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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease, and it is the most common
form of dementia. AD is characterised by two main pathological hallmarks: the
accumulation of extracellular plaques, composed mainly of amyloid beta (Af3), and of
intracellular neurofibrillary tangles (NFTs) containing mostly hyperphosphorylated
tau aggregates. Most animal and cellular models to date have focused on fAD, and
recapitulate some key pathological features of AD. However, sporadic AD (sAD)
models, which are comparatively understudied, are less consistent, likely due to the
heterogeneity of sAD. Human induced pluripotent stem cell (iPSC) models provide
a promising approach to investigate patient-specific disease mechanisms; however, it
remains unclear whether iPSC-derived neurons from sAD patients retain clinically
meaningful features of the individuals from whom they originate.

The overarching aim of this thesis was to determine whether iPSC-derived neurons
from sAD patients capture donor-specific vulnerability to Alzheimer’s disease-relevant
pathological insults, and whether in vitro phenotypes relate to clinical measures of
disease severity in vivo. To address this, I investigated the effects of the two core
pathological hallmarks of AD—amyloid-3 oligomers and Tau preformed firbils—across
cellular, transcriptional, and molecular levels in a 13 sAD and one fAD patient lines
from the Deep and Frequent Phenotyping study.

First, I examined susceptibility to Af-induced neurotoxicity across 14 sAD
patient-derived cortical neuronal lines.  Af exposure induced dose-dependent
neurite loss and neuronal death across all lines, with significant inter-individual
variability. AB-induced neurite loss correlated with multiple clinical measures, such
as hippocampal volume, providing evidence that sAD iPSC-derived neurons can be
used to study individual levels of disease vulnerability.

To investigate mechanisms underlying differential susceptibility to Af, I performed
bulk RNA sequencing following A3 exposure in control and patient-derived neurons.
AB induced substantial transcriptional remodelling in both systems. In control

neurons, Af altered pathways related to synaptic function, neuronal projection,



and lipid metabolism. Despite strong transcriptional enrichment of cholesterol
biosynthesis pathways, genetic and pharmacological suppression of cholesterol
synthesis did not mitigate Af-induced neurotoxicity, although A exposure induced
lipid droplet accumulation. In patient-derived neurons, Af3 induced upregulation of
stress response pathways and downregulation of pathways related to cytoskeletal
organisation, axonal projection, synaptic function, and oxidative phosphorylation.
Although there were no transcriptional differences between resilient vs vulnerable
AD patients after AP insult, genes that were differentially expressed between both
groups correlated with cognition and multiple clinical measures—including cognitive
decline and amyloid and tau CSF biomarkers.

This study was then extended to investigating Tau in AD neurons. I show that
Tau protein levels are signficantly associated with Tau levels in AD brain and
cognition. Tau pre-formed fibril exposure induced neurite loss across patient
lines, which correlated with hippocampal volume and amyloid burden. Here,
I demonstrate that iPSC-derived neurons from sAD patients retain clinically
meaningful donor-specific features and capture inter-individual vulnerability to both

amyloid and Tau pathology, supporting their utility for modelling sporadic AD.
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Chapter 1

Introduction

1.1 Alzheimer’s disease

Alzheimer’s disease (AD) is the most common age-related neurodegenerative disease,
contributing to 60-70% of all dementia cases. It is estimated that about 57 million
people worldwide had dementia in 2021, a number that is expected to increase to 139
million by 2050, due to an ageing population [179, 3|. As such, the economic cost of
dementia was evaluated at about 1.3 trillion US dollars globally, and is expected to
double by 2030 [3]. These figures underscore the pressing need to improve diagnosis,
prevention and treatment of AD.

Alzheimer’s disease was first described by Alois Alzheimer’s in 1907, when a patient,
Auguste D., presented with memory impairments [15]. After her death, post mortem
histological studies revealed amyloid plaques and neurofibrillary tangles (NFTs) in
her brain [164]. Today, more than a century later, the causes of AD, and how to
cure it, are still unknown. In 2021 the first disease modifying therapy (DMT), the
monoclonal amyloid antibody Aducanumab was approved by the Food and Drug
Administration (FDA) in the United States (Biogen has now stopped producing it).
Until then, the only available therapies, which reduced symptoms of AD but did
not slow progression, were cholinesterase inhibitors (e.g. donezepil) and glutamate
regulators (e.g. memantine) [451, 27]. Two other amyloid antibodies have now been
approved by the FDA and the European Medical Association (EMA): Lecanemab in
2023 by the FDA and 2024 by the EMA, and then Donanemab in 2024 by the FDA
and 2025 by the EMA. These antibodies have been shown to reduce cognitive and
functional decline by 20-30% for people living with early AD [430, 479]. They can
have serious side effects, including amyloid-related imaging abnormalities (ARIA), a
temporary brain swelling that usually resolves over time. These clinical trials have

shown that near total removal of amyloid plaques in the brain is not enough to stop
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the progression of the disease completely, and there are currently many clinical trials
targeting other aspects of AD, including tau and neuroinflammation [194]. In fact,

in 2025 there were 182 clinical trials assessing 138 drugs [93].

1.1.1 Clinical features and neuropathology

Alzheimer’s disease is characterised by the progressive loss of memory and cognitive
functions. Furthermore, neuropsychiatric symptoms such as personality changes,
depression, aggression and psychosis, often occur early in the progression of AD,
and severely impact the quality of life of both the patients and their caretakers
[295]. Many clinical manifestations of AD overlap with other neurodegenerative
diseases, such as Frontotemporal dementia (FTD), vascular dementia (VD), and
dementia with Lewy Bodies (DLB), which poses a challenge when diagnosing AD.
Neuropathologically, AD is defined by the presence of amyloid plaques, which consist
mostly of amyloid beta protein (AS) (Figure 1.1) and neurofibrillary tangles (NFTs),
which consist mostly of hyperphosphorylated tau protein in paired helical filaments
(PHF)(Figure 1.2) [287, 236]. Apf and tau proteins will be discussed in more
detail in Section 1.3. These structures used to be visualised via chemical staining
methods such as Congo Red, Thioflavin S or silver staining, but are now mostly
visualised by immunohistochemistry using anti AS or tau antibodies. NFTs are found
intracellularly, in the soma and neurites of neurons, while AS plaques, which can be
diffuse or dense-core, are found extracellularly [287, 236, 252|. Diffuse plaques can
be found in the normal aged brain, while dense-core plaques are found mostly in AD
brains [419]. Other than these structures, AD brains also present with progressive
loss of grey matter, severe brain atrophy and enlarged ventricles compared with
healthy brains, though those features are not specific to AD (1.3) [109].
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Figure 1.1: Alzheimer Disease amyloid plaques Immunohistochemistry
of affected Alzheimer’s tissues using antibodies directed against AS peptides
demonstrates the presence of both diffuse (a) and dense core (b) senile plaques.
These dense core plaques are often associated with neuritic elements that can stain
filamentous tau and correlate with disease severity. Neuritic AD plaques are readily
observed using Bielchowsky silver staining (c¢) or Thioflavin S staining (d). These
stains can also label neurofibrillary tangles as shown by the arrowheads. The scale
bars are 40 um. Figure is adapted from [109] with no changes except formatting the
caption.
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Figure 1.2: Neurofibrillary Tangles. Neurofibrillary tangles develop from
intracellular pre-tangles containing misfolded tau and small tau aggregates to mature
NFTs containing bundles of cross-linked tau filaments before the neuron dies and
an extracellular ghost tangle (asterisk) remains. Silver staining (a) and Thioflavin S
(b) capture many mature tangles (arrows) and some pre-tangles (arrowheads) along
with amyloid plaques and tau neuropil threads. Development of NFTs from the
pre-tangles is more easily visualized using tau immunohistochemistry (c,d). This
allows the mis-localized somal tau to be distinguished readily from the bundles of
PHFs in NFTs in addition to the neuropil threads that can also be pronounced (d).
The scale bars are 40 pym. Figure is adapted from [109] with no changes except
formatting the caption.
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Three years before progression to AD One year before progression to AD At the time of first AD diagnosis

A
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Figure 1.3: Gray matter loss and brain atrophy in Alzheimer’s disease (A)
MRI images showing patterns of gray matter loss in a group of 30 subjects compared to
controls, shown at three different time-points in their disease: approximately 3 years
before progression to AD while carrying the diagnosis of mild cognitive impairment
(MCI), approximately 1 year before progression to AD while still MCI, and at the
time of the first AD diagnosis. The results show that atrophy starts in the medial
temporal lobes and fusiform gyrus at least 3 years before subjects reach a diagnosis
of AD, and then spreads to the posterior temporal lobes and parietal lobes, and
then by the time of the first AD diagnosis the pattern becomes more severe and
widespread involving the medial temporal lobe, temporoparietal cortices, and the
frontal lobe.L:left; R:right. (B) Gross Anatomy of Alzheimer’s Brain. Lateral view
of an Alzheimer’s brain can show widening of sulcal spaces and narrowing of gyri
compared to a normal brain. This may be more readily observed in coronal sections
as indicated by the arrowheads, and this atrophy is often accompanied by enlargement
of the frontal and temporal horns of the lateral ventricles as highlighted by the arrows.
Additionally, loss of pigmented neurons in the locus coeruleus is commonly observed
in the pontine tegmentum as shown with the open circle. None of these features is
exclusive to Alzheimer’s disease. Figure is adapted from (A) Whitwell et al. (2010)
[506] and (B) DeTure et al. (2019) [109]. Two figures were combined and the figure
title was changed accordingly. 9%



In 2011 the National Institute on Aging and Alzheimer’s Association (NIA-AA)
presented a research framework with recommendations for the diagnosis of AD
[11, 295, 441]. Since then, two updates, one in 2018 [210] and one in 2024 [209] have
been released. The 2011 report defined diagnostic guidelines for the definition of
symptomatic AD, namely mild cognitive impairment (MCI) and AD. In 2018, the
framework shifted to a biological definition of AD: AD should now be defined first
through the presence of neuropathological burden, while people are asymptomatic,
which later leads to the appearance of clinical symptoms. The presence of key
AD biomarkers via amyloid Positron Emission Tomography (PET) scans and
cerebrospinal fluid (CSF) are reflective of the existence of neuropathology, and can
be used to diagnose AD. Before the development of these biomarkers, formerly
diagnosing AD was only possible after postmortem analysis and identification
of neuropathological burden. In 2018, the NIA-AA group biomarkers into three
categories: Amyloid, tau and Neurodegeneration (Neurofilament Light) (AT(N)).
Since then, the most significant improvement in diagnostics has been in the
development and improvement in accuracy of blood-based biomarkers [209, 345],
which were integrated in the new framework, alongside biomarkers related to
inflammation (such as GFAP) [209]. These biomarkers are, as of yet, not used for
diagnosis in the UK, but are widely used in research. They group biomarkers in three
categories: first, biomarkers of AD neuropathologic change, which include Amyloid
PET and CSF phospho-tau markers (p-tau 217, p-tau 181, p-tau 231) (Core 1),
and tau PET (Core 2); second, biomarkers of non-specific processes involved in AD
pathophysiology, including neurodegeneration using CSF neurofilament light (NfL) or
structural magneto resonance imaging (MRI) and PET and inflammation (astrocytic
activation), using CSF GFAP; third, biomarkers of co-pathology, including vascular
brain injury, via infarction on MRI or CT, as well as a-synuclein copathology, using
asyn-SAA CSF levels (Table 1.1).

1.1.1.1 Correlation of A and tau biomarkers with cognitive decline

CSF AfS does not correlate well with cognitive decline, while p-tau concentration
correlated better (also in MCI). Consistent with this, tau PET is also a better
predictor of cognitive decline. Braak staging of tau propagation in the brain is based
on the predictive spread of NFTs throughout the disease, which correlates more
closely with disease severity [56, 58]. Nonetheless, A markers remain necessary
for the diagnosis of A3, as tau pathology is a feature of multiple neurodegenerative

diseases. Increasing evidence indicates that phopsho-tau 217 CSF levels are the best
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predictor of disease progression, compared to other p-tau species (p-tau 181 and
p-tau 231), and correlates well with amyloid pathology [26, 303].

Total tau (tTau), alongside neurofilament light (NfL), is considered a marker of
neurodegeneration [183] in various tauopathies, and has been shown to associate
with AS burden [302, 291, 434|, but does not correlate with tau pathology [127, 256].
Recently, tTau was reported to correlate with synaptic degeneration in MCI and
AD patients across two independent cohorts [434], further supporting its role as
marker of neuronal injury. Complementing fluid biomarkers, neurodegeneration
can be detected by assessing brain atrophy using structural MRI. Although brain
atrophy is not specific to AD, it correlates well with disease progression and cognitive
decline, and therefore offers a non-invasive and more accessible method of detecting

neurodegeneration to supplement the diagnosis of AD [142, 483].

Beyond amyloid and tau, a number of additional biomarkers have been shown
to associate with AD progression. Synaptic loss, which is one of the earliest
manifestation in AD can be detected with synaptic markers such as SNAP25 at
preclinical stages of AD [147, 304, 529]. Furthermore, glial fibrillary acidic protein
(GFAP), a marker of astrocytic activation, has been shown to correlate with
faster cognitive decline and progression severity [13, 40, 484]. Notably, Bellaver
et al. (2022) found that AS was associated with increased plasma phosphorylated
tau only in individuals positive for astrocyte reactivity (Ast+) [40]. Similarly,
microglial marker TREM2 was shown to associate with slower amyloid accumulation
[129, 308|, tau deposition and cognitive decline in A+T+ individuals [360], while
associating, alongside GFAP, with synaptic dysfunction [391]. Moreover, PET
imaging of translocator protein (TSPO), used as a proxy for microglial activation,
correlated hierachically with tau PET, following Braak-like staging. Furthermore,
the co-occurrence of Af, tau and microglia activation was the strongest predictor of
cognitive decline [354], suggesting that microglial activation is a key element linking

the effects of AS to tau spread, and to downstream cognitive decline.
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Intended use / | CSF Plasma Imaging
Biomarker

Diagnosis
A (A proteinopathy) — — Amyloid PET
T1 (phosphorylated and | — p-tau2l7 —
secreted AD tau)
Hybrid ratios p-taul81/A 342, Y%op-tau2l7 —

t-tau/AB42, AB42/40

Staging, progn

osis, and indicator of biological treatmen

t effect

A (ApS proteinopathy)

Amyloid PET

T1 (phosphorylated and | — p-tau2l7 —
secreted AD tau)
Hybrid ratios p-taul81/A 342, Yop-tau217 —

t-tau/AB42, AB42/40

T2 (AD tau | MTBR-tau243; MTBR-tau243; | tau PET
proteinopathy) other p-tau forms | other p-tau
(e.g., p-tau205); | forms (e.g.,
non-phosphorylated p-tau205)
mid-region tau fragments
N (injury, dysfunction, or | NfL NfL Anatomic MRI,
degeneration of neuropil) FDG PET
I (inflammation; astrocytic | GFAP GFAP —
activation)
Identification of copathology
N (injury, dysfunction, or | NfL NfL Anatomic MRI,
degeneration of neuropil) FDG PET
V (vascular brain injury) | — — Infarction on
MRI or CT;
WMH
S (a-synuclein) aSyn-SAA — —
Table 1.1: Alzheimer’s disease biomarkers (adapted from Jack et al., 2024 [209]).

1.1.2 Genetic and non-genetic aetiology

Alzheimer’s disease patients can be categorised in two broad subtypes: familial AD

(fAD), carrying a inherited, autosomal dominant mutation and sporadic AD (sAD),

without a clear genetic cause. fAD is generally early onset (EOAD, < 65 years old

[381]), more aggressive in its progression, but only constitutes about 1 % of cases [36].
Most sAD cases are late-onset (LOAD), though a subset of patients, about 10-15%,
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have been shown to be early onset 511, 348|.

1.1.2.1 Familial AD

fAD develops as a result of mutation in one of three genes: amyloid precursor protein
(APP), presinilin 1 (PSEN! ) and presinilin 2 (PSEN2 ). Mutations in the gene
coding for APP (chromosome 21) were first identified in 1991 [155, 76, 318|, followed
by mutations in PSEN! (chromosome 14) |67, 423, 459] and PSEN2 (chromosome
1) [390, 257] in 1995. The discovery that mutations in APP, of which Amyloid Beta
is a cleaved product, are found in fAD led to the amyloid cascade hypothesis, which
postulates that AS deposition in the brain is the initiating factor in the development
of AD [176]. This was strengthened by the fact that patients with Down Syndrome,
which is caused by a triplication in chromosome 21, have a high chance of developing
EOAD [512, 368]. Furthermore, the finding that PSENI and PSEN2 code for
subunits of v-secretase, which cleaves APP to generate Af peptides [104, 514], and
that mutations in both genes lead to the increased cleavage of APP into Af1-42
peptides, further supported this theory [117, 414].

Individuals inheriting mutations in APP and PSEN1 are guaranteed to develop AD,
while those with a PSEN2 mutations have a 95% chance [422]. The age of onset
of PSEN1 mutation carriers is generally around 40 years old while APP mutation
carriers develop symptoms in their fifties [316]. Furthermore PSEN1 mutation carriers
tend to exhibit faster cognitive decline than APP and PSEN2 carriers [394, 222|,
which tend to have a similar clinical symptoms and neuropathology as sAD [33, 327,
178].

1.1.2.2 Sporadic AD

There are no causative gene mutations in sAD, rather a mix of genetic and
environmental risk factors. Nonetheless, the heritability of sAD is high with twin
studies estimating it is over 60% [152]. The strongest genetic risk factor is the E4
allele of APOE, which codes for apolipoprotein E, a lipid transporter [407]. APOFE
has three alleles: E2, E3 and E4. The APOFE2 allele is protective against the risk
of AD, while APOFE/ increases the risk compared to APOFES, and decreases the age
of onset [91, 405|. Specifically, E2 decreases the risk by 4 [91, 380|, while having
one or two copies of E4 increases the risk by about 2-4 and 10-15 fold, respectively
[92, 450, 135] (Figure 1.4). The risk APOEJ confers varies depending on ethnicity,
with East Asian populations being the most vulnerable compared to Caucasians and

African populations [135]. Interestingly, despite African-Americans being at higher
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risk of AD, APOE/ confers much less risk compared to other ethnicities [182, 135].
Importantly, APOFE4 carriers are at greater risk of developing ARIA, and this has
led to the recommendation that genetic testing be done prior to the administration

of anti-amyloid drugs [214].

Despite this strong association with AD, the mechanisms by which APOFE alleles
confer different risk to AD remain unclear. However, recent evidence supports the
idea that the three alleles alter the biochemical properties of APOE, which changes
its receptor binding, its structure and downstream lipid metabolism, which then alter
disease mechanisms. For instance, an interesting case study reported that a mutation
in APOES3 (Christchurch mutation) conferred protection to AD in a woman with
a familial PSEN! mutation [22]. While most people with this mutation develop
AD in their mid forties, she only developed mild dementia in her mid seventies
[22]. Post-mortem analyses of this individual showed reduced tau accumulation and
neuroinflammation [418|. This mutation reduces APOE receptor binding to heparan
sulfate proteoglycan (HSPG), and another mutation in APOFES3 (Jacksonville variant)
[246|, which prevents APOE oligomerisation and promotes lipid metabolism, was
shown to reduce amyloid plaques and neuronal damage [264].

Clinical studies have suggested that APOFEJ accelerates disease progression [371],
potentially by accelerating brain atrophy, amyloid and tau deposition [447]. For
instance, a recent study in 12,000 participants showed remarkably earlier tau and
ApB positivity in cognitively unimpaired APOE) carriers than non-carriers, in a

dose-dependent manner (i.e. one or two alleles) [340].
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Figure 1.4: Percent free from Alzheimer’s dementia based on APOFE
status. Kaplan—Meier curves were generated from Alzheimer’s dementia cases
and cognitively unimpaired non-AD controls in the neuropathologically confirmed
group. Y-axis represents the percentage of persons with each APOE genotype in the
neuropathologically confirmed group who remained free from Alzheimer’s dementia.
X-axis denotes age at death for controls and age at onset of cases, while replacing
with age at death when age at onset was unavailable. Figure adapted from Reiman
et al. [380]. No changes were made except the figure title.

Genome-wide Association Studies

Genome-wide association studies (GWAS) have helped uncover other genetic risk
variants for AD [41, 213, 508]. Two of the most recent GWAS studies, conduced by
Bellenguez et al., and Wightman et al., identified 81 risk loci, 42 of which were novel
(Figure 1.5). These studies focused on European databases, and more recent GWAS
have started to address the lack of diversity issue by performing cross-ancestry
analyses, focusing on East-Asian populations [228] and African Americans [424],
which have revealed new associations in these ancestries. The most recent GWAS
cross-ancestry study identified 16 novel loci, underscoring the importance of diversity
in GWAS studies [509].

The potential genes identified in GWAS studies are related to cholesterol metabolism,
endocytosis, the immune system, and amyloid and tau tangle formation. Over 50%
of loci contain genes that are involved in microglial function [20, 41|, highlighting the
importance of glial cells in AD. Notably, one rare variant of MAPT (p.A152T) has
been associated with AD risk [90, 41|, as well as Parkinson’s disease and progressive

supranuclear palsy (PSP) [251, 221]. Whereas MAPT mutations are causative
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in several other tauopathies, none have been shown to cause Alzheimer’s disease
[363, 513]. Polygenic risk scores can be computed from the multiple risk loci identified
in GWAS studies, and provide information on the contribution of genetic factors
in the risk of AD. PRS predict AD with around 80% accuracy, and APOE4 is the
largest contributor to genetic risk [103, 431]. Furthermore, rarer gene variants have
larger effect sizes (Figure 1.5) than commonly occurring variants.

Extending on traditional studies, GWAS focusing on neuropathological endophenotypes
provide a complementary approach to traditional case—control GWAS by identifying
genetic variants associated with specific pathological features of AD. This study has
shown that some risk loci are selectively associated with distinct neuropathologies,
such as amyloid plaques, neurofibrillary tangles, or other non-AD-related pathologies,
while other loci do not associate with any measured pathology [420]. Another
approach is to measure cell-type specific PRS scores: one study measured the genetic
risk attributed to different cell types in two independent cohorts with 1457 and 2921
individuals, respectively. Cell-type PRS associated with distinct disease mechanisms:
astrocytes PRS associated with A diffuse and neuritic plaque, microglia PRS with
A neuritic plaque, NFTs, cognitive decline and microglia activation and excitatory
neuron PRS associated with PHF-Tau and A PET [519]. This study provides
further insight into how genetic risk converges on specific cellular pathways in AD

pathogenesis.
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Figure 1.5: Genetic architecture of AD/dementia highlighting fAD
mutations and 81 genome-wide significant loci. Genetic variants associated
with disease are often conceptualized along two dimensions—variant effect size and
population minor allele frequency. Highly penetrant mutations in APP, PSEN1
, PSEN2 that segregate with autosomal dominant AD are extremely rare and
have large effect sizes. Variants discovered by genome-wide associations are mostly
common to low-frequency with small effect sizes. To date, AD/dementia GWAS have
identified 101 independent AD-associated single nucleotide polymorphisms across 81
genome-wide significant (p < 5e-8) loci. The shaded area illustrates 80% power
to detect genome-wide significant association for variants at a given effect size and
population frequency between an effective sample size of 382,472 from Bellenguez
et al. (2022) (top) and 1 million (bottom), assuming 0.18 AD prevalence. Odds
ratios are reported on the absolute scale, with triangles indicating directionality for
APOEFE genotypes and rare variants with moderate-high SnpEff impact annotations.
Effect sizes for APOE genotypes and APP Ala673Thr were obtained from Reiman
et al.1 and Jonsson et al.,16 respectively. Labeled loci indicate candidate causal
genes prioritized by Bellenguez et al. (2022). Variant MAFs and APOE genotype
frequencies were obtained from the gnomAD global population (GRCh37 v2.1.1).
Figure adapted from Andrews et al. [20]. No changes were made to the figure.

o

1.1.3 Non-genetic risk factors of Alzheimer’s disease

Sporadic AD is caused by a combination of genetic and environmental risk factors.
In 2020, the Lancet commission on dementia published a report with the different
environmental risk factors to AD, which was updated again in 2024 [266]. The
commission presents 14 modifiable risk factors, the 2024 update adding 2 new risk
factors (vision loss and high cholesterol). They used the largest and most recent

worldwide datasets where possible, and used data from the HUNT study, which is
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a longitudinal study in 37,000 participants in Norway to estimate communalities
(i.e. the clustering of risk factors). Each risk factor has an estimated population
attributable fraction (PAF, i.e. the proportion of disease or death in a population
is due to a specific risk factor, combining the relative risk and the prevalence). The
14 risk factors are separated by early life (less education), midlife (hearing loss, high
LDL cholesterol, depression, traumatic brain injury, physical inactivity, diabetes,
smoking, hypertension, obesity, excessive alcohol), and late life (social isolation, air
pollution, visual loss), and they amount to a PAF of 45% (Figure 1.6). The largest
contributors are education (5%), hearing loss and high cholesterol (7% each), and
social isolation (5%).

The analyses focused, where possible on worldwide figures of prevalence, though
most large-cohort studies are still performed in high income countries and have
a higher proportion of Caucasian participants. Meta-analyses of risk factors
in specific countries have found different prevalences of modifiable risk factors

382, 250, 292, 4, 292].

