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RNA-based Therapeutics for Alzheimer’s Disease
Caroline Woffindale, Somerville College, Doctor of Philosophy, Trinity 2015

Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterised
pathologically by the accumulation of amyloid-p plaques and neurofibrillary tangles within the
brain. Currently, there are no disease-modifying therapeutic interventions available. This thesis

describes the development and delivery of novel RNA-based therapeutics for AD.

Recently, significant advances have occurred in the field of RNA interference (RNAI)-based
therapeutics, allowing targeted silencing of disease-relevant genes through the use of short
interfering RNAs (SiRNAs) or microRNAs (miRNAs). However, development has been
impeded by poor penetrance of the blood-brain-barrier (BBB) in vivo. Exosomes, as secreted
extracellular vesicles (EVs), may overcome this problem as they naturally deliver RNA between
cells and cross the BBB. Furthermore, recent evidence suggests that they may be loaded with
exogenous RNA and preferentially targeted to neuronal tissue. Thus, this study investigated EV-
mediated delivery of RNAi-based therapeutics shown to regulate AD-relevant genes. A
comparison of EV-loading methods revealed that electroporation was confounded by the
formation of large siRNA aggregates and indicated that endogenous loading strategies may be
preferable. Endogenous loading of RNAi molecules was shown to be enhanced by co-
expression with RNA-binding proteins, particularly following inclusion of an acylation domain.

These findings highlight the potential for EV-mediated delivery of RNAi-based therapeutics.

A combinatorial therapeutic approach is increasingly recognised to hold the most promise for
the future of AD. Thus, this study also focused upon the development of novel multi-gene
targeting locked nucleic acid-modified antisense oligonucleotides (LNA-ASOs) as a
combinatorial approach towards AD therapy. Two multi-gene LNA-ASOs each produced potent
silencing of two separate target genes simultaneously, resulting in a significant reduction in
amyloid-p production in vitro. A murine-specific multi-gene LNA-ASO was also identified,
paving the way for future in vivo studies. These findings suggest that multi-gene targeting LNA-

ASOs may represent a promising novel therapeutic strategy for AD.

In summary, this thesis has investigated novel strategies for both RNA delivery and multi-gene

targeting, demonstrating the potential of RNA-based therapeutics for the treatment of AD.
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1 Introduction

1.1 Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder primarily
characterised by a loss of episodic memory. However, deficits become more
encompassing as the disease progresses and there is a wide-ranging decline in both
cognitive and physical capacities, ultimately resulting in death. Pathologically, AD is
characterised by the accumulation of amyloid-beta (amyloid-B) plaques and
neurofibrillary tangles, comprised of hyperphosphorylated tau protein. There is also
progressive atrophy of the hippocampus and cortical areas with a particular loss of
cholinergic neurons. As the leading cause of dementia, AD is responsible for more than
60-80% of dementia cases worldwide?. The global prevalence of AD was estimated at
44.4 million sufferers in 2013 and is predicted to reach 135 million by 2050°. This is
expected to cost the UK £50 billion/year by 2038*. Currently, the approved treatment
options are limited and aimed solely at symptom management. There are no available
therapeutic interventions that are capable of preventing, halting or reversing disease
progression. Thus, AD represents an increasing social crisis, in terms of both the health
and economic burden, for which finding an effective therapy is imperative. Significant
advances in our understanding of the mechanisms underlying disease pathology and
developments in drug design and delivery could be pivotal for the identification of
novel disease-modifying therapeutics. Specifically, this thesis will focus upon the

development of novel RNA-based therapies for AD.
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1.2 Genetics of Alzheimer’s Disease

AD may be divided into either familial or sporadic AD. Familial AD accounts for less
than 5% of all AD cases and is caused by autosomal dominant mutations in the genes
coding for Amyloid Precursor Protein (APP)>®, Presenilin-1 (PSEN1)” or Presenilin-2
(PSEN2)®™°. In contrast, the precise cause of sporadic AD, which accounts for the
majority of cases, is unknown but is thought to result from a complex interaction of
genetic, epigenetic and environmental risk factors'!. Despite the different causal factors
that trigger familial and sporadic AD, both forms are clinically indistinguishable.
However, familial AD is more likely to be early-onset (< 65 years of age) while

sporadic AD is typically late-onset (> 65 years of age).

1.2.1 Familial Alzheimer’s Disease

The highly-penetrant autosomal dominant mutations in APP, PSEN1 and PSEN2
influence the processing of APP and subsequent formation of amyloid-pB peptides. APP
mutations are typically heterozygous missense mutations? although recessive missense
mutations*®, whole gene duplications** and recessive deletions™, all located in or near
the coding region for amyloid-f, have been reported. Mutations in APP account for
between 10-15% of familial AD'® and are associated with increased production of either
total amyloid-B or the longer species, amyloid-B (42), which is more prone to
aggregation®*2!"18_ PSEN1 and PSEN2 code for proteins, which constitute part of the y-
secretase complex. Similar to APP mutations, PSEN1 and PSEN2 mutations alter the
cleavage of APP by y-secretase, resulting in either increased production of amyloid-$ or

modulation towards the amyloid-p (42) isoform®®. Mutations in PSEN1 account for
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between 30-70% of familial AD cases while PSEN2 mutations are estimated to cause
~5% of familial cases®. As a mutation in any of these genes is sufficient to cause
disease, this has implicated APP gene-dosage and amyloid-p processing as causal to the
pathogenesis underlying AD. Indeed, Down’s syndrome patients, who possess a
triplication of chromosome 21 on which the APP gene is located, also develop early-
onset dementia with characteristic pathological hallmarks of amyloid-B plaques and
neurofibrillary tangles®®. Conversely, a mutation located adjacent to the B-secretase
(BACEZ1) cleavage site in APP, which disrupts cleavage of APP by BACEL and reduces

amyloid-p production by ~40%, is protective against AD*,

1.2.2 Sporadic Alzheimer’s Disease

In contrast to familial AD, identifying the genetic variants that predispose an individual
to sporadic AD has proved more challenging. The gene APOE, encoding the
apolipoprotein E (APOE) protein, was identified by classic linkage-based and
candidate-gene based association studies and remains the largest known genetic risk
factor for sporadic AD?*?. Nonetheless, aside from APOE, these techniques often
identified susceptibility factors that could not be independently replicated, likely due to
a lack of power associated with inadequate sample sizes or sample heterogeneity.
However, advances in genome technology have recently allowed for large collaborative
genome-wide association studies (GWASs) that have proved more fruitful in the

identification of disease-associated genetic variants.

APOE is a lipid-binding protein essential for the normal catabolism of triglyceride- and

cholesterol-rich lipoproteins®®. In recent years, APOE has been implicated in other
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important roles including the clearance of amyloid-p%, glutamate receptor function and
synaptic plasticity?® and neurite outgrowth®”?®, In humans, APOE is expressed as three
different isoforms encoded by three different alleles; £2, £3 and &4. Specifically, the &4
allele is associated with increased risk for AD while conversely the €2 and &3 alleles
appear protective®®°. APOE &4 has a dose-dependent effect upon increasing the risk for
AD and lowering the age-of onset?****, One copy of APOE &4 increases the risk of
developing AD three-fold while two copies confer a 7-15-fold increase in risk. Each

APOE &4 copy lowers age-of-onset by 6-7 years®>*",

Why APOE &4 contributes to an increased risk for AD while the £2/£3 alleles are
protective remains largely unknown. However, evidence suggests that there are isoform-
specific effects upon diverse physiological processes including; amyloid-B clearance

and aggregation®3*3¢ neurite outgrowth and APOE receptor recycling?® 2,

mitochondrial function®, entorhinal cortical thinning®, GABA interneuron number®*4
and disrupted brain activity both in resting-state connectivity and in response to specific
memory tasks*'. Many of these effects are evident in healthy young APOE &4 carriers,
decades before symptoms are expected. The APOE &4 allele may therefore confer risk
for AD through disruption of multiple pathways over many years. However, the APOE
&4 allele is neither sufficient nor required for the development of AD. Hence, a

significant research effort has focused upon identifying additional disease-related

variants.

Following the advent of GWAS, over 20 novel risk loci for sporadic AD have been

4249

replicated across independent datasets™ . These risk loci are common single

nucleotide polymorphisms (SNPs) located in or near a number of different genes. The
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first set of GWASs identified CLU, CR1, PICALM, BIN1, EPHAL, ABCA7, CD2AP,
CD33 and the MS4A cluster as novel susceptibility loci**™°. Subsequently, a meta-
analysis of all these GWASs identified a further 11 loci including; PTK2B, SORL1,
SLC24A4, INPP5D, MEF2C, NME8, ZCWPW1, CELF1, FERMT2, CASS4 and HLA-
DRB5/HLA-DRB1*. While the 4POE &4 allele confers a relatively large increase in risk
of ~35%, the odds ratios for these loci are smaller, ranging from 1.08 to 1.29°°. This
meta-analysis therefore highlights the importance of large sample sizes when individual

variants contribute only a modest increase in risk.

The identified loci all have functional relevance and cluster in pathways hypothesised to
be important in AD. These will be discussed in more detail in Section 1.3. Briefly, these
pathways include; APP processing (CASS4and SORL1), tau processing
(CASS4 and FERMT?2), lipid processing (ABCA7, CLU1 and SORL1), synaptic function
(MEF2C and PTK2B), cytoskeletal function and axonal transport (CASS4, CELF1 and
NMES8), immune response regulation (ABCA7, CD33, CLUl, CR1, EPHAL, HLA-
DRB5/DRB1, INPP5D, PTK2B and MEF2C), synaptic function (BIN1, CD33, CD2AP,
MEF2C, PICALM and PTK2B), cell migration and MAPK signalling (PTK2B) and
microglial cell function (INPP5D)*>%° While each variant only contributes a small
increase in risk alone, the combinatorial effect of many risk variants exposed to
epigenetic and environmental influences may result in biochemical changes within these
disease-relevant pathways. Over many decades, this may predispose towards the
development of AD. Future large-scale GWASs are expected to identify further genetic
variants associated with sporadic AD. The identification of novel variants, which link to
established or novel disease pathways, will further extend our understanding of the

underlying disease mechanisms predisposing towards AD.
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1.3 Disease Mechanisms and Pathology

There are two key pathological hallmarks required for a confirmed AD diagnosis at
post-mortem; extracellular amyloid-p plaques and intracellular neurofibrillary tangles
comprised of hyperphosphorylated tau. In addition, increasing neuronal and synaptic
loss is observed across hippocampal and cortical areas as the disease progresses. These
core pathologies have prompted several theories concerning the causal pathogenic

mechanisms responsible for AD and underpin current therapeutic development.

1.3.1 APP Processing and Function

APP processing is disrupted by mutations in APP, PSEN1 and PSEN2. Furthermore,
there is a gene-dosage effect of APP upon age-of-onset and disease severity. These
observations prompted the “amyloid-cascade” hypothesis of AD which posits that
amyloid-B plaques are the basis to AD and are responsible for the associated

neurofibrillary tangles, cortical atrophy and cognitive deficits®.

In humans, APP is expressed as three major isoforms, APP751, APP770 and APP695,
via alternative splicing®’. APP751 and APP770 are widely expressed while APP695 is
primarily expressed in neurons®®. All three isoforms are type 1 transmembrane proteins
which undergo processing by several different secretases® ™. In the non-amyloidogenic
pathway, APP is cleaved by a-secretase within the amyloid- domain, which precludes
formation of the amyloid-p peptide, instead generating soluble APPa (sAPPa) and a C-
terminal fragment (C83). In the amyloidogenic pathway, APP is sequentially cleaved by

BACE] and y-secretase. Processing by BACE1 generates soluble APPB (sAPPB) and a
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C-terminal fragment (C99). The C-terminal fragment is further cleaved by the v-
secretase protease complex, comprised of PSEN1/PSEN2, APH-1A/APH-1B, NCT and
PEN-2"!, to produce amyloid-p peptides and the APP intracellular domain (AICD),

which may be cleaved by caspases to produce a C31 fragment’® (Fig. 1.1).

Given the intensive research effort focused upon delineating the causal mechanisms of
AD, it is perhaps surprising that the physiological function of APP remains unknown.
However, in recent years APP has been implicated in a range of functions including
neurite outgrowth, synaptogenesis, axonal transport, transmembrane signal transduction,

cell adhesion, calcium metabolism, axonal pruning and neural cell death”®"".

Non-Amyloidogenic APP Processing Amyloidogenic APP Processing
SAPP a i / SAPP B
a - secretase .
S -> W \
Extracellular -> =~ Amyloid-B
Cell membrane --—|‘- =& Y - secretase
Intracellular N AICD
~>e Caspase
- £ et

Figure 1.1 Non-amyloidogenic and Amyloidogenic Processing Pathways of APP. In the
non-amyloidogenic pathway, APP is cleaved by a-secretase within the amyloid-B domain. This
generates soluble APPa (sAPPa) and a C-terminal fragment (C83), preventing formation of
amyloid-B peptides. By the amyloidogenic pathway, APP is sequentially cleaved by BACEI
and y-secretase. Processing by BACE1 generates soluble APPB (sAPPB) and a C-terminal
fragment (C99) which is further cleaved by y-secretase to produce amyloid- peptides of
various lengths and the APP intracellular domain (AICD). AICD may be further cleaved by
caspases to produce C31 fragments.
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The original formulation of the amyloid-cascade hypothesis placed toxic amyloid-f
plaques at the centre of neuronal dysfunction and death. However, recent findings have
challenged this model. While amyloid-B plaques may be associated with onset of
clinical symptoms, amyloid-B plaque density is not the best correlate of neuronal
degeneration, synaptic loss or disease severity’® ®. Amyloid-p plaques can be found in
non-demented individuals and conversely, patients whose plaques were cleared by

immunotherapy, discussed in Section 1.4, still suffered with dementia® %

. Instead,
evidence suggests that small soluble oligomers of amyloid-p may represent the most
toxic species as they correlate more strongly with pathophysiology and cognitive
impairment® *3. Plaques might therefore represent a protective mechanism in a system
overwhelmed by neurotoxic amyloid-p oligomers™. The amyloid-cascade hypothesis

has therefore been updated to focus upon amyloid-p oligomers rather than plaques as

initially suggested®” %%,

While accumulating evidence supports the toxicity of soluble amyloid-p oligomers, the
biological structures of the most pathogenic oligomers remain to be identified.
However, dimers and trimers are present in soluble fractions from patients and
transgenic AD models and are associated with neurotoxic effects upon long-term
potentiation (LTP), long-term depression (LTD), spine density and impaired learning
and memory® *8. There appears to be a nonlinear relationship to oligomer order and
toxicity as dimers and tetramers are three- and 13-fold more toxic than monomers
respectively®. Another amyloid-p oligomer, AB*56, comprising ~12 amyloid-f
peptides, also impairs cognitive function’® %2 Amyloid-p dimers, trimers and AB*56

103

all increase with age in cognitively normal humans=. However, AB*56 was the only
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species found to positively and negatively correlate with pathological tau and

postsynaptic proteins, respectively'®,
Together, these findings highlight the importance of disrupted APP processing in the
formation of small neurotoxic soluble amyloid-f oligomers and identify these oligomers

as a target for novel therapeutics.

1.3.2 Tau Processing and Function

Amyloid-§ clearly plays a pivotal role in AD. However, the importance of pathological
tau cannot be discounted. Mutations in MAPT, encoding for microtubule-associated
protein tau, are sufficient to cause a range of neurodegenerative diseases, collectively
referred to as tauopathies, which are characterised pathologically by neurofibrillary
tangles comprising hyperphosphorylated tau'®%". As neurofibrillary tangles form in
the absence of amyloid-f pathology in these diseases, this highlights the importance of

abnormal tau in neurodegenerative disease.

MAPT is located on chromosome 17g21 and primarily expressed within neurons of the
central (CNS) and peripheral nervous systems (PNS)'®. The MAPT locus comprises 16
exons which, in the adult human brain, undergo alternative splicing to produce six
different tau isoforms'®*°. Tau comprises three major domains; an amino-terminal
projection domain, a carboxy-terminal domain of microtubule-binding repeats and a
short tail sequence. Alternative splicing of exons 2 and 3 generates isoforms which
contain either zero (ON), one (1N) or two (2N) amino-terminal inserts while alternative

splicing of exon 10 generates isoforms containing either three (3R) or four (4R)
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microtubule-binding domains'®***, During embryonic and early developmental stages
3R tau is the predominant isoform, while in the adult brain 3R:4R isoforms are present
at an approximately equal ratio'®**2. Perturbation of this ratio is linked to a number of

tauopathies'®*113,

Two major genetic haplotypes, H1 and H2, define the MAPT locus. The haplotypes are
under high linkage disequilibrium and include a 900 kb inversion in addition to
numerous SNPs**® Both the H1 haplotype and specific H1 polymorphisms are
associated with increased risk of tauopathy****"*18 Indeed, the H1c haplotype has been
associated with an increased risk of AD™®. How the H1 haplotype confers susceptibility
to neurodegeneration is unclear. However, haplotype-specific effects upon total tau
expression or alternative splicing of disease-related isoforms may be important™" 1912,
Thus, the H1 haplotype expresses a greater proportion of disease-associated 4R
transcripts while the protective H2 haplotype expresses a greater proportion of 2N
transcripts'**?212_polymorphisms between the H1 and H2 haplotypes may therefore

have subtle consequences upon tau expression and function conferring vulnerability to

neurodegenerative disease over time.

Tau is predominantly localised within axons and contributes towards neuronal
morphology by promoting the stability and assembly of microtubules through
interactions with tubulin'?*. Tau also regulates axonal transport through interactions of
the N-terminal projection domains with the p150 subunit of the dynactin complex'?.
Tau may also localise, in lower levels, to dendrites where it interacts with the tyrosine

protein kinase, Fyn, and may play a role in neurite outgrowth and cell signalling™?®*?’.
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The impaired ability of pathological tau to perform these functional roles may interfere

with key neuronal processes and therefore account for some of the impairments in AD.

Neurofibrillary tangles are comprised of hyperphosphorylated tau. Exactly how tau
hyperphosphorylation contributes to disease is not fully understood. However,
hyperphosphorylation of tau, particularly at serine/threonine epitopes near the tubulin

128 Abnormal

microtubule-binding domains, prompts its dissociation from microtubules
hyperphosphorylation also promotes self-assembly into paired helical filaments which
are a key component of the neurofibrillary tangles observed in AD and other
tauopathies'?®. Given the important role that tau plays in maintaining neuronal stability

and in promoting axonal transport via binding to microtubules, any disruption to its

binding abilities is likely to comprise a range of cellular functions.

An important study by Ittner et al.'*® has also revealed a pathological dendritic function
for hyperphosphorylated tau. Phosphorylation of tau strengthens the interaction with
Fyn, both in vitro and in vivo'®*'?°. Via this interaction, tau facilitates the targeting of
Fyn to post-synaptic sites. Here, Fyn phosphorylates the NMDA receptor (NMDAR)
subunit 2B, resulting in the formation of a complex between NMDARs and postsynaptic
density protein 95 (PSD-95)*%. As this complex is required for excitotoxic downstream
signalling, the interaction between tau and Fyn may enhance the potential for the
neurotoxic signalling observed in AD. Furthermore, while interest has focused upon
hyperphosphorylation, other pathogenic post-translational modifications also disrupt
function. Thus, tau acylation also impairs microtubule binding and promotes the

pathological aggregation of tau'*°.
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Numerous studies have found that tau pathology is a better correlate of dementia
severity than markers of amyloid-p pathology. Paired helical filaments and
neurofibrillary tangles correlate well not only with the areas of the brain suffering from
neurodegeneration but also with the extent of neuronal and synaptic loss and degree of
cognitive impairment™**. However, it is debated whether soluble tau oligomers or
neurofibrillary tangles represent the most harmful species®®. Growing evidence
suggests that, as for amyloid-f, neurofibrillary tangles may be an adaptive response to

toxic soluble tau species.

In vitro studies have confirmed that overexpression of tau or changes to its
conformational state impairs a range of cellular processes in the absence of
neurofibrillary  tangles including synaptic signalling, calcium homeostasis,
mitochondrial trafficking and function, loss of dendritic spines and impaired axonal
transport®®**" ! These findings are strengthened by in vivo data showing a correlation
between soluble tau species and neuronal or synaptic dysfunction, prior to the

appearance of neurofibrillary tangles'**

. Perhaps most remarkably, regulatable
transgenic mouse models of tauopathy have been developed*®**’. Pro-aggregant mice
develop synaptic loss, deficits in LTP and impaired memory. However, when pro-
aggregant tau was switched off, both memory and LTP recovered although insoluble
neurofibrillary tangles remained**®'*". It has also been shown that tau oligomers but not
fibrils, extracted directly from the cerebral cortex of AD patients, are sufficient to
propagate abnormal tau conformation in the brains of wild-type mice, inducing synaptic

deficits, mitochondrial dysfunction and memory impairments'*

. Together, these
findings support the importance of hyperphosphorylated tau oligomers in the

propagation of disease.
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As such, research is now focusing upon the cause of hyperphosphorylation. This has led
to the proposal of the GSK3 (glycogen synthase kinase 3) hypothesis of AD™*. GSK3,
which exists as two different isoforms, GSK3o and GSK3p, is a proline-directed
serine/threonine kinase, which contributes to a range of cellular functions including cell
signalling, growth metabolism and regulation of transcription factors. The GSK3
hypothesis  posits that over-activity of GSK3 contributes towards tau

hyperphosphorylation, increased amyloid-B production and memory impairment™*.

GSK3 directly regulates the hyperphosphorylation of tau at numerous sites** 2.

GSK3p transgenic mice display neurodegeneration characterised by somatodendritic
localization of hyperphosphorylated tau in addition to reactive astrocytosis and
microgliosis*>®. GSK3 expression and activity is upregulated in the hippocampus and
frontal cortex of AD patients, respectively™***>. GSK3 also co-localizes with pre-tangle
neurons, neurofibrillary tangles and dystrophic neurites, appearing first in the entorhinal
cortex before extending to other regions of the brain, coincident with the spread of

neurofibrillary changes™2*°6:1%7,

Pharmacological activation of GSK3, both in vitro and in vivo, induces tau
hyperphosphorylation, increases amyloid-B production by regulating APP cleavage,
suppresses acetylcholine (ACh) and induces memory deficits™® %!, These findings are
of interest given that a reduction in ACh is associated with the loss of cholinergic
neurons in AD*. Why cholinergic neurons are susceptible in AD is unknown. However,
growing evidence suggests GSK3p is also a key mediator of apoptosislez’163.

Suppression of ACh in response to GSK3 activation could therefore be an early step in

the loss of cholinergic neurons.
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Conversely, treatment with lithium, a GSK3p inhibitor, in vitro and in vivo, has been
shown to reverse levels of both soluble and aggregated hyperphosphorylated forms of
tau and rescue memory impairments*®* %, Treatment of transgenic AD mice prior to
pathology onset not only reduced tau hyperphosphorylation but also reduced the size of
amyloid-p plaques and prevented neuronal loss in the hippocampus and entorhinal

cortex*®°,

Why GSK3 expression and activity may be upregulated in AD is unknown. However,
exposure to amyloid- increases GSK3p activity through inhibition of PI3-kinase
signalling*™®. Furthermore, a polymorphism within the GSK3 promoter is associated
with increased risk of AD'. Interestingly, GSK3p may also regulate alternative
splicing of tau exon 10 via phosphorylation of the key splicing factor, SC35*"%*"3. This
raises the possibility that GSK3 may contribute towards AD via aberrant splicing of

exon 10, disturbing the normal ratio of 3R:4R tau isoforms in the adult brain.

Together, these findings suggest a role for both tau and GSK3 in the pathogenesis of
AD and suggest how they may interact to drive disease progression. As such, both tau

and GSK3 may represent valuable therapeutic targets.

1.3.3 Interaction between APP and Tau Pathologies

While the contributions of the respective APP and tau pathologies have largely been
discussed separately above, it is important to consider how they may interact in AD.

This becomes important for novel therapeutic design as it is increasingly likely that
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targeting multiple components at early disease stages will be crucial for the

identification of effective therapeutics.

Increasing evidence suggests that amyloid-B induces tau hyperphosphorylation. In vitro
amyloid-p treatment of cortical, hippocampal and septal cultures activates GSK3p,
resulting in increased tau phosphorylation, disturbed exon 10 splicing and decreased
activity of choline acetyltransferase'’®*"2*"°, These findings are consistent with those in
vivo which demonstrate amyloid-p-induced tau hyperphosphorylation and formation of
neurofibrillary tangles in transgenic mice®*!®*". Conversely, genetic reduction of
Bacel, the rate-limiting step in the production of amyloid-f, reduced somatodendritic
localization and hyperphosphorylation of tau in a transgenic mouse model of AD,

rescuing learning and memory deficits*".

Killick and colleagues™ have also identified a novel amyloid-p-induced
clusterin/p53/DKK1/Wnt-planar cell polarity (PCP)-c-Jun N-terminal kinase (IJNK)
signalling pathway which drives the upregulation of several genes found to regulate
amyloid-p-induced neurotoxicity and tau hyperphosphorylation. In response to amyloid-
B, intracellular clusterin was rapidly upregulated resulting in the p53-dependent
induction of DKK1 and activation of the JNK signalling pathway. This induced several
genes including EGR1, NAB2 and KLF10 which protected against amyloid-f3
neurotoxicity and/or tau phosphorylation when individually silenced™®. These findings
complement previous reports of increased DKK1 expression in AD patients and
transgenic mouse models'®*#, The role of clusterin is particularly interesting given
that it is the product of CLU, a susceptibility factor for sporadic AD*, which is

increased in mouse models of AD™* Not only do these findings identify novel
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components linking amyloid-f to tau hyperphosphorylation but, in doing so, highlight

novel therapeutic targets.

Tau phosphorylation may also mediate amyloid-p neurotoxicity. Silencing tau
expression either in vitro or in vivo protects against amyloid-B-induced
neurodegeneration*®®. Tau reduction also prevents amyloid-B-induced deficits in
axonal transport of mitochondria and the neurotrophin receptor, TrkA, both vital for
normal neuronal function'®”. How tau may mediate amyloid-p-induced neurotoxicity
has been partly delineated by Ittner and colleagues®. Excitotoxicity, due to increased
NMDAR activity, had previously been identified as a key pathway via which amyloid-
induces neuronal damage, with increased seizures reported in APP transgenic
mice® 1% However, with no evidence for a direct interaction between amyloid-p and

NMDARS, the mechanism remained unclear. Ittner et al.?

showed that in transgenic
mice either completely lacking tau (Tau™) or in which only a truncated form was
expressed, the postsynaptic localization of Fyn was reduced, destabilising the NMDAR-
PSD-95 interaction and protecting against NMDAR-mediated excitotoxicity. This
prevented memory deficits and protected against excitotoxic seizures and premature
death. This was recapitulated following treatment with Tat-NR2B9c, a compound which

destabilises the NMDAR-PSD-95 interaction. Thus, these findings identify a pathway

via which tau may mediate amyloid-p-induced excitotoxicity.

Together, the findings above highlight how amyloid-p and tau-mediated pathologies
may interact towards AD. A model may be envisaged in which increased amyloid-f3
elicits multiple toxic effects including the hyperphosphorylation of tau, resulting in its

dissociation from microtubules and increased mislocalization to the somatodendritic
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compartment. In this way, both tau and amyloid-p-based mechanisms may disturb key
processes disrupted in AD either independently or in concert. This suggests that a
combinatorial approach, targeting both amyloid-B and tau-based components of the

disease mechanism, may represent a promising therapeutic strategy.

While research interest has focused upon unravelling the respective roles of amyloid-
and tau, emerging evidence increasingly implicates additional mechanisms in a causal
role for AD pathogenesis. These include neuroinflammation, oxidative stress and

deregulation of the microRNA (miRNA) network.

1.3.4 Neuroinflammation

Neuroinflammation occurs within the CNS in response to traumatic brain injury,
infection and disease. Although neuroinflammation has long been recognised in AD as a
response to neurodegeneration, in recent years it has been attributed a causal role in

pathogenesis.

Microglia are specialised resident phagocytes of the CNS™'° They are found
ubiquitously within the brain and monitor for the presence of pathogens or cell debris
via highly motile processes. Microglia are activated by pathological triggers which bind
to specific receptors such as scavenger receptors, NOD-like receptors (NLRs) and
pattern-recognition receptors, including Toll-like receptors (TLRs). Upon activation,
microglia migrate to the injury site and initiate an immune response which involves the
production of pro-inflammatory cytokines including interleukins (IL-1 and IL-6),

191

tumour necrosis factor (TNF)-a and chemokines™". Astrocytes are also involved in the
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innate immune response. They express a variety of receptors including NLRs, TLRs and
scavenger receptors and release cytokines and chemokines in response to environmental

challenges'®**%,

Evidence from several sources implicates a role for neuroinflammation in AD.
Amyloid-B is a ligand for a number of microglial/astrocyte receptors which are
upregulated in reactive microglia and astrocytes surrounding amyloid-B plaques®®**%.
Amyloid-B-receptor binding triggers the production of inflammatory cytokines and

chemokines and the phagocytic clearance of amyloid-p'**%

. Furthermore, genes
encoding for the immune receptors, TREM2 and CD33, are susceptibility factors for
AD™?®  TREM2 and CD33 are expressed on microglia and play key roles in
regulating phagocytic clearance. Mutations in these genes appear to compromise
microglial phagocytosis of amyloid-p, suggesting that inefficient clearance of amyloid-3

may contribute to disease™® 2%,

Exposure to pathological accumulations of amyloid-p is associated with increased levels
of pro-inflammatory cytokines in AD patients and transgenic models which may impair
neuronal function by suppression of LTP?*>?%_ |ndeed, an increase in the cerebrospinal
fluid (CSF) concentration of TNF-a (pro-inflammatory) paired with a decrease in TGF-
B (anti-inflammatory) is associated with an increased risk for converting from mild
cognitive impairment (MCI) to dementia®®’. Furthermore, IL-1 increases the secretion of
amyloid-B by regulating the synthesis and processing of APP?®?®_ Thus, amyloid-p
may induce the secretion of pro-inflammatory cytokines and chemokines which further

increase amyloid-p production.
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Amyloid-p is an important trigger for the neuroinflammatory response in AD. However,
environmental risk factors associated with AD including traumatic brain injury, obesity
and systemic inflammation may also modulate the neuroinflammatory response.
Traumatic brain injury is associated with increased microglial activation®® while the
release of pro-inflammatory cytokines from human adipose tissue is enhanced in
obesity?!*. Systemic inflammation may also exacerbate neuroinflammation and studies
have revealed that both acute and chronic systemic inflammation are associated with

increased cognitive decline in AD patients®*2.

Thus, under normal circumstances, the innate immune reaction represents an acute
protective response to clear pathogens and cell debris. However, in the face of
prolonged exposure to amyloid-p, a multitude of factors may combine to produce a
chronic long-term neuroinflammatory response, which may have significant detrimental

consequences.

1.3.5 Oxidative Stress and Mitochondrial Dysfunction

Oxidative stress, arising from mitochondrial dysfunction, is an imbalance between the
production and ability to process ROS/RNS (reactive oxygen/nitrogen species).
Oxidative stress is a normal part of ageing. However, increasing evidence is firmly

placing it as an early contributing factor to AD.

Mitochondria are the main source of ROS although activated microglia and astrocytes
and reactions catalysed by redox active metals also generate ROS/RNS?3. The

neurotoxicity of ROS/RNS is conferred by their oxidation of a range of cellular
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macromolecules including DNA, RNA, lipids and proteins®*?'®. The detrimental
effects are wide-ranging but include disruption to gene expression, cell membrane

integrity and misfolding and loss of protein activity?* 2,

Amyloid-f damages mitochondria and increases the production of ROS resulting in
increased lipid oxidation in transgenic mouse models®*’. The interaction between
amyloid-B and mitochondria appears to be mediated by Ap-binding alcohol
dehydrogenase resulting in increased ROS production, mitochondrial dysfunction and
apoptosis®*®?1°. Oxidative stress may also increase amyloid-p production, potentially

resulting in a neurodegenerative feedback cycle??°.

Markers of oxidative stress, 4-hydroxyhexenal, F2-isoprostane, F4-isoprostane and

DNA/RNA oxidation, are increased at the earliest stages of disease in AD patients?**

224 However, F2-isoprostane was not increased in Parkinson’s disease (PD) or
schizophrenia patients suggesting this may not reflect a general disease mechanism?®.
Furthermore, the relationship between oxidative stress and pathological hallmarks is
modulated by APOE genotype??*. This is consistent with other reports that APOE &4 is
linked to higher levels of oxidative stress and reduced anti-oxidant enzyme activity in
patients and healthy controls, which may relate to isoform-specific anti-oxidant
properties?*?°228 Finally, the effects of neuroinflammation and oxidative stress may
converge given that cytokines stimulate the production of ROS via increased expression
of inducible nitric oxide synthase (iNOS), which is upregulated in the brains of AD

patients??. These results suggest that compounds aimed at reducing neuroinflammation

and oxidative stress may have therapeutic utility.
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1.3.6 Deregulation of the miRNA Network

miRNAs are an endogenous species of small non-coding RNA that act as post-
transcriptional regulators of gene expression. The miRNA biogenesis pathway will be
discussed in more detail in Section 1.5. Briefly, miRNAs regulate gene expression by
binding to partially complementary sites, predominantly in the 3° UTR of target
mRNAs?**?%2, Depending on the extent of complementarity, miRNA binding induces
translational repression or mRNA degradation”* %, A single miRNA regulates the
expression of multiple genes, often within one biological pathway, while one gene may
be regulated by multiple miRNA species®*"?*®. Thus, miRNAs are powerful regulators

of highly complex cellular networks.

miRNAs regulate a wide range of processes including proliferation, differentiation,
immune function, neuronal development, apoptosis, plasticity and survival®®*°. As
such, any change to miRNA expression can have profound effects upon neuronal
function. Indeed, miRNA dysfunction is implicated in a range of diseases including
cancer, schizophrenia and neurodegenerative diseases such as AD and PD*'2%.
Deregulation of miRNAs may involve upregulation or downregulation of specific
miRNAs. Disruption to the highly regulated miRNA network may predispose to disease
in two ways; directly, via a gene-dosage effect in which miRNA-mediated silencing of a

disease-associated gene is alleviated or enhanced, or more indirectly by affecting genes

involved in important processes such as cell signalling or apoptosis.

A number of studies have now identified deregulation of the miRNA network in AD

(Table 1.1). Importantly, several of these miRNAs regulate genes important to AD
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pathogenesis (Fig. 1.2). The miR-20a cluster (miR-20a, miR-17-5p and miR-106b)
negatively regulates APP expression and miR-106b expression is significantly

decreased in sporadic AD patients®’

. APP expression is also negatively regulated by
miR-106a, miR-520c and miR-101?***° miR-101 may specifically contribute to the
regulation of APP in response to the pro-inflammatory cytokine IL-1f, providing a link

between miRNAs and neuroinflammatory pathologies®*.

miRNAs also regulate BACEL expression. The miR-29a/b-1 cluster negatively
regulates BACEL expression in vitro and is significantly downregulated in a subset of

AD patients displaying elevated BACEL expression®>*#*

. miR-29a also negatively
regulates the expression of neurone navigator 3 (NAV3), a key regulator of axon
guidance. NAV3 expression is elevated in AD brains, particularly in degenerating

cortical neurons®™. This example demonstrates how downregulation of mMiRNA

expression might contribute to multiple detrimental pathways.

BACEL1 expression is also negatively regulated by miR-107, which is downregulated in
the brains of AD patients at the earliest stages of pathology”*?**. miR-107 also
regulates the actin-binding protein, cofilin, a constituent of rod-like structures found in
AD patients®*. Reduced levels of miR-107 (and miR-103) were associated with
elevated cofilin protein expression and the formation of rod-like structures in transgenic
AD mice®®*. Downregulation of specific miRNAs might therefore contribute to

increased BACE1 expression and elements of cytoskeletal pathology.

Alternative splicing of tau is associated with disease. It is therefore of note that several

brain-expressed miRNAs including miR-9, miR-124, miR-132 and miR-137 appear to
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25 miR-132 was also

regulate the 3R:4R ratio of tau isoforms in neuronal cells
negatively correlated with levels of the important neuronal splicing factor, PTBP2, in
progressive supranuclear palsy, a 4R tauopathy model®®. As miR-9, miR-124, and miR-

132 appear downregulated in AD**?%® it is conceivable that they could contribute to

altered splicing of tau exon 10 in AD.

The splicing of APP may also be regulated by miRNAs*®. A lack of miRNAs in post-
mitotic neurons in vivo was associated with inclusion of exons 7/8 in APP. miR-124, an
abundant neuronal-specific miRNA downregulated in AD, appeared to regulate PTBP1
expression. PTBP1 levels were correlated with the presence of APP exons 7/8 in post-
mitotic neurons but with their skipping during neuronal differentiation. This therefore
implicates miR-124 in the fine-tuning of APP alternative splicing. Together, these

results suggest that miRNA deregulation may disrupt normal splicing of APP and tau.

Increased miRNA expression may also contribute to AD. miR-34a was more highly
expressed in AD transgenic mice prior to amyloid-f plaque formation at three months of
age®®. Furthermore, miR-34a expression inversely correlated with BCL-2 expression, a
key anti-apoptotic protein, while levels of caspase-3, an apoptotic effector caspase, were
increased. This relationship was confirmed by experimental inhibition of miR-34a
which increased levels of BCL-2, resulting in reduced active caspase-3°°°. Importantly,

the levels of miR-34a and miR-34c are also both elevated in AD patients?®?%2,

Phosphorylation of tau may also be under miRNA regulation. miR-26b is upregulated in
the brains of early-stage AD patients and is associated with aberrant cell cycle entry and

tau hyperphosphorylation®®®. miR-125b is also upregulated in AD and linked to tau
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hyperphosphorylation via upregulation of CDK5/p35 and p44/42-MAPK signalling®®*.
The phosphatases, DUSP6 and PPP1CA, and the anti-apoptotic factor, BCL-W, were
downregulated in AD patients and identified as targets of miR-125b?**. This was
confirmed by direct hippocampal injections of miR-125b in mice which impaired
associative learning and resulted in downregulation of BCL-W, DUSP6 and PPP1CA

associated with tau hyperphosphorylation®*.

It is not only the expression of miRNAs that influences their regulatory effect upon
target MRNAs. Genetic variability may also disrupt miRNA binding by the loss or
creation of novel miRNA binding sites. In PD, a SNP in the 3> UTR of fibroblast
growth factor 20 (FGF20) disrupts miR-433 binding, resulting in increased a-synuclein
expression in vitro and in vivo?*®. A number of AD-specific polymorphisms which
disrupt miRNA binding have now been identified in the 3> UTR of APP and BACE1%®,
Specifically, the T117C APP variant inhibits miR-147 binding while the A454G APP

variant increases miR-20a binding, with inverse effects upon APP expression®®®.

Whether deregulation of miRNA expression is a cause or consequence of disease
remains to be determined. However, amyloid-p (42) appears to rapidly downregulate

miRNA expression®’.

A feedback loop may therefore exist in which amyloid-f3
downregulates miRNA expression resulting in further elevation of APP, BACEL and
amyloid-p. Consequently, both elevated amyloid-p and genetic polymorphisms
disrupting miRNA binding may perturb the regulatory capacity of miRNAs. As each
miRNA potentially regulates many targets, disruption to this network may have

significant detrimental effects. Restoration of specific miRNA function may therefore

represent a powerful therapeutic strategy.
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Figure 1.2 Schematic of AD-relevant miRNA and Protein Interactions. A number of
miRNAs, which are deregulated in AD, have been shown to regulate the expression of key AD-
associated proteins including APP, BACEL and Tau. miRNAs may regulate protein expression
of target MRNA transcripts via translational repression, mRNA degradation or modulation of
exon splicing. miRNAs have also been shown to regulate the hyperphosphorylation of tau via
their action upon intermediary signalling pathways. Deregulation of the miRNA network may
either alleviate or increase repression of critical AD-relevant proteins resulting in increased
amyloid-p (42) (Ap42) production and tau hyperphosphorylation along with their associated
downstream pathologies. A pathological feedback loop may also exist as amyloid-p (42) has
been shown to induce downregulation of the miRNA network which in turn may result in the
upregulation of disease-relevant proteins. Restoration of the miRNA network may therefore
represent a viable therapeutic approach for AD.
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Table 1.1 Key Studies Showing microRNA Deregulation in Alzheimer’s Disease.

Ref. Key Findings

e miR-9, miR-125b and miR-128 expression was elevated while miR-124a
266 . . .
expression was reduced in moderate-severe AD patients compared to controls.

¢ miR-107 and miR-23b decreased in temporal cortex of mild AD patients.
252 | ¢ miR-107 negatively regulated BACE1 mRNA. BACE1 mRNA levels increased in
AD patients as miR-107 levels decreased during progression of AD.

o miR-9 and miR-132, regulators of neurogenesis and differentiation, downregulated
256 in hippocampus and medial frontal gyrus of AD patients.
o AD-specific miRNA changes in CSF, potential biomarker of AD.

e 13 miRNAs significantly downregulated in sporadic AD patients including miR-9,
miR-29b, miR-181, miR-15a, miR-19b, let-7, miR-101 and miR-106b.

e miR-29a/b-1 and miR-9 regulated BACEL expression in vitro.

o miR-29a/b-1 cluster significantly decreased in AD patients displaying abnormally

250 elevated levels of BACEL protein.
e Inverse correlation observed between miRNA cluster and BACEL during brain
development and in primary neuronal culture.
e APP B-CTFs and amyloid-p downregulated upon miR-29a/b-1 expression in vitro.
e Bacel protein increased while Bacel mRNA decreased with age in APPswe/PS1
267 mice indicating loss of translational control.
e miR-298 and miR-328 regulated Bacel expression in vitro and were significantly
decreased (> 50%) in brains of 13-month old APPswe/PS1 mice.
248 miR-106a and miR-520c negatively regulated APP expression in vitro.
o Overexpression of either miRNA repressed APP translation by ~50%.
e miR-20a family regulated APP expression in vitro.
247 Inverse correlation between miRNA family and APP during brain development and
in differentiating neurons from C57BL/6 mice.
e miR-106b expression significantly decreased in sporadic AD patients.
e 37 deregulated miRNAs in cerebral cortex of APPswe/PS1 mice prior to plaque
formation at 3 months of age.
e miR-20a, miR-29a, miR-125b, miR-128a and miR-106b downregulated while
260 miR-34a, let-7, miR-28 and miR-98 upregulated.

e miR-34a highly expressed and inversely correlated with BCL-2 protein expression
in 3-6 month old transgenic mice. miR-34a inhibited BCL-2 translation in vitro.

o Caspase-3 expression increased in APPswe/PS1 mice.

e BCL-2 increased and caspase-3 decreased following in vitro inhibition of miR-34.

e miR-106b expression increased in 3-6 month old but reduced in 9 month old
APPswe/PS1dE9 mice. TPR II reduced in 3-9 month old APPswe/PS1dE9 mice.

e miR-106b inversely correlated with TPR II protein levels in APPswe/PS1dE9 mice.
miR-106b directly inhibited TBR II translation in vitro.

268 | e Reduced phospho-Smad2/3, increased Smad6/7 expression and significant
neurodegeneration following stable transfection of miR-106b in vitro.

e Amyloid-B (42) peptide increased then decreased miR-106b expression and
reduced TPR II expression. Amyloid-f (42)-induced impairment of TGF-§
signalling through reduced TBR II and inhibition of downstream Smad signalling.

48




Table 1.1 Continued.

Ref.

Key Findings

251

miR-29a significantly downregulated in AD brains.

NAV3, regulator of axon guidance, negatively regulated by miR-29a in vitro.
NAV3 expression elevated, particularly in degenerating pyramidal neurons of
cerebral cortex, in AD patients.

269

miR-485-5p and BACE1-AS compete for binding in exon 6 of BACE1 mRNA.
BACEL-AS prevents miR-485-5p repression of BACE1 mRNA by masking binding
site.

BACE1l and BACE1-AS expression upregulated and miR-485-5p expression
downregulated in AD patient brain samples compared to controls.

253

Validation of miR-107 expression in temporal cortex of a separate group of AD
patients.

miR-107 expression decreased relative to other miRNAs as AD progressed.
miR-107 expression negatively correlated with BACEL expression.

Correlation between decreased miR-107 expression and increased neuritic plaques
and neurofibrillary tangles in adjacent brain tissues.

249

Downregulation of AGO2 increased APP expression in rat hippocampal neurons.
miR-101 negatively regulated APP expression and miR-101 expression inversely
related to amyloid-f levels.

miR-101 contributed to regulation of APP in response to pro-inflammatory
cytokine IL-1p.

257

47% of tested miRNAs rapidly downregulated in response to amyloid-pf (42)
treatment in primary hippocampal neurons from C57BL/6 mice including miR-9,
miR-181c, miR-30c, miR-20b, miR-148b and let-7i.

miRNA deregulation in vivo at onset of amyloid-f3 plaque deposition in APP23 AD
mice.

Downregulated miRNAs predicted to target genes in key pathways including; axon
guidance, MAPK signalling, ErbB signalling, TGF-B signalling, ubiquitin-
mediated proteolysis, glutamate metabolism, LTP and regulation of actin
cytoskeleton.

270

Comeparison of miRNA expression in GM and WM from superior and middle
temporal cortex from female AD patients.

miRNA expression variability associated with early-AD pathology mostly found in
GM.

Some miRNAs differentially expressed in WM including miR-212
(downregulated) and miR-424 (upregulated).

Downregulation of a set of miRNAs in GM including miR-15/107 and miR-29
paralogues correlated strongly with density of diffuse amyloid plagues in adjacent
tissues.

265

Analysis of APP 3 UTR genetic polymorphisms; T117C, A454G and A833C.

12 putative miRNA binding sites located in or near APP 3° UTR variants.

7 miRNAs including miR-20a, miR-17, miR-147, miR-655, miR-323-3p, miR-644
and miR-153 regulated APP expression in vitro.

T117C variant inhibited miR-147 binding while A454G increased miR-20a binding
resulting in increased or decreased APP expression, respectively.

49




Table 1.1 Continued.

Ref. Key Findings

o Lack of miRNAs associated with inclusion of APP exons 7/8 in post-mitotic
neurons in vivo.

o miR-124, abundant neuronal-specific miRNA, downregulated in AD patients.

259 | ® Ectopic expression of miR-124 or depletion of PTBP1 (target of miR-124) reduced
inclusion of exons 7/8.

e PTBP1 correlated with presence of APP exons 7/8 in post-mitotic neurons but with
their skipping during neuronal differentiation.

e miR-124 regulates fine-tuning of APP alternative splicing in neurons.

e miR-9 and miR-181c downregulated by amyloid-f3 (42) treatment.

e TGF-B, TRIM2, SIRT1 and BTBD3 repressed up to 12-fold by miR-9 and miR-

271 181c, either alone or in combination, in vitro.

e Genes involved in a number of roles/functions including; TGF-B signalling
pathway (TGFB1), ubiquitin ligase (TRIM2), histone deacetylase (SIRT1) and
transcription factor (BTBD3).

o Deregulation of 35 and 41 miRNAs in hippocampus and prefrontal cortex,
respectively, in 2 large independent cohorts of late-onset AD patients.

e miR-132-3p upregulated between Braak stages I-1l then strongly downregulated by
Braak stages I11-1V, prior to loss of neuron-specific miRNASs.

e Strong downregulation of miR-132-3p and 3 family-related miRNAs encoded by

258 same cluster on chromosome 17 confirmed by next-generation sequencing and
occurred mainly in neurons displaying tau hyperphosphorylation.

e miR-132-3p regulated MAPT, EP300, SIRT1 and transcription factor, FOXOla in
vitro.

e FOXOla expression increased in hippocampal samples of AD patients with low
miR-132-3p expression.

o Differential expression of miR-16, miR-34c, miR-107, miR-128a and miR-146a in
hippocampus of AD patients.

e miR-16 and miR-146a most significantly different; both increased at Braak stage

979 I1/1V but decreased by Braak V1.

e miR-107 and miR-128a significantly decreased in Braak VI while miR-34c
elevated in Braak I11/IV samples.

e miR-146a significantly decreased in CSF of AD patients; differentiated AD
patients from controls with sensitivity of 60% and specificity of 90%.

o miR-339-5p downregulated (45%) in brain samples from advanced AD patients.

o BACEL1 expression significantly elevated (41%) in AD samples.

273 | ¢ miR-339-5p regulated BACEL expression in vitro.
e mIiR-339-5p mimic reduced BACEL and amyloid-p (40/42) expression in human

glioblastoma and fetal primary brain cultures.

miR, microRNA; AD, Alzheimer’s disease; BACEL, B-secretase; CSF, cerebrospinal fluid; CTF,
carboxy-terminal fragment; BCL-2, B-cell lymphoma 2; NAV3, neurone navigator 3; TBR II, TGF-f
receptor type IlI; TGF-g, transforming growth factor beta; BACE1-AS, BACEL antisense; AGO2,
argonaute 2; IL, interleukin; MAPK, mitogen-activated protein kinase; LTP, long-term potentiation;
GM, grey matter; WM, white matter; TRIM2; tripartite motif containing 2; SIRTL, sirtuin-1; BTBD3,
BTB (POZ) domain containing 3; MAPT, microtubule-associated protein tau; EP300, E1A binding
protein p300; FOXO01, forkhead box protein O1.
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1.4 Current Therapeutic Approaches for Alzheimer’s Disease

An increasing understanding of the underlying disease mechanisms has driven a
substantial research effort to identify new therapeutic compounds. However, despite the
promise offered by early pre-clinical/clinical trials, several high profile compounds have
recently failed at phase Ill. Thus, there are currently no disease-modifying drugs for the
treatment of AD. Given the predicted growth in patients over the following decades, a

therapy capable of preventing, halting or even reversing the disease is urgently required.

1.4.1 Existing Treatments

There are currently two main treatment options for patients diagnosed with AD;
acetylcholinesterase inhibitors and Memantine. However, these therapeutic
interventions are aimed purely at symptom management with only modest effects upon

cognition.

Acetylcholinesterase Inhibitors

AD is associated with a reduction of the neurotransmitter, ACh, following the severe
loss of cholinergic neurons’. ACh is synthesised by choline acetyltransferase in
cholinergic neurons and released into the synaptic cleft where acetylcholinesterase
(AChE) is responsible for its metabolism*™. One therapeutic strategy is therefore to
inhibit the activity of AChE to prolong the action of ACh. Four reversible
acetylcholinesterase inhibitors (AChE-I) are approved for the treatment of mild-to-

moderate AD including Tacrine, Donepezil, Rivastigmine and Galantamine. However,
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due to hepatotoxicity, Tacrine is generally no longer prescribed®”>?’. In clinical trials,
Donepezil, Rivastigmine and Galantamine all demonstrated small significant beneficial
effects upon cognition and daily function, with similar levels of efficacy”’’"°. There is
also some evidence to suggest Donepezil may have efficacy for severe AD?®°. AChE-Is
are generally well-tolerated with side-effects limited to gastrointestinal symptoms?.
However, while the AChE-Is show modest beneficial effects upon the stabilisation of
cognition and global function, these effects are temporary and have no effect upon long-

term outcome??.

Memantine

Memantine, a glutamate NMDA receptor antagonist, is approved for the treatment of
moderate-to-severe AD. Memantine is a non-competitive low-affinity open channel
blocker which preferentially inhibits excessive NMDA receptor activity without
disrupting normal synaptic transmission, thus protecting against excessive excitotoxic

signalling®®®

. In clinical trials, Memantine significantly reduced rate of deterioration
across a number of measures in moderate-to-severe AD although its efficacy for mild
AD is debated?®* 28", Memantine appears to have fewer side-effects than the AChE-Is
and is well-tolerated. However, similar to the AChE-Is, Memantine only delays clinical
deterioration and does not improve long-term outcome. Several studies have
investigated the combined use of Memantine with AChE-Is and meta-reviews suggest a
small but significant benefit after six months of combinatorial treatment?®2°.

However, as individual variability was high, further studies are required to ascertain the

efficacy of this approach.
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1.4.2 Development of New Disease-modifying Treatments

There has been a concerted effort to identify new disease-modifying treatments based
on the increased understanding of disease pathology. Recent drug development has
therefore focused upon reducing the production and aggregation of amyloid- and

hyperphosphorylated tau and ameliorating neuroinflammation and oxidative stress.

Targeting Amyloid-g

A number of strategies have been employed to prevent either the initial formation of
amyloid-p or its subsequent aggregation. Thus, one approach aims to reduce total
amyloid-p production or modulate processing towards shorter less toxic species by
targeting the secretases (BACEl and vy-secretase) which mediate the proteolytic
cleavage of APP. Alternative strategies focus upon preventing the aggregation of

amyloid-f or enhancing its clearance.

BACEL1 Inhibitors

A wealth of pre-clinical evidence suggests that reducing BACEL expression has
beneficial effects in reducing amyloid-f and improving cognition. McConlogue and

colleagues®®®

confirmed that Bacel was required for production and deposition of
amyloid-p as 13 month old Bacel” knockout mice lacked both plagues and dystrophic
neurites. It was initially reported that Bacel” knockout mice were phenotypically
normal®'. However, recent reports have revealed subtle behavioural and

electrophysiological abnormalities®®. These likely relate to impaired processing of

additional BACE1 substrates, which are increasingly being identified, such as
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Neuregulin-1 and the P2-sodium channel subunit which suggest additional roles in
myelination and cell signalling®*2%. These findings indicate that complete silencing of

BACEL1 expression may be detrimental and suggest that partial inhibition is desirable.

Promisingly, McConlogue et al.*® reported that partial (50%) reduction of Bacel led to
a 12% reduction in amyloid-p levels at 3 months which was associated with a dramatic
50% reduction in amyloid-p load at 18 months. This protected mice against synaptic
deficits, dystrophic neurites and significantly delayed onset of pathology. Thus, even a
modest reduction of amyloid-p following partial silencing of Bacel appeared to have
significant disease-modifying benefits. These findings have subsequently been
confirmed by others who have shown that partial deletion of Bacel reduces the
production of soluble amyloid-P, decreases tau hyperphosphorylation and protects
against learning and memory deficits'’#2% %% As BACEL expression may be elevated

301-303

in AD patients , these findings suggest that partial inhibition of BACE1 may

represent a viable therapeutic strategy.

BACEL1 inhibitors must be selective and not interfere with the processing of other
substrates. Furthermore, the active site of BACE1L is more open and less hydrophobic
than other aspartyl proteases. Together, this has made the development of small
inhibitory molecules more challenging given that inhibitors must also be capable of
penetrating the blood-brain-barrier (BBB) and neuronal membrane. Despite this, a

number of BACEL1 inhibitors have progressed to clinical trials in recent years.

LY2886721, a small molecule BACEL inhibitor, significantly lowered CSF levels of

amyloid-p (40/42) and sAPPJ and appeared well-tolerated by controls and AD patients.
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However, a phase | trial in MCI and mild AD patients was terminated as ~10% of
patients developed hepatotoxicity. While the company identified hepatotoxicity as an
off-target effect, this may relate to undesirable side-effects associated with reduced

processing of other BACEL substrates®****

. Merck have also developed a small
molecule BACEL1 inhibitor, MK-89313%3% Results from phase | trials showed that
MK-8931 reduced CSF amyloid-p levels by up to 84% in mild-to-moderate AD
patients®®. Two combined phase 11/111 trials to assess safety and efficacy in mild-to-
moderate AD and MCI patients are underway and so far the drug appears well-tolerated
(Clinical trial: NCT01739348 and NCT01953601). A number of other BACEL
inhibitors are under development including AZD3293 (AstraZeneca) and E2609
(Eisai)®®. Phase 1 studies have been completed for both compounds where they
appeared well-tolerated and reduced CSF amyloid-p levels. Phase I1I/111 trials to assess

safety and efficacy in patients with MCI or mild AD are now recruiting for AZD3293

(NCT02245737) and E2609 (NCT02322021).

In summary, a number of candidate BACE1 inhibitors are under development. While
they seem capable of achieving up to ~90% reduction in CSF amyloid-p, how this
impacts upon cognitive impairment, global function and survival remains to be seen.
However, if they continue to be well-tolerated and the CSF amyloid-p reduction
translates to meaningful alterations in disease processes, these compounds may

represent a promising approach for the future.
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v-Secretase Inhibitors and Modulators

Inhibition of y-secretase may also decrease amyloid-p production. However, y-secretase
also has a large number of substrates including insulin and neurotrophin receptors,
Notch, the B4-sodium channel subunit and N-cadherin®’2%. Consequently, side-effects
are associated with y-secretase inhibition including skin reactions and haematological
and gastrointestinal toxicity**"=%. Indeed, a lack of specificity may account for several

compound failures at clinical trial.

For example, in phase I/1l trials, Semagacestat, a small-molecule y-secretase inhibitor,
reduced the rate of amyloid-B synthesis®®**°. Although side-effects including skin
rashes were reported, two phase Il trials were initiated. These were subsequently
terminated following increased adverse events including skin cancers and infections. A

d3, At least some

significant worsening in cognition and functioning were also observe
of these deleterious effects are likely attributable to impaired processing of other
substrates. As a result, research is now focused upon developing selective y-secretase
inhibitors which spare Notch processing. A number of compounds are under

investigation and have entered clinical trial including; Begacestat/GSI-953 (phase 1),

BMS-708163 (phase 1), NIC5-15 (phase 11) and PF-3084014 (phase 1)*#*,

Given the inherent challenge of off-target effects associated with y-secretase silencing,
an alternative strategy is y-secretase modulation where processing of APP is directed
towards the production of less toxic forms of amyloid-p. A subset of non-steroidal anti-
inflammatory drugs (NSAIDs) have been found to modulate y-secretase processing and

reduce amyloid-B (40/42) production in favour of amyloid-B (38)*"'. In a phase 11 study,
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Tarenflurbil was well-tolerated for up to 24 months and appeared to have a beneficial
dose-related effect upon global function in mild AD. However, a subsequent phase IlI
clinical trial showed no significant clinical effect®®. Second generation NSAID-derived
and non-NSAID-derived compounds are now under development and appear to show

improved in vitro potency and BBB penetration®'%3%.

