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Abstract

Alzheimer’s disease (AD) is the leading cause of dementia, a syndrome impacting over
900,000 people in the UK alone. There are currently no disease modifying treatments for
AD, which is largely attributable to the heterogenous basis of the disease which is known
to have multiple genetic and environmental contributors. Early identification of the
pathogenic drivers of disease could help with both the diagnosis of specific dementia

subtypes and the development of more targeted, personalised, therapeutic interventions.

Extracellular vesicles (EVs) can cross the blood-brain-barrier and have been shown to carry
AD associated cargoes, including amyloid-B and tau. EV miRNA presents a promising
avenue for biomarkers for AD. Within this project, EVs were isolated from fibroblasts,
hydrogen peroxide treated SH-SY5Y cells and human brain tissue, by sequential
centrifugation and separation by size exclusion chromatography. Isolated EVs were
characterised using western blotting, fluorescence nanoparticle tracking analysis, and
transmission electron microscopy. MiRNA analysis was performed using gPCR and small

RNA sequencing.

Isolated EVs displayed size ranges in line with small EVs (< 150 nm) and expressed EV
associated proteins, including tetraspanins CD9, CD63 and CD81, while not expressing
cellular associated markers. Small RNA sequencing identified a panel of upregulated (miR-
203a, miR-141, miR-361, miR-30a, and miR-125b-1) and downregulated (miR-582 and miR-
1248) miRNAs in brain derived EVs (BDEVs) in AD. In fibroblast derived EVs, miR-146, miR-
92a and miR-134 were upregulated in both gPCR and RNA sequencing, while miR-134 was
downregulated in SH-SY5Y EVs. When stratified for females, miR-27a and miR-668
displayed increased dysregulation in BDEVs in AD. miR-185, miR-132 and miR-660 showed
converse patterns of dysregulation in AD, between fibroblast derived and brain derived
EVs. In both, fibroblast derived and brain derived EVs, miR-660 was inversely dysregulated

in AD between males and females.

Combined we highlight a panel of EV miRNAs that show promise as biomarkers for AD that

express centrally and peripherally, that can support early intervention of disease.

Key words: Alzheimer’s disease, extracellular vesicles, miRNA, fibroblast, brain tissue, SH-
SY5Y, biomarkers
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1 Chapter 1: Introduction

1.1  Alzheimer’s disease

1.1.1 Alzheimer’s disease and dementia

Dementia is a term used to describe a set of impaired cognitive symptoms that gradually
inhibit normal daily functioning. The diseases which cause dementia are predominantly
perceived as disorders of memory impairment, but a multitude of behavioural and
functional changes can occur during the different disease progressions based on the
underlying brain abnormalities. The current ageing population has introduced dementia as
a global health challenge. Worldwide prevalence levels are projected to triple by 2050,
presenting a major burden to health services, economies and the estimated 150 million
people and their families who will be affected by some form of dementia (Prince et al,
2015). In the UK alone, there are currently 900,000 people living with dementia, which is
also predicted to rise sharply (Wittenberg et al, 2019). It is apparent that the lack of disease
modifying treatments in AD is a major challenge for health organisations, as without new
interventions, the numbers predicted in these reports will be more likely to be reached.
Even a treatment to slow the development of symptoms in AD would have a significant
impact on lowering the burdens, both personally and financially, on individuals and health

organisations alike (Wittenberg et al, 2019).

The causes of dementia are widely heterogeneous, accommodated by the vast complexity
of the neuronal networks that make up the brain, and their molecular underpinning.
Therefore, while there are numerous safeguards and neuroprotective mechanisms in
place, the accumulation of factors gradually exert pressure onto the brain, as well as the
rest of the body (De Strooper and Karran, 2016). AD is the most common disease
underlying the dementia spectrum, this is followed by vascular dementia, however more
recently a mixed pathology dementia has been categorised, as Alzheimer’s and
neurovascular pathology are commonly found in parallel to each other (Wittenberg et al,

2019). Dementia with Lewy bodies (DLB), when combined with cases of Parkinson’s disease



dementia (PDD) as the collective Lewy body dementia (LBD), accounts for approximately
20% of all late-life dementia. Therefore, it is second only to Alzheimer’s pathology as a
distinct cause of dementia (Heidebrink, 2002). Fronto-temporal lobar dementia (FTLD)
consists of multiple dementias, such as behavioural-variant FTLD, primary progressive
aphasia and Pick’s disease (Rohrer et al, 2011). FTLD prevalence is relatively low compared
to other causes of dementia, at approximately 10%, which significantly increases in
dementia cases under the age of 65 years, where it is the second most common cause of
young-onset dementia (Wittenberg et al, 2019). FTLD and motor neuron disease/
amyotrophic lateral sclerosis (MND/ALS) are linked on the same spectrum (ALS-FTD), with
similar genetic underpinning (Strong et al, 2017). Other rarer causes of dementia can
include Creutzfeldt-Jakob disease and normal pressure hydrocephalus (Stoeck et al, 2012;

Jaraj et al, 2017).

AD accounts for approximately 2/3 of dementia cases. As well as the memory deficits, AD
patients can display impaired problem solving, spatial perception, reading and ability to
interact socially, amongst numerous other characterised deficits that can contribute to an
impaired quality of life (Alzheimer’s Association, 2018). AD involves the aggregation of the
pathological neurofibrillary tangles and extracellular plaques associated with
hyperphosphorylated tau and amyloid-p (AB) proteins (Hardy et al, 1992; De Strooper and
Karran, 2016). The accumulation of neuropathology is associated with progressive
neuronal damage, which is the driving force behind the subsequent cognitive impairment

(Palop and Mucke, 2010).

AB is one of the longest associated mechanisms for AD, originally being identified in
extracellular plaques which were commonly observed in the AD brain (Glenner and Wong,
1984), and the basis of the frequently used Thal neuropathological staging of AD (Thal et
al, 2002). The amyloid cascade was developed based on weight of evidence linking AB to
disease progression (Selkoe and Hardy, 2016), including the role of the amyloid precursor
protein (APP) gene in familial AD (FAD) (Chartier-Harlin et al, 1991). Further evidence also
observed that processing of APP by beta- and gamma-secretases also triggered the
accumulation of AB protein in FAD (Citron et al, 1992; Rogaev et al, 1995). The proteolysis
of AB can form different sized AP species, the two most prominent being AB1-a2 and AB1-a0

(Gravina et al, 1995), with the longer AB1-42 species being observed as more neurotoxic and



associated with AD plaques (Scheuner et al, 1996). The ABi-40 Species has been observed
more so in cerebral amyloid angiopathy (CAA), where there is an accumulation of ABin the
vasculature of the brain (Rovelet-Lecrux et al, 2006). AB leads to neuronal damage through
multiple dysregulated pathways, including in a forward feedback loop of induction of
reactive oxygen species (ROS), which in turn can interact with AR and other molecules,
including lipids, that can be subsequently neurotoxic (Subramaniam et al, 2002; Cheignon
et al, 2018). The interactions that AR have in the brain depend on the form and solubility
of the molecule, with ABi.42 more likely to aggregate as it is less soluble than APi-a0
(Scheuner et al, 1996). In fact, it is important to note that A is highly conserved and
important for normal function in mammals (Tharp and Sarkar, 2013), with broad roles in
synaptic signalling (Rice et al, 2019) and plasticity (Hick et al, 2015). AB has been observed
to promote brain-derived neurotrophic factor (BDNF) expression, which is an important

protein for neurogenesis (Zimbone et al, 2018).

The AP cascade hypothesis details the central role of AB aggregation in the development
of AD, through intermediary neurotoxicity (Selkoe and Hardy, 2016). Changes in function
of the proteolytic cleavage of APP, result in larger, less soluble proteins which have
increased tendency to misfold, such as the APis; monomer. Interactions between
monomers result in the aggregation of neurotoxic APBi.42 oligomers, which can
subsequently aggregate into larger fibrils of AB1.4; at a faster rate than smaller AB species,
including ABi-40 (Cohen et al, 2015). The larger fibrils accumulate extracellularly to form

dense AB plaques (Selkoe and Hardy, 2016).

Therefore, the AP species is important when discussing AD, and soluble AB oligomers can
inhibit long term potentiation (LTP) and the formation of synapses (Shankar et al, 2008),
reducing postsynaptic densities (Koffie et al, 2009). As AP aggregates into large plaques
consisting of B-sheets of insoluble fibrils, they can also form an intermediate soluble
protofibril form. These formations have also been observed to exact multiple neurotoxic
effects on neuronal cells, including the inhibition of LTP (O’Nuallain et al, 2010). The end
stage amyloid plagues have been found to interfere with synaptic neurons, triggering a
hyperactivity response (Zott et al, 2019). AB plaques also display multiple other routes of
neurotoxicity, triggering neuroimmune responses and altering the neuronal structure

(Meyer-Luehmann et al, 2008), as well as accumulating deposits of AB oligomers which



cause damage to synapses beyond the immediate range of the plague (Koffie et al, 2009).
AR does not just exert a direct influence on neuronal stability, but can also interact and
interfere with cerebral vasculature. ABi4> oligomers triggers pericytes to constrict
capillaries that are feeding the brain by 30%, a mechanism that is mediated by the
production of ROS and the expression of endothelin-1 (Nortley et al, 2019). Combined,
there is a depth of literature that observes AP as a central mediator of neurodegeneration

in AD.

The other major neuropathological player in AD is the neurofibrillary tangles of
hyperphosphorylated tau (Wood et al, 1986), the basis of the fundamental Braak
neuropathological staging of AD (Braak and Braak, 1995). Tau is important in neuronal
stability through its binding microtubules, which is partly mediated by its state of
phosphorylation (Cleveland et al, 1977). Tau’s significance to normal physiological function
is emphasized by the high levels of conservation of the microtubule-associated protein tau
(MAPT) gene across species (Neve et al, 1986; Sindermann et al, 2016). The large variation
in proteoforms of tau may give some reason to the heterogeneity in AD, as there is wide
variation in the toxicity of the different tau isoforms. Tau is found in 6 isoforms in the
human brain (ON3R, ON4R, 1N3R, 1N4R, 2N3R and 2N4R, Lace et al, 2007), having either 3
or 4 microtubule binding domains (3R and 4R, respectively) and 1 of 3 variably sized N-
terminal regions (ON, 1N or 2N). Phosphorylation of tau has been proposed to trigger
aggregation of tau into a neurotoxic form, as phosphorylation regulates the micro-tubule
binding function of tau (Hoover et al, 2010). Post-translational modifications of tau, such
as phosphorylation (Long and Holtzman, 2019), as well as interactions with AB (Vergara et
al, 2019) can trigger tau to aggregate into insoluble oligomers, which subsequently

aggregate into neurofibrillary tangles (NFTs).

Over 90 posttranslational modifications have been observed on tau in the AD brain, with
modifications such as phosphorylation to the ON and 4R isoforms of tau causing higher
levels of aggregation as AD progresses (Wesseling et al, 2020). However, phosphorylation
of tau happens during different non-pathogenic physiological processes, such as during
sleep (Guisle et al, 2020) and brain development (Yu et al, 2009), highlighting that
relationships between phosphorylation and neuropathology are not clear cut, and more

likely depend on specific groups of phosphorylated isoforms interacting with other factors
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to drive AD. For example, the presence of AB can exacerbate the accumulation of tau
pathology (Bennett et al, 2017) as well as influence the phosphorylation of isoforms (Horie
et al, 2020), suggesting there is synergy between the neuropathology in progressing AD. As
with AB, it is unclear which formulation of tau species or stage of aggregation is the most
damaging to neurons, though further mapping of tau posttranslational modifications to the
downstream function, ability to aggregate, and neurotoxicity will be important in
separating the heterogeneity of AD (Arakhamia et al, 2020). Pathogenic tau has been
associated with many challenges to neurons, including binding to synaptic vesicles and
subsequently interfering with mobility and release from presynaptic terminals (Zhou et al,
2017). The interaction of tau oligomers at the synapse also triggers the dysfunction of the
physiological ubiquitin-proteasome system (UPS), which can lead to further unregulated
modification of tau and other proteins, misbalancing the molecular mechanisms that are
important for neuronal function (Tai et al, 2012). There is a wealth of information linking
tau to neurodegeneration in AD and other tauopathies. Studies show that pathological tau
can also dysregulate activity and signalling of pyramidal neurons in the neocortex
(Crimmins et al, 2012; Menkes-Caspi et al, 2015), reduce action potential firing in
hippocampal neurons (Hatch et al, 2017), and disrupt synaptic plasticity and LTP (Tracy et
al, 2016; Sohn et al, 2019). Tau can also trigger neuroinflammatory responses (Maphis et
al, 2015), and induce neuronal death through epigenetic dysregulation and subsequent
transposable elements, which can become damaging with neuronal aging (Frost et al, 2014;
Wood et al, 2016; Sun et al, 2018). In fact, general reduction in tau species may be
beneficial in countering multiple of the neuropathological observations in the AD brain,
including neuronal loss (DeVos et al, 2017). However, given that tau is also an essential
physiological protein, such global targeting methods could be deleterious (Kent et al,
2020), and more targeted approaches to anti-tau and anti-AB (discussed below) therapies
would improve benefit to detriment ratio. Therefore, further ways to expand diagnosis of
subpopulations of AD with differential neuropathology would greatly support this

approach.

More studies are noting that the accumulation of either AB or tau neuropathology alone
are not as well correlated with downstream pathological responses and neuronal damage,

as when both types of neuropathology are observed in unison (Pascoal et al, 2017; Prokop



et al, 2019; Busche and Hyman, 2020). This highlights that while the comprehension of AD
associated neuropathology has been present for over a century (Alzheimer, 1907; Hippius
and Neundorfer, 2003), the pathways by which they contribute to pathogenesis are still
not completely defined. While research up to now has provided promising targets for
treatment, focusing on the hallmarks and some genetic risk factors of AD, it remains
without any treatments that have successfully slowed or stopped the progression of
neurodegeneration (Karran and De Strooper, 2016). This may be down to the difficulty in
diagnosing neurodegenerative diseases before the symptoms appear, at which point,
according to the gathering consensus, the pathology may have spread beyond a stage at
which current treatments are effective. In fact, current evidence indicates that
neuropathology accumulation in the brain can take place between 10-20 years prior to the

onset of symptoms (Brookmeyer and Abdalla, 2018; Dang et al, 2018; Roberts et al, 2018).

Most pharmaceutical interventions in the pipeline for AD are targeting disease
modification (68% in phase 3 clinical trials), the highest proportion of which is targeting
amyloid (Cummings et al, 2022). A list of current of phase 3 clinical trials for disease
modifying therapies (DMT) is displayed below (Table 1.1, taken and adapted from
Cummings et al, 2022).



Table 1.1. Phase 3 clinical trials of disease modifying therapies for Alzheimer’s disease.

Candidates listed are part of ongoing phase 3 trials that are targeting common Alzheimer's
disease and related disorders research ontology (CADRO) pathways. The mechanism of actions
highlights how the candidate is proposed to reduce the pathways contribution to AD (Cummings

etal, 2022).

(IPE)

function and reduce inflammation

Agent CADRO Mechanism of action Stage of AD Estimated
g mechanism class targeted end date
M lonal antibody di d Prodromal AD
Aducanumab Amyloid onoclonal antl c.) v directed at Oct-23
AB plaques and oligomers
AGB101 (low- Synaptic _ Mcl
dose Plasticity/ .SVZA modulator; to reduce.AtB- Prodromal AD | pec-22
. . induced neuronal hyperactivity
levetiracetam) Neuroprotection
Bacterial protease inhibitor Mild to
Atuzaginstat Syna!ot.lc tgrggtln'g gingipain produced by P. moderate AD
Plasticity/ gingivalis to reduce Dec-22
(COR388) . . .
Neuroprotection neuroinflammation and
hippocampal degeneration
Sigma-1 receptor agonist, M2 MCI
Blarcamesine Synapt.lc autor.eceptor f'amta!gonlst; to . Early AD
plasticity/ ameliorate oxidative stress, protein Jun-22
(ANAVEX2-73) . . . . .
Neuroprotection misfolding, mitochondrial
dysfunction, and inflammation
M lonal antibod iic § Prodromal AD
Donanemab Amyloid onoclonal antibody specific for Aug-25
pyroglutamate form of AR
Monoclonal antibody specific for Early
pyroglutamate form of AR symptomatic
Donanemab & Amvloid (donanemab); monoclonal AD Jun-23
Aducanumab y antibody directed at plaques and
oligomers (aducanumab); given in
separate arms of the trial
M lonal antibody di g Prodromal to
Gantenerumab Amyloid onoclonal antibody directed at mild AD Oct-26
AB plaques and oligomers
Monoclonal antibody directed at Prevention
AB plaques and oligomers Pre-
Gantenerumab & . (gantenerumab); Monoclonal symptomatic
Amyl I-22
Solanezumab myloid antibody directed at AR monomers | FAD Ju
(solanezumab); given in separate
arms of the trial
Algae-derived acidic Mild to
GV-971 Gut-brain axis oll.gosa.ccharldes; changes. moderate AD Oct-26
microbiome to reduce peripheral
and central inflammation
Mild to
Hydralazine Oxidative stress Free radical scavenger moderate AD Dec-23
lcosapent ethl Purified form of the omega-3 fatty | Prevention
P y Oxidative stress acid EPA; to improve synaptic High risk AD Jan-23




L b M lonal antibody di d Early AD
ecanema . onoclonal antibody directed at Preclinical AD i
(BAN2401) Amyloid AB protofibrils Aug-24
Losartan & Angiotensin Il receptor blocker Risk reduction
Amlodlpln.e & Vasculature (Iosarta.n?, calcium channel blocker | High risk AD Jan-22
Atorvastatin + (amlodipine), cholesterol agent
exercise (atorvastatin)
Metaboli d Insuli iti i CNS md
Metformin .eta o) |srr.1 an nsulin sensmzer.to improve Apr-25
bioenergetics glucose metabolism
MAPK-1/3 inhibi d Mild to
NE3107 Inflammation PK-1/3 inhibitor; reduces | moderate AD | jan-23
proinflammatory NFkB activation
Proteostasis/ Tyrosine kinase inhibitor; Early AD
Nilotinib BE . . autophagy enhancer; promotes Jun-26
Proteinopathies
clearance of AB and tau
o 3 Prodromal AD
mega- idati ioxi High risk AD .
(DHA+EPA) Oxidative stress Antioxidant Dec-23
- ist: Early AD
. Metabolism and GLP 1.agon|st, r(?duces . y
Semaglutide . . neuroinflammation and improves Apr-26
bioenergetics . o L .
insulin signaling in the brain
. . Synaptic Filamin A protein inhibitor; Mild to
ilzn;;mlam (PTI Plasticity/ stabilizes amyloid-alpha-7 nicotinic | moderate AD | Qct-23
Neuroprotection receptor interaction
M lonal ibodv di d High risk AD
Solanezumab Amyloid onoclonal antibody directed at Jun-23
AB monomers
. Caprylic triglyceride; induces Mild to severe
Tricaprilin I\{Ietabollsm and ketosis and improves mitochondrial | AD Feb-24
bioenergetics .
and neuronal function
MCI
TRx0237 Tau Tau protein aggregation inhibitor AD Mar-23
Valil i Prod f i inhibi Early AD
aliltramiprosate . rodrug of tramiprosate; inhibits
(ALZ-801) Amyloid AP aggregation into toxic oligomers May-24

Abbreviations: AB, amyloid beta; BE, bioequivalent; CADRO, Common Alzheimer's disease and
Related Disorders Research Ontology; EPA, eicosapentaenoic acid; GLP-1, glucagon-like peptide-1;
MAPK, mitogen activated protein kinase; NFkB, Nuclear Factor Kappa B; SV2A, synaptic vesicle

protein 2A; MCI, mild cognitive impairment. clinicaltrials.gov.

While as of 2022, there are no disease modifying treatments for AD, that robustly halt or
even slow down the progression of symptoms, the field may be on the brink of change. In

one of the most promising clinical trials for targeting cognitive decline in AD, it has been



observed that the human IgG1 monoclonal antibody, Lecanemab, against AR soluble
protofibrils, reduced the fibrils and participants displayed slowed decline in cognitive
impairment, over an 18-month time course (van Dyck et al, 2022). Notably, this trial was
targeted towards early AD (McKhann et al, 2011), which highlights that the interventions
are most effective when targeting AD at the earliest stage possible, which is why it is
essential that more comprehensive biomarkers are discovered to support this (Veitch et al,
2018; Reiss et al, 2021). Furthermore, the efficacy of anti-amyloid therapies remains
debated in AD. The recent approval of aducanumab, another anti-amyloid therapy,
remains controversial, given the cognitive benefit outcome was disagreed upon (Walsh et
al, 2021). While other concurrent anti-amyloid trials are not showing consistent cognitive
end points (Salloway et al, 2021; Mintun et al, 2021), which could highlight that anti-
amyloid therapies may not be consistently effective across the entire AD population. This
also points out the need for more biomarkers for AD, not just to detect AD as early as
possible, but also to determine whether different subpopulations of a largely
heterogenous AD population can be distinguished, which can then stratify future trials and

improve clinical outcomes.

Recent attention has been directed to the risk factors for AD and dementia, with modifiable
environmental factors accounting for approximately 40% of all dementia cases that have
been identified (Figure 1.1, Livingston et al, 2020). These factors include socio-economic
factors such as less education and increased alcohol intake, as well as smoking and obesity.
Other factors include depression, physical inactivity, diabetes, hypertension, hearing loss,

traumatic brain injury (TBI), air pollution and social isolation (Livingston et al, 2020).



Percentage reduction in dementia prevalence
if this risk factor is eliminated

Midlife

Later life

Figure 1.1. Modifiable risk factors for Alzheimer’s disease.

Current estimation of the proportion of risk of AD that is potentially modifiable at various stages
of life, including early life (green), midlife (blue) and later life (purple). A larger bubble next to the
corresponding environmental risk factor indicates a higher estimated risk to contribute to AD

onset. Taken from Livingston et al (2020).

There is a developing consensus that targeting these modifiable risk factors could
proportionately reduce, or at least delay the onset of symptomatic AD in large populations,
based on correct stratification (Livingston et al, 2020). Trials that have attempted to target
multiple of the measurable risk factors for AD in one study, including cardiovascular risk

factors, have shown that adjusting diet, exercise and other general health management
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can be beneficial in slowing cognitive decline (Rosenburg et al, 2017). Importantly, when
the study population was stratified based on preliminary cortical thickness in AD, in brain
regions such as entorhinal, inferior and middle temporal regions, a potential measure to
determine staging of AD based on structural changes, it found that participants that had
less observed brain changes, were more susceptible to cognitive benefits from the
intervention (Stephen et al, 2019). Similar observations were seen in other studies that
provided self-managed intervention for participants with cardiovascular risk factors for AD,
with the greatest effect seen in the younger subpopulation (65-70 years), where AD
pathogenesis has not progressed as much (Richard et al, 2019). Again, this emphasises the
need for early diagnostic criteria for AD, given that both pharmaceutical and multimodal
risk factor interventions both have shown more promising results when targeting
participants with less advanced AD associated changes. On top of that, biomarkers that can
differentiate subpopulations based on different presentation of MCl or varying risk factors,

will lead towards personalised treatments for AD (Kivipelto et al, 2020).

There are also various contributary genetic risk factors, alongside the predominant risk
factor of age (Hébert et al, 2010). Of the genetic risk factors for sporadic AD, the APOE
(apolipoprotein) gene is the most prevalent, with approximately 60% of people diagnosed
with AD having at least one APOE-e4 copy (Ward et al, 2012). The APOE gene has three
alleles (ApoE-e2, ApoE-e3 and ApoE-e4), based on single nucleotide polymorphisms near
the gene (rs429358 (C > T) and rs7412 (C > T)) which code for different APOE protein
isoforms (Zannis et al, 1982). Between the isoforms, ApoE-e4 is structurally distinct, with
increased interaction between the N- and C-terminal domains (Belloy et al, 2019).
Apolipoprotein E has been shown to play a fundamental role in brain metabolic
homeostasis, including lipid transport and neuronal signalling, as well as the transport,
aggregation, and clearance of AB (Liu et al, 2013). Therefore, changes in the function of
this protein can significantly alter the risk of developing AD (Liu et al, 2013). Interestingly,
the APOE-e2 allele is associated with reduced risk of AD, highlighting the need for further
research into this protein and its variants, and how these variants may influence disease
processes both antagonistically (APOE-e4) and protectively (APOE-e2; Reiman et al, 2020).
There are certain genetic mutations that can significantly increase the risk of developing

AD, namely FAD, which is associated with an earlier onset of symptom development. This
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type of AD is associated with mutations in the amyloid precursor protein (APP) gene, as
well as for the presenilin 1 and presenilin 2 genes (PSEN1 and PSEN1) (Ryman et al, 2014).
Presenilin mutations influence the gamma and beta secretase processing of APP, which
causes variations in the production of AB1-40 / AB1-42 protein (Sun et al, 2017), and disrupting
normal neuronal functioning as discussed above. Mutations to the presenilin genes can
also resultin loss of function detrimental effects in AD, independent of the amyloid cascade
(Shen and Kelleher, 2007). Presenilin 2, for example, has important roles in calcium (Ca?*)
signalling, and mutations in AD can result in inefficient handling of Ca?*, hereby limiting
efficient autophagic function (Fedeli et al, 2019). Presenilin 1 loss of function has been
linked to impaired synaptic plasticity and hippocampal memory function (Xia et al, 2015).
FAD accounts for approximately 1% of all AD cases (Alzheimer’s Association, 2018), even
then there is variation between age and symptoms at onset, which highlights the
multifactorial influence of other risk factors that also accompany a variation of mutations
to these highly penetrant risk genes (Ryman et al, 2014). Genetic variations in miRNAs,
such as the miR-1229 rs2291418 allele, have also been attributed to increased risk of AD
(Ghanbari et al, 2016), highlighting the need to further understand the genetic
contributions to disease, including the complex genetic-epigenetic interactions, if we are

to develop new diagnostic tools and treatments.

Earlier diagnosis will fundamentally improve treatment options, both allowing for
intervention at earlier stages as well as potentially defining subpopulations in which a
personalised therapy can be administered. This will also improve as a more comprehensive
understanding of the contribution of neuropathology and the damage it causes,
particularly at the early stages of AD, to neuronal integrity, and how this impacts disease

progression.

Current hallmark proteins associated with neurodegenerative disease are the first logical
target for biomarker selection (Figure 1.2). Combined PET (Positron emission tomography)
imaging and cerebrospinal fluid (CSF) strategies have been recommended, including
scanning for tau, AB and neuronal injury, while analysing the same neuropathology in the
CSF (Jack et al, 2016), however, there is still an ongoing discussion as to what stage distinct
neuropathology contributes to neurodegenerative disease. Moreover, with the vastly

multifactorial nature of AD, understanding the early disease contributors and pathway

12



disruptions that precedes neuropathology development and neuronal damage, would
provide novel early therapeutic targets and the potential for personalised treatment
approaches. For example, the impact of neuroinflammation is established to be a major
factor in the progression of numerous neurodegenerative diseases and can exacerbate the
spread of neuropathology (Hickman et al, 2018; Henstridge et al, 2019).
Neuroinflammation is a largely multifactorial response that can be driven by tau (Wang et
al, 2018; Stancu et al, 2019) and AB pathology (Heneka et al, 2013; Terrill-Usery et al, 2014;
Zhao et al, 2018), however it can also work to counter AD (Keran-Shaul et al, 2017; Lee et
al, 2018), showing that even the molecular mechanisms underlying AD are largely complex
and heterogenous. AD can be driven by conditions such as obesity (Puig et al, 2012), sleep
disturbance (Irwin and Vitiello, 2019), head trauma (de Rivero Vaccari et al, 2018; Winston
etal, 2019; Li et al, 2020) and oxidative stress (Miller and Sadeh, 2014, Venegas et al, 2017).
One clinical trial investigated statins, which may limit neuroinflammation particularly
related to head trauma (Peng et al, 2014; Xu et al, 2017), in patients with concussion and
found that use of statins reduced the risk of dementia by 13% in 5 years following

concussion (Redelmeier, Manzoor and Thiruchelvam, 2019).

There is consistent evidence that AD is heterogenous, with individuals presenting with
complex set of risk factors prior to disease onset. Therefore, being able to identify early
drivers of disease, such as neuroinflammation or oxidative stress, along with early
pathological changes, will provide a novel perspective for the development of preventative

and early diagnostic strategies.
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Figure 1.2 Current biomarker candidates for Alzheimer’s disease.

Focus for current biomarkers for AD have been on the hallmark neuropathology, tau and AB. Tests
have been developed to detect these proteins in the CSF (displayed) and blood of patients, and
compare them to neuropathological imaging in the brain (PET). Fluid biomarkers are more
accessible and so can potentially identify AD changes at an earlier pre-symptomatic stage. Graph
shows theoretical time points at which these tests could detect abnormal AD associated changes,
in relation to each other and the onset of symptoms, highlighted in green (cognitive impairment).
PET — positron emission tomography; AB42 — Amyloid beta 1-42; FDG — fluorodeoxyglucose; MCl —
mild cognitive impairment; Detection threshold = stage of disease at which the provisional
biomarker can be detected as differential expressed to normal. Taken from Selkoe and Hardy

(2016).

1.1.2 Oxidative stress and Alzheimer’s disease

Along with the accumulation of neuropathology, one of the most well characterised
molecular changes that occurs in AD is increased oxidative stress, which has been

established in AD for 30 years (Markesbery, 1997). Oxidative stress is defined as ‘An
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imbalance between oxidants and antioxidants in favour of the oxidants, leading to a
disruption of redox signalling and control and/or molecular damage’, and therefore can
encompass numerous molecular changes (Sies and Jones, 2007). Some of the
subclassifications of oxidative stress associated with AD encompass mitochondrial
dysfunction and increased levels of reactive oxygen species (ROS), including hydrogen
peroxide (H20;) (Huang et al, 1999; Cosin-Tomas et al, 2019). Notably, signs of impaired
mitochondrial activity, including impaired glucose and lipid metabolism (Valla et al, 2010;
Doll et al, 2017) and changes to mitochondrial trafficking, morphology and function
(Trushina et al, 2012; Wang et al, 2014; Misrani et al, 2021), have been observed within
the early stages of AD development, and have been hypothesised to precede the
accumulation of neuropathology. High levels of ROS and damaged mitochondria can both
trigger neuroinflammation driven neurodegeneration (Joshi et al, 2019), highlighting the
complex interplay between factors that precede AD. Others have observed that oxidative
stress occurs in brain regions that are less susceptible to AD associated damage, therefore,
investigating these areas may provide further insight into the changes that occur in the
brain at the earlier stages (Youssef et al, 2018). Oxidative stress has also been identified as
a potential therapeutic target for AD, with improvements in downstream mitochondrial
function apoptosis and functional memory (Chen et al, 2018; Ali et al, 2018; Zhang et al,
2019; Martini et al, 2019). Currently, there are multiple phase 3 clinical trials that are
pharmaceutically targeting oxidate stress pathways (Table 1.1, Cummings et al, 2022), both
at preclinical and early stages of AD to investigate the efficacy of reducing the risk of
development and progression of cognitive decline. Hydralazine is one such repurposed
anti-hypertensive drug on trial, which is proposed to be neuroprotective through targeting
nuclear factor E2-related factor 2 (Nrf2), which subsequently activates downstream
antioxidative pathways (Dehghan et al, 2017). It has also previously been observed to
protect against lipid oxidation and AP fibril formation (Maheshwari et al, 2010), as well as
protecting against H,0; induced neurotoxicity in the SH-SY5Y human neuroblastoma cell
line (Guo et al, 2019). Trials are also targeting Icosapent Ethyl (a purified omega-3 ester)
due to its broad spectrum of influence, including reducing triglycerides, cholesterol, and
inflammation (Bays et al, 2013), as well as reduced risk of cardiovascular insults (Bhatt et

al, 2019). Notably, one of the main outcomes of the trial is the oxidative responses, given
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that Icosapent Ethyl is also an anti-oxidant, particularly inhibiting lipid peroxidation (Bhatt
et al, 2020).

Markers of metabolic changes can also be observed in peripheral biofluids in early-stage
AD and mild cognitive impairment (MCI), including disturbed energy metabolism and
mitochondrial function pathways in the CSF (Trushina et al, 2013). This suggests that
oxidative stress related impairment is both underlying AD pathogenesis and potentially
capable of being used in biomarker analysis of AD changes. However, as with other current
AD diagnostic methods, measuring oxidative stress in the brain is not viable and work still

needs to be performed to determine whether these factors can be measured peripherally.

Oxidative stress has been implicated in mediating the dysfunction of synapses caused by
AB (Calkins et al, 2011) and the downstream effects of neuropathological accumulation,
including lipid peroxidation (Rosales-Corral et al, 2012) and excitotoxicity from N-methyl-
D-aspartate (NMDA) receptor mediated Ca?* influx (Snyder et al, 2005). Interestingly,
oxidative stress can also impact the formation of neuropathology, for example, lipid
peroxidation can modify tau epitopes which promote the formation of phosphorylated
neurofibrillary tangles (Liu et al/, 2005). Furthermore, ROS such as H,0; can interact with
AB, altering its metal binding affinity and causing the production of more ROS, creating a

positive feedback loop which could intensify AD progression (Cheignon et al, 2016; 2017).

With oxidative stress having such an apparent role in early AD (Butterfield et al, 2010;
Arimon et al, 2015; Cheignon et al, 2016; 2017), it is important that studies investigate the
underlying oxidate stress in models of AD, as it drives neuropathological accumulation and
progression (Calkins et al, 2011; Arimon et al, 2015) which in turn triggers further lipid
peroxidation (Di Domenico et al, 2017; Martins et al, 2018), contributing to synaptic
damage and neurodegeneration (Scheff et al, 2016; Martins et al, 2018). When considering
models that can target the early changes in AD, it is interesting to note that fibroblasts
derived from AD patients display an oxidative phenotype (Ramamoorthy et al, 2012), and
therefore warrant further investigation. Also, as factors such as oxidative stress drive
neuropathological changes in AD, they could also contribute to the spread of
neuropathology seen in multiple neurodegenerative disease, as factors such as lipid

metabolism and peroxidation have been observed to influence tau deposition (van der
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Kant et al, 2020), highlighting that the underlying mechanisms in early AD contribute to

subsequent disease progression.

1.1.3 Pathological spread hypothesis

Evidence is gathering that neurodegenerative diseases may anatomically progress with the
‘spread’ of neuropathology being demonstrated across cell synapses (Lace et al, 2009;
Pickett et al, 2016). Most notably this has been demonstrated in the infectious prion
diseases such as Creutzfeldt-Jakob disease, in which the prion protein (PrP) isoforms (PrP°)
transfers transcellularly both in an intra- and inter-organismal manner (Prusiner, 1982;
Mays and Soto, 2016). Moreover, the prion-like spread hypothesis has been applied to the
transfer of other misfolded proteins complicit in neurodegeneration within the brain,
including tau and a-synuclein (Kane et al, 2000; Frost and Diamond, 2010; Polymenidou
and Cleveland, 2011, 2012; Dunning et al, 2013; Walsh and Selkoe, 2016; Yamada et al,
2017). The neuropathology has been shown to spread from one brain region to another,
preceding the symptomatologic changes that occur as damage to the different functional

regions occurs (Figure 1.3; Lace et al, 2009; Masters et al, 2015; Schmidt et al, 2016).

A recent highlight also brings to light the potential ability of AR and tau proteins to be
transmitted via an iatrogenic route, where seeding has been observed both after
neurosurgical procedures and intramuscular injection (Li et al, 2008; Jaunmuktane et al,
2015; Purro et al, 2018). While it is emphasised that current results do not suggest that A
is contagious, it does imply that neuropathology can spread from cell to cell, in ways that

are not fully categorised.
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Figure 1.3. The pathological spread of Alzheimer’s disease.

AD neuropathology accumulates and spreads in the brain in a hierarchical manner, with both
amyloid plaques (A, top) and neurofibrillary tangles (A, bottom) depositing progressively in
correspondence to staging of disease. B) Both plaques and tangles typically are observed initially
in the temporal and frontal lobes, with amyloid preceding the accumulation of tau. As the disease
progressed, neuropathology spreads to other areas of the brain, including the temporal and
occipital lobes. Severity indicates the level of neuropathology that accumulates within the brain

region at specific time points. Taken from Masters et al (2015).

The question remains, how would the neuropathology spread between cells? Considering
the gathering consensus that neuropathology spreads in pre-symptomatic AD, then to
elucidate these mechanisms would provide a series of molecular targets that we could

utilise to intervene therapeutically, and importantly at potentially reversible stages.

Answers have been sought based on misfolded proteins incorporating into specific cell
secretory pathways, but the means to which they would be able to do this remain unclear.
Though one mechanism that appears plausible is the intracellular uptake of
neuropathological cargo, which can be then released into the brain extracellular space, as

well as the CSF and blood, in extracellular vesicles.
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1.2  Extracellular vesicles

1.2.1 Extracellular vesicles — History and definitions

Extracellular vesicles (EVs) are nanosized biological particles that are secreted out of the
cellular membrane into the extracellular space. The concept of EVs has been known to
scientists for almost half a century, when technology reached the capabilities to measures
objects on such a scale, with initial reports describing their role in platelet coagulation
(Bastida et al, 1984). From then, it has been shown that EVs are shed from virtually all cell
types, including those of a neuronal lineage (Faure et al, 2006). Even then, the field of EV
research has only recently taken hold with the development of more sophisticated
techniques which could categorise and observe the roles which EVs played within different

cells and systems, as well as their cargo (Gould and Raposo, 2013).

The understanding of EV function has progressed since the initial observations of EVs,
where, based on their expression of membrane proteins, it was hypothesised that they
were used to recycle old membranes from the cell surface (Colombo et al, 2014). However,
with discoveries that EVs were enriched in various cargo, from the first observed proteins,
major histocompatibility (MHC) class Il molecules (Raposo et al, 1996), up to the more
recent discoveries of RNA, including small RNAs such as miRNAs, (Ratajczak et al, 2006;
Valadi et al, 2007; Skog et al, 2008), it has become clear that EVs are involved in a more

comprehensive set of processes than previously considered.

The discovery that EVs contained such a broad cargo sparked the interest into their
functions, not least their role in intercellular signalling. In addition, EVs have been observed
to display CD47 which inhibit their uptake by phagocytes (Kamerkar et al, 2017), a protein
previously observed to be utilised by tumours (Liu et al, 2017). These so called ‘do not eat
me’ signals support the EV’s ability to travel stably within the circulation (Kamerkar et al,

2017), supporting their potential use as biomarkers.

One of the other key roles of EVs is to facilitate the release of waste products from the cell
via exocytosis and reduce stress resulting from cytotoxicity. EV biogenesis is closely linked
to macro autophagy by the endolysosomal pathway, as well as via complexes fundamental

to autophagy (e.g. ATG5-ATG16 complex) that have been observed to also contribute to
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EV biogenesis (reviewed by Xu et al, 2018). Since defects in autophagy are well
characterised in AD (Nixon, 2013), further research into the autophagy-EV cross-talk could
develop a greater understanding of how EVs can contribute to cellular homeostasis, and
alternatively, how they may propagate cellular waste. Once within the extracellular space,
the EVs and their cargo can be taken up by a recipient cell via multiple pathways, potentially
leading to the transfer of molecules that are neurotoxic and this could have implications in
the spread of neuropathology in neurodegenerative disease (Maas et al, 2017;

Abdulrahman et al, 2018).
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Figure 1.4. Extracellular vesicle biogenesis and transfer.