The notion that these risk factors are manageable and preventable led to several
studies to establish the effects of lifestyle interventions, as well as guidelines, published
by the WHO |[2], for risk reduction of dementia. The US POINTER study, which
presented their results in July 2025, the UK APPLE-Tree study and the Finnish
FINGER study, have all reported that multidomain lifestyle interventions could

improve brain health and slow or prevent cognitive decline [29, 108, 324].
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Figure 1.6: Population attributable fraction of potentially modifiable risk factors for
dementia. Figure adapted from Livingston et al [266]. No changes were made to the
figure.

1.1.4 Heterogeneity in sAD

As discussed above, although AD patients are neuropathologically similar, there
is a large heterogeneity in both the rate of clinical progression and the clinical
manifestations of AD. The disease can manifest at very different ages (EOAD vs
LOAD), which can be due to APOE status and fAD mutations, among other factors.
EOAD is considered to be a more neuropathologically "pure" version of AD, while
LOAD often presents with copathologies. For instance 50% of AD patients also have
a-syn pathology [21, 388, 319|, which is associated with higher Ap load, APOE4
status and younger age at death [319].

It is important to separate the definitions of resistance and resilience to AD. Resistant
individuals are less susceptible to the development of age-related neuropathologic
changes. Resilience can be split into two categories: some individuals remain

cognitively unimpaired despite severe pathological burden (cognitive resilience (CR)
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or cognitive reserve), while others retain better than expected brain structure (i.e.
less brain atrophy) given a level of pathology (brain resilience (BR)) [306, 51, 186].
On the other hand, some patients have relatively low burden but quite severe

cognitive symptoms; those individuals are defined as vulnerable patients (Figure 1.7

).

Clinically, studies have found that women, and younger age were associated with
brain resilience to tau pathology [341], while higher education levels and cortical
thickness were positively associated with CR to tau pathology [341]|, and higher
education was also associated with CR to amyloid pathology [140]. Additionally, the
presence of copathologies significantly reduce CR [8, 319].

Several studies have studied the molecular basis of CR, looking at single cell and
bulk sequencing datasets. Using omics datasets from the ROSMAP cohorts, they
found that the presence of specific subtypes of parvalbumin and somatostatin
positive interneurons is associated with cognitive resilience [337, 74]. These studies
suggest that the excitatory-inhibitory balance is a measure of CR. Furthermore,
neuroinflammation, as described by increased astrocytosis was associated with lower
CR and higher tau pathology; and the genetic risk factor TMEM106B is associated
with increased A pathology but lower neuronal loss (i.e. it is associated with CR to
AD pathology) [337].

Taken together, these studies suggests that both environmental and genetic factors
contribute to an individual cognitive resilience. While environmental risk factors
can be managed and are, in part, preventable, genetic risk factors are not, and
understanding the molecular mechanisms that contribute to cognitive resilience
is essential to predict an individuals disease prognostic and determine treatment

strategies.
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Figure 1.7: ROSMAP cohort Braak Stages and Cognitive Scores Boxplot
of the ROSMAP cohort’s cognitive scores and Braak stages. Some patients
have unimpaired cognition at high Braak stages (Stage V) (cognitive resilience),
while others have severe cognitive loss with relatively low pathology (Braak Stage
I)(vulnerable). The figure was adapted from Dr. Becky Carlyle, and red circles with
resilient and vulnerable patients were added by me.

1.2 Amyloid Beta and Tau

1.2.1 Amyloid Beta: formation and disease mechanisms

1.2.1.1 Formation of Af

Ap is one of the products of the sequential cleavage of APP. APP is a transmembrane
protein [219], which can be cleaved in two pathways: 1) the sequential cleavage by
[-secretase and v-secretase first into soluble APPS and the membrane-tethered [c
fragment (CTFf), and then the APP intracellular domain (AICD) and A peptides
(i.e. amyloidogenic pathway) and 2) cleavage by a-secretase and then ~y-secretase into
soluble APP« and CTFq, followed by AICD and P3 peptides (i.e. non-amyloidogenic
pathway) [161, 433, 432, 77]. Af peptides can be between 37 and 49 amino acids

depending on the cleavage sites of 5- and y-secretases.
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1.2.1.2 Function of Ap

Physiological functions of AS include antimicrobial and antiviral properties [389, 53],
helping maintain blood brain barrier (BBB) integrity [28| (note: this is likely why
anti-amyloid drugs cause ARIA), and A5 may regulate synaptic activity [149, 312].

There are two main peptides of A5 used to describe AD: the primary peptide is A
1-40 and the second is AB 1-42; both are produced under physiological conditions
[115, 170]|. While both A 1-40 and AS 1-42 have the ability to aggregate, A5 1-42
monomers self-assemble into oligomers, protofibrils and fibrils, eventually leading to
the amyloid plaques found in AD brains [491, 524, 244, 77, 208]. Mouse and cell
studies harbouring fAD mutations have also demonstrated an increase in Ag 1-42
production [117, 81, 205], and in vitro studies have shown that a critical concentration
of AB 1-42 must be reached in order to trigger oligomerisation [329, 200]. In AD
patient CSF, there is a decrease of A 1-42 relative to AS 1-40 (AS 42:40 ratio),
due to decreased clearance and increased retention of AS 42 in amyloid plaques|293].
The studies suggest that an increase in A 1-42, either due to increased production
due to fAD mutations or due to impaired clearance mechanisms [293] leads to the
formation of AfJ oligomers and subsequent plaque formation.

A plaques were thought to be the neurotoxic species of A , given their presence
in post-mortem AD brains in regions with brain atrophy. However, studies showed
that A5 plaque correlated poorly with cognition [466]. It was later established
that soluble Af oligomers were likely the neurotoxic species, and correlated better
with cognition|5, 296, 272, 224, 331|. This was further supported by mouse studies
which showed that synaptic loss preceded AfS plaque formation [191, 313] and Ap
oligomer treatment caused tau hyperphosphorylation[217] and long-term potentiation
deficits[490| and neuronal degeneration [227, 217].

Several other mechanisms have been proposed to explain Af oligomer neurotoxicity.
A oligomers have been shown to act at the synapse, by binding to the cell surface
and disrupting calcium homeostasis [52, 527| and cause hyperactivity in glutamatergic
synapses [180], which causes synaptic dysfunction before the appearance of plaques
[538], as well as neuronal death [10]. The aggregation of AS at the cell surface
seems to be mediated by lipid rafts composed of sphingolipids and cholesterol
[168, 223|. Furthermore, AS oligomers were shown to decrease synapse number
[421] and increased oxidative stress [100] in an NMDAR activity-dependent manner,
by reducing calcium influx [421]. Finally, A5 oligomers were shown to cause

tau hyperphosphorylation [101, 527|, and cause the formation of NFTs in mouse
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models [258, 169]. These studies link the function of A$1-42 with subsequent tau
hyperphosphorylation and aggregation.

1.2.2 Tau proteins: function, aggregation, disease mechanisms

1.2.2.1 Physiological tau structure and function

The gene coding for microtubule-associated protein tau (MAPT, tau) is located on
chromosome 17, and has 16 exons [320]. Eight of them are alternatively spliced,
and in the adult human brain, 6 main isoforms are expressed, which arise from the
alternative splicing of exons 2, 3 and 10 [19, 159]. Tau has a microtubule binding
domain, and the inclusion of exon 10 leads to 4 microtubule binding repeats (4R
tau), while the exclusion leads to 3 binding repeats (3R tau), which affects the ability
of tau to bind microtubules. Furthermore, the inclusion of exons 2 and/or 3 lead to
0, 1 or 2 N-terminal inserts (ON, 1IN, 2N), which influence membrane interactions.
As such, the 6 tau isoforms are: ON3R, ON4R, IN3R, 1N4R, 2N3R and 2N4R tau
(Figure 1.8). The expression of tau isoforms is developmentally regulated: during
development, the foetal brain only expresses the shortest tau isoform: ON3R, while
the adult brain expresses all 6 isoforms [237, 458]. The ratio of 3R and 4R tau are
roughly equal, while the amounts of ON, 1N and 2N tau are about 37%, 54% and
9%, respectively [156].

Tau is highly expressed in the human brain, specifically in neurons, and found
mostly in axons [47], due to its interaction with microtubules (MTs). Tau
promotes microtubule stability, and allows for the rapid assembly and disassembly
of MTs, helping maintain and reorganise neuronal cytoskeletal structure [136, 280].
Furthermore, with the help of motor proteins kinesin and dynein, tau enables the
transport of organelles and vesicles up an down axons [113, 487|. Interestingly, tau
has also been shown to inhibit APP transport, leading to its accumulation in the
soma, suggesting a link between tau function and APP trafficking [444|. During
neuronal development, tau is highly phosphorylated and plays an important role in
axonal growth [525].

The MT-binding affinity of tau is tightly regulated by phosphorylation, and tau
has about 30-40 phosphorylation sites in the brain, most of which are found in
the proline rich and c-terminal region of tau and many of which are found in the
AD brain [174, 311, 173]. While several phosphorylation sites are associated with
tau pathology (discussed in Section 2.2.2.2), tau phosphorylation is an essential

component of physiological tau function.
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Other than its role in MT stability, tau has been found in small quantities in the
nucleus and in dendrites, where it may play a role in maintaining the integrity of
DNA [452], and synaptic function [294, 534, 229|.
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Figure 1.8: Alternative splicing of the human MAPT gene. The human MAPT
gene encodes for six brain-specific TAU isoforms based on alternative splicing of exons
2, 3, and 10. The TAU protein can be structured into four different domains: The
N-terminal projection domain, which projects away from the microtubules (MTs),
acts as a spacer and interacts with components of the plasma membrane. The
proline-rich region is involved in cellular signalling by interacting with Src-familiy
kinases such as Fyn. The MT-binding domain mediates MT polymerization and
stability, and the C-terminal region additionally contributes to MT polymerization
and TAU’s interaction with the plasma membrane. Figure adapted from Buchholz
and Zempel [62]. No changes were made.

1.2.2.2 Pathological tau structure and function

Disorders associated with the pathological aggregation of tau are collectively known
as tauopathies. Alternative splicing of exon 10 is of particular interest in the context
of tauopathies, as the imbalance of 3R:4R ratio leads to the aggregation of specific
isoforms of tau: 3R tau aggregates in Pick’s disease, 4R tau aggregates in PSP, CBD,
FTD with MAPT mutations and argyrophilic grain disease (AGD), and 3R+4R tau
aggregates are found in AD and in Primary Age-Related Tauopathy (PART). This
is exemplified in FTD, where mutations in exon 10 (P301S, P301L, S305), can cause
increased exon 10 inclusion [177, 54| , tau phosphorylation [499] , and increases the
propensity of tau to aggregate [305, 86, 130, 160]. Additionally, recent work using
cryo-EM has shown that tau adopts disease-specific conformations (tau fold) in AD
[139, 132], Pick’s [131], CBD [531], AGD and PSP [426], while PART tau has the
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same conformation as AD [425]. AD tau PHFs and single filaments (SF) consist of a
core of pairs of filaments comprising residues 306-378 on which 3R and 4R tau can

be incorporated to grow the filament [139].

As mentioned above, tau is phosphorylated under physiological conditions. However,
under pathological conditions, it becomes hyperphosphorylated (Figure 1.9),
which alters its MT binding properties and promotes MT disassembly, sequesters
other MAPs, including MAP1 and MAP2 and leads to the aggregation of tau
[18, 17, 16]. Similarly to AS, hyperphosphorylated tau monomers first aggregate
into oligomers, then preformed fibrils (PFFs), PHFs, before becoming NFTs [17].
Tau is phosphorylated by a number of kinases, including calmodulin-dependent
protein kinase II (CaMKII) [516], cyclic AMP-dependent protein kinase (PKA)
[216], glycogen synthase kinase-35 (GSK3p) 359, 356] and cyclin-dependent kinase
5 (cdk5) [358], which have all been associated with tau tangles in the AD brain.
Phosphoseryl/phosphothreonyl protein phosphatase-2A (PP-2A) is an enzyme that
dephosphorylates abnormal tau [495], and its expression and activity is decreased
in the AD brain [489, 460]. Furthermore, it is thought that its inhibition also
upregulates the activities of several phosphorylating kinases [496, 357, 470, 453, 43].
As mentioned above, several of these kinases have been shown to act downstream of
Ap (258, 169, 101, 527]. However, the presence of tau aggregates in other tauopathies
demonstrates that AS is not required for the aggregation of tau. Interestingly,
some phosphorylation sites are protective against aggregation [415, 206], and
pathological sites in the adult human brain are physiological in the developing brain
[60, 157, 290], suggesting that phosphorylation is not always pathogenic and sufficient

for its aggregation.

Mechanistically, tau hyperphosphorylation and aggregation leads to the mislocalisation
of tau to the soma, dendrites and postsynaptic sites, which leads to synapse
dysfunction and loss [189, 469, 455, 190, 499]. Furthermore, studies have shown
that tau aggregates act as seeds that can be taken up by cells and promote the
phosphorylation and aggregation of normal tau [143, 404, 166]; and this spread
seems to be conducted via synapses [82, 265, 119, 111]. The trans-synaptic spread
of tau could be due to the degeneration of neurons leading to presynaptic tau seeds
leaking and diffusing into the post-synapse, or to the release of seeds via exocytosis
or vesicles which are then taken up by the postsynaptic cell [498|. Though this is a

convincing mechanism to explain the temporal and spatial spreading of tau observed
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in AD [56], other mechanisms, such a microglial-driven spread of tau have also been
proposed (282, 492, 25, 259].
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Figure 1.9: Pathological tau phosphorylation sites and function in the
human brain (A) Phosphorylation sites associated with pathology: tau can be
subdivided into two major domains. The assembly domain in the carboxy-terminal
section comprises the repeat domains and flanking regions; this domain is responsible
for binding to microtubules and for tau aggregation. The projection domain is
the amino-terminal section that projects away from microtubules. The middle
region of tau (amino acids 151-243) is a Pro-rich domain that contains multiple
Thr-Pro or Ser-Pro motifs that are targets of proline-directed kinases such as GSK3/,
CDK5, MAPK and JUN N-terminal kinase (JNK). In Alzheimer disease and other
tauopathies, these and other motifs become hyperphosphorylated and thereby can be
recognized by several well-characterized tau phosphorylation-dependent antibodies
(for example, AT8, AT180, AT100, 12E8 and PHF1). Mutations of tau are mostly
clustered in or near the repeat domains. (B) Graphical representation of tau functions
in (left) physiological conditions and (right) pathological condition. Figure is adapted
from Wang and Mandelkow [498]. Images from two figures were combined and caption
was adapted to match these changes.
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1.3 Animal models of Alzheimer’s disease

Numerous rodent models of fAD, and to a lesser extend sAD have been developed.

In this section, I will only focus on a few of the most relevant or commonly used ones.

1.3.1 Familial AD models: Focus on replicating AD pathology

Several mouse models of AD have been developed by transgenic introduction of
fAD mutations in APP [192], PSEN1 [80, 117| and PSEN2 [197]. Mice carrying
single mutations in APP develop amyloid pathology and cognitive impairments;
PSEN1 mutant mice exhibit severe neuronal loss preceding amyloid deposition,
though do develop amyloid pathology eventually; and PSEN2 mice do not develop
A pathology, but do show cognitive impairments and increased A(1-42. As such,
while transgenic mice with single mutations in A PP are commonly used, PSEN1 and
PSEN2 models are not. fAD mice expressing several fAD mutations were developed
to cause more severe amyloid pathology and cognitive impairments [187]. A very
commonly used model is the 5XFAD mouse, which carries three different APP and
2 different PSENI! mutations [332], which develop AD-related phenotypes earlier
than most other mouse models. For instance, amyloid aggregates are seen after 1.5
months and plaques after 2 months vs 4 and 9 months for mice with one mutation in
PSEN1 and APP [212].

However, while these mice recapitulate amyloid pathology and some exhibit tau
hyperphosphorylation [220, 87, 240|, they do not develop tau pathology. This has
led researchers to either cross mice with tau mutations associated with FTD (P3018S,
P301L) with fAD mice or introduce a double mutations in tau and APP and/or
PSEN1 to cause the formation of amyloid plaques and NFTs. For example, the
3xTg-AD mouse has a PSEN1 , an APP and a P301L MAPT mutation, and develops
amyloid deposits after 6 months, plaques after 12 months and tau aggregates after
12-15 months [335, 37]. These models support the idea that while Ag pathology
occurs prior to tau pathology, both AS and tau exacerbate each other’s neurotoxic
effects. Mouse models expressing both tau and fAD mutations, such as the 3xTg-AD
mouse or an APP/Tau P301L mouse [258], develop earlier and more severe Af and
tau pathology than when the mutation is present alone [37, 258, 362|. Furthermore, as
discussed previously, AS1-42 fibril injection into a P301L mouse caused the formation
of NFTs [169] and AS oligomers were also shown to cause tau hyperphosphorylation

[101, 527|. On the other hand, several studies in mouse models have reported that
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dendritic tau increases Af toxicity at postsynaptic sites by stabilising NMDAR and
increasing downstream glutamate release [207, 387|. However, it is worth noting that
the fibril composition in these mice resembles FTD pathology more closely than AD
tau pathology.

Therefore, later studies in mouse models with APP/PS1 mutations and expressing
WT human tau are important to study AD pathology in a more physiological manner.
One study showed that introducing WT human tau into a A PP mutant mouse induced
tau pathology that resembled AD tau pathology,[475]|, others showed decreased
synaptic function and increased hyperactivity, which was rescued by lowering tau
expression [361, 386] and another showed that human tau increased amyloid plaque
size, but not Af-mediated synapse loss [211]. Furthermore AS-induced impairments
of long term potentiation (LTP) was dependent on the expression of human tau
[429, 481]. These studies suggest that, at least in rodent models, human tau is

required to cause tau pathology.

One of the disadvantages of these transgenic mouse models, is that the overexpression
of the APP transgene leads to the overproduction of other cleaved products that
may have downstream actions that are unphysiological [399]. A solution to this
problem is to develop knock-in models, where the mouse APP is replaced with
a humanized APP carrying fAD mutations [399]. Crucially, these models exhibit
higher levels of A(42:40 without overexpressing APP. In some of these models,
amyloid deposition can be seen after 2 months, with plaques seen around 4 months
[400], and accumulation of microglia and astrocytes is visible near plaques [500].
However, while some models exhibit cognitive impairments, such as deficits in spatial
learning after 8 months[399|, most had intact memory until up to 15-18 months of
age [399, 500, 400|. Furthermore, while one APP model was shown to have increased

tau hyperphosphorylation, no model exhibited tau pathology [184].

1.3.1.1 Knockout mouse models

Knockout (KO) of genes involved in AD allow researchers to determine whether
removing or reducing the expression of these proteins is protective against AD. The
conditional KO of APP[278|, PSEN1 [523| and PSEN2 did not prove particularly
beneficial: they led to cognitive deficits [446, 298] and impairment in synaptic
transmission and LTP [446, 298, 523|, and even neurodegeneration [409]. However,
in mice carrying APP mutations, conditional KO of PSENI! and PSENZ2 and
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B-secretase (BACEL) did lead to rescue of AD phenotype by reducing A production
[408, 193]. BACEL reduction was beneficial when deleted after early development
[193], exemplifying that the localised and partial removal or reduction of AD-related

proteins can be beneficial, but that the timing is important.

Tau KO mice (Mapt -/-) have been used to elucidate tau-dependent mechanisms
in neurodegeneration. Four different Mapt -/- mouse models elicited no cognitive
deficits, learning or memory impairments, though did exhibit age-related motor
deficits. These mice did have decreased MT density in axons, though they showed
normal axonal development [175], which was likely due to a compensatory mechanisms
via the upregulation of MAP1A [175, 474, 145, 98|, though this was relevant only in
early development . Other Mapt -/- mice have shown an impairment in maturation
and neurite length in primary neuron cultures [474], and more recent work has
reported deficits in neuronal firing of excitatory neurons and alterations in the
axonal initial segments (AIS) in cortical slices [75|, which is supported by some
[6], while others report conflicting results {429, 481|. The inconsistencies in some
of the effects of Mapt -/- is likely due to the genetic background used as well as
other experimental variations: for instance, the improvement of LTP due in Mapt
-/- seen by Shipton et al (2011) [429], occurs in response to Af insult, and this
was reversed by the expression of humanised tau in tau KO mice [481]. Similarly,
mouse Mapt -/- studies have shown that the removal of tau protected primary
neurons from Af -induced cytotoxicity (via AS injections, or in APP/PS1 mice),
rescued working memory deficits, microtubule disassembly, synapse loss and cell
death [45, 527, 254, 330, 230, 526, 377|. Two studies directly contradict these results,
and show that tau is not required for ApS-driven toxicity, and in fact, Mapt -/-
induced axonal degeneration in an APP/PS1 mouse [369, 99]. Nonetheless, there is

significant evidence suggesting a protective effect of tau depletion in AD.

1.3.2 Mouse models of AD genetic risk factors

There have been efforts to establish mouse models of LOAD, which in part have been
led by the consortium for Model Organism Development and Evaluation of LOAD
(MODEL-AD) [333]. As such, multiple models have been developed with alterations
in key risk variants; for example one model which expresses the TREM2 R4TH risk
variant and APOE4 (LOAD1) [238], and another with TREM2 RATH + APOE/
+ human APP (LOAD2) [239]. LOADI1 demonstrated no amyloid deposition or

cognitive impairments at 24 months, though they had altered cytokine levels and
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changes in glycolysis [238]. LOAD2, on the other hand, demonstrated neuronal loss,
elevated Af42 and behavioural deficits on some cognitive tasks at 16 months [239].
Another TREM?2 RATH mouse model showed myelin damage, and when crossed with
5XFAD mice, showed a sex-dependent increase in plaque deposition in female mice,
as well as increased Af levels [473]. This female-specific TREM2 effect has been
shown in TREM?2 deficient mouse models as well as in TREM2 R47TH mice crossed
with the PS19 tauopathy mouse [106, 410].

Recently, an elegant method for studying the roles of different APOFE alleles
was developed: The APOFE4/APOE?2 switch model. Mice express APOE4, until
Cre-recombinase activation switches to the expression of APOE2. At the single-cell
RNA level, switching to APOFE induced the most changes on glial and endothelial
cells.  When crossed with 5XFAD mice, an astrocyte-specific shift to APOE2 led
to a decreased in amyloid plaques, reduction in microglial activation and improved
memory [162]. A microglia specific shift, however, did not elicit any changes
in amyloid pathology, though it improved myelination, lessened microgliosis and

reduced astrocytic lipid droplets [328].

1.4 1PSC-neuronal models of Alzheimer’s Disease

Mouse models are particularly useful in elucidating disease mechanisms in wvivo.
However, there are biological differences between mice and human, as exemplified by
the aforementioned differences in the induction of tau pathology with WT human tau
vs murine tau in fAD mouse models. Furthermore, mice express 3R tau during foetal
and neonatal stages, while in adulthood, they only express 4R tau [458], as opposed
to the 6 isoforms seen in humans. Therefore, it is important to complement the work
in murine AD models with human cellular models to investigate disease-mechanisms
that may be human-specific. Until recently, it was exceedingly difficult to study
neurodegenerative disease in human models, and most of the research came from
post-mortem brains. While these studies have been and still are essential to studying
AD, they only allow for insights at a single timepoint, often when substantial
neurodegeneration, atrophy and pathology has developed. While embryonic stem
cells have been used in some studies, there are ethical concerns to using human
oocytes and embryonic stem cells. In 2007, Yamanaka and Takahashi created
induced pluripotent stem cells derived from human skin fibroblasts, and subsequently
from blood samples, by overexpressing four transcription factors: OCT4, SOX2,
MYC and KLF4 [456, 457|.
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This discovery provided the opportunity to study neurodegenerative diseases
in human neurons derived from individuals who have the disease, with the
disease-associated mutations or genetic predispositions, and compared them with
healthy human cells. This was previously completely inaccessible without invasive
surgeries. Furthermore, while neurons largely do not proliferate, iPSCs do, which
also allows for large scale studies, or the differentiation into different cell types, such
as cortical neurons [532, 427], dopaminergic [243] neurons, as well as microglia [171],
astrocytes [465] and oligodendrocytes [123]. The differentiation and maturation
process can be mediated by small molecules such as growth factors, extracellular
matrix components, and signalling molecules. These protocols are based on the
developmental biology of various neuronal lineages. Another strategy is to induce
differentiation via the expression of specific transcription factors, such as, in the
case of the cortical neurons used in this thesis, the expression of NgN2 [532]. The
neurons produced from iPSCs mature into electrophysiologically active cells, that
express neuronal markers specific to the subtype and developmental stage. As such,

iPSC-derived neurons (iNeurons) have been used to study Alzheimer’s disease in vitro.

Furthermore, iPSCs can be genetically modified to, for instance, correct a mutation of
interest, creating an isogenic control (i.e. a cell line with the same genetic background
except for the corrected mutation), or to modulate the expression of a specific gene.
In this regard, clustered regularly interspaced short palindromic repeats-associated
protein 9 (CRISPR/Cas9) technology [445] has often been used in iPSCs to model
specific disease pathways [88, 378, 277|. Tt is used in Chapter 4 of this thesis.

