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Amyloid § and Extracellular Vesicles in Alzheimer’s Disease

VESA HALIPI
Department of Life Sciences
Chalmers University of Technology

ABSTRACT

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder that is characterized by
progressive neuronal loss and associated cognitive decline. Protein aggregation and extracellular
deposition of amyloid-3 (AB) fibrils is a central pathological hallmark of AD, but, prior to AR
plaque deposition, AB can also accumulate intracellularly. This has been linked to endolysosomal
dysfunction. Although AB as a driver of AD pathology is well established, the exact events that
initiate A pathology and drive disease progression remain unclear. This makes the development
of effective disease-modifying treatments a major unresolved challenge. Better understanding of
the cellular and molecular mechanisms that underlie A3 pathology is therefore needed.

This thesis aims to clarify the role of extracellular vesicles (EVs) in AJ aggregation and
accumulation, focusing on the disease-associated AB(1-42) variant. EVs are cell-secreted vesicles
that have been implicated in cell-cell propagation of Af and as potential modulators of AR plaque
formation and toxicity. My work shows that EVs, independent of their cell-origin, delay 7 vitro
AB(1-42) aggregation by interfering with the fibril elongation step. This drives the formation of
short fibrils that could be neurotoxic. To better understand EV-mediated aggregation inhibition,
I examined how surface-associated proteins, carbohydrates and lipids contribute. I found that
removal of EV surface proteins and, albeit to a considerably lesser extent, carbohydrates, enhances
the aggregation inhibitory effect. This suggests that the EV limiting membrane is a significant
modulator of AB(1-42) aggregation but that its effect can be masked or counteracted by other EV
surface biomolecules. This notion was supported by a study on synthetic lipid vesicles which,
furthermore, pointed out the importance of lipid raft-like microdomains and ganglioside
clustering. Finally, I report on a bidirectional crosstalk between endolysosomal AB(1-42) and EVs
whereby AB(1-42) accumulation alters the EV proteome and enhances EV release in a way that
potentiates the aggregation effect and, in turn, further enhances AB(1-42) intraneuronal
accumulation.

Altogether, this thesis contributes new insights into how EVs modulate AB(1-42) self-assembly
and accumulation in Alzheimer’s disease. This work is important for understanding the basic
mechanisms that drive AB pathology, and, ultimately, for development of effective therapeutics.

Keywords: Alzheimer's disease, amyloid-B, AB(1-42), protein aggregation, amyloid fibrils,
extracellular vesicles, lipid vesicle, kinetics
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1. Introduction

Alzheimer’s disease (AD) accounts for ~70 % of dementia cases and is the 7" leading cause of
death worldwide [1]. More than 55 million people worldwide were reported to live with dementia
in 2021, and this number is expected to rise to almost 80 million by 2030, representing a growing
global health challenge as the ageing population increases [2]. A central pathological hallmark of
AD is the presence of extracellular plaque deposits that contain highly ordered, 3-sheet rich protein
assemblies known as amyloid fibrils [3]. These fibrils form via self-assembly of the amyloid-3 (Ap)
peptide.

Our understanding of AD has advanced markedly since it was first described by Alois Alzheimer
over a century ago [4], yet our current knowledge of the mechanisms that initiate and drive disease
progression is incomplete. A fibrillar structures were identified as major components of plaque
deposits around 40 years ago [5], and in the early 1990s Hardy and Higgins formalized the amyloid
cascade hypothesis, proposing that A accumulation is an initiating event that drives downstream
pathology in AD [6]. This hypothesis has shaped the field for decades and motivated extensive
research to define and, on a molecular level understand, the role of AR in AD pathology. Over
time it was increasingly realized that plaque burden correlated rather poorly with cognitive decline
and evidence emerged that soluble Af oligomers are highly neurotoxic and therefore may represent
the most disease-driving species [7-9]. This led to a refinement of the amyloid cascade hypothesis
and a marked shift in research focus towards characterising and understanding these species.

Today, it is increasingly common to study AB oligomers and fibrils in consort, instead of adopting
a singular view. These developments have also increased the need for research tools that can be
used to accurately explore and mechanistically explain AB self-assembly. Over the last decade,
significant advances in the field of biophysics have resulted in a framework that enables the
identification and quantitative description of microscopic steps involved in 7z vitro A aggregation
based on the analysis of carefully monitored kinetics [10, 11]. This includes the formation of
smaller Af species thought to be particularly neurotoxic [10]. Such studies have revealed that once
a critical concentration of AP fibrils is reached, AR aggregation proceeds with autocatalytic
amplification via a secondary nucleation mechanism by which new monomers nucleate at the
surface of existing fibrils. This mechanism is, in fact, the major source of AB aggregates, including
smaller, more toxic, AP assemblies. More recently, advances in cryo-electron microscopy (cryo-
EM) have revolutionized amyloid structure research, now making it possible to gain insight into
amyloid architectures with near-atomic resolution [12]. Cryo-EM has, for example, made it
possible to compare 7z vitro assembled fibrils with fibrils extracted from postmortem human brain
tissue. These advances are about to reshape hypothesis-building in amyloid research by allowing
more direct links between amyloid structure and function to be tested.

Despite these massive advances, AD remains an incurable disease. A significant problem is that
we still do not understand what triggers the initial formation and accumulation of A aggregates,
or how to effectively slow down or prevent their formation. In recent years, antibody therapies
targeting AR aggregates [13] have gained clinical approval based on their ability to moderately slow
down disease progression in early-stage AD [14]. This represents a significant step forward for a
field that has long lacked success in the form of disease-modifying treatments. Moreover, it
provides clinical confirmation for the amyloid cascade hypothesis, and modified versions thereof,
by demonstrating that reducing Af accumulation can slow cognitive decline. However, their use
remains limited by hitherto modest clinical benefit in combination with high costs. Also, it should
be remembered that the antibodies that underlie current clinical success were developed almost 20
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years ago [15], prior to the advancement of kinetic analyses and detailed amyloid structure,
suggesting that with increasing knowledge, their design could also improve.

AD is a multifaceted disease in which multiple factors likely contribute to neurodegeneration.
Although the role of AB as a driver of AD pathology is widely supported by pathological, genetic,
biochemical and, now also pharmacological, evidence, the factors that initiate A aggregation and
drive accumulation are still not fully understood. It is likely that perturbances in combinations of
cellular pathways and molecules contribute to establish an imbalance between AB production,
clearance, trafficking, and accumulation. Probing how different biological modifiers contribute to
A aggregation and accumulation is therefore important to increase fundamental understanding
of disease pathology as well as for the future development of effective therapeutics.

The aim of my thesis work has been to increase understanding of how extracellular vesicles (EVs),
which are nanosized membrane-enclosed particles released by cells, modulate the aggregation and
intraneuronal accumulation of the disease-prone and highly neurotoxic 42-amino acid AB(1-42)
variant. In paper I, I showed that EVs slow down AB(1-42) aggregation kinetics 7z vitro by
interfering with the elongation reaction step, resulting in the formation of significantly shorter
tibrils, which could possibly have altered neurotoxicity. Papers I-II show that this effect is shared
by EVs from different cell origins, suggesting that common EV properties, rather than specific
biomolecules, underlie the inhibition. In papers II and III, I further investigated this modulatory
role by identifying how key classes of EV surface components contribute to the aggregation-
modulatory effect. In paper II, I showed that enzymatic removal of surface-associated proteins
increases the inhibitory effect of EVs on AB(1-42) aggregation, suggesting that the EV lipid bilayer
exerts a strong inhibitory influence that may be somewhat masked by proteins. In paper III, the
lipid effect was further studied using synthetic lipid vesicles and this work pointed out the
importance of lipid raft-like microdomains and ganglioside clustering on AB(1-42) aggregation.
Finally, in paper IV, I investigated AB(1-42)-EV crosstalk and showed that endolysosomal
accumulation of AB(1-42) increases EV secretion and alters EV properties. Furthermore, I found
that EVs from AB(1-42) pre-treated cells, in turn, exert stronger inhibitory effect on AB(1-42)
aggregation whilst also increasing AB(1-42) cellular accumulation, suggesting a strong bidirectional
relationship.

Thesis outline

This thesis begins with an overview of the research area and introduces the rationale for
investigating AB-EV interactions in AD. Chapters 2-4 provide scientific background, covering
protein folding and misfolding, Alzheimer’s disease, Af, and its aggregation, EV biogenesis and
composition, and current knowledge on the role of EVs in A pathology. Chapter 5 describes the
methods used throughout this thesis and their applications. Last, in chapter 6, I summarize and
discuss the main findings from my work (paper I-IV).



2. Proteins and Amyloid Fibrils

2.1. Protein Folding and Misfolding

Proteins constitute a diverse class of biomolecules that carry out essentially all vital functions that
are needed in cells of living organisms. The final three-dimensional structure (fold, native state) of
a protein is determined by its primary sequence. Folding to adopt this state typically occurs
spontaneously due to that the native conformation corresponds to the lowest free energy that the
single amino acid sequence can adopt, as depicted in the left-hand part of the energy landscape in
Figure 1. Forces and interactions such as the hydrophobic effect, intramolecular hydrogen bonds,
van der Waals forces and electrostatic forces contribute to the stability of a protein in its native
state. There is a great number of possible conformations a protein can adopt, yet the protein
folding process to its native state takes, in many cases, only between microseconds to seconds,
suggesting that polypeptides fold via preferred pathways in their search for the native state.
However, proteins can also fail to achieve or maintain their native fold and instead misfold into
inactive or dysfunctional forms, some of which even gain toxic functions [16]. One possible
outcome of protein misfolding is the formation of highly organized protein aggregates enriched in
B-sheet structure. These are known as amyloid fibrils [17] and can be highly thermodynamically
stable, with a lower free-energy minimum than their native folded state (Figure 1). These
aggregation processes typically proceed through smaller assemblies known as oligomers, which
can be either off-pathway species or on-pathway intermediates towards the formation of larger
amyloid fibrils [17]. While cells normally counteract misfolding through a variety of proteostasis
mechanisms, including the actions of molecular chaperones which help proteins fold into their
native state [18], persistent misfolding and resulting amyloid formation are implicated in the
pathology of many human diseases including severe conditions such as Alzheimer’s disease (AD).
To date, there are approximately 40 amyloid forming proteins that have been linked to human
disease [19].

Native folding Misfolding and aggregation
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Figure 1. A simplified illustration of the energy landscape of protein folding, including the cross-over to
misfolding and aggregation.



2.2 Amyloid Fibrils

The term amyloid, meaning “starch-like”, was first introduced in the 1850s by Rudolph Virchow
as a description of 7z vivo amyloid deposits, and this name persists today, even though amyloid was
subsequently shown to consist of proteins rather than carbohydrates [20]. Today much more is
known about the structure of fibrils of the type that exist in such deposits; amyloid fibrils are
unbranched, typically twisted self-assembled protein polymers, with a characteristic cross-3
structure in which the 3-strands run perpendicular to the fibril axis and assemble into 3-sheets that
extend along the length of the fibril (Figure 2) [21]. X-ray diffraction analyses of amyloid fibrils
have revealed that these B-sheet rich fibrils display two hallmark reflections at ~ 4.7 A,
corresponding to the distance between B-strands in a B-sheet, and at 10-11 A, corresponding to
the distance between B-sheets (Figure 2) [22-24]. These repeating structures align to form
protofilaments, of which each protofilament is approximately 2-7 nm in diameter. The
protofilaments twist around each other to form a mature fibril with a diameter of 5-13 nm [25,
26]. Extensive hydrogen bonding of 3-sheets along the filament axis, together with tight inter-
sheet packing, contributes to the high stability and low solubility of amyloids. Although the cross-
B arrangement is a common feature in amyloid fibrils, a single protein sequence can adopt multiple
distinct fibril structures; this phenomenon is referred to as amyloid polymorphism and can arise
from differences in protofilament number, protofilament packing/interfaces, or monomer folding
within the fibril core [27]. In recent years, many amyloid fibril structures have been resolved by
the use of cryo-electron microscopy (cryo-EM) [12], which can resolve monomer fold,
protofilament number and protofilament interfaces at near-atomic detail. This has provided
significant new insight into the architecture of amyloid fibrils, including fibrils extracted from
postmortem human brain tissue and fibrils assembled under various 7z vitro conditions, highlighting
the diversity and complexity of amyloid folds.

