increased TDP-43
expression but ZIKV did not. This finding suggests that while ZIKV increases HERV-K
expression, it does not occur through increased TDP-43 expression. Furthermore, previous
research from has shown a significantly higher expression of TNF-a in ZIKV-infected ARPE-19
but not in DENV-infected ARPE-19 (Shown in Appendix Figure A.5). This suggests a link
between increased inflammatory response from exogenous viral infection and increased
HERV expression that is independent of TDP-43. Research to build upon the results
summarised in this chapter will include analysis of Triumeq treatment on ZIKV-infected ARPE-

19 which was not completed in the current study due to time constraints.

5.3.4 Conclusions

In summary, this chapter reports the expression of HERV-K in multiple cell lines including a
neuronal cell line with TDP-43 knockdown and a primary cell line obtained from MND
patients. This chapter investigated the expression of TDP-43 and HERV-K in other cell lines
including ARPE-19, a cell line of neuronal origin. ARPE-19 was found to have increased
expression of HERV-K after infection with ZIKV, an infection that occurs in the CNS. This was
independent of TDP-43 expression, but potentially involving TNF-a, as shown by previous
research. Future work should explore further cell lines to be used for HERV-K analysis in vitro
including iPSCs from MND patients and controls and investigate treatment of ARPE-19 with
Triumeq after exogenous viral infection. Understanding the transcription factors that are
predicted to regulate HERV-K expression could also allow for in vitro stimulation of HERV-K

expression to evaluate the effects of Triumeqg on HERV-K expression.
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6 DISCUSSION

6.1 Overview

Despite the great effort from many research groups worldwide, MND remains an incurable
and for the most part, an untreatable disease. The current treatment landscape of MND
provides dismal results for motor improvement or increases to survival time for MND patients
(Outlined in Chapter 1). This highlights the need for further treatment options for MND
patients. Understanding the neurodegenerative mechanisms that underpin the progressive
loss of motor function and eventual death in MND patients is vital for developing new
treatments or improving the therapeutic benefit of currently available treatments.
Endogenous retroviruses and their reactivation have been linked to MND and could,
therefore, be a therapeutic avenue for reducing neurodegeneration occurring in MND (Li et
al., 2022). Antiretroviral therapy, Triumeq, to target ERVs is currently being investigated as a
treatment for MND in a Phase Il clinical trial with a Phase Il trial showing promising outcomes
for reducing HERV-K in serum of MND patients (Gold et al., 2019). However, the mechanism
of action of Triumeq remains unclear with the effect on TDP-43, a hallmark of MND pathology,
still unknown. The central aims of this study were to determine the effects of Triumeq in a
TDP-43 mouse model of MND. Based on the inability to detect human ERVs in mice, the last
aim of the study was to further elucidate the mechanism of Triumeq and its effects on HERV-

K and TDP-43 in vitro.

6.1.1 Triumeq Treatment in a TDP-43 mouse model of MND

A TDP-43 mouse model of MND, hTDP-43ANLS, was chosen for the analysis of Triumeq
treatment in vivo. The pilot study assessed the tolerability and palatability of Triumeq and the
onset of disease after Dox removal prior to assessing Triumeq efficacy in a large cohort. As
outlined in Chapter 3, there was a consistent and significant difference in the motor
performance according to the wirehang test, at the approximate half-way point of the study
between the treated and untreated mice. This improvement in motor performance in the
treated mice at this point of the study also coincided with a significant reduction in the level

of urinary p75tP and a significantly higher motor neuron count within the lumbar spinal cord
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region at the same time point. This finding suggests that during the treatment course, the
treated mice had less motor neuron degradation resulting in greater motor performance
outcomes and lower levels of p755P. These differences were not observed at the end of the
study, however, with all mice having similar performances on motor tests at the end of the
study course. This reduction in urinary p758P post-treatment has been previously shown in
the SOD1%%3* MND mouse model (Matusica et al., 2016). p755<P is reflective of motor neuron
degeneration, with this result indicating that Triumeq is reducing motor neuron loss at the
early stage of treatment, confirmed by the motor neuron counts within the lumbar spinal
cord. As shown in Chapter 3, there is an increase in urinary p75t° over disease progression
in hTDP-43ANLS as they express TDP-43, post Dox removal. In humans, urinary p758P has
been shown as a potential pharmacodynamic marker in MND and the current study confirms

the use of p758P as a pharmacodynamic marker in mice also.

