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Abstract

Konstantinidis, E. 2022. CRISPR/Cas9-based therapies and the role of astrocytes in
Alzheimer’s disease and Parkinson’s disease. Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine 1857. 70 pp. Uppsala: Acta Universitatis
Upsaliensis. ISBN 978-91-513-1567-6.

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most common
neurodegenerative disorders. Whereas the AD brain features plaques of amyloid-beta (AB)
and neurofibrillary tangles of tau, the PD brain is characterized by Lewy bodies and Lewy
neurites containing a-synuclein (aSyn). Rare familial disease forms have illustrated a central
involvement of these proteins in the respective pathogeneses. Mutations in the genes for the
presenilins (PSENI, PSEN2) result in AD by an increased generation of the more aggregation
prone AP42 peptide, whereas mutations in the aSyn gene (SNCA) cause PD by affecting
aggregation of aSyn.

This thesis has investigated the gene editing tool CRISPR/Cas9 as a potential treatment
strategy against AD and PD. When targeting PSENI M146L in patient fibroblasts, the increased
AP42/AB40 ratio was partially restored and the treatment typically normalized the mutation-
induced conformation of presenilin 1. Moreover, the treatment did not cause any major off-
target effects across the genome. For SNC4, both the wild-type form and the A53T mutant were
targeted. Lentivirus-mediated delivery of CRISPR/Cas9 to patient fibroblasts and HEK293T
cells led to a targeting efficiency of up to 87%. However, treatment of A53T mutant patient
fibroblasts only resulted in low and inconsistent targeting efficiencies.

During the course of AD, progressive cellular dysfunction and degeneration cause widespread
neuronal death. Apart from neurons, also glial cells are affected by the disease process.
Astrocytes, the most abundant glial cell type, play a key role in maintaining brain homeostasis.
However, in a neurodegenerative environment, astrocytes enter a reactive and inflammatory
state that can potentially harm nearby neurons.

To further investigate the role of astrocytes in AD, we generated a co-culture system of
human induced pluripotent stem cell-derived neurons and astrocytes. We observed a differential
effect of direct and remote astrocytic control on neuronal viability and functionality. Physical
astrocytic contact combined with the presence of AP resulted in increased phagocytosis and
clearance of dead cells as well as a reduced neuronal activity. However, indirect contact via
conditioned media from control astrocytes improved the viability of neurons, whereas addition
of AP led to hyperactivity. Analyses of long-term astrocytic cultures revealed a persistent
reactive state accompanied by a limited AP degradation capacity and severe cellular stress.

Overall, this thesis has explored novel gene therapeutic strategies for AD and PD as well as
contributed with knowledge regarding the role of astrocytes in AD progression.
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Introduction

Alzheimer’s disease

Advancements in medicine and technology over the past century have led to
a prolonged human life expectancy. Albeit an extraordinary accomplishment,
these developments are also entailed with an increase in age-related diseases.
Alzheimer’s disease (AD) is the most common neurodegenerative disorder,
currently affecting approximately 50 million people worldwide, a number that
is estimated to have tripled by 2050'. The main clinical feature of AD is
dementia, caused by degeneration of neurons and synapses in the cerebral
cortex and subcortical regions of the brain’. Dementia in AD is characterised
by compromised short-term memory in combination with impairment in at
least one other cognitive functions and difficulties in performing activities of
daily living’.

Alzheimer's disease is a slowly progressive disease, whose onset is
estimated to date 15-20 years before the first clinical symptoms emerge*. The
pathological hallmarks of AD are accumulation of extracellular amyloid-beta
(AP) as plaques and intracellular inclusions of the microtubule associated
protein tau as neurofibrillary tangles (NFTs) (Figure 1)°.
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Figure 1. Pathological hallmarks of the AD brain. Amyloid-beta plaques (left) and
neurofibrillary tangles (right) in the brain of an AD patient as detected with antibodies
against AP42 and tau, respectively (20x magnification). Images kindly provided by
Maria Pagnon and Anish Behere, Uppsala University.
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AP and its precursor protein

The AP peptide is part of a larger protein, known as amyloid precursor protein
(APP), which is a conserved type I transmembrane protein that can be found
in most tissues, including the brain. The human APP gene (APP) is located on
chromosome 21 and its alternative splicing can generate mRNA transcripts
ranging from 365 to 770 amino acids. The most common isoforms are
APP695, which is predominantly expressed in the CNS, as well as APP751
and APP770, which are more ubiquitously expressed®’.

Sequential cleavage of APP occurs via two distinct pathways, the
amyloidogenic and non-amyloidogenic pathway (Figure 2). In the
amyloidogenic pathway, full length APP is first cleaved by p-secretase
(BACEL) to produce extracellular soluble sSAPPB and membrane tethered [3-
CTF (C99), which is then cleaved by y-secretase, resulting in the formation of
AP peptides of varying lengths (37-43 amino acids) and the APP intracellular
domain (AICD). In the non-amyloidogenic pathway, APP is first cleaved by
a-secretase to produce extracellular soluble SAPPa and membrane associated
a-CTF (C83), which is then cleaved by y-secretase, resulting in the generation
of P3 and a longer AICD®. Amyloidogenic processing appears to be the
favoured pathway of APP metabolism in neurons, largely because of the
greater presence of BACE1, whereas the non-amyloidogenic pathway is
predominant in all other cell types’.

Amyloidogenic pathway E Non-amyloidogenic pathway
]
AB sAPPB t sAPPa P3
B-secretase
-— a-secretase
e e it
y-secretase y-secretase Extopiea
AlCD c99 APP C83 AICD

Figure 2. Pathways of APP processing. Amyloid-beta peptides are released under the
amyloidogenic pathway (left) while sequential cleavage of APP by a- and y-secretase
leads to secretion of soluble P3 fragments under the non-amyloidogenic pathway
(right). Created with BioRender.com.

Full-length or truncated AP peptides, especially AP42, are the main
components of AP plaques found in AD brains'’. In their monomeric form,
the AP peptides are considered intrinsically unstructured. However, they tend
to aggregate into larger soluble forms, such as oligomers and protofibrils.
These aggregated structures will eventually give rise to insoluble fibrils that
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form the AP plaques''. Protofibrils are considered the most toxic of the AP
species, as their intrinsic properties, such as size, conformation and
hydrophobicity, promote the formation of larger insoluble fibrils'?.

Gamma(y)-secretase

Gamma(y)-secretase (GS) plays a crucial role in the formation of AP. It is
composed of four essential subunits, presenilin (PS) (PS1 or PS2), nicastrin
(Nct), anterior pharynx defective 1 (APH-1) and presenilin enhancer 2 (Pen-
2), that bind together at an 1:1:1:1 ratio to form the GS complex'®. Nicastrin
and APH-1 first combine in the endoplasmic reticulum (ER) to create the
scaffold that full length PS can bind to, with Pen-2 being the last component
to attach to the complex. Presenilin enhancer 2 subsequently instigates
endoproteolysis of full-length PS to produce the N- and C-terminal PS
fragments, which together constitute the active form of PS'. The complex is
not fully active until it is transferred to the Golgi apparatus and become
glycosylated'. To date, GS is known to cleave more than 90 membrane
proteins that have previously undergone ectodomain shedding, including APP
and Notch'®.

As mentioned above, AP peptides are produced via the amyloidogenic
pathway of APP processing. This process includes several steps that start from
cleavage of B-CTF by GS in position ¢ to release AP48 and AB49. These long
peptides are subsequently processed, at a rate of three amino acids at a time,
to produce shorter peptides, with Ap42 and AB40 being the two most common
forms'”. Because of its higher fibril-forming capacity, Ap42 is considered to
be more toxic compared to the other peptides and is the form most commonly
associated with AD pathology'®.

Of the four GS subunits, PS is the one that has been more thoroughly
studied, as it provides the catalytic domain of the complex. In humans, there
are two PS proteins, PS1 and PS2, encoded by PSENI and PSEN2 on
chromosomes 14 and 1, respectively'®?. They are multi-transmembrane
proteins with nine transmembrane domains (TMDs) (Figure 3). The two
catalytic aspartyl residues, responsible for the cleaving activity of GS, are
located in TMDs six and seven®'??. Active PS requires endoproteolytic
cleavage between TMD6 and TMD?7 in order to produce the N- and C-terminal
fragments that bind together at a 1:1 stoichiometry to form stable PS
heterodimers'**.

Although very similar in function and structure, GS complexes with PS1
seem to have significantly higher specific activity compared to those
containing PS2. Accordingly, PS1-deficient mice show severe developmental
abnormalities and embryonic lethality, while PS2-deficient mice are viable,
have a milder phenotype and display unaltered sAPPp processing®*~’. Further
studies suggest that PS1 and PS2 recognize distinct substrates with varied
specificity despite sharing a sequence homology of 66%**>°. The recognition
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of APP by PS1 has been shown to occur via an interaction between the N- and
C-terminals of the APP TM domain and specific amino acid residues of PS1°'.
These bonds alter the conformation of both proteins leading to the positioning
of the APP TMD in a cut-through channel of PS1 from where the longer AB
peptides are released’’. Notably, certain early-onset AD mutations in the
interacting amino acids of APP and PS1 are likely to be pathogenic by
affecting the complex conformation®**,

C-terminal

Cytoplasm

N-terminal

Figure 3. Presenilin transmembrane structure. Both human presenilins share the same
number of TMDs. The aspartyl (D) residues in TMD6 and TMD?7 are responsible for
the catalytic activity of the GS complex.

Familial Alzheimer’s disease

Approximately 95% of AD patients are late-onset (age >65 years) cases,
whereas only about 5% are early-onset (age <65 years) cases. Early-onset
familial AD results from dominantly inherited mutations in either APP,
PSENI or PSEN2. Although these mutations only represent a small fraction
of AD cases, a careful examination of patients, as well as detailed studies on
animal and cellular models, help us to better understand the underlying disease
mechanisms™.