CRISPR/Cas9 technology originates from bacteria, in which the CRISPR-cas system
provide adaptive immunity [276, 30]. The CRISPR-Cas system is composed of
CRISPR RNAs (crRNA), which serve as guides in a complex with trans-activating
RNA (tracrRNA), a small RNA that is essential for the maturation of crRNA
from pre-crRNA to mature crRNA, as well as with Cas proteins [107, 61]. The
CRISPR-Cas9 protein is a dual-RNA-guided endonuclease that uses a guide sequence
inside an RNA complex made from a trans-activating RNA and CRISPR RNA
(tracRNA:crRNA) to introduce site-specific double-strand breaks (DSB) in a specific
DNA target sequence [218, 107]. The RNA complex (tracRNA:crRNA) was then
engineered into a single guide RNA, in which the guide sequence can be modified
so that Cas9 targets any DNA sequence of interest. DNA target recognition

requires both base pairing to the crRNA and the presence of a protospacer motif
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(PAM) adjacent to the ctrRNA on the DNA target sequence [218]. This system was
subsequently used successfully in iPSCs, where RNA-guided Cas9 introduced DSBs,
which are then repaired by non-homologous end-joining [378, 277].

A modified CRISPR system was then developed where an endonuclease-deficient
Cas 9, which contains two mutations (dead Cas9 or dCas9) was used. This system
is able to interfere with DNA transcription, therefore repressing a gene of interest
without introducing a DSB (CRISPRI) [370, 79|. More recently, the CRISPR system
was further modified to allow for the activation of genes (CRISPRa) [181]. These
technologies have allowed researchers to regulate genes in control or patient-derived

iPSCs that are associated with AD disease mechanisms.

1.4.1 Familial iPSC models of Alzheimer’s disease

The first iPSC models of AD were generated from fAD patients carrying PSEN1
and PSEN2 mutations, and showed that fAD cortical neurons secrete more A(
and have a higher AS 42:40 ratio than healthy controls, thus demonstrating that
iNeurons replicate AD-relevant features [518|. Importantly this was replicated in
multiple independent studies with various PSEN mutations, and isogenic controls
reversed the increased A production observed [260]. iNeurons harboring fAD APP
mutations exhibit similar phenotypes, with an increase in secreted A[342:40 ratio and
furthermore, exhibited increased p-tau and total tau compared to controls [205], which
has also been observed in PSENI AD lines [260]. When CRISPR/Cas9 was used to
lower APP levels down to WT levels, the increase in A342:40 and also in p-tau and
tau was reversed. The increase in A secretion and p-tau observed in AD patient
neurons is also seen in iPSC neurons derived from patients with Down Syndrome,
who carry a third copy of Chromosome 21, and therefore APP [428|.

Multiple studies have also reported deficits in endosomal pathways in both APP
and PSEN! -mutation carriers: AD neurons with APP mutations exhibit greater
and larger endosome accumulation, deficits in lipoprotein endocytosis and mitophagy
deficits [205, 233, 134], and those with PSEN1 mutations show defects in mitophagy,
autophagy, ubiquitin-proteasome and endo-lysosomal pathways [284, 285, 260, 504,
249]. Furthermore, increased oxidative stress and damage, as well as DNA damage,
apoptotic pathways and cell death [284, 336, 504, 520| were observed in PSENI
neurons, and impaired mitochondrial dynamics was more severely affected in PSEN1
and PSEN2 neurons than APP neurons [275].
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1.4.2 Sporadic Alzheimer’s disease

Several of these phenotypes have also been observed in neurons derived from sAD
patients, though less consistently. sAD neurons have been shown to release more
Af and have increased p-tau levels compared to controls [334, 205]. Furthermore,
larger endosomes [205] and defects in mitochondrial function, oxidative and ER
stress|233, 48|, as well as in activity-induced calcium release [116] have been observed

in some but not all SAD patient lines, highlighting the heterogeneity of sAD patients.

The effects of AD risk genes such as APOFE4 have also been modelled in hiPSC-derived
neurons. APOFE4 neurons have been shown to release more A and have higher tau
phosphorylation than APOE3, and also had defects in endosomal and mitophagy
pathways [262]. APOEJ astrocytes show impaired Af clearance, and increased
cholesterol, while APOE4 microglia exhibited less A phagocytosis [262]. When
corrected to an K3 allele, these phenotypes were rescued. Furthermore, knocking
out APOF led to phenotypes similar to the E2 and E3 lines, suggesting that the
deleterious effects of the APOFE4 genotype are due to a gain of function of APOFE
[494].

Several SORL1 variants have been identified in AD GWAS, including in patients
with EOAD [364]. SORLI1-KD iPSC-derived neurons had reduced levels of APOE
and clusterin (CLU), as well as an increase of A5 and pTau levels. The expression
of SORLI significantly associated with levels of APOE and CLU in 50 iPSC derived
neurons and AD brains from the ROSMAP cohort [247].

1.4.3 Exogenous A and tau treatment in iPSC-derived
neuronal models

Importantly, neither fAD nor sAD neurons in 2D cultures present with endogenous A8
or tau aggregation. As such, another strategy is to mimic AD brain pathophysiology
by treating iNeurons with extrinsic A5 or tau aggregates, and study their effects in
cultured neurons. A summary of these studies is found in Tables 1.2 and 1.3.

AfS oligomer treatment was shown to cause LTP impairment [69, 68|, cell death
[517, 322, 482, 24|, neurite loss [385, 326, 141|, synaptic vesicle density reduction
[326], synapse loss and EPhys dysfunction [323]. While some studies have reported
that fAD neurons are more sensitive to ApS-induced toxicity, others reported no
difference [334, 323]. Furthermore, work from our lab in Mapt-/- iNeurons showed

that tau depletion reduced Ap-induced hyperactivity, axonal transport deficits and
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neurodegeneration [323], which is consistent with studies conducted in rodent models
discussed in section 2.3.1.1.

Furthermore, glycosylated CLU has been shown to exacerbate Af neurotoxicity,
which was rescued by CRISPR/Cas9 KD of CLU [385, 141]. Af has also been
shown to induce transcriptomic and proteomic changes in hiPSC neurons: one
study compared the effects of A on APOE2 and APOE3 neurons, showing
that while APOFE2 neurons exhibited increased expression of inflammatory and
chemotaxis-related genes [435|, while another reported proteomic alterations in
control and fAD (APP VT717I) neurons, related to proteasome and presynaptic
vesicles [398]. These studies demonstrated that modelling AD pathology with ApS
oligomers insult replicate findings in rodent models discussed in section 1.3, such as

impairment in LTP, neuronal activity and synapse loss.

Most of the work investigating extrinsic tau PFF insult in hiPSC neurons has
focused on whether tau PFF could be internalised and seed aggregation in neurons.
Many groups have reported that the expression of FTD mutation that increase
the aggregation propensity of tau in both iPSC neurons and in the extrinsic
tau aggregates used is necessary to induce tau phosphorylation and aggregation
[353, 486, 485, 150]. Nonetheless, a few studies have shown that full length 2N4R
tau aggregates are internalised by mneurons, though one study reported better
internalisation of monomers and oligomers than fibrils [476|, while another shows
that oligomers and fibrils accumulate more quickly, and have different mechanisms
of internalisation than monomers [286]. Furthermore, recent work demonstrated
that the type of tau insult and the genetic background of the iNeurons is important
when evaluating the effects of tau PFFs: they showed that AD brain-derived tau
induced more aggregation in wild-type ON3R neurons than in neurons carrying an
FTD mutation in MAPT (P301S + exon 10+16 mutations), while treatment with
P301L fibrils only elicited aggregation in the F'TD neurons. Importantly, they showed
no aggregation in tau KO neurons in response to treatment, demonstrating that
endogenous tau expression is required for aggregation to occur [281]. Furthermore,
cortical inhibitory (Somatostatin +) neurons were shown to be more vulnerable
to AD brain-derived tau than hippocampal neurons [501]. One group studied the
effects of tau derived from P301L mice on fAD (PSENI L435F) iNeurons, and
demonstrated that fAD neurons take up more tau than control neurons, they do not
show differences in survival [332].

Multiple studies have reported endosomal and autophagy dysfunction after tau
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PFF seeding [353, 501, 485, 476], and that stimulating autophagy reduces tau-PFF
effects [485, 476]. Furthermore, tau PFFs induced impaired neuronal activity and
calcium release, and neuronal activity was shown to promote tau propagation [353],
which supports the work in rodent models that reported tau spread via synapses
[82, 265, 119, 111].
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Model /

Cell type mutation Insult Main findings Reference
WiPSC AB42 oligomers induced LTP Caneus et al.,
Control ApB1-42 impairment, rescued by AD
neurons . 2024
therapeutics
hiPSC Compound screen identified a Cdk2
Control ApB1-42 inhibitor that reduced Ap-induced Xu et al., 2013
neurons
cell death.
hiPSC 3 A B was more toxic in glutamatergic | Vazin et al.,
neurons Control Ap1-42 than GABAergic neurons. 2013
hiPSC AgB from APP751 A c.aus.ed redgced Ves1<.zle cl}lster Nieweg et al.,
Control density in neurites and impaired
neurons mutant cells . . 2015
glutamatergic synapse function.
. A.ﬂ 1742, tau All insults impaired neurite length
hiPSC oligomers, APP or . . . . Canneus et al.,
Control . and LTP induction without causing
neurons tau mouse brain 2020
cell death.
extract
Induced transcriptional changes,
hiPSC Control AD brain-derived with JAK/STAT Colom-Cadena
neurons Ap immune/inflammatory pathways et al., 2024
most significantly affected.
hiPSC Control and CLU Clusterin knockout reduced Robbins et al.,
neurons KO Ap1-42, AB25-35 AS-induced neurite loss. 2018
CLU exon 2 KO altered CLU
hiPSC Control and CLU AB25-35 trafficking and protected neurons Foster et al.,
neurons exon 27/~ from Af toxicity; ECM genes 2022
downregulated.
Ap induced proteomic changes
hiPSC fAD (APP ABL 42 involving proteasome, vesicle Sackman &
neurons VT717I) pathways, ribonucleoproteins, and Hallbeck, 2020
increased p-tau S208.
e oo | ) s vl s KL it
neurons (PSEN1 A246E) W v MW | 2017
than sAD neurons.
hiPSC 13 sAD, 1 fAD AB1-42, AB25-35, N.euronal Ap release correlated
. with CSF Af; synapse loss Ng et al., 2022
neurons (APP) AD brain Af - L .
correlated with clinical severity.
APOE3 neurons showed no major
hiPSC APOE E2/E2 ABL-42 pathway changes, while APOE2 Soladogun &
neurons and E3/E3 neurons upregulated inflammation Zhang, 2025
and chemotaxis pathways.
. Increased Af release, p-tau, and
hiPSC fAD (PSEN1 ) . ’ Do Ochalek et al.,
eUTOnS and SAD ApB1-42 GSK3B activity; reduced viability 9017

compared with controls.

Table 1.2: hiPSC neuron models used to study AfS toxicity.
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Model /

Cell type mutation Insult Main findings Reference
Seeding caused endogenous tau
. aggregation, endolysosomal i
hiPSC MAPT P301S K18 P30LL tau dysfunction, and impaired neuronal Parra-Bravo et
neurons PFFs .. . . al., 2024
activity. Neuronal activity promotes
tau propagation
Control, MAPT AD brainderived AD brain tau induced more
hiPSC P301S exon taw. 2N4R P301L aggregation in WT neurons, while Manos et al.,
neurons 10-+16, PH’FS P301L PHFs induced aggregation only | 2022
MAPT~/~ in P301S/E10+16 neurons.
Monomer and aggregate uptake via
hiPSC 2N4R tau d1§t1nct pathways; LRP1 associated Marvian et al.,
Control monomers, with monomer uptake. Aggregates
neurons . . . . 2024
oligomers, fibrils accumulated more rapidly; oligomers
caused some cell death.
Control, hetero- Early 4R tau expression in S305
hiPSC and neurons. ON isoforms internalised
. Bowles et al.,
neurons and | homozygous 6 tau isoforms faster by astrocytes. RNA seq of 9024
astrocytes MAPT S305 neurons/astros ID mutation specific
mutations changes
Cortical inhibitory neurons were more
hiPSC AD brain-derived susceptible to tau aggregation than Weilding et al.,
Control ) :
neurons tau hippocampal neurons; tau seeding 2025
caused endosomal dysfunction.
. Increased ATS8 signal and aggregation
hiPSC MAPT P301L K18 P30LL tau two weeks post-seeding; reduced by Verheyen et al,
neurons PFFs 2015
autophagy enhancers.
No baseline aggregation. Mutant
hiPSC Exonl0+16 £+ K18 + P301L tau ne‘ﬂms showed increased apoptosis, Verheyen et al.,
neurons P301S MAPT | PFFs Ca™ bursts, and lysosomal pH 2018
changes. K18 P301L seeds induced
aggregation only in P301S neurons.
Monomers and oligomers were
hiPSC FL 2N4R talll mternahsed,. but not fibrils. Oligomers Usenovic et al.,
Control monomer, oligomer, | caused neurite loss, cell death, and
neurons . . 2015
fibril aggregation; autophagy rescued
oligomer burden.
hiPSC fAD (PSENI | tau seeds from o ig%;‘f{geaitf&sgfzrsoﬁwei}fjjffr Oakley et al.,
neurons L435F) MAPT P301L mice JpLaxs W 2021
survival differences.
Tau mutants showed increased 4R tau,
hiPSC MAPT N279K, K18 fibrils p-tau, and electrophysiological Garcia-Leon,
neurons P301L, E10+16 activity; K18 fibrils induced 2018

aggregation and ATS8 increase.

Table 1.3: hiPSC neuron models used to study tau pathology.

As discussed above, the development of iPSC-derived neuronal models has

allowed for the study of human neurons in vitro, from patients with the disease of

interest. Nonetheless, there are important limitations to these models. Namely, the
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reprogramming of fibroblasts or PBMCs into iPSC resets the biological age of the
cells, meaning that, despite lengthy differentiation protocols, the neurons studied
are in many ways fetal-like, which is an important consideration when modelling an
age-related disease like AD. Furthermore, cell culture models lack the complexity,
cellular diversity or vasculature of a human brain, and due to these limitations,
iPSC-derived neurons do not exhibit any endogenous tau or Af aggregation.
Although cocultures with glia and neurons, 3D cultures and organoids have started

to address some of these limitations, these models remain overly simplistic.

Nonetheless, the work described above has demonstrated that these models are
incredibly valuable when studying neurodegeneration, and there have been great
strides in establishing reliable models of fAD, and to a lesser extent, sporadic
AD. However, iNeurons derived from sAD patients do not consistently reproduce
AD-related pathological phenotypes. This is not surprising, given sAD patients, as
opposed to fAD patients do not carry mutations that directly increase AS production.
Recent work, including from our lab, has asked whether iPSC lines derived from sAD
patients reflect the clinical measures of the patients they originate from. One study
reported that 53 iPSC lines derived from LOAD patients from the ROSMAP cohorts
had A and p-tau levels that correlated with AS and tau brain pathology, and that
there was a high congruence between the iNeurons and the AD brain transcriptomic
and proteomic signatures [245], and they observed a similar congruence between
iPSC-derived astrocytes and AD brain [248]. Similarly, work from our group showed
that sAD neurons from the Deep and Frequent Phenotyping cohort (more details in
section 2.4.4) secreted A542 and AS40 levels which were correlated with CSF levels.
We also reported that sAD patient lines exhibited different levels of vulnerability
to extrinsic A insult, as measured by synapse loss and this correlated with clinical
measures of the patients. Furthermore, iPSC-derived astrocytes from the same cohort
were split in two groups based on their release in CSF of the astrocytic activation
marker YKL-40, and the two groups exhibited different morphological changes in
response to Af insult, which was also associated to their APOE genotype [395].

These studies demonstrated not only that iPSC-derived patient lines replicate
key pathological features of the patients they originate from, but line-specific
vulnerability to Af insult also correlated with patient clinical metrics. The work
presented in this thesis will further investigate this question using iPSC-derived

neurons from the Deep and Frequent Phenotyping study cohort.
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1.4.4 The Deep and Frequent Phenotyping study

The Deep and Frequent Phenotyping (DFP) study is a multicenter study in
which patients with MCI were recruited through existing databases. Frequent,
repeated measures including cognitive tests, cerebrospinal fluid (CSF), PET imaging,
structural and functional MRIs and MEG were collected [242]. A pilot study with
20 patients was first conducted to assess the feasibility of this study design. iPSCs
were reprogrammed from PBMCs of 14 patients in the pilot study, which are used
in experiments described in this thesis. These include 13 sAD patient, and one
fAD patient, which was later found to carry an autosomal dominant APP mutation
(accordingly, this patient’s iNeurons released more Af 42 than the other 13 sAD
patients [322]).

The DFP study has several aims. On the clinical front, it is one of the most detailed
study of its kind. Although many biomarker studies exist, most only used established
measures such as structural imaging or known biomarkers, which are taken relatively
infrequently [124, 384, 502|. The DFP study aims to use the varied and frequent
measures described above to address the challenges of diagnosing prodromal AD by
identifying novel biomarkers.

The experimental branch of the DFP study aims to combine the in-depth, clinical
measures described above to cellular phenotypes of iNeurons derived from the same
patients, to establish whether individual patients can be modelled in wvitro (See
study design in Chapter 1: Figure 3.1, A). The iPSC work is conducted by several
groups, which focus on both neuronal and glial cells, although my work, which is
presented here, was conducted on cortical neurons. I aim to continue the work started
with DFP iPSC cohort, focusing on both the role of AS and tau in patient-specifc

vulnerability.

1.5 Aims of the thesis

1. Investigate the effect of Amyloid Beta (AS ) oligomers on neurite outgrowth,

and whether it reflects clinical measurements of donor lines.

2. Examine transcriptomic differences in sAD lines in response to A oligomer
insult in order to identify what pathways contribute to the vulnerability

spectrum observed in sAD patient lines.
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3. Explore the effect of tau preformed fibrils (PFF) treatment on various cellular

phenotypes, and whether it reflects clinical measurements of donors.
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Chapter 2

Materials and Methods

2.1 Deep and Frequent Phenotyping (DFP) study

The DFP study protocol was previously described in great detail in Koychev et al, but
will be summarised below [242|. This study took place in 8 recruitment centers across
the UK. It is a non-interventional, observational and repeated measures study design,
which included 250 male and female participants. A pilot took place beforehand to
test for feasibility, and, of this pilot cohort, 14 patients donated PBMCs to make
the iPSCs used in this project. The recruited participants were between 56 and
82 years old, 5 females and 9 males, and they had prodromal AD — determined by
presence of cognitive impairment and AD pathology but absence of dementia. AD
pathology was measured using CSF and PET methods and by using controls that
had no cognitive impairment or pathology. All participants went through cognitive
testing, which included the Mini Mental State Examination (MMSE), National
Adult Reading Test (NART), Clinical Dementia Rating (CDR), Alzheimer’s Disease
Assessment Scale-Cognitive Sub-scale (ADAS-cog), Bristol Activities of Daily Living
Scale (BADLS), Hopkins Verbal Learning Test (HVLT), and the Clock Drawings
Tasks 1 and 2 (CLOX1 and CLOX2). MEG recordings (8/14 participants), amyloid
PET imaging with [18F] AV45 (0-60 min, 150 £+ 24 MBq; 10/14 participants) and
tau PET imaging [18F]AV1451 (0-120 min, 163 £+ 10 MBq, 9/14 participants) were
done once. CSF collection via lumbar puncture was collected twice, 6 months apart,
and the measurements were averaged for downstream analyses (12/14 participants).
A[1-42 was measured by electrochemiluminescence by using a Meso Scale Discovery
panel probing for A51-42 with the 6E10 antibody. Total tau (tTau) and phospho
tau at Threonine 181 (pTaul81) were measured via enzyme-linked immunoassays
(ELISA) using the INNOTEST (Fujirebio Europe). An MMSE Score loss rate to

measure cognitive decline was determined by dividing the difference in MMSE scores
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before first visit and symptom onset by the number of days since both visits. Brain
volume was measured at one timepoint for 13/14 patients using MRI.The individual
measurements of the patients were not included for confidentiality reasons, however,
the mean and range of each measure are described below.

Imaging measures:

Cortical amyloid PET (SUVR) had a mean of 1.43 (range: 1.18-1.63). PET tau had
a mean of 1.23 (range: 0.91-1.44). Global MEG recording had a mean of 0.97 (range:
0.94-0.99). Volumetric measures Total brain volume had a mean of 1,436,259.35
(range: 1,200,153.50-1,673,699.00). Hippocampal volume had a mean of 2651.86
(range: 2140.33-3554.75). Corrected hippocampal volume had a mean of 0.00186
(range: 0.00150-0.00244).

Cognitive measures:

MMSE score had a mean of 25.29 (range: 22-29). ADAS-Cog had a mean of 15.57
(range: 3.5-23.5)

CSF biomarkers:

CSF AP 1-42 had a mean of 298.54 pg/ml (range: 164.00-450.00 pg/ml). CSF Ap
40 had a mean of 5740.83 pg/ml (range: 4069.63-8956.72 pg/ml). CSF A{ 42:40
ratio had a mean of 20.41 (range: 12.75-28.55). CSF total tau had a mean of 753.40
pg/ml (range: 250.56-1232.76 pg/ml). CSF p-tau 181 had a mean of 89.14 pg/ml
(range: 39.95-140.45 pg/ml). CSF p-tau:t-tau ratio had a mean of 0.123 (range:
0.099-0.160).

2.2 hiPSC culture

The cell lines used in this project included 13 sporadic AD iPSCs lines and 1 familial
AD line from the DFP cohort, as well as i3 iPSCs (i3s). The iPSCs were obtained
from peripheral blood mononuclear cells (PBMCs) of Alzheimer’s Disease patients
recruited through the DFP study and the PBMCs were reprogrammed using Sendai
virus, and described previously [322]. Genomic stability of the iPSC lines was checked
by karyotyping and SNP array analysis after the last passage before banking. The
line IDs are found in Table 2.1.

The i3 line is derived from the WTCI11 parental human iPSC line. WTCI11 is a
well-characterised iPSC line reprogrammed from fibroblasts of a healthy adult male
donor (UCSFi001-A; RRID:CVCL_Y803). The i3 line was engineered from WTC11
by stable integration of a doxycycline-inducible NGN2 cassette in Michael Ward’s
lab at the National Institute of Health and the protocol described below was based
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on their published protocol [137, 532, 493].

The cells were maintained in an incubator at 37°C and 5 % CO,. The iPSCs were
plated in mTeSR with ROCK Inhibitor (ROCKi) (1 pM, Tocris Bioscience) and 1 %
P/S (Life Technologies) on hESC-qualified 6-well plates for the DFP iPSCs and T75
flasks for the i3s, coated with Matrigel (Corning) or Geltrex (Thermo). ROCKi was
removed the next day and media was changed daily. iPSCs were colony-passaged
according to confluency using EDTA and replated (1:3-1:6 depending on the
proliferation rate of the cell lines). The cells were then frozen down in freezing media
(embryonic stem cell grade fetal bovine serum (ES-FBS) and 10 % dimethyl sulfoxide
(DMSO)) or used for experiments.

Table 2.1: DFP cohort iPSC line IDs

Patient 7 iPSC ID

927 BPC-927 03-01
928 BPC-928 03-07

929 BPC-929 03-07
932 BPC-932 03-03
933 BPC-933 03-12
934 BPC-934 03-02

936 BPC-936 03-07
937 BPC-937 03-01
939 BPC-939 03-01
940 BPC-940 03-08
943 BPC-943 03-03
944 BPC-944 03-04-01A
946 BPC-946 04-10
947 BPC-947 04-09

2.2.1 Transduction and expansion of DFP iPSCs

All 14 lines of iPSCs were plated on Matrigel-coated 6 well plates. Once confluent,
the cells were passaged using StemPro Accutase Cell Dissociation Reagent (Gibco).
They were replated on 6-well plates at 125,000 cells/cm? in mTeSR with ROCKi and
transduced with lentivirus carrying plasmids for Neurogenin-2 (Ngn2) overexpression
(NgN2 and rtTA). The multiplicity of infection (MOI) varied depending on the patient
line and had to be optimised for each patient line, but ranged from MOI=4 to MOI=8.
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Since the lentiviruses do not express a fluorescent marker, transduction efficiency was
determine by inducing differentiation with doxycycline and observing what proportion
of cells differentiated successfully.

To create stock, the cells were colony-passaged once 1:6 using EDTA and frozen
down in freezing medium once confluent. Excessive passaging was avoided to prevent

non-specific differentiation or loss of insertion of the Ngn2 cassette.