APP Aggregation

Perhaps the most intensely studied target for novel therapeutics has been amyloid-$3
aggregates themselves. A large number of compounds have aimed to remove insoluble
amyloid-p plaques either through preventing their deposition or promoting their

clearance.

Tramiprosate is a compound tested for its ability to bind soluble amyloid-p and prevent
aggregation. In phase Il trials, Tramiprosate was well-tolerated and reduced the
concentration of CSF amyloid-B in patients with mild-to-moderate AD***. However, at
phase 111, Tramiprosate failed to demonstrate any significant benefit®*2. Subsequently, in
a highly criticised move, the compound was renamed “Vivimind” and marketed as an

over-the-counter supplement to protect memory function®?*.

An alternative strategy to reduce amyloid-f aggregation is active or passive
immunotherapy directed at amyloid-p plaques. Immunotherapy may clear plaques by
antibody-mediated solubilisation of insoluble amyloid-p aggregates, by triggering
microglial phagocytosis or by the peripheral sink hypothesis in which downregulation

of amyloid-B in the periphery draws amyloid-p from the brain to the plasma. However,
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while immunotherapy approaches appeared promising in transgenic AD models, this

success has not yet translated into humans®*3%".

Active immunotherapy primes the immune system to recognize amyloid-f as foreign to
trigger a response against it. The first clinical trial of amyloid-p active immunisation
involved AN1792 in which amyloid-p (42) was combined with an adjuvant to prime the
immune system. This trial was halted at phase lla when 6% of patients developed
meningoencephalitis®?®. Follow-up studies revealed that while immunisation did lower
the load of amyloid-p and tau, there was no relationship between plaque removal and
symptom severity. Pathological side effects were also observed including increases in
microglial activation, cerebral amyloid angiopathy and soluble/oligomeric amyloid-f3

Ieve|581,82,329

. It was subsequently revealed that a T-cell response was initiated in
response to the amyloid-p (25-35) epitope. Second generation active amyloid-p vaccines
including ACC-001, CAD106 and Affitope ADOQ2 are currently being tested in pre- or

early-stage AD*¥033!,

In contrast to active immunization, passive immunization involves the injection of
antibodies that are generated ex vivo against the epitope of interest. Based on the T-cell
response to AN1792, antibodies have largely been developed against the N-terminus of

331

amyloid-p°**. A number of anti-amyloid-p antibodies have been tested in clinical trials
but with limited success. For example, Bapineuzumab, a monoclonal antibody binding
both soluble and insoluble amyloid-f, reduced amyloid-p load in APP transgenic

mice®”’. However, no significant improvement was observed in phase 11/IIl trials in

mild-to-moderate AD patients®*>3%. Several patients also suffered vasogenic cerebral
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edema which increased with dose and APOE &4 allele number and thus development of

Bapineuzumab has been discontinued**334.

Solanezumab, a newer monoclonal anti-amyloid-f antibody, preferentially binds soluble
amyloid-p oligomers. A promising phase II trial revealed a dose-dependent increase in
plasma and CSF levels of amyloid-B following Solanezumab treatment®’. While no
significant benefit was observed in two Phase Il1 trials in mild-to-moderate AD patients,
pooling of results revealed a significant slowing of cognitive decline and a non-
significant reduction in functional decline after 78 weeks in mild AD patients®**3%.
Thus, Solanezumab and Gantenerumab are currently being tested in another phase 11/111
trial aimed at carriers of a dominantly inherited familial AD gene who suffer from early-
onset AD (Dominantly Inherited Alzheimer’s Network, NCT01760005). A similar
preventative approach is being taken in two other trials; The Alzheimer’s Prevention
Initiative (API) and the Anti-Amyloid Treatment in Asymptomatic Alzheimer's (A4).
These aim to recruit asymptomatic participants carrying either known autosomal
dominant gene mutations or individuals who show early signs of amyloid-p deposition
by positron emission tomography (PET). Participants will be treated with Crenezumab
(API) or Solanezumab (A4) to assess whether intervention prior to the emergence of

clinical symptoms can slow or prevent AD>¥" 3%

The recent failure of a number of compounds aimed at amyloid-f has raised the
question as to whether targeting amyloid-p represents the most effective approach. As a

result, alternative therapeutic strategies are under development.
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Targeting Tau Pathology

As discussed previously, reducing tau expression protects against amyloid-B-induced
neurodegeneration in vitro and in vivo'® ¥, Consequently, strategies which reduce
pathological tau may have disease-modifying outcomes. Two main strategies have been
explored; inhibition of tau kinases to reduce tau phosphorylation and compounds to

inhibit aggregation or promote the disassembly of tau aggregates.

Tau Phosphorylation

Inhibition of tau kinases may prove promising. However, tau-targeting kinases also
regulate a wide range of different proteins and must be carefully assessed for their
selectivity. GSK3p, CDKS5 and ERK?2 are the primary kinases currently targeted as they
are involved in the phosphorylation of epitopes in and around the microtubule-binding

doma| n340,341

. Reducing the function of these kinases might help to prevent tau’s
dissociation from microtubules, reducing its potential to aggregate and mediate

pathological pathways.

Lithium and valproate inhibit GSK3f and may also have neuroprotective properties via
upregulation of neurotrophic factors and the anti-apoptotic factor, BCL-2**?. Lithium
was therefore assessed for its ability to modulate GSK3p activity and reduce CSF levels
of phosphorylated tau in a short trial in mild AD patients. However, no significant effect
of lithium treatment was observed upon biomarker measures, GSK3p activity or

343

cognitive performance™”. Valproate was also tested in phase Il clinical trials to assess

its ability to attenuate agitation and disease progression in moderate AD patients.

60



Valproate treatment did not delay the emergence of agitation or slow cognitive and
functional decline. Furthermore, the valproate group showed a greater loss in

hippocampal and whole brain volume accompanied by greater ventricular expansion®*.

Despite these results, several further GSK3p inhibitors are under development.
Tideglusib/NP-031112 is a selective, irreversible, small molecule non-ATP competitive
GSK3p inhibitor undergoing assessment in AD and paralysis supranuclear palsy3457347.
Tideglusib was well-tolerated in a short-term pilot in mild-to-moderate AD patients and

produced positive trends in several cognitive and functional measures®*’

. A larger phase
Il clinical trial in mild-to-moderate AD found no significant benefit of Tideglusib
treatment, although BACEL expression was significantly decreased in a small subset of
patients. Furthermore, patients with mild AD showed a significant response on three
different measures of cognition®**®. Given the short trial duration and non-linear dose

response, particularly in mild patients, longer dose-response studies may be

warranted>*®,

In summary, only a small number of compounds modulating tau phosphorylation have
reached clinical trial. However, this is an area attracting growing interest and may yield

more promising compounds in the future.

Tau Aggregation

Tau-based immunotherapy to target pathological aggregates of tau is under
development. The first pre-clinical study assessed the effect of immunizing wild-type

mice with full-length human tau®*®. Treatment resulted in the appearance of
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histopathological correlates of AD including neurofibrillary tangle-like structures,
axonal damage and gliosis and caused severe encephalomyelitis. This appeared to be
triggered specifically by unphosphorylated tau protein and highlighted the need for
caution when designing immunization protocols for humans®*. Subsequent pre-clinical
immunization studies utilised active and passive immunization against phosphorylated
tau peptides and observed reduced tau pathology, improved cognitive performance and
no obvious adverse effects®*® . Thus, pre-clinical data suggested that tau-
immunization may represent a promising approach by targeting the toxic

phosphorylated tau species strongly associated with progression of AD®37 14,

The first human phase | trial to test the tolerability and safety of a vaccine directed
against pathologically modified tau (AADvacl) is currently ongoing in mild-to-
moderate AD patients (NCT01850238). An 18-month follow-up phase | study will
continue to assess the long-term safety of the immune response to AADvacl
(NCT02031198). The results of these early clinical trials will be of great importance in

informing the development of future anti-tau vaccines.

Methylthioninium chloride (TRx0237, TauRx Therapeutics Ltd) represents an
alternative anti-aggregate strategy. This involves the repurposing of an existing drug,
which has both anti-tau-aggregant and anti-oxidant properties and reduces pathology in

transgenic models®2

. An exploratory phase Il study of methylthioninium chloride in
mild-to-moderate AD patients demonstrated significant treatment benefits in two
independent populations at 138 mg/day dose®®. Phase III clinical trials in mild-to-
moderate AD are underway to test the efficacy of a novel stabilised reduced form of

methylthioninium (LMTX) that has better tolerability and absorption parameters®>.

62



Anti-inflammatory and Anti-oxidant Strategies

In addition to therapies targeting amyloid-p and tau-based pathologies, compounds are
also under development to modulate more general AD pathology such as

neuroinflammation and oxidative stress.

Trials with NSAIDs, which target neuroinflammation, have generated mixed findings.
An early trial testing the efficacy of Indomethacin suggested beneficial effects upon
cognitive decline®®* but this effect was not replicated®®. A number of clinical trials
testing a range of NSAIDs including aspirin, Simvastatin and Rosiglitazone all failed to
show significant beneficial effects upon cognition®*®**®, However, more recent data
suggest that NSAIDs may have therapeutic efficacy but this depends critically on the

drug tested and timing of intervention>®.

Anti-oxidant-based treatments have also yielded inconsistent results. One clinical trial
showed that Selegiline, a monoamine oxidase-f inhibitor, and vitamin E increased
median survival by 215 and 230 days over placebo, respectively*®®. However, a later
meta-analysis suggested that treatment with doses of vitamin E higher than 400 1U/day
was associated with increased mortality. These findings were themselves challenged by
a large-scale clinical trial which supported the use of vitamin E at doses of 2000
IU/day*®!. A number of other vitamins, anti-oxidants and supplements are also
undergoing assessment including vitamin C, selenium, omega-3 fatty acids,
mitochondrial co-factors (CoQ10), “nutraceutical formulations” and neurotrophins®®*

370 Finally, the large PreADViSe prevention trial (Prevention of AD by Vitamin E and
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Selenium) is following the cognitive status of a large number of healthy participants

exposed to supplements of vitamin E or selenium for 5 years®'*.

In summary, a range of compounds has been developed based on the increasing
knowledge of pathogenic mechanisms in AD. Although a number of compounds have
reached phase Il trials, several have recently failed. Thus, novel disease-modifying

compounds able to alter the course of AD are still required.

1.4.3 Challenges to Clinical Trial Success

The recent failure of several phase Il trials raises the question as to why they were not
successful. Largely, this has been attributed to the therapeutic intervention being applied
too late in the disease process when substantial synaptic and neuronal loss had already
occurred. A number of preventative trials have now been initiated in which
interventions will be administered prior to or very early in the disease process®*" %3371,

These studies will be instrumental in determining whether compounds have

preventative utility which requires earlier intervention.

The success shown by many compounds in pre-clinical trials has not translated to
humans. Transgenic mice expressing only mutant APP do not recapitulate all aspects of
human pathology. Instead, multiple mutations in APP, tau and presenilin are required to
elicit both amyloid-p and tau-based pathologies. Furthermore, there may also be species
and isoform-specific effects of APOE on the clearance of amyloid-p3**°. Thus, a failure
of transgenic models to accurately recapitulate human AD might contribute towards a

failure to translate from pre-clinical to clinical settings.
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The heterogeneity of patient samples might also preclude compound success. Sporadic
AD is a complex disorder with multiple interacting components and it is not clear
whether it should be considered the same disease as familial AD. Several trials have
reported that subsets of patients responded differently to treatment, depending on
disease stage or APOE genotype. Thus, potentially effective compounds may have
failed if they were not applied to the most appropriate group of patients. In the past, this
has been hampered by a lack of highly standardized disease biomarkers. This makes it
difficult to identify a homogenous population of test patients and to evaluate a
compound’s disease-modifying efficacy. A recent revision to the diagnostic research
criteria highlights the long prodromal phase occurring prior to symptom onset*”?. This
revision places a greater emphasis on the inclusion of biomarkers which include

structural MRI scans®”, PET with amyloid-B and tau-binding ligands such as PiB or

332,374 375,376

Florbetapir and CSF levels of amyloid-p and tau . Increased efforts are
therefore underway to identify more sensitive and less invasive biomarkers that will
allow for earlier, more predictive diagnoses and aid in monitoring the effect of

therapeutic interventions upon disease progression®”’*"°,

Determining whether a compound has the desired effect upon its disease target is
important. A number of unsuccessful clinical trials have been criticised for their failure
to assess the compound’s impact upon the intended target***?*. A failure to assess the
extent of disease target modulation makes it challenging to determine why a trial failed.
A compound may be ineffective because it failed to modulate its target to the degree
required to elicit a therapeutic effect or it may simply be that the target is not the most

appropriate for achieving disease-modifying outcomes.
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Indeed, whether compounds have targeted the most appropriate aspects of disease
pathology has been questioned®?. A large body of evidence has shown that soluble
amyloid-p and tau oligomers likely represent the most toxic species and should be
targeted for effective therapeutic strategies. However, most clinical trials have aimed to
reduce the insoluble load of amyloid-f plaques. Furthermore, targeting aggregation by
immunotherapy may actually increase soluble load following solubilisation of plaques.
A more effective approach may therefore be a combinatorial one in which multiple
aspects of pathology are targeted®®*. A number of tau-modifying therapies are now
under development, paving the way for truly combinatorial therapies that target multiple
aspects of disease pathogenesis. In combination with sensitive biomarkers which allow
identification of prodromal patients, preventative combinatorial therapies may represent

the most promising approach for future AD therapeutics.
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1.5 RNA-based Treatment Strategies for Alzheimer’s Disease

An alternative and potentially combinatorial approach to the strategies pursued above
may be to exploit recent developments in RNA interference (RNAI) therapeutics. RNAI
refers to the highly conserved cellular mechanism in which double stranded RNA
(dsRNA), which may take the form of miRNA or small interfering RNA (siRNA),
mediates the degradation or translational inhibition of target mMRNA. In this way, the
expression of virtually any disease-related gene may be silenced. As the development of
BACEL1 inhibitors has been hampered by its challenging protein structure, an RNAI-
based approach in which mRNA is targeted may represent a powerful tool to silence the
expression of deleterious disease-associated genes. Thus, this thesis will focus upon the

development of novel RNA-based therapies for AD.

1.5.1 miRNAs

As outlined previously, miRNAs are an endogenous species of small non-coding RNA
that act as post-transcriptional regulators of gene expression. miRNAs are transcribed
by RNA polymerase Il in the form of long pri-miRNAs. pri-miRNAs undergo
processing in the nucleus by the Drosha/DGCRB complex to yield 60-80 nucleotide
RNA hairpins called pre-miRNAs®*®!. Pre-miRNA hairpins are exported to the
cytoplasm via Exportin-5 where they undergo processing by Dicer to generate mature
miRNAs®®. Dicer incorporates one strand of the mature miRNA into Argonaute 2
(AGO2) which then guides RISC to target mMRNA**! (Fig. 1.3). Although AGO2 was

383,384

identified as the catalytic component of RISC over a decade ago , recent studies

have recognised an essential role for GW182, another RISC component, in mediating
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gene silencing®®*°. Typically, miRNAs bind within the 3> UTR of target mRNA with
imperfect complementarity to elicit target degradation or translational
repressi0n231'233'236. However, studies have also reported miRNA binding within the 5’
UTR and protein coding regions of target mRNAZ2%93%0-3% £y rthermore, miRNA
binding within promotor regions may increase target mRNA expression®*. As
mentioned previously, a single miRNA may regulate the expression of multiple mRNAs
while one mMRNA may be regulated by multiple miRNA species*®*%®. miRNAs are
therefore powerfully placed to regulate complex networks and, as such, may represent

valuable pharmacological targets.

1.5.2 siRNAs

The increased understanding of endogenous miRNA-mediated gene silencing has
permitted the development of exogenous siRNA which exploit the endogenous miRNA
regulatory machinery to repress target gene expression®®*. Exogenous siRNA can be
delivered either in the form of short hairpin RNA (shRNA) expression plasmids or as
chemically synthesised dsRNA duplexes. siRNA-mediated silencing by SiRNA
duplexes is typically transient as the intracellular concentration is diluted over
successive cell divisions. In contrast, ShRNA expression plasmids, driven by Pol Il or
Il promoters, result in high constitutive levels of ShRNA expression and may be used

for longer-term silencing®’

. As for miRNA-mediated silencing, one strand of siRNA is
loaded into AGO2 and guides RISC to target mRNA (Fig. 1.3). However, unlike
mMiRNAs which tolerate  mRNA:miRNA mismatches, SIRNAs target fully

complementary sequences for mRNA degradation. The requirement for fully

complementary sequences bestows strong specificity upon siRNA-mediated silencing.
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Thus, while miRNAs may target a number of genes, highly specific SIRNAs may be
designed to target a single disease-relevant gene. This is particularly valuable for the
avoidance of off-target effects. SiRNAs are also amenable to chemical modifications
which may be used to improve the stability, binding strength or in vivo targeting and
uptake of a specific siRNA. There are currently 39 listed clinical trials
(www.clinicaltrials.gov) which aim to assess the efficacy of SIRNA-mediated therapy in

a range of different diseases.
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Figure 1.3 The RNAI Processing Pathways. RNAI can be achieved via two pathways; (A) the
miRNA pathway and (B) the siRNA pathway. (A) Endogenous miRNA transcription, driven by
polymerase Il (Pol II), produces long primary miRNA transcripts (pri-miRNA). The pri-miRNA
is cleaved by Drosha in the nucleus to produce preliminary miRNA structures (pre-miRNA),
which are exported to the cytoplasm by Exportin-5. Here, pre-miRNAs are processed by Dicer
to produce shorter double-stranded miRNAs. miRNAs are incorporated into AGO2 and the
RNA-induced silencing complex (RISC) where the passenger strand is unwound leaving the
remaining active mature miRNA to guide AGO2-RISC to target mRNAs. Typically, miRNAs
bind to the 3° UTR region of target mRNA with imperfect complementarity resulting in
translational repression or degradation of the target mRNA. (B) siRNA are introduced into the
cell either by expression from an exogenous short hairpin (ShRNA) plasmid in the nucleus or by
direct transfection of synthetic double stranded RNA (dsRNA) in the cytoplasm. Primary
siRNA transcripts (pri-siRNA) are produced following transcription driven by Pol 11 or IlI
promoters and are processed by Drosha to produce pre-siRNA. pre-siRNA are exported from
the nucleus via Exportin-5 where they are processed by Dicer to produce short double-stranded
SiRNA. siRNA are loaded into AGO2 and RISC where one strand is degraded and the
remaining mature siRNA guides AGO2-RISC to target mRNA. siRNAs bind with full
complementarity to target mMRNA sequences which leads to cleavage and degradation of the
MRNA transcript.
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1.5.3 Antisense Oligonucleotides and Locked Nucleic Acids

Alternatively, gene expression may be regulated by antisense oligonucleotides (ASOSs).
Antisense oligonucleotides are synthetic single-stranded nucleic acids, 8-50 nucleotides
in length, which bind to complementary sequences in target mMRNA to modify gene
expression. ASOs may repress total protein expression, selectively repress expression of
a mutant allele or interfere with splicing to restore function of a mutant protein®®3%.
Repression of protein expression may occur either via RNase H-mediated degradation
following recognition of RNA-DNA heteroplexes or by steric blocking leading to
translational arrest. ASOs may also be chemically modified to improve their stability,
binding strength and in vivo efficacy. These include backbone modifications (phosphate
linkages), sugar group modifications (2°-O-methyl and 2’-O-methyl-ethyl group or
locked nucleic acid (LNA) substitutions) or non-ribose modifications such as the
addition of PMOs (phosphorodiamidate morpholino oligomers) or PNAs (peptide

nucleic acids)®.

Currently, two phosphorothioate-modified ASOs, Fomivirsen and Mipomersen, are
approved for the treatment of acquired immune deficiency syndrome (AIDS) and

400401 However, ASOs are now under

familial hypercholesterolemia, respectively
development for a wide range of diseases including cancer, Duchenne muscular
dystrophy (DMD), Hepatitis C Virus (HCV) and neurodegenerative diseases including
spinal muscular atrophy (SMA), amyotrophic lateral sclerosis (ALS) and Huntington’s
Disease (HD)%83%%401405 mnortantly, studies have also highlighted the promise of

ASO-based therapies for AD*®*1. Together, these studies have demonstrated that

intracerebroventricular and intravenous administration of ASOs directed at a range of
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AD-relevant targets including APP, GSK3p and presenilin-1 not only reduces target
gene expression but also markers of neuroinflammation and oxidative stress, reversing
learning and memory deficits in AD mouse models*® . Similar results have also been
obtained using antisense PNAs in both rats and mice****®. Thus, future chemical
modifications which further improve compound efficacy should enhance the potential

therapeutic utility of ASO-based therapeutics.

In particular, the therapeutic potential of LNA modifications has received increasing
interest. LNA bases are ribonucleic acid analogues in which the ribose ring is locked by
an additional methylene linkage between the 2’ oxygen and 4’ carbon (Fig. 1.4). This
imposes a conformational constraint and confers a close structural resemblance between
the LNA-modified ASO and target mRNA*®. This increases binding affinity and
specificity for the target mMRNA and increases in vivo stability. The addition of LNA
modifications can impede RNase H-mediated degradation. However, “gapmer”
oligonucleotides have been designed in which a central region of DNA nucleotides is
flanked by the desired modified bases*'’. The central region allows the activation of
RNase H while a small number of modified bases at the 3’ and 5’ ends protect against

exonuclease activity**®4!’,

A number of studies have shown that LNA-modified ASOs elicit potent silencing of
targets both in vitro and in vivo with minimal toxicity*****®#'°. These findings have
prompted the transition to clinical trials for several LNA-modified ASOs including
SPC2996 (Santaris Pharma A/S), SPC4955 (Santaris Pharma A/S) and EZN-2968

(Enzon Pharmaceuticals) for the treatment of chronic lymphocytic leukaemia,
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hypercholesterolemia and lymphoma, respectively. Promising results from preliminary

phase I trials for EZN-2968*° and SPC2996** highlight the potential of this approach.

"'L Base "'l- Base s'L Base

fo fo OH fo O

DNA RNA LNA

Figure 1.4 Structures of DNA, RNA and LNA. Locked nucleic acid (LNA) refers to a
ribonucleic acid analogue structure in which the ribose ring is locked by an additional
methylene linkage between the 2’ oxygen and 4’ carbon. This confers greater binding affinity
and specificity for target mMRNA and increases in vivo stability.
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1.5.4 Potential for RNA-based Therapeutics in Alzheimer’s Disease

Two different RNA-based approaches may hold therapeutic utility for the treatment of
AD. Firstly, siRNAs or ASOs may be utilised to mediate a reduction in gene-dosage for
AD-relevant genes, either to reduce total expression or to selectively target mutant
alleles for familial cases. Alternatively, restoration of miRNA expression may be

employed to re-establish appropriate regulation of gene expression.

Several studies have offered support for an RNAi-mediated approach to silencing
disease-relevant genes. Kao and colleagues*?? showed that Bacel siRNAs and shRNAs
produced potent silencing of both mRNA and protein expression in primary cortical
neurons, resulting in 40-60% reduction in amyloid-B (40/42). This effect has been
replicated in vivo where lentiviral-mediated delivery of Bacel siRNA silenced Bacel
mRNA and protein expression resulting in a significant reduction in amyloid-p burden,
amelioration of dendritic and synaptic pathology and rescue of cognitive deficts®®.
More recently, a receptor-mediated delivery approach has been utilised to deliver
opioid-conjugated BACEL1 siRNA to human neuroblastoma cells, resulting in a

significant reduction in BACEL activity, although an accompanying increase in APP

expression was noted*?*,

Allele-specific  RNAi-mediated silencing of AD-relevant genes has also been
demonstrated. Mutant allele-specific silencing of presenilin-1 in human fibroblasts
resulted in a 50% reduction in amyloid-B production***. The design of mutant allele-
d425

specific sSiRNA and shRNAs targeting tau and APP mutations has also been reporte

Subsequent in vivo testing revealed specific long-term silencing of mutant APP in the
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hippocampus of transgenic APP mice which suppressed amyloid-p production (~62%)
and protected against memory impairment*?®. These reports build on the studies
discussed previously in which genetic deletion of key disease-relevant genes such as
Bacel and tau significantly reduced amyloid-B and tau pathology, preventing memory
deficits?1781862% Together, these findings offer evidence for siRNA or ASO-mediated

gene silencing of AD-relevant genes as a promising therapeutic option.

As outlined above, a large number of miRNAs are deregulated in AD. There are two
main approaches towards the normalisation of miRNA expression. Firstly, synthetic
miRNA mimics may be utilised to restore downregulated miRNA function. Exogenous
miRNAs may be introduced either through the use of synthetic mature miRNA mimics
or pri-/pre-miRNA expression plasmids. This could prove fruitful where miRNAs have
been shown to target AD-relevant genes and where their downregulation results in an
upregulated gene-dosage effect. As a number of these miRNAs also target other genes
involved in important neuronal functions such as exon splicing and axon guidance,
restoration of miRNA expression may reinstate regulation of a wide number of affected

genes.

The alternative approach is to reduce upregulated miRNA expression. This may
primarily be achieved by two different strategies including miRNA-directed ASOs
(antagomirs) or miRNA sponges. ASOs may be designed to target mature miRNA
sequences resulting in either their degradation or sequestration®?"*?®. Alternatively,
miRNA sponges are competitive inhibitors, constitutively expressed from strong
promoters, which contain multiple target miRNA binding sites. These serve to derepress

miRNA targets by competing with the endogenous mRNA for miRNA binding**°. Both
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antagomir and miRNA sponge-based strategies reduce the number of miRNA molecules
available and hence alleviate miRNA-mediated gene repression. This approach could
hold promise for miR-34a which is upregulated in AD patients and transgenic models,
resulting in reduced expression of the anti-apoptotic protein, BCL-2?°*%?, Indeed,
ASOs against both miR-206 and miR-34c have been shown to rescue cognitive deficits

in mouse models of AD*%43!,

In summary, RNA-based therapeutics may have potential in the treatment of AD. These
techniques may be utilised to elicit partial silencing of disease-relevant genes or to
restore the regulatory capacity of the miRNA network. RNA-based approaches are also
amenable to combinatorial treatment by allowing the simultaneous targeting of multiple
disease-relevant genes. However, although corrective RNA-based therapies hold
substantial promise, their translation to clinic has been impeded by a number of
challenges. These issues must be resolved before the promise of RNA-based

therapeutics may be realised.
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1.5.5 Current Limitations to the Development of RNA-based Therapeutics

Biological Stability, Targeting and Toxicity of Naked RNA

Unmodified naked RNA has a short half-life in serum as it is rapidly degraded by

extracellular exonucleases and endonucleases**?*%,

Furthermore, systemically
administered RNA accumulates in organs such as the liver and kidneys and is
susceptible to rapid degradation and excretion®*****. Naked RNAs display a lack of
specificity for target tissues and are unable to efficiently cross biological barriers or
hydrophobic cell membranes due to their negative charge. Due to this lack of
specificity, naked siRNAs risk off-target effects resulting in toxicity and the activation

#6437 Modifications to increase their stability or

of immune responses
encapsulation/conjugation to a delivery vehicle are therefore required to prevent their

rapid breakdown and enhance targeting***.

Blood-Brain-Barrier

A significant challenge to the development of RNA-based therapeutics is delivery, due
to the presence of biological barriers which prevent systemically applied RNAI
molecules from reaching intended cell targets. In addition to the hydrophobic cell
membrane, a number of other biological barriers impede the delivery of RNA to target

tissues. The most important of these for neurodegenerative diseases is the BBB.

The BBB is a highly regulated and dynamic interface which encapsulates and separates

the brain from the periphery. The BBB protects the brain against toxic insult and
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maintains CNS homeostasis by tightly controlling the entry of peripheral molecules.
The BBB is a complex multi-cellular system which comprises endothelial cells, the
capillary basement membrane, pericytes, astrocytes, microglia and neurons, which all
interact to form the neurovascular unit. The selective permeability of the BBB is
controlled by a monolayer of endothelial cells which surround capillaries and are
connected by tight junctions. Astrocytic end-feet and pericytes provide biochemical
support to endothelial cells and are essential for the formation and integrity of
endothelial tight junctions**®**° (Fig. 1.5). Endothelial cells restrict the diffusion of
large or hydrophilic molecules, allowing only small hydrophobic molecules (< 400 Da)
to diffuse relatively freely across the plasma membrane. Larger molecules require
specialised transport systems to cross the BBB. These include receptor-mediated
transcytosis or passive and active solute carriers which maintain an influx of nutrients to
the brain*®. The presence of the BBB therefore prevents many therapeutics from
reaching their target and has impeded the systemic delivery of RNAi molecules**.
However, in AD the integrity of the BBB may be compromised in an APOE &4-
dependent manner*****®. While this may contribute to ongoing neurodegeneration by
allowing the leakage of peripheral molecules toxic to neurons, it may also aid the

delivery of systemically applied therapeutics.
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Figure 1.5 Components of the Blood-Brain-Barrier. The BBB is a multi-cellular dynamic
interface tightly regulating the passage of molecules from the periphery to the central nervous
system (CNS). The BBB is comprised of a sealed layer of endothelial cells, connected by tight
junctions. Endothelial cells surround capillaries and interact with the capillary basement
membrane, pericytes, astrocytes, microglia and neurons to form the neurovascular unit. The
BBB restricts the diffusion of large or hydrophilic molecules, allowing only small hydrophobic
molecules (< 400 Da) to diffuse across the plasma membrane. Larger molecules require
specialised transport systems including receptor-mediated transcytosis and solute carriers.
Conversely, active ATP-binding cassette transporters (ABC efflux carriers) actively export
molecules from the CNS. The BBB impedes the systemic delivery of many classes of drug by

Neuron

preventing therapeutics from reaching their intended targets within the CNS.
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Existing Delivery Vehicles

Given the challenges outlined above, RNA-based therapeutics require accessory
delivery vehicles to promote their stability and ensure efficient delivery across the BBB.
Effective delivery vehicles must also avoid immune activation and display cell-specific
targeting to avoid off-target toxicity. To date, the development and clinical translation
of RNA-based therapies has been greatly impeded due to the lack of an effective
delivery vehicle that efficiently fulfils these roles. A wide range of delivery systems
have been tested including viral vectors, bacterial vectors, bacteriophage vectors, lipid-
based vectors, nanoparticles and peptide-conjugations**“**”. However, each of these are
associated with their own limitations including immunogenicity, risk of insertional
mutagenesis, limited cargo choice and packaging size constraints, limited cell/tissue
specificity, reduced efficacy with repeat administration, rapid clearance and in vivo
toxicity**®*°. Thus, the further development of RNA-based therapeutics depends upon
a novel delivery system that is capable of fulfilling the above criteria. In recent years,
exosomes, as natural nanocarriers, have attracted increasing attention as a potential

solution to these issues.
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1.6 Exosomes as Therapeutic Delivery Vehicles for Alzheimer’s Disease”

Exosomes are small (40-100 nm) extracellular vesicles (EVs), secreted from the late
endosomal compartment by most cells. They have been implicated in a wide range of
biological processes; perhaps most notably in cell-to-cell communication by the transfer
of material between source and recipient cells. Exosomes appear capable of crossing the
BBB, may be immunologically inert depending on their cell of origin and act as
endogenous delivery vehicles for functional nucleic acids. Thus, it may be possible to

exploit these properties to deliver RNA-based therapeutic compounds in AD.

1.6.1 Exosome Biogenesis

The invagination and fusion of small vesicles from the plasma membrane results in the
formation of early endosomes, which mature to produce late endosomes*!. Inward
budding of intraluminal vesicles (ILVs) from the late endosomal membrane results in
the formation of multivesicular bodies (MVBs). MVBs are then directed either towards
lysosomes for degradation or towards the plasma membrane where they fuse, resulting

42 The secretion of exosomes from the

in the extracellular release of ILVs as exosomes
plasma membrane, which may be constitutive or induced, is thought to be driven by the
activity of several Rab GTPase proteins, including RAB27A, RAB27B, RAB11 and
RAB35, which are involved in the transport and docking of MVBs at the plasma

membrane*>* %% (Fig. 1.6).

“ Within this section some subsections have been updated and amended from'®.
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Exosomes are able to travel to near and distant recipient cells where they may influence
recipient cell activity either through direct release of their cargo following
internalisation or by binding to target cell receptors to drive signal transduction.
Internalisation and release of cargoes may be achieved by direct fusion with the plasma
membrane of recipient cells, by endocytosis or following receptor-ligand mediated
interactions. Although the mechanisms controlling recipient cell uptake are not fully
understood, adhesion molecules including integrins, ICAMs (intracellular adhesion
molecules) and tetraspanins may be important for exosome and recipient cell
binding*"**8. Tetraspanins may also be instrumental in conferring target cell specificity
both in vitro and in vivo with minor differences in exosomal tetraspanin complexes

strongly influencing target cell selction**®4%°,

Throughout biogenesis, exosomes retain membrane topology from the source cell. Thus,
cytoplasmic content is protected and membrane proteins retain their position within the
exosomal membrane. Exosome membranes contain lipid raft microdomains which are
enriched in glycosphingolipids, cholesterol, ceramide and phosphatidylserine. While
exosome composition is dependent upon the identity and physiological condition of
source cells, exosome-enriched proteins have also been identified. These include ALIX,
TSG101, lysosomal proteins (Lamp2B), heat shock proteins (HSC70) and tetraspanins
(CD9, CD63, CD81), which are commonly used as exosomal markers. Exosomes also
carry a wide range of cargoes including mRNA, miRNA and proteins (discussed in

Section 1.6.2). Comprehensive web-based databases of proteomic, transcriptomic and

460 461

lipidomic exosomal content may be found at EVpedia™" and Vesiclepedia™-".
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Although exosome composition partly reflects source cell content, cargoes may be
selectively enriched within exosomes in comparison to the proportions present within
source cells. This suggests selective loading rather than simple enclosure during inward
budding of ILVs. A number of mechanisms appear important for selective cargo
loading. The endosomal sorting complex required for transport (ESCRT) plays a key
role, not only in exosome biogenesis, but also in their loading and secretion. ESCRT
consists of four major protein complexes, ESCRT-0-1Il and accessory proteins
including TSG101 and ALIX. The four complexes and associated proteins appear to be
involved in different stages of exosome biogenesis. Specifically, ESCRT-0 appears to
direct sorting and sequestration of cargoes for exosomal loading in an ubiquitin-

dependent manner*®?,

ESCRT-independent mechanisms also exist and recent data suggest that members of the
tetraspanin family are involved in selective cargo loading*®®*“. Lipid-raft
microdomains also contribute towards selective loading in a ceramide-dependent
manner*®. The importance of ceramide-dependent mechanisms is confirmed by
experimental inhibition of exosome secretion following treatment with GW4869, an
inhibitor of neutral sphingomyelinase (nSMase) which is crucial for ceramide
biosynthesis*®. Heat shock proteins including HSC70 are also implicated in exosome
loading. HSC70, in interaction with ALIX, was shown to bind with the transferrin
receptor to direct its secretion within exosomes*®. Furthermore, cytosolic proteins
containing a KFERQ-motif were selectively sorted to ILVs in a chaperone-dependent

manner following binding to HSC70%".
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With regard to RNA-based therapeutics, it is of particular interest that both AGO2 and
GW182 (components of RISC) and Staul and Stau2 (RNA-binding proteins implicated
in stability, localisation and transport of dsRNA) are found within exosomes>>387:468
4 Downregulation of either AGO2 or GW182 significantly reduces miRNA secretion
within exosomes, suggesting members of RISC contribute to miRNA exosomal
loading®®>*"*, Specific sequence motifs (EXOmotifs) have also been identified within
exosome-associated RNA which may function as cis-acting elements to selectively
target mMRNA and miRNA to exosomes*’?**. Similarly, nontemplated nucleotide
additions, and particularly 3’ uridylation, may contribute to the enrichment of specific

miRNA isoforms within exosomes*”, while target mMRNA abundance also modulates

miRNA loading*’®.

Finally, it should be noted that other EV species have also been identified which may be
distinguished from exosomes by their origin. These include microvesicles (50-1000 nm)
and apoptotic bodies (800-5000 nm), which are heterogeneous populations of vesicles
formed following outward budding/blebbing of the plasma membrane of healthy cells or

those undergoing apoptosis, respectively.
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Figure 1.6 The Exosome Biogenesis Pathway. (1) Exosomes are formed within the endosomal
pathway following inward budding of the plasma membrane to produce early endosomes, late
endosomes and eventually multivesicular bodies (MVBs) containing intraluminal vesicles
(ILVs). During this process, cargoes are selectively loaded into ILVs via different mechanisms.
(2a) The endosomal sorting complex required for transport (ESCRT-0) directs cargoes for
inclusion into ILVs in an ubiquitin-dependent manner. (2b) Components of RISC may
contribute towards the incorporation of miRNAs into ILVs. mRNAs and miRNAs may be
targeted into ILVs by specific sequence motifs and nontemplated nucleotide additions. (2c)
Chaperone proteins, lipid-rafts and tetraspanins may also contribute towards selective exosome-
loading. Chaperone proteins sort proteins via recognition of short sequences motifs while lipid-
raft microdomains contribute towards loading in a ceramide-dependent manner. (3) ILVs are
released as exosomes, constitutively or in response to stimuli, following fusion of MVBs with
the plasma membrane. This may be driven by the activity of Rab GTPase proteins. (4)
Exosomes may transport cargoes to near and distant cells. Lipid rafts, exosomal markers (e.g.
tetraspanins) and plasma membrane proteins, retained from the cell of origin, are found within
the exosomal membrane. Expression of targeting moieties on the exosomal membrane may
selectively direct exosomes to specific cellular subtypes. Exosomes carry a range of cargoes
including mRNA, miRNA, proteins, signalling molecules and components of RISC. Recipient
cell uptake of exosomes may occur via several mechanisms including; (5a) exosome
internalisation by endocytosis into MVBs, (5b) direct fusion of the exosome and plasma
membranes or (5c) receptor-ligand mediated interactions driving signal transduction or exosome
internalisation. Adhesion molecules such as integrins and tetraspanins appear important for
exosome and recipient cell binding and may confer target cell specificity.
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1.6.2 Exosomes as Mediators of Cell-to-Cell Communication

Exosomes are secreted by most, if not all, cell types and are abundant in many
biological fluids*’" . Circulatory exosomes may therefore reflect a widespread natural
delivery system by which near and distant cells communicate for a range of
physiological purposes. As they are present in a variety of easily accessible biological

fluids they may also represent a novel class of biomarker.

Exosomes have been implicated in a growing number of biological and pathological
functions including immune regulation, antigen presentation, stem cell maintenance and
plasticity, cell phenotype modulation, synaptic signalling, tumour progression and the
spread of pathological proteins*®?**. However, arguably the most important finding in
relation to exosome-mediated delivery of RNA-based therapeutics is that exosomes are

natural carriers of MRNAs and miRNAs between source and recipient cells.

Ratajczak et al.*®’

provided early evidence that EVs carry functional mRNA and protein
to recipient cells. Vesicles derived from mouse and human embryonic stem cells (ESCs)
were enriched in Wnt-3 and Oct-4 proteins and mRNA encoding for several early
pluripotent transcription factors. Vesicle treatment of recipient hematopoietic stem cells

resulted in upregulation of early pluripotent protein markers, activation of MAPK and

Akt signalling pathways and enhanced their survival and proliferation®®’.

1.4 who showed that tumour-

Similar results were reported by Baj-Krzyworzeka et a
derived microvesicles carried both characteristic proteins (tumour surface determinants)

and an array of growth factor mRNAs. Following uptake by recipient monocyte cells,
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EVs provided protection from apoptosis in vitro and activated the Akt-PI3K signalling
pathway. Endothelial progenitor cell-derived vesicles also enhance the survival of
recipient endothelial cells in vitro and in vivo by exerting anti-apoptotic effects and

promoting neoangiogenesis**

. Interestingly, mesenchymal stem cell (MSC)-derived
vesicles did not trigger the same recipient cell response, suggesting cell-type specific
effects. Together, these results provided early evidence that EVs are involved in the

shuttling of bioactive cargoes capable of producing distinct phenotypic changes in

recipient cells.

Subsequently, two seminal papers ignited the interest of the field and raised the question
as to whether exosomes could be exploited for the purpose of delivering exogenous
RNAIi molecules. In the first, Valadi and colleagues*®* reported that mouse and human
mast cell-derived EVs contained large numbers of mRNAs and miRNAs. Over 1300
different vesicular mMRNA and 121 miRNA transcripts were discovered, not always
reflecting parent cell abundance, suggesting an element of selective loading.
Furthermore, incubation of human mast cells with exosomes derived from murine cells
resulted in the expression of mouse proteins in recipient human cells. As one of the first
papers to demonstrate functional transfer of RNA and recognise the presence of RNAI
effectors within exosomes, this work triggered a wealth of interest into the content and
potential physiological roles of exosomes. In a follow-up to this work, Ekstrom et al.**
further characterised the mMRNA and miRNA content of human mast cell-derived
exosomes and their role in cell-to-cell communication. As before, 116 miRNAs and

~1800 mRNAs were identified within exosomes derived from the human mast cell line,

HMC-1. By using radioactive uridine to label exosomal RNA in parental source cells,
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mast cell-derived exosomes were shown to transfer their RNA cargoes to both human

mast cells and CD34+ cells**®.

In the second influential paper, Skog et al.*®

confirmed the presence of angiogenic
proteins, MRNAs and miRNAs within exosomes derived from glioblastoma tumour
cells. 11 tumour-specific mature miRNAs and 27,000 mRNA transcripts were detected
within exosomes, 4,700 of which were not detected in parental source cells, again
suggesting selective enrichment of specific mMRNAs. Via Gaussia luciferase mRNA,
fluorescently labelled glioblastoma-derived vesicles were shown to actively deliver
reporter mMRNA to recipient human brain endothelial cells where it was translated into
protein. These vesicles triggered endothelial cell tubule formation and stimulated the

proliferation of human glioma cells, demonstrating the pleotropic biological effects

elicited by tumour-derived vesicles.

As miRNAs have become increasingly implicated in health and disease, the interest in
them has grown and the principal findings from these two publications have been
confirmed by others. The RNA-mediated functional effects exerted on recipient cells by

EVs have been diverse. For example, Collino et al.*®

confirmed the presence of 113
and 133 mature miRNAs in vesicles derived from human MSCs and liver resident stem
cells, respectively. Many of the miRNAs, which could be transferred to recipient murine
tubular epithelial cells, were predicted to play important roles in a variety of processes
including immune system regulation, multi-organ development, cell survival and
differentiation*®®. Exosomes derived from T, B and dendritic immune cells are also

highly enriched in small RNA*". These exosomes were found to participate in immune

interactions by transferring encapsulated miRNAs from T-cells to antigen-presenting
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cells. Notably, the exosome transfer was unidirectional and modulated gene expression

in recipient cells*”.

Montecalvo et al.*®

also provided evidence for the transfer of functional miRNAs
within exosomes secreted by mouse dendritic cells (DCs). Not only were 202 miRNAS
identified within DC-derived exosomes, but the precise miRNA profile varied
depending on maturity of the source cell. Incubation of recipient cells with DC-derived
exosomes resulted in repression of target genes involved in a range of DC functions

including cytokine synthesis, endocytosis, antigen cross-presentation, dendritic cell

differentiation, TGF-p signalling and cell survival.

Interestingly, the precise exosomal RNA profile and resulting biological effects vary not
only by cell type and parent cell maturity but also by growth conditions and

1.4 revealed that the RNA content of exosomes derived

pathological state. Eldh et a
from mouse mast cells differed significantly when source cells were grown under
conditions of oxidative stress. Furthermore, these exosomes conferred a protective
signal to recipient cells subsequently exposed to oxidative stress. Similarly, Wang et
al.>® reported that serum deprivation caused a prompt increase in miRNA secretion
from human cell lines. However, whether these vesicles confer similar protective effects
was not assessed. Finally, the miRNA profile of secreted EVs may also be altered by the
pathological state of the source cell in a variety of diseases including cancer and
cardiovascular disease®™>%. Thus, as EVs derived from a range of different cell types

are found within a variety of biological fluids, they have attracted increasing attention as

potential biomarkers.
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Together, these findings confirm exosomes as natural nanocarriers of proteins, mMRNA
and endogenous RNAI molecules both in vitro and in vivo. These cargoes are functional
and may fundamentally change the biological phenotype of recipient cells. As exosomes
are stable in human biological fluids, encapsulate a range of genetic material and are
able to deliver functionally active molecules to distant cells, this raises the prospect that

these properties may be exploited for therapeutic purposes.
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1.7 Therapeutic Applications of Exosomes

Although the field is still at an early stage, several studies have now highlighted the
potential of exosomes for the delivery of exogenous RNAi-based effectors (Table 1.2).
Exosomes also possess intrinsic therapeutic properties which may offer inherent

potential for the treatment of disease.

1.7.1 Delivery of Exogenous Therapeutic Cargoes

Different strategies have been employed to load exogenous RNAi-based molecules into
exosomes including endogenous and exogenous mechanisms. By endogenous methods,
RNAI molecules are transfected into exosome source cells and rely upon endogenous
loading pathways for encapsulation of exogenous RNAI molecules into EVs. In
contrast, exogenous loading strategies first require the isolation of vesicles, after which

they are loaded ex vivo by either electroporation or co-incubation techniques.

Exogenous miRNA and siRNA Delivery

Kosaka et al.>%®

provided early evidence that overexpression of miRNAs within source
cells resulted in their increased secretion within exosomes. The activity of a luciferase
reporter containing a perfectly complementary binding site to miR-146a was reduced in
recipient cells treated with conditioned medium derived from COS-7 and HEK293 cells
pre-transfected with pri-miR-146a expression plasmids. These findings were supported

by Zhang et al.*®® who showed that transfection of miR-150 mimics into human THP-1

monocytic cells resulted in their secretion within microvesicles. Microvesicles were
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taken up by human HMEC-1 cells in vitro, where elevated levels of exogenous miR-150
reduced protein expression of the miR-150 target, c-Myb, and increased cell migration.
Furthermore, miR-150 transfer also occurred in vivo. When C57BL/6 mice were
injected intravenously with miR-150-loaded fluorescent THP-1 microvesicles, the blood
vessel endothelium became fluorescently labelled and enriched in miR-150, confirming

that EVs may deliver exogenous RNAi-molecules in vivo.

Similarly, Akao et al.>®" demonstrated that transfection of THP-1 cells with miR-143
resulted in miR-143 enriched microvesicles. When pre-transfected THP-1 cells were
injected into nude mice, miR-143 levels were significantly increased in the serum,
tumour and kidneys. Although no functional assessments of transported miR-143 were
reported, these findings support those of Zhang et al.*® by demonstrating that

exogenous miRNAs may be delivered to recipient cells in vivo.

In 2011, Alvarez-Erviti et al.>® provided the first proof-of-concept evidence that
exosomes could be harnessed to deliver exogenously loaded siRNA. Bone marrow-
derived immature DCs (BM-DCs) were used as a source of immunologically inert
exosomes. It is imperative that therapeutics are developed which are specifically
targeted and capable of penetrating the BBB. Therefore, a novel targeting strategy was
employed in which the exosomal membrane protein, Lamp2B, was fused either to a

509

muscle specific peptide (MSP)*™ or a rabies viral glycoprotein (RVG)-derived

510

peptide®™, chosen for its ability to bind nicotinic acetylcholine receptors expressed on
neurons and the vascular endothelium of the BBB. Once isolated, exosomes were
loaded via electroporation with SiRNA against Gapdh, cyclophilin B or Bacel.

Importantly, exosomal expression of targeting peptides conferred specific targeting
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capacities to the exosomes; the strongest knockdown in C2C12 (myoblast) cells was
achieved with MSP-exosomes while RVG-exosomes elicited the strongest knockdown
in Neuro2A (neuroblastoma) cells. The role of the RVG-peptide in specific targeting
was confirmed as silencing was abolished when acetylcholine receptors were blocked

using a-bungarotoxin.

Subsequently, siRNA-loaded RVG-exosomes were administered to C57BL/6 mice via
intravenous injection. Strikingly, RVG-exosomes resulted in effective silencing
throughout several brain regions including the striatum, midbrain and cortex with little
silencing in the liver and spleen. This was in contrast to naked siRNA which was
sequestered within the liver, kidneys and spleen. Significantly, in vivo delivery of Bacel
siRNA-loaded exosomes resulted in ~60% silencing of cortical Bacel mRNA and
protein, paired with a significant reduction (~55%) in amyloid-p (42). Exosome
treatment was well-tolerated in vivo and did not appear to stimulate an immune
response, even following repeated administration. This study therefore offered the first
evidence that exosomes may be harnessed safely as natural delivery vehicles to
effectively deliver exogenous RNAi-molecules across the previously insurmountable

BBB.

Importantly, Wahlgren et al.*"

provided evidence that this nanotechnology could
translate to human cells. The authors harvested plasma exosomes from the peripheral
blood of human donors and successfully loaded them with fluorescently tagged MAPK-
1 siRNA by electroporation. Exosomes were taken up by both monocytes and

lymphocytes where exosome-delivered siRNA localized mainly to the cytoplasm and

elicited effective silencing of MAPKL. Interestingly, silencing was more pronounced in
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recipient monocytes than lymphocytes suggesting selectivity in exosome uptake, as

mentioned previously.

Following these reports, further studies have shown that exosomes deliver both
exogenous SiRNA and miRNA and have extended applicability to other diseases*>*>**-
% For example, Shtam et al.>*? used a number of strategies, including electroporation,
to introduce exogenous SiRNAs against RAD51 and RAD52 into HeLa and human
ascites-derived exosomes. Treatment of recipient HeLa and HT1080 fibrosarcoma cells

with siRNA-loaded exosomes resulted in effective post-transcriptional gene silencing

with RAD51 siRNA prompting reproductive cell death in recipient HeLa cells.

Three studies have provided further evidence for exosome-mediated delivery of
synthetic miRNAs. In the first, Momen-Heravi and colleagues*° used electroporation to
load B-cell-derived exosomes with miR-155 synthetic mimics or inhibitors for delivery
to hepatocytes or macrophages. Exosomes loaded with miR-155 mimics significantly
increased miR-155 levels in primary mouse hepatocytes in vitro and in the liver of miR-
155 knockout mice in vivo. Conversely, treatment of RAW macrophage cells with
exosomes loaded with miR-155 inhibitors reduced both miR-155 expression and LPS-
induced TNFo production, which partially prevented an LPS-induced decrease in
SOCS1 mRNA levels. Furthermore, exosome-mediated delivery of miR-155 inhibitors
was more effective and less toxic compared to conventional transfection protocols. As
one of the first reports of exosome-mediated delivery of miRNA inhibitors, this extends

the exogenous RNAI-based cargoes which exosomes may potentially deliver.
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In two companion studies, Lee et al.”»***® showed that MSC-derived exosomes were
able to deliver synthetic miR-124 and miR-125 mimics to a range of cells including
glioma cells, glioma stem cells (GSCs), neural progenitor cells (NPCs) and astrocytes
following co-culture in vitro. The role of exosomes in delivering exogenous miRNA
mimics was confirmed following their isolation and direct application to recipient cells.
In glioma cells and GSCs, exosome-mediated delivery of miR-124 and miR-125 mimics
significantly reduced luciferase reporter activity for target genes, SCP-1 and Sox2, and
decreased the migration of glioma cells and self-renewal of GSCs**. In NPCs,
exosome-mediated delivery of miR-124 significantly decreased expression of the target
gene, Sox9, and enhanced neuronal differentiation®®>. Additionally, expression of the
glutamate transporters, EEAT1 in NPCs and EAAT2 in NPCs and astrocytes, was
increased following delivery of miR-124. Functional effects were also observed in vivo
when intracranially administered MSCs delivered Cy3-labelled miR-124 mimics to
glioma xenografts, resulting in increased expression of miR-124 within tumour cells™*.

Together, these two studies demonstrated that MSC-derived exosomes are able to

deliver exogenous miRNA to a variety of cells both in vitro and in vivo.

Finally, Cooper and colleagues® reported that RVG-modified exosomes loaded with
siRNA targeting a-synuclein could hold therapeutic utility in the treatment of PD.
RVG-modified exosomes loaded with a-synuclein siRNA effectively silenced ao-
synuclein mRNA (80%) and protein (85%) in SH-SH5Y cells in vitro. These results
extended in vivo with selective silencing of a-synuclein mMRNA and protein in the brains
(midbrain, striatum and cortex) of both wild-type mice and S129D a-synuclein PD
transgenic mice. Furthermore, there was also a significant reduction in intraneuronal

protein aggregates, including in the dopaminergic neurons of the substantia nigra, in the
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brains of PD transgenic mice®™. These findings not only extend the use of RVG-
modified exosomes for the delivery of PD-relevant siRNA but confirm that exosomes
are effective in reducing aggregates in a disease-model of PD. This is important as they
suggest that aggregated proteins may be reduced by targeting mutant protein at the

MRNA level.

In summary, although the number of experiments to-date is relatively small, combined,
they provide strong support for the hypothesis that exosomes may be loaded with
exogenous RNAi-based cargoes and exploited for their capacities as a natural in vivo

delivery vehicle.

Delivery of Other Cargoes

While this thesis focuses upon RNA-based therapeutics, it is important to note that
exosomes are also capable of delivering other exogenous cargoes (Table 1.2). For
example, exosomes may be complexed with the anti-inflammatory agent,
curcumin®*®*Y”. Curcumin was more stable in vitro and had a higher bioavailability in
vivo when delivered in association with exosomes>'®*'". Exosome-curcumin complexes
could be delivered noninvasively to microglia cells in vivo by intranasal delivery and
protected mice against a range of inflammatory challenges™*®**’. Similarly, exosomes
have been loaded with catalase, a potent anti-oxidant, and delivered to the brain
intranasally, where they protected neurons against oxidative stress in a PD mouse

model®*®

. Two phase | clinical trials are currently recruiting to study the anti-
inflammatory effects of plant exosomes either alone or in complex with curcumin for

the treatment of cancer (NCT01294072, NCT01668849). This anti-inflammatory
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potential of exosome-mediated therapies may therefore have relevance for the

neuroinflammatory component within AD.

An alternative therapeutic use for exosomes has been proposed by Maguire and
colleagues®'® who showed that during production of adeno-associated viruses (AAVSs), a
fraction were associated with EVs (vexosomes). Gene transduction efficiency in
recipient cells was significantly enhanced by vexosome-mediated delivery and purified
vexosomes were more resistant to an AAV-neutralising antibody. Ligands could also be
incorporated into the vexosome membrane to improve targeting. This study suggests
that exosomes may hold promise as co-delivery vectors and may improve existing AAV
vectors which have suffered from off-target effects and low transduction efficiency in

target tissues.

Exosomes may also be used to deliver cargoes for the treatment of cancer. For example,
EV-mediated delivery of CD-UPRT mRNA/protein, a potent prodrug-activating
combination, resulted in regression of Schwannoma tumours following systemic

520 Other evidence has shown that exosomes

treatment with the prodrug 5-flurocytosine
encapsulating let-7a miRNA may be targeted to epidermal growth factor receptor
(EGFR)-expressing breast cancer cells in vivo by engineering source cells to express the
transmembrane domain of platelet-derived growth factor receptor fused to the GE11
peptide®?.

In summary, these studies highlight the therapeutic potential of exosome-mediated

delivery for a wide range of cargoes and diseases and demonstrate cell-specific targeting

following EV membrane modifications.
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Table 1.2 Summary of Exogenous Exosome Cargoes and Their Functional Effects.

Ref. Cell Type Cargo Vesicle-Mediated Effects
RNAIi-Based Compounds
MiR-150 Downregulation of target protein c-Myb in HMEC-1 cells
468 THP-1 - and increased HMEC-1 cell migration. miR-150 transfer to
mimic LI
mouse blood vessel endothelium in vivo.
HEK?293, A Downregulation of luciferase reporter protein and inhibition

208 COSs-7 BRI of tumour cell proliferation.

Modified miR-143 mimic accumulation in serum, tumour and kidneys

507 THP-1 miR-143 of nude mice following intravenous injection of ex vivo

mimic transfected cells.

508 BM-DC Gapdh and Targeted in vivo silencing of mRNA and protein within the

Bacel siRNAs | brain (striatum, midbrain and cortex).
Human HCV and In vivo siRNA transfer between native liver cells and

522 CD81 engrafted cells in NOD/SCID mice. CD81 silencing in

hepatoma A
ShRNAs native liver cells.
GFP and

523 MSC mutant HTT | HTT silencing in SH-SH5Y and U87 cells.

shRNAs
Human MAPK-1 . . .

511 plasma SIRNA Silencing of MAPK1 in monocytes and lymphocytes.
Exosome donor cells engineered to target EGFR-expressing
breast cancer cells. Intravenously injected exosomes

521 HEK293 let-7a mimic | delivered let-7a miRNA to EGFR-expressing xenograft
breast tissue in RAG2” mice and suppressed tumour
growth.

HelLa and RADS51 and | Post-transcriptional gene silencing in recipient HeLa and

512 Ascites RAD52 HT1080 cells. RAD51 delivery caused reproductive cell

SiIRNAs death of recipient HelLa cells.
Transfer to glioma cells and GSCs. Silenced SCP-1 and
miR-124 and | Sox2 reporter activity and decreased migration of glioma

514 MSC miR-145 cells and self-renewal of GSCs. Delivered Cy3-miR-124

mimics mimic to glioma xenografts in vivo following intracranial
administration.
miR-124 and | Transfer to NPCs and astrocytes. Silencing of Sox9 and
515 BM-MSC miR-145 increased neuronal differentiation in NPCs. miR-124
mimics and increased glutamate transporter expression EAAT1 in NPCs
pre-miR-124 | and EAAT2 in NPCs and astrocytes.
MiR-155 miR-155 mimic and inhibitor delivered to hepatocytes or

450 Murine B- mimic or macrophages. miR-155 inhibitor reduced LPS-induced

cells (M12.4) inhibitor TNFa production and prevented decrease in SOCS1 mRNA

levels in RAW macrophages.
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Table 1.2 Continued.