The Alzheimer’s disease (AD) related amyloid-8 (AB) peptide, which is at focus in this thesis, has
been found to form a variety of amyloid fibril folds that differ in protofilament numbers, twisting
of the fibrils, and protofilament packing and interactions [28-30]. Cryo-EM of brain-derived AB(1-
40) and AB(1-42), which are the two most common A variants in AD [31], suggest that iz vivo
AB(1-40) fibrils are predominantly built from pairs of identical protofilaments, but fibrils
consisting of four or six protofilaments are also present [29]. For brain-derived AB(1-42), two
major fibril structures have been described; both composed of two protofilaments but differing in
protofilament packing, where type I appears predominant in sporadic AD and type II in familial
AD [32]. In AB(1-42) carrying the E22G arctic mutation which causes dominantly inherited AD,
most fibrils consist of two pairs of non-identical protofilaments [30]. Interestingly, despite that A@
fibrils can adopt all these distinct folds, they are all consistently associated with AD.

Understanding the amyloid fold, and even more so how amyloid fibrils form, is important for
future development of strategies to prevent or modulate amyloid pathology. Amyloid aggregation
reactions and how they can be perturbed by biological modulators is also a central part of this
thesis. The next section outlines general principles of amyloid aggregation, while a detailed
description of the aggregation mechanism of the AB(1-42) peptide is given in chapter 3.2.
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Figure 2. lllustration of an amyloid fibril structure. The left image depicts the B-sheet structure arrangement
within the amyloid fibril with the 3-strand and B-sheet spacing. The right image illustrates an amyloid fibril
arrangement with two protofilaments where each consists of two B-sheets.

2.3 Amyloid Aggregation

As already touched upon, amyloid aggregation occurs when the fibril state is thermodynamically
favoured. This most commonly occurs under supersaturated conditions where the monomer
concentration exceeds the effective solubility of the protein. However, reaching the fibrillar state
requires overcoming kinetic barriers, and the rates can be influenced by intrinsic factors (e.g.
sequence-dependent aggregation propensity [33], point-mutations [34], and post-translational
modifications [35]) and extrinsic modulators (e.g. pH and temperature) [36, 37]. Extrinsic
modulators can also include other components that are present in the protein’s biological milieu,
for example lipids [38-40], metal ions [41], chaperones [42], and extracellular vesicles (EVs) [43-
45], which can change aggregation rates and alter aggregation mechanisms. The role of EVs in AB
aggregation is the central topic of this thesis.

The kinetic barriers in amyloid formation reflect distinct microscopic steps in the aggregation
processes; these steps are schematically depicted in Figure 3. The conversion of partially or
completely disordered monomers to nuclei which can initiate further fibril growth is called primary
nucleation. This is the slowest step in the aggregation process and consequently associated with
the lowest rate constant [10, 46]. Once formed, these primary nuclei can continue to grow by the
addition of monomers to their ends, a process which is called elongation and has a lower energy
barrier than primary nucleation and thus a higher rate constant. Fragmentation is a process in
which fibrils break into smaller pieces, resulting in an increase in available fibril ends that can
support elongation. Another critically important mechanism in the formation of amyloid fibrils is
the formation of new nuclei on existing fibrils, by which the fibril surface acts as a catalyst. This is
called secondary nucleation [10] and is associated with a very low energy barrier and a high rate
constant, leading to a rapid multiplication of aggregates.
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Figure 3. Hlustration of the different mechanistic steps involved in amyloid formation, including primary
nucleation, elongation, fragmentation and secondary nucleation.

Amyloid fibril formation kinetics typically follow a sigmoidal trajectory (Figure 4) consisting of
three phases. The first phase, the lag phase, is dominated by primary nucleation, during which fibril
growth is not yet observable. During this phase oligomeric species can also form, and these are
often innately unstable [47, 48]. The subsequent growth phase is characterized by rapid fibril
formation, occurring largely due to secondary processes which drive the formation of new
aggregates, including oligomers. Finally, if the concentration of monomers in the sample is limited,
a stationary phase, or plateau, is reached, in which fibrils and monomers exist in equilibrium [49].
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Figure 4. Hlustration of AB(1-42) fibril formation kinetics showing a sigmoidal aggregation curve with lag,

growth, and stationary (plateau) phases. The half-time is indicated and represents the time required to reach

50% of the maximal fibril mass fraction.

Amyloid aggregation kinetics has been described mathematically by the master equation below
(Equation 1), which can be used to quantify the different microscopic processes and determine
their individual rates (e.g. to understand the molecular mechanisms of the aggregation process):
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This mathematical model, and extensions of it, can be fitted to experimental data to estimate
individual rate constants. One can thus learn how changes in experimental conditions, such as for
example the presence of certain extrinsic modulators, affect not only the overall aggregation rate,
but also the aggregation mechanism. An online platform called AmyloFit [11] has been developed
to facilitate these types of fittings. Model fittings to experimental data have been used extensively
in this thesis to understand the effect of EVs and specific EV components (mainly lipids) on A

aggregation kinetics, and the modelling procedures used are further explained in chapters 3.2 and
5.2.1.



3. Alzheimer’s Disease

Alzheimer’s disease (AD) was first described in 1906 by Alois Alzheimer; his findings published
in 1907 describing what at that time was called presenile dementia [4]. Shortly after, the disease
became known as Alzheimer's disease, and it is today recognized as a severe and devastating
neurodegenerative disorder affecting millions of individuals and their families worldwide [50].
Both familial and sporadic forms of AD exist. While familial AD progresses faster and often onsets
in individuals with lower age (typically < 65 years), it only accounts for 5% of all AD cases [51].
Familial AD is typically an autosomal dominant disorder and is most commonly caused by
pathogenic mutations of specific genes such as the presenilin 1 and presenilin 2 genes and the
amyloid precursor protein gene. Sporadic AD, also called late-onset AD, typically develops later
in life but there are certain known risk factors that can lower the age of onset. These include
genetics, lifestyle, and environmental factors [52, 53].

Despite massive efforts to understand and treat AD, effective therapies remain extremely limited.
Developments over the last few years, have, however, marked a turning point with the approval
of AB-targeting monoclonal antibodies for treatment of early symptomatic AD, resulting in a
slowed cognitive decline in clinical trials [14, 54]. At the same time, AD is viewed as a multifaceted
disease in which parallel pathological processes develop and crosstalk. In addition to protein
aggregation, these include synaptic dysfunction, neuroinflammation, vascular changes, metabolic
stress, and intracellular trafficking and protein clearance dysfunctions. It is likely that the efficacy
of AD treatments could be improved if we gain better understanding of all these dysfunctions, as
well as their interrelations. AD targets the hippocampus and the cerebral cortex of the brain,
leading to the degeneration of neurons [55]. Symptoms of the disease include memory loss,
disorientation, language difficulties and behavioural changes [3, 56]. As the disease progresses and
brain function continues to decline, the risk of secondary conditions such as pneumonia and sepsis
increases, making AD ultimately fatal. Key pathological hallmarks of the disease include senile
plaques deposited extracellularly in brain tissue and intracellular neurofibrillary tangles [3]. The
amyloid-B (AB) peptide is the main component found in plaques while neurofibrillary tangles
consist of hyperphosphorylated tau. Both A and tau form B-sheet rich amyloid structures and are
considered key pathological components in AD.

The AP peptide and its aggregation and accumulation are central in this thesis and the Af structure,
aggregation and pathology are further described in the next sections.

3.1 The AB Peptide

The AR peptide is a cleavage product of the transmembrane amyloid precursor protein (APP)
(Figure 5). The amyloidogenic processing of APP occurs (mainly) in the endosomal pathway in
neurons [57], starting with cleavage by the membrane-associated B-amyloid cleaving enzyme
BACEI], also called B-secretase. The acidic environment in endosomes is optimal for BACE1
enzyme activity and BACE1 cleavage results in the release of a soluble N-terminal ectodomain
(sAPPB) and a 99 amino acid long membrane-embedded C-terminal fragment (CTFB) [58]. This
first cleavage is followed by a second cleavage of CTF by the y-secretase complex composed of
four subunits (presenilin 1 or 2, (PSEN1/PSEN2), nicastrin, presenilin enhancer 2 (PEN-2) and
anterior pharynx-defective 1 (APH-1)) [59], generating ~ 4 kDa AB peptide. Depending on the
exact site of cleavage by y-secretase, different isoforms of AB (typically 37 to 49 amino acid
residues) are generated [60]. The most abundant AB isoforms are AB40 (80-90%) and AB42 (5-



10%), the latter of which is more hydrophobic, has higher propensity to aggregate into amyloid
fibrils and typically also displays more neurotoxicity [31].

APP can also be cleaved in a non-amyloidogenic pathway by the a-secretase protease complex
(metalloprotease enzymes), followed by cleavage by the y-secretase complex into the more benign
p3 peptide. Under basal conditions, most APP is processed via a-secretase, whereas 3-secretase
cleavage represents a smaller fraction. Accordingly, -secretase is often considered the rate limiting
step in the amyloidogenic processing of APP [60].

Non-amyloidogenic pathway B-sAPP Amyloidogenic pathway

AB

APP

a-secretase B-secretase
Lumen or extracellular o« ______  ______ -

y-secretase
------ >

B-CTF

Cytosol

Figure 5. Schematic illustration Af formation and release through the amyloidogenic cleavage of APP via
B- and y-secretases. APP can also be cleaved through the non-amyloidogenic pathway initiated by o-
secretase.

The primary amino acid sequence of AB(1-42), which is the variant studied in this thesis, is shown
in Figure 6. In its native form, AB(1-42) is monomeric and unstructured. It has a predominantly
hydrophilic N-terminus (residues 1-16) which also contains key sites for metal-ion binding [61],
followed by a central hydrophobic region and a central polar region, and a more hydrophobic C-
terminal region with enrichment of non-polar residues (30-42) [62]. The central hydrophobic
region, together with a region of the C-terminus plays a critical role in aggregation of the peptide
[63] and the fibril core is enriched in hydrophobic segments that repeatedly appear as B-strand
elements consisting of these two segments. Several disease-associated A mutations cluster in the
21-23 region, such as the Arctic E22G, Dutch E22Q),Italian E22K, and Iowan D23N mutations
[64], and many of these lead to accelerated AR aggregation, highlighting that even small sequence
changes near this central segment can alter fibril formation and polymorphism.

E22G/K/Q
D23N

"

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

N-terminal central central polar region C-terminal hydrophobic region
metal binding region hydrophobic core
core major fibril core
aggregation
-prone
segment

Figure 6. AB(1-42) primary sequence with annotated sequence regions and selected common familial
variants.
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3.2 AR Aggregation

The AB peptide is unfolded in its monomeric state but has a high propensity to self-assemble into
amyloid fibrils [65]. Since the AB(1-42) variant has been studied in this thesis, this next part focuses
on what is known about the aggregation kinetics and aggregation mechanisms of this isoform.

AB(1-42) fibril formation follows the microscopic reaction step framework introduced in chapter
2.3 and involves primary nucleation, elongation, and secondary nucleation. The aggregation of
AB(1-42) is characterized by a rapid autocatalytic amplification of fibrils once a critical seed
concentration has formed, because its fibril surfaces catalyse the generation of new nuclei via
secondary nucleation [10, 66]. As fibril mass increases, the available surface area increases, which
further accelerates the production of new aggregates and drives the steep rise during the growth
phase of AB(1-42) fibril formation. The reaction then approaches a plateau as soluble monomer is
depleted towards its equilibrium concentration; typically more than 90% of monomers are
converted into fibrils in 7z vitro aggregation reactions [67]. Importantly, secondary nucleation is
thought to be a major source also of AB oligomeric species [10, 68] which are smaller soluble
multimers that may not be elongation-competent in their current molecular state but are strongly
associated with neurotoxicity [8, 9, 69]. These species are considered important in the development
of AB-induced neuropathology and are therefore further described in chapter 3.3. Therapeutic
intervention strategies often aim to reduce oligomer exposure in the brain. This does not
necessarily have to entail complete elimination of fibril formation; instead a key strategy could be
to selectively suppress the microscopic processes that generate toxic oligomeric intermediates, e.g.
secondary nucleation [70].

The aggregation of AP into amyloid fibrils is affected by a variety of intrinsic and extrinsic
modulators, which can influence both overall amyloid formation propensity and resulting fibril
morphology, but also shift the balance between the microscopic steps that drive the reaction.
Intrinsic modulators include for example disease-linked genetic changes in APP and
PSEN/PSEN2 which alters the AB primary sequence or affects which Af isoforms are produced
(64, 71]. Post-translational modifications are another intrinsic modulator that can affect AJ charge,
hydrophobicity, metal binding and intermolecular contacts [72, 73], leading to changes in
aggregation [74]. Extrinsic modulators include solution conditions such as pH, ionic strength, and
temperature, as mentioned earlier, but also biological components. For example, molecular
chaperones can bind to AB and affect its aggregation [75].