Exosomes are formed through the endosomal pathway. The endosomal sorting complex required
for transport (ESCRT) machinery promotes the invagination of early endosomes to form
multivesicular bodies (MVBs), containing intraluminal vesicles (ILVs). MVBs can fuse with lysosomes,
promoting the degradation of any internal biomolecules, or with the cellular membrane, where the
ILVs are secreted into the extracellular space as exosomes. Microvesicles are formed independently
of the endosomal pathway, with outward budding of the cellular membrane partially promoted by
the ESCRT machinery. Extracellular vesicles can interact with cell surface receptors, which either
initiate intake of the vesicles via endocytosis or fusion of the vesicles to the cellular membrane.
Extracellular vesicles taken in via endocytosis can subsequently fuse with the endosomal membrane.

Both pathways result in the release of the cargo into the cell. Created in Microsoft PowerPoint.
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EVs are generally classified into microvesicles (MVs) and exosomes, where they are
primarily differentiated by their mode of release from the cell membrane (Figure 1.4).
Exosome secretion is one of the end stages of the endosomal pathway, a process by which
a cell membrane invaginates, taking up fluid and membrane receptors, forming an
intracellular vesicle called an early endosome (Booth et al, 2006). During endocytosis, the
early endosomes undergo a maturation process where they develop into late endosomes,
which can then fuse with lysosomes or are engulfed and degraded by autophagosomes.
However, while the early endosome is undergoing maturation, further membrane
invagination can occur within the endosomal bodies, resulting in the formation of multiple
intraluminal vesicles (ILVs) within the endosomal membrane. Notably, ILV formation is
predominantly regulated by a series of proteins, including tetraspanins, that are a part of
the endosomal sorting complex required for transport (ESCRT) machinery (Colombo et al,
2014; Christ et al, 2017), some of which are used as markers to categorise EVs (Table 1.2).
This is because the ESCRT proteins are taken up in membrane of the ILVs as they mediate
the invagination of endosomes. ILV containing multi-vesicular bodies (MVBs) can then bind
to the cell membrane, which releases the cargo from the cell (Colombo et al, 2014). The
ILVs secreted into the extracellular space are termed exosomes, which have a typical

diameter of 40 to 150 nm.

MVs are formed independently of the endosomal pathway (Figure 1.4), via the outward
budding of the cellular membrane, although this process is also partially regulated by the
ESCRT machinery. While the method of secretion from the cell body differs, there is a lot
of similarity between MVs and exosomes that causes difficulty in distinguishing between
the EV subtypes, from the display of ESCRT markers on the vesicles to a cross-over in
smaller vesicle diameter. MVs encompass much larger vesicles as well, with a currently

defined range from 50 to 2000 nm (Maas et al, 2017).

It is current difficult to accurately determine the origin and biogenesis of an EV, and so, be
able to categorise an EV sample as exosomes vs MVs, for example. Therefore, the
international consensus recommends the use of terms such as small extracellular vesicle
(SEV) for particles that have been measured within a definitive range (i.e.: < 200nm) (Théry
et al, 2018). Any further descriptive information about the composition of the EV will add

further support to the study, including origin of EV — including cell (if from cell culture) or
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biofluid (blood, tissue, CSF, saliva, etc), cell culture details— including passage number,
seeding densities, treatments, cell conditions, media composition, EV harvesting protocols,
biochemical composition (markers associated with the isolated EV sample, Table 1.2) and

storage conditions of the isolated EV samples.

EVs have been observed to play a significant role in the progression of tumours in multiple
cancers, including in different models of cancers derived from the lung, breast, and
prostate (Maacha et al, 2019). Different mechanisms whereby EVs progress cancers have
been investigated, including the activation of other non-cancerous cells within the
microenvironment (Giusti et al, 2018), promotion of angiogenesis (Kucharzewska et al,
2013), suppression of immune responses (Yamada et al, 2016), and progressing cancers
through the various stages of metastasis (Peinado et al, 2012). The reason that EVs appear
to be involved in such a broad range of cancer associated pathways, is because they have
been observed to contain a diverse range of molecular cargo (Gould and Raposo, 2013),
which is modulated based on their cell of origin and the underlying conditions and stress
that the cell is undergoing (Maacha et al, 2019; Tian et al, 2021). However, this is also the
same reason they have shown promise as biomarkers for multiple cancers, displaying
distinct proteomes (Crescitelli et al, 2020; Cordonnier et al, 2020; Hoshino et al, 2020) and
transcriptomes (Thind and Wilson, 2016; Min et al, 2018). Where there are now rich
datasets of EV profiling for multiple cancers, there is not as much information available for
EVs derived from the brain. This presents an interesting avenue for research, given how
EVs are being displayed as future biomarkers for cancer, the is also potential for secreted

EVs to provide a window into the changes that occur in the brain.
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Table 1.2. Protein markers used for EV characterisation.

Table is adapted from the Minimal information for studies of extracellular vesicles (MISEV) 2018

guidelines (Table 3 in Théry et al, 2018). The guidelines recommend that a protein marker from

sections 1a or 1b, 2a (optionally 2b), 3a or 3b should be measured in an isolated EV fraction to

determine the purity of the sample. Furthermore, markers from section 4 should be used with

section 3 markers for further analysis of the purity of the sample, particularly if the study is

measuring small extracellular vesicles (< 200 nm). Antibodies against markers highlighted in bold

have been acquired for this study. * = protein families.

1-
Markers associated to EV
plasma membrane.

2-
Markers found within
EVs.

3-
Markers on non-EV
particles used for
negative control.

4-
Markers associated
with apoptotic bodies
and organelles.

1a: non-tissue specific.

e Tetraspanins (CD63, CD81,
CD82)

e  Multi-pass membrane
proteins (CD47;
heterotrimeric G
proteins GNA¥)

e MHCclass | (HLA-A/B/C,
H2-K/D/Q),

e Integrins (ITGA*/ITGB*)

e Transferrin receptor (TFR2)

e  Other markers include:
LAMP1/2, SDC,

EMMPRIN (BSG); ADAM10;
CD73 (NT5E), CD55, CD59,
SHH

1b: cell/tissue specific (denotes
cell presenting the marker).
e  Some tetraspanins:
TSPANS (epithelial
cell), CD37 and CD53
(leukocytes), €D9 (absent
from NK, B and some MSC)
e Other cell specific markers
include: ERBB2 (breast
cancer),
EPCAM (epithelial), CD90

(THY1; MSCs); CD45
(PTPRC; immune cells),

CD41 (ITGA2B) or CD42a
(GP9) (platelets);

S (neurons), amyloid beta
A4/APP (neurons);
multidrug resistance-
associated protein (ABCC1)

Acetylcholinesterase/AChE-

2a: Ability to bind to

lipids or membranes.

e  ESCRT-I/1/1
(TSG101, CHMP¥*)

e  ESCRT accessory
proteins: ALIX
(PDCD6IP),
VPS4A/B

e  Other markers
include: ARRDC1,
Flotillins-1 and 2
(FLOT1/2),
annexins (ANXA*),
Heat shock
proteins HSC70
(HSPAS8), and
HSP84 (HSP90AB1)
microtubule-
associated
Tau (MAPT,
neurons)

2b: Associated with

EVs in a non-specific

manner.

e Heat shock protein
HSP70 (HSPA1A)

e Cytoskeleton:
actin (ACT*)

e tubulin (TUB*)

e  Enzymes (GAPDH)

3a: Lipoproteins

e Apolipoproteins
Al1/2 and
B APOA1/2,
APOB, APOB100,

e Albumin (ALB)

3b: Protein and
protein/nucleic acid

aggregates.
e Tamm-Horsfall
protein

(Uromodulin/U
MOD) (urine)

e Ribosomal
proteins

4a: Nucleus.

e Histones
(HIST1IH*)

e Lamin A/C
(LMNA)

4b: Mitochondria.

o [MMT

e  cytochrome
c(cvci)

e TOMM20

4c: Endoplasmic
reticulum and Golgi
apparatus.

e Calnexin (CANX)
e  Grp94 (HSP90B1)
e BIP (HSPAS5)

e GM130 (GOLGA?2)

4d: Other potential
contaminating sources
include
autophagosomes and
cytoskeleton.

o ATGY9A

e Actininl/4
(ACTN1/4)

e  Cytokeratin 18
(KRT18)
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1.2.2 Extracellular vesicles in the brain

With the observations of the cellular ‘spread’ hypothesis within multiple
neurodegenerative diseases, and of EVs facilitating the transport of proteins and nucleic
acids between cells (Skog et al, 2008; Prada et al, 2018; Pluta et al, 2018), particularly when
promoting the spread of tumours (Maacha et al, 2019; Hoshino et al, 2020), EVs present a
candidate from which more may be learned about neuronal communication and

neuropathogenesis progression.

Some of the first observations of EV function within the central nervous system (CNS) were
described within the current century, including in Wnt signalling and neurogenesis (Greco
et al, 2001; Marzesco et al, 2005), with subsequent analysis into the secretion of EVs from
all distinct brain cells (Faure et al, 2006; Fitzner et al, 2011; Hooper et al, 2012; Prada et al,
2013; Dickens et al, 2017). Recently, EVs have begun to be described in multiple roles of
maintaining homeostasis within the CNS, including neuroprotection (Fruhbeis et al, 2013),
synaptic pruning (Bahrini et al, 2015), neurotrophic release (Goetzl et al, 2018), neural
regeneration (Court et al, 2011; Lopez-Verrilli et al, 2013; Goncalves et al, 2015) and
differentiation (Takeda and Xu, 2015). In fact, the numerous contributions to neuronal
health mediated by EVs have implicated them as a promising route to target future therapy

after neuronal damage or degeneration (Ma et al, 2018; Zhang et al, 2019).

EVs support neuronal health through the facilitation of heterogenous cellular
communication, such as the cross-talk of neuron and glial cells (Paolicelli et al, 2018;
Szepesi et al, 2018). Microglia are extensively involved in maintaining the health and
function of neighbouring neurons, doing so by multiple means not limited to providing
neurotrophic support (Parkhurst et al, 2013) as well as synaptic pruning and neural
network modelling (Paolicelli et al, 2011; Zhan et al, 2014). The similarities in EV and
microglial function in the CNS suggests that EVs facilitate some of the extensive control

that microglia maintain over neuronal cells.

Notably, EVs are utilised in the communication from neuronal cell to microglia as well, and
are involved in the feedback loops that these neuronal support cells monitor to maintain

the health of the brain. EVs secreted from oligodendrocytes are selectively taken up by
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microglia, where they degrade the EV and the contained membranes from the parent cell
(Fitzner et al, 2011). This presents a functional mechanism for disposal of waste products
that is separate from the typical microglial inflammatory response, and whether a similar
function can be applied to other brain cells for the disposal of cytosolic and membranous
waste will need to be assessed with further research. The ability of EVs to influence glial
cell physiology is also demonstrated by a study which showed the role of EVs in the
regulation of microglial phenotypes. The investigation showed EV transfer of miR-124 from
a cellular model for motor neuron disease (using superoxide dismutase 1 (SOD1) (G93A)
transfected NSC-34 motor neuron like cells), triggered an increased production of
Interleukin 1B (IL-1B), tumour necrosis factor a (TNF-a) and MHC-II in N9 microglial cells
(Pinto et al, 2017). Another recent study has shown that reactive glial cells, exposed to
inflammatory or degenerative stimuli, secreted EVs that were enriched in miR-146a-5p.
These secreted EVs were recorded to transfer their miRNA cargo to neurons, with
visualisation of a transient fusion to the plasma membrane. This is particularly significant
as MiR-146a-5p selectively represses the translation of Synaptotagmin 1 and Neuroligin 1,
essential in dendritic spine formation and synapse stability, respectively, which was shown
in morphological loss of neuronal dendritic spine density and reduction in the strength of

synaptic currents (Prada et al, 2018).

The implications of EVs communicative function may be expanded with the observations
that EVs cross the blood-brain barrier (BBB) (Chen et al, 2016; Garcia-Romero et al, 2017),
which with regards to their potential ability to remain stable within circulation (Kamerkar
etal, 2017), could allude to other transcellular crosstalk between the brain and the rest of
the body. Indeed, recent investigation has found that intravenous administration of
purified EVs, derived from the serum of lipopolysaccharide (LPS) treated mice, into wild-
type mice provokes the activation of microglia in the CNS (Li et al, 2018). Although it was
unclear to what extent the infused EVs were responsible for the subsequent
neuroinflammation (as they also induced systemic inflammation in the mice), there was a
small uptake of fluorescently labelled EVs into the brain. More so, to bypass the systemic
immune activation, the EVs were then administered via Intracerebroventricular (i.c.v)
infusion, which induced significant microglial activation (Li et al, 2018). Overall, EVs have

displayed a strong potential as a communicative vector, with the ability to pass on both
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functional and damaging biomolecules, which are a direct reflection of the conditions of
the cell of origin. This insight into the cell highlights the potential for EVs to ‘betray’ a
particular disease state, by analysing its cargo for biomarkers. Yet this has not been
investigated extensively in AD, particularly investigating EVs peripherally and in oxidative

stress conditions, where there is the most potential for development of biomarkers.

1.2.3 Extracellular vesicles and Alzheimer’s disease

With the establishment of a prominent role for EVs in neuronal homeostasis, conversely,
research is also beginning to attribute them to the contribution of neurodegenerative
disease, both as a medium for pathogenic spread, and across a broader scope of
dysregulated communication within the brain. Whilst there is emerging evidence that EVs
play a role in the ‘spread’ of AD neuropathological species, it is unclear how EV cargoes
vary in distinct types of neurodegenerative disease, particularly in relation to the miRNA

fingerprint.

In AD, it is well known that there is a stereotypical accumulation of AB and tau protein
aggregates, but how this neuropathology spreads across the brain are unclear (Walsh and
Selkoe, 2016). Almost as long as EVs have been known to be secreted from brain cells, EVs
have been observed to carry AB40 and AB42 peptides which can be secreted from neurons
into the extracellular space (Rajendran et al, 2006). This was also one of the first results
showing that AP can utilise the endocytic pathway (Cataldo et al, 2004), with APP
processing occurring in the early endosome, resulting in the subsequent observation of AB
presence within MVBs. While the eventual AB contents of the EV was minute in comparison
to within the MVBs, the cumulative effect could still be significant. A follow up study
expanded on the findings, showing expression of flotillin-1 (found on the EV membrane)
onintracellular vesicles containing AB, as well as within extracellular A plaques (Rajendran
et al, 2007). The concept that hallmark neurodegenerative proteins such as AB and PrP>¢
can be processed through the endocytic pathway, provided a novel route of investigation
into their spread into the extracellular environment, where subsequent transfer to neural
cells in the vicinity is not beyond possibility (Vella et al, 2007). EVs have been described to
exacerbate neurodegeneration in AD. Myeloid MVs were significantly upregulated in the

CSF of AD patients, as well as within MCI converting to AD patients, but not in the MCl non-
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AD-converters, in comparison to matched healthy controls (Agosta, 2014). The same group
had observed that when reactive microglia derived MVs were introduced to hippocampal
neuron cultures, incubated with AD associated AB42 peptides, they enhanced the
formation of soluble neurotoxic AB forms in the extracellular space (Joshi et al, 2013).
Agosta suggested that microglia derived MVs ability to process the neurotoxic AB forms
could be accounting for their findings of their 2014 study, in which the myeloid MVs
(isolated from the CSF) were also associated with atrophy of the hippocampus, and in MCI
patents, an increased damage to the white matter regions of the brain (Agosta et a/, 2014).
EVs associated with AB could be detrimental to neuronal homeostasis, by other means
than direct neurotoxicity. Reports have found that EVs isolated from the CSF of AD patients
and culture medium from neuronal cells harbouring presenilin 1 mutations, associated
with FAD/ early-onset AD, can inhibit neuronal Ca?* handling and mitochondrial function

(Eitan et al, 2016).

It is not just AP aggregation that has been promoted by EVs, but also the spread of tau
pathology. Some of the earlier work detected tau isoforms within EVs isolated from a M1C
neuroblastoma tauopathy cell model, it was observed that there was a notable enrichment
of tau species that were phosphorylated in a comparable manner to disease associated tau
(Saman et al, 2012). Moreover, they reported the presence of AT270+ tau within EVs
isolated from the CSF, which was enriched in early AD patients compared to the rest of the
sampled cohort, suggesting an active role in pathogenesis (Saman et al, 2012). The
researchers followed to show that EVs, isolated from neuroblastoma cell lines
overexpressing the tau isoform 4RON, are also enriched in a range of proteins not
associated with EVs. Interestingly, a selection of the enriched proteins showed links to AD
pathogenesis, such as Presenilin 1 (PSEN1), which is linked to abnormal AB processing, and
alpha synuclein (SNCA) (Saman et al, 2014). Similar enrichment of AD associated proteins
was seen in neuronal EVs isolated from patients with Down syndrome, further implying the
early active role EVs may play in neuropathology progression (Hamlett et al, 2017). This is
because there are AD associated genes (including APP) on chromosome 21, which is found
in triplicate in Down syndrome (Coyle et al, 1988). This increase in APP expression drives
an increased risk of developing AD in Down syndrome individuals (Hartley et al, 2015).

Astrocyte derived EVs isolated from the plasma of AD patients also presented with
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significantly higher levels of the AD associated proteins, beta-secretase 1 (BACE1) and
soluble AR precursor protein (SAPPB), as well as lower glial-derived growth factor, in
comparison to matched cognitively healthy controls (Goetzl et al, 2016). Whether these
changes precede or follow other AD pathogenesis is currently uncertain, though the group
also found reductions in septin-8, the transcript variants of which regulate BACE-1
(Kurkinen et al, 2016), in AD derived EVs, which may suggest dysfunction in the astrocytic

maintenance of APP processing.

A key recent finding on the function of tau associated EVs in AD neurodegenerative
pathology, was observed using an adeno-associated virus transfected mouse model of AD,
in which depletion of microglia inhibited the ability of the mutant tau to spread. They
showed that microglia enabled the spread of tau through the brain by phagocytosing the
tau and secreting tau associated EVs (Asai et al, 2015). Other investigation has alluded to
EVs not just having a role in the spread of neuropathology but also in enabling misfolded
tau to seed the aggregation of further tau pathology. As well as noting the presence of
differentially phosphorylated tau species in EVs from cultured neurons, it was observed
that tau associated EVs from transgenic mouse models could trigger the aggregation of
endogenous tau and intracellular tau inclusions in wild type mice. Notably, EV membrane
components were measured in the tau inclusions, suggesting that they aid the nucleation
of tau (Polanco et al, 2016). While the provisional results require further analysis before a
functional association between EVs and seeding is established, it does provide further
routes in which EVs may play an active role in early neuropathological development
(Holmes et al, 2014; Holmes and Diamond, 2014). Conversely, subsequent analysis did not
provide evidence that tau-associated EVs could mediate the seeding of neurofibrillary
tangles. Although as mentioned by the researcher, the experiment may not have used the
required amount of tau associated EVs to reach their hypothesised concentration
threshold for induction of intracellular tau aggregation (Baker et al, 2016). An alternative
pathway in which EVs may contribute to pathological tau progression is via a trans-synaptic
route (Lachenal et al, 2011), a theory proposed based on previous observations that tau
can spread into the extracellular space in response to neuronal activity (Pooler et al, 2013).
Supporting this is the observation that depolarisation of cortical neurons can induce the

secretion of EVs, which were detected to incorporate tau, and that that EV mediated
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transfer of tau was performed across a microfluidics device (Wang et al, 2017). The group
recorded that tau contained within EVs was hypo-phosphorylated in comparison to
cytosolic tau, although the functional implication of this remains unclear. Recently, work
has found that EVs are associated with the permeabilization of lysosomes upon fusion with
endosomes, as they fuse with the endolysosome, which allows EV associated tau seeds to
escape into the cytosol. The acidic endolyosomal environment promotes aggregation of
tau seeds, but the lipid membrane of EVs protected them from degradation and EVs fused
with the endolysosome membrane, releasing its cargo into the cytosol (Polanco et al,
2021). Together, this evidence suggests that EVs play a significant role in AD pathogenesis,
through the assisted seeding and spread of neuropathology, however, this change in
biomolecular cargo will provide an important insight into AD, which this study aims to

investigate to understand whether it could be utilised as a biomarker.

Not all observed relationships between EVs and neuropathology have been linked to
detrimental effects in the brain. Studies have shown that EVs can provide a platform for
monomeric AR interaction to enhance AR amyloidogenesis and fibrillogenesis (Yuyama et
al, 2012). Notably, the EV associated acceleration of fibrillogenesis can provide a
glycosphingolipid (GSL) target, which enables a more efficient uptake of AB by microglia
and reduced the overall level of extracellular AB. Therefore, while evidence has described
an association with EV biogenesis and AB production, the relationship remains unclear as
to what extent this is neuropathological or neuroprotective, which is likely to be influenced
by specific cargo changes. Within the rat hippocampus, i.c.v infusion of CSF derived EVs
appears to inhibit the toxic effect of Ap oligomers on LTP, potentially by sequestering the
oligomers and enabling more efficient uptake by microglia (An et al, 2013), although
whether specific cellular derived EVs work in a comparable manner remains to be seen.
This process was more efficient with PrP¢ expressing EVs, which support evidence that PrP¢
binds to AB (Lauren et al, 2009; Freir et al, 2011). Again, chronic i.c.v infusion of EVs into
APP transgenic mice, this time from a neuroblastoma cell line, caused a significant
inhibition in synaptotoxicity due to GSL mediated EV sequestering of AR plaques and
improved AB clearance by microglia (Yuyama et al, 2014). This was expanded upon to show
that neuronal-derived EVs, infused into the brains of APP transgenic mice reduced AB

deposition. The neuronal derived EVs expressed the GSL previously reported to enable
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binding to AB, however this was not the case in glial-derived EVs (Yuyama et al, 2015).
Another line of research that adds weight to the potential neuroprotective effects of EVs
in AD is that they contain neuroprotective molecules, which could be spread by neurons in
response to build up of pathology. One such example is the observed secretion of cystatin
C from mouse primary neurons via EVs (Ghidoni et al, 2011), cystatin C being previously
reported to exert neurotrophic conditions in the brain (Taupin et al/, 2000; Palmer et al,
2001). At least 9 different cystatin C glycoforms were reported to be secreted with EVs,
suggesting they play a role in neurotrophic responses, although study into the destination
of cystatin C containing EVs would further allude the functional consequences of this
relationship. The study did also record, however, that in the presence of primary neurons
over expressing presenilin mutations, all the recorded cystatin C glycoforms were
downregulated in EVs, suggesting that there is a functional link in neurodegenerative
disease. A proposed mechanism is that cystatin C binds soluble AB and inhibits
oligomerisation (Mi et al, 2007), therefore, cystatin C EVs could target intra- and extra-

cellular AB and present it for degradation by glial cells.

Non-pathology associated EV relationships with AD have also been described. Expression
of neurotrophic factors have been observed to be reduced in EVs derived from CSPG4
oligodendrocyte neural precursor cells, extracted from the plasma of AD compared to age-
matched control patients. All of hepatocyte growth factors, type 1 insulin-like growth
factor and fibroblast growth factors -2 and -13, important in neuronal health, were lower
in mild AD patients in comparison to healthy controls (Goetzl et al, 2018). The result was
repeated longitudinally, again showing a reduction in all the measured growth factors
within EVs in comparison to matched controls, at the preclinical stages of AD and on follow
up (between 3-8 years after) where the levels had remained consistent (Goetzl et al, 2018).
This shows the pleotropic effect that AD has on EV function within neuronal cells, and
although no progression in the reduction in neurotrophic levels in EVs with disease
progression was observed, it still indicates another means by which EVs may be mediating

the impact of AD on brain homeostasis.

Other means by which EVs are associated with neurodegenerative disease beyond the
spread of neuropathology, are for example, with the potential effect of the apolipoprotein

E4 (ApoE4) genotype on EV biogenesis. ApoE4 has long been known as a risk factor for AD
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(Corder et al, 1993; Ward et a/,2012) and for age-associated cognitive decline separate
from the AB and tau neuropathology (Liu et al, 2013). ApoE4 has been shown to play a
fundamental role in brain homeostasis, including lipid transport and neuronal signalling.
So, the pathways through which ApoE4 may contribute to neuronal instability are
numerous, but one that may be more notable is its consequential dysregulation of the
endosomal-lysosomal pathway, potentially through the dysregulation of endosomal—
lysosomal related genes, including Rab GTPases (Nuriel et al, 2017). Therefore, by process
of association, the ApoE4 mutation could influence EV biogenesis, which is functionally
linked to the endosomal pathway. Recently, it has been observed in humans and mice
models that having a e4 allele (homo- or heterozygous) results in significantly lower EVs
isolated from frozen brain tissue, compared to homozygous e3 allele holders, in an age
dependant manner. Moreover, the ESCRT component Tumour susceptibility gene 101
(TSG101) was downregulated both at the transcriptional and protein levels, as well as
Rab35, a RAB GTPase that facilitates MVB attachment to the plasma membrane (Peng et
al, 2018). Taken together, these findings show an inhibition of ApoE4 on EV biogenesis and
secretion, which is mediated through altered lipid metabolism, a function of ApoE. This is
supported by the studies finding increased cholesterol levels within the EVs of the ApoE4
mice (Peng et al, 2018), mirroring lipid accumulation observed in AD. Previous descriptions
of cholesterol-based regulation of intracellular membrane trafficking, notably MVBs,
through the upregulation of Rab7, shows a functional pathway in which lipid metabolism
could influence EV secretion (Chen et al, 2008). Interestingly, mice carrying the Apo e4
allele showed increases in the number and size of early endosomes at 18 but not at 12
months old, as well as an increase in the number of lysosomes, which suggests that the
influence was only showing relatively late in the lifespan of the mice (Nuriel et al, 2017). It
is possible that the lipid accumulation-associated inhibition of EV secretion, shown to occur
at 12 months in e4 mice, produces a block in the endosomal pathway that causes
subsequent endosomal disruptions, with the trigger of dysregulated pathways such as V-
type ATPases and Rab GTPases (Nuriel et al, 2017). These disruptions could in turn promote
neuronal dysregulation association with AD and neuropathology independent cognitive

decline (Peng et al, 2018).
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While the evidence suggests a significant role for EVs in AD, there is still a lack of
understanding about the complete nature of their impact on disease progression. In
particular, there is a gap in understanding the turnover of molecules such as RNA in EVs,
and how these variations in cargo packaging and delivery influence physiological and
disease associated conditions (Dellar et al, 2022). Therefore, further investigation into
variation in EV cargoes and the conditions that influence EV biogenesis, cargo uptake and
secretion is essential to determine how, when and where they progress AD, and whether
these changes can be identified at an early enough stage to promote the development of

disease modifying therapies.

1.3 MicroRNA = Small non-coding RNA

1.3.1 Extracellular vesicle microRNA in Alzheimer’s disease

One set of cargoes in EVs that has vast potential in elucidating the intricate regulatory
network within the CNS are mRNAs and microRNAs (Valadi et al, 2007). MicroRNAs
(miRNAs) are small non-coding RNA molecules that post-transcriptionally regulate the
expression of numerous proteins (Figure 1.5). Their primary mode of action is through their
reverse complementarity to sequence fragments, presented in the 3’ untranslated regions
of many mRNAs, enabling them to bind a range of specific targets, inhibiting subsequent

protein translation (Lewis et al, 2005).

It was recently shown that the expression of miRNAs can be enriched in neuronal derived
EVs, where the relative expression in comparison to total RNA was greater than what was
observed within the cell body (Goldie et al, 2014), highlighting that the contribution of EV
transfer of miRNA is an active process, and not necessarily a passive response to changes
within the cell. Similar findings have been reported regarding the enrichment of
messenger (m)RNAs (Huang et al, 2013). Additionally, mice with a conditional knockdown
of Dicer, a part of the miRNA biogenesis machinery, in neural progenitor cells (NPCs),
displays impaired neurogenesis and cognitive function. Subsequent investigation has
shown that administration of cerebral endothelial derived EVs to the Dicer knockout mice,
rescued the reduction in neurogenesis associated miRNAs in NPCs and cognitive function

in the mice, suggesting a key role of EV miRNAs in the brain (Zhang et al, 2017).
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Figure 1.5. The biogenesis of miRNAs.

MIRNA genes are transcribed by DNA polymerase lll into the primary (pri-)miRNA stem-loop
structure, with a 5 prime cap and a poly adenine tail, similar to mRNA constructs. Drosha, a
ribonuclease Ill enzyme, cleaves the pri-miRNA into the stem-loop pre-miRNA, which is
subsequently transported into the cytoplasm by exportin 5. Another ribonuclease Ill enzyme, Dicer,
cleaves the stem-loop from the pre-miRNA, leaving the miRNA duplex with the 3 and 5 prime
strands. Either the 3’ or 5’ strand are preferentially loaded into an argonaut protein that is part of
the RNA-induced silencing complex (RISC). The miRNA guides the RISC complex to the mRNA
through complementary sequences.

In terms of neurodegenerative diseases, there has been an accumulation of evidence to
indicated that miRNAs from the plasma and CSF can be used as potential biomarkers for
AD (Schipper et al, 2007; Cogswell et al, 2008; Kiko et al, 2014), although further study is
required to determine the functional mechanisms by which they may exacerbate the
disease. In some cases, TAR DNA-binding protein-43 (TDP-43), mutations of which have
been strongly associated with FTLD and ALS, has been observed to promote the biogenesis
of specific miRNAs (miR-132-3p, miR-132-5p, and miR-143-3p) that regulate neuronal
outgrowth during differentiation (Kawahara and Mieda-Sato, 2012). Other investigations
have found the downregulation of miR-219 in brain tissue from AD and severe primary age-
related tauopathy. Subsequent analysis observed that downregulation of miR-219 in a
Drosophila tau model exacerbated the neurotoxicity of mutant tau accumulation, whereas
upregulation of miR-219 ameliorated neuronal homeostasis. This appeared to be due to
the direct regulation of MAPT by miR-219, giving one such functional route miRNAs may

mediate neurodegeneration, admittedly one part of a much larger network, although the
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cumulative contribution to understanding of its regulation will no doubt be beneficial to

future analysis (Santa-Maria et al, 2015).

The investigation of miRNA cargo in EVs is a young field of study and so studies are few,
and fewer still when looking solely within the brain, but even then, there appears to be
great promise to progress understanding of neuronal regulation. Initial sequencing studies
of EV miRNA changes in neurodegenerative disease, observed that prion infected neuronal
cells released EVs containing a series of enriched miRNAs. Interestingly, some of the
miRNAs have previously been shown to be alternately regulated in other
neurodegenerative diseases, such as let-7i, miR-29b, miR-424, miR-128 and miR-146 in AD
(Li et al, 2011; Wang et al, 2011; Hébert et al, 2008), as well as prion diseases, highlighting
some of the first results to show the diagnostic capability of EV miRNAs (Bellingham et al,
2012). One of the first studies to identify EV miRNA changes associated with AD, showed
that expression of miR-193b was downregulated in EVs isolated from the blood of MCI, in
comparison to matched controls. In addition, EV miR-193b was further reduced in the
blood of AD patients, compared to MCI patients as well as controls, suggesting a
progressive change that was not mirrored by total miR-193b changes in the blood,
indicating an EV specific change that may transfer from the brain (Liu et al, 2014).
Subsequent testing observed diminished EV miR-193b taken from the CSF of AD patients
in comparison to controls, supporting the results. Although the functional relevance of
miR-193b remains uncertain, the report did show a negative correlation between miR-
193b and APP (mRNA and protein) expression in cellular models, suggesting a regulatory

function for miR-193b linked to AD (Liu et al, 2014).

Overall, while research into EV miRNAs has the potential to elucidate the molecular
mechanisms behind the ‘spread’ of neuropathology, there are still gaps in the literature as
to what miRNA cargo is varied in neurodegenerative conditions, as well as functional
relevance of these variations. This highlights the potential of this project to investigate
specific neurodegenerative stress conditions, how it is impacting the secretion of miRNAs
in EVs, and how this is contributing to the ‘spread’ of neuropathology. MiRNAs could
potentially play a significant role in the propagation of pathogenesis in AD, and therefore

could also be utilised as a biomarker in pre-symptomatic stages of the disease.
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1.3.2 Extracellular vesicles as biomarkers for Alzheimer’s disease

miRNAs contained within EVs can maintain stability in the circulation by being protected
within the vesicle’s membrane (Zandberga et al, 2012), therefore, if EV associated miRNAs
can be found in the periphery that mirror functionally relevant changes in the brain, this
would highlight their potential as a biomarker in all stages of neurodegenerative disease
progression. However, circulating miRNAs are present in human serum without the need
for EV transport, and may also provide a functional role in intercellular signalling that needs
to be further classified on top of EV miRNA (Turchinovich et al, 2013). Even so, EV miRNAs
may provide a more specific biomarker that more accurately mirrors change in the brain,
in comparison to other circulating miRNA of which the levels could be influenced by
sources from the peripheral systems. It has already been shown that small RNAs can bypass
the BBB in an EV mediated manner (Hagqgani et al, 2013), supported by studies observing
EVs crossing the BBB (Chen et al, 2016; Garcia-Romero et al, 2017). Although the
mechanism by which EVs can bypass the brain endothelial cells of the BBB is still uncertain,
they could display receptors required for transcytosis, including transferrin, insulin, and
low-density lipoprotein receptors (Hagqgani et al, 2013). EVs containing short interfering
(si)RNA, validated to target BACE1, successfully crossed from the peripheral system into
the brain, as shown by the 60% and 62% knock down in mRNA and protein BACE],
respectively (Alvarez-Erviti et al, 2011). More recently, observation of the effect of
peripheral inflammatory response on the blood-CSF barrier (BCSFB) indicated that choroid
plexus epithelium, situated within the BCSFB, releases EVs enriched with pro-inflammatory
miRNAs in response to inflammation. Thus, indicating that there are still unestablished
means by which EVs mediate communication between the brain and the periphery (Balusu

etal, 2016).

More recent sequencing analysis has added to the consensus that EV miRNA can work as a
prognostic biomarker for AD. Through next-generation sequencing and quantitative
reverse-transcription polymerase chain reaction (qRT-PCR) validation, EV miRNA was
analysed in human serum samples, by which a cohort of 16 miRNAs were detected that
were differentially expressed in AD. This miRNA signature, when added to the known risk
factors of age, sex and ApoE4 allele presentation, could predict AD with a high accuracy,

including 87% sensitivity and 77% specificity, in a separate validation cohort (Cheng et al,
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2015). The chosen biomarker cohort may well be more accurate than the study presented,
as it was noted that healthy participants that were incorrectly diagnosed as AD by the
model, had progressed AB burden based on neuroimaging. This could suggest the model
may have some capability to predict MCI to AD conversion, although to support this, it will
require further study following the progression of the participants predicted to progress,
as well as subsequent validation with a larger sample size. It is noted that the validated
model includes miRNAs that have previously been implicated in AD pathogenesis (Cogswell
et al, 2008; Hébert et al, 2010; Vilardo et al, 2010; Kumar et al, 2011; Frigerio et al, 2013).
Though notably, there have not been as many studies that have analysed miRNAs from EVs
taken directly from the brain, which would give unparalleled insight into understanding
their changes in association with disease conditions. Moreover, considering the
advantages of peripheral biomarkers for AD, no current study has observed EV miRNA
derived from peripheral cells in AD, and considering that there is interest in biofluid based
EV biomarkers, more knowledge needs to be gathered on the relative cellular source of
EVsin serum, for example (Vandendriesscheab et al, 2022). This would greatly improve the
specificity of these studies, as determining whether certain tissues, alongside the brain,
display specific EV miRNA changes, could improve targeting of EV biomarkers both from

tissue and biofluids.

One pathway to address validating a miRNA cohort as of diagnostic value to AD is to
establish the miRNAs in separate studies. Another high throughput study of EV miRNAs in
AD was performed, in which a panel of 7 EV miRNAs were able to inform a machine learning
algorithm which participants had AD with an accuracy of 83-89%, without any other data
input (Lugli et al, 2015). Notably, only one of the miRNAs found in this study was also part
of the miRNA signature used in the previous study, miR-342-3p (Cheng et al, 2015). This
could be due to factors outside of participant variability, for example different techniques
were used to isolate EV fractions (Cheng and colleagues used an EV RNA isolation kit,
whereas Lugli and colleagues used differential centrifugation), which makes it difficult to
directly compare the results with certainty that the studies are comparing the same EV
fragments. This highlights the importance of developing a consensus on the best definitions
of EVs and determining the best techniques for isolation and categorisation, to enable

further confidence in the results being published (Gould and Raposo, 2013; Théry et al,
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2018). While it is reiterated that the extent to which individual miRNAs may contribute to
the neuropathology of AD remains controversial, the separate observations of miR-342-3p
warrant further analysis of its potential functional implication in AD and its role as a
biomarker. MiR-34a is another such miRNA that has been implicated in AD, due to
observations of its overexpression in the temporal cortex and hippocampus in the 3xTg-AD
mouse model, as well as in the temporal cortex in human AD patients. It was found that
miR-34a could be secreted from the host cell and transferred to adjacent neurons, via EVs
(Sarkar et al, 2016). Subsequent analysis by the group identified that miR-34a regulated
the expression of proteins involved in synaptic plasticity, which corroborates previous

findings (Agostini et al, 2011; Wibrand et al, 2012).

It remains to be questioned whether changes in EV miRNA are separate from the changes
in circulating miRNA, therefore it is interesting to note that recent studies have compared
the two in relation to AD. Whereas the free miRNAs were found to be downregulated
completely in the CSF from AD patients compared to matched controls, expression was
observed in the EV-enriched fraction (Riancho et al, 2017). Notably, miR-9-5p and miR-598
were observed to be differentially regulated between the raw CSF and EV enriched fraction
of CSF taken from patients with AD. Specifically, miR-9-5p and miR-598 showed no
expression in AD CSF samples, but were expressed in the EV enriched samples. Conversely,
the miRNAs expressed in the control CSF samples were not expressed in the EV enriched
samples. In addition, the EV miRNAs were, albeit non-significantly, over expressed in the
AD patient samples compared to controls, displaying the opposite relationship to the raw
CSF samples (Riancho et al, 2017). Further study needs to be carried out to show the
differential trafficking of miRNAs during AD, from which increased understanding of the
specific role of EVs may be elucidated. A crucial step towards this is the determination of
whether miRNA is specifically or randomly packaged into EVs, as well as mechanisms by
which this process takes place. While some pathways have been proposed, a consensus
remains to be established on the exact mechanisms for packaging miRNAs, and on any cell-
specific differences, that could shed light on novel targets to understanding AD progression
(Kim et al, 2017). A recent study found that miR-125b-5p, miR-451a and miR-605-5p, taken
from the purified EV fragment derived from the CSF, were differentially regulated in both

Young-onset and Late-onset AD (YOAD and LOAD), highlighting the diagnostic potential of
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EV miRNAs to identify specific AD subtypes. Notably, miR-16-5p was downregulated in
YOAD but not LOAD, suggesting a novel target in distinguishing the pathophysiology

between the diseases (McKeever et al, 2018).