Ref. Cell Type Cargo Vesicle-Mediated Effects
MiR-16 mimic Co-expression of miR-16 and AGO2 increased miR-16
524 HelLa and AGO2 secretion in microvesicles. Enhanced silencing of BCL-2
protein in recipient HEK293T cells.
Targeted in vivo silencing of a-synuclein mRNA and
a-synuclein protein in the brain (striatum, midbrain and cortex).
513 BM-DC d e N .
SiRNA Significant reduction in intraneuronal protein aggregates
including in dopaminergic neurons in substantia nigra.
Endothelial Luciferase Silencing of luciferase reporter in endothelial recipient
525 .
cells SiRNA cells.
miR-21 mimic | miR-21 inhibitor reduced migration and increased
526 U937 S . .
or inhibitor apoptosis of gastric cancer cells.
Other Compounds
519 HEK293T AAVS Enhanced AAV.ggne trapsductlon, increased resistance to
an AAV-neutralizing antibody.
CD-UPRT Regression and reduced growth of pre-established
520 HEK?293T . X .
mRNA/protein | Schwannoma tumours in an orthotopic mouse model.
EL-4 and . Enhanced in vivo bioavailability. Protection against LPS-
516 RAW 264.7 Curcumin induced septic shock in mice.
e o Intranasal delivery to microglia. Protected mice against
S| &L, OIS SIS M 1o3er, inflammation-med);ated diseas?es . ’
and A20 JS1124 '
DCs engineered to express Lamp2B fused to av integrin-
. specific iIRGD peptide for tumour targeting. Exosomes
527" | Immature DC Doxorubicin loaded with Doxorubicin inhibited tumour growth in
BALB/c nude mice.
MDA, Porohvrins of Hydrophobic compounds loaded efficiently into vesicles.
HUVEC, PRy EV-mediated delivery significantly increased cellular
528 different . X
hMSC and uptake and the photodynamic effect of hydrophobic
hydrophobicities .
hESC porphyrins.
Catalase-loaded exosomes taken up by neuronal cells.
518 | RAW 264.7 Catalase Protected ag:?unst n-eur(.)nal stresg arjd ROS in vitro.
Protected against oxidative stress in vivo in a PD mouse
model following intranasal administration.

THP-1, human acute monocytic leukaemia cell line; HMEC-1, human microvascular endothelial cell line;
HEK?293, human embryonic kidney 293 cell line; COS-7, African green monkey kidney cells; BM-DC, bone-
marrow-derived dendritic cells; HCV, hepatitis C virus; NOD/SCID, Nonobese diabetic/severe combined
immunodeficiency; hMSCs, human mesenchymal stem cells; shRNA, short hairpin RNA; GFP, green
fluorescent protein; HTT, huntingtin; SH-SH5Y, human neuroblastoma cell line; U87, human primary
glioblastoma cell line; MAPK-1, mitogen-activated protein kinase 1; EGFR, epidermal growth factor receptor;
HT1080, human fibosarcoma cells; GSCs, glioma stem cells; NPCs, neural progenitor cells; LPS,
lipopolysaccharide; RAW, murine leukaemic monocyte macrophage cell line; AGO2, argonaute 2; U937,
human acute monocytic leukaemia cell line; AAVS, adeno-associated viruses; CD-UPRT, cytosine deaminase
fused to uracil phosphoribosyltransferase; EL-4, murine T-lymphoma cell line; 3T3L1, mouse embryonic
fibroblast-adipose-like cell line; 4T1, murine mammary tumour cell line; CT26, murine colon carcinoma cell
line; A20, murine B lymphoma cell line; Stat3, Signal transducers and activators of transcription; DC, dendritic
cell; MDA, MDA-MB231 breast cancer cell line; HUVEC, human umbilical vein endothelial cells; hESC,
human embryonic stem cell line; ROS, reactive oxygen species.
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1.7.2 Intrinsic Therapeutic Activity of Exosomes

In addition to their potential for the delivery of exogenous RNAi-based effectors it must
be noted that exosomes also possess intrinsic therapeutic properties. Thus, it may be
possible to combine intrinsic therapeutic potential with exogenous cargoes to enhance

the therapeutic capabilities of exosomes.

Exosomes may confer both anti-inflammatory and immunosuppressive effects. They
may therefore have therapeutic utility in the context of autoimmune diseases or those
with an inflammatory component such as AD. Exosomes derived from immature DCs
engineered to express immunosuppressive cytokines such as IL-4, IL-10, FasL and
indoleamine 2,3-dioxygenase (IDO) reduced inflammatory responses in delayed-type
hypersensitivity and suppressed the onset and severity of murine collagen-induced

529-532

arthritis In these studies, exosomes were found to be as, if not more,

immunosuppressive than the DCs from which they were derived.

Unmodified exosomes also display inherent therapeutic potential. A wealth of pre-
clinical evidence has shown that MSC-derived exosomes improve organ function and
promote recovery after injury and may inhibit tumour growth®®, Indeed, MSC-derived
exosomes are cardioprotective in the treatment of myocardial ischemia/reperfusion
injury®*°®* and also promote neurite outgrowth and functional recovery after
neurological injury®*®. Furthermore, MSC-derived exosomes have been used to treat a
patient suffering from graft-versus-host disease (GvHD), where they appeared well-

tolerated and ameliorated both the pro-inflammatory cytokine response and clinical

GVHD symptoms™>".
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Finally, exosomes derived from DCs, tumours and ascitic fluid may have intrinsic
potential as a cell-free cancer vaccine by priming the immune system to evoke anti-
tumour immunity. DC-derived exosomes (Dex) induce antigen-specific T-cell responses

538-540 \while tumour-derived

by direct and indirect display of antigens to T-cells
exosomes (Tex) may function as antigen delivery systems>***2. Three clinical trials
have assessed the safety and efficiency of Dex and ascites-derived exosomes (Aex) in

4 and colorectal

patients with non-small cell lung cancer®®, metastatic melanoma
cancer’®. The treatments were well-tolerated and Aex, in combination with GM-CSF,
produced beneficial anti-tumour cytotoxic T-lymphocyte responses®. Furthermore,
exosomes derived from tumour cells genetically modified to express either IL-2 or
glycolipid-anchored 1L-12 had enhanced anti-tumour and anti-immunogenicity

effects®654,

These findings support the proposal that combining the intrinsic therapeutic potential of
exosomes with their ability to deliver exogenous cargoes may improve therapeutic
outcomes. Together, these studies highlight the promise of exosome-mediated
therapeutics and serve as evidence that exosomes may be delivered safely and

efficiently in human clinical trials.
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1.8 Conclusions

In summary, a novel disease-modifying therapy for AD is urgently required. Although
seemingly promising compounds have been identified, many have subsequently failed
at clinical trial. A novel, and most likely combinatorial, approach to therapy is therefore
required. In this respect, the field of RNA-based therapeutics holds great promise.
Nevertheless, development is currently limited by the lack of a suitable delivery vehicle
able to target therapeutics across the BBB with minimal toxicity. In recent years, the
potential for exosome-mediated delivery has been increasingly recognised. However,
key challenges to realising this potential will be to characterise a safe and scalable
source of exosomes, identify appropriate cargoes, establish efficient and sustainable
loading protocols and develop methods to enable specific targeting of desired cells. This
thesis will therefore focus on the development of RNA-based therapeutics and

optimisation of exosome-mediated delivery for the treatment of AD.

1.9 Thesis Aims

The aims of this thesis were to:

1) Validate candidate RNAi-based therapeutics for the treatment of AD.
2) Optimise exosome-mediated delivery for AD-relevant RNAi-based therapeutics.

3) Develop combinatorial LNA-ASO-based approaches towards AD therapy.
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2 Materials and Methods

2.1 SsiRNAs

siRNAs were purchased from Eurogentec or were a gift from Novartis. The Bacel

siRNA sequence chosen had previously been successfully validated in the

literature*?2°%. APP siRNA sequences were designed utilising the Eurogentec siRNA

design platform. A nonspecific sSiRNA sequence was used as a negative control for

comparison to experimental sSiRNA activity. The siRNA sequences utilised in this study

are provided in Table 2.1.

Table 2.1 siRNA Sequences.

SiRNA Sense Sequence Antisense Sequence
BACE1 GCUUUGUGGAGAUGGUGGA | UCCACCAUCUCCACAAAGC
APP1 GUACCAACUUGCAUGACUA | UAGUCAUGCAAGUUGGUAC
APP2 GAUCACCAAUGUGGUAGAA | UUCUACCACAUUGGUGAUC
APP3 CUGGUACUUUGAUGUGACU | AGUCACAUCAAAGUACCAG
Negative Control | UGCGCUACGAUCGACGAUG | CAUCGUCGAUCGUAGCGCA

2.2 microRNA Mimics

Two sets of mIRNA mimics were purchased; mirVana miRNA mimics (Life

Technologies) and AccuTarget miRNA mimics (Bioneer). Cel-miR-39-3p was utilised

as a normalisation control spike-in for RNA extractions and was purchased from IDT.

The miRNAs utilised in this study are provided in Table 2.2.
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Table 2.2 miRNA Mimics.

miRNA ID Mature miRNA Sequence
hsa-miR-17-5p CAAAGUGCUUACAGUGCAGGUAG
hsa-miR-20a-5p UAAAGUGCUUAUAGUGCAGGUAG
hsa-miR-29a-5p ACUGAUUUCUUUUGGUGUUCAG
hsa-miR-106b-5p UAAAGUGCUGACAGUGCAGAU
cel-miR-39-3p UCACCGGGUGUAAAUCAGCUUG
mirVana Negative Control #1 Sequence not provided (ID: 4464076)

2.3 Locked Nucleic Acid-Antisense Oligonucleotides (LNA-ASOs)

Multi-gene targeting LNA-ASOs were designed by Dr. Miguel Varela (Wood Lab)
using a self-developed algorithm which identifies overlapping sequences between two
or more genes of interest. The algorithm was utilised to design chimeric DNA/LNA
“gapmer” ASOs which have a fully phosphorothioated backbone and comprise a core
region of 7-9 DNA monomers flanked either end by 3 modified LNA bases. For multi-
gene LNA-ASOs, these were based on sequences predicted to allow each LNA-ASO to
target two genes simultaneously. Separate single-gene gapmer LNA-ASOs, predicted to
target each desired gene individually, were also designed. A nonspecific LNA-ASO
sequence was utilised as a negative control. All sequences were blasted against the
human genome to ensure specificity to the genes of interest. LNA-ASOs were
purchased from Exigon. The LNA-ASOs utilised in this study are provided in Table

2.3.
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Table 2.3 LNA-ASO Sequences.

LNA-ASO Genes Targeted Sequence
Multi-gene Targeting LNA-ASOs
APGS APP, GSK3p +A+G+Agagactga+T+T+C
BACD BACE1, CDK5R1 +C+C+Ttccaccgc+T+G+C
BAMT (human) BACE1, mTOR +G+A+TagagacatA+T+G
BAMT (mouse) Bacel, mTOR +T+T+Tggccagcag+G+G+A
BAPP1 BACEL, APP +A+C+Ttcagactg+G+T+T
BAPP2 BACE1, APP +A+C+Ttcagactg+G+T+T/idSp/+A
BAPP3 BACE1, APP +A+C+Ttcagactg+G+T+T/idSp/+A/idSp/+G
BATA BACEL, Tau +T+G+Ctggtggctt+C+T+C
GRAGSB GRIA2, GSK3p +C+A+Aaaagatattc+A+G+A
GRANO GRIA2, NOX4 +A+G+Gcatatttc+C+C+T
GRBCA GRIN2B, Caspase-9 +G+A+Gtgageccac+T+G+C
GSBGRB GSK3p, GRIN2B +C+C+Accccctgga+T+C+T
Single-gene Targeting LNA-ASOs
APP-1 APP +C+A+Ccatgcgca+C+A+T
APP-2 APP +T+A+Gcatattga+A+C+A
APP-3 APP +T+G+Acgttctgc+C+T+C
BACE1-1 BACE1 +T+A+Acctcaccc+A+T+T
BACEL1-2 BACE1 +C+C+Ataacagtg+C+C+C
GSK3p-1 GSK3p +A+C+Accaaatga+tT+C+C
GSK3p-2 GSK3p +T+T+Ctcctgaat+C+A+C
mTOR-1 mTOR +C+C+Acaccgtc+C+A+A
mMTOR-2 mTOR +T+T+Atctcgaa+C+C+C
mTOR-3 mTOR +C+T+Cacggaga+A+C+C
mTOR-4 mTOR +T+G+Gcaagacg+G+C+C
Control LNA-ASO
Negative Control N/A +C+A+Gtgtgctag+T+C+A

All LNA-ASOs have a fully phosphorothioated backbone with 7-9 DNA monomers flanked either end by
3 LNA-modified bases, + indicates modified LNA monomer, idSp indicates inclusion of an abasic site.
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2.4 Plasmids

2.4.1 Lamp2B-RVG Neuronal Cell Targeting Expression Plasmid

Where indicated, EVs were engineered to target neuronal cells through the use of the
pEGFP-C1-Lamp2B-RVG plasmid™® (a gift from Dr. Lydia Alvarez-Erviti, UCL). This
plasmid had been constructed so that the exosomal protein, Lamp2B, was N-terminally

510

fused with the Rabies Viral Glycoprotein (RVG)-derived peptide®™, a ligand for the

acetylcholine receptor, with the removal of EGFP (Fig. 2.1). As a control, the pEGFP-

C1-Lamp2B construct, lacking the RVG peptide, was used.

A) B)

Modified Lamp2B Protein

Lamp2B or | SP I RVG | Luminal NTerminusI ™ I CT I

Lamp2B-RVG
insert

Figure 2.1 Structure of pEGFP-C1-Lamp2B-RVG Targeting Peptide. (A) The Lamp2B or
Lamp2B-RVG fusion protein is inserted downstream of the CMV promoter between Nhel and
BamHI restriction sites in the pEGFP-C1 plasmid with the EGFP sequence removed. (B) The
Rabies Viral Glycoprotein (RVG)-derived peptide is cloned into the N-terminus of Lamp2B.
SP, signal peptide, TM, transmembrane domain, CT, C terminus.
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2.4.2 AGO2 and Membrane-associated AGO2 Expression Plasmids

To assess the effect of increased cellular expression of AGO2, the pEGFP-N1-hAGO2
plasmid (a gift from Giulia Corso, Karolinska Institute) was utilised. This plasmid had
been constructed by amplification of the hAGO2 insert from the pEGFP-C1-hAGO2

plasmid™*

(Addgene, plasmid #21981) and subsequent insertion into the C-terminus of
EGFP in the pEGFP-N1 plasmid (Clontech) between Nhel and BsrGl restriction sites.
To assess the impact of directing AGO2 towards the membrane, a membrane-associated
(MT) form of the pEGFP-N1-hAGO?2 plasmid (a gift from Giulia Corso) was utilised.
This plasmid comprised an acylation domain inserted in the N-terminal region of the
PEGFP-N1-hAGO?2 fusion protein and is referred to as pEGFP-N1-hAGO2 (MT). The
PEGFP-N1-His6 plasmid (a gift from Dr. Imre Méger, Wood Lab) was utilised as a

control GFP plasmid for AGO2 and TNRCG6A co-transfection experiments.

2.4.3 TNRCG6A Expression Plasmid

To assess the effect of increased cellular expression of TNRC6A, the pmyc-GFP-
TNRCBA plasmid®® was purchased from Addgene (Plasmid #41999). This plasmid

contains the human TNRCGA protein fused to the C-terminus of pmyc-GFP.
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2.5 Plasmid Cloning

2.5.1 shRNA Expression Plasmids

pU6-Neo shRNA expression plasmids expressing BACE1 or a nonspecific control
shRNA were a gift from Dr. Thomas Roberts (Wood Lab). A further pU6-Neo shRNA
expression plasmid expressing the APP1 siRNA sequence was designed using Serial
Cloner v2.6.1 (SerialBasics). The following oligonucleotides were purchased from IDT
in order to construct the APP shRNA expression plasmid: APP1 sense, 5’-
CACCGTACCAACTTGCATGACTACCTGACCCATAGTCATGCAAGTTGGTAC

and APP1 antisense, 5’-AAAAGTACCAACTTGCATGACTATGGGTCAGGTAGTC

ATGCAAGTTGGTAC.

The oligonucleotides were phosphorylated and annealed in one step using 1 pl T4
Polynucleotide Kinase (PNK) Enzyme (New England Biolabs) and 2 pl each of sense
and antisense 100 UM APP1 oligonucleotides per 20 pl reaction. The samples were
phosphorylated by incubation at 37°C for 30 minutes and then annealed by incubation at
95°C for 5 minutes followed by cooling to 25°C by 5°C per minute using a G-Storm
Quad Block Thermal Cycler (GMI). The pU6-Neo backbone was prepared by restriction
digest with 1 pl Bbsl and 1 pg pU6-Neo plasmid in 50 ul reactions. The digest was
incubated at 37°C for 1 hour followed by heat inactivation of the enzyme at 65°C for 20
minutes. To prevent self-ligation, the digested plasmid was phosphatase treated. The
following phosphatase mixture was prepared and added to the 50 ul restriction digest; 1
ul  Antarctic Phosphatase Enzyme (New England Biolabs) and 5 pl Antarctic

Phosphatase Buffer in 4 pul H,O. The mixture was incubated at 37°C for 1 hour followed
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by heat inactivation at 65°C for 20 minutes and the resulting product gel purified from a
1% agarose gel using the QIAquick Gel Extraction Kit (Qiagen) according to
manufacturer’s instructions. The purified digested pU6-Neo plasmid was then ligated
with the previously annealed APP1 oligonucleotide using 100 ng plasmid backbone, a 4
x molar excess of the insert and 1.5 pl DNase Ligase (New England Biolabs) per 15
reaction. The ligation reaction was incubated for 1 hour at room temperature. 2 pl of the
ligation mixture was then transformed in 50 pl Stellar Competent Cells (Clontech
Laboratories) with heat shock for 1 minute at 42°C followed by 2 minutes incubation on
ice. 450 pl of S.0.C medium (Clontech) was added to the transformation mixture and
incubated for 1 hour at 37°C with shaking. 100 ul of transformation mixture was spread
on lysogeny broth (LB)-Agar plates containing 100 pg/ml Ampicillin (Sigma-Aldrich)
and incubated overnight at 37°C. Resulting colonies were picked and grown in 5 ml LB
containing 100 pg/ml Ampicillin overnight at 37°C with shaking. The plasmid DNA
was subsequently isolated using the QIAprep Spin Miniprep Kit (Qiagen) according to
manufacturer’s instructions and resuspended in 50 pl H,O. Successful cloning was
confirmed by sequencing (Source BioScience) using the primer, 5’-

GGGTTATTGTCTCATGAGCG.

The APP, BACE1l and nonspecific control shRNA expression plasmids were
constructed to express the same functional sequences as utilised for the corresponding
SIRNAs. The exact sequences cloned into the pU6-Neo shRNA expression plasmid are

provided in Table 2.4.
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Table 2.4 APP, BACE1 and Control pU6-Neo shRNA Sequences.

SiRNA Sense Loop Antisense

Sﬁgm‘ caccGTACCAACTTGCATGACTA | CCTGACCCA | TAGTCATGCAAGTTGGTAC

E?RCNEAl caccGCTTTGTGGAGATGGTGGA | CCTGACCCA | TCCACCATCTCCACAAAGCT
NZ?fgﬁiﬁc caccGATCGTCGATCGTAGCGCA | CCTGACCCA | TGCGCTACGATCGACGATGT

2.5.2 miRNA Expression Plasmids

Individual miRNA expression plasmids were constructed which expressed the primary
transcripts for hsa-miR-17, hsa-miR-106b and hsa-miR-29a. The pri-miRNA sequence
for each miRNA was subcloned between BamH1 and Xhol restriction sites in the empty
pCMV-miR Expression Plasmid (Origene Technologies). To obtain the primary
transcript, the pre-miRNA sequence and ~200 base pairs of surrounding genomic
sequence were identified for each miRNA using miRBase®*® and Ensembl Genome
Browser (Release 71)°°. A four base-pair string (TCGA) and BamH1 restriction site
(GGATCC) was added to the 5° end and a four base-pair string (CATG) and Xhol
restriction site (CTCGAG) was added to the 3’ end of each sequence. Insert sequences

were purchased as “gBlocks Gene Fragments” from IDT and are provided in Table 2.5.

The inserts and plasmid were first prepared for cloning by double restriction digest at
37°C for 1 hour with BamH1 and Xhol. For the plasmid, 2.5 pg of pCMV-miR
expression plasmid was digested in a total volume of 15 pl with 2 pl of each restriction
enzyme. For the pri-miRNA inserts, 1 pug of gBlock Fragment was digested in a total

volume of 15 pl with 1.5 pl of each restriction enzyme. The digested insert was then
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purified using the QIAquick PCR Purification Kit (Qiagen) according to manufacturer’s
instructions. The digested pCMV-miR expression plasmid was phosphatase treated and
gel purified using the QlAquick Gel Extraction Kit (Qiagen), as outlined above. The
ligation reaction was performed with 50 ng digested pCMV-miR expression plasmid
with a 5 x molar excess of insert in 20 pl reactions for 1 hour at room temperature. The
ligation reaction was transformed in Stellar Competent Cells (Clontech Laboratories) as
outlined above and 100 pl of the resulting mixture spread on LB-Agar plates containing
50 pg/ml Kanamycin (Sigma-Aldrich) and incubated overnight at 37°C. Resulting
colonies were picked and grown in 5 ml LB containing 50 pg/ml Kanamycin overnight
at 37°C with shaking. The plasmid DNA was subsequently isolated using the QIAprep
Spin Miniprep Kit (Qiagen) according to manufacturer’s instructions and resuspended
in 50 pul H20. Successful cloning was confirmed by BamH1 and Xhol double restriction
digest and sequencing (Source BioScience) using the primer; 5’-

CAACGGGACTTTCCAAAATG.
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Table 2.5 Pri-miRNA Transcript Sequences for pPCMV-miR Expression Plasmid Cloning.

MiRNA

Sequence

hsa-miR-17-5p

tcgaGGATCC_CTTTGAGATAATTAAACTAATTTTTTCTTCCCCATTAGG
GATTATGCTGAATTTGTATGGTTTATAGTTGTTAGAGTTTGAGGTGTT
AATTCTAATTATCTATTTCAAATTTAGCAGGAAAAAAGAGAACATCAC
CTTGTAAAACTGAAGATTGTGACCAGTCAGAATAATGTCAAAGTGCTT
ACAGTGCAGGTAGTGATATGTGCATCTACTGCAGTGAAGGCACTTGT
AGCATTATGGTGACAGCTGCCTCGGGAAGCCAAGTTGGGCTTTAAAG
TGCAGGGCCTGCTGATGTTGAGTGCTTTTTGTTCTAAGGTGCATCTAG
TGCAGATAGTGAAGTAGATTAGCATCTACTGCCCTAAGTGCTCCTTCT
GGCATAAGAAGTTATGTATTCATCCAATAATTCAAGCCAAGCAAGTA
TATAGGTGTTTTAATAGTTTTTGTTTGCAGTCCTCTGTTAGTTTTGCAT
AGTTGCACTA_CTCGAGcatg

hsa-miR-29a-5p

tcgaGGATCC_AGGATACCAAGGGATGAATGTAATTGTACAGGATATCG
CATTGTTGGAATTTTATACTTCTTTGTGGAATAAACCTATAGCACTTA
ATAGATAGTACAGACTCATTCCATTGTGCCTGGGTTAAAGAGCCCAAT
GTATGCTGGATTTAGTAAGATTTGGGCCCTCCCAACCCTCACGACCTT
CTGTGACCCCTTAGAGGATGACTGATTTCTTTTGGTGTTCAGAGTCAA
TATAATTTTCTAGCACCATCTGAAATCGGTTATAATGATTGGGGAAGA
GCACCATGATGCTGACTGCTGAGAGGAAATGTATTGGTGACCGTTGG
GGCCATGGACAAGAACTAAGAAAACAAATGCAAAGCAATAATGCAA
AGGTGATTTTTCTTCTTCCAGTTTCTAAGTTGAATTTCACTGACCTGAA
TTGCATGTGGTATAATACTAACAAATGGTTCACTATTAGCATATCATG
AAT_CTCGAGcatg

hsa-miR-106b-5p

tcgaGGATCC_CAGCATACGTGGAGATGAGGCGAGAGGCTTGGGCTAGT
AAGGATGCCACCTATACTTCTGCCCGGACCCTGCTGGCTATCCTGCGC
CTTTCCACTGCTCTGGTAAGTGCCCAAATTGCTGGAGGGCCATCTGTT
TTGACCCTTAAAGGGGTAGCTCCTTACCGTGCTCTCATTGCCGCCTCC
CCACCTCCCGCTCCAGCCCTGCCGGGGCTAAAGTGCTGACAGTGCAG
ATAGTGGTCCTCTCCGTGCTACCGCACTGTGGGTACTTGCTGCTCCAG
CAGGGCACGCACAGCGTCCGTGGAGGGAAAGGCCTTTTCCCCACTTC
TTAACCTTCACTGAGAGGGTGGTTGGGGTCTGTTTCACTCCATGTGTC
CTAGATCCTGTGCTACAGACCTTCCTTTCTGTCCTCCCGTCTTGGACCT
CAGTCCTGGGGGCTCCAAAGTGCTGTTCGTGCAGGTAGTGTGATTACC
CAACCTACTGC_CTCGAGcatg
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2.5.3 APP and BACEL 3’ UTR Dual-Luciferase Reporter Plasmids

Dual-luciferase reporter plasmids were constructed which comprised the full length 3’
UTR of either APP or BACEL subcloned downstream of Renilla luciferase between
Xhol and Notl restriction sites in the psiCHECK-2 plasmid (Promega). This plasmid
contains Firefly luciferase as an internal normalisation control. The full 3> UTRs of
APP and BACE1 were identified using Ensembl Genome Browser (Release 70)>*°.
Forward and reverse PCR primers for APP and BACE1 3’ UTRs were custom designed
using Primer3>>! and purchased from IDT (Table 2.6). The forward primers contained a
six base-pair string (AGAGAG) and an Xhol restriction site (CTCGAG) at the 5° end

while reverse primers contained a six base-pair string (AGAGAG) and a Notl restriction

site (GCGGCCGC) at the 5” end.

Table 2.6 Primers for Amplification of APP and BACE1 3° UTR.

Primer Sequence
APP Forward AGAGAGCTCGAGACCCCCGCCACAGCAGCC
APP Reverse AGAGAGGCGGCCGCTGCTCCTCCAAGAATGTATTTATTTACATG
BACEL1 Forward AGAGAGCTCGAGTGATGACATCTCCCTGCTGA
BACEL Reverse AGAGAGGCGGCCGCAACCCTAGTAGTTTGACTTCTTATTGAATA

APP and BACEL 3° UTRs were PCR amplified from human genomic DNA using the
KAPA HiFi PCR Kit (Kapa Biosystems) in 25 pl reactions according to manufacturer’s
instructions. Each 25 pl reaction comprised 0.5 pl KAPA HiFi DNA Polymerase, 0.3
MM forward and reverse primers, 5 ul GC KAPA HiFi buffer and 10 ng of human
genomic DNA. PCR amplification was performed using a G-Storm Quad Block

Thermal Cycler (GMI) under the parameters provided in Table 2.7.
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Table 2.7 PCR Parameters for Amplification of APP and BACE1 3' UTR.

Step Temperature Duration Number of Cycles
Initial Denaturation 95°C 3 minutes 1
Denaturation 98°C 20 seconds
Annealing 60°C 15 seconds 35
Extension 72°C 1 minute (APF)

4 minutes (BACEL)

Final extensi 290C 1 minute (APP) 1
inal extension
4 minutes (BACEL1)

Cooling 4°C - -

The amplified PCR product was gel purified using the QlAquick Gel Extraction Kit
(Qiagen) as outlined above and resuspended in 40 pl H,O. The purified PCR product
and Psicheck-2 plasmid were prepared for ligation by double restriction digest at 37°C
for 1 hour with Xhol and Notl. 40 ul of purified PCR product was digested in 50 pl
reactions with 2 pl of each restriction enzyme while 2.5 pg of Psicheck-2 plasmid was
digested in 100 pl reactions with 2.5 pl of each enzyme. Ligation of the digested 3’
UTR insert and Psicheck-2 plasmid was performed at room temperature for 1 hour in 20
pl reactions with 2 pl of digested plasmid to 6 ul of 3> UTR insert. The ligation reaction
was then transformed in Stellar Competent Cells (Clontech Laboratories) as outlined
above. 100 pl of the ligation reaction was spread on LB-Agar plates containing 100
pg/ml Ampicillin (Sigma-Aldrich) and incubated overnight at 37°C. Resulting colonies
were picked and grown in 5 ml of LB containing 100 pg/ml Ampicillin overnight at
37°C with shaking. The plasmid DNA was isolated using the QlAprep Spin Miniprep

Kit (Qiagen) according to manufacturer’s instructions and resuspended in 50 pl H,O.
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Successful cloning was confirmed by Xhol and Notl double restriction digest and

sequencing (Source BioScience) using the primers provided in Table 2.8.

Table 2.8 Sequencing Primers for APP and BACE1 3° UTR Luciferase Reporter Plasmids.

Primer Sequence

BACE1 3’ UTR Forward 1 CGCTATTGTCGAGGGAGCTA
BACE1 3’ UTR Forward 2 GGCTGGAAAGAGGAGAAGGA
BACEL 3’ UTR Forward 3 ATGTCCTCCACCACAAGAGC
BACEL 3’ UTR Forward 4 AGTTACTTCCTTCCTGCCCC
BACEL1 3’ UTR Forward 5 GCCACTCCAATCACCCTACA
BACEL 3’ UTR Forward 6 CAGACATCTCCTCACCCCAG

APP 3’ UTR Forward 1 CGCTATTGTCGAGGGAGCTA

APP 3’ UTR Forward 2 ACGTTTGTTTCTTCGTGCCT

2.5.4 miRNA Target Sequence Dual-Luciferase Reporter Plasmids

To improve the detection sensitivity of luciferase reporter regulation, 3 further miRNA
dual-luciferase reporter plasmids were constructed. These plasmids comprised a “target”
sequence containing four repeats exactly complementary to the mature miRNA
sequence for hsa-miR-17, hsa-miR-106b and hsa-miR-29a. The desired target sequence
was subcloned into the pmirGLO Dual-Luciferase miRNA Target Expression Plasmid
(Promega) downstream of Firefly luciferase between Pmel and Xbal restriction sites
with Renilla luciferase as a normalisation control. Sequences were designed to include
the digested Pmel restriction site (AAAC) at the 5’ end followed by a Notl internal
restriction site for confirmation of clones (GCGGCCGC). This was followed by a four
base-pair string (TAGT) and four repeats of the appropriate mature miRNA

complement sequence with each repeat separated by a six base-pair string (GATATC).
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The digested Xbal restriction site (T) was included at the 3* end. The full sequences
were purchased as Ultramer DNA Oligos from IDT and are provided in Table 2.9.
Sense and antisense oligonucleotides were phosphorylated individually at 37°C for 1
hour with 2 ul T4 Polynucleotide Kinase (PNK) Enzyme (New England Biolabs) and 2
pl of 100 uM oligonucleotide per 20 pl reaction. 10 pl of phosphorylated sense and
antisense oligonucleotides were then combined and annealed by incubation at 95°C for
3 minutes followed by cooling to 25°C by 5°C per minute using a G-Storm Quad Block
Thermal Cycler (GMI). The resulting annealed oligonucleotides were diluted 1:25 in
nuclease-free H,O. The pmirGLO dual-luciferase plasmid was prepared for ligation by
double restriction digest at 37°C for 1 hour with Pmel and Xbal followed by
phosphatase treatment, as described previously. Ligation was performed at room
temperature for 1 hour in a total volume of 20 ul with 100 ng of digested plasmid and a
3 x molar excess of target sequence insert. The ligation reaction was transformed in 50
pl Stellar Competent Cells (Clontech Laboratories) as outlined above and 100 ul spread
on LB-Agar plates containing 100 pg/ml Ampicillin (Sigma-Aldrich) and grown
overnight. Resulting colonies were grown in 5 ml of LB containing 100 pg/mi
Ampicillin overnight at 37°C with shaking. The plasmid DNA was isolated using the
QIlAprep Spin Miniprep Kit (Qiagen) according to manufacturer’s instructions and
resuspended in 50 pl H,O. Successful cloning was confirmed by single restriction digest
with Notl and by sequencing (Source BioScience) using the primer;, 5’-

TGAAGAGCCTGATCAAATA.
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Table 2.9 miRNA Sequences for pmirGLO Dual-Luciferase Target Reporter Plasmids.

Corresponding miRNA

Sequence

hsa-miR-17-5p Sense

AAACTAGCGGCCGCTAGTCTACCTGCACTGTAAGCACTTTG
GATATCCTACCTGCACTGTAAGCACTTTGGATATCCTACCTG
CACTGTAAGCACTTTGGATATCCTACCTGCACTGTAAGCACT
TITGT

hsa-miR-17-5p Antisense

ACAAAGTGCTTACAGTGCAGGTAGGATATCCAAAGTGCTTA
CAGTGCAGGTAGGATATCCAAAGTGCTTACAGTGCAGGTAG
GATATCCAAAGTGCTTACAGTGCAGGTAGACTAGCGGCCGC
TAGTTT

hsa-miR-29a-5p Sense

AAACTAGCGGCCGCTAGTCTGAACACCAAAAGAAATCAGTG
ATATCCTGAACACCAAAAGAAATCAGTGATATCCTGAACAC

CAAAAGAAATCAGTGATATCCTGAACACCAAAAGAAATCAG
IT

hsa-miR-29a-5p Antisense

AACTGATTTCTTTTGGTGTTCAGGATATCACTGATTTCTTTTG
GTGTTCAGGATATCACTGATTTCTTTTGGTGTTCAGGATATC
ACTGATTTCTTTTGGTGTTCAGACTAGCGGCCGCTAGTTT

hsa-miR-106b-5p Sense

AAACTAGCGGCCGCTAGTATCTGCACTGTCAGCACTTTAGAT
ATCATCTGCACTGTCAGCACTTTAGATATCATCTGCACTGTC
AGCACTTTAGATATCATCTGCACTGTCAGCACTTTAT

hsa-miR-106b-5p Antisense

ATAAAGTGCTGACAGTGCAGATGATATCTAAAGTGCTGACA
GTGCAGATGATATCTAAAGTGCTGACAGTGCAGATGATATC
TAAAGTGCTGACAGTGCAGATACTAGCGGCCGCTAGTTT

Underlined sequence indicates reverse complement miRNA target sequence.

2.5.5 Membrane-associated TNRC6A Expression Plasmid

Overlap extension PCR cloning>

2 was utilised to construct a membrane-associated

(MT) form of TNRCBA using the pmyc-GFP-TNRC6A plasmid®*® (Addgene, Plasmid

#41999). To create a “membrane tag” to direct TNRC6A to the membrane, an acylation

domain®*>*® (ATGGGCTGCATTAACAGCAAACGCAAAGAT) was inserted into

the N-terminal region of the pmyc-GFP-TNRCG6A fusion protein. To achieve this, two

sets of primers were custom designed according to the principles of primer design for

overlap extension PCR cloning (Fig. 2.2). The forward plasmid primer contained the

reverse complement of the acylation domain sequence at the 5’ end and the reverse
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complement of the overlapping plasmid sequence at the 3’ end while the reverse
plasmid primer comprised the 3° end sequence of the TNRC6A protein. The forward
insert primer comprised the acylation domain sequence at the 5’ end and an overlapping
plasmid sequence at the 3’ end. The reverse insert primer was the reverse complement
of the reverse plasmid primer. The full primers were purchased as DNA

oligonucleotides from IDT and are provided in Table 2.10.

\ \A - Insert (Fwd)
C - Plasmid (Fwd)

B - Insert (Rev)/
/ D - Plasmid (Rev)

Figure 2.2 Primer Design for Overlap Extension PCR Cloning of the Membrane-
associated TNRCG6A Plasmid. The acylation domain was inserted into the N-terminal region of
the fusion protein in the pmyc-GFP-TNRC6A plasmid®® using custom designed primers. (A)
The forward (“Fwd”) insert primer comprised the acylation domain sequence at the 5’ end and
an overlapping plasmid sequence at the 3” end. (B) The reverse (“Rev”) insert primer contained
the reverse complement sequence from the 3 end of the TNRC6A protein. (C) The forward
plasmid primer comprised the reverse complement of the acylation domain sequence at the 5’
end and the reverse complement of the overlapping plasmid sequence at the 3’ end. (D) The
reverse plasmid primer comprised the sequence from the 3’end of the TNRC6A protein.
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Table 2.10 Overlap Extension Primers for Membrane-associated TNRC6A Plasmid.

Primer

Sequence

Insert Forward

ATGGGCTGCATTAACAGCAAACGCAAAGATGAA
CAAAAACTCATCTCAGAAGAGGATCTG

Insert Reverse

TCTAGATTACATGGACTCTCCACCCCCACCCAG

Plasmid Forward

ATCTTTGCGTTTGCTGTTAATGCAGCCCATCATT
GGTGGGCTAGCCAGCTTGGG

Plasmid Reverse

CTGGGTGGGGGTGGAGAGTCCATGTAATCTAGA

Two separate PCR reactions were performed with each pair of primers using Phusion

High-Fidelity DNA Polymerase (New England Biolabs) in 50 pl reactions. Each 50 pl

reaction contained 2.5 pl each of 10 uM forward and reverse primer (either plasmid or

insert pair) and 10 ng of the pmyc-GFP-TNRC6A template DNA. The PCR reaction

was conducted using a G-Storm Quad Block Thermal Cycler (GMI) with the parameters

provided in Table 2.11.

Table 2.11 Parameters for PCR Cloning of Membrane-associated TNRC6A Plasmid.

Step Temperature Duration Number of Cycles
Initial Denaturation 98°C 30 seconds 1
Denaturation 98°C 10 seconds
Annealing 72°C 30 seconds 30
Extension 290C 160 seconds (pFasmid PCR)
180 seconds (insert PCR)
Final extension 72°C 10 minutes 1
Cooling 4°C - -
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The resulting PCR products were gel purified using QIAquick Gel Extraction Kit
(Qiagen) according to manufacturer’s instructions. The two PCR products were then
combined together using the Gibson Assembly method>’ and Gibson Assembly Master
Mix (New England, Biolabs) in 20 ul reactions at 50°C for 60 minutes. Each reaction
contained 100 ng of plasmid PCR product to 300 ng of insert PCR product and 10 ul of
Gibson Master Mix. 2 pl of assembled product was transformed in 50 pl of Stellar
Competent Cells (Clontech Laboratories), as above, and 100 pl of transformation
mixture was spread onto LB-Agar plates containing 100 pg/ml Ampicillin (Sigma-
Aldrich) and incubated overnight at 37°C. Resulting colonies were grown in 5 ml of LB
containing 100 pg/ml Ampicillin overnight at 37°C with shaking. The plasmid DNA
was isolated using the QIAprep Spin Miniprep Kit (Qiagen) according to
manufacturer’s instructions and resuspended in 50 ul H,O. Successful insertion of the
membrane-targeting domain was confirmed by sequencing (Source Bioscience) using

the primers in Table 2.12.

Table 2.12 Sequencing Primers for Membrane-associated TNRC6A Plasmid.

Primer Sequence

TNRCBGA Insert Forward 1 CCCTATGGTGCACTCTCAGT
TNRCG6A Insert Forward 2 CAACGGGACTTTCCAAAATG
TNRCG6A Insert Forward 3 ACCACTACCAGCAGAACACC
TNRCB6A Insert Forward 4 ATCCTCAGATGCAGGCTCC
TNRCG6A Insert Forward 5 ATCCCAAACCTGCTCTGAGG
TNRCG6A Insert Forward 6 GGTAAGCCCATAGACAGTGGT
TNRCG6A Insert Forward 7 ACCAGCTTTCTCAGATCTCCC
TNRCG6A Insert Forward 8 AGGTCCCTTTGCCACCTAAA
TNRCG6A Insert Reverse 1 TTGTCTTCCCAATCCTCCCC
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2.6 Cell Culture

Immortalised Cell Lines

Neuro2A (mouse neuroblastoma cell line), HEK293T (human embryonic kidney cell
line containing SV40 Large T-antigen) and HeLa (human epithelial cell line) cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Life Technologies)
supplemented with 10% Fetal Bovine Serum (FBS) (Life Technologies) and 1%
antibiotic/antimycotic (Life Technologies). SH-SH5Y cells (human neuroblastoma cell
line) were cultured in DMEM supplemented with 10% Hyclone FBS (U.S.) Defined
(GE Healthcare Life Sciences) and 1% antibiotic/antimycotic. BE(2)-M17 cells (human
neuroblastoma cell line) were cultured in Opti-MEM Reduced Serum Medium (Life
Technologies) supplemented with 10% FBS and 1% antibiotic/antimycotic. HEK293
APPswe cells (HEK293 cells stably transfected with the human Swedish mutation of
APPge5®) were a gift from Professor Christian Haass (University of Munich). HEK293
APPswe cells were cultured in DMEM supplemented with 10% FBS, 1% L-Glutamine
(Life Technologies), 1% antibiotic/antimycotic and 200 pg/ml G418 (Life

Technologies). All cells were incubated at 37°C in 5% CO,.

Primary Dendritic Cell Culture

All animal procedures were conducted at the Biomedical Sciences Unit, University of
Oxford, according to the regulations of the Animals (Scientific Procedures) Act (1986)
authorised by the UK Home Office. Bone-marrow-derived dendritic cells (BM-DCs)

were harvested from the murine bone marrow from either C57BL/6 or CBA 9-week-old
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male mice (The Jackson Laboratory) and cultured for 8 days in 6-well cell culture
plates, seeded at a density of 3 x 10° cells/well. BM-DCs were maintained in DMEM
supplemented with 10% FBS, 10% GM-CSF (Life Technologies) and 1%

antibiotic/antimycotic and incubated at 37°C in 5% CO..

2.7 Transfections

2.7.1 Transfection of EV-secreting BM-DCs with Targeting Plasmids

BM-DCs were transfected 4 days after plating with 5 pg/well targeting plasmid,
pEGFP-C1-Lamp2B-RVG, or the control plasmid, pEGFP-C1-Lamp2B, using 5 pl
TransIT LT1 transfection reagent (Mirus Bio) according to manufacturer’s instructions.
Briefly, 5 ug plasmid DNA was added to 250 pl Opti-MEM Reduced-Serum Medium
(Life Technologies) before 5 ul TransIT LT1 transfection reagent was added to the
diluted DNA. The mixture was incubated at room temperature for 20 minutes before
addition to cells. After 4 hours, the medium was removed and fresh medium added to
each well. On day 7, medium was changed to fresh DMEM supplemented with 10%
EV-depleted FBS (pre-spun at 120,000 x g for 70 minutes to remove bovine EVs) and
1% antibiotic/antimycotic. Cell culture supernatant containing BM-DC-secreted EVs

was harvested 24 hours later by differential ultracentrifugation (Fig. 2.3).

124



H Harvesting

v
.
\)u Electroporation

Transfection \‘y
o O}
N\ v
/@ > &~ o —> &2  HarvestRNA
L | | | |
I l | | |
Day 1 4 7 8 10

Figure 2.3 BM-DC-derived Extracellular Vesicle Isolation, Transfection and Harvesting
Protocol. BM-DCs were harvested from 9-week-old male mice and cultured for 8 days in 6-
well cell culture plates. On day 4, BM-DCs were transfected with 5 ug/well targeting plasmid
using TransIT LT1 transfection reagent. On day 7, medium was replaced with fresh EV-
depleted DMEM medium. BM-DC-secreted EVs were harvested 24 hours later from the cell
culture supernatant via ultracentrifugation, loaded with siRNA by electroporation and applied to
recipient cells. RNA was harvested from cells after 48 hours and gene expression assessed by
gPCR.

2.7.2 Transfection of EV-secreting Neuro2As with Targeting Plasmids

EV-secreting Neuro2A source cells were plated at a density of 5 x 10° cells/15 cm cell
culture dish (Corning) in DMEM supplemented with 10% FBS. After 24 hours, cells
were transfected with 25 g of the targeting plasmid, pEGFP-C1-Lamp2B-RVG, or the
control plasmid, pEGFP-C1-Lamp2B, using 75 ul TransIT LT1 transfection reagent
(Mirus Bio) diluted in 1 ml Opti-MEM. Four hours later, the medium was replaced with
fresh DMEM supplemented with 10% EV-depleted FBS and 1% antibiotic/antimycotic.

Neuro2A-secreted EV's were harvested by differential ultracentrifugation after 48 hours.
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2.7.3 Transfection of small RNAs and Expression Plasmids

For validation of target gene silencing by siRNAs/shRNA expression plasmids or
regulation of reporter plasmids by miRNA mimics/miRNA expression plasmids, cells
were forward transfected using Lipofectamine 2000 (Life Technologies). HEK293T
cells were plated at a density of 1 x 10° cells/well in 24-well cell culture plates in 400 p
DMEM supplemented with 10% FBS and incubated for 24 hours. After 24 hours,
transfection complexes were prepared as follows; the required quantity of RNA/DNA
was diluted in 50 pl Opti-MEM while 1.5 ul Lipofectamine 2000 was separately diluted
in 50 pl Opti-MEM per replicate required. The mixtures were incubated for 5 minutes at
room temperature before they were combined. The combined mixture was incubated for
a further 20 minutes to allow complex formation before 100 pl was applied per well of
the 24-well cell culture plate. After 4 hours, the medium was changed to fresh DMEM
supplemented with 10% FBS without antibiotics. For sSiRNA/shRNA experiments, cells
were incubated for 48 hours prior to cell harvesting while for miRNA experiments, cells

were incubated for 24 hours before they were harvested for luciferase assay.

For endogenous exosomal loading experiments, typically performed in 15 cm cell
culture dishes, cells were forward transfected using Polyethylenimine (PEI) (Sigma-
Aldrich) as the transfection reagent at a ratio of 4 ug PEIl: 1 pg RNA/DNA. Stock
solutions of PEI at 4 mg/ml were prepared using nuclease-free H,O, purified by
filtration through 0.2 pm filters (Millipore) and stored at -20°C in 1 ml aliquots.
HEK293T cells were plated at a density of 6 x 10° cells/15 cm cell culture dish in
DMEM supplemented with 10% FBS and incubated for 24 hours. After 24 hours, the

transfection complexes were prepared. The required quantity (as stated for individual
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experiments in the Results section) and combination of SIRNA/MiRNA mimics,
miRNA/shRNA expression plasmids and/or AGO2/TNRC6A expression plasmids were
diluted in 500 pl Opti-MEM. The required quantity of PEI was separately diluted in 500
pl Opti-MEM and incubated for 5 minutes. The diluted PEI was then added to the
diluted RNA/DNA and incubated for a further 20 minutes to allow complex formation.
1 ml of the RNA/DNA and PEI complex was added per 15 cm cell culture dish. After 4
hours, the medium was removed and cells were washed once with Opti-MEM before
the medium was replaced with Opti-MEM  supplemented with 1%
antibiotic/antimycotic. After 48 hours, the supernatant was collected and EVs isolated
by differential ultracentrifugation, as outlined below. For co-culture experiments where
transfections were performed in smaller volumes, the RNA/DNA and PEI dilutions

were scaled from the quantities indicated above according to surface area.

2.7.4 Transfection of LNA-ASOs

For all LNA-ASO experiments, cells were reverse transfected using Lipofectamine
2000 according to manufacturer’s instructions. Prior to transfection, cell culture plates
were pre-coated with Poly-L-Lysine (Sigma-Aldrich) according to manufacturer’s
instructions, washed with Phosphate Buffered Saline (PBS) (Life Technologies) and
allowed to air-dry for 1 hour. For transfections performed in 24-well cell culture plates,
the required quantity of LNA-ASO was diluted up to 20 pl with Opti-MEM directly in
each well. Separately, a mastermix comprising 0.75 pl Lipofectamine 2000 diluted in
44.25 ul Opti-MEM per well required was incubated for 5 minutes at room temperature.
After 5 minutes, 45 pl of diluted Lipofectamine 2000 was added to each well with the

diluted LNA-ASO molecules and mixed gently. The mixture was incubated for 15
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minutes at room temperature to allow for complex formation. Following incubation, 2 x
10° cells (SH-SH5Y and HEK293 APPswe cells) or 1.5 x 10° cells (Neuro2A cells) were
added per well in 435 pl of the appropriate growth medium supplemented only with
10% FBS (except for HEK293 APPswe cells where complete growth medium was
applied). Typically, cells were incubated for 48 hours before they were harvested and
RNA extracted. For transfections performed in different sized cell culture plates,

transfection quantities were scaled from those indicated above according to surface area.

2.8 Extracellular Vesicle Isolation

EV-containing supernatant was collected and spun at 300 x g for 5 minutes, 2000 x ¢
for 10 minutes and filtered through 0.2 um filters (Millipore) to remove cell debris
before a final spin at 120,000 x g for 70 minutes to pellet EVs. The pellet was
resuspended in 100 pl 0.1 M ammonium acetate or PBS, as indicated. Where

appropriate after pelleting, 75 ul of supernatant was also collected for further analysis.

2.9 Extracellular Vesicle Characterisation

Electron Microscopy

10 pl of EV sample was applied to Formvar/Carbon coated 200 Mesh Nickel grids
(Agar Scientific) for 15 minutes before negative staining with 10 pl of 2% uranyl
acetate diluted in distilled water. The grid was then washed with deionised H,O to

remove excess solution and salt from the preparation. The preparation was analysed
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with a JEOL JEM-1010 transmission electron microscope at an accelerating voltage of

80 kV, with 1 second exposure and magnifications as indicated.

Nanoparticle Tracking Analysis

The particle size distribution and concentration of EV preparations was measured by
nanoparticle tracking analysis (NTA) using the Nanosight NS500 system (NanoSight).
This system relates the rate of particle Brownian motion to particle size given that
particle movement is determined by the temperature and size of the particle and the
viscosity of the liquid. As temperature and viscosity are controlled parameters, the
system allows the visualisation, tracking and analysis of particles based upon the light
scattered during motion. The rate of tracked particle movement permits the calculation
of particle size through the Stokes-Einstein equation by integrated system software. For
NTA analysis, 20 pl of EVs resuspended in PBS were first diluted to 500 pl with PBS.
If required, EV samples were further diluted with PBS to achieve an optimal
measurement concentration of between 5-10 x 108 particles/ml. Three 30 second videos
tracking particle movement under Brownian motion were recorded and used to calculate
particle size and concentration in each EV preparation using the integrated Nanosight
NS500 software. The software settings for analysis were; camera level, 14, detection

threshold, 5, particle size, 50 nm, minimum track length, 10, blur, auto, screen gain, 10.
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Western Blotting

For cells, an equal quantity of protein was diluted up to 20 ul in protein extraction
buffer (recipe below) and added to 20 ul 2x Laemmli Sample Buffer (Bio-Rad)
supplemented with 5% p-mercaptoethanol (Sigma-Aldrich). For EVs, 20 pl of EV
sample was added to 20 pl 2x Laemmli Sample Buffer supplemented with 5% f-
mercaptoethanol. Cell and EV samples were heated for 10 minutes at 100°C to denature
proteins. 30 pl of sample was then loaded onto a 10% polyacrylamide gel and run at 150
V for 75 minutes to separate proteins. The Immobilon-FL PVDF membrane (Merck
Millipore) was soaked in methanol for 1 minute prior to gel to PVDF membrane
transfer. Transfer was performed at 100 V for 70 minutes using the Bio-Rad transfer
system. Membranes were blocked with 5% non-fat dry milk in TBST or 5% BSA in
TBST (phosphorylated proteins) for 1 hour at room temperature with shaking before
application of primary antibodies (Abcam) (Table 2.13). Primary antibodies were
diluted in the respective blocking agent and incubated for 2 hours at room temperature
or for 16 hours at 4°C with shaking. The membrane was then washed for 3 x 10 minutes
in TBST before incubation with the secondary antibody for 1 hour at room temperature
with shaking. Secondary antibodies used were IRDye 680RD goat anti-rabbit 1gG (LI-
COR Biosciences) and IRDye 800CW goat anti-mouse 1gG (LI-COR Biosciences) at a
1:10,000 concentration in TBST supplemented with 0.01% SDS. When multiple
blotting of the same membrane was desired, blots were stripped with Restore PLUS
Western Blot Stripping Buffer (Life Technologies) for 15 minutes at room temperature
with shaking. Blots were washed in TBST and blocked again in the appropriate

blocking agent for 1 hour at room temperature before the next primary antibody was
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applied. Western blots were imaged using the Odyssey Fc Imaging System (LI-COR

Biosciences).

Table 2.13 Primary Antibodies used for Western Blot Analysis.

Antibody Host Pz:ood dléCt BE:ﬁgcéfg Dilution
Anti-AGO2 Rabbit polyclonal ab32381 87 kDa 1:500
Anti-ALIX Mouse monoclonal ab117600 96 kDa 1:1000

Anti-APP Rabbit polyclonal ab15272 97 kDa 1:1000

Anti-BACE1 Rabbit polyclonal ab2077 70 kDa 1:500
Anti-B-Actin Mouse monoclonal ab82618 42 kDa 1:200
Anti-Calnexin Rabbit polyclonal ab22595 75 kDa 1:1000
Anti-Flotillin 1 Rabbit polyclonal ab41927 47 kDa 1:1000
Anti-GSK3p Rabbit monoclonal ab32391 46 kDa 1:10,000
A(\'r|]'trl\||§(\§\(/5,16\8)2 Rabbit polyclonal ab84403 182 kDa 1:200
Anti-mTOR Mouse monoclonal ab87540 289 kDa 1:1000
Anti-Tau (pS396) Rabbit monoclonal ab109390 79 kDa 1:1000
Anti-Tau (total) Rabbit monoclonal ab32057 79 kDa 1:1000
Anti-TSG101 Rabbit polyclonal ab30871 49 kDa 1:1000

2.10 Microscopy

To monitor transfection efficiency and to determine the localisation of membrane and
non-membrane associated constructs, cells were imaged using an EVOS XL Core
digital microscope (Electron Microscopy Sciences). GFP and phase images were

captured and overlayed using the integrated computer software.
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2.11 Loading of siRNA into Extracellular Vesicles by Electroporation

For In Vitro Use

EVs corresponding to 18-30 pg of protein, as measured by the Bradford Protein Assay
Kit (Sigma-Aldrich) according to manufacturer’s instructions, and 300 pmol BACE1
siRNA were diluted in 400 pl electroporation buffer (1.15 mM potassium phosphate pH
7.2, 25 mM potassium chloride, 21% Optiprep) and electroporated in a 4 mm cuvette
(400 V, 125 pF) using a Bio-Rad Gene Pulser (Bio-Rad). Identical non-electroporated
mixtures were used as a control. The electroporation mixture was diluted in 2 ml PBS
and pelleted in 2 ml Quick Seal Ultracentrifugation Tubes (Beckman Coulter) by
ultracentrifugation at 120,000 x g for 70 minutes. Pelleted EVs were either resuspended
in 300 pul Opti-MEM and split equally between 3 wells of recipient Neuro2A cells,
plated 24 hours previously at a density of 5 x 10 cells/well in 24-well cell culture
plates, or resuspended in 80-100 pl PBS and stored for downstream analyses. Recipient

cells were incubated for 48 hours before they were harvested for RNA analysis.

For In Vivo Use

The total yield of BM-DC-derived EVs from cells obtained from the equivalent of 1.5
mice was electroporated with 150 pg BACEL1l sSiRNA per treated mouse. For
electroporation, the EV and siRNA mixture was divided into aliquots containing 12 pg
siRNA per 400 pl electroporation buffer and electroporated as above. Electroporated
samples were then pooled, washed with PBS and pelleted by ultracentrifugation at

120,000 x g for 70 minutes. The EV pellet and naked siRNA was resuspended in a
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volume of 5% glucose corresponding to 80 pl per mouse and administered
intravenously via tail vein injections to 9 week-old male C57BL/6 mice. Untreated
control mice received a 5% glucose control injection of the same volume. Mice were
sacrificed after 48 hours and tissues immediately dissected, snap frozen in ice-cold
isopentane and stored at -80°C for later processing. The tissues harvested were cortex,
striatum, midbrain, cerebellum, kidney, liver, spleen, heart and the tibialis anterior

muscle.

2.12 Exploitation of Endogenous Extracellular Vesicle Loading Machinery

HEK293T cells to be used as EV-secreting source cells were plated at a density of 6 x
10° cells/15 cm cell culture dish. After 24 hours, cells were transfected with the required
quantity and combination of siRNA, miRNA mimics or miRNA/shRNA expression
plasmids and/or RNA-binding protein expression plasmids. After 4 hours, the medium
was removed and cells were washed once with Opti-MEM before the medium was
replaced with Opti-MEM supplemented with 1% antibiotic/antimycotic. The cells were
incubated for 48 hours to allow expression and EV-packaging of transfected molecules
before EVs were isolated as above. Cells were also collected for RNA analysis using

500 ul TRIzol (Life Technologies) (Fig. 2.4).
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Figure 2.4 Method for Exploiting Endogenous Extracellular Vesicle Loading Capabilities.
EV source cells were plated in 15 cm cell culture dishes on day 1. Cells were transfected with
the relevant constructs 24 hours later. Following 4 hours incubation, the cells were washed and
the medium changed to Opti-MEM. After 48 hours, EVs were isolated from the supernatant
according to the differential ultracentrifugation protocol and the resulting pellet resuspended
and either processed for downstream analysis or applied to recipient cells.

2.13 Co-culture Assay

For co-culture experiments, recipient HEK293T cells were first seeded in 6-well cell
culture plates at a confluency of 1 x 10° cells/well while source HEK293T cells were
seeded directly into 24-well cell culture plates at a confluency of 1 x 10° cells/well in
500 ul DMEM supplemented with 10% FBS. After 24 hours, recipient cells were
transfected with 2 pg of the appropriate dual-luciferase target reporter plasmid for
mMIRNA experiments or left untreated for shRNA experiments. Source cells were
transfected with 500 ng of each required plasmid. After a further 24 hours, recipient
cells were split into 24-well cell culture plate inserts at a ratio of 1:30 in 200 uL DMEM

supplemented with 10% FBS. 24-Well Thinsert, 0.4 um pore diameter inserts (Greiner
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Bio-One) were chosen to allow movement of material less than 0.4 um between source
cells plated in the lower 24-well plate layer and recipient cells plated in the upper insert.
After recipient cells had adhered, inserts were placed in the appropriate source cell well
before source and recipient cells were incubated together for 24-72 hours as indicated.
Recipient cells were harvested with 30 pl Passive Lysis Buffer (Promega) for luciferase

experiments or 500 ul TRIzol (Life Technologies) for RNA analysis.