2.3 Differentiation of iIPSC-derived cortical neurons

2.3.1 DFP iPSC lines

Cells were plated in mTeSR with Rocki on 12-well plates coated with poly-ornithin
(PLO) (100 pg/mL) plus laminin (10 pg/mL) (Merck). Both PLO and laminin
coatings were incubated O/N at 37°C. Before laminin was added, PLO was aspirated,
the plates were rinsed 3x with UltraPure water and left to dry in the hood.
The cells were plated at 60,000-120,000 cells/cm? depending on the proliferative
potential of the cell line. For neurite tracing assay, the cells were transduced with
a doxycycline-inducible Ngn2-GFP virus at a concentration of 0.04 pL per 100,000
cells [185] (pLV-TetO-hNGN2-eGFP-Puro). In both cases, the media was changed
5 h later with Ngn2 maturation medium. The cells were selected with puromycin
(1.5ug/mL) 2 days later, and replated on the plate format needed for experimental
assay on Day 4. The details of the differentiation protocol and media composition
can be found in Figure 2.1 and Table 2.2. For most experiments, the cells were
replated onto a confluent layer of rat cortical astrocytes (Thermo Fisher) in half-area
96 well plates coated with Poly-D-Lysine (PDL, Thermo). The replating density
depended on the assay. Rat cortical astrocytes were introduced to improve neuronal

health and morphology, and cell attachment for imaging experiments.
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Figure 2.1: Differentiation of iPSC derived cortical neurons from the DFP cohort

2.3.2 13 iPSCs

The differentiation protocol into i3 neurons is similar to the protocol described above
to differentiation the DFP cell lines, as they both use an NgN2 inducible system
and is depicted in Figure 2.2. i3s were maintained as iPSCs in mTESR until the
desired amount was reached to start differentiating. At that point, on Day 0, the
cells were lifted with Accutase, added to a conical tube containing KO-DMEM (Life
Technologies) and spun down at 400 g for 5 min. They were plated on T75 flasks
coated with Matrigel, at a density of 10 million cells, in induction medium (+ Rocki,
10 uM ). The cells were fed daily with induction medium and Rocki was removed on
Day 1. For coating of final experimental plates, stock solutions of polyethylenimine
(PEI, Sigma) in Borate buffer (20 pL/mL) or PLO (1 mg/mL) were diluted 1:10
in UltraPure water and added onto plates O/N at 37°C. On Day 1, PEI/PLO was
removed and the plates were rinsed 4 times with water, and left to dry at RT. On
Day 2, the plates were coated with Matrigel and left at 37°C O/N.

On Day 3, the cells were lifted with Accutase, spun down at 300 g for 5 min before
being replated on their experimental plates in maturation media + Rocki. The
cells were then half-fed twice a week. To avoid peeling, neurons plated on 384 well
plates were fed using the CyBio Felix robot (Analytic Jena). Media composition are
described in Table 2.2 and cell densities for specific experiments will be described in

their respective sections.
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Figure 2.2: Differentiation of i3 iPSC derived cortical neurons

2.4 Rat cortical astrocytes maintenance and culture

For expansion, rat cortical astrocytes were plated on T75 plates and fed every 4 days
with Astrocyte Growth Medium (AGM). When confluent, they were passaged 1:7
with using StemProTM AccutaseTM Cell Dissociation Reagent (Gibco), grown to
confluency and frozen down in AGM + 10 % DMSO.

For assays, astrocytes were plated on PDL-coated half area 96-well plates at a density
of 20,000 cells/cm?. Cortical neurons were plated on top 7 days later, a confluent
monolayer of astrocytes had formed. Once neurons were plated, the cells were fed

with Ngn2 maturation media.Media composition is described in Table 2.2
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Table 2.2: Composition of Basal Media

Basal Media Composition

Neurobasal medium + 10 ng/mL NT3 supplement +
1X B27 (with vitamin A) supplement + 1 pg/mL

Ngn2 Maturation Medium  Doxycycline + 1X Glutamax + 10 ng/mL BDNF -+ 200
ng/mL Laminin + 200 gM Ascorbic Acid + 50 ug/mL
P/S

DMEM with high glucose and pyruvate + 15 % FBS +

Astrocyte Growth Medium 50 p1/mL P/S + 4mM L-glutamine

F12 DMEM with 5 mL P/S, Glutamax, N2,

i3 Induction Medium Non-essential Amino Acids + 2 uL/mL Doxycycline

BrainPhys media with 1X B27, 10 ng/mL NT3 and

i3 Maturation Medium BDNF, 50 uL/mL P/S, 1 pL/mL Laminin

2.5 Lentiviral production

2.5.1 Transformation of competent bacteria

The guides were designed in SnapGene, assembled and sequence-verified by Dr. Maria
Claudia Caiazza, as described previously [71], and the sequences are found in Table
2.4. Ultra competent bacteria were mixed with the guide DNA and spread on Agar
plates (Invitrogen) with ampicillin (Sigma, Aldrich, 100 pg/mL). The plates were
incubated overnight (O/N) at 37°C, after which a colony was picked and added to LB
broth with ampicillin (Invitrogen). The bacteria were then left to shake for 8 hours
(h) at 250 RPM at 37°C. Then, 50 mLs of LB broth was spiked with 50 pLs of the
bacteria, and left to shake O/N at 250 RPM at 37°C for MIDI prep. The culture was
spun down at 3500 RCF for 10 minutes (min) at 4°C, and the DNA was extracted
and purified from the pellet using the ZYMO Midi prep kit (Zymo). After elution,

DNA concentration was measured using the Nanodrop.

2.5.2 Lentivirus production

Lenti-X HEK293T cells were plated on PLO-coated 15 c¢m dishes. The cells were
transfected the next day. The plasmids and CRISPRi vectors used are described in
Table 2.3. A tube containing 2.4 mL Optimem (Life Technologies) and and 30 uL
Lipofectamine 3000 (Life Technologies) was added to a tube containing Optimem, 9
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g psPAX6, 3.4 ug pMD2G and 1.4 pug pAdVantage packaging vectors, 80 pL. P3000
and 39 ug of the lentiviral vector. It was incubated for 20 min before being added
dropwise to the HEK cells. The next day, the medium was changed. Two to three
days later, the virus was harvested and concentrated. The media is collected and
spun down at 500 x g for 10 min. Except for the NgN2-GFP virus, the viruses
were concentrated using the Lenti-X concentrator according to the manufacturer’s
instructions (Takara Bio). Briefly, the spun-down supernatant is mixed with the
Lenti-X concentrator 3:1, mixed by inversion, and incubated at 4°C for 3 days. The
samples were centrifuged at 1500 g for 45 min at 4°C. The supernatant was removed
without disturbing the pellet, and the pellet was resuspended in 360 uL of PBS and
stored at -80°C in 12 pL aliquots. The Ngn2-GFP virus was simply filtered with 0.45
uM steriflip filter (Merck) , then aliquoted and frozen down.

2.5.3 Lentiviral titration

2.5.3.1 Ngn2 and rtTA viruses

The lentiviruses were titrated using a Lenti-X p24 Elisa Kit according to the
manufacturer’s instruction (Takara Bio). Briefly, lysis buffer was added to each
well, followed by the standard curve, supernatant and culture medium samples
in their respective wells, and incubated at 37°C for 1 h. After this and each of
the following steps the contents of the wells were aspirated and washed 5x with
wash buffer. Anti-p24 antibody was added to the wells, incubated for 1 h at
37°C. Streptavidin-HRP was added and incubated at RT for 30 min. Substrate
solution was added to each well and incubated in the dark at RT for 30 min. The
reaction was stopped by adding Stop Solution, after which the absorbance at 450
nm was measured. Since NgN2-GFP was not concentrated, the virus was tittered
on iPSC-derived neurons transduced at Day 4. A transduction efficiency of 1 % was
optimal for the purposes of the experiments, and this was achieved by freeze thawing
the aliquots once before use (to reduce the titer) and transducing with 0.2 uL per
500,000 cells.

2.5.3.2 CRISPRI guides

The lentiviruses carrying the non-targeting (NT) plasmids or the guides targeting the

genes of interest were titrated on i3 neurons by serial dilution. The virus was diluted
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in 1:4 in PBS and was added to neurons in volumes of 1500, 1250, 1000, 750, 500, 250,
200, 100, 50 nL. The neurons were transduced upon replating on Day 3. 48 h later,
HCS NuclearMask Far Red was added (1:250) and incubated for 15 min at 37°C. The
cells were then washed once with PBS, before adding fresh media and live imaging.
The transduction efficiency was then determined by looking at BFP colocalisation
with HCS NuclearMask Far Red. The guide sequences are found in Table 2.4.

Table 2.3: List of plasmids used and their functions.

Plasmid Vector number Function

psPAX2 Addgene, #12260 Second generation packaging
vector

pMD2.G Addgene, #12259 VSV-G envelope expressing
plasmid

pAdVantage Promega, #E1711 Second generation packaging
vector

rtTA Addgene, #19780 Express Transactivator

(FudeltaGW-rtTA)

Ngn2 Addgene, #52047 Doxycycline-inducible

(pTet-O-Ngn2-puro) expression of Ngn2

Ngn2 Addgene, #79823 Doxycycline-inducible

(pLV-O-hNgn2-eGFP-Puro) expression of GFP

Table 2.4: CRISPRIi guides

Target Guide number Guide sequence

SREBP1 Guide 1 GGAACCAGGGAGGCTCGGTG
Guide 2 GGCGCCTTGACAGGTGAAGT

SREBP2 Guide 1 GCCGGCACCGCCTCACCGAC
Guide 2 GTGACCCTGGGAGACATCGA

Non-targeting Guide 1 GTCCACCCTTATCTAGGCTA
Guide 2 GGACTAAGCGCAAGCACCTA

2.5.4 CRISPRi knockdown in i3 neurons

The i3 iPSCs are also stably integrated with a CAG-promoter driven dCas9-BFP-KRAB
transgene, which allows for rapid CRISPRi mediated knockdown (KD) of genes of
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interest [471].

For all CRISPRi experiments, the cells were transduced with 0.375 uL. of virus per
well on Day 3, upon replating (12,000 cells per well). The media was fully changed
the next day to remove viruses and Rocki. The cells were then grown as described
above. KD was confirmed by qPCR.

2.6 Cell viability assay

Cell viability was measured using ToxiLight Bioassay Kit (Lonza), which measures
the amount of adenylate kinase (AK) in the cell medium. At the end of A5 and
tau treatments, cell medium was collected from wells and AK detection reagents was
added 1:5. After a 5 min incubation at RT, the plate was imaged on the Pherastar
Plate Reader. Each plate was run twice and the values for each well were averaged
and normalised to blank wells (Water + AK reagent).

2.7 Amyloid Beta peptide oligomerization

Lyophilised A 1-42 and treatment control scrambled AS 1-42 (Bachem, H-1368 and
H7406) were resuspended in 1mM Hexafluoro-2-propanol (HFIP, Merck). They were
vortexed for 30 sec then incubated for 1 h at RT, until the liquid looked clear and
the AS was fully resuspended. The peptide was then aliquoted 20uls aliquots. An
additional 50 uL. of HFIP was added to each aliquot, left to evaporate, then another
20 pul. was added and left to evaporate. They were then dried in the Speed-Vac
concentrator for another h to ensure complete evaporation of the HFIP. The A film
was stored at -80°C.

To oligomerise, the peptides were first resuspended in DMSO to 5 mM and sonicated
in a water bath at RT for 10 min at 20 Hz amplitude, with pulses of 10 sec on, 5 sec
off. PBS was then added to 100 uM solution and the peptides were incubated at 4°C
for 24 h. The next day, they were centrifuged at 16,000 g for 10 min at 4°C to remove

any precipitate or fibrils, then aliquoted and frozen at -80°C until treatment.

2.8 Tau preformed fibrils production

The Tau preformed fibrils were made by Dr. Nora Bengoa-Vergniory. Recombinant
human tau (2N4R 441) was obtained from the Oxford Protein Purification Service.
Monomer (2 mg/ml) was incubated in Sodium Acetate 100 mM pH 7.0 (Sigma),
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0.04 nM Heparin (Sigma), and 2 mM DTT (ThermoFisher) for 28 days at 37 °C with
continuous shaking (250 rpm). Fibrils were sonicated (20 % amplitude and 0.25 cycle
duty until optimal fragmentation) to yield short fibrils (around 50-100 nm average
size). Morphology was verified by TEM in the Microscopy service of the University
of the Basque Country. PFFs were aliquoted, and frozen at -80 °C to avoid freeze

thawing.

2.9 Lipid droplet visualisation with BODIPY

Lipid droplets were measured using the BODIPY 493/503 dye. The cells were first
incubated with NucBlue, a live nuclei stain (2 drops per mL of media) for 15 min
at 37°C. Then, BODIPY dye was added to the cells without removing NucBlue at a
concentration of 1:500 for 15 min at 37°C. Control wells were treated with the same
concentration of DMSO, the solvent for BODIPY. After that the cells were washed
gently 3 times with PBS, before adding fresh media. Immediately after, they were

live imaged on the Opera Phenix.

2.10 Immunocytochemistry (ICC)

Cortical neurons were fixed in 4 % PFA for 5 min for synapse staining, 20 min for all
other staining. They were permeabilized in 0.05 % saponin in PBS for 20 min and
blocked with 10 % normal goat serum (NGS) or donkey serum (NDS) with 0.01 %
Tween-20 (Merck) in PBS for 1 h. They were incubated O/N at 4°C with primary
antibodies in PBS with 1 % NGS and 0.01 % Tween-20 . The next day, they were
washed with PBS 3 times, then incubated at RT for 1 h with secondary antibodies
in PBS with 1 % NGS or NDS and 0.01 % Tween-20, before washing 3 more times
with PBS. All primary antibodies used are described in Table 2.5. All secondaries
were goat or donkey Alexa Fluor antibodies (488, 555 or 647, 1:1000, Thermofisher).
Dapi (Sigma) was added to secondaries as well (1:10000).
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Table 2.5: Primary antibodies

Antibody Concentration Species Supplied
Synapsin I/11 1:500 Guinea Pig Synaptic Systems
Homer 1 1:500 Rabbit Synaptic Systems
MAP2 1:1000 Chicken Abcam

Cleaved Caspase 3 1:1000 Rabbit Abcam

Human Nuclear Antigen 1:200 Mouse Abcam

CUX2 1:200 Rabbit Abcam

CTIP2 1:200 Rat Abcam

BRN2 1:250 Rabbit Cell Signalling
B-tubulin 1:500 Rabbit Abcam
B-tubulin 1:500 Mouse BioLegend
p-tau (s396) 1:1000 Rabbit Abcam

ATS 1:500, 1:250 Mouse ThermoFisher
Tau 12 1:500 Mouse Merck Millipore
Tau 5 1:500 Mouse Abcam

S100B 1:500 Mouse Merck

GFAP 1:500 Chicken Abcam
SREBP2 1:500 Rabbit Santa Cruz
SREBP1 1:1000 Mouse Abcam
TMT7SF2 1:250 Mouse Merck
beta-actin (HRP) 1:10000 Mouse Abcam

2.11 High-content imaging and analysis

All plates were imaged on the Perkin Elmer Opera Phenix high-content imager and
images analysed on the Harmony software v5.2 from Perkin Elmer with customized

pipelines.

2.11.1 Synapse staining

Cells were stained with microtubule associated protein 2 (MAP2), Homer 1, Synapsin
I[/II and DAPI was added to stain nuclei. 23 fields per well were imaged with a 60 X
objective with 7 z-stacks (-1 to 5 um) and a binning value of 1. The synapse pipeline
first picks up MAP2 area (0.5 overall threshold). Both Synapsin I/II (presynaptic)
and Homerl (postsynaptic) signals were detected using the “Find Spots” building
block (Method A) with threshold values of 0.17 and 0.14, respectively. Spots that
were larger than 100 px were filtered out. The synapses were detected by finding
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Homer 1 spots in the vicinity of Synapsin I/II spots which were resized by expanding

out 5 px.

2.11.2 Neurite tracing

The DFP iPSCs were plated as described above, and transduced with Ngn2 GFP
virus. On Day 4 they were replated at a density of 25,000 cells/cm? onto rat cortical
astrocytes in half area 96-well plate. For i3 iPSCs, the cells were plated at a density
of 62,500 cells/cm?. They were not plated onto rat cortical astrocytes, which is why
they were plated at a higher density.

The entire well of a 96 well half area plate was captured with the 488 nm channel,
with a 20 X objective, binning value of 1, a z-stack between -3 an 2 pum and
standard flatfield correction on the Opera Phenix. Overlap was set to 1 % to enable
uninterrupted tracing between fields of view. The Phenix was set to 5 % CO2, 27°C
to allow for live imaging. On the first and last day of imaging, Brightfield images
were also taken. All analysis was run in the Harmony analysis software. Nuclei were
found using “Find Nuclei” (Method B), then filtered by calculating and filtering for

their size and roundness, and neurites found using “Find neurites" building blocks.

2.11.3 Cleaved Caspase 3 (CC3) staining

Cells were stained with MAP2, CC3 and Human Nuclear Antigen (HuNu). 15 fields
with 4 planes (-4 pm to 2 pm) per well were captured with a 20 X objective, with
binning value of 1. The pipeline first picks up MAP2 area (0.5 overall threshold),
before finding the Human nuclear antigen positive-nuclei using “Find Nuclei” building
block (Method B). Then, nuclei positive for CC3 within the HuNu+ nuclei were found.

2.11.4 Lipid droplet imaging

Lipid droplets were live imaged with BODIPY 493/503 and NucBlue at 63 X
magnification on the Opera Phenix (37°C, 5 % CO,). 41 fields of view were captured
with 7 stacks (2-8 ym) and a binning value of 1. The analysis pipeline first identifies
nuclei stained with NucBlue using the "Find nuclei" building block, which are then
filtered for size and roundness. Then, the droplets are found using the "Find Spots"

within the cell area, and their intensity and size are calculated.
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2.12 Western Blotting

All samples were lysed with cold RIPA buffer (Thermo) supplemented with 1
x cOmplete(TM), Mini, EDTA-free Protease I inhibitor (Merck) and 1 x Pierce
Phosphatase inhibitor (Thermo) (10X stock is made by diluting 1 tablet in
10 mL RIPA). The concentration was determined by BCA assay according
to the manufacturers protocol. 4 x LaemmlLi Buffer (BioRad) with 1:100
Beta-mercaptoethanol (Sigma) was added to the samples, which were boiled for
5 min at 4°C. In the case of samples being probed for total tau, the samples were
lysed without phosphatase inhibitors and were pretreated with Lambda Phosphatase
for 1 h before boiling (New England Biolabs). The samples were run on 4-15 %
polyacrylamide gels at 100V. The gels were transferred onto a Polyvinylidene fluoride
(PVDF) membrane using the TurboBlot fast transfer (BioRad). The blots were then
blocked for 1 h, shaking, in 5 % milk in TBST and probed with primary antibodies
in 1 % milk in TBST O/N at 4°C, shaking. The next day, the blots were washed
in TBST 3 times, probed with secondary antibody (BioRad, 0.2 pL/ mL) in 1 %
milk in TBST for 1 h at room temp, washed 3 times with TBST and imaged on the
BioRad ChemiDoc. The blots were then stained with beta actin conjugated to HRP
(Abcam), which was incubated in 1 % milk for 1h at RT (0.4 pg/mL ), washed 3
times before imaging. In cases where the protein of interest was of similar size to
beta actin, the blots were first stripped with stripping buffer for 15 min and washed
briefly before probing. Details of all buffers and antibodies can be found in Tables
2.5 and 2.6.
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Table 2.6: Western blot reagents

Western blot reagents Concentration

RIPA Buffer

cOmplete, Mini, EDTA-free Protease 1 tablet per 10mL RIPA
Inhibitor Cocktail

Pierce Phosphatase Inhibitor Mini 1 tablet per 10mL RIPA
Tablets

4X LaemmlLi Buffer
Beta Mercaptoethanol 1:1000

10X Tris Buffered Saline (TBS)

MilliQ Water 1L

TRIS 1M pH 7.5 200mL (20mM)
NaCl 88g (150nM)
1X TBS-T

MilliQQ Water 900mL

Tween 20 1mL

10X TBS 100mL

Running Buffer

MilliQ Water up to 1L
Tris Base 30.3g
Glycine 144¢
SDS 10g

2.13 RNA extraction and cDNA synthesis

Cells were lifted off wells using cold PBS, spun down for 5 min at 500 g. Most
of the PBS was then aspirated leaving about 10-20 pl on the pellet before flash
freezing them. The cells were then homogenised using buffer RTL with 1:100
Beta-mercaptoethanol .

RNA extraction was performed using the RNAeasy extraction kit following the
manufacturer’s instructions. A 5 min incubation at RT was added to the protocol
following addition of water to the membrane to elute the RNA in order to increase
RNA yield. RNA yield was measured using Nanodrop. 100 ng of ¢cDNA was
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synthesized from each sample using SuperScript III (Thermo Fisher), following the

manufacturer’s protocol.

2.14 Primer design and qPCR

Primers were designed on primer blast and all sequences can be found in Table XX.
For a 20 uL reaction, the qPCR reagents were used as follows: 10 . SYBR green
master mix, 2 ul. cDNA (2ng ¢cDNA), 0.6 puL of 10 uM forward and reverse primers
and 6.8 uL of water.

Table 2.7: Primer sequences used for quantitative PCR

Gene Forward primer Reverse primer

BRN2 GTTGCCGTTTTGGGGGATTT ACGAAGAAGGGGCAACACAA
CUX1 CTGGGACACAGGATGCGG CCGACTTTCAGGCTGGTCTT
GSK3B GACTAAGGTCTTCCGACCCC AAGAGTGCAGGTGTGTCTCG
MAPT ACGAAGCTGCTGGTC CTTCCAGTCCCGTCTT
SLC17A7 (VGLUT1) GTCAACAACAGCACCATCCA CCCGGAATCTGAGTGATGAT
SREBF1 TCCACCCCTGTGTTAGGCTA ACACTCTGGACCTGGGTGT
SREBF2 CTCCGCAGACGAGGATCATC TGTACTGTCTGCACCTGCTA
GAPDH TCATCATCTCTGCCCCCTCT TCATGGATGACCTTGGCCAG

2.15 Tau ELISAs

The total tau ELISA (Thermofisher) was performed according to the manufacturer’s
instructions. Conditioned media for cortical neurons was collected and frozen down.
Right before use, the samples were spun down at 200 g for 5 min to get rid of debris.
All incubations were done at RT. The sample and standards were added to the
wells in triplicates and incubated for 2 h. The wells were washed 4 times with 1 X
wash buffer. Biotin Conjugate solution was added for 1 h, followed by 4 washes.
The Streptavidin HRP solution was added for 30 min, followed by 4 washes. The
chromogen solution was added and incubated for 30 min in the dark, followed by the
stop solution. The plate was then imaged on the Pherastar (BMG Labtech) at 450
nm wavelength.

The pTAU 181 ELISA (antibodies.com) was performed according to the manufacturers
instructions but with a few modifications. The samples of conditioned media were

added 3 times for 90 min incubations, instead of one, 2 h incubation. This was to
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increase the signal, as the level of secreted ptaul81 in the conditioned media was

expected to be low.

2.16 Bulk RNA sequencing

3 bulk RNA sequencing experiments were performed. The first and second were
performed in i3 neurons treated with AS oligomers or tau PFFs, respectively (3
replicates per conditions). The third was performed in the 14 iPSC-derived neuron
lines from the DFP cohort treated with Af oligomers. Only one replicate per line
was included in the experiment due to the considerable number of samples. 2 replica
plates were prepared for each experiment and the second was stored for validation
experiments.

The second experiment was done as part of a DPhil rotation project by Helen
Jolly. The cells were grown, treated, collected and extracted by myself, but the
analysis was in large part conducted by Helen. RNA was extracted and quantified
as described above. The samples were then sent to Novogene, who performed the
library preparation, quality control (QC) and RNA sequencing. 2 samples from the
first experiment in i3s did not pass the RNA integrity test, but the samples were
still sequenced as the concentration of RNA was sufficient. Briefly, the RNA library
preparation included mRNA enrichment with Poly-A capture and fragmentation,
cDNA synthesis by reverse transcription and adapter ligation. The libaries were then
checked with the Qubit, bioanalyzer and RT-PCR. The Sequencing was done on the
[llumina (PE150) platform.

The raw data files were provided in FASTQ files. The reads were first aligned to a
reference human transcriptome (Ensembl GRCh38.109) and quantified using Salmon
in Terminal. The first experiment was aligned by Dr. Peter Kilfeather, the second by
Helen Jolly and the third by myself. All subsequent analysis was done in R (4.3.1)
in RStudio (2023.06.0+421). The files generated by Salmon were imported into R
using tximport ([436]). The transcripts were then mapped to genes and genes with
less than 30 counts were filtered out before differential gene expression analysis was
performed using DESeq2 (v.1.42.1) (]270].

Principle component analysis was done using the plotPCA function, after transforming
the count matrix using the vst function. To visualise the top differentially expressed
genes (DEGs), volcano plots for the logs fold change and -log1o p value were generated
using ggplot (3.5.2). DEGs with a p value of < 0.05 were highlighted and labelled.

Gene set enrichment analysis (GSEA) and over representation analysis was performed

74



and visualised using functions written by Dr. Benjamin Vallin

(https://github.com/benvallin /rnaseqtools.git), which uses the fgsea (1.28.0) package
([235]). These functions perform pathway enrichment on pathway databases including
the Gene Ontology: Biological Process, Cellular Component and Molecular Function,
Hallmark pathways, WikiPathways, Reactome Pathways and Kegg Pathways. To
perform the analysis, a list of all protein-coding DEGs was generated, ranked by the
logy fold change times the -log;y p value. This ranking takes into account both the

size of the effect and its significance, rather than just the fold change.

2.17 Statistical Analyses

All statistical analyses were performed in Prism or RStudio. The details on each

analysis are described in the relevant figure captions.
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Chapter 3

The effect of A5 on sporadic AD
patient iIPSC-derived cortical neurons
from the DFP study

3.1 Introduction

Axonal degeneration is a key early pathological feature of Alzheimer’s disease
(AD). Dystrophic and degenerating axons are detectable at very early disease
stages—appearing even before substantial A5 or tau deposition, though dystrophic
neurites are closely linked to amyloid and tau pathology [241, 366]. Clinical
neuroimaging studies further support this, showing axonal and white matter
abnormalities in individuals with mild cognitive impairment, as well as reduced
hippocampal volume in cognitively normal individuals who are amyloid-positive
compared to amyloid-negative controls [352]. These findings suggest that AfS
pathology is tightly linked to early axonal vulnerability in AD.