These results suggest that while there may be slower progression of motor neuron loss as a
result of Triumeq treatment in the mice, there is no effect on survival outcomes. However,
this is still a promising result for the use of this drug in human MND patients for two reasons.
Firstly, the currently approved therapeutics for MND, Riluzole and Edaravone, that are
resulting in moderate improvements to survival time have been shown to be ineffective in
changing disease outcomes in mouse models of MND, including in the hTDP-43ANLS mouse
model used in the current project (Hogg et al., 2018, Wright et al., 2021). Therefore, the small
improvement from the treatment observed in the current study in mice could provide a
greater improvement in humans. Secondly, while changes to survival outcomes were not
observed from the treatment in the current study, the improvement to motor function could
provide MND patients with an increase in the quality of life. Further measures of disease
pathology should also be included in future analysis to fully elucidate the pathway from brain
to muscle including TDP-43 solubility to assess aggregation within the nucleus and cytoplasm
and muscle fibre analysis to determine the state of the muscle atrophy, particularly at the

timepoint where other significant effects of Triumeq treatment were noted.

This study showed induction of inflammatory markers including TNF-a and CXCL10 in the
hTDP-43ANLS mouse model by 2 weeks after Dox removal but did not show any significant

influence of Triumeq on expression of these markers. However, the correlation between TDP-
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43 expression and CXCL10 at this time point suggests an association between TDP-43 and
inflammatory mediators in disease progression. Recent analysis using the hTDP-43ANLS
model has shown significantly increased expression of TNF-a and other inflammatory
response elements such as IL-6 by 2 weeks off Dox suggesting inflammatory processes occurs
early on in TDP-43-mediated disease progression (Luan et al., 2023). This finding, alongside
the current study where TNF-a, IL-6 and CXCL10 were induced in this model by 2 weeks off
Dox, suggest that targeting inflammatory processes could be a potential avenue for

treatment, discussed further in section 6.2.

A limitation of the current finding presenting in this thesis is the use of the animal model.
While animal models are a valuable asset for understanding disease mechanisms and ideal
pre-clinical testing models, they still have major flaws. Specific to the current study and the
use of the hTDP-43ANLS model, variability in disease progression was noted between mice
and between litters. While some cohorts of mice had a slower disease progression with first
symptoms noted at 9 days post-Dox removal and treatment onset, other cohorts had earlier
disease onset with symptoms noted at an earlier time of 6 days. This variability means
assessments of treatment efficacy is more difficult to assess. This disease heterogeneity has

also been established in the SOD1%%3# mouse model (Pfohl et al., 2015, Synofzik et al., 2010).

Furthermore, while a TDP-43 mouse model is ideal for understanding disease mechanisms
with TDP-43 pathology being a hallmark of MND, measuring HERVs and the association
between HERV-K and TDP-43 was not possible. Instead, a measure of MMTV was used under
the assumption that HERVs and MMTV may have similar functions and could be involved in
disease pathology. If MMTV does not have a similar function, any effects of the treatment
that was observed during the current study would not be due to ERV involvement. Instead,
the effect of Triumeq on improving motor function and reducing motor neuron count within
the lumbar spinal cord could be due to an alternative mechanism. For example, the
improvement from Triumeq seen in the current study could be due to the anti-inflammatory
properties of antiretrovirals (Hileman and Funderburg, 2017, Hattab et al., 2014). Therefore,
the anti-inflammatory effects could be acting on the TDP-43 and inflammation relationship
described previously and in the current study. While significant differences in inflammatory

mediator expression was not found from Triumeq treatment in the current study, it could be
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explained by other inflammatory mediators that were not measured. For example, peripheral
inflammatory markers were not measured and could be affected without affecting the levels
of expression within the cortex measured in the current study. Furthermore, a recent study
using has identified significant expression of inflammatory chemokine (c-c motif) ligand 12
(CCL12) in the hTDP-43ANLS mouse model by 2 weeks off Dox which was not measured in the
current study and should be investigated in future research to determine any changes after
Triumeq treatment. Furthermore, levels of abacavir or lamivudine were not measured to
confirm the presence within brain tissue of the mice and should be investigated prior to

drawing conclusions about therapeutic efficacy in this mouse model.