Little is currently known about how neurodegenerative associated conditions (oxidative
stress, inflammations, etc) in AD influence EV secretion, and less still about the impact on
EV cargoes such as miRNAs. Some observations of oxidative stress conditions in cancer
have been noted, for example, the receptor protein NK cell receptor Natural Killer Group
2, member D (NKG2D) ligand is upregulated in EVs derived from H,0; treated lymphoma
cells, which subsequently dampened natural killer cell responses (Hedlund et al, 2011). In
Ewing’s sarcoma (a cancer primarily occurring in bone) transposable RNA elements with
extended open reading frames were reduced in EVs derived from cells treated with sodium
arsenate, which triggers tumour associated oxidative stress responses (Evdokimova et al,
2022), therefore suggesting that in some disease conditions, oxidative stress does
dysregulate miRNA expression in EVs. Oxidative stress may impact EV miRNA loading by
inducing O-GIcNAcylation of hnRNPA2B1 in EVs (Lee et al, 2019), since hnRNPA2B1 has
been shown to promote miRNA loading into EVs (Villarroya-Beltri et al, 2013), this is a
plausible mechanism that may contribute to observations by Evdokimova et al (2022), as
well as in other conditions, including in the brain where O-GlcNAcylation is very abundant
(Wulff-Fuentes et al, 2021). Oxidative stress has been found to impact the uptake of
lipoproteins in EVs, as apoD levels were reduced in circulating EVs in AD, a relationship that
was more apparent in APOE €4 carriers (Ben Khedher et al, 2021). This relationship has
been observed in the brain, where astrocytes transfer apoD to neurons, potentially as a
protective response to oxidative stress conditions (Pascua-Maestro et al, 2019). Beyond
this, there is a gap in knowledge about the changes in EV cargo, particularly miRNA, in AD
oxidative stress conditions, and exploration of this gap shows promise to identify novel

biomarkers.

Given the diagnostic capabilities of EVs, particularly in biofluids for AD, further
investigation needs to be carried out in models that relate to AD with an exploration of
less-invasive options for future testing of EV cargoes. Currently, while the bulk of peripheral
research into AD has been in biofluids, there is limited study into other peripheral cells.

Notably, peripheral fibroblasts from AD patients display numerous AD phenotypic changes,
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including an oxidative stress phenotype (Ramamoorthy et al, 2012), lysosomal dysfunction
(Coffey et al, 2014), autophagy dysfunction (Martin-Maestro, 2017), alterations to
circadian rhythm and DNA methylation (Cronin et al, 2017) and mitochondrial dysfunction
(Pérez et al, 2017). Therefore, further investigation into these cells could uncover
accessible biomarkers before AD symptoms have progressed irreversibly. So far, this is the
first study that is investigating EV miRNA in AD fibroblasts, as well as progressing the

currently limited research into EV miRNA in response to oxidative stress, related to AD.

1.4 Chromosome 14 miRNA cluster — Alzheimer’s disease

biomarkers

While evidence for the role of miRNAs in AD is growing, the effect of individual miRNAs
on physiological outcomes has been observed to be limited. Primarily, they are
considered to be fine tuners of gene expression that maintain homeostasis at the protein
level (Bartel, 2009). Nonetheless, miRNAs have been observed to impact cellular
physiology, and one means by which miRNAs have displayed a more decisive regulatory
role is via their synergistic effects with other miRNAs derived from the same polycistronic
cluster (Ventura et al, 2008; Kim et al, 2009). miRNA clusters are defined as sets of
miRNAs that are co-transcribed together through the action of a shared promoter
sequence, and are not sandwiching other independently transcribed sequences, either
sense or antisense, between one another (Chiang et al, 2010). Clusters of co-regulated
miRNAs have been observed to cooperatively target the same gene (Ventura et al, 2008)
or even multiple genes in a physiological pathway or network (Kim et al, 2009), which

highlights their importance to physiological outcomes.

One of the largest miRNA clusters discovered in the human genome is the chromosome
14 cluster (C14MC), located in the chromosome 14q32.31, which encompasses over 50
miRNA genes (Seitz et al, 2004). Table 1.3 displays the miRNAs within CAMC, with their 3p
and 5p mature sequences. The cluster has been characterised in multiple brain cancers,
including neuroblastoma, medulloblastoma and oligodendrogliomas (Gattolliat et al,
2011; Lucon et al, 2013; Kumar et al, 2018), however its regulation in neurodegenerative

diseases remains less characterised.
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Interestingly, individual expression of numerous miRNAs from the cluster have been
identified to alter in AD and related disease models. miR-377, miR-412, miR-485-3p, miR-
382, miR-487a, miR-487b, miR-381, miR-376, miR-495, miR-329, miR-299-5p, miR-411
and miR-379 were all downregulated in AD human brain tissue, with miR-300
upregulated in the same study (Wang et al, 2011). Other miRNAs within the cluster have
been observed to influence upstream pathways in AD, including miR-369, loss of which
was shown to promote tau phosphorylation (Yao et al, 2020). miR-409-5p is
downregulated in an APP/PS1 double transgenic mice model of AD, as well as with AB1-42
exposure, although miR-409-5p overexpression generated neurotoxicity, indicating
further research is required into this relationship (Guo et al, 2019). miR-323-3p has been
observed to regulate APP, although it was not influenced by variations in the APP 3'UTR,
there are numerous other variations not tested in the study that could influence its
function (Delay et al, 2011). As well as immediate AD implications, the cluster has
numerous roles in neuronal function and homeostasis where dysregulation, either as a
direct or indirect consequence of neurodegeneration, could exacerbate the disease
progression. One example showed mir-134 upregulation led to translational repression of
essential neuronal plasticity proteins, including cAMP response binding protein (CREB)
and brain-derived neurotrophic factor (BDNF). This corresponded with impaired LTP
function in mice, which was rescued with mir-134 knockdown (Gao et al, 2010). This
highlights the fact that there are numerous routes by which analysis of the cluster could

elucidate a clearer role in its potential as a biomarker of AD.
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Table 1.3. List of C14MC miRNAs.

List of miRNAs that are part of the chromosome 14 cluster, with the corresponding identification

(accession) code in the miRBase repository. Sequences of both the 5 prime and 3 prime mature

forms of each miRNA are displayed.

MiRNA name miRBase accession code | 5p mature miRNA sequence 3p mature miRNA sequence
hsa-mir-656 MI0003678 AGGUUGCCUGUGAGGUGUUCA AAUAUUAUACAGUCAACCUCU
hsa-mir-410 MI10002465 AGGUUGUCUGUGAUGAGUUCG AAUAUAACACAGAUGGCCUGU
hsa-mir-369 MI0000777 AGAUCGACCGUGUUAUAUUCGC AAUAAUACAUGGUUGAUCUUU
hsa-mir-412 MI0002464 UGGUCGACCAGUUGGAAAGUAAU ACUUCACCUGGUCCACUAGCCGU
hsa-mir-409 MI0001735 AGGUUACCCGAGCAACUUUGCAU GAAUGUUGCUCGGUGAACCCCU
hsa-mir-541 MI0005539 AAAGGAUUCUGCUGUCGGUCCCACU | UGGUGGGCACAGAAUCUGGACU
hsa-mir-377 MI0000785 AGAGGUUGCCCUUGGUGAAUUC AUCACACAAAGGCAACUUUUGU
hsa-mir-496 MI0003136 UGAGUAUUACAUGGCCAAUCUC
hsa-mir-154 MI0000480 UAGGUUAUCCGUGUUGCCUUCG AAUCAUACACGGUUGACCUAUU
hsa-mir-323b MI0014206 AGGUUGUCCGUGGUGAGUUCGCA CCCAAUACACGGUCGACCUCUU
hsa-mir-485 MI0002469 AGAGGCUGGCCGUGAUGAAUUC GUCAUACACGGCUcuUccucucu
hsa-mir-668 MI0003761 UGCGCCUCGGGUGAGCAUG UGUCACUCGGCUCGGCCCACUAC
hsa-mir-134 MI0000474 UGUGACUGGUUGACCAGAGGGG CCUGUGGGCCACCUAGUCACCAA
hsa-mir-382 MI0000790 GAAGUUGUUCGUGGUGGAUUCG AAUCAUUCACGGACAACACUU
hsa-mir-487a MI0002471 GUGGUUAUCCCUGCUGUGUUCG AAUCAUACAGGGACAUCCAGUU
hsa-mir-655 MI0003677 AGAGGUUAUCCGUGUUAUGUUC AUAAUACAUGGUUAACCUCUUU
hsa-mir-544a MI0003515 AUUCUGCAUUUUUAGCAAGUUC
hsa-mir-889 MI0005540 AAUGGCUGUCCGUAGUAUGGUC UUAAUAUCGGACAACCAUUGU
hsa-mir-539 MI0003514 GGAGAAAUUAUCCUUGGUGUGU AUCAUACAAGGACAAUUUCUUU
hsa-mir-487b MI0003530 GUGGUUAUCCCUGUCCUGUUCG AAUCGUACAGGGUCAUCCACUU
hsa-mir-381 MI0000789 AGCGAGGUUGCCCUUUGUAUAU UAUACAAGGGCAAGCUCUCUGU
hsa-mir-1185-2 | MI0003821 AGAGGAUACCCUUUGUAUGUU AUAUACAGGGGGAGACUCUCAU
hsa-mir-1185-1 | MI0003844 AGAGGAUACCCUUUGUAUGUU AUAUACAGGGGGAGACUCUUAU
hsa-mir-300 MI0005525 UAUACAAGGGCAGACUCUCUCU
hsa-mir-376a-1 | MI0000784 GUAGAUUCUCCUUCUAUGAGUA AUCAUAGAGGAAAAUCCACGU
hsa-mir-376b MI0002466 CGUGGAUAUUCCUUCUAUGUUU AUCAUAGAGGAAAAUCCAUGUU
hsa-mir-654 MI0003676 UGGUGGGCCGCAGAACAUGUGC UAUGUCUGCUGACCAUCACCUU
hsa-mir-376a-2 | MI0003529 GGUAGAUUUUCCUUCUAUGGU AUCAUAGAGGAAAAUCCACGU
hsa-mir-376¢ MI0000776 GGUGGAUAUUCCUUCUAUGUU AACAUAGAGGAAAUUCCACGU
hsa-mir-495 MI0003135 GAAGUUGCCCAUGUUAUUUUCG AAACAAACAUGGUGCACUUCUU
hsa-mir-543 MI0005565 AAACAUUCGCGGUGCACUUCUU
hsa-mir-1193 MI0014205 GGGAUGGUAGACCGGUGACGUGC

hsa-mir-494 MI0003134 AGGUUGUCCGUGUUGUCUUCUCU UGAAACAUACACGGGAAACCUC
hsa-mir-329-2 MI0001726 GAGGUUUUCUGGGUUUCUGUUUC AACACACCUGGUUAACCUCUUU
hsa-mir-329-1 MI0001725 GAGGUUUUCUGGGUUUCUGUUUC AACACACCUGGUUAACCUCUUU
hsa-mir-758 MI0003757 GAUGGUUGACCAGAGAGCACAC UUUGUGACCUGGUCCACUAACC
hsa-mir-323a MI0000807 AGGUGGUCCGUGGCGCGUUCGC CACAUUACACGGUCGACCUCU
hsa-mir-1197 MI0006656 UAGGACACAUGGUCUACUUCU
hsa-mir-380 MI0000788 UGGUUGACCAUAGAACAUGCGC UAUGUAAUAUGGUCCACAUCUU
hsa-mir-299 MI0000744 UGGUUUACCGUCCCACAUACAU UAUGUGGGAUGGUAAACCGCUU
hsa-mir-411 MI0003675 UAGUAGACCGUAUAGCGUACG UAUGUAACACGGUCCACUAACC
hsa-mir-379 MI0000787 UGGUAGACUAUGGAACGUAGG UAUGUAACAUGGUCCACUAACU
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1.5 Summary

With the recent development of techniques to isolate, categorise and analyse EVs, the role
of EVs in neurodegenerative diseases is quickly being established. It is also evident that
miRNA regulatory pathways are significantly altered in AD, and that some of their influence
can be spread via their secretion in EVs. Therefore, the next step is to understand how the
function of EVs, and their miRNA cargo are changed under neurodegenerative conditions
in both neuronal and peripheral models of AD. This will support their potential use as
biomarkers, which could help overcome the challenges of predicting the early changes in
AD. Thus, they have the potential to be incorporated into a biomarker framework that
could support diagnoses, understanding of neuropathological progression and the

development of therapeutics to halt or prevent AD.

1.6 Aims

The aims of the research (Figure 1.6) are:

e Develop an EV isolation methodology that could isolate and separate EVs from
both cell culture medium and human brain tissue

e Characterise EVs isolated from fibroblast cell culture medium and brain tissue

e Investigate the RNA cargo of SEC isolated sEVs, in order to determine whether
they were localised within the sEVs or as part of co-isolated non-EV molecules

e Interrogate miRNA cargo of sEVs from fibroblast and SH-SY5Y cell culture and
human brain tissue

e Analyse biological pathways associated with candidate dysregulated miRNAs, to

determine their functional relevance in AD

The hypothesis of the research is that the expression of EV miRNA will change with

progression of AD associated conditions, in brain tissue and peripheral fibroblast cells.

The long-term goal of the research is to investigate whether miRNA cargo of sEVs derived

from AD specific models could be used as a biomarker for AD.
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Figure 1.6. Study workflow

Graphical summary of project workflow. Two cohorts were investigated, looking at brain tissue
and fibroblast cultures, with AD and matched controls in each cohort. Initial steps involved
isolating EVs from both biological samples using size exclusion chromatography. Characterisation
of isolated EVs was performed using TEM, western blotting and NTA. Extracellular vesicle RNA was
isolated from SH-SY5Y cells that underwent oxidative stress, while RNA was isolated from
characterised EVs in the two cohorts, and investigation of miRNA biomarker candidates was
performed using gPCR and small RNA sequencing.
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2 Chapter 2: Methodology

2.1  Ethics

Ethics was obtained locally, and the use of the human brain tissue had been approved by

the Manchester brain bank.

Local ethical approval for this project was granted by the University of Salford and since

the tissue used in this project was collected by the Manchester Brain Bank the ethical

approval for the tissue collection has been granted to them (REC 09/H0906/52).

2.2 Cell culture

2.2.1 Celllines

Skin fibroblasts were purchased from the Coriell cell repository (USA). Fibroblast

characteristics are presented in Table 2.1. Patients were clinically diagnosed with AD of a

sporadic onset, with no AD genetic risk factors reported, including characterised PSEN1,

PSEN2 and APP mutations. Average ages of the donors were 58.7 years old for the AD group

and 63.3 years old for the neuronally healthy group. SH-SY5Y neuroblastoma cells were

purchased from Sigma Aldrich (UK).

Table 2.1. Characteristics of fibroblasts

Core characteristics of the fibroblasts from the Coriell cell repository, including the reference code

for each cell line on www.coriell.org, sex and age at donation of the tissue.

Disease status Cell line Sex Age (Years, At
Sampling)

Alzheimer’s disease | AG05809 Female 63

AG07872 Male 53

AG06869 Female 60
Healthy brain ageing | AG08379 Female 60

AG08125 Male 64

AGO08517 Female 66
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2.2.2 Maintenance

Patient derived fibroblasts (Coriell) were cultured in Minimum Essential Medium Eagle
(MEM) with 15% fetal bovine serum, 2 mM L-glutamine and penicillin-streptomycin (10
000 U/ml penicillin - 10,000 pg/mL streptomycin), 1% non-essential amino acids (NEAAs),
and were maintained at 37°C and 5% CO; in a humidified atmosphere. Cells were sub-

cultured at 80% confluency.

SH-SY5Y cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) with 10% fetal
bovine serum (FBS), 2 mM L-glutamine and penicillin-streptomycin (10 000 U/ml penicillin
- 10,000 pg/mL streptomycin) and were maintained at 37°C and 5% CO, in a humidified
atmosphere. Cells were sub-cultured at between 70-80% confluency up to passage 15, at

which point cells display selective population phenotypes.

Mycoplasma testing was performed on cell lines using PCR detection (Applied biological

materials).

2.2.3 SH-SY5Y differentiation

SH-SY5Y cells were cultured for differentiation into mature neurons (Agholme et al, 2010).
Initial differentiation involved replacing the DMEM medium with DMEM F:12, including L-
glutamine and penicillin-streptomycin. Retinoic acid (All-trans retinoic acid, RA), as well as
serum free medium, was used to drive differentiation, with final concentrations of 10 uM
and 1 uM in media used for 10- and 21-day protocols, respectively (Agholme et al, 2010;
Shipley et al, 2016). N2 supplement was used to support the survival and differentiation of
the neuroblastoma cells in place of FBS. Both protocols involved prior incubation of 6-well
plates with laminin for 1 hour at 37°C, which was subsequently washed with phosphate
buffer solution (PBS). Cells were counted and seeded at a starting density of 6 x 10* cells
per well (9.6 cm?), in normal DMEM medium, which was replaced with the differentiation
medium after 24 hours, with subsequent half medium changes every 48 hours. Half media

changes were used to limit stress to the cells during progressive serum starvation.
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Differentiation of the SH-SY5Y cells was primarily categorised by morphology, involving the
extension of neurites and the halt to proliferation, as determined by observation of cell

cultures (appendix Figure).

2.2.4 Oxidative stress induction of SH-SY5Y cells with hydrogen
peroxide

Cells were treated with H,0; to induce an oxidative stress response based on established
literature (Zhang et al, 2007). Upon day 10 of differentiation, cells were washed and
incubated with fresh differentiation media containing 150 uM H,O0; for 24 hours, after

which media was harvested.

2.2.5 Pre-processing extracellular vesicles from fibroblast culture
medium

EVs were extracted from cell culture medium using previously published protocols and
based on the MISEV guidelines (Witwer et al, 2013; Théry et al, 2018). Fibroblasts were
seeded in T-175 cell culture flasks at a density of 2 x 10* cells/cm to achieve 10 million cells
per cell line, approximately 80% confluence (Figure 2.1), at which the medium was replaced
with medium utilising EV-depleted FBS (Lonza), and the cells were incubated for 72 hours.
Fibroblasts were passaged and cell counts were taken upon harvesting of the media, to
normalise EV numbers. Cells were counted with a 1:1 dilution in 0.5% trypan blue stain

(Biosera).

Alzheimer's disease : Neurological control
AG05809 AGO07872 AG06869 AG08125 AG08379 AG08517

Figure 2.1. Fibroblast culture plan

Fibroblasts were cultured in triplicate in T-175s, detailed above, to get the maximum number of cells
to collect EVs. Biological triplicates of AD and neurological healthy control cell lines were used to

incorporate variation between individuals. Image created with BioRender.com.
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Isolated cell culture medium (~60 ml) was immediately spun at 300g for 10 minutes to
pellet cells and larger cellular material, after which the supernatant was transferred to a
new tube and the process was repeated at 1000g for 10 minutes and 10,000g for 48
minutes to pellet the remaining cellular debris and apoptotic bodies. The supernatant was
then pressed through a 0.22 um filter (Millipore) to ensure vesicle fractions were purified
of any material over the size cut-off, the filter was pre-blocked with a 0.1% BSA (bovine
serum albumin, ThermoFisher) solution to maximise retention of EVs through the filter.
The supernatant was immediately processed as described in 2.4. Harvesting extracellular

vesicles from medium and tissue.

2.2.6 MTT Assay

To determine whether the use of exo-depleted FBS affected cell viability in the fibroblasts,
the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was
performed. Fibroblasts were seeded in triplicate in a 96-well plate at 10,000 cells per well.
Following the protocol for EV isolation, cells were incubated for 24 hours to allow cells to
acclimatise, after which the medium was replaced with medium utilising different
concentrations of EV-depleted FBS (Lonza; 5%, 7.5%, 10%, 12.5% and 15%), alongside the
control of 10% normal FBS, and the cells were incubated for 72 hours. MTT was added to

the medium at a final concentration of 5 mg/ml, and the plate was incubated for 3 hours.

2.3  Braintissue

2.3.1 Brain tissue collection

Frozen post-mortem brain tissues (frontal cortex) were obtained from the Manchester

Brain Bank.

Patient demographics for the AD (n = 3) and cognitively normal (n = 3) individuals used in
this study are shown in Table 2.2. AD patients were clinically diagnosed with AD with
subsequent pathological confirmation, while disease associated brain weight loss is
observed in the AD groups . Samples were matched as closely as possible for age, sex, and

post-mortem delay (PMD).
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Table 2.2. Patient demographics of post-mortem brain tissue

Core characteristics of AD and healthy ageing groups. Both groups matched for sex and post-
mortem delay, and showed differences in age, Braak stage, ApoE 4 allele carriers and total brain

weight at collection.

Disease status Alzheimer’s disease Healthy brain ageing P value
(n=3) (n=3)

Sex (% female) 66% 66% >0.9999

Age (Years) 70.33+9.02 87.33+4.62 0.0439

Braak stage (0-VI) \ 0-l1

ApoE 4 allele (%) 67% 0% 0.0161

Brain weight (g) 986 + 161 1302 £ 101 0.0452

Post-mortem delay | 98.17 £ 2.93 113.70+38.14 0.5214

(hours)

2.3.2 Processing brain tissue to isolate extracellular vesicles

To separate the EVs in the extracellular space from the other cellular material in the frozen
brain tissue, samples underwent a gentle dissociation and digestion with collagenase type
3 (Abnova) in hibernate-E medium (ThermoFisher), as described in previous studies (Vella

etal, 2017; Huang et al, 2020).

Tissue was sliced on dry ice with sterile scalpels (Swann-Morton), to ensure minimal
degradation and contamination of samples. Two isolations were collected, two smaller 25
mg sections for direct homogenisation (for protein and RNA isolation, labelled as brain
homogenate or BH) and a larger 250 mg section for EV isolation, which was sliced and
immediately incubated in the collagenase type 3/ hibernate-E medium (75 U/ml and 800
ul per 100 mg tissue, respectively) at 37°C for 20 minutes. During the incubation, the
solution was gently inverted after 5 minutes, gently pipetted with a 25 ml stripette
(Sarstedt) after 15 minutes, and immediately returned to ice at 20 minutes, where 100x

protease and phosphatase inhibitor (PI/PS) was added (ThermoFisher) to 1x.

After the dissociation step, tissue was spun at 300g at 4°C for 10 mins. The supernatant

was transferred to a fresh tube while the pellet containing the cellular material was washed
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with PBS + PI/PS, separated into two fractions, and homogenised (for protein and RNA
isolation, labelled as brain homogenate plus collagenase or BH+C). The transferred
supernatant was processed by centrifugation at 2000g at 4°C for 15 mins, then the
subsequent supernatant was pressed through a 0.22 um filter at a slow rate of 5ml per
minute, and then centrifuged at 10,000g at 4°C for 30 mins. These steps were performed
to minimise the contamination of cellular material into the EV fractions. The processed
samples were incubated with a high-salt precipitation buffer (Cell Guidance Systems) in a
2:1 (sample: buffer) ratio overnight, as described below (2.4 Harvesting extracellular

vesicles from medium and tissue).

2.3.3 Brain tissue homogenisation

Both brain tissue sectioned directly for homogenisation (brain homogenate/BH) and brain
tissue that underwent collagenase treatment (brain homogenate plus collagenase/BH+C)

were homogenised as follows.

For protein isolation, tissue was suspended in either 700 ul or 1 ml (for BH and BH+C,
respectively; volume based on guidelines for different sized sections: BH — 25 mg, BH+C —
250 mg) ice cold RIPA buffer with PI/PS (ThermoFisher) where it was sequentially broken
down by pipetting with 1 ml, 200 pl, 20 pl pipettes, followed by passing the mixture through
18-, 21- and 23-gauge needles (Terumo) until the tissue was completely lysed. Lysates were
incubated on ice for 15 minutes with regular vortexing, followed by being centrifuged at
14000g at 4°C for 15 min, after which the clarified supernatant was transferred and stored

at-20°C.

For RNA isolation, tissue was suspended in either 700 ul or 1 ml (for BH and BH+C,
respectively) Qiazol (Qiagen) where it was sequentially broken down by pipetting with 1
ml, 200 pl, 20 ul pipettes, followed by passing the mixture through 18-, 21- and 23-gauge
needles until the tissue was completely lysed. RNA was isolated from the lysate using the
same protocol as described below in section 2.6 Isolating RNA from extracellular vesicles,

and subsequently stored at -80°C for future use.
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2.4  Harvesting extracellular vesicles from medium and tissue

After separate pre-processing steps, isolation of EVs from medium and tissue was
performed using size elution chromatography (SEC, Figure 2.2) with a precipitation step
(Exo-spin, Cell guidance systems), based on recommendations from the MISEV guidelines
(Théry et al, 2018). The exo-spin method was performed as per the company guidelines,
briefly, pre-processed supernatant was mixed with exo-spin buffer in a 2:1 ratio and
incubated overnight to precipitate EVs. The solution was spun at 10,000g for 96 minutes
to pellet the precipitated EVs. EV pellets were resuspended in fresh PBS and applied above
the membrane of a pre-prepared exo-spin column. The columns were spun at 50g until all
the supernatant had passed through the column, followed by the application of PBS to the
membrane with another spin at 50g for 1 minute to elute the EVs in a new tube

(approximate 200 pul yield).
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Figure 2.2. Process of size exclusion chromatography

A) A mixed population, including EVs, proteins and lipids, is pipetted onto the column bed, where
the mixture flows through the Sepharose resin either by gravity or centrifugation. The resin is made
of porous beads, which trap smaller particles while larger particles flow through the column. B) A
magnification of a bead, highlighting how particles small enough to fit into the pores get trapped,
whereas larger particles (including EVs) interact minimally with the resin. As the column is washed,
the smaller particles are flushed from the pores and continue through the column. C) The mixture is
washed through the column and elutions of a set volume are collected.. D) The first fractions are
the ‘void’ volume, where the solution does not contain detectable particles as the molecules have
not passed through the column yet. The first detectable particles will the larger molecules, such as
EVs, which passed through the column relatively uninterrupted, followed by molecules of decreasing
size, including free proteins, corresponding to their interaction with the resin. Image created with

BioRender.com.
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2.5 Protease and RNase treatment of extracellular vesicles

To determine the topology of RNA in association to EVs, the EV samples were treated with
Proteinase K and RNase A. Publications in the field have shown that RNA enclosed in EVs is
protected from RNase treatment (Driedonks et al, 2020), therefore, this treatment can
distinguish between EV RNA and free RNA. Samples were divided, with 50 pl undergoing
treatment enzymatic treatment and 50 ul incubated with equal volumes of PBS, all other
steps remained the same. First, Proteinase K (ThermoFisher), to a final concentration of 20
ug/mL, was added to the EV samples, which was incubated at 37°C for 30 mins. Halt™
Protease Inhibitor Cocktail (100X) (ThermoFisher) was added to stop the Proteinase K
reaction and were incubated on ice for 10 minutes. Finally, samples were treated with
RNase A, to a final concentration of 10 ug/mL, and incubated at 37°C for 30 mins. QlAzol
(Qiagen) was immediately added to the EV samples to inhibit the RNase reaction and to

proceed to RNA isolation.

2.6  Isolating RNA from extracellular vesicles

RNA was isolated from EVs using the miRNeasy Micro Kit (Qiagen), following the incubation
with QIAzol. At this stage, the exogenous spike-in C. elegans miR-39 (cel-mir-39, Qiagen)
was added to the lysate, according to the manufacturers protocol (3.5 pl of 1.6 x 10%
copies/ul). The lysate was vortexed and then incubated at room temperature for 30 min.
90 ul chloroform was added and the mixture was shaken vigorously, and then incubated at
room temperature for 5 min. The mixture was centrifuged at 12,000g for 15 min at 4°C.
Once the phases had clearly separated, the upper aqueous phase was pipetted, without
disturbing the interphase, to a new tube and two volumes of 100% ethanol was added to
precipitate the sample. The samples were centrifuged through the RNeasy MinElute spin
column at 28000g for 15 s at room temperature. Clean up of the sample took place via
centrifugation of 700 pl and then 500 ul of RWT and RPE buffer, respectively, through the
spin column at 28000g for 15 s at room temperature. A second RPE buffer wash was
performed at >8000g for 2 min at room temperature. The membrane was dried by
centrifuging the spin column in a new tube at 15000g for 5 min. The spin column was

transferred to a new tube and 14 ul RNase-free H,0 (ThermoFisher) was pipetted onto the
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membrane, which was then centrifuged for 1 min at 15000g. The eluate containing the

isolated RNA was stored at -80°C, ready for downstream gPCR and small RNA sequencing.

2.7  Harvesting extracellular vesicle RNA from SH-SYS5Y culture

medium

Total EV RNA was isolated from cell culture medium using the exoRNeasy Serum/Plasma
kit (Qiagen). Briefly, equal volumes of XBB buffer were added to medium and mixed. The
mixture was pipetted into the spin columns and centrifuged at 500g for 1 min, then the
flow through was discarded. 10 ml XWB buffer was pipetted into the spin columns and
centrifuged for 5000g for 5 min, then the spin column was transferred to a new collection
tube. 700 ul QlAzol (Qiagen) was pipetted directly onto the spin column membrane, and
centrifuged for 5000g for 5 min, from which the lysate was collected in a new tube.
Following this, RNA was collected using the same protocol as above (2.6 Isolating RNA from

extracellular vesicles).

2.8  Quantifying RNA from samples

Isolated RNA was quantified using the fluorometric dye incorporated in the Qubit RNA HS
Assay Kit on the Qubit 3 Fluorometer (ThermoFisher), selecting the RNA protocol. miRNA
quantitation was performed using the Qubit miRNA Assay Kit (ThermoFisher), selecting the
miRNA protocol. The Qubit assays were performed as per the manufacturers protocol,
briefly RNA samples were diluted 200-fold with the prepared Qubit working solution and

ran against the standards provided.

2.9 Harvesting protein from fibroblasts and extracellular vesicles

Cell lines were harvested post EV isolation, with 1 million cells used for cell lysates. Briefly,
cells were trypsinised, spun down and counted using trypan blue (Biosera). 1 million cells
were pelleted and washed with ice-cold PBS, followed by the addition of 1 ml of RIPA buffer
(ThermoFisher). EVs were mixed 1:1 with RIPA buffer. The sample was mixed and
incubated for 15 minutes on ice, then centrifuged at 14000g for 15 minutes to pellet the
debris, with the supernatant containing the protein. Samples were used for protein

analysis and western blotting.
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2.10 Extracellular vesicle characterisation

2.10.1 Total protein quantification

Total protein analysis of extracellular vesicles was performed using the BCA (Bicinchoninic
acid) assay (ThermoFisher), with sample readings being corroborated with the Qubit
Protein Assay Kit (ThermoFisher). The BCA assay was performed as per manufacturer
guidelines, briefly EV samples were diluted 80-fold in PBS and plotted against a standard
curve of pre-prepared BSA dilutions (25-2000 pg/ml). The standards or the diluted EV
samples was pipetted into the respective wells of a microplate, followed by the BCA
working reagent. The plate was shaken to mix and incubated at 37°C for 30 mins. Samples

were read on the plate reader (Scanit) at 562 nm.

The Qubit assay was performed as per the manufacturers protocol, briefly EV samples were
diluted 200-fold with the prepared Qubit working solution and ran against the standards

provided. Samples were read on the Qubit 3.0 Fluorometer (ThermoFisher).

2.10.2 Western Blotting

Characterisation of EV associated proteins and intercellular associated negative controls
was performed using Western blotting. Gels were cast using 1.5 mm glass separators (Bio-
rad), with the resolving gel at 10/12% acrylamide constitution, depending on the size of
the protein of interest. SDS gels were cast as per the Bio-rad recommendations. Resolving
gels were made using 10/12% acrylamide depending on the desired final constitution, with
1.5M of Tris-HCL (pH 8.8), 10% SDS, 10% APS (Ammonium persulfate) and 0.002 % TEMED
(Tetramethyl ethylenediamine). Gels were left to set for 45-60 minutes with a fine layer of
water-saturated butanol on top to ensure even layers, after which the butanol was
aspirated, and the glass was rinsed thoroughly with dH,0 and dried with lint-free tissue.
Stacking gels were poured on top and made using 5% acrylamide, 0.5M of Tris-HCL (pH
6.8), 10% SDS, 10% APS and 0.002 % TEMED. A 10 well comb with a 50 pl capacity was

inserted and the gel was left 30 minutes to set.

An equal amount of protein (quantified by BCA) from EV samples and cell lysates/brain

homogenates was loaded per well into the gel, with most experiments set at 20 pg, though
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in some experiments where markers displayed low expression, the EV protein loaded
increased up to 30 ug. Samples were prepared with 4x Laemmli sample buffer (Bio-Rad) in
non-reducing conditions and boiled at 70°C for 10 minutes. Denatured samples were then
loaded into the wells of the gel alongside 10 ul PageRuler™ Plus pre-stained protein ladder
(ThermoFisher, 10 to 250 kDa). Running buffer was made up of tris base (25nM), glycine
(192 mM) and 1% SDS.

Electrophoresis was performed at 80V (10V per cm gel) while the samples concentrated in
the stacking gel, after which the running conditions were maintained at constant 100V
(0.02A per gel) for approximately 90 minutes or until the dye front reached the bottom of
the gel. After electrophoresis, gels were washed in transfer buffer (tris base (25nM), glycine
(192 mM), 20% methanol) and sandwiched against a 0.2 um nitrocellulose membrane,
where the separated protein was blotted in standard transfer conditions (100V for 60

minutes, temperature regulated with ice and cooling unit).

Membranes were briefly washed in wash buffer/PBST (0.1% Tween 20) to remove any
electrolyte solution, after which some where incubated with Ponceau Red (Sigma-Aldrich)
for 5-10 minutes to determine the transfer efficacy. Blocking of the membrane was
performed with 5% BSA in Phosphate buffered saline and 0.1% Tween 20 (PBST) with

gentle agitation for 2 hours.

Membranes were incubated with the primary antibodies (mouse anti-human) in 2.5% BSA
PBST solution: anti-CD9 (1:2000 — 0.25 pg/ml), anti-CD63 (1:5000 — 0.1 pg/ml), anti-CD81
(1:2000 - 0.25 pg/ml) (ThermoFisher, Invitrogen 10626D, 10628D, 10630D, respectively),
TSG-101 (1:2000, 0.5 pg/ml, Abcam, Ab83), and flotillin-1 (1:2000 - 0.5 pg/ml), calnexin
(1:10,000 — 0.05 pg/ml) and GM130 (1:10,000 — 0.05 pg/ml) (Proteintech, 67968-1-Ig,

66903-1-lg, 66662-1-1g, respectively), overnight at 4°C with gentle agitation.

Membranes were washed in PBST for 3 x 10 minutes at room temperature, with vigorous
agitation, after which they were incubated with HRP (horseradish peroxidase) conjugated
goat anti-mouse secondary antibody (1:5000, Cell signalling, # 7076), for 1 hour at room
temperature. Membranes were washed again in PBST for 3 x 10 minutes to remove any

unbound antibody.
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Proteins were detected using ECL (Electrochemiluminescence), with West Femto
Maximum Sensitivity Substrate ECL (Thermo Scientific™ SuperSignal™). Signal was

visualised using the Gbox (Syngene) and the Odyssey XF (Li-Cor).

Semi-quantification of Western blot band intensities was performed using Imagel software
(https://imagej.net/ij/index.html). A standardised selection area was determined for
individual images, with size of the area maintained for all bands in the blot. Quantification
was carried out by inverting the mean grey area of the bands and normalising to the

background. Ratios were performed on AD cases against healthy neurological controls.

2.10.3 Nanoparticle tracking analysis

EVs were characterised and visualised by nanoparticle tracking analysis (NTA) using the
ZetaView (Particle Metrix, Germany) to interpret the total number, concentration, and
polydispersity. The protocol was performed based on company guidelines. Samples were
diluted in PBS starting at 1:1000 and adjusted until the EV concentrations were in the
desired concentration range of the ZetaView, between 50-200 particles per frame. The
machine was flushed with sterile PBS, to clear impurities which would interfere with the
measurements. The sample was subsequently injected into the machine, which was
scanning in scatter mode at a wavelength of 520 nm. ZetaView settings were calibrated
according to the manufacturers protocol, including measurements at 25°C and at 11
camera positions to determine an average of the EV sample composition. Polystyrene

beads (100nm, Analytik, P/N 700093) were used to calibrate the system prior to analysis.

2.10.4 Fluorescence nanoparticle tracking analysis

Isolated EVs underwent fluorescence nanoparticle tracking analysis (f-NTA) using the
ZetaView (Particle Metrix, Germany), the protocol was performed based on company
guidelines. As the machine’s wavelength is 520 nm the long wave pass cut off filter is
slightly higher at 550 nm, meaning that all fluorescent conjugates need to emit at a higher
wavelength than 550 nm to be distinguished from the scatter. ZetaView settings were
calibrated according to the manufacturers protocol, as with the NTA scatter detection, but

a low bleach mode was used to optimise measurement of fluorescence. Further, 100 nm
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fluorescent polystyrene beads (Analytik) were used to calibrate and optimise the system

prior to fluorescent analysis. Optimisation included a dye-only control

EV samples were labelled with CD9, CD63 and CD81 (Biolegend, 312118, 353022, 349520,
respectively), all conjugated with the PE/Dazzle™ 594 fluorochrome. The final PE/Dazzle
dilution was determined by running a serial dilution and measuring the background, with
1:100,000 (0.005 pg/ml) the highest concentration that does not produce background
signal. Samples were incubated at room temperature with either an individual antibody or
the mix of antibodies for 2, 6 and 24 hours, to determine the optimal antibody incubation
times. Signal did not increase significantly beyond 2 hours. Therefore, all experiments were
incubated for 2 hours at room temperature, prior to measurement. EV samples were

injected and measured in both scatter and fluorescence mode.

EVs were also labelled with Cell Mask Orange (CMO, Invitrogen, C10045) solution according
to company guidelines. The final CMO dilution was determined by running a serial dilution
and measuring the background, with 1:10,000,000 the highest concentration that does not
produce background signal. Briefly, EVs were mixed 9 parts to 1 with pre-diluted CMDR
(1:1000), after which the solution was incubated for 1 hour at room temperature in the
dark to allow the dye to bind to the membranes. The mixture was then diluted 1:1000 and

measured on the ZetaView in both scatter and fluorescent modes.

Fluorescent ratios (%F) were measured by determining the number of fluorescent particles
(ce = Fluorescent count) compared to the number of particles from the same sample

detected in scatter (cs= Scatter count), as follows:

%F = —+100%
s [1]

2.10.5 Transmission electron microscopy

EVs were directly visualised with transmission electron microscopy (TEM) to confirm the
presence of particles with the size and structure characteristic of EVs. This work was
performed at the University of Liverpool. Briefly, a 10 ul EV sample was used for the
imaging which was suspended on a carbon coated grid, and subsequently processed as

follows: washing with PBS, fixation with 1% glutaraldehyde, washing with ddH-0, staining
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with the electron dense uranyl acetate (1%), and further staining and preservation with 4%
uranyl acetate/2% methyl cellulose (in a 1:9 ratio). After the sample was processed, it was
drained and dried. Imaging was performed at 120KV on a FEI Tecnai G2 Spirit with Gatan
RIO16 digital camera.

2.11 Targeting candidate miRNA in extracellular vesicles

2.11.1 Reverse transcription

RNA was taken from the fibroblast-derived EVs and brain-derived EVs (6 ng and 10 ng,
respectively) and converted to cDNA using the QuantiMir Kit (System Biosciences).
Everything was performed on ice where possible unless they were being incubated in the
Alpha Cycler 1 (PCRmax). Briefly, 5 pl of total RNA was mixed with the polyA tail mastermix,
consisting of 5X Poly-Adenine (PolyA) buffer, 25 mM MnCl;, 5 mM ATP and PolyA
polymerase. After a 30 min incubation at 37°C, to allow the PolyA tail to synthesise, oligo
dT adaptors were added to the samples, which were subsequently incubated at 60°C for 5
min. The samples were cooled to room temperature, after which the cDNA synthesis
mixture was added, consisting of 5X reverse transcription buffer, dNTP mix, 0.1 M
Dithiothreitol (DTT), RNase-free H,0 and reverse transcriptase. Samples were incubated at
42°Cfor 1 hour, after which they were heated to 95°C for 10 min to stop the reaction. cDNA

samples were stored at -20°C.