PSENI and PSEN2

Mutations in PSENI and PSEN?2 are the most common causes of familial AD.
To date, more than 300 mutations in PSEN/ and over 50 mutations in PSEN2
have been described, most of which alter the AP42/40 ratio by shifting the
generation from AB40 to the more aggregation prone Ap42 without affecting
the overall AP production®®. Most of them are autosomal dominant point
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mutations that lead to a single amino acid change, while further categorization
suggests the existence of mutational hotspots within the substrate
recognition/binding area and catalytic domain of the PS1 protein®'.

The exact mechanisms whereby PSENI and PSEN2 mutations cause AD
are not fully understood. Several studies suggest that the main outcome of
most PSEN1/2 mutations is a partial loss of GS activity, which leads to an
insufficient cleavage of B-CTF and results in the production of more Ap42 and
AP43*7°_ This proposed mechanism of action further supports the amyloid
cascade hypothesis under which the toxic AP species, mainly AP42, are
assumed to form insoluble amyloid plaques as well as lead to the formation of
NFTs and subsequent neurodegeneration®. Other studies suggest that certain
mutations lead to a complete loss of GS activity with almost undetectable AP
levels and that they are pathogenic because of a loss of essential presenilin
functions in the brain, which in turn triggers the neurodegenerative
process 4™,

APP

Mutations in APP represent 10-15% of genetically confirmed familial AD
cases. To date, 69 mutations have been identified, 27 of which are considered
pathogenic*. Most of them are clustered around the B- and y-secretase
cleavage sites and affect APP processing. The effect on AP can vary
significantly between the different mutations with some causing an increase
in total AP production (e.g. 4PP Swedish mutation®’) or aggregation (e.g. 4PP
Arctic mutation®®), while others increase the AB42/40 ratio (e.g. APP London
mutation®).

Sporadic Alzheimer’s disease

The remaining 95% of AD cases, usually sporadic cases with late-onset
manifestation, most likely result from several different genetic risk factors
together with environmental factors such as age and brain injury. So far, the
only known substantial genetic risk factor for sporadic AD is the gene for
apolipoprotein E (APOE).

APOE

The APOE gene has three major allelic variants, APOE &2, APOE &3 and
APOE &4. The &4 variant is associated with an increased risk and earlier age
of onset for AD***°, whereas the &2 variant seems to confer protection against
AD***!_ Subjects who are heterozygous for APOE ¢4 have a three to four times
increased disease risk, while APOE &4 homozygotes are 10 to 15 times more
likely than non-¢4 carriers to develop the disease*®2. The exact mechanism is
not completely understood, but APOE &4 has been suggested to promote AP
accumulation in the brain by affecting clearance and transport of AP over the
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blood-brain barrier (BBB), as well as altering the transcription levels of
APP>,

Cellular dysfunction in Alzheimer’s disease

Neuronal dysfunction, and subsequent degeneration, is assumed to cause the
cognitive decline during AD. According to the amyloid cascade hypothesis,
accumulation of soluble and insoluble AP species in the extracellular space
leads to hyperphosphorylation of tau and the formation of intracellular NFTs,
followed by synaptic failure and, ultimately, cell death*®*®, The AB and tau
pathology affect cells in several ways, including disruption of neuronal
connectivity, increased excitability and reduced branching®®®. In most of
these phenomena of cellular dysfunction, neuroinflammation seems to play a
key role.

In affected brain areas of AD patients, inflammatory responses are thought
to predate neurodegeneration, suggesting a connection between
neuroinflammation and cellular death®. Although acute inflammatory
responses are mainly beneficial, a prolonged activation of the immune system
can cause chronic inflammation, thereby exacerbating the pre-existing
pathology®. This process involves several molecular mechanisms that lead to
activation of microglia and astrocytes, the two main cell types driving
neuroinflammation®.

Microglia are considered as resident macrophages of the central nervous
system (CNS) and are mostly known for their phagocytic characteristics®.
However, in response to the presence of AP aggregates and various forms of
tissue damage they can induce inflammatory responses®. Furthermore, recent
data have highlighted the relevance of microglia-astrocyte crosstalk in the
progression of AD-related brain pathology®**’.

Astrocytes in AD

The involvement of astrocytes in AD has been neglected and insufficiently
researched for many years, but recent data indicate that they may be key
players in the disease progression. As the most abundant non-neuronal cells
in the human brain, astrocytes play an important role in maintaining the
integrity of the BBB®® and overall brain homeostasis by providing physical,
energetic, metabolic and trophic support to neurons and other cell types®.
Their interaction with the brain vasculature is of great importance as they
express several tight junction proteins as well as aquaporin 4 (AQP4) water
channels, which regulate the glymphatic system that is responsible for the
clearance of proteins and other solutes, including AP, from the brain’"”". Their
characteristic end-feet, in combination with their ability to sense synaptic
activity, make them capable of orchestrating the delivery of various molecules
throughout the tissue’*".
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The “tripartite” synapse

Astrocytes contribute to synapse formation and maturation by forming the
“tripartite” synapse together with pre-synaptic and post-synaptic neuronal
terminals (Figure 4)"*®. Receptors scattered across astrocytic membranes
respond to the presence of neurotransmitters in the synaptic cleft by triggering
the release of neuroactive molecules, known as gliotransmitters’’. These
molecules, including glutamate, gamma-aminobutyric acid (GABA), D-serine
and adenosine triphosphate (ATP), play an important role in regulating
synaptic transmission and neuronal activity”®”’. Recycling and removal of the
gliotransmitters, especially glutamate and GABA, from the tripartite synapse
is tightly regulated by astrocytes in order to protect the neurons from
excitotoxicity and oxidative stress’***5!.

Incoming signal

*LQ)

{ X

@Neummmﬂer ©
- 7

Astrocyte

Post-synaptic terminal

Siénal propagation

Figure 4. The "tripartite" synapse. Neurons propagate electrical signals via secretion
of neurotransmitters within the synaptic cleft that bind to receptors in the post-synaptic
terminal. These receptors allow the influx and efflux of ions that regulate signal
transmission. Astrocytes modulate synaptic activity by recycling unused
neurotransmitters. Created with BioRender.com.

Astrogliosis

During a neurodegenerative condition, such as AD, astrocytes respond to
pathogenic stimuli by entering a reactive state, astrogliosis, which is
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characterized by increased size, proliferation rate and expression of cell-type-
specific proteins, e.g. glial fibrillary acidic protein (GFAP), S1003 and
vimentin®***. Already during the very early stages of AD, reactive astrocytes
are found in the vicinity of AP plaques, thereby further suggesting that AP
triggers astrogliosis®*®*’. Although this process is considered to occur as a
protective measure to minimize the extent of the injury, it may eventually
cause more harm to nearby cells®’.

Astrogliosis is part of the neuroinflammatory reaction that involves the
upregulation and secretion of cytokines, chemokines as well as reactive
oxygen species (ROS) that are detrimental to surrounding neurons®® .
Moreover, stressed astrocytes have been shown to transfer pathological
protein aggregates to neighbouring cells via thin protrusions called tunnelling
nanotubes (TNTs)*. These structures consist mainly of filamentous actin and
facilitate the exchange of organelles, including lysosomes and mitochondria
as well as vesicles and small proteins between cells”* 2. Their formation is
upregulated under pathological conditions and recent studies have confirmed
their participation in spreading of toxic material involved in experimental
models of various diseases®”****. However, astrocytes have numerous ways of
communicating with each other, both via direct and indirect mechanisms.

Extracellular vesicles (EVs) are spherical or donut-shaped structures
comprised of a lipid bi-layer membrane that vary greatly in size (30 nm-10
um)®>?®. They can carry numerous cargos, including RNA and DNA
molecules as well as lipids and proteins’’. The EVs express markers that are
associated with their origin, thus enabling easier tracing and classification’.
Astrocytes are secretory cells and astrocyte-secreted EVs have been shown to
participate in diverse cellular processes, including transmission of
pathological proteins® %"

AP clearance and degradation pathways

In familial AD, the increased presence and subsequent spreading of AP is
attributed to mutations in specific genes. However, in sporadic AD the
mechanisms behind increased levels of AP are not completely understood.
Recently, it was shown that astrocytes can produce AP and exhibit BACEI
activity, especially under stress conditions, that further contribute to their role
in propagating AD pathology'**'®*. Another proposed explanation for the
persisting AP levels and accumulation, is the impairment of the clearance
machinery. This process is known to be less effective in the aged brain and is
regulated by astrocytes and microglia'**'%,

Astrocytes are the main source of cholesterol and ApoE in the brain, which
are both essential for Ap clearance through the BBB'®. They also actively
participate in the amyloid degradation pathway via secreting peptidases such
as neprilysin'””'%®_ insulin-degrading enzyme'® and matrix metalloproteinase-
9'° Moreover, in vitro and in vivo studies suggest that astrocytes can take up
large amounts of A, but that they have a limited capacity for degradation’''"
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'3 Reactive astrocytes situated around AP plaques often attempt to penetrate
the dense plaque core and clear AB''*. This process could end up releasing
partially digested truncated and potentially neurotoxic AP peptides to the
extracellular space”'"”.

Processing of AP occurs mainly via the autophagy-lysosomal pathway
(ALP) that refers to the cellular mechanisms that enable the delivery of
ingested material to lysosomes for degradation''®. The ALP utilizes the
endosomal pathway in order to guide the ingested material through the plasma
membrane and generate the first cellular structures in this process, the early
endosomes (EEs)"'”"''®. Formation of EEs is regulated by the GTPase Rab5
whose conversion to Rab7 leads to the maturation of EEs to late endosomes
(LEs)"""'°_ Late endosomes are located around the cell nucleus and display a
slightly acidic intraluminal environment with a pH of ~5.5'%. During that
stage, LEs recruit several key proteins that are important for further lowering
of the pH, such as the lysosomal-associated membrane proteins (LAMP) 1 and
2a as well as a number of proteolytic enzymes'?"'?2. The ingested material is
degraded at the last step of this process, where LEs fuse with existing
lysosomes to form mature lysosomes (Figure SA).
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Figure 5. The endosomal and macroautophagy pathways. During the endosomal
pathway, ingested material is guided to the lysosomes for degradation through a series
of endosomal structures with different pH (A). The macroautophagy pathway relies
on the formation of double-membrane vesicles, known as autophagosomes, that carry
the enclosed material to lysosomes for degradation (B). Created with BioRender.com.