2.14 Recipient Cell Treatment with Endogenously Loaded Isolated EVs

Recipient HEK293T cells were first seeded in 12-well cell culture plates at a confluency
of 5 x 10° cells/well in DMEM supplemented with 10% FBS. 24 hours later, cells were
transfected with 1 pg of the appropriate dual-luciferase target reporter plasmid for
miRNA experiments or left untreated for shRNA experiments. After 24 hours, recipient
cells were split from 12-well cell culture plates to 96-well cell culture plates at a ratio of
1:30 in 100 ul DMEM supplemented with 10% FBS and allowed to adhere. During this
time, EVs from source cells, plated in 15 cm cell culture dishes, which had been co-
transfected with the relevant expression plasmids 48 hours previously, were isolated,
pooled and washed by differential ultracentrifugation. EVs were resuspended in 350 pl
Opti-MEM and applied to recipient cells at a volume of 50 ul per recipient well. The
supernatant remaining after the first isolation was concentrated to a final volume of 350
ul using 10 kDa Amicon Ultra-15 Centrifugal Filter Units (Merck Millipore), according
to manufacturer’s instructions, and applied to recipient cells at a volume of 50 ul per
well. 50 pl of Opti-MEM was also added to otherwise untreated cells as a further
control. Recipient cells received the equivalent of the total yield of isolated EVs and

concentrated supernatant from 1 x 15 cm dish per well of a 96-well plate. Following
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treatment, recipient cells were incubated for 48 hours prior to luciferase or RNA

analysis, performed as outlined above.

2.15 Protein Extraction

For cells, protein was extracted using Cell Extraction Buffer (Life Technologies)
supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (100x) (Life
Technologies) and 1 mM PMSF. 200 pl of cell extraction buffer was used per well in a
6-well cell culture plate. Samples were incubated on ice for 30 minutes with shaking to
lyse cells before centrifugation at 13,000 rpm for 10 minutes at 4°C. The supernatant
was transferred to clean microcentrifuge tubes and stored at -80°C. For Western
blotting, cell lysate protein concentration was assessed using the microBCA Protein

Assay Kit (Life Technologies) according to manufacturer’s instructions.

2.16 Enzyme-Linked Immunosorbent Assays (ELISAS)

Amyloid-£ (42) Production

HEK293 APPswe cells were reverse transfected under the required LNA-ASO
conditions and plated at a confluency of 4 x 10° cells/well in 12-well cell culture plates.
After 48 hours, the supernatant was collected and Halt 100x Protease Inhibitor Cocktail
(Life Technologies) was added. A human amyloid- (42) ELISA kit was used (Life
Technologies) to assess amyloid-f production according to manufacturer’s instructions.
For optimisation studies, supernatant was first concentrated by centrifugation at 4,000 x

g for 30 minutes using Amicon Ultra-4 3 kDa Centrifugal Filter Units (Merck
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Millipore). However, as HEK293 APPswe cells produced high levels of amyloid-$ (42),
unconcentrated supernatant samples were typically diluted 1:1 with diluent buffer to
remain within the range of the kit. For comparability between samples and standards,
amyloid-p (42) peptide standards were serially diluted in fresh HEK293 APPswe culture
medium and diluent buffer at a ratio of 1:1 with the addition of Halt 100x Protease
Inhibitor Cocktail (Life Technologies). 50 ul of standards and samples and 50 pl of
Human AB42 Detection Antibody were added to each well except for the chromagen
blank. The plate was incubated for 3 hours at room temperature with gentle shaking.
Following incubation, the solution was aspirated and the wells washed 4 times. 100 pL
Anti-Rabbit 1gG HRP working solution was then added to each well, except for the
chromagen blank, and incubated for a further 30 minutes at room temperature. The
solution was aspirated and the wells washed 4 times before 100 pL of Stabilised
Chromagen was added to each well. The plate was then incubated in the dark for 30
minutes at room temperature before 100 puL of Stop Solution was added. Absorbance
was measured at 450 nm using a Victor3 1420 multilabel fluorescence microplate reader
(Perkin Elmer). A standard curve was fitted to the data to determine the concentration of
experimental supernatant samples and obtained values multiplied by two to correct for

sample dilution.

Tau Phosphorylation

A Tau (Phospho-Ser396) Colorimetric Cell-Based ELISA Kit (Stratech) was used to
assess tau phosphorylation at the Ser396 epitope following LNA-ASO treatment.
HEK?293 APPswe cells were reverse transfected with the required LNA-ASO and plated

at a confluency of 3 x 10* cells/well in 96-well cell culture plates that had been pre-
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coated with 10 pg/ml Poly-L-Lysine (Sigma-Aldrich) according to manufacturer’s
instructions. Tau phosphorylation was normalised to total tau and GAPDH levels. 9
replicates were therefore performed for each transfection condition, allowing 3
replicates for each protein of interest. After 48 hours incubation, cells were washed once
in TBS and fixed with 100 pl 8% PFA (Sigma-Aldrich) for 20 minutes at room
temperature. The fixing solution was then aspirated and the plate washed for 3 x 5
minutes with 200 pul Wash Buffer with gentle shaking. 100 ul of Quenching Buffer was
then added per well and the plate incubated for a further 20 minutes at room
temperature. The solution was aspirated and the plate washed for 3 x 5 minutes with
200 pl Wash Buffer with gentle shaking. 200 pl of Blocking Buffer was added to each
well before the plate was incubated for 1 hour at room temperature. Following
incubation, the plate was washed for 3 x 5 minutes before the addition of 50 ul of 1 x
primary antibody (either rabbit Anti-Tau Phospho-Ser 396, rabbit Anti-Tau or mouse
Anti-GAPDH antibody) to the corresponding wells. The plate was incubated for 2 hours
at room temperature with gentle shaking before a further 3 x 5 minutes of washing. 50
pl of 1 x secondary antibody was then added to each corresponding well. HRP-
Conjugated Anti-Rabbit IgG antibody was added to wells incubated with primary
antibodies against total or phosphorylated tau and HRP-Conjugated Anti-Mouse 1gG
antibody was added to wells incubated with the GAPDH primary antibody. The plate
was incubated for 1.5 hours at room temperature with gentle shaking. The plate was
then washed for a further 3 x 5 minutes before 50 pl of Ready-to-Use Substrate was
added per well and the plate incubated in the dark for 30 minutes at room temperature

with shaking. Finally, 50 pl of Stop Solution was added per well and absorbance
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measured at 450 nm using a Victor3 1420 multilabel fluorescence microplate reader

(Perkin Elmer).

To allow normalisation to cell counts, Crystal Violet cell staining was performed. Cells
were washed for 2 x 5 minutes with 200 pl of Wash Buffer and 2 x 5 minutes with 200
pl of 1 x TBS. The plate was allowed to air dry for 5 minutes at room temperature
before the addition of 50 ul Crystal Violet solution. After 30 minutes of incubation at
room temperature with shaking the solution was removed. Wells were gently rinsed
with H,O and washed for 3 x 5 minutes with 200 ul of TBS with shaking. 100 ul of
SDS solution was added per well and incubated with shaking at room temperature for 1
hour. The absorbance was read at 595 nm with the Victor3 1420 multilabel fluorescence
microplate reader (Perkin Elmer). Tau phosphorylation was normalised to both total tau
and GAPDH expression (corrected for cell count) and then to negative control LNA-

ASO treated wells.

2.17 Luciferase Assays

Validation of miRNA Mimic and miRNA Expression Plasmid Activity

To validate the regulation of reporter plasmids by miRNA mimics and miRNA
expression plasmids, HEK293T cells were seeded in 24-well cell culture plates at a
confluency of 1 x 10° cells/well in DMEM supplemented with 10% FBS. After 24
hours, each well was co-transfected with 200 ng of reporter plasmid and the required
quantity of miRNA mimic or expression plasmid as indicated. Cells were harvested 24

hours later with 100 pl Passive Lysis Buffer (Promega) and active cell scraping. Firefly
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and Renilla luciferase activity were quantified using the Dual-Luciferase Reporter

Assay System (Promega) according to manufacturer’s instructions.

Co-culture: miR-106b

Source and recipient HEK293T cells were plated and transfected as outlined above.
Recipient cells were plated within inserts and allowed to adhere before inserts were
added to the appropriate source cell well in 24-well cell culture plates and incubated
together for 24-72 hours as indicated. Recipient cells were harvested with 30 pl Passive
Lysis Buffer (Promega) and active cell scraping. Firefly and Renilla luciferase activity
were quantified using the Dual-Luciferase Reporter Assay System (Promega) according
to manufacturer’s instructions. The effect of secreted miR-106b (released from miR-
106b overexpressing source cells) on recipient cells (expressing the miR-106b
pmirGLO dual-luciferase reporter) was normalised to the effect of endogenous miR-

106b originating from untreated source cells.

Direct Treatment of Recipient Cells with miR-106b Isolated EVs

Source and recipient HEK293T cells were plated and transfected as outlined above.
Following treatment of recipient cells with isolated EVs or concentrated supernatant,
cells were incubated for 24 hours before the medium was changed. After a further 24
hours, recipient cells were harvested with 30 ul Passive Lysis Buffer (Promega) and
Firefly and Renilla luciferase activity quantified as above. The effect of secreted miR-

106b (from miR-106b overexpressing source cells) on recipient cells (expressing the
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miR-106b pmirGLO dual-luciferase reporter) was normalised to the effect of

endogenous miR-106b originating from untreated source cells.

2.18 MTS Cell Proliferation Assay

The CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega) was used to
assess cell viability following LNA-ASO treatment. SH-SH5Y, Neuro2A and HEK293
APPswe cells were reverse transfected with experimental or negative control LNA-
ASOs in 96-well cell culture plates according to the transfection conditions outlined
above. After 48 hours of incubation, 25 ul of CellTiter 96 Aqueous One Solution
Reagent was added per well of the 96-well assay plate containing 125 pl of culture
medium and cells. The cells were returned to the incubator for 3 hours at 37°C before
absorbance at 490 nm was measured using a 96-well microplate reader (Perkin Elmer).
To determine sequence-specific effects upon cell viability, absorbance from cells treated
with experimental LNA-ASOs was normalised to that from cells treated with the same

dose of negative control LNA-ASO and the result compared to untreated cells.

2.19 RNA Extractions

Cells

RNA was extracted from cells using TRIzol (Life Technologies) according to
manufacturer’s instructions. Briefly, 500 ul of TRIzol was added per well in a 24-well
cell culture plate and incubated for 5 minutes at room temperature to homogenize cells.

100 pl of chloroform was added to each sample, shaken vigorously and incubated for 10
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minutes at room temperature. Samples were centrifuged at 12,000 x g for 15 minutes at
4°C to allow separation of the homogenate into a clear upper aqueous layer containing
RNA and an interphase and lower organic layer containing DNA and proteins. The
upper aqueous layer was carefully removed to a fresh tube and 250 pl of isopropanol
added to precipitate RNA. Where the expected RNA yield was low, 1 pl of RNase-free
glycogen (Roche) was added to the sample to increase the recovery of nucleic acids.
The sample was vortexed and incubated for 10 minutes at room temperature before
centrifugation at 12,000 x g for 10 minutes at 4°C. The supernatant was removed and
the RNA pellet was washed with 400 ul of 75% ethanol before centrifugation at 7,500 x
g for 5 minutes at 4°C. The supernatant was discarded and the pellet air-dried for 10
minutes. The RNA pellet was resuspended in 20-100 pl of nuclease-free H,O and
incubated at 55°C for 10 minutes to aid RNA resuspension. RNA quantity and quality,
as measured by the Ajgo2s0 and Aggorzso ratios, were then quantified using a Nanodrop

2000 spectrometer (Thermo Scientific).

Tissue

Tissue was snap frozen in ice-cold isopentane after harvesting and stored at -80°C. Prior
to RNA extraction, a section of tissue was removed and placed in a 2 ml soft tissue
CK14 homogenisation tube containing 1.4 mm ceramic beads (Precellys) with 500 pl of
TRIzol Reagent (Life Technologies). Tissue was homogenized by 2 x 30 seconds X
6500 rpm using a Precellys 24 homogenizer (Precellys). The homogenized tissue was
removed to a fresh microcentrifuge tube (Axygen, Corning) and RNA extracted

according to the protocol outlined above.
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Extracellular Vesicles and Supernatant

To preserve small RNA species®®, TRIzol LS (Life Technologies) was used to extract
RNA from EV and supernatant samples according to manufacturer’s instructions. 225
pl of TRIzol LS was added to 75 pl of EV or supernatant sample in addition to 5 pg of
cel-miR-39 spike-in for normalisation purposes. The sample was incubated for 5
minutes at room temperature before 60 pl of chloroform was added and the sample
incubated for 10 minutes. Samples were centrifuged at 12,000 x g for 15 minutes at
4°C. As above, the upper aqueous layer was removed to a fresh tube before the addition
of 1 ul of RNase-free glycogen (Roche) and 150 pl of isopropanol. The sample was
vortexed and incubated for 10 minutes at room temperature before centrifugation at
12,000 x g for 10 minutes at 4°C. The supernatant was removed and the RNA pellet was
washed with 300 pl of 75% ethanol before centrifugation at 7,500 x g for 5 minutes at
4°C. The supernatant was discarded and the pellet air-dried for 10 minutes. The RNA
pellet was resuspended in 20 pl of nuclease-free H,O and incubated at 55°C for 10
minutes to aid RNA resuspension. When required, RNA quantity of EV samples was

assessed using Quant-iT RiboGreen RNA Assay Kit (Life Technologies).

2.20 RNA Quantification using Quant-iT RiboGreen RNA Assay

As the expected RNA quantity in EV samples was low, the low-range protocol of the
Quant-iT RiboGreen RNA Assay Kit (Life Technologies) was applied to measure EV
samples according to manufacturer’s instructions. Briefly, 100 pg/ml of Ribosomal
RNA standard (16S and 23S rRNA from E. coli) was serially diluted at a ratio of 1:5

with TE buffer to give a range of standards from 100 ng/ul to 0 ng/ul. 100 pl of each
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standard was added per well in a 96-well black microplate (Corning). For test samples,
2 ul of EV sample was diluted with 98 pl of TE buffer and 100 ul added per 96-well.
The Quant-iT RiboGreen reagent working solution was prepared by diluting the stock
solution 2,000 fold with TE before 100 ul of working solution was added to standard
and test samples in the microplate. Fluorescence emission intensity was measured at
530 nm using a Victor3 1420 multilabel fluorescence microplate reader (Perkin Elmer)
and fluorescence emission intensity was plotted versus RNA concentration to calculate

the RNA quantity present in test samples.

2.21 mRNA Quantification by Quantitative Real-time PCR (QPCR)

The High-Capacity cDNA Reverse Transcription Kit (Life Technologies) was used to
obtain cDNA from extracted RNA by reverse transcription. Reverse transcription was
performed in 20 pl reactions according to manufacturer’s instructions. For cellular
samples, RNA was diluted to 50-100 ng/ul and 10 pl was added per well of a 96-well
low profile, skirted PCR plate (Life Technologies) for a total of 500-1000 ng per 20 pl
reaction. For EV and supernatant samples, 5 pul of sample was added to 5 pul of nuclease-
free H,O per 20 pl reaction. 10 pl of cDNA Reverse Transcription mastermix with
random primers was added to each well for a 20 pl reaction volume and reverse
transcription performed using a G-Storm Quad Block Thermal Cycler (GMI) under the
following parameters; 10 minutes at 25°C, 120 minutes at 37°C, 5 minutes at 85°C

before cooling to 4°C.

A StepOnePlus Real-Time PCR system (Life Technologies) was used to perform gPCR

in 20 pl singleplex reactions using Tagman Fast Universal Master Mix (2x) (Life
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Technologies) and FAM-MGB labelled Tagman Gene Expression Assays (20x) (Life
Technologies) (Table 2.14). cDNA from cellular and EV/supernatant samples was
diluted with 80 pl or 20 pl of nuclease-free H,O, respectively, and 5 ul of diluted cDNA
was added per 20 ul reaction. The relative standard curve method was applied to
determine the relative fold change in target gene expression. Standard curves were
typically produced from serial dilutions (diluted either 1:5 or 1:10) of cDNA from
untreated experimental samples. gPCR was performed using the following cycling
parameters; initial activation at 95°C for 20 seconds followed by forty cycles of 1
second at 95°C and 20 seconds at 60°C. The resulting data were analysed using the
StepOne Software v2.2.2 (Life Technologies). Unless otherwise stated, mRNA target

gene expression was normalised to S-Actin.
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Table 2.14 Tagman Gene Expression Assays.

Gene Name Assay ID
Human Assays
B-Actin Hs01060665_g1
AGO2 Hs01085579_m1
APP Hs01552283_m1
BACE1 Hs00201573_m1
Caspase-9 Hs00154261_m1
CDK5R1 Hs00243655_s1
GAPDH Hs02758991 g1
GRIA2 Hs00181331_ml
GRIN2B Hs00168230_m1
GSK3p Hs01047719_m1l
HN1 Hs00993863_g1
MAPT Hs00902194 m1
MTOR Hs00234508_m1
NOX4 Hs00418356_m1
TNRC6A Hs00325721_ml
Mouse Assays
P-Actin Mm01205647_g1
Bacel Mm00478664_m1
Cyclophilin Mm00478295_m1
Gapdh Mm03302249 g1
mTOR MmO00444968_m1

Human Primary miRNA Transcript Assays

hsa-miR-17 Hs03295901_pri
hsa-miR-29a Hs03302672_pri
hsa-miR-106b Hs03295154 pri
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2.22 miRNA Quantification by gPCR

Reverse transcription was performed using the High-Capacity cDNA Reverse
Transcription Kit (Life Technologies) to obtain cDNA from extracted RNA. Cellular
RNA was first diluted to 2 ng/ul before 5 ul was added per 15 pl reaction for a total
RNA input of 10 ng. For exosomal and supernatant RNA, 5 ul of extracted RNA was
added per 15 pl reaction. To denature double-stranded templates, 3 pul of 5x RT primer
from the appropriate Tagman Small RNA Assay kit (Table 2.15) was added to 5 pl of
RNA template and incubated for 5 minutes at 85°C followed by 5 minutes at 60°C. The
mastermix was prepared according to manufacturer’s instructions and 7 pl added to the
RNA and 5x RT primer mix. Reverse transcription was performed using a G-Storm
Quad Block Thermal Cycler (GMI) under the following parameters; 30 minutes at 16°C,

30 minutes at 42°C, 5 minutes at 85°C before cooling to 4°C.

qPCR was performed in 20 pl singleplex reactions using a StepOnePlus Real-Time PCR
system (Life Technologies) under the parameters outlined above with Tagman Fast
Universal Master Mix (2x) (Life Technologies) and Tagman Small RNA Assays (20x)
(Life Technologies) (Table 2.15). A total of 1.33 ul undiluted cDNA was added per 20
pl reaction. The relative standard curve method was applied to determine the relative
fold change in target gene expression. Standard curves were typically produced from
serial dilutions (diluted 1:10) of the cDNA obtained from reverse transcription of 5 pg
of input RNA from commercially purchased miRNA mimics/siRNA. The resulting data
were analysed using the StepOne Software v2.2.2 (Life Technologies). For cellular

samples, target miRNA/siRNA expression was normalised to total RNA volume. For
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EV and supernatant samples, target miRNA/siRNA expression was normalised to

expression of the cel-miR-39 spike-in, unless otherwise stated.

Table 2.15 Tagman Small RNA and Custom Small RNA Assays.

mMiRNAs
Target Assay ID

hsa-miR-17-5p 000393

hsa-miR-20a-5p 000580

hsa-miR-29a-5p 002447

hsa-miR-106b-5p 000442

cel-miR-39-3p 000200

SIRNA
Custom Small Assay Target Sequence

APP siRNA GUACCAACUUGCAUGACUA
BACEL siRNA GCUUUGUGGAGAUGGUGGA

2.23 ldentification of Optimal In Vivo Reference Genes

The 12-gene geNorm Perfect Probe Plus Mouse Kit (PrimerDesign) was utilised to
identity the most appropriate reference gene for in vivo data analysis. This kit compares
expression, within experimental tissue samples, of 12 candidate reference genes which
have been identified from more than 30,000 microarray experiments to express inherent
levels of stability across different tissues, disease states and experimental designs. The
expression of cyclophilin was also assessed using Tagman Gene Expression Assay
(20x), ID: MmO00478295 m1 (Life Technologies). To determine reference gene
stability, the expression of each of the 13 candidate reference genes was assessed in

samples extracted from the cortex of 3 mice and from the liver of 2 mice from each of
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the following treatment conditions; RVG-EV + siRNA, Lamp2B-EV + siRNA, siRNA
alone and untreated. gPCR was performed with the StepOnePlus Real-Time PCR
system (Life Technologies) in 20 ul singleplex reactions using Tagman Fast Universal
Master Mix (2x) (Life Technologies) and the cycling parameters outlined above. cDNA
was diluted 1:10 with nuclease-free H,O for an input volume of 25 ng of cDNA and the
resulting data analysed with the gbasePLUS software (Biogazelle). The software allows
the identification of the most appropriate reference gene(s) for normalisation by ranking

candidate genes by their expression stability across tissues and treatments.

2.24 Statistical Analyses

Statistical analyses were performed using GraphPad Prism (Version 6, GraphPad
Software, La Jolla California USA). Student’s 2-tailed t-test or one-way analysis of
variance (ANOVA) followed by Tukey’s multiple comparisons post-hoc test were used
to assess the statistical significance of group differences. Experimental conditions were
normalised to a nonspecific negative control or untreated condition as indicated. All
experiments were performed in triplicate unless otherwise stated. Graphs represent
mean = standard error and differences were considered significant at p < 0.05. Asterisks
indicate significant difference compared to untreated or negative control samples except
where indicated by comparison bars. Asterisk (*) indicates p < 0.05, double asterisks

(**) indicates p < 0.01 and triple asterisks (***) indicates p < 0.001.
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3 Loading of siRNA into Extracellular Vesicles by Electroporation

3.1 Introduction

A predominant pathological hallmark of AD is the presence of amyloid-p plaques. As
discussed previously, amyloid-f3 peptides are formed from the sequential cleavage of
APP by BACELl and y-secretase. Therefore, one potential therapeutic strategy to
decrease amyloid-B production is to reduce expression of APP, BACEL or y-secretase.
Complete silencing is undesirable given the potential for deleterious consequences
arising from disruption to the processing of alternative substrates and pathways.
However, previous studies have shown, both in vitro and in vivo, that partial silencing
of APP or BACEL, either through genetic deletion or RNAi-mediated silencing,
significantly reduced amyloid- production and tau hyperphosphorylation, rescuing

290296,297:422/423425.426.5%9 " Tyjcally, RNAi-mediated silencing has

memory impairments
been assessed in vitro or following intracranial injections of viral vectors expressing
shRNA against the target of interest in vivo?*®422424-426 " However, as this strategy is not
amenable for clinical translation, a novel delivery vehicle able to transport systemically-

delivered RNA.I effectors across the BBB to key areas within the brain is required.

Recent studies exploring exosome-mediated delivery of RNAi-based molecules have
shown that exosomes appear capable of delivering exogenous siRNAs and miRNAS in

Vivo468,507,508,513

. Importantly, two recent studies have demonstrated that exosomes
modified to express a rabies virus glycoprotein (RVG)-derived targeting peptide were
able to traverse the BBB to deliver cargoes to the brain®®***, Specifically, systemically-

delivered RVG-exosomes, loaded by electroporation with siRNA against either Bacel
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or a-synuclein, significantly silenced mRNA and protein expression within the cortex,
striatum and midbrain in wild-type mice®®>!3, Strikingly, the delivery of a-synuclein
siRNA-loaded exosomes also significantly reduced mRNA and protein expression,
including protein aggregates, within the brains of a transgenic PD mouse model®**.

Together, these studies highlight the potential of exosome-mediated delivery of RNAI-

based molecules for the treatment of neurodegenerative disease.

Thus, this study focused upon the optimisation of exosome-mediated delivery for
SiRNA cargoes as a therapeutic strategy for AD. siRNAs were first validated to target
APP or Bacel before their electroporation-based loading into exosomes was
investigated. The efficacy of exosome-mediated siRNA delivery was assessed by
treatment of Neuro2A cells in vitro and following intravenous injections of siRNA-
loaded exosomes to wild-type mice in vivo. However, it proved challenging to replicate
previous findings of exosome-mediated delivery of siRNA, both in vitro and in vivo.
Further characterisation of the electroporation protocol revealed the formation of large
siRNA aggregates following electroporation, which may contribute towards an
overestimation of siRNA-loading efficiency. These findings therefore highlight the

requirement for alternative exosome loading strategies.
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3.2 Results

3.2.1 Identification and Validation of Candidate siRNA Cargoes

Potential siRNA cargoes targeting APP or BACEL1 were first screened in vitro to
identify siIRNA sequences which efficiently silenced the target of interest. Three novel
candidate siRNAs targeting APP (APP1, APP2 and APP3) were identified utilising the
Eurogentec SiRNA design platform. For BACE1l siRNA, a previously validated
sequence*?? was chosen that had been utilised by Alvarez-Erviti and colleagues™® for
their demonstration of exosome-mediated siRNA delivery. APP siRNA sequences were
human-specific while the BACE1 siRNA targeted a conserved coding sequence
between human, mouse and rat*?. To validate siRNA-mediated silencing of APP or
BACE1, HEK293T cells were transfected with APP, BACEL1 or a negative control (NC)
siRNA using Lipofectamine 2000 and target gene knockdown, normalised to f-Actin

expression, was analysed after 48 hours by gPCR (Fig. 3.1).

Initial screening of candidate APP sequences revealed that all three elicited significant
silencing of APP mRNA expression although APP1 and APP3 were most potent (Fig.
3.1A). APP1 siRNA was selected for further study and a dose-response experiment
confirmed strong silencing of APP mRNA expression at concentrations > 100 nM (Fig.
3.1B). A dose-response experiment performed with BACEL siRNA showed significant

silencing of BACE1 mRNA at concentrations > 50 nM (Fig. 3.1C).
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Figure 3.1 Identification and Validation of APP and BACE1 siRNAs. HEK293T cells were
transfected with shown siRNAs at indicated concentrations using Lipofectamine 2000. Target
gene knockdown, normalised to S-Actin expression, was measured after 48 hours by qPCR. (A)
3 candidate APP-targeting siRNAs (APP1, APP2 and APP3; identified utilising the Eurogentec
siRNA design platform) were screened for silencing of APP mRNA. (B) Dose-response curve
of selected APP1 siRNA. (C) Dose-response curve of BACEL siRNA. Values are mean + SEM,
n = 3, “NC”, negative control siRNA at 100 nM, ***p<0.001, **p<0.01, *p<0.05, one-way
ANOVA followed by Tukey’s post-hoc test.
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3.2.2 Characterisation of BM-DC-derived Extracellular Vesicles

Immature bone-marrow-derived dendritic cells (BM-DCs) were chosen as the primary
source of exosomes as their exosomes have previously been shown to lack lymphocyte
stimulatory molecules including MHC-1, MHC-II, CD40 and CD86°® and appeared

well-tolerated following systemic delivery in two previous studies**®>*,

BM-DCs were harvested from 9-week-old male C57BL/6 mice and cultured for 8 days
in 6-well cell culture plates. Four days after plating, BM-DCs were transfected with 5
pg/well of the Lamp2B-RVG targeting plasmid (RVG) or Lamp2B control plasmid
(Lamp2B) using TransIT LT1 transfection reagent or were left untreated (UT). On day
7, the medium was changed to fresh DMEM supplemented with 10% extracellular
vesicle (EV)-depleted FBS. Conditioned medium was collected 24 hours later and

exosomes isolated by differential ultracentrifugation.

BM-DC-derived vesicles were characterised by a number of methods including Western
blot, electron microscopy (EM) and nanoparticle tracking analysis (NTA) to assess the
presence of exosomal markers, vesicle size and morphology and the number of particles
obtained (Fig. 3.2). Western blot analysis confirmed the presence of the exosomal
markers, Alix and Flotillin-1 and suggested that transfection of targeting or control
plasmids did not significantly affect the yield of exosomes obtained (Fig. 3.2A). EM
and NTA established that preparations contained vesicles comprising a lipid-bilayer
membrane with typical exosomal morphology in the range of 50-200 nm (Fig. 3.2B-F).
NTA confirmed a similar size and total particle count across each condition, again

suggesting that transfection with targeting or control plasmids did not significantly
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affect the size or yield of vesicles (Fig. 3.2C-F). EM and NTA also revealed that each
preparation contained a mixed population of both smaller and larger vesicles in addition
to potential aggregates of smaller vesicles (Fig. 3.2B-F). As such, vesicle preparations
are referred to as EVs rather than exosomes specifically as they were purified based

upon their size and density by differential ultracentrifugation.
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Figure 3.2 Characterisation of BM-DC-derived Extracellular Vesicles. Extracellular
vesicles (EVs) derived from BM-DCs that were pre-transfected with the Lamp2B-RVG
targeting plasmid (“RVG”), Lamp2B control plasmid (“Lamp2B”) or left untreated (“UT”) were
characterised by a number of methods. (A) EVs were purified from the conditioned medium of
BM-DCs isolated from one mouse. 20% of the purified EVs were loaded onto a Western blot
and probed for the exosomal markers, Alix and Flotillin-1, which suggested similar yields of
exosomes were obtained from each condition. (B) Electron microscopy images revealed typical
morphology of isolated exosomes. (C) Nanoparticle tracking analysis (NTA) showing the mean
particle size and total number of particles secreted from BM-DCs isolated per one mouse (n = 3)
is consistent with the earlier observation of similar exosome yield for each condition. (D-F)
NTA analysis of size distribution histogram (n = 3) for (D) UT-EVs, peak = 151.2 nm, (E)
RVG-EVs, peak = 169.5 nm and (F) Lamp2B-EVs, peak = 163.7 nm.
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3.2.3 Bacel Expression was not Silenced by siRNA-loaded BM-DC-derived

Extracellular Vesicles In Vitro

To assess the efficacy of EV-mediated siRNA delivery, the same experimental set-up

reported by Alvarez-Erviti et al.>®

was utilised. Thus, the first aim of this study was to
replicate Bacel mRNA silencing following EV-mediated delivery of Bacel siRNA.
BM-DC source cells were modified to express either the Lamp2B-RVG or Lamp2B
control construct. EVs were loaded with Bacel SiRNA by electroporation or left
unelectroporated as a control. Following electroporation, the mixture was washed and
pelleted at 120,000 x g before addition to Neuro2A recipient cells in 24-well cell culture
plates. Neuro2A cells were also directly transfected with 200 nM Bacel siRNA or NC

SiRNA as further controls. Bacel mRNA expression was assessed, relative to f-Actin,

48 hours after EV treatment by qPCR.

A ratio of 6 pg EVs: 100 pmol (200 nM) Bacel siRNA per well was first tested in line
with Alvarez-Erviti et al.”®. EVs were derived from BM-DCs harvested from two
strains of mice, either C57BL/6 (Fig. 3.3A) or CBA (Fig. 3.3B), to determine whether
BM-DC source affected outcome. Direct transfection of Bacel siRNA elicited effective
silencing (80-90% reduction) of Bacel mRNA expression, confirming efficacy of the
siRNA sequence. However, EV-mediated delivery of siRNAs loaded by electroporation
proved inconsistent. Across a number of replicates, Bacel expression was not
consistently reduced following treatment with RVG-EVs obtained from either source
(Fig. 3.3A-B). Although there appeared to be a non-significant trend towards silencing
by C57/BL6 Lamp2B-EVs (Fig. 3.3A), this was not evident for CBA-derived Lamp2B-

EVs (Fig. 3.3B).
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It was hypothesised that an insufficient quantity of EVs may fail to deliver effective
yields of siRNA particularly as EV protein quantification may be biased by medium
contamination. Therefore, the experiment was repeated with a ratio of 8 ug (Fig. 3.3C)
or 10 ug (Fig. 3.3D) EVs: 100 pmol (200 nM) Bacel siRNA. Unmodified (UT) EVs
were also included as an additional control. While direct transfection of Bacel siRNA
effectively silenced Bacel expression, there was no significant silencing following
treatment with RVG-EVs, Lamp2B-EVs or UT-EVs (Fig. 3.3C-D). In fact, Bacel
mMRNA  expression was significantly increased after treatment  with
electroporated/unelectroporated RVG-EVs and electroporated Lamp2B-EVs at the 8 g

EVs: 100 pmol siRNA ratio (Fig. 3.3C).
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Figure 3.3 Treatment of Neuro2A Cells with BM-DC-derived Extracellular Vesicles. Bacel
MRNA expression, relative to f-Actin, was analysed in Neuro2A cells by gPCR 48 hours after
treating cells with Bacel siRNA-loaded EVs or controls. EV source BM-DCs were transfected
with the Lamp2B-RVG targeting construct (“RVG”), Lamp2B control construct (“Lamp2B”) or
left untreated (“UT”). (A) 6 pg EVs from C57BL/6 mice BM-DCs, (B) 6 pg EVs from CBA
mice BM-DCs, (C) 8 ug EVs from C57BL/6 mice BM-DCs or (D) 10 ug EVs from C57BL/6
mice BM-DCs were mixed in electroporation buffer with Bacel siRNA (100 pmol per replicate
for 200 nM concentration in cells). To load EVs with siRNA, the mixture was electroporated
using a 400 V / 125 pF pulse (“+”) or left unelectroporated (“-””), washed and added to cells. As
controls, Neuro2A cells were transfected with 200 nM Bacel siRNA (“Bacel”) or negative
control siRNA (“NC”) using Lipofectamine 2000. Values are mean £ SEM, n = 3, ***p<0.001,
**p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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3.2.4 Bacel Expression was not Silenced by siRNA-loaded BM-DC-derived

Extracellular Vesicles In Vivo

A disparity between the in vitro and in vivo efficacy of EV-mediated delivery of SIRNA
has previously been observed within the lab. Therefore, with the aim of replicating the
results of Alvarez-Erviti et al.”®, EV-mediated delivery of Bacel siRNA was assessed

in vivo utilising the same experimental conditions.

Wild-type mice received intravenous injections of either 150 g Bacel siRNA alone or
after electroporation with the total yield of RVG-EVs or Lamp2B-EVs obtained from
cells derived from the equivalent of 1.5 mice. Control mice received an injection of 5%
glucose only. After 48 hours, Bacel mRNA expression, relative to f-Actin, was
assessed by gPCR in the cortex, midbrain, liver and kidney (Fig. 3.4A-D). Cortical
Bacel expression was significantly reduced following all experimental treatments (Fig.
3.4A). RVG-EVs and Lamp2B-EVs significantly reduced cortical Bacel expression by
~54% and ~42%, respectively. Unexpectedly, naked Bacel siRNA also significantly
silenced cortical Bacel expression (~48% reduction) (Fig. 3.4A). There was no
significant effect upon Bacel expression in any of the other tissues tested although there
was a non-significant reduction in expression in the liver following treatment with
naked Bacel siRNA (Fig. 3.4C). In contrast, no silencing was observed in the kidney or
liver following administration of modified EVs, suggesting a degree of selective

targeting (Fig. 3.4C-D).

However, an important issue was discovered during analysis. Due to the unexpected

silencing of cortical Bacel expression by naked Bacel siRNA and variability within
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conditions, the data were reanalysed with respect to an alternative normalisation gene,
cyclophilin (Fig. 3.4E). This substantially affected the pattern of results with no
significant silencing observed across any condition. In fact, Bacel mRNA expression
appeared to be non-significantly increased following Lamp2B-EV treatment. However,
there was variability in the expression of cyclophilin itself and the variability in Bacel
MRNA expression appeared greater following normalisation to cyclophilin (Fig. 3.4E).
These results therefore highlighted the importance of identifying the correct

normalisation gene.

Consequently, the most stable and optimal number of reference genes for this
experiment was determined using the geNorm Perfect Probe Mouse Kit and associated
gbasePLUS software (Fig. 3.5). This kit compares expression within experimental
tissue samples of 12 candidate reference genes which have been identified to express
inherent levels of stability. Cyclophilin was also included for further clarification given
the discrepancy in results following normalisation to cyclophilin or g-Actin (Fig.
3.4AE). ldentification of the most stable pair of reference genes is determined via
calculation of the average expression stability value (geNorm M), which refers to the
variation of a gene compared to all other candidate genes. The optimal number of
reference genes required for normalisation is determined by pairwise variation (geNorm
V) when V (n/n+1) < 0.15. In this study, the most stable pair of reference genes were
found to be Gapdh and g-Actin (Fig. 3.5A) and the geometric mean of two reference

genes was identified as optimal for in vivo normalisation (Fig. 3.5B).

The in vivo data were therefore reanalysed relative to the geometric mean of Gapdh and

S-Actin (Fig. 3.6). Following re-analysis there was no significant silencing observed

163



following any treatment condition in the cortex, midbrain, liver or kidney (Fig. 3.6A-
D). However, variability within conditions was relatively high and a non-significant
trend towards reduced Bacel mRNA expression was observed in the cortex following
all experimental treatments (Fig. 3.6A). Similarly, there appeared to be a non-
significant trend towards reduced Bacel mRNA expression in the liver following

treatment with Bacel siRNA alone (Fig. 3.6C).

The quantity of Bacel siRNA within the cortex, midbrain and liver following treatment
with Bacel siRNA alone or RVG-EVs was determined to assess the relationship
between Bacel siRNA quantity within tissues and the level of Bacel mRNA silencing
(Fig. 3.7A-C). High variability precluded any observed increases in Bacel siRNA
expression from reaching significance. However, Bacel siRNA appeared to be
increased in the cortex following treatment with Bacel siRNA alone or RVG-EVs (Fig.
3.7A) and in the midbrain (Fig. 3.7B) and liver (Fig. 3.7C) following RVG-EV
treatment. There appeared to be an association between increased siRNA quantity and
reduced Bacel mRNA expression in the cortex (Fig. 3.6A/Fig. 3.7A) but this was not
true for the liver or midbrain. Despite high levels of Bacel siRNA detected in liver
samples from mice treated with RVG-EVs, no silencing of Bacel mRNA expression
was observed (Fig. 3.6C/Fig. 3.7C). In contrast, Bacel mRNA expression appeared
non-significantly reduced following Bacel siRNA alone treatment but this was not
associated with increased Bacel siRNA quantity (Fig. 3.6C/Fig. 3.7C). This may
reflect greater protection of the siRNA cargo within EVs, preventing the rapid

degradation and excretion typically observed for naked siRNAs.
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Figure 3.4 In Vivo Delivery of Bacel siRNA By Targeted Extracellular Vesicles. Bacel
expression, relative to p-Actin, was assessed by qPCR 48 hours after intravenous injection of
150 pg Bacel siRNA alone or loaded within EVs. EV source BM-DCs were transfected with
the Lamp2B-RVG targeting construct (“RVG”) or Lamp2B control construct (“Lamp2B”). To
load EVs with siRNA, the total yield of RVG-EVs or Lamp2B-EVs derived from the BM-DC
cells obtained from 1.5 mice and 150 pg Bacel siRNA was electroporated using a 400 V / 125
MF pulse. Bacel expression was analysed in the (A) cortex, (B) midbrain, (C) liver and (D)
kidney, relative to S-Actin expression, and in the (E) cortex, relative to cyclophilin expression,
in comparison to untreated (“UT”, 5% glucose injection only) control mice. Values are mean +
SEM, n = 3, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 3.5 Identification of Optimal In Vivo Reference Gene. The expression of 13 candidate
reference genes was assessed via qPCR using the geNorm Perfect Probe Plus Mouse Kit and
gbasePLUS software. (A) Identification of the most stable reference genes by calculation of the
average expression stability value (geNorm M, variation of a gene compared to all other
candidate genes) of reference genes at each step during stepwise exclusion of the least stably
expressed reference genes. The most stable and optimal pair of reference genes for this study are
Gapdh and g-Actin, as indicated on the right. (B) The optimal number of reference genes
required for normalisation was determined by pairwise variation (geNorm V) when V (n/n+1) <
0.15, where n = number of reference genes. In this study, the geometric mean of two reference
genes (Gapdh and p-Actin) was identified as optimal for in vivo normalisation.
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Figure 3.6 Re-analysis of EV-mediated Bacel siRNA Delivery In Vivo Normalised to
Optimal Reference Genes. Bacel mRNA expression, relative to the geometric mean of Gapdh
and S-Actin, was assessed by gPCR 48 hours after intravenous injection of 150 pg Bacel siRNA
alone or loaded within EVs. EV source BM-DCs were transfected with the Lamp2B-RVG
targeting construct (“RVG”) or Lamp2B control construct (“Lamp2B”). To load EVs with
SiRNA, the total yield of RVG-EVs or Lamp2B-EVs derived from the BM-DC cells obtained
from 1.5 mice and 150 pg Bacel siRNA was electroporated using a 400 V / 125 pF pulse.
Relative Bacel expression was analysed in the (A) cortex, (B) midbrain, (C) liver and (D)
kidney in comparison to untreated (“UT”, 5% glucose injection only) control mice. Values are
mean = SEM, n = 3, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 3.7 Quantification of In Vivo Bacel siRNA Delivery. Bacel siRNA, normalised to 10
ng total RNA input volume, was quantified by qPCR 48 hours after intravenous injection of 150
Hg Bacel siRNA alone (“siRNA”) or loaded within EVs. EV source BM-DCs were transfected
with the Lamp2B-RVG targeting construct (“RVG”). To load EVs with siRNA, the total yield
of RVG-EVs derived from the BM-DC cells obtained from 1.5 mice and 150 pg Bacel siRNA
was electroporated using a 400 V / 125 pF pulse. Bacel siRNA quantity was assessed in (A)
cortex, (B) midbrain and (C) liver in comparison to untreated (“UT”, 5% glucose injection only)
control mice. Values are mean = SEM, n = 3, one-way ANOVA.
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3.2.5 Characterisation of Neuro2A-derived Extracellular Vesicles

The previous experiments failed to replicate the in vitro or in vivo results of Alvarez-
Erviti et al.>® using BM-DC-derived EVs to deliver Bacel siRNA. To investigate this
further, the in vitro experiments were repeated using Neuro2A-derived EVSs. Neuro2A-
derived EVs were chosen as a more feasible model for optimisation purposes and to
determine whether replication failure could be related to the harvesting or yield of BM-

DC-derived EVs.

EVs were derived from Neuro2A source cells after 48 hours of incubation by
differential ultracentrifugation and characterised by Western blot, EM and NTA (Fig.
3.8). Neuro2A cells and derived EVs were probed for the exosomal markers, Alix and
Tsgl101, in addition to the ER membrane marker, Calnexin and loading control, B-Actin.
This confirmed that typical exosome markers were enriched in EV preparations while
the ER marker, usually associated with secreted apoptotic bodies, was absent (Fig.
3.8A). EM and NTA established that preparations contained vesicles comprising a lipid-
bilayer membrane with typical exosomal morphology and size (Fig. 3.8B-D). In
contrast to BM-DC-derived EVs, EM and NTA revealed that Neuro2A-derived EV
preparations appeared more homogenous with fewer larger particles, evidenced by the

relatively narrow mode peak at 94.6 nm (Fig. 3.8B-D).

169



A)
Cells

Alix

TSOT01 s - e S S -

Calnexin = s s

BrACHN | o e s S

C)

Mean | SEM

Mode Size (nm) | 94.56 @ 2.80

Mean Size (nm) | 114.10| 4.55
Total Particles

(x1 012) 1.01 0.22

B)

D)

Concentration (106 particles/ml)

-
o
1

©
1

0 200 400 600 800 1000
Size (nm)

Figure 3.8 Characterisation of Neuro2A-derived Extracellular Vesicles. EVs derived by
differential ultracentrifugation from Neuro2A cells after 48 hours incubation were characterised
by a number of methods. (A) EVs (25% of total EV preparation isolated from 1 x 15 cm cell
culture dish) and Neuro2A cell lysates (50 pg) were probed by Western blot for the exosomal
markers, Alix and Tsgl101, the ER membrane marker, Calnexin and loading control, B-Actin.
The typical exosome markers were enriched in EV preparations while the ER marker, usually
observed in association with secreted apoptotic bodies, was absent. (B) Electron microscopy
image of EV showing typical exosomal morphology and size. (C) NTA analysis of Neuro2A-
derived EV samples (n = 3) showing the mean statistics for particle size and total particle count
(total yield per 1 x 15 cm cell culture dish). (D) NTA analysis of size distribution histogram for
Neuro2A-derived EV samples (n = 3), peak = 94.6 nm.
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3.2.6 Bacel Expression was not Silenced by siRNA-loaded Neuro2A-

derived Extracellular Vesicles In Vitro

To assess the efficacy of EV-mediated siRNA delivery by Neuro2A-derived EVs, the
same experimental set-up as employed for BM-DC-derived EVs was utilised. Neuro2A
source cells were modified to express either the Lamp2B-RVG or Lamp2B control
construct or were left untreated. EVs were isolated by differential ultracentrifugation
and loaded with Bacel SiRNA at various ratios by electroporation or left
unelectroporated as a control. After electroporation the mixture was washed and
pelleted at 120,000 x g before addition to Neuro2A recipient cells in 24-well cell culture
plates. Neuro2A cells were also directly transfected with 200 nM Bacel siRNA or NC
siRNA as further controls. Bacel mRNA expression, relative to f-Actin, was assessed

by gPCR 48 hours after EV treatment.

A ratio of 6 pug Neuro2A-EVs: 100 pmol (200 nM) Bacel siRNA per well was first
tested as above (Fig. 3.9A-C). Direct transfection of Bacel siRNA elicited effective
silencing of Bacel mRNA expression. However, there were no consistent effects
following treatment with siRNA-loaded RVG-EVs or Lamp2B-EVs across a number of
replicates (Fig. 3.9A-C). Furthermore, increased Bacel mMRNA expression was
sometimes observed following treatment with RVG-EVs or Lamp2B-EVs (Fig. 3.9B-

Q).

It was again hypothesised that a failure to achieve mMRNA knockdown may be due to an
insufficient yield of siRNA-loaded EVs. Therefore, the experiment was repeated with

10 ug EVs: 100 pmol (200 nM) Bacel siRNA. This resulted in a significant reduction in
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Bacel mRNA expression following treatment with electroporated RVG-EVs (~34%
reduction), and both electroporated and unelectroporated Lamp2B-EVs (~57% and 59%
reduction, respectively) (Fig. 3.9D). To determine whether silencing could be enhanced
by increasing the ratio of EVs: siRNA and reducing the number of recipient cells, 50%
of the total EV yield obtained from 1 x 15 cm cell culture dish was electroporated with
300 pmol Bacel siRNA (100 pmol per well) while the remaining 50% was mixed with
300 pmol Bacel siRNA but left unelectroporated. After washing, the pellet was
resuspended and divided equally amongst 3 wells of a 96-well cell culture plate (Fig.
3.9E). Under these conditions, there was no significant silencing; instead, Bacel mRNA
expression was significantly upregulated following treatment with electroporated RVG-

EVs (Fig. 3.9E).

Given the increased Bacel mRNA expression observed across several conditions and

5% the role of

the failure to consistently replicate findings from the previous report
endogenous EV cargoes was considered. Specifically, Neuro2A-derived EVs were
assessed to determine whether they carry APP and Bacel mRNA and protein by gPCR
and Western blot, respectively (Fig. 3.10). This is important as several recent studies
have suggested that exosomes may be secreted in association with full length APP, APP
metabolites, including CTFs and amyloid-f peptides, and tau from a range of cells,
including Neuro2As, both in vitro and in vivo*™*****%® The level of APP and Bacel
MRNA expression in Neuro2A-EVs was determined relative to the quantity found
within untreated Neuro2A cells. However, it should be noted that due to difficulties in
matching RNA input (500 ng RNA input for cells compared to 10 ul (33%) EV sample)

the quantities are not directly comparable but are intended to provide an indication as to

the presence or absence of the given mRNA.
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Both APP and Bacel mRNA were present at very low levels within Neuro2A-derived
EVs (Fig. 3.10A-B). However, there was a relatively higher proportion of Bacel
MRNA (mean CT values; cells, 29.89, EVs, 34.87) compared to APP mRNA (mean CT
values; cells, 23.21, EVs, 32.18) when considered relative to the quantities within
Neuro2A source cells (Fig. 3.10A-B). This is consistent with the relative expression of
APP and Bacel protein within Neuro2A cells and derived EVs as indicated by Western
blot (Fig. 3.10C). Thus, while in Neuro2A cells, APP protein appears more abundant
than Bacel, only Bacel protein was detected within Neuro2A-derived EVs, suggesting
a degree of selective enrichment (Fig. 3.10C). The transfer of Bacel mMRNA and protein
within Neuro2A-derived EVs could therefore have contributed towards the increased
Bacel mRNA expression observed previously. These findings highlight the importance

of considering endogenous EV content when selecting EVs for therapeutic purposes.
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Figure 3.9 Treatment of Neuro2A Cells with Neuro2A-derived Extracellular Vesicles.
Bacel mRNA expression, relative to g-Actin, was analysed in Neuro2A cells by gPCR 48 hours
after treating cells with Bacel siRNA-loaded EVs or controls. EV source Neuro2As were
transfected with the Lamp2B-RVG targeting construct (“RVG”), Lamp2B control construct
(“Lamp2B”) or left untreated (“UT”). To load EVs with siRNA, EVs were mixed in
electroporation buffer with 100 pmol Bacel siRNA per replicate before the mixture was
electroporated using a 400 V / 125 uF pulse (“+”) or left unelectroporated (“-”), washed and
added to cells. (A-C) 6 ug EVs or (D) 10 pg EVs were applied to Neuro2A cells in 24-well cell
culture plates. (E) 50% of the total EV vyield collected from 1 x 15 cm cell culture dish was
applied to Neuro2A cells in 96-well cell culture plates. As controls, Neuro2A cells were
transfected with 100 pmol Bacel siRNA (“Bacel”) or negative control siRNA (“NC”) using
Lipofectamine 2000. Values are mean £ SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way
ANOVA followed by Tukey’s post-hoc test.
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Figure 3.10 Quantification of APP and Bacel mRNA and Protein within Neuro2A Cells
and Extracellular Vesicles. Relative mRNA expression levels, normalised to p-Actin
expression (cells) or input volume (EVs, 10 ul), compared to untreated cells, were determined
by gPCR in Neuro2A cells and derived-EVs that were untreated (“UT”) or had been transfected
with the Lamp2B-RVG targeting construct (“RVG”) or Lamp2B control construct (“Lamp2B”)
for (A) APP mRNA and (B) Bacel mRNA. Both APP and Bacel mRNA were detectable in
cells and, at very low levels, in EVs (33% of total EV preparation). (C) APP and Bacel protein
expression in UT Neuro2A cells (50 ug protein loaded) and EVs (25% of total EV preparation)
was probed by Western blot. Bacel protein was detected in both cells and EVs, while APP
protein was detected only in cells. B-Actin and the exosomal marker, Alix, are included as
loading controls. Values are mean + SEM, n = 3.
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3.2.7 Quantification of Extracellular Vesicle Loading After Electroporation

An alternative explanation for the failure to replicate the results of Alvarez-Erviti et
al.>® may relate to inefficient and inconsistent loading of EVs by electroporation.
Previous reports of electroporation loading efficiency have ranged from ~10 to
~5505*°0°0831 However, despite extensive optimisation of electroporation parameters,
electroporation loading efficacy has been acknowledged to vary significantly™**. Thus,

inefficient loading of EVs could potentially account for the failure to replicate previous

findings.

To determine whether this might be the case, loading efficiency in terms of the
percentage of Bacel siRNA retained was assessed by qPCR normalised by total EV
input volume (Fig. 3.11). EVs (18 pg) were derived from untreated Neuro2A cells and
electroporated with Bacel siRNA (300 pmol) or left unelectroporated as a control.
Samples were washed and pelleted before Bacel siRNA quantity was assessed.
Electroporation of 300 pmol siRNA with 18 pg Neuro2A-derived EVs resulted in
higher siRNA retention (75.0% retention) compared to unelectroporated samples
(14.6%) (Fig. 3.11A). Bacel siRNA expression was also assessed in EVs which had not
been mixed with SiRNA. In these samples, Bacel siRNA detection was negligible

(0.3% electroporated, 0.2% unelectroporated) (Fig. 3.11A).

The percentage of Bacel siRNA retained following electroporation of Bacel siRNA
with increasing quantities of EVs (18, 24 and 30 pg) was also assessed (Fig. 3.11B). As
before, increased siRNA retention was observed following electroporation of Bacel

siRNA with all three quantities of EVs in comparison to unelectroporated samples (Fig.
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3.11B). Interestingly, the greatest SiRNA retention was observed following
electroporation with 18 pug EVs (75.0%) followed by 30 pg (67.3%) and 24 pg EVs
(55.1%) (Fig. 3.11B). Together, these results suggest high loading efficiency of Bacel

siRNA following electroporation with a range of EV quantities.

However, as an additional control, Bacel siRNA was also electroporated or left
unelectroporated in the absence of EVs (Fig. 3.11C). Strikingly, this revealed that
electroporation of siRNA in the absence of EVs resulted in similar, if not greater, levels
of siRNA retention (86.7%) as when electroporated in the presence of 18 pg EVs
(75.0%) (Fig. 3.11C). To determine what might be the cause of these unexpectedly high
levels of siRNA retention in the absence of EVs, electroporated and unelectroporated
samples of Bacel siRNA alone or in the presence of 18 ug EVs were assessed by EM
(Fig. 3.12). This revealed the formation of large aggregates in the vicinity of EVs
following the electroporation of Bacel siRNA with EVs (Fig. 3.12A). In contrast, no
such aggregates were observed when Bacel siRNA and EV samples were not
electroporated (Fig. 3.12B). Intriguingly, large formations of siRNA aggregates were
also observed in the absence of EVs following electroporation of Bacel siRNA alone
(Fig. 3.12C). Again, no aggregates were observed when Bacel siRNA alone samples
were left unelectroporated (Fig. 3.12D). Thus, these findings suggest that SIRNA may
be retained within large aggregates which might entrap EVs rather than being
encapsulated within them and this may lead to overestimation of loading efficiency

following electroporation.
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Figure 3.11 Quantification of Bacel siRNA Retention Following Electroporation.
Neuro2A-derived EVs were mixed with 300 pmol Bacel siRNA and electroporated using a 400
V /125 uF pulse (“+7) or left unelectroporated (“—") in control experiments before pelleting at
120,000 x g. The quantity of retained Bacel siRNA in the EV pellet was analysed by gPCR
normalised to total input volume and compared to a total SiRNA input control. (A)
Electroporation of siRNA with 18 ug EVs led to higher siRNA retention compared to
unelectroporated samples (“EV + siRNA”), whereas very little sSiRNA was detected in negative
control samples (“EV Alone”). (B) Increased siRNA retention was also observed when using
higher quantities of EVs (18, 24 and 30 pg) for electroporation. (C) Electroporation of siRNA in
the absence of EVs (“siRNA Alone”) produced similar levels of siRNA retention as when
SiRNA was electroporated in the presence of 18 ug EVs (“EV + siRNA”). Values are mean +
SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc
test.
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Figure 3.12 Aggregation of siRNA Following Electroporation. Bacel siRNA (300 pmol) was
added alone to electroporation buffer or in the presence of Neuro2A-derived EVs (18 pg) and
electroporated using a 400 V / 125 pF pulse or left unelectroporated before pelleting at 120,000
X g. The resulting pellet was assessed by electron microscopy. (A) Formation of aggregates in
the vicinity of EVs following the electroporation of EVs and Bacel siRNA preparations. (B)
There was no formation of aggregates in unelectroporated EV and Bacel siRNA preparations.
(C) Formation of siRNA aggregates in the absence of EVs following the electroporation of
Bacel siRNA alone. (D) There was no formation of aggregates in unelectroporated Bacel
siRNA alone preparations.
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3.3 Discussion

This study assessed the efficacy of EV-mediated delivery of siRNA targeting AD-
relevant genes. APP and Bacel siRNA sequences were identified and confirmed to
elicit potent silencing of their respective target mRNAs following direct transfection of
HEK293T or Neuro2A cells in vitro. Subsequently, the remainder of the study focused
upon the optimisation of EV-mediated delivery of Bacel siRNA both in vitro and in
vivo. However, contrary to previous findings upon which this chapter was originally
based®, EV-mediated delivery of siRNA did not produce consistent silencing of Bacel
MRNA either in vitro or in vivo. A number of approaches were taken to determine the
source of this discrepancy including alternative sources and quantities of EVS,
assessment of endogenous cargoes and finally characterisation of electroporation
efficiency. Strikingly, this revealed the presence of large aggregates following the
electroporation of Bacel siRNA either alone or in combination with EVs, with similar
levels of retained siRNA. These results therefore suggest that loading efficiency may be
greatly overestimated following electroporation and may be a confounding factor in
EV-mediated delivery. Together, the results of this study suggest alternative loading

mechanisms should be pursued.

Precipitation of siRNA following Electroporation

The large aggregates observed following electroporation of Bacel siRNA alone or
together with EVs are consistent with the findings from one other recent publication®®.
In this study, Kooijmans and colleagues®®® reported similar or greater levels of siRNA

retention following the electroporation of siRNA alone compared to in the presence of
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EVs, which was attributed to large insoluble siRNA aggregates induced by
electroporation. siRNA aggregation was shown to result from complex formation
between metal ions from the electrodes of the electroporation cuvettes and hydroxide
ions within the electroporation buffer. Reduction of metal ions, through the use of
different electrode materials, and/or hydroxide ions, by varying the composition of
electroporation buffer, almost completely attenuated complex formation after
electroporation. However, when this was the case the level of retained siRNA was less
than 0.05% and of similar levels whether siRNA was electroporated alone or in the

presence of EVs*®.