2.11.2 PCR amplification

PCR reaction mixes were prepared according to the manufacturer’s protocol and consisted
of SensiFAST SYBR® No-ROX Kit (Meridian Bioscience), the miRNA specific forward primer
(Eurofins), universal reverse primer (System Biosciences) and RNase-free H,0
(ThermoFisher). The miRNA specific forward primer was the same sequence as the mature

miRNA, which were confirmed on miRbase (https://mirbase.org/, release 22.1, accessed

2022). The universal reverse primer is complementary to the QuantiMir oligo-dT adapter
that was used to create the first strand cDNA in 2.11.1 Reverse transcription. A list of the

non-chromosome 14 candidate miRNAs is displayed in Table 2.3.
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Table 2.3. List of sequences for candidate microRNAs

MicroRNA microRNA sequence

Mir-16-5p UAGCAGCACGUAAAUAUUGGCG
MiR-17-5p CAAAGUGCUUACAGUGCAGGUAG
Mir-19a-5p AGUUUUGCAUAGUUGCACUACA
Mir-19b-5p AGUUUUGCAGGUUUGCAUCCAGC
Mir-20a-5p AGAGGUUGCCCUUGGUGAAUUC
Mir-21-5p UAGCUUAUCAGACUGAUGUUGA
Mir-92a-5p UGUGACUGGUUGACCAGAGGGG
Mir-106a-5p UAAAGUGCUUACAGUGCAGGUAG
Mir-106b-5p UAAAGUGCUGACAGUGCAGUA
Mir-146a-5p UGAGAACUGAAUUCCAUGGGUU
miR-155-5p UUAAUGCUAAUCGUGAUAGGGGUU

The mastermix was combined with the cDNA template or RNase-free H,O for the no-

template control (NTC). All samples were analysed in duplicate. PCR amplification was

performed on the Rotor-Gene Q (Qiagen) with PCR cycling conditions shown in Table 2.4.

Table 2.4. Cycling conditions for RT-PCR

Step Description Temperature (°C) | Time Cycles per step
1 Initial incubation 50 2 min 1
2 Initial denaturation 95 10 min 1
3 Denaturation 95 15s 40
Annealing/ Elongation | 60 1 min
4 Melt-profile analysis Ramp 50-95 ~5 min 1

Cycle thresholds (Ct) values were determined in the exponential phase of amplification

plots after the reaction had completed. Relative expression of miRNAs was determined

using the 228 method (Livak and Schmittgen, 2001), where differences in Ct values

between the miRNA of interest and U6 (endogenous) or cel-39 spike-in (EV) controls (ACt)

were compared between disease and control samples (AACt). Specifically, ACt values of

the control biological replicates were averaged to create an internal control, which all
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samples were compared against to form the AACt. The fold gene expression is
determined by log transforming the AACt values by 2722¢t 35 the Ct values are log2 scale.
Melt curves were monitored to determine the PCR product was the correct size, the

presence of primer dimers and amplification in the NTCs.

2.12  Small RNA sequencing of extracellular vesicle cargo

2.12.1 Library preparation

For library preparation, 6 ng and 10 ng RNA were taken from the fibroblast-derived EVs
and brain-derived EVs, respectively. RNA was processed using the Small RNA-Seq Library
Prep Kit for lllumina (Lexogen), according to the manufacturer’s protocol. Adapters and
primers used in the kit were diluted to 0.3x, as RNA input was lower than 100 ng. All steps
that required conditions other than room temperature were performed in a pre-heated

thermocycler. The RNA/cDNA library was generated as displayed in Figure 2.3.

To ligate the 3’ adapter to the RNA, both the RNA and the 3’ adapter were incubated
together at 70°C for 2 mins, denaturing any secondary structures and leaving single
stranded (ss)RNA, which increases the efficiency of the downstream reactions. The
denatured mixture was incubated with a ligation and enzyme mastermix for 1 hour at 28°C.
Once the 3’ ligation had finished, the rection mixture was passed through a purification
column to remove any unbound 3’ adapter. The 5’ adapter was denatured as the RNA and
3’ adapter were, after which it was mixed with a ligation and enzyme mastermix. The RNA
was incubated with the pre-prepared mastermix for 1 hour at 28°C to ligate the 5’ adapter.
The 3’ and 5’ adapter-ligated RNA was mixed with the reverse transcription primer and
denatured at 70°C for 2 mins. The denatured sample was mixed with a mastermix of first

strand cDNA synthesis mix and enzyme mix, and incubated for 1 hour at 50°C.
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Figure 2.3. RNA/cDNA Library Generation

Schematic adapted from Lexogen (https://www.lexogen.com/small-rna-seq-library-prep-kit/,

accessed 2022). Details the steps involved in library generation, including 3’ adapter ligation, 5’
adapter ligation and reverse transcription of RNA to RNA/cDNA library. Black — RNA, blue — 3’

adapter, green — 5’ adapter.
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Figure 2.4. Library amplification

Schematic adapted from Lexogen (https://www.lexogen.com/small-rna-seq-library-prep-kit/,

accessed 2022). Details the steps involved in library amplification, including PCR amplification of
cDNA libraries, at which stage, i7 Illumina indexes (yellow), and p5/p7 lllumina adapters

(purple/orange) were incorporated for downstream sequencing of the libraries.
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Library amplification (Figure 2.4) was performed as follows. To amplify the RNA/cDNA
amplified by endpoint PCR, the samples were combined with a mastermix consisting of
PCR mix, P5 adapter primer, and H,0, followed by the specific Small RNA i7 Index Primer
required for multiplexing. The libraries underwent PCR thermocycling, including 98 °C for
30 seconds to denature all the product, then 22 cycles of 98 °C for 10 seconds, 60 °C for
30 seconds, and 72 °C for 15 seconds to amplify the product, and a final extension at 72
°C for 10 minutes. During this amplification, the P5 and P7 lllumina adapters were
incorporated for the downstream sequencing. Each sequencing run incorporated four
samples (multiplexed), therefore, each sample was incubated with a specific i7 adapter,
which is read during sequencing to track the read back to the correct sample and
demultiplex the run. PCR products were purified of any PCR reagents left in the mixture
by being passed through a purification column, where they were washed with column
wash buffer and then eluted with 20 ul of Elution Buffer, thereby also concentrating the
libraries, which were ready for quality control and Illumina sequencing (Figure 2.5). As the
RNA used for the libraries was small RNA enriched, no further purification was required

for small RNA sequencing.

i7

fRoad 8 Index 1 (i7 1
Sequencing Sequenc(ing)J Index
Primer Read 1 Bricoae l

Read2 Read2
Sequencing Primer

Figure 2.5. lllumina sequencing using Lexogen libraries

Schematic adapted from Lexogen (https://www.lexogen.com/small-rna-seqg-library-prep-kit/,

accessed 2022). Details the read orientation of the Lexogen libraries on the Illlumina system. Small
RNA sequencing required only single read sequencing (5’ to 3’) due to the 50-cycle read (described
below) covering the miRNA span (~21 bp). As samples were multiplexed (multiple samples on the
same sequencing run), a subsequent i7 index primer binds to the 3’ adapter (blue) to read the i7
index of the sample, which allows the sequencing run to determine which reads were from which

sample during the run.
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2.12.2 Library quality control and quantification

Libraries prepared with the Small RNA-Seq Library Prep Kit (Lexogen) were quality checked
to ensure that the small RNA fragment had been amplified for sequencing with minimum
contamination. They were also quantified to make sure the correct amount of library was

loaded in the MiSeq (lllumina), reducing the chance of under- or over-clustering.

Library quality checks were performed with high sensitivity capillary electrophoresis, using
the TapeStation system (Agilent), which can visualise the fragment size (bp) of the library
and any potential contaminants, such as linker-linker artifacts. Libraries were run with the
High Sensitivity D1000 ScreenTape Assay (TapesStation), briefly, samples or the High
Sensitivity D1000 Ladder were mixed with the High Sensitivity D1000 Sample Buffer,
vortexed and spun down to load into the TapeStation 2200 system. The D100 ladder has a
size range of 35 —1000 bp with a sizing range of +10%, granting high resolution visualisation
of fragment sizes (bp). The average fragment sizes (bp) for each sample were determined
by selecting the enriched region on the Tapestation plot, which corresponded with the

small RNA fraction.

Quantification was performed by gPCR and fluorescent detection (Qubit). gPCR based
detection used the NGSBIO Library Quant Kit for Illumina (PCR Biosystems), which
specifically amplifies the adapter ligated library. Libraries were diluted by 10°x in dilution
buffer and combined with a mastermix of 2x gPCRBIO SyGreen Mix, 10x lllumina Primers
and PCR grade dH;0. A set of DNA standards that range from 0.2 fM to 2 pM were also
combined with the PCR mastermix in a set of separate PCR tubes. The qPCR thermocycling
was ran with 1 cycle of polymerase activation at 95°C for 1 min, followed by 40 cycles of
denaturation (95°C for 15 seconds) and annealing/extension (63°C for 45 seconds), with a
melt analysis. A standard curve was plotted using the DNA standards, which was used to
calculate the concentration of the diluted libraries. The original library concentration (nM)

was worked out by:
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Library Conc (nM)

= reaction Conc (nM) X dilution factor (1076 )

452

X
average fragment length

(2]

Average fragment length was determined by TapeStation (Agilent) capillary

electrophoresis, above.

Libraries were also quantified using the fluorometric dye incorporated in the Qubit dsDNA
HS Assay Kit on the Qubit 3 Fluorometer (ThermoFisher), selecting the dsDNA protocol. The
Qubit assay was performed as per the manufacturers protocol, briefly libraries were
diluted 200-fold with the prepared Qubit working solution and ran against the standards

provided.

2.12.3 lllumina MiSeq small RNA sequencing

Sequencing was performed according to the Illumina guidelines, with the lllumina standard
normalisation method used to denature and dilute libraries. The sequencing chemistry
used was the MiSeq Reagent Kit v2, therefore, libraries were pre-diluted to 4 nM with PCR
grade dH,0, based on the quantified values with the Qubit (ThermoFisher). The 4 nM
libraries were denatured with freshly prepared 0.2 N NaOH at room temperature for 5
minutes. Denatured libraries were then diluted to 20 pM with pre-chilled hybridisation
buffer (HT1), which also ensured that the NaOH was diluted to below 1 mM, a low enough
concentration that it would not interfere with downstream library hybridisation to the flow
cell. Libraries were further diluted to 8 pM with HT1, the recommended input for lllumina
v2 chemistry. A 12.5 pM PhiX library (~¥45% GC and ~55% AT) was spiked-in to the 8 pM
libraries to ensure there was enough nucleotide diversity for optimal sequencing
performance, as the lllumina system can have difficulty correctly attributing signal to the
correct cluster in low diversity libraries, which can affect base calling and quality score

calculations. PhiX libraries were pre-diluted to 4 nM with Tris-Cl (pH 8.5 with 0.1% Tween
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20), and then denatured and diluted to 20 pM as described above. A final dilution of the
PhiX library to 12.5 pM was made with HT1, which was then spiked-in to the libraries at a

1% concentration, and the combined library was loaded into the reagent cartridge.

The reagent cartridge, pre-cleaned flow cell, incorporation buffer (PR2) and empty waste
bottle were loaded into the MiSeq according to the system guide. Sequencing was
performed on the MiSeq (lllumina) using v2 chemistry and a 50-cycle read, with analysis,
filtering and base calling directly ran on BaseSpace. All runs were multiplexed with 4
libraries, with the corresponding i7 index sequence loaded on the sample sheet, with the
Illumina adapter sequence and generate fastQ analysis workflow. Runs were monitored for
quality scores, cluster density, clusters passing filter and yield of bases called during the

run.

2.13  Small RNA sequencing data analysis

2.13.1 Quality control of RNA sequencing data

For each sequencing run, four fastQ files were produced, corresponding to the four
libraries that were multiplexed. All fastQ files were uploaded to Galaxy (The Galaxy
Community, 2022) for processing and analysis. Initial quality checks of the RNA sequencing
data were performed using fastQC (Version 0.73; Andrew, S., accessed 2022), which checks
the data for basic statistics, including total reads and average sequence length and GC%,
per base sequencing quality (Q-score), per base sequence, N and GC content, sequence
length distribution and duplication levels, overrepresented sequences and identified

adapter content.

Q-scores are a prediction that a base called during sequencing is incorrect, with a Q40
indicating that the probability of a wrong base call is 1 in 10,000, reducing by a factor of 10
for Q30, Q20 and then Q10, which indicates that the probability of a wrong base call is 1 in
10. Q-scores over 30 were considered to have passed the sequencing quality check. Per
base sequences, N and GC content checked that there was an even distribution of
nucleotides and GC vs AT across the whole read and no individual was overrepresented,

and that there was no unidentifiable nucleotide content (N). Sequence length distribution
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checked the length of individual reads, with reads lower than 16 bp omitted from the
analysis. Sequence duplication levels were checked to observe whether there had been
any enrichment bias during library preparation or sequencing, which was also confirmed
by analysing overrepresented sequences (>0.1% of reads), that also can identify any
contaminating factors or adapter sequences that need to be filtered. Identified adapter
content compares read sequences to the Illlumina adapter sequences. With small RNA
sequencing there is a high proportion of adapter content that needed to be trimmed and
filtered as the read length is longer than the RNA of interest (such as ~22bp miRNA vs the
50 bp Illumina read depth).

2.13.2 Trimming and adapter clipping of sequencing reads

After the preliminary quality of raw reads was analysed, the data in fastQ format was
processed using Cutadapt (Version 4.0; Martin, M., 2011), which removed adapter and
other contaminant sequences. The 3’ adapter sequence incorporated in the Small RNA-Seq
Library Prep Kit (Lexogen), 5'- TGGAATTCTCGGGTGCCAAGGAACTCCAGTCAC — 3’, which
was responsible for most overrepresented sequences in the fastQ report, was trimmed
from all reads. After trimming, all reads that were shorter than 16 bp and higher than 31
bp were filtered. Trimmed files were checked by fastQC to determine whether the

remaining reads passed the quality checks.

2.13.3 Sequencing read alignment

Trimmed reads were aligned to the reference Human (Homo sapiens) genome (Hg38) using
Bowtie2 (Version 2.4.5; Langmead and Salzberg, 2012). The aligned format output is as a
BAM file, along with an analysis of the alignment percentage, including whether the data
was a unique alignment or had aligned multiple times in the reference genome. SAMtools
(Version 2.0.4) packages: stats flagstat and idxstats (Li et al, 2009) were used to assess the
output of the alignment, including observing the total reads, uniquely mapped reads,
duplicates, reads mapping per chromosome. Alignment statistics were visualised using

MultiQC (Version 1.11; Ewels et al, 2016).
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2.13.4 Generation of miRNA read counts

Reads that were aligned to the reference (Hg38) genome in BAM format were counted
using htseg-count (Version 0.9.1; Anders, S., 2014), while mapping to the miRbase mature

miRNA annotation (miRbase (https://mirbase.org/, release 22.1, accessed 2022) inputted

in GFF format. Alignment of features was determined by union mode, where any individual
(including partial alignment) overlap was mapped to the determined miRNA, while reads
that mapped at least partially to multiple miRNAs were classified as ambiguous and
filtered. A minimum alighment quality of 20 (Phred scale) was used as cut off to be included

in the feature count. Counts were recorded into counts tables/files.

2.13.5 Differential expression analysis of miRNAs

Counts files were compared between AD and control samples in DESeq2 (Version
2.11.40.7; Love et al, 2016), a Bioconductor package that tests for differential expression
using a negative binomial distribution model. Factors levels were labelled as ‘Alzheimer’
and ‘Control’, with the replicate count files inputted into the corresponding factor level.
Normalisation of counts was performed using the median of ratios method, which creates
a reference sample/ geometric mean of all analysed samples and refers all samples against
the reference, while accounting for sequencing depth and RNA composition. Internal QC
of miRNA counts is performed in DESeq2 to filter out low count reads and increase the
power to detect differentially expressed miRNA. DESeq?2 outputs results in a table including
mapped miRNA, the log fold change, standard error, P-value, and adjusted P-value/ false
discovery rate based on Benjamini-Hochberg. The second result is the graphical output,
including principal component analysis (PCA), sample-sample ratios, and dispersion

estimates.

2.13.6 Visualisation of differentially expressed miRNAs

Differentially expressed miRNAs were visualised by the Volcano Plot in the ggplot2 package
(Version 0.0.5), using the DESeq?2 tabular output. Adjusted P value was plotted against log

fold change, with a significance threshold of p < 0.05 and a fold change threshold of >1.
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2.14  Statistical analysis

Statistical analysis was performed using Graphpad Prism packages (GraphPad Software,
San Diego). Statistical differences were analysed using unpaired two-tailed T-tests or one-
way ANOVAs with Dunnett’s multiple comparisons. Correlations were performed using
Pearson correlation tests. All values were displayed as mean * SD, unless otherwise stated.

P-values of >0.05 were displayed as statistically significant.
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3 Chapter 3: Isolation and characterisation of small

extracellular vesicles

3.1 Introduction

Studies involving EVs require a comprehensive workflow, starting from the biological
source material, with a clear methodology on how to isolate EVs from the distinct material,
cell culture medium, tissue or otherwise, and concluding with a robust characterisation
that provides confidence that relevant downstream analysis is of EV associated changes
and not due to other contaminants. Optimisation of these workflows was primarily
performed in human fibroblasts from AD patients and neurological healthy controls, as well
as SH-SY5Y neuroblastoma cells (Supporting documents: Appendix), while full

characterisation was performed in fibroblast derived EVs and brain tissue derived EVs.

3.1.1 Aims

The aims of this chapter were to develop an EV isolation methodology that could separate
EVs from both cell culture medium and human brain tissue, maintaining a pure population
that was depleted in other cellular material, while having a good yield of EVs to be able to
perform proteomic and transcriptomic analysis. Within this chapter, the study also aims to
comprehensively characterise EVs isolated from fibroblast cell culture medium and brain
tissue, according to the MISEV guidelines (Théry et al, 2018). This involves characterising
EV morphology, size, and protein profiles, in order to determine that they express EV
associate proteins and are in a size range expected of an EV subtype (small EVs: 50-200 nm,

medium/large EVs: >200 nm).
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3.2 Optimising cell culture conditions for isolation of small

extracellular vesicles

3.2.1 Extracellular vesicle free media did not affect cell viability

With all cell culture models, it is important to clearly state the conditions used for culture,
including medium compositions and seeding protocols. This is also important for EV studies
(Théry et al, 2018), as medium supplements, in particular FBS, contain EVs that can be co-
isolated with EVs released from cell culture. The FBS derived EVs contain RNA, which could
impact downstream investigations of miRNA in this study (Shelke et al, 2014). Therefore,
commercially available EV depleted medium (Gibco) was used, in order to ensure that

isolated EVs are derived directly from the fibroblasts in cell culture, and not FBS.

While the use of commercially available EV depleted FBS reduces batch variability, the
proprietary nature of such products warrants caution and investigation into the effect on
recipient cell cultures. The two main EV depletion methods are by ultracentrifugation and
chemical precipitation, with varying results on the degree of EV depletion (Kornilov et al,
2018; Lehrich et al, 2018). While the commercial data states ‘> 90% of exosomes depleted’
and unimpeded cell viability, with supplementary data, as well as sample publications
showing efficient removal of EVs from FBS and stable cell proliferation with addition of this
FBS (Takov et al, 2017; Guerreiro et al, 2018), there are publications showing that EV
depleted FBS has a reduced ability to support cell growth depending on the cell type being
cultured (Shelke et al, 2014; Eitan et al, 2015; Aswad et al, 2016). In account of this, this
study evaluated the viability of the fibroblasts, through MTT, after 72 hours in EV-depleted
medium (Figure 3.1). It was observed that reduced concentrations of EV-depleted FBS
resulted in a drop in cell viability compared to 10% normal FBS (5% = 54.3% viability, p =
0.0002; 7.5% = 59.8% viability, p= 0.0006). The same percentage of EV depleted FBS (10%)
resulted in a decrease in cell viability (10% = 81.9% viability, p= 0.1376), while increasing
the percentage to 12.5% EV depleted FBS against 10% normal FBS resulted in an increase
in viability (12.5% = % viability, p= 0.7051). The 10% and 12.5% EV depleted conditions
were comparable to normal FBS conditions, therefore the study continued with 10% EV-

depleted FBS.
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Regarding SH-SY5Y culture, as the differentiation technique required serum starvation,
there was no need to supplement the medium with EV depleted FBS. Differentiation was
observed through morphology during a 21-day protocol (Appendix Figure), while gPCR was
used to identify a set of candidate miRNA that were differentially expressed in SH-SY5Y

derived sEVs during differentiation (Appendix Table 6.1).
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Figure 3.1. EV-depleted fetal bovine serum did not affect fibroblast cell viability

Cells were incubated with either normal FBS (10%) or EV depleted FBS (10%) for 72 hours. FBS
percentage based on proportion of total medium. Cell viability was determined with MTT
(absorbance = 540 nm. Error bars £SD. N = 3 (technical repeats). T-tests: *** P < 0.001, * P <0.05.

ns = not significant.

3.2.2 Size exclusion chromatography isolates a purer extracellular
vesicle RNA population than membrane affinity isolation

Once cell cultures were determined to be stable with EV depleted FBS, work began with

determining the optimum isolation method for small extracellular vesicles from cell

culture. Two methods were assessed based on recommendation from the UKEV guidelines

and after sourcing literature within the field (MISEV guidelines, Théry et al, 2018), which
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were the use of direct EV RNA isolation using membrane affinity columns and isolating sEVs

with SEC.

Optimisation of EV RNA isolation using membrane affinity and SEC was performed using
the SH-SY5Y neuroblastoma cell line and commercially acquired fibroblasts derived from
AD patients and neurologically healthy controls. Both models were routinely checked for
morphology, mycoplasma infection and other factors that could influence cellular

mechanisms.

Quantification of RNA isolated from fibroblasts based on both methods showed that
membrane affinity columns produced almost 10-fold higher RNA levels than RNA isolated
from SEC purified sEVs (Figure 3.2). No difference was observed between AD and

neurological healthy control samples (Figure 4.2).
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Figure 3.2. RNA concentration from fibroblast derived small extracellular vesicles was
significantly higher when isolated with membrane affinity columns than with size
exclusion chromatography

RNA was quantified by Qubit after being isolated from fibroblast derived EVs by Membrane affinity
columns and SEC. Membrane affinity columns display a ten-fold increase in RNA concentration
compared to SEC (SEC = 0.59 ng/ul, membrane affinity = 5.20 ng/ul), indicating much higher levels
of co-purified non-vesicular extracellular RNA, such as associated with ribonucleoproteins. T-test:
**%* P <0.0001, N = 3 (technical repeats), Error bars = #SD. SEC — size exclusion chromatography.

72



Direct EV RNA isolation from cell culture medium using affinity columns is limited by an
inability to confirm the source material from which the RNA is derived, in that the isolated
EVs are immediately lysed and homogenised for RNA isolation. There are various
membrane targets used for EV capture, including heat-shock proteins, heparin and
tetraspanins (Ghosh et al, 2014; Balaj et al, 2015; Sharma et al, 2017), which means the
isolated population of EVs will differ between methods, based on what they present on
their membranes. Furthermore, the higher yield compared to the more defined ‘purer’
method of SEC (Théry et al, 2018) suggests that it could include non-EV sources such as
ribonucleoprotein proteins (RNPs). This corresponds with other publications that have
shown affinity columns, such as the one this study used, to be suboptimal in the isolation
of pure EVs, with a high degree of co-isolated lipoprotein and other non-EV associated
proteins (Stranska et al, 2018). Based on these findings, the study proceeded with SEC

based EV isolations.

3.3  Visualisation of small extracellular vesicles by transmission

electron microscopy

3.3.1 Visualising small extracellular vesicles isolated from fibroblasts

Transmission electron micrographs (Figure 3.3) showed that SEC isolations from fibroblast
culture medium contains particles with the EV associated lipid bilayer membrane, which
were consistent with small EVs (50-200 nm). Representative images from AD and
neurological healthy control fibroblasts are displayed. There were no discernible

differences between AD and control sEVs, including size or morphology.
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Figure 3.3. Fibroblast derived samples display particles with the size and morphology of

small extracellular vesicles
Images of isolated EVs taken by transmission electron microscopy. A) Representative images from
neurological healthy control fibroblasts. B) Representative images from AD fibroblasts. Particles

display lipid bilayer membranes and are 200 nm or below in diameter. Scale bar = 200 nm

3.3.2 Visualisation of small extracellular vesicles isolated from brain

tissue

Transmission electron micrographs (Figure 3.4) showed that SEC isolations from brain
tissue contain particles with the EV associated lipid bilayer membrane, which were

consistent with small EVs (50-200 nm). Representative images from AD and neurological
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healthy control samples are displayed. There were no discernible differences between AD

and control sEVs, including size or morphology.

Figure 3.4. Brain derived samples display particles with the size and morphology of small

extracellular vesicles
Images of isolated EVs taken by transmission electron microscopy. A) Representative images from
neurological healthy control brain tissue. B) Representative images from AD brain tissue. Particles

display lipid bilayer membranes and are smaller than 200 nm. Scale bar = 200 nm
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3.4 Visualisation of small extracellular vesicle populations by

nanoparticle tracking analysis

SEV populations isolated by SEC from fibroblasts and brain tissue were visualised by NTA,
which captures scattered light by high resolution microscopy, with higher individual points
of scattered light corresponding to higher concentrations. NTA determines the size of a
particle through the Brownian motion of the particle in solution, where more motion

corresponds with a smaller particle size (Figure 3.5).

Figure 3.5. Nanoparticle tracking analysis — Brownian motion

Representative image taken from Zetaview nanoparticle tracking analysis (NTA) camera. Particles
are inserted in solution into the NTA flow cell. A laser is directed into the flow cell and a camera
detects the subsequent scatter of light which results from contact between the laser and particles
in solution (white marks indicate scattered light detected by the camera). During imaging, the
camera tracks the level of movement of a particle in solution and calculates its size, with smaller
particles exhibiting larger Brownian motion (the motion of a particle within a fluid; highlighted by
red line displaying the movement of the respective particle in a given time frame). Scale is not

defined, though particles are measured through Brownian motion.
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3.4.1 Nanoparticle tracking analysis of small extracellular vesicle

populations derived from fibroblasts

In the fibroblasts, there was no observable difference in particle concentrations between
neurological healthy control and AD samples, with mean particle concentrations of

5.9x10% in the control samples and 6.5x10%° in the AD samples (Figure 3.6).

8x1010-
6x1010_

4x101°-

Particles (/ml)

2x1010+

0-

Figure 3.6. Concentration of secreted particles does not differ in AD and control

fibroblasts

Concentration of secreted particles as measured by scattered light on the NTA. Samples were
extracellular vesicles isolated from fibroblast cell cultures. Error bars = #SD. N = 3 (Biological
replicates). AD = Alzheimer’s disease. T-test: NS.

3.4.2 Nanoparticle tracking analysis of small extracellular vesicle

populations derived from brain tissue

There was no observable difference in particle concentrations between neurological
healthy control and AD samples, with mean particle concentrations of 5.0x10%° in the

control samples and 4.0x10%° in the AD samples (Figure 3.7).

77



8x1010-

6x1010-

4%10104

Particles (/ml)

2)(1010-

Figure 3.7. Concentration of secreted particles does not differ from AD brain tissue

Concentration of secreted particles as measured by scattered light on the NTA. Samples were
extracellular vesicles isolated from brain tissue. Error bars = £SD. N = 3 (Biological replicates). AD =
Alzheimer’s disease. T-test: NS.

3.5 Visualisation of small extracellular vesicle subpopulations by

fluorescent nanoparticle tracking analysis

While NTA is capable of measuring particles that are within the size range of sEVs, it is
unable to distinguish whether a particle is an sEV, lipoprotein, or another particle that was
co-isolated based on size. Therefore, F-NTA has been used to measure different
subpopulations within the total population, by tagging samples with sV specific antibodies
that are fluorescently conjugated. The population were measured in both scatter and
fluorescent mode, where a 550 nm long-wave pass filter was placed in front of the camera
to block the scattered light from the 520 nm laser, and so only dyes that emitted light at a

higher wavelength passed.

Antibodies directed against the EV specific tetraspanin markers were used, including CD9,
CD63, and CD81, which are involved in EV biogenesis and remain on their surface as
described previously (Chapter 1.2.1). Tetraspanin stained particles were compared with

CMO, a plasma membrane dye that emits above the 550 nm threshold, which provides
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the ability to distinguish between biological particles and potential co-isolated salts and

other factors that present at the same size.

3.5.1 F-NTA of small extracellular vesicle populations derived from

fibroblasts

In the fibroblasts, there were no significant differences between neurological healthy
control and AD groups in any of the staining conditions, CMO, CD9, CD63, CD81, or when
the sample was stained simultaneously for all the tetraspanins, to determine the total
population of tetraspanin stained particles in the sample (Figure 3.8). In the control
samples, compared to scatter (5.9x10%° particles) 88% of the particles were CMO positive
(5.2x10% particles), 19% were CD9 positive (1.1x10%° particles), 42% were CD63 positive
(2.5x10%°particles), 25% were CD81 positive (1.5x10° particles), and 54% were positive for
a combination of tetraspanins (3.2x10%° particles). In the AD samples, compared to scatter
(6.5x10%° particles), 89% of the particles were CMO positive (5.8x10%° particles), 16% were
CD9 positive (0.9x10%° particles), 43% were CD63 positive (2.5x10%° particles), 29% were
CD81 positive (1.7x10%° particles), and 60% were positive for a combination of tetraspanins
(3.5x10%9 particles). In both groups, the isolated population of sEVs were predominantly
CD63 positive. The results also suggest that the particles are presenting multiple
tetraspanins on their surface, which is consistent with EVs, as the combined particle count
of the individual tetraspanin stains (sum of CD9, CD63 and CD81 counts) are higher in
control and AD samples (5.1x10%*° and 5.1x10%° particles, respectively) than the combined
tetraspanin stain (CDMix counts; 3.2x10%° and 3.5x10%° particles, respectively). Overall, in
both AD and control conditions, the relatively high percentages of CD positive particles

indicates that there is an enrichment in EVs using SEC isolation.
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Figure 3.8. Concentrations of tetraspanin tagged particles does not differ in AD
fibroblasts

Scatter - Concentration of all secreted particles as measured by scattered light on the NTA. CMO -
Samples were incubated with cell mask orange (CMO) lipophilic dye to select for biological
particles with lipid membranes. CD9/CD63/CD81 — Samples were incubated with antibodies raised
against CD9/CD63/CD81 (cluster of differentiation), respectively, to select for particles which
express the EV associated tetraspanin proteins. COMix — Samples were incubated with an
antibody cocktail of CD9/CD63/CD81, to select for particles which displayed at least one of the
tetraspanin proteins. Samples were extracellular vesicles isolated from fibroblast cell cultures.
Error bars = +SD. N = 3 (Biological replicates). AD = Alzheimer’s disease.

3.5.2 F-NTA of small extracellular vesicle populations derived from

brain tissue

In the brain derived sEVs, there was a significant increase in CD63 positive particles in the
AD samples compared to neurological healthy control (P = 0.018, Figure 3.9), suggesting
that there is a alteration in secretion of EV subtypes in AD, particularly those associated
with the CD63 pathways. Beyond CD63, there were no significant differences between

control and AD groups in the staining conditions, CMO, CD9 or CD81, so any disease
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associated changes do not seem to affect all the EV biogenesis machinery. In the control
samples, compared to scatter (5.9x10%° particles), 84% of the particles were CMO positive
(4.2x10%° particles), 17% of the particles were CD9 positive (0.9x10% particles), 20% were
CD63 positive (1.0x10% particles), and 14% were CD81 positive (0.7x10%° particles). In the
AD samples, compared to scatter (5.9x10%° particles) 116% of the particles were CMO
positive (4.6x10%° particles), 23% of the particles were CD9 positive (0.9x10%° particles),
47% were CD63 positive (1.9x10%° particles), and 24% were CD81 positive (1.0x10%°
particles). A higher amount of CMO stained particles than the observed particle count by
scatter suggests that there was some aggregation of the CMO dye that was detected by
the NTA, though CMO only controls did not get detected by NTA (appendix Figure 6.2).
Notably, CD63 was not as predominant through the samples as with the fibroblast derived
samples (Figure 3.9 vs Figure 3.8), though it still was the most expressed in the AD cases.
Also, there is an increase in CD9 positive particles as a percentage of CMO (20.34% in the
brain vs 18.10% in the fibroblasts). These differences in the composition of surface markers
on EVs from brain and fibroblast origins corresponds with findings elsewhere that EV
proteomes are distinctly related to their cell of origin (Haraszti et al, 2016; Kowal et al,
2016; Karimi et al, 2018). Therefore, characterisation of EVs require a broad set of markers,
tailored on the expression of proteins in the cell of origin, particularly if using proteins that
are associated in the different biogenesis pathways of EVs (Glebov et al, 2006; Frick et al,
2007; Karimi et al, 2018), as a pathway such as ESCRT may be preferentially used in one
cell type, while a CD63 associated pathway is upregulated in another cell type (Columbo et
al, 2013, Karimi et al, 2018). Overall, in both AD and control conditions, the relatively high
percentages of CD positive particles indicates that there is an enrichment in EVs using SEC

isolation.
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Figure 3.9. CD63 tagged particles derived from brain tissue are upregulated in
Alzheimer’s disease

Scatter - Concentration of secreted particles as measured by scattered light on the NTA. CMO -
Samples were incubated with cell mask orange (CMO) lipophilic dye to select for biological
particles with lipid membranes. CD9/CD63/CD81 — Samples were incubated with antibodies raised
against CD9/CD63/CD81 (cluster of differentiation), respectively, to select for particles which
express the EV associated tetraspanin proteins. Samples were extracellular vesicles isolated from
brain tissue. ANOVA + Dunnett’s multiple comparisons: * = P < 0.05. Error bars = +SD. N = 3
(Biological replicates). AD = Alzheimer’s disease.

3.6 Size profiling of small extracellular vesicle by fluorescent

nanoparticle tracking analysis

3.6.1 Size of small extracellular vesicles derived from fibroblasts

Size profiles of fibroblast derived EVs, as observed by NTA, were within the range of small
extracellular vesicles (<150 nm). Sizes of the sEVs did not differ between NTA scatter

detection and CMO stained particles in either neurological healthy control or AD samples
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(Figure 3.10; 147 + 18 vs 144 + 16.8 nm in controls, and 143 + 17.5vs 139+ 11.2 nm in AD,
respectively). In some cases, the CMO stain presented a higher particle size than the scatter
results, which is potentially attributable to the accumulation of stain around the EV
membrane. However, there is also a risk of dye aggregation with the ‘no wash’ staining
procedure required for this technique. Therefore, CMO only controls were performed to
ensure that the observed particles were due to stained EVs only, with CMO only readings
showing minimum traces and therefore not contributing to the number of particles

counted as EVs (Appendix Figure 6.2).

Optimisation of the tetraspanin staining procedure of sEVs is displayed in the appendix
(appendix Figure 6.3). For both control and AD samples, the size of the particles were
reduced in all the tetraspanin stained conditions, suggesting that they were corresponding
to smaller subpopulations of sEV size ranges, such as exosomes and small microvesicles
(Figure 3.10; Scatter vs CD9: p = 0.008, Scatter vs CD9=63: p = 0.0001, Scatter vs CD81: p =
0.0002, Scatter vs CDMix: p = 0.0001). In the control conditions, CD9 positive particles were
96 + 15 nm, CD63 positive particles were 87 £ 12 nm, CD81 positive particles were 96 + 18
nm, and combined tetraspanin positive particles were 82 + 16 nm, on average. In the AD
conditions, CD9 positive particles were 112 + 22 nm, CD63 positive particles were 80 £ 10
nm, CD81 positive particles were 103 + 17 nm, and combined tetraspanin positive particles
were 87 = 13 nm, on average. This suggests that the f-NTA detection can detect EV specific
particles that display a size range in line with small EVs, and the population is distinct from
the total isolated particles in all samples. Notably, given that 62% and 60% of control and
AD particles, respectively, are positive when stained with the tetraspanin mix, it suggests
that a significant population isolated from the fibroblasts are small EV associated. In all
staining conditions, there were no significant differences in size of particles between
control and AD samples, and given there are also no significant differences in concentration
(Figure 3.8 (above)), it suggests any differences in sEV cargo will not be due to EV release

and isolation from fibroblast culture medium.
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Figure 3.10. Fibroblast derived particles are in the size range of small extracellular
vesicles

Scatter - Concentration of secreted particles as measured by scattered light on the NTA. CMO -
Samples were incubated with cell mask orange (CMO) lipophilic dye to select for biological
particles with lipid membranes. CD9/CD63/CD81 — Samples were incubated with antibodies raised
against CD9/CD63/CD81 (cluster of differentiation), respectively, to select for particles which
express the EV associated tetraspanin proteins. COMix — Samples were incubated with an
antibody cocktail of CD9/CD63/CD81, to select for particles which displayed at least one of the
tetraspanin proteins. Samples were extracellular vesicles isolated from fibroblast cell cultures. The
tetraspanin tagged (CD9, CD63, CD81, CDMix) samples were a smaller size range than the size
range of secreted particles in the total samples (scatter), in both AD and control groups. Error bars
=4SD. N = 3 (Biological replicates). AD = Alzheimer’s disease.

3.6.2 Size of small extracellular vesicles derived from brain tissue

Size profiles of brain derived sEVs, as observed by NTA, were generally within the range of
small extracellular vesicles (<150 nm). Sizes of the populations did not differ between NTA
scatter detection and CMO stained particles in either neurological healthy control or AD
samples (Figure 3.11; 163 + 18 vs 183 + 25 nm in controls, and 152 + 15 vs 173 + 21 nm in
AD, respectively). As in the fibroblast derived sEVs, the CMO stain presented a higher
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particle size than the scatter results, though, the CMO only controls were performed to
ensure that the observed particles were due to stained sEVs only and not aggregated dye

(Appendix Figure 6.2).

There was a significant reduction in particle size in the CD9 positive particles (p = 0.0064;
AD =90 % 6 nm, control =118 + 4 nm) and the CD63 positive particles (p = 0.003; AD = 118
1+ 16 nm, control = 129 + 19 nm) compared to scatter (AD = 163 £ 8 nm, control = 152 + 14
nm), which was observed in both control and AD samples (Figure 3.11). The size of the
other tetraspanin stained particle displayed a similar trend of reduction against the total
and CMO stained particles. In the control conditions, CD81 positive particles were 123 + 21
nm, on average. In the AD conditions, CD81 positive particles were 150 + 11 nm, on

average.

This suggests that the f-NTA detection is able to detect EV specific particles that display a
size range in line with small EVs. While not as distinct as with the fibroblast derived sEVs,
the brain derived sEVs robustly display expression of tetraspanin markers, particularly with
the CD63 population, which showed a noticeable reduction in size compared to the total
particle population, suggesting that a significant population isolated from the fibroblasts

are small EV associated.

In all staining conditions, there were no significant differences in size of particles between
control and AD samples, which is in line with previously observed literature (Cheng et al,

2020).
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Figure 3.11. Tetraspanin tagged particles display size ranges consistent with small
extracellular vesicles in AD brain derived sEVs

Scatter - Concentration of secreted particles as measured by scattered light on the NTA. CMO -
Samples were incubated with cell mask orange (CMO) lipophilic dye to select for biological
particles with lipid membranes. CD9/CD63/CD81 — Samples were incubated with antibodies raised
against CD9/CD63/CD81 (cluster of differentiation), respectively, to select for particles which
express the EV associated tetraspanin proteins. Samples were extracellular vesicles isolated from
brain tissue. Statistical comparisons show that CD63 tagged particles were larger in the AD
groups. The tetraspanin tagged (CD9 and CD63, but not CD81) samples were a smaller size range
than the size range of secreted particles in the total samples (scatter), in both AD and neurological
healthy control groups. T-test = *: P < 0.05.. Error bars = +SD. N = 3 (Biological replicates). AD =
Alzheimer’s disease.