Autophagy includes three different pathways: macroautophagy, chaperone-
mediated autophagy (CMA) and microautophagy. Macroautophagy involves
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the formation of distinct double-membrane vesicles, known as
autophagosomes (Figure 5B)'?*. These structures are used by the cell in order
to degrade large molecules, including aggregated proteins such as AP, as well
as cellular organelles'”. Their formation has been closely related to the
microtubule-associated protein  1B-light chain 3 (LC3B)'**. Pre-
autophagosomal membranes, known as phagophores, recognize and bind to
the internalized substrate. Subsequently, the membrane is elongated in order
to encapsulate the substrate and form the autophagosome via a mechanism
regulated by LC3BII, a product of lipidation of LC3BI'*. Recruitment of
LC3BII to the autophagosome is mediated by p62 that is also responsible for
the ubiquitination and translocation of cellular organelles to the
autophagosome'?®. The final step involves the fusion of the autophagosome
with a pre-existing lysosome in order to form the autolysosome that will
degrade the enclosed content'?’. Impaired autophagy, and degradation in
general, are believed to be central for sporadic AD development and are also
linked to secretion of harmful AP species that participate in disease

spreading'?®,

Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative
disease, currently affecting 7-10 million people worldwide'*’. The number of
cases is expected to double until 2040'°. The clinical features of PD are
categorized as motor and non-motor symptoms. Motor symptoms include
bradykinesia, muscular rigidity, rest tremor as well as postural and gait
impairment"*'. Non-motor symptoms include olfactory dysfunction, cognitive
decline, sleep disorders, fatigue and autonomic dysfunction and usually
precede the onset of motor symptoms (prodromal phase)'¥*!.

The main pathological hallmarks of PD are loss of dopaminergic neurons
within the substantia nigra pars compacta (SNc) and presence of Lewy
pathology in this and other brain areas. Parkinson’s disease is a slowly
progressive disorder and the first symptoms arise only after approximately
30% of the dopaminergic neurons in the SNc have already been lost'**. Lewy
pathology consists of insoluble aggregates of misfolded proteins, mainly o-
synuclein (aSyn), within the cell body (Lewy bodies) and processes of
neurons (Lewy neurites) (Figure 6)'>>"7.
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Figure 6. Lewy pathology in the substantia nigra. Lewy bodies (arrows) and Lewy
neurites (arrowheads) in the SNc of a PD patient (20x magnification). Image kindly
provided by Anish Behere, Uppsala University.

Risk factors and the SNCA gene

The most important risk factor for PD is age, as the prevalence increases
significantly in people over 80 years'**. Furthermore, gender'® - as well as
many environmental factors such as pesticide exposure, prior head injury, the
use of beta blockers and even drinking well water'*” - have been proposed to
increase the disease risk. Genome wide association studies have identified
several genes that are associated with familial PD, the first of which was the
SNCA gene (that encodes aSyn)'*'.

To date, two types of mutations in SNCA have been identified. These are
inherited in an autosomal dominant manner and cause early-onset PD (<50
years of age). The first type consists of point mutations that lead to single
amino acid changes (A30P, AS3E/T/V, E46K, H50Q, G51D), which in turn
cause aSyn to adapt an incorrect 3-dimensional shape and alter its aggregation
propensity and lipid binding features'*''**. The second type consists of
multiplications of the SNCA gene that result in an increased production of
aSyn! 4150,

Alpha-synuclein

Alpha-synuclein is a 140-amino acid long protein that is encoded by the SNCA
gene, located on the long arm of chromosome 4'*"'*!_ It belongs to the family
of synucleins, alongside B- and y-synuclein. All three proteins are abundantly
expressed in the brain with preferential localization to the presynaptic
terminals'>?. Although aSyn is a natively unfolded protein, it is composed of
three regions (Figure 7)'**'>*. The first is the positively charged N-terminal
which can form helical structures and interact with lipids'*®. The second is the
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hydrophobic mid-region, unique to aSyn, which was first discovered in
amyloid plaques from AD patients and is therefore called the non-amyloid
component (NAC) region'*. The third is the negatively charged C-terminal

that can bind to metals and other proteins'®’.

N-terminal

C-terminal

NAC region

Figure 7. Alpha-synuclein structure. The N- and C-terminals consist of 60 and 45
amino acids respectively, and allow aSyn to interact with lipids, metals and other
proteins. The mid-region (NAC) consists of 35 amino acids and is unique to aSyn.
Created with BioRender.com.

One of the main pathogenic features of aSyn is aggregation. Unlike its native
unfolded state, under pathogenic conditions monomeric aSyn adopts a
partially folded conformation that promotes self-assembly and results in the
formation of larger aggregates that eventually become insoluble fibrils'**!*’.
The NAC region is crucial for this aggregation step, as the same process
cannot be replicated with B- or y-synucleins (as they lack this region)'®’. The
mechanism behind the toxic effects of aSyn are not yet fully understood.
Oligomeric forms have been associated with mitochondrial oxidative stress
and dysfunction as well as defects in intracellular protein and membrane
trafficking'®"-'%,

Current treatment strategies for Alzheimer’s disease and
Parkinson’s disease

Today, we only have symptomatic therapies for AD and PD. For AD,
acetylcholinesterase (AChE) inhibitors and N-methyl-d-aspartate (NMDA)-
receptor antagonists have been proven to relieve some of the cognitive
symptoms'® and delay placement in nursing homes'®*. The AChE inhibitors
increase acetylcholine levels in the brain, thereby delaying progressive
cognitive decline, while NMDA receptor antagonists block glutamate from
binding to its receptors, which in turn may prevent excessive excitotoxicity
and neuronal cell death'®®. For PD, either L-dopa or dopamine receptor
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agonists are effective in reducing the motor-related symptoms during the
initial years of the disease but do not slow down the disease process.

Various forms of immunotherapy have been developed for both diseases
and are currently undergoing clinical trials, while only one has received
approval by the U.S. Food and Drug administration (FDA). Aducanumab
(Aduhelm™) is the first immunotherapy available for AD, thereby reigniting
the hope for better and more effective treatments for millions of patients. Of
particular notice is lecanemab (BAN2401), a monoclonal antibody against Af
oligomers and protofibrils that is based on an antibody that was developed in
our laboratory and which recently received approval for rolling submission to
the FDA under the accelerated approval pathway, following a successful
outcome of a phase 2b-study'%'%’.

Given the lack of treatment targeting the underlying causes, rather than just
the symptoms of AD and PD, genome editing provides an exciting therapeutic
alternative that has started to be explored.

Gene editing

Gene editing techniques have been extensively used during the past decade in
order to intentionally modify specific genomic sequences'®®. One way this can
be achieved is by targeting genes through means of homology recombination.
Genome editing via double strand break repair mechanisms has become
possible through the development of genetically engineered nuclease
complexes that allow the efficient targeting of specific genomic loci'®.

These nucleases include systems whose action requires the mediation of
DNA-binding proteins, such as zinc finger nucleases (ZFN)'”° and
transcription activator-like nucleases (TALENs)'”'. More recently, the
clustered regulatory interspaced short palindromic repeats (CRISPR) system,
that utilizes the simple base-pairing rule through a modified RNA that can
bind directly to the desired DNA sequence, was discovered and adapted for
use in eukaryotic cells'”.

The CRISPR system was originally identified as part of the adaptive
immunity of bacteria and archaea'”. Its role is to protect the host genome from
non-self DNA that has successfully penetrated the cell membrane'”*. A
fragment of the non-self DNA (spacer) is integrated into the host genome at
the CRISPR locus. The spacer sequence is transcribed alongside the CRISPR
locus into an RNA molecule that forms a complex with the CRISPR associated
(Cas) 9 protein'”'7®, This complex can successfully identify the non-self
DNA and subsequently cleave it, leading to its disintegration'’’. The cleaving
ability is provided by the Cas9 nuclease, which contains two catalytic domains
that can produce double strand breaks in DNA sequences'’*. However, Cas9
is only activated upon recognition of a conserved dinucleotide-containing
protospacer adjacent motif (PAM) sequence located directly downstream of
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the target DNA sequence'’®. The CRISPR/Cas9 system has been adapted to
efficiently target specific genomic sequences through a single guide RNA
(gRNA) that, depending on the Cas9 variant, consists of 20-23 nucleotides
(Figure 8). The gRNA sequence can be adjusted in order to target the gene of
interest' "%,

Double strand breaks activate the cell’s innate repair mechanisms that
respond via two possible pathways, nonhomologous end joining (NHEJ) and
homology directed repair (HDR)'”. Nonhomologous end joining can lead to
insertion or deletion of genomic sequences at the targeted gene locus that
could potentially affect its expression either by changing the reading frame of
the protein or by disrupting the effective binding of transcription factors'®.
Homology directed repair allows for the introduction of point mutations or
even entire genomic sequences via means of recombination between the
targeted gene locus and a supplied DNA donor vector'®'.
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Figure 8. The CRISPR/Cas9 system and DNA repair mechanisms. Upon recognition
of the target sequence, the Cas9 forms a complex with the gRNA and target DNA that
results in double strand breaks. The most common repair mechanism is the NHEJ,
where indels can be formed, while under the HDR pathway integration of donor DNA
can occur.
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Since the discovery of the CRISPR/Cas9 system in Streptococcus pyogenes
(SpCas9)'®, several other Cas variants that recognize novel PAM sites and
allow for targeting of more DNA sequences have been either identified in
bacteria or genetically engineered'®. Apart from causing double strand
breaks, Cas proteins can be combined with other regulating elements in order
to enhance or block gene expression, change methylation patterns, substitute
single base pairs or replace entire genomic sequences'*.

