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ABSTRACT

Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease wherein
motor neurons progressively degenerate over time, and pathology spreads
spatiotemporally throughout the neuroaxis. Mutations in the Cu/Zn superoxide
dismutase (SOD1) gene are linked to inherited cases of ALS, and misfolded SOD1
protein has been reported in neural tissues from all ALS subtypes. We have
previously shown that human wild-type SOD1 (HUWTSOD1) in cultured HEK cells
can be induced to misfold by transgenically-expressed mutant SOD1, and that cell-
to-cell transmission of HUWtSOD1 misfolding can occur in vitro. However, the
mechanism(s) by which misfolded SOD1 could be propagated in vivo remain
unknown. In this study, we investigated the capability of central nervous system
(CNS) tissue-derived exosomes and microvesicles to propagate SOD1 misfolding.
The overarching hypothesis of the work is that CNS tissue-derived EVs from ALS
mouse models bear misfolded SOD1 cargo, and can induce SOD1 misfolding
in recipient cultured cells. The hypothesis was investigated using the following
specific aims: 1) Isolate and characterize CNS tissue-derived EVs from ALS mouse
models 2) Investigate the presence and localization of misfolded SOD1 in isolated
EVs 3) Examine capability of ALS mouse model tissue-derived EVs to propagate
SOD1 misfolding to cell culture systems, and 4) Explore physiological relevance of

findings using EVs isolated from human ALS patients.

Using primary spinal motor neuron and glial cultures from HUWTSODL transgenic
mice, and a misfolded SOD1 conformation-specific antibody, we show for the first
time that both CNS-derived EV subtypes are capable of transmitting SOD1
misfolding to recipient cells. Our study provides novel evidence consistent with a
potential role of CNS-derived extracellular vesicles in human ALS, and highlights the
ability to use the more abundant microvesicle population to investigate the functional

effects of EVs in protein misfolding diseases.



LAY SUMMARY

Amyotrophic Lateral Sclerosis (ALS) is a fatal disease that causes death of motor
neurons in the brain and spinal cord of affected patients. Over time, disease spreads
through the central nervous system, causing worsening paralysis in ALS patients.
Inherited ALS cases have been linked to gene mutations in superoxide dismutase
(SOD1), a protein that acts as an antioxidant enzyme in the body. Abnormally folded
forms of SOD1 protein which potentially cause motor neuron death are reported in
neural tissues of ALS patients. Using a cell culture system that models aspects of
ALS biology, our group showed that normal SOD1 protein folds abnormally when
mutated SODL1 is introduced to cells. We also showed that this misfolded protein
can spread from cell-to-cell, mimicking the systematic progression of symptoms
through the spinal cord in ALS patients. However, the biological mechanisms by
which misfolded SOD1 can be propagated in this manner are unknown. Using
mouse models of ALS, the work in this thesis shows new evidence that small
vesicles secreted from cells termed extracellular vesicles are involved in the
transmission of SOD1 protein misfolding in ALS. In addition to informing our
understanding of disease biology, the findings here provide insight into the potential
use of extracellular vesicles as much-needed biomarkers and therapeutic targets in
ALS.



PREFACE

Chapter 1 of this thesis is a review of the current state of ALS research, SOD1, the
prion-like propagation of protein misfolding as a mechanism for disease
transmission in ALS, and what is currently known about extracellular vesicles as
they pertain to the above. Figure 1.1 was generated with assistance by Luke
McAlary. Some portions of Chapter 1, as well the conclusion of this thesis, have

been previously published in the following invited review articles:

A J.M. Silverman, S.M. Fernando, L.I. Grad, A.F. Hill, B.J. Turner, J.J. Yerbury,
N.R. Cashman, Disease Mechanisms in ALS: Misfolded SOD1 Transferred
Through Exosome-Dependent and Exosome-Independent Pathways, Cellular
and molecular neurobiology 36(3) (2016) 377-81.

A L.l Grad, S.M. Fernando, N.R. Cashman, From molecule to molecule and
cell to cell: prion-like mechanisms in amyotrophic lateral sclerosis,
Neurobiology of disease 77 (2015) 257-65.

In Chapter 2 The experimental setup for side-by-side comparison of isolation
protocols was designed by Dr. Judith Silverman and myself, and the work performed
by myself. The protein yield experiment was designed by myself and carried out by
Chieh-Chieh Shyu. TEM images were obtained with the help of Brad Ross from the
UBC Bioimaging facility, and Nanoparticle tracking analysis experiments were
performed with the assistance of Dr. Elham Behesti. | designed and carried out the
remainder of experiments in this Chapter with technical assistance by Chieh-Chieh

Shyu and scientific input by Dr. Judith Silverman.

Chapter 3: The experiments investigating surface misfolded SOD1 on EVs via
immunoprecipitation were designed by Drs. Judith Silverman and Leslie Grad, and
performed by Dr. Leslie Grad. TEM experiments probing individual EVs for

misfolded SOD1 were designed by myself and performed by Dr. Catherine Cowan.



Cytotoxicty experiments were designed by myself and performed by Chieh-Chieh
Shyu. Darren Christy performed the misfolded SOD1 ELISA on spinal cord tissue-
derived EVs. All other experiments were designed and performed by myself with
scientific input from Drs. Judith Silverman and Neil Cashman.

Chapter 4: Primary spinal cord mixed neuronal and glial cells were cultured and
maintained by Dr. Jing Wang. Immunoprecipitation experiments were performed by
myself with technical input from Dr. Leslie Grad. The propagation experiment was
designed with input from Dr. Neil Cashman. All other experiments were designed
and carried out by myself with scientific input from Drs. Neil Cashman and Judith

Silverman.

Chapter 5: The human tissue material we used was kindly provided by Drs. Lyle
Ostrow and John Ravits from Target ALS, and Dr. lan Mackenzie from UBC.
Experimental setup in this chapter is complementary to the work in animal models
conducted in previous chapters, and designed in the same manner. 3H1 and 10C12
immunoprecipitations of spinal cord exosomes were designed by Drs. Judith
Silverman and Leslie Grad, and carried out by Dr. Leslie Grad and myself. The
remainder of experiments were designed and performed by myself with scientific
input from Dr. Neil Cashman.

All experiments involving animals were conducted according to the Canadian
Council on Animal Care guidelines, approved by the Animal Care Committee of the
University of British Columbia, and were sacrificed according to the guidelines of the
Institutional Animal Care and Use Committee (IACUC) under protocol A15-0203.

Portions of this thesis are written up in a manuscript currently under review.
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CHAPTER 1. INTRODUCTION

1.1 AMYOTROPHIC LATERAL SCLEROSIS (ALS)

ALS is a rapidly progressive, fatal neurodegenerative disease which affects upper
and lower motor neurons in the brain, brain stem, and spinal cord, causing muscle
weakness and paralysis in patients [1]. Most patients with ALS die within 2-5 years
from when symptoms first begin; disease duration can be highly variable however,
with some patients surviving for more than 2 decades while others reach terminal
stage within months [1]. Apart from disease duration, ALS is characterized by
hetereogeneity at almost every level: age of onset, phenotype, genetic background,
etiology, and biological mechanisms implicated [2]. These differences point to the
highly complex and multisystemic nature of this disease, and will be explored in
greater depth in the following paragraphs. In terms of classification, ALS is
traditionally divided into two major subtypes. Approximately 90% of ALS is sporadic
with no clear genetic linkage, while ~10% of ALS is familial, and is associated with
inheritable gene mutations. Clinical onset of symptoms in ALS patients usually
occurs in their fifties or sixties, but can occur at all ages. Apart from a higher average
age of onset in sporadic ALS cases, the clinical presentation of the two subtypes of
ALS is indistinguishable from each other, suggesting that a common pathobiology

may underlie both forms.

1.1.1 HISTORY

The earliest reports of ALS date to 1824 when Charles Bell described several
patients with a form of motor weakness [3]. However, the first detailed
clinicopathological descriptions of ALS are credited to the French neurologist Jean-
Martin Charcot. In 1869 he reported the loss of anterior horn motor neurons in
patients and hypothesized that this was due to sclerosis in the lateral columns of the
spinal cord [4]. These autopsy findings in patients led him to name the disease

amyotrophic lateral sclerosis [3]. The level of clinicopathologic description he



achieved was a remarkable feat for the time since the organization of the motor

system and its linkage to different anatomical regions had not yet been elucidated.

In 1930, ALS as a disease became widely known in popular culture when Lou

Gehrig, an exceptionally talented and renowned major league baseball player, was

abruptly struck with a rapidly worsening muscular weakness, eventually leading to

the diagnosis of ALS. Gehrig, a beloved sports figure, brought the awareness of

many to the devastating aspects of the disease itself, but also to the courage

displayed by many in the face of ALS when he gave his retirement speech in 1939

titled AThre dmnuctkh e sft a afi. ALS is novihelloquially teferded

to as Lou Gehrigbdés disease in North Ameri ca.

1.1.2 EPIDEMIOLOGY

The worldwide incidence of ALS is approximately 1-2 cases per 100,000 individuals,
and the prevalence around 4-6 per 100,000 individuals [6]. There is a slightly higher
incidence of ALS among males with sporadic ALS (SALS), but not familial (FALS)
[7]. However, this phenomenon could potentially be accounted for by the increased
incidence of ALS among smokers and war veterans, and is currently trending
towards equality of incidence between genders [7]. There is evidence from
population-based studies of variation in ALS incidence according to ethnic
background; ALS is less common in mixed race persons in Europe, and in Asian,
Hispanic and African American individuals compared to Caucasians in North
America [8, 9].

There are also certain geographical hot-spots with high levels of reported ALS
cases. For example, the island of Guam, at one time, had almost a hundred fold
higher incidence rate of ALS than in the mainland United States, although disease
rates have declined steadily since the 1940s [10]. This epidemic was associated with
t he acci dent arethyl-angm--alanioenby the locdi Chamorro



population who consumed flying foxes which feed on cycad seeds, a plant

containing high concentrations of the neurotoxin [9, 11].