3.7  Protein profiling of small extracellular vesicles

3.7.1 Fibroblast-derived small extracellular vesicles display EV
associated protein markers

While the combination of TEM and NTA visualisation techniques provides evidence for the

EV associated nature of the isolated fibroblast derived samples, particularly with the
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fluorescence tagging of tetraspanins, further confirmation of the samples sV nature was
sought using Western blotting. A comprehensive panel was performed, including the CD9,
CD63, and CD81 tetraspanins, with further testing for non-tetraspanin proteins flotillin 1
and TSG-101, which are independently associated with EV biogenesis and are upregulated
within EVs. Furthermore, samples were tested for calnexin and GM130, which are located
in the endoplasmic reticulum and Golgi apparatus, respectively, and so are intracellular
proteins that can be used as negative markers to determine whether the sEV isolations are

pure or potentially contain cellular material that could affect downstream investigations.

In all investigations, sEV samples were compared against cell lysates (CL) from the
fibroblast lines of origin, that expresses all the targeted proteins, including the negative
markers. Protein was loaded in equal measure in all lanes, while sEV protein levels did not
differ in AD conditions (appendix Figure 6.4). Figure 3.12 shows that sEV samples did not
express GM130 or Calnexin, but they did express CD63, flotillin 1, TSG-101 and CD9,
supporting the previous findings in suggesting that the isolated samples are sV enriched
and relatively pure of contaminants. CD63 appears to express more with the sEV samples
than the other markers. Quantification was not performed on these samples due to the
difficultly to measure against the cell lysate control, however, this observation is in line
with the F-NTA observations (Figure 3.8, above) displaying CD63 as the predominantly
tagged particle. The presence of expressed proteins from both tetraspanin and non-
tetraspanin nature adds further robustness to our claims, as it covers more of the potential

EV subtypes as observed in the MISEV guidelines (Théry et al, 2018).
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Figure 3.12. Fibroblast derived samples express extracellular vesicle associated proteins
Western blot analysis of extracellular vesicles isolated from fibroblast cell culture. Tests for GM130
and Calnexin, associated with cell lysate fractions, were positive for cell lysate but did not express
in the EV fractions. Tests for CD81, CD63, CD9, Flotillin, and TSG101, associated with EV fractions,
were positive in both cell lysate and EV fractions, apart from CD81, which did not show for EVs. EV
= extracellular vesicles, AD = Alzheimer’s disease (AG05809), Con = control (AG08125), CL = cell
lysate (Control - AG0O8125). Ladder (PageRuler Plus) = lane 1. All bands were identified at the
expected kDa, presented in the brackets. Full blots are displayed in the Appendix (Figure 6.6 - Figure
6.12).
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Notably, in the fibroblast derived EVs, EV associated markers were displayed higher levels
of expression in the AD case compared to the neurologically healthy control (Figure 3.13).
In particular, the tetraspanin marker CD9 had 2.75-fold more expression in the AD case.
However, this increase was not consistent with findings of the f-NTA analysis (Figure 3.6),
though the methodology of the two techniques may result in different observations.
Investigation of CD63 levels across all fibroblast sEVs did not show a significant difference

between AD and neurologically healthy controls (Appendix Figure 6.13).
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Figure 3.13. Extracellular vesicle associated proteins are enriched in fibroblast derived
EVs, in AD

Western blot analysis of extracellular vesicles isolated from fibroblast cell culture. Quantification of
Figure 3.12. Band intensities quantified using ImageJ, AD cases relative expression (fold change) of

neurologically healthy controls. Relative expression: CD9 =2.75, CD63 = 1.42, TSG101 = 1.14, Flotillin
1=213. N=1.
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3.7.2 Brain-derived small extracellular vesicles display EV associated

protein markers

Brain derived sEV populations were also investigated with a comprehensive panel of
western blotting markers, including the CD9, CD63, and CD81 tetraspanins, with further
testing for non-tetraspanin proteins flotillin 1 and TSG-101. Furthermore, samples were
tested for calnexin and GM130, used as the intracellular negative markers to determine
whether the sEV isolations are pure or potentially contain cellular material that could affect
downstream investigations. Protein was loaded in equal measure in all lanes, while sEV

protein levels did not differ in AD conditions (appendix Figure 6.5).

In all investigations, sEV samples were compared against brain homogenates (BH), that
expresses all the targeted proteins, including the negative markers. The sEV samples did
not express GM130 or Calnexin, but they did express CD63, flotillin 1, TSG-101 and CD9
(Figure 3.14), supporting the previous findings in suggesting that the isolated samples are
SEV enriched and relatively pure of contaminants. Brain derived sEVs displayed a more
consistent expression of EV associated protein markers, where fibroblast derived sEVs
showed lower abundance of protein. CD63 did not noticeably express more than the other
markers, with all markers showing, as well as CD81 which did not express well in fibroblast
derived sEVs. Highlighting the abundance of brain derived EV proteins, the displayed brain
homogenates do not show as saturated, apart from CD81, to observe sEV protein
expression. The consistent expression across all the tetraspanins is line with the F-NTA
results, which did not show one marker as particularly dominant in the samples. With the
challenges of isolating sEVs from tissue origin such as the brain, the characterisation
displayed supports the ability of the methodology, with the additional clean up steps, to

isolate abundant and pure sEVs.
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Figure 3.14. Brain derived samples express extracellular vesicle associated proteins

Western blot analysis of extracellular vesicles isolated from brain tissue. Tests for GM130 and
Calnexin, associated with cell lysate fractions, were positive for brain homogenates but did not
express in the EV fractions. Tests for CD81, CD63, CD9, Flotillin, and TSG101, associated with EV
fractions, were positive in both brain homogenates and EV fractions. EV = extracellular vesicles, BH
= brain homogenate, AD = Alzheimer’s disease (Sample 1), Con = control (Sample 1). Ladder = Lane
3. All bands were identified at the expected kDa, presented in the brackets. Full blots are displayed

in the Appendix (Figure 6.14 - Figure 6.20).
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As with the fibroblast derived EVs, semi-quantification was performed on representative
blots (Figure 3.15). Unlike in the fibroblast derived EVs, EV associated proteins are not as
enriched in brain derived EVs, in AD conditions. CD81 showed the highest level of
upregulation (Fold change = 1.85) in AD, relative to the neurologically healthy control. The
increase in CD63 observed in the F-NTA analysis (Figure 3.9) was not observed in this case,
though again the methodologies identify proteins in different topologies (F-NTA: Intact
membrane, membrane proteins tagged; Western blot: Lysed EVs, protein measured both

from membrane and internally).
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Figure 3.15. CD81 is upregulated in brain derived EVs in AD
Western blot analysis of extracellular vesicles isolated from brain tissue. Quantification of Figure
3.14. Band intensities quantified using ImageJ, AD cases relative expression (fold change) of

neurologically healthy controls. Relative expression: CD9 = 1.42, CD63 = 0.88, CD81 = 1.85, TSG101
=1.38, Flotillin 1 =1.22. N= 1.
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3.8 Discussion

EVs isolated from fibroblast culture media and brain tissue by SEC have been thoroughly
characterised, with EV protein concentration, particle concentration, particle size and
membrane markers being analysed. This is in line with the international consensus, which
highlights the limitations of individual characterisation methods, and therefore
recommends the implementation of multiple methods to support the overall claim of
isolating EVs (Théry et al, 2018). For example, protein measurements tend to overestimate
EVs as it will also measure any co-isolated RNPs and lipoproteins, although this is not as
significant with EVs that are isolated by SEC, due to the higher resulting EV purity. The
individual markers stained in the f-NTA, including the CD63+ and the mix of CD9+, CD63+
and CD81+ vesicles, provides a more specific characterisation of the isolated EVs. However,
EVs that do not display one of these markers will not be picked up for analysis. Sizing of
particles provides confidence that EVs are within the expected range, although alone it
does not provide characteristics of isolated samples, and it is not currently possible to
define the lower size limit of sensitivity. This is particularly true given the lack of reference
materials to validate the size of the detected particles in the sample (Welsh et al, 2020).
This study used a polystyrene size standard of 100 nm to calibrate the NTA, therefore there
was some confidence in the subsequent measured particles, although more validated
reference materials, including independent verification controls, are required in the future
for full confidence of the measurement of EVs. Combined, these methods cover many of
each other’s limitations, for example the fluorescence tagging of specific EV markers being
displayed at the expected size range for EVs that display such markers provides confidence
in the visualisation of particles by NTA. Furthermore, the sensitivity of the protein
concentration of EVs is complemented by specifically determining the individual CD9+,

CD63+ and CD81+ EVs.

Based on these characterisation methods, no difference in protein concentration, particle
number or particle size, between AD and neurological healthy control fibroblasts was
observed in this study. This was as expected and corroborated with numerous studies
(Saugstad et al, 2017; Gallart-Palau et al, 2020; Ruan et al, 2020), though further work
remains to characterise a wider representation of samples from the study. Limitations do

exist with expanding the characterisation to distinguishing between AD and controls, most
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notably being that the methods of characterisation do not currently extend to provide a
breakdown of the individual markers displayed by groups of EVs, therefore it misses the
complexity of changes that are associated with AD. For example, Ruan et al did not
observed any changes in EV concentration from AD brain tissue, however the AD EVs
displayed a higher proportion of tau species and induced the accumulation of
phosphorylated tau in recipient mice hippocampi (Ruan et al, 2020). This suggests that it is

the EV cargo and not the EV pheotypes that are most affected by AD conditions.
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4 Chapter 4: Investigation of small extracellular vesicle

mMiRNAs in Alzheimer’s disease

4.1 Introduction

With the study able to isolate sEVs from both cell culture medium and brain tissue, work
progressed towards investigating the small RNA cargo of the isolated sEVs, with particular
focus on miRNAs. Work in this chapter was performed on fibroblast and brain derived
SEVs, as well as H,0; treated SH-SY5Y cells, with analysis performed by gPCR and RNA
sequencing. Differential analysis was categorised as fold change > 2 and P value < 0.05,

unless stated otherwise.

4.1.1 Aims

The aims of this chapter were to investigate the RNA cargo of SEC isolated sEVs, in order
to determine whether they were localised within the sEVs or as part of co-isolated non-
EV molecules, such as RNPs. The study aimed to select a panel of candidate miRNA, which
had either previously been associated with biological pathways in the brain or been
implicated in AD, and to interrogate them in both fibroblast and brain derived sEVs in AD.
Aims included investigating candidate miRNAs in H,0; treated SH-SY5Y cells, to compare
findings to a neuronal model that had AD associated molecular changes. The work also
investigated the global changes of fibroblast and brain derived sEV miRNA in AD, utilising
small RNA sequencing. Finally, the work aimed to analyse biological pathways associated

with dysregulated miRNAs, to determine their functional relevance in AD.
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4.2 RNA isolated from size exclusion chromatography was
predominantly internalised within small extracellular vesicles

and not associated with RNPs

An important analysis required for EV biomarker studies is determine whether miRNA is
contained within, bound to the surface of the sV or bound to co-isolated non-EV proteins

(Théry et al, 2018).

Given that EVs have relative resistance to protease-based digestion due to their lipid
bilayer (Shelke et al, 2014), a proteinase K and RNase A enzymatic digestion was performed
on the sEV samples, based on the methodology of Diedronks et al (2020). The proteinase
K would first degrade any proteins outside the sEVs (including on the stV surface), which
would expose any RNA that was bound to the sEV surface. Potentially more significant is
the degradation of extracellular RNPs that can co-isolate with EVs (Turchinovich et al,
2011), that could influence the detected expression levels of miRNA in the study. Even with
the observed separation of EVs and RNPs by SEC (Stranska et al, 2018), no isolation

technique currently achieves completely pure EV populations.

Proteinase K based degradation of RNPs exposes any extracellular RNA, which is then
degraded by RNase A treatment. Half of the sEV samples were treated with vesicle-free
PBS as substitute to the enzymes, therefore any non-EV was not degraded and the
difference in RNA concentration between the treated and untreated samples could be

measured, which could indicate if the RNA isolated was sEV enclosed or not.

Currently, sV samples from fibroblast cell cultures did not show any difference in RNA
concentration between protease/RNase treatment and untreated controls (Figure 4.1).
This suggests that most of the RNA co-isolated with sEVs through SEC is internalised within
the sEVs, where it is protected from digestion. However, all subsequent isolations included
a protease/RNase treatment to standardise any variations in isolation purity of EVs. This

treatment was also performed on sEVs derived from brain tissue.
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Figure 4.1. Total RNA concentration of fibroblast small extracellular vesicles does not
change after proteinase K and RNase A treatment

Extracellular vesicles isolated from fibroblast cell cultures were treated with proteinase K and
subsequently RNase A prior to RNA isolation, to determine whether RNA was EV associated
(protected from the digestions). RNA concentration was measured by Qubit. N = 3 (technical

repeats), error bars = £SD. T-test: NS

Investigation of total RNA concentration between AD and healthy neuronal controls, was
performed on both the fibroblast and brain derived sEVs, which were isolated using SEC
and had undergone protease/RNase treatment prior to RNA isolation. In both cohorts, RNA

concentrations of isolated sEVs did not change in AD conditions (Figure 4.2; Figure 4.3).
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Figure 4.2. Total RNA concentration of fibroblast small extracellular vesicles does not
differ in AD conditions

Extracellular vesicles isolated from fibroblast cell cultures showed no significant change in RNA
content, between AD and neurological healthy control conditions. RNA concentration was measured

by Qubit. N = 3 (Biological replicates), error bars = +SD. Statistical test: T-test.
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Figure 4.3. Total RNA concentration of brain derived small extracellular vesicles does not
differ in AD conditions

Extracellular vesicles isolated from brain tissue showed no significant change in RNA content,
between AD and neurological healthy control conditions. RNA concentration was measured by

Qubit. N = 3 (Biological replicates), error bars = £SD. Statistical test: T-test.

4.3 Interrogation of candidate miRNAs in small extracellular

vesicles

4.3.1 Candidate miRNA expression in Alzheimer’s disease fibroblasts

Investigation of candidate miRNAs, including the miRNAs in the chromosome 14 (C14)
cluster was performed using SYBR-green based gPCR. From the candidate miRNAs outside
of the C14 cluster, miR-92a and miR-146 were upregulated in the AD cell line, compared to

neurological healthy controls (Figure 4.4). Within the C14 cluster, of the nine miRNAs that
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were tested and expressed in the fibroblast cells, miR-655 and miR-134 were upregulated
in the AD cell line, compared to neurological healthy controls (Figure 4.5). Notably, miRNAs
analysed in the C14 cluster were both up- and downregulated, while the candidate AD

associated miRNAs were showing a pattern of upregulation.

Non-Cluster 14
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Figure 4.4. Mir-92a and Mir-146 are upregulated in AD fibroblasts compared to
neurologically healthy controls

Changes in expression of candidate miRNAs in AD fibroblasts as measured by qPCR, showing the
relative increase or decrease in expression compared to neurological healthy controls. AACt =

delta delta cycle threshold. Normalised to U6. Neurological healthy controls - normalised
reference = dotted line (1). T-test: * = P < 0.05. Error bars = #SD. N = 3 (Biological replicates).
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Figure 4.5. C14 Mir-655 and Mir-134 are upregulated in AD fibroblasts compared to
neurologically healthy controls

Changes in expression of chromosome cluster 14 miRNAs in AD fibroblasts as measured by qPCR,
showing the relative increase or decrease in expression compared to neurological healthy controls.

AACt = delta delta cycle threshold. Normalised to U6. Neurological healthy controls - normalised
reference = dotted line (1). T-test: * = P < 0.05. Error bars = #SD. N = 3 (Biological replicates).

4.3.2 Alzheimer’'s disease fibroblast derived small extracellular

vesicles display differentially expressed miRNAs

When the sEVs isolated from the fibroblasts were analysed for the candidate miRNAs, there
was variation in whether the investigated miRNA showed a similar pattern of regulation as
seen in the endogenous expression. From the candidate miRNAs outside of the C14 cluster,
there was a trend of upregulation in the AD fibroblast derived sEVs compared to the

neurological healthy controls, though only miR-106 was the only miRNA to show a
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significant upregulation (Figure 4.6). This may partially be down to the level of biological
variation observed between samples, while miR-92a and miR-146 also showed a level of

upregulation in AD sEVs.
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Figure 4.6. Mir-106 is upregulated in sEVs derived from AD fibroblasts compared to
neurologically healthy controls

Changes in expression of candidate miRNAs in AD sEVs derived from fibroblasts as measured by
gPCR, showing the relative increase or decrease in expression compared to neurological healthy
controls. AACt = delta delta cycle threshold. Normalised to Cel-39. Neurological healthy controls -
normalised reference = dotted line (1). T-test: * = P < 0.05. Error bars = +SD. N = 3(Biological
replicates).

Within the C14 cluster, of the nine miRNAs that were tested and expressed in the fibroblast
sEVs, none displayed a significant difference in AD compared to neurological healthy
control, however, there was a general population trend of upregulation in the cluster in AD
(Figure 4.7). Interestingly, miR-134 was the most upregulated miRNA in fibroblast derived

sEVs, which is also seen endogenously (Figure 4.5).
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Figure 4.7. Chromosome 14 cluster miRNAs are not significantly different in sEVs derived
from AD fibroblasts compared to neurologically healthy controls

Changes in expression of chromosome cluster 14 miRNAs in AD sEVs derived from fibroblasts as
measured by qPCR, showing the relative increase or decrease in expression compared to
neurological healthy controls. AACt = delta delta cycle threshold. Normalised to Cel-39.
Neurological healthy controls - normalised reference = dotted line (1). Error bars = #SD. N = 3
(Biological replicates). T-test: NS

Notably, though the preliminary size of the cohort reduced the statistical power of the
findings, there were a number of dysregulated candidate miRNAs that warrant further
investigation with an expanded cohort. Both the AD associated and C14 cluster miRNAs
were primarily upregulated in both the cells and sEVs (Table 4.1). In the AD cohort, miR-
92a and miR-146a showed a particularly increased expression in AD sEVs, though the
prominent level of biological variation remains a limiting factor in these observations. In

the C14 cluster, it is interesting to observe that AD had opposite effects on miR-485 and
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miR-889 expression in the sEVs, compared to in the cells, suggesting that these miRNAs

may be preferentially packaged in sEVs in AD conditions.

Table 4.1. Candidate miRNAs show upregulation in fibroblast sEVs

Tabular overview of changes in miRNA expression observed in AD, in both fibroblasts and
fibroblast derived sEVs. MiRNA-92a, -106a, -146a, 655 and -134 were consistently upregulated in
AD, while miRNA-485 and -889 were inversely dysregulated in AD, between fibroblasts and
fibroblast derived sEVs.

. Fibroblast
miRNA
Endogenous SEV
17a
19b
Non- 1 0.40
Cluster 92 1 q
14 a
106a 6
146a 4.8
487a 6
323a /
412
Clust 494 00
uster
90
14 655
485 0.4 89
889 0 4/
134 0 /
758

Red = upregulated (Fold change threshold > 2), green = downregulated (Fold change threshold <
0.5).

4.3.3 Chromosome 14 cluster miRNA — miR-134 is downregulated in
SH-SY5Y derived EVs after H,0, treatment
The differentiated SH-SY5Y cell line was also used as a neuronal model to compare

findings of candidate miRNAs in the fibroblast sEVs.

Downregulation of miR-16 and miR-134 in EVs was observed in differentiated SH-SY5Y
cells, treated with H,0; to stimulate oxidative stress (Figure 4.8), interestingly this
downregulation in miR-134 is inversed in the fibroblast sEVs, suggesting that AD might

elicit different miRNA responses peripherally.
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Figure 4.8. Candidate extracellular vesicle microRNA expression released from SH-SY5Y
cells decreased after H,0, treatment.

Changes in expression of candidate miRNAs in EVs derived from H,O; treated SH-SY5Y cells as
measured by qPCR, showing the relative increase or decrease in expression compared to untreated
SH-SY-5Y cells. AACt = delta delta cycle threshold. Normalised to Cel-39, normalised control
reference = dotted line (1). T-test: **P <0.01, ***P < 0.001, N=3 (technical repeats), error bars
displayed as £SD.

4.3.4 Candidate miRNA expression in Alzheimer’s disease brain
derived small extracellular vesicles

Brain derived sEVs were also tested for candidate miRNA expression. Notably, only miR-

146 and miR-155 displaying dysregulation, being downregulated in AD brain derived sEVs,

compared to neurological healthy controls (Figure 4.9). Within the C14 miRNA cluster,

there were no significantly dysregulated miRNAs in the brain derived sEVs (Figure 4.10).
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Figure 4.9. Mir-155 and Mir-146 are downregulated in brain derived sEVs in AD compared
to neurologically healthy controls

Changes in expression of candidate miRNAs in AD sEVs derived from brain tissue as measured by
gPCR, showing the relative increase or decrease in expression compared to neurological healthy
controls. AACt = delta delta cycle threshold. Normalised to Cel-39. Neurological healthy controls -
normalised reference = dotted line (1). T-test: * = P < 0.05. Error bars = +SD. N = 3(Biological
replicates).
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Figure 4.10. Chromosome 14 cluster miRNAs are not significantly different in brain
derived seVs in AD compared to neurologically healthy controls

Changes in expression of chromosome cluster 14 miRNAs in AD sEVs derived from brain tissue as
measured by qPCR, showing the relative increase or decrease in expression compared to
neurological healthy controls. AACt = delta delta cycle threshold. Normalised to Cel-39.
Neurological healthy controls - normalised reference = dotted line (1). Error bars = £SD. N =
3(Biological replicates). T-test: * = NS

4.3.5 Comparison of differentially expressed sV miRNAs in

Alzheimer’s disease

Comparing the candidate miRNAs in central and peripheral models of AD, provides an
opportunity to observe whether any specific changes that could be detected in a less
invasive test are also present in the brain (Table 4.2). A direct comparison of the fold
change (27AA Ct) of miRNAs in AD conditions, that are present in both brain derived sEVs
and fibroblast sEVs, shows that miR-106a is upregulated in both cases, while miR-146a is
inversely regulated, with a downregulation seen in brain derived seVs. Of the C14 cluster

miRNAs, miR-487a is upregulated in both brain derived sEVs and fibroblast sEVs in AD.
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Compared to the fibroblast endogenous expression, miR-106a and miR-146a are

consistently upregulated, while miR-487a wad not observed to be dysregulated in the cell

but could potentially be displaying EV specific dysregulation due to AD (Table 4.3).

Combined, this highlights a panel of miRNAs that show potential as biomarkers in AD,

which will require further testing.

Table 4.2. Comparison of candidate miRNA fold change in AD between brain derived sEVs

and fibroblast sEVs

Tabular overview of changes in miRNA expression observed in AD, in both brain derived sEVs and

fibroblast derived sEVs. MiRNA-146a was inversely dysregulated in AD, between brain derived

sEVs and fibroblast derived sEVs.

miRNA

Brain tissue

Fibroblast

SsEV

sEV

Non-
Cluster
14

17a

19a

19b
20a
21

92a

106a
146a
155

Cluster
14

382

487a

323a
412
494

655

485

889

134

758

0.49

Red = upregulated (Fold change threshold > 2), green = downregulated (Fold change threshold <

0.5), black = did not express.
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Table 4.3. Comparison of candidate miRNA fold change in AD between brain and
fibroblast derived sEVs and fibroblast cells
Tabular overview of changes in miRNA expression observed in AD, in both fibroblasts, fibroblast

derived sEVs and brain derived sEVs. MiRNA-146a was inversely dysregulated in AD, between
brain derived sEVs, compared to fibroblasts and fibroblast derived sEVs.

Brain tissue Fibroblast
SEV SEV
Non- 3.56
Cluster 14 4.85
Red = upregulated (Fold change threshold > 2), green = downregulated (Fold change threshold <

miRNA

Endogenous

106a

0.5), black = did not express.

4.3.6 Pathway analysis of differentially expressed miRNAs in
Alzheimer’s disease

Comparing the experimentally validated targets of the differentially expressed miRNAs in

Gene Ontology (GO) using miRPathDB (V2.0; Kehl et al, 2018), shows varied biological

functions. The dysregulated miR-146a and miR-155 display functionality in inflammatory

processes as well as responses to cellular stress and metabolism (Figure 4.11).
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Figure 4.11. miR-146a and miR-155 show neuroinflammatory functions

Gene ontology analysis was performed using miRPathDB for miR-146a and miR-155. Pathways
that are significant for miRNAs are displayed. Scale represents experimental significance. Darker =
greater significance.

The cluster of upregulated miRNAs in fibroblast sEVs display functionality in responses to
cellular death and metabolic changes, potentially suggesting a response to AD associated

stress on the neuronal cells (Figure 4.12).
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Figure 4.12. Upregulated miRNAs in fibroblast sEVs show function in regulation of cell
death and metabolism

Gene ontology analysis was performed using miRPathDB for miR-146a, miR-106a and miR-92a.
Pathways that are significant for miRNAs are displayed. Scale represents experimental
significance. Darker = greater significance.

4.4 Small RNA sequencing of small extracellular vesicles in

Alzheimer’s disease

4.4.1 RNA sequencing workflow

Small RNA sequencing was performed in sequential steps with multiple quality check points
(Figure 4.13) to ensure that the quality of reads was high enough to perform differential
analysis on miRNAs derived from sEVs. Workflows were consistent for fibroblast derived
and brain derived sEVs. The small RNA enriched fragment (Figure 4.13, 1) was isolated
using the same methodology as for the RNA analysed via gPCR, to allow comparison

between techniques. RNA was quantified prior to being converted into a cDNA library, to
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normalise loading inputs. Ligation of the 3’ and 5’ adapters, converting the ligated RNA into
cDNA and amplifying the cDNA to create libraries for sequencing (Figure 4.13, 2 and 3) was
performed with the Lexogen Small RNA library preparation kit. The cDNA libraries were
guantified and checked for their quality by measuring the size of the amplified products to
confirm they were enriched in the miRNA fragment. Sequencing was performed using
Illumina chemistry according to the protocols described (Figure 4.13, 4). Post sequencing
quality checks were carried out, including analysing the number of reads generated
between samples to determine whether further normalisation was required, as well as
checking the quality scores of the reads to ensure that the reads generated could be
confidently taken forward to align to the genome. Alignment of processed sequencing read
counts was performed against the human genome and the miRbase miRNA annotations,
to map reads to their designated miRNAs (Figure 4.13, 5). Alignments were checked for
quality, including comparing alignment rates between the samples to check for differences
in read quality, and to confirm the alighnment confidence passed the quality checks. Read
counts of miRNAs were compared between disease and neurological healthy control
conditions in both fibroblast and brain derived sEVs, to determine whether miRNAs were
differently expressed (Figure 4.13, 6). Differentially expressed miRNA were analysed with
gene ontology (GO) using miRPathDB to analyse biological pathways in which they are

involved.
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Figure 4.13. Small RNA sequencing workflow

Overview of the key stages of small RNA sequencing, including the quality check points for each
step. 1) Isolate small RNA enriched fraction — quality check = quantification and normalisation of
RNA for all samples. 2) Ligate sequencing adapters. 3) Convert small RNA into cDNA and
amplification — quality check = quantification and size profiling of libraries to determine enriched
RNA species. 4) Perform NGS sequencing — quality check = per base quality score cut off, trimming
and removal of adapters and low quality reads. 5) Align reads to the reference genome — quality
check = quantification of aligned reads and aligned miRNA read counts. 6) Determine differentially
expressed miRNA. QC = quality check, FC = fold change.

4.4.2 Quality control of libraries for RNA sequencing

To ensure that the input RNA and subsequently converted cDNA libraries were of a
sufficient quality to ensure that the RNA sequencing would correctly identify the respective
populations, without bias from variable processing during the sequencing workflow,
several quality checks were performed across the procedure. Firstly, RNA input was
normalised to 6 and 10 ng for fibroblast derived and brain derived sEVs, respectively. The

cDNA library preparation was performed according to the Lexogen Small RNA protocol,
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without any amendments, to maintain consistency throughout between samples. The
resultant libraries were quantified, and quality checked by Qubit and Tape station,
respectively. Figure 4.14 and Figure 4.15 show the resultant size profiles of the cDNA
libraries, with the enriched regions presenting in the small RNA ranges, and limited

contamination by RNA fractions of different size profiles.

Figure 4.14. Lexogen cDNA libraries of fibroblast EV RNA is enriched in the small RNA
fragment

Size profiling of the cDNA libraries generated from fibroblast derived sEVs by Tapestation. A-F
represent biological replicates. X axis = size (bp), y axis = sample intensity (Fluorescence unit). In
each graph, the first and last peaks represent the references (25 bp = lower, 1500 bp = upper).
Samples showed enrichment in fractions in the size range of small RNA, peaks between 123 bp
and 127 bp, with the expected size range of miRNA at 143 bp.
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Figure 4.15. Lexogen cDNA libraries of brain derived EV RNA is enriched in the small RNA
fragment

Size profiling of the cDNA libraries generated from brain tissue derived sEVs by Tapestation. A-F
represent biological replicates. X axis = size (bp), y axis = sample intensity (Fluorescence unit). In
each graph, the first and last peaks represent the references (25 bp = lower, 1500 bp = upper).
Samples showed enrichment in fractions in the size range of small RNA, peaks between 121 bp
and 127 bp, with the expected size range of miRNA at 143 bp.

All the average size profiles of the cDNA libraries were between 135 and 150 bp (Figure
4.16), indicating an enrichment of miRNA, which has an expected size profile of 143 bp with
the ligated adapters. There was no observable input from fractions greater than 160 bp,
which would indicate an enrichment in other RNA molecules, with smaller peaks at 120 bp,
where adapter artifacts may present. However, any small peaks at this scale were
indistinguishable from the larger miRNA peak. There were no differences in library sizes

between AD and neurological healthy control samples in both conditions.
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Figure 4.16. Average cDNA library sizes did not differ in AD compared to neurologically
healthy controls

Quantification of average cDNA library size profiles, determined from the enriched regions in the
Tapestation graphs. A) Fibroblast sEVs. B) Brain derived sEVs. AD = Alzheimer’s disease. Mean
#SD. N = 3 (Biological replicates). T-test: NS

4.4.3 Analysis of sequencing reads and quality scores

With the cDNA libraries passing the preliminary quality checks, they were all processed for
sequencing. Libraries were denatured and diluted to 8 pmol to maintain consistent input

between all samples.

Initial sequencing results showed that read counts from the fibroblast sEVs ranged from
0.8 to 2.5 x 10°, with no significant difference observed between AD and neurological
healthy control populations (Figure 4.17, A). Similarly, read counts did not differ between
AD and control populations in the brain derived sEVs, with counts ranging from 1.0 to 3.3

x10° (Figure 4.17, B).
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Figure 4.17. Total sequencing reads did not differ in AD compared to neurologically
healthy controls

Average read counts of lllumina small RNA sequencing for AD and neurological healthy control
samples in both cohorts. A) Fibroblast sEVs. B) Brain derived sEVs. AD = Alzheimer’s disease. Mean
#SD. N = 3 (Biological replicates). T-test: NS

Across all the sequencing runs, over 90% of all reads passed the quality filter (lowest run =
92%), while over 93% of reads in all runs had a quality (Q) score of 30 or above and 80%
with a Q score of 35 or above. The per base sequence qualities are displayed in Figure 4.18,
highlighting that all the sequencing results were of a high quality, which limits any
uncertainty when attributing reads to miRNAs. There were no differences between any

groups, which reduces the risk of biased interpretation of downstream differential read

counting.
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Figure 4.18. Visualisation of the average per base quality scores during sequencing

Average per base quality (Phred) scores were above the cut off of 30 (probability of a wrong base
call is 1 in 1000) for all positions of the 50 bp sequencing run. Phred scores represent a log scale of
the probability of a wrong base call, with higher scores indicating lower error rates. Bp = base
pairs.

4.4.4 Clean up of sequencing reads and post trimming quality checks

Nonetheless, the sequencing runs required rigorous quality trimming and adaptor clipping
to ensure that low quality reads were not included on any analysis. Given that the
populations that underwent sequencing were enriched in miRNAs, which are around 22 bp
in size, it is expected that there will be a lot of adapter content that was read during
sequencing, as the smallest [llumina chemistry is the 50 bp read kit and so will continue to
read into the 3’ adapter. Therefore, reads were trimmed using Cutadapt, filtering the
Lexogen 3’ adapter, reads shorter than 16 bp (nonspecific product) and reads larger than
31 bp (other RNA types and fragments). A subsequent quality check was performed on all
samples to ensure that the trimming and filtering was successful, and that only the reads
of interest remained.
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Figure 4.19 showed that after trimming, observable adapter content was removed from
the remaining reads, as well as low quality reads and contaminant, which is displayed by a
reduction in duplicated reads observed post trim (Figure 4.20). The trimmed reads resulted
in a population of reads that were enriched in miRNA, as observed by the peaks at the 22

bp sequence length (Figure 4.21).
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Figure 4.19. Filtering of sequencing reads removed adapter content

A) Pre-adapter trimming — adapter content: 50 — 90% of 50 bp run, depending on base position
measured. B) Post-adapter trimming trimming — adapter content: 0% (negligible) of 50 bp run.
Percent lllumina adapter content of sequencing reads. Adapter content was removed by trim of
reads, which also reduced the size of reads to 20 bp on average.
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Figure 4.20. Filtering of sequencing reads removed duplicated content
A) Pre-adapter trimming. B) Post-adapter trimming. Percent duplicated reads were reduced by
trimming and quality-based filtering of the reads.
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Figure 4.21. Filtering of sequencing reads results in sequencing reads enriched in miRNAs
A) Pre-adapter trimming — sequence length distribution of reads = 50 bp. B) Post-adapter trimming
— sequence length distribution of reads = 14 - 36 bp, corresponding to lower and upper limits of
reads passing filter after trimming adapters. Proportion of reads of miRNA specific sequence lengths
were increased after trimming.

Trimming of the reads also cleaned up the nucleotide distributions observed per sequence,
with the trimmed reads displaying a normalised distribution of GC content throughout
(Figure 4.22), indicating a balanced composition of nucleotides that were not biased in
specific overexpressed sequences. This was supported by the balancing of per base

nucleotide proportions post trimming (Figure 4.23).

A FastQC: Per Sequence GC Content B FastQC: Per Sequence GC Content
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Figure 4.22. Samples expressed balanced GC content after filtering

A) Pre-adapter trimming. B) Post-adapter trimming. Percent GC nucleotide content of sequencing
reads was normalised after trimming and filtering low quality reads.
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Figure 4.23. Samples expressed balanced nucleotide content after filtering
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A) Pre-adapter trimming. B) Post-adapter trimming. Percentage of nucleotides that were read at
each base were relatively equally distributed after trimming and quality filtering, with all
nucleotides representing approximately 25% of each position. T (red) = Thymine, C (blue) = Cytosine,
A (green) = Adenine, G (black) = Guanine.

4.4.5 Alignment and read count generation

Once trimmed reads had been quality checked, they were aligned to the reference human
genome (Hg38) and the miRbase annotation of miRNAs, to determine the miRNA molecule
the read represented. Quality checks of the alignment were performed, with alignment
qualities above 20 on the Phred scale the cut-off for retaining reads for downstream read
counting. The stringent quality checks and filtering resulted in approximately 10% of all
initial reads being aligned to miRNA within the human genome. In the fibroblast sEVs
(Figure 4.24, A), the aligned reads ranged from 0.3 to 1.7 x 10°in all the samples, while the
brain derived sEVs (Figure 4.24, B) ranged from 0.9 to 4.6 x 10°. In both cohorts, there were
no significant differences between AD and neurological healthy control conditions,
suggesting that the alignment rates would not influence observations of variations in

miRNA expression.
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Figure 4.24. Reads aligning to the human genome post filtering did not differ in AD
compared to neurologically healthy controls

Quantification of total reads that aligned to the human genome after filtering for low quality read
alignments. A) Fibroblast sEVs. B) Brain derived sEVs. AD = Alzheimer’s disease. Mean #SD. N = 3

(Biological replicates). T-test: NS

4.4.6 Total variance of read counts

Differential gene expression analysis was performed using DESeq2, to determine whether
the number of counts for a particular miRNA varied between the neurological healthy
control and AD replicates. Total variance analysis was also performed on all samples to
investigate whether they displayed patterns of expression between different subgroups,

such as fibroblast neurological healthy control sEVs vs fibroblast AD sEVs.

Principal component analysis (PCA) was utilised to simplify and visualise the differential
trends that are present in all the miRNA read counts between samples. It compiles groups
of miRNAs that display similar trends of variability between samples and selects the two
groups that provide the greatest statistical difference, plotting them in order on the X and
Y axis. In both the fibroblast derived sEVs and the brain derived sEVs, PCA was unable to
completely separate neurological healthy control and AD populations based on variation
in miRNA populations (Figure 4.25). Noticeably, there is large variation between biological
replicates, which, given that these samples are taken from individuals who will inevitably
have different transcriptomic profiles, is not unexpected, though future consideration may
be required on how to further control for variation. Even with the distinct inter-individual
variability, there is a minor separation between neurological healthy control and AD in both
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cohorts (Figure 4.25), though it is primarily based on the less variable PC2 plot, but it does

suggest that there are some variable characteristics in miRNA expression.
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Figure 4.25. Population variation was not distinct between AD and neurological healthy
control samples

Principal component analysis (PCA) of biological replicates in A) Fibroblast sEVs, and B) Brain
derived sEVs. PC1 (x-axis) indicates the group of reads that displayed the highest level of variance
across the samples, while PC2 (y-axis) indicates the second highest variance. Red = Neurological

healthy control. Blue = Alzheimer’s disease.

Observations of high inter-individual variation between samples in the PCA is also observed
in the sample-sample distances plot, which attempts to group samples via hierarchical
clustering based on similarities in their global expression. In the brain derived sEVs, the plot
was unable to cluster samples based on disease profiles (Figure 4.26), with limited
similarities seen across all individuals. The strongest correlation was between sample 1508
and 1530, from AD and neurological healthy control groups, respectively, which can also
be observed by their close interaction on the PCA plot (Figure 4.25). Similar observations

are found in the fibroblast derived sEVs (Appendix Figure 6.21).
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Figure 4.26. High levels of biological variation between samples limited clustering of
groups in brain derived sEVs

Sample-sample distances plot displays the level of similarity between individual samples in a cohort,
while attempting to perform hierarchical clustering on similar samples. Blue = correlation, darker

shade = increased correlation.

Investigations of the spread of variability of individual miRNAs between samples was
observed in the dispersion estimates plot, where miRNA dispersion levels correspond to
their level of expression across samples. Higher expressed miRNAs are expected to have
higher dispersion levels, and so the difference in expression is higher in miRNA that are
relatively highly expressed, that display as statistically differentially expressed. Given the
low abundance of miRNA in sEVs and small N number in the cohort, dispersion estimates
will trend towards overestimated fitting of miRNA variation. Even so, the dispersion plot
for the brain derived sEVs shows that samples do not diverge from the fitted relationship
between expression and dispersion (Figure 4.27), suggesting that miRNA expression levels
were not skewed by contaminants. Similar observations are found in the fibroblast derived

sEVs (Appendix Figure 6.22).
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Figure 4.27. Dispersion estimates of sequencing reads from brain derived sEVs

Plot of amount of read counts observed for an individual miRNA against the variability/dispersion
of the miRNA in the tested populations. One point = one miRNA. Black = unfitted comparisons, Red
= fitted correlation based on all variances of miRNAs, Blue = fitted comparisons adjusted based on
fitted correlation.