Further research could also include the use of a HERV-K mouse model such as the model
described in Li et al. (2015). Using this HERV-K mouse model and treating with Triumeq or
combination therapies including anti-inflammatories and measuring HERV-K and
inflammatory marker levels could further elucidate the mechanism of action of Triumeq in
vivo and establish the association between HERV-K and inflammatory processes. However,
use of this mouse model would not allow for understanding of the HERV-K/TDP-43
relationship. Other reverse transcriptase inhibitors with higher CNS penetrance could also be
investigated in future studies to resolve the limitation of the current study which exclusively

examined the use of Triumeq as a method to reduce ERV expression.

Based on the results from Chapter 3, t was hypothesised that doubling the dose of Triumeq
could improve the therapeutic benefit. Chapter 4 investigated the effects of increasing the
dose of Triumeq in a small cohort of TDP-43 mice. There were no significant differences
between the treated mice and untreated mice in the increased dose study for any measures
of disease pathology. However, only a limited number of mice were used for this study. The
guidelines for the use of SOD1%°3* mice in MND research suggest the use of at least 12 animals
of a single sex for each treatment group (Ludolph et al., 2010, Scott et al., 2008). While this
number was used for measurements of disease progression such as neurological score,
weight changes and motor performance for the single dose study, the double dose treatment
pilot study used only 14 mice divided into two treatment groups. This sample size is under
the recommended sample size to be drawing conclusions into the use of increasing the dose.

Furthermore, heterogeneity in disease onset was observed in the double dose study with
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some mice showing a delayed symptom onset after Dox removal as determined by weight
loss, neurological score and motor performance remaining unaffected after 10 days off Dox.
This limitation highlights the need for greater mice numbers to reduce the effects of symptom
onset heterogeneity. However, with no significant effects observed from the treatment, there
was no ethical basis to continue to a larger cohort of mice. Another limitation of the double
dose study includes the lack of measure of the circulating levels of Triumeq in the mice. A
measure of Triumeq levels was not taken throughout the single or double dose study. To fully
elucidate the efficacy of the increased dose of Triumeq, serum levels of the drug should be
determined at the single and double to ensure the increased oral dose correlates with

increased circulating levels.

Overall, Chapter 3 and Chapter 4 partially supported the hypothesis that in hTDP43 mice,
antiretroviral Triumeq treatment decreases endogenous retroviruses, inflammatory signals
and TDP-43 pathology in the brain and spinal cord which improves MND-like motor

symptoms, increases lifespan and reduces levels of the MND biomarker, urinary p75&P.

6.1.2 /n Vitro Analysis of HERV-K and TDP-43

Chapter 5 investigated the relation between HERV-K, TDP-43 and inflammatory mediators in
vitro. In silico analysis of the transcription factors predicted to bind and regulate HERV-K
transcription found an association between inflammatory mediators, such as NF-kB, and
HERV-K regulation. Transcription factors that are known to be associated with exogenous viral
infection including OCT1 were found to be common across all HERV-K loci examined. Further
in vitro analysis of ARPE-19 infected with exogenous virus, ZIKV and DENV found an increase
in HERV-K expression from ZIKV infection. Here, TDP-43 levels were not correlated with HERV-
K expression suggesting the increased HERV-K expression was occurring independently of
TDP-43. This finding alongside previous research showing increased expression of TNF-a in
ZIKV-infected ARPE-19 compared to DENV-infected ARPE-19 (Cowell et al., 2023) suggests
that increased HERV-K expression is perhaps occurring through inflammatory mediators such

as TNF-a..
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Using SH-SY5Ys, a neuroblastoma cell line, with an antisense oligonucleotide targeting TDP-
43 to reduce expression showed no correlation between TDP-43 expression and HERV-K
expression. However, there was a correlation between TDP-43 and TNF-a and TDP-43 and
CXCL10 found in this cell line. This finding suggests that an association between TDP-43 and
inflammation could be occurring independently but alongside of a HERV-K and inflammation
association. Further assessment of other inflammatory markers that are established to be
involved in MND, such as interleukins and interferons, were not able to be detected due to
low expression of cytokines and inflammatory mediators in this cell type (Smith et al., 2012,
Haenseler et al., 2017) and hence, the relationship between HERV-K, TDP-43 and

inflammation was not able to be completely assessed.