These findings are consistent with a previous report by Stapulionis et al.**” who showed
that electric discharges through solutions of biological macromolecules, including
DNA, RNA and protein, induced their precipitation. Precipitation was attributed to an
interaction between biological macromolecules and the metal ions solubilized from the
anode electrode by the electric pulse. Stapulionis et al.>®" also reported that 30% of
pulsed DNA and RNA could be pelleted at just 7,000 x g for two minutes. This is highly
relevant given that in the current study, samples were washed and pelleted at 120,000 x
g for 70 minutes after electroporation. This could therefore account for the apparently
high loading efficiency observed (75.0%) following electroporation of Bacel siRNA
with 18 pug EVs. In combination with these two previous reports, the current findings
strongly suggest that loading efficiency may be greatly overestimated following
electroporation. It was previously believed that siRNA was encapsulated within

508,511

exosomes following electroporation . However, the extensive precipitates of

566

SIRNA observed here and in the previous report>™ in which exosomal fractions floated

at a difference density to SIRNA aggregates, suggest that this is not the case. Instead,
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while a small proportion of sSiRNA may be encapsulated within EVs, the majority of
siRNA retained following electroporation appears to be in the form of large siRNA

aggregates.

1.4° who used

However, it is important to note the findings of Momen-Heravi et a
electroporation to load B-cell derived exosomes with miR-155 mimics or inhibitors.
Momen-Heravi et al.**° chose to include 1 mM EDTA in their electroporation buffer as
Kooijmans and colleagues®® had shown that EDTA prevented the interaction of cations
with components within the electroporation buffer. Exosomes were also treated with
RNase H to eliminate unloaded miR-155 mimic/inhibitor outside of exosomes. In
contrast to Kooijmans and colleagues®™, who showed that EDTA reduced both
aggregate formation and the percentage of siRNA retained to almost negligible levels,

Momen-Heravi et al.**°

reported loading efficiency of 55%. Loaded exosomes produced
functional effects both in vitro and in vivo and exosome-mediated miR-155 inhibitor
delivery was functionally more efficient and less toxic compared to conventional

transfection methods**°

. It is unclear why these results are discrepant to those of
Kooijmans and colleagues>®®, as based on their findings the presence of EDTA would
be expected to significantly reduce loading efficiency and functional efficacy. However,
while RNase H treatment was applied to degrade miR-155 not encapsulated within

exosomes, given that RNase H targets RNA:DNA duplexes, any potential aggregates of

miR-155 mimics outside of EVs may not have been degraded as intended.

One key difference between the two studies is the method of exosome isolation

6

following electroporation. While Kooijmans and colleagues™® utilised differential

ultracentrifugation and sucrose density gradient centrifugation to isolate exosomes,
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Momen-Heravi et al.**®

used Exoquick-TC (System Biosciences), a commercial
polymer-based exosome precipitation reagent. A recent comparison study between more
conventional methods such as ultracentrifugation or sucrose density gradient
centrifugation and precipitation-based methods such as Exoquick revealed that

%8 Momen-Heravi et al.*°

Exoquick also precipitated non-exosomal contaminants
tested three different methods for re-isolation of exosomes including ultracentrifugation,
immunomagnetic isolation and Exoquick-TC. Based on relative miR-155 expression,
Exoquick-TC was identified as the recovery method of choice. However, no electron
microscopy data were provided. Therefore, it is unclear whether the use of Exoquick-
TC improved the retained miR-155 yield by precipitation of any miR-155 aggregates
that may have remained following EDTA and RNase H treatment. It should also be

noted that both Kooijmans and colleagues>®®

and the current study revealed large
precipitates following electroporation of siRNA while Momen-Heravi et al.**° utilised
miR-155 mimics and inhibitors. Although miRNA mimics may be expected to form

similar aggregates, this remains to be shown.

Discrepancy with Previous Literature — Quantification of EV Protein Concentration

and Importance of Normalisation Gene?

While the presence of large siRNA aggregates may account for why the current study
failed to elicit silencing of Bacel mRNA, they do not explain the discrepancy with the
results of Alvarez-Erviti et al.”® who utilised similar experimental conditions. One
potential area for discrepancy is the quantity of exosomes included in each

I 508

electroporation. Alvarez-Erviti et a and the current study used Bradford protein

assay reagent to quantify EV protein concentration. However, this method is

184



challenging given the potential for contamination by medium proteins. The precise
quantity of EVs is an important factor as Wahlgren et al.>'! reported that loading
efficiency was reduced with increasing exosome quantities within electroporation
samples. This may link to reduced precipitation of sSiRNA aggregates as Kooijmans et
al.>® also showed that retained siRNA levels were reduced with increasing exosome
quantities. They suggested that this may be due to the capture of multivalent ions by the
negatively charged EV membrane or by changes to buffer conductivity following the
addition of EVs. Wahlgren et al.>*! also noted that electroporation efficiency varied
significantly despite extensive optimisation. This suggests that the degree of siRNA
precipitation may sensitively depend on a range of different parameters. Therefore, it is
possible that the discrepancy between the current results and those of Alvarez-Erviti et
al.°® may perhaps be explained by inherent variability in both exosome protein
quantification and electroporation-induced precipitation. Together, these factors may

contribute to different proportions of aggregated siRNA as opposed to siRNA which is

more directly associated or encapsulated within EVs.

An alternative explanation that must be considered relates to the identity of the
normalisation gene. As shown in the current study, the choice of normalisation gene
substantially altered the pattern of results. When f-Actin was used for normalisation,
significant silencing of cortical Bacel mMRNA was observed following all experimental
treatments. However, this apparent silencing was eliminated following normalisation to
cyclophilin. Subsequently, S-Actin and Gapdh were identified as the optimal pair of
normalisation genes by geNorm-based analysis. When the data were reanalysed with
respect to the geometric norm of these two genes, the pattern of silencing was similar to

that originally obtained with respect to S-Actin, but no longer reached significance.
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These findings clearly highlight the importance of identifying the correct normalisation
gene as apparently reduced expression may be an artefact of the normalisation gene

chosen. It is therefore of note that in the study of Alvarez-Erviti et al.>®®

, invitro and in
vivo data were normalised relative to 18S. Although it is important to note that optimal
reference genes vary across experiments, 18S was identified as the 4™ most stable gene

by geNorm analysis in the current study. It is therefore feasible that a different choice of

normalisation gene may have contributed towards the inconsistent results.

In the previous two studies®®° RVG-EVs selectively targeted neuronal cells both in
vitro and in vivo. While there was a trend towards cortical targeting of EVs in vivo in
the current study, this was not observed in vitro. Furthermore, both Lamp2B-EVs and
RVG-EVs appeared to achieve similar effects in vivo, while in vitro treatment with
Lamp2B-EVs often produced an inconsistent trend towards greater mRNA silencing
than RVG-EV treatment. Whether this relates to differences in the level of siRNA
aggregation is unclear. However, it is important to note that Lamp2B has previously
been implicated in a role in cell adhesion®®®. Expression of the Lamp2B control
construct may therefore have contributed to EV and recipient cell binding and uptake.
As discussed previously, the mechanisms determining the selectivity of EV uptake are
not fully understood. However, cell adhesion molecules are thought to play a key role in
mediating EV and recipient cell interactions® . Whether Lamp2B may contribute
towards EV uptake and whether this effect might be blocked by fusion to the RVG-

peptide is unclear.

A preliminary analysis of Bacel siRNA quantity in vivo revealed a trend towards a

small increase in Bacel siRNA in cortical tissues following siRNA alone or RVG-EV
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treatment and a large increase in liver following RVG-EV treatment. Whether these
increases relate to the presence of siRNA aggregates or a small proportion of siRNA
associated with EVs remains to be seen. Indeed, whether siRNA aggregates may be
taken up by recipient cells, either neuronal or otherwise, is unknown. Naked siRNA is
typically degraded and excreted rapidly by the liver and kidneys. Whether aggregates
are not so quickly degraded or whether association with EVs offers some form of
protection against degradation may account for the large increase in Bacel siRNA
expression in the liver. An inability of siRNA to escape either EVs or aggregated
precipitates could explain why such high levels of Bacel siRNA were not associated

with enhanced silencing of Bacel expression in the liver following RVG-EV treatment.

Potential Role of Endogenous Protein and RNA Cargoes

This study also highlighted the importance of considering endogenous cargoes when
choosing the source of EVs as Neuro2A-derived EVs were found to contain Bacel
mRNA and protein and APP mRNA. Furthermore, given the relative proportions
observed in source cells there appeared to be selective EV enrichment of Bacel mRNA
and protein. These findings complement previous reports in which APP, amyloid-f
peptides and tau have been identified within EVs, both in vitro and in vivo*¥%°%.
Indeed, a number of studies have now suggested that exosomes may be involved in the
spread of pathology in a prion-like manner as EVs carrying disease-associated forms of

proteins may induce pathological protein folding in near and distant recipient cells**>"°.

In contrast, other reports suggest that EVs may also play a beneficial role in AD. For

example, neuronal-derived EVs, enriched with abundant glycosphingolipids, were able
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to capture amyloid-p and promote clearance by microglia. Interestingly, this did not
appear to be the case for glial-derived EVs, highlighting cell-source specific EV

properties®’* "

. Similarly, adipose-derived MSCs (AD-MSCs) secreted exosomes
carrying neprilysin, an enzyme important for amyloid-B degradation within the brain®"*.
AD-MSC-derived exosomes decreased both secreted and intracellular amyloid-p levels
in Neuro2A cells. This effect was more pronounced for AD-MSC-derived EVs

compared to EVs secreted from bone-marrow-derived MSCs®"

. Together, these
findings demonstrate the importance of carefully selecting EV source cells for each
specific therapeutic purpose to avoid any potential pathological consequences of

endogenous cargoes.

In summary, the current study revealed that EV-loading efficiency may be greatly
overestimated due to the formation of large siRNA aggregates during electroporation.

These findings therefore highlight the need for alternative EV-loading methods.
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4 Endogenous Loading of RNAi-based Therapeutic Cargoes

4.1 Introduction

EV-loading efficiency appears to be inflated by the presence of large siRNA aggregates
following electroporation. Therefore, an alternative EV-loading strategy is required.
Several recent reports have described the loading of miRNA mimics and inhibitors into
EVs following transfection of either mature mimics/inhibitors or expression plasmids

into EV source cells*68507.514515

. This strategy relies upon exploitation of the
endogenous loading machinery for secretion of exogenous RNAIi-based molecules
within EVs. Given that electroporation induces the formation of siRNA aggregates and
may disrupt the integrity and functional properties of EVs and their cargoes,

endogenous loading techniques may produce loaded EVs that are more biologically-

relevant.

The mechanisms which direct the selective loading of specific miRNAs into EVs are
not fully understood. Furthermore, it is unclear whether endogenous miRNAs carried by
EVs require association with other components to elicit functional effects in recipient
cells. Such a functional association would not necessarily be achieved by exogenous
loading methods in which the cargo of interest is simply electroporated or co-incubated
with isolated EVs. Endogenous loading techniques may therefore represent a more
promising approach in terms of ensuring exogenous RNAI effectors are loaded into EVs

in association with any proteins required for functional activity in recipient cells.
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One potentially important association may be with RNA-binding proteins such as
AGO2, GW182, Staul and Stau2, all of which have been reported within
EVs3387468470 " |ndeed, AGO2 has been found to associate with miRNAs, both within

0373577 and miRNA secretion within EVs is

and independently of cell-secreted vesicles
decreased following silencing of AGO2 or GW182*%**"!, The interaction with AGO2
appears to be important for promoting the stability of miRNAs and protecting them
from degradation*®°">°"®, However, it appears to be selective with certain miRNAs
associated with AGO2 to a greater extent than others*’®. Importantly, a recent study
suggested that AGO2 association may also contribute towards the function of miRNAs
within recipient cells®**. Co-expression of RNAi-based molecules with AGO2 and/or

TNRC6A (the human orthologue of GW182) might therefore serve to enhance EV-

mediated secretion and function of exogenous RNA. effectors.

Thus, the focus of this study was to explore the viability of endogenous EV-loading
techniques for RNAIi-based therapeutics relevant to AD. Candidate miRNAs and
siRNAs were first identified and confirmed to silence appropriate targets. Consistent
with previous studies, exogenous RNAI effectors were secreted within EVs following
source cell transfection. The remainder of the study focused upon methods to optimise
this loading technique. Two main strategies were employed for this purpose. Firstly,
given their proposed role in miRNA stability and function, AGO2 or TNRC6A were co-
expressed with exogenous RNAI effectors to determine if this enhanced their EV-
mediated loading and functional activity. Secondly, this study investigated whether
inclusion of a membrane-targeting acylation domain within AGO2 and TNRC6A

553

constructs would further enhance exogenous RNAI effector secretion within EVs™.

The acylation domain employed here results in a post-translational modification in
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which myristic (myristoylation) and palmitic (palmitoylation) fatty acids are covalently
linked to the N-terminal region of the protein, serving to target the protein to the
membrane®™***°. Inclusion of the acylation domain has previously been shown to target

cystolic proteins to vesicles®>*

. Thus, it was hypothesised that increasing the
membrane localisation of AGO2/TNRC6A may enhance their incorporation into EVs

along with any associated nucleic acids.

The findings from this study revealed that co-expression of exogenous RNAI molecules
with the RNA-binding proteins, AGO2 and TNRC6A, enhanced loading and secretion
of exogenous RNA. effectors within EVs. This effect appeared to be further enhanced
by inclusion of the acylation domain within RNA-binding proteins. These results
demonstrate the feasibility of endogenous loading methods for AD-relevant RNAI-
based therapeutics and highlight the importance of RISC components in promoting the

stability and EV-based secretion of RNAi molecules.
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4.2 Results

4.2.1 Characterisation of HEK293T-derived Extracellular Vesicles

HEK293T cells were chosen as the source of EVs given their amenability to
transfection®”®. This was important as the endogenous loading technique relies upon
transfection of the desired RNAI molecules into EV source cells. HEK293T source cells
were first plated in DMEM supplemented with 10% FBS. After 24 hours, cells were
washed and the medium replaced with Opti-MEM, supplemented with antibiotics. After
a further 48 hours, HEK293T-derived EVs were isolated by differential
ultracentrifugation. Cells were grown in Opti-MEM prior to EV collection as previous
data indicated that this enhances vesicle production while reducing contamination by

serum vesicles®.

HEK293T-derived EVs were first characterised by Western blot, EM, and NTA (Fig.
4.1A-D). Western blotting confirmed the enrichment of typical exosome markers within
EV preparations while the ER marker, usually associated with secreted apoptotic
bodies, was absent (Fig. 4.1A). EM and NTA established that preparations contained
vesicles with typical exosomal morphology in the size range of 50-200 nm (Fig. 4.1B-
D). EM also suggested the potential aggregation or fusion of smaller vesicles (Fig.

4.1B).

As outlined previously, it is important to consider endogenous EV cargoes. Therefore,
HEK?293T-derived EVs were assessed to determine whether they carry APP and

BACEL mRNA and protein by gPCR and Western blot, respectively (Fig. 4.2). This is
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important given recent reports suggesting exosomes may be secreted in association with
a number of AD-relevant proteins both in vitro and in vivo*****% The level of APP
and BACE1 mRNA expression in HEK293T-derived EVs was determined relative to the
quantity within untreated HEK293T cells. However, due to difficulties in matching
RNA input (500 ng RNA input for cells compared to 10 ul (33%) EV sample) the
quantities between EVs and cells are not directly comparable but intended as an

indication as to the presence or absence of a given mRNA.

Both APP and BACE1 mRNA were present at very low levels within HEK293T-derived
EVs (Fig. 4.2A). However, there was a relative enrichment of BACEL mRNA (mean CT
values; cells, 28.54, EVs, 33.03) compared to APP mRNA (mean CT values; cells,
22.00, EVs, 31.98) when compared to quantities within HEK293T source cells (Fig.
4.2A). BACEL protein was also detected in cells, and at lower levels in EVs, while APP
protein was only detected at low levels in cells (Fig. 4.2B). As APP and BACE1 mRNA
and BACEL1 protein only appeared to be present in relatively low levels in HEK293T-
derived EVs, this suggests HEK293T cells may represent a good choice of EV source
cell for the current study. However, the potential impact of endogenous cargoes should

be noted.
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Figure 4.1 Characterisation of HEK293T-derived Extracellular Vesicles. EVs derived from
HEK293T cells by differential ultracentrifugation after 48 hours incubation were characterised
by a number of methods. (A) EVs (25% of total EV preparation) and HEK293T lysates (50 ug)
were probed by Western blot for the exosomal markers, ALIX and TSG101, the ER membrane
marker, Calnexin and loading control, 3-Actin. The typical exosome markers were enriched in
the EV preparation while the ER marker, usually observed in association with secreted
apoptotic bodies, was absent. (B) Electron microscopy images revealed typical morphology of
isolated exosomes in addition to larger particle aggregates. (C) Nanoparticle tracking analysis
(NTA) showing the mean particle size and total number of particles across 3 preparations (total

yield per 1 x 15 cm cell culture dish). (D) NTA analysis of size distribution histogram for
HEK293T-derived EV samples (n = 3), peak = 68.22 nm.
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Figure 4.2 Quantification of APP and BACE1 mRNA and Protein within HEK293T Cells
and Extracellular Vesicles. (A) Relative mRNA expression levels, normalised to S-Actin
expression (cells) or input volume (EVs, 10 ul), compared to untreated cells, were determined
by gPCR in HEK293T cells and EVs. Both APP and BACE1 mRNA were detectable in cells
and, at very low levels, in EVs (33% of total EV preparation). (B) APP and BACEL protein
expression in HEK293T lysates (50 ug) and EVs (25% of total EV preparation) was probed by
Western blot. BACEL protein was detected in cells and at low levels in EVs, while APP protein
was detected only at low levels in cells. B-Actin and the exosomal marker, ALIX are included as
loading controls. Values are mean + SEM, n = 3.
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4.2.2 Exogenous siRNAs are Secreted within Extracellular Vesicles

The endogenous loading method relies upon cellular loading machinery to package
exogenous cargoes for their secretion within EVs. As mentioned previously, direct
transfection of dsRNA is relatively transient as RNAi molecules are degraded or
become successively diluted with each cell division. In contrast, expression plasmids,
driven by a strong constitutive promoter, may induce longer-term expression. For the
future development of EV-mediated RNAi-based therapeutics the use of expression
plasmids, particularly within stably transfected cells, may reflect a more sustainable
strategy. APP and BACE1 shRNA expression plasmids were therefore designed which

expressed identical sequences as the siRNAs validated in Chapter 3 (Fig. 4.3).

The shRNA expression plasmids were assessed to confirm that they silenced target
MRNA expression. HEK293T cells were transfected with either APP or BACE1 shRNA
expression plasmids before target mMRNA expression, relative to p-Actin, was
determined by gPCR after 48 hours. This confirmed strong silencing of both APP (Fig.
4.4A) and BACE1 mRNA expression (Fig. 4.4B) following treatment with the

respective ShRNA expression plasmids.

To determine whether siRNAs and shRNAs processed from shRNA expression
plasmids can be endogenously packaged for secretion within EVs, HEK293T source
cells were transfected with APP or BACE1 siRNAs or shRNA expression plasmids.
After 48 hours, EVs were isolated by differential ultracentrifugation and siRNA/ShRNA
expression in cells and EVs, relative to total RNA input (cells) or cel-miR-39 spike-in

expression (EVs), quantified by qPCR.
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This revealed a significant dose-dependent increase in the quantity of sSiRNA/shRNA in
cells and secreted EVs following transfection with the APP shRNA expression plasmid
(Fig. 4.5A-B), APP siRNA (Fig. 4.5C-D), BACE1 shRNA expression plasmid (Fig.
45E-F), and BACEL siRNA (Fig. 4.5G-H). These results suggest that, following
transfection, exogenous siRNA/shRNA molecules are packaged and secreted within

EVs by endogenous loading mechanisms.
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Figure 4.3 Design of pU6-Neo APP and BACEL shRNA Expression Plasmids. APP and
BACEL shRNA expression plasmids were designed to include identical sequences to selected
APP and BACE1 siRNAs which were cloned into the pU6-Neo shRNA expression plasmid.
Following transfection into cells, the shRNA transcript is transcribed in the nucleus by the
polymerase 111 U6 promoter before it is processed by Drosha and exported by Exportin-5 to the
cytoplasm. In the cytoplasm, the hairpin is removed by Dicer to produce the mature double-
stranded SiRNA.
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Figure 4.4 Validation of APP and BACEL Silencing by shRNA Expression Plasmids.
HEK293T cells were transfected with APP, BACEI or negative control (“NC”, 1000 ng)
SshRNA expression plasmids at shown concentrations in 24-well cell culture plates and target
mMRNA expression, normalised to S-actin, analysed by qPCR after 48 hours. (A) APP and (B)
BACE1 shRNA expression plasmids resulted in significant silencing of the targeted mRNA.
Values are mean £ SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by
Tukey’s post-hoc test.
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Figure 4.5 Transfection of siRNA and shRNA Expression Plasmids Results in their
Secretion within Extracellular Vesicles. HEK293T cells, plated in 15 cm cell culture dishes,
were left untreated (“UT”) or transfected with APP, BACE1 or negative control (“NC”, siRNA,
100 nM; shRNA, 20 ug) siRNAs or shRNA expression plasmids at shown concentrations. EVs
were isolated after 48 hours and siRNA/shRNA expression in source cells and EVs, normalised
to total RNA input (cells) or cel-miR-39 spike-in expression (EVs), quantified by gPCR. (A-D)
APP shRNA/siRNA expression was significantly increased in (A) cells and (B) EVs following
APP shRNA transfection and in (C) cells and (D) EVs following APP siRNA transfection. (E-
H) BACEL1 shRNA/siRNA expression was significantly increased in (E) cells and (F) EVs
following BACEL shRNA transfection and in (G) cells and (H) EVs following BACE1 siRNA
transfection. Values are mean + SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way
ANOVA followed by Tukey’s post-hoc test.
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4.2.3 ldentification and Validation of Candidate miRNA Cargoes

As discussed previously, the miRNA network is perturbed in AD. A number of
miRNAs shown to regulate AD-relevant genes, such as APP and BACEL, are
downregulated or upregulated in AD patients and mouse
models?4°:247249.250,253,256.257,260,266.267581 1yg\ynregulation of key miRNAs in disease may
result in increased protein expression of disease-associated genes. Therefore, an
alternative strategy to reduce APP and BACEL1 expression is to restore expression of the
miRNA network through delivery of exogenous miRNAs. As discussed previously,
miRNAs may modulate multiple targets. Therefore, this method has the additional
benefit that the expression of other targets of the deregulated miRNA may also be
normalised and thus this may represent an intrinsically combinatorial approach towards

therapy.

The miRNAs of interest in the current study were identified from a literature search and
are provided in Table 4.1. hsa-miR-17, hsa-miR-20a and hsa-miR-106b are all part of
the hsa-miR-20a cluster and regulate expression of APP?*’. hsa-miR-106b has been
shown to be downregulated in sporadic AD patients while polymorphisms in the 3’
UTR of APP disrupt hsa-miR-20a binding®"?®. In contrast, hsa-miR-29a/b-1 regulates
expression of BACEL and is downregulated in a subset of AD patients showing elevated

BACE1 expression®®.
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Table 4.1 miRNAs of Interest for Current Study.

mMiRNA Target Evidence Ref.

* Regulates APP at endogenous level in vitro.

hsa-miR-17 APP * Tight correlation between expression of miRNA 247 265
and APP during brain development and in primary '
neuronal culture.

* Polymorphisms in APP 3’UTR disrupt binding
activity of hsa-miR-20a.

* Regulates APP at endogenous level in vitro.

* Correlation between expression of miRNA and
APP during brain development and in primary
neuronal culture.

hsa-miR-20a APP 247,265

» Decreased in sporadic AD patients.
* Regulates APP at endogenous level in vitro.

* Correlation between expression of miRNA and
APP during brain development and in primary

hsa-miR-106b | APP neuronal culture. 247,582

* Regulator of ATP-binding cassette transporter Al
(ABCAl) involved in cholesterol efflux in
neuronal cells.

* Influences amyloid-p  metabolism  through
suppression of ABCA1 expression.

* Decreased in subset of patients with elevated
BACEL1 expression.

* Regulates BACE1 at endogenous level in vitro;
APP B-CTFs and amyloid-p peptides reduced
following hsa-miR-29a expression.

* Correlation between expression of miRNA and
BACE1 during brain development and in primary
neuronal culture.

hsa-miR-29a BACE1 250
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To confirm that the identified miRNAs regulate either APP or BACEL expression, two
reporter constructs were generated. These contained the full-length human APP 3° UTR
(~1100 base pairs) or BACE1 3> UTR (~3900 base pairs) downstream of Renilla
luciferase in the psiCHECK-2 expression plasmid (Fig. 4.6). HEK293T cells were co-
transfected with either the APP 3° UTR luciferase reporter plasmid and synthetic
miRNA mimics for hsa-miR-17, hsa-miR-20a or hsa-miR-106b or the BACE1 3° UTR
luciferase reporter plasmid and hsa-miR-29a miRNA mimics. Relative luciferase
activity (Renilla normalised to Firefly luciferase activity) was quantified 24 hours later
(Fig. 4.7). This confirmed that miRNA mimics for hsa-miR-17 (Fig. 4.7A), hsa-miR-
20a (Fig. 4.7B) and hsa-miR-106b (Fig. 4.7C) significantly reduced luciferase activity
of the APP 3° UTR reporter. Similarly, luciferase activity of the BACE1 3’ UTR
reporter was significantly reduced following co-transfection with hsa-miR-29a miRNA
mimics (Fig. 4.7D). While the level of silencing is relatively low this is typical of
miRNA regulation and consistent with the degree of silencing of full length 3> UTR

luciferase plasmids reported by previous studies®’?*°,
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Figure 4.6 Structure of 3° UTR Dual-Luciferase Reporter Plasmids and Experimental
Design. (A) The APP or BACE1l 3 UTR was cloned downstream of Renilla luciferase
(“hRLuc”) in the psiCHECK-2 plasmid with Firefly luciferase (“hLuc”) as an internal control.
(B) Luciferase constructs were co-transfected with miRNA expression plasmids or miRNA
mimics in HEK293T cells and relative luciferase activity quantified 24 hours later.
Luminescence is reduced if the miRNA regulates expression of the target sequence either
through translational repression or cleavage and degradation of the mRNA. If the miRNA does
not regulate the sequence of interest, translation proceeds resulting in luminescence.
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Figure 4.7 Validation of miRNA Mimic Regulation of APP and BACE1 3' UTR Dual-
Luciferase Reporter Plasmids. HEK293T cells were co-transfected with 200 ng APP/BACE1
3’ UTR dual-luciferase reporter plasmids and shown concentrations of experimental miRNA
mimics or negative control mimic (“NC”, 20 nM) in 24-well cell culture plates. Cells were
incubated for 24 hours before Renilla normalised to Firefly luciferase activity was assessed. The
APP 3’ UTR dual-luciferase reporter plasmid was significantly silenced by (A) hsa-miR-17, (B)
hsa-miR-20a and (C) hsa-miR-106b miRNA mimics. (D) The BACE1 3° UTR dual-luciferase
reporter plasmid was significantly silenced by hsa-miR-29a miRNA mimics. Values are mean +
SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc
test.

206



Endogenous RNA cargoes may be selectively enriched within EVs compared to their
relative proportions within source cells. Furthermore, the association between AGO2
and miRNAs varies depending on the identity of the specific miRNA*®. However, the
factors which drive selective EV enrichment or association with AGO2 are currently
unknown. It was hypothesised that the relative abundance of endogenous miRNAs may
influence the extent to which exogenously applied miRNAs could be packaged and

secreted within EVs.

The relative endogenous abundance of the four chosen miRNAs was therefore assessed
by gPCR in cells (Fig. 4.8A) and EVs (Fig. 4.8B) across five different cell lines. This
revealed a similar pattern of miRNA abundance across the five cell lines and their
corresponding EVs. Specifically, hsa-miR-17 and hsa-miR-20a were expressed at
relatively high levels, hsa-miR-106b at medium levels and hsa-miR-29a at relatively
low levels in both cells and EVs (Fig. 4.8A-B). Given these expression levels, three
miRNAs were selected for further study; hsa-miR-17 (high abundance), hsa-miR-106b

(medium abundance) and hsa-miR-29a (low abundance).
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Figure 4.8 Endogenous Expression of miRNAs in Cells and Extracellular Vesicles. The
endogenous expression of hsa-miR-17, hsa-miR-20a, hsa-miR-106b and hsa-miR-29a was
assessed by gPCR in (A) cells and (B) EVs derived from HEK293T, HelLa, Neuro2A, SH-
SH5Y and BE(2)-M17 cell lines. hsa-miR-17 and hsa-miR-20a were expressed at relatively
high levels, hsa-miR-106b at medium levels and hsa-miR-29a at relatively low levels across 5
different cell lines and their corresponding EVs. Values are mean + SEM of raw Ct values
(lower values indicate higher endogenous expression), n = 3.
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Similar to siRNAs, miRNAs may be delivered as synthetic miRNA mimics or expressed
from pre/pri-miRNA expression plasmids. Both endogenous and exogenous forms of
mature miRNAs and pre-miRNAs are found within EVs>*>*®3. Within the endogenous
miRNA pathway, Dicer plays an important role in loading pre-miRNAs into RISC prior
to their cleavage to produce the mature guide strand®®*°%®. The Dicer-directed
relationship between pre-miRNAs and RISC might therefore suggest potential
differences in the loading efficiency of synthetic mature miRNAs versus those
expressed from pre/pri-miRNA expression plasmids which undergo processing by the
endogenous RNA pathway. Furthermore, these effects may be more evident following
co-transfection of miRNAs with AGO2 or TNRC6A.. Individual pri-miRNA expression
plasmids were therefore constructed which expressed the primary transcript of hsa-miR-
17, hsa-miR-106b or hsa-miR-29a. This allowed comparison of EV-mediated miRNA
secretion following transfection of exogenous miRNAs either as mature mimics or as

pri-miRNA expression plasmids.

As discussed above, the regulation of APP and BACE1 3’ UTR luciferase reporters by
mature miRNA mimics was relatively low (Fig. 4.7). More sensitive luciferase reporters
were therefore required as it is unlikely that exogenous miRNAs secreted within EVs
would reach recipient cells in the required concentrations shown here to elicit detectable
silencing of full 3> UTR reporters. Thus, to improve detection sensitivity of reporter
regulation, three further miRNA dual-luciferase reporter plasmids were constructed.
These plasmids comprised a “target” sequence, containing four repeats exactly
complementary to the miRNA sequence for hsa-miR-17, hsa-miR-106b or hsa-miR-29a,
downstream of Firefly luciferase within the pmirGLO dual-luciferase reporter plasmid

(Fig. 4.9).
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Figure 4.9 Structure of Complementary miRNA Target Sequence Dual-Luciferase
Reporter Plasmids. miRNA target sequences comprising four repeats of a sequence fully
complementary to each mature miRNA sequence were cloned downstream of Firefly luciferase
(“hLuc”) in the pmirGLO dual-luciferase target reporter plasmid with Renilla luciferase as an
internal control (“hRLuc”).

To confirm whether these luciferase reporters were regulated by miRNAs, HEK293T
cells were co-transfected with mature miRNA mimics (Fig. 4.10/Fig. 4.11) or pri-
miRNA expression plasmids (Fig. 4.12) and the corresponding target sequence
luciferase reporter. This confirmed dose-dependent silencing of the respective luciferase
target reporter by mature miRNAs mimics for hsa-miR-17 (Fig. 4.10A), hsa-miR-106b
(Fig. 4.10B) and hsa-miR-29a (Fig. 4.10C). To further confirm this effect, miRNA
mimics from two different sources, mirVana (Life Technologies) and AccuTarget
(Bioneer), were directly compared for their regulatory effect upon the corresponding
luciferase target reporter (Fig. 4.11). This revealed that the each luciferase target
reporter was significantly silenced by miRNA mimics from both sources for hsa-miR-
17 (Fig. 4.11A), hsa-miR-106b (Fig. 4.11B) and hsa-miR-29a (Fig. 4.11C), although
mirVana miRNA mimics were more effective at reducing luciferase activity. Similarly,
the corresponding target luciferase reporter was also significantly silenced, but in a
more subtle dose-dependent manner, following co-transfection with pri-miRNA
expression plasmids for hsa-miR-17 (Fig. 4.12A), hsa-miR-106b (Fig. 4.12B) and hsa-

miR-29a (Fig. 4.12C).
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Figure 4.10 Validation of miRNA Mimic Regulation of pmirGLO Dual-Luciferase Target
Reporters. HEK293T cells were co-transfected with 200 ng pmirGLO dual-luciferase target
reporter and shown concentrations of the corresponding miRNA mimic or negative control
mimic (“NC”, 100 nM) in 24-well cell culture plates. Cells were incubated for 24 hours before
Firefly luciferase normalised to Renilla luciferase activity was assessed. The corresponding
pmirGLO dual-luciferase target reporter was significantly silenced by (A) hsa-miR-17, (B) hsa-
miR-106b and (C) hsa-miR-29a miRNA mimics. Values are mean £ SEM, n = 3, ***p<0.001,
**p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.11 Regulation of pmirGLO Dual-Luciferase Target Reporters By miRNA
Mimics. HEK293T cells were co-transfected with 200 ng pmirGLO dual-luciferase target
reporter and either 50 nM mirVana (Life Technologies) or AccuTarget (Bioneer) miRNA
mimics or a negative control mimic (“NC”, 50 nM) in 24-well cell culture plates. Firefly
luciferase activity, normalised to Renilla luciferase activity, was assessed 24 hours later. The
corresponding pmirGLO dual-luciferase target reporter for (A) hsa-miR-17, (B) hsa-miR-106b
and (C) hsa-miR-29a was significantly silenced by miRNA mimics from both sources although
mirVana miRNA mimics were most effective. Values are mean = SEM, n = 3, ***p<0.001,
**p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.12 Validation of pri-miRNA Expression Plasmid Regulation of pmirGLO Dual-
Luciferase Target Reporters. HEK293T cells were co-transfected with 200 ng pmirGLO dual-
luciferase target reporter and shown concentrations of the corresponding miRNA expression
plasmid or negative control plasmid (“NC”, 500 ng) in 24-well cell culture plates. Cells were
incubated for 24 hours before Firefly luciferase activity, normalised to Renilla luciferase
activity, was assessed. The corresponding pmirGLO dual-luciferase target reporter was
significantly silenced by pri-miRNA expression plasmids encoding (A) hsa-miR-17, (B) hsa-
miR-106b and (C) hsa-miR-29a. Values are mean £ SEM, n = 3, ***p<0.001, **p<0.01,
*p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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4.2.4 Exogenous miRNAs are Secreted within Extracellular Vesicles

Given their more sustainable nature, this study first focused upon the packaging and
secretion of exogenous MiRNAs processed from pri-miRNA expression plasmids.
HEK293T source cells were transfected with hsa-miR-17, hsa-miR-106b or hsa-miR-
29a pri-miRNA expression plasmids and EVs isolated by differential ultracentrifugation
after 48 hours. Mature miRNA expression in source cells and EVs was quantified by
gPCR, relative to total RNA input (cells) or cel-miR-39 spike-in expression (EVs) (Fig.

4.13).

Variability in miRNA expression following transfection was high in both cells and EVs
and precluded some of the observed increases from reaching significance. However,
generally there appeared to be an increase in cellular and EV expression of miRNAs
following transfection with hsa-miR-17 (Fig. 4.13A-B), hsa-miR-106b (Fig. 4.13C-D)
and hsa-miR-29a (Fig. 4.13E-F) pri-miRNA expression plasmids. The observed
increase reached significance following transfection of the hsa-miR-106b pri-miRNA
expression plasmid in cells and EVs (Fig. 4.13C-D) and in EVs following transfection
of the hsa-miR-29a pri-miRNA expression plasmid (Fig. 4.13F). Intriguingly, the
degree of increased miRNA expression following pri-miRNA expression plasmid
transfection varied inversely with the abundance of endogenous miRNAs. Thus, hsa-
miR-17, which has the highest abundance, showed the smallest increase relative to
endogenous expression while hsa-miR-29a, which has the lowest abundance, showed

the greatest increase relative to endogenous expression following transfection.
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To ascertain whether miRNA expression was also increased following transfection of
miRNA mimics, the decision was taken to focus upon hsa-miR-29a mimics given that
hsa-miR-29a showed the greatest fold change in expression following transfection of
pri-miRNA expression plasmids. HEK293T cells were transfected with hsa-miR-29a
mature mimics and EVs isolated by differential ultracentrifugation after 48 hours.
Mature miRNA expression was assessed in cells and EVs, as outlined above. This
revealed a non-significant increase in cellular hsa-miR-29a levels (Fig. 4.13G) and a
significant increase in EV hsa-miR-29a levels (Fig. 4.13H) at the highest transfection
concentration. Together, these results suggest that following transfection of either pri-
miRNA expression plasmids or mature mimics, endogenous loading mechanisms may

package exogenous miRNAs for secretion within EVs.
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Figure 4.13 Mature miRNA Expression in Cells and Extracellular Vesicles Following
Transfection of miRNA Expression Plasmids and hsa-miR-29a Mimic. HEK293T cells,
plated in 15 cm cell culture dishes, were transfected with miRNA expression plasmids, hsa-
miR-29a mimics or the negative control plasmid/mimic (“NC”, plasmid, 20 ug; mimic, 100
nM). Mature miRNA expression, normalised to total RNA input (cells) or cel-miR-39 spike-in
expression (EVs), was quantified by qPCR after 48 hours. (A) Mature hsa-miR-17 expression
was non-significantly increased in cells and (B) EVs following hsa-miR-17 plasmid
transfection. (C) Mature hsa-miR-106b expression was significantly increased in cells and (D)
EVs following hsa-miR-106b plasmid transfection. (E) Mature hsa-miR-29a expression was
increased in cells (non-significantly) and (F) EVs (significantly) following hsa-miR-29a
plasmid transfection. (G) Mature hsa-miR-29a expression was increased in cells (non-
significantly) and (H) EVs (significantly) following hsa-miR-29a miRNA mimic transfection.
Values are mean £ SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by
Tukey’s post-hoc test.
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425 Acylation Domain Targets AGO2 and TNRC6A to the Membrane

and Increases Extracellular Vesicle Expression of AGO2

RNA-binding proteins, such as AGO2 and GW182, are found in association with
miRNAs within EVs and their silencing reduces EV-mediated miRNA

SeCreti0n385,387,468,470,471,575—577

. It was therefore hypothesised that co-expression of
exogenous mMiRNAs with AGO2 or TNRC6A (the human orthologue of GW182) may
increase packaging and secretion of exogenous miRNAs within EVs. It was also
proposed that inclusion of an acylation domain within AGO2 or TNRC6A, to target
proteins towards the membrane, would further enhance EV-mediated miRNA secretion

by increasing the incorporation of AGO2/TNRCG6A along with any associated nucleic

acids.

To investigate this, an acylation domain was inserted into the N-terminal region of the
myc-EGFP-TNRCG6A plasmid to produce a “membrane-tagged” (MT) expression
product of myc-EGFP-TNRC6A (Fig. 4.14). A similar plasmid in which the acylation
domain was inserted in the N-terminal region of the pEGFP-N1-hAGO2 plasmid to
produce a “membrane-tagged” (MT) expression product of EGFP-hAGO2 was a gift
from Giulia Corso (Karolinska Institute). To investigate the effects of the acylation
domain, HEK293T cells were transfected with plasmids encoding either the wild-type
(WT) or membrane-tagged (MT) forms of AGO2 or TNRC6A before cells and EVs

were characterised by a number of methods after 48 hours.

EVs were first assessed by NTA to determine whether plasmid transfections influenced

EV secretion either in terms of size or particle count (Fig. 4.15). While there was no
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change in particle size, there was a significant reduction in the number of secreted EVs
following transfection with either AGO2 (WT and MT) (Fig. 4.15A-B) or TNRC6A

(WT and MT) (Fig. 4.15A,C) expression plasmids.

Next, mMRNA and protein expression in HEK293T cells and EVs was assessed by qPCR
(Fig. 4.16) and Western blotting (Fig. 4.17) following transfection of AGO2 (WT and
MT) or TNRC6A (WT and MT) expression plasmids. AGO2 mRNA expression was
significantly increased in cells following transfection of both WT and MT AGO2
expression plasmids and in EVs following transfection of the AGO2 MT expression
plasmid (Fig. 4.16A-B). Similarly, TNRC6A mRNA expression was significantly
increased in cells following transfection of both WT and MT TNRC6A expression
plasmids and in EVs following transfection of the TNRC6A MT expression plasmid
(Fig. 4.16C-D). Interestingly, AGO2 mRNA expression was also significantly increased

following transfection of the TNRC6A WT plasmid in cells (Fig. 4.16C).

Western blotting revealed that transfection of AGO2 WT and MT expression plasmids
increased both cellular and EV protein expression of AGO2 (Fig. 4.17A-B). AGO2
expression was increased to a similar extent following transfection of either WT or MT
forms of AGO2 in cells (Fig. 4.17A). However, in line with the hypothesis above,
transfection of the AGO2 MT plasmid resulted in higher expression of AGO2 in EVs
when compared to AGO2 WT plasmid transfections (Fig. 4.17B). This suggests that
incorporation of AGO2 protein within EVs is increased following inclusion of the
acylation domain. In contrast, while transfection of TNRC6A WT and MT plasmids
increased TNRCG6A protein expression in cells (Fig. 4.17C) there appeared to be no

effect upon the very low levels of TNRC6A detected in EVs (Fig. 4.17D).
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Finally, the localisation of AGO2 and TNRC6A was assessed by fluorescence
microscopy following transfection of either WT or MT plasmids (Fig. 4.18). This
revealed that inclusion of the acylation domain directed the GFP-AGO2 and GFP-
TNRCG6A fusion proteins towards the membrane (Fig. 4.18B,D) while expression from

WT plasmids produced a more punctate distribution (Fig. 4.18A,C).

Together, these results suggest that mMRNA and protein expression of AGO2 and
TNRC6A are increased following transfection of their respective plasmids.
Furthermore, inclusion of the acylation domain appears to direct AGO2 and TNRC6A

towards the membrane resulting in increased levels of AGO2 protein within EVs.
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Figure 4.14 Cloning of Membrane-associated pmyc-EGFP-TNRC6A Plasmid by Overlap
Extension PCR. The acylation domain was inserted in the N-terminal domain of the myc-
EGFP-TNRCG6A fusion protein according to the concepts of overlap extension PCR in which
two DNA fragments with overlapping ends may be combined®’.
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Figure 4.15 Particle Size and Concentration Following Transfection of AGO2 and
TNRC6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were
transfected with 17.5 pg of either AGO2 or TNRC6A wild-type (“WT”) or membrane-tagged
(“MT”) expression plasmids or left untreated (“UT”). EVs were isolated after 48 hours and
analysed by nanoparticle tracking analysis (“NTA”). (A) NTA showing mean particle size and
total particle count (total yield from 1 x 15 cm dish). (B-C) NTA analysis of size distribution
histogram for (B) EVs derived from UT and AGO2 (WT and MT) transfected cells or (C) EVs
derived from UT and TNRC6A (WT and MT) transfected cells. There was no significant
difference in the mode and mean size of EVs but total particle count was significantly reduced
for EVs derived from transfected cells compared to UT cells. Values are mean + SEM, n = 3,
**p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.16 AGO2 and TNRC6A mRNA Expression in Cells and Extracellular Vesicles
Following Transfection of AGO2 and TNRC6A Expression Plasmids. HEK293T cells,
plated in 15 cm cell culture dishes, were transfected with 17.5 pg of either AGO2 or TNRC6A
wild-type (“WT”) or membrane-tagged (“MT”) expression plasmids or left untreated (“UT”).
AGO2 and TNRC6A mRNA expression in cells and EVs was quantified, relative to S-Actin
expression, by gPCR after 48 hours. (A-B) AGO2 mRNA expression was significantly
increased in (A) cells and (B) EVs following transfection of AGO2 WT and MT expression
plasmids while TNRC6A expression was unaffected. (C-D) TNRC6A mRNA expression was
significantly increased in (C) cells and (D) EVs following transfection of TNRC6A WT and
MT expression plasmids. AGO2 mRNA expression was also increased in cells following
transfection of the TNRC6A WT plasmid. Values are mean £ SEM, n = 3, ***p<0.001,
**p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.17 AGO2 and TNRCG6A Protein Expression in Cells and Extracellular Vesicles
Following Transfection of AGO2 and TNRC6A Expression Plasmids. HEK293T cells,
plated in 15 cm cell culture dishes, were transfected with 17.5 pg of either AGO2 or TNRC6A
wild-type (“WT”) or membrane-tagged (“MT”) expression plasmids or left untreated (“UT”).
Protein was harvested 48 hours later and AGO2 and TNRC6A expression assessed by Western
blotting in cells (50 pg) and EVs (25% of total EV yield). Transfection of AGO2 expression
plasmids resulted in increased (A) cellular and (B) EV AGO2 protein expression. (C)
Transfection of TNRC6A expression plasmids only increased cellular TNRC6A protein
expression. (D) There was no increase in TNRC6A protein expression in EVs. B-Actin and the
exosomal markers, ALIX and TSG101, are included as loading controls.
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Figure 4.18 Localisation of AGO2 and TNRC6A Expression Products in HEK293T Cells.
HEK293T cells, plated in 15 cm cell culture dishes, were transfected with 17.5 pg of (A) AGO2
wild-type (“WT”), (B) AGO2 membrane-tagged (“MT”), (C) TNRC6A WT or (D) TNRC6A
MT expression plasmids and localisation of GFP assessed by fluorescence microscopy after 48
hours. Inclusion of the membrane-targeting acylation domain (MT plasmids) resulted in
localisation of GFP-AGO2 and GFP-TNRC6A fusion proteins towards the membrane while
expression of WT plasmids produced a more punctate distribution. Fluorescence is optimised
for each image set and is not constant across different image sets.
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4.2.6 Co-expression with AGO2 Increases Secretion of Exogenous miRNAs

within Extracellular Vesicles

Given the proposed role of AGO2 in the biogenesis and EV-mediated secretion of
miRNAs, it was hypothesised that co-expression of AGO2 with exogenous miRNAs
would further increase their packaging into EVs. However, preliminary experiments
revealed no increased effect upon mMIiRNA secretion within EVs following co-
transfection of synthetic mature miRNA mimics with AGO2 expression plasmids (data
not shown). Therefore, the decision was taken to focus upon co-expression of pri-

mIiRNA expression plasmids with AGO2, particularly given their more scalable nature.

AGO2 WT and MT expression plasmids were co-transfected with hsa-miR-17 (Fig.
4.19), hsa-miR-29a (Fig. 4.20) or hsa-miR-106b (Fig. 4.21) pri-miRNA expression
plasmids in HEK293T cells and EVs isolated after 48 hours. Expression of the mature
miRNA transcript was assessed in cells, EVs and supernatant. Cellular expression of the
corresponding primary miRNA transcript was assessed in addition to the expression of
AGO2 mRNA in cells and EVs. Primary miRNA transcripts could not be reliably

assessed in EVs due to low expression levels.

Generally, expression of the mature miRNA transcript was increased in cells, EVs and
supernatant following co-transfection of AGO2 with pri-miRNA expression plasmids
for hsa-miR-17 (Fig. 4.19A-C), hsa-miR-29a (Fig. 4.20A-C) and hsa-miR-106b (Fig.
4.21A-C). As noted before, the increase in miRNA secretion displayed an inverse
relationship to endogenous miRNA abundance. Interestingly, AGO2 MT appeared to

further increase mature miRNA expression within EVs in comparison to the AGO2 WT
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form, although this was not significant. Conversely, mature miRNA expression was
most increased within supernatant following co-transfection of the AGO2 WT form.
This may correspond to the increased secretion of vesicle-independent miRNA-AGO2
complexes">°"®, There was no significant effect upon cellular expression of the primary
transcript for hsa-miR-17 (Fig. 4.19D), hsa-miR-29a (Fig. 4.20D) or hsa-miR-106b
(Fig. 4.21D) following any co-transfection. As expected, AGO2 mRNA expression was
increased in cells and EVs following co-transfection of AGO2 WT and MT plasmids
with hsa-miR-17 (Fig. 4.19E-F), hsa-miR-29a (Fig. 4.20E-F) and hsa-miR-106b (Fig.

4.21E-F) expression plasmids.

To explore the specificity of increased miRNA expression following co-transfection of
pri-hsa-miR-106b and AGO2 expression plasmids, the expression of two unrelated
miRNAs was assessed in cells and EVs (Fig. 4.22). This included hsa-let-7a-1, which
has relatively high endogenous abundance, and hsa-miR-29a which was shown above to
have relatively low endogenous abundance. There was no significant effect upon
cellular hsa-let-7a-1 expression (Fig. 4.22A) or cellular and EV expression of hsa-miR-
29a (Fig. 4.22C-D). However, expression of hsa-let-7a-1 did appear to be reduced in

EVs following all co-transfection conditions (Fig. 4.22B).

In summary, co-expression of pri-miRNAs with AGO2 increased exogenous miRNA
secretion within EVs. Furthermore, AGO2 MT plasmids appeared to non-significantly
enhance this effect in comparison to AGO2 WT plasmids. However, a number of
observed increases did not reach significance due to a high degree of variability within

treatment conditions. This will be discussed further in Section 4.2.10.
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Figure 4.19 hsa-miR-17 Expression following Co-transfection of hsa-miR-17 and AGO?2
Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left untreated
(“UT”) or co-transfected with 17.5 pg each of hsa-miR-17 and either a control GFP plasmid
(“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”) expression plasmids. EVs
were isolated after 48 hours and mature hsa-miR-17 expression, normalised to total RNA input
(cells) or cel-miR-39 spike-in (EVs and supernatant), assessed by gPCR. Expression of AGO2
and primary hsa-miR-17, normalised to p-Actin, was also quantified. (A-C) hsa-miR-17
expression was non-significantly increased in (A) cells, (B) EVs and (C) supernatant following
co-transfection of hsa-miR-17 and AGO2 (WT and MT) plasmids. (D) There was no significant
effect upon hsa-miR-17 primary transcript expression in cells following co-transfection of hsa-
miR-17 and AGO2 plasmids. (E-F) AGO2 mRNA expression was non-significantly increased
in (E) cells and (F) EVs following co-transfection of hsa-miR-17 and AGO2 (WT and MT)
plasmids. Values are mean + SEM, n = 3, one-way ANOVA.
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Figure 4.20 hsa-miR-29a Expression following Co-transfection of hsa-miR-29a and AGO?2
Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left untreated
(“UT”) or co-transfected with 17.5 ug each of hsa-miR-29a and either a control GFP plasmid
(“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”) expression plasmids. EVs
were isolated after 48 hours and mature hsa-miR-29a expression, normalised to total RNA input
(cells) or cel-miR-39 spike-in (EVs and supernatant), assessed by gPCR. Expression of AGO2
and primary hsa-miR-29a, normalised to g-Actin, was also quantified. (A-C) hsa-miR-29a
expression was increased in (A) cells, (B) EVs and (C) supernatant following co-transfection of
hsa-miR-29a and AGO2 (WT and MT) plasmids. (D) There was no significant effect upon hsa-
miR-29a primary transcript expression in cells following co-transfection of hsa-miR-29a and
AGO2 plasmids. (E-F) AGO2 mRNA expression was non-significantly increased in (E) cells
and (F) EVs following co-transfections of hsa-miR-29a and AGO2 (WT and MT) plasmids.
Values are mean £ SEM, n = 3, **p<0.01, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.21 hsa-miR-106b Expression following Co-transfection of hsa-miR-106b and
AGO?2 Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 g each of hsa-miR-106b and either a control GFP
plasmid (“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. EVs were isolated after 48 hours and mature hsa-miR-106b expression, normalised to
total RNA input (cells) or cel-miR-39 spike-in (EVs and supernatant), assessed by gPCR.
Expression of AGO2 and primary hsa-miR-106b, normalised to S-Actin, was also quantified.
(A) hsa-miR-106b expression was significantly increased in cells following co-transfection of
hsa-miR-106b and AGO2 plasmids (WT and MT). (B) hsa-miR-106b was non-significantly
increased in EVs following co-transfection of hsa-miR-106b and AGO2 MT. (C) Supernatant
expression of hsa-miR-106b was significantly increased following co-transfection of hsa-miR-
106b and AGO2 WT. (D) There was no significant effect upon hsa-miR-106b primary transcript
expression in cells following co-transfection of hsa-miR-106b and AGO2 plasmids. (E-F)
AGO2 mRNA expression was increased in (E) cells and (F) EVs following co-transfection of
hsa-miR-106b and AGO2 (WT and MT) plasmids. Values are mean + SEM, n = 3, ***p<0.001,
**p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.22 Specificity of Increased miRNA Expression following Co-transfection of hsa-
miR-106b and AGO2 Expression Plasmids. HEK293T cells, plated in 15 cm cell culture
dishes, were left untreated (“UT”) or co-transfected with 17.5 pg each of hsa-miR-106b and
either a control GFP plasmid (“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”)
expression plasmids. hsa-let-7a-1 and hsa-miR-29a expression, normalised to total RNA input
(cells) or cel-miR-39 spike-in (EVs), was determined by qPCR after 48 hours. (A) There was no
significant effect upon cellular hsa-let-7a-1 expression. (B) hsa-let-7a-1 expression was
significantly reduced in EVs following co-expression of hsa-miR-106b and GFP control
plasmids. (C) Cellular and (D) EV expression levels of hsa-miR-29a were not significantly
affected following co-expression of hsa-miR-106b and AGO2 expression plasmids. Values are
mean £ SEM, n = 3, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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4.2.7 Co-expression with AGO2 Increases Secretion of shRNA within

Extracellular Vesicles

Source cell transfection of siRNAs and shRNA plasmids resulted in their secretion
within EVs. It was therefore of interest to determine whether co-transfection with
AGO2 would further increase their secretion as observed for pri-miRNA expression
plasmids. To investigate this, HEK293T cells were co-transfected with AGO2 (WT or
MT) plasmids and APP shRNA (Fig. 4.23), APP siRNA (Fig. 4.24), BACE1 shRNA
(Fig. 4.25) or BACEL siRNA (Fig. 4.26). EVs were isolated after 48 hours and
expression of APP/BACE1 siRNA/shRNA and APP, BACE1 and AGO2 mRNA in

cells, EV and supernatant assessed by qPCR.

Expression of APP shRNA was significantly increased in cells, EVs and supernatant
following co-expression with AGO2 WT (Fig. 4.23A-C). This effect was further
enhanced in EVs following co-expression with AGO2 MT (Fig. 4.23B). APP mRNA
expression was not significantly reduced in cells (Fig. 4.23D) or EVs (Fig. 4.23E)
following co-transfection with control or AGO2 plasmids. However, this may have
arisen from an insufficient quantity of transfected shRNA, as suggested by the earlier
shRNA dose-response (Fig. 4.4A). In contrast, AGO2 mRNA expression was increased
in cells (Fig. 4.23F) and EVs (Fig. 4.23G) following co-transfection with AGO2

plasmids.

A similar pattern was observed for APP siRNA. APP siRNA was significantly increased
in cells (Fig. 4.24A) and EVs (Fig. 4.24B) following co-expression with both AGO2

plasmids and in supernatant following co-expression with AGO2 WT (Fig. 4.24C). In
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contrast to the results above, APP mRNA expression was significantly decreased in
cells (Fig. 4.24D) and EVs (Fig. 4.24E) following all co-transfections with APP siRNA.
As expected, AGO2 mRNA expression was increased in cells (Fig. 4.24F) and EVs

(Fig. 4.24G) following co-transfection with AGO2 plasmids.

Co-expression of BACE1 shRNA and AGO2 plasmids produced similar results.
BACE1 shRNA expression was increased in cells, EVs and supernatant following co-
transfection with AGO2 plasmids (Fig. 4.25A-C). BACE1 mRNA expression was
reduced in cells (Fig. 4.25D) and EVs (Fig. 4.25E) while AGO2 mRNA expression was
significantly increased in cells (Fig. 4.25F) and EVs (Fig. 4.25G) following co-

transfection with AGO2 plasmids.

Increased BACE1 siRNA expression was also observed in cells, EVs and supernatant
following co-transfection with AGO2 plasmids (Fig. 4.26A-C). As expected, BACE1
MRNA expression was reduced in cells (Fig. 4.26D) and EVs (Fig. 4.26E) while AGO2
MRNA expression was increased in both cells (Fig. 4.26F) and EVs (Fig. 4.26G)

following AGO2 WT and MT plasmid co-transfections.