4.4.7 Differential analysis of Alzheimer’s disease sEV miRNAs

4.4.7.1 Fibroblast derived small extracellular vesicles

Once the RNA sequencing data from both the fibroblast and brain derived sEV cohorts was
processed, filtered and checked for quality scores as described above and in the small RNA
sequencing workflow (Figure 4.13), the read counts of individual miRNAs could be

compared between neurological healthy control and AD conditions. miRNAs were
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categorised as differentially expressed if their fold change was greater than 2-fold (logFC >

11), with a significance threshold of p < 0.05.

Counts of miRNAs detected in fibroblast derived sEVs ranged from 1240 to 6060, with no
significant differences observed between neurological healthy control and AD conditions
(Figure 4.28), the most abundant miRNAs in all samples were miR-221, miR-423 and miR-
10b.
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Figure 4.28. Aligned MiRNAs read counts did not differ in fibroblast derived sEVs
After aligning to the human genome, reads that corresponded with a miRNA annotation, based
upon supplementary alignment to MiRBase, were quantified for all samples. AD = Alzheimer’s

disease. Mean +SD. N = 3 (Biological replicates). T-test: NS

The miRNA content of fibroblast derived sEVs from AD groups did not significantly differ
from neurologically healthy controls, as observed in the volcano plot (Figure 4.29).
However, miR-146a shows a trend of upregulation in the AD fibroblast sEVs, with a fold
change of greater than 4 (p = 0.059). This upregulation was also shown via qPCR, making it
an interesting candidate for further investigation. Other miRNAs showed dysregulation in
AD conditions, however without further replicates at this current stage, there is not enough
statistical power to determine whether this will make viable candidates for further

biomarker testing.
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Figure 4.29. miR-146a was the most differentially expressed miRNA in fibroblast derived
SEVs

Read counts of miRNAs for each group were compared using DESeq2 to identify differentially
expressed genes, with logFC (log Fold change) plotted against -log (p value) on a volcano plot to
visualise differences. The top 10 differentially expressed miRNA were annotated. Green broken line
indicates logFC threshold = 1. Significance threshold (yellow broken line) = 1.3 (log10(p-value), p

<0.05. Grey = no significant change.
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4.4.7.2 Brain derived small extracellular vesicles

In the brain derived sEVs, there was a significantly larger amount of read counts that
aligned to the human genome than in the fibroblast derived sEVs, with read counts ranging
from 49562 to 195889, with no significant differences observed between AD and
neurological healthy control conditions (Figure 4.30). The most abundant miRNAs in all

samples were let-7b, miR-30a and miR-143.
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Figure 4.30. Aligned MiRNAs read counts did not differ in brain derived sEVs

After aligning to the human genome, reads that corresponded with a miRNA annotation, based
upon supplementary alignment to MiRBase, were quantified for all samples. BDEVs: Brain derived
small extracellular vesicles. AD = Alzheimer’s disease. Mean £SD. N = 3 (Biological replicates). T-test:

NS

In the brain derived sEVs, there was a population of significantly dysregulated miRNAs in
AD conditions. The highest level of dysregulation is observed with a group of upregulated
miRNAs, consisting of miR-203a, miR-361, miR-141, miR-125b-1, and miR-30a, while miR-

582 and miR-1248 were significantly downregulated (Figure 4.31).
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Figure 4.31. MiRNAs were differentially expressed in brain derived sEVs

Read counts of miRNAs for each group were compared using DESeq2 to identify differentially
expressed genes, with log2 (FC) (Fold change) plotted against -log10 (p value) on a volcano plot to
visualise differences. The top 10 differentially expressed miRNA were annotated. Green broken line
indicates logFC threshold = 1. Upregulated miRNAs: miR-203a, miR-361, miR-141, miR-125b, miR-
30a. Downregulated miRNAs: miR-582, miR-1248. Significance threshold (yellow broken line) = 1.3

(log10(p-value), p <0.05. Red = upregulated, blue = downregulated, grey = no significant change.
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4.4.8 Top differentially expressed miRNAs in Alzheimer’s disease

SEVs

The most differentially expressed miRNAs in AD for both fibroblast and brain derived sEVs
are displayed in Table 4.4. While there is a lot of biological variation between samples, as
previously highlighted, that makes it too difficult to distinguish differentially expressed
miRNAs in the fibroblast sEVs with a lower N number, there are a panel of miRNA that show
at least 2-fold differences in AD conditions, that will be interesting to investigate with an

expanded cohort.

In the brain derived sEVs, beyond the significantly dysregulated candidates stated, there
are other candidates that trend towards displaying significant variation that should not be
discarded from further analysis. Notably, from the chromosome 14 cluster, miR-382 shows
upregulation of the 3’ strand and downregulation of the 5 strand, miR-323a is
downregulated in both brain and fibroblast derived sEVs, though these are not statistically
strong differences. Mir-668 (Log2(FC) = -1.832, p = 0.092) and miR-382 (Log2(FC) = 1.671,
p = 0.099) of the cluster also shows a trend towards dysregulation, and present some of

the statistically stronger trends within the c14 cluster.

The top differentially expressed miRNAs in both the fibroblast and brain derived sV
cohorts were compared (Figure 4.32), in order to determine whether there was any
consistency between the groups and determine whether there were any miRNAs that were

dysregulated in both groups.
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Table 4.4. Top differentially expressed miRNA in fibroblast sEVs and brain derived sEVs

The top differentially expressed miRNA (log2(fold change)) as identified by DESeq2 and plotted on
the volcano plot, with corresponding log2(fold change) and P values.

Fibroblast sEV BDEV

miRNA ;ii? b value miRNA log2 P value
hsa-miR-146a-5p |EREIONIN 0.059 | hsa-miR-203a-3p 0.013
hsa-miR-145-3p | 1.537 0.180 hsa-miR-141-3p 0.032
hsa-miR-106b-3p | 1.450 0.192 hsa-miR-361-5p 0.021
hsa-miR-433-3p 1.326 0.229 hsa-miR-30a-3p 2.161 0.038
Up hsa-miR-132-3p | 1.303 0.255 Up hsa-miR-125b-1-3p | 2.151 0.036
hsa-miR-193a-5p | 1.291 0.239 hsa-miR-181a-2-3p | 2.051 0.051
hsa-miR-99a-5p 1.291 0.239 hsa-miR-27a-3p 1.960 0.055
hsa-miR-370-3p | 1.213 0.287 hsa-miR-28-3p 1.730 0.056
hsa-miR-541-5p 1.182 0.276 hsa-miR-382-3p 1.671 0.099
hsa-miR-152-3p | -0.555 0.617 hsa-let-7d-3p 1.650 0.090
hsa-let-7f-5p -0.563 0.623 hsa-miR-382-5p -1.030 0.274
hsa-miR-1180-3p | -0.597 0.559 hsa-miR-323a-5p -1.039 0.367
hsa-miR-323a-3p | -0.632 0.581 hsa-miR-132-3p -1.063 0.290
Down | hsa-miR-30e-5p -0.649 0.546 hsa-miR-92b-5p -1.066 0.352
hsa-miR-652-3p | -0.745 0.509 hsa-miR-425-3p -1.094 0.331
hsa-miR-140-3p | -0.884 0.438 hsa-miR-34a-5p -1.104 0.294
hsa-let-7d-5p -0.957 0.397 hsa-miR-1270 -1.109 0.329
hsa-miR-185-5p |SI22A 0.276 | hsa-miR-421 1121|0242
hsa-miR-15a-5p -1.123 0.279
Down | hsa-miR-432-5p -1.212 0.171
hsa-miR-339-3p -1.377 0.231
hsa-miR-3065-5p -1.789 0.124
hsa-miR-328-3p -1.790 0.124
hsa-miR-132-5p -1.804 0.123
hsa-miR-668-3p -1.832 0.092
hsa-miR-454-3p -1.888 0.106
hsa-miR-654-5p 0.082
hsa-miR-1248 0.050
hsa-miR-582-5p 0.047

Left) Fibroblast sEVs. Right) Brain derived sEVs. P value threshold < 0.05. Red = upregulated, green

=downregulated. BDEV: Brain derived small extracellular vesicle.

There were no positive correlations between brain and fibroblast derived sEV miRNAs in

AD, which is not unexpected, given the transcriptomic differences that are present in both

cellular origins, only 164 individual miRNAs displayed consistent expression in both cohorts
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to be included in the analysis. Interestingly, two miRNAs came out as inversely
dysregulated between brain and fibroblasts (cut-off = Log2(1)). This included miR-132
(Log2(FC): Brain = -1.063, Fibroblast = 1.303) and miR-185 (Log2(FC): Brain = 1.369,
Fibroblast = -1.227), which both notably showed inverse patterns between brain and
fibroblast (Figure 4.32). Neither miRNA showed statistically significant dysregulation,
which makes it challenging to draw to many conclusions from this observation. However,
miR-185 was the most downregulated miRNA in fibroblast derived sEVs and therefore,
does display potential to be included in expanded investigation, to determine whether it

has an interaction in AD pathways.
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Figure 4.32. miR-132 and miR-185 display inverse regulation in sEVs in AD between
fibroblast and brain derived sEVs

Dotted lines indicate a threshold of log2(FC) = £1, where highlighted miRNA expressed a positive or
negative fold change >2 in AD, in both fibroblast and brain derived sEVs. Green = miRNA fold change
was positively correlated, red = miRNA fold change was negatively correlated. Black = miRNA did
not pass one or more of the thresholds or did not have enough read counts (<5) to be analysed.

BDEV:s: Brain derived small extracellular vesicles. AD = Alzheimer’s disease.
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4.49 RNA sequencing identifies a sample of dysregulated

chromosome 14 cluster miRNAs in Alzheimer’s disease sEVs

As noted in Table 4.4 (above), the chromosome 14 cluster miRNAs are represented in some
of the most differentially dysregulated miRNAs in the brain derived sEVs. Table 4.5 shows
the other c14 candidates that showed a fold change >2 (note: Table 4.5 and Table 4.6 have
been log transformed from the log2(FC) presentation above, in order to directly compare
fold changes to observations from qPCR experiments). Most of the fold change, either up
or down, is observed in the brain derived sEVs in AD, though mir-541 and miR-323b were

downregulated over 2-fold in AD, in fibroblast derived sEVs.
Table 4.5. Candidate chromosome 14 cluster miRNAs were not dysregulated in AD

Visualisation of fold change values for chromosome 14 cluster miRNA in AD, in both brain-derived
and fibroblast-derived sEVs. Split across pages 134 and 135.

) BDEV . Fibroblast sEV
miRNA miRNA
hsa-mir-656 hsa-mir-656
hsa-mir-410 hsa-mir-410
hsa-mir-369 hsa-mir-369
hsa-mir-412 hsa-mir-412
hsa-mir-409 hsa-mir-409
hsa-mir-541 hsa-mir-541
hsa-mir-377 hsa-mir-377
hsa-mir-496 hsa-mir-496
hsa-mir-154 hsa-mir-154
hsa-mir-323b hsa-mir-323b
hsa-mir-485 hsa-mir-485
hsa-mir-668 . hsa-mir-668
hsa-mir-134 ‘- hsa-mir-134
hsa-mir-382 . hsa-mir-382
hsa-mir-487a -- hsa-mir-487a
hsa-mir-655 hsa-mir-655
hsa-mir-544a hsa-mir-544a
hsa-mir-889 hsa-mir-889

hsa-mir-539 ‘- hsa-mir-539

hsa-mir-487b

hsa-mir-381 hsa-mir-381
hsa-mir-1185-2 hsa-mir-1185-2
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hsa-mir-1185-1 hsa-mir-1185-1
hsa-mir-300 hsa-mir-300
hsa-mir-376a-1 hsa-mir-376a-1
hsa-mir-376b hsa-mir-376b
hsa-mir-654 . hsa-mir-654
hsa-mir-376a-2 hsa-mir-376a-2
hsa-mir-376¢ hsa-mir-376¢
hsa-mir-495 hsa-mir-495
hsa-mir-543 ‘- hsa-mir-543
hsa-mir-1193 hsa-mir-1193
hsa-mir-494 hsa-mir-494
hsa-mir-329-2 hsa-mir-329-2
hsa-mir-329-1 hsa-mir-329-1
hsa-mir-758 hsa-mir-758
hsa-mir-323a hsa-mir-323a
hsa-mir-1197 hsa-mir-1197
hsa-mir-380 hsa-mir-380
hsa-mir-299 hsa-mir-299
hsa-mir-411 hsa-mir-411
hsa-mir-379 hsa-mir-379

Red = upregulated (Fold change threshold > 2), green = downregulated (Fold change threshold <
0.5). Grey = not differentially expressed. Black = not expressed. BDEV: Brain derived small

extracellular vesicle.

4.5 Comparison of candidate miRNA expression between qPCR and

RNA sequencing

To validate the robustness of both the RNA sequencing and the gPCR experiments,
candidate miRNAs that have been picked up by both methods were compared to see
whether any observed dysregulation was consistent between them. Table 4.6 shows that
there are more dysregulated miRNAs detected by qPCR than RNA sequencing. On one
hand, this suggests that gPCR is more sensitive at picking up changes in the less abundant
miRNA in the sample, with RNA sequencing predominantly creating clusters from the most
expressed miRNA, and therefore, may miss miRNAs that do not reach the count threshold
for inclusion in differential analysis. However, RNA sequencing works on a more rigorous
statistical analysis than gqPCR, for higher throughput analysis, in order to reduce the chance
of picking up false positives. Even with these differences in mind, it is promising to see that

in multiple cases where both techniques pick up differential miRNA expression, they trend
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in the same direction. This is observed in miR-382 in the brain derived sEVs and miR-92a in
the fibroblast derived sEVs, which were upregulated in AD, in all cases. miR-146a also
showed consistent fold change differences in fibroblast sEVs, though the same miRNA also
showed inverse results in the BDEVs, highlighting it as a candidate of interest that requires
further investigation to accurately assess its role in sEVs in AD. Chromosome 14 miR-412

also showed inverse fold changes in brain derived sEVs in AD.

From the preliminary miRNA investigations, miRNAs miR-92a, miR-146a and miR-382 in the

chromosome 14 cluster, are viable candidates for further biomarker testing.

Table 4.6 miR-92a and miR-146a display consistent expression changes in AD between

gPCR and RNA sequencing, in brain derived sEVs

Comparison of fold change values, acquired from qPCR and RNA sequencing, for candidate miRNA
in AD. Comparisons are shown for brain derived sEVs and fibroblast derived sEVs.

. BDEV . Fibroblast sEV
miRNA miRNA
qPCR RNA Seq gqPCR RNA Seq
17a 17a
19a

Non-
Cluster
14
Cluster
14

Red = upregulated (Fold change threshold > 2), green = downregulated (Fold change threshold <
0.5). Grey = not differentially expressed. Black = not expressed. BDEV: Brain derived small

extracellular vesicle
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4.6  miRNAs are differentially expressed in brain derived seVs in AD

females

The goal of developing an effective biomarker to improve the capability to intervene early
in AD is made increasingly difficult by the noted heterogeneity of the disease. Whether that
is due to a different accumulation of insults over a timeline or different presentation of
genetic risk factors, or both, it is likely that future diagnostics will be aiming to target not
just AD, but potential subtypes of AD based on individual circumstances. Sex is an under
investigated but significant risk factor for the development of AD associated dementia
(Nebel et al, 2018; Podcasy and Epperson, 2022), with vast sex-specific transcriptomic
profiles observed in AD (Guo et al, 2022), though only a few have looked at miRNA profiles

(Kodama et al, 2020), and fewer still in sEVs.

4.6.1 Fibroblast derived small extracellular vesicles

There were not any significantly differentially expressed miRNAs in the fibroblast derived
sEVs in the female groups, as observed in the volcano plot (Figure 4.33). However, while
statistical power was reduced by analysing only an n = 2 per group, the general fold change
trends increased, both in the most upregulated miRNA (miR-145, log2(FC) = 3.267) and
most downregulated miRNA (miR-185, log2(FC) =-1.640). Which indicates that there may
be miRNAs that are more dysregulated in AD within the female groups, though expanding

this group is necessary to investigate this.
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Figure 4.33. miR-145 was the most differentially expressed miRNA in AD Fibroblast sEV

AD in females

Cohorts were stratified to just compare females in each group (n=2 per group). Read counts of
miRNAs for each group were compared using DESeq?2 to identify differentially expressed genes, with
logFC (log Fold change) plotted against -log (p value) on a volcano plot to visualise differences. The
top 10 differentially expressed miRNA were annotated. Green broken line indicates logFC threshold
= #1. Significance threshold (yellow broken line) = 1.3 (log10(p-value), p <0.05. Grey = no significant

change.
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4.6.2 Brain derived small extracellular vesicles

Notably, in the brain derived sEVs, there was a population of significantly dysregulated
miRNAs in the female AD groups, even with the reduced statistical power (Figure 4.34).
Out of the observed differences, miR-203a remained as the most significantly dysregulated
miRNA (Log2(FC) = 3.239, p = 0.015), as seen in the total population (Figure 4.31), which
was also true of miR-125b-1 (Log2(FC) = 2.799, p = 0.038). Interestingly, miR-27a was
significantly upregulated in brain derived sEVs in the AD female population (Log2(FC) =
2.878, p =0.033), an observation that was not seen in the total population. The significantly
downregulated miRNAs in the total population were not observed in the AD female group,
however, miR-668 of the chromosome 14 cluster, did trend closer towards downregulation

in AD and was the most downregulated miRNA (Log2(FC) = -2.515, p = 0.070).
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Figure 4.34. miR-27a is upregulated in AD brain derived sEVs in females

Cohorts were stratified to just compare females in each group (n=2 per group). Read counts of
miRNAs for each group were compared using DESeq?2 to identify differentially expressed genes, with
logFC (log Fold change) plotted against -log (p value) on a volcano plot to visualise differences. The
top 10 differentially expressed miRNA were annotated. Green broken line indicates logFC threshold
= +1. Upregulated miRNAs: miR-203a, miR-27a, miR-125b. Significance threshold (yellow broken

line) = 1.3 (log10(p-value), p <0.05. Red = upregulated. Grey = no significant change.
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4.6.3 Top differentially expressed miRNAs in Alzheimer’s disease

sEVs in females

The most differentially expressed miRNAs in the AD female groups for both fibroblast and
brain derived sEVs are displayed in Table 4.7. As described above, the smaller group does
not have the significant weight to distinguish significant differences in sEV miRNA
expression, however there was a noticeable shift in the rankings of the top dysregulated

miRNAs.

In the fibroblast derived sEVs, mir-145 has already been noted as the most dysregulated,
though there are several candidates that also display a log2(FC) greater than 2, including
miR-451a and miR-192. While no longer the most upregulated miRNA, miR-146a remains

near the top of the most upregulated miRNAs in the AD female group.

In the brain derived sEVs, there are a group of miRNAs that are also trending towards up
and downregulation in the AD female groups, including miR-141 (Log2(FC) = 2.702, p =
0.057) and miR-361 (Log2(FC) = 2.383, p = 0.075), as well as miR-582 (Log2(FC) =-2.378, p
=0.094).

Combined, there is a growing panel of miRNAs that have potential as biomarkers for AD,
and with expanded testing, may show some differential expression based on populations

including sex.

Once again, the top differentially expressed miRNAs in the AD female groups were
compared between the fibroblast and brain derived sEV cohorts, in order to determine

whether there were any correlations between dysregulated miRNAs (cut-off = Log2(1)).

Notably, there were more observed correlations, both positive and inverse, between the
brain and fibroblast cohorts in the female AD groups, than in the total population (Figure
4.35). The group including miR-361 (Log2(FC): Brain = 2.383, Fibroblast = 2.307), miR-487b
(Log2(FC): Brain = 1.180, Fibroblast = 1.245) and miR-335 (Log2(FC): Brain = 1.348,
Fibroblast = 1.035) were upregulated in both fibroblast and brain derived sEVs in AD.
Another miRNA previously highlighted in both qPCR and RNA sequencing is miR-146a,
which was also upregulated in both AD female groups (Log2(FC): Brain = 1.171, Fibroblast
= 2.404).
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Table 4.7 miRNAs were upregulated in brain derived sEVs in AD females

The top differentially expressed miRNA (log2(fold change)), between females, as identified by
DESeq?2 and plotted on the volcano plot, with corresponding log2(fold change) and P values.

Fibroblast sEV BDEV
miRNA log2 miRNA log2 P
(FC) P value (FC)
hsa-miR-145-3p 0.078 hsa-miR-203a-3p
hsa-miR-451a 0.131 hsa-miR-27a-3p
hsa-miR-6529- hsa-miR-125b-1-
5p 2:562 0.166 3p
hsa-miR-192-5p | 2.502 0.181 hsa-miR-141-3p
U 2:3 miR-146a- 1 ; 404 018 U hsa-miR-361-50 (2383 |
hsa-miR-381-3p | 2.307 0.216 hsa-miR-30a-3p 2.231 0.093
. hsa-miR-181a-2-
hsa-miR-660-5p | 2.231 0231 3p 2.154 0.109
hsa-miR-122-5p | 2.104 0.243 hsa-let-7d-3p 2.045 0.111
hsa-miR-361-5p | 1.991 0.284 hsa-miR-382-3p 1.820 0.179
hsa-miR-126-3p | 1.857 0.315 hsa-miR-185-5p 1.676 0.223
2:3 e -0.826 | 0.649 hsa-miR-15a-5p | -1.830 | 00
Down hsa-miR-30a-5p | -0.836 0.627 hsa-miR-3065-5p -1.878 | 0.179
hsa-let-7d-5p -1.082 0.562 hsa-miR-328-3p -1.891 | 0.177
hsa-let-7f-5p -1.163 0.533 hsa-miR-144-3p -1.978 | 0.161
hsa-miR-185-5p |[S6400 0.380 | | Down | hsa-miR-454-3p | -1.978 | 0.161
hsa-miR-338-5p -2.063 | 0.141
hsa-miR-654-5p -2.080 | 0.143
hsa-miR-1248 0.101
hsa-miR-582-5p 0.094
hsa-miR-668-3p 0.070

P value threshold < 0.05. Red = upregulated, green = downregulated. BDEV: Brain derived small

extracellular vesicle

There was a select population of miRNAs that were inversely dysregulated in the AD female
group, between brain and fibroblast derived sEVs (Figure 4.35). This included miR-660
(Log2(FC): Brain =-1.515, Fibroblast = 2.231), miR-15a (Log2(FC): Brain = -1.830, Fibroblast
= 1.441) and miR-99a (Log2(FC): Brain = -1.1348, Fibroblast = 1.603), which were
upregulated in fibroblasts but downregulated in the brain. Conversely, miR-185 (Log2(FC):
Brain = 1.676, Fibroblast = -1.640) was upregulated in the brain but downregulated in
fibroblast sEVs.
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As before there are limitations on drawing these comparisons without further
investigation, but given the specific correlation in female groups, they display potential for
biomarkers in stratified cohorts. Further, miR-361 was one of the most dysregulated

miRNAs in both groups and was trending towards significance in the brain derived sEVs.

Females

 hsa-miR-146a-5p

: @ hsa-miR-361-5p
:_hsa-miR-487b-3p

hsa-miR-660-5
hsa-miR-99a-5p _:

@ hsa-miR-185-5p

Fibro sV Log2(AD sEVs vs Control sEVs)

BDEV Log2(AD sEVs vs Control sgEVs)

Figure 4.35. Different miRNA groups are positively and negatively correlated between
fibroblast and brain derived sEVs, in AD females

Dotted lines indicate a threshold of log2(FC) = £1, where highlighted miRNA expressed a positive or
negative fold change >2 in AD, in both fibroblast and brain derived sEVs. Green = miRNA fold change
was positively correlated, red = miRNA fold change was negatively correlated. Black = miRNA did
not pass one or more of the thresholds or did not have enough read counts (<5) to be analysed.

BDEVs: Brain derived small extracellular vesicles. AD = Alzheimer’s disease.
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4.6.4 Correlation of miRNA fold changes in AD sEVs between sexes

In both the fibroblast and brain derived sEV cohorts, the male and female groups were
separated and analysed separately (i.e. Fibroblast cohort: AD male vs Control male, AD
females vs control females). The fold changes in miRNAs observed in the sex stratified
groups were then compared against each other, in order to observe whether there were

any sex specific miRNA changes in AD.

The purpose of this comparison is to display the relative contribution of both sexes on the
differential expression profiles of sEV miRNA derived from both fibroblasts and brain
tissue, respectively. Given that there is only an n = 1 for the male groups in both the
fibroblast and brain derived sEV cohorts, these observations are based on log2(FC) > 1. It
is shown that there are a group of miRNAs that are inversely changed in AD fibroblast
derived sEVs, between the sexes (Figure 4.36). The group consisting of miR-660 (Log2(FC):
Male =-1.874, Female = 2.231), miR-21 (Log2(FC): Male =-1.585, Female = 1.441) and miR-
192 (Log2(FC): Male = -1.1348, Female = 1.603), are upregulated in the female AD group

but downregulated in the male AD group.
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Figure 4.36. Sex displays different contributions to miRNA changes in sEVs in AD
fibroblasts

Dotted lines indicate a threshold of log2(FC) = +1, where highlighted miRNA from fibroblast derived
SEVs expressed a positive or negative fold change >2 in AD, in both males and females. Green =
miRNA fold change was positively correlated, red = miRNA fold change was negatively correlated.
Black = miRNA did not pass one or more of the thresholds or did not have enough read counts (<5)

to be analysed. BDEVs: Brain derived small extracellular vesicles. AD = Alzheimer’s disease.

In the brain derived sEVs (Figure 4.37), miR-99a (Log2(FC): Male = 1.285, Female =-1.135)
and miR-1307 (Log2(FC): Male = 1.170, Female =-1.221), are downregulated in the female
AD group but upregulated in the male AD group. Conversely, miR-148b (Log2(FC): Male = -
1.087, Female = 1.000) is upregulated in the female AD group but downregulated in the
male AD group.

Notably, miR-660 (Log2(FC): Male = 1.273, Female = -1.516) was downregulated in the
female AD group but upregulated in the male AD group, a relationship which was reversed
in the fibroblast derived seVs (Figure 4.36). Chromosome 14 cluster miR-382 is upregulated
in both male and female AD groups (Log2(FC): Male = 2.002, Female = 1.820), an
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observation which is consistent with its trend towards upregulation in the total population

in AD.
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Figure 4.37. Sex displays different contributions to miRNA changes in sEVs in AD brain
tissue

Dotted lines indicate a threshold of log2(FC) = 1, where highlighted miRNA from brain derived sEVs
expressed a positive or negative fold change >2 in AD, in both males and females. Green = miRNA
fold change was positively correlated, red = miRNA fold change was negatively correlated. Black =
miRNA did not pass one or more of the thresholds or did not have enough read counts (<5) to be

analysed. BDEVs: Brain derived small extracellular vesicles. AD = Alzheimer’s disease.
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4.7 Pathway analysis of differentially expressed miRNAs in

Alzheimer’s disease

In order to determine the functional relevance of the miRNAs that have been identified in
both gPCR and RNA sequencing analysis, differentially expressed miRNAs (log2(FC) > 1, p <
0.05) were ran through biological pathway resources, including GO, Reactome and KEGG
(Kyoto Encyclopaedia of Genes and Genomes), using miRPathDB (V2.0). Trending miRNAs
(log2(FC) > 1), including those to distinguish between AD sex differences were ran
individually through GO. All biological pathways are based on experimental evidence, with

statistically significant associations shown.

4.7.1 Fibroblast derived small extracellular vesicles

Given the small group of differentially expressed miRNA in fibroblast derived sEVs in AD,
the grouping of miRNAs for pathway analysis was limited, with different pathway analysis
tools only having specific information for individual miRNAs. Though some interesting
observations were still made. In the full fibroblast sEV cohort, miR-146a-5p was the most
differentially expressed, which has several neuroinflammatory associations that are
relevant in AD, including interleukin signalling pathways (Chapter 4.3.6 - GO analysis -
Figure 4.11 and Figure 4.12). This is part of a wider range of peripheral immunomodulatory

functions, as well as regulation of protein phosphorylation and growth factor responses.

Other miRNAs which trended towards upregulation in AD fibroblast sEVs, particularly when
looking at the female groups, included miR-451a, which is also associated in interleukin
signalling responses, as well as MAPK signalling and WNT and NOTCH signalling, important
for cellular differentiation and wound healing, but also implicated in neurogenesis in the

brain (Figure 4.38).

As previously stated, miR-146a and miR-92a observed to be upregulated in fibroblast sEVs
in AD, by both gPCR and RNA sequencing. These two miRNAs make particularly interesting
candidates for further biomarker investigations. Figure 4.11 has already made observations
about the association of miR-146a and immune signalling, however, there are several other

pathways that both miRNAs have been investigated against. These include regulating
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multiple cellular metabolic processes, as well as responding to cellular stress, apoptotic

signalling pathways and regulation of cell cycle signalling (Figure 4.39).

hsa-miR-451a

miRNAs

hsa-miR-145-3p

Figure 4.38. Reactome pathways implicated by miR-451a include interleukin, WNT and

NOTCH signalling

Reactome analysis was performed using miRPathDB for miR-451a and miR-145. Pathways that
are significant for miRNAs are displayed. Scale represents experimental significance. Darker =

greater significance.
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hsa-miR-146a-5p

miRNAs

hsa-miR-92a-3p

Figure 4.39. Gene ontology of upregulated miR-146a and miR-92a in fibroblast sEVs in AD

Gene ontology analysis was performed using miRPathDB for miR-146a, and miR-92a. Pathways
that are significant for miRNAs are displayed. Scale represents experimental significance. Darker =
greater significance.

4.7.2 Brain derived small extracellular vesicles

In brain derived sEVs, there was a cohort of upregulated miRNAs in AD. When the biological
processes of these miRNA were investigated using GO (Figure 4.40) and Reactome (Figure
4.41), they were observed to be associated with several cell death pathways, including
apoptosis pathways and responses to cellular stress. Notably, there was a common
association with responses to oxidative stress in cells, a significant molecular change in AD.

Other pathways included regulation of metabolism and cytokine signalling.
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hsa-miR-125b-1-3p

mMiRNAS

hsa-miR-203a-3¢

Figure 4.40. Gene ontology of upregulated miRNAs in brain derived sEVs in AD

Gene ontology analysis was performed using miRPathDB for miR-30a, miR-125b, miR-141, miR-
361 and miR-203a. Pathways that are significant for miRNAs are displayed. Scale represents
experimental significance. Darker = greater significance.
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miRNAs

Cellular.Senescence Oxidative.Stress.Induced... Cellular.responses.to.str... Cytokine.Signaling FOXO.mediated.transcrip

Figure 4.41. Reactome pathways implicated by multiple upregulated miRNAs in BDEVs
include oxidative stress responses

Reactome analysis was performed using miRPathDB for miR-125a, miR-361, miR-30a, miR-203a
and miR-141. Pathways that are significant for miRNAs are displayed. Scale represents
experimental significance. Darker = greater significance.

When the brain derived sV cohort was stratified for the female groups, miR-27a was
observed as upregulated, unlike in the total population, alongside miR-203a. GO pathway
analysis found that both miRNAs were associated with neurogenesis and brain
development (Figure 4.42). They were also implicated in responses to cellular stress and

oxidative stress, as well as regulation of protein phosphorylation.
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miRNAs

Figure 4.42. Female specific miRNA upregulation in brain derived sEVs identified
neurogenesis and protein phosphorylation pathways

Gene ontology analysis was performed using miRPathDB for miR-27a and miR-203a. Pathways
that are significant for miRNAs are displayed. Scale represents experimental significance. Darker =
greater significance.

4.7.3 Differentially regulated miRNA between brain and fibroblast
derived sEVs

When directly comparing the fibroblast and brain derived sEV cohorts, in order to observe
whether any miRNAs showed dysregulation in AD both groups, it was noted that miR-132
and miR-185 showed inverse dysregulation in AD, between fibroblast and brain. When
looking at these miRNAs, we see both neuronal and peripheral biological pathways that

have been experimentally associated (Figure 4.43). Peripherally, both are associated with
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cellular migration and differentiation, as well as vascular development. Pathways

associated with the brain and AD include responses to reactive oxygen species, hypoxia,

WNT signalling and neurogenesis, and protein phosphorylation mechanisms.
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Figure 4.43. Gene ontology of inversely regulated miR-185 and miR-132 between brain
and fibroblast derived sEVs

Gene ontology analysis was performed using miRPathDB for miR-185 and miR-132. Pathways that
are significant for miRNAs are displayed. Scale represents experimental significance. Darker =
greater significance.

Interestingly, when the population was stratified by sex, there were more miRNAs that

were dysregulated in both the brain and fibroblast derived sEVs. When these miRNAs were
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plotted into GO analysis, it was observed that they were associated with several metabolic
processes, including regulating metabolism on cellular, protein and nuclear levels (Figure
4.44). They were also associated with cell cycle regulation, apoptosis, and responses to
cellular stress, as well as regulation of phosphorylation and signalling pathways associated

with ageing.

When just the miRNAs that were upregulated in the fibroblast derived sEVs and
downregulated in brain derived sEVs were plotted into GO analysis, the same pathways as
above were observed. However, the most significant pathways shifted towards regulation

of cell cycle and included WNT signalling and cellular development pathways (Figure 4.45).
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Figure 4.44. Gene ontology of consistently dysregulated miRNAs between brain and

fibroblast derived sEVs in AD females
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Figure 4.45. Gene ontology of inversely regulated miRNAs between fibroblast and brain
derived sEVs in AD females

Gene ontology analysis was performed using miRPathDB for miR-99a, miR-185 and miR-15a.
Pathways that are significant for miRNAs are displayed. Scale represents experimental
significance. Darker = greater significance.

4.7.4 Sex dependent differentially regulated miRNA in Alzheimer’s
disease
In both the fibroblast and brain derived sEV cohorts, the male and female groups were

separated and analysed separately (i.e. Fibroblast cohort: AD male vs Control male, AD
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females vs control females). The fold changes in miRNAs observed in the sex stratified
groups were then compared against each other, in order to observe whether there were

any sex specific miRNA changes in AD.

In the fibroblast derived sEVs, miR-192, miR-21 and miR-660 were upregulated (log2(FC) >
1) in the female AD group but downregulated (log2(FC) > -1) in the male AD group. When
these miRNAs were analysed in GO, the contributions primarily came from miR-192,
however, miR-660 was associated with cellular differentiation, being experimentally
observed in noradrenergic neuronal and smooth muscle cell differentiation (Figure 4.46).
miR-192 was most significantly associated with cell cycle regulation, showing several hits

across the GO analysis.
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Figure 4.46. Gene ontology of inversely regulated miRNAs in fibroblast derived sEVs
between males and females

Gene ontology analysis was performed using miRPathDB for miR-21, miR-660 and miR-192.
Pathways that are significant for miRNAs are displayed. Scale represents experimental
significance. Darker = greater significance.

In the brain derived sEVs (Figure 4.47), miR-99a, miR-1307 and miR-660 were upregulated
(log2(FC) > 1) in the male AD group but downregulated (log2(FC) > -1) in the female AD
group. miR-148b was downregulated (log2(FC) > -1) in the male AD group but upregulated
(log2(FC) > 1) in the female AD group. GO analysis for these miRNAs found that miR-99a

was associated with Schwann cell differentiation and development, as well as implications
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in cellular ageing and oxidative pathways. miR-148b was associated with neurogenesis and

lysosomal pathways.

miRNAs

Figure 4.47. Gene ontology of inversely regulated miRNAs in brain derived sEVs between
males and females

Gene ontology analysis was performed using miRPathDB for miR-660, miR-148b and miR-99a.
Pathways that are significant for miRNAs are displayed. Scale represents experimental
significance. Darker = greater significance.

4.8 Discussion

In this chapter, the study interrogated miRNA cargo of sEVs from fibroblast cell culture and
human brain tissue, in order to determine whether there were changes in AD conditions.
The study observed that RNA concentrations of sEVs was unchanged after a proteinase K
and RNase A digestion, which suggested that RNA isolated as part of the sEV isolation was

internalised within sEVs. This added confidence to the specificity of the downstream
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measurements which intended to analyse EV associated miRNA, though to ensure there
was no variation during different sV isolation, the study continued to use the proteinase

K/ RNase A digestion prior to all RNA isolations.

The study analysed two cohorts of miRNAs that were considered interesting candidates for
differential analysis in AD conditions. Firstly, the chromosome 14 cluster (C14), which has
previously been implicated as enriched within the brain, having multiple functions in
neurogenesis and regulation of neurotrophic factors (Cavaillé et al, 2002; Glazov et al,
2008; Winter, 2014). Further, C14 has previously been implicated in brain disorders,
including glioblastoma and medulloblastoma (Nayak et al, 2018; Kumar et al, 2018), as well
as schizophrenia (Hollins et al, 2014). It has not previously been implicated in Alzheimer’s
disease, however several miRNAs from the cluster are dysregulated in biofluids across
different neurodegenerative diseases (Brennan et al, 2019), which combined with its
association with neuronal signalling pathways, warrants investigation. The second cohort
of miRNAs had previously been observed to be dysregulated in AD or had been shown to
regulate important AD signalling pathways. The miR-17 family (miR-17, miR-18a, miR-193,
miR-20a, miR-19b-1, miR-92a, miR-106a and miR-106b), for example, have been shown to
target AD protein APP (Patel et al, 2008; Hébert et al, 2009) and is dysregulated in response
to AB insult (Schonrock et al, 2010). Other candidate miRNAs, such as miR-155 and miR-
146 have been linked to AD through inflammatory responses to the cellular stress
underlying AD progression (Delay et al, 2012; Guedes et al, 2014; Song and Lee, 2015).
Combined, the candidates are associated with AD via divergent signalling pathways and so
provide a wide window of observation into potentially differentially expressed miRNAs in

sEVs that could be measurable peripherally.

Small RNA sequencing of sEV miRNAs provides a higher throughput comparison of AD
associated effects than qPCR, therefore interesting miRNAs could potentially be discovered
that were not considered in the initial cohort of candidates to be tested. This study founds
a cluster of upregulated miRNA in the BDEVs, miR-203a, miR-361, miR-141, miR-125b-1,
and miR-30a, while miR-582 and miR-1248 were significantly downregulated. In the
fibroblast derived sEVs, small RNA sequencing identified miR-146, miR-145, miR-106b and

miR-132 as some of the most upregulated miRNAs in AD. Through the small RNA
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sequencing data, this study was able to investigate miRNAs that showed potential to be

able to distinguish changes in AD between sexes, including miR-23a, miR-668 and miR-660.

In conclusion, in this chapter the study found multiple cohorts of interesting miRNA
expression patterns, which will individually be discussed in the next chapter, but
combined they provide a promising panel for further investigation of EV derived
biomarkers for AD, both from candidate AD associated miRNA, as well as novel miRNA

that so far have limited investigations in AD.
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5 Chapter 5: General discussion

5.1 Project summary

The aims of this project were to investigate the feasibility of isolating sEVs from cell culture
medium and the extracellular space of human brain tissue. The work required a robust
characterisation of isolated particles, by visualisation and protein specific methodology, to
confirm that any isolations were indeed small EVs. The second set of aims was to measure
the miRNA cargo of sEVs, in order to determine whether there were changes in this cargo
in AD conditions, both in a peripheral model (fibroblast cell culture) and human frontal
cortex tissue. The objectives of this aim were to measure miRNA expression in a targeted
gPCR approach and analyse the global miRNA expression profile of isolated sEVs. The aims
of this project were set out with the goal of investigating whether miRNA cargo of sEVs

derived from AD specific models could be used as a biomarker for the detection of AD.

5.2 Isolation and characterisation of EVs

This project isolated sEVs from two cohorts, a fibroblast cell culture model from AD
patients and neurological healthy controls, and a human brain tissue cohort, donated post-
mortem by AD patients and neurologically healthy controls. Given the novelty of isolating
sEVs from these sources, a robust characterisation was performed to ensure that the
isolated samples were just sEVs and no other secreted factors such as RNPs (Shelke et al,

2014) were present.