Cigarette smoking, exposure to environmental toxins, high lifetime physical exertion,
and active military service have all been linked to higher risk of developing ALS [9].
A retrospective study performed on soccer players from Italian professional leagues
identified a higher incidence of ALS among players, particularly in those who have
played over 5 years in an active midfield position[9]. The same higher incidence
was observed in a group of amateur English soccer players, suggesting that
intensive physical exertion poses a risk for developing ALS [9]. However, the

etiology and definitive risk factors for most cases of ALS are currently unknown.

1.1.3 CLINICAL SYMPTOMS

Most ALS patients present clinically with spinal onset where symptoms first appear

in limbs. Approximately 25% of patients have bulbar (lower brainstem) onset, with
accompanying symptoms in jaw/mouth, tongue and facial muscles [7]. A s mal |
cohort 4 5% of alrlnkarespeatry gymgame [9]eALS patientst h  t
typically present with a mixture of upper and lower motor neuron (UMN & LMN)
symptoms. UMN symptoms include dysarthria, emotionality, spasticity, and

hyperactive reflexes, while LMN symptoms are commonly cramps, decreased

reflexes, muscle wasting, and twitching [7]. Muscle weakness is common to both

UMN and LMN involvement. In all instances, symptoms spread from the region of

onset to other regions in a progressive manner. There is a wide heterogeneity in

clinical symptoms even among patients from the same family, presumably carrying

the same mutation. This phenomenon is posited to be due to variability in 3 primary
factors: rate of progression, body region of onset, and the relative mix of UMN and

LMN involvement [4].



1.1.4 OVERLAP WITH FTD

Although ALS is mainly a disease of motor neurons, there can be prefrontal and
temporal cortex involvement to varying degrees, resulting in cognitive dysfunction
and/or frontotemporal lobar dementia (FTLD) [1]. The presence of FTLD with
symptoms of ALS is characterized as ALS-FTD, with approximately 15% of patients
falling under this category [1]. Indeed, there is significant overlap in clinical,
pathological and genetic characteristics between ALS and FTD, leading many to
recognize that the two diseases lie on opposite ends of a spectrum encompassing a
single disease [1, 12]. The current consensus in the field is that these two
neurodegenerative diseases are linked, and that findings in one research area

should also be tested and potentially applied in the other [13].

1.1.5 DIAGNOSIS AND THERAPY

There is currently no diagnostic test available for ALS, and clinical examination

remains the main method of disease diagnosis. One significant challenge in

diagnosis is that clinical symptoms of ALS overlap considerably with a variety of

conditions such as cervical spondylosis, myopathies, neuropathies, inclusion body
myositis, myasthenia gravis, and multiple sclerosis, as well as infections such as
Lymebs di sease and HI[N., Theselome, digeasadiaggosiot her s
involves a process of elimination of other conditions which could mimic ALS.

Misdiagnoses are common, with ~10% of false diagnosis of ALS when the condition

is in fact a mimic, resulting in delays in obtaining correct treatment and care [7].
Identification of reliable biomarkers for disease diagnosis and monitoring would

reduce the time from symptom onset to diagnosis, and is therefore imperative.

There is currently no cure for ALS, and the only FDA-approved intervention is
Riluzole, a drug which extends the lifespan of patients by approximately 3 months
[6]. ALS therapy is primarily aimed at halting disease progression and the palliative
care of patients [7]. Non-invasive ventilation, for example, is used to alleviate

worsening respiratory symptoms in patients, and studies have shown a slight



extension of survival with the addition of ventilation to the care program [7]. Other
means of caring for patients include provision of a support team, the preparation of
food that is easy to swallow, and medications for weakness, muscle spasticity,
sleep, and depression, as well as end-of-life or hospice care. Although these
interventions can provide temporary relief and comfort for patients, the ultimate goal

of ALS treatment remains a means to halt progression of disease.

1.1.6 PROGNOSIS

50% of all ALS patients usually die within 30 months from when symptoms first
appear, and only 20% of patients survive over 5 years [9]. As the disease
progresses, fatigue, weakness, dysphagia, malnutrition, and weight loss are
common, with the latter two being linked to poor prognosis [9]. At end stage, patients
usually die from respiratory failure due to progressively weakening respiratory
muscles, a condition which can be accelerated by pneumonia [9]. Early respiratory
involvement, older age of onset, and bulbar-onset are associated with poorer
prognosis, while predominantly LMN subtypes of ALS such as progressive muscular
atrophy and flail-limb variant ALS are associated with slower progression and better

prognosis [9].

1.1.7 GENETICS

Knowledge regarding the underlying genetic cause of ALS has rapidly advanced in
recent decades. As mentioned previously, 10% of all ALS cases have a known
genetic association, with patients having at least one affected family member or
relative. The majority of FALS cases are inherited autosomal dominantly with high
penetrance, but there are cases of autosomal recessive and X-linked inherited
mutations as well [14]. The distinction between familial and sporadic ALS is not as
clear-cut as one would assume. For example, there is accumulating evidence from
twin and family studies that apparently sporadic cases of ALS may have a genetic

component as well [15]. FALS cases are also often misclassified as SALS because



of reduced penetrance, low numbers of offspring making the genetic linkage unclear,
incomplete family information, phenotypic variability, and non-paternity events [2].
Therefore, it may be misleading to assume that all, or even most, cases of SALS

have no genetic association.

There are over 50 ALS-associated genes identified in literature to date. However,
proving the causality of these variants in disease is difficult, and only a few are
unambiguously linked to the pathogenesis of ALS. Of these, the major players are

outlined below:

SOD1

Mutations in the gene encoding Cu/Zn superoxide dismutase 1 (SOD1) were the first
genetic mutations to be identified in ALS patients, and account for 20% of all FALS
cases and ~1-4% of SALS [6]. To date, over 180 different mutations spanning all 5
exons in the SOD1 gene have been identified in ALS patients [16]. AImost all SOD1
mutations are inherited in an autosomal dominant fashion, although the D90A
mutation found in Scandinavian populations is recessive for unidentified reasons [1].
The most common SOD1 mutation found in the United States is the Ala4Val (A4V)
mutation, which accounts for ~50% of SOD1-positive FALS, and is associated with a
very rapidly progressive form of the disease[13]. The majority of SOD1 mutations
are missense mutations, suggesting that most of the molecule must be present for
its pathogenic effect. However, a small cohort of truncation mutations at the C-
terminal of the protein, such as the G127X mutation, have also been identified in
patients [17].

TDP-43 & FUS

Tar DNA binding protein (TDP-43) and fused in sarcoma (FUS) were first discovered
in mass spectrometry studies attempting to identify the major protein components of
the pathological inclusions found in ALS patients. Mutations in these genes each
cause 4-5% of FALS [18]. TDP-43 is an RNA-binding protein that shuttles between

the nucleus and the cytoplasm in its wild-type state, and is involved in an array of



RNA-related processes including transcription, RNA maturation, and the processing
of miRNAs [9].TDP-43 protein is found within inclusions in SOD1-negative ALS,
renamed ALS-TDP, as well as most cases of FTD. Over 40 different mutations in the
TARDBP gene have been thus far identified in SALS and FALS patients [19]. Like
TDP-43, FUS is an RNA-binding protein whose gene is located on chromosome 16,

and share similar functions and properties.

CI90RF72

Two landmark studies published in 2011 identified that mutations in a region of
chromosome 9 open reading frame 72 (COORF72) were linked to both ALS and FTD
[20, 21]. Hexanucleotide repeat expansions in the C9ORF72 gene are now known
to account for over 30% of FALS and 10% of SALS, making it the largest
contributing mutation in ALS discovered to date [22]. Expansions in ALS patients
can reach upto hundreds of copies and present clinically with an FTD/ALS
phenotype as well as TDP-43-positive inclusion pathology [23]. The exact
mechanism by which C9ORF72 mutations lead to disease is thus far unknown, but
observations point to a toxic gain-of-function possibly in a pathway affecting RNA

processing [23].

Others

The remainder of FALS are due to mutations in ubiquilin 2 (UBQLN2), optineurin
(OPTN), angiogensin (ANG), senataxin (SETX), alsin, Sequestosome 1 (SQSTM1)
vesicle associated membrane protein associated protein B (VAPB), charged
multivesicular body protein 2B (CHMPB2), and spasticin, among others [6]. For an
updated list of gene mutations involved in ALS, please refer to Appendix 1.
Interestingly, C9ORF72 and several other ALS-associated mutations such as
CHMPB2 and VAPB, encode proteins linked to vesicle trafficking, intimating that this
pathway may play an important role in the pathogenesis of ALS [24-26].



1.1.8 NEUROPATHOLOGY

Autopsies of ALS patients reveal degeneration of motor neurons in the motor cortex,
brain stem, and anterior horns of the spinal cord [14]. The neuropathology of ALS is
characterized by the presence of ubiquitinated inclusions in the cytoplasm of
affected motor neurons and surrounding oligodendrocytes [27]. These inclusions
consist of one or more aggregated proteins encoded by ALS-associated genes such
as TDP-43, FUS, SOD1, SQSTM1, and UBQLN2. The fact that these protein
components are also found in the inclusions of SALS patients make a compelling

case for both forms of ALS being linked at the pathological level.

Ubiquitinated and hyperphosphorylated TDP-43 protein is found within inclusions in
almost all ALS cases investigated, with the notable exception of cases with FUS or
SOD1 mutations [14]. TDP-43 aggregates form skein-like inclusions, and are located
near stress granules in the cytosol of neural and glial cells of the anterior horn [13].

In its wild-type state, TDP-43 is known to shuttle between the cytoplasm and the
nucleus,but i n di sease itbés found primarily

corresponding nuclear depletion [28].