In summary, these results suggest that co-expression with AGO2 increased the secretion
of exogenous siRNAs/sShRNAs within EVs. Interestingly, AGO2 MT appeared to
increase EV-mediated secretion above that achieved by AGO2 WT for shRNAs but not
for siRNAs. Expression of APP and BACE1 mRNA within cells and EVs was generally
reduced following co-transfection, which is of interest given the potential for
endogenous cargoes to influence recipient cell expression. However, as noted in the

case of pri-miRNAs, high variability within treatment conditions was observed.
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Figure 4.23 APP shRNA Expression following Co-transfection of APP shRNA and AGO2
Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left untreated
(“UT”) or co-transfected with 17.5 ug each of APP shRNA and either a control GFP plasmid
(“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”) expression plasmids. APP
shRNA expression, normalised to total RNA input (cells) or cel-miR-39 spike-in (EVs and
supernatant), was quantified by qPCR after 48 hours. AGO2 and APP mRNA expression,
normalised to p-Actin, was also assessed. (A) APP shRNA expression was significantly
increased in cells following co-expression of APP shRNA and AGO2 WT plasmids. (B) APP
shRNA expression was significantly increased in EVs following co-expression of APP shRNA
and AGO2 (WT and MT) plasmids. (C) APP shRNA expression was significantly increased in
supernatant following co-transfection of APP shRNA and AGO2 WT plasmids. (D) Cellular
and (E) EV APP mRNA expression was not significantly affected following co-expression of
APP shRNA with AGO2 (WT and MT) plasmids. (F) Cellular and (G) EV expression of AGO2
MmRNA was significantly increased following co-expression of APP shRNA and AGO2
plasmids. Values are mean = SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA
followed by Tukey’s post-hoc test.
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Figure 4.24 APP siRNA Expression following Co-transfection of APP siRNA and AGO2
Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left untreated
(“UT”) or co-transfected with 100 nM of APP siRNA and 17.5 ug of either a control GFP
plasmid (“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. APP siRNA expression, normalised to total RNA input (cells) or cel-miR-39 spike-in
(EVs and supernatant), was quantified by gPCR after 48 hours. AGO2 and APP mRNA
expression, normalised to p-Actin, was also assessed. (A-C) APP siRNA expression was
significantly increased in (A) cells and (B) EVs following co-expression of APP siRNA and
both AGO2 plasmids and in (C) supernatant following co-expression of APP siRNA and AGO2
WT. (D) Cellular and (E) EV APP mRNA expression was significantly reduced following co-
expression of APP siRNA and all plasmids. (F) Cellular and (G) EV expression of AGO2
MRNA was increased following co-expression of APP siRNA and AGO2 plasmids reaching
significance in EVs following co-expression with AGO2 WT. Values are mean £ SEM, n = 3,
***n<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.25 BACEL shRNA Expression following Co-transfection of BACE1 shRNA and
AGO2 Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 ug each of BACEL1 shRNA and either a control
GFP plasmid (“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. BACEL1 shRNA expression, normalised to total RNA input (cells) or cel-miR-39
spike-in (EVs and supernatant), was quantified by gPCR after 48 hours. AGO2 and BACE1
mMRNA expression, normalised to f-Actin, was also assessed. (A) BACE1 shRNA expression
was non-significantly increased in cells following co-expression of BACE1 shRNA and AGO2
(WT and MT) plasmids. (B) BACE1 shRNA expression was significantly increased in EVs
following co-expression of BACE1 shRNA and AGO2 MT. (C) BACE1 shRNA expression
was significantly increased in supernatant following co-transfection of BACE1 shRNA and
AGO2 plasmids. (D) Cellular BACE1 mRNA expression was non-significantly reduced
following co-expression of BACE1 shRNA with AGO2 plasmids. (E) EV BACE1 mRNA
expression was significantly reduced following co-expression of BACEL1 shRNA and AGO2
MT plasmids. (F) Cellular and (G) EV expression of AGO2 mRNA was significantly increased
following co-expression of BACE1 shRNA and AGO2 plasmids. Values are mean = SEM, n =
3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.26 BACEL siRNA Expression following Co-transfection of BACE1 siRNA and
AGO2 Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 100 nM of BACEL siRNA and 17.5 ug of either a
control GFP plasmid (“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”)
expression plasmids. BACEL siRNA expression, normalised to total RNA input (cells) or cel-
miR-39 spike-in (EVs and supernatant), was quantified by gPCR after 48 hours. AGO2 and
BACE1 mRNA expression, normalised to S-Actin, was also assessed. (A) Cellular BACE1
siRNA expression was non-significantly increased following co-expression of BACE1 siRNA
and AGO2 (WT and MT) plasmids. (B) BACE1 siRNA expression was significantly increased
in EVs and (C) supernatant following co-transfection of BACEL siRNA and AGO2 WT. (D)
Cellular and (E) EV levels of BACE1 mRNA were reduced following co-expression of BACE1
siRNA with all plasmids. (F) Cellular and (G) EV expression of AGO2 mRNA was
significantly increased following co-expression of BACE1 siRNA and AGO2 plasmids. Values
are mean £ SEM, n = 3, **p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc
test.
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4.2.8 Co-expression with TNRC6A (MT) Increases Secretion of Exogenous

mMiRNAs within Extracellular Vesicles

Co-expression with AGO2, and particularly AGO2 MT, appeared to increase
endogenous EV-loading of exogenous pri-miRNAs. Therefore, it was hypothesised that
co-expression with TNRC6A, another member of RISC, may also increase miRNA
packaging within EVs. To investigate this, HEK293T cells were co-transfected with pri-
mIiRNA expression plasmids for hsa-miR-17 (Fig. 4.27), hsa-miR-29a (Fig. 4.28) or
hsa-miR-106b (Fig. 4.29) and either a control GFP plasmid or TNRC6A WT or MT

plasmids.

Similar to the results with AGO2 above, mature miRNA expression was increased in
cells, EVs and supernatant following co-transfection of TNRC6A plasmids with hsa-
miR-17 (Fig. 4.27A-C), hsa-miR-29a (Fig. 4.28A-C) or hsa-miR-106b (Fig. 4.29A-C).
Furthermore, miRNA expression within EVs was typically enhanced following co-
transfection with the TNRC6A MT plasmid in comparison to the WT form. There was
no significant effect upon the primary miRNA transcript following co-transfection of
hsa-miR-17 (Fig. 4.27D), hsa-miR-29a (Fig. 4.28D) or hsa-miR-106b (Fig. 4.29D) with
either control or TNRC6A plasmids. However, as expected, TNRC6A mMRNA
expression was increased in cells and EVs following co-transfection of hsa-miR-17
(Fig. 4.27E-F), hsa-miR-29a (Fig. 4.28E-F) or hsa-miR-106b (Fig. 4.29E-F) with

TNRCGA expression plasmids.

As before, the specificity of increased miRNA expression following co-transfection of

TNRC6A (WT and MT) and hsa-miR-106b pri-miRNA expression plasmids was
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assessed by analysis of hsa-let-7a-1 and hsa-miR-29a expression. This again indicated a
degree of specificity as there was no significant effect upon cellular or EV expression of
either hsa-let-7a-1 (Fig. 4.30A-B) or hsa-miR-29a (Fig. 4.30C-D) following co-

transfections.

In summary, these results suggested that co-expression with TNRC6A produced a
general increase in cellular and EV expression of exogenous miRNAs. In contrast to
AGO2, the fold increase in miRNA expression did not appear to vary inversely with
endogenous miRNA abundance. Instead, co-transfection with hsa-miR-106b appeared
to produce the greatest increase in expression within EVs. However, it should be noted

that variability within treatment conditions was again relatively high.
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Figure 4.27 Expression of hsa-miR-17 following Co-transfection of hsa-miR-17 and
TNRCG6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 pg each of hsa-miR-17 and either a control GFP
plasmid (“GFP”) or TNRC6A wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. EVs were isolated after 48 hours and mature hsa-miR-17 expression, normalised to
total RNA input (cells) or cel-miR-39 spike-in (EVs and supernatant), assessed by gPCR.
Expression of TNRC6A and hsa-miR-17 primary transcript mRNA, normalised to S-Actin, was
also quantified. (A-C) hsa-miR-17 expression was assessed in (A) cells, (B) EVs and (C)
supernatant. The observed increases in expression in EVs and supernatant were not significant.
(D) There was no effect of co-expression upon hsa-miR-17 primary transcript expression. (E-F)
TNRC6A mRNA expression was increased, but not significantly, in (E) cells and (F) EVs
following co-expression of hsa-miR-17 with TNRC6A (WT and MT) plasmids. Values are
mean + SEM, n = 3, one-way ANOVA.
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Figure 4.28 Expression of hsa-miR-29a following Co-transfection of hsa-miR-29a and
TNRCG6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 pg each of hsa-miR-29a and either a control GFP
plasmid (“GFP”) or TNRC6A wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. EVs were isolated after 48 hours and mature hsa-miR-29a expression, normalised to
total RNA input (cells) or cel-miR-39 spike-in (EVs and supernatant), assessed by gPCR.
Expression of TNRC6A and hsa-miR-29a primary transcript mRNA, normalised to g-Actin, was
also quantified. (A) hsa-miR-29a expression was significantly increased in cells following co-
expression with all plasmids but was not increased further by co-transfection with TNRC6A
(WT or MT) plasmids. (B) hsa-miR-29a expression was slightly increased, but not significantly,
following co-transfection with TNRC6A MT in EVs and (C) with TNRC6A WT in supernatant.
(D) There was no effect of co-expression upon hsa-miR-29a primary transcript expression. (E-
F) TNRC6A mRNA expression was increased in (E) cells (non-significantly) and in (F) EVs
(significantly) following co-expression of hsa-miR-29a with TNRC6A (WT and MT) plasmids.
Values are mean = SEM, n = 3, ***p<0.001, *<0.05, one-way ANOVA followed by Tukey’s
post-hoc test.

251



B)

A)

EVs - Mature Transcript

Cells - Mature Transcript

V..orv
%
7 x
.«A\\ %,
b Y,
%,
o, “x
Yo, %,
..00\'&‘ &‘\@
< £
2
o © © © o o
8 8 8 & 8
uolssaldx3 qgoL-yIw-esy aAneey
a
_I Ve
@y
by
()
%,
\ x
A@\v .on\,%
60@ .\@
7%
o, “x
vaU .OQ\
x,o 3,
Q\.@ @
< %
?
£ % & -
uoissaidxg q9oL-yiw-esy
(&)

Cells - Primary Transcript

Supernatant - Mature Transcript

e
_ %,
by
%,
%
Vo x
A@\ %,
by, %,
“,
o, “x 9
6\0 . Q\o
.bQ\.a‘ @\AQ
< “
2
w e w o
- - o o
uoissaidx3 qooL-yiw-1d anne|ay
_I e
@y
b
o&v
e, < x 9
6«\\ %,
by, %,
%,
% Y
1‘0! @\o
%

uoissaidx3 qooL-yiW-esy aAneRy

- % _I A\\V
2
@o@
m —l- \ e«x
m .Auﬁv .o@w‘
[ 2y, %
' %
4 % K
w QOx Q\.a‘
%, %
av&
A7
S S — |
g2 8 8§ 8 8%v°
uoissaidx3 YNYW YIOUNL dA1eRY
[Ty
_I G
@y
b
(®)
< Y,
8 <,
m 6«@ 60\.
£ b Y,
] Q\N\
K] . &x
ﬂ e
o Ox e@«
60\ . %,
@@
Az
-|4|-|1
o o =) o @NwO
=1 1=} =3 =] m
g 8 § R®
uoissaldx3 YNYW Y9OUNL 2AnEIRY
w

252



Figure 4.29 Expression of hsa-miR-106b following Co-transfection of hsa-miR-106b and
TNRCG6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 g each of hsa-miR-106b and either a control GFP
plasmid (“GFP”) or TNRC6A wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. EVs were isolated after 48 hours and mature hsa-miR-106b expression, normalised to
total RNA input (cells) or cel-miR-39 spike-in (EVs and supernatant), assessed by gPCR.
Expression of AGO2 and hsa-miR-106b primary transcript mRNA, normalised to S-Actin, was
also quantified. (A-C) hsa-miR-106b expression was assessed in (A) cells, (B) EVs and (C)
supernatant. The increase in hsa-miR-106b expression in cells and EVs following co-expression
with TNRC6A MT did not reach significance. (D) There was no effect upon hsa-miR-106b
primary transcript expression following co-expression with TNRC6A (WT and MT) plasmids.
(E-F) TNRC6A mRNA expression was increased in (E) cells (non-significantly) and (F) EVs
(significantly) following co-expression of hsa-miR-106b with TNRC6A plasmids. Values are
mean £ SEM, n = 3, *<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.30 Specificity of miRNA Expression following Co-transfection of hsa-miR-106b
and TNRC6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were
left untreated (“UT”) or co-transfected with 17.5 pg each of hsa-miR-106b and either a control
GFP plasmid (“GFP”) or TNRC6A wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. hsa-let-7a-1 and hsa-miR-29a expression, normalised to total RNA input (cells) or
cel-miR-39 spike-in (EVs), was determined by gPCR after 48 hours. (A) There was no
significant effect upon cellular or (B) EV hsa-let-7a-1 expression levels or upon (C) cellular or
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(D) EV hsa-miR-29a expression levels. Values are mean = SEM, n = 3, one-way ANOVA.
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4.2.9 Co-expression with TNRC6A Increases Secretion of sShRNA within

Extracellular Vesicles

To determine whether increased TNRC6A expression would also enhance packaging
and EV-mediated secretion of SIRNA/shRNAs, HEK293T cells were co-transfected
with TNRC6A WT or MT plasmids and APP shRNA (Fig. 4.31), APP siRNA (Fig.
4.32), BACEL1 shRNA (Fig. 4.33) or BACEL siRNA (Fig. 4.34). After 48 hours,
expression of APP/BACEL siRNA/shRNA and TNRC6A mRNA was assessed in cells,

EVs and supernatant by gPCR.

APP shRNA expression was increased following co-transfection with both TNRC6A
plasmids in cells, EVs and supernatant (Fig. 4.31A-C). TNRC6A mRNA expression was
also increased in cells and EVs (Fig. 4.31D-E). This is in contrast to the results
observed with APP siRNA. Co-transfection with TNRC6A plasmids did not increase
APP siRNA expression above that observed following co-transfection with the control
GFP plasmid in cells, EVs or supernatant (Fig. 4.32A-C). This was despite a significant
increase in TNRC6A mRNA expression in both cells and EVs following TNRC6A (WT

and MT) plasmid co-transfections (Fig. 4.32D-E).

BACEL shRNA expression was increased in cells, EVs and supernatant following all
co-transfections (Fig. 4.33A-C). However, co-transfection with TNRC6A only
produced a greater fold increase in BACE1 shRNA expression compared to control
GFP co-transfections with TNRC6A MT in EVs and with TNRC6A WT in supernatant.
This was similar to the results following co-transfection of BACEL siRNA with

TNRCG6A plasmids as BACEL siRNA expression was not increased above that achieved

255



with the control GFP plasmid in cells, EVs or supernatant (Fig. 4.34A-C). TNRC6A
MRNA expression was increased in cells and EVs following co-transfection with both
BACE1 shRNA plasmids (Fig. 4.33D-E) and BACEl siRNA (Fig. 4.34D-E).
Interestingly however, the increase was relatively low compared to that achieved
previously with APP siRNA/shRNA and did not reach significance, suggesting that co-
transfection of BACE1 siRNA/shRNA with TNRC6A plasmids may result in relatively

inefficient expression of TNRCG6A.

Similar to the results obtained with AGO2, these findings suggested that co-expression
with TNRC6A MT may increase packaging of sShRNAs into EVs when expressed from
shRNA expression plasmids but not when directly transfected as siRNAs. This indicates
that processing through the endogenous miRNA pathway may be important for EV-
loading. Co-expression with AGO2 rather than TNRCG6A generally appeared to be more
effective at enhancing shRNA/siRNA secretion within EVs. However, relatively high
variability was observed within conditions following co-transfections with either AGO2

or TNRC6A and pri-miRNA or siRNA/shRNA expression plasmids.
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Figure 4.31 APP shRNA Expression following Co-transfection of APP shRNA and
TNRCG6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 pg each of APP shRNA and either a control GFP
plasmid (“GFP”) or TNRC6A wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. APP shRNA expression, normalised to total RNA input (cells) or cel-miR-39 spike-in
(EVs and supernatant), was quantified by gPCR after 48 hours. TNRC6A expression, normalised
to pB-Actin, was also assessed. (A-C) APP shRNA expression was significantly increased
following co-transfection with TNRC6A MT in (A) cells and (B) with TNRC6A (WT and MT)
in EVs. (C) The increased expression observed in supernatant following TNRC6A (WT and
MT) co-transfections was not significant. (D-E) TNRC6A mRNA expression was significantly
increased in (D) cells following co-transfection with TNRC6A MT and (E) EVs following co-
transfection with TNRC6A (WT and MT) plasmids. Values are mean + SEM, n = 3, **p<0.01,
*p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.32 APP siRNA Expression following Co-transfection of APP siRNA and
TNRCG6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 100 nM APP siRNA and 17.5 ug each of a control GFP
plasmid (“GFP”) or TNRC6A wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. APP siRNA expression, normalised to total RNA input (cells) or cel-miR-39 spike-in
(EVs and supernatant), was quantified by qPCR after 48 hours. TNRC6A mRNA expression,
normalised to p-Actin, was also assessed. (A) APP siRNA expression was non-significantly
increased in cells following all co-transfection conditions. (B) APP siRNA expression was
significantly increased following co-transfection with TNRC6A MT in EVs. (C) No significant
increase in APP siRNA expression was observed in supernatant. (D-E) TNRC6A expression was
significantly increased in (D) cells and (E) EVs following co-transfection with both TNRC6A
(WT and MT) plasmids. Values are mean + SEM, n = 3, ***p<0.001, *p<0.05, one-way
ANOVA followed by Tukey’s post-hoc test.
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Figure 4.33 BACEL shRNA Expression following Co-transfection of BACE1 shRNA and
TNRCG6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 ug each of BACEL1 shRNA and either a control
GFP plasmid (“GFP”) or TNRC6A wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. BACE1 shRNA expression, normalised to total RNA input (cells) or cel-miR-39
spike-in (EVs and supernatant), was quantified by gPCR after 48 hours. TNRCG6A expression,
normalised to S-Actin, was also assessed. (A) BACEL1 shRNA expression in cells was not
increased above that achieved following co-transfection with the control GFP plasmid. (B)
BACEL1 shRNA expression was significantly increased in EVs following co-transfection with
the TNRC6A MT plasmid. (C) The increase in BACE1 shRNA expression in supernatant
following co-transfection with the TNRC6A WT plasmid did not reach significance. (D-E)
Levels of TNRC6A mRNA expression were increased, but not significantly, in (D) cells and (E)
EVs following co-transfection with TNRC6A (WT and MT) plasmids. Values are mean = SEM,
n = 3, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.34 BACEL siRNA Expression following Co-transfection of BACE1 siRNA and
TNRCG6A Expression Plasmids. HEK293T cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 100 nM BACEL siRNA and 17.5 ug each of a control
GFP plasmid (“GFP”) or TNRC6A wild-type (“WT”) or membrane-tagged (“MT”) expression
plasmids. BACEL1 siRNA expression, normalised to total RNA input (cells) or cel-miR-39
spike-in (EVs and supernatant), was quantified by gPCR after 48 hours. TNRC6A mRNA
expression, normalised to g-Actin, was also assessed. (A-C) BACEL siRNA expression was not
increased above that achieved following co-transfection with the control GFP plasmid in (A)
cells, (B) EVs or (C) supernatant. (D-E) TNRC6A expression was increased, but not
significantly, in (D) cells and (E) EVs following co-transfection of BACE1 siRNA and
TNRC6A (WT or MT) plasmids. Values are mean + SEM, n = 3, ***p<0.001, **p<0.01, one-
way ANOVA followed by Tukey’s post-hoc test.
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4.2.10 Efficiency of Transfection and Extracellular Vesicle Isolation

Contributes to Variability Following Co-transfections

Co-transfection of RNA-binding proteins with exogenous shRNA and pri-miRNA
expression plasmids tended to increase EV secretion of RNAI effectors. However, high
variability was often apparent which precluded some observed increases in expression

from reaching significance. The source of this variability was therefore investigated.

As high variability was observed in both cellular and EV samples, it was hypothesised
that variability may result from inconsistent transfection efficiency and/or the efficiency
of EV isolations between different replicates. Transfections were performed in 15 cm
cell culture dishes using Polyethylenimine (PEI) as the transfection reagent at a
previously optimised ratio of 4 ug PEI: 1 ug RNA/DNA. Therefore, it was hypothesised
that variability may result either from the use of PEI or the large-scale nature of
transfections. Indeed, it had been noted that cells were not always evenly distributed
across the 15 cm cell culture dish. To explore this further, co-transfection of AGO2 and
hsa-miR-29a pri-miRNA expression plasmids was repeated on a smaller scale in 12-
well cell culture plates using either PEI or Lipofectamine 2000 as the transfection
reagent. Expression of the mature hsa-miR-29a transcript and AGO2 mRNA was

assessed in cells after 48 hours by qPCR (Fig. 4.35).

Mature hsa-miR-29a and AGO2 mRNA expression were both significantly increased
following PEIl-mediated co-transfections (Fig. 4.35A,C). In contrast, only AGO2
MRNA expression was significantly increased following Lipofectamine 2000-mediated

transfections (Fig. 4.35B,D). Interestingly, PEI-mediated transfections appeared more
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effective in terms of increased hsa-miR-29a and AGO2 expression while the extent of
variability appeared lower than that observed in the previous experiments. This
therefore suggested that the use of PEI was not a primary cause of variability but instead
suggested that inconsistent co-transfection efficiency arising from larger-scale

transfections might be one factor contributing towards variability.

Inconsistent EV isolation efficiency might also increase variability. This may relate
either to the differential loss of material between replicates during isolation or to
contamination by non-vesicular RNA within the supernatant. If so, an additional wash
might help to remove contaminating RNA from EV preparations. To assess this further,
HEK293T cells were left untreated or co-transfected with hsa-miR-29a pri-miRNA
expression plasmids and either a control GFP plasmid or AGO2 plasmids. EV samples
were isolated after 48 hours before EV particle count and RNA quantity were assessed
by NTA and the Quant-iT RiboGreen RNA Assay Kit, respectively (Fig. 4.36). To
assess the extent of material lost at each step, a “filtrate” sample was removed after
purification through 0.2 um filters prior to the first ultracentrifugation isolation. After
ultracentrifugation, the pellet was resuspended and divided equally between unwashed
and washed samples. For washed samples, the pellet was diluted in PBS and re-isolated

by a further ultracentrifugation step.

EVs were first derived from six separate replicates of untreated cells and total particle
count assessed by NTA for each filtrate, unwashed and washed sample (Fig. 4.36A-C).
This revealed variability in the total particle count between the six replicates both in the
initial filtrate sample and in that retained following each ultracentrifugation step (Fig.

4.36A-C). Consistent with previous data within the lab, a significant reduction in
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retained material was observed following each isolation step. Thus, 36.5% of the initial
starting number of particles was retained after the first ultracentrifugation step and only

4.2% of the initial starting material was retained following a further wash (Fig. 4.36C).

It was previously observed that transfection of AGO2 and TNRC6A plasmids resulted
in a significant reduction in secreted particles when compared to untreated cells (Fig.
4.15A). It was therefore important to assess whether a difference in the original starting
quantity of EVs would affect the variability and percentage of retained particles.
Consistent with the previous results, the obtained particle count was reduced following
co-transfections of hsa-miR-29a with either control GFP or AGO2 (WT and MT)
plasmids when compared to untreated cells (Fig. 4.36D-E). Variability was again
observed between three separate replicates both in the initial filtrate samples and
following each ultracentrifugation step (Fig. 4.36D-E). A higher starting yield in
untreated samples did appear to improve the percentage of recovery following the first
ultracentrifugation step but did not improve yields following an additional wash and

ultracentrifugation step (Fig. 4.36D-E).

The RNA concentration within each unwashed or washed EV sample was assessed to
determine whether variability in particle count was also reflected in the EV RNA vyield
(Fig. 4.36F-H). As for particle count, variability in RNA concentration was observed
between each of the three replicates within each condition while untreated samples
provided the highest yield of RNA (Fig. 4.36F). RNA concentration was also compared
against total particle count for unwashed and washed samples and revealed a positive
correlation between RNA quantity and particle count for both unwashed (r = 0.94, p <

0.001) and washed (r = 0.71, p < 0.01) samples (Fig. 4.36G-H).
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Together, these results suggest that co-transfection efficiency combined with inherent
variability in the initial starting material and variable recovery following EV isolation
may contribute towards the variability observed in the previous experiments. Including
an additional wash step may be desirable to reduce miRNA quantification bias by
removing contaminating non-vesicular miRNAs. However, these results suggest that
this might also increase variability and may require a larger quantity of starting material

than utilised in the current study.
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Figure 4.35 Comparison of Transfection Efficiency after PEI and Lipofectamine-mediated
Transfections. HEK293T cells were left untreated (“UT”) or co-transfected with 800 ng each of
hsa-miR-29a and either a control GFP plasmid (“GFP”) or AGO2 wild-type (“WT”) or
membrane-tagged (“MT”) expression plasmids in 12-well cell culture plates using either PEI or
Lipofectamine 2000 for the transfection reagent. Cellular RNA was harvested after 48 hours and
hsa-miR-29a expression, normalised to total RNA input, and AGO2 expression, normalised to
S-Actin, determined by gPCR. (A) hsa-miR-29a expression was significantly increased in cells
following PEI-mediated co-transfections. (B) The increase in hsa-miR-29a expression following
Lipofectamine-mediated co-transfections was not significant. (C-D) AGO2 mRNA expression
was increased in cells following both (C) PEI-mediated and (D) Lipofectamine-mediated co-
transfections of hsa-miR-29a and AGO2 plasmids. Values are mean = SEM, n = 3, ***p<0.001,
**p<0.01, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.36 Quantification of Particle Count and RNA Yield following Extracellular
Vesicle Isolation. HEK293T cells, plated in 15 cm cell culture dishes, were left untreated
(“UT”) or transfected with 17.5 ug each of hsa-miR-29a and either a control GFP plasmid
(“GFP”) or AGO2 wild-type (“WT”) or membrane-tagged (“MT”) plasmids. EV samples were
isolated after 48 hours before particle count and RNA concentration were assessed. A “filtrate”
sample was removed prior to ultracentrifugation and isolated EV samples were designated as
either no wash or washed (PBS wash followed by repeat isolation). (A-C) EVs derived from UT
cells (6 replicates) were assessed by nanoparticle tracking analysis (NTA) to determine (A) total
particle count, (B) percentage of particles retained after isolation per replicate and (C) mean
percentage of particles retained per isolation (n = 6). This showed variability in the starting
material and particles retained following each isolation step. Each wash significantly reduced
the quantity of retained material. Values are mean + SEM, ***p<0.001, one-way ANOVA
followed by Tukey’s post-hoc test. (Figure continued overleaf).
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Figure 4.36 Quantification of Particle Count and RNA Yield following Extracellular
Vesicle Isolation — Continued. (D-H) EVs derived from UT or transfected cells (n = 3) were
assessed by NTA and for RNA yield. NTA revealed variability in (D) the total particle count
and (E) the mean percentage of particles retained after each isolation/wash. (F) Variability in
RNA concentration within EV samples was observed between replicates for both UT and
transfected cells. (G-H) A positive relationship between particle count and RNA quantity was
observed for both (G) non-washed (positive correlation; r = 0.94, p < 0.001) and (H) washed
samples (positive correlation; r = 0.71, p < 0.01) (Pearson product-moment correlation test).
Values are mean + SEM, ***p<0.001, one-way ANOVA followed by Tukey’s post-hoc test.
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4.2.11 Co-expression with RNA-binding Proteins did not Enhance Silencing
of Luciferase Activity Following Co-culture with hsa-miR-106b

Source Cells

Despite the issue of variability discussed above, transfection of exogenous pri-miRNA
expression plasmids alone or in combination with RNA-binding proteins appeared to
result in their packaging and secretion within EVs. It was therefore important to
determine whether exogenous miRNAs secreted within EVs produced functional effects

within recipient cells.

Expression of hsa-miR-106b was selected for this purpose. Although the relative
increase in exogenous hsa-miR-29a expression within EVs was greater than that of hsa-
miR-106b following transfection of the respective pri-miRNA expression plasmids, hsa-
miR-106b more strongly regulated its dual-luciferase target reporter (Fig. 4.12). hsa-
miR-106b was therefore chosen to maximise detection sensitivity for functional activity

within recipient cells.

The functional effects of exogenous hsa-miR-106b expression were first assessed by a
transwell co-culture approach utilising 24-well cell culture plate inserts comprising 0.4
pum diameter pores. This system permits the movement of material less than 0.4 um
between source cells plated in the lower 24-well plate layer and recipient cells plated in
the upper insert and hence was used to assess transfer of hsa-miR-106b between source
and recipient cells. HEK293T source cells were transfected with the hsa-miR-106b pri-
miRNA expression plasmid while recipient HEK293T cells were transfected with either

the hsa-miR-106b dual-luciferase target reporter alone or, as a positive control, directly
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with 50 nM hsa-miR-106b miRNA mimic. Recipient and source cells were combined in
co-culture 24 hours after transfection and incubated together for a further 48 hours
before relative luciferase activity was assessed (Fig. 4.37). As the hsa-miR-106b
plasmid expresses GFP, source cells were first confirmed to express the hsa-miR-106b
plasmid by fluorescence microscopy (Fig. 4.37A). Promisingly, luciferase activity of
the hsa-miR-106b target reporter was significantly reduced (Fig. 4.37B) while
expression of the mature transcript of hsa-miR-106b was significantly increased (Fig.
4.37C) following co-culture with source cells transfected with the hsa-miR-106b pri-
miRNA expression plasmid. There was no significant effect upon recipient cell

expression of the primary transcript of hsa-miR-106b or APP mRNA (Fig. 4.37D).

Whether this functional effect could be enhanced by co-expression with RNA-binding
proteins was then addressed. HEK293T source cells were left untreated or co-
transfected with either a negative control miRNA expression plasmid and control GFP
plasmid or the hsa-miR-106b pri-miRNA expression plasmid and either control GFP,
AGO2 (WT or MT) or TNRC6A (WT or MT) expression plasmids. Recipient cells
were transfected with either a negative control luciferase reporter, the hsa-miR-106b
dual-luciferase reporter alone, or, as a positive control, with 50 nM hsa-miR-106b
miRNA mimic. Recipient and source cells were combined in co-culture 24 hours after
transfection and incubated together for a further 48 hours before relative luciferase

activity was assessed (Fig. 4.38).

As before, hsa-miR-106b plasmid expression was confirmed in source cells by
fluorescence microscopy (Fig. 4.38A). Luciferase activity appeared reduced to a similar

level following co-culture with source cells expressing either hsa-miR-106b and control
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GFP or hsa-miR-106b and AGO2 WT although this did not reach significance (Fig.
4.38B). There was no effect following co-expression of hsa-miR-106b and TNRC6A in
source cells (Fig. 4.38C). Recipient cell reporter expression was only significantly
reduced following direct treatment with the hsa-miR-106b mimic (Fig. 4.38D).
Similarly, expression of the mature transcript of hsa-miR-106b was only significantly
increased in recipient cells treated directly with the hsa-miR-106b mimic (Fig. 4.38E-
G). There was no significant effect upon expression of the primary transcript of hsa-

miR-106b or APP mRNA following any condition (Fig. 4.38H).

While 48 hours of co-incubation resulted in regulation of the luciferase reporter within
recipient cells following expression of hsa-miR-106b alone in source cells, it was
hypothesised that association with RNA-binding proteins may influence silencing
dynamics. Therefore, the experiment was repeated but source and recipient cells were
co-cultured for either 24 or 72 hours. However, only direct treatment with the positive
control hsa-miR-106b mimic significantly silenced recipient cell reporter activity
following 24 or 72 hours co-incubation, suggesting 48 hours co-culture may be optimal

(Fig. 4.381-K).
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Figure 4.37 Functional Effects of hsa-miR-106b in Co-culture. HEK293T source cells,
plated in 24-well cell culture plates, were left untreated (“UT”) or transfected with 500 ng hsa-
mMiR-106b pri-miRNA expression plasmid (“miR-106"). Recipient HEK293T cells, plated in 6-
well cell culture plates, were transfected with 2 pg of hsa-miR-106b dual-luciferase target
reporter alone or, as a positive control, with 50 nM hsa-miR-106b miRNA mimic (“miR-106
mimic”). Recipient and source cells were combined in co-culture 24 hours after transfection and
incubated together for a further 48 hours before relative luciferase activity (Firefly luciferase
normalised to Renilla luciferase) was assessed. Source cell expression of mature hsa-miR-106b
(normalised to RNA input volume) and the primary transcript of hsa-miR-106b and APP
MRNA, normalised to p-Actin, was assessed by gPCR. (A) Source cells showed high
transfection efficiency of the hsa-miR-106b expression plasmid. (B) Recipient cell luciferase
activity was significantly reduced following co-culture with hsa-miR-106b source cells and
direct treatment with the hsa-miR-106b miRNA mimic. (C) Recipient cell expression of mature
hsa-miR-106b was significantly increased following co-culture with hsa-miR-106b source cells
and direct treatment with the hsa-miR-106b miRNA mimic. (D) There was no significant effect
upon expression of the primary transcript of hsa-miR-106b or APP mRNA. Values are mean +
SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc
test.
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Figure 4.38 Functional Effects of hsa-miR-106b and RNA-binding Proteins in Co-culture.
HEK293T source cells, plated in 24-well cell culture plates, were left untreated (“UT”) or co-
transfected with 500 ng each of the hsa-miR-106b miRNA plasmid or a negative control
MIRNA expression plasmid (“NC”) and either a control GFP plasmid (“GFP”) or wild-type
(“WT”) or membrane-tagged (“MT”) forms of AGO2 and TNRC6A plasmids. Recipient
HEK293T cells, plated in 6-well cell culture plates, were transfected with 2 pg of a negative
control dual-luciferase reporter (“NC reporter”) or the hsa-miR-106b dual-luciferase target
reporter alone or, as a positive control, with 50 nM hsa-miR-106b miRNA mimic (“miR-106
mimic”). Recipient and source cells were combined in co-culture 24 hours after transfection and
incubated together for a further 24, 48 or 72 hours before relative luciferase activity in source
cells was assessed. Recipient cell expression of mature hsa-miR-106b (normalised to RNA input
volume) and the primary transcript of hsa-miR-106b and APP, normalised to f-Actin, was
assessed by gPCR. (A) Source cells showed high transfection efficiency of the respective
plasmids. (B-C) Source and recipient cells were co-cultured for 48 hours. (B) Luciferase
activity was reduced, but not significantly, following co-culture with hsa-miR-106b + GFP and
hsa-miR-106b + AGO2 WT source cells. (C) There was no effect following co-culture with hsa-
miR-106b + TNRC6A (WT or MT) source cells. Values are mean + SEM, n = 3, one-way
ANOVA. (Figure continued on opposite page).
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Figure 4.38 Functional Effects of hsa-miR-106b and RNA-Binding Proteins in Co-culture
— Continued. (D-H) Source and recipient cells were co-cultured for 48 hours. (D) Luciferase
activity was significantly silenced by direct treatment of recipient cells with the positive control
hsa-miR-106b miRNA mimic. (E-F) There was no significant effect upon recipient cell
expression of the mature transcript of hsa-miR-106b following co-culture with source cells co-
transfected with hsa-miR-106b and (E) AGO2 plasmids or (F) TNRC6A plasmids. (G)
Expression of the mature transcript of hsa-miR-106b was significantly increased in recipient
cells treated directly with the hsa-miR-106b miRNA mimic. (H) There was no significant effect
upon expression of either the primary transcript of hsa-miR-106b or APP mRNA. Values are
mean £ SEM, n = 3, ***p<0.001, **p<0.01, one-way ANOVA followed by Tukey’s post-hoc
test. (Figure continued overleaf).
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Figure 4.38 Functional Effects of hsa-miR-106b and RNA-binding Proteins in Co-culture —
Continued. (1-K) Source and recipient cells were co-cultured for 24 or 72 hours. There was no
effect upon luciferase reporter activity in recipient cells following co-culture with (1) hsa-miR-
106b + AGO2 (WT or MT) or (J) hsa-miR-106b + TNRC6A (WT or MT) source cells. (K)
Luciferase activity was significantly silenced by direct treatment of recipient cells with the
positive control hsa-miR-106b miRNA mimic. Values are mean £ SEM, n = 3, ***p<0.001,
**p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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4.2.12 Luciferase Activity Was Reduced Following Treatment with Isolated

hsa-miR-106b Extracellular Vesicles and Concentrated Supernatant

The results above indicate that co-expression of RNA-binding proteins with hsa-miR-
106b in source cells did not enhance regulation of the luciferase reporter in recipient
cells above that following co-transfection with the control GFP plasmid. As observed
previously, transfection of AGO2 and TNRCG6A plasmids alone or in combination with
a pri-miRNA expression plasmid reduced the yield of EVs compared to untreated cells.
It was therefore hypothesised that the quantity of exogenous hsa-miR-106b carried by
the number of vesicles secreted from cells within a 24-well cell culture plate may have
been too low to influence luciferase reporter activity within recipient cells. To
investigate this, EVs were isolated from 15 cm cell culture dishes, 48 hours after
transfection, and applied directly to recipient cells within 96-well cell culture plates
(Fig. 4.39). The equivalent of the total yield of EVs obtained from 1 x 15 cm dish was
applied per well of a 96-well plate. As a control, supernatant remaining after EV

isolation was concentrated and applied directly to recipient cells within 96-well plates.

Plasmid expression was confirmed by fluorescence microscopy (Fig. 4.39A).
Promisingly, luciferase reporter activity was significantly reduced in recipient cells
following treatment with both isolated EVs and concentrated supernatant obtained from
source cells co-transfected with hsa-miR-106b and either the control GFP plasmid or
AGO2 (WT or MT) plasmids (Fig. 4.39B-C). Unexpectedly however, mature hsa-miR-
106b expression was reduced, although not significantly, in recipient cells treated with
EVs isolated from source cells co-transfected with hsa-miR-106b and either the control

GFP plasmid or AGO2 (WT or MT) plasmids (Fig. 4.39D). In contrast, mature hsa-
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miR-106b expression was unchanged in recipient cells treated with concentrated
supernatant across all conditions (Fig. 4.39E). There was no significant effect upon
primary hsa-miR-106b or AGO2 mRNA expression following treatment with either EVs

or concentrated supernatant (Fig. 4.39F-G).

As the results concerning mature hsa-miR-106b expression were surprising given the
level of reporter regulation, expression of hsa-miR-106b was reanalysed relative to U6
expression. This had no effect upon the pattern of reduced hsa-miR-106b expression
observed (data not shown). It should be noted that variability was relatively high in
recipient cells treated with EVs and concentrated supernatant derived from untreated
cells. As mentioned previously, hsa-miR-106b endogenous levels are comparatively
high. It is therefore possible that variability in expression of endogenous hsa-miR-106b
within untreated cells may have contributed towards the apparent reduction in hsa-miR-
106b expression in recipient cells following experimental treatments. Furthermore, the
miRNA network is under a high degree of regulatory control and it has been suggested
that cells may have a compensatory mechanism to maintain overall miRNA production
to prevent saturation of the endogenous miRNA pathway®"°®. Therefore, an alternative
explanation is that an increased concentration of exogenous hsa-miR-106b following
treatment with isolated EVs may have downregulated production of endogenous hsa-
miR-106b. Although there was no significant effect upon primary transcript expression
of hsa-miR-106b, a slight reduction was observed following treatment with EVs derived

from source cells co-transfected with hsa-miR-106b and AGO2 plasmids (Fig. 4.39F).

A results summary for all experiments concerning miRNA loading into EVs is provided

in Table 4.2.
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Figure 4.39 Direct Treatment of Recipient Cells with Isolated hsa-miR-106b Extracellular
Vesicles. HEK293T source cells, plated in 15 cm cell culture dishes, were left untreated (“UT”)
or co-transfected with 17.5 pg each of a negative control (“NC”) or hsa-miR-106b miRNA
expression plasmid and either a control GFP (“GFP”) or AGO2 wild-type (“WT”) or
membrane-tagged (“MT”) plasmid, 48 hours prior to isolation. Recipient HEK293T cells, plated
in 12-well cell culture dishes, were transfected 48 hours prior to EV treatment with 1 ug of hsa-
miR-106b dual-luciferase target reporter alone, or as a positive control, with 50 nM hsa-miR-
106b miRNA mimic. 24 hours prior to isolation, recipient cells were divided at a ratio of 1:30
into 96-well cell culture plates. EVs were isolated, pooled, washed, re-isolated and split equally
between recipient cells in a 96-well cell culture plate. The remaining supernatant was
concentrated and divided equally between recipient cells in a 96-well cell culture plate. Firefly
luciferase activity normalised to Renilla luciferase was determined after 48 hours. Recipient cell
expression of the mature transcript of hsa-miR-106b (hormalised to RNA input volume) and the
primary transcript of hsa-miR-106b and AGO2 mRNA, normalised to f-Actin, was assessed by
gPCR. (A) High transfection efficiency of plasmids within source cells. (B-C) Luciferase
activity was significantly decreased in cells treated with (B) EVs and (C) concentrated
supernatant derived from source cells transfected with hsa-miR-106b + GFP or AGO2 (WT and
MT) plasmids. (D) Mature hsa-miR-106b expression was non-significantly reduced following
treatment with EVs derived from hsa-miR-106b + GFP or hsa-miR-106b + AGO2 (WT and
MT) source cells. (E) There was no significant effect upon mature hsa-miR-106b expression
following supernatant treatment. (F-G) There was no significant effect upon primary hsa-miR-
106b or AGO2 mRNA expression following treatment with (F) EVs or (G) supernatant. Values
are mean = SEM, n = 3, ***p<0.001, one-way ANOVA followed by Tukey’s post-hoc test.
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Table 4.2 Results Summary for miRNA EV-Loading Experiments.

Experimental

RNA Condition Results Ref.
overn;;?r\le?sion _SmaII increase (non sig.) in MiRNA expression Fig. 4.13
in cells and EVs.
alone
mMiRNA expression increased (non sig.) in cells,
EVs and SN following AGO2 co-transfection.
Co-expression Trend towards higher miRNA expression with
: of miRNA with AGO2 (MT) in EVs and with AGO2 (WT) in | Fig. 4.19
hsa-miRs AGO2 SN.
17 No effect upon primary miRNA transcript.
High variability within replicates.
mMiRNA expression increased (non sig.) in cells,
e EVs and SN following TNRCG6A co-transfection.
; X Trend towards higher miRNA expression with | _.
of miRNA with TNRC6A (MT) in EVs Fig. 4.27
TNRC6A . - .
No effect upon primary miRNA transcript.
High variability within replicates.
oveg;zlr\é?sion Increase in_miRNA expression in cells (non sig.) Fig. 4.13
alone and EVs (sig.).
mMiRNA expression increased in cells and EVs
(non sig.) and SN (sig.) following AGO2 co-
Co-expression transfection. . . . .
of MRNA with Trend toward_s higher miRNA expression with Fig. 4.20
AGO?2 AGOZ_ (MT) in cells and EVs and with AGO2
hsa-miR- (WT) in SN.
29a No effect upon primary miRNA transcript.
High variability within replicates.
mMIRNA expression increased in cells (sig.), EVs
and SN (non sig.) following TNRC6A co-
Co-expression transfection. _ _ _ _
of MIRNA with Trend towards hlgher mlRN_A expression with Fig. 4.28
TNRC6A (MT) in EVs and with TNRC6A (WT) T
TNRC6A in SN.
No effect upon primary miRNA transcript.
High variability within replicates.
miRNA L : . . ..
overexpression Significant increase in miRNA expression in Fig. 4.13
cells and EVs.
alone
miRNA expression increased in cells and SN
. (sig.) and EVs (non sig.) following co-
hsi‘ggt')R' transfection with AGO2.
Co-expression Trend towards higher miRNA expression with Fig 4.21
of miRNA with AGO2 (MT) in EVs and AGO2 (WT) in SN. Fig. 4'22
AGO2 No effect upon primary miRNA transcript. -

Specificity: hsa-let-7a-1 expression significantly
reduced in EVs after hsa-miR-106b + AGO?2 co-
transfection.
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Table 4.2 Continued.

Experimental

RNA Condition Results Ref.
mMiRNA expression increased (non sig.) in cells,
EVs and SN following co-transfection with
TNRCB6A.
Trend towards higher miRNA expression with
Co-expression TNRC6A (MT) in EVs and with TNRC6A _
of MRNAwith | (WTnSN. . . Fig. 4.29
TNRCGA No effect upon primary miRNA transcript. Fig. 4.30
High variability within replicates.
Specificity: no significant effect upon hsa-let-
7a-1 and hsa-miR-29a expression in cells and
EVs after hsa-miR-106b + TNRC6A co-
transfection.
. Recipient cell target reporter activity
'}?ggg?ﬁl significantly_redu_ceq _While mature hsa-miR-
recipient cells 106b expression 5|gn|f|cantly increased after 48 _
(co-culture): hours co-culture with hsa-miR-106b transfected Fig. 4.37
hsa-miR-106b source cells. -
e No significant effe_ct upon pri-miR-106b or
APP mRNA expression.
Recipient cell target reporter activity
hsa-miR- significantly reduced to a similar degree after
106b Functional 48 hours co-culture with hsa-miR-106b + GFP
effects in and hsa-miR-106b + AGO2 co-transfected
recipient cells source il . .
, Recipient cell expression of mature hsa-miR- .
(co-culture): . . Fig. 4.38
hsa-miR-106b + 106b was only increased followed direct
AGO?2/ treatment with the hsa-miR-106b mimic.
TNRCGA Target reporter activity was not significantly
reduced after 24 or 72 hours co-culture with
hsa-miR-106b + GFP, AGO2 or TNRC6A co-
transfected source cells.
Recipient cell target reporter activity
significantly reduced following treatment with
EVs and concentrated SN isolated from hsa-
Functional miR-106b + GFP and hsa-miR-106b + AGO2
effects in (WT and MT) co-transfected source cells.
recipient cells Non-significant reduction in hsa-miR-106b Fig. 4.39

(isolated EVs):
hsa-miR-106b +
AGO2

expression in recipient cells after treatment with
EVs isolated from hsa-miR-106b + GFP or
AGO?2 co-transfected source cells.

No significant effect upon pri-miR-106b
expression or AGO2 mRNA expression
following EV or SN treatment.

Sig., significant; EVs, extracellular vesicles; AGO2, argonaute 2; SN, supernatant; MT, membrane
tagged/associated; WT, wild-type; TNRC6A, Trinucleotide Repeat-Containing 6A (GW182 orthologue).
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4.2.13 Co-expression of ShRNA and RNA-binding Proteins in Source Cells

did not Enhance mRNA Silencing Following Co-culture

Co-transfection of sShRNA expression plasmids with RNA-binding proteins increased
exogenous shRNA expression within secreted EVs. Therefore, co-culture was used to

ascertain whether shRNA-loaded EVs would have functional effects in recipient cells.

HEK293T source cells were left untreated or co-transfected with APP (Fig. 4.40) or
BACEL shRNA (Fig. 4.41) and either control GFP, AGO2 (WT or MT) or TNRC6A
(WT or MT) plasmids. Recipient HEK293T cells were left untreated or, as a positive
control, directly transfected with the APP or BACE1 shRNA plasmid. Recipient and
source cells were combined 24 hours after transfection and incubated together for a

further 48 hours.

Similar results were obtained for both APP and BACEL shRNA. Thus, recipient cell
expression of target MRNA (APP or BACEL) was only significantly reduced following
direct transfection of recipient cells with either APP shRNA (Fig. 4.40A) or BACE1
shRNA (Fig. 4.41A). Correspondingly, a significant increase in shRNA expression
within recipient cells was only observed following direct transfection of recipient cells

with either APP shRNA (Fig. 4.40B) or BACEL1 shRNA (Fig. 4.41B).

However, there did appear to be either transfer or upregulation of AGO2 and TNRC6A
MRNA following co-culture with co-transfected source cells. AGO2 expression was
non-significantly increased following co-culture with APP shRNA + AGO2 (WT and

MT) co-transfected source cells while TNRC6A expression was non-significantly
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increased following co-culture with APP shRNA + TNRC6A MT co-transfected source
cells (Fig. 4.40C-D). Similarly, AGO2 expression was significantly increased following
co-culture with BACE1 shRNA + AGO2 MT co-transfected source cells while TNRC6A
expression was significantly increased following co-culture with BACE1 shRNA +

TNRC6A MT co-transfected source cells (Fig. 4.41C-D).

These results suggest that there may be some transfer of exogenous cargoes. As
discussed previously, a failure to elicit a reduction in mRNA expression may be the

result of too low a quantity of loaded EVs.
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Figure 4.40 Functional Effects of APP shRNA and RNA-binding Proteins in Co-culture.
HEK293T source cells, plated in 24-well cell culture plates, were left untreated (“UT”) or co-
transfected with 500 ng each of the APP shRNA or a negative control shRNA plasmid (“NC”)
and either a control GFP plasmid (“GFP”) or wild-type (“WT”) or membrane-tagged (“MT”)
forms of AGO2 or TNRCG6A plasmids. Recipient HEK293T cells, plated in 6-well cell culture
plates were left UT or, as a positive control, directly transfected with 2 pg of the APP shRNA
plasmid (“APP shRNA”). Recipient and source cells were combined in co-culture 24 hours after
transfection and incubated together for a further 48 hours. Recipient cell expression of APP
shRNA (normalised to RNA input volume) and APP, AGO2 and TNRC6A mRNA, normalised
to B-Actin, was assessed by qPCR. (A) APP mRNA expression was only significantly decreased
following direct transfection with APP shRNA. (B) APP shRNA expression was only
significantly increased following direct transfection with APP shRNA. (C) There was a non-
significant increase in AGO2 mRNA expression following co-culture with APP + AGO2 (WT
and MT) source cells and (D) TNRC6A mRNA expression following co-culture with APP +
TNRC6A MT source cells. Values are mean £ SEM, n = 3, ***p<0.001, *p<0.05, one-way
ANOVA followed by Tukey’s post-hoc test.
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Figure 4.41 Functional Effects of BACE1 shRNA and RNA-binding Proteins in Co-
culture. HEK293T source cells, plated in 24-well cell culture plates, were left untreated (“UT”)
or co-transfected with 500 ng each of the BACE1 shRNA or a negative control sShRNA plasmid
(“NC”) and either a control GFP plasmid (“GFP”) or wild-type (“WT”’) or membrane-tagged
(“MT”) forms of AGO2 or TNRC6A plasmids. Recipient HEK293T cells, plated in 6-well cell
culture plates, were left UT or, as a positive control, directly transfected with 2 ug of the
BACE]1 shRNA plasmid (“BACE1 shRNA”). Recipient and source cells were combined in co-
culture 24 hours after transfection and incubated together for a further 48 hours. Recipient cell
expression of BACE1 shRNA (normalised to RNA input volume) and BACEL, AGO2 and
TNRC6A mRNA, normalised to S-Actin, was assessed by gPCR. (A) BACE1 mRNA expression
was only significantly decreased by direct transfection with BACE1 shRNA. (B) BACEl
shRNA expression was only significantly increased following direct transfection with BACE1
shRNA. (C) AGO2 mRNA expression was significantly increased following co-culture with
BACE1 shRNA + AGO2 MT source cells and by direct BACEL1 shRNA transfection. (D)
TNRC6A mRNA expression was significantly increased following co-culture with BACEL
SshRNA + TNRC6A MT. Values are mean + SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-
way ANOVA followed by Tukey’s post-hoc test.
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4.2.14 Co-expression of AGO2 with shRNAs did not Enhance mRNA

Silencing Following Treatment with Isolated Extracellular Vesicles

To investigate whether a larger quantity of sShRNA-loaded EVs was required to silence
target mMRNA expression within recipient cells, EVs were isolated from HEK293T cells
48 hours after transfection and applied directly to recipient cells as above. The
equivalent of the total yield of EVs obtained from 1 x 15 cm cell culture dish was
applied per well of a 96-well cell culture plate. As a further control, the supernatant
remaining after EV isolation was concentrated and applied directly to recipient cells

within 96-well cell culture plates.

As before, plasmid expression was confirmed by fluorescence microscopy following co-
transfection of APP shRNA with control GFP and AGO2 plasmids (Fig. 4.42A).
Promisingly, there was a significant increase in APP shRNA expression in recipient
cells following treatment with EVs isolated from source cells co-transfected with APP
shRNA and either AGO2 WT or MT plasmids (Fig. 4.42B). A significant increase in
APP shRNA expression was also observed following treatment with concentrated
supernatant derived from source cells co-transfected with APP shRNA and AGO2 WT
(Fig. 4.42C). However, this did not translate to increased silencing of APP mRNA.
Instead, APP mRNA expression was only significantly decreased following treatment
with EVs isolated from source cells co-transfected with APP shRNA + control GFP
(Fig. 4.42D). No significant silencing of APP mRNA expression was observed

following treatment with concentrated supernatant (Fig. 4.42E).
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Similar results were obtained following co-transfections with BACE1 shRNA (Fig.
4.43). BACE1 shRNA expression was significantly increased in recipient cells treated
with EVs derived from BACE1 shRNA + AGO2 (WT and MT) source cells (Fig.
4.43B). BACE1 shRNA was also significantly increased in cells treated with
concentrated supernatant derived from BACE1 shRNA + AGO2 WT source cells (Fig.
4.43C). However, BACE1 mRNA expression was only significantly decreased in
recipient cells following treatment with EVs derived from BACE1 shRNA + control
GFP and BACE1 + AGO2 WT transfected source cells (Fig. 4.43D). There was no
effect upon BACE1 mRNA expression following treatment with concentrated

supernatant (Fig. 4.43E).

A results summary for all experiments concerning sSiRNA/shRNA loading into EVs is

provided in Table 4.3.
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Figure 4.42 Direct Treatment of Recipient Cells with Isolated APP shRNA Loaded
Extracellular Vesicles. HEK293T source cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 ug each of the APP shRNA or a negative control
shRNA (“NC”) plasmid and either a control GFP plasmid (“GFP”) or wild-type (“WT”) or
membrane-tagged (“MT”) forms of AGO2, 48 hours prior to isolation. Recipient HEK293T
cells were plated 24 hours prior to treatment in 96-well cell culture plates and left UT. EVs were
isolated, pooled, washed with PBS, re-isolated and split equally between recipient cells in a 96-
well cell culture plate. The remaining supernatant was concentrated and divided equally
between recipient cells in a 96-well cell culture plate (“SN”). Recipient cell expression of APP
shRNA (normalised to RNA input volume) and APP and AGO2 mRNA, normalised to g-Actin,
was assessed by gPCR. (A) Source cells showed high transfection efficiency of the respective
plasmids. (B) APP shRNA expression was significantly increased in cells treated with EVs
derived from APP shRNA + AGO2 (WT and MT) source cells. (C) APP shRNA expression
was significantly increased in cells treated with concentrated supernatant derived from APP
shRNA + AGO2 WT source cells. (D) Both APP and AGO2 mRNA expression was
significantly decreased following treatment with EVs derived from APP shRNA + control GFP
source cells. (E) There was no effect upon either APP or AGO2 mRNA expression following
treatment with concentrated supernatant. Values are mean = SEM, n = 3, ***p<0.001,
**p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 4.43 Direct Treatment of Recipient Cells with Isolated BACE1 shRNA Loaded
Extracellular Vesicles. HEK293T source cells, plated in 15 cm cell culture dishes, were left
untreated (“UT”) or co-transfected with 17.5 pg each of the BACE1 shRNA or a negative
control shRNA (“NC”) plasmid and either a control GFP plasmid (“GFP”) or wild-type (“WT”)
or membrane-tagged (“MT”) forms of AGO2, 48 hours prior to isolation. Recipient HEK293T
cells were plated in 96-well cell culture plates 24 hours prior to treatment and left UT. EVs were
isolated, pooled, washed with PBS, re-isolated and split equally between recipient cells in a 96-
well cell culture plate. The remaining supernatant was concentrated and divided equally
between recipient cells in a 96-well cell culture plate (“SN”). Recipient cell expression of
BACEL shRNA (normalised to RNA input volume) and BACE1 and AGO2 mRNA, normalised
to S-Actin, was assessed by qPCR. (A) Source cells showed high transfection efficiency of the
respective plasmids. (B) BACE1 shRNA expression was significantly increased in cells treated
with EVs derived from BACEL1 shRNA + AGO2 (WT and MT) source cells. (C) BACEL
SshRNA expression was significantly increased in cells treated with concentrated supernatant
derived from BACE1 shRNA + AGO2 WT source cells. (D) BACE1 mRNA expression was
significantly decreased following treatment with EVs derived from BACE1 shRNA + control
GFP and BACE1 + AGO2 WT source cells. AGO2 expression was significantly decreased by
EVs derived from BACEL shRNA + control GFP source cells. (E) There was no effect upon
either BACE1 or AGO2 mRNA expression following treatment with concentrated supernatant.
Values are mean £ SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by
Tukey’s post-hoc test.
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Table 4.3 Results Summary for siRNA/ShRNA EV-Loading Experiments.

Experimental

RNA Condition Results Ref.
tr:r?s?e[\(l:ﬁon shRNA expression increased significantly in cells Fig. 4.5
- and EVs.
Co-transfection shRNA ex_pression increa§ed (s_ig.) in cells, EVs and
of ShRNA with SN following co:transfectlon with AG_OZ. . Fig. 4.23
AGO? Trend towards higher shRNA expression with AGO2
(MT) in EVs and with AGO2 (WT) in SN.
shRNA expression increased in cells and EVs (sig.)
Co-transfection and SN (non sig.) following co-transfection with
of shRNA with TNRCG6A. Fig. 4.31
TNRC6A Trend towards higher shRNA expression with
TNRC6A (WT) in SN.
APP APP mRNA _expression was not silenced following
ShRNA Functional co-culture with APP shRNA + GFP, AGO2 or
offects in TNRC6A co-trgnsfected source cells. -
recipient cells Tre_nc_i towards mcrea_sed AGO2 mRN_A expression in _
(co-culture): recipient cells following co-culture with APP shRNA | Fig. 4.40
APP ShRNA + + AGO2 (WT and MT) source cells.
AGO2/TNRCEA Trend towards increased TNRC6A mRNA expression
in recipient cells following co-culture with APP
ShRNA + TNRC6A (MT) source cells.
Functional Significant increase in APP shRNA expression in
effects in recipient cells following treatment with EVs and SN
recipient cells isolated from APP shRNA + AGO2 source cells. Fiq. 4.42
(isolated EVs): APP  mRNA expression in recipient cells g- %
APP shRNA + significantly reduced only following treatment with
AGO2 EVs isolated from APP shRNA + GFP source cells.
trasr‘:slj‘g:i\on Séi\F;NA expression increased significantly in cells and Fig. 4.5
alone S
Co-transfection SIRNA expression_significantly i_ncreas_ed in cells,
of SIRNA with EVsand SN follgwmg c_o—transfectlon_wnh _AGOZ. Fig. 4.24
APP AGO? Trend towards highest siRNA expression with AGO2 T
SiIRNA (WT) in cells, EVs and SN.
SiIRNA expression increased in cells and SN (non
Co-transfection sig.) and EVs (sig.) following co-transfection with
of siRNA with TNRCGA, but not above the level obtained following | Fig. 4.32
TNRC6A control co-transfections.
High variability within replicates.
SR shRNA expression increased significantly i Il
transfection p gnificantly in cells | o,
alone and EVs.
??RCNE: Co-transfection ShRNA e>_<pression i_ncreased in cell_s (no_n sig.), EVs
of ShRNA with and SN (sig.) following co-transfection with AGO?2. Fig.4.25
AGO? Trend towards higher shRNA expression with AGO2 o

(MT) in EVs.
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Table 4.3 Continued.