Further in vitro investigation using the primary cell line, ONS, from MND patients and controls
showed no significant differences between the expression levels of TDP-43 or HERV-K
between MND patients and controls. However, this could be explained by the limited sample
size and lack of TDP-43 pathology in this cell type. Further investigations in a primary cell line
will involve iPSCs from MND patients and controls with known TDP-43 pathology in iPSC-
derived motor neurons from MND patients. A further limitation to the in vitro analysis of
HERV-K expression is the reliance on RT-gPCR as the method for detecting HERV-K in the cell
lines. For future analysis, an antibody against HERV-K env will be used for
immunofluorescence and ELISA analysis. This will allow for a thorough investigation of
expressed HERV-K within different cell types and will allow for analysis of the localisation of

HERV-K env and TDP-43 within neurons.

Overall, Chapter 5 supported the hypothesis that exogenous viral infection or inflammatory
stimuli will induce HERV-K expression and increase TDP-43 pathology and the addition of
antiretroviral therapy will reduce HERV-K expression and TDP-43 expression. Due to time
constraints, in vitro analysis of Triumeq and its effects on HERV-K and TDP-43 expression were

unable to be investigated but should be included in future research.
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6.2 The future of Triumeq treatment for MND

Overall, the current study found that Triumeq did not influence survival of hTDP-43ANLS mice
with treated mice and untreated mice reaching ethical end-state at a similar timeframe.
However, as outlined previously, Chapter 3 found significant benefits from Triumeq
treatment including improvement in motor performance. Chapter 3 and Chapter 5 was the
inflammatory involvement and association between TDP-43 and HERV-K. These results
suggest that targeting the inflammatory response could be beneficial for increasing the
therapeutic benefit of Triumeq. During the course of this study, new research identified the
involvement of cGAS/STING in neurodegeneration in MND, described in Section 1.1.7.7.1.
With HERV-K potentially exacerbating this pathway, future research could focus on further
elucidating the involvement of HERV-K in this pathway and determine the effect of Triumeq

on proinflammatory markers which are produced as a result of cGAS/STING activation.

Outlined in Figure 6.1, a potential way of increasing the therapeutic benefit of Triumeq could
be targeting another aspect of the pathway to reduce the inflammatory effects that have
been associated with increased neurodegeneration. For example, a combination therapy of
Triumeq and a STING inhibitor, already showing promise in reducing neurodegeneration in
vivo and in vitro (Yu et al., 2020), could reduce the production of pro-inflammatory cytokines
that are exacerbating neurodegeneration. This combination therapy would be a way of
targeting the association between TDP-43 and inflammation, and HERV-K and inflammation.
With Triumeq being shown to be safe and effective for use in MND in a Phase Il clinical trial
(Gold et al., 2018) and being shown in the current study to have an effect on measures of
disease outcomes including motor performance, it has promise for use as a treatment for

MND.
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Figure 6.1 Proposed therapeutic targets and interaction of HERV-K, TDP-43 and inflammatory mediators
in MND