FUS, which is structurally and functionally similar to TDP-43, is also found
mislocalized to the cytoplasm in disease. Post-mortem analysis of tissue from ALS
patients with FUS mutations shows severe loss of motor neurons in the spinal cord
and brain stem, and mild to moderate loss of UMNSs of the motor cortex [13].
Immunohistochemical studies show that nuclear levels of FUS are normal in most
parts of the CNS, but that spinal cord motor neurons and dystrophic neurites contain
large globular or elongated inclusions [13]. However, FUS-specific pathology seems
to be rarer than TDP-43 in ALS cases overall [13]. Interestingly, the characteristic
ubiquitin and p62 positive inclusions, as well as TDP-43 inclusions, are rarely seen

in patients with FUS mutations [13].

Certain neuropathological features in ALS are associated with specific gene

mutations. For example, ALS cases with TDP-43 mutations display neuropathology

oc al



with gliosis, motor neuron degeneration, pallor of corticospinal tracts, and the
presence of Bunina bodies in the anterior horns of the spinal cord [13]. In addition to
UMN and LMNs, TDP-43 positive inclusions are also found in other regions of the
CNS such as the frontal and temporal cortex in affected individuals [13]. In ALS
patients with SOD1 mutations, there is a loss of anterior horn motor neurons with
accompanying skein-like or rounded inclusions immunopositive for ubiquitin and p62
and negative for TDP-43 [13]. ALS caused by C9ORF72 mutations is accompanied
by intranuclear RNA foci and cytoplasmic inclusions of the protein sequestosome-1
(encoded by SQSTM1), and are distinct from TDP-43 inclusions [14]. Misfolded
forms of SOD1 protein has been identified in some immunohistochemical analyses
of post-mortem tissues from both sporadic and familial ALS patients (Figure 1.1)
[29]. However, this finding is subject to some controversy as not all research groups

have found results consistent with this finding [30].

A SOD1-FALS B TDP43-SALS
- 0 ~ . .
. - ¥ kY
2 ; . (e ..' 4 2@ 7 a y
et A s .’o : ok 1
”~” S
Lalim o S . Yo .
“ -"., B . ' £ . v »
'y € %t L 2 3 ’ 6
( Ao rgte, il "
- .
7 Ay 2
3 " o« - .
C FUS-FALS D FUS-FALS
- - » ~
' . ]
. L Q B ¢ !
- ; v L] €
- b’ LI e ‘ L Y v
~ ’ ™
4 . [ g f; ¢ R
. 1A q
- ).‘ . (‘ 6“ ('S ‘
5 K rent on ‘ 9 < l:
* Y . a > [ Y
. i B . e \ ' '. ““ '. “
SR e 8.

Figure 1.1 Misfolded SOD1 in ventral grey matter and corticospinal tracts of ALS
patient cervical spinal cord.



A. Cases of SOD1 gene mutation-positive FALS show accumulation of misfolded SOD1 in
axons and in perikarya of some lower motor neurons (inset). B. SALS with TDP-43
pathology had accumulation of misfolded SOD1 in a small number of axons with a normal
appearance (arrows). C,D. Cases of FALS with FUS mutations show aggregates of
misfolded SOD1 in swollen axons within the ventral grey matter (C. arrows), and within a
number of axons with a normal appearance within the corticospinal tract (D, arrows). Scale
bar, 60 um (A,C); 30 um (B,D)

Figure and caption reproduced from Pokrishevsky E, et al. Aberrant Localization of FUS and TDP43 Is
Associated with Misfolding of SOD1 in Amyotrophic Lateral Sclerosis. PLoS One 7.

1.1.9 BIOLOGICAL MECHANISMS IMPLICATED

Multiple cellular mechanisms have been implicated in ALS disease pathogenesis.
One of the major challenges is to elucidate the convergence point of these pathways
to cause neurodegeneration. Many now believe that ALS is primarily a disease
caused by the loss of protein homeostasis, or proteostasis, leading to cell stress and
ultimately death. The other major biological mechanisms implicated in ALS include
glutamate excitoxicity, endoplasmic reticulum (ER) stress, dysfunctional autophagy,

and mitochondrial stress, some of which are explored in greater depth below.

Glutamate Excitotoxicity

Several lines of evidence, garnered from animal models and patients, indicate that
glutamate-induced excitotoxicity may be an initiating event in the pathogenesis of
ALS. Glutamate is the main excitatory neurotransmitter in the central nervous
system (CNS), and binds to N-methyl-D-aspartate (NMDA) and (-amino-3-hydroxy-
5-methyl-4-isoxazoleproprionic acid (AMPA) receptors at the post-synaptic
membrane [31]. Excessive activation or overstimulation of these receptors can
cause neuronal death through Ca*>-mediated pathways. Insufficient clearance of
glutamate from the synaptic cleft, as well as increased release, can cause
excitotoxicity [32]. Re-uptake of glutamate is primarily facilitated by the glutamate
transporter EAAT2/GLT-1 which is highly expressed in astrocytes [32].

The only available ALS therapeutic, Riluzole, is thought to act by blocking NMDA

receptors and inhibiting the action of glutamate, although the exact mechanism of
drug action is not known [32]. Motor neurons have also been shown to be especially
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susceptible to excitotoxicity. Injection of AMPA-receptor agonists into the intrathecal
or intraspinal areas causes selective motor neuron loss in several different animal
models, an effect which is not recapitulated by NMDA agonists [33-36]. The same
finding of selective motor neuron loss was observed in cell culture models treated
with AMPA agonists, but not NMDA [36]

Autophagy

Autophagy is one of two conserved cellular pathways for degrading unwanted or
dysfunctional cell components. Although an important process in all cells, autophagy
is especially crucial in post-mitotic cells such as neurons where dilution of
abnormally folded proteins or dysfunctional organelles by cell division is not possible
[37]. Synaptic plasticity, anti-inflammatory function of glial cells, myelination, and
maintenance of neuronal homeostasis all require autophagy [38, 39]. Unsurprisingly,
defective autophagy is implicated in the pathogenesis of several neurodegenerative

di seases such as Parkinsonds, Al4@hei mer 6s,

There is also accumulating evidence for a role of autophagy in ALS, and among the
molecular mechanisms implicated in the pathogenesis of ALS dysregulation of
autophagy is emerging as an early and pivotal event [41]. A post-mortem
immunohistochemical study on spinal cords from SALS patients showed an
increased number of autophagosomes in close association with characteristic
protein inclusions in all samples investigated [42]. ALS mouse models transgenic for
SOD1 mutations also displayed enhanced autophagosome formation by
immunoassay [43, 44]. However, the overall impact of autophagy induction on ALS
disease course is subject to some controversy. Studies show conflicting results as
some report beneficial clearance of mutant SOD1 and TDP-43 by induction of
autophagy [4, 45], while others show a more pathological role with decreased
survival of mutant SOD1 mice treated with rapamycin, an inducer of autophagy [46,
47]. Regardless of whether its induction is protective or pathological, all reports

agree that autophagy is dysregulated in ALS.
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Dysfunctional Proteostasis

Approximately 30% of newly synthesized proteins are misfolded, indicating the need
for continuous protein quality control in the cell [48, 49]. In the event of an overload
of aberrantly folded proteins within a cell, the unfolded protein response (UPR) acts
to restore protein homeostasis by modulating ER function. Three transmembrane
ER-resident proteins, protein-kinase RNA like ER kinase (PERK), inositol-requiring
enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) work together to
orchestrate the UPR. If ER-stress remains unresolved for an extended time period,

pro-apoptotic factors are upregulated, leading to initiation of apoptotic cell death.

The UPR is increasingly implicated in the pathogenesis of almost all
neurodegenerative diseases. Many disease-associated proteins are inherently prone
to misfolding, and often polymerize to form aggregates which can be further
compacted into inclusion bodies [50]. Although proteins within an inclusion body are
prevented from de-constructing to form oligomers and fibrils, species which are
identified to be more toxic to cells, these proteins are also prevented from executing
their normal function which can also cause cellular stress and death [50]. There is
histological evidence of UPR activation in post-mortem tissues from patients with

Al zhei mer §AD), d iIPae &3 & s o (PD) dauapatises, imtetemporal

dementia, as well as ALS [50].

1.1.10 ALS AS A PROTEIN MISFOLDING DISORDER THAT SPREADS IN A
PRION-LIKE MANNER

Correctly functioning proteins are crucial to the health of cells and the organism as
whole. The 3-dimensional structure of a protein, governed by its amino acid
sequence, determines its function. The folding of proteins into the correct 3-
dimensional conformation, assisted by molecular chaperons, and the removal of

misfolded proteins from the cell are both strictly regulated processes that ensure
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homeostasis within the cell. Accumulating evidence suggests that

neurodegenerative diseases such as ALS, AD,PD,Hunt i ngt on(ADB®), di sease
transmissible spongiform encephalopathies (TSEs) such as prion disease, and

spinocerebellar ataxia share in common the underlying molecular signature of being

protein misfolding disorders [51]. A hallmark of the mentioned neurodegenerative

diseases is the presence of aggregated proteins that accumulate in tissues as

inclusion bodies or concentrated deposits of protein. Aggregated proteins are often

b-sheet rich in structure, and are termed amyloids. However, the proteins within the

inclusion bodies show disease-specificity, differing from one disease to the other.

In ALS, there is a consensus among neurologists that the disease has a focal clinical
onset [4, 52]. Clinical observations and neuropathological studies together
demonstrate a radial gradient of involvement from a focal site, and provide evidence
of disease spread via contiguous anatomical regions in a non-random manner, or
spread from one side of the body to the contralateral side. (Figure 1.2) [4, 52].
These reports suggest that ALS pathology begins focally and spreads sequentially
through the neuroaxis, consistent with a prion-like mechanism of systematic disease

transmission.
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Figure 1.2 A model of the focality and contiguous spread of pathology in ALS

A. At clinical onset, degeneration involves upper motor neurons (UMNSs) and lower motor
neurons (LMNSs) that innervate the same peripheral body region B. As the disease process
spreads neuroanatomically through UMN and LMN levels, clinical manifestations become
complex C. For LMN, the ALS disease process continues to spread rostral-caudal.