Mouse models of familial AD similarly demonstrate that synaptic dysfunction and
axonal degeneration are early manifestations of the disease, and that changes in white
matter integrity coincides with early Af accumulation [335, 437, 64]. Furthermore,
animal models have shown that Af oligomers are likely the more toxic species of Af,
and that they cause LTP deficits [490, 148].

More recently, iPSC models have been shown to recapitulate some features of
AD: for instance, neurons derived from fAD patients display elevated AS 42 release
and APP expression relative to both control and sporadic AD (sAD) neurons, and
exhibit increased Tau phosphorylation [334, 339]. AfS pathology has also been

modelled experimentally through the introduction of exogenous Af oligomers.
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Studies have demonstrated that AfS oligomers are neurotoxic [122, 326, 482|, while
fibrils and monomers are not [24]. Furthermore, one study reported that fAD-derived
neurons showed heightened vulnerability to A5 compared to controls [24]. Af
oligomers impair long-term potentiation and disrupt electrophysiological activity
[68, 69], consistent with their synaptotoxic nature. Additional work has implicated
Clusterin as a critical mediator of AS-induced neurite degeneration in both rodent
primary cultures and human iPSC-derived neurons [385, 141, 226|. Importantly, work
from my lab using sAD iPSC-derived neurons has shown that Ag exposure can induce
synapse loss and deficits in neuronal network activity measured by MEA | highlighting

that A toxicity manifests across both familial and sporadic forms of the disease [322].

One of the central aims of the Deep and Frequent Phenotyping (DFP) study is
to bridge in-depth clinical measurements from sporadic AD patients with cellular
phenotypes observed in iPSC-derived neurons generated from the same individuals
(Figure 3.1A). This approach offers the opportunity to test whether patient-specific
features of AD can be recapitulated in wvitro. Recent evidence suggests that such
cellular—clinical correspondence is indeed possible. Several studies have shown that
iPSC-derived cortical neurons and astrocytes can reflect clinical features of their
donors, including measures of amyloid burden, synaptic integrity, and cognitive
performance [322, 395, 245, 248|. Two of these studies, conducted within the DFP
cohort, found that neuronal phenotypes such as AfS secretion, synapse density, and
electrophysiological activity correlate with clinical readouts including CSF Af levels,
MEG activity, and cognitive scores.

Building on this evidence, the present chapter continues the investigation into
how ApS exposure affects neurons derived from the DFP cohort, with the goal of
determining whether clinically relevant A(-related vulnerabilities can be captured in

vitro.

3.1.1 Aims of this chapter

In this chapter, I aimed to:

e Generate NgN2 iPSC lines of 14 patients of the DFP cohort and differentiate

them into cortical neurons.

e Investigate whether the A oligomers affect neurite outgrowth of iPSC-derived

cortical neurons to a different degree in the 14 patient lines.
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e Determine whether the neurite loss caused by Af insult is correlated with the

clinical measures of those patients.
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Figure 3.1: Graphical depiction of DFP study design and experimental
design of the neurite tracing assay(A) Graphical representation of the study
design of the experimental arm of the Deep and Frequent Phenotyping Study, (B)
Workflow of the GFP neurite tracing assay in the DFP cohort neurons

3.2 Generation of 14 NgN2-expressing iPSC lines

Since this project was originally a collaboration between three groups using the same
cells, it was determined that we needed a simple differentiation protocol to reduce
the variability between groups. The iPSCs are differentiated into neurons using a
NgN2-driven protocol. To do so, I first set out to transduce, expand and bank the
iPSC lines of the AD patients according to a previously optimised protocol by Dr.
Anne Hedegaard. NgN2 and rttA lentiviruses were produced in HEK293T cells and
concentrated. Since the plasmids do not contain a fluorescent marker, the viruses
were titered using a p24 ELISA.
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Previously, most lines had been transduced at a multiplicity of infection (MOI) of 4
or 6, so I first attempted to repeat this. However, I found that the different cell lines
exhibited various levels of transduction efficiency, and I therefore had to optimise the
concentration of virus used for each of the 14 lines. The MOI ranged from 4 to 10.
Due to the absence of fluorescent markers, I determined the efficiency by inducing
the cells with doxycycline, and seeing how many cells differentiated, and how much
cell death was caused by the addition of puromycin, since the plasmids included
a puromycin selection sequence (Figure 3.2). I determined that the transduction
efficiency was acceptable if no colonies of iPSCs remained after puromycin selection,
except for dead colonies which were lifting off the well.

Once the optimal concentration of virus was determined, each line was grown until it
could be split on a full 6 well plate and transduced with the appropriate concentration
of virus. I then colony-passaged the cells 1:3 before freezing them down for future
use. Cells were not expanded for more rounds than this, as this resulted in lower
differentiation efficiency and higher rates of spontaneous differentiation. This is likely
due to a loss of the transduction cassette caused by excessive passaging.

One line specifically, line 932, tended to spontaneously differentiate easily, and
therefore was very challenging to expand and transduce, which is why the cell line

was not used in all experiments.
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Figure 3.2: Transduction efficiency of NgIN2 and rttA3 lentiviruses in sAD
iPSCs. Representative images of 3 cells lines with (top to bottom) good, acceptable
and bad transduction efficiencies at Day 0 (left) and Day 4 (right) after induction
with Doxycycline. In the bottom panels large colonies of iPSCs are still visible, even

after induction and puromycin selection.)
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3.3 Characterisation of iPSC-derived cortical neurons

The DFP cohort cortical neurons have been well characterised in [322]. The
NgN2-transducible system leads to rapid and consistent differentiation into
glutamatergic cortical neurons [493]. I characterised the neurons by RNA expression
using qPCR and protein expression using immunocytochemistry at several timepoints
(Figure 3.3, 3.4. The 14 patient lines expressed BRN2 an early upper layer neuronal
marker (V), and its RNA expression dropped with time (Figure 3.3, A) [114], while
protein levels remained mostly consistent (Figure 3.4, B, E). CUXI is expressed in
layers (II-IV) of the cortex, and is expressed throughout development [325, 537|. It
was expressed at similar levels at Day 10, Day 30 and Day 50 in the iPSC-derived
neurons (Figure 3.3, B). CTIP2, a deep layer V marker [23|, protein expression
went up slightly between Day 7 and Day 70 (Figure 3.4, C, F). VGLUT1, which
transports glutamate into synaptic vesicles of glutamatergic neurons is expressed
in the iPSC-derived neurons [42] (Figure 3.3, C). Its expression goes down with
time, which is consistent — along with BRN2 and CUX1 — with other NgN2 neuron
protocols [379, 349]. Microtubule-associated protein Tau (Tau) was highly expressed,
and increased between Day 10 and Day 30 (Figure 3.3, D).

Cortical neuron markers were expressed in all 14 AD cell lines across multiple

timepoint of maturation.
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Figure 3.3: Expression levels of cortical markers in iPSC-derived neurons
by qPCR. (A-D) RNA expression of BRN2, CUX1, VGLUT1 and total Tau at Day
10, Day 30 and day 50 for A-B and Day 10 and 30 for C-D. Expression is normalised
to housekeeping gene GAPDH and normalised to Day 10 for each line. Mean + SEM
of 2-3 independent differentiation repeat averaged across 3 technical replicates.
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Figure 3.4: Immunostaining of cortical markers in iPSC-derived neurons.
(A) Representative images HuNu, CTIP2 and BRN2 in Day 7 cortical neurons (B-C)
Quantification of the number of neuronal nuclei (HuNu) that are BRN2+ (B) and
CTIP2+ (C). (D) Representative images of CTIP2 and BRN2 and MAP2 in Day
70 cortical neurons. (E-F) Quantification of the number of nuclei in MAP2 that are
BRN2 + (E) and CTIP2 + (F). Mean + SEM of 3-4 replicates of 1 differentiation.
Kruskal-Wallis test. Each dot is one technical replicate.
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3.4 Neurite tracing of Day 7 iPSC-derived cortical
neurons from the DFP cohort after A5 insult

3.4.1 Experimental design

The goal of this experiment was to assess the effect of AS oligomers on neurite
outgrowth and degeneration in the iPSC-derived neurons from the DFP pilot cohort.
As described in Chapter 1, the DFP pilot cohort cells include 13 sAD patient lines,
and 1 fAD line carrying an APP mutation. It was previously shown that while this
line had a higher secreted A[42:40 ratio, the effect of AS oligomers on this line was
within the range of its effect on the other sAD lines [322].

To measure neurite outgrowth, I transduced the neurons with a very low titer of an
NgN2-GFP lentivirus, which encodes GFP under the same dox-inducible promoter
used to drive NGN2, such that GFP expression confirms doxycycline-induced
activation of the differentiation cassette (referred to as NgN2-GFP throughout, see
Chapter 2.3 for details) at Day 0 (0.04 uL per 100,000 cells), which transduces about
1 % of cells (Figure 3.5. The cells were plated at a low density (25,000/cm?), which
allowed for accurate tracing of neurites over the course of the live imaging using
the Harmony software. Induction of NgN2 overexpression is driven by doxycycline,
which was added to the media throughout the differentiation. The iPSC-derived
neurons were replated on rat cortical astrocytes 4 days post induction to help with
cell adhesion and maturation and maintained until either Day 7 or, as discussed in
section 3.5, until Day 70 of maturation before being insulted with AS and live imaged
daily for 6-13 days (Figure 3.1, B). The NgN2-GFP virus induced expression of GFP
in the whole cell, which allowed for the identification of both the nuclei and neurites
with the 488 nm channel. The nuclei can be distinguished by filtering for size and
morphology in the analysis pipeline (Figure 3.5. The whole well was imaged, with
a 2 % overlap between fields of view to enable seamless tracing of the GFP neurons
throughout the well.

Rat astrocytes, rather than human were used for several reasons beyond their role
in helping with the adhesion of the neurons. Firstly, rat astrocytes were easy to get
access to, to expand and to maintain. iPSC-derived human astrocytes have 100+ day
differentiation protocols, which are over-complicated for the purposes of this project.
Secondly, having a different species of cells meant that for downstream experiments,
such as imaging, I could easily discern between human and non-human cells by using

human-specific antibodies, if need be.
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Figure 3.5: Representative images of GFP-+ neurons at different steps of
the Harmony analysis pipeline

3.4.2 Amyloid-Beta oligomers

The neurons were insulted with:
1. ApB 1-42 oligomers and scrambled peptide control at 5 and 10 uM
2. Ap 25-35 oligomers and reverse (35-25) peptide control at 10 and 20 M

I chose these concentrations based on previous experiments on my team showing that
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this was the optimal treatment window, as well as to remain consistent with previous
work on the DFP lines using Amyloid Beta.

The scrambled and reverse peptides were used to control for the addition of a high
concentration of exogenous proteins to the cells. While A51-42 peptide is the main
component of plaques, and most prone to produce toxic aggregates, I also chose to
include another insult in this assay: AS 25-35. It is the shortest fragment of AS that
has large aggregated [-sheet structures that retains toxicity and is therefore thought
to be the biologically active region of AS5 [406]. In order to quality control the preps,
[ ran a western blot probing for A 1-42 before and after oligomerisation (Figure
3.6, A) for every batch I made. Selected batches were sent to the Dunn School for
electron microscopy (EM) for more extensive quality control (Figure 3.6, B,C).

The western blots provided a very easy and quick QC. At 0 h, there is only a large
monomer band, while at 24 h the monomer band it still visible alongside a smear
of oligomers and very few fibrils. The amount of oligomers differs between batches.
Interestingly, while the AS images show mostly oligomers and monomers and very
few fibrils, which agrees with the western blot, the scrambled peptide is much more
fibrillar in structure (Figure 3.6, B,C).
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Figure 3.6: Amyloid Beta oligomerisation. (A) Western blot of 2 batches AfS
before and after 24 h incubation at 4°C. (B-C) Electron microscopy negative staining
of AB (B) and Scrambled Ap (C) peptide at 500 nm, 200 nm and 100 nm. Red arrows
point to oligomers, white arrows point to fibrils.
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3.4.3 Investigating the effect of A5 on neurite outgrowth in
Day 7 iPSC neurons

This experiment was performed at two timepoints, an early timepoint (Day 7) that
is easier to repeat but has potentially quite immature neurons, and a later timepoint
(Day 70) where neurons are more mature, but neurite tracing becomes harder due to
neurite density (Section 3.5).

To ensure all neurons started with similar baseline neurite growth, I first calculated
the total neurite length in each cell line on the first day of treatment. While there
were no significant differences between the total neurite length of the 14 lines at
Day 0, there were quite large differences between differentiations (each dot is one
differentiation, averaged between 9 technical replicates) (Figure 3.7, A). This,
however, was mostly due to the difference in the number of cells per well (Figure
3.7, B). When normalised for nuclei number, the variability dropped considerably,

and only one line was significantly lower than the rest (line 927) (Figure 3.7, C).
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Figure 3.7: Neurite outgrowth and nuclei count at baseline in Day 7 cortical
neurons. (A) Absolute values of total neurite length (um) at baseline (Day 0 of
imaging, 0 h after treatment). (B) Number of nuclei per well at baseline. (C)
Total neurite length normalised by nuclei number at baseline. Mean + SEM n=4
independent differentiation repeats, averaged across 9 technical replicates. Kruskal
Wallis test with Dunn’s multiple comparison correction.(A) H(13) = 3.95, (B) H(13)
= 6.02,(C) H(13) = 42.75. p < 0.05 (%), p < 0.01 (xx), p < 0.001 (* * *),
P < 0.0001 (x * %)

3.4.3.1 Ap1-42 insult

Then, I asked whether A$1-42 oligomers affected neurite outgrowth and branching.
To control for differences in seeding densities between wells/cell lines, I normalised
the total neurite length and the number of nodes (which represents the number of
ramifications, or the branching of the neurites) to the number of nuclei per well. This
was important as, even though all lines are plated at the same density, the neurons
are still immature and have not stopped proliferating completely.

In all cell lines, AS 1-42 at 5 and 10 uM affected neurite outgrowth and the number

nodes (Figure 3.8), while the untreated and control peptide conditions showed no
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reduction in outgrowth or branching (Figure 3.9, A, Figure 3.10, A). To look at
differences between patient lines, I normalised the proportional change in neurite
length over time of the ApS treated condition to the scrambled condition to account
for the growth rate of each line and any change of neurite or loss of cells not attributed
to the insult. At 10uM, which is a high concentration of Af, the effect across patient
lines was more consistent, with the lines exhibiting between 40 % and 80 % decrease
in total neurite length and between 30 % and 75 % decrease in the number of nodes.
Accordingly, there was no significant differences between the patient lines (Figure 3.9,
C, Figure 3.10, C ).

However, in the 5 uM condition, there was a much larger range in vulnerability to
Ap insult. There was a significant difference in neurite loss and decrease of number
of nodes between patients, with the decrease ranging between 17 % and 62 % and 8
% and 80 % respectively(Figure 3.9, B, Figure 3.10, B ). The neurite loss in the fAD
line (line 933) was within the range of the loss observed in the sAD lines. Notably,
the neurite loss in each cell line was consistent across treatment concentrations and
differentiations (Figure 3.9, D-F).
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Figure 3.8: Neurite tracing of Day 7 cortical neurons after A51-42 insult.
(A) Representative images of a vulnerable (left) and resilient (right) cell line at Day
0 and Day 5 after addition of AS. (B-C) Example graphs of a vulnerable (B) and
resilient (C) line quantifying the total neurite length (M), normalised to baseline,
over time. Only treatment effect on Day 5 are represented for clarity. Mean =+
/SEM, n=4 independent differentiations repeat averaged over 4 technical replicates.
Repeated measures mixed model analysis with FDR corrections. (B) Treatment x
Time: F (40, 134) = 10.18, p = 0.0001. (C) Treatment x Time: F (40, 114) = 4.712,
p = 0.0001.
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Figure 3.9: Af1-42 insult impairs neurite outgrowth of Day 7 cortical
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Figure 3.9: continued: (A) Total neurite length on Day 6 of imaging, normalised to
baseline (Day 0), in the 14 patient lines. (B-C) % Neurite loss due to AS1-42 at 5
uM (B) and 10 uM (C) normalised to treatment control . (D-E) Linear regression
of neurite loss in each cell line between differentiations in the 5 uM (D) and 10
uM (E) conditions. (F) Linear regression between the neurite loss in 5 puM vs
10 uM conditions. (A) Two-Way ANOVA with Tukey’s multiple comparisons test.
Treatment effect: F (4, 210) = 66.95, p<0.0001. (B-C) Ordinary One-Way ANOVA
with Tukey’s multiple comparison’s test: (B): F (13, 42) = 2.401, p=0.0161, (C):
F (13, 42) = 1.144, p=0.35(D-F) Pearson’s correlations with two-tailed p-value and
95 % CI, r and p-value are indicated in each graph. p < 0.05 (%), p < 0.01 (%),
p < 0.001 (% % %), p < 0.0001 (% * *x)
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Figure 3.10: A$1-42 insult impairs branching in Day 7 cortical neurons (A)
number of nodes on Day 6 of imaging, normalised to baseline (Day 0), in the 14
patient lines. (B-C) % decrease in number of nodes due to A51-42 at 5 uM (B) and
10 puM (C) normalised to treatment control. (A) Two-Way ANOVA with Tukey’s
multiple comparisons test. Treatment effect: F (4, 210) = 35.44, P<0.0001. (B-C)
Ordinary One-Way ANOVA with Tukey’s multiple comparison’s test: F (13, 41) =
9.142, P=0.0320 (C) F (13, 41) — 0.5871, P=0.8501 p < 0.05 (%), p < 0.01 (%),
p < 0.001 (%% ), p < 0.0001 (% * *x)

3.4.3.2 A(25-35 insult

Next, I investigated the effect of AS 25-35 on neurite outgrowth, and whether it was
comparable to AS 1-42. Overall, AS 25-35 affected neurite outgrowth and branching
across all cell lines (Figure 3.11, Figure 3.14, A, Figure 3.13, A), while the reverse
peptide AB 35-25 had no effect. When compared with 1-42, there was less of a
range in the level of neurites that each cell line lost due to the insult. At the 10
1M concentration, neurite loss ranged from 26 and 59 % decrease and for the 20 uM
between 42 and 80 % (Figure 3.14, B,C). The change in number of nodes ranged
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between 9 and 72 % for the 10 uM and 52 and 81 % for the 20 uM condition (Figure
3.13, B,C). There was no significant difference in neurite loss or number of nodes
between the patient lines. In general, A525-35 insult seems to lead to quite variable
levels of toxicity between differentiations, more so than AS1-42 (Figure 3.14, E)F).

I then assessed whether the neurite loss due to AS was consistent across AS
species and differentiations. Neurite loss was largely consistent between A51-42 and
A[B25-35 (Figure 3.13, E). At 10 uM, the effect of A525-35 was consistent between
differentiation, except for differentiation 4 (Figure 3.13, F), while for at 20uM,
A[B25-35 there was no correlation between differentiation, likely due to the high
concentration of the insult flattening the dynamic range (Figure 3.13, G).

Here, I have shown that both Af1-42 and 25-35 caused neurite and branching loss
in AD iPSC neurons, and that there were patient-specific differences in vulnerability
to AB. Moreover, the effect of A525-35 was less consistent than AS1-42 between

differentiations.
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Figure 3.11: Neurite tracing of Day 7 cortical neurons after A525-35 insult.
(A) Representative images of a vulnerable (B) and resilient (C) cell line at Day 0
and Day 5 after addition of AS 25-35 and the reverse peptide AS 35-25 . (B-C)
Quantification of the total neurite length (M), normalised to baseline, over time.
Only treatment effect on Day 5 are represented for clarity. Mean 4+ /SEM, n—=4
independent differentiations repeat averaged over 4 technical replicates. Repeated
measures mixed model analysis with FDR corrections. (B) Treatment x Time: F (40,
134) = 10.18, p = 0.0001 (C) Treatment x Time: F (40, 135) = 4.886, p = 0.0001
(p<0.0001).p < 0.05 (%), p < 0.01 (xx), p < 0.001 (x % ), p < 0.0001 (* * xx)

96



Neurite loss due to AB,s_35 insult

Aok Fokk kK Fokok il dokk kKK *%k Hkkk *%k *
1 I ] M M
AFokok * * AFokok * *k
o
= £
20 e
° g ‘. . === Untreated
g’ ) . m= ABysps 10uM
o
0T == ABj35,520uM
o 2
ES 2 == ABgs 35 10uM
«©
3 E === AR5 20uM
= <]
£
1 1
927 928 929 932 933 934 936 937 939 940 943 944 946 947
B C
AB3s.35 10 UM AB2s.35 20 UM
ns ns
50— 0
g 2
- 9 -504
[ [ ]
£ -50 2 °
5 g ° °
L] ] o . °
z Z 100 e o
2 -100- <
AT T T T T T T T T T T T T A0 TT T T T T T T T T T T T
A oD D 2V aD o a© A 2D O WD WX o A A 0D D VoD a0 A ‘b O > © A\
PP PG R S 2 5P o o o oF o SN T S G G o o
D E
Inter-differentiation replicability Inter-differentiation replicability
ABysqs 10 uM ABys.a5 20 M
z 5 -+ Differentiation2 &, -+ Differentiation 2
cx - s -value: 0.23
S 4 p-value: 0.23 =K p-
S« r0.37 G N r:0.25
- -3
583 N o Differentiation3 @ -% e Differentiation 3
e A./—!—;ﬁf”;’% p-value: 0.03 g p-value: 0.216
852 —— r: 0.6 &5 r: 0.367
o8 = . { . K
£ £ i e Differentiation 4 ..g £ Differentiation 4
30 p-value: 0.628 30 p-value: 0.87
Z o4 : : : . r.0.128 z . . . , , I 0.048
0 1 2 3 4 00 05 10 15 20 25

Neurite loss (fold change)
Differentiation 1

Neurite loss (fold change)
Differentiation 1

Correlation between A insults, average n=4

-20

40

-60

Neurite loss
(AB1.42 10 WM 1 A g 55 10 M/ ABys g5 20uM)

-80

-100

T T
-40 -20
Neurite loss Ap,_, 5uM

-80

Figure 3.12: A[25-35 insult
neurons.

~ AByy 10uM
r=0.592
p=0.032

= ABy53510 uM
r=0.35
p=0.24

= ABs3520uM
r=0.44
p=0.13

impairs neurite outgrowth in Day 7 cortical

97



Figure 3.12: Continued: (A) Total neurite length on Day 6 of imaging, normalised to
baseline (Day 0), in the 14 patient lines. (B-C) % Neurite loss due to A525-35 at 10
uM (B) and 20 uM (C) normalised to treatment control. (D-E) Linear regression of
neurite loss in each cell line between differentiations in the 10 uM (D) and 20 pM (E)
conditions. (F) Pearson correlation between neurite loss due to A51-42 and A525-35
insults. (A) Two-Way ANOVA with Tukey’s multiple comparisons test. Treatment
effect: F (4, 202) = 101.0, P<0.0001 (B-C) Ordinary One-Way ANOVA with Tukey’s
multiple comparison’s test: (B): F (13, 40) = 1.030, P=0.4436, (C): F (13, 40) =
1.364, P=0.2194 (D-F) Pearson’s correlation with two-tailed p-value and 95 % CI, r
and p-values are indicated in each plot. p < 0.05 (x), p < 0.01 (xx), p < 0.001 (* *),
P < 0.0001 (s s ssk).
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Figure 3.13: Af25-35 insult impairs branching in Day 7 cortical neurons (A)
number of nodes on Day 6 of imaging, normalised to baseline (Day 0), in the 14
patient lines. (B-C) % decrease in number of nodes due to A525-35 at 10 uM (B)
and 20 M (C) normalised to treatment control. (A) Two-Way ANOVA with Tukey’s
multiple comparisons test. Treatment effect: F (4, 202) = 49.05, P<0.0001. (B-C)
Ordinary One-Way ANOVA with Tukey’s multiple comparison’s test: (B): F (13, 40)
— 0.8073, P=0.6493, (C): F (13, 40) = 0.6416, P=0.8044 p < 0.05 (%), p < 0.01 (),
p < 0.001 (% % ), p < 0.0001 (* * *x)

3.4.4 Cell viability

I next looked at whether Af caused any cytotoxicity and neuronal death, using three
approaches. First, I simply looked at nuclei loss between the first and last day of
treatment. I then measured adenylate kinase release in the media on the last day of
imaging using the Toxilight assay. The advantage of this assay was that it did not
require cell lysis, meaning I could still use the neurons for downstream experiment
and allowed me to look at cleaved caspase 3 (CC3) staining by ICC. CC3 is the active

part of the Caspase 3 enzyme and is a key initiator of apoptosis.