A number of clinical trials based on CRISPR/Cas9 have been initiated over
the past five years. Although the majority of them use genetic modification of
a patient’s cells ex vivo, Editas Medicine'® and Intelia Therapeutics/
Regeneron'*® were the first to administer CRISPR components directly to the
patient. Editas Medicine developed a product targeting a hereditary eye
disorder known as Leber congenital amaurosis, while Intelia Therapeutics/
Regeneron aimed to treat patients with transthyretin amyloidosis (ATTR). The
latter trial could provide novel insights to the treatment of several diseases that
are caused by accumulation of misfolded proteins, such as AD and PD. Further
results from both studies are expected within the next year and potential
positive news will further solidify CRISPR’s status as a candidate for
therapies against human disorders.

Challenges of the CRISPR/Cas9 system

The main requirements of any gene editing tool are accuracy and precision.
Accuracy refers to the ratio of on- versus off-target genetic changes, whereas
precision relates to the fraction of on-target edits that produce the desired
genetic outcome. Off-target effects can occur in genomic areas with DNA
sequences very similar to the target sequence'®”"*’. To reduce the probability
of off-target effects, new Cas9 variants have been developed that have lower
tolerance for mismatches within the gRNA sequence while maintaining the
same editing efficiency'”.

Chromatin states can also affect on- and off-target accuracy. Assuming a
potential off-target site is in an open chromatin region, that site is more likely
to be edited than a similar site located in a closed chromatin region'®.
Furthermore, another crucial factor is the availability of Cas9 within the cells
as well the duration of its activity. Lowering the concentration of Cas9
improves the specificity without impeding with the on-target activity'®®.
Similarly, a shorter expression time can reduce off-target effects'**'*>.

Currently there are three general categories of off-target prediction
methods. The first is a bioinformatics approach that ranks potential off-target
sites based on an algorithm that analyses sequence homology. The second
utilises in cellulo techniques that investigate nuclease activity by measuring
the presence of successfully integrated exogenously supplied DNA tags in
double strand breaks throughout the genome and subsequently amplifying the
affected regions for further analysis (e.g. IDLV'** Guide-seq'®). The third is
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represented by in vitro techniques that assess nuclease activity on purified cell
free DNA as a result of nuclease concentration (e.g. CIRCLE-seq)'*’. These
unbiased methods vary in their comprehensiveness and sensitivity, which are
defined by their ability to identify the full spectrum of off-target sites spanning
high and low mutagenesis frequencies (characteristic of inefficiently cleaved
DNA sequences) within the genome. Emerging tools utilise a combination of
bioinformatics and in vitro techniques. Such an approach provides higher
sensitivity and allows for investigation of multiple genomes, thereby enabling
the nomination of potential off-target effects on a population wide scale (e.g.
ONE-seq)"’’. Although off-target effects are relatively low, validation of
editing events via Next Generation Sequencing (NGS) is crucial as it allows
for sensitive (high depth) assessment of nominated off-target sites in their
actual cellular contexts. New analytical tools emerge with a rapid pace and
will make detection of imprecise genomic events easier and more cost
effective.
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Aims

The overall objective of this thesis was to investigate the CRISPR/Cas9
system as a potential future treatment strategy for AD and PD and to explore
astrocyte-mediated pathogenic mechanisms in AD.

Specific aims

I. To selectively target the early-onset AD-associated PSENI M146L
mutation in human fibroblasts and assess the restoration of disease
phenotypes.

II. To disrupt the SNCA gene by targeting either wild-type SNCA (pan-
SNCA) or the early-onset PD-associated SNCA A53T mutation.

III. To investigate how AP pathology affects the crosstalk between
hiPSC-derived astrocytes and neurons.

IV. To evaluate the long-term effects of AP inclusions in hiPSC-
derived astrocytes.
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Methods

Cell culture models

The use of appropriate research models was essential for all parts of this thesis.
In Paper I we used human fibroblasts that were isolated from patient skin
biopsies. Although fibroblasts are not brain cells, they express AD-associated
proteins and exhibit some of the pathogenic phenotypes that are present in
disease-affected neuronal cells. Moreover, they are easy to isolate and culture
ex vivo, which makes them a suitable model to study our proof-of-concept
approach. Similarly, human fibroblasts from PD patients carrying the SNCA4
AS53T mutation were used in Paper II. In Paper II we also used human
embryonic kidney (HEK) 293T cells to validate our different gRNAs and
transfection protocols. These cells were chosen primarily for their fast
multiplication rate and overall ease of culturing.

In Papers III and IV we wanted to explore the interplay between neurons
and astrocytes and how the presence of AP could affect their communication.
To that end, we made some modifications to an already established protocol
for generation of human induced pluripotent stem cell (hiPSC)-derived
neurons'”®'” and astrocytes’”. Both populations originate from neural
precursors known as long-term neural epithelial stem (ItNES) cells and require
a strict 28-day differentiation protocol (Figure 9). Our modifications include
the use of ciliary neurotrophic factor (CNTF) during the astrocytic
differentiation that results in mature astrocytes with characteristic
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Figure 9. Differentiation timeline. Induction of ItNES cells takes 30 days, while
derivation of astrocytes and neurons takes an additional 28 days. Created with
BioRender.com.
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Gene editing

The appropriate CRISPR delivery method depends on the experimental model
and the research question. In Papers I and II we used electroporation and
polyethylenimine (PEI) to deliver a single plasmid vector into human
fibroblasts and HEK293T cells, respectively. Electroporation is the process
through which electric pulses are directed to the cell membrane, resulting in
the opening of pores that allow large molecules, such as nucleic acids, to enter
the cytoplasm. Polyethylenimine is a polymer that forms complexes with
DNA molecules and allows their transportation into the cells via
endocytosis??®. These types of transfections allow for transient expression
of the CRISPR components that last for a limited number of replication cycles
and do not integrate with the cellular DNA.

The plasmid vectors that were used in both papers express Cas9, the
appropriate gRNA sequence and a puromycin resistance cassette that enabled
selection of positively transfected cells. In Paper I we used the Cas9 variant
isolated from Streptococcus pyogenes (SpCas9) that recognizes a “NGG”
PAM sequence that was suitable for targeting the PSENI MI146L
mutation'®?* In Paper Il we used both the SpCas9 as well as the
KKHSaCas9 variant from Staphylococcus aureus that recognizes a
“NNNRRT” PAM site to target the SNCA gene’”. Furthermore, in Paper II
we evaluated constant expression of Cas9 and gRNA via the use of lentiviral
vectors that enable integration of the transgenes to the host DNA?%.

In both Papers I and I, a scramble gRNA sequence was used as a control.
This sequence is expressed from the plasmid vector and can form a complex
with Cas9 but does not recognize any region in the human genome.

DNA sequencing

Evaluation of gene editing outcomes requires the sequencing of the affected
genomic regions. In Papers I and II we used Sanger sequencing and the more
advanced NGS to determine the efficiency of PSENI and SNCA disruption.

In the case of Sanger sequencing, DNA was isolated from the cells and
specific regions of the genes of interest were amplified via polymerase chain
reaction (PCR). These DNA fragments were of relatively short length (<500
base pairs) and their sequencing was performed using primers that are listed
in the Methods section of the respective paper.

Sanger sequencing is in principle a PCR that relies on the incorporation of
fluorescently labelled dideoxynucleoside triphosphates (ddNTPs) during the
elongation of the DNA strand (Figure 10)*”’. These ddNTPs also block the
extension of the DNA strand and are finally sorted according to their size. The
order of DNA bases is determined by proper recognition of the emitted
fluorescence from each ddNTP. Next generation sequencing follows the same
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basic principles as the Sanger method with the added benefit of increased
sensitivity, higher depth, and the ability to analyse many more sequences
simultaneously.
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Figure 10. Sanger sequencing. The DNA template is amplified through the
incorporation of ddNTPs by a polymerase. Termination of the chain extension
together with the fluorescently labelled ddNTPs allow for size separation and
reconstruction of the DNA sequence. Created with BioRender.com.

ELISA

The enzyme-linked immunosorbent assay (ELISA) is a very common method
for detection of proteins in samples that are in the form of a solution®”®. The
technique relies on the coating of a surface with an antibody suitable for
binding the molecule of interest (capture antibody). Subsequently, a second
antibody that is conjugated with an appropriate enzyme, is used to recognize
the bound antigen. The final step involves the addition of a substrate that the
attached enzyme can metabolize and generate a detectable signal that can be
measured. This method can also be used to detect several molecules of interest
at the same time, by using different capture antibodies.

In Paper I, we used highly sensitive ELISA kits to detect Ap40 and Ap42
peptides in conditioned media from human fibroblasts with or without the
PSENI M146L mutation. Quantification of the measured AB40 and AP42
levels was possible via the use of protein standards with known protein
concentrations.
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Immunocytochemistry

Immunocytochemistry (ICC) refers to the techniques that enable visual
detection of antigens in fixed cell samples. This method involves the binding
of primary antibodies to their antigen targets within the specimen.
Fluorescently labelled secondary antibodies that bind specifically to the
primary antibodies can be visualized under a fluorescent microscope and
provide information regarding the antigen’s localization and quantity. The
technique was widely used in this thesis to detect specific proteins relevant to
each paper.

In Paper I, we identified the N- and C-terminals of PS1 in control, mutant,
and CRISPR-treated samples. In Papers III and IV we used ICC to analyse
the expression of lineage-specific neuronal and astrocytic markers in hiPSC-
derived cells (Figure 11). We also detected intracellular AP deposits and
quantified the viability of cultures based on the labelling of dead cells via a
fluorescent dye (TUNEL). Finally, we checked for markers associated with
astrocyte reactivity and explored the localization of LAMP1 and Rab5 positive
organelles in relation to the AP deposits. All the antibodies used have been
listed within the Methods section of the respective paper.

A.

Figure 11. Expression of lineage-specific markers. Representative images from
neurons expressing MAP2 and synaptophysin (A) as well as from astrocytes
expressing S100B and EAAT1 (B). DAPI and phalloidin staining represent the
nucleus and cytoskeleton, respectively.