Lipid membranes are also important modulators. Gangliosides such as GM1 [39, 70] together with
the lipids cholesterol and sphingomyelin [39, 77] can form lipid raft-like domains that sequester or
concentrate AP at the membrane surface, thereby accelerating or inhibiting A aggregation [78].

In addition, metal ions [41] and heparan sulfate proteoglycans [79] can affect the self-assembly of
A aggregates. A central theme of this thesis is whether extracellular vesicles (EVs), which present
a lipid bilayer with associated proteins and glycans and are omnipresent in the interstitial fluid
surrounding neurons where A is located, can function as modulators of Af aggregation. EVs as
biological entities are introduced in chapter 4 and current knowledge of their role in A@ pathology
is described in chapter 4.3.
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3.3 A Pathology

Even though AR is best known for its pathological role in AD, the peptide is produced throughout
life and in both diseased and non-diseased individuals [80]. A widely accepted view is that AD
pathology emerges when Af production, trafficking, and clearance become imbalanced, and that
this leads to accumulation of soluble oligomeric species and, later, larger aggregates, that drive
neurotoxicity, plaque deposition, and disease progression [81]. The amyloid cascade hypothesis
was first introduced in 1992 and proposed, in its original version, that A plaque deposition was
the main pathogenic cause of AD [6]. This view has since been modified, in part because plaque
burden correlates poorly with cognitive decline [82] and the hypothesis now includes soluble
(oligomeric) AB species which can induce synaptic dysfunction and cognitive deficits [69].

Many studies suggest that oligomeric assemblies are more cytotoxic than the fibrillar AR that is
deposited into plaques [7, 9, 69]. Moreover, it has been suggested that oligomeric assemblies and
other soluble amyloid aggregates will induce cognitive deficits even prior to the emergence of
plaque deposits [9]. At the same time, AR has been shown to exist in many different assembly types
and fibrillar species also contribute to toxicity, for example by providing catalytic surfaces that
generate new species, including oligomers, via seeding and secondary nucleation, as described in
chapter 3.2. Mapping protein aggregation pathways and exploring how amyloid formation is
regulated by biological components, as is the focus of this thesis, is one important path towards
understanding how this imbalance is created, which in turn is crucial for our molecular
understanding of AB pathology and ability of developing functional therapies in the future.

Multiple, and often overlapping, mechanisms have been proposed to explain AB toxicity. AR can
disrupt synaptic dysfunction through receptor-associated mechanisms that perturb glutamate
signalling and calcium homeostasis, and oligomers may additionally compromise membrane
activity, further promoting pathological calcium influx and impaired plasticity [83, 84]. AB
oligomers have been implicated in mitochondrial dysfunction, including altered mitochondrial
quantity and quality, which promotes oxidative damage [85, 86]. Microglia initially respond by
clearing AB, but increased accumulation of AB in microglia can shift them towards overactivated
states. This promotes neuroinflammation, oxidative stress, and neuronal damage [87]. Oxidative
stress is a recurring component revolving A toxicity, and A can promote reactive oxygen species
and oxidative damage, including lipid and protein oxidation [88, 89]. Finally, AR accumulation
promotes hyperphosphorylation of the AD-related tau protein, enhancing the toxic effect of
phosphorylated tau on synapses [83].

Accumulating evidence suggests that AP peptides are internalized by neurons where they
accumulate in, and potentially jam, their endolysosomal systems [90, 91]. Enlarged endosomes are,
in fact, one of the earliest observable pathological alterations in the AD brain [92]. Such
endolysosomal dysfunction is an important contributor to the imbalance of AB production and
clearance. AB that accumulates in late endosomes, including multivesicular bodies (MVBs), can be
secreted in association with exosomes when MVBs fuse with the plasma membrane and release
their intraluminal vesicles as exosomes (a subtype of EVs) [93]. Moreover, if lysosomal degradation
is impaired, trafficking may be shifted from clearance toward secretion [94], potentially increasing
the exosome-associated release of AR and thereby contributing to the spread of A pathology. The
crosstalk between AP and EVs is central to this thesis and how AB accumulation intersects with
EV biogenesis and release is a focus of paper IV.
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4 Extracellular Vesicles

As mentioned earlier in the thesis, crosstalk between A and EVs has been suggested in AD. This
chapter first gives an overview of what EVs are, how they are generated and their compositions as
well as of their cell uptake (partly explaining how they function) and finally outlines current
knowledge of the role of EVs in AD, focusing specifically on the intersection with Af pathology.

EVs are nanosized membrane-enclosed vesicles (Figure 8) released by all cells into their
surrounding microenvironment. They are increasingly recognised as important mediators of
intercellular communication, capable of transporting a diverse range of cargos including proteins,
lipids, nucleic acids and metabolites between cells, even mediating communication between organs
[95, 96]. Observations of vesicle-like structures released from cells trace back to as early as the
1950-1970s, describing particles that today would likely be described as EVs [97]. Initially, such
vesicles were viewed as cellular debris or as a route for disposal of membrane proteins and other
components considered as cellular waste. A conceptual shift occurred around the 1980s, when
studies showed that intraluminal vesicles can be released from cells, eventually leading to the term
“exosome” to describe EVs that shed from the cell surface. Subsequent work began to define
physical and biochemical characteristics of EVs and showed that EVs can carry molecules of
interest, suggesting that they can be explored as biomarkers and in future therapeutic applications
[98]. These early findings led to a rapid increase in the interest in EV biology around the turn of
the millennium. The EV proteome [99] and lipidome [100] was further explored, and the interest
in EV function grew as reports on the role of EVs in the immune system and in cancer increased.
Furthermore, studies started reporting on functional effects of EVs in vivo [101].

Today EVs are acknowledged for their diverse roles in biological systems and their roles in
neurodegenerative disease are also being investigated, with EVs implicated in the spread and
modulation of pathogenic proteins such as AB [44, 102]. EVs are now being explored in numerous

applications, including biomarker discovery, therapeutic development, and targeted drug delivery
[103].

4.1 EV Biogenesis and Composition

EVs are highly heterogenous both with respect to physical parameters such as size and biochemical
parameters such as molecular composition. In literature, EVs are broadly characterized into the
two subcategories exosomes and ectosomes [104]. Exosomes originate from the endosomal
system where they first form by invagination of the limiting membrane of late endosomal
structures called multivesicular bodies (MVBs). This results in so-called intraluminal vesicles
(ILVs) which can either be degraded through fusion of the MVBs with lysosomes, or released into
the extracellular space as exosomes upon MVB-fusion with the plasma membrane [105].
Ectosomes, on the other hand, are generated from the outward budding of the plasma membrane.
The size of EVs can range between approximately 50 — 1000 nm [1006]. Because exosomes originate
as ILVs, they are typically described to be in the ILV size range of 50-150 nm [107], whereas
ectosomes can span a wider size range. There is a substantial size overlap, making it impossible to
separate exosomes and ectosomes. Two major EV biogenesis pathways have been identified. They
are either dependent or independent of the endosomal sorting complex required for transport
(ESCRT). The ESCRT machinery, initiated by the recognition of ubiquitinated proteins on the
endosomal or cell surface membrane, is composed of several protein complexes, which, among
other things, function to facilitate MVB formation, vesicle budding and sorting of protein cargo.
While ectosomes are not formed in the endosomal pathway, certain ESCRT subunits and
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tetraspanins also play a role in ectosome budding and cargo sorting. The ESCRT-independent
pathway involves sorting cargo within the endosomal membrane dependent on raft-based
microdomains containing ceramides, highlighting the importance of lipids in EV biogenesis [108].

As mentioned, EVs carry different cargoes, both within their lumen and on their surfaces (Figure
7). The EV lumen contains cargo derived from the parental cell, while the EV surface is, in part, a
reflection of the parent cell membrane. The EV surface is the first point of contact with recipient
cells and other extracellular moieties, and is thus important in mediating recognition, uptake, and
signalling [109]. In this thesis, I have studied EV-Af interactions with a particular focus on the EV
surface and its role in modulating AB aggregation, and the following section will therefore outline
key aspects of EV surface composition.

Tetraspanin

\ Receptor
X\ Proteoglycan
Proteins ’ /
TSG101
MHC-I/1I __l- Q ~ix
Cytokines
Metabolites . .
L Sphingolipids

Nucleic acids
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Ceramides

Figure 7. Illustration of an EV and its molecular cargo, including lipids, nucleic acids, proteins, and
metabolites located on the membrane or in the lumen.

Large-scale proteomics studies have yielded online databases of catalogued EV-associated
proteins, both surface-associated and luminal proteins. Although the variety is huge, certain EV
surface proteins are detected in a majority of, if not all, EV samples. These include for example
tetraspanins such as CD63, CD81, and CD9Y, which are thought to contribute to the organization
of membrane microdomains, facilitate cargo sorting and thus both regulate EV biogenesis and
mediate intercellular communication [110] even though their exact roles in these processes remain
incompletely understood [111]. EVs also display surface proteins that reflect their cellular origin
and specialized functions. For example, tumour-derived EVs can carry molecules promoting
immune escape [112] or pro-angiogenic factors that support tumour progression [113], dendritic
cell-derived EVs can contain molecules involved in immune activation [101], and stem cell-derived
EVs can deliver components promoting tissue repair [114], supporting the idea that they can take
on special functions.
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Lipidomic profiling has substantially advanced our understanding of EV membranes. As in cells,
phospholipids are the major lipid class in EV membranes and include phosphatidylcholines (PC)
and phosphatidylethanolamines (PE), and to a lesser extent also phosphatidylserines (PE) and
phosphatidylinositol (PI), which help maintain membrane fluidity and stability [109, 115]. EVs are
typically enriched in sphingolipids, including sphingomyelin which is involved in the formation of
lipid rafts [116] and thus the compartmentalization of membrane processes. EVs are also enriched
in cholesterol which is a major modulator of membrane stiffness. Cholesterol-rich lipid rafts can
influence EV biogenesis and function [117, 118]. Lipid membranes are generally asymmetric and
this applies to EV membranes as well, where sphingomyelin and PC are typically located in the
outer leaflet while PE and PI are found on the inner leaflet [115]. The EV lipid composition reflects
their cellular origin and different EV types can thus have unique lipid compositions [119]. The
lipid composition of EVs can also reflect the status of the cell, and lipidomic differences in EVs
from AD vs control human plasma samples have been detected [120].

EVs can further be functionalised by post-translational protein glycosylation which contributes to
the net negative EV surface charge. The EV glycocalyx consists of glycoproteins, proteoglycans
bearing glycosaminoglycan chains (e.g. heparan sulfate on syndecans and glypicans), and
glycolipids [109]. These sugar moieties are important in cell-cell interactions and cellular uptake,
and these properties are translated to EV interactions and uptake of recipient cells as well [109,
121].

4.2 Cellular Uptake of Extracellular Vesicles

Once EVs have been released from cells, they can travel short and long distances within and across
organs. EVs have consequently been detected in multiple biofluids including blood, cerebrospinal
fluid, interstitial fluid, saliva, and urine [103]. EVs can cross the blood-brain barrier [122, 123] and
they can move through tissue, although the exact mechanisms for this are still not understood
[124]. For EVs to exert their function and deliver their cargo, they must dock to and/or be
internalized by recipient cells. The understanding of these processes is incomplete but examples
include integrin/tetraspanin-mediated interactions, glycan-dependent binding (e.g., to HSPGs),
and phosphatidylserine-dependent recognition [121, 125, 126]. Cell uptake of EVs occurs via
endocytosis, including receptor-mediated mechanisms [127, 128], macropinocytosis [129], and
phagocytosis [130, 131].

Once internalized, EVs are trafficked through the endosomal pathway. They can either be recycled
back to the plasma membrane [132], or traffic via late endosomes to lysosomes for degradation.
During endosomal processing, EVs can, under some circumstances, fuse with endosomal
membranes and release their cargo into the cytosol [133] but the efficiency of this process is likely
very low.

4.3 Extracellular Vesicles and AR Pathology

EVs have been suggested as potential modulators of disease pathology across a broad spectrum
of conditions, including AD [44, 93, 134, 135] and other neurodegenerative disorders [136]. In
recent years, EVs have been increasingly explored as biomarkers for AD and as putative
therapeutics [137, 138]. In preclinical AD rodent models, EV treatments have been reported to
improve cognitive performance, reduce AR plaque burden, and attenuate neuroinflammation and
oxidative stress [139-142]. Conversely, EVs have also been shown to function as carriers of AJ
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and APP cleavage products [143], suggesting that they may contribute to cell-cell transmission and
disease progression. At the start of my thesis work, direct EV- A interactions remained, however,
poortly explored. Understanding such interactions is important from a fundamental perspective,
but determining the specific conditions under which EVs modulate AB pathology in respectively
beneficial and detrimental ways, and connecting them to specific EV molecular characteristics, is
also critical for the future use of EVs as biomarkers or in therapeutic applications.