Neurodegeneration may have preferential caudal spreado rd ifir ect i onal i t yo.

however, the ALS disease process continues to spread medial-lateral and more quickly
begins to appear as diffuse. D. Advanced spread: Ultimately, degeneration appears to be
diffuse and symmetric through temporal-spatial summation within and between UMN and

LMN levels.

Figure and modified caption reproduced with permission from Ravits JM, La Spada AR. 2009. ALS motor
phenotype heterogeneity, focality, and spread: deconstructing motor neuron degeneration. Neurology 73: 805-
11.

As mentioned previously, the inclusions in ALS patients consist of multiple proteins,
the major components being TDP-43, FUS, and/or SOD1 (Section 1.1.8, page 8).
Several lines of evidence strongly implicate cell-to-cell transmission of these proteins
in the inception and spread of disease pathology, similar to how infectious prions
replicate in TSEs. In TSESs, or prion diseases, an abnormal 3-dimensional
conformation of the normal prion protein (PrP°) is generated, and is termed Scrapie
prions (PrP>°%). PrP* can template the conversion of normal PrPinto a misfolded
conformation similar to its own, and recruit it into a pathological aggregate. This

mechanism is then spread from cell to cell, and/or organism to organism. A prion-like
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self-propagation mechanism has been described for several disease-associated

prot ei ns -sgnuctein, amytoid-00, tau, huntingtin -48ith pol
and SOD1 [45,53-55]. Thi s mechani sm-liiskéee@rimedalilpri on
neurodegenerative diseases apart from TSEs because infectivity between

organisms has not been demonstrated in these diseases.

In studies investigating the prion-like capacity of TDP-43 and SOD1 proteins, minute
amounts of protein aggregates or synthetic fibrils were sufficient to template the
conversion of their normally-folded counterparts into an aggregated or misfolded
conformation, indicating that it is a robust phenomenon [54, 56-58]. Over two
decades of research has been conducted on SOD1 involvement in ALS since the
first identification of SOD1 gene mutations in FALS patients in 1993 [59]. A number
of biological processes implicated in ALS such as proteostasis impairment, ER and
mitochondrial stress, and glutamate excitotoxicity have also been linked to mutant
SOD1 [52]. Importantly, mice transgenic for FALS-associated SOD1 mutations
faithfully recapitulate several symptoms observed in patients including adult-onset
degeneration of motor neurons in the brain and spinal cord [60, 61]. These
converging points strongly implicate SOD1 in both the etiology and transmission of

ALS, and are explored in greater detail in the proceeding sections.

1.2 SUPEROXIDE DISMUTASE (SOD1)

1.2.1 STRUCTURE AND FUNCTION OF THE SODJ1 PROTEIN

SODL1 is a 32 KDa, highly conserved, soluble cytosolic protein which is ubiquitously
expressed in the body. SOD1 belongs to the superoxide dismutase (SOD) family of
enzymes, and is one of 3 different isoforms that exist in mammalian cells, the other
two being SOD2 (a mitochondrial-specific isoenzyme), and SOD3 which mainly
exists in the extracellular space [62]. The most commonly described function of

SOD1, as well the other superoxide dismutase family members, is to catalyze the
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conversion of superoxide anions (O) to hydrogen peroxide and oxygen via the

following reaction:

SOD1 — Cu?* + 03~ - SOD1 — Cu* + 0,

SOD1 — Cu* + 05~ + 2H* - SOD1 — Cu®* + H,0,

Oé_ + Oi_ + 2H+ - 02 +H202

Superoxide is formed as a by-product in a number of processes including cellular
respiration and oxidative bursts in neutrophils and other immune cells. The SODs
are thus the cellular first-defence against damage by reactive oxygen species (ROS)
such as superoxide. They, along with other non-enzymatic ROS scavengers such as
Vitamins A,C and E work to maintain homeostasis between ROS production and
clearance. The loss of redox balance within the cell leads to oxidative stress, a
condition characterized by high levels of ROS and low levels of antioxidant defence,
and eventually, cellular damage and death. Although it is most well-characterized as
an antioxidant enzyme, a study in yeast found that less than 1% of total SOD1 is
needed to carry out this function, indicating that SOD1 may have other equally
important and yet unknown functions [63, 64]. Other proposed functions of SOD1
include a zinc-sensor causing ER activation under conditions of zinc-depletion,
transcription factor, RNA-binding protein, signaling molecule, and a mediator of
autophagy since SOD1 was found to co-precipitate with Beclin-1, an important

autophagy activator [64].

16



Figure 1.3 3D-ribbon representation of the human SOD1 protein.

SOD1 exists as a homodi mer ¢ omp osheetd(green)int wo monor
each monomer form a barrel conformation when visualized from top-d o w n-helicéb are

depicted purple, Cu atom in orange, and Zn in blue. The electrostatic loops can be seen in

beige and the disulfide bridge in red. (PDB Code: 1HL5, modelled with The PyMOL

Molecular Graphics System, Version 1.8 Schrodinger, LLC.)

The SOD1 gene is located on chromosome 21 and is comprised of 4 introns and 5
exons encoding a 153 amino acid protein. The SOD1 protein normally exists as a
homodimer with each subunit containing 8 anti-p a r a Fslheele tbs -heticds 4 U
connected by 7 loops (Figure 1.3). The encoded metalloenzyme binds a copper and
zinc atom on each monomer [65]. Fully metallated SOD1 is found to be extremely
stable even in highly denaturing conditions, a property that is attributed to an intra-
subunit disulfide bond between cysteine residues 57 and 146 on each dimer subunit
formed through the coordination of its Cu and Zn ions (Figure 1.3;red) [65]. The Zn

atom also has a highly stabilizing effect on the molecule, more so than the Cu atom,
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since it holds the active site of the enzyme in place [66]. Zn-binding also lowers the

free energy of the unfolded SOD1 monomer, driving it towards a folded state [67].

Meanwhile, the Cu atom is mainly required for SOD1 enzymatic activity as redox

states of Cu® and Cu*? work to accept and donate electrons fromthe O-A super oxi de

anion; indeed, all SOD1 activity is lost when the Cu atom is removed [68].

1.2.2 SOD1 IN ALS

SOD1 is highly abundant in the CNS, comprising 1-2% of the total soluble protein
[64]. Over 180 different SOD1 gene mutations have been identified to date in ALS
patients [16]. | t Oreportecttieahupto 75 of the 153 amino acids in SOD1 are
found mutated in ALS; the majority of these are missense point mutations scattered
at positions spanning all 5 exons of the gene [64]. Although different SOD1
mutations have varying levels of antioxidant activity there appears to be no
correlation between its activity and onset or progression of disease [69]. ALS-like
symptoms in SOD1 mutant mouse models is also shown to be driven by an acquired
toxicity of the mutant protein since overexpression of the mutant transgene causes
motor neuron degeneration and paralysis, but not knockdown [14, 60]. Therefore,
rather than a loss of enzymatic activity, mutant SOD1 seems to acquire a gain of
toxic function in ALS. However, despite over 23 years of research, the exact causes
of SOD1 toxicity in ALS are unknown. Instead, an abundance of potential toxic
mechanisms have been proposed.

One such mechanism is the adoption of misfolded 3-dimensional protein
conformations. SOD1 protein is shown to be highly sensitive to cellular stress, and
undergoes conformational changes leading to aggregation when exposed to stress
conditions in vitro [44]. Mutations in the SOD1 gene also make the protein more
likely to misfold and aggregate within inclusions. Multiple groups have shown that
misfolded and aggregated mutant SOD1 is specifically toxic to motor neurons [70-
72]. Interestingly, wild-type SOD1 (WtSOD1) with no identified mutation has also

been shown to misfold when metal-depleted or oxidized, and is toxic when
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exogenously applied to cells [73-77]. Misfolded SOD1 protein has been found within
inclusions in FALS patients. Some groups have detected misfolded SOD1 in SALS
cases [29, 78], although this finding is not one of consensus [30, 79]. Thus,
misfolded SOD1 protein is potentially a common mechanistic link in both SALS and
FALS.

1.2.3 SOD1 MOUSE MODELS OF ALS

To date, over 15 different rodent models of ALS transgenic for SOD1 mutants, most
of which are murine, have been generated and characterized in the literature [61, 80,
81]. Many of these models faithfully recapitulate aspects of the ALS phenotype such
as older age of onset, sequential spread of pathology through the CNS, progressive
worsening of motor symptoms, gliosis in CNS tissues, and specific degeneration of
motor neurons [81]. Often, these models transgenically express FALS-associated
SOD1 mutations rather than a deletion of the SOD1 gene. Indeed, SOD1 knockout
mice are reported to develop normally without any symptoms of motor neuron
dysfunction, often taken as evidence for a SOD1 toxic gain-of-function being
involved in ALS pathobiology [81].

SOD1%%**transgenic mice are one of the most widely used in vivo ALS models, and
several lines of these mice were initially developed. In this work we will be referring
to the high copy number strain B6SJL-TgN(SOD1-G93A)1Gur (Jackson Laboratory,
ME), originally characterized by Chiu et al., as SOD1°%* [82]. Clinical disease
occurs at around 3 months in these mice, with accompanying tremors in limbs, and
paralysis and death ensues by ~136 days of age (Figure 1.4) [82]. Pathological
changes are reported to begin only by day 37 [82].
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Figure 1.4 Time course of pathobiological events in SOD transgenic mice

SOD1%%* mice develop motor weakness, hindlimb tremor, and locomotor dysfunction
shortly after 3 months of age. Degeneration of axons and distal synapses are observed at
the cellular level. At 4 months of age, disease in SOD1°%** mice have progressed to fatal
paralysis with accompanying spinal and motor neuron loss and gliosis. Molecular events

that potentially underlie pathology are also depicted.
Figure reproduced with permission from Turner BJ, Talbot K. 2008. Transgenics, toxicity and therapeutics in
rodent models of mutant SOD1-mediated familial ALS. Prog Neurobiol 85: 94-134 [81].