Experimental

RNA Condition Results Ref.
e ShRNA expression increased in cells and SN (non
Co-transfection sig.) and EVs (sig.) following co-transfection with
of shRNA with TNRCG6A but high variability within replicates. Fig. 4.33
TNRC6A e Higher shRNA expression with TNRC6A (MT) in
EVs (sig.) and with TNRC6A (WT) in SN (non sig.).
e BACEl1 mRNA expression was not silenced
Functional following co-culture with BACE1 shRNA + GFP,
effects in AGO2 or TNRC6A co-transfected source cells.
recipient cells | ¢ Significantly increased AGO2 mRNA expression in
BACEL (co-culture): recipient cells following co-culture with BACEL | Fig. 4.41
ShRNA BACE1L shRNA ShRNA + AGO2 (MT) source cells.
+ e Significantly increased TNRC6A mRNA expression
AGO2/TNRC6A in recipient cells following co-culture with BACE1
ShRNA + TNRC6A (MT) source cells.
Functional . Sig_ni_ficant increase irl BACE1 shRN_A expression in
effects in recipient cells following treatment with EVs and SN
recipient cells isolated from BACEL + AGO2 source cells. '
(isolated EVs): . APP _ MRNA expression_ in recipient_ cells | Fig. 4.43
BACE1L sShRNA _5|gn|f|cantly reduced following treatment with EVs
+ AGO2 isolated from BACE1 + GFP and BACE1 + AGO2
(WT) source cells.
SiRNA iRNA _ d sianificantly in cells and
transfection o sélv expression increased significantly in cells an Fig. 4.5
alone >
Co-transfection | ® SiRNA express_ion incree}sed in cells (non sig.) and
of SIRNA with EVsand SN (sig.) following AGO2 co-transfection. Fig. 4.26
BACEL1l AGO?2 e Trend towards highest sSiRNA expression with AGO2 C
SiIRNA (WT) in EVs and SN.
o SiRNA expression increased in cells (sig.), EVs and
Co-transfection SN (non sig.) following co-transfection with
of siRNA with TNRCGA, but not above the level obtained following | Fig. 4.34
TNRC6A control co-transfections.

High variability within replicates.

Sig., significant; EVs, extracellular vesicles; AGO2, argonaute 2; SN, supernatant; MT, membrane
tagged/associated; WT, wild-type; TNRC6A, Trinucleotide Repeat-Containing 6A (GW182 orthologue).
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4.3 Discussion

This study assessed the efficacy of an endogenous EV-loading strategy for RNAI
effectors relevant to AD. Appropriate siRNA and miRNA-based candidates were
identified and validated to regulate either APP or BACEL expression. Consistent with
previous studies which have employed endogenous EV-loading techniques*®®°0714>1%
transfection of RNAI effectors within source cells resulted in their secretion within EVs.
The remainder of the study therefore focused upon methods to optimise the endogenous
EV-loading technique. This included co-expression of RNA-binding proteins with
exogenous RNAI molecules within EV source cells and the inclusion of an acylation
domain to target RNA-binding proteins towards the membrane. As EVs are formed
following inward budding of the plasma membrane, it was hypothesised that increasing
the membrane localisation of RNA-binding proteins may enhance their incorporation
into EVs along with any associated RNA. Indeed, findings from this study suggest that
co-expression of exogenous RNAi-based molecules with AGO2 and TNRC6A
enhanced their cellular expression and secretion within EVs. Furthermore, inclusion of
the acylation domain within RNA-binding proteins appeared to enhance this effect
when co-transfected with pri-miRNA and shRNA expression plasmids. Together, these

findings suggest that members of RISC are important not only for promoting the

stability of RNAi-based molecules but also for their inclusion and secretion within EVs.
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Co-expression with RNA-binding Proteins Increased EV-loading of Small RNAs

The findings of the current study are generally consistent with those of a recently

published study by Lv et al.***

who showed that co-transfection of an AGO2-expressing
plasmid with miR-16 mimics resulted in increased miR-16 expression in both cells and
EVs. Specifically, AGO2 was shown to increase the level of miR-16 in cells by
protecting miRNAs from degradation within lysosomes. However, while these results
are consistent in terms of implicating AGO2 in increased cellular expression and EV
secretion of RNAI effectors, it should be noted that in the current study this was only
observed following expression of exogenous miRNAs from pri-miRNA expression
plasmids. Preliminary experiments revealed no significant increase in miRNA

expression within EVs following co-transfection of AGO2 with miRNA mimics and

thus the decision was taken to focus upon pri-miRNA expression plasmids.

One potential explanation for this discrepancy is the different identity of miRNAs used
between the two studies. This is an important factor as it has previously been shown that
different miRNA species are differentially associated with AGO2%°°%" Indeed, miR-16
has been found to associate more strongly with AGO2 in comparison to a range of other
miRNAs including miR-30a, miR-223 and let-7b*"°. While there has been no focused
assessment of AGO2 association with the miRNAs of interest in the current study, a
recent paper assessed miRNA expression profiles in HEK293T cells stably expressing
miR-155°%, Interestingly, it was reported that miR-17 and miR-106b were in the top 30
miRNAs associated with AGO2 although miR-29a was not mentioned. In this study, a
selective enrichment was also noted in AGO2-miRNA associations suggesting that

expression of a miRNA might not always be a true reflection of its activity®®®. However,
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it should be noted that ectopic expression of miR-155 was reported to cause changes in
both mMRNA and miRNA expression profiles, which resulted in increased cellular
proliferation. As both miR-17°® and miR-106b°"* have been linked to roles in

proliferation these results should be viewed with caution.

In this respect, it is also of interest that the degree of miRNA association with AGO2
has been found to vary depending upon both the condition of source cells and the

availability of the mRNA target’%

. For example, serum depletion significantly
increased the percentage of miR-16 associated with AGO2 while the total quantity of
miR-16 remained unchanged*’®. Together, these results again suggest that the level of
miRNA expression is not necessarily the best indication of activity. In the current study,
EV source cells were grown in Opti-MEM under conditions of serum deprivation. It is
therefore possible that this may have influenced the level of association between AGO2
and the miRNAs of interest. Furthermore, while miRNAs may associate with AGO?2, it

is also apparent that they are afforded extra protection by associations with other, as yet

unidentified, proteins*.

It would therefore be of interest to investigate the level of association between AGO2
and TNRC6A with the miRNAs in the current study. Following co-expression of
miRNAs with AGO2, there appeared to be an inverse relationship between the increase
in cellular and EV expression of exogenous miRNAs and the level of endogenous
miRNA abundance. While this might point towards a compensatory mechanism of
miRNA expression®®, it might also relate to differences in the extent of miRNA
association with AGO2. Thus, if a miRNA has a relatively high association with AGO2,

or indeed TNRCG6A, co-expression with either of these proteins might be expected to
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increase the stability of the miRNA above that observed for miRNAs with which they
are not so strongly associated. There did not appear to be such a strong inverse
relationship between the increase in exogenous MIRNA expression and their
endogenous abundance following co-transfection with TNRC6A. This may potentially
be explained either by a difference in association of certain miRNAs with AGO2 or

TNRCG6A or the relative importance of AGO2 versus TNRC6A in stabilising miRNAs.

There are several approaches that may be undertaken to explore the level of association
between miRNAs and AGO2 or TNRC6A. A miRNA pull-down assay may be utilised
to isolate miRNAs of interest followed by probing for AGO2/TNRC6A proteins.
Conversely, AGO2 or TNRC6A may be immunoprecipitated and the association
between each protein and specific miRNAs assessed by gPCR. More detailed proteomic
and transcriptomic analyses within both cells and EVs would also be informative to
determine how co-expression with AGO2 or TNRC6A may affect the composition of
cells and EVs. In the current study, AGO2 protein appeared significantly upregulated in
EVs following transfection of both AGO2 plasmids. In contrast, only low levels of
TNRC6A were detectable in EVs and were not increased following TNRCG6A

transfections. This is in contrast to the results of Gibbings et al.®®

who reported an
enrichment of GW182 (TNRCG6A orthologue) within EVs. Whether this relates to a
Western blotting detection issue or to specific differences in expression between
different cell types is unclear. Similarly, while the expression of two further miRNAs
suggested a degree of specificity in increased exogenous miRNA expression following

co-transfections, more detailed transcriptomic analyses would further clarify the

consequences of RNA-binding protein overexpression upon EV cargoes.
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As mentioned previously, specific sequence motifs (EXOmotifs) may selectively target
specific miRNAs for EV-loading*’*. However, sequence motifs have also been
identified which are over-represented in miRNAs specifically retained in cells
(CLmotifs)*™. Mutagenesis to convert EXOmotifs into CLmotifs and vice versa has
been shown to reverse the pattern of exosome enrichment or cellular retention of
miRNAs, respectively*’*. Of note, three miRNAs within the current study (hsa-miR-17,
hsa-miR-20a and hsa-miR106b) contained the CLmotif “UGCA”. It is possible that this
may have influenced the EV-loading for these miRNAs. It would therefore be of interest
to explore whether insertion of the EXOmotif into these miRNAs would enhance their

loading into EVs without disrupting regulation of their target mMRNAs.

AGO2 and TNRC6A Did Not Enhance Functional Activity of Small RNA in

Recipient Cells

Importantly, the study of Lv et al.”®* reported that increased EV expression of miR-16
was associated with functional effects in recipient cells. Treatment of HEK293T cells
with HeLa EVs enriched in miR-16 and AGO2 enhanced silencing of the miR-16 target,
BCL-2, when compared to EVs derived from control source cells or those transfected
only with miR-16. In contrast, enhanced functional activity following co-transfection
with AGO2 (or TNRC6A) was not consistently observed in the current study. Thus,
silencing of reporter activity or target mRNA was generally observed following
treatment with EVs derived from source cells co-transfected with the control GFP
plasmid and either hsa-miR-106, APP shRNA or BACE1 shRNA. When silencing was
observed following treatment with EVs derived from source cells co-transfected with

RNAI effectors and AGO2 plasmids it was at a similar level to that achieved with the
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152 the results of the current

control GFP plasmid. Therefore, in contrast to Lv et a
study do not suggest that functional activity in recipient cells was enhanced following

co-transfection with AGO2 or TNRC6A.

The exact reasons for this inconsistency are unclear; however, there are a number of
potential explanations. Firstly, it should be noted that while EV yield was reduced
following co-transfection of RNAI effectors with all plasmids, co-transfection with
AGO2 plasmids reduced EV vyield to a greater extent than co-transfections with control
GFP plasmids. This could partly account for why co-transfection with AGO2 did not
enhance target silencing above that achieved following co-transfections with the control

GFP plasmid if fewer EVs loaded with exogenous RNAI-based effectors were secreted.

Furthermore, the threshold level of exogenous RNAI cargoes within EVs required to
elicit functional activity in recipient cells is unknown. Therefore, it is possible that the
quantity of loaded EVs produced an insufficient concentration of RNAi molecules to
elicit functional effects in recipient cells. In this respect, the relatively high endogenous
levels of hsa-miR-106b may have made it more challenging to significantly increase
hsa-miR-106b expression in recipient cells following EV-mediated delivery in co-
culture. This is particularly important as the luciferase reporter is already under
regulation by endogenous hsa-miR-106b in recipient cells. While the use of hsa-miR-
29a may have been more optimal, the choice of hsa-miR-106b was determined by
reporter sensitivity. In contrast, in the case of isolated EVs loaded with hsa-miR-106b, a
near ceiling effect was achieved in the level of silencing of the luciferase reporter within
recipient cells. Treatment with isolated EVs elicited a similar level of silencing as that

achieved following direct transfection of the hsa-miR-106b mimic. High silencing
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efficiency may therefore have precluded any difference in efficacy from becoming

apparent.

As noted above, miRNA expression might not be a true reflection of activity*’%*%%,

Therefore, even though miRNA/shRNA expression appeared increased following co-
expression with AGO2 and TNRC6A, this may not necessarily translate into increased
activity. It should also be noted that in the current study both AGO2 and TNRC6A were
fused to GFP and this may have affected their functional activity. It will be important to
assess this using constructs from which AGO2/TNRC6A are expressed in the absence
of GFP. Finally, the current study focused upon silencing of luciferase activity and
MRNA expression. Future studies should therefore explore the effects upon endogenous

protein levels.

Two different strategies were employed to assess the functional activity of loaded EVs
upon recipient cells including co-culture and the direct application of isolated EVs.
While the direct application of EVs appeared more promising, suggesting that
increasing the quantity of EVs may increase functional activity, this requires further
optimisation. In the current study, the equivalent yield from 1 x 15 cm cell culture dish

was applied to 1 well of a 96-well cell culture plate. In contrast, Lv et al.>**

reported the
use of 10 pg EVs to treat 1 x 10° cells. When samples are washed prior to
quantification, the EVs obtained from 1 x 15 cm dish may yield ~1-5 pg of protein. EVs
were applied based upon yield obtained per plate rather than protein quantity given the

potential for medium protein contamination. However, this strategy is associated with

its own issues given the potential for variability in isolation efficiency and the reduced
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secretion of EVs observed following co-transfection. In future, normalisation by particle

number may prove a more optimal approach.

Another factor which may potentially contribute towards the discrepancy in functional
activity observed between the current study and previous reports*¢®°07°14515524 jq the
choice of source and recipient cells. As discussed previously, the interactions driving
recipient cell uptake of EVs are not fully elucidated, although a role for cell adhesion
molecules, and in particular the tetraspanins, has been postulated*”**®4%  In the current
study, HEK293T cells were used as both source and recipient cells largely due to their
amenability to transfection. However, previous studies have utilised a range of cell
types often differing in their choice for source and recipient cells. It is therefore possible

that the ideal cell combination was not used in the present study and this will be an

important area for future research.

Finally, it should be noted that, where appropriate, the results of the current study are
focused on the expression of mature miRNA. As mentioned previously, endogenous and
exogenous pre-miRNAs and mature miRNAs may be found within EVs and it has been
suggested that pre-miRNAs may be preferentially loaded over mature forms in some
cell types*®®494212383 The evel of pri-miRNA expression was therefore also considered
following transfections of pri-miRNA expression plasmids in the current study.
However, this revealed that pri-miRNA levels within EVs were either undetectable, at
very low levels or were actually reduced following co-expression of pri-miRNA
expression plasmids. These results therefore suggest that preferential loading of pre-

miRNAs may be limited to specific cell types or miRNA species.
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Co-transfection and EV Isolation Efficiency Contributed to High Variability between

Replicates

Throughout this study, relatively high variability was noted in cellular and EV
expression of mMiIRNASs/siRNAs and mRNAs. This issue was investigated and appeared
to arise from variability in the efficiency of large-scale transfections and EV isolation.
Combined, these two sources of variability may contribute towards the lack of enhanced
silencing following co-transfections with AGO2/TNRC6A proteins. In this respect,
further optimisation of transfection parameters is likely required. In the current study,
equal quantities of mMiIRNA/shRNA expression plasmids and AGO2/TNRC6A plasmids
were applied during co-transfections. However, whether this represents the optimal
strategy remains to be determined. It may be that a higher ratio of AGO2/TNRC6A to
RNAI effectors or vice versa may be more effective at increasing the expression and

functional activity of exogenous RNAi molecules within EVs.

The issue of variable isolation efficiency is an important one. While differential
ultracentrifugation currently remains the standard technique within the field, it may not
be the most efficient. As demonstrated in the current study, there is substantial loss of
material with each isolation step and this may vary between replicates. Furthermore, it
is not yet fully understood how ultracentrifugation may influence the structure or
function of EVs. Indeed, evidence from electron microscopy provided in the current
study suggests particles may become aggregated or fused. Alternative isolation methods
are therefore required which are more scalable and not as subject to variability in
retained yield of EVs. Current work within the lab and with collaborators is aimed at

developing new isolation strategies which includes the use of ultrafiltration paired with
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size-exclusion  liquid  chromatography ~ (UF-LC)**.  When compared to
ultracentrifugation, UF-LC appears to produce a significantly higher EV yield without
affecting vesicle protein composition. Furthermore, EVs derived by UF-LC and
ultracentrifugation show different in vivo biodistributions®*, suggesting that the
biophysical properties of EVs may be significantly altered by the isolation method
chosen. This technique was unavailable for the current study and therefore future
studies should explore whether UF-LC isolations may produce different functional

outcomes.

A Role for Non-Vesicular Small RNA-Protein Complexes?

It is of interest that concentrated supernatant samples also produced significant silencing
of reporter activity following co-transfection of miR-106b with either control GFP or
AGO?2 plasmids. There are a number of factors which may have contributed towards
this silencing. Firstly, as discussed above, a large proportion of particles are not retained
following each centrifugation step. While some of the observed particles measured
within filtrate may relate to protein contamination, it is also possible that those vesicles
which were not retained were subsequently concentrated within the supernatant by

ultrafiltration and contributed to silencing of reporter activity within recipient cells.

Alternatively, it has also been clearly established that there are a population of AGO2-
miRNA complexes which associate independently of vesicles®”>*". Indeed, it has been
suggested that the majority of circulating miRNAs may be associated with protein
complexes such as AGO2 rather than with vesicles, although this is debated*®>">>".

Therefore, it is possible that some of these complexes may have been concentrated by
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ultrafiltration and taken up by recipient cells where they were able to silence the target
reporter. Indeed, increased supernatant expression of exogenous RNAI molecules was
frequently observed following co-transfection with AGO2 or TNRC6A WT plasmids,
suggesting that secretion of non-vesicular RNAI effectors and AGO2/TNRC6A
complexes may have been increased. In contrast to the results with hsa-miR-106b,
neither APP nor BACE1 mRNA expression was significantly silenced despite increased
APP and BACEL1 shRNA expression following treatment with concentrated supernatant.
It is possible that this might relate to differences in readout sensitivity and the quantity
of RNAI effectors required to silence a luciferase reporter with four complementary

binding sites versus APP or BACE1 mRNA.

In summary, the current study adds support to previous evidence suggesting that an
endogenous EV-loading method is a viable alternative to exogenous-based loading
methods. Indeed, this is one of the first studies to demonstrate enhanced EV-loading of
exogenous RNAI-based effectors, including miRNAs and siRNAs, following co-
expression with RNA-binding proteins such as AGO2 and TNRC6A. Moreover, this
effect appeared to be further increased by the inclusion of an acylation domain within
the N-terminus of these RNA-binding proteins. While the assessment of functional
effects in recipient cells requires further optimisation, this remains a promising strategy

for future research.
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5 Multi-gene LNA-ASO Silencing of Alzheimer’s Disease Targets'

5.1 Introduction

While a minority of AD cases are caused by mutations in key genes such as APP and
presenilin, for most, AD is multi-faceted involving a large number of different risk
factors. Thus, although approaches focused upon silencing specific gene expression
may prove promising, it is increasingly recognised that a combinatorial approach may
have the strongest chance of therapeutic success*®***°®. Combinatorial therapies are
now utilised for the treatment of a range of other complex diseases including cancer,
AIDS and cardiovascular disease®’>®. Therefore, it is perhaps unrealistic to expect a
compound targeting one single aspect of the complex disease process to demonstrate
significant disease-modifying properties in AD. While a number of amyloid-p-based
drugs have failed at clinical trial, it may be that targeting amyloid-p in combination with
other pathogenic processes may hold more promise. Indeed, the Accelerate
Cure/Treatments for Alzheimer’s Disease Coalition recently highlighted the need for
combinatorial approaches and began planning clinical trials to test compounds targeting

different pathogenic pathways or multiple targets within the same pathway®**%.

While the concept of combinatorial therapy for AD is relatively new, a number of
studies have begun to investigate its potential. Chow et al.”** showed that partially
silencing both Bacel and vy-secretase additively reduced amyloid-f burden and

cognitive deficits in an aged transgenic mouse model of AD. Similarly, treatment of

" This study was completed in collaboration with Dr. Miguel Varela, Wood Lab, University of Oxford.
Dr. Varela conducted bioinformatics analyses to identify potential multi-gene targeting LNA-ASO
sequences while C. Woffindale performed in vitro screening of candidate LNA-ASOs.
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APP transgenic mice with the anti-amyloid-p antibody, Gantenerumab, in combination
with a Bacel inhibitor significantly enhanced the anti-amyloid effect produced by either
compound alone®®. Combined targeting of other pathogenic processes has also been
successful. Treatment with both anti-oxidants and essential fatty acids reduced the
inflammatory response, loss of cholinergic neurons and cognitive deficits in a mouse
model of AD®. Similarly, the repurposing of two existing drugs aimed at restoring the
balance between excitatory and inhibitory signalling within AD resulted in
neuroprotective effects against amyloid-B-mediated toxicity in vitro and alleviated

cognitive deficits in two different AD mouse models in vivo®®,

Combinatorial strategies have also been trialled in AD patients. A recent meta-review of
several studies investigating combined treatment with acetylcholinesterase inhibitors
and Memantine revealed beneficial effects in moderate-to-severe AD across a range of
measures®®. Similarly, combining Vitamin E supplements with acetylcholinesterase
inhibitors may reduce the rate of functional decline®®. Together, these results offer
support for the notion that combinatorial approaches represent the most promising

therapeutic hope for the future.

Based upon developments in the field of therapeutic antisense oligonucleotides (ASOs)

and recent findings highlighting their promise for AD?*01403:404406-413

, the current study
investigated the utility of locked nucleic acid-modified-ASOs (LNA-ASOs) as a
combinatorial approach towards AD therapy. As outlined previously, the methylene
bridge between the 2’ oxygen and 4’ carbon of LNA bases imposes a conformational

constraint which increases binding affinity and specificity for target mRNA. The

addition of flanking LNA bases also protects against exonucleolytic degradation and
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increases in vivo stability*'"*®. Thus, LNA-ASO gapmers are able to induce potent and
highly specific RNase H-mediated gene silencing and as such are emerging as a popular

choice for ASO-based therapeutics.

Therefore, this study focused upon a novel oligonucleotide-based combinatorial
approach in which LNA-ASO gapmers were designed to specifically and
simultaneously target two separate AD-relevant genes. Two promising candidate multi-
gene LNA-ASOs targeting human transcripts were identified; one targeting APP and
GSK3p (APGS) and the second targeting BACE1 and mTOR (BAMT). APGS and
BAMT multi-gene LNA-ASOs elicited potent silencing of both their respective target
genes and significantly reduced amyloid-B production in the HEK293 APPswe cell
line'®. Promisingly, a further multi-gene LNA-ASO (mBAMT) targeting murine Bacel
and mTOR was also identified, paving the way for future in vivo studies. This study
therefore identified three novel multi-gene targeting LNA-ASOs with the potential to

moderate two different disease pathways within AD.
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5.2 Results

5.2.1 Identification of Potential Gene Targets

Candidate gene targets were identified by a literature search and are provided in Table
5.1. Potential targets were selected if they had previously been linked to pathological
pathways in AD or if their silencing had been shown to have therapeutic relevance for
AD. Candidate multi-gene targeting LNA-ASOs were designed by Dr. Miguel Varela
(Wood Lab) using an algorithm which identifies overlapping sequences, 13-15
nucleotides in length, between two or more genes of interest. Sequences were blasted
against the human genome to ensure specificity to the genes of interest and
subsequently used to design candidate multi-gene targeting LNA-ASO gapmers which
were predicted to target two separate genes simultaneously (Fig. 5.1). LNA-ASO
gapmers contained a fully phosphorothioated backbone and comprised a core region of
7-9 DNA monomers flanked either end by 3 LNA-modified bases, as this structure has
previously been shown to elicit potent and specific RNase H-mediated gene
silencing®’. Candidate multi-gene targeting LNA-ASOs identified by this method are

provided in Tables 5.2 and 5.3.
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Gene 1 Gene 2

...xxxxxlNNNNNNNNNNNNNN.xxxxx... ...xxxxxINNNNNNNNNNNNNNIxxxxx...

Common
sequence
for LNA-ASO

+N+N+Nnnnnnnnn+N+N+N

Figure 5.1 Design of LNA-ASOs for Multi-gene Targeting. Common sequences, 13-15
nucleotides in length, present within two candidate genes of interest, were identified by the use
of an algorithm which detects overlapping sequences between two or more genes. Candidate
sequences were blasted against the human genome to ensure specificity to the desired target
genes and utilised to design multi-gene targeting LNA-ASO gapmers. LNA-ASO gapmers were
designed to have a fully phosphorothioated backbone and comprised a core region of 7-9 DNA
bases flanked either end by 3 LNA-modified bases, indicated by + signs.

319



Table 5.1 Candidate Genes of Interest as Multi-gene LNA-ASO Targets.

Gene of Evidence Ref.
Interest
Loss of cholinergic neurons in AD leads to reduction in levels of
key neurotransmitter, acetylcholine (ACh).
AChE Acetylcholinesterase (AChE) inhibitors prolong the activity of | 1,281,605
ACh, enhancing neurotransmission.
AChE inhibitors are approved to treat mild-to-moderate AD.
APOE &4 is strongest genetic risk factor for sporadic AD.
APOE is the most prevalent neuronal lipoprotein, colocalizes with
amyloid-p plaques and linked to disrupted clearance and 25,324,
APOE aggregation of amyloid-p. 325,
Monoclonal antibody against APOE significantly reduced | 606-608
amyloid-p load when administered prior to or after plaque
deposition in transgenic mouse model of AD.
Sequential cleavage of APP by BACEL and y-secretase results in
amyloid- duction.
APP yloid-p production. 609,610
Mutations in APP linked to early and late-onset AD through
enhanced production of toxic amyloid-f (42) monomers.
BDNF is a secreted neurotrophic growth factor important for
supporting neuronal survival, plasticity, learning and memory.
AS-BDNF AS-BDNF forms duplexes with sense-BDNF mRNA. 611-613
Silencing of AS-BDNF increased both mRNA and protein BDNF
levels resulting in increased neurite outgrowth and maturation.
GDNF is a secreted neurotrophic growth factor important for
regulating neuronal survival, branching and plasticity.
AS-GDNF GDNF and AS-GDNF display inverse pattern of expression in | 613,614
human middle temporal gyrus in AD patients.
Inhibition of AS-GDNF resulted in upregulation of GDNF mRNA.
Successive proteolytic processing of APP by BACE1L results in
production of amyloid-p.
BACEL expression is elevated in AD patients, resulting in | 290 296
increased production of amyloid-p. 297 299
BACE1 Inhibition of Bacel in primary cortical neurons, WT and AD 305’422'
transgenic mice lowered amyloid-p production with a reduction in 615, 618’

amyloid-B plaques, reversal of synaptic pathology and rescue of
memory deficits.

BACEL1 inhibitors have reached human clinical trials.
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Table 5.1 Continued.

Gene of Evidence Ref.
Interest

“Effector” protease activated in apoptosis cell death pathway.
Chronic, non-apoptotic activation of caspase-3 in hippocampal
dendritic spines in transgenic AD mice.

Caspase-3 Increased amyloid-B production through caspase-3 mediated | 619,620
cleavage of APP and formation of tau filaments following
caspase-3 cleavage of tau.
Inhibition of caspase-3 rescued AD phenotype.
“Initiator” protease activated as part of apoptotic pathway.
Activation of caspase-9 in human hippocampal AD sections and
hippocampal synaptic fractions in transgenic AD mice.

Caspase-9 Caspase-cleaved tau fragments found in neurofibrillary tangles | 621,622
and dystrophic neurons.
Inhibition of caspase-9 activity rescued synaptic plasticity and
memory deficits in transgenic mice.
Interacts with cyclin B1 to form a heterodimer that determines
the timing of mitosis in the cell-division cycle.
Activation of CDK1 important in determining initiation of

CDK1 apoptosis and aberrant expression of CDK1/cyclin B1 observed | 623-625

in degenerating neurons in AD brain.
CDK1 phosphorylates amyloid-. CDK1 inhibitor reduced
amyloid-p phosphorylation, preventing amyloid-f toxicity.
Encodes p35, a neuron-specific activator of CDK5, which is
required for correct CNS development.

CDK5R1 Cleavage of p35 produces a truncated form, p25, which is found | gog gog
to accumulate in the neurons of patients with AD.
p25 constitutively activates CDKS5, altering its cellular location
and resulting in hyperphosphorylation of tau.
Transcription factor that is an effector of the JNK signal
transduction pathway with can lead to neuroprotective
adaptations or apoptosis depending upon the stressor.

C-Jun Phosphorylated c-Jun is strongly associated with neurofibrillary 630632

tangles and nuclei in hippocampal neurons in AD brains.

Inhibition of JNK ameliorated cognitive deficits and reduced
amyloid-p production, amyloid plaque load, tau hyper-
phosphorylation and synaptic loss in transgenic AD mice.
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Table 5.1 Continued.

Gene of
Interest

Evidence

Ref.

GRIA2

Encodes GRIA2 subunit of AMPA receptor.

Expressed in cortical neurons and plays a role in excitatory
glutamatergic neurotransmission.

Differential expression reported at post-mortem in AD patients
and in young APOE &4 carriers prior to AD occurrence.
Hippocampus-specific defective GRIA2 RNA-editing reported
within AD patient samples.

633-636

GRIN2A/B

Encodes NR2A/B subunit of NMDA receptor.
Deregulated expression of GRIN2A/B in AD.

Amyloid-p oligomers interfere with NMDA receptor function
and trafficking.

Association between GRIN2B polymorphisms and AD.

Silencing of NMDA receptors in hippocampal neurons blocked
neuronal oxidative stress induced by amyloid-p oligomers.

Inhibition of NR2B-containing NMDA receptors abolished
amyloid-B-induced tau phosphorylation and toxicity.

637641

GSK3a

Protein kinase involved in phosphorylation of tau and cleavage
of APP.

Two GSK3 inhibitors blocked production and accumulation of
amyloid-p in transgenic APP mice by interfering with v-
secretase processing of APP.

Selective RNAi-silencing of GSK3a resulted in significant
reduction in amyloid-p (40/42) in APP mutant cell line while
overexpression of GSK3a resulted in a dose-dependent increase
in amyloid-f.

150,161,
642

GSK3p

Protein kinase involved in the phosphorylation of tau.

Increased activation of GSK3B in frontal cortex and
colocalization with neurofibrillary tangles in brains of AD
patients.

Inhibition of GSK3p reduced Bacel-mediated cleavage of APP
and amyloid-f production by decreasing Bacel gene
transcription and expression.

Inhibition of GSK3f rescued cognitive deficits and synaptic
plasticity in mice.

GSK3p inhibitors have reached clinical trial.

151,346,
643-647
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Table 5.1 Continued.

Gene of
Interest

Evidence

Ref.

mTOR

Ser/Thr kinase involved in regulation of protein synthesis,
autophagy and cell growth, proliferation and survival.

Increased expression of MTOR in hippocampus and in neurons
bearing neurofibrillary tangles in AD patients.

Amyloid-p increases mTOR signalling while inhibition of
mTOR results in reduction in amyloid-p levels.

MTOR inhibition reduced amyloid-p and tau phosphorylation,
rescuing cognitive deficits in transgenic AD mice models.

648-654

NOX2/
NOX4

NADPH oxidases (NOX2/4 - isoforms of the catalytic subunit)
are enzyme complexes responsible for production of reactive
oxygen species in microglia, neurons and astrocytes.

NOX activity and expression upregulated in MCI and AD
patients and NOX4 subunit increased in APP transgenic mice in
age-dependent manner.

Amyloid-p induces activation of NOX2 resulting in superoxide
production while ibuprofen treatment inhibits NOX2 activation,
reduces oxidative damage and increases plaque clearance.

AD transgenic mice lacking the catalytic subunit, NOX2,
protected against oxidative stress, cerebrovascular dysfunction
and behavioural deficits.

Positive linear relationship between NOX4 activity and
deposition of amyloid-f which was inversely related to
cognitive performance.

655-663

Tau

Hyperphosphorylated tau is primary component of
neurofibrillary tangles.

Oligomeric tau found to be a toxic species which reduces cell
viability and may play a role in initiation and spread of tau
pathology.

Tau appears to play important role in propagating excitotoxic-
mediated amyloid-f pathology through post-synaptic targeting
of Src kinase Fyn. Silencing of tau or inhibition of post-
synaptic targeting of Fyn prevents memory and synaptic deficits
and improves survival in AD transgenic mouse model.

RNAi-silencing of tau in SH-SH5Y cells improved
mitochondrial function and synaptic activity.

Reduction of endogenous tau levels protected AD mice against
excitotoxicity and prevented behavioural deficits.

126,141,
145,186,
664666

AD, Alzheimer’s Disease; ACh, acetylcholine; AChE, acetylcholinesterase; APP, amyloid precursor
protein; AS-BDNF, antisense brain-derived neurotrophic factor; AS-GDNF, antisense glial cell-derived
neurotrophic factor; BACEL, p-secretase; NR2A/B, N-methyl D-aspartate receptor subtype 2A/B;
NMDA, N-methyl D-aspartate; mTOR, mammalian target of rapamycin; Ser/Thr, serine/threonine;
NADPH, nicotinamide adenine dinucleotide phosphate (reduced); NOX, NADPH oxidase.
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Table 5.2 Human Multi-gene LNA-ASO Candidates.

Genes Targeted
LNA-ASO Sequence
Gene 1 Gene 2
APGS APP GSK3p +A+G+Agagactga+T+T+C
BACD BACE1 CDK5R1 +C+C+Ttccaccgc+T+G+C
BAMT BACE1 mTOR +G+A+TagagacatA+T+G
BAPP1 BACE1 APP +A+C+Ttcagactg+G+T+T
BAPP2* BACE1 APP +A+C+Ttcagactg+G+T+T/idSp/+A
BAPP3** BACE1 APP +A+C+Ttcagactg+G+T+T/idSp/+A/idSp/+G
BATA BACE1 Tau +T+G+Ctggtggctt+C+T+C
GRAGSB GRIA2 GSK3p +C+A+Aaaagatattc+tA+G+A
GRANO GRIA2 NOX4 +A+G+Gcatatttc+C+C+T
GRBCA GRIN2B Caspase-9 +G+A+Gtgagcccac+T+G+C
GSBGRB GSK3p GRIN2B +C+C+Accccctgga+T+C+T

BAPP sequences were identical but included the addition of 1* or 2** abasic sites (idSp). This allowed
the design of longer LNA-ASOs by covering mismatches between APP and BACEL sequences. All LNA-
ASOs have a fully phosphorothioated backbone with 7-9 DNA monomers flanked on either end by 3
LNA-modified bases, + indicates LNA-modified base.
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Table 5.3 Chromosome Location of LNA-ASO Target Sequences.

Chromosome Location of Target Sequence

LNA-ASO
(GRCh38)
e APP: Chr. 21: 26097025-26097038
GSK3p: Chr. 3: 120090373-120090386
BACD BACEL: Chr. 11: 117311680-117311693
CDKG5R1: Chr. 17: 32490184-32490197
ST BACEL: Chr. 11: 117312772-117312784
mTOR: Chr. 1: 11155629-11155641
BAPPL BACEL: Chr. 11: 117307558-117307571
APP: Chr. 21: 26170967-26170980
S BACE1L: Chr. 11: 117307556-117307571
APP: Chr. 21: 26170965-26170980
BAPP3 BACEL: Chr. 11: 117307554-117307571
APP: Chr. 21: 26170963-26170980
S BACEL: Chr. 11: 117285578-117285592
Tau: Chr. 17: 45983557-45983571
GRIA2: Chr. 4: 157364444-157364459
GRAGSB
GSK3p: Chr. 3: 120091488-120091503
GRIA2: Chr. 4: 157360007-157360020
GRANO
NOX4: Chr. 11: 89496453-89496466
GRIN2B: Chr. 12: 13904052-13904066
GRBCA
Caspase-9: Chr. 1: 15523433-15523447
GSK3p: Chr. 3: 120089164-120089178
GSBGRB

GRIN2B: Chr. 12: 13653364-13653378
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5.2.2 Multi-gene LNA-ASOs Effectively Silenced Target Genes in SH-

SH5Y Cells

Candidate LNA-ASO gapmers were first screened in vitro in the human neuroblastoma
SH-SH5Y cell line. SH-SH5Y cells were reverse transfected with 20 nM of either the
candidate multi-gene LNA-ASO or a negative control LNA-ASO using Lipofectamine
2000. Expression of each relevant target mRNA, normalised to f-Actin, was assessed by
gPCR after 48 hours. Caspase 9, GRIA2, GRIN2B and NOX4 mRNA were not
detectable in SH-SH5Y cells so the following multi-gene LNA-ASOs could not be

screened; GRAGSB, GRANO, GRBCA and GSBGRB.

Promisingly, a number of candidate LNA-ASOs silenced both of their predicted targets
including APGS (APP and GSK3p), BAMT (BACE1 and mTOR) and BATA (BACE1
and tau) (Fig. 5.2A,C,E). In contrast, BACD (BACE1 and CDK5R1) and BAPP1 (APP
and BACE1) produced significant silencing of only one target gene (Fig. 5.2B,D).
Given that targeting both APP and BACE1 may prove potentially additive in reducing
amyloid-p production, two further multi-gene LNA-ASOs were designed to target both
BACEL and APP; BAPP2 and BAPP3. BAPP2 and BAPP3 LNA-ASOs were based
upon the same sequence as BAPP1 but included the addition of either one (BAPP2) or
two (BAPP3) abasic sites within the 3’ end of the LNA-ASO sequence. The abasic site
allowed the design of longer LNA-ASOs despite a mismatch between the APP and
BACEL1 sequences. As above, BAPP2 and BAPP3 were screened at 20 nM in SH-SH5Y
cells. Encouragingly, BAPP2 and BAPP3 produced significant silencing of both APP

and BACE1 mRNA expression (Fig. 5.3).
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Figure 5.2 Candidate Multi-gene LNA-ASO Screening in SH-SH5Y Cells. SH-SH5Y cells
were reverse transfected with 20 nM of each candidate multi-gene LNA-ASO or a negative
control LNA-ASO (“NC”). Expression of the appropriate genes, normalised to f-Actin, was
assessed by qPCR after 48 hours. Gene silencing observed following treatment with (A) APGS,
(B) BACD, (C) BAMT, (D) BAPP1 and (E) BATA multi-gene LNA-ASOs. Values are mean *
SEM, n = 3, **p<0.01, Student’s t-test.
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Figure 5.3 Screening of Candidate BAPP Multi-gene LNA-ASOs in SH-SH5Y Cells. SH-
SH5Y cells were reverse transfected with 20 nM of each candidate BAPP multi-gene LNA-
ASO or a negative control LNA-ASO (“NC”). RNA was harvested after 48 hours and BACE1
and APP mRNA expression, normalised to f-Actin, assessed by qPCR. Both BACE1 and APP
MRNA expression was significantly decreased following treatment with (A) BAPP2 and (B)
BAPP3 multi-gene LNA-ASOs. Values are mean + SEM, n = 3, **p<0.01, *p<0.05, Student’s
t-test.
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5.2.3 Multi-gene LNA-ASOs Effectively Silenced Target Genes in HEK293

APPswe Cells

Candidate LNA-ASO gapmers were also screened in HEK293 APPswe cells as a more
relevant model of AD. HEK293 APPswe cells refer to a line of HEK293 cells stably
transfected with the human Swedish mutation of APPgos %", Stable expression of the
mutated form of APPggs increases amyloid-B production by 6-8 fold in comparison to

cells expressing normal APPggs™.

GRIA2 and NOX4 mRNA were not detectable so GRAGSB and GRANO multi-gene
LNA-ASOs could not be screened in HEK293 APPswe cells. As before, HEK293
APPswe cells were reverse transfected with 20 nM of either the candidate multi-gene
LNA-ASO or a negative control LNA-ASO using Lipofectamine 2000. Expression of
each relevant target mRNA, normalised to f-Actin, was assessed by qPCR after 48
hours. This revealed that a number of candidate multi-gene LNA-ASOs silenced both of
their predicted targets including APGS (APP and GSK3p), BAMT (BACEL and mTOR),
BATA (BACE1 and tau) and GRBCA (GRIN2B and caspase-9) (Fig. 5.4A,C,E,F). As
in SH-SH5Y cells, BAPP1 (APP and BACE1l) and BACD (BACE1 and CDK5R1)
significantly silenced only one of their target genes (Fig. 5.4B,D) while GSBGRB

(GSK3p and GRIN2B) did not silence either target (Fig. 5.4G).

As it was desirable to identify a multi-gene LNA-ASO targeting both APP and BACEL,
the additional BAPP2 and BAPP3 LNA-ASOs were also screened at 20 nM in HEK293
APPswe cells. However, in contrast to the dual-silencing observed in SH-SH5Y cells,

only BACE1 was significantly silenced (Fig. 5.5A-B). To determine whether an
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increased concentration was required to elicit silencing, HEK293 APPswe cells were
transfected with 50 nM of BAPP1, BAPP2 or BAPP3 multi-gene LNA-ASOs. Despite
the increased concentration, all three failed to silence APP mRNA expression (Fig.
5.5C-E). This may relate to an inaccessible binding site if a different conformational
structure is imposed upon APP mRNA by the presence of the Swedish mutation. As the
design of new LNA-ASOs was limited by the requirement for overlapping sequences

between APP and BACE1 no further LNA-ASOs could be developed.

Based upon the results in both SH-SH5Y and HEK293 APPswe cells, two LNA-ASOs
were selected for further study; APGS (APP and GSK3p) and BAMT (BACE1 and
mTOR). BATA also elicited silencing of both BACE1 and tau, however the decision
was taken to focus upon APGS and BAMT given the essential neuronal functions of tau
as outlined previously. Both GSK3f and mTOR are implicated in the
hyperphosphorylation of tau and thus may provide an alternative strategy to target the

tau pathological pathway.
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Figure 5.4 Candidate Multi-gene LNA-ASO Screening in HEK293 APPswe Cells. HEK293
APPswe cells were reverse transfected with 20 nM of each candidate multi-gene LNA-ASO or a
negative control LNA-ASO (“NC”). RNA was harvested after 48 hours and mRNA expression
of the appropriate genes, normalised to S-Actin, assessed by qPCR. Gene silencing observed
following treatment with (A) APGS, (B) BACD, (C) BAMT, (D) BAPP1, (E) BATA, (F)
GRBCA and (G) GSBGRB multi-gene LNA-ASOs. Values are mean + SEM, n = 3,
***p<0.001, **p<0.01, *p<0.05, Student’s t-test.
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Figure 5.5 Screening of Candidate BAPP Multi-gene LNA-ASOs in HEK293 APPswe
Cells. HEK293 APPswe cells were reverse transfected with either 20 nM or 50 nM of candidate
BAPP multi-gene LNA-ASOs or a negative control LNA-ASO (“NC”). RNA was harvested
after 48 hours and BACE1 and APP mRNA expression, normalised to f-Actin, assessed by
gPCR. (A) BAPP2 and (B) BAPP3 multi-gene LNA-ASOs applied at 20 nM dose. (C) BAPP1,
(D) BAPP2 and (E) BAPP3 multi-gene LNA-ASOs applied at 50 nM dose. Values are mean +
SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, Student’s t-test.
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5.2.4 Characterisation of APGS and BAMT Multi-gene LNA-ASOs in SH-

SH5Y Cells

Further characterisation of APGS (Fig. 5.6) and BAMT (Fig. 5.7) multi-gene LNA-
ASOs was performed in SH-SH5Y cells to assess the kinetics of mRNA silencing,

LNA-ASO toxicity and effect upon target gene protein expression.

The APGS multi-gene LNA-ASO elicited significant silencing of both APP and GSK3f
mRNA at concentrations > 2.5 nM (ICsp: APP, 1.60 nM; GSK3p, 1.28 nM) (Fig. 5.6A-
C) which persisted for up to 72 hours (Fig. 5.6D). The relatively flat dose-response
curve above these concentrations was attributed to saturation of transfection efficiency
of SH-SH5Y cells. Although LNA-ASQOs are often stated to be of low toxicity in vivo,
several studies have demonstrated that they may be associated with hepatotoxicity, the
extent of which may vary by sequence length and specific sequence motifs®®°7.
Cellular toxicity of the APGS multi-gene LNA-ASO was therefore assessed by the
MTS viability assay (Fig. 5.6E). This assay measures the conversion of the MTS
tetrazolium compound into formazan by NAD(P)H dehydrogenase enzymes in
metabolically active cells to provide a measure of cell viability. The MTS assay
revealed a dose-dependent reduction in cell viability 48 hours after treatment with the
APGS multi-gene LNA-ASO (Fig. 5.6E). Protein expression of APP and GSK3p,
relative to B-Actin, was assessed by Western blotting 48 hours after LNA-ASO
treatment (Fig. 5.6F). Both APP and GSK3p protein were expressed at relatively low
levels in SH-SH5Y cells. However, there appeared to be a slight reduction in both APP

and GSK3p protein expression following treatment with the APGS multi-gene LNA-

ASO (Fig. 5.6F).
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The BAMT multi-gene LNA-ASO also elicited strong silencing of both BACEL and
MTOR mRNA at concentrations > 1 nM (ICso: BACEL, 15.81 nM; mTOR, 2.74 nM)
(Fig. 5.7A-C) and this effect persisted 72 hours after LNA-ASO transfection (Fig.
5.7D). Promisingly, the BAMT multi-gene LNA-ASO did not appear to significantly
decrease cellular viability, even up to concentrations of 100 nM (Fig. 5.7E). Both
BACE1 and mTOR protein were expressed at relatively low levels in SH-SH5Y cells
but there appeared to be a slight reduction in both BACE1 and mTOR protein

expression, 48 hours after treatment with the BAMT multi-gene LNA-ASO (Fig. 5.7F).
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Figure 5.6 Characterisation of APGS LNA-ASO Silencing in SH-SH5Y Cells. SH-SH5Y
cells were left untreated (“UT”) or transfected with the APGS multi-gene LNA-ASO or a
negative control LNA-ASO (“NC”, 20 nM) at shown concentrations. mMRNA and protein
expression, normalised to B-Actin, was assessed by gPCR and Western blotting after 48 hours.
(A) Dose-response curve of APP and GSK35 mRNA expression following APGS multi-gene
LNA-ASO treatment relative to NC. (B-C) ICs, plots for (B) APP and (C) GSK35 mRNA
expression following APGS multi-gene LNA-ASO treatment relative to NC. (D) Duration of
gene silencing following transfection of 20 nM APGS or NC LNA-ASOs after 24, 48 and 72
hours. (E) Cell viability assessed by MTS assay 48 hours after LNA-ASO treatment. (F) SH-
SHS5Y cell lysates (50 pg) probed by Western blot for APP, GSK3p, and the loading control, -
Actin. Values are mean + SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA
followed by Tukey’s post-hoc test.
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Figure 5.7 Characterisation of BAMT LNA-ASO Silencing in SH-SH5Y Cells. SH-SH5Y
cells were left untreated (“UT”) or transfected with the BAMT multi-gene LNA-ASO or a
negative control LNA-ASO (“NC”, 20 nM) at shown concentrations. mMRNA and protein
expression, normalised to B-Actin, was assessed by qPCR and Western blotting after 48 hours.
(A) Dose-response curve of BACE1 and mTOR mRNA expression following BAMT multi-gene
treatment relative to NC LNA-ASO. (B-C) ICs, plots for (B) BACEL and (C) mTOR mRNA
expression following BAMT multi-gene LNA-ASO treatment relative to NC. (D) Duration of
gene silencing following transfection of 20 nM BAMT or NC LNA-ASOs after 24, 48 and 72
hours. (E) Cell viability assessed by MTS assay 48 hours after BAMT LNA-ASO treatment. (F)
SH-SH5Y cell lysates (50 pg) probed by Western blot for BACEL, mTOR and the loading
control, B-Actin. Values are mean + SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way
ANOVA followed by Tukey’s post-hoc test.
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5.2.5 Characterisation of APGS and BAMT Multi-gene LNA-ASOs in

HEK?293 APPswe Cells

Further characterisation of APGS (Fig. 5.8) and BAMT (Fig. 5.9) multi-gene LNA-
ASOs was also performed in HEK293 APPswe cells. The APGS multi-gene LNA-ASO
significantly silenced APP and GSK35 mRNA expression in a dose-dependent manner
at concentrations > 1 nM (ICsp: APP, 2.86 nM; GSK3p, 1.82 nM) (Fig. 5.8A-C). There
was a time-dependent reduction in mRNA silencing from 24 to 72 hours with silencing
alleviated 72 hours after treatment (Fig. 5.8D). As in SH-SH5Y cells, the APGS multi-
gene LNA-ASO was associated with a dose-dependent increase in cellular toxicity (Fig.
5.8E). However, in contrast to SH-SHSY cells, APP and GSK3 protein were expressed
at higher levels and revealed a dose-dependent reduction in protein expression of both

APP and the longer isoform 1 of GSK3%"+°"2 (Fig. 5.8F).

Similarly, the BAMT multi-gene LNA-ASO elicited strong dose-dependent silencing of
both BACEL1 and mTOR mRNA at concentrations > 10 nM (ICso: BACEL, 6.90 nM;
mTOR, 10.18 nM) (Fig. 5.9A-C). In contrast to SH-SH5Y cells, there was a time-
dependent alleviation of silencing from 24 to 72 hours which resulted in a significant
upregulation of MTOR expression at 72 hours (Fig. 5.9D). There appeared to be a dose-
dependent reduction in cellular viability following BAMT multi-gene LNA-ASO
treatment but this was only significant at the highest concentrations (Fig. 5.9E). BACE1
protein expression was relatively low in HEK293 APPswe cells making it challenging
to identify changes in protein expression (Fig. 5.9F). However, there did appear to a
dose-dependent reduction in mTOR protein expression following BAMT LNA-ASO

treatment (Fig. 5.9F).
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Figure 5.8 Characterisation of APGS LNA-ASO Silencing in HEK293 APPswe Cells.
HEK293 APPswe cells were left untreated (“UT”) or transfected with the APGS multi-gene
LNA-ASO or a negative control LNA-ASO (“NC”) at shown concentrations. mRNA and
protein expression, normalised to B-Actin, was assessed by qPCR and Western blotting after 48
hours. (A) Dose-response curve of APP and GSK38 mRNA expression following APGS multi-
gene LNA-ASO treatment relative to a NC LNA-ASO (10 nM). (B-C) ICs plots for (B) APP
and (C) GSK3p mRNA expression following APGS multi-gene LNA-ASO treatment relative to
NC. (D) Duration of gene silencing following transfection of 20 nM APGS or NC LNA-ASOs.
(E) Cell viability assessed by MTS assay 48 hours after APGS LNA-ASO treatment. (F)
HEK293 APPswe cell lysates (50 ug) probed by Western blot for APP, GSK3p and the loading
control, B-Actin. Values are mean + SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way
ANOVA followed by Tukey’s post-hoc test.
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Figure 5.9 Characterisation of BAMT LNA-ASO Silencing in HEK293 APPswe Cells.
HEK?293 APPswe cells were left untreated (“UT”) or transfected with the BAMT multi-gene
LNA-ASO or a negative control LNA-ASO (“NC”). mRNA and protein expression, normalised
to B-Actin, was assessed by qPCR and Western blotting after 48 hours. (A) Dose-response curve
of BACE1 and mTOR mRNA expression following BAMT multi-gene LNA-ASO treatment
relative to NC LNA-ASO (10 nM). (B-C) ICs, plots for (B) BACE1 and (C) mTOR mRNA
expression following BAMT multi-gene LNA-ASO treatment relative to NC. (D) Duration of
gene silencing following transfection of 20 nM BAMT or NC LNA-ASOs. (E) Cell viability
assessed by MTS assay 48 hours after BAMT LNA-ASO treatment. (F) HEK293 APPswe cell
lysates (50 ug) probed by Western blot for BACEL, mTOR and the loading control, B-Actin.
Values are mean £ SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by
Tukey’s post-hoc test.
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5.2.6 Gene Silencing by BAMT Multi-gene LNA-ASO is Specific to

Targeted Genes

The LNA-ASOs in this study were of a short length (13-14 nucleotides). Given the high
potential binding affinity of LNA-ASQOs, this raised concern for potential off-target
effects due to the increasing likelihood of similar sequences with shorter sequence
lengths. While candidate sequences were blasted to minimise the risk of off-target

binding within non-targeted genes, the specificity of gene silencing was assessed.

To address this, a gene target, HN1, was identified which contained a sequence highly
similar to that targeted by the BAMT multi-gene LNA-ASO, differing only by a single
nucleotide (adenine instead of thymine at penultimate position within targeted
sequence; CATTGTCTCTAAC). Both SH-SH5Y and HEK293 APPswe cells were
reverse transfected with the BAMT multi-gene LNA-ASO at varying doses and HN1
MRNA expression assessed, relative to S-Actin, after 48 hours. Promisingly, there was
no effect upon HN1 expression at any dose in either HEK293 APPswe cells or SH-

SHS5Y cells, suggesting specificity of the BAMT multi-gene LNA-ASO (Fig. 5.10).
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Figure 5.10 Specificity of Gene Targeting by BAMT Multi-gene LNA-ASO. HEK?293
APPswe cells and SH-SH5Y cells were left untreated (“UT”) or transfected with 2.5 nM, 10 nM
or 25 nM of the BAMT multi-gene LNA-ASO or with a negative control LNA-ASO (“NC”, 10
nM). Expression of HN1 mRNA was assessed, relative to g-Actin, after 48 hours by gPCR.
There was no effect upon HN1 expression in either (A) HEK293 APPswe cells or (B) SH-SH5Y
cells following BAMT multi-gene LNA-ASO treatment. Values are mean + SEM, n = 3, one-
way ANOVA.
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5.2.7 APGS and BAMT Multi-gene LNA-ASOs Reduce Amyloid-p (42)

Production by HEK293 APPswe Cells

APGS and BAMT multi-gene LNA-ASOs were next assessed for their effect upon an
AD-relevant phenotype; amyloid-B production. To ensure that samples fell within the
optimal concentration parameters of the amyloid-p ELISA kit, a preliminary study was
performed to assess the quantity of amyloid-f (42) produced by SH-SH5Y and HEK293
APPswe cells. SH-SH5Y and HEK293 APPswe cells were plated in 12-well cell culture
plates. After 48 hours, cell lysates and supernatant were collected before the supernatant
was concentrated using centrifugal filters with a 3 kDa molecular weight cut-off. The
quantity of amyloid-p (42) present in cell lysates, concentrated supernatant and in
concentrated supernatant diluted 1:5 was then determined. As expected, HEK293
APPswe cells produced a much higher quantity of secreted amyloid-f3 (42) than SH-
SH5Y cells and the non-linear constraints of the kit were evident at high concentrations
of amyloid-p (42) (Fig. 5.11). For further amyloid-B experiments, non-concentrated
supernatant was derived from HEK293 APPswe cells and diluted at a ratio of 1:1 with

ELISA kit diluent.

To assess the impact upon amyloid-B (42) production, HEK293 APPswe cells were
reverse transfected with either APGS (Fig. 5.12) or BAMT (Fig. 5.13) multi-gene
LNA-ASOs and amyloid-p (42) levels assessed after 48 hours. Promisingly, this
resulted in a dose-dependent reduction in amyloid-p (42) production which paralleled
the dose-dependent silencing of target mMRNA following treatment with both APGS
(89.3% amyloid-p (42) reduction at 10 nM dose) (Fig. 5.12) and BAMT LNA-ASOs

(75.6% amyloid-p (42) reduction at 20 nM dose) (Fig. 5.13). These results suggest that
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treatment with APGS and BAMT multi-gene LNA-ASOs results in both mRNA and
protein silencing of target genes which serves to attenuate amyloid-p production. This is
presumably driven by a reduction in total APP expression (APGS) or in APP processing

following the silencing of BACE1 (BAMT).
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Figure 5.11 Quantification of Amyloid-p (42) Production by HEK293 APPswe and SH-
SH5Y Cells. HEK293 APPswe cells and SH-SH5Y cells were plated in 12-well cell culture
plates at a confluency of 4 x 10° cells/well. After 48 hours, the cell lysates and supernatant were
collected and the supernatant concentrated using centrifugal filters with a 3 kDa molecular
weight cut-off. The quantity of amyloid-p (42) present in cell lysates (“cell”), concentrated
supernatant (“conc SN”) and concentrated supernatant diluted 1:5 with kit standard diluent
(“dilute SN”) was determined by an amyloid-p (42) ELISA. Values are mean = SEM, n = 3.
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Figure 5.12 Reduced Amyloid-p (42) Production Following Treatment with APGS Multi-
gene LNA-ASO. HEK293 APPswe cells were left untreated (“UT”) or reverse transfected with
the APGS multi-gene LNA-ASO or a negative control LNA-ASO (“NC”, 10 nM). Supernatant
was collected 48 hours after transfection, diluted 1:1, and amyloid-p (42) concentration assessed
by ELISA. APP and GSK3f mRNA expression, normalised to f-Actin, was also assessed after
48 hours by qPCR. Both (A) amyloid-p (42) concentration and (B) APP and GSK35 mRNA
expression were significantly silenced following APGS multi-gene LNA-ASO treatment.
Values are mean + SEM, n = 3, ***p<0.001, **p<0.01, one-way ANOVA followed by Tukey’s
post-hoc test.
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Figure 5.13 Reduced Amyloid-p (42) Production Following Treatment with BAMT Multi-
gene LNA-ASO. HEK293 APPswe cells were left untreated (“UT”) or reverse transfected with
the BAMT multi-gene LNA-ASO or a negative control LNA-ASO (“NC”, 10 nM). Supernatant
was collected 48 hours after transfection, diluted 1:1, and amyloid-p (42) concentration assessed
by ELISA. BACE1 and mTOR mRNA expression, normalised to S-Actin, was assessed after 48
hours by qPCR. Both (A) amyloid- (42) concentration and (B) BACEL1 and mTOR mRNA
expression were significantly silenced following BAMT multi-gene LNA-ASO treatment.
Values are mean £ SEM, n = 3, ***p<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by
Tukey’s post-hoc test.
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5.2.8 Amyloid-p (42) Production is Reduced to Comparable Levels by

Single-gene and Multi-gene Targeting LNA-ASOs

The novel advantage of multi-gene targeting LNA-ASOs is that they are potentially able
to simultaneously silence the expression of two different genes either within one or two
different pathways. Depending upon the identity of the genes targeted, this could
produce either relatively independent or synergistic effects upon phenotypic outcomes.
Therefore, it was important to assess the impact of targeting two separate genes

simultaneously in comparison to silencing each alone.