FRET/FLIM

Fluorescence resonance energy transfer (FRET) and fluorescence lifetime
imaging microscopy (FLIM) are two techniques that can be combined to study
protein interactions within a cell sample?”. This method involves the use of
two fluorophores that are bound to different proteins or to different terminals
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of the same protein. Fluorescence can occur from natively expressed,
genetically modified proteins or from the staining of proteins with labelled
antibodies. Energy transfer can occur from the donor to the acceptor
fluorophore, only if the distance between them is less than 10 nm. The FLIM
technique enables the recording of FRET signal by considering only the
energy from the donor fluorophore, thereby making comparisons between
samples and instruments easier and more reliable®'’.

In Paper I, FRET/FLIM was used to quantify the distance between the N-
and C-terminals of PS1 expressed in human fibroblasts. The C-terminal was
labelled with Alexa 488 and the N-terminal with Alexa 555 secondary
antibodies. The signal from the donor fluorophore was translated to %FRET
efficiency using the following equation: Errer = (t1-t2)/t1. Whereas t1 refers
to the lifetime of the donor fluorophore in the absence of an acceptor, t2 refers
to the same measurement in the presence of the acceptor. A lower %FRET
represents a tighter PS1 conformation and subsequently a pathological
phenotype.

Off-target effects

The term “off-target effects” refers to the undesirable editing of genomic
regions that are similar to the target DNA sequence. These unintentional edits
can occur in any part of the genome and interfere with expression of proteins
and transcription factors, thereby altering the cell’s behaviour'®'*.

Initial screening of gRNA candidates minimizes the chances of off-target
editing. In Papers I and II, we used the free online bioinformatic tool
“CRISPOR™' to evaluate potential gRNA sequences and select the ones with
optimal scores for the genes of interest. Furthermore, in Paper I, we evaluated
the occurrence of off-target effects in human fibroblasts following treatment
with CRISPR components. We applied two different methods, one established
(CIRCLE-seq'®) and one novel (ONE-seq'’”) to ensure the selectivity of our
gRNA and show its potential safety in future in vivo applications. The key
difference between these methods is that one uses genomic DNA that has been
isolated from actual cells (CIRCLE-seq) while the other relies on high
throughput DNA synthesis (ONE-seq). The combination of an in vitro and an
in silico approach resulted in hundreds of potential off-target sites, from which
we selected the top10 sites for sequencing and analysis.

Western blot

Western blot (WB) is a technique used for detection of proteins in cell or tissue
samples. The samples are first mixed with sodium dodecyl sulphate (SDS) to
remove their secondary structure and obtain a uniform negative charge. They
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are then loaded onto gels for electrophoresis and are separated according to
their size. The contents of the gels are then transferred to a nitrocellulose or
polyvinylidene fluoride (PVDF) membrane where the immunoblotting
procedure occurs via the use of primary and secondary antibodies that are
specific towards the protein of interest. Quantification of the protein relies on
detection of the signal provided by the secondary antibodies either in the form
of fluorescence or chemiluminescence.

In Paper I, WB was used to measure the levels of N- and C-terminal
fragments of PS1 in cell lysates from human fibroblasts to establish the effect
of gene disruption on the protein level. In Paper II, we quantified Cas9 in
fibroblasts treated with lentiviral vectors to troubleshoot the observed low
editing efficiency. In Paper 1V, we evaluated the levels of LAMP1, Rab5 and
several astrocyte reactivity markers in cell lysates from astrocytes with or
without AP inclusions, both at early and late time points.

Electrophysiology

Electrophysiology represents a group of methods used to characterize the
electrical properties of cells and tissues. In our work, it was applied to measure
the electrical activity of neurons as determined by action potentials.

In Paper II1, we used the patch clamp technique to measure the frequency
and amplitude of excitatory post synaptic currents (EPSCs) as well as the
resting membrane potential (RMP) in hiPSC-derived neurons. That was made
possible via the use of a glass pipette directed toward the cell membrane of
individual cells that forced a small opening through which the intracellular
contents could be reached (Figure 12A). Current injections were used to
stimulate the cell in order to determine the RMP. The frequency and amplitude
of EPSCs were recorded in either the absence (sEPSCs) or presence
(mEPSCs) of 0.5 uM of tetrodotoxin (TTx) in the extracellular solution.
Tetrodotoxin can block sodium channels that are involved in signal
propagation and therefore allow us to measure current at the synaptic level,
where one event is represented by one activated synapse (Figure 12B).
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Figure 12. Patch clamp configuration. Representative image of a glass pipette in
contact with a neuron in culture (A). The electrode measures activity from the post
synaptic terminal, which is regulated by the state of sodium and potassium channels
and the release and uptake of glutamate (B). TTx blocks sodium channels and enables
measurement of spontaneous events. Images kindly provided by Benjamin Portal,
Uppsala University.

Microscopy and image analysis

Throughout this thesis, we used several image analysis techniques to quantify
information and extract data. In Paper I, we used FLIM to measure the
distance between the terminal of PS1 and thereby evaluate its conformation.
In Papers I1I and IV we used fluorescent microscopy to detect the expression
of lineage-specific markers in differentiated cells, measure cell viability,
quantify AP load, assess the localization of lysosomes and AP inclusions as
well as to identify abnormalities in cellular organelles.

Quantification of cell viability required the generation of a pipeline in
CellProfiler, a free cell image analysis software®'>?'*. Briefly, dead cells were
labelled with a green, fluorescent signal (TUNEL) and all cells were identified
via DAPI staining that represents the nucleus of a cell. The two different
populations were detected separately in each image and the overlay provided
the percentage of dead/live cell ratio.

The AP load at the different time points of Paper IV, required the
acquisition of images on different focal planes that were later compiled
together using the ImagelJ software®'*.

Colocalization of LAMP1 positive organelles and AP inclusions was
studied under a confocal microscope that allows for higher resolution
compared to the typical fluorescent microscope?'”.

Finally, visualization of intracellular organelles was made possible via
transmission electron microscopy (TEM) that relies on the capture of electrons

passing through the specimen and offers superb resolution®'®.
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Results and discussion

CRISPR technology for the treatment of familial AD

In Paper I, we aimed to evaluate the use of the CRISPR/Cas9 system against
the familial AD-causing PSENI M146L (A>C) mutation. Affected patients
display an increased APB42/40 ratio that can be detected in neuronal as well as
non-neuronal cells, such as fibroblasts®'’"°. For that purpose, we used human
fibroblasts from individuals carrying the mutation (PSENI"'*-VT) as well as
healthy controls (PSEN1"""") (Figure 13A).

We designed a gRNA that was specific for the mutation site and
incorporated the RNA sequence in a plasmid vector that expressed SpCas9
(Figure 13B). Mutant and control cells were treated with equal amounts of the
vector. Assessment of the gene editing outcome via NGS demonstrated that
the M146L gRNA could successfully distinguish the mutant from the wild-
type allele. Allele specific disruption led to indel formation that exceeded 50%
of the mutant allele transcripts (Figure 13C).
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Figure 13. Precise and effective targeting of the PSENI M146L mutation. The PSEN]
M146L mutation is a single base substitution (A>C) (A). The gRNA was designed
against the mutation site (B) and only affected the mutant PSENI M146L allele (C).

In addition, we applied two separate methods to detect potential off-target

genomic effects. Sequences within the genome similar to our M146L gRNA
could have been mistakenly recognized by our CRISPR components.
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Therefore, the topl0 genomic sites from both nomination methods were
sequenced and analysed via NGS. We did not detect any indel formation in
any of the loci, thereby confirming the selectivity of our gRNA towards the
PSENI1 M146L sequence (Figure 14).
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Figure 14. Off-target analysis. DNA from samples AG07872 and AG07881 was
analysed for indel formation in the top10 nominated sites. No editing was observed in
any of the sites.

Gene disruption translates to functional alterations in
treated PSENIM#LIT cells

Having validated our approach on the genomic level in the first part of Paper
I, we continued to analyse its effect on other disease-associated aspects. The
elevated pathogenic AB42/40 ratio was first confirmed in the PSENI M146L
samples (Figure 15A). In comparison, treated cells displayed significantly
decreased protein ratios, suggesting a direct effect of the allele-specific gene
disruption on the protein level (Figure 15B).
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Figure 15. CRISPR/Cas9 treatment partially normalises the AB42/40 ratio. Mutant
samples displayed increased AB42/40 ratio compared to wild-type cells (A). The ratio
was significantly decreased in treated mutant samples (B).

36



Apart from the characteristic AB42/40 ratio, cells from individuals carrying
the PSENI M146L mutation display a different PS1 conformation compared
to their wild-type counterparts??’. It has been shown that the mutation forces
the two terminals of PS1 to come closer to each other, resulting in a tighter
conformation that can be measured via FRET/FLIM (Figure 16A)*. Analysis
of FRET/FLIM measurements revealed that our CRISPR/Cas9 approach was
sufficient to decrease %FRET efficiency in a subset of treated cells (Figure
16B). A lower %FRET efficiency translates to a more open PS1 conformation
that resembles the wild-type protein. However, due to the wide variability in
data from different patient samples, the overall %FRET efficiency did not
differ significantly from the non-treated mutant samples.

We hypothesised that the allele-specific indel formation caused by the
combined action of Cas9 and the M146L gRNA, would lead to the expression
of truncated PSENI transcripts that are degraded before reaching the
translation machinery. Indeed, treated samples displayed significantly
decreased N- and C-terminal PS1 fragments, thereby confirming our
hypothesis (Paper I, Figure S4).
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Figure 16. PS1 conformation is altered upon gene disruption. The %FRET efficiency
in mutant samples was significantly higher compared to wild-type samples and
showed a trend for decrease after treatment (A). Individual patient samples responded
differently to the treatment, with most of them displaying a decrease in %FRET
efficiency (B).

Overall, in this proof-of-concept study we were able to show that our
CRISPR/Cas9 approach was selective towards the PSENI M146L mutation
and did not affect the wild-type sequence. Furthermore, we were able to
partially restore the pathogenic AB42/40 ratio in patient fibroblasts without
causing any detectable off-target effects. In addition, we could propose a
potential mechanism for the partial decrease by evaluating the conformation
of PS1. We hypothesised that genomic disruption led to the generation of
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truncated transcripts that were degraded by the cell, thereby enabling the
participation of more wild-type PS1 in GS complexes.