Other transgenic mutant SOD1 mice express the FALS associated mutations A4V,
D90A, G37R, G85R, and G86R, among others [81]. However, these mice do not

1°%%A mice.

develop disease at the same speed or to the same extent as do SOD
Transgenic mice expressing C-terminal truncated FALS-associated SOD1 mutants
such as SOD1%*?"* have also been developed [56]. Homozygous SOD1%**"* mice of
line 716 develop disease at approximately 5 months of age, and paralysis and death
at ~8 months [56]. Disease phenotype in SOD1%**"* mice appears with foreleg
onset, and differs slightly from SOD1%%* mice who develop hind-leg symptoms first

127X
1G

[56]. Mice transgenic for truncation mutants such as SOD also display
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disruption of the SOD1 intramolecular disulfide bond at Cys-57 and Cys-146,

resulting in less stable forms of the SOD1 protein being expressed [81].

1.2.4 PRION-LIKE PROPERTIES OF SOD1 PROTEIN

Using in vitro and cell culture systems, Grad et al. have shown that mutant SOD1
has the capability to convert human wild-type SOD1 (HUWTSOD1) into a misfolded
conformation, and the subsequent spreading of SOD1 misfolding from cell culture to
cell culture successively [83, 84]. Moreover, two studies have shown that
HUWTSOD1 induced to misfold by TDP43 also acquires a prion-like property of
intercellular transmission [29, 85]. Indeed, the number of in vitro studies implicating
misfolded SOD1 as the toxic agent which is spread in a prion-like manner in ALS is
growing [73, 84, 86-89].

More recently, Ayers et al. provided the first in vivo demonstration of SOD1

transmissibility by injecting brain homogenates from diseased SOD1°%%

mice into mice transgenic for a GFP-tagged version of G85R (SOD1%°*¢FP) [86].

transgenic

SOD1%®R mice normally never develop disease phenotype during its lifetime, but
injection of SOD1%%** brain homogenates caused ALS-like symptoms and death in
the recipient SOD1%%R¢P mjce within a time-frame of months [86]. Together, these
reports demonstrate that there is solid rationale for treating SOD1 as a potential
culprit in the spread of neurodegenerative pathology and clinical symptoms in ALS
patients. However, the mechanism(s) via which this process occurs are uncertain.
We hypothesize that a systemic transfer of mutant misfolded SOD1 occurs from cell
to cell in ALS, and that it may be mediated by small cell-secreted vesicles termed

extracellular vesicles.
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1.3 EXTRACELLULAR VESICLES

Extracellular vesicles (EVs) are increasingly implicated in the disease progression of
a variety of conditions including cancer and neurodegenerative diseases. Indeed,
many have speculated that the involvement of EVs in disease spread is a
mechanism common to both cancer and neurodegenerative disease [90]. Better
understanding the role that EVs play in the CNS in both normal physiology and in
disease has important implications for understanding the biological underpinning of
neurodegenerative diseases, for identifying relevant and specific biomarkers, and for

designing effective therapeutic interventions.

1.3.1 DEFINITION

Exosomes

Exosomes are a subtype of EVs, and are small, secreted vesicles ranging from ~50-
150 nm which originate in the endosome. Exosomes are formed in the late
endosome with the inward budding of the endosomal membrane to form intra-
organelle vesicles termed intraluminal vesicles (ILVs) (Figure 1.5). The structure
containing ILVs is termed the multivesicular body (MVB), and the fusion of the MVB
with the cell plasma membrane results in the exocytosis of the ILVs as exosomes
(Figure 1.5). Numerous studies have confirmed that exosomes are secreted from a
wide variety of cultured cells including neurons, epithelial cells, immune cell types,
and tumour cells, and it is hypothesized that they are secreted from all cells [91] The
presence of exosomes in bodily fluids such as urine, blood, plasma, cerebrospinal
fluid, and semen, among others, demonstrate that exosomes are also secreted in-

Vivo.

The term & ewas ofmer st ¢ o Johnstdne and colle@g8es wh e n
published work on the recycling of transferrin receptor from maturing reticulocytes

[92]. Following on the idea that vesicles were merely a mode of clearing

unnecessary or toxic components from the cell, work in the field continued without

much commotion for the next decade. Interest in these small vesicles was only re-
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ignited in the late 1990s when two groups published intriguing work demonstrating a
role for exosomes in intercellular communication [93, 94]. In 1996, Raposo et. al
showed that B cells transformed with Epstein-Barr virus secreted exosomes
containing major histocompatibility complex (MHC) class Il molecules, and were
capable of inducing specific CD4 positive T-cell clones [91, 93]. Their findings
suggested that exosomes were acting as vehicles to transfer MHC class-Il between

cells and induce an immune response.

A second major period of breakthrough in the field came in 2007 when it was
discovered that exosomes carry nucleic acids such as miRNA and mRNA, and
transfer genetic information between cells [95]. Valadi et al. found that exosomes
isolated from murine and human mast cells contained functional RNA material which
was capable of being translated into proteins, and that human mast cells treated with
murine mast cell-derived exosomes caused the production of novel murine proteins
not previously present in the human cells [95]. Thus, the data suggested that the
transferred nucleic material was capable of being translated within the recipient
cells, and could alter gene expression in cells. This finding sparked the imagination
of researchers to consider novel functions for exosomes, and heralded the beginning

of research into these small vesicles in earnest.

Microvesicles

Extracellular vesicles which directly bud off from the plasma membrane are referred
to as microvesicles (Figure 1.5), and are known to be more heterogeneous in size
distribution than are exosomes. Microvesicles can be as large as 2 um in diameter,
or as small as exosomes at ~50 nm. Relative to exosomes, microvesicles have not
been extensively characterized in literature, and their mechanisms of biogenesis and
cargo loading are unclear [96]. Inability to discriminate between exosomes and
microvesicles, and inconsistencies in the use of nomenclature that exist within the
EV field, have also resulted in difficulties identifying the exact vesicle type authors
refer to in their studies [97, 98]. Since many preparations contain mixtures of

exosomes and microvesicles, they are often referred to collectively as EVs. The
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protein content of microvesicles is also found to overlap with exosomes, making it

difficult to distinguish between the two subpopulations [96].

O Microvesicles

Exosomes
Early N Q

Q Endosome N e
., '@

~

Figure 1.5 Biogenesis and secretion of exosomes and microvesicles.

The exosome biogenesis pathway begins at the early endosome with the formation of
invaginations in the endosomal membrane to form intraluminal vesicles (ILVs). Protein and
nucleic acid cargo (coloured arrows) are sorted into ILVs, and they mature within the
endosome which is now termed the multivesicular endosome (MVE). The MVE can fuse with
the lysosome for degradation of constituents, or with the plasma membrane for secretion of
ILVs into the extracellular space as exosomes. Conversely, microvesicles bud directly from

the plasma membrane.
Figure reproduced with permission from Raposo G, Stoorvogel W. 2013. Extracellular vesicles: exosomes,
microvesicles, and friends. The Journal of cell biology 200: 373-83

1.3.2 BIOCHEMICAL & PHYSICAL FEATURES

Morphology
Exosomes and microvesicles can most readily be visualized by transmission
electron microscopy (TEM) due to their nanometer size scale, and TEM is the most

frequently used technique to observe the size and morphology of extracellular
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vesicles. Under TEM, vesicles display a cup-shaped morphology when stained by
uranyl acetate and whole-mounted onto grids (Figure 1.6). However, this feature is
known to be an artefact of the protocol where fixation causes shrinkage of
membrane-enclosed subcellular structures. In fact, extracellular vesicles have a
round shape when visualized using cryo electron microscopy (EM) (Figure 1.6), a

technique which prevents shrinkage and better preserves physiological shape.

Size

When quantitated, EM studies show that vesicles from biological fluids and
supernatants of cell cultures with dying cells are heterogeneous in size distribution,
while in comparison, vesicles from homogenous healthy cell cultures show a more
uniform size distribution of ~30-150nm [91]. Similarly, microvesicle pellets show a
more heterogeneous size distribution than do exosomes in published studies [91].
More recently, a technique called Nanopatrticle tracking analysis (NTA) has been
used widely in the field to characterize the size distribution of vesicles in a
population. NTA tracks the Brownian motion of individual particles in a suspension
and uses the Stokes-Einstein equation to convert its motion to size and

concentration of particles.
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Figure 1.6 Size and ultrastructure of exosomes

Exosomes secreted from melanoma cells were contrasted with uranyl-acetate and
embedded as whole mount preparations in methylcellulose. Note their artificial cup shape
appearance (examples are indicated with arrows) and heterogeneous size ranging from 30
to 100 nm (top left panel). Exosomes from prostate epithelial cells (prostasomes) were
directly frozen and observed by cryoi electron microscopy without chemical fixation or
contrasting. Exosomes appear round (arrows) and are visualized with improved resolution
(top right panel). EBV-transformed B lymphocytes were allowed to endocytose BSA
coupled to 5-nm gold particles (BSAG 5) for 10 min and then chased for 20 min in the
absence of BSAG 5. Ultrathin cryosections were immunolabeled for MHC class Il with 10-
nm protein A gold. The fusion of the multivesicular endosome (MVE) with the plasma
membrane is depicted by arrows, and is defined by regurgitated 5-nm BSAG 5 that had
previously been endocytosed. In addition to BSAG 5 (arrowheads), the exocytic profile
contains exosomes labeled for MHC class Il with 10-nm gold (MHC 1l 10; small arrows). PM,

plasma membrane. (bottom panel) Scale bars,100 nm.
Figure and modified caption were reproduced with permission from Raposo G, Stoorvogel W. 2013. Extracellular
vesicles: exosomes, microvesicles, and friends. The Journal of cell biology 200: 373-83
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Density

Exosomes are conventionally known to migrate to sucrose densities of 1.13-
1.19g/mL within a density gradient when subjected to overnight centrifugation [99].
However, some recent studies have shown that subpopulations of EVs display
delayed flotation, and can be identified within distinct sucrose density fractions when
bottom-loaded onto a gradient [100-102]. These studies suggest the existence of
subpopulations within the classically defined exosome pellet, and call for a deeper
and differential analysis of density-gradient fractions.