There is consensus about the requirements for characterising EVs from a wide range on
biological sources, published as the minimal information for studies of extracellular vesicles
(MISEV guidelines; Théry et al, 2018), which is the current international standard for EV
studies. This includes the need for visual confirmation of EVs, to determine that they are
in the size range of the EV population of interest as well as observing the typical bilayer
enclosed morphology of an EV. The current gold standard for visualisation is TEM, which
has the resolution to visualise particles in detail on the nanometre scale and is

consequently able to determine whether particles present with EV associated lipid bilayer
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membranes (van der Pol, 2014; H66g and Lotvall, 2015). This study imaged sEVs isolated
from both fibroblast cultures and brain tissue with TEM. It was observed that there were
particles in the size range of sEVs (<150 nm), which also had the EV associated lipid bilayer

membranes.

NTA is another recommended technique for visualising the size more representative of the
entire population of particles isolated, compared to the single particle visualisation of TEM.
Its capabilities have expanded with current models now able to target subpopulations of
particles by fluorescently conjugated antibody tagging, that can target the surface proteins
of EVs. This process allows for more in depth analysis of the relative contribution of
different EV populations to the total particle numbers isolated in a sample, as well as being
able to distinguish the size profiles of tagged particles from the entire sample (Arab et al,
2021). Within this study, sEVs were tagged for the transmembrane tetraspanins CD9, CD63
and CD81, as well as staining the entire groups of lipid-bilayer membrane bound particles
for CMO membrane stain. This allows for the differentiation of biologically sourced
particles from the entire milieu of secreted factors, which may include salts and factors
that are co-isolated during processing of samples. One step beyond this, the specific
tetraspanin tagging of particles allows for distinguishing the sEV associated particles from
co-isolated biomolecules that could include similarly sized lipoproteins (Stranska et al,
2018). As the tetraspanin associated pathways are well characterised in the release of EVs
from MVBs (Andreu and Yanez-Md3, 2014), the high abundance of these particles that are
observed in the SEC based isolations from both fibroblast and brain tissue derived samples
suggest that the sEV populations will have a degree of exosomal contribution. However,
distinguishing subpopulations of EVs based on their biogenesis cannot be concluded
without direct visualisation of their release in the cell of origin through fluorescence
imaging (Théry et al, 2018), and so the better terminology for characterising EVs in this
study is based on size, hence the use of small (s)EVs, which are defined as 50-200 nm. Given
that most of the CMO stained particles and particularly the tetraspanin tagged particles
are observed in this size range, the study concludes that the isolated particles are sEVs

derived from brain tissue and fibroblast cultures.

Confirmation that the EV associated protein “barcodes” are present in isolated samples is

also necessary. MISEV provides recommendations on the protein signatures of EVs,
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including the tetraspanins CD9, CD63, and CD81, which contribute to EV biogenesis and
secretion from multivesicular bodies, and are highly abundant, particularly in small EVs as
discussed (Andreu and Yanez-Mo, 2014). Given that there are multiple EV secretion
pathways, also the tetraspanin independent ESCRT (endosomal sorting complex required
for transport; Columbo et al, 2013, Karimi et al, 2018), it is preferential to analysis EV
samples from multiple sorting pathways. TSG-101 was used in this study aside the
tetraspanins as it is part of the ESCRT machinery, and flotillin 1 is a well characterised
membrane protein that promotes vesicle release and is abundant in EV preparations
(Glebov et al, 2006; Frick et al, 2007; Karimi et al, 2018). Importantly, the EV field is
relatively new and therefore continues to adjust criteria of EV characterisation as new data
emerges, as with the debate about whether markers are truly indicative of EVs or
potentially they are present in a larger population of secreted particles (Liao et al, 2019).
Therefore, this study selected these pathway independent and well characterised proteins

for EV analysis.

5.3  Human brain tissue, patient derived fibroblasts and SH-SY5Y

neuronal models — Investigating AD

One of the major challenges in AD research, which is true of many neurodegenerative
diseases, is the lack of consensus of the best models to use to best represent the changes
that occur in the disease, whether that is human brain tissue (Clement et al, 2016), animal
models (Drummond and Wisniewski, 2017), or cellular models (Arber, Lovejoy and Wray,
2017). There is no one complete model currently and since there is large heterogeneity in
onset of AD, there is not likely to be in the future. A more realistic approach is to base the
model on the goal of the research. For this study, it is the investigation of EV miRNA
biomarkers for AD, therefore there are specific reasons for using both cohorts in the study.
As discussed, research into EVs and by extension EV miRNAs in AD is a growing field, so the
understanding of what is expected to be released from the brain is limited. Therefore, it is
important to expand the knowledge of EV miRNA that are associated with the onset of AD

in the brain by looking at human brain tissue, through this there will hopefully be a larger
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database of AD miRNAs that are secreted in the brain that research can refer to in the

future.

Conversely, given the difficultly of directly visualising the changes that occur in the brain
during progression of the disease, emphasis should also be directed towards the use of less
invasive biological samples that may also display changes as a result of AD. A promising
avenue is the analysis of biofluids such as blood and CSF (Riancho et al, 2019; Mila-Aloma
et al, 2022; Teunissen et al, 2022), which is truly relevant for EV associated biomarkers
since EVs can cross the blood-brain barrier (Chen et al, 2016; Morad et al, 2019). The
guestion remains for biofluids that since they involve complex mixtures of molecules that
can be derived from vast number of tissues and cells, what is the relative contribution from

an individual cell type to this molecular profile.

There is evidence that fibroblasts mirror some of the physiological changes that can occur
in the brain in diseases such as AD, for example, with altered mitochondrial function (Wang
et al, 2008). AD, despite being a disease of the brain, causes systemic changes across the
body, which has been observed in various peripheral tissues. Examples include
dysregulated expression of ABi.4;, one of the hallmark neuropathological proteins, in
skeletal muscle of AD patients (Kuo et al, 2000) as well as in primary skin fibroblasts of FAD
patients with a Swedish FAD mutation, where the change can be observed prior to the
onset of neuronal symptoms (Citron et al, 1994). Changes within the brain can also
influence the peripheral tissues, as while AD is predominantly associated with areas of the
brain specific to memory, the disease progression also causes dysregulation to areas that
have not been as well investigated. The hypothalamus exerts control of metabolic function
in the periphery and is one such region that is impaired by AD, including through AD
associated oxidative stress (Gomes et al, 2014). The dysregulation to this region is observed
to contribute to the increases in glucose intolerance observed in AD patients (Clarke et al,
2015). AD research has moved towards induced pluripotent stem cell (IPSC) models, which
have incredible potential to elucidate the molecular mechanisms of the disease (Arber et
al, 2017). However, IPSCs are transformed from cells, such as fibroblasts, which have either
arelevant genetic mutation or have been extensively characterised with disease associated
changes, such as Ca2+ channel deficits (Ito et al, 1994). Furthermore, AD fibroblasts display

an oxidative stress phenotype, with increased protein phosphorylation, apoptosis, and
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DNA damage (Ramamoorthy et al, 2012). Other AD phenotypic changes that occur in
fibroblasts derived from AD patients include lysosomal dysfunction (Coffey et al, 2014),
autophagy dysfunction (Martin-Maestro, 2017), alterations to circadian rhythm and DNA

methylation (Cronin et al, 2017) and mitochondrial dysfunction (Pérez et al, 2017).

Finally, using the differentiated SH-SY5Y model, which maintains the health and adherence
of the SH-SY5Y neuronal cells as they differentiate towards mature neurons, provides a
different insight into biomarker analysis of AD, as it can be modulated to simulate the
pathways that occur in early AD. The differentiated SH-SY5Y model is a useful model to
investigate how EVs changes with AD associated stresses, as they closely resemble the
phenotype of mature neurons, and with the proliferative neuroblastoma stage they can
provide a relatively high throughput and homogenous cellular assay (Encinas et al, 2002).
Furthermore, they are a well validated model for neurodegenerative diseases, with varying
differentiation methods resulting in the production of different neuronal subtypes, which
display physiologically relevant tau isoforms (Agholme et al, 2010; Chalatsa et al, 2019;
Medeiros et al, 2019).

5.4  Extracellular vesicles in AD

As the understanding of EVs develops, so too does the knowledge of their roles in the
balance between homeostasis and disease, and this relationship is nowhere more apparent
than in neurodegenerative disorders. Investigation is beginning to unravel EVs potential to
propagate neuropathology, such as AB and tau, but inversely, they could also betray
diseases of the brain, which even today is a notoriously difficult organ to observe. From
the initial observations that EVs carried AB (Rajendran et al, 2006), multiple groups have
identified AD associated changes in EV cargoes, including more disease specific isoforms of
the classic hallmark pathology, including APi-42and phosphorylated tau species (pS396 and
pT181; Fiandaca et al, 2015; Muraoka et al, 2020).

This study found that there was an upregulation in EV associated markers in AD sEVs, with
f-NTA analysis identifying that CD63 tagged particles were upregulated in brain derived
SEVs, in AD compared to neurologically healthy controls. Similarly, western blots of
fibroblast sEVs observed that there was a 2.75-fold increase in CD9 expression in AD. Given
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that CD63 and CD9 are important proteins in EV biogenesis from endosomal pathways,
these changes could align with disruptions in endosomal processing in AD, which is
particularly apparent in ApoE-e4 cases which includes dysregulation of Rab GTPases (Nuriel
et al, 2017). Notably, EV associated TSG-101 has also previously been found to be
dysregulated in ApoE-e4 cases, highlighting the common pathways of AD and EV biogenesis
(Peng et al, 2018), though TSG-101 wasn’t dysregulated in this study.

While evaluating AD cargo, particularly miRNA, was the main aim of this study, these
observations make it clear that biomarkers for AD require multitargeted approaches, which

compare hallmark protein changes with novel markers, including proteins and RNAs.

5.5  Transcriptomic approaches in AD

This study compared RNA yields from different EV isolation techniques, namely the Qiagen
membrane affinity columns to SEC, with focus on SEC and precipitation combination
methods to produce a relatively high yield while maintaining purity within the samples, as
advised in MISEV guidelines (Théry et al, 2018). In this study, it was observed that the RNA
concentration isolated from fibroblast derived EVs was 10-fold higher in membrane affinity
columns, in comparison to SEC. However, NTA analysis found that the isolations from SEC,
from both fibroblasts and brain tissue, were enriched in a population of particles which
expressed EV associated proteins, suggesting the SEC based isolation used in this study was
relatively pure. Other studies have also directly compared SEC and membrane affinity
based methods, to determine which is a better method for purer EV isolations, and have
found that membrane affinity columns isolate numerous non-EV particles and
contaminants (Stranska et al, 2018). Therefore, combining the information from this study
and others, it was determined that the higher RNA concentration from the membrane
affinity columns had a high risk of being associated with other extracellular factors as well

as EVs.

Debate remains as to the importance and feasibility of isolating extremely pure EVs for
biomarker studies, as EVs only make up a small proportion of extracellular molecules, and
so a miRNA change that could provide a useful insight into AD might be missed by ignoring
the total extracellular RNA content (Tosar et al, 2021). Therefore, work will progress by
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looking at the extracellular RNA, isolated by membrane affinity columns and SEC (which
was not treated by proteinase K and RNase A), in order to compare the differences

observed in EVs in AD conditions.

5.6  Oxidative stress and extracellular vesicle miRNA

It is well categorised that oxidative stress is abundant in the pre-symptomatic stages of AD
and may be a driver of the pathogenesis of the disease (Wang et al, 2014). Testing oxidative
stress responses in the SH-SY5Y model will help us understand whether its contribution to
the pathogenesis is mediated by an altered EV response, for example with the transport of
miRNAs which promote further oxidative stress or neuroinflammation. Moreover, there is
overlap with oxidative stress and perturbed autophagic function, which in turn might affect

the endosomal pathways and therefore, EV secretion and packaging (Hamlett et al, 2017).

This study has investigated a panel of miRNAs, including C14MC miRNAs, in the isolated
EVs from SH-SY5Y cells which have undergone oxidative stress. It was observed that mir-
16-5p and mir-134-5p were downregulated in oxidative stress conditions. Notably, mir-16-
5p was previously suggested as a reference for EV miRNA analysis given it had previously
been measured as stable in EVs, with EV miRNA isolation kits such as the Qiagen exoRNeasy
Serum/Plasma kit including it for reference. Though more recently, it has been found to be
differentially expressed in EVs from various disorders, including being downregulated in
the CSF of AD patients (Gui et al, 2015), which is supported by our observations in oxidative
stress. Other work has reported that mir-16-5p is downregulated in the hippocampus of
late stage AD patients, though this is not mirrored in the CSF (Miiller et al, 2014), however,
this change could be measured in EVs in young onset AD (McKeever et al, 2018) and AD
(Gui et al, 2015), suggesting that EVs in the CSF may more closely resemble changes in the
brain. Functionally, mir-16-5p targets the APP gene, therefore reduction in mir-16-5p
expression results in increased production of APP and subsequently AB (Lui et al, 2012). In
addition, mir-16-5p inhibits the expression of inflammatory markers in the brain, as well as
other AD associated proteins, including BACE1 and phosphorylated tau isoforms, indicating
that mir-16-5p plays an important role in CNS and could be utilised as a therapeutic

intervention (Parsi et al, 2015). Interestingly, Parsi and colleagues identified that proteins
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associated with oxidative phosphorylation were the most altered after mir-16-5p
treatment, after AD and Parkinson’s disease associated proteins. Given that this study
found a reduction in mir-16-5p with oxidative stress, further work needs to be performed
to understand the nature of this relationship. One previous study did not find an
association with H,0;, treatment and mir-16 expression in endothelial cells (Magenta et al,
2011), highlighting that oxidative stress alone may not be enough to alter mir-16
expression as in AD, and that it is more likely a result of multiple AD associated changes

that could be observed in AD derived cells.

5.7  Dysregulated miRNAs in sEVs in AD

5.7.1 Fibroblast derived seEV miRNAs regulate pathways in AD

In the fibroblast derived sEVs, small RNA sequencing identified miR-146, miR-145, miR-
106b and miR-132 as some of the most upregulated miRNAs in AD. Interestingly, two of
the candidate miRNAs (miR-146 and miR-106b), were identified as candidate miRNA,
supporting the studies interest into their association with AD, moreover with both also
being upregulated in gPCR, highlighting that independent methodology observed the same

response.

The most upregulated miRNA in fibroblast sEVs in AD was miR-146, which has been well
categorised as displaying an important role in AD and is a noted regulator of inflammation
(Rusca and Monticelli, 2011). Our GO analysis displayed functionality in inflammatory
processes as well as responses to cellular stress and metabolism. In transgenic mouse
models of AD, miR-146a has been observed to be consistently upregulated, with
particularly high expression in both the Tg2576 and 5xFAD models, but specifically only
after the onset of neuropathology had occurred (Li et al, 2011). The study corroborated
this by showing that in human brain tissue, miR-146a was raised in the hippocampal CAl
region and the superior temporal lobe neocortex, in patients with mid- and late-stage AD.
The inflammatory role of miR-146a was tested in a co-culture model of human glial and
neuronal cells, where miR-146a was raised following the incubation of IL-1p (Li et al, 2011).

Genetic testing of miR-146a found that a rare allele of the single nucleotide polymorphism
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(SNP) — rs2910164, found in the coding region of pri-miR-146a, was associated with AD
(Zhang et al, 2015). The allele displayed reduced miR-146a levels in the serum of both AD
patients and healthy controls, and subsequent testing showed upregulation of Toll-like
receptor (TLR)2 and TNF-a, both noted targets of miR-146a, in HEK293 cells transfected
with the rare allele. TNF-a and TLR2 are both well characterised markers for
neuroinflammation, with TLR2 triggering neuroinflammatory feedback in response to ABi-
42 (Liu et al, 2012), therefore reduced miR-146a may exacerbate a potentially overactive
and neurodegenerative inflammatory response. In the hippocampus of down syndrome
(DS) patients with AD as well as a mouse models of DS and AD, miR-146a was increased
alongside a downregulation of IRAK-1 (Interleukin-1 receptor-associated kinase 1) and
TRAF6 (TNF receptor associated factor), suggesting further mechanisms by which miR-146a
modulates inflammation in AD (Arena et al, 2017). Given that inflammaging is an
underlying driver of numerous diseases, including AD (Zuo et al, 2019), it is interesting to
note that miR-146a dysregulation occurs during ageing (Vasa-Nicotera et al, 2011; Jiang et
al, 2011), where miR-146a dysregulation attenuates the physiological function of immune
responses. This was also observed in osteoarthritis, where the age-associated damage to
cartilage were exacerbated in a loss of miR-146a model, via the subsequent dysregulation
of inflammatory cytokines such as IL-6 (Guan et al, 2018). Neuroinflammatory pathways
have also been elucidated in relation to miR-146a, through targeting IRAK1 and TRAF®6, also
as shown previously, and RhoA/NF-kB in brain endothelial cells, which dysregulates
downstream VCAM1, linked to T-cell adhesion in neuroinflammation (Wu et al, 2015).
There may be a NF-kB/miR-146a signalling loop in the brain that triggers oxidative stress in
AD, as it has also been observed that in a human hippocampal neuron cell model, that NF-
kKB upregulated miR-146a and a miR-146a dependent ROS response. TP53-induced
glycolysis and apoptosis regulator (TIGAR) was proposed as a pathway by which miR-146a
induces oxidative stress in the brain (Lei et al, 2021). The discord in observations of
regulation patterns of miR-146a AD (Brennan et al, 2019) highlights that the complexity of
the mechanisms underlying miRNA regulation of brain physiology and pathophysiology is
not understood, and further investigation in relevant models will support more specificity
in their associations with AD. Understanding the physiology will also provide context to the
pathophysiological findings, so it is interesting to find that miR-146a is also associated with

supporting early neurogenesis, and guides neuronal differentiation and lineage of H9
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human neural stem cells (Nguyen et al, 2018). Given that adult hippocampal neurogenesis
has also been observed to be dysregulated in AD (Moreno-Jiménez et al, 2019), this may

elucidate another AD associated miR-146a pathway.

While previous studies identified miR-146a as a marker in later stage AD, a more recent
study found that in patients with MCI, an increase in miR-146a expression in the plasma
was associated with progression to AD (Ansari et al, 2019). Though it was noted that at
baseline testing, that miR-146a was negatively correlated with AP concentration in the CSF
as well as hippocampal volumes, increased miR-146a was seen in ApoE-g4 carriers,
therefore the question remains whether peripheral miR-146a reflects the changes of the
brain in AD (Ansari et al, 2019). With AD, patients that displayed worse cognitive
performance had lower serum miR-146a, suggesting that the dysregulated
neuroinflammation in response to neuropathology is driving further neuronal interference
(Maffioletti et al, 2020). miR-146a, as part of a miRNA panel, was able to predict the ratio
of phosphorylated tau to ABi-42 in the CSF of AD patients, suggesting it has capability as a
biomarker for AD (Jia et al, 2021). Lower miR-146a was observed in AD in the CSF, which
may correspond closer to our finding of decreased miR-146a in the BDEVs rather than the
increase in the fibroblast sEVs, which may suggest that responses to AD in fibroblasts do
not directly mirror the impact of AD on the brain. One unexplored consideration is whether
responses in peripheral tissues could be directed to meet demands in the brain, for
example, an increase in shuttling miR-146a from fibroblasts and other peripheral sources
could compensate for a potential disease associated reduction in miR-146a in the brain. An
upregulation in miR-146a in skin fibroblasts has been observed in other neuronal disorders,
suggesting that a signature of neuronal dysregulation can be recorded peripherally
(Nguyen et al, 2016). Currently, only one study has functionally observed miR-146a in EVs
in the brain, in which microglial derived EVs were transferred to recipient neuronal cells.
MiR-146a-5p selectively represses the translation of Synaptotagmin 1 and Neuroligin 1,
essential in dendritic spine formation and synapse stability, respectively, which was shown
in morphological loss of neuronal dendritic spine density and reduction in the strength of
synaptic currents (Prada et al, 2018). This finding suggests that EVs can mediate the

detrimental neuroinflammatory effects that occur in AD.
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The miR-17 family (miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, miR-92a, miR-106a and
miR-106b), for example, have been shown to target AD protein APP (Patel et al, 2008;
Hébert et al, 2009) and is dysregulated in response to AR insult (Schonrock et al, 2010). GO
analysis found functionality in responses to cellular death and metabolic changes,

potentially suggesting a response to AD associated stress on the neuronal cells.

Within the miR-17 family, this study observed that miR-106a was upregulated in fibroblast
and brain derived sEVs in AD, via qPCR, while miR-106b, paralogous to miR-106a with the
same seed sequence (Mir-106a-5p - UAAAGUGCUUACAGUGCAGGUAG; Mir-106b-5p —
UAAAGUGCUGACAGUGCAGUA, seed sequence in bold), was upregulated in fibroblast
SEVs, via RNA sequencing. The miR-106a and miR-106b paralogs are well characterised in
brain tumours, showing consistent overexpression in neuroblastoma (Schulte et al, 2007;
Fontana et al, 2008), glioblastoma (Ernst et al, 2010; Li et al, 2017), medulloblastoma
(Northcott et al, 2009), and pilocytic astrocytoma (Ho et al, 2013; Jones et al, 2015), which
is modulated by the c-Myc oncogene (O’Donnell et al, 2005; Gruszka and Zakrzewska,

2018).

The upregulation of miR-106a in glioblastoma targets tissue inhibitor of
metalloproteinases-2 (TIMP-2), which fittingly inhibits metalloproteinases, therefore
promoting tumour invasiveness (Wang et al, 2014). Interestingly, metalloproteinases have
long been associated with AD and interact with APP (Miyazaki et al, 1993), and are
important for numerous neuronal physiological functions, including plasticity, and blood-
brain barrier maintenance (Michaluk and Kaczmarek, 2007; Barr et al, 2009; Wiera et al,
2013; Lech et al, 2019; Qin et al, 2019), therefore the regulation of through miR-106a and
potentially the miR-17 family presents a potential route for biomarker investigation.
Circulating metalloproteinase levels have been correlated to AD (Tuna et al, 2018),
however measuring regulatory miRNAs in EVs may further improve the specificity and
provide a more accessible route to investigate these pathways. Upregulation of miR-106a
in AD could be a defence mechanism against oxidative stress damage, as in a mouse model
of stroke, it was observed that miR-106a targets PH domain leucine-rich repeat protein
phosphatase 2 (PHLPP2), which inhibits the ability of PHLPP2 to supress the antioxidant
Response Element / Nuclear factor-erythroid 2 p45-related factor 2 (ARE/Nrf2) pathway
(Rizvi et al, 2015; Tang et al, 2022). With relevance to AD, miR-106a targets the 3’UTR of
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APP and have been found to be able to downregulate APP translation potentially through
the interaction with this site (Patel et al, 2008). Given this target, miR-106a has been
investigated as a biomarker of AD with mixed results. Initial studies found no difference in
miR-106ain AD in plasma (Kumar et al, 2013), however more recently, miR-106a was found
as part of a miRNA panel that was differentially expressed in AD in whole blood, and was
the most predictive of AD (93% specificity and 68% sensitivity, Yilmaz et al, 2016). The
variation in results between studies shows how differential preparations (Serum vs whole
blood) and population parameters will affect outcomes of biomarker analysis, and will
remain a challenge in the field to corroborate findings. One study identified miR-106a as
having the most ability to distinguish AD in ROC (Receiver operating characteristic) analysis,
and subsequently found that it was downregulated in the 5XFAD mouse model (Zhang et
al, 2021). Another finding in ALS, showed upregulation of miR-106a in serum (Taguchi and
Wang, 2018), showing that even though the two diseases share similar molecular
pathways, the distinctly opposite profiles of miR-106a suggest divergent baseline

characteristics.

Regarding miR-106b, as with miR-106a, there is the same predicted target site in APP, but
notably in a study that compared both paralogs, APP was only downregulated in the miR-
106b transfected cell line. Further patterns of regulation were shown in the developing
mouse brain, primary mouse cortical neurons, and glutamatergic mouse neurons, where,
as the mouse aged or the cells were passaged, the expression levels of miR-106b reduced,
and the protein expression levels of APP subsequently increased. Following this, the study
investigated miR-106b in the human brain, finding decreased miR-106b in AD (Hébert et
al, 2009). ATP-binding cassette transporter A1 (ABCA1), has also been found to be a target
of miR-106b (Kim et al, 2012), which is implicated in cholesterol transport onto apoA and
apoE, and a regulator of AB (Wabhrle et al, 2008). Kim and colleagues found that miR-106b
suppressed ABCA1 expression in mouse Neuro2a cells and rat cortical neurons. The
transfection of miR-106b also dysregulated cholesterol efflux in Neuro2a cells, and
downregulated the secretion and clearance of AB (Kim et al, 2012). Alternatively, miR-106b
presents a neuroprotective effect by inhibiting thioredoxin-interacting protein (TXNIP),
which upregulates oxidative responses in disease (Yoshihara et al, 2014; Pan et al, 2021).

Circulating biomarkers using miR-106b have been investigated, finding that a 9-miRNA
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panel could distinguish between AD and control in the serum (Guo et al, 2017). One of the
first studies to measure serum EV miRNA biomarkers in AD, found that both miR-106a and
miR-106b were upregulated (Cheng et al, 2015), which corresponds with the findings in
this study. The study was performed in the early stage of EV research and uses an affinity
column to isolate EVs from serum, which, as discussed in this study, may not separate out
EV miRNA from the other extracellular RNA factors, therefore, further work to differentiate

these would provide valuable information for biomarker design.

The upregulation of miR-134 in fibroblast sEVs was interesting, combined with this studies
observation of a downregulation of miR-134 in SH-SY5Y cells, upon oxidative stress
induction. This brings into question whether miR-134 is displaying tissue specific responses
to oxidative stress in AD. Investigation into mir-134-5p, and the other miRNAs in the C14
cluster, and AD is not extensive, although they have been shown to maintain neuronal
homeostasis, with dysregulation of the cluster associated with brain cancers including
oligodendrogliomas and glioblastoma (Kumar et al, 2018; Nayak et al, 2018). The role of
mir-134 in the brain is multifaceted, which is mediated through its targeting of CREB and
BDNF, two essential proteins involved in numerous neuronal functions, including
regulating synaptic plasticity and neurogenesis (Gao et al, 2010). The relationship between
mir-134-5p and CREB has been observed in animal models (Shen et al, 2018) as well as SH-
SY5Y cells (Feng et al, 2020). The CREB/BDNF pathway is also associated with protecting
against oxidative stress, some studies have observed that inhibiting mir-134 reduced the
apoptotic response of retinol ganglion cells after H202 treatment, which was attributed to
an upregulation of CREB (Shao et al, 2015). Inhibiting mir-134 has been found to attenuate
damage caused by oxidative stress in other models, including from ischemic injury in
hippocampal neurons (Huang et al, 2014), as well as in animal models of epilepsy (Sun et
al, 2017; Gao et al, 2019). Sun and colleagues also noted that mir-134 inhibition improved
mitochondrial function, with reduced reactive oxygen species, as well as reducing the levels
of the autophagy associated Atg5, LC3B Il and beclin 1, indicating a wider protective
response of the mir-134/CREB pathway (Sun et al, 2017). Potential for mir-134 to be
utilised as a biomarker for AD has been suggested previously (Sheinerman et al, 2013), with
observations that measuring the mir-134 family in the plasma provided a high sensitivity

and specificity for differentiating MCI from age matched controls. This was supported by
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studies of the CSF, showing mir-134 is differentially expressed between AD and control
samples (Burgos et al, 2014), however, this dysregulation did not translate to extracellular
vesicles that were isolated from the CSF (Riancho et al, 2017). Given the close relationship
between oxidative stress and AD, it is not surprising to see that inhibition of mir-134
restored the deficits in synaptic plasticity (including in LTP) that are associated with AD and
AB 1-42 accumulation, in a similar manner to the oxidative stress models (Baby et al, 2020).
These interactions indicate that there is a lot still to understand about the influence of mir-

134, as well as the rest of the C14 cluster, in AD.

5.7.2 Brain derived sEV miRNAs regulate pathways in AD

In the brain derived sEVs, small RNA sequencing identified two panels of miRNAs, miR-
203a, miR-361, miR-141, miR-125b-1, and miR-30a were upregulated in AD, while miR-582
and miR-1248 were downregulated. In pathway analysis, the panel were associated with
several cell death pathways, including apoptosis pathways and responses to cellular stress.
Notably, there was a common association with responses to oxidative stress in cells, a
significant molecular change in AD. Other pathways included regulation of metabolism and

cytokine signalling

The most upregulated miRNA in the BDEVs was miR-203a, which is relatively unexplored
in AD. It has previously been characterised as anti-oncogenic, including the suppression of
hepatocellular carcinoma migration and angiogenesis, through targeting the vascular
endothelial growth factor receptor (VEGFR; Wang et al, 2018). Alternatively, in breast
cancer, miR-203a expression correlates with poor prognosis (He et al, 2016), where it
targets suppressor of cytokine signalling 3 (SOCS3), known as an insulin-induced regulator
of cytokines (Emanuelli et al, 2000), which inhibits cancer progression (Xu et al, 2019). In
the brain cancer, glioblastoma, miR-203a inhibited tumour migration and activated
interferon signalling by targeting ataxia-telangiectasia mutated (ATM), a regulator of
interferons (Yang et al, 2017). Interestingly, all three of these downstream targets of miR-
203a have previously been implicated in AD. With VEGFR, it is established that AD has a
component of cerebrovascular dysfunction, partially attributable to cerebral amyloid
angiopathy (CAA) (Rovelet-Lecrux et al, 2006). Increased APi.42 oligomers caused

downstream dysregulation of VEGFR1/2 in brain endothelial cells. In particular, VEGFR1
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upregulation in response to ABi-42 oligomers induced a p53 mediated senescence, which
provides a pathway in which cerebrovascular dysregulation occurs in AD (Angom et al,
2018). SOCS3 has been observed to be a potential intermediary between diabetes and AD
(Vieira et al, 2018), both responding to AB and triggering insulin signalling that can regulate
APP processing and neuroinflammation (Cao et al, 2018), while insulin signalling
dysregulation in diabetes associated insulin resistance in AD is still under investigated.
Finally, neuronal ATM is downregulated in the AD frontal cortex and downstream ATM
signalling is reduced in neurons in regions sensitive to AD, potentially due to a reduced
DNA damage response to oxidative stress (Shen et al, 2016). In a study investigating the
effect of B vitamins on inhibiting neuroinflammation induced by 1,2 diacetyl benzene
(DAB), which has been hypothesised to be detrimental to cognitive performance, through
increased oxidative stress and hyperphosphorylation of tau (Kang et al, 2017), miR-203a
was observed to be dysregulated by DAB (Nguyen et al, 2022). In SY-SY5Y cells, DAB
induced inflammatory upregulation, including increased IL-6 and NF-kB, as well as GSK-3f3
induced tau phosphorylation, was attenuated by vitamins B1, B2 and B3. The study
identified miRNAs predicted to interact with DAB induced genes (NFKB1, IL1B, IL10, IL6,
and TNF), and subsequently found that miR-203a was downregulated in response to DAB,
but then upregulated in SH-SY5Ys that were pre-incubated with vitamins B1, B2 and B3
(Nguyen et al, 2022). In a mouse traumatic brain injury (TBI) model, miR-203a was
increased in response to TBI and induced the phosphorylation of tau and triggered
neuronal apoptosis, suggesting that it could mediate between neuronal stress and
progression of neurodegeneration (Zhao et al, 2021). Supporting this, miR-203a was
observed to be dysregulated in brain derived EVs in a mouse TBI model (Ko et al, 2020).
Only one study so far has tested miR-203a as a biomarker for AD, which used a machine
learning method called adaptive boosting for miRNA disease association (ABMDA) to find
that miR-203a was predicted the third most differentially expressed circulating miRNA in
AD (Yuen et al, 2021).

Other upregulated miRNAs in BDEVs in AD included miR-141 and miR-361. MiR-141 is a
mitochondria-related miRNA that regulates mitochondrial function, including the
production of ATP, as well as inducing oxidative stress and damage responses (Ji et al,

2015). Inflammatory cytokine IL-6 was also observed to be upregulated in response to miR-
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141. The study found that the miR-141 predicted target PTEN was downregulated in
response to, as well as mediating the effect of miR-141 on mitochondrial dysfunction. In a
model of Parkinson’s disease, 1-methyl-4-phenylpyridinium (MPP+, a dopaminergic
neurotoxin) caused an upregulation of miR-141 in PC12 cells, which in turn downregulated
SIRT1 (sirtuin 1: silent information regulator 1) activity and promoted apoptosis and
oxidative stress (Rostamian et al, 2018). Mir-141 has been observed as an astrocyte EV
associated biomarker for neuroinflammation, where endogenous astrocyte miR-141 was
greatly increased and only expressed in EVs in response to IL-1B treatment (Gayen et al,
2020), which suggests that the upregulation observed in this study may be due to AD
associated neuroinflammation. This is supported by other studies observing miR-141
increases after stroke induced neuroinflammation (Verma et al, 2018). Mir-141 has been
found to be downregulated in the plasma EVs in AD (Lugli et al, 2015), which is the opposite
of what was observed in this study and could highlight the complexity of biofluid EVs from
multiple cell sources, which could reduce the specificity of miRNA dysregulation in AD.
Therefore, further understanding of the specific peripheral tissue responses in AD will

greatly support findings in biofluids.

Mir-361 has been observed to regulate zinc finger gene 217 (ZNF217), which had been
suggested to moderate AB induced neurotoxicity (Gao et al, 2020). The miRNA is
downregulated in AD brains and APPswe transfected SH-SY5Y cell, and has been found to
target BACE1, where miR-361 induction reduced BACE1 protein levels and rescuing
cognitive function in an AD mouse model (Ji et al, 2019). When comparing major depressive
disorder and AD, miR-361 was one of 7 miRNAs that was dysregulated in both conditions
(Mendes-Silva et al, 2016), which considering the emerging risk of untreated depression
for AD (Livingston et al, 2020), might make miR-361 a unique biomarker for stratifying
groups at risk of AD progression. One study has found miR-361 to be upregulated in serum
EVs in AD, which corresponds to this study, interestingly there was also an upregulation in

MCI, suggesting an avenue for early AD biomarker testing (Cheng et al, 2015).

The final two upregulated miRNA in BDEVs were miR-30a and miR-125b. MiR-30a is
upregulated in the brain in hypoxic conditions following ischaemic injury, but
downregulated upon reperfusion/reoxygenation. It was observed to target beclin 1 and

therefore miR-30a downregulation in reperfusion/reoxygenation conditions promoted
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beclin 1 mediated autophagy and cell survival (Wang et al, 2014). In this study, since miR-
30a was upregulated in BDEVs in AD, it could point to a dysregulation in autophagy in AD
conditions. Mir-30a is upregulated in the serum of Parkinson’s disease patients (Burgos et
al, 2014), however, the only observation in AD showed a downregulation of miR-30a in CSF

(Lusardi et al, 2017).

Mir-125b has been more thoroughly investigated in AD, probably due to it being one of the
most enriched miRNA in the brain (Sempere et al, 2004), though this did not translate to it
being one of the highest expressed miRNA in this study’s BDEV samples. It has been
characterised as an essential regulator of cellular stress responses through its targeting of
p53, and supresses apoptosis in neuronal and peripheral cells (Le et al, 2009). Through
targeting of TNF-a, miR-125b also regulates innate immune responses (Tili et al, 2007). The
more neuronal specific functions of miR-125b include the regulation of synapse
morphology through the targeting of the NDMA receptor NR2A (Edbauer et al, 2010). MiR-
125b also regulates VEGF-induced angiogenesis in glioblastomas (Smits et al, 2012), which
suggests that it could also be a more specific marker of cerebrovascular disfunction in AD,
similar to miR-203b (Angom et al, 2018). In AD, miR-125b has observed in independent
studies to be increased in the temporal cortex (Cogswell, 2008; Absalon et al, 2013), frontal
cortex (Banzhaf-Strathmann et al, 2014), and the CSF (Alexandrov et al, 2012), suggesting
it may interact with AD associated pathways. Mir-125b has also been observed to be
increased in EVs derived from the CSF in AD patients, which highlights that EV expression
can mirror the changes occurring in the brain, particularly when they are brain derived

(McKeever et al, 2018).

When miR-125b is overexpressed in hippocampal neurons, it induces the phosphorylation
of multiple epitopes on tau, including S202/T205 and T231/5235, through the regulation
of tau kinases and phosphatases, such as Bcl-2-like protein 2 (Bcl-W). Consequently, miR-
125b overexpression impairs neuronal viability and cognitive function (Banzhaf-
Strathmann et al, 2014). In a cerebral hypoxia injury model, miR-125b regulation was
protective against reduced cerebral function by modulating apoptotic (BCL-2) and ROS
pathways (Shen et al, 2018). MiR-125b may also be protective in an AD model, as induction
of miR-125b attenuated the neuronal damage caused by AB-induced apoptosis and

oxidative stress, which is like the findings in the cerebral injury model (Shen et al, 2018),
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but this study also found that miR-125b targets BACE1, and may regulate AD through this

interaction (Li et al, 2020).

MiR-125b was downregulated in the serum of AD patients, which is converse to the
findings in the brain and CSF (Tan et al, 2014), though this may indicate why, in this study,
miR-125b was upregulated in the BDEVs but not in the fibroblast sEVs. The findings of
downregulated serum miR-125b were corroborated in a more recent study (Li et al, 2020),
though they also found that miR-125b was also reduced in neuronal cells upon ApB-
induction. Notably, even though miR-125b levels were divergent between the brain and
blood, serum miR-125b was still capable of predicting AD in a test population
(sensitivity/specificity: 80.8%/68.3%), and higher miR-125b levels were correlated with
worse cognitive performance by MMSE (Mini-Mental State Examination; Tan et al,2014).
This highlights that since AD has influences across the whole body (Wang et al, 2017), that
a biomarker does not necessarily have to mirror the changes occurring in the brain, even

in a neurodegenerative disease like AD.

In this study, there were two miRNAs that were inversely regulated between fibroblast and
brain derived sEVs in AD, miR-132 (Log2(FC): Brain = -1.063, Fibroblast = 1.303) and miR-
185 (Log2(FC): Brain = 1.369, Fibroblast = -1.227). Pathway analysis found that,
peripherally, both are associated with cellular migration and differentiation, as well as
vascular development. Pathways associated with the brain and AD include responses to
reactive oxygen species, hypoxia, WNT signalling and neurogenesis, and protein
phosphorylation mechanisms. MiR-132 has previously been observed to be consistently
downregulated in the human brain, through the hippocampus, temporal cortex and frontal
cortex in AD (Lau et al, 2013; Salta and De Strooper, 2017; Pichler et al, 2017; Li and Cai,
2021). It modulates multiple AD associated pathways, including targeting MAPK and BACE1
in neuropathological pathways, FOXO3a and PTEN in neurotoxicity pathways, CREB and
methyl CpG-binding protein 2 (MeCP2) in neurogenesis pathways, IRAK1 in
neuroinflammatory pathways, and vascular signaling pathways (Figure 5.1; Salta and De
Strooper, 2017; Qian et al, 2017), which situates miR-132 as a central mediator of AD and

as target for therapeutics and biomarkers.
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Figure 5.1. miR-132 is a central regulator of molecular pathways in the brain

Mir-132 is involved in numerous pathways in the brain, including those involved in neuronal
development (green), neuronal function (blue), and neurodegeneration (red), as well as pathways
involved in multiple processes (grey). Taken from (Salta and De Strooper, 2017)

Downregulation of miR-132 in the AD brain upregulates various AB isoforms, including
increasing plaque burden in the hippocampal regions and increasing ABi-a2 and ABi-40
oligomers. The downregulation also increases tau phosphorylation on sites such as AT8 and
AT270. Some of these regulatory patterns were observed to be mediated through miR-132
targeting the kinase inositol 1,4,5-trisphosphate 3-kinase B (ITPKB), which has independent
regulatory mechanisms for both pathologies (Salta et al, 2016). Tau phosphorylation has
also been observed to be regulated by miR-132/NOS1 (nitric oxide synthase 1), including
Ser396, Ser404, and Ser202 sites (Wang et al, 2017). Deletion of miR-132 and the homolog
miR-212 also promotes APi.a; production and plaque load in the mouse hippocampus and

temporal cortex, through the regulation of SIRT1, a protein deacetylase that is well
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categorised in AD (Ng et al, 2015; Hernandez-Rapp et al, 2016). MiR-132 targeting of MAPK
appears to be neuroprotective by attenuating multiple downstream functional responses
to MAPK in rats, reducing downstream oxidative stress and improving cognitive function
(Deng et al, 2020). Adult hippocampal neurogenesis has been observed to be regulated by
miR-132, which was expressed in neuronal precursor and progenitor cells in mice, and is
shown to be required for the induction of neurogenesis. MiR-132 was also found to
increase during neuronal differentiation, being increased over 300-fold in mature neurons
compared to primary human embryonic stem cells. When adult neurogenesis is impaired
in an AD mouse model, induction of miR-132 was able to ameliorate the deficits and the

subsequent AD associate memory impairment (Walgrave et al, 2021).