Exploring the potential of CRISPR as a therapeutic tool
against sporadic and familial PD

In Paper II, we aimed to apply the experience gained from the AD project in
experimental models of sporadic and familial PD. First, we explored a pan-
SNCA approach, where wild-type human samples were treated with two
different Cas9 variants in order to disrupt the SNCA gene. Unlike SpCas9, the
KKHSaCas9 variant recognises a “NNNRRT” PAM site that allowed us to
select gRNAs against different SNCA exons. In total, we designed ten gRNAs,
five for KKHSaCas9, a smaller Cas9 orthologue, and five for SpCas9,
spanning the entire SNCA sequence (Table 1).

A. KKHSaCas9

CATGAATACATCCATGGCTA ATGAAT | SNCA1 gRNA |Exon 2
AAGCAGCAGGAAAGACAAAA GAGGGT | SNCA2 gRNA |Exon 2
ACACCATGCACCACTCCCTC CTTGGT | SNCA3 gRNA |Exon 3
AAACCAAGGAGGGAGTGGTG CATGGT | SNCA4 gRNA |Exon 3
TTGACAAAGCCAGTGGCTGC TGCAAT | SNCA5 gRNA |Exon 4

B. SpCas9

GCTGCTGAGARAACCAAACA GGG | SNCAB gRNA |Exon 2
CAGGGTGTGGCAGAAGCAGC AGG |SNCA7 gRNA |Exon 2
ACCAAGGAGGGAGTGGTGCA TGG | SNCA8 gRNA |Exon 3
GGAGGGAGTGGTGCATGGTG TGG | SNCA9 gRNA |Exon 3
CTTTGTCAAAAAGGACCAGT TGG | SNCA10 gRNA |Exon 4

Table 1. Sequences of gRNAs across the SNCA gene. Five gRNAs were designed for
KKHSaCas9 (A) and five for SpCas9 (B). The PAM sites are depicted in red. The
best gRNAs, based on editing efficiency, are highlighted in yellow.

Following a preliminary screening process, the best gRNA candidates for the
respective Cas9 variants in terms of editing efficiency were selected and
HEK?293T cells were transfected with plasmid vectors containing the CRISPR
components. Sanger sequencing followed by indel analysis revealed that both
Cas9 and gRNA combinations resulted in genomic disruption that reached
42% (Figure 17). However, the extent of indel formation was only quantified
in SpCas9+SNCAS8 gRNA treated cells, as the online software used for sanger
sequencing analysis only recognises SpCas9 related PAM sites.
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Figure 17. Sequencing traces of CRISPR-treated HEK293T cells. The combination of
KKHSaCas9+SNCA4 gRNA led to indel formation in the SNCA gene as shown by
background peaks in the sequencing trace (A). The SpCas9+SNCAS8 combination
displayed a more robust editing efficiency that affected almost half of the wild-type
alleles (B). Analysis of gene editing events revealed that the majority of indels reflect
a single base pair insertion or deletion at the cleavage site (C).

Given the relatively low percentage of editing efficiency, we decided to
employ a system that would enable a stable intracellular expression of the
CRISPR components. Thus, we designed a lentiviral vector that expressed
SpCas9 and SNCAS8 gRNA. Apart from targeting wild-type human SNCA in
HEK?293T cells, we included fibroblasts from healthy individuals (F1-4) and
evaluated the editing efficiency in both cell types. Lentiviral transduction of
CRISPR components led to disruption of up to 87% in HEK293T cells, while
the fibroblast samples displayed varying results extending from 5 to 78%
(Figure 18A, B). We hypothesise that the variability of editing among the
fibroblast samples was due to the heterogeneity of the genetic makeup of each
individual.

Next, we modified our approach to target a mutation that leads to early-
onset familial PD. The SNCA4 A53T mutation is a single base pair substitution
(G>A) in exon 3 of SNCA. A gRNA was designed to target the mutant but not
the wild-type sequence (Figure 19A). Human fibroblasts from two PD patients
and two healthy controls were treated with a plasmid vector expressing
SpCas9 and A53T gRNA. Although the specificity of this approach was very
high, as shown by the lack of indel formation in the wild-type samples (Figure
19B), the efficiency was relatively low compared to the pan-SNCA approach.
One of the mutant samples was targeted with an efficiency of 13% and the
other one with 9% (Figure 19C).
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Figure 18. Lentiviral transduction of human fibroblasts with CRISPR components.
The stable integration of the lentiviral vector expressing SpCas9+SNCAS8 gRNA in
human fibroblasts led to formation of indels in the SNCA gene as shown by
background peaks in the sequencing trace (A). Analysis of gene editing outcomes in
fibroblasts from four different individuals (F1-4) revealed editing efficiencies that
ranged between 5 and 78% (fibroblasts from each individual were analysed in
triplicates) (B).

A SNCA
. exon 3
— - o —

—_“__.—-‘ h“"'"'--.
g e
’.” ' ""'I-_““““
GC TCC AAAR ACC AAG GAG GGA A LCAGG
ASB3T mutation G=A  PAM
B. SNCAASITMT SNCAWTWT
e | . r
,“,-w,. i n."| I | ',“ I l' W e "u I l i In'l inlm I |
AL f" W i-lf; .ic'. Oy H_J “"i LYY ﬂ il

c. RELATIVE CONTRIBUTION OF EACH SEQUENCE (NORMALIZED)

INDEL CONTRIBUTION » SEQUENCE

+ 0 = AGGAGBCAGTGETECATEOTOTOAC! AACAGGTAAGET TTGETGCT
-2 = AGBAGBGAGTGGBTGCATBOTGTOAC! AGGTAAGCT ATTBTGCTTA
-2 AGOAGBGAGTGBTGCATGOTBTOA-| ~-ACAGGTAAGET TTETGCT
A AGGAGEGAGTGGTGCATGGTOTGAC! NAACAGGTAAGET ATTGTGCTT

INDEL  CONTRIBUTION ~ SEQUENCE

% o AGGAGGGAGTGGTECATGETETOAC! AACAGGTAAGET ATTGTGCTTA
-2 = 6% AGGAGBGAGTGGTGCATGEETGTGAC! AGGTAAGCT ATTGTGECTTA
-2 Y% AGGAGGGAGTGGETOGCATEOGTEBTGA : ACAGBTAAGCT ATTGTEGCTTA

Figure 19. Targeting of the SNCA AS53T mutation in patient fibroblasts. A gRNA was
designed against the single base pair SNCA A53T mutation in exon 3 of SNCA (A).
Sequencing traces of fibroblasts from PD patients, but not healthy controls that were
treated with SpCas9+AS53T gRNA revealed background peaks that point to genomic
disruption (B). Analysis of gene editing outcomes displayed a low percentage of
editing efficiency that reached 13% in one of the two PD samples (C).

Taken together, we explored the use of two CRISPR/Cas9 systems and two

delivery methods to determine the potential of targeting SNCA in immortalised
(HEK293T) and non-immortalised (fibroblasts) human cells.
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AP pathology affects the interplay between astrocytes
and neurons

In the first part of Paper II1, we sought to investigate the effect of astrocytes
on neuronal viability. Several studies have demonstrated that astrocytes are
crucial for the viability of neurons in the brain”. In our study, we aimed to
elucidate how inclusions of AP could alter astrocytic behaviour and
consequently hamper neuronal function. For this purpose, we designed two
experimental setups. The first was a co-culture system of hiPSC-derived
neurons and astrocytes with or without AP inclusions. The second was based
on addition of conditioned media or isolated EVs from astrocytes with or
without AP inclusions to neuronal monocultures (Figure 20). In both setups,
the astrocytes were exposed to sonicated AB42 fibrils for 3-6 days to ensure
maximum uptake. Astrocytes or conditioned media/EVs were added to human
iPSC-derived neuronal cultures and the cells were analysed after 6 to 12 days.

Neurons

Sonicated TExlracellular
AB42 fibrils vesicles

Trypsinize and (i x ) £

# add to cells YR ALY AN G b

s AN 3 S

— el I SR (02 I e S
q Ny & VY ‘/'r..\

N R

Astrocytes with Neurons Astrocyte-Neuron

Astrocytes AB42 inclusions co-culture (1:10)

Conditioned
medium

y‘v X
LN
o
L R825Y)
NI
Lt

Neurons

Figure 20. Paper III study design. In the first part, Ap-exposed hiPSC-derived
astrocytes were co-cultured with hiPSC-derived neurons at a 1:10 ratio. In the second
part, that aimed at exploring the indirect effect of astrocytes and AP in neuronal
cultures, conditioned media or extracellular vesicles were isolated from astrocytes and
added to neuronal cultures.

During the 28-day neuronal differentiation, we noticed a high degree of cell

death that was in line with previously published data'®®. In the absence of glial
cells, cell corpses remained within the culture and formed hubs together with
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viable neurons. Astrocytes with AP inclusions (Figure 21A) appeared to be
drawn to these hubs that were fewer in the A co-cultures (Figure 21B).

A.

Figure 21. Co-cultures of neurons and astrocytes with AP inclusions. Astrocytes are
integrated within the neuronal network and continue to carry their AP load (A). Hubs
of dead cells attracted astrocytes in the AP co-cultures (B). DAPI represents nuclear
staining, while MAP2 and vimentin represent neurons and astrocytes, respectively.
TUNEL refers to the technique used to stain apoptotic nuclei.

We hypothesized that A would promote the astrocytes to shift towards a more
reactive state and thereby upregulate their clearance activity. That was evident
in the viability analyses that we performed between control monocultures and
control or AP co-cultures, where we observed a decreased dead/live cell ratio
in the AP co-cultures (Figure 22A). Interestingly, the indirect effect of
astrocytes on neurons, as explored via the addition of conditioned media,
produced a very different result. Neuronal monocultures, that received
conditioned media from control astrocytes, displayed increased viability
compared to untreated monocultures and monocultures exposed to
conditioned media from A astrocytes (Figure 22B). However, no difference
was evident in the neuronal monocultures that received EVs isolated from
control or AP astrocytes (Figure 22C).