My thesis investigates AB-EVs crosstalk, focusing on the direct interaction perspective and on the
aggregation aspect of Af pathology. There are two conspicuous biological intersections between
AB and EVs. First, both are produced in the endolysosomal system, where AB furthermore
accumulates in early stages of AD. Second, they can both be secreted and thus meet in interstitial
locations of the brain where AP plaques deposit. Rajendran et al. showed, about 20 years ago, that
a fraction of AB can be secreted in association with EVs and that EV components co-deposit with
AB in plaques [93] supporting physical interactions. Other studies have further associated both
APP [143, 144] and AB [134] to EVs, and a role of EVs in prion-like propagation of A has been
suggested [134]. Furthermore, disruptions in endolysosomal function, including dysregulation of
lysosomal acidification [145, 146] and endosome enlargements [90, 147] have been reported in
relation to AD and AR pathology. These alterations can affect A@ accumulation and secretion as
well as modulate EV release and the concentration of EV-associated AR [148].

EVs can also interact with AP in the interstitial space and could thus potentially affect AB
extracellular self-assembly, yet our knowledge on this remains limited and few studies report on
the EV role on AP aggregation. In paper I, I have shown that EVs have an inhibitory role on
vitro A aggregation kinetics which seems independent of EV cell origin [43], where fibrils formed
in presence of EVs are significantly shorter, suggesting that EVs could contribute to the formation
of smaller, more toxic, Af species. This work is further discussed in chapter 6 (Original Work). At
the start of the work conducted within this thesis, there were only a few studies that had suggested
that EVs modulate AB self-assembly [102, 149] and none had investigated their role on AB
aggregation kinetics. Additional studies that do not specifically investigate the EV role on
aggregation kinetics of Af but that still provide evidence of extracellular AB-EV interactions show
that EVs can bind to AR [150] and influence AB plaque deposition [151].

4.3.1 Lipids and A8

Brain lipid dyshomeostasis is common in AD [152]. The brain is highly enriched in lipids and AB
is found in association with several lipid-rich cell structures including neuronal synapses [153] and
mitochondria [154]. Furthermore, A is trafficked through and accumulates in the lipid membrane
rich endolysosomes, which have been found to be impaired in AD (see also Chapter 3.3).
Processing of APP is believed to predominantly occur on membrane microdomains rich in
cholesterol and sphingolipids and changes in levels of both these lipids leads to altered lipid raft
organization, which in turn influences Af formation [155-157]. Gangliosides are also components
of lipid rafts and specifically the GM1 ganglioside is abundant in neuronal membranes and found
to interact with Af [158-160]. In paper III, an inhibitory role of GM1 containing lipid vesicles on
AR self-assembly, by interference with primary nucleation, is reported [39].

How these AD-related lipid alterations translate to the EV lipidome is less well studied. This is, in
part, because profiling of the EV lipidome has only recently gained attention [115]. What we do
know is that the EV lipid membrane is enriched in cholesterol, sphingomyelin and
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glycosphingolipids and contains lipid raft-like microdomains [115, 116]. This means that EVs can
not only interact with A through their joint pathway in endolysosomes but also that certain lipids,
and lipid raft domains, can directly interact with and influence conformation, clustering, and self-
assembly of AB. For example, AB-binding to EVs has been shown to occur through
glycosphingolipid glycans on the EV surface [161]. More recent work in the EV lipid field has
focused on using changes detected in lipid profiling of EVs from healthy and diseased states as
potential biomarkers. Lipid profiling of AD postmortem human brain tissue has revealed that EVs
are altered in PS, PE and PC lipid composition [162, 163], have a remodelled sphingolipid
metabolism, increased free cholesterol and upregulated lipids specifically involved in the
endolysosomal pathway [164], possibly reflecting impairments in this route.
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5. Methodology

This chapter provides brief introductions to the key methods used throughout this thesis and
outlines how each was applied in the presented work.

5.1 AR Recombinant Protein Expression and Purification

Recombinant AB(1-42) was used in all iz vitro AB(1-42) experiments in papers I-IV and in some
of the cell experiments in paper IV. The fluorescent AB(1-42) in paper IV was a synthetic variant
with Hilyte488 labelled from Anaspec.

AR is a highly aggregation prone peptide and in aggregation experiments it is crucial to start from
monomeric solution to accurately report on self-assembly kinetics. This requires high purity
peptide solutions as starting material. Historically it has been common to use synthetically
produced A in aggregation kinetic studies. This, however, has several problems such as batch-to-
batch variations causing irreproducibility, issues with appropriately dissolving the peptide into
monomers, and relatively high costs. Using recombinant peptide has been useful in overcoming
these drawbacks [165].

In my work, AB(1-42) was produced following a protocol established by Abelein et al. [166]. This
protocol utilizes a modified N-terminal domain (NT*) of spider silk proteins (spidroins) as a
solubility tag. This keeps the aggregation-prone AB(1-42) soluble at high concentrations during
expression and purification and makes it possibly to produce and purify AB(1-42) in E.co/i (here
BL21(DE3)) at high efficiency. The NT*- AB(1-42) gene construct is depicted in Figure 8.
Immobilized metal affinity chromatography (IMAC) was used to purify the NT*- A(1-42) fusion
protein, followed by cleavage of the fusion tag using tobacco etch virus (TEV) enzyme. IMAC,
which utilizes immobilised metal ions, was used to bind the NT*-A( fusion protein via its Histidine
tag, as histidine residues bind metal ions through their imidazole side-groups. Thereafter, size
exclusion chromatography (SEC) was used to purify the AB(1-42) peptide. The purified peptide
was then lyophilized and stored at -20 °C. SEC, also called gel filtration, uses a porous stationary
phase that separates solutes by size; larger particles that cannot enter the pores elute more quickly
whereas smaller particles enter the pores and therefore elute later.

To avoid problems with aggregation that often occur during dissolution and thawing of the AB(1-
42) peptide, it was monomerized once more immediately prior to each aggregation kinetics
experiment, by dissolution in 6 M guanidine hydrochloride and subsequent SEC. This resulted in
AB(1-42) eluting as a single monomer peak.

Figure 8. Schematic of the NT*- Af fusion protein.

5.2 AB Aggregation Kinetics

The aggregation of monomeric AB(1-42) was monitored using Thioflavin T (ThT) fluorescence.
ThT is a benzothiazole dye (Figure 9) whose fluorescence is low in solution due to intramolecular
rotation around the central single carbon-carbon bond connecting the benzothiazole and
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dimethylaminobenzene rings. However, upon binding to B-sheet-rich amyloid structures, this
rotational freedom is restricted, resulting in a strong increase in fluorescence intensity and a shift
in excitation maximum (from ~ 413 nm to ~ 440 nm). Due to this light-up property, ThT has
become extensively used to monitor amyloid fibril aggregation [167]. ThT binding has been shown
not to affect the aggregation kinetics of AB(1-42) at ThT concentrations below 20 uM [168]. In all
work included in this thesis, a concentration of 5 uM of ThT was used.
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Figure 9. Structure of a Thioflavin T (ThT) molecule. The arrow marks the carbon-carbon bond around
which the two rings can rotate.

There are other ways to measure amyloid aggregation kinetics besides using ThT fluorescence.
These include other dyes such as Congo red which is used as a stain in amyloidosis diagnosis but
is less suitable for 7z vitro experiments as it can interfere with amyloid formation of certain amyloid
proteins [169], or more recently developed luminescent conjugated oligothiphene (LCO) type
probes [170, 171].

5.2.1 Mechanistic models and analysis of AR aggregation kinetics

Monitoring aggregation kinetics is useful to explore and compare aggregation rates under different
conditions and to analyse the effect of modifiers. However, to also understand the reasons why
aggregation was changed, e.g. how a certain factor affects the underlying mechanisms of self-
assembly, the aggregation curves must also be compared to mathematical models describing the
aggregation process. In papers I-III, the kinetic traces were analysed using models available on
the web-based platform Amylofit [11] to extract rate constants for the underlying aggregation steps
(as explained in chapter 2.3).

Defining which of the microscopic steps in amyloid formation that are most prominently affected
by a modulator is important for understanding its mode of action as well as to inform on possible
downstream consequences in terms of amyloid fibril build-up and oligomer generation. Typically,
multiple kinetic traces, spanning different protein or modulator concentrations, are analysed using
global fitting to integrated rate laws, creating strong mechanistic constraints.

In my work, I fitted AB(1-42) kinetics using a multi-step secondary nucleation dominated
aggregation model which describes the autocatalytic amplification of AB(1-42) fibrils via secondary
nucleation [10, 11] and is further described in chapter 3.2. The term “multi-step” refers to
secondary nucleation involving internal steps (such as (1) monomer binds to the fibril surface and
then (2) converts into a new nucleus). This model therefore also accounts for the fact that
secondary nucleation can saturate and lose its monomer-dependence at high monomer
concentrations [172]. I used two fitting procedures, depending on whether the kinetics were
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collected under unseeded or seeded experimental conditions. Under unseeded conditions, i.e.
when the aggregation reaction starts from a purely monomeric solution, the model operates with
the following parameters;

my — initial monomer concentration

k+k,— combined rate constant of elongation and primary nucleation
n. — reaction order of primary nucleation

ki+k, — combined rate constant of elongation and secondary nucleation
n, — reaction order of secondary nucleation

Ky — saturation constant

Because ThT fluorescence reports on total fibril mass, the observed kinetics depends on the overall
rate of amyloid formation including both nucleation events and fibril elongation. Therefore, it is
not possible to fit all individual rate constants to unseeded data. Instead, the kinetics are
constrained by the products k+k, and k+ks. This means that fibril elongation cannot be separated
from primary or secondary nucleation, but it is still possible to estimate which of the two
nucleation processes that dominate. In papers I-III, I used the following approach to fit unseeded
data; first, the model was fitted to aggregation of AB(1-42) in absence of any modulators to obtain
initial estimates (initial guesses) of the fitting parameters. Next, the model was fitted twice to the
aggregation kinetic data, allowing either kik, or kik, to vary freely while keeping the other
parameter constant. The purpose of this approach is to explore how well the changes in the kinetic
curves induced by the modulator can be explained by variation in the free rate constant. Goodness
of fit was used to determine the best fitting model and hence dominant mechanism.

In paper I and III, we acquired seeded kinetics, in addition to unseeded data, for a select number
of conditions. Seeding predominantly eliminates primary nucleation but at high seed
concentrations (25 %), elongation dominates over secondary nucleation, because the number of
available free fibril ends become sufficiently high to allow monomers to be preferentially
sequestered by elongation [173]. This makes it possible to separate k+ from k,and ks and hence
understand the contributions from fibril elongation. Seeded experiments were performed by
adding pre-formed AB(1-42) fibrils at a concentration of 5 or 25 %. The multi-step secondary
nucleation dominated model was used also for seeded data, with the introduction of the following
additional parameters:

Py — initial aggregate number
M, — initial aggregate concentration

These additional parameters describe fibrillar material present at the start of aggregation. My was
adapted to the seeding concentrations used in this thesis while Py was not independently specified
(as it requires a knowledge of the seed length distribution).
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5.3 Microscopy

5.3.1 Atomic force microscopy

Atomic force microscopy (AFM) was used in papers I-III to visualize individual AB(1-42) fibrils
to inform about their morphology. AFM images were also analysed to determine lengths and
heights of individual fibrils (papers I-III).

AFM is a type of high-resolution scanning probe microscopy in which a sharp tip, mounted on
the non-reflective side of a flexible cantilever, scans a sample surface (Figure 10) to achieve
topological or force information. As the tip interacts with the surface, attractive and repulsive tip-
sample forces (such as van der Waals forces, electrostatic forces, dipole-dipole forces etc.) cause
deflections of the cantilever. The cantilever motion is monitored by reflecting a laser beam, which
is directed towards the reflective side of the cantilever, from the cantilever onto a photodiode that
converts light into an electrical signal, enabling reconstruction of a high-resolution topographic
map of the surface. Since the image in AFM is generated by the tip the resolution is thus not
limited by light diffraction and AFM provides nanometre-scale resolution, well below the
diffraction limit.

In this thesis, fibrils were imaged as dry deposits on mica. Mica is a crystalline material that, when
cleaved, produces an atomically flat surface which is crucial for imaging objects on the scale of
single nanometres. Since the freshly cleaved mica is hydrophilic and negatively charged, the mica
surface was functionalized with (3-aminopropyl)triethoxysilane prior to adding AB(1-42) fibrils to
introduce positive surface charge and improve fibril adsorption. Amyloid fibrils were visualized
using semi-contact mode, in which the tip only intermittently contacts the surface. AFM image
processing and quantitative analysis of fibril length and cross-sectional height were performed to
assess if and how EVs affect the resulting AB(1-42) fibril morphology after aggregation.
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Figure 10. Schematic setup of an atomic force microscope.
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5.3.2 Confocal microscopy

Confocal microscopy was used in paper IV to investigate the cellular uptake and accumulation of
fluorescently labelled AB(1-42) peptides.