1.3.3 FUNCTION

Exosomes were initially viewed merely as means for the cell to clear unwanted
material. Since then, studies have shown that EVs are vital for a variety of processes
including cellular communication, signal transduction, coagulation, antigen-
presentation, and others [103]. In 1998, Zitvogel et al. published a breakthrough
study which showed that exosomes released from human dendritic cells were
capable of suppressing the growth of established tumors in mice, demonstrating an
important role for EV as mediators of immune responses [104]. Indeed, the most
well-characterized functions of EVs are in the immune system, where a great
number of in vitro and in vivo investigations have shown a role for exosomes in
disseminating and presenting antigens, promoting proliferation of dendritic cells, and
interacting with memory T cells [105]. EVs also play a role in tumour progression
and metastases by promoting angiogenesis and tumour cell migration, and many
have shown that tumour cells secrete EVs [98]. Although EVs are constitutively
released from cells, their levels are increased following stress conditions such as
DNA damage, hypoxia, cellular injury, or senescence, suggesting a potential

function for EVs in resolving cell stress [90].

EVs have been shown to be secreted from all major cell types in the CNS including
neurons, astrocytes, microglia, and oligodendrocytes [106-109]. EVs are also
present in cerebrospinal fluid (CSF), highlighting their in-vivo relevance to the CNS
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[110]. EVs appear to have a number of functions in the CNS including intercellular
communication, synaptic plasticity, neuroprotection, antigen presentation, and
maintenance of the myelin sheath [96]. However, it is important to note that most
studies of EVs in the nervous system have been conducted in vitro using cultured

cells, and have not been corroborated in vivo [111].

1.3.4 CARGO COMPOSITION

Nucleic Acid

Analysis of genetic material within extracellular vesicles shows small RNA such as
MRNA and miRNA of varying sizes, with very little ribosomal RNA. Indeed, it has
been suggested that any rRNA present is due to contamination of the vesicle
preparation with apoptotic bodies[91]. Low levels of mtDNA have also been detected
in EVsS[107]. More recently, next-generation sequencing showed the presence of
non-coding RNA such as tRNA, vault RNA, and Y-RNA.

Although EV cargo identified in this section are generally applicable to most EVs it is
important to note that the protein, nucleic acid, and lipid compaosition within
exosomes and microvesicles can vary depending on the cell type or tissue of origin,
as well as environmental factors such as culture conditions, hypoxia & stress, and

cellular activation.

Lipid

Extracellular vesicles are enriched in cholesterol, ceramide, sphingomyelin,
phosphatidylserine, and phosphatidylinositol in comparison to the parent cell, while
phosphatidylcholine is decreased [112, 113], suggesting that lipids are specifically
sorted into EVs [114]. The high proportion of cholesterol and sphingomyelin within
EV membranes confers structural rigidity to these vesicles, greatly increasing their
stability and resistance to physicochemical changes in the surrounding environment.
In addition, the importance of lipids to the biogenesis and overall function of EVs is

becoming increasingly apparent. Ceramide, for instance, is involved in the formation
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of ILVs within MVBs [115], and cholesterol is shown to be important for regulating
release of EVs from cells [116]. Lipids also have a demonstrated role in the
angiogenic activity of tumour-derived vesicles and the capacitation process of sperm
during reproduction, shown to be mediated by the transfer of cholesterol from
seminal fluid-derived EVs to sperm cells [114, 117, 118].

Protein

Extracellular vesicle protein content can be examined by antibody-based techniques
such as immuno-EM and Western blot. However, proteomic studies allow a more
large-scale analysis of the protein content, and the data from many such proteomics
experiments have been gathered into online repositories such as Exocarta
(www.exocarta.org), Vesiclepedia (www.microvesicles.org), and EVpedia
(www.evpedia.info) [119-121].

Proteomic profiling shows that a portion of the protein content in EVs depends on
the secreting cell type while others are common to most vesicles regardless of
originating cell. In general, the most commonly identified proteins in extracellular
vesicles are cytoskeletal, cytosolic, heat shock proteins (HSP), vesicle trafficking,
and plasma membrane proteins [114]. Some of the proteins found to be enriched in
vesicles, and are thus commonly used as EV-specific markers are as follows:
tetraspanins (CD9, CD63, CD81, CD82), MHC molecules, TSG101, HSPs, and the
endosome sorting complex required for transport -3 (ESCRT lll) binding protein Alix
[114]. Nuclear, mitochondrial, endoplasmic reticulum, and golgi proteins are mostly
absent from extracellular vesicles [91]. However, proteomic profiles are known to be
heavily influenced by vesicle isolation method, making it difficult to perfectly
extrapolate findings between different research groups. Extensive studies to
differentiate exosomes from microvesicles based on protein content have not yet
been conducted, and are warranted to better distinguish between these two

subtypes of EVs.
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1.3.5 TECHNIQUES FOR ISOLATING EXTRACELLULAR VESICLES

Exosomes and microvesicles can be isolated from cell culture supernatants using a
variety of techniques such as high-speed ultracentrifugation, size-exclusion
chromatography, precipitation using commercially available reagents, and affinity
chromatography using antibodies against vesicle surface markers [103]. Most
published protocols for isolating EVs use ultracentrifugation at ~10,000 x g to pellet
the larger microvesicle population and ~100,000 x g to isolate the smaller exosomes.
However, since centrifugation at high speeds also pellets protein aggregates and
other vesicles such as synaptic vesicles, ultracentrifugation methods are usually
followed by a sucrose purification step where the EVs are allowed to float on a
sucrose density gradient or a sucrose cushion [91]. The lipid-containing extracellular
vesicles introduced to a sucrose gradient will float at the sucrose fraction
corresponding to its own buoyant density, and equilibrate there, while protein

aggregates sediment [91].

1.3.6 TRANSMISSION OF PROTEIN MISFOLDING VIA EVS

Misfolding of PrP® can be induced in prion disease models by the transfer of
conditioned media containing PrP*°, indicating that direct cell to cell contact is not
required for this process [122]. Growing evidence suggests that exosomes may be
a predominant mechanism for the intercellular transfer of prion protein [122-125].
Indeed, studies have shown that stimulating the release of exosomes increases the

infectivity of prion protein [126], adding further evidence to this hypothesis.

| n P-8ynucldin aggregation, seeding, and propagation are notable features of

di sease pathogenesi s, and tsynecleihisaleadingi ssi on o
hypothesis to explain the systematic progression of pathology [123]. EVs isolated

from the CSF of PD patientswer e s hown t o csynuclen, andEy¥yS ol ded U
from in vitro systems were shown to both carry U-synuclein and mediate its transfer

between neurons [127-129]. -s{huclein within vesicles is also more aggregation-

prone than free extracellular U-synuclein [127]. Others have shown an increased
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likelihood of cellular uptake of EV-a s s o ¢ i -syhuele@n inlcomparison to free

protein,suggesting a role for -FByMuleinaggregaiiam t r ans mi

between cells [123].

EVs appear to play dual roles in neurodegenerative diseases. In AD, for example, a
fracti on o fwerddhowp t® petseéceetedsfrom cells in association with
exosomes, and EV-associated proteins are found in amyloid plaques, suggesting
EVs are involved in AD pathobiology [123]. Inhibition of exosome secretion seemed
to ameliorate amyloid aggregation and deposition [123]. However, injection of
neuroblastoma-derived EVs into a murine model of AD decreases amyloid
deposition, suggesting a protective role of EVs in this context [123]. Thus, it is

unclear whether secretion of protein via EVs is beneficial or detrimental.

There is also evidence for the involvement of EVs in ALS. TDP-43 is enriched in EV
fractions isolated from cell culture media from neuroblastoma cells overexpressing
TDP-43, as well as in EVs from the CSF of ALS patients, indicating that TDP-43 can
be released from cells via EVs and that it may be disease-relevant [123]. In further
support of this, another study demonstrated that exosome-associated TDP-43 is
preferentially taken up by cells in comparison to free TDP-43 [123]. Wild-type SOD1
has also been shown to be secreted via exosomes in a cell culture model of ALS
[130], and our group has demonstrated a role of EVs in the intercellular propagated
misfolding of SODL1 in a cell culture model of ALS [84].

1.4 HYPOTHESIS AND AIMS

The findings thus far described in literature demonstrate in vitro evidence for SOD1
secretion via exosomes in normal physiology and in some cell culture models of
ALS. However, the physiological relevance of these findings and their applicability to
human ALS is not certain. For example, it is not known whether EVs secreted in an
in vivo environment, either murine or human, contain misfolded SOD1 cargo.

Furthermore, though mutant SOD1-bearing exosomes are shown to be taken up by
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cells, it is not known whether EVs mediate propagation of SOD1 misfolding. With
these points in mind, the overarching hypothesis of this work is that CNS tissue-
derived EVs from ALS mouse models bear misfolded SOD1 cargo and

propagate SOD1 misfolding to recipient cell cultures in a prion-like manner.