Since miR-132 has been observed to interact with numerous pathways, the complexity of
its role in the brain is high, and so it is unsurprising to find observations that also show that
downregulated miR-132 is also neuroprotective (in contrast to the previous studies). The
miR-132/SIRT1 axis was also dysregulated in lymphoblast cell lines (LCLs) from AD patients
(miR132: Up, SIRT1: Down). Interestingly, this study also observed the opposite pattern in
the LCLs of a population of neurologically healthy centenarians, against the population
aged 56-82 years (miR132: Down, SIRT1: Up), suggesting that this axis may also be
protective during healthy ageing (Hader et al, 2018). The study supported this with
observations that miR-132 was negatively correlated with MMSE scores and age of onset
in AD. Whether the changes in LCLs mirror the brain or not, the study also observed a
decrease of miR-132 in the olfactory bulb and hippocampus in AD. This suggests that age
should be considered when using miR-132, as with other factors in AD, as a biomarker,
though the differences in observation of miR-132 levels in AD to a lot of literature should
be investigated further. One study has investigated miR-132 in EVs derived from the
plasma of AD patients, using an L1ICAM based separation method to select for EVs of
neuronal origin in the complex biofluid (Cha et al, 2019). The study found that miR-132 was
downregulated in neuronally derived EVs from the plasma of AD patients, and was able to
moderately discriminate control populations from AD with dementia populations (ROC:
AUC = 0.84), though it could not separate control and AD-MCI groups as well (ROC: AUC =
0.68). It is promising to see that the findings in this study correspond with our findings from

BDEVs, and supports further investigation of EV miR-132 as a biomarker for AD, particularly
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to investigate whether the inverse upregulation in Fibroblast sEVs is rigorous, as it could

be the underpinning for a less invasive test for AD.

Of the most downregulated BDEV miRNAs in AD, miR-582 has limited investigated
associations in AD. In cancer, miR-582 has been seen to regulate TGF-B through targeting
TGF-B receptors (TGFBR) and SMAD (Huang et al, 2019), suggesting that it has regulatory
roles in apoptosis signalling. In fact, inhibition of miR-582 has been shown to inhibit
apoptosis in a brain oxygen-glucose deprivation post injury model, where miR-582 targeted
NOS. The study also observed that miR-582 inhibition attenuated the increases in TNF-a
and IL-1B (Zhang and Zhang, 2020). MiR-582 is neuroprotective in an SH-SY5Y model,
where its overexpression protected cell viability and reduced caspase 3 and caspase 9, to
reduce apoptosis from propofol induced neurotoxicity (Zhang et al, 2020). In AD, mir-582
was predicted to be a regulator of APP and target FERMT2, associated with APP
metabolism. In HEK293 cells, miR-582 transfection increase expression of AR and sAPPaq,
and in primary neuronal cultures, it was primarily associated with neurons in comparison
to astrocytes, though there were no differences in miR-582 expression in AD derived cells.
The study used pathway analysis to predict that miR-582 influences axon guidance and
maintenance (Eysert et al, 2021). Upregulation of miR-582 has also been seen to increase
in APP in a CAA model (Nicholas et al, 2016). So far, biomarker tests for miR-582 have
provided mixed results, with one study finding higher expression in the EVs derived from
serum of AD patients (Cheng et al, 2015), while another found no changes (Li et al, 2020),
and our study found lower expression in BDEVs. The isolation methods of EVs for all three
studies were different (affinity columns vs precipitation vs SEC), which could influence the
extent that the studies were EV specific and are therefore it is difficult to directly compare,
though the contrast in findings means that further investigation into the tissue specific

roles of miR-582 may help to unravel the observed differences.

The other downregulated miRNA, miR-1248, has been observed to be differentially
expressed in disorders like asthma, regulating the inflammatory cytokine IL-5 (Panganiban
et al, 2012). Other inflammatory pathways associated with miR-1248 have been observed
in the autoimmune disorder, Sjégren's syndrome, where it directly regulated RIG-1/ IFN-B
signalling, as well as ITPR3, which is involved in calcium signalling (Jang et al, 2019). MiR-

1248 was decreased in the human adipose-derived stem cells from diabetes mellitus
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patients and targets the CITED2/HIF-1a pathway, which is associated with cellular
proliferation, growth factor signalling and oxidative stress signalling (Xiao et al, 2020). In
the brain, miR-1248 was upregulated in response to oxidative stress induction of human
primary astrocytes, with a reduction in its predicted target, 8-deoxyguanosine DNA
glycosylase 1 (OGG1), which is protective against oxidative DNA damage in the brain
(Nwokwu et al, 2022). This regulatory pathway was tested, with miR-1248 inhibition
resulting in an upregulation of 0GG1, highlighting a novel DNA repair axis in the brain. MiR-
1248 has not previously been observed as differentially expressed in AD, though it was
found to be downregulated in the serum with age, and was observed to negatively regulate
IL-6 and TNFa, suggesting it has a role in inflammaging (Hooten et al, 2013). Potentially,
downregulation of miR-1248 in AD could be indicating that there is dysregulated

neuroinflammatory pathways in the AD group.

Of the chromosome 14 miRNAs, miR-382 was interesting as the -3p strand was upregulated
in AD BDEVs while the -5p strand was downregulated, which suggests that miR-382 has
divergent regulatory effects in AD. The role of miR-382 in the brain is not well studied,
though based on observations in other diseases, it has roles in regulating inflammatory and
as an oncogene. In a cellular model of cardiovascular disease, miR-382 targets nuclear
factor IA (NFIA), which has functional roles in regulation of cholesterol homeostasis and
adipocyte differentiation (Hu et al, 2010; Waki et al, 2011), as well as promoting the
development of glia in the developing brain (Deneen et al, 2006). The study found that
miR-382 induction upregulated TNF-a, IL-1B and IL-6, while dysregulating cholesterol efflux
(Hu et al, 2014). In a cell culture model for hypoxia, downregulated miR-382 was associated
with reduced endothelial cell migration and proliferation, which are required for
angiogenesis. MiR-382 targeted PTEN and inhibition of this pathway was observed to
reduce hypoxia induced angiogenesis (Seok et al, 2014), though given that PTEN also
regulates axon formation and regeneration (Park et al, 2010), miR-382 could also regulate
these pathways. In the brain, miR-382 is expressed in hippocampal and cortex
synaptosomes (Pichardo-Casas et al, 2012), is upregulated in the olfactory epithelial cells
of schizophrenia patients (Mor et al, 2013), while miR-382 upregulation inhibits ventricular
enlargement in the brains of a schizophrenia mouse model (Eom et al, 2020), though

ventricular enlargement has also been observed in the AD brain (Nestor et al, 2008). MiR-
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382 has been found to regulate BDNF and the downstream PI3K/AKT signalling pathway
(Song et al, 2017), which are important in neurogenesis and the maintenance of synaptic
plasticity (Gao et al, 2010; Zimbone et al, 2018). Previous biomarker studies have found
that plasma miR-382/ miR-370 was able to distinguish MCI from healthy controls with 74%-
88% sensitivity and 80-92% specificity (Sheinerman et al, 2013), and that miR-382 was
downregulated in the grey matter in AD (Wang et al, 2011). In neurological models that
relate to AD, miR-382 was upregulated in the hippocampus of a rat model of depression

(Zhou et al, 2018) and in plasma EVs in an aged population (Rani et al, 2017).

5.8 Future considerations — Sex associated differences in sEV

miRNA cargo in AD

When investigating EV miRNA changes in AD between the female groups, in the fibroblasts
the most upregulated miRNA was miR-145 (log2(FC) = 3.267) and the most downregulated
was miR-185 (log2(FC) =-1.640).

MiR-145 has been observed to be a regulator of oxidative stress apoptosis and
inflammation through targeting NF-kB, the downregulation of miR-145 corresponded to an
upregulation of caspase-3, IL-1B, TNF-a, IL-6 and ROS (Xue et al, 2021). In contrast to AD,
miR-145 was downregulated in the brain metastasis from lung cancer, and induction of
miR-145 inhibited brain tumour invasion and cell migration through the targeting of OCT-
4, EGFR, and c-MYC (Donzelli et al, 2015), such inverse patterns between cancer and AD
have previously been proposed (Driver et al, 2012), so it would be interesting to see
whether miRNAs such as miR-145, with their broad targets, could be an intermediary in
this. MiR-145, for example, has shown that it inhibits pro-cell survival pathways (Donzelli
et al, 2015), and whether this could be detrimental over time in AD could be further
investigated. In glaucoma, a downregulation of miR-145 also promoted cell viability and
reduced apoptosis responses, through targeting the TRIM2 (tripartite motif-containing 2)-
PI3K/AKT signaling pathway (Xu et al, 2021). Interestingly, TRIM2 regulates several
neuroprotective pathways, including regulation of neurofilament light subunit (NF-L)
ubiquitination (Balastik et al, 2008) and Bcl-2-interacting Mediator of Cell Death (Bim) E3
Ligase, associated with apoptosis (Thompson, 2011). Therefore, an upregulation of miR-

183



145 may be indicative of neurodegeneration as it inhibits the neuroprotective TRIM2. In
biomarker analysis, miR-145 has been observed to be differentially expressed in the
neuroinflammatory disorders, neuropsychiatric systemic lupus erythematosus (NPSLE) and
multiple sclerosis (MS), suggesting that it may contribute peripherally and neuronally to
neuronal disorders (Sharif-Eldin et al, 2017; Mansourian et al, 2017). So far in AD, miR-145
has shown mixed responses, being upregulated in young-onset (YO)AD (McKeever et al,
2018), but downregulated in general AD patients (Lusardi et al, 2017). Notably, the study
that saw an upregulation of miR-145 investigated in the EVs derived from CSF, which may
indicate that there is an EV specific upregulation in AD, as this corresponded with the
findings in this study. However, it did not find the same response in late-onset AD, so it
may not be a general marker for AD, but warrants further investigation for its ability to

differentiate subpopulations.

MiR-185, the most downregulated miRNA in both females and the total population, is
associated with regulating autophagy and apoptosis, through targeting the AMPK/mTOR
signalling pathway (Wen et al, 2017). In an SH-SY5Y model, treated with 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) to induce a PD phenotype, miR-185 was
downregulated. However, on induction of miR-185 overexpression, the number of
apoptotic cells, beclin-1 mediated autophagy and upregulation of AMPK/mTOR signaling,
triggered by MPTP, was reversed, suggesting a neuroprotective role for miR-185. In AD,
miR-185 targets APP and can inhibit expression in a neuronal cell model (Ding et al, 2022).
Interestingly, the study also found that miR-185 and APP form an axis, as APP
overexpression also could inhibit miR-185, which corresponds with the finding that miR-
185 was downregulated in the EVs of serum from AD patients, which was also in line with
this study. Reduced amounts of miR-185 have been found in blood (Sabaie et al, 2022), and
in the EVs derived from plasma, in AD patients (Lugli et al, 2015), as well as in the serum in
PD (Ding et al, 2015). There are consistent findings of downregulated miR-185 in biofluids
of AD, though in contrast, miR-185 was observed to be upregulated in the temporal cortex
in AD (Sabaie et al, 2022), which may indicate why this study only found downregulation
of miR-185 in the fibroblast derived EVs. The contrast between the central and peripheral
findings needs further investigation, but miR-185 could have potential as a peripheral

specific biomarker of AD.
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When investigating EV miRNA changes in AD between the female groups, in the brain, miR-
27a was significantly upregulated (log2(FC) = 2.878), where it did not show as strong an
upregulation in the total population in AD, even if it was still high (log2(FC) = 1.960). GO
pathway analysis found that it was associated with neurogenesis and brain development,
and implicated in responses to cellular stress and oxidative stress, as well as regulation of
protein phosphorylation. Strikingly, this was one finding in this study that was particularly
in contrast to the findings published elsewhere so far. In multiple studies, miR-27a was
found to be reduced in the CSF (Frigerio et al, 2013) and the blood (Su et al, 2019), or
unchanged in the neocortex (Culpan et al, 2011) or cell-free CSF (Miller et al, 2016), of AD
patients. Miller et al (2016) noticed that if cell-free CSF was spiked with blood, that the
expression of miR-27a increased quickly, suggesting that there is a significant cellular
component of miR-27a that is different to the extracellular expression. Functionally, miR-
27a maintains brain endothelial structure and is positively correlated to claudin-5 and
occluding expression through targeting GSK3 (Hammad et al, 2022) and aquaporin-11 (Xi
et al, 2018). MiR-27a has also been observed to target apoptotic protease activating factor-
1 (Apaf-1) to regulate neuronal apoptosis in hypoxic conditions (Chen et al, 2014).
Inhibition of miR-27a was protective in a model of TBI through targeting DRAM2 (DNA
damage regulated autophagy modulator 2), and reducing the LC3II/LC3I autophagic
response, as well as TNF-a, IL-6, and IL-1B inflammatory responses (Li et al, 2020). This
finding suggests that the higher miR-27a observed in our study could correspond with

increase AD associated neuroinflammation.

Therefore, miR-27a remains as an interesting biomarker for AD, though this study requires
further testing to determine the differences in observations to the consensus. One
potential reason is whether miR-27a is differentially packaged into EVs in AD, it has been
observed that BDEVs contain a different miRNA transcriptome to the brain (Vella et al,
2017), though specific information on miR-27a is not certain. Notably, one study that
compared the expression levels of miRNAs in AD, between EVs and brain homogenates,
found that miR-27a was upregulated in AD in the BDEVSs, but they did not find any changes
in the brain homogenate (Cheng et al, 2020), this supports the conclusion that miR-27a

could be an interesting EV associated biomarker in AD.
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MiR-668, a chromosome 14 cluster miRNA, was the most downregulated miRNA in BDEVs
(log2(FC) =-2.515), in AD females. MiR-668 was found to be upregulated in replicative
senescence model in normal human keratinocytes, while overexpression of miR-668
increased the percent of B-galactosidase positive cells and induced the expression of p53.
However, miR-668 was not observed to change with age (Shin et al, 2011). In AD, miR-668
was observed to be downregulated in the prefrontal cortex in LOAD, which corresponds to
our findings of a downregulation in prefrontal cortex derived EVs (Lau et al, 2013).
However, in a (female) mouse model of AD, miR-668 was upregulated in response to APi-
42 and corresponded to oxidative stress responses, including production of ROS. Notably,
the study also observed an increase in p53 in AD mice as found in the keratinocyte
senescence model (Shin et al, 2011). MiR-668 was observed to target oxidation resistance
1 (OXR1), which influences p53-p21 signalling, and inhibition of miR-668 countered the
oxidative stress and apoptosis induced by ABi-4> (Li et al, 2022). In down syndrome, which
as previously discussed has genetic links to AD (Arena et al, 2017), miR-668 was
downregulated. Interestingly, the study found that miR-668 was overexpressed in females
compared to males, but miR-668 remained downregulated in down syndrome, when just
looking at females (Biselli et al, 2022). This supports our suggestion that some miRNAs have
a sex-linked bias, and that miR-668 may be a candidate for further analysis of this. In fact,
the C14 cluster may be a novel target for sex-linked differences in diseases, as one study
observed 10 miRNAs from the cluster, including miR-668, to be upregulated in multiple
sclerosis, but only in males (Baulina et al, 2022). It was only miRNAs in the DLK1-DIO3 locus
that displayed this difference, and no other locus associate genes, including DLK1, DIO3
and RTL1, which brings into question whether there is any miRNA specific machinery that

is differently regulated between sexes.

From a perspective of sex specific changes in AD, miR-660 was particularly interesting in
this study. When looking at just females, miR-660 was inversely expressed in AD between
the brain and fibroblast derived sEVs (Log2(FC): Brain =-1.515, Fibroblast =2.231). Moreso,
when the analysis looked for differences between the sexes, miR-660 was inversely
expressed in AD, between males and females, both in the fibroblast derived sEVs (Log2(FC):
Male =-1.874, Female = 2.231) and the brain derived sEVs (Log2(FC): Male = 1.273, Female

=-1.516), a pattern that was switched between tissue of origin (Figure 5.2).
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Figure 5.2. miR-660 displayed sex specific regulation in AD, in both fibroblast and brain
derived sEVs.

This study found miR-660 to be a candidate for sex specific changes in AD. In brain derived sEVs,
miR-660 was upregulated in males but downregulated in females, in AD. The opposite was
observed in fibroblast derived sEVs, where miR-660 was downregulated in males but upregulated
in females, in AD. Created in Biorender.

In GO analysis, miR-660 was associated with cellular differentiation, being experimentally
observed in noradrenergic neuronal and smooth muscle cell differentiation. It was also
regulation of cell cycle and included WNT signalling and cellular development pathways.
MiR-660 is upregulated in Chronic Myeloid Leukaemia (CML), where it is observed to be
protective against oxidative stress through the targeting of EPAS1, also known as HIF2a
(hypoxia-inducible factor 2 alpha), which is neuroprotective in ischaemic conditions
(Barteczek et al, 2016; Salati et al, 2017). In renal cell carcinoma, miR-660 is downregulated
and associated with the inhibition of cell migration, proliferation and apoptosis (He et al,
2017). Alternatively, miR-660 has also been found to be oncogenic, through targeting
FOXO1 (Feng et al, 2020), which has also been identified as a therapeutic pathway for AD
(zhao et al, 2022). Other studies have found that miR-660 upregulates PI3K/AKT/mTOR
signalling through targeting TET2, thereby promoting cell survival responses (Peng et al,

2020).

Two previous studies have identified miR-660 as an AD biomarker, one showing that as

part of 9-miRNA panel in the serum, it could distinguish AD from healthy controls (Guo et
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al, 2017). In another study, miR-660 was downregulated in the blood of AD patients (Satoh,
et al, 2015). The same findings are not observed in this study in the total population, given
that there are counteracting patterns between the sexes, furthermore, the statistical
power of this observation is severely limiting, however, given the exploratory nature of this
study to identify new candidates for further testing, miR-660 shows novel promise as a sex

specific biomarker for AD.

5.9 Towards biomarkers for AD
So where do these findings fit into the outlook for biomarkers for AD?

At the start of 2022, scientific outputs in the field described AD as a disease with no
confirmed therapies that could halt or slow the progression of onset. As discussed, this is
predominantly due to the vast amount of contributing factors that lead towards the
accumulation of neuropathology and the currently irreversible damage to neurons and the
brain (Scheltens et al, 2021). A considerable proportion of these risk factors have the most
effect at early and mid-life, including several modifiable factors that vary from individual
to individual (Livingston, 2020). It is increasingly apparent that these variations can trigger
molecular changes at least 20 years in advance of symptom onset, which contribute to the
respective onset (Preische et al, 2019; O’Conner et al, 2021). It is apparent that if therapies
are to be effective in modifying AD onset, then they need to be applied within this pre-
symptomatic window, where there is the best chance to intervene in neuropathology
development and limit neuronal damage. In the first trial to observe a targeted therapy
that shows any modification of cognitive decline in AD, Lecanemab — a human IgG1
monoclonal antibody targeting and reducing the levels of AB soluble protofibrils compared
to controls over an 18-month time course, at time of writing (van Dyck et al, 2022), the
eligibility criteria was specifically early Alzheimer’s, with mild cognitive impairment or mild
dementia onset based of the National Institute on Aging—Alzheimer’s Association criteria
(McKhann et al, 2011). While this antibody may target soluble AR more effective than
previously unsuccessful trials, it is notably more successful due to the specific design to
target early AD and future redesigned trials will be more successful following the same

targeted approach (Veitch et al, 2018; Reiss et al, 2021). Therefore, advances into
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biomarker testing in the early stages of AD are essential in supporting the success of future

clinical trials.

There is great promise in the development of peripheral biomarkers for AD, with exciting
results from the CSF and the blood. But, with all complex biofluids, there is difficulty in
determining the specificity of the results. EVs have been shown to display an insight of the
molecular changes within their cell of origin, and therefore have great potential as more
specific biomarkers of multiple diseases, including AD, when measured in biofluids.
However, there are still a lot of challenges in the field before we can get to an EV biomarker,
including the need for a consensus on the balance of a pure EV only biomarker against
missing out on changes in secreted factors by narrowing the field of view too far. Analysis
of EV associated miRNA changes from multiple tissues in an individual disease will greatly
improve insight into relative contribution of tissues to EVs in biofluids. Furthermore, they
could help further understand the systemic changes that occur in AD, leading to developing

more personalised diagnostics and therapies.

5.10 Limitations

This project has a few limitations that need to be addressed to put the findings in context
and to guide the progression of further work into implementing these findings towards the

goal of improving AD biomarkers.

Firstly, there are low n numbers used, n = 3 per AD and control groups, in both cohorts.
While the design of this pilot study requires initial investigation into smaller groups to
determine whether there is potential for the work to progress, it also means that all
findings will not be representative of AD, especially since this work emphasises the
requirement for future therapies to be targeted to the multiple presentations of AD. This
limitation is most apparent in the attempt to preliminarily stratify groups based on sex,
resulting in a comparison of n=1 per group in males. While that analysis was performed to
provide visualisation of trending patterns between sexes, and to provide a basis for
candidate miRNAs that could be investigated in an expanded cohort, there will be no

statistical robustness to those observations until the cohort is expanded.
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As the age difference between AD patients and neurologically healthy controls were
significantly different in the brain tissue cohort, consideration needs to be taken as to how
this might influence the findings of the results. It has been observed that concentrations of
EVs decrease in the plasma with age (Eitan et al, 2017), however EV secretion increases in
response to cellular senescence (Takahashi et al, 2017). In senescent fibroblasts, the EV
secretion associated RAB27B is upregulated (Fujii et al, 2006), highlighting that EV
associated pathways may be ‘switched on’ to increase clearance of waste products from

senescent cells.

Also, to consider, miRNA cargo of EVs can be dysregulated with ageing, including the
increase of miR-183 in bone derived EVs (Davies et al, 2017). One candidate within this
study has previously been associated with inflammaging is miR-146a, which is
downregulated in aging endothelial cells (Vasa-Nicotera, 2011). In this study, in the brain
tissue cohort, the neurologically healthy group were older than the AD group, though miR-
146a was downregulated in AD. Whether this was in spite of age-associated changes in the
neurologically healthy group, or whether the relationship with ageing differs in different
tissues in the brain, remains to be understood. Further, there are multiple other candidates
that don’t have any known association with age, however, this is could be down to the
tests not being performed to date. Therefore, current findings of miRNA changes in EVs in
AD, will be taken with the uncertainty of whether age differences influence relative
expression levels. However, future work will endeavour to use a larger cohort that is better
matched for age, and candidates will be reassessed to determine their association with AD

in a more controlled study.

Regarding the fibroblast model, while some points have been addressed to support the use
of these cells in AD, there are still questions over the ability of fibroblasts to represent the
changes to the extracellular vesicle biogenesis and packaging of miRNAs that may occur in
the brain during AD. Further investigation will be needed to support this studies claims that

fibroblast derived EVs can contribute as a biomarker for AD.

A challenge in the SH-SY5Y H202 model involves the amount of cell death as a result of
oxidative stress, and the impact on EV release. As it is well characterised that oxidative
stress triggers cell death due to apoptotic pathways (Ryter et al, 2006), and there is
increasing understanding that cells release EVs under apoptotic and other cell death
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conditions (Poon et al, 2019). While the concentration of H202 was optimised to produce
a lower level of cell death (Zhang et al, 2007; Harvey et al, 2012), any release of apoptotic
bodies may skew the characterisation of EVs (Frey and Gaipl, 2010), as well as their RNA
content (Crescitelli et al, 2013), therefore, this must be taken into consideration against

current findings.

Given that the SH-SY5Y cells were used in this study for initial trials of EV isolations, miRNA
findings in this model are currently only from EVs isolated using membrane affinity
columns. Therefore, as previously discussed, until these experiments are repeated using
SEC based isolations with further characterisation, the changes in miRNAs may be more
indicative of extracellular changes rather than just EV specific changes. Though, the

findings remain interesting for supporting candidate biomarker analysis.

Conversely, the use of SEC as an isolation method for future biomarker testing in a clinical
scenario is currently limited, given the number of hours required to get samples isolated
from patients to a point where downstream testing can begin. Future methodology may
aim for a compromise between purity and feasibility, where the biomarker candidate of
interest is readily retained but not hidden behind contaminants. One example of promise
is the use of microfluidics as a higher throughput affinity based isolation, in a ‘lab on a chip’
format, which would also increase accessibility to areas that do not have access to
specialised equipment (Guo et al, 2018). Work will need to be done to compare constantly
emerging isolation methodologies with robust protocols such as SEC to ensure that

differences in findings due to methodology are limited.

5.11 Further work and future directions

Work continues to expand the n numbers of the cohorts involved in the study, to provide
an increased representation of the heterogeneity of people living with AD and increase the
power of the analysis to improve the ability to stratify populations based on factors such

as sex.

The study will investigate an expanded panel of miRNA candidates, initially by validating

the miRNAs that were identified in the RNA sequencing analysis with qPCR. This will add

191



further robustness to the findings, particularly in miRNAs that were trending towards
dysregulation but not statistically powered. Furthermore, an extended set of samples will
be run through small RNA sequencing, to expand the cohort’s capability to probe for less
expressed miRNAs that may not reach the reads count threshold to be investigated for

differential analysis.

While this study had focused on fibroblast cell culture, expanding our use of the SH-SY5Y
model would help investigate AD associated pathways further in relevance to EV miRNA
markers, and would allow us to validate further some of the markers observed in the study.
It is well categorised that oxidative stress is abundant in the pre-symptomatic stages of AD
and may be a driver of the pathogenesis of the disease (Wang et al, 2014). Testing oxidative
stress responses in the model will help us understand whether its contribution to the
pathogenesis is mediated by an altered EV response, for example with the transport of
miRNAs which promote further oxidative stress or neuroinflammation. Moreover, there is
overlap with oxidative stress and perturbed autophagic function, which in turn might affect

the endosomal pathways and therefore, EV secretion and packaging (Hamlett et al, 2017).

Other markers that will be tested in both fibroblast and SH-SY5Y models include tau and
AB isoforms, to determine whether the AD fibroblasts do produce hallmark pathology as
previously described (Citron et al, 1994), and if so, whether it is released in EVs, and

whether it influences the secretion of EV associated cargo, including miRNAs.

Also, trialling a 3D SH-SY5Y culture set up may improve the ability of the cell model to
recapitulate the brain in healthy and disease conditions (Taylor-Whiteley et al/, 2019).
Further, the physiological function of cells, including EV biogenesis, appears to alterina 3D
environment with more exposure to ECM (Thippabholta et al, 2019). Therefore, this could
support any findings, and add a further dimension to investigation of EV miRNA changes in

AD associated conditions.

A limiting factor in this study is that the fibroblast cultures and brain tissue were from
different cohorts, therefore, it is difficult to determine whether changes in AD are
comparable neuronally and peripherally, or whether the differences were due to biological
variation between individuals. Therefore, biomarker studies can be enhanced by

investigating multiple tissues/biofluids from the same individuals, and comparing whether
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changes in EV biomarkers are consistent across the body. Developing a bank of peripheral

tissue that supports current brain banks would greatly support these studies.

Furthermore, utilising other peripheral sources in this study would progress investigation
of the candidate miRNA identified as dysregulated in AD conditions. Blood derived EVs
have been presented as a good candidate for targeting future AD biomarkers, given they
are a less invasive source of EVs and contain sub-populations of neuronally derived EVs
(Kapogiannis et al, 2019). Potentially, longitudinal testing of neuronally derived EVs from
the blood of individuals at risk of developing AD may identify specific changes that prelude

disease onset.

Finally, several the candidate miRNAs identified in this study have been observed to
interact with different pathways that are associated with increased risk of developing AD.
Utilisation of some of these candidates in future studies may support stratification of
populations within AD, which could support more specific drug targeting of different

disease pathways, potentially improving clinical trial outcomes.

5.12 Conclusion

Overall, this project has been able to identify a set of miRNAs that are dysregulated in AD,
which have potential to contribute as biomarkers. Interestingly, a subsection of miRNAs
(miR-27a, miR-668 and miR-660) showed different expression patterns in AD between
males and females. Whether they can contribute to diagnosis of AD in stratified
populations, further investigation is required, however, given the association of these
miRNAs with AD specific pathways, there is capability to support the future of personalised

interventions.
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6 Appendix

Figure 6.1. Morphological appearance of SH-SY5Y cells during the 21-day retinoic acid-
based differentiation procedure.

A) Day 1, cells maintain the short, rounded phenotype of the neuroblastoma cell line. B) Day 10,
cells show a more elongated body with some branching of neurites. C) Day 18, cells show further
connection of neurites, arrows indicate examples of extended neurites. D) Day 21, cells display
thorough connection of elongated neurites, arrows indicate examples of extended neurites. Scale-
200 um.

Table 6.1. Candidate miRNAs upregulated in EVs released from differentiated SH-SY5Y
cells versus undifferentiated SH-SY5Y cells

Differentiated vs undifferentiated SH-SY5Y cells

miRNAs Upregulated Fold Change
miR-155-5p 517
miR-379-5p 4.08
miR-377-5p 4.69
miR-134-5p 2.03
miR-17-5p 7.26

Note: Values were normalised to miR-16-5p
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Figure 6.2. Comparison of size profiles of CMO only control vs CMO stained fibroblast EVs

Figure displays the control experiment of injecting CMO stain with PBS into NTA, compared against
CMO and EV mix. Blue = CMO and EV mix, Grey = CMO only. Figure shows that CMO did not appear
to aggregate during the timeframe that CMO staining of EVs took place in (1 hour).
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Figure 6.3. The CD9/63/81 antibody mix saturated the binding sites of the extracellular
vesicles after 24 hours, though the majority of sites were tagged after 3 hours

NTA profile (Top) is shown in AD fibroblasts derived EVs. Bottom: AD - CD9/63/81 positive rate: 3
hours = 54%, 24 hours = 61%. EVs derived from neurological healthy control fibroblasts exhibiting
no increase in percentage of CD9/63/81 positive EVs after 24 hours incubation (NTA profile not
shown, CD9/63/81 positive rate: 3 hours = 54%, 24 hours = 43%). CD mix = CD9/63/81 positive EVs.
Number absolute = absolute number of particles detected at each size threshold, increasing in 5 nm
increments.
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Figure 6.4. Total protein concentration of extracellular vesicles does not differ in
Alzheimer’s disease and neurological healthy control fibroblasts

EV protein concentration was measure by BCA assay. N = 3 (neurological healthy control) and 3 (AD)
(Biological replicates). NS = not significant, P < 0.05, error bars = +SD.
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Figure 6.5. Total protein concentration of extracellular vesicles does not differ in
Alzheimer’s disease and neurological healthy control brain tissue

EV protein concentration was measure by BCA assay. N = 3 (control) and 3 (AD) (Biological
replicates). NS = not significant, P < 0.05, error bars = +SD.
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Figure 6.6. Western blot — GM130 is not expressed in fibroblast derived sEVs

GM130 is observed below the 250 kDa band of the protein ladder. Lane 1) PageRuler Plus ladder.
Lane 2) sEV — AG05809. Lane 3) sEV — AG08125. Lane 4) Gap. Lane 7) Cell lysate - AGO8125.

Figure 6.7. Western blot — Calnexin is not expressed in fibroblast derived sEVs

Calnexin is observed next to the 100 kDa band of the protein ladder. Lane 1) PageRuler Plus ladder.
Lane 2) sEV — AG05809. Lane 3) sEV — AG08125. Lane 4) Gap. Lane 7) Cell lysate - AGO8125.
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Figure 6.8. Western blot — CD63 expression in fibroblast derived sEVs

CD63 is observed between the 55 and 35 kDa bands of the protein ladder. Lane 1) PageRuler Plus
ladder. Lane 2) sEV — AGO5809. Lane 3) sEV — AG08125. Lane 4) Gap. Lane 7) Cell lysate - AGO8125.

Figure 6.9. Western blot — Flotillin 1 expression in fibroblast derived sEVs

Flotillin 1 is observed below the 55 kDa band of the protein ladder. Lane 1) PageRuler Plus ladder.
Lane 2) sEV — AG05809. Lane 3) sEV — AG08125. Lane 4) Gap. Lane 7) Cell lysate - AGO8125.
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Figure 6.10. Western blot — TSG-101 expression in fibroblast derived sEVs

TSG-101 is observed below the 55 kDa band of the protein ladder. Lane 1) PageRuler Plus ladder.
Lane 2) sEV — AG05809. Lane 3) sEV — AG08125. Lane 4) Gap. Lane 7) Cell lysate - AGO8125.

Figure 6.11. Western blot — CD9 expression in fibroblast derived sEVs

CD9 is observed below the 25 kDa band of the protein ladder. Lane 1) PageRuler Plus ladder. Lane
2) sEV — AG05809. Lane 3) sEV — AG08125. Lane 4) Gap. Lane 7) Cell lysate - AGO8125.
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Figure 6.12. Western blot — CD81 was not expressed in fibroblast derived sEVs

CD81 is observed below the 25 kDa band of the protein ladder. Lane 1) PageRuler Plus ladder. Lane
2) sEV — AG05809. Lane 3) sEV — AG08125. Lane 4) Gap. Lane 7) Cell lysate - AGO8125.
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Figure 6.13. CD63 expresses in sEVs derived from fibroblasts from all cases, but is not
differentially expressed in AD

CD63 is observed between the 55 and 35 kDa bands of the protein ladder. Lane 1) PageRuler Plus
ladder. Lane 2) sEV — AG05809. Lane 3) sEV — AG06869. Lane 4) sEV — AGO7872. Lane 5) sEV —
AGO08125. Lane 6) SEV — AG08379. Lane 7) sEV — AGO8517. Lane 8) Cell lysate — AG05809. Lane 9)
Cell lysate — AG08125. Band intensities quantified using Imagel, AD cases relative expression was
1.58 (+0.79) fold greater than neurological healthy control cases (1 + 0.41). T-test: P = 0.16.

Figure 6.14. Western blot — GM130 is not expressed in brain derived sEVs

GM130 is observed below the 250 kDa band of the protein ladder. Lane 1) Brain homogenate +
collagenase — AD sample 1. Lane 2) Brain homogenate + collagenase — control sample 1. Lane 3)
PageRuler Plus ladder. Lane 4) Brain homogenate — AD sample 1. Lane 5) Brain homogenate —
control sample 1. Lane 6) PageRuler Plus ladder. Lane 7) sEV — AD sample 1. Lane 8) sEV— Control
sample 1.
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Figure 6.15. Western blot — Calnexin is not expressed in brain derived sEVs

Calnexin is observed next to the 100 kDa band of the protein ladder. Lane 1) Fibroblast cell lysate —
AGO08125 (used for initial loading control). Lane 2) PageRuler Plus ladder. Lane 3) Brain homogenate
+ collagenase — AD sample 1. Lane 4) Brain homogenate + collagenase — Control sample 1. Lane 5)
Brain homogenate — AD sample 1. Lane 6) Brain homogenate — Control sample 1. Lane 7) PageRuler
Plus ladder. Lane 8) sEV — AD sample 1. Lane 9) sEV— Control sample 1.

Figure 6.16. Western blot — CD63 expression in brain derived sEVs

CD63 is observed between the 55 and 35 kDa bands of the protein ladder. Lane 1) Brain homogenate
+ collagenase — AD sample 1. Lane 2) Brain homogenate + collagenase — Control sample 1. Lane 3)
PageRuler Plus ladder. Lane 4) Brain homogenate — AD sample 1. Lane 5) Brain homogenate —
Control sample 1. Lane 6) PageRuler Plus ladder. Lane 7) sEV — AD sample 1. Lane 8) sEV— Control
sample 1.
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Figure 6.17. Western blot — Flotillin 1 expression in brain derived sEVs

Flotillin 1 is observed below the 55 kDa band of the protein ladder. Lane 1) Brain homogenate +
collagenase — AD sample 1. Lane 2) Brain homogenate + collagenase — Control sample 1. Lane 3)
PageRuler Plus ladder. Lane 4) Brain homogenate — AD sample 1. Lane 5) Brain homogenate —
Control sample 1. Lane 6) PageRuler Plus ladder. Lane 7) sEV — AD sample 1. Lane 8) sEV— Control
sample 1.

Figure 6.18. Western blot — TSG-101 expression in brain derived sEVs

TSG-101 is observed below the 55 kDa band of the protein ladder. Lane 1) Brain homogenate +
collagenase — AD sample 1. Lane 2) Brain homogenate + collagenase — Control sample 1. Lane 3)
PageRuler Plus ladder. Lane 4) Brain homogenate — AD sample 1. Lane 5) Brain homogenate —
Control sample 1. Lane 6) PageRuler Plus ladder. Lane 7) sEV — AD sample 1. Lane 8) sEV— Control
sample 1.
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Figure 6.19. Western blot — CD9 expression in brain derived sEVs

CD9 is observed below the 25 kDa band of the protein ladder. Lane 1) Brain homogenate +
collagenase — AD sample 1. Lane 2) Brain homogenate + collagenase — Control sample 1. Lane 3)
PageRuler Plus ladder. Lane 4) Brain homogenate — AD sample 1. Lane 5) Brain homogenate —
Control sample 1. Lane 6) PageRuler Plus ladder. Lane 7) sEV — AD sample 1. Lane 8) sEV— Control
sample 1.

Figure 6.20. Western blot — CD81 expression in brain derived sEVs

CD81 is observed below the 25 kDa band of the protein ladder. Lane 1) Fibroblast cell lysate —
AGO08125 (used for initial loading control). Lane 2) PageRuler Plus ladder. Lane 3) Brain homogenate
+ collagenase — AD sample 1. Lane 4) Brain homogenate + collagenase — Control sample 1. Lane 5)
Brain homogenate — AD sample 1. Lane 6) Brain homogenate — Control sample 1. Lane 7) PageRuler
Plus ladder. Lane 8) sEV — AD sample 1. Lane 9) sEV— Control sample 1.
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Figure 6.21. Biological variation between individual fibroblast sEV samples was high

Sample-sample distances plot displays the level of similarity between individual samples in a cohort,
while attempting to perform hierarchical clustering on similar samples. Blue = correlation, darker

shade = increased correlation.
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Figure 6.22. Dispersion estimates of sequencing reads of fibroblast sEVs

Plot of amount of read counts observed for an individual miRNA against the variability/dispersion
of the miRNA in the tested populations. One point = one miRNA. Black = unfitted comparisons, Red
= fitted correlation based on all variances of miRNAs, Blue = fitted comparisons adjusted based on
fitted correlation.
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