In fluorescence microscopy, light interacts with a specimen and is transmitted through an
objective, resulting in a magnified image of the specimen. The Rayleigh criterion (Equation 2)
explains the resolution (4) of the microscope, defined as the smallest distance between two sample
points that can still be distinguished as separate objects. The resolution is determined by the
wavelength (A )of the incoming light and the numerical aperture (IN.A) of the objective.

A
d =061 @)

The N.A of a microscope objective describes the objective’s ability to gather light and is determined
by the refractive index of the immersion medium between the objective and the object of interest
and the angular aperture (half the angle of the of the cone of light that the objective can collect)
of the lens. A higher N.A increases the resolution of an image.

Confocal laser scanning microscopy (CLSM) and spinning disk confocal microscopy (SDM) were
used in this thesis. In a confocal microscope (Figure 11), the specimen is excited by a focused laser
beam that is reflected towards the objective and the specimen by a dichroic mirror. The emitted
light passes through the objective and the dichroic mirror which separates it from the excitation
light, allowing it to reach the pinhole placed in front of the detector. This pinhole allows for
imaging of the focal plane, i.e. exclusion of out-of-focus light in both xy and z directions, thereby
increasing the resolution of images acquired of thicker samples such as mammalian cells compared
to standard fluorescence microscopy. In CLSM, the excitation laser is scanned across the specimen
to construct the image. SDM builds on the same principle as CLSM but can achieve much faster
image acquisition using a rapidly rotating disk containing thousands of small pinholes which allows
for simultaneous scanning of multiple points of the specimen, as the emitted light is projected
onto a camera.

Fluorophores can be attached to different biomolecules through various approaches. In this thesis,
I have mainly used fluorescently labelled EVs that genetically encode mCherry as a fusion tag to
an EV marker, in this case the tetraspanin CD63, and AB(1-42) fluorescently labelled with Hilyte
Fluor 488.
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Figure 11. Schematic setup of a confocal laser scanning microscope.

5.4 Flow Cytometry

Flow cytometry was used to quantify the cellular uptake of fluorescently labelled AB(1-42) and EVs
(paper IV).

Flow cytometry is a technique that measures physical and chemical characteristics of cells or
particles. In flow cytometry, cells suspended in a fluid are injected into a detection chamber such
that individual cells pass through a laser beam, as seen in the schematic (Figure 12). The flow
cytometer used in this thesis utilizes a conventional hydrodynamic focusing where the sample is
subjected to a sheath fluid with a laminar flow, confining the sample stream and ensuring that cells
pass one-by-one. As the stream of cells passes one or several laser beams, the cells will scatter light,
and any fluorescent markers matching the laser wavelength will be excited and emit light. Detectors
then measure the emission as well as the scattered light, the latter both in the forward side scatter
(FSC) direction, which scales with particle size, and in the side scatter (SSC) direction, which
reflects internal complexity/granularity. The so-called FSC/SSC dot plot, where analysed cells are
depicted based on their scatter, is an important feature in flow cytometry as it allows different cell
populations to be distinguished. Dead cells, debris, or cell clumps scatter differently from live
monodispersed cells, making it possible to gate the collected data such that the viable
monodispersed cell population is included in downstream analysis.
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5.5 EV Isolation and Characterization

EVs are released by essentially all cell types and can be isolated from a wide range of biological
media including cell culture medium, tissues, and all major biofluids (plasma, cerebrospinal fluid,
urine, saliva, breast milk and others). There can be a significant overlap in size between EVs and
other non-EV particles such as protein aggregates and lipoproteins which can be present in
samples to various extents. Because of this, EV isolation is often considered as an enrichment
process rather than a complete purification. Common EV isolation techniques include
ultracentrifugation (differential or density gradient), SEC, ultrafiltration (UF), tangential flow
filtration (TFF), and immunoaffinity capture. When choosing a method for EV isolation several
aspects should be considered, including the starting material from which the EVs will be isolated,
its major contaminants, the sample volume, and the balance between need for high purity and high
yield. Another important aspect that should be considered is the downstream application, as not
only EV purity but also integrity and function can be affected by the isolation procedure.

In this thesis, I have aimed for methods that enrich all EVs that are sectreted in conditioned media
of cultured cells. My studies are also constrained to EVs of a size below ~ 200 nm. Cells were
cultured in serum free media to avoid protein contaminants and because the interstitial space
surrounding neurons is serum free. Using serum free media furthermore removes the largest
source of lipoprotein contaminants in cell culture derived EVs which are otherwise challenging to
separate from the EVs since they overlap in size and density [174]. I used ultrafiltration as main
method for EV isolation (paper I-IV), while tangential flow filtration was used to isolate some of
the EV types used in paper II.
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5.5.1 Ultrafiltration and tangential flow filtration

Ultrafiltration (UF) of EVs is conducted using membranes with molecular weight cut-off values
that usually range from 10 — 300 kDa. In this thesis, UF was used to collect EVs from cell cultures
in papers I-IV. Conditioned media (CM) from cells cultured in absence of serum was collected,
centrifuged at low speed to remove cellular debris and larger particles, filtered and then
ultrafiltrated twice at high speed, first to exchange culture medium to DPBS and second to
concentrate the EV sample. UF is a fast, simple and relatively gentle method for isolating EVs.

Tangential flow filtration (TFF) is also extensively used for isolating EVs. In TFF, the CM is
pumped parallel to the surface of a semipermeable membrane, usually of 100 — 300 kDa cut-off.
Molecules smaller than the cut-off pass through the membrane as filtrate while larger particles,
including EVs, remain in the retentate and are recirculated back to the sample reservoir. This
method is useful for concentrating larger CM volumes without clogging the filter, which would be
an issue when concentrating large volumes with UF. In paper II, some of the EV samples were
obtained from collaborators that used TFF, in combination with UF, as EV isolation method.

5.5.2 Nanoparticle tracking analysis

NTA is a technique that is widely used to determine the size distribution and concentration of
nanoparticle samples (20 — 1000 nm size range) [175]. In NTA, particles suspended in liquid are
illuminated by a laser beam, causing them to scatter light and become visible under an optical
microscope and possible to detect by a camera which is used to record short videos of the particles
within a set field of view. The videos are than analysed by the instrument software to obtain each
particle’s trajectory, from which its Brownian motion and hence diffusion coefficient can be
determined. The measured diffusion coefficient is used to calculate the particle’s hydrodynamic
diameter via the Stokes-Einstein equation (Equation 3) and under the assumption that particles
are spherical.

__ kpT
- 6nnr

(3)
Where:

D = translational diffusion coefficient

ks = Boltzmann constant (1.380649 x 10> ] /K)

T = absolute temperature

1 = dynamic viscosity of the fluid

r = hydrodynamic radius of the particle

NTA is commonly used in EV research because it provides a rapid and non-destructive readout
of size distribution and particle concentration [104]. Determining the EV concentration by NTA
allowed for normalization of EV samples to the same starting concentration prior to aggregation
kinetics and cellular uptake experiments. It also allowed to determine any size- differences between
different EV samples, which became especially important in the setup of methods to determine
the effect of trypsin-mediated removal of EV surface proteins in paper II.
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6. Original Work

This chapter describes the main findings in this thesis (papers I-IV). First, the role of different
cell-derived EV types on AR aggregation kinetics is presented (papers I-II). This is followed by a
summary on how EV surface components such as proteins and proteoglycans, together with lipids
commonly found on EVs and cellular membranes, each play a role in A aggregation (papers II-
III). Finally, the bidirectional crosstalk between EV and Af is discussed, highlighting how EVs
modulate AB cellular uptake and how endolysosomal accumulation of Af peptides, in turn, alters
EV release and composition (paper IV).

6.1 Extracellular vesicles slow down A fibril formation and alter A fibril morphology

EVs have been extensively explored across many subdisciplines of biology and medicine for their
diverse roles in both physiological and pathological cellular states [95, 176]. They have been
implicated as biomarker candidates and well as future therapeutic tools [103] across a wide range
of diseases, including AD. However, the exact role of EVs in AD remains unclear. When I started
my PhD, there were some reports suggesting that EVs could function as carriers in prion-like AB
cell-cell transfer and influence various aspects of A but there were no biophysical studies that
thoroughly investigated the ability of EVs to directly affect A aggregation kinetics.

In paper I, I established EVs as inhibitors of Af aggregation by exploring how EVs derived from
human neuroblastoma SH-SY5Y and embryonic kidney HEK293-T cell cultures modulate the
kinetics and mechanisms of AB(1-42) aggregation. Using ThT-monitored kinetic assays, I found
that both SH-SY5Y and HEK293-T derived EVs slowed down AB(1-42) aggregation (Figure 13a-
c). A major finding in paper I was that the inhibitory effects of EV from two distinct cell sources
were, in fact, highly similar. In paper II, I expanded this observation by showing that EVs from
an additional four cell sources of different lineage have strikingly similar effects on AB(1-42)
aggregation kinetics (Figure 14, Figure 19). This strongly suggests that the inhibitory effect that I
had identified is not restricted to certain EV types, but rather a generic ability of EVs encoded by
their surfaces.
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Figure 13. AB(1-42) aggregation kinetics in the presence of EVs. (a, b) Change in ThT fluorescence as a function of
time, representing the aggregation kinetics of 2 pM AB(1-42) into amyloid fibrils in the presence of increasing
concentrations of EVs isolated from (a) SH-SY5Y and (b) HEK293-T cells. (c) Reaction half-times extracted from
the data in (a, b). The error bars represent the standard deviation (# = 3).
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Figure 14. AB(1-42) aggregation kinetics in the presence of cord-blood derived MSC, THP-1 and Jurkat EVs. (a-c)
Normalized ThT fluorescence assay over time showing AB(1-42) aggregation (2 uM) in absence or presence of
indicated EV concentrations isolated from (a) umbilical cord-blood derived MSCs, (b) THP-1 cells, and (c) Jurkat
cells. The dotted lines are experimental data points and the solid lines show fittings of the experimental data using a
multistep secondary nucleation model of amyloid formation. (d-f) Reaction half-times (d), lag-times (e), and growth-
times (f) extracted from (a-c). The error bars represent the standard deviation (z = 3).

In paper I, EV-mediated inhibition of AB(1-42) aggregation was observed at both low (5%) and
high (25%) seed concentrations (Figure 15a-h). This is consistent with an inhibitory mechanism
caused by EVs interfering with the fibril elongation step, which has been shown to dominate in
reactions that proceed under high seed concentrations (high number of growth-competent ends)
[173]. This interpretation was supported by mathematical fittings of kinetic models to the
experimental data where the best fit was obtained when allowing the elongation rate constant (k+)
to vary freely whilst keeping the rate constants for primary nucleation (k,) and secondary
nucleation (ks) fixed (Figure 15). In paper II, unseeded data were fitted to a model operating with
two combined rate constants (k+k, and k:+ks) where one was allowed to vary while the other was
kept constant. This analysis identified that inhibition of secondary aggregation pathways (k+ks) is
the dominant effect and thus excludes that EVs would modulate primary nucleation but could not
directly discriminate between secondary nucleation and elongation. However, the observed
changes to the kinetic curves, manifesting as prolonged lag and growth-times (Figure 14e-f) are
consistent with the expected behaviour of elongation inhibitors [70].
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Figure 15. Effect of EVs on seeded aggregation of AB(1-42). (a-f) Normalized AB(1-42) aggregation kinetic curves
showing the effects of EVs in absence (a, d) and presence (b, c and e, f) of 5 or 25 % preformed AB(1-42) fibril seeds.
Panels (a-c) and (d-f) show data for SH-SY5Y and HEK293-T EVs, respectively. The solid lines were fitted using a
multistep secondary nucleation dominated model of amyloid formation setting the rate constant for elongation (k+)
as a free parameter. (g, h) Reaction half-times as a function of EV and seed concentration, extracted from the data in
(a-c, b-f). The error bars represent the standard deviation (# =3). (i) Change in the relative elongation rate constant
(k+) as a function of EV concentration, as determined by the fitting of the data in a-f.