These results demonstrate the distinct effects that astrocytes exert on
neurons depending on their physical or remote presence. Reactive astrocytes
are known to engulf dead cells more effectively compared to healthy
astrocytes, which would explain the viability measurements from the co-
culture analysis®*'. Furthermore, astrocytes secrete a wide array of classic
neuroactive molecules and hormones, as well as metabolic, trophic and plastic
factors***. The presence of AP deposits could potentially alter the type of
secreted factors, thereby modifying the effect of conditioned media on
neuronal monocultures.
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Figure 22. Astrocytes affect neuronal viability. Identification of dead cells using
TUNEL staining revealed a lower number of cell corpses in the AB-treated co-cultures
compared to the monocultures and control co-cultures (A). Addition of conditioned
media from control astrocytes to neuronal monocultures resulted in increased viability
compared to untreated neuronal monocultures and neuronal monocultures that
received AP-astrocyte conditioned media (B). No effect in viability was seen in
neuronal monocultures treated with EVs isolated from control or Ap-exposed
astrocytes (C).

Astrocytic AP inclusions interfere with neuronal
synaptic activity

One of many physiological roles of astrocytes in the human brain is to provide
support to neurons. Studies from ex vivo and in vivo models suggest that
synaptic activity is affected during AD progression®”. In the second part of
Paper 111, we aimed to evaluate the way in which direct or indirect presence
of astrocytes with AP inclusions can modulate neuronal function and
maturation. To that end, we analysed the electrophysiological properties of
neurons in our co-culture and conditioned media setups.

Both the physical and remote presence of astrocytes resulted in increased
synaptic activity of neurons, as measured by the frequency of excitatory post
synaptic currents (EPSCs) (Figure 23A). However, in the situation with
astrocytic A inclusions the effects were opposite when comparing direct and
indirect astrocytic contact. Neurons in co-cultures containing Ap-exposed
astrocytes displayed significantly decreased EPSC frequency, while neurons
that received AP conditioned media exhibited an increase, compared to their
respective control counterparts (Figure 23B, C). This comparison further
supports the differential effect of astrocytic AP inclusions on the physical and
remote tuning of neuronal activity.
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Figure 23. Synaptic activity is affected by AP inclusions. Addition of astrocytes or
astrocytic conditioned media increased the frequency of SEPSCs (A). Astrocytic AB
inclusions decreased the frequency of sEPSCs in the co-culture setup (B), while AB
conditioned media increased the frequency (C).

Astrocytes can store AP inclusions for an extended
period of time

Alzheimer's disease is a slowly progressive disease where the first
pathological changes in the brain are estimated to occur 15-20 years before
the first clinical symptoms emerge’**. The cellular mechanisms in action
during that period are not completely understood, but according to the amyloid
hypothesis, AP accumulation precedes the neurodegeneration”. The
interaction of astrocytes with AP pathology and their possible involvement in
AD progression has recently gained increasing attention??’. To that end, in
Paper IV we investigated how astrocytes respond to long-term intracellular
storage of AP.

Astrocytes with A inclusions were cultured for a total of 10 weeks (T2)
and compared with 1-week (T1) AP-exposed astrocytes. Quantification of
intracellular AP load revealed a significant increase in T2 astrocytes (Figure
24A). As the average number of astrocytes was decreased over time, this
finding is likely attributed to the phagocytic capacity of astrocytes to engulf
dead cells and consequently take over their AP deposits (Figure 24B).
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Figure 24. Increased intracellular AP levels in T2 astrocytes correlate with decreased
cell numbers. Quantification of AP load in T1 and T2 astrocytes revealed an increase
in the long-term cultures (T2) (A). However, further analyses of the quantified images
revealed a decrease in the number of cells included per image in T2 (B) (T1=1 week,
T2=10 weeks).

Previous studies suggest that astrocytes release truncated AP peptides that are
toxic to neurons’”'?!. The degradation process that leads to the secretion of
harmful fragments takes place in the lysosomal compartments. To establish
whether lysosomal number and cellular localization were affected by the long-
term AP inclusions, we analysed LAMP1 positive organelles in the astrocytes
at the two time points. We found that LAMP1 colocalized with A in both T1
and T2 astrocytes suggesting that, although the astrocytes successfully
confined the AP within the lysosomal compartments, they failed to degrade
the material (Figure 25A).

Notably, we observed an increased number of TNTs in AB-exposed T1 and
T2 astrocytes, compared to their control counterparts. Our staining revealed
an exchange of LAMP1 positive organelles between nearby cells (Figure 25B,
B1). However, unlike previous reports confirming the transfer of aSyn via
TNTs, we did not detect any exchange of AP via TNTs®.

Phalidin

Figure 25. Localization of AP and intercellular communication via TNTs. The AP
inclusions were surrounded by LAMP1 positive organelles, suggesting containment
within the cell’s degradation units (A). The astrocytes communicated with one another
via the exchange of LAMPI positive organelles through thin actin filaments known
as TNTs (B). Magnified TNT containing LAMP1 positive organelles (B1).
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Reactive astrocytes are characterized by altered biochemical and
morphological features®’. To better understand the way AP inclusions affect
the astrocytic reactivity, we quantified the levels of various proteins by WB.
The reactivity markers vimentin, GFAP and S1003 were equally expressed in
control and AP-exposed astrocytes at T1. However, after 10 weeks of culture
the levels had decreased in the control cells, but not as much in the ApB-
exposed cells (Figure 26).
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Figure 26. Astrocytes retain reactivity markers at T2. Quantification of WB data from
cell lysates isolated at T1 and T2 revealed sustained astrocyte reactivity at T2 as
shown by the higher levels of expressed reactivity markers such as vimentin, GFAP
and S100B (T1=1 week, T2=10 weeks).

The extended culturing time in combination with the presence of AP
inclusions led to abnormal mitochondria and swollen ER structures in Ap-
exposed T2 astrocytes (Figure 27). These findings correlate with previous
reports that propose A as a strong stressor for cells in general and astrocytes
in particular®®®.

display abnormal mitochondria (A) and swollen ER structures (B) that point to an
overall impairment of cellular homeostasis.
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Future perspectives

The work presented in this thesis aimed at providing insight into novel
therapeutic strategies for neurodegenerative diseases and the interplay
between key cellular players in AD progression. Even though we explored as
many aspects as time allowed us, there are always more things to be done and
more experiments to be run.

In Papers I and II, we showed how the CRISPR/Cas9 system can be
employed to target pathogenic mutations associated with early-onset
Alzheimer’s disease and Parkinson’s disease. The treatment protocol was
tested on human fibroblasts and HEK293T cells as a proof-of-principle study,
but it will have to be applied to a more relevant cellular type, such as human
neurons, to allow us to draw more appropriate conclusions. Neuronal cultures
could be established by using hiPSCs generated from individuals with these
mutations or from genetically modified, wild-type hiPSCs. In the case of aSyn
and the SNCA gene, it would enable us to study the effects of the treatment on
a deeper biochemical level as the levels of aSyn are undetectable in human
fibroblasts, both on the protein and the transcription level. Moreover, certain
pathological phenotypes, such as mitochondrial dysfunction and the
accompanied increase of ROS, are only detected in neuronal cells. Therefore,
the use of hiPSC-derived neurons would provide us with additional data to
better understand the outcome of genomic disruption.

To further extend our approach on a preclinical level, in vivo studies
involving mouse models that express human PSENI M146L or SNCA would
provide conclusive data regarding the effectiveness and specificity of our
gRNA design. In addition, it would enable us to evaluate the use of the
CRISPR/Cas9 system both as a prevention and a treatment strategy. Animals
could be treated either at an early stage, before the onset of disease pathology,
as a prevention study or at a later stage, after disease onset, as a treatment
study. Delivery of CRISPR components would need to be optimised and
different methods to the ones used in Papers I and II would have to be
employed. One such option could be to use adeno-associated viruses (AAVs),
which do not integrate to the host genome and allow stable expression of the
transgenes. However, AAVs have a limited packaging capacity of ~4.7
kilobases, which means that smaller variants of the Cas9 family will have to
be explored, such as SaCas9 that was used in Paper II. Inclusion of in vivo
models and successful application of our CRISPR/Cas9 approach can provide
a more complete body of work that would allow us to make broader and more
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concrete conclusions regarding the potential use of our approach in a clinical
trial setting.

In Paper I1I we explored the interplay between astrocytes and neurons and
the impact of AP pathology in this relationship. We generated a co-culture
system that allowed us to study the effects of astrocytes in neuronal synaptic
activity and analyse how AP deposits in astrocytes interfered with their
physiological functions. To evaluate the changes in synaptic activity, it was
important to generate hiPSC-derived neurons that were electrically mature and
could fire and propagate action potentials. Although our extended culturing
time yielded cells that resembled mature neurons, their RMP was still
significantly below the physiological value of -65 mV. Therefore, we would
have to improve this aspect of our in vitro model to resemble the
electrophysiological properties of mature human cells more accurately. This
might be achieved via the addition of growth factor cocktails in the culture
medium or culturing the cells on matrices that allow cellular development
within a 3D environment.

Furthermore, given the very different results from the addition of
conditioned media in neuronal monocultures, we could analyse the contents
of the media in more detail. The use of advanced techniques on these samples,
such as mass spectrometry, could provide clues to their mode of action.
Moreover, gene expression analysis of both astrocytic and neuronal
populations would offer valuable information regarding the way in which AP
alters cell behaviour and modulates synaptic activity.

Although astrocytes are the most abundant cells in the brain, microglia are
responsible for most of the phagocytosis and degradation that occur.
Therefore, we are currently working on establishing a tri-culture system of
astrocytes, neurons and microglia that will hopefully recapitulate the real-life
situation in a more accurate way. In fact, a previous study on this astrocyte-
microglia co-culture system from our laboratory suggested that microglia can
extract ingested material from the astrocytes that the astrocytes cannot process
properly®.

In Paper IV, we aimed to investigate how astrocytes process A inclusions
after extended culturing time. Based on our previous results that astrocytes are
poor at degrading oligomeric and fibrillar forms of AP, we sought to
understand the mechanisms behind their tendency to store A inclusions. Our
findings suggest a method of containment within lysosomal compartments
that potentially protects the cell from exposure to toxic forms of AB. Analysis
of the intracellular AP deposits via mass spectrometry would provide us with
more information regarding the condition of the AP peptides within the
inclusions, especially in terms of partial degradation and modifications.