The hypothesis was investigated using the following specific aims:

Aim 1: Isolate and characterize CNS tissue-derived EVs from ALS mouse models

Aim 2:  Investigate the presence and localization of misfolded SOD1 in isolated
EVs

Aim 3:  Examine capability of ALS mouse model tissue-derived EVs to propagate
SOD1 misfolding to cell culture systems

Aim 4:  Explore physiological relevance of findings using EVs isolated from human
ALS patients
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CHAPTER 2. ISOLATION AND CHARACTERIZATION OF
CNS TISSUE-DERIVED EXOSOMES AND
MICROVESICLES

2.1 INTRODUCTION

Extracellular vesicles (EVs) encompass three major vesicle classes: exosomes,
microvesicles, and apoptotic bodies [99, 114, 131]. Exosomes originate primarily in
the late endosome in an ESCRT-dependent process, while microvesicles bud
directly from the plasma membrane [98]. To date, the majority of published work in
the EV field has been conducted using exosomes isolated from cell culture
supernatants and biofluids [114]. Since there is increasing evidence that ALS and
neurodegenerative diseases are non-cell autonomous, studying one subpopulation
of EVs derived from a single cell type is unlikely to give a comprehensive
understanding of the role EVs play in these diseases [72, 132, 133]. Biofluids
contain EVs secreted from multiple cell types, but EVs specific to disease are often
diluted by the presence of EVs secreted from healthy cells. More recently, a handful
of studies have explored EVs isolated from tissues [134-137]. Whole-tissue sourced
EVs encompass subpopulations of EVs which originate from multiple cell types in
the region affected by disease pathology, and can provide a unique window into the

role these small vesicles play in health and disease.

Grad et al. have previously demonstrated that exosomes isolated from an in vitro
model of ALS have surface-localized misfolded SOD1 and are efficiently taken up by
primary cultured neurons [84]. However, the physiological accuracy of this system is
uncertain. To explore the in vivo relevance of these findings, and to establish a
protocol for downstream analysis of ALS patient EVs, we studied two EV
subpopulations secreted into the extracellular space of the mouse central nervous
system (CNS). To this end, we isolated exosomes and microvesicles from whole
neural tissues of two different ALS mouse models, SOD1%**”* and SOD1%%*, and
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their non-transgenic (NonTg) counterparts, and characterized them according to

criteria established in the field.

EVs are often isolated from complex mixtures that have multiple non-EV
constituents. This is especially true for EVs isolated from whole tissues. Therefore,
the identity and purity of isolated EVs has to be established with multiple means of
characterization. A position paper published in 2014 in the Journal of Extracellular
Vesicles recommends these minimal experimental requirements for definition of EVs
[138]: 1) demonstration of EV-enriched cargo by a semi-quantitative method such as
immunoblot 2) demonstration of the lack of proteins not expected to be enriched in
exosomes 3) comparison of isolated EVs to starting material 4) comparison of EVs
to negative controls such as the EV-depleted supernatant remaining after
ultracentrifugation, and 5) characterization of single vesicles within a population by
transmission electron microscopy (TEM) to give an indication of the heterogeneity

within the sample.

Proteomic studies have identified certain proteins that are enriched in EVs such as
cytoskeletal, cytosolic, plasma membrane, and vesicle trafficking proteins, whereas
intracellular organelle proteins are less abundant [114]. With respect to other
characteristics, EVs are increasingly found to be highly heterogeneous [139, 140].
Exosomes were originally thought to migrate to sucrose densities of ~1.16 g/mL and
to be ~50-150 nm in diameter, but more recent studies are discovering that they may
encompass a broader size range and density profile [102, 140, 141]. These original
definitions were based on work conducted on cell culture supernatant-derived EVs.
However, true physiological heterogeneity in size, morphology, and cargo of EV
populations may not be fully reflected in EVs sourced in vitro. There is also evidence
of subpopulations that exist within isolated EV preparations that carry varying cargo
and mediate different functions in recipient cell types [131, 139, 140]. Separation
and proper characterization of EV subpopulations are therefore important when

studying EV biology and function.
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Several different methods exist for isolating EVs. Differential centrifugation is a
method by which a solution is pre-cleared of debris and apoptotic bodies via low-
speed centrifugation while other EVs are isolated at higher speeds. It represents the
most established protocol for EV isolation [97, 99]. However, in addition to EVS,
ultracentrifugation at high speeds can sediment protein complexes, aggregates, high
and low density lipoproteins (HDL, LDL), and other vesicle types, and a means of
eliminating these contaminants are routinely required in the process [99, 142].
Filtration through a molecular weight cut-off filter can deplete large proteins and
complexes from an EV-containing solution, but may also eliminate larger EVs [99].
More commonly, a sucrose density gradient is used to sediment protein aggregates
while allowing lipid-bound vesicles migrate to densities of sucrose which correspond
to their own buoyant density [93, 99]. Alternate methods of EV isolation include
immunoaffinity-based capture using known EV-associated proteins, and size-
exclusion chromatography which isolates vesicles of a specific pre-determined size
[99]. However, these methods operate on a narrow definition of EV-associated
surface cargo or size-range, and are inherently biased against the discovery of
subpopulations of vesicles. In the current work, we have used an ultracentrifugation-
based protocol in order to capture a broad range of EV subtypes, and a sucrose
density gradient to further purify isolated EVs.

With these points in mind, the aims of this chapter are to demonstrate the
optimization of a differential ultracentrifugation-based method for isolating EVs from
frozen whole CNS tissues from ALS mouse models. Using this protocol we have
isolated two different CNS-derived EV subpopulations (exosomes and
microvesicles), and confirmed their identity and purity by a variety of criteria. This
work provides useful and foundational information regarding the heterogeneity of
EVs derived from whole tissues, and identifies similarities and points of divergence

between CNS tissue-derived exosome and microvesicle populations.
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2.2 METHODS

2.2.1 ANIMAL CARE

Experiments involving animals were conducted according to the Canadian Council
on Animal Care guidelines were approved by the Animal Care Committee of the
University of British Columbia. C57 BL/6, SOD1°%* HUWTSOD1 (Strains: B6SJL-
Tg(SOD1)2Gur/J, Cg-Tg(Sod1-G93A)1Gur/JB6, Cg-Tg(Sod1*G85R)148Dwc/J,
B6SJL-Tg(Sod1-hWT)2Gur/J; Jackson Laboratories, Bar Harbor, ME), or SOD1%#"*
mice (Tg(SOD1*G127X)716Mrkl; Stefan Marklund) were sacrificed according to the
guidelines of the Institutional Animal Care and Use Committee (IACUC) under
protocol A15-0203. Brain and spinal cord tissues were harvested from sacrificed

animals, and flash-frozen in liquid nitrogen.

2.2.2 EV ISOLATION FROM WHOLE CNS TISSUES

Frozen brain or spinal cord tissues from mice were finely sliced in Hibernate A
medium (Brain Bits, Springfield, IL), added to a pre-warmed solution of Hibernate A
containing 25 U/mL Papain or 125 U/mL Collagenase Ill to digest the extracellular
matrix, and incubated with shaking at 37°C for 15 minutes. Enzymatic digestion was
stopped by adding ice-cold Hibernate A containing Protease Inhibitors (EDTA-free
protease inhibitor cocktail; Roche Diagnostics, Switzerland). The mixture was
centrifuged at 300 x g and subsequently at 2000 x g to remove cells and cellular
debris. Microvesicles were isolated by centrifuging the supernatant at 10,000 x g for
30 min. Exosomes were isolated by centrifuging the resultant supernatant at
100,000 x g for 90 min. All ultracentrifugation steps were performed using the
Beckman Coulter Type 70Ti Rotor (Break, CA) at 4°C.

2.2.3 SUCROSE DENSITY PURIFICATION

EVs were top-loaded onto a sucrose step-gradient with concentrations ranging from
0.25 - 2.0 M sucrose (top to bottom) diluted in 20 mM HEPES buffer pH 7.4 (Sigma),
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and centrifuged at 200,000 x g for 16 h in a SW41 swing bucket rotor (Beckman) at
4°C. Following centrifugation, 1 mL fractions were collected from top to bottom, and
analyzed to identify the sucrose fraction containing EVs. In subsequent experiments,
a sucrose cushion was used in which the pre-determined concentration of sucrose
(0.95M for exosomes, 1.3M for MVs) was layered on top of 2M sucrose in a 1.5mL
ultracentrifuge tube (Beckman). The EV pellet from the ultracentrifugation step was
diluted in PBS, top-loaded onto the cushion, and centrifuged for 2 h at 20,000 x g for
the MV pellet, or 150,000 x g for the exosome pellet. The 700uL fraction at the
interphase between the 2 sucrose densities was collected into a fresh tube, and
spun down for 1 h at 10,000 x g for MVs and 100,000 x g for exosomes to isolate the

purified vesicle pellet.

2.2.4 TRANSMISSION ELECTRON MICROSCOPY

A 3 pL sample of exosomes or microvesicles was applied to glow discharged 200
mesh formvar/carbon coated TEM grids (Ted Pella Inc., Redding, CA), and
negatively stained with 2% aqueous uranyl acetate. A Hitachi H7600 TEM (Hitachi
High-Technologies Corp., Tokyo, Japan) instrument operated at 80kV with a side
mounted 1K AMT Advantage digital camera (Advanced Microscopy Techniques,

Corp. Woburn, MA) were used to observe samples and capture images.

2.2.5 IMMUNOBLOTTING

Total protein concentrations were determined by a commercially available BCA

assay kit (ThermoFIsher Scientific, Waltham, MA), and 15-30 pg of samples were

prepared in phosphate-buffered saline (PBS) for immunoblot analysis. Samples

were boil ed i n sampl enerbaptbethanol, amdoun bnadto Bis-n g 1 %
Tris gels (LifeTechnologies, Carlsbad, CA). Proteins were transferred to a PVDF

membrane, incubated for 1 h at room temperature in blocking buffer (TBS, 0.1%

Tween-20 (TBST), 5% skimmed milk), and incubated with 1 pg/ml SOD100 antibody

(Assay Designs, Ann Arbor, Ml), 1 pg/ml Flotillin-1, GM130, BiP antibodies (BD
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Tranduction Laboratories, USA), 1 pg/ml HSP-70, CD9 (Abcam, USA), 1 pg/ml PrP

anti body (Covance, D e eattimantjpbodW(ABM, Vaacouvet, Og/ ml b
BC, Canada) overnight at 4 °C. Membranes were then washed twice in TBST and

incubated with anti-mouse or anti-rabbit IgG horseradish peroxidase-linked whole

antibody (GE Healthcare, Buckinghamshire, UK) diluted 1:10,000 in blocking buffer

for 1 h at room temperature. Membranes were developed using SuperSignal West

Femto chemiluminescence substrate (Thermo Fisher Scientific, Waltham, MA), and

visualized using a VersaDoc Imager (Bio-Rad Laboratories, Hercules, CA).