A. Mislocalisation of TDP-43 to the cytoplasm de-represses HERV-K transcription which leads to the
production of HERV-K RNA. The HERV-K mRNA is translated into HERV-K proteins including Gag, Envelope
(env) and the reverse transcriptase enzyme (RT) from the pol gene. The RT enzyme acts to reverse
transcribe the HERV-K into double stranded DNA (dsDNA). Cytoplasmic dsDNA is a danger signal that is
recognised by and activates the cGAS/STING pathway that subsequently activates TBK1 resulting in
phosphorylation of IRF3, IRF7 and release of NF-kB from the cytoplasm. These transcription factors move
to the nucleus and subsequently induce transcription of mRNA for multiple inflammatory factors and
interferons. Additionally, NF-kB can further drive HERV-K transcription. B. Triumeq contains two RT
inhibitors which could act on inhibiting the reverse transcription of HERV-K RNA into dsDNA to prevent
the activation of cGAS/STING pathway. It also contains an integrase inhibitor which could act on blocking
HERV-K DNA integration C. STING inhibitors are proposed as a therapeutic avenue to prevent further
activation of this pathway. This would be predicted to reduce the release of inflammatory mediators and
prevent the spread of toxicity between neurons. IRF3/7 — Interferon regulatory factor 3 and 7, NF-kB -
nuclear factor kappa-light-chain-enhancer of activated B cells, TNF-a — Tumour necrosis factor alpha TGF-
B1 - transforming growth factor f1, NO — Nitric oxide, P — phosphorylation, TBK1 — Tank Binding Kinase 1,

IL-6 — Interleukin 6, T — Triumegq. Figure made in BioRender. 191



6.3 Future directions

While this study has answered some of the research questions regarding Triumeq treatment
for use in MIND, there are questions that remain unanswered that should be investigated
further. This study provided insight into association between TDP-43, HERV-K and
inflammation in vivo and in vitro but these associations should be further investigated,
addressing the limitations of the present study. For example, using an established neuronal
cell line, such as iPSC, with a microglia and astrocytic co-culture would allow for a thorough
investigation of the inflammation, TDP-43 and HERV-K relationship in vitro to elucidate
immune targets, such as members of the cGAS/STING pathway, that could be a therapeutic
target. Using iPSCs with a co-culture of microglia and astrocytes, the effects of Triumeq
treatment could be assessed in vitro through RNAseq analysis, including measures of HERV-K
envelope expression, TDP-43 pathology including expression and mislocalisation and
expression of inflammatory mediators such as TNF-a. This model should be used for
assessment of combination therapies for MND including Triumeq with anti-inflammatories,
including those trialled for MND previously where clinical benefit was not found (Mizwicki et
al., 2012, Kiaei et al., 2006) or STING inhibitors as outlined in Figure 6.1. This cell model would
be a closer representation of MND disease pathology to elucidate the association between
HERV-K, TDP-43 and inflammation further. Further in vitro research should also include
analysis of the association between HERV-K, TDP-43 and inflammation from exogenous viral
infection in ARPE-19 including treatment with Triumeq after ZIKV infection and measures of

TDP-43 pathology including mislocalisation in this cell type also.

While Triumeq is an established treatment for HIV and has promising benefits as a treatment
for MND, further treatments targeting different aspects of HERV-K should be explored also.
For example, a RT inhibitor specifically targeting HERV-K RT could increase the therapeutic
benefit compared to Triumeq, which specifically targets HIV RT. This has already been
investigated targeting retrotransposon activity with an RT inhibitor designed specifically
against LINE-1 retrotransposon RT found to be more effective in reducing in
retrotransposition in Hela cells than the commercially available HIV RT inhibitors, including

abacavir (Banuelos-Sanchez et al., 2019).
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Another aspect of HERV-K pathology that could be therapeutically targeted is the HERV-K
envelope protein. The expression of the HERV-K envelope protein has been found to have
neurotoxic effects, in vivo, with a reduction in neuronal cell number after injection of
recombinant env protein (Steiner et al., 2022). Therefore, an antisense oligonucleotide
targeting HERV-K envelope protein has been proposed as a treatment option (Li et al., 2022).
In vitro investigations of this potential therapy using the iPSC and microglia cell models
described above, should include analysis of TDP-43 pathology and immune response after
knockdown of HERV-K env to elucidate the relationship further and determine if this
treatment option is comparable to Triumeq in this model. A combination therapy of Triumeq
and an antisense oligonucleotide against HERV-K env protein, targeting multiple HERV-K
pathological mechanisms could be a novel therapeutic approach to reducing HERV-K-

associated disease progression.