99



Nuclei loss

On average, there was a 30 % and 46 % reduction in nuclei across all patient lines for
the 5 uM and 10 uM condition, respectively, when compared to Day 0 (Figure 3.14,
C). There was no change for the three control conditions (between 0-3 % change). In
the 5 uM condition there was a large range in how many nuclei were lost per line,
ranging from 9 to 47 %, while for the 10 uM it ranged from 21 to 72 % (Figure 3.14,
A, B). Interestingly, even though the amount of neurite loss was comparable between
AP1-42 and A[525-35, there was more nuclei loss in the A525-35 conditions than the
Ap1-42 conditions. On average the number of nuclei decreased by 60 % and 69 %
for the 10 and 20 uM conditions, ranging between 53 % to 70 % and 66 % to 80 %,
respectively (Figure 3.14, D, E, F). As with the effect of neurites, A$25-35 uM was

more "consistently" toxic across all cell lines when looking at nuclei number.
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Figure 3.14: Quantification of the number nuclei loss in Day 7 cortical
neurons due to Ap insult. (A-B) Nuclei count relative to baseline (Day 0) in
neurons treated with 5 uM (A) and 10 uM (B) of Af1-42 in each line (C) number
of nuclei relative to baseline average across all 14 patient lines. (D-E) Nuclei count
relative to baseline (Day 0) in neurons treated with 10 uM (D) and 20 uM (E) of
A[25-35 in each line. (F) number of nuclei relative to baseline average across all 14
patient lines.
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Figure 3.14: Continued: (A-B, D-E) Ordinary One-way ANOVA with Tukey’s ,
multiple compariasons. (A) F (13, 42) = 2.633, P=0.0089 (B) F (13, 42) = 1.789,
P=0.0773 (D) F (13, 40) = 1.530, P=0.1491 (E) F (13, 40) = 1.073, P=0.4079.
(C,F) Brown-Forsythe and Welch’s ANOVA test: F(8.000, 97.12)= 4.22, P <0.0001.
p < 0.05 (%), p < 0.01 (xx), p < 0.001 (%), p < 0.0001 (% * *x)

Adenylate Kinase release

To assess cell viability, cell media was collected on the last day of imaging and
adenylate kinase (AK) , which gets released from damaged cells, was measured using
the Toxilight assay. Af1-42 insult caused a significant, dose-dependent increase in
AK release compared to untreated and scrambled controls (Figure 3.15, A,B). Unlike
the effect on neurite outgrowth or branching, AK levels were quite consistent across
patient lines, and there was no significant differences between the lines in either the
5 or 10 uM conditions when corrected with treatment control (Figure 3.15,C).
Similarly to Ap1-42, AB25-35 also caused a dose-dependent increase in AK release
compared to untreated and reverse peptide conditions (Figure 3.15, D, E). There
were no significant differences between the patient lines in either the 10 or 20 uM
conditions when normalised with treatment control (Figure 3.15,F). The A525-35 10
1M had a smaller increase than either of the A51-42 conditions, significantly smaller
compared with the A51-42 10 uM condition, even though it had a higher loss of nuclei
(Figure 3.15,G).
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Figure 3.15: Adenylate Kinase Release in Day 7 cortical neurons treated
with AS. (A) AK luminescence (blank corrected) in AfS1-42-treated samples.(B)

Average AK luminescence in the 14 cell lines.

(C) Relative AK luminescence to

scrambled A/1-42 peptide, (5 and 10uM, respectively). (D) AK luminescence (blank
corrected) in A(525-35-treated samples. (E) Average AK luminescence in the 14 cell

lines.

(F) Relative AK luminescence to reverse A[335-25 peptide, (10 and 20uM,

respectively). Mean + SEM n=3 independent differentiation repeats, averaged across
3-4 technical replicates.
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Figure 3.15: continued: Adenylate Kinase Release in Day 7 cortical neurons
treated with AS.. (A,D) 2-Way ANOVA with with Benjamini and Hochberg
FDR multiple comparisons correction (q=0.05). F (8, 248) = 10.05, P<0.0001.
(B,E,G) Brown-Forsythe and Welch’s one-way ANOVA with Dunnett’s T3 multiple
comparisons test. F (8.000, 84.90)=78.81, p= P<0.0001. (C,F): Ordinary One-way
ANOVA with Tukey’s multiple comparisons test. (C) AS 5u: F (13, 28) = 0.9633,
AB 10u: F (13, 28) — 1.089, P—0.4068. (F) AB 10u: F (13, 27) — 1.058, P—0.4312,
AB 20p: F (13, 27) = 1.188, P—0.3389. p < 0.05 (), p < 0.01 (#%), p < 0.001 (% * %),
p < 0.0001 (% * *x)

Cleaved Caspase 3

In order to discern the human neurons from the rat astrocytes, I stained my cells
with Human Nuclear antigen (HuNu), and MAP2 as well as CC3 and looked at the
nuclei positive for both CC3 and HuNu. Then, a threshold for what was considered
a CC3+ nuclei was set, to remove non-specific background. To do so, CC3 intensity
was calculated in every nuclei in the control wells (untreated) for every patient line,
individually, and then the threshold was set to 2 standard deviations above the mean
for each line.

AP1-42 at 5 uM did not significantly increase the number of CC3+ HuNu+ nuclei
compared to the control conditions, and the spread between cell lines did not differ
from the control conditions either, being on average between 2-3 % CC3+ cells (Figure
3.16, C). However, there was a significant difference between the untreated and 10
1M condition. The number of CC3+ cells in between the patient lines ranged from
1.6 to 6.8 %(Figure 3.16, D). Interestingly, the decrease in neurite outgrowth and
number of CC3-+ wasn’t coherent for some cell lines. Line 947 for instance, had the
one of the lowest % loss in neurites but highest number of CC3+ cells, though that
might be due to the large variability in between differentiation for that particular cell
line.

Similarly to the number of nuclei loss, A825-35-treated wells had significantly more
CC3+ cells than the control conditions (Figure 3.17, C). It ranged from 2 to 7.3
% and 1.5-8.3 % for the 10 and 20 uM conditions respectively, which is comparable
to the AB1-42 10 uM condition. However, there was no dose-dependent increase in
CC3+ cells between the 10 and 20 M condition. In fact, in some cases (such as line
932) there were more CC3+ cells in the lower treatment condition (Figure 3.17,D).
Here, I showed that AfS insult caused neuronal death as demonstrated by a loss of

nuclei, an increase in AK release and in CC3. Overall, A325-35 was more toxic than

AB1-42.
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Figure 3.16: Cleaved Caspase 3 staining in Day 7 cortical neurons treated
with Af1-42 . (A-B) Representative images of a vulnerable (A) and Resilient (B)
cell line stained with MAP2 (488), Human Nuclear antigen (647) and CC3 (555)
Scale bar: 100nm. (C) Quantification of the %CC3+ HuNu+ nuclei per well in
each treatment condition, averaged across the 14 cell lines. (D) Quantification of
%CC3+ HuNu+ nuclei per well in each cell line in wells treated with 10 uM of
Ap1-42. Mean + SEM n=4 independent differentiation repeats, averaged across 4
technical replicates. Kruskal Wallis test with Dunn’s multiple comparison correction.
H (4)=18.5, p=0.001. p < 0.05 (*), p < 0.01 (xx), p < 0.001 (%), p < 0.0001 (%)
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Figure 3.17: Cleaved Caspase 3 staining in Day 7 cortical neurons treated
with A525-35 . (A-B) Representative images of a vulnerable (A) and Resilient (B)
cell line stained with MAP2 (488), Human Nuclear antigen (647) and CC3 (555)
Scale bar: 100nm. (C) Quantification of the %CC3+ HuNu+ nuclei per well in
each treatment condition, averaged across the 14 cell lines. (D) Quantification of
%CC3+ HuNu+ nuclei per well in each cell line in wells treated with 10 uM or 20
uM of AB25-35. Mean + SEM n=4 independent differentiation repeats, averaged
across 3 technical replicates. Kruskal Wallis test with Dunn’s multiple comparison
correction. H (4) = 22.66, p= 0.0001 p < 0.05 (%), p < 0.01 (xx), p < 0.001 (x * *),

< 0.0001 (* * *%
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3.5 Correlation of neurite loss in patient-derived
neurons with clinical measures of the same
patients

The next question I asked was whether the neurite loss due to A5 in sAD iPSC-derived
cortical neurons correlated with clinical measures from those same patients. As
mentioned in the introduction to this chapter, one of the main aims for the DFP
experimental arm, is to establish whether sporadic AD iPSC models are comparable
to the patients they originate from. So here, the aim was to answer whether extrinsic
Ap insult in wvitro reflect clinical vulnerability to AS in vivo. In order to capture
individual differences in clinical susceptibility to amyloid pathology, I normalised each
participant’s clinical outcome measures to their respective A5 burden, as determined
by amyloid PET or CSF A[31-42 levels. This approach provided a measure of clinical
impairment per unit of AB1-42 pathology, enabling direct comparison with the
extent of neurite loss observed in patient-derived iPSC neurons exposed to AF1-42
insult. I was particularly interested in comparing corrected hippocampal volume
(the hippocampal volume normalised by total brain volume), since it is an area of
neuronal loss in the early stages of AD [57, 477|, to neurite loss in iPSC-derived
neurons.

There was a significant correlation between higher A31-42-induced neurite loss at 5
and 10 uM in iPSC-neurons, and hippocampal volume corrected to CSF Ap342:40
of those patients(Figure 3.18, Bi-Bii). This was also the case when neurite loss
was correlated with the hippocampal volume corrected by CSF Af42, though not
significantly for AS1-42 at 5uM (Figure 3.18, Ci-Cii). Interestingly, unlike A/31-42,
higher neurite loss due to A$25-35 at 10 uM but not 20 uM was correlated with
higher hippocampal volume corrected CSF Ap342:40 and CSF Af542 (Figure 3.18,
Biii-iv, Ciii-iv).

I then generated a correlation matrix of all treatment conditions correlated
with all clinical measures, and given the exploratory nature of this analysis, I
looked at unadjusted p-values (Figure 3.18, A). Neurite loss due to 5 and 10 uM
A[B1-42 treatment also correlated with CSF p-Tau:tau levels (Figure 3.18, Di, Dii).
Furthermore, AB25-35 10 uM condition correlated significantly with hippocampal
volume corrected to amyloid PET and A(525-35 20 uM correlated significantly with
Amyloid PET and MEG measurements, though that was not the case for any other
treatment condition (Figure 3.18, A).
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Figure 3.18: Correlation between clinical measures of the DFP cohort and
AP induced neurite loss in iPSC-derived cortical neurons.(A) Correlation
matrix of Pearson’s correlations between all clinical measures and various AfS insults.
(B-D) Linear regressions of correlations of interest. The y-axis in all graph is %
neurite loss due to A5 and the x-axes are the clinical measures of interest.
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Figure 3.18: Continued: (Bi-Biv) Patient corrected hippocampal volume, normalised
by their CSF Ap42:40 correlated with neurite loss after A51-42 5uM (Bi), ApS1-42
10 uM (Bii), AB25-35 10uM (Biii), and A525-35 20uM (Biv), respectively. (Ci-Civ)
Patient corrected hippocampal volume, normalised by their CSF Af42 correlated
with neurite loss after A31-42 5uM (Ci), AG1-42 10 uM (Cii), A525-35 10uM (Ciii),
and AB25-35 20uM (Civ) respectively. (Di-Dii) CSF ptau:tau ratio correlated with
neurite loss after A51-42 5uM (Di), AS1-42 10uM (Diii). Pearson’s correlation with
two-tailed p-value and 95 % confidence interval (CI). p < 0.05 (x), p < 0.01 (*x),
p < 0.001 (%% %), p < 0.0001 (* * *x). p-values, r values are indicated in each graph.

3.6 Neurite tracing of Day 70 iPSC-derived cortical
neurons from the DFP cohort after A5 insult

3.6.1 Decrease in neurite length and branching after Ag insult

Given that measuring neurite loss at Day 7 corresponds more to a developmental
phenotype rather than a degenerative phenotype, I next decided to investigate neurite
loss at Day 70, at which point neurons have synchronised firing patterns, synaptic
protein localization, and full conversion to OXPHOS metabolism. The choice to
look at such an early timepoint when studying and age-related neurodegenerative
disease in section 3.3, was due in part to logistical complications: cortical neurons
become incredibly branched and complex quite quickly during differentiation, making
them too dense to trace, even with a low GFP titer. Nonetheless, I was interested
in looking at neurite degeneration in mature neurons and therefore recapitulated
the work discussed section 3.3 in Day 70 neurons. I first attempted to repeat the
experiment exactly as described above but this led to GFP positive neurites being
too dense to trace (data not shown). This is due in large part to the growth of neurites,
but also do some remaining proliferation of cells, which increases the number of GFP
+ cells. Therefore, I decided to only transduce half of the wells with GFP on Day 0,
and on Day 4, replate half GFP+ /half GFP- cells into every well of the 96 well plate
(pre-plated with rat astrocytes).

The first question I asked was whether the 14 lines had the same baseline level of
neurites before treatment. The Harmony analysis pipeline was able to detect the
majority of neurites, but even with a 3 plane stack, some of the fainter neurites in
the background were not detected. Though not significant, there was high variability
in the total neurite length at baseline (Figure, 3.19, A), which was partially reduced

when normalised with the number of nuclei (Figure,3.19, B, C).

109



A Neurite length at baseline B Nuclei count at baseline
ns § ns
__ 300000 S 10000+ o
£ * £
3 = 8000
< ° g
S 200000 ; o ° o =
c [ ] =
5 . ll. 5
£ . T LML £
3 100000 ] o 1 & 1A 2
[ = ) [
s 3
K I =
8
e
o 0 o
C Neurite length/nuclei at baseline
ns
200

< 150 @

=

qg [ J [}

S 100- o

Ke]

E

=}

z

Figure 3.19: Neurite outgrowth and nuclei count at baseline in Day 70
cortical neurons. (A) Absolute values of total neurite length (uM) at baseline (Day
0 of imaging, Oh after treatment). (B) Number of nuclei per well at baseline. (C)
Total neurite length normalised by nuclei number at baseline. Mean + SEM n=4
independent differentiation repeats, averaged across 9 technical replicates. Kruskal
Wallis test with Dunn’s multiple comparison correction.

Then, I investigated whether A{1-42 oligomers caused neurites to degenerate
in Day 70 cortical neurons. As Af25-35 insult resulted in higher variability
between differentiations in Day 7 neurons (section 3.3), I concentrated on replicating
experiments with Af1-42 insult. Moreover, it is less biologically relevant then
AP1-42; as it is not the main component of plaques or oligomers.

I treated the neurons at A51-42 at Day 70 and imaged them for 14 days. The longer
treatment duration was due to the fact that after 5 days of imaging, I still saw very
little decrease in neurites — likely due to the density of neurites in the well — and
therefore prolonged the treatment. A(1-42 caused progressive neurite degeneration

in all 14 patient lines (Figure, 3.20, Figure 3.21, A), although some lines exhibited
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greater loss than others. While at Day 7, there was a lack of outgrowth due to
treatment while the untreated conditions’ neurites increased 3-6 fold, at Day 70,
while the untreated and control conditions mostly stay stable or grew slightly (-5 to 7
%), the total neurite length of A31-42 treated neurons decreased by up to 50 % from
baseline. I normalised the neurite length and number of nodes to nuclei, to account
for seeding differences and loss of nuclei, as I wanted to look at neurite loss that
happens before/independent of cell death. The amount of loss in between patient
lines was consistent across treatment concentrations (Figure 3.21, D). On average,
the neurons treated with A81-42 lost 38 % of neurites for the 5 uM condition and
54 % for the 10 uM condition, while the number of nodes decreased by 48 and 59 %,
respectively (Figure 3.21, B,C). Similarly, the loss of branching in neurons decreased
due to AB1-42 in all cells lines. (Figure 3.22, A). Loss of nodes ranged 20 and 80 %
in both the 5 and 10 uM conditions. The variability between differentiations at Day
70 was notable, and higher than at Day 7.

Next, I looked at the amount of nuclei loss due to amyloid treatment. Interestingly,
I saw a slight, non-significant increase in the number of nuclei when looking at the
number of nuclei pooled between the 14 patient lines in the A$1-42, even though
there was significant neurite loss (Figure 3.22, D). This led me to look closely at the
analysis pipeline, and I noticed that in some cell lines, where there is some axonal
blebbing, the analysis picks up bigger clusters of "blebs" as nuclei, which are not

filtered out, and likely lead to the slight increase in nuclei count in the treated wells.
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Figure 3.20: Neurite tracing of Day 70 cortical neurons after A51-42 insult.
(A) Representative images of a vulnerable (left) and resilient (right) cell line at Day 0
and Day 13 after addition of A5. (B) Quantification of the total neurite length (uM),
normalised to baseline, over time. +-/SEM N=4 independent differentiations repeat
averaged over 4 technical replicates. Repeated measures mixed model analysis with
FDR corrections.p < 0.05 (%), p < 0.01 (%), p < 0.001 (% * x), p < 0.0001 (* * %)
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A Change in neurite length, Day 70
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Figure 3.21: Quantification of neurite loss in Day 70 cortical neurons due
to AS1-42 insult. (A) Total neurite length on Day 13 of imaging, normalised to
baseline (Day 0), in the 14 patient lines. (B-C) % Neurite loss due to A51-42 at
5 uM (B) and 10 pM (C) normalised to treatment control . (D) Linear regression
between neurite loss at 5 uM vs 10 uM of A51-42. (A) 2-Way ANOVA with Tukey’s
multiple comparison test. (B-C) One-way ANOVA with Tukey’s multiple comparison
test.(D) Pearson’s correlation with two-tailed p-value and 95 % CI. p < 0.05 (x),
p < 0.01 (%), p < 0.001 (%% %), p < 0.0001 (s * s:)
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A Change in number of nodes, Day 70
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Figure 3.22: Quantification of the number of nodes in Day 70 cortical
neurons due to Af$1-42 insult. (A) number of nodes on Day 13 of imaging,
normalised to baseline (Day 0), in the 14 patient lines. (B-C) % decrease in number
of nodes due to AP1-42 at 5 uM (B) and 10 puM (C) normalised to treatment
control. (D) Change in number of nuclei. (A) 2-Way ANOVA with Tukey’s multiple
comparison test. (B-C) One-way ANOVA with Tukey’s multiple comparison test.
(D) Kruskal-Wallis test with Dunnett’s T3 multiple comparison, p < 0.05 (%),
p < 0.01 (%), p < 0.001 (%% %), p < 0.0001 (s * s)
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3.6.2 Adenylate Kinase release

To look at cell viability, AK release in the cell supernatant was measured 13 days
after AB1-42 treatment (Day 83) using the Toxilight assay. The neurons were half-fed
twice during the treatment, so the media collected for toxilight contained mostly AK
released between Day 9 and 14. There was a dose-dependent increase in luminescence
in the AB1-42 treated wells (Figure 3.23, A), which was significant when looking at
the AK levels averaged across cell lines (Figure 3.23, B). Given that baseline levels of
luminescence were quite different between patient lines, I normalised the luminescence
to the treatment controls to look at differences in cell viability between patients
(Figure 3.23, C). There were no significant differences in AK release between patient

lines.
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Figure 3.23: Adenylate Kinase Release in Day 70 cortical neurons treated
with A51-42.(A) AK luminescence (blank corrected) in AS1-42-treated samples.(B)
Average AK luminescence in the 14 cell lines. (C) Relative AK luminescence
to scrambled AfS1-42 peptide, (5 and 10uM, respectively). Mean + SEM n=3
independent differentiation repeats, averaged across 3-4 technical replicates. (A,D).
2-Way ANOVA with Benjamini and Hochberg FDR multiple comparisons correction
(Q=0.05).(B) Brown-Forsythe and Welch’s one-way ANOVA with Dunnett’s T3
multiple comparisons test.(C): ordinary One-way ANOVA with Tukey’s multiple
comparisons test.p < 0.05 (%), p < 0.01 (*x*), p < 0.001 (% * x), p < 0.0001 (* * *x)

3.7 Correlation of neurite loss in Day 70 iPSC-derived
neurons with clinical measures from the DFP
cohort patients

Finally, I was interested in whether neurite loss in Day 70 cortical neurons correlated
with hippocampal volume normalised to CSF A or PET amyloid. Unlike at Day
7, neurite loss did not correlated to hippocampal volume (Figure 3.24, A). I then
compared neurite loss with all clinical measures described in Section 3.4, before

looking at specific correlations of interest (Figure 3.24, A). Again, here unajdusted
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p-values were assessed, due to the exploratory nature of this experiment. Neurite loss
due to 5 uM of AS correlated significantly with CSF A842, while the 10 uM condition
correlated significantly with CSF Af342:40 (Figure 3.24, B-E). There correlations
were not significant after correcting for multiple comparisons (Benjamini-Hochberg
correction).

I checked whether neurite loss was consistent between lines throughout development,
as that could explain why there were no clinical measures that correlated with neurite
loss at Day 7 and Day 70. Interestingly, neurite loss at Day 7 due to 5 uM of A51-42
negatively correlated with both 5 and 10 uM conditions at Day 70, suggesting that
mechanisms of vulnerability at early time-points change as neurons mature. On the
other hand, there was no significant correlation between neurite loss at Day 7 with
10 uM of AS with either Day 70 conditions (Figure 3.24, F-G).
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Figure 3.24: Correlation between clinical measures of the DFP cohort
and Af induced neurite loss in D70 iPSC-derived cortical neurons.(A)
Correlation matrix of Pearson’s correlations between all clinical measures and various
ApB insults. (B-I) Linear regressions of correlations of interest. (B-C) Patient CSF
ApP42 correlated with neurite loss after A51-42 5uM, AB1-42 10 uM, respectively.
(D-E) Patient CSF Ap42:40 correlated with neurite loss after A31-42 5uM, AB1-42
10uM, respectively. (F-G) Linear regression of correlations between Day 7 and Day
70 neurite loss at 5 uM and 10uM. p-values, r and R? values are indicated in each
graph. p < 0.05 (%), p < 0.01 (xx), p < 0.001 (* * x), p < 0.0001 (* * *x).

118



3.8 Discussion

In this chapter, I demonstrated that A induces a dose-dependent loss of neurites and
branching and an increase in neuronal loss in cortical neurons derived from 14 AD
patient iPSCs, at both Day 7 and Day 70. Importantly, neurite loss in response to
AS was correlated to clinical measures of the patient they originate from, suggesting
that sAD iPSC models are able to recapitulate patient-specific susceptibility to
pathological insults. Furthermore, patient line-specific vulnerability to AS was
consistent across two forms of insult (A51-42 and A/325-35) and across independent
differentiations, indicating that this phenotype is reproducible and intrinsic to each

donor.

I show that neurite loss due to AfS1-42 is associated with hippocampal volume
adjusted for CSF Af 42:40. The direction of the correlation between neurite loss
and hippocampal volume is consistent with the fact that low CSF A/542:40 indicates
high brain deposition; dividing hippocampal volume by a lower CSF value yields
a larger ratio. Additionally, higher Af1-42-driven neurite loss was associated with
higher CSF pTau/tTau, which is consistent with studies in AD patients showing
that CSF tau biomarkers are associated with amyloid pathology [467, 26, 303]. This
correlation has two implications for AD biology. First, the fact that neurite loss
correlates more strongly with hippocampal volume normalised to amyloid burden,
rather than with absolute amyloid burden alone, suggests that neuronal vulnerability
may be more closely tied to how neurons cope with a given level of pathology
than to AP burden itself. Second, it suggests that the cell-autonomous response of
cortical neurons to AB — independent of vascular, glial, or immune contributions —
already encodes meaningful patient-specific information about disease vulnerability.
This is consistent with emerging work showing that iPSC-derived neurons retain
donor-specific transcriptional and proteomic signatures {245, 289].

However, the same correlations were not observed in Day 70 neurons, which showed
a correlation between higher neurite loss and higher CSF ApS 42:40 ratio and Af
42. This is counter intuitive since higher CSF Af 42 levels are associated with
lower amyloid burden. Additionally, it was somewhat surprising that hippocampal
volume correlated with neurite loss in Day 7 but not Day 70 neurons, as one would
expect mature neurons to better reflect age-related hippocampal atrophy. While
still controversial [225, 351]|, increasing evidence supports the presence of adult

neurogenesis in the hippocampus [535, 439, 128, 120|, which has been shown to drop
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sharply in early stages of AD [309, 535, 472]. It is possible then, that immature

neurons capture aspects of early-stage vulnerability, which are lost at Day 70.

While having 14 AD patient lines grown in parallel in a single experiment is
considered relatively large for an iPSC study, it is small in clinical terms, therefore
limiting the strength of the correlations. Due to the small number of data points,
some significant correlations should be interpreted with caution, such as those

observed at only one concentration of A525-35, which may due to chance.

3.8.1 Choice of timepoints and developmental considerations

The use of Day 7 iPSC-derived neurons to measure neurite loss represents a
compromise between biological relevance and methodological feasibility. iPSC-derived
neurons at this stage are still developmentally immature; they differ from adult
neurons in multiple ways, including gene expression profiles (such as Tau isoforms),
synaptic maturity, metabolism and overall complexity. However, they do express
cortical markers, extend neuritic processes, and display a neuronal morphology. This
early timepoint was selected largely for logistical reasons: cortical neurons grow
neurites very rapidly and densely, reducing the sensitivity and reproducibility of

automated tracing pipelines.