Atomic force microscopy (AFM) was used in papers I-II to characterize the morphology of AB(1-
42) fibrils, including determining their lengths and heights. The main finding from the AFM
analyses was that all EV types reduced the length of AB(1-42) fibrils significantly (Figure 16a-d,
Figure 17). In paper I we also performed cryo-TEM imaging of AB(1-42) fibrils which further
confirmed the formation of shorter fibrils formed in presence of EVs (Figure 16f-k) and showed
that these fibrils had altered morphology, including reduced apparent twisting of the fibril
filaments (Figure 16h-k, vs f, ). The formation of shorter fibrils is consistent with elongation
inhibition, as any inhibition of nucleation (primary or secondary) would rather reduce fibril
numbers and hence favour the formation of longer fibrils.
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Analysing fibril height could give insight into if EVs, ot specific EV components, bind to and/or
co-aggregate with the AB(1-42) fibrils, thus changing their thickness. In paper I, SH-SY5Y and
HEK293-T EVs significantly increased AB(1-42) fibril height (Figure 16e), and cryo-TEM images
showed small dark dots on the fibrils, as indicated by the white arrows in Figure 16i, suggesting
possible co-aggregation of fibrils with EV material. However, such changes in fibril height were
not observed with the EV types used in paper II. This suggests that if co-aggregation of fibrils
with specific EVs or EV surface components occurs, it is likely a context-dependent process and
involving the adsorption of proteins that are not directly responsible for the EV-mediated
aggregation inhibitory mechanism. Taken together, these morphological analyses demonstrate that
EVs not only delay AB(1-42) fibril formation but also confer distinct changes on the final
morphological structure of AB(1-42) fibrils. Especially the formation of shorter fibrils is important
as it strongly relates to a modulation of fibril elongation.
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Figure 16. Morphological characterization of AB(1-42) fibrils formed in the absence and presence of EVs. (a-c) AFM
images of AB(1—42) fibrils formed (a) in absence and (b, ¢) in the presence of SH-SY5Y and HEK293-T EVs. Scale
bars = 2 um. (d, ¢) AFM-based analysis of the distributions of (d) fibril lengths (e) and cross-sectional heights of the
AB(1-42) fibrils formed in the absence and presence of EVs (n = 100—120 per condition, *** denotes p < 0.001 by
one-way ANOVA). (f-k) Cryo-TEM images of AB(1-42) fibrils formed in the absence of EVs (f, g) or in the presence
of EVs from, respectively, SH-SY5Y (h ,i) and HEK293-T (j, k) cells. The AB(1-42) fibrils formed in the presence of
EVs contained small dark dots, indicated by the white arrows in (i) and (k), suggestive of the dense association of EV
components. Scale bars = 250 nm.
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Figure 17. Morphological analysis of AB(1-42) fibrils formed in absence and presence of EVs. (a-d) Representative
AFM images of AB(1-42) aggregation (2 uM) in absence (a) or presence of EVs from (b) umbilical cord-blood derived
MSCs, (c) THP-1 cells, and (d) Jurkat cells. Scale bars = 2 um. White arrows indicate smaller aggregate species in EV
samples, and the white square marks the altered surface background in presence of EVs. (c) Analysis of fibril length
based on AFM images of AB(1-42) fibrils (mean * standard deviation, n = 100 fibrils from 11 images for the AB(1-
42) + THP-1 EVs condition and from 10 images for the other conditions, *** denotes p < 0.001, by one-way ANOVA
and Post-hoc Bonferroni-corrected means comparison tests) formed in absence and presence of the indicated EVs.

In summary, in paper I, I demonstrated that EVs slow down AB(1-42) aggregation kinetics and
drive the formation of a fibril population with an overall significantly shorter length. I also showed
that EVs can, thereby, act as regulators of extracellular AB(1-42) self-assembly by interfering
specifically with fibril elongation. In addition, papers I-II collectively show that the aggregation
modulatory effect of EVs is not confined to specific types but rather appears generic. I therefore
proposed that aggregation inhibition is a common property of EVs that must be driven by a
mechanism that is encoded in shared physicochemical or biochemical features of EVs and EV
membranes, rather than by EV components that are specific to certain cell types. This conclusion
could, at first, appear somewhat unexpected, as EV properties and characteristics have been shown
to depend on cellular origin, and confer their functional specialization [114, 130]. However, this
work does not necessarily contradict this idea but instead points out that EVs also share many
physicochemical features. Indeed, EV commonalities are, for example, reflected in the difficulty
of separating EV subtypes stemming from strong overlap in terms of both protein markers and
size/density distributions. Delay in AB(1-42) fibril growth, as observed in papers I-II, could be
interpreted as EVs being protective. However, the consistent observation throughout this thesis
that EVs drive the formation of short fibrils, which are typically more soluble and generally
associated with increased neurotoxicity [177-179], may also suggest that EVs interfere with AB(1-
42) self-assembly in a way that enhances the accumulation of toxic AB(1-42) species, making
interpretations about toxicity and overall consequences based on kinetic data less straightforward.

The major finding of papers I-II, namely that EVs have a common ability to slow down AB(1-
42) aggregation kinetics and decrease fibril length, has formed the basis for the remainder of this
thesis and motivated further work towards understanding how the EV surface confer its
aggregation inhibitory effect.
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6.2 The role of proteins, proteoglycans and lipids in EV - A interactions

Following the finding that EVs slow down AB(1-42) aggregation kinetics I next wanted to further
decipher EV components that contribute to this effect. In this, I focused on exploring the EV
surface because this constitutes the interaction interface with AB(1-42) peptides. The EV surface,
as described in chapter 4, can be considered as a complex lipid bilayer decorated with protein
components and carbohydrates.

6.2.1 Surface proteins modulate the EV-mediated inhibition of A3(1-42) aggregation

The EV surface is highly enriched in proteins, both those that are firmly attached such as integral
membrane proteins, and those that are more loosely associated (peripheral and corona proteins)
(119, 180]. In recent years, the EV corona has increasingly been viewed not simply as a
contaminant of EV preparations, but as an additional, functionally relevant, layer that can influence
EV biodistribution, cellular interactions, and uptake [181, 182]. Here it is important to note that
in my EV isolation setup, cells were cultured in serum-free medium; thus, any corona formed after
EV release would be derived from cell-secreted biomolecules, not due to adsorption of serum
proteins. All EV surface-associated proteins (integral, peripheral, and possible corona-proteins)
could contribute to the inhibitory effect on AB(1-42) aggregation observed in paper I. This was
further explored in paper II where EVs derived from human neuroblastoma (SH-SY5Y) cells
were treated with trypsin, which cleaves peptide bonds at the carboxyl side of lysine and arginine
residues, with the aim of proteolytically removing surface-exposed protein domains.

After the trypsin-treatment of EVs, I wanted to confirm successful removal of surface- associated
proteins. However, there is a lack of methods to confirm the removal of said proteins, and the
small amount of studies that have used trypsin to remove surface-associated proteins from the EV
surface [183, 184] have done this either by showing a decrease in certain EV markers by western
blot or by proteomics analysis. I sought to employ a method that does not quantify the reduction
of specific proteins but rather conveys something about the total reduction of EV surface-
associated proteins upon trypsin-treatment. I performed NTA analysis of untreated or trypsin-
treated EVs, which showed a substantial decrease in mean EV diameter of ~ 8 nm (Figure 18a).
The reduction in EV size corresponds to ~ 4 nm thinning of the EV particle radius. This decrease
suggests a proteolytic trimming of surface-exposed protein domains and removal of surface-
associated protein layers. The 8 nm decrease in diameter could suggest that SH-SY5Y EVs, as well
as other EVs, contain a rather substantial EV corona. Next, I assessed surface protein removal by
measuring intrinsic protein fluorescence from aromatic residues, tryptophan and tyrosine, in
untreated and trypsin-treated EVs (Figure 18b). Trypsin-treatment resulted in a marked reduction
in tryptophan fluorescence of ~ 80 %. This strong decrease in fluorescence further supports an
extensive proteolysis of EV surface proteins of both integral and peripheral nature. Importantly,
analysis of the flow-through of the ultrafiltrated untreated EV sample showed negligible
tryptophan fluorescence of untreated EVs, whereas the flow-through from trypsin-treated EVs
displayed increased fluorescence accompanied by a red-shift in emission (Figure 18c). This spectral
shift is consistent with tryptophan residues becoming more solvent-exposed, as expected for at
least partially unfolded peptide fragments [185].

After confirming that trypsin treatment resulted in significant removal of EV surface-associated
proteins, I next assessed their effect on AB(1-42) aggregation kinetics. The trypsin-treated EVs not
only retained the ability to delay AB(1-42) aggregation but the magnitude of inhibition was also
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substantially increased (Figure 18d-¢). Collectively, these data demonstrate that surface-accessible
EV proteins contribute to the EV-mediated modulation of AB(1-42) aggregation and that
proteolytic removal of them substantially enhances inhibition. It is possible EV surface proteins
restrict AB(1-42) interactions with the EV membrane lipids and that by removing these proteins
AB(1-42) species can more readily interact with the lipid bilayer. The role of EV lipids on AB(1-
42) aggregation is further explored in paper III.
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Figure 18. Characterisation of EV surface protein digestion after trypsin-treatment and their effect on AB(1-42)
aggregation kinetics. (a) Size distributions and concentrations of SH-SY5Y EVs, untreated (black) or trypsin-treated
(green) as determined by NTA. (b-c) Tryptophan (and tyrosine) fluorescence of EV samples (b) and flow-through (c)
after trypsin-treatment and removal of peptide fragments and trypsin after ultrafiltration. (d-e¢) Normalized aggregation
kinetics of 2 uM AB(1-42) in absence or presence of untreated (a) vs trypsin-treated (b) SH-SY5Y EVs on AB(1-42)
aggregation kinetics. (c) Reaction half-times as a function of EV concentration, derived from the data in a-b.

6.2.2 EV-associated proteoglycans have minor impact on AB(1-42) aggregation

I also investigated whether EV-associated proteoglycans with their GAG chains contribute to
modulate AB(1-42) aggregation. Proteoglycans are important for EV cell interactions and uptake
[109, 128]. Furthermore, heparan sulfate proteoglycans (HSPGs) co-deposit with Af in plaques
[186] and can promote cellular accumulation of AB and regulate AB toxicity [187-189].

I first compared untreated to heparinase II-treated SH-SY5Y EVs with respect to their ability to
slow down AB(1-42) aggregation. Heparinase II removes specifically the HS GAG chains, such as
syndecans and glypicans, leaving other non-HS GAGs (e.g. chondroitin sulfate) largely unaffected.
Figure 19a shows that both untreated and Heparinase II-treated EVs slow down aggregation
kinetics of AB(1-42), with a slightly stronger inhibitory effect of Heparinase II-treated EVs, as seen
in the increased aggregation half-times. In parallel, EVs from CHO hamster ovary cells with
normal (K1) and deficient (pgsA-745) GAG expression were compared. The latter are
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xylotransferase I deficient and completely lack GAG chains [190]. A similar trend was observed,
where EVs from both cell lines slowed down AB(1-42) aggregation kinetics, but GAG-deficient
EVs possibly producing slightly stronger inhibition (half-times in Figure 19b). Importantly, the
effect of enzymatically or genetically removing protein-associated GAGs was less pronounced
than that observed upon removal of EV surface proteins, suggesting that they are minor
contributors to EV-mediated modulation of AB(1-42) aggregation.
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Figure 19. The effect of EV proteoglycans on AB(1-42) aggregation kinetics by glycosaminoglycan modified vs non-
modified SH-SY5Y and CHO EVs. (a-b) Half-times extracted from AB(1-42) aggregation kinetics in presence of (a)
SH-SY5Y EVs, untreated or Heparinase-II treated, and (b) AB(1-42) aggregation kinetics in presence of EVs from
wildtype CHO-K1 cells or pgsA-745 mutant CHO cells.

In conclusion, the work in paper IT contributes to better understanding of the origin of the generic
inhibitory role of EVs on AB(1-42) fibril formation by identifying EV surface proteins as a
significant regulator, whereas protein-attached carbohydrates on the EV surface appear to have
comparatively minor effects. Interestingly, removal of both surface proteins and GAGs resulted
in stronger aggregation inhibition. One interpretation of this finding is that the EV lipid membrane
provides a particularly strong inhibitory interface for AB(1-42) aggregation, and that surface-
associated proteins and carbohydrates somehow mask, or possibly even to some extent counteract,
this effect. The role of lipids in AB(1-42) aggregation is the subject of paper III.