6.4 Conclusions

This project has investigated the role of association between ERVs, TDP-43 and inflammation
in vitro and in vivo. The research presented in this study promote the use of Triumeq as a
treatment for MND. While not prolonging survival in the hTDP-43ANLS mouse model, this
project identified significant effects from Triumeq in the treated mice including significantly
improved motor performance and motor neuron count within the spinal cord. Outcomes of
the study also further implicated inflammation in progression of disease with associations
between HERV-K and inflammation and TDP-43 and inflammation seen, potentially occurring
independently of the association between HERV-K and TDP-43. Altogether, this study
provides promise for the continued use of Triumeq for MND and has identified the potential
of combination therapy involving Triumeq that targets further inflammatory pathways to
increase the therapeutic benefit. MND remains an incurable and relentless disease with
limited treatment options. Investigating neurodegenerative mechanisms and determining the
effectiveness of novel therapies is vital for progression towards MND being a treatable and

curable disease.
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7 APPENDIX
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Figure A.1 Formation of a provirus from exogenous retroviral infection to release from a
host cell

The retrovirus particle consists of an RNA genome packaged with replication machinery,
including integrase and RT inside the capsid core and surrounded by the envelope
containing viral glycoproteins and lipid derived from cell membranes. When an exogenous
retrovirus infects a cell (1 and 2), the genomic RNA is reverse transcribed into double
stranded DNA (3) in the cytoplasm, that then moves to the nucleus and integrates into the
chromosome of the host cell forming a provirus (4). This proviral DNA gets transcribed (5)
and translated (6) forming proviral RNA and proteins to form a retroviral particle that gets

released from the host cell (7-9). Figure adapted from template provided by BioRender.
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Figure A.2 Motor neurons within the lumbar spinal cord of a hTDP-43ANLS mouse

An example of the motor neuron numbers within the spinal cord where motor neurons that
are nucleated and above 25 uM in size were included in the count. The grid lines represent

25 uM which was used as a method for counting the motor neurons in each section.
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Figure A.3 Example gait analysis from a healthy litter-matched control mouse

The hindlimbs of the mice were gently painted with blue food colouring and they were
placed on a blank sheet of paper to walk across. As shown by the red arrows, stride length
was measured from the middle of one hindlimb paw print to the next hindlimb paw print on
the same side. Stride width was measured from the middle of one hindlimb paw print to the
adjacent stride length line. Toe spread was measured from the two outermost toes. Mice

completed two trials with a minute rest in between.
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Figure A.4 HERV-K pol, HERV-K gag and HERV-K env primer validation in ARPE-19

ARPE-19 were lysed in Trizol and RNA extracted for RT-PCR. A. Melt curve for cDNA at 1/10,
1/100, 1/1000 and 1/10000, analysed by gPCR for HERV-K pol (orange), HERV-K gag (green)
and HERV-K env (blue) along with a no template control (not visible). B. Amplicon size was
estimated through agarose gel electrophoresis. Lane 1: NEB 1500 bp ladder, Lane 2: HERV-
K gag amplicon, Lane 3: H20, Lane 4: HERV-K pol amplicon, Lane 5: HERV-K env amplicon,
Lane 6: NEB ladder. Bp = Base pairs
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Figure A.5 Inflammatory expression in DENV and ZIKV-infected ARPE-19

Figure adapted from Cowell et al. (2023). Inflammatory profile from ARPE-19 infected with

ZIKV or DENV. A. Relative expression of IFN-a, IFN-B and Viperin in DENV or ZIKV-infected

ARPE-19 compared to mock infected ARPE-19. B. Relative expression of IL-6, TNF-a and

CXCL10in DENV or ZIKV-infected ARPE-19 compared to mock infected ARPE-19. C. Heat map

representation of data presented in A and B.
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Figure A.6 TDP-43 expression with different concentrations of PMO and primer binding
locations shown on TDP-43 sequence

A. TDP-43 protein and RNA expression data provided by Dr. Rita Mejzini showing an increase
in TDP-43 protein and RNA expression with decreasing PMO concentration. B. TDP-43
sequence with numbers representing the exons showing primer binding location for primers
used in the current study (shown as red line) and primers used by Dr. Rita Mejzini (shown as

black line) for measuring TDP-43 expression after PMO knockdown.
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