3.8.1.1 Increased inter-differentiation variability at Day 70

e The harmony pipeline is not sensitive enough to pick up all neurites due to the
higher density at Day 70, but if the GFP titer was much lower, the number of

neurons sampled would become too small.

e Extended time in culture (for 2.5 months) introduces variability that
accumulates over time, which is not an issue at Day 7. For instance, slight
differences in proliferative rates or seeding densities leads to certain lines having
denser cultures, which may impact the metabolic rate of the culture, the health

of neurons or their connectivity.

e At Day 70, there was a small increase in nuclei in the AS treated condition,
which I established was a limitation of the Harmony analysis pipeline, due to the
pipeline identifying bigger clumps of axonal blebbing as nuclei. Future studies
could address this by transducing neurons with a nuclear BFP lentivirus to

improve the accuracy of nuclear counts.
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3.8.1.2 Differences in inter-patient vulnerability between Day 7 and Day
70

Surprisingly, Day 7 and Day 70 measurements at 5 uM AS1-42 were significantly
negatively correlated (Figure 3.24 F, G), suggesting there might maturation-dependent
shifts in neuronal susceptibility. This is not necessarily surprising given the significant
changes neurons experience during maturation, such as the formation of functional
synapses or shifting metabolism from glycolysis to oxidative phosphorylation. For
instance, LOAD fibroblasts have increased glycolysis [438], and in AD-brains,
increased oxidative phosphorylation and decreased glycolysis is associated with
resistance to neuropathology [72]. This shift in metabolism, among other maturation
-dependent changes, may explain the shift in vulnerability to A observed here.

This negative correlation was not observed at all concentrations, which is partially
due to the higher variability discussed above. Additionally, at higher doses, toxicity
becomes more severe and more uniform between lines, essentially “flattening” the

dynamic range.

3.8.2 Comparison of A51-42 and A($25-35 insults

Ap1-42, unlike other aggregation-prone proteins such as a-synuclein or Tau,
aggregates extremely rapidly. Early studies showed that fibrillation is strongly
temperature dependent: increasing the temperature from 4°C to 24°C increases
the elongation rate 20-fold, and incubating preparations at 37°C for 24 h results
in almost exclusively fibrillar species [268, 449]. This inherent instability makes
AB1-42 challenging to work with, as even small deviations in handling can alter the
distribution of oligomers and fibrils in a given preparation. Incubating A51-42 at 4°C
for 24 h slows the aggregation process and generates a more homogeneous oligomeric
population [448]. T was therefore extremely careful when preparing these samples,
avoiding more than one freeze-thaw cycle and keeping preparations on ice until
added to the neurons to minimise unintended aggregation. Nonetheless, as shown by
the western blots in 3.6, considerable variability remained in the amount of oligomers
present between preps. I suspect that a proportion of the variability observed between
differentiations—particularly at Day 7—was due to these differences. For example,
preparations containing a higher proportion of fibrils after the 24 h incubation were
generally less toxic (data not shown), likely because pre-existing fibrils promoted

further fibrillisation of oligomers. Since AS1-42 fibrils are considered a less toxic
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conformation than oligomers [490, 148, 95|, increased fibril content results in less
toxic preparations [24].

In theory, A525-35 should be a more stable peptide and therefore more consistent
[49, 141], but this was not the case in my hands: variability was higher between
differentiations than for Af1-42, and range of vulnerability between patient lines
were less clear. This could reflect differences in protocols used to make the oligomers,

or perhaps be due to the higher concentrations used.

3.8.3 Ap concentration

The decision to use 5 and 10 uM AF1-42, and 10-20 uM A[325-35 was based partly
on continuity with previous DFP experiments [395, 322| to be able to compare
my work with previous and current experiments, I remained consistent with these
concentrations. Moreover, similar concentrations of AS have been used in other
studies in neuronal models and cellular models [141, 226, 310, 89, 330, 527, 463, 125].
However, these concentrations are clearly supra-physiological. Ideally, neurons would
be exposed to low concentrations of AfS repeatedly over long periods to better
mimic in-vivo conditions. Practically, this would pose logistical challenges, given the
number of cell lines used in this study and the limitations described above of neurite
density. It is also worth noting that, while other groups have shown toxicity and
neurite loss in iPSC derived neurons at concentrations as low as 1.25 uM of AJ [385]
after 48 hours, I did not observe this at 5 or 10uM.

3.9 Conclusion

Here, I showed that ApS oligomer—induced neurite loss is patient-specific and
reproducible across differentiations and across different types of AS insult. AS also
induced neuronal loss, as demonstrated by AK release, a reduction in nuclei counts,
and cleaved caspase 3 staining, and these effects were dose-dependent. Finally,
Apf-induced neurite loss correlated with clinical measures from the donor patients,
which supports the findings of Ng et al [322] that sAD iPSC-derived neurons retain
clinically meaningful features of their donors and that neuronal vulnerability to A5
in wvitro reflects aspects of in-vivo susceptibility to A8 pathology. These findings
support the utility of sAD iPSC models for probing patient-specific mechanisms of

neurodegeneration.
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Chapter 4

Investigating A (-induced
transcriptional changes in
1PSC-derived cortical neurons

4.1 Introduction

Bulk transcriptomic analyses of post-mortem human brain tissue have provided
important insights into gene and protein expression changes associated with AD
[289, 72, 102]. However, longitudinal studies in sporadic AD have shown that
classical pathological markers, such as A and Tau burden, while necessary for
diagnosis, do not consistently predict cognitive decline [375, 44|. Some individuals
tolerate high levels of pathology with minimal cognitive impairment (resilient
individuals), whereas others experience severe cognitive decline despite relatively
modest pathological burden (vulnerable individuals), highlighting an incomplete
understanding of the molecular basis of vulnerability and resilience.

Patient-derived induced pluripotent stem cell (iPSC) models provide a powerful
system for studying disease-associated molecular phenotypes in human neurons while
retaining patient-specific genetic backgrounds. Large-scale transcriptomic analyses
of sporadic AD iPSC-derived neurons from the ROSMAP cohort by Lagomarsino
et al. demonstrated that patient-derived neurons recapitulate key transcriptional
features of the donor brain, underscoring the utility of these models for investigating
patient heterogeneity in Alzheimer’s disease [245].

To date, only a limited number of studies have examined AS-induced transcriptional
changes in iPSC-derived neuronal systems. Sackmann and Hallbeck investigated
A-induced proteomic alterations in long-term neuroepithelial-like stem cells derived
from an AD APP mutant donor and APP WT control donor [398]. Colom-Cadena
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et al. characterised transcriptional responses to brain-derived A in control
iPSC-derived neurons, including modulation by CT1812, a compound that reduces
AfS interactions with transmembrane proteins [85] . More recently, Soladogun and
Zhang compared A fS-induced transcriptional responses in iPSC-derived neurons from
an APOE2/E2 and an APOE3/E3 individual [435]. While these studies demonstrate
that iPSC-derived neurons mount measurable transcriptional responses to A3, they
do not address how sporadic AD patient-derived neurons respond to AS or how such
responses relate to clinical vulnerability and resilience.

In Chapter 3, I established that sporadic AD iPSC-derived neurons exhibit differential
vulnerability to A exposure, consistent with findings by Ng et al [322]. However,
the molecular pathways and gene expression programs underlying this differential
response remain unclear. In this chapter, bulk RNA sequencing was used to
characterise Ap-induced transcriptional responses in iPSC-derived cortical neurons
from sporadic Alzheimer’s disease patients in the DFP cohort. By integrating patient
clinical phenotypes with transcriptomic profiling, this work aims to identify whether
differences in transcriptional responses between resilient and vulnerable individuals
drive the spectrum of vulnerability observed in morphological experiments, thereby

providing new insight into patient-specific mechanisms of disease susceptibility.

4.1.1 Aims of this chapter
In this chapter, I aim to:

e Investigate whether AB1-42 elicits transcriptional changes in iPSC-neurons

using i® cortical neurons

e Validate findings from the transcriptomic analysis of i® cortical neurons after
A[B1-42 insult

e Determine whether resilient and vulnerable sAD patient lines exhibit different

transcriptional responses to A[31-42 insult.

4.2 Bulk-RNA sequencing of i® neurons treated with
A[1-42

4.2.1 Experimental design

In order to assess whether A31-42 caused any transcriptional changes in iPSC-derived

cortical neurons before undertaking a bulk RNA-sequencing experiment in the 14
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patient lines, I first performed a pilot RNA-seq experiment in i® neurons treated with
ApB1-42. The experimental design is depicted in Figure 4.1 and the analysis pipeline
is described in section 2.15. The neurons were grown in monoculture and treated
at Day 14 with 5 or 10 uM of A$1-42 or scrambled peptide, or left untreated, and

3 neurons go through

harvested 6 days later. This timepoint was chosen because i
significant maturation between Day 7 and 14, during which expression of neural
precursor markers such as SOX2, PAX6 and nestin decrease significantly and cortical
markers such as CTIP2, MAP2, S-tubulin or Tau increase [379, 349|. Neuron samples
from three independent differentiations were harvested after AS treatment and frozen
down so that RNA-extraction could be performed on all samples at the same time,

in order to reduce experimental variability.

i3 differentiaiton

y
® .
‘:\\ 4 - — >
o —~
Day 0 Day 3 \5 Day 14 Day 21
Induction of NgN2 Maturation

+ Doxycycline \ AB1-42 treatment |
Downstream analysis Bulk RNA-
(DEG, fGSEA) sequencing

Functional validation of
hits 2o

Figure 4.1: Graphical depiction on the RNA sequencing workflow in i®
neurons i neurons were differentiated to Day 14, at which point they were treated
with AB1-42, Scrambled peptide or left untreated for 6 days, the cells were collected,
RNA extracted and sent for sequencing. n=3 independent differentiation for each
treatment condition.

4.2.2 Data quality control

After importing the reads into RStudio, the reads were filtered for low counts:
genes were kept only if they had more than 30 counts in at least 3 samples, which
left 15,465 genes. Principal component analysis (PCA) was performed to look at
sample clustering. PC1 separates samples by treatment condition and PC2 by
differentiation (Figure 4.2, A). The untreated and scrambled (SCR) treatments

125



cluster closely together, separately from the A51-42 samples. The sample from the
3rd differentiation treated with 10 uM of AB1-42 did not cluster closely with the
other Ag sample. The Euclidean distance heatmap, which computes the pairwise
Euclidean distance between every pair of samples using their gene expression
profiles, also clearly shows that A51-42 10 uM sample is an outlier (Figure 4.2,
B). Furthermore, that sample did not pass the RNA integrity QC performed by

Novogene, and therefore, it was not included in downstream analyses.
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Figure 4.2: PCA plot and Euclidian distance heatmap depicting sample
clustering of i3 neurons treated with AfS (A) PCA plot and (B) Euclidian
sample distance heatmap of the gene expression i3 neuron samples treated with AfJ
at 5 or 10 uM, Scrambled peptide at 5 or 10 uM, or left untreated.
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4.2.3 Differential Gene Expression analysis overview

I first plotted the mean of normalised counts of cortical markers across all samples
of the i%s neurons (Figure 4.3, A). The i3s expressed high levels of Tau , MAP2,
B-tubulin, CUX1 and CUX2, moderate levels of VGLUT1, BRN2, SATB2 and low
levels of CTIP2, all of which are consistent with the RNA-sequencing dataset of
i® neurons published previously [379, 349, 471]. Then differential gene expression
analysis was performed using DESeq2, using a linear model that looked at the
effect of the treatment while controlling for differences between differentiations
(T Differentiation + Condition). P-values were adjusted for multiple testing using
the Benjamini—-Hochberg method. MA plots, which plot the normalised counts on the
x-axis and the LogsFoldChange on the y-axis of each gene, were generated to provide
an overview of the distribution of the genes for each comparison. Importantly, there
were nearly no DEGs between the untreated and scrambled peptide conditions,
confirming that the scrambled AS1-42 peptide is an appropriate control, and that
the effect of AS is sequence and structure specific (Figure 4.3, B-D). Furthermore,
there was a high correlation between the DEGs in the Ag 5 yM vs SCR 5 uM and
Ap 10 uM vs SCR 10 puM conditions (r=0.97), confirming that the transcriptional
changes due to Af are consistent between the two concentrations (Figure 4.3, A).
Looking at all DEGs, there were similar numbers of significantly upregulated and
downregulated genes in both conditions. In the AS 10 uM condition, 2320 genes
were significantly upregulated and 2075 genes were significantly downregulated (padj
< 0.05) compared to SCR. In the A 5 uM condition, 1393 genes were significantly
upregulated and 1448 were significantly downregulated compared to SCR. However,
when filtered only for genes with a large effect size (absolute LogsFoldChange > 1),
the number of upregulated genes was higher than the number of downregulated genes
(Figure 4.4 A-B). As with the MA plots, the volcano plots show no DEGs between
the Untreated and Scr 5 or Scr 10 pM conditions (Figure 4.4 C-D). Significant DEGs
dropped to 629 upregulated and 82 downregulated for the A5 10 uM condition, and
265 upregulated and only 20 downregulated for the A5 5 uM condition. The top
genes are depicted in Figure 4.5, B-C. In the list of the top 20 most upregulated
genes, 16/20 of the top genes in the A vs SCR 5 uM condition were also in the Aj
vs SCR 10 uM top 20 gene list.
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Figure 4.3: MA plot and cortical marker expression in i3 neurons (Ai-ii) Bar
blot of cortical markers in i3 neurons, averaged across all replicates. Mean +- SEM,
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counts of all genes in the Untreated vs Scrambled, Scrambled 5 M vs Ag 5 uM,
Scrambled 10 M vs A 10 uM comparisons. (E) Pearson’s correlation of all DEGs
in the Scrambled vs AS condition at 5 M compared with those in the Scrambled vs
Ap condition at 10 uM . r=0.971
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Figure 4.5: Top 30 up and downregulated DEGs between A -treated and
Scrambled i3 neurons (A) Top 30 DEGs in the A5 5 uM condition compared to
Scrambled 5 M condition, (B) Top 30 DEGs in the Ag 10 uM condition compared
to Scrambled 10 uM condition

4.2.4 Gene Set Enrichment analysis overview

Fast Gene Set Enrichment Analysis (fGSEA) was performed to identify groups of
genes in the dataset that are enriched in specific pathways. A list of all genes in the
dataset, ranked by Log2FoldChange x -Logl0 p-value was generated to run fGSEA.
This is a more appropriate value to rank genes than Log2FC or p-value alone, as it
takes into account both the size of the effect and the significance. This reduces the
risk of highly ranked genes coming from genes with large effect size but with very
low counts. There are many pathway databases available, including Gene Ontology
databases, KEGG, Reactome and Hallmark pathways. Instead of looking at only
one or two databases, GSEA was performed on all available pathway databases, and

relevant pathways were then analysed in more detail.
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4.2.5 Analysis of DEGs and enriched pathways

Following an initial overview of transcriptional changes induced by A51-42 treatment,
[ conducted a detailed analysis of the differentially expressed genes (DEGs) and
enriched pathways in each comparison. Owing to the large number of significant DEGs
and pathways detected, this section focuses on the most significant and biologically
relevant results. To clarify, when I mention the "5 or 10 uM comparisons", I am
referring to the AB1-42 5 or 10 uM treated neurons compared to the SCR peptide at
5 or 10 pM.

4.2.5.1 Upregulated genes and pathways in cells treated with A/31-42
compared with Scrambled peptides

The top upregulated genes in both the 5 and 10 uM comparisons were involved
in axonal projection, guidance and stability such as genes encoding several
tubulin proteins (TUBB3, TUBB2B, TUBA1A), semaphorins (SEMA3C, SEMAJA,
SEMASB), Ephrin B2 (EFNB2), Fibronectin Leucine-Rich transmembrane protein
(FLRT3), statmin 4 (STMN/)) and dystrobevin alpha (DTNA). Additionally,
genes involved in synaptic function such as ACHE (acetycholine esterase),
SLC5A7 (solute carrier family 5 member 7), which codes for choline transporter
1, HTR3A (5-hydroxytryptamine receptor 3A, a serotonin ion channel), SYT2
(Synaptotagmin 2), DRD2 (dopamine receptor D2), THBS2 (Thrombospondin-2),
which plays a role in synaptogenesis. There were a number of genes related to lipid
biosynthesis, encoding enzymes responsible for cholesterol synthesis such as TM7SF2
(Transmembrane 7 Superfamily Member 2), MVD (Mevalonate Diphosphate
Decarboxylase), DHCR7 (7-dehydrocholesterol reductase), cholesterol transport
such as the Low-Density Lipoprotein Receptor (LDLR), and transcription factors,
which activate cholesterol pathways SREBPI an SREBP2 (Sterol Regulatory
Element-Binding Protein). Genes involved in cell-cell adhesion, such as collagen
subunit genes (COL5A1, COL4A1), cell-to-cell interaction genes (ADAM12, THBS2,
CDHG), and other extracellular matrix genes (TNC, MATN2 and TGFBI) were
also upregulated in both 5 and 10 uM comparisons. Finally, genes involved in stress
responses were also upregulated, including JUN Proto-Oncogene, DUSP16 (Dual
Specificity Phosphatase 16), STC1 (Stanniocalcin 1), SHC2 (SHC-transforming
protein 2), CLU (Clusterin) and CREBS5 (cAMP responsive element-binding protein
5), which are important players in the MAPK and JNK signalling pathways (Figure
4.5, A, Figure 4.6, B-E, 4.7, B-E).

Unsurprisingly, {GSEA identified significant positive enrichment for Hallmark and
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GO:BP pathways related to the upregulated genes (Figures 4.6, A, 4.7, A). The
majority of the enriched terms were involved in axonogenesis (e.g. "GO:BP Neuron
Projection Guidance"), followed by lipid biosynthesis pathways (e.g. "GO:BP Sterol
Biosynthetic Process"), and smaller subsets were involved in synapse assembly (e.g.
"GO:BP Positive regulation of synapse assembly") and cellular stress responses (e.g.
"Hallmark Apoptosis", "Hallmark TNFA signalling via NFKB"). The pathways
were largely overlapping between the 5 and 10 M conditions and the size of the
enrichments were comparable, although cholesterol pathways were more highly
enriched in the 10 uM condition and axon projection pathways were more enriched in
the 5 uM condition. Consistent with these findings, subsequent over-representation
analysis (ORA) of upregulated significantly differentially expressed genes also
identified enrichment in these pathways, with the exception of synaptic pathways,
which were not enriched in the fORA. Additionally, in the AS vs SCR10 uM
condition, the KEGG Lysosome pathways was significantly enriched. The genes
in this pathways included MCOLNI (Mucolipin-1), ARSA (Arylsulfatase A) and
ABCA2 (ABC transporter protein), which are all involved in fat transport and
breakdown in the lysosomes. ARSA was also one of the top upregulated genes in the
AB 5 uM vs SCR 5 uM condition (Figure 4.8. While it might seem redundant to
run both f{GSEA and fORA, when possible (i.e. when a dataset has many significant
DEGs, as in this experiment), it is beneficial to perform both, as {GSEA evaluates
whether predefined gene sets are overrepresented at the either end of a ranked gene
list (it is directional), while fORA — which does not provide an effect size or direction
— validates the enrichment of pathways among significantly differentially expressed

genes.
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Figure 4.6: Top positively enriched pathways in A5 5 uM vs Scrambled 5
uM neuronsContinued: (A) Dot plot of the top 20 positively enriched pathways in
neurons treated with 5 uM of A compared to Scrambled 5 uM with their normalised
enrichment score (NES). Dots are coloured by the pathway’s padj. (B-E) Leading edge
genes of pathways of interest with their LogsFoldChanges. Squares are colour by their
padj value.

134



Top 20 upregulated pathways, AB10 vs SCR10

I HALLMARK,CHOLESTEROL,HOMEOSTASISI

I GOBP,STEROL,BIOSVNTHETIC,PROCESSI

° | Synapses

°
|HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION] ° L|p|d b|osynthes|s
| coBp_sTEROL METABOLIC_PROCESS] ) and metabolism
|coBP_SECONDARY_ALCOHOL_METABOLIC_PROCESS| ° " .
| cos_aLcooL BiosynTHETIC_PROCESS| ° | Neuronal prOjeCtlon |
I GOBP_NEURON_PROJECTION_GUIDANCE °

Cell adhesion
I GOBP_NEGATIVE_CHEMOTAXIS]

GOBP_POSITIVE_REGULATION_OF_SYNAPSE_ASSEMBLY

padj

' 0.003

0.002
I GOBP_CELL_CELL_ADHESION_VIA_PLASMA_MEMBRANE_ADHESION_MOLECULES I (]

GOBP_NEURON_PROJECTION_EXTENSION_INVOLVED_IN_NEURON_PROJECTION_GUIDANCE I

Pathway names

. 0.001
GOBP_CELLULAR_RESPONSE_TO_CALCIUM_ION [ ]

I GOEP,NEGATIVE,REGULATION,OF,CHEMOTAXI# L 2

IGOBP,NEURAL,CREST,CELL_MIGRATION I

hOBP,NEGATIVE,REGULATION,OF,AXON,EXTENSION I [ ]

IGOBP,MESENCHYMAL,CELL,DEVELOPMENTI o

I GOBP_DEVELOPMENTAL _CELL GHOWTHI [ ]
I GOBP_HOMOFHILIC_CELL_ADHESION_VIA_PLASMA_MEMBHANE_ADHESION_MOLECULESI ®

IGOBP,EXTEHNAL,ENCAPSULATING,STRUCTURE,ORGANIZATIOI" L]

I HALLMARK_MYOGENESIS l L 2
19 20 21
B C D NES E

HALLMARK_EPITHELIAL_MESENCHYMAL TRANSITION GOBP_NEURON_PROJECTION_GUIDANCE GOBP_SYNAPSE_ORGANIZATION GOBP_STEROL BIOSYNTHETIC_PROCESS
ason < fted
o * i Enozs <
Fon o
mar * secaz. *
‘SLoA : ..
oo
cowaaurt * < *
sumz *
aaooasa (S § - *
B :
s s PS
=S $ -
B : 2 o *
P *
w2 * cres *
Froos S
oo * wsuor
1 * o *
°® Form *
*
o °*
NNN *
*
§ oo *
e *
= *
soie. *
s *
*
% - .
b4 w .
i saear *
LA
0. ss: *
>
0‘ Fops. *
<
* N ‘ owAr *
° oec :. L) wo *
o * e * ‘
° o ®e O -
s ° > hd °
log, ok change (ABIO VS SCRIO) ‘ lo, e charge (AB10 v SCAI0)

¥ 3 3 3 T 7
109, fod change (AB10 s SCATO) log, ok change (AB'0 s SCA1)
@ 0a0i <001 @ paci <005 @ pa<001  paci <005 @ sa<001 @ pa<00s @ <001 © pa <005

Figure 4.7: Top positively enriched pathways in A5 10 M vs Scrambled
10 M neurons (A) Dot plot of the top 20 positively enriched pathways in neurons
treated with 10 uM of A5 compared to SCR 10 gM with their normalised enrichment
score (NES). Dots are coloured by the pathway’s padj. (B-E) Leading edge genes of

pathways of interest with their LogsFoldChanges. Squares are colour by their padj
value.
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Figure 4.8: Over-representation analysis of positively enriched pathways in
Ap 10 pM vs SCR 10 uM treated neurons(A) Dot plot of the top positively
enriched pathways, looking at significant DEGS, in neurons treated with 10 uM
of A compared to SCR 10 uM with the GeneRatio (i.e. the number of enriched
genes/ number of significant DEGs. (B) Leading edge genes of the KEGG Lysosome
pathway with their LogoFoldChanges. Squares are colour by their padj value.Blue
boxes represent new pathways not seen in f{GSEA.

4.2.5.2 Downregulated genes and pathways in cells treated with A31-42
compared with Scrambled peptides

As mentioned above, although similar numbers of genes were significantly upregulated
and downregulated, only 82 and 20 DEGs exhibited a LogyFold Change below -1
(i.e. greater than a two fold decrease) in the A5 vs SCR 10 utM and AS vs SCR
5 uM comparisons, respectively. In both the 5 pM and 10 pM conditions, many
downregulated genes encoded proteins involved in mRNA processing, translation,
and splicing, including RPL7L1 (Ribosomal Protein L7 Like 1), CASC3 (Cancer
Susceptibility Candidate 3), several RNA polymerase subunits (POLR2D, POLR2A,
POLR2B), and SNRPD1 (Small Nuclear Ribonucleoprotein D1 Polypeptide). In
the A vs SCR 5 pM condition, a substantial number of genes associated with
proteasomal function—specifically components of the 26S proteasome subunit (e.g.
PSMD12, PSMD14, PSMAJ, PSMA2)—were also significantly downregulated,
although to a moderate extent (LogyFoldChange > -1).

Additionally, several genes involved in synaptic vesicle function, including SNARE
proteins (VAMP2, VAMPj, SNAP29), were downregulated, along with genes
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associated with the ubiquitin—proteasome system such as RNF20 (encoding an
E3 ubiquitin ligase) and VHL (Von Hippel-Lindau tumour suppressor, which
ubiquitinates Hypoxia-Inducible Factor) (Figure 4.5, B, 4.9, B-D, 4.10, B-D).
Consistent with these observations, pathways related to ribosome biogenesis, mRNA
translation, splicing, and processing showed significant negative enrichment in both
the 5 pM and 10 pM conditions (Figure 4.9, A, 4.10, A).