For this purpose, single-gene LNA-ASOs were designed which comprised a similar
structure to the multi-gene LNA-ASOs but which were predicted to individually target
APP, GSK3p, BACE1 or mTOR (Table 5.4). HEK293 APPswe cells were reverse
transfected with 10 nM of each single-gene LNA-ASO, the corresponding multi-gene
LNA-ASO or a negative control LNA-ASO and the relevant mRNA expression, relative
to B-Actin, assessed by qPCR after 48 hours (Fig. 5.14). This showed successful single-
gene targeting of mMRNA expression, at a similar level to that achieved by multi-gene
targeting LNA-ASOs, by APP-3 and GSK3p-2 (Fig. 5.14A) and by BACE1-2, mTOR-1
and mTOR-3 (Fig. 5.14B). APP-3, GSK3p-2, BACE1-2 and mTOR-3 were selected for

further study.

Subsequently, multi-gene and single-gene LNA-ASOs, targeting either APP and GSK3f
(Fig. 5.15) or BACE1 and mTOR (Fig. 5.16), were compared for their ability to
attenuate amyloid-p (42) production. HEK293 APPswe cells were reverse transfected

with either 10 nM of APGS (Fig. 5.15) or BAMT (Fig. 5.16) multi-gene LNA-ASO, 10
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nM of the corresponding single-gene LNA-ASQOs or a combination of either 5 nM or 10
nM of each corresponding single-gene LNA-ASO (i.e. 5/10 nM APP-3 and 5/10 nM
GSK3p-2) to control for the multi-gene aspect. This revealed that the APGS multi-gene
LNA-ASO resulted in a similar level of silencing of both mRNA and amyloid-p (42)
production as either APP-3 alone or the combination of 5/10 nM of APP-3 and GSK3p-
2 single-gene LNA-ASOs (Fig. 5.15). Correspondingly, the BAMT multi-gene LNA-
ASO also significantly silenced amyloid-p (42) production to a similar extent as either
BACE1-2 alone or the combination of 5/10 nM of BACE1-2 and mTOR-3 single-gene
LNA-ASOs (Fig. 5.16B). This was despite a slightly higher degree of silencing of
BACE1 mRNA by BACE1-2 alone in comparison to the BAMT multi-gene LNA-ASO

(Fig. 5.16A).

Together, these results suggest that APGS and BAMT multi-gene LNA-ASOs produce
effective silencing of amyloid-p (42) expression, with comparable efficacy to that

elicited by single-gene LNA-ASOs.
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Table 5.4 Human Single-gene LNA-ASO Candidates.

Gene

Chromosome Location of Target

- Sequence
LNA-ASO Targeted Sequence q
(GRCh38)
APP:
APP-1 APP +C+A+Ccatgcgca+C+A+T
Chr. 21: 26096006-26096019
APP:
APP-2 APP +T+A+Gcatattga+A+C+A
Chr. 21: 26095934-26095947
APP:
APP-3 APP +T+G+Acgttctgc+C+T+C
Chr. 21: 26075669-26075682
BACEL1:
BACE1-1 BACE1 +T+A+AcctcaccC+A+T+T
Chr. 11: 117310519-117310532
BACEL1:
BACE1-2 BACE1 +C+C+Ataacagtg+C+C+C
Chr. 11: 117310885-117310898
GSK3p:
GSK3p-1 GSK3p +A+C+Accaaatga+T+C+C
Chr. 3: 119913606-119913619
GSK3p-2 | GSK38 | +T+T+Ctoctgaat+C+A+C GSK3P:
b : Chr. 3: 119913640-119913653
mTOR:
mTOR-1 mTOR +C+C+Acaccgtc+C+A+A
Chr. 1: 11259319-11259331
mTOR:
MTOR-2 mTOR +T+T+Atctcgaa+C+C+C
Chr. 1: 11259733-11259745
mTOR:
mTOR-3 mTOR +C+T+Cacggaga+A+C+C
Chr. 1: 11112856-11112868
mTOR:
mTOR-4 mTOR +T+G+Gcaagacg+G+C+C

Chr. 1: 11111997-11112009

LNA-ASOs have a fully phosphorothioated backbone with 7-8 DNA monomers flanked on either end by
3 LNA-modified bases, + indicates LNA-modified base.
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Figure 5.14 Candidate Single-gene LNA-ASO Screening in HEK293 APPswe Cells.
HEK293 APPswe cells were reverse transfected with 10 nM of the candidate single-gene LNA-
ASOs, multi-gene LNA-ASOs (“APGS” or “BAMT?”) or a negative control LNA-ASO (“NC”).
RNA was harvested after 48 hours and mRNA expression of the appropriate genes, normalised
to B-Actin, assessed by gPCR. (A) APP and GSK38 mRNA expression following treatment with
single-gene and multi-gene targeting LNA-ASOs. (B) BACEL1 and mTOR mRNA expression
following treatment with single-gene and multi-gene targeting LNA-ASOs. Values are mean +
SEM, n = 6, ***p<0.001, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 5.15 Amyloid-p (42) Production is Similarly Reduced by APP and GSK3p
Targeting Multi-gene and Single-gene LNA-ASOs. HEK293 APPswe cells were reverse
transfected with 10 nM of a negative control LNA-ASO (“NC”), the APGS multi-gene LNA-
ASO or APP-3 and GSK3p-2 single-gene LNA-ASOs. As a further control for the multi-gene
element, APP-3 and GSK3B-2 single-gene LNA-ASOs were also reverse transfected in
combination at either 5 nM or 10 nM each. Amyloid-B (42) concentration and mRNA
expression, normalised to p-Actin, was assessed by ELISA and qPCR, respectively, after 48
hours. (A) APP and GSK35 mRNA expression was significantly silenced following multi-gene
and single-gene targeting LNA-ASO treatment. (B) Amyloid-p (42) concentration was reduced
to a similar extent by multi-gene and single-gene targeting LNA-ASO treatments. Values are
mean + SEM, n = 6, ***p<0.001, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc
test.
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Figure 5.16 Amyloid-p (42) Production is Similarly Reduced by BACE1l and mTOR
Targeting Multi-gene and Single-gene LNA-ASOs. HEK293 APPswe cells were reverse
transfected with 10 nM of a negative control LNA-ASO (“NC”), the BAMT multi-gene LNA-
ASO or BACE1-2 and mTOR-3 single-gene LNA-ASOs. As a further control for the multi-gene
element, BACE1-2 and mTOR-3 single-gene LNA-ASOs were also reverse transfected in
combination at either 5 nM or 10 nM each. Amyloid-B (42) concentration and mRNA
expression, normalised to g-Actin, was assessed by ELISA and qPCR, respectively, after 48
hours. (A) BACE1 and mTOR mRNA expression was significantly silenced following multi-
gene and single-gene targeting LNA-ASO treatment. (B) Amyloid-f (42) concentration was
reduced to a similar extent by multi-gene and single-gene targeting LNA-ASO treatments.
Values are mean + SEM, n = 6, ***p<0.001, **p<0.01, one-way ANOVA followed by Tukey’s
post-hoc test.
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5.2.9 Tau Phosphorylation Following Multi-gene LNA-ASO Treatment in

HEK?293 APPswe and SH-SH5Y Cells

The findings above suggest that APGS and BAMT multi-gene LNA-ASOs regulate the
production of amyloid-p (42) with similar efficacy to single-gene targeting LNA-ASOs,
presumably by silencing APP or BACE1l expression. However, the potentially
advantageous property of multi-gene targeting LNA-ASOs is that they are theoretically
able to target two different genes and hence may be used to modulate two different
disease-relevant pathways. Therefore, APGS and BAMT multi-gene LNA-ASOs were
assessed for their ability to modulate a second pathway, tau phosphorylation, through

their targeting of GSK3p and mTOR.

Given the promising results concerning amyloid-p (42) production, APGS and BAMT
multi-gene LNA-ASOs were tested for their effects upon tau phosphorylation in
HEK293 APPswe cells (Fig. 5.17). Both GSK3p and mTOR have been shown to
modulate the phosphorylation of tau at multiple epitopes, including the Ser396 epitope
(pS396)%42049673874 ‘Therefore, HEK293 APPswe cells were transfected with a negative
control LNA-ASO or the APGS or BAMT multi-gene LNA-ASOs before tau
phosphorylation (pS396) was assessed by ELISA after 48 hours. There appeared to be a
small decrease in tau phosphorylation following treatment with APGS (Fig. 5.17A) and
BAMT multi-gene LNA-ASOs (Fig. 5.17B). To assess this further, tau phosphorylation
(pSer396) was also assessed by Western blot 48 hours after treatment with APGS (Fig.
5.17C) or BAMT (Fig. 5.17D) multi-gene LNA-ASOs. This showed that tau
phosphorylation at the Ser396 epitope was barely detectable across all treatment

conditions, including in untreated and negative control treated cells. Total tau
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expression was also probed by Western blot but could not be detected suggesting that
HEK293 APPswe cells are not the optimal model in which to assess tau

phosphorylation (Fig. 5.17C-D).

Therefore, tau phosphorylation (pS396) was also assessed in SH-SH5Y cells by
Western blotting, following treatment with either APGS or BAMT multi-gene LNA-
ASOs (Fig. 5.18). Higher levels of tau phosphorylation at the Ser396 epitope were
evident in SH-SH5Y cells and there appeared to be a small reduction in tau
phosphorylation following treatment with APGS (Fig. 5.18A) or BAMT (Fig. 5.18B)
multi-gene LNA-ASOs. However, it should be noted that there also appeared to be a
slight reduction in total tau expression, as assessed by Western blotting, following

treatment with either APGS or BAMT multi-gene LNA-ASOs (Fig. 5.18).
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Figure 5.17 Tau Phosphorylation Following Multi-gene LNA-ASO Treatment in HEK293
APPswe Cells. HEK293 APPswe cells were left untreated (“UT”) or reverse transfected with
either the APGS or BAMT multi-gene LNA-ASO or a negative control LNA-ASO (“NC”, 20
nM). Tau phosphorylation at the Ser396 epitope (“Tau pS396”) was assessed by ELISA and
Western blotting after 48 hours. (A-B) ELISA showed reduced tau phosphorylation following
treatment with either (A) APGS or (B) BAMT multi-gene LNA-ASOs. (C-D) Western blotting
revealed very low levels of tau phosphorylation at the Ser396 epitope across all treatment
conditions including both UT and NC cell lysates following (C) APGS or (D) BAMT multi-
gene LNA-ASO treatment (50 pg cell lysate). ELISA values are mean = SEM, n = 3,
***n<0.001, **p<0.01, *p<0.05, one-way ANOVA followed by Tukey’s post-hoc test.
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Figure 5.18 Tau Phosphorylation Following Multi-gene LNA-ASO Treatment in SH-SH5Y
Cells. SH-SH5Y cells were left untreated (“UT”) or reverse transfected with either the APGS or
BAMT multi-gene LNA-ASO or a negative control LNA-ASO (“NC”, 20 nM). Tau
phosphorylation at the Ser396 epitope (“pS396”) was assessed by Western blotting after 48
hours. SH-SH5Y cell lysates (50 pg) probed for tau (pS396), total tau and the loading control,
B-Actin, following treatment with (A) APGS or (B) BAMT multi-gene LNA-ASOs.
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5.2.10 Tau Phosphorylation in SH-SH5Y Cells Following Treatment with

Single-gene and Multi-gene Targeting LNA-ASOs

Subsequently, multi-gene and single-gene LNA-ASOs were compared for their ability
to attenuate tau phosphorylation at the Ser396 epitope in SH-SH5Y cells. SH-SH5Y
cells were reverse transfected with either 20 nM of APGS (Fig. 5.19) or BAMT (Fig.
5.20) multi-gene LNA-ASOs, 20 nM of the corresponding single-gene LNA-ASOs or a
combination of either 10 nM or 20 nM of each appropriate single-gene LNA-ASO (i.e.
10/20 nM APP-3 and 10/20 nM GSK3p-2) to control for the multi-gene aspect. Cell
viability and protein and mRNA expression of relevant genes, relative to f-Actin, was

assessed by MTS assay, Western blotting and qPCR after 48 hours.

As in HEK293 APPswe cells, APP and GSK3# mRNA expression was significantly
reduced following treatment with multi-gene and single-gene LNA-ASOs (Fig. 5.19A).
However, it should be noted that the APP-3 LNA-ASO also produced significant
silencing of GSK38 mRNA expression. As discussed previously, APP and GSK3f
protein expression was relatively low in SH-SH5Y cells, making it challenging to assess
protein silencing following treatment with multi-gene and single-gene LNA-ASOs (Fig.
5.19B). Nevertheless, there appeared to be a reduction in both APP and GSK3p protein
expression and tau phosphorylation at the Ser396 epitope following all experimental
treatment conditions (Fig. 5.19B). As this was again associated with an apparent
reduction in total tau protein expression (Fig. 5.19B), tau mRNA expression was also
assessed by qPCR. This revealed a small non-significant reduction following treatment
with all LNA-ASOs (Fig. 5.19C). There was no effect upon cell viability following any

treatment (Fig. 5.19D).
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The results were more inconclusive following treatment with BACE1 and mTOR
targeting multi-gene and single-gene LNA-ASOs (Fig. 5.20). BACE1 and mTOR
MRNA expression was significantly reduced following treatment with the BAMT multi-
gene LNA-ASO and the BACE1-2 and mTOR-3 single-gene LNA-ASOs either alone or
in combination (Fig. 5.20A). The effects on BACE1, mTOR, phosphorylated tau or
total tau at the protein level were milder (Fig. 5.20B). A discrepancy in the potency of
gene silencing evaluated at RNA and protein levels may occur for several reasons; most
commonly due to the different half-life of proteins or the sensitivity of the antibodies
utilised for Western blotting. Furthermore, protein expression for the genes of interest
was relatively low, particularly for mTOR and total tau, and this may also have been a
contributing factor (Fig. 5.20B). Again, there appeared to be a slight reduction in tau
MRNA expression following treatment with single-gene LNA-ASOs either alone or in
combination but this effect was not significant (Fig. 5.20C). There was no significant

effect upon cell viability following any treatment condition (Fig. 5.20D).

In summary, despite extensive optimisation efforts in two different cell lines, the results
concerning the effect of multi-gene LNA-ASOs upon tau phosphorylation proved
inconclusive due to low and variable baseline levels of tau phosphorylation at the
Ser396 epitope. Alternative in vitro or in vivo models are therefore required to clarify
the effect of multi-gene LNA-ASO treatment upon tau phosphorylation. A results
summary for all experiments concerning APGS and BAMT multi-gene LNA-ASOs is

provided in Table 5.5.
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Figure 5.19 Tau Phosphorylation Following APP and GSK3p Targeting Multi-gene and
Single-gene LNA-ASO Treatment. SH-SH5Y cells were left untreated (“UT”) or were reverse
transfected with 20 nM of a negative control LNA-ASO (“NC”), the APGS multi-gene LNA-
ASO or APP-3 or GSK3p-2 single-gene LNA-ASOs. As a further control for the multi-gene
element, APP-3 and GSK3p-2 single-gene LNA-ASOs were also applied in combination at 10
nM or 20 nM each (“APP-3 + GSK3p-2”, “A + G”). Tau, APP and GSK3 mRNA and protein
expression and tau phosphorylation at the Ser396 epitope (“pS396”), normalised to B-Actin, was
assessed by gPCR and Western blotting after 48 hours. (A) APP and GSK35 mRNA expression
was significantly reduced by both multi-gene and single-gene LNA-ASOs. (B) SH-SH5Y
lysates (50 ug) probed for APGS, GSK3p, tau (pS396), total tau and B-Actin. (C) There was a
slight but non-significant reduction in tau mRNA expression following all LNA-ASO
treatments. (D) There was no effect upon cell viability following either multi-gene or single-
gene LNA-ASO treatments. Values are mean + SEM, n = 3, ***p<0.001, **p<0.01, one-way
ANOVA followed by Tukey’s post-hoc test.
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Figure 5.20 Tau Phosphorylation Following BACE1 and mTOR Targeting Multi-gene and
Single-gene LNA-ASO Treatment. SH-SH5Y cells were left untreated (“UT”) or were reverse
transfected with 20 nM of a negative control LNA-ASO (“NC”), the BAMT multi-gene LNA-
ASO or BACE1-2 or mTOR-3 single-gene LNA-ASOs. As a further control for the multi-gene
element, BACE1-2 and mTOR-3 single-gene LNA-ASOs were also applied in combination at
10 nM or 20 nM each (“BACE1-2 + mTOR-3”, “B + M”). BACE1, mTOR and Tau mMRNA and
protein expression and tau phosphorylation at the Ser396 epitope (“pS396”), normalised to f3-
Actin, was assessed by gPCR and Western blotting after 48 hours. (A) BACE1 and mTOR
mMRNA expression was significantly reduced by multi-gene and single-gene LNA-ASOs. (B)
SH-SH5Y lysates (50 pg) probed for BACE1, mTOR, tau (pS396), total tau and B-Actin. (C)
There appeared to be a small but non-significant reduction in tau mRNA expression following
treatment with single-gene LNA-ASOs both alone or combined. (D) There was no significant
effect upon cell viability following either multi-gene or single-gene LNA-ASO treatment.
Values are mean = SEM, n = 3, ***p<0.001, *p<0.05, one-way ANOVA followed by Tukey’s
post-hoc test.
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Table 5.5 Results Summary for APGS and BAMT LNA-ASO Experiments.

I‘A'\é'g Cell Line Results Ref.
Significant silencing of APP and GSK3 mRNA at doses >
2.5nM (ICso: APP, 1.60 nM; GSK3p4, 1.28 nM).
Silencing persisted for 72 hours after treatment.
Dose-dependent reduction in cell viability at doses > 40
nM.
Low endogenous protein expression levels but slight Fig. 5.6
APGS | SH-SH5Y silencing of APP and GSK3p protein expression, 48 hours Fig '5 '18
after APGS treatment. Ei ' 5'19
.. g.5.
Dose-dependent reduction in phosphorylated tau at pS396
epitope by Western blotting, 48 hours after treatment.
Comparison between single-gene and multi-gene LNA-
ASOs for effect upon tau phosphorylation at pS396 epitope
inconclusive by Western blotting due to low and variable
baseline levels of tau phosphorylation.
Significant silencing of APP and GSK3$ mRNA at doses >
1 nM (ICsp: APP, 2.86 nM; GSK3p, 1.82 nM).
Silencing persisted for 48 hours after treatment.
Dose-dependent reduction in cell viability at doses > 20
nM.
Dose-dependent reduction in APP and GSK3p protein
expression, 48 hours after APGS treatment. Fig. 5.8
APGS HEK?293 Significant dose-dependent reduction in amyloid- (42) F!g. 5.12
APPswe levels (89.3% reduced by 10 nM dose), 48 hours after | Fig. 5.15
APGS treatment. Fig. 5.17
Amyloid-p (42) production similarly reduced by APP and
GSK3p-targeting multi-gene and single-gene LNA-ASOs.
Slight reduction in phosphorylated tau at pS396 epitope
observed by ELISA, 48 hours after APGS treatment.
Levels of phosphorylated tau at pS396 epitope too low to
detect by Western blotting.
Significant silencing of BACE1 and mTOR mRNA at doses
> 1 nM (ICsp: BACEL, 15.81 nM; mTOR, 2.74 nM).
Silencing persisted for 72 hours after treatment.
No reduction in cell viability for doses < 100 nM.
Low endogenous levels of BACE1 and mTOR protein
precluded clear effect of BAMT upon expression.
Specificity of silencing — HN1 gene containing a single | Fig. 5.7
) mismatch nucleotide to LNA-ASO target sequence was not | Fig. 5.10
BAMT | SH-SH5Y silenced by BAMT treatment. Fig. 5.18
Dose-dependent reduction in phosphorylated tau at pS396 | Fig. 5.20
epitope by Western blotting, 48 hours after BAMT
treatment.
Comparison between single-gene and multi-gene LNA-
ASOs for effect upon tau phosphorylation at pS396 epitope
inconclusive by Western blotting due to low and variable
baseline levels of tau phosphorylation.
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Table 5.5 Continued.

LNA-
ASO

Cell Line Results Ref.
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5.2.11 Identification of MBAMT Multi-gene LNA-ASO Targeting Mouse

Transcripts

The results above are promising as they suggest that both APGS and BAMT multi-gene
LNA-ASOs reduce the production of amyloid-p (42), presumably via silencing of APP
and BACEL. However, the above experiments were all conducted in vitro and therefore
preliminary in vivo assessments are required. Not only will this allow investigation of
the in vivo efficacy of multi-gene LNA-ASOs in terms of gene silencing, BBB
penetrance and toxicity, but it may also help to clarify the effects upon tau

phosphorylation.

The sequences targeted by the APGS and BAMT multi-gene LNA-ASOs described
above are not conserved between mouse and human. Therefore, to allow for in vivo
testing, the mouse sequences for the genes of interest outlined in Table 5.1 were again
compared using the algorithm described previously. Promisingly, this resulted in the
identification of a multi-gene LNA-ASO (mMBAMT) which was predicted to target the

mouse sequences for both Bacel and mTOR (Table 5.6).
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Table 5.6 Candidate Multi-gene LNA-ASO Targeting Mouse Transcripts.

Genes Targeted Chromosome Location of
LNA-ASO Sequence Target Sequence
Genel | Gene?2 (GRCh38)
Bacel:
Chr. 9: 45860719-45860733
MBAMT Bacel mTOR +T+T+Tggccagcag+G+G+A TOR:

Chr. 4: 148469440-148469454

LNA-ASO has a fully phosphorothioated backbone with 9 DNA monomers flanked on either end by 3
LNA-modified bases, + indicates LNA-modified base.

The mBAMT multi-gene LNA-ASO was first screened in the mouse neuroblastoma
Neuro2A cell line. Neuro2A cells were reverse transfected with 20 nM of the mBAMT
multi-gene LNA-ASO or the negative control LNA-ASO before Bacel and mTOR
MRNA expression, relative to S-Actin, was assessed by gPCR after 48 hours.
Promisingly, this resulted in significant silencing of both Bacel and mTOR expression

following mBAMT multi-gene LNA-ASO treatment (Fig. 5.21A).

Consequently, the mBAMT multi-gene LNA-ASO underwent further screening to
assess the kinetics of mMRNA silencing, LNA-ASO toxicity and effect upon target gene
protein expression, as above (Fig. 5.21B-H). This revealed that the mMBAMT multi-gene
LNA-ASO elicited strong silencing of both Bacel and mTOR mRNA expression at
doses as low as 0.5 nM (ICso: Bacel, 0.18 nM; mTOR, 0.38 nM) (Fig. 5.21B-D). The
relatively flat dose-response was again attributed to saturation of transfection efficiency
of Neuro2A cells. Silencing of mMRNA expression was apparent 24 and 48 hours after
treatment with the mBAMT LNA-ASO although a significant rebound in expression
was observed for both Bacel and mTOR after 72 hours (Fig. 5.21E). A slight dose-

dependent reduction in cell viability was observed following treatment with the
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mBAMT multi-gene LNA-ASO but this was only significant at the highest dose (100
nM) (Fig. 5.21F). Promisingly, treatment with the mBAMT multi-gene LNA-ASO
resulted in strong silencing of Bacel protein expression (Fig. 5.21G). There also
appeared to be a small reduction in mTOR expression although the relatively low levels
of this protein made it challenging to quantify. While phosphorylated and total tau
protein could not reliably be detected, tau mRNA did appear slightly, but non-
significantly, reduced (Fig. 5.21H). Together, these results (summarised in Table 5.7)
highlight the mMBAMT multi-gene LNA-ASO as a promising candidate for further in

vitro and in vivo assessments.
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Figure 5.21 Characterisation of mMBAMT Multi-gene LNA-ASO in Neuro2A Cells.
Neuro2A cells were left untreated (“UT”) or were reverse transfected with either the mBAMT
multi-gene LNA-ASO or a negative control LNA-ASO (“NC”) at shown concentrations. mRNA
and protein expression, normalised to B-Actin, was assessed by qPCR and Western blotting,
respectively, after 48 hours. (A) Both Bacel and mTOR mRNA expression were significantly

silenced by a 20 nM dose of mBAMT LNA-ASO in

comparison to the NC LNA-ASO (20 nM)

(Student’s t-test). (B) Dose-response curve of Bacel and mTOR mRNA expression following
MBAMT multi-gene LNA-ASO treatment in comparison to the NC LNA-ASO (20 nM). (C-D)
ICso plots for (C) Bacel and (D) mTOR mRNA expression following mBAMT multi-gene
LNA-ASO treatment relative to NC. Values are mean £ SEM, n = 3, ***p<0.001, **p<0.01,
*p<0.05, one-way ANOVA followed by Tukey’s post-hoc test. (Figure continued overleaf).
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Figure 5.21 Characterisation of mBAMT Multi-gene LNA-ASO in Neuro2A Cells —
Continued. (E) Duration of gene silencing following transfection of 20 nM mBAMT multi-
gene LNA-ASO compared to NC LNA-ASO (20 nM). (F) Cell viability assessed by MTS
assay. (G) Neuro2A cell lysates (50 pg) probed by Western blot for Bacel, mTOR and the
loading control, B-Actin. (H) There was a non-significant reduction in tau mRNA expression
following treatment with the mBAMT LNA-ASO. Values are mean £ SEM, n = 3, ***p<0.001,
one-way ANOVA followed by Tukey’s post-hoc test.
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Table 5.7 Results Summary for mBAMT Multi-Gene LNA-ASO Experiments.

LNA-
ASO

Cell Line Results Ref.
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5.3 Discussion

This study investigated the potential of a novel multi-gene targeting approach in which
single LNA-ASO gapmers were designed to target two separate AD-relevant genes
simultaneously. Initial screening revealed a number of promising multi-gene LNA-
ASOs targeting a range of AD-relevant genes. Two of these, APGS and BAMT,
underwent further characterisation and were shown to produce potent silencing of target
genes associated with a significant reduction in amyloid-f (42) production by HEK293
APPswe cells. Unfortunately, it proved challenging to assess the second potential
pathway of action for these LNA-ASOs in vitro as baseline levels of tau
phosphorylation were low and variable in two cell lines studied. Promisingly, an
additional murine-specific multi-gene LNA-ASO was also identified (MBAMT), paving
the way for preliminary in vivo studies. These findings highlight the potential of novel
multi-gene targeting LNA-ASOs. However, they require further in vitro and in vivo
assessment to determine whether they are able to modulate both potential pathways

without significant toxicity.

Multi-gene LNA-ASO Treatment Significantly Reduced Amyloid-g (42) Levels

The findings from this study build upon recent data within the literature which have
highlighted the promise of ASO-based therapeutics for AD*®#15675676 |n an array of
complementary studies, Farr and colleagues®*®*" showed that ASOs targeting APP,
GSK3p or presenilin-1 reduced target gene expression, amyloid-p production, markers
of both neuroinflammation and oxidative stress and reversed learning and memory

deficits in two mouse models of AD. These effects could be achieved not only by direct
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intracerebroventricular injections but also following intravenous administration, where
small but therapeutically effective quantities of ASO were able to penetrate the
BBB*"4%%410 similarly, ASOs directed against the Swedish mutant sequence of APP
significantly increased levels of sAPPa while reducing levels of amyloid-f (40/42) in
the brains of transgenic mice following repeated intracerebroventricular injections®”.
Alternatively modified ASOs, in which the sugar phosphate backbone was replaced by
amide linkages to produce PNAs, have also been shown to silence APP expression both
in vitro and in vivo when administered systemically*****>. ASOs have also been used to
elicit exon skipping of tau which resulted in potent gene silencing at both the mRNA
and protein level in vitro and in vivo®’®. Together, these findings demonstrate the
potential for ASO-mediated gene silencing and highlight the range of genes which may

be targeted for therapeutic purposes.

Promisingly, APGS and BAMT multi-gene LNA-ASOs were shown here to strongly
attenuate the production of amyloid-B (42) at very low doses, presumably through
silencing of APP and BACEL. Furthermore, the use of a sequence which was identical
between two targets did not appear to reduce the efficacy of multi-gene LNA-ASOs
when compared to LNA-ASOs targeting a single gene. This may be due to the action of
RNase H as upon binding to the target mMRNA the DNA strand is released intact,
allowing a single LNA-ASO molecule to direct the degradation of many individual
transcripts®’’. Thus, these findings add to the existing literature to highlight the promise

of LNA-ASO-based therapeutics for the reduction of amyloid-f in AD.

As discussed previously, the likely requirement for a combinatorial approach towards

AD therapy is increasingly recognised****°% RNA-based therapeutics may be
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particularly amenable to this approach given that a combination of highly specific
individual RNA-targeting molecules could feasibly be delivered together. However, for
a combinatorial effect to be achieved this may require each separate effector to be taken
up by the same cell. In contrast, multi-gene targeting LNA-ASOs possess the advantage
that once taken up by a cell, a single multi-gene LNA-ASO is theoretically able to
silence two different gene targets, which may have independent or synergistic effects
upon disease pathways. For example, APGS may be able to target both APP and
GSK3B to separately ameliorate amyloid-p and tau hyperphosphorylation-based
pathologies. Furthermore, amyloid-p and tau-based downstream pathologies have been
shown to interact to mediate pathogenic processes™?®/0:172173175.185186 |ndaed amyloid-

B may upregulate GSK3p atctivi‘[y170

while GSK3p activation may increase production
of amyloid-p through regulation of APP processing’®*. Thus, the simultaneous silencing
of both APP and GSK3p may have additive feedback effects upon the mitigation of
downstream pathology which are greater than that achieved by silencing each target
alone. Additionally, targeting multiple genes or pathways by a single molecule may
reduce the requirement for many individual toxicity studies which would otherwise be
required for combinatorial approaches in which a number of separate therapeutic

molecules, each targeting a single gene/pathway, are utilised. This may help to reduce

both the cost and timescale for therapeutic drug development.

In Vitro Assessment of Tau Phosphorylation Proved Inconclusive

GSK3p and mTOR protein expression appeared reduced following treatment with either
APGS or BAMT multi-gene LNA-ASOs in HEK293 APPswe cells. However, it proved

challenging to assess the extent of tau phosphorylation in two cell lines in vitro. It was
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hypothesised that tau phosphorylation may be relatively high in HEK293 APPswe cells
due to the increased production of amyloid-p (42)°*"**">_Conversely, baseline levels
of both total tau and phosphorylation at the Ser396 epitope (pS396) were low when
assessed by ELISA and Western blotting. SH-SH5Y cells showed slightly higher, but
also variable, expression of tau (both total and pS396) while both GSK3p and mTOR
protein expression was lower than in HEK293 APPswe cells. Despite extensive
optimisation attempts, the results concerning modulation of tau phosphorylation by
APGS and BAMT multi-gene LNA-ASOs were inconclusive, especially as total tau
protein expression also often appeared reduced. It is unclear from the present study if
this relates to an antibody issue or an actual reduction in tau protein expression.
However, a slight but non-significant reduction in tau mMRNA was also observed
following multi-gene and single-gene LNA-ASO treatment. Further assessments are
therefore required to determine the potential of these multi-gene LNA-ASOs to target

both amyloid-pB and tau-based pathways.

In this respect, there are several alternative strategies which may be employed. Firstly,
the current study focused upon the Ser396 epitope as this has been shown to be
modulated by both GSK3p and mTOR in AD patients and disease models®*3¢736™,
However, a number of other epitopes are also influenced by GSK3 and mTOR activity
and therefore may offer alternative options to assess tau phosphorylation®3649:650673.674
Secondly, given that endogenous baseline levels of pS396 were relatively low,
pharmacological induction of tau phosphorylation followed by multi-gene LNA-ASO
treatment may prove more informative. Okadaic acid, a serine/threonine phosphatase
678—681. In

inhibitor, has been utilised in previous studies to induce tau phosphorylation

the present study, Western blotting and ELISA analyses were performed 48 hours after
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transfection. However, given the different half-life of proteins, it may be that protein
silencing would be more evident following shorter or longer durations. This will be
assessed in future studies. Alternatively, it may be that the effects upon tau
phosphorylation would be better assessed in vivo in either wild-type mice or disease

models of AD.

Selectivity and Toxicity of Multi-gene LNA-ASOs

An important step in the characterisation of LNA-ASOs is in vivo screening. This is
important not only to determine the in vivo potency of the LNA-ASOs in question but
also their potential toxicity. LNA-ASOs are often stated to be of low toxicity in vivo.
However, as discussed previously, several studies have demonstrated that they may be
associated with increased hepatotoxicity which may depend upon both sequence length
and specific sequence motifs®®°"%%82 While cell viability following multi-gene LNA-
ASO treatment was assessed as a measure of toxicity, previous studies have shown that
in vitro toxicity may not necessarily reflect that observed in vivo®®, highlighting the

importance of in vivo screening.

Another potential concern relating to the use of LNA-ASOs is the potential for off-
target effects given their short sequence length and high affinity binding. This issue was
partially addressed in the current study by an assessment of HN1 expression; an
unrelated gene possessing an identical sequence, except for one mismatch, to the
sequence targeted by the BAMT multi-gene LNA-ASO. Promisingly, there was no
significant effect upon HN1 mRNA expression, suggesting the specificity of this

approach. However, whether other off-target effects are observed following in vivo
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treatment remains to be seen. Thus, preliminary in vivo screening will be required, first
in wild-type mice to assess silencing potency and potential toxicity, and given
promising data, followed by more detailed assessments in an AD mouse model. This
will be important to determine whether multi-gene LNA-ASOs are able to silence both
targets and modulate two separate disease pathways in vivo and if so, whether this

translates to preventative or disease-modifying outcomes in AD models.

Delivery of Multi-gene LNA-ASOs

As discussed previously, the BBB is a key limitation to the delivery of many
therapeutics. While APP-targeting ASOs were shown to cross the BBB when
administered intravenously, it is important to note that this equated to 1% of the same
dose administered intracerebroventricularly*®”*°. Thus, the majority of recent studies,
including the first two clinical trials assessing the use of ASOs for neurodegenerative
diseases, have utilised either intrathecal or intracerebroventricular injections to directly
administer ASOs to the CSF in vivo!0267>%83%8 ‘\while these methods are relatively
well-tolerated, resulting in a high concentration and wide distribution of ASOs within
the CNS, they are invasive and may be associated with their own adverse effects.

Therefore, alternative delivery strategies for systemic delivery are under development.

One approach aims to exploit receptor-mediated transcytosis through conjugation of
ASOs to a monoclonal antibody to the mouse transferrin receptor®"®%. Alternative
strategies have focused upon cell-penetrating peptide-based delivery systems in which
ASOs are tagged with arginine-rich cell-penetrating peptides, which are able to cross

the BBB, resulting in a wide distribution of the ASO throughout the brain®®. EV-
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mediated delivery may represent another promising approach. As discussed previously,
EVs encapsulate both endogenous and exogenous small RNA and are able to deliver
their RNA cargoes to recipient cells, where they may exert pleotropic functional
effects9449497499508513315 " Tharefore, given the potential for EV-mediated delivery, a
preliminary experiment was performed in the current study to determine whether EVs
derived from LNA-ASO transfected source cells could transfer LNA-ASO cargoes to
recipient cells. No functional effects were observed in recipient cells. However, as
LNA-ASOs could not be quantified by gPCR it is unclear whether this is due to
insufficient loading of EVs or the challenge of identifying detectable readouts in
recipient cells, as discussed above. Previous data within the lab has shown that LNA-
ASOs are able to cross the BBB to elicit potent target silencing when administered to
mice at very early postnatal stages when the BBB is not yet fully formed. Thus, this
strategy will be employed for initial in vivo screening of multi-gene LNA-ASOs in
wild-type mice. However, for future testing in AD mice models where it would be
desirable to assess the effect of multi-gene LNA-ASOs applied both prior to and after
disease onset, it is likely that direct injections or infusions would be required until an

alternative delivery method is developed.

In the current study, the duration of in vitro mRNA silencing was relatively short.
Typically, mRNA expression was maximally silenced between 24-48 hours with an
attenuation of silencing at 72 hours. However, LNA-ASOs have been shown to have
much longer half-lives in vivo. Indeed, previous studies have shown that target mMRNAS
may still be suppressed up to 6 months after ASO infusions®®®®. While dosing

regimens for any promising LNA-ASOs would obviously require optimisation in AD
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models, these findings suggest that LNA-ASOs may provide a feasible approach to

long-term silencing.

Alternative Multi-gene LNA-ASOs and Importance of a Combinatorial Approach

Finally, it is important to note that while APGS and BAMT multi-gene LNA-ASOs
were chosen for further characterisation in the current study, a number of other
candidate LNA-ASOs were also identified. These included BATA (BACE1 and tau),
BAPP2 and BAPP3 (BACEL and APP, in SH-SH5Y cells) and GRBCA (GRIN2B and
caspase-9). Further investigation of these is warranted, particularly as they may target
alternative pathways. Given the importance of a combinatorial approach it would also
be of interest to assess whether combining multiple multi-gene LNA-ASOs in one
treatment would be of value for targeting an even greater range of pathways.
Alternatively, multi-gene LNA-ASOs could also be combined with other existing
therapeutic strategies such as immunotherapy. Data from two previous studies suggest
that this may be a promising approach. For example, memory deficits were reversed in
an AD mouse model following combined treatment with a single dose of APP-directed
ASOs and a monoclonal amyloid-p antibody while application of either treatment alone
had no effect’®. Similarly, Rapozzi and colleagues*® showed that anti-proliferative
effects were enhanced when an ASO targeting the BCR/ABL fusion gene was applied
in combination with STI571, a tyrosine kinase inhibitor of p2108°R"“BL Together, these
studies highlight the potential of combining novel multi-gene LNA-ASOs with

additional therapeutic agents.
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In summary, the recent transition to clinical trial for two ASOs directed at the treatment
of SMA and ALS demonstrate the promise of ASO-mediated therapies for
neurodegenerative disease>*®“%2®®* This study has identified novel multi-gene LNA-
ASOs, which are able to silence the expression of two target genes relevant to AD
simultaneously. Although these require further validation in vivo, they may offer an

alternative option towards combinatorial-based therapies for the treatment of AD.
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6 Discussion

6.1 Summary of Results

The work presented in this thesis has explored the utility of RNA-based therapeutics for
the treatment of AD. This work was divided into two themes; 1) the identification and
EV-mediated delivery of potential RNAIi-based therapeutics and 2) the development of

novel multi-gene targeting LNA-ASOs as a combinatorial approach to AD therapy.

Amyloid-f peptides, a key pathogenic hallmark of AD, are produced through the
sequential cleavage of APP by BACEL and y-secretase. As such, silencing either APP
or the secretases is at the forefront of drug development. Furthermore, mounting
evidence has demonstrated deregulation of the miRNA network within AD, with the
potential to contribute towards disease. Thus, RNAi-based therapeutics may be well-
suited to a role in AD therapy. However, their development thus far has been hindered
by challenges associated with their delivery to the brain. This study therefore explored
the potential of EV-mediated delivery for RNAi-based therapeutics. Promising APP and
BACEL1-targeting siRNAs were identified and the regulation of APP and BACEL by
several miRNAs, shown to be downregulated in AD, was confirmed. Subsequently, EV-
mediated delivery of validated siRNAs and miRNAs was investigated in vitro and in
vivo. Electroporation was first assessed as a method to load exogenous siRNA cargoes
into BM-DC and Neuro2A-derived EVs. Following a lack of functional activity in
recipient cells both in vitro and in vivo, EVs and siRNAs were carefully characterised
after electroporation. This revealed the formation of large SiRNA aggregates both in the

presence and absence of EVs, which confound estimates of loading efficiency and may
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contribute towards the lack of observed functional activity. Consequently, an alternative
endogenous EV-loading method was explored. Both siRNA and miRNA cargoes were
endogenously loaded into EVs following transfection of either dsRNA effectors or
RNAI-expression plasmids into source cells. Strategies to optimise this technique were
then investigated. Promisingly, co-expression with RNA-binding proteins increased
EV-loading of exogenous RNAI effectors. Furthermore, this effect appeared enhanced
by inclusion of an acylation domain which served to anchor RNA-binding proteins to
the membrane. While assessment of functional activity in recipient cells requires further
optimisation, this study highlighted the importance of detailed EV characterisation after
loading and demonstrated potential strategies by which endogenous EV-loading

methods may be enhanced.

It is increasingly recognised that a combinatorial approach likely holds the most
promise for the development of disease-modifying therapeutics for AD. Therefore, the
remainder of this thesis focused upon the development of novel multi-gene targeting
LNA-ASOs as a combinatorial approach towards AD therapy. Promisingly, two multi-
gene targeting LNA-ASOs were identified and each shown to silence their two target
genes simultaneously. Importantly, this translated to a significant reduction in amyloid-
B (42) production by HEK293 APPswe cells. Unfortunately, the effect upon tau
phosphorylation proved more challenging to assess in vitro. However, the identification
of a multi-gene LNA-ASO targeting two separate mouse transcripts paves the way for
future in vivo studies. Thus, this work demonstrated the promise of a multi-gene

targeting LNA-ASO approach towards a combinatorial therapy for AD.
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6.2 Challenges to Realising the Therapeutic Potential of Extracellular

Vesicles

The results of the present study add to a wealth of emerging evidence which highlights
the therapeutic potential of EVs both as delivery vehicles of exogenous cargoes and as
therapeutic effectors in their own right. Indeed, EV-based therapeutics have recently
progressed to clinical trial both as vaccines and anti-inflammatory agents in the
treatment of cancer®**>* (Clinical Trials: NCT01668849, NCT01294072). Promisingly,
these clinical trials have shown that EV-based therapies appear well-tolerated and offer
preliminary evidence for their efficacy in halting disease progression in some

patients®** %

. However, while these findings highlight the promise of EV-based
therapeutics, important challenges still remain which must be resolved for their
potential to be fully realised. These include the identification of scalable and sustainable
sources of well-characterised EVs and the development of robust isolation, purification,

loading, delivery and targeting protocols. A lack of understanding concerning the

fundamental biology of EVV-mediated delivery also limits clinical translation.

Currently, EVs are derived from a range of source cells including MSCs, DCs and
tumour cells. However, a wide variety of cells produce exosomes, all of which possess
different intrinsic properties in terms of targeting and function. In the current study,
BM-DCs, Neuro2A and HEK?293T cells were utilised as EV source cells. However, for
future therapeutic purposes it is unlikely that cell-line-derived EVs represent the ideal
choice given their oncogenic potential. It is therefore important to identify an optimum
scalable source of EVs which possess the appropriate properties for each therapeutic

application. In this respect, ESCs or induced pluripotent stem cells (iPSCs),
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differentiated along desired lineage pathways, may represent more promising

options®6%2

. Not only do primary cell-derived EVs possess inherent therapeutic
characteristics which may enhance the therapeutic potential of exogenous cargoes>*®-
532534-536693 'yt EVs derived from autologous patient sources are more likely to be
immunologically compatible. Efforts are currently underway to identify techniques by
which EV production may be up-scaled from such sources®®*®**. One group have
produced an immortalised line of hESC-MSCs by transfection of the oncogene, MYC.
EVs derived from immortalised hESC-MSC cells retained the ability to ameliorate
myocardial infarct size, suggesting that the therapeutic potential of EVs was
maintained®. Alternatively, plant-derived EVs may represent another promising
option. Grape EVs are internalised by mammalian cells in culture, display limited
toxicity in vivo and have recently progressed to clinical trial based upon their anti-
inflammatory properties®®® (NCT01668849, NCT01294072). Thus, while a number of

potential EV sources have now been identified, which represents the best option for

each therapeutic purpose remains to be determined.

Indeed, EVs may also carry pathogenic cargoes linked to a number of diseases including
neurodegenerative disorders, cancer, rheumatoid arthritis and H[\/*89491:496:561-563,696-698
EVs have been shown to be secreted in association with APP, amyloid-p and tau both in
vitro and in vivo®****®*°%_ Similarly, in the current study, APP and BACE1 mRNA and
BACEL1 protein were found within both HEK293T and Neuro2A-derived EVS.
However, as discussed previously, EVs may also play a beneficial role in AD either by
promoting microglial clearance of amyloid-p or through EV-mediated secretion of

neprilysin, an enzyme important for amyloid-p degradation®*>"*. Together, these

findings highlight the importance of selecting the correct EV source for a specific
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therapeutic purpose. Detailed transcriptomic and proteomic analyses of all EV
preparations intended for clinical use are therefore required to screen natural cargoes to
minimise the risk of undesired off-target effects. Not only are such analyses critical with
regards to exploiting EVs for the delivery of therapeutic nucleic acids, but they may

also help to inform strategies to target the proposed pathogenic role for EVs in disease.

EVs are currently harvested using a variety of isolation and purification protocols. To
date, ultracentrifugation reflects the most accepted method for EV isolation and hence
was the method chosen in the current study. However, due to concerns relating to
operator-dependent variability, low yields, protein contamination and disruption to
exosomal integrity, alternative methods are being explored. These have included
ultrafiltration, sucrose density gradients, immunoaffinity capture with beads and

microfluidic-based approaches®*3%%%-70!

. Given the variety of potential techniques
available, further optimisation is required to identify the optimal protocol for achieving
clinical grade EV preparations. Indeed, while EVs are often described as a homogenous
population, work within the lab and by others’® has revealed two distinct populations
within tumour cell-derived EVs. Whether distinct populations mediate separate
biological processes and whether this is specific to tumour-derived EVs remains to be

seen. However, these findings highlight the importance of identifying a highly

characterised source of EVs for therapeutic applications.

While this work focused upon EV-mediated delivery of RNAi-based molecules, EVs
may be suitable for the delivery of a wide range of therapeutics. However, as
highlighted throughout this thesis, EV-loading protocols require refinement. While

previous studies have used electroporation to load EVs, this represents a relatively
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inefficient method and has often proved inconsistent despite identical
parameters**%>1513 The results of the current study and those of Kooijmans et al.>®
suggest that this may be related to the formation of siRNA aggregates during
electroporation. Although endogenous loading mechanisms, such as those explored
here, may represent a promising alternative it is important to note that simple
overexpression of exogenous cargoes in source cells may not necessarily reflect the
most efficient mechanism either. While the current study aimed to optimise this
approach through the co-expression of RNA-binding proteins, more cost-effective and
knowledge-driven loading methods are required. In this respect, a growing
understanding of the fundamental processes underlying EV biogenesis should help to
inform the development of future loading methods. Thus, the identification of sequence
motifs which may direct the sequestration of proteins, mMRNAs and miRNAs within EVs
suggests the existence of endogenous enrichment mechanisms which in future may be

exploited for specific loading of exogenous cargoes*®” #7247,

A better understanding of EV biology may also inform strategies to improve EV
targeting and uptake by recipient cells. While EVs may possess intrinsic targeting
abilities dependent upon their cellular origin, they may also be engineered to display
targeting moieties, such as the RVG-ligand employed in this study, which confer
targeting to a desired tissue or cellular subtype*®’*%8%1351° \\hile tetraspanin complexes
are thought to play a role in determining target cell specificity®®**°, a fuller
understanding of the factors which permit endogenous EV targeting to recipient cells is
required. Similarly, while adhesion molecules may be important for exosome and

457,458,493,703

recipient cell binding , the mechanisms controlling recipient cell uptake are

not fully elucidated. A clearer understanding of the inherent properties driving these
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interactions may guide the development of modifications to further enhance specificity
and selectivity of therapeutic EVs. Furthermore, the development of additional targeting
strategies may allow for a wider array of delivery methods for the EVs themselves.
Current routes of delivery have involved intranasal application or intravenous,
intradermal and subcutaneous injections®®>12°175435% "However, current clinical trials
designed to evaluate the efficacy of grape exosomes will administer EVs in either
powder or tablet form. This may represent a promising strategy for other diseases if EVs
may be engineered to efficiently direct them towards tissues of interest and away from

excretory organs.

Delineating answers to the outstanding issues above will be important in furthering our
understanding of the biological processes underpinning EVs as successful nanocarriers
and in guiding their development for therapeutic purposes. Furthermore, an
understanding of the necessary components which endow EVs with the capacity for
drug delivery may facilitate the design of artificial “exosome-like” vesicles which
possess only those characteristics required for delivery and are devoid of endogenous
content which may interfere with therapeutic applications. This approach may be
particularly valuable given the recent association of EVs with pathogenic cargoes as
outlined above. Indeed, recent studies have begun to explore the concept of artificial
“exosome-like” vesicles through the use of liposomes whose lipid composition is
designed to resemble that of exosomes. These studies demonstrated increased
bioactivity and treatment efficacy of proteins tethered or coated onto the surface of
exosome-like vesicles with no evidence for systemic toxicity’® "%, Together, these

studies highlight how an understanding of inherent exosome properties may be
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exploited to allow the delivery of exogenous therapeutic molecules, without the risk of

potentially harmful endogenous cargoes.

Finally, while this thesis has focused upon EVs as delivery vehicles for RNAi-based
therapeutics, EVs may have further utility in the context of AD in terms of their
biomarker potential’®®. Several recent studies have suggested that the content of blood
derived-EVs could be used to distinguish AD patients from controls’*®"*3, Fiandaca and
colleagues’® reported that plasma-derived EVs from AD patients contained
significantly higher levels of amyloid-p (42), phosphorylated tau-181 and
phosphorylated tau-396. Individually, each protein predicted AD with an accuracy of
more than 95%, while combined, their predictive ability approached 100%, suggesting
that they could be used to distinguish AD patients accurately from controls’®.
Furthermore, all three proteins were elevated in the early blood samples of those who
later developed AD, suggesting that they may have utility in predicting disease at
preclinical stages’®. In a series of further papers, Kapogiannis and colleagues’* "3
demonstrated differential expression in neural exosomes derived from AD patients
relative to controls, for a range of proteins including lysosomal proteins, cellular
survival factors and type 1 insulin receptor substrate. Altered protein expression was

apparent up to 10 years prior to clinical diagnosis and could be used to accurately

classify 100% of AD patients'** "%,

Alternatively, Cheng et al.”®

suggested that the miRNA content of EVs may represent a
biomarker for AD. In their study, the profile of 16 miRNAs within serum-derived EVs
combined with established risk factors including age, sex and APOE €4 status allowed

the prediction of AD with a sensitivity and specificity of 87% and 77%, respectively’*°.
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While these results await validation in larger populations, together they suggest the
promise of EV-based biomarkers in the context of AD. As discussed previously,
identifying sensitive and less invasive biomarkers is crucial. Not only would accurate
biomarkers aid the diagnosis of AD, which currently can only be confirmed post-
mortem, but they may also help to identify homogenous populations of AD patients for

clinical trials and provide alternative markers of disease progression and drug efficacy.

In summary, the findings from the current study add to existing literature suggesting
that EVs hold promise for the delivery of a range of therapeutic cargoes. However,
future work must address the challenges outlined above if the promise of EV-mediated

therapeutics is to be achieved.
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6.3 Multi-gene Targeting by LNA-ASOs

ASOs represent a promising option for the therapeutic silencing of both normal and
mutant gene expression. To date, two phosphorothioate-modified ASOs have been
approved for the treatment of AIDS and familial hypercholesterolemia*®“®*. However,
a growing number of ASOs are now progressing towards clinical trial for a range of
diseases including cancer, HCV, DMD and neurodegenerative

; 402,4 4,714-71
dlsease398,399, 02,403,684, 6

. Indeed, the first two clinical trials for ASO-based
therapeutics targeting the neurodegenerative diseases, SMA and ALS, are now
underway®**4%2%84 promisingly, intrathecal-based delivery of both ASOs appears well-
tolerated with SMA-based trials reaching phase Il (NCT02292537)*?. Furthermore,
ASOs targeting SMA appear functional, with increased CSF SMN protein levels and
improved muscle function observed in children treated with multiple doses of ISIS-
SMNRx'!". Together, these studies highlight the safety and efficacy of ASOs directly

administered to the CNS, paving the way for the development of ASOs for the treatment

of other neurological disorders.

The results of the current study suggest that multi-gene targeting LNA-ASOs have
potential for the silencing of AD-relevant genes. These findings are consistent with
those of previous studies which have shown that modified-ASOs, utilising a range of
different chemistries, elicit potent silencing of APP, GSK3, presenilin-1 and tau-based
targets in vitro and in vivo*® . Importantly, these studies revealed that silencing of
these genes resulted not only in a reduction of amyloid-f and markers of
neuroinflammation and oxidative stress but was also associated with the reversal of

memory deficits in two mouse models of AD**®*3, Thus, it will be important for future
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work to determine whether the multi-gene LNA-ASOs in the current study may have
similar disease-modifying properties. In this respect, the identification of a multi-gene
LNA-ASO which targets mouse transcripts for Bacel and mTOR (mBAMT) is
important as it will allow preliminary in vivo screens of this novel multi-gene targeting
technology. While the multi-gene mBAMT LNA-ASO reduced both Bacel and mTOR
expression, further studies are required to determine whether this translates to a

reduction in amyloid-p production and tau phosphorylation.

The design of multi-gene LNA-ASOs was based upon previous reports suggesting that a
gapmer design of 7-9 DNA bases flanked by three LNA bases within a
phosphorothioate-modified backbone is sufficient to induce potent RNase H-mediated
gene silencing®’. This chemistry has been shown not only to increase the binding
affinity of LNA-ASOs but also to increase their stability in serum*"’. However, it should
be noted that LNA-ASOs may be associated with hepatotoxicity in vivo although this
may depend crucially on specific sequence motifs and length®® %% \while shorter
LNA-ASOs may be less toxic, it will be important to determine whether the LNA-ASOs
investigated in the current study induce toxicity in vivo. It has been suggested that
combining structural elements of different modifications, such as those of 2'-O-
methoxyethyl residues and LNAs, may improve potency while reducing

hepatotoxicity’*®

. Thus, given the promise of ASOs capable of targeting multiple genes,
it will be interesting to compare the efficacy of such modifications for the sequences

upon which the current multi-gene LNA-ASOs are based.

Once delivered to the CSF, ASOs may be taken up by neuronal cells widely distributed

throughout the brain®®*®®. Furthermore, ASO-based therapeutics have been shown to
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elicit long-term silencing of their targets in neuronal cells following direct ASO
infusions®®%°. This may relate not only to the presence of the BBB which helps to
maintain high ASO concentrations within the CNS following direct CSF delivery but
also to reduced intrinsic nuclease activity in neuronal cells compared to the periphery™®.
This suggests that ASOs are well-suited to the treatment of chronic neurodegenerative
disease, where long-term silencing of disease-relevant proteins is required. As outlined
above, promising data from the ongoing ASO-based clinical trial in SMN indicates that
repeated administrations are well-tolerated and associated with functional muscle
improvements’’. This is important as it is likely that regular dosing will be required to
maintain optimal levels of silencing for a range of neurodegenerative diseases. The
current data from clinical trials investigating ASOs in the context of neurodegenerative
disease therefore appear encouraging. However, long-term studies are required to
determine optimal dosing regimens and any long-term consequences upon efficacy and

safety.

The two human clinical trials investigating the feasibility of ASOs for ALS and SMN
employ intrathecal delivery. While this strategy appears well-tolerated, it is an invasive
procedure and may be associated with adverse effects including post-lumbar puncture
syndrome, back pain and nausea’®. Future studies should therefore investigate
alternative methods for less-invasive effective delivery. A preliminary experiment was
performed in the current study to investigate the utility of EV-mediated delivery of
multi-gene LNA-ASOs. While no functional effects were observed in recipient cells,
EV-mediated delivery requires much optimisation as discussed previously. Thus, EV-
based delivery remains one potential avenue which should be explored alongside other

potential strategies such as conjugation or complexation of ASOs with either receptor
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ligands to induce receptor-mediated transcytosis or cell-penetrating peptides for

transport across the BBB®¢"°%,

The novel multi-gene LNA-ASOs described in this study are of particular interest given
the drive towards a combinatorial approach for AD therapy. While further clarification
is required to fully elucidate the effects upon tau phosphorylation, the current data
suggest that both gene targets were significantly silenced by multi-gene LNA-ASOs.
Furthermore, a substantial reduction in amyloid-B (42) production was achieved by
partial gene silencing following LNA-ASO treatment. This is crucial given that targets
may be involved in a range of key processes and thus require a degree of preserved
function. Future studies will be required to determine if a similar reduction in amyloid-f
is achieved following partial silencing in vivo and, if so, to calculate the degree of
silencing required to reach a therapeutic threshold for disease modification while

avoiding adverse effects.

The multi-gene LNA-ASOs identified here allow a combinatorial approach towards
therapy in their own right. However, it is feasible that their efficacy might be further
enhanced when applied in combination with other therapeutic compounds. Thus, if they
are successfully validated in future studies, another promising option will be to explore
their combined administration with a range of other compounds. Indeed, one limitation
of the multi-gene LNA-ASO approach outlined here is that they are crucially dependent
upon overlapping sequences between different genes of interest. While the inclusion of
abasic sites may help to cover mismatches between sequences of interest, combined

administration of multi-gene targeting LNA-ASOs, either with each other or with other
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compounds, may allow targeting of an even greater number of pathways without the

strict requirement for appropriately overlapping sequences.

In summary, ASOs are emerging as a promising class of therapeutics for the treatment
of neurodegenerative disease. The findings from the current study add to the existing
literature suggesting that ASOs represent a feasible strategy towards AD therapy and
highlight the potential of a combinatorial multi-gene targeting LNA-ASO-based

approach.
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6.4 Concluding Remarks

The work in this thesis has contributed towards the development and delivery of novel
RNA-based therapeutics for the treatment of AD. Promising miRNA and siRNA
candidates regulating key AD-associated genes have been identified and their EV-
mediated delivery to recipient cells explored. Electroporation as a method of EV-
loading was shown to be confounded by the formation of large siRNA aggregates. In
contrast, RNAi-based candidates could be loaded more effectively by exploitation of
endogenous loading mechanisms. Loading was further enhanced by co-expression with
RNA-binding proteins, particularly when they were tagged with a membrane-anchoring
acylation domain. Finally, a novel multi-gene targeting LNA-ASO-based approach was
identified and the simultaneous silencing of crucial AD genes demonstrated. This

strategy may represent a novel approach towards the combinatorial treatment of AD.
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