6.2.3 Lipids can delay and accelerate AB(1-42) aggregation

Several strategies can be used to investigate how the lipid portion of the EV membrane contributes
to inhibit AB(1-42) fibril formation. In paper II, aspects of the lipid membrane’s role were
addressed indirectly by proteolytically removing surface proteins and enzymatically trimming GAG
chains, thereby increasing the accessibility or exposure of the EV outer leaflet. The fact that the
aggregation inhibitory effect of EVs was strengthened under these conditions points to the EV
lipid membrane itself as an important regulator. In paper III, we instead used a bottom-up
approach to examine how three AD- and EV-relevant lipids modulate AB(1-42) aggregation. A
key aspect of paper III was to explore how the collective behaviours of lipids shape aggregation
outcomes. This conceptually extended much of published work on lipid-mediated modulation of
AR self-assembly, but is also especially important in the context of EVs, which have complex lipid
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membranes and are known to contain both fluid and raft-like microdomains with putatively
different effects and interaction potential with AB(1-42) peptides.

The basis of paper ITI was a panel of 20 different large unilamellar vesicles (LUVs) with systematic
variation in lipid composition. They all contained DMPC as the base lipid, as this lipid does not
affect AB(1-42) aggregation. They also contained different combinations (concentrations and
ratios) of the AD pathogenesis-associated lipids ganglioside GMI1, cholesterol (Chol) and
sphingomyelin (SM) (Figure 20a). Sialylated gangliosides, such as GM1, have been reported to
interact with AP peptides, often via clustering [158, 160], and to co-deposit with Af in plaques
[191]. SM and Chol are, likewise, associated to AD pathology [77, 191, 192] and can, together with
GM1, contribute to lipid raft formation which, in turn, facilitate GM1 clustering [193]. The lipids
in paper III are also enriched in EV membranes [194] and have been implicated as important for
EV membrane organization, EV secretion, and EV interactions with recipient cells [195].

Before proceeding to explore AB(1-42) aggregation kinetics, the membrane fluidity of a subset of
the LUVs was assessed using laurdan fluorescence. This showed that the LUVs that contained
mixtures of three or four of the assayed lipids, exhibited the highest membrane rigidity (Figure
20b), supporting the idea of lipid raft formation.
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Figure 20. Structure and membrane fluidity of the lipid vesicles used in this study. (a) Schematic illustration of an
idealised membrane with the lipids used in this study and a depiction of how they were mixed in different combinations
to prepare large unilamellar vesicles (LUVs). (b) Laurdan fluorescence (generalized polarization, GP) of a subset of
the LUVs to compare their membrane fluidities.

Thereafter the LUVs were used in aggregation kinetics experiments, exploring their effect on the
fibril formation of AB(1-42). All kinetic data were analysed by fitting mathematical models of
amyloid growth to understand how the different LUVs influence not only aggregation rates, but
also the underlying microscopic AB(1-42) aggregation steps (Figure 21).
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The results can be divided into three parts. First, we assessed the effect of the binary LUVs. This
allowed us to determine the intrinsic aggregation-modulatory effects of the three key lipids (GM1,
SM, Chol). We showed that GM1 slowed down AB(1-42) aggregation by interfering with the
primary nucleation step, while SM and Chol both accelerated AB(1-42) aggregation, the first
through interference with secondary nucleation and the latter through acceleration of primary
nucleation, consistent with a published [196].

Next, we asked what would happen when lipids with opposing intrinsic effects on AB(1-42)
aggregation were mixed into the same DMPC lipid bilayer. When these key lipids were mixed to
form LUVs with three components (Figure 20a) we observed a competition between delay and
catalysis (Figure 21c) between GM1 and Chol, where the Chol-mediated catalysis of AB(1-42)
aggregation dominated at low total lipid concentrations and GM1-mediated delay dominated at
high total lipid concentrations and high GM1 molar ratios. In LUVs with SM and GM1, the SM-
associated catalytic effect on AB(1-42) aggregation was entirely dominant, overruling the GM1-
mediated inhibitory effect. These findings contrast suggestions that individual lipids with opposing
effects cancel out each other. Instead, one lipid effect can “win” and its effect can even be
potentiated by the presence of a lipid with opposite intrinsic aggregation modulatory function.

Last, we explored the effects of lipid membranes with higher complexity by mixing all three lipids
into DMPC bilayers. These high complexity LUVs had low membrane fluidity (Figure 20b),
reflecting the ability of SM:Chol: GM1 mixtures to promote formation of lipid rafts. We observed
overall strong inhibitory effects on AB(1-42) aggregation kinetics (Figure 21c) which resulted in
reduced primary nucleation rates. These results show a second example of where, in this case, both
Chol and SM seemingly give up their intrinsic catalytic behaviours and instead potentiate the
inhibitory GM1-mediated effect on AB(1-42) aggregation kinetics. For example, Chol can increase
spacing in the headgroup region of the bilayer, allowing AB(1-42) to engage in hydrophobic
interactions at the surface and thereby exert a catalytic effect. However, in lipid rafts which are
characterized by tight lipid packing this function of Chol is likely counteracted and instead Chol
“gives up” its catalytic role in favour of promoting GM1-clustering.
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Figure 21. (a-b) Examples of the fitting of a secondary nucleation dominated kinetic model with saturation to
experimental data of AB(1-42) aggregation in presence of DMPC:SM:Chol:GM1 (4:2:2:2) LUVs keeping either k+ks
(a) ot k+k, (b) as the free parameter. Error bars represent standard deviation of three replicates. (c) Heat-map showing
the best fitting kinetic model for each large unilamellar vesicle (LUV) type (e.g. if the change in aggregation rate is best
described by variation in k+k, (left column) or k+k» (right column)) determined based on smallest mean residual error
(MRE). Green and red indicates catalysis and delay of aggregation (e.g. increase or decrease of the indicated rate
constant) respectively. Dashed squares indicate that the data could not be fitted by the model.

In summary, this study expands our current understanding of how biological membranes modulate
protein aggregation and addresses lipids that are relevant in the context of AR pathology. We show
that the modulatory effect of lipid membranes on AB(1-42) aggregation is not only dependent on
the chemical properties of individual lipids but also by their contribution to overall lipid membrane
properties such as membrane fluidity. The modulation of AB(1-42) aggregation thus depends on
the combined membrane properties that the lipids confer. Moreover, paper III is conceptually
linked to my work on EVs in papers I-II and the suggestion in paper II that the lipid portion of
the EV membrane is particularly aggregation inhibitory. Lipid rafts, which are enriched in
cholesterol and sphingolipids, are important for EV formation [118] and have been studied in
relation to EV biogenesis [197]. Consistent with this, EV membranes have been described as
enriched in raft-associated lipids and to exhibit raft-like membrane organization. While this work
cannot determine whether EV- mediated inhibition is specifically driven by GM1 clustering, the
presence of such EV microdomains could create membrane environments that favour inhibition
of AB(1-42) aggregation. This may help explain why EVs from different cellular sources exert
similarly strong inhibitory effects on AB(1-42) aggregation.

35



6.3 EV-AB(1-42) crosstalk affects EV properties, AB(1-42) aggregation and accumulation

Research indicates that pathological cellular states can reshape EV composition [198] and,
consequently, affect EV function [199, 200]. Such changes can include remodelling of the EV lipid
membrane [201], for example altering organization of membrane microdomains [202], or
alterations of the EV proteome by for example enriching proteins linked to stress and
inflammation [203]. Because the EV surface is the first “contact point” with the extracellular
environment it may also serve to alter EV interactions. This was the basis for the work conducted
in paper IV.

Intracellular accumulation of A is an early pathological hallmark of AD that appears concurrent
with endolysosomal dysfunction including endosome enlargement and impaired lysosomal
acidification [90-92]. In paper IV, I explored if AB(1-42) accumulation can modulate EV release.
SH-SY5Y and HEK293-T cells were loaded with AB(1-42), resulting in endolysosomal
accumulation, and then allowed to secrete EVs during a 24 hour period before collecting the EVs.
EV secretion increased with this AB(1-42) pre-treatment (Figure 22 shows EV secretion from
HEK293-T cells). One possible mechanistic explanation to this finding is if AB(1-42) accumulation
impairs lysosomal degradation capacity and hence shifts cells toward alternative routes for handling
and removing cargo, including secretion via EVs [94]. To assess this, uptake of pHrodo dextran
488, whose fluorescence increases upon delivery to acidic compartments, was followed in SH-
SY5Y untreated or pre-treated with AB(1-42). AB(1-42) pre-treated cells showed a marked
heterogeneity where a second subpopulation, approximately 20% of the total pHrodo Dextran
positive cells, had a higher pHrodo Dextran signal (Figure 23a-c). These findings suggest that
accumulation of AB(1-42) “overloads” the endolysosomal system, which could in turn alter EV
secretion.
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Figure 22. AB(1-42) exposure increases EV secretion. Quantification of CD63-mCherry HEK293T EV secretion
from HEK293-T cells during 24h after a preceding 24h treatment of (1-42) with indicated protein concentrations.
Quantification is based on mean * standard deviation of five technical replicates (# = 5), determined with a
micro/nanochannel device.
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Figure 23. AB(1-42) cellular exposure alters endolysosomal acidification. (a) Flow cytometry histograms showing the
cellular uptake of pHrodo dextran 488 at a concentration of 80 pg/mL after either untreated cells (green histogram)
or a preceding 24h cellular treatment with 5 uM AB(1-42) peptide (blue histogram). The baseline representing cellular
autofluorescence is shown in grey for comparison. The gating strategy defining the “high” pHrodo Dextran signal is
shown with the percentage of pHrodo Dextran positive cells in untreated (green) and AB(1-42) pre-treated (blue)
populations. (b-c) Quantification of the proportion of SH-SY5Y cells in the low and high pHrodo-Dextran signal
gates for untreated (b) or (c) 5 uM AB(1-42) treated cells. Quantification is based on number of gated live single cells
(10 000) and three biological replicates, with three technical replicates each (N, n = 3).

The next key question was whether EVs from AB(1-42) pre-treated cells are merely more abundant
or also different in their interactions with AB(1-42). When comparing the effect of EVs from
untreated vs AB(1-42) pre-treated cells, I found that EVs derived from AB(1-42) pre-treated cells
exerted a stronger inhibitory effect on AB(1-42) aggregation kinetics (Figure 24a-c). Because EV
function is tightly coupled to their composition, I performed quantitative proteomics to search for
measurable changes that could potentially help define the altered aggregation modulatory effect.
The data showed a clear separation between EVs from AB(1—42)-treated vs control cells in
principal component analysis (PCA) (Figure 25a), indicating a treatment-associated change in EV
protein composition.

Gene set enrichment analysis (GSEA) identified Reactome and Gene Ontology (GO) Biological
Process gene sets with significant enrichment in EVs from AB(1-42) pre-treated cells, included
pathways for membrane trafficking, Rho GTPase cycle, endosomal transport and vesicle
organization (Figure 25b-d), supporting that AB(1-42) accumulation drives remodelling of the
endomembrane system. Notably, the enriched set included AD-linked proteins such as membrane
trafficking associated bridging integrator 1 (BIN1) and phosphatidylinositol binding clathrin
assembly protein (PICALM) proteins which are both major risk factors for AD [204, 205] (Figure
26d). Enrichment of trafficking- and endosomal-related pathways could suggest increased activity
in processes that regulate EV biogenesis, possibly providing a molecular context for the elevated
EV secretion after AB(1-42) treatment. Proteins involved in glycosphingolipid metabolism were
downregulated which could point to changes that result in altered membrane lipid composition
that can influence EV surface properties and microdomain organization [162]. Such changes
connect back to paper III and could lead to alterations in how EVs interact with AB(1-42), for
example by altering binding capacity and strengthening their ability to modulate AB(1-42)
aggregation.
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The enhanced EV-effect that we note on AB(1-42) aggregation kinetics is likely related to changes
that influence interactions of AB(1-42) and the EV surface. This could be inclusion/depletion of
specific proteins or simply protein alterations that make the EV lipid membrane more accessible.
Nevertheless, we therefore filtered our proteomic dataset for high-confidence surface-annotated
EV proteins (n = 166) and examined their differential abundance (Figure 25e¢). This analysis
revealed, for example, AB(1-42)-dependent remodelling of several chaperones, including HSPA5,
and PDIA3/4. These EV-surface associated proteins [206, 207] ate also linked to AD and AB
pathology [208, 209] with proposed functions as aggregation inhibitors. However, these
chaperones were down-regulated on EVs, which speaks against them having a direct role in EV-
mediated AB(1-42). Instead, we speculate that their down-regulation in EVs is rather related to an
increased cellular need of chaperones to respond to the endolysosomal AB(1-42) accumulation.
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Figure 24. AB(1-42) aggregation kinetics in presence of SH-SY5Y EVs and EVs derived from AB(1-42) pre-treated
cells. (a-b) Normalized ThT fluorescence assay over time showing AB(1-42) aggregation kinetics (2 uM) in absence or
presence of (a) EVs from SH-SY5Y cells or (b) SH-SY5Y EVs from AB(1-42) pre-treated cells. (c) Reaction half-times
derived from the aggregation kinetic curves in c-d. Colour scales represent the different EV concentrations used and
indicated in c-d. The error bars represent the standard deviation (7 = 3).
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Figure 25. AB(1-42) exposure alters the EV proteome. EVs were isolated from SH-SY5Y cells left untreated (control)
or pre-exposed to 1 uM AB(1-42) for 24 h (n = 4 per group) and analysed by quantitative proteomics. (a) Principal
component analysis (PCA) of normalized protein abundances shows separation of EV samples by condition
(originating from untreated or AB(1-42) pre-treated cells). (b) Reactome and (c) Gene Ontology (GO) Biological
Process gene set enrichment analysis (GSEA) showing significantly altered pathways in EVs from AB(1-42) pre-treated
vs untreated cells. Red indicates upregulation; blue indicates downregulation. Dot colour reflects normalized
enrichment score (NES); dot size reflects false discovery rate (FDR), with larger dots indicating higher significance.
(d) Heatmap of representative leading-edge proteins from significantly enriched Reactome pathways, showing scaled
(row-wise z-scored) abundances across individual EV samples. Coloured sidebar indicates pathway membership for
each protein (e) Volcano plot of differential protein abundance of high-confidence EV surface proteins (# = 160).