2.2.6 NANOPARTICLE TRACKING ANALYSIS

The NanoSight LM10-HS instrument (Malvern Instruments Ltd., Malvern, UK)
equipped with the NTA 2.0 analytical software was used to characterize the diameter
of particles in EV samples. Samples were diluted 1:3000 in distilled water, and
injected with constant output via syringe-pump into a 405 nm laser chamber. Three
recordings were performed for each sample, followed by use of the batch process
function in the NTA software to integrate readings to obtain a mode and mean size
for each sample.

2.2.7 CONFOCAL MICROSCOPY

Confocal images were captured with a Leica TCS SP8 scanning confocal
microscope (Leica Microsystems) using LAS-X software. Images were focused using
the DAPI signal, and by making minor focal modification to capture signal emitted at
488 nm (PKH67 signal) [143].

2.2.8 STATISTICAL ANALYSIS

All data were analyzed using GraphPad Prism version 6.00 for Windows (GraphPad

Software, La Jolla, California). One-way ANOVA was performed followed by
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Kruskal-Wallis or Mann-Whitney-U tests. Two-way ANOVA was performed followed
by Tukeyds o-testsShath & krésenteg as snéan + SEM.

2.3 RESULTS

2.3.1 ISOLATING EXTRACELLULAR VESICLES FROM FROZEN WHOLE NEURAL
TISSUES

We optimized a unique method first published in 2012 by Perez-Gonzalez et al. to
isolate EVs from whole tissues [135]. Briefly, we minced flash-frozen brain or spinal
cord tissue from ALS mouse-model or NonTg mice, and added it to a pre-warmed
solution of neuronal maintenance medium, Hibernate A, containing 20 U/mL papain,
a digestion enzyme, in order to digest the extracellular matrix and liberate
extracellular vesicles. The mixture was incubated at 37°C for 15 min. Enzymatic
digestion was stopped by adding ice-cold Hibernate A containing protease inhibitors.
We centrifuged the mixture at 300 x g and at 2000 x g to remove whole cells, cellular
debris and apoptotic bodies. One vesicle population was isolated by centrifuging the
supernatant at 10,000 x g for 30 min and collecting the pelleted material. We then
further centrifuged the resultant supernatant at 100,000 x g for 90 min to obtain a

second population of EVs. (Figure 2.1).

We characterized our samples to ensure we were isolating bona fide EVs rather
than artificially-created vesicles, intracellular organelles, or non-EV vesicle types. Of
note, it is typically not possible to reliably distinguish between the endocytic or
plasma membrane origin of EV populations isolated from cell culture supernatants,
biofluids, or extracellular spaces of tissues. Therefore, in this work we use the term
exosomes to denote the vesicle population pelleted at 100,000 x g and the term
microvesicle for EVs pelleted at 10,000 x g.
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Figure 2.1 Isolation protocol for CNS tissue-derived EVs.

Frozen brain or spinal cord tissue from ALS mouse-model or NonTg mice are minced and
added to neuronal maintenance medium, Hibernate A, containing 20 U/mL papain, a
digestion enzyme. After 15 min, the enzymatic digestion is stopped by adding ice-cold
Hibernate A containing protease inhibitors. The mixture is serially centrifuged at low speeds
to remove whole cells, cellular debris and apoptotic bodies. The microvesicle population is
isolated by centrifuging the supernatant at 10,000 x g, and exosomes by centrifuging the
resultant supernatant at 100,000 x g for 90 min.

2.3.2 PAPAIN CAUSES DIGESTION OF EV-ASSOCIATED PROTEIN CONTENT

We initially obtained low levels of signal across a number of antibody markers when
attempting to characterize EV-associated proteins using immunoblot. We suspected
that papain may be enzymatically digesting some of the protein material on the
vesicle surface, and decided to use a milder digestion process instead. We tested a
protocol using 125 U/mL collagenase Il as a replacement for papain, and
subsequently immunoblotted for two EV-associated markers: the cytoskeletal protein
b-actin, and prion protein (PrP) which has previously been demonstrated as a

neuronal EV-associated marker [99, 124]. In a side-by-side comparison, EVs
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actin and PrP signals were observed in the isolated EV pellets (Figure 2.2). The

above data indicate that papain in the original published protocol should be replaced

by a milder digestion process to preserve EV-associated protein content.
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Figure 2.2 Enzymatic digestion by papain causes denaturation of exosome protein
content.

Exosomes isolated with papai-actineamdPsPreignali ¢ di gest i c
indicating protein material may have denatured. Replacing papain with collagenase Il in the
i solation protocol r e s udadtirsand PnP signél afplexdlisisimitarsto wh i ¢ h ¢

that of whole brain homogenate.

2.3.3 MECHANICAL DISRUPTION OF TISSUE CAUSES SIGNIFICANT INCREASE
IN SAMPLE YIELD WITHOUT APPRECIABLE DIFFERENCES IN MARKERS OF
CONTAMINATION

A position paper put forward by the International Society for Extracellular Vesicles
(ISEV) has stated the opinion that EVs isolated by mechanical disruption of tissue
can result in the release of intracellular vesicles [138]. To investigate whether CNS
tissues processed with the current protocol yielded a relatively pure population of
EVs, we tested three different methods of mechanical dissociation: fine mincing of
tissue with a scalpel, minimal disruption of tissue by making one cut to produce 2
hemi-brains, and vigorous shaking of hemi-brains during the enzymatic dissociation
step. The resultant exosome pellets from two different HUWTSOD1 transgenic and

NonTg animals were compared to the exosome-depleted fraction (the supernatant
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following the 100,000 x g centrifugation concentrated using a 10 kDa molecular
weight cut-off filter) by immunoblot. When probed with EV-associated markers such
as the lipid-raft protein flotillin-1,and t he «cyt os kaetih [89], apecifitnar k er
enrichment was observed in the exosome pellets relative to the supernatant fraction
in all three methods of tissue processing (Figure 2.3A). PrP and SOD1 were present
in both the exosome fractions and exosome-depleted fractions. This data indicated
that EVs can be isolated by all three methods. BiP, an endoplasmic reticulum marker
[144], was probed to determine if the exosome pellet was contaminated with
intracellular constituents. BiP was present in the concentrated exosome-depleted
fraction, but not in the exosome pellets, although trace amounts of BiP were
observed in EVs isolated by mincing tissues (Figure 2.3A). HSP-70, a ubiquitously
expressed chaperone known to be enriched in the intracellular space and on
endosomal/lysosomal membranes [145], was similarly distributed. The lowest
amount of BiP and HSP-70 was present in the whole hemi-brain fraction, indicating
that the least amount of tissue processing resulted in the least amount of cell lysis

and liberation of intracellular contents.

When sample yield was investigated by total protein assay, the amount of protein
material isolated by mincing tissue was significantly higher than that for hemi-brains
or hemi-brains with shaking (Figure 2.3B). Overall, the data indicate that although
the lowest amount of intracellular contamination is present in the least disruptive
method, the sample yield in these preparations is too low to be sufficient for
downstream analysis. Mincing tissue did not cause large scale liberation of
intracellular material as indicated by the low BiP signal in the concentrated
supernatant (Figure 2.3A). Therefore, for downstream application, we proceeded

with the protocol that includes mincing of tissue.
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Figure 2.3 Mechanical dissociation of tissue displays low levels of intracellular
contamination and high sample yield.

A. Mincing tissues, making a single cut to produce 2 hemi-brains, and hemi-brains with
vigorous shaking all result in EV pellets that display a positive signal for EV-associated
markers flotillin-1  a nattin,bas well as soluble markers SOD1, PrP. Material isolated from
NonTg(NT) or HUWTSOD1 (HWt) animals, exosome-depleted supernatants (Sup), or whole
brain homogenates (BH) were used in the analysis. The exosome-depleted supernatants do
not display EV-associated markers flotillin-1  a nattin.iower amounts of intracellular
markers BiP and HSP-70 are present in the hemi-brain preparation, indicating the least
amount of contamination. B. Highest sample yield as measured by total protein
concentration is seen in EV pellets isolated by mincing tissues. (N=2 brains per condition,
****pn<0.0001 following analysis by one-way ANOVA and Holm-Si dak 6s mul ti pl e con
test)

2.3.4 SUCROSE PURIFICATION IS ESSENTIAL FOR CLEARANCE OF DEBRIS
AND SOLUBLE PROTEIN IN TISSUE-DERIVED EV PREPARATIONS

Next, using exosomes isolated with the optimized protocol, we examined whether
sucrose purification was essential for the protocol since it requires significant time to
perform, and some groups have shown data using cell culture supernatant-derived
EVs isolated without sucrose purification. Therefore, we examined exosomes
isolated with and without sucrose purification by TEM (refer to 2.2.4 for detailed

protocol). At low magnification, the pellet collected without sucrose purification
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showed a substantial amount of debris and extra-vesicular material that were
present as irregular blobs without visible double membranes (Figure 2.4). At higher
magnification, it appeared that this material could be pieces of broken vesicles,
protein, or other debris, with some intact vesicles dispersed throughout (Figure 2.4,
red arrows). This debris-like material was eliminated following sucrose purification,

yielding a more homogenous population of vesicles as evident in the right hand
panels of (Figure 2.4). These results clearly demonstrate that sucrose-purification is

essential for isolating a homogenous population of EVs from CNS tissues.

Figure 2.4 Sucrose purification is essential for clearance of debris in tissue-derived
EV preparations.

TEM images of exosomes isolated without a sucrose purification step at lower magnification
show a substantial amount of debris and non-vesicular material (top left). At higher
magnification (bottom left), non-vesicular material and debris lack a visible double
membrane(red arrows) while EVs in the preparation show cup-shaped morphology and a
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