A long-term goal with Papers III and IV is to set up an “AD model in a
dish” that mimics sporadic AD, which is suitable for our scientific questions
regarding cellular interplay and cell-to-cell disease propagation, instead of
focusing on familial mutations that induce pathology by overexpression of A3
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or tau”? !, Since APOE, one of the major sporadic AD risk factors, is

assumed to participate in the intracellular trafficking of AP, we plan to
evaluate the effects of different APOE genotypes using the co-cultures and
long-term exposure previously described. Astrocytes and neurons generated
from isogenic APOE hiPSCs, genetically engineered by the CRISPR/Cas9
system to produce four different genotypes (APOEe2/2, APOEe3/3,
APOEc4/4 and APOE knockout). Previously published data indicate that
APOE &4 astrocytes produce more AR compared to the other genotypes™'%.
However, the exact link between ApoE and neurodegeneration is still unclear.
Using such isogenic cell lines, we aim to investigate if different APOE
genotypes affect AP accumulation and degradation processes as well as to
evaluate their involvement in other AD-related pathological phenotypes.
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Popular science

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are the two most
common neurodegenerative disorders. Over the past decades, advancements
in healthcare and medicine have increased the life expectancy of humans.
However, this has also increased the cases of AD and PD that currently affect
millions of people worldwide. Unfortunately, patients with AD and PD can
only be offered treatments that manage a few of the disease symptoms, while
a cure or medication that slow down the disease progression remain elusive.

The main clinical feature of AD is cognitive impairment, presumably
caused by the death of neuronal cells in the brain. It is thought to be a slowly
progressive process that starts decades before the first symptoms emerge.
Several theories have been proposed regarding the way in which AD develops,
but the most prominent one is known as “the amyloid cascade hypothesis”.
According to this theory, there are two different proteins that are responsible
for the disease. One is the amyloid-beta (AB) protein and the other is the tau
protein, both of which are naturally found within several cell types of the
human body. For reasons that are still not very well understood, AP can start
to form aggregates that cannot be cleared from the brain, leading to the
formation of structures known as plaques. These plaques and smaller AR
aggregates affect the behaviour of the tau protein, which is important for the
stability of the neuronal network within the brain and leads to the
aforementioned cell loss.

One of the key aspects of the amyloid cascade hypothesis relies on the
different forms of AP present in the brain and how they are generated. They
derive from the processing of the amyloid precursor protein (APP) by an
enzyme called gamma-secretase (GS). Gamma-secretase cuts the APP into
several smaller proteins, among which is AP consisting of 40 amino acids
(AP40) and 42 amino acids (AB42). In its physiological state, GS ensures the
proper ratio of these two AP forms. The AB42 is more prone to form AP
plaques and is therefore considered more toxic compared to AB40. The ability
of GS to cut the APP in varying lengths comes from one of the four proteins
that compose it, namely presenilin 1 (PS1). The action of PS1 regulates the
generation of the different AP forms and is crucial to AD progression.

Mutations in the genes that express PS1 (PSENI) and APP (4PP) lead to
severe cases of AD that start at a young age (mainly between 35-60 years) and
can be potentially inherited. These early-onset cases only represent about 5%
of the total AD cases, while the rest are mainly attributed to old age. The

50



involvement of environmental and genetic risk factors that may contribute to
late-onset AD are still under investigation.

Although AD is closely associated with dementia, there is a lot happening
behind the scenes before that occurs. Within the brain and throughout the
entire nervous system, neurons coexist with several other cell types that all
have a role to play. Astrocytes are one of the most important of these cell types
and are responsible for a number of tasks that ensure maintenance of proper
brain environment and function. They take their name from the Greek words
“Gotpov, astron = star” and “kvtog, katos = cell”, owing to their characteristic
starshaped appearance. Astrocytes regulate the communication between
various cell types of the brain in general, and neurons in particular. However,
in the event of injury or when they sense irregularities in the brain
environment, such as the presence of AP plaques, they can quickly change
their behaviour (in order to protect the brain), by entering a so called “reactive
state”. This reactive state is accompanied by changes in the astrocytes’
appearance as well as in their protein expression. Astrocytes send signals to
nearby cells, alerting them about the existence of a threat but, at the same time,
they also try to contain the damage themselves. In the case of AP aggregates,
astrocytes sometimes find it difficult to break them up and therefore a lot of
AP (that they are unable to clear) ends up being stored within the cells. Perhaps
their inability to properly dispose the AP they consumed could be a key to
understanding how the disease moves from one cell to another and finally
spreads through the brain.

In a similar manner, PD is characterised by the accumulation of another
protein, known as a-synuclein (aSyn). This protein is present throughout the
brain, but is most commonly found in between communicating neurons.
Accumulation of aSyn aggregates leads to the loss of neurons in a specific
brain region. The symptoms of PD can range from mild sleep and smell
impairment at the early stages, to uncontrollable tremor and dementia at the
final stages. Most PD cases result from a combination of ageing and
environmental factors, whereas a small percentage is associated with
mutations in the gene that expresses aSyn (SNCA).

Although mutation-associated AD and PD cases only represent a small
fraction of the patients, studying them allows us to better understand the
mechanisms behind disease onset and progression. So far, treatment strategies
for both diseases are far from ideal and, therefore, we need to come up with
novel approaches, such as gene editing, to help the patients and their families.

The term “gene editing” refers to any modification that occurs to a specific
gene in a living organism. As difficult and futuristic as this may sound, the
recent discovery and adaptation of a certain defence system found in bacteria,
has provided us with a tool that can do just that. The CRISPR/Cas9 system is
in principle a tiny molecular pair of scissors that can be guided to any gene
and alter its sequence. The guidance is provided by a small piece of RNA
(guideRNA) that acts as a GPS signal, providing very precise coordinates, for
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the scissors to cut and modify. This tool is very simple to use and is already
being tested in clinical trials against diseases that lack a cure. Nevertheless, its
application entails risks that can be minimised by proper experimental design
and follow-up monitoring.

To that end, in Paper I, we used the CRISPR/Cas9 system to investigate if
we could target a specific mutation in the PSENI gene that leads to AD with
a very young age of onset, at an average of 43 years. One key characteristic of
this mutation is the increased ratio of AP42/40 seen in cells from these
individuals compared to healthy ones. Therefore, we obtained skin cells from
subjects with the PSENI M146L mutation and treated them with the
CRISPR/Cas9 system. Each individual had two copies of the PSENI gene,
one with the mutation (mutant) and one without (wild-type). Our goal was to
only modify the mutant copy without affecting the wild-type. Indeed, we were
successful at selectively targeting the mutant copy without causing any
damage to the wild-type. Furthermore, we saw a reduction in the APB42/40
ratio of treated cells that resembled the normal levels in wild-type cells.
Finally, we proposed a mechanism of how our treatment led to the reduction
of the ratio, suggesting that the CRISPR/Cas9 system practically minimized
the expression of the mutant PSEN! copy and allowed the wild-type form to
perform its normal function.

In Paper II, we modified our approach and evaluated the use of the
CRISPR/Cas9 system against PD, by targeting the expression of the SNCA
gene that expresses aSyn. Our idea was to lower the levels of expressed aSyn
and thereby avoid its accumulation. We utilised two different versions of the
CRISPR/Cas9 system as well as two different methods of delivering it inside
cells. We were able to successfully modify the SNCA gene in two different
types of cells from healthy individuals, albeit with a varying degree of
consistency. We then moved on to tailor our approach towards the SNCA
AS53T mutation that leads to PD at a young age and can be passed on to future
generations. As with PSENI, there are two copies of the SNCA gene in human
cells. One copy has the mutation, while the other does not. Although our
experimental design was able to modify the mutant copy, the efficiency of the
approach was not as high, compared to our previous attempts. Nevertheless,
we are still working on optimising the system and finding new ways to make
the most of this tool.

In Paper III, we looked into how neurons and astrocytes communicate
with each other by growing cells in a controlled setting in the laboratory. To
mimic the characteristics of an AD environment, we added A to the cultures
and monitored if and how that affected the interaction between cells. We were
able to show that the addition of AP altered the behaviour of astrocytes at the
point that they neglected some of their normal functions, such as providing
support and taking care of the neurons. Moreover, the effect of astrocytes on
neurons depended on whether they had direct contact with them or only
indirect, through molecules that they secreted. That aspect became clearer
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when we looked at neuron-to-neuron communication, conducted through the
transmission of electric signals. By measuring the signal exchange between
neurons, we could demonstrate that the presence of astrocytes interfered with
the exchange and that addition of AP further altered this interplay. Taken
together, this information could provide us with a better understanding of the
way in which astrocytes that carry AP inclusions could potentially participate
in the progression of AD.

In Paper 1V, we took our cell cultures one step further and explored the
mechanisms behind long-term storage of AP by astrocytes. As previously
mentioned, AD is a slowly progressive disease and the first symptoms appear
only 15-20 years after the process has already started. By culturing our
astrocytes with A for an extended period of time, we hoped to get some hints
of what happens between the time that the first AP plaques appear in the brain
and the first symptoms emerge and how astrocytes may be involved in this
process. We demonstrated that astrocytes did try to clear AP by engulfing it,
but were unable to break up the aggregates, even after very long time. Instead,
AP was stuck within certain cell compartments, called lysosomes, that are
meant to digest any material that ends up there. Also, the astrocytes seemed
to remain in a reactive state, which could potentially affect their other
activities, including interaction with neighbouring brain cells. Furthermore,
we found small changes in the molecules that the astrocytes secreted, which
also pointed towards an altered behaviour following AP exposure that kept
them distracted from their ordinary tasks. We believe that this project has
given us new insights into the early steps of AD.

Taken together, this thesis aimed to explore novel treatment strategies for
AD and PD as well as to contribute with knowledge into the mechanisms that
dictate AD progression in the hope of getting one step closer to finding a cure.
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