(AB(1-42) pre-treated vs control) showing log2 fold-change versus —log10 adjusted p-value. GO-defined chaperones
are coloured in green while other significantly enriched or downregulated proteins are coloured in grey.
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Next, I investigated whether EVs themselves influence the cellular uptake and accumulation of
AB(1-42). SH-SY5Y cells were co-incubated with HilLyte Fluor 488 (HIF488)-labelled AB(1-42) and
SY5Y EVs and the endolysosomal accumulation of AB(1-42) was quantified by confocal
microscopy and flow cytometry. Co-incubation with EVs increased AB(1-42) uptake already after
4 h, as shown by representative confocal images and corresponding quantification (Figure 26a-c).
Flow cytometry confirmed the EV-dependent increase and showed that it persisted over time.
Furthermore, EVs from AB(1-42) pre-treated cells enhanced uptake even more than EVs from
untreated cells (Figure 26d). To better understand why EVs would increase AB(1-42) uptake, 1
repeated the co-incubation experiments using mCherry-CD63 HEK293-T EVs. This EV type also
increased AB(1-42) uptake (Figure 27a, c), showing that the EV uptake-promoting effect is not
restricted to EVs of neuronal origin. The mCherry-CD63 EVs were also internalized, and both
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EVs and AB(1-42) accumulated into distinct perinuclear puncta, consistent with trafficking into
endocytic vesicles. Notably, the EV uptake was reduced when EVs were co-incubated with AB(1-
42) compared to EV uptake alone (Figure 27d). In contrast, flow cytometry did not show a
corresponding change in the total cell-associated EV uptake between EV only and AB(1-42) + EV
conditions. These findings support a feed-forward loop where endolysosomal accumulation of
AB(1-42) promotes EV release and remodels EV properties in such a way that that EVs in turn

showcase stronger modulatory effect on AB(1-42) aggregation and enhancement of AB(1-42)
intracellular accumulation.
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Figure 26. Imaging and quantification of the effect of SH-SY5Y EVs on AB(1-42) cellular uptake. (a-b) Representative
confocal microscopy images of SH-SY5Y cells treated with 1 uM HF488-labelled AB(1-42) peptide after 4h incubation
(a) without EVs or (b) with EVs. Scale bar = 10 um. (c) Image-based quantification of the AB(1-42) cellular uptake.
Each dot represents one analysed image; bars show mean & SE (d) Quantification of AB(1-42) uptake in presence of
EVs from untreated and AB(1-42) pre-treated cells by flow cytometry. The uptake is reported as mean cellular intensity
1 SD of the total number of gated live single cells (10 000) for three replicates (n = 3).
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Figure 27. Imaging and quantification of AB(1-42) and CDG63-mCherry HEK293T EVs cellular uptake. (a-b)
Representative confocal images of SH-SY5Y cells incubated with (a) 1 uM HF488-labelled AB(1-42) monomers with
CD63-mChertry labelled HEK293-T EVs or (b) CD63-mCherry EVs only for 24 h. Scale bar = 10 um. (c)
Quantification based on the confocal imaging of AB(1-42) puncta alone (green) or AB(1-42) and EVs (orange). (d)
Quantification of EV puncta in cells treated with only EVs (orange) or EVs and AB(1-42) (light orange). Each dot
represents one analysed image; bars show mean * SE for c-d.

Paper IV expands on the bidirectional crosstalk between AB(1-42) and EVs and reports on a
seemingly perpetuating loop where endolysosomal dysfunction caused by AB(1—42) accumulation
can affect EV quantity and properties in such that EVs more strongly inhibit AB(1-42) aggregation
while also conferring enhanced AB(1-42) accumulation. An interesting finding from this work was
that EVs increased AB(1-42) accumulation and were themselves taken up, but with little to no co-
localization with the internalized AB(1-42). This argues against a dominant “hitchhiking”
mechanism where EV-bound AB(1-42) is co-internalized and instead suggests that EVs primarily
act at the recipient cell surface (e.g. through receptor binding, membrane remodelling, or
signalling) to facilitate AB(1-42) uptake. One possibility I initially considered was that EVs increase
macropinocytosis, which is a possible internalization route of AB(1-42) [91]. However, EVs did
not similarly increase dextran uptake, making a purely generic stimulation of fluid-phase
endocytosis less likely and pointing instead to an effect that is at least partly specific to AB(1-42)
and its uptake mechanism. I set out to explore this further in my work by inhibiting specific
endocytic pathways with chemical inhibitors but was unable to set up an optimal assay within the
timeframe of this thesis. Additionally, although we did not note a large effect of EV proteoglycans
on AB(1-42) aggregation, one could perturb the EV glycocalyx which participates in EV
interactions with recipient cells to test whether it contributes to the enhanced AB(1-42) uptake.
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7. Concluding Remarks

Alzheimer’s disease remains a major public health challenge and a leading cause of death
worldwide. Over recent decades progress has been made in defining key molecular events in AD
and the role of Af as a driver of AD pathology is well supported. Yet, we still do not have sufficient
understanding of the factors that initiate A aggregation and propagate accumulation. Recent
advances with antibody-based therapies targeting A@ load represent a promising step forward, but
there is still a pressing need for disease-modifying treatments that can truly halt the progression of
this devastating disease. This emphasizes the need for deeper knowledge of the cellular and
molecular pathways that modulate A production, clearance, trafficking, and accumulation. My
thesis contributes to fill this knowledge gap by showing that extracellular vesicles (EVs) can act as
active and direct modulators of both AB aggregation and accumulation. This work is important
because it provides new insight into how AP pathology can proceed and be affected by
components in the brain environment, which is, in turn, crucial for target identification as well as
development of future effective treatments.

The core focus of my thesis has been to characterise the modulatory role of EVs on AB(1-42)
aggregation. When I started my PhD, there were only a handful of published indications of that
EVs could modulate AB self-assembly and neurotoxicity (see Chapter 4.3). My paper I was the
first published biophysical study in this important area. In paper I, I demonstrated that EVs
effectively slow down the aggregation kinetics of the disease-associated AB(1-42) variant and used
kinetic modelling to show that EVs selectively interfere with the fibril elongation step. This is
important because it directly identifies EVs as modulators of AB(1-42) self-assembly and shows
that, while inhibitory, this elongation inhibition could prolong the lifetime of soluble fibril
fragments which, in turn, could either be neurotoxic in themselves or act to sustain oligomer
production through secondary nucleation and thus increase AB(1-42) toxicity. My findings thereby
provide a possible explanation for why both promotive and deleterious actions of EVs have been
reported in association with AD and A pathology [93, 102, 149, 161] and supports the emerging
view of EVs as context-dependent modulators. Another key finding of the work in papers I-II is
that the inhibitory effect is not restricted to EVs from a single cell source but rather a generic and
robust property that is independent of cell origin. This extends existing literature, which has largely
emphasised cell-type-specific EV properties in the context of disease [101, 114, 210]. Finally,
understanding which EV properties are responsible for this will not only be useful for
understanding how these biological vesicles modulate disease mechanisms of AB pathology, but
also for future use of engineered EVs or synthetic vesicle models as therapeutics.

Building on this, papers II-III addressed the next key question: which EV-associated components
confer the modulation of AB(1-42) aggregation? First, in paper II, I set up a method for removing
EV surface proteins and appropriately assess the effect by measuring changes in EV diameter and
in tryptophan and tyrosine fluorescence. Using this approach, I could show that removal of
surface-associated EV proteins strengthened the inhibition of AB(1-42) aggregation. This suggests
that the EV surface proteome could partially mask or counteract a strong inhibitory interaction
specifically related to the EV lipid membrane. The generic nature of the EV effect on AB(1-42)
aggregation established in papers I-II makes it unlikely that inhibition is caused by specific
protein(s) on the EV surface. Yet, understanding the EV surface proteome better is interesting
because it can help us understand how these proteins contribute to modulate protein aggregation,
probably by a combination of direct interactions and steric shielding of the lipid bilayer portion of
the EV membrane.
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I initially attempted to specifically map how trypsin-treatment altered the EV proteome using
proteomics in combination with a commercial method for shaving off and collecting proteolytic
fragments [211]. However, I experienced difficulties with attaining sufficient EV concentrations
for proteomics and this part of my thesis work could not be completed. Instead, I used whole EV
proteomic analysis in paper IV. Nevertheless, it would be interesting to continue to pursue
proteomic analyses to learn which proteins that are removed by trypsin. It could thereafter, for
example, be possible to construct simplistic EV-mimicking liposome models with selected protein
components, to test their role in protein aggregation.

By removing surface-associated proteins, and also GAGs, (paper II), I was able to show that the
EV lipid membrane likely confers a strong inhibitory effect on AB(1-42) aggregation. The role of
the lipid component was further explored in paper III using a different approach. Here we instead
investigated the role of GM1, SM and Chol, three AD- and EV-relevant lipids, on AB(1-42)
aggregation. When these three lipids were mixed into one membrane, they promoted the formation
of low fluidity domains (e.g. rafts) which significantly enhanced GM1-associated AB(1-42) likely
because lipid rafts facilitate GM1 clustering. This provides a conceptual bridge back to EVs, which
are enriched in membrane microdomains and these specific lipids. Even though different EV
populations may vary in overall lipid composition, certain lipid properties, including increased
membrane rigidity and membrane microdomain formation are shared. This commonality may, in
fact, be sustained across EVs of different lineages and could thus contribute to explain why all
EVs inhibit AB(1-42) aggregation. Another contributor to lipid raft organization of biological
membranes are proteins, which can partition to both high and low fluidity domains. Thus, it is
possible that EV surface proteins indirectly participate to shape the EV modulatory effect on
aggregation. Research on lipid raft-like domains on EVs is still relatively recent and often addresses
the role of these microdomains in regulating EV biogenesis [197, 212]. An interesting next step
from this work would be to further investigate lipid raft-like domains of EVs by for example
creating more complex lipid bilayer systems with proteins incorporated and studying how these
systems bind to and affect AB self-assembly.

Whereas papers I-III focused on the role of EVs in the context of AB(1-42) aggregation kinetics,
the work presented in paper IV addressed both extracellular AB(1-42)-EVs interactions and how
their intracellular pathways intersect. I showed that endolysosomal accumulation of AB(1-42)
enhances EV secretion, and that these EVs in turn are more potent at inhibiting AB(1-42)
aggregation and enhancing AB(1—42) accumulation, resulting in what seems like a perpetuating
loop that could reinforce pathological trafficking of AB(1—42). The proteomics analysis, used
descriptively in this work, demonstrated that AB(1—42) accumulation is associated with changes in
the EV proteome, including both enrichment and depletion of AD and AR pathology-related
proteins. This is in line with other work that have shown alterations of protein levels in EVs from
CSF and tissue samples [213, 214] of AD patients. In addition, my work shows that EVs from
AB(1-42) pre-treated cells are enriched in proteins related to membrane trafficking and vesicle
formation, again emphasizing how these two entities affect each other. The results from the
proteomics analysis could be used in future studies to investigate AD- and/or AB-related and EV-
related proteins and their role on AB(1-42) accumulation and toxicity in more detail. The findings
in paper IV suggest that while a shared membrane-driven mechanism may underlie the common
inhibitory effect, the producing cell’s pathological state can remodel EV composition and can
result in an amplification of certain EV properties, including stronger aggregation inhibition and
enhanced AB(1-42) uptake.
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