Furthermore, several pathways associated with cellular stress and DNA damage
responses were negatively enriched, including cellular response to hypoxia, apoptosis,
oxidative phosphorylation, and chromatin disassembly. These pathways encompassed
various MAP kinases (MAPKY9, MAPK10, MAPK1) as well as XIAP (X-linked
inhibitor of apoptosis protein). Pathways related to protein folding, such as protein
folding chaperone, were also negatively enriched and included multiple heat shock
proteins (HSPAY9, HSPA13) and chaperonins (CCT/, CCT8), although the genes
within these pathways were only moderately downregulated relative to scrambled
controls (LogyFoldChange > -0.5).  Proteasomal pathways were significantly
negatively enriched in the SCR vs AfS 5 pM comparison, and to a lesser extent
in the SCR vs AB 10 pM conditions. Finally, several gene sets involved in protein
ubiquitination were negatively enriched in both the 5 pM and 10 pM comparison,
with stronger enrichment observed in the SCR vs Af 10 pM comparison.
Over-representation analysis of significantly downregulated genes identified pathways
largely concordant with those detected by {GSEA, notably pathways associated with
mRNA processing and proteasomal function, ubiquitination and MAPK signalling
pathways. In addition, the SCR vs AfS 10 pM comparison revealed significant
enrichment of pathways related to exocytosis, endocytosis, and vesicle organisation,
which included genes encoding SNAP29 and several RAB family members (RAB27B,
RAB10, RAB21) (Figure 4.11 .
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Figure 4.9: Top negatively enriched pathways in A5 5 uyM vs Scrambled 5
uM neurons (A) Dot plot of the top 20 negatively enriched pathways in neurons
treated with 5 uM of AS compared to Scrambled 5 puM with their normalised
enrichment score (NES). Dots are coloured by the pathway’s padj. (B-D) Leading
edge genes of pathways of interest with their LogsFoldChanges. Squares are coloured
by their padj value.
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Figure 4.10: Top negatively enriched pathways in A5 10 yM vs Scrambled
10 uM neurons (A) Dot plot of the top 20 negatively enriched pathways in neurons
treated with 10 uM of AS compared to Scrambled 10 yM with their normalised
enrichment score (NES). Dots are coloured by the pathway’s padj. (B-D) Leading

edge genes of pathways of interest with their Log,FoldChanges. Squares are coloured
by their padj value..
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Figure 4.11: Over-representation analysis of negatively enriched pathways
in Ag 10 uM vs Scrambled 10 M neurons(A) Dot plot of the top negatively
enriched pathways, looking at significant DEGS, in neurons treated with 10 uM of A5
compared to Scrambled 10 M with the GeneRatio (i.e. the number of enriched genes/
number of significant DEGs. (B-D) Leading edge genes of pathways of interest with

their LogoFoldChanges. Squares are colour by their padj value. Blue boxes represent
new pathways not seen in {GSEA
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4.3 Investigating the cholesterol synthesis pathways
in i® neurons treated with A[51-42

Given cholesterol synthesis pathways were robustly upregulated in the A/51-42 treated
neurons compared to controls, and have been implicated in AD, I decided to further
investigate how cholesterol synthesis is disrupted after A51-42 insult. SREBP1 and
SREBPZ2 are transcription factors that activate the mevalonate pathway of cholesterol
synthesis, which is depicted in Figure 4.12, A. Both SREBP1 and SREBP2 were
significantly upregulated in the AJ treated condition (Figure 4.12, B), and so were
the majority of the genes they activated in the mevalonate pathway, which included
HMGCS1, HMGCR, MVD, SQLE, TM7SF2, DHCRH7, FDFT1.

Therefore, I investigated the effects of manipulating this pathway in two ways:
first, via pharmacological inhibition of cholesterol synthesis using Simvastatin and
the squalene synthase inhibitor YM53601 (YM), and second, via genetic manipulation
of cholesterol synthesis by CRISPR-mediated knockdown of SREBP1 or SREBP2.
As a functional output, I measured neurite outgrowth in neurons treated with
scrambled or Af1-42 oligomers after pharmacological or genetic manipulations.
While baseline cholesterol is required for neurite outgrowth [232], excess cholesterol
paradoxically rigidifies membranes and disrupts the dynamic lipid raft remodelling
required for growth cone motility and neurite extension [138].  Furthermore,
ApS-induced upregulation of SREBP1 and SREBP2 and the consequent excess
cholesterol accumulation may lead to ER stress and endolysosomal dysfunction, both
of which may impair neurite outgrowth. I therefore hypothesised that inhibition
of the mevalonate pathway would rescue the neurite outgrowth deficit observed in
Chapter 3 following extrinsic A51-42 oligomer insult. Furthermore, I asked whether
the increase in lipid synthesis-related genes could be explained by a formation of

lipid droplets in the neurons.
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Figure 4.12: Mevalonate pathway alterations in i3 neurons treated with AB
(A) Graphical depiction of the mevalonate pathway. Cells highlighted in blue were
significantly upregulated expressed in AB-treated i3 neurons. Red squares represent
cholesterol-altering drugs, and where they take effect. (B) Normalised counts of
SREBP1 and SREBP2 in i3 neurons from the RNA sequencing dataset.
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4.3.1 Genetic manipulation of cholesterol synthesis pathways
4.3.1.1 CRISPRi Knockdown of SREBP transcription factors

To titer the lentivirus and to verify the KD efficiency, the i® neurons were transduced
with 2 non-targeting guides (NT-G1, NT-G2), 2 SREBP1 (SREBP1-G1 and -G2)
and 2 SREBP2 guides (SREBP2-G1 and -G2), and a full media change was done
24 h post-transduction. The SREBP1 and SREBP2 lentiviruses were first titrated
as described in Section 2.5.3.2, by counting the number of BFP+ neurons that
co-localised with the number of NucRed + nuclei (Figure 4.13, A, B-D). At 1500
pg/mL, the transduction efficiency ranged between 30-50 %. I therefore doubled the
concentration of lentivirus to 3000 pg/ml before checking the KD efficiency by qPCR.
48 h after lentivirus transduction, the neurons were harvested for RNA extraction
and CRISPRi knockdown was verified by qPCR, (Figure 4.13 E,F). SREBP1-G1 and
SREBP1-G2 led to a 57% and 74 % decrease in SREBP1 concentration, respectively.
SREBP2-G1 decreased SREBP2 expression by 94 %, but also led to a ~ 80 % decrease
in SREBP1 expression as well. SREBP2 guide 2 (G2) on the other hand, only
decreased SREBP2 expression by 53 % (Figure 4.13 E,F).
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Figure 4.13: SREBP lentiviral titration and calculation of CRISPRi KD
efficiency (A) Representative images of i3 neuron nuclei after lentivirus transduction,
with Nuclear Mask Far Red live stain. (B-D) Titration curves of % BFP + cells are
increasing concentration of lentiviruses for (Bi-ii) non-targeting guides 1 and 2, (Ci-ii)
SREBP1 guides 1 and 2, and (Di-ii) SREBP2 guides 1 and 2. (E-F) RNA expression
of SREBP1 in neurons transduces with non-targeting, SREBP1 or SREBP2 guides.
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Figure 4.13: Continued: Mean +- SEM of n=3 technical replicates. Ordinary
One-Way ANOVA with Tukey’s multiple corrections test. (E): F (6, 14) = 17.66,
P<0.0001; (F) F (6, 14) = 57.77, P<0.000L. p < 0.05 (%), p < 0.01 (%),
p < 0.001 (%% %), p < 0.0001 (% *x)

4.3.1.2 Neurite outgrowth and cell viability after A51-42 insult

Neurite outgrowth was chosen as an outcome because I have shown that AS induces
a consistent and robust decrease in neurite outgrowth in iPSC-derived cortical
neurons. [ hypothesised that SREBP1 and SREBP2 KD, and downstream lipid
synthesis downregulation would mitigate AfS-induced toxicity, as measured by
neurite loss.

To remain consistent with the bulk RNA sequencing, I did not include astrocytes
for these assays. Due to the lack of astrocytes (which were previously added to help
with adhesion) and the neurons being plated at a low density to allow neurite tracing
(5’000 per well), I decided to treat the cells with AS1-42 at 2.5 and 5 uM instead
of keeping the 10 M concentration used in the Bulk RNA seq, as I had previously
noticed that under those conditions the 10 uM concentration led to excessive toxicity
and cell death.

Three days post-induction with doxycycline (replating day), the i®s were transduced
with NgN2-GFP and with either NT-G1, NT-G2, SREBP1 G1, SREBP1 G2,
SREBP2 G1 and SREBP2 G2, and on Day 14, they were treated with Af51-42,
scrambled control or left untreated. Because the CRISPR guides included a BFP
nuclear marker, I selected the GFP neurons that were BFP+ to make sure the
analysis was only conducted on neurons that had been successfully transduced. The
transduction efficiency was high, and nearly all the GFP neurons were BEP+ (Figure
4.14, A-C).

There was a significant main effect of A treatment on neurite length, whereas
knockdown of SREBP1 or SREBP2 had no significant effect, and no interaction
between Af treatment and SREBP knockdown was detected. Namely, AP treatment
at 5 uM, but not 2.5 pM, resulted in a significant reduction in neurite length in
all conditions (Figure 4.15 A,C). Looking specifically at the AB treated neurons
normalised to scrambled control, no differences were observed between neurons
transduced with non-targeting guides and those with SREBP1 or SREBP2 knockdown
(Figure 4.15B,D).

Similarly, AP treatment at 5 pM, but not 2.5 pM significantly reduced the number of
nodes, (Figure 4.15E,G). However, neither SREBP1 nor SREBP2 knockdown altered
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node number in the presence or absence of AB, and no interaction effect was observed
(Figure 4.15 F,H). Collectively, these findings indicate that SREBP1 and SREBP2

expression are not necessary for Af-induced neurite loss.
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Non-targeting SREBP1 KD SREBP2 KD

Untreated

Scrambled 5 yM

AB 2.5 M

AB 5 pM

Figure 4.14: Representative images of SREBP1 and 2 KD GFP i3 neurons
after Aj treatment (A-C) Neurons transduced with (A) non-targeting guides, (B)
SREBP1 guides or (C) SREBP2 guides left untreated or treated with Scrambled 5
uM; AB 2.5 uM, or AS 5uM.
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Figure 4.15: Quantification of neurites of SREBP1 and 2 KD i3 neurons
after AJ treatment (A,C) Neurite length / nuclei at Day 5 normalised to baseline
(Day 0) of (A) SREBP 1 and (C) SREBP2 KD neurons treated with Scrambled 5
uM or A 2.5 and 5 uM. (B, D) % neurite loss in neurons treated with Ag 2.5 or 5
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Figure 4.15: Continued: (E,G) Number of nodes / nuclei at Day 5 normalised
to baseline (Day 0) of (E) SREBP 1 and (G) SREBP2 KD neurons treated with
Scrambled 5 uM or A5 2.5 and 5 uM. (F, H) % neurite loss in neurons treated with
ApB 2.5 or 5 M normalised to scrambled peptide. Mean +-SEM, n=3 independent
differentiation repeats. FEach dot represents one differentiation average over 4
replicates. 2-Way ANOVA with Tukey’s multiple comparisons test. (A) Treatment
effect F (3, 32) = 19.18, P<0.0001; (B) Treatment x Genotype effect F (3, 16) =
0.03676, P=0.9902; (C) Treatment effect F (3, 32) = 15.31, P<0.0001; (D) Treatment
x Genotype effect F (3, 16) = 0.2321, P=0.8727; (E) Treatment effect F (3, 32) =
11.60, P<0.0001; (F) Treatment x Genotype effect F (3, 16) = 0.03379, P=0.9913 ;
(G) Treatment effect F (3, 32) = 19.71, P<0.0001; (H) Treatment x Genotype effect
F (3, 16) — 0.1346, P—0.9380. p < 0.05 (%), p < 0.01 (%), p < 0.001 (% * %),
p < 0.0001 ( * )

Cell viability

Next, I assessed neuronal death by looking at the loss in number of nuclei, counting
the change in BFP+ neurons before and after AS insult, as well as the release of
adenylate kinase (AK). There was no main effect of AS treatment at 2.5 or 5 uM or
SREBP KD on nuclei number. (Figure 4.16, A-B). On the other hand, there was a
significant main effect of AS at 5 uM, but not interaction between A5 and SREBP
KD. AK levels were significantly higher in the A5 5 uM treated neurons (Figure 4.16,
C-D). Ap-treated neurons transduced with SREBP1-G2 and SREBP2-G1 exhibited
a slightly lower — though not significant — release of AK (Figure 4.16, E-F).

These results suggests that the AS-induced upregulation of SREBP1 and 2 expression

does not mediate AS-driven neurite loss or cell death in i3 neurons.
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Figure 4.16: Quantification of cell viability of SREBP1 and 2 KD i3 neurons
after AfS treatment (A, B) Nuclei count at Day 5 normalised to baseline (Day 0) of
(A) SREBP 1 and (B) SREBP2 KD neurons treated with Scrambled 5 uM or Aj 2.5
and 5 uM. (C, D) AK release in media from neurons treated with A5 2.5 or 5 uM,
5 days post treatment. (E,F) Comparison of AK release between NT, (E) SREBP1
and (F) SREBP2 i3 neurons in the 2.5 and 5 uM conditions. Mean +-SEM, n=3
independent differentiation repeats. Each dot represents one differentiation average
over 4 replicates. 2-Way ANOVA with Tukey’s multiple comparisons test. (A)
Treatment effect F (3, 32) = 0.1558, P=0.9252; (B) Treatment effect F (3, 32) =
2.761, P=0.0581 (C) Treatment effect F (3, 32) = 7.140, P=0.0008; (D) Treatment
effect F (3, 32) = 5.333, P=0.0043 ; (E) Treatment x Genotype effect F (9, 32) =
0.08334, P=0.9998 ; (G) Treatment x Genotype effect F (9, 32) = 0.06504, P>0.9999.
p < 0.05 (%), p < 0.01 (%), p < 0.001 (%), p<0.0001 ( * *x)
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Figure 4.17: Titration of YM53601 and Simvastatin show no increased
toxicity between 50 nM and 10 uM of either compound AK release of i3
neurons treated with increasing concentrations of Simvastatin and YM53601 to assess
toxicity. Mean +-SEM of 3-5 technical replicates. One-way ANOVA with Dunnett’s
multiple comparison’s test F (13, 28) = 1.281, P=0.2810

4.3.2 Pharmacological inhibition of the cholesterol synthesis
pathway

4.3.2.1 Mevalonate pathway inhibitors

Simvastatin, which inhibits HMG-CoA reductase (HMGCR), the rate-limiting
enzyme in cholesterol biosynthesis, and YM-53601 (YM), a squalene synthase
(FDFT1) inhibitor, were selected to pharmacologically target the mevalonate
pathway (Figure 4.12, A). While statins are widely used cholesterol-lowering agents,
they act at an early step in the pathway and consequently affect multiple downstream
branches of isoprenoid metabolism. In contrast, YM targets squalene synthase, which
is further downstream , thereby providing a more direct and selective inhibition
of cholesterol synthesis with reduced impact on upstream non-sterol isoprenoid
pathways.

Following titration of both compounds to assess neurotoxicity — measured by AK
release — (Figure 4.17, C), which did not show a difference in toxicity between 50
nM and 10 M of either compound, I decided to use Simvastatin and YM at 1 and
5 pM, which is consistent with the concentration other members of our laboratory
use in dopamine and i® neurons. The same AS concentrations were used as in the
CRISPRI experiment described above.

151



4.3.2.2 Neurite tracing of i3 neurons treated with AS and Simvastatin or
YM53601

As above, neurite outgrowth was assessed after treatment with AS and Simvastatin
or YMb53601 to test the hypthosesis that cholesterol synthesis inhibition mitigates
AB-induced neurit loss. i® neurons transduced with GFP-NgN2 were treated with A3
and the compounds on Day 14 post-induction, and imaged daily for 5 days (Figure
4.18).

Two-way ANOVA revealed a significant main effect of AfS, and no significant
interaction between AfS and Simvastatin or YM. Specifically, neurite length was
significantly reduced 5 days after treatment with A at 5 pM, but not 2.5 uM,
relative to baseline (Day 0). This reduction was evident in neurons treated with A@
alone and in the presence of YM at 5 pM, but not in neurons treated with simvastatin
(Figure 4.19, Ai).

In the absence of, AS there was a slight, but significant, decrease in neurite length
in the neurons treated with YM at 1 and 5 uM, suggesting that blocking squalene
synthase activity has some inhibitory effects on neurite outgrowth (Figure 4.19 Aii).
To account for this effect, changes in neurite length between Day 0 and Day 5 were
normalised to untreated controls. Following normalisation, the Af-induced decrease
in neurite length remained significant (Figure 4.19, Bi). Importantly, within both the
AB 2.5 pM and 5 pM conditions, neither simvastatin nor YM altered neurite length
relative to AP treatment alone, consistent with the absence of an interaction effect
(Figure 4.19, Bii).

Analysis of neurite branching revealed a similar pattern. Af treatment significantly
reduced the number of nodes (Figure 4.19, Ci, Di) and YM treatment also reduced
branching in the absence of Af (Figure 4.19, Cii), consistent with its independent
inhibitory effect on neurite growth. However, cholesterol inhibition did not further
modify the AB-induced reduction in node number, and no differences were observed

between neurons treated with A alone or in combination with simvastatin or YM
(Figure 4.19, Dii).
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N Aii < Aiv ’
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YM-53601 5 yM

Figure 4.18: Representative images i3 neurons treated with A and
cholesterol-altering compounds Neurons either left untreated (A) or with (B)
1 uM Simvastatin, (C) 5 pM Simvastatin, (D) 1 pM YM53601, (E) 5uM YM53601.
Neurons were also treated with (ii) 5 uM scrambled peptide, (iii) 2.5 uM AB, (iv) 5
uM AB peptide.
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Figure 4.19: Quantification of neurite outgrowth and nodes in i3 neurons
treated with cholesterol altering compounds in combination with AB (Ai)
Neurite length / nuclei at Day 5 normalised to baseline (Day 0) i3 neurons treated
with Scrambled 5 uM, A5 2.5 or 5 pM. (Aii) Comparison of change in neurite length
from baseline in the untreated (no Af) condition with simvastatiin or YM53601. (Bi)
Change in neurite length from baseline normalised to the untreated (no A5 + no
compound) condition.
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Figure 4.19: Continued: (Bii) Comparison of the change in neurite length after
treatment with AS 2.5 and 5 uM between neurons treated with Simvastatin or
YM53601 at 1 or 5 uM. (Di) Number of nodes / nuclei at Day 5 normalised to baseline
(Day 0) i3 neurons treated with Scrambled 5 uM, A5 2.5 or 5 uM. (Aii) Comparison
of change in number of nodes from baseline in the untreated (no AB) condition with
Simvastatin or YM53601. (Bi) Change in number of nodes from baseline normalised to
the untreated (no Af + no compound) condition. (Bii) Comparison of the change in
number of nodes after treatment with A5 2.5 and 5 uM between neurons treated with
Simvastatin or YM53601 at 1 or 5 uM. Mean +-SEM, n=3 independent differentiation
repeats. Each dot represents one differentiation average over 4 replicates. 2-Way
ANOVA with Tukey’s multiple comparisons test. (A) AS Treatment effect F (3, 40)
= 14.91, P<0.0001; (Aii) Cholesterol inhibitors effect F (4, 40) = 23.16, P<0.0001;
(Bi) Treatment effect F (3, 40) = 13.56, P<0.0001; (Bii) Treatments interaction effect
F (12, 40) = 0.8272, P=0.6225; (Ci) Treatment effect F (3, 40) = 12.01, P<0.0001;
(Cii) Cholesterol inhibitors effect F (4, 40) = 22.46, P<0.0001 ; (Di) Treatment effect
F (3, 40) = 14.30, P<0.0001; (H) Treatments interaction effect F (12, 40) = 0.9605,
P=0.5005. p < 0.05 (%), p < 0.01 (xx), p < 0.001 (x * %), p < 0.0001 (x* * *x)

Cell viability

I next assessed whether AS or cholesterol inhibition induced neuronal death by
measuring nuclei loss and AK release. Af did not induce any loss of nuclei in any
of the conditions (Figure 4.20, A), and despite the decrease in neurite length and
number of nodes in the YM conditions without AB, there was no difference in the
number of nuclei compared with other untreated (i.e. no AfS) conditions (Figure
4.20 B). However, there was an increase in AK release in the A 5 uM condition
(Figure 4.20 C), though there was no interaction between A and Simvastatin or YM
treatment (Figure 4.20 E). In YM-treated neurons without Aj, consistent with the
loss of neurites exhibited in the YM-treated neurons, there was a trend towards an
increase in AK release, though it was not significant (Figure 4.20, D). This increase
was not observed in the scrambled condition.

In summary, Simvastatin causes no change in neurite outgrowth after AS insult, and
YM induces a slight decrease in neurite length independent from Af insult, which is
dose-dependent. Furthermore, A3 does not induce a loss of nuclei, though it causes
an increase in AK release, which stays consistent upon treatment with Simvastatin
or YM.
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Figure 4.20: Quantification of cell viability i3 neurons after treatment with
A and cholesterol-altering compounds (A) Nuclei count at Day 5 normalised
to baseline (Day 0) of (A) neurons treated with Scrambled 5 uM or A5 2.5 and 5 uM

+ Simvastatin or YM 53601 at 1 or 5 uM (B) Comparison of nuclei count between
neurons treated with Simvastatin or YM 53601 at 1 or 5 uM, without AB.
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Figure 4.20: Continued: (C) AK release in media from neurons treated with
Scrambled 5 uM or AS 2.5 and 5 uM + Simvastatin or YM 53601 at 1 or 5 uM
, 5 days post treatment (D-E) Comparison of amount of AK release between neurons
treated with Simvastatin or YM 53601 at 1 or 5 M, (D) without AB, or (E) with 2.5
uM or 5uM of AB. Mean +-SEM, n=3 independent differentiation repeats. Each dot
represents one differentiation average over 4 replicates. 2-Way ANOVA with Tukey’s
multiple comparisons test. (A) AfS treatment effect F (3, 40) = 0.7148, P=0.5490;
(B) Interaction effect F (12, 40) = 0.7249, P=0.7188; (C) Treatment effect F (3, 36) =
4.681, P=0.0073; (D-E) Interaction effect F (12, 36) = 0.1377, P=0.9996 p < 0.05 (x),
p < 0.01 (%), p < 0.001 (% %), p < 0.0001 (s * s)

4.3.3 Lipid droplet formation after A51-42 insult

Lipid droplet formation has been shown to be induced by Af in mouse studies [94],

and I therefore investigated whether the upregulation in cholesterol biosynthesis-related
genes was due to an Af-induced production of lipid droplets. To answer this, i3
neurons were stained with BODIPY, a neutral lipid dye, and the live nuclear stain
NucBlue every other day for six days following A(1-42 exposure. Because BODIPY
has a short half-life and NucBlue is mildly neurotoxic with prolonged exposure, all
wells were treated with AS on Day 14 post-induction, but BODIPY staining was
performed on separate sets of neurons treated with AfS, scrambled peptide, or left
untreated at each time point and imaged immediately thereafter (see Section 2.11.4).
The Harmony analysis pipeline is outlined in Figure 4.21. Representative images
of i3 neurons at baseline (Day 0), Day 3, and Day 5 of A treatment are shown in
Figure 4.22 A-C. Lipid droplet formation was assessed longitudinally rather than

at a single endpoint, as lipid droplets are dynamic structures that can form rapidly

following stress and may be cleared at later time points.
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1. Find Nuclei

Figure 4.21: Analysis pipeline for lipid droplet imaging with BODIPY (1)
Find nuclei using Nuc Blue signal, (2) Find cytoplasm, (3) Find spots of Bodipy
inside cytoplasm.

Two-way ANOVA revealed a significant main effect of time and Af treatment, and
there was a significant interaction of time and treatment. Specifically, A5 induced a
time-dependent increase in the number of lipid droplets (as assessed by the number
of spots of BODIPY). At baseline (Day 0) and Day 1 post-treatment, no change in
droplet number was observed between untreated, scrambled and AS-treated neurons.
By Day 3, there was a significant increase in the number of droplets, which further
increases by Day 5 (Figure 4.23 A). A similar trend is seen in the spot region intensity,
though the increase is not significant at Day 3, as well as in the spot size (Figure 4.23
B,C). Consistent with the neurite tracing assays above, there was no change in nuclei
number due to Aj insult (Figure 4.23 D).
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Figure 4.22: Representative images of BODIPY staining of i3 neurons after
Apj treatment (A) Untreated, (B) Scrambled 5 uM and (C) AS 5uM treated i3
neurons at Day 0 (top), Day 3 (middle) and Day 5 (bottom). Scale bar is 50 pm
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Figure 4.23: Quantification of lipid droplet formation in i3 neurons after
A treatment Bar plots of (A) Number of spots of Bodipy, (B) BODIPY pot
intensity, (C) BODIPY spot size and (D) nuclei number in i3 neurons after treatment
with Scrambled 5 uM or A 5 uM over time. Mean +-SEM, n=3 independent
differentiation repeats. Each dot represents one differentiation average over 4
replicates. 2-Way ANOVA with Tukey’s multiple comparisons test. (A) Treatment
effect F (2, 21) = 9.359, P=0.0012, Time effect F (3, 21) = 6.366, P=0.0031; and
Time x Interaction effect F (6, 21) = 2.932, P=0.0308. (B) Treatment effect F (2,
21) = 3.611, P=0.0449, Time effect F (3, 21) = 5.399, P=0.0065; (C) Treatment
effect F (2, 21) = 4.305, P=0.0271, Time effect F (3, 21) = 12.50, P<0.0001; (D)
Treatment x Time effect F (6, 21) = 0.009962, P>0.9999 p < 0.05 (x), p < 0.01 (*x),
p < 0.001 (%% %), p < 0.0001 (% * *x)
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4.3.4 SREBP protein levels in A31-42 treated neurons

To validate the change in expression of SREBPI1 and SREBP2 observed in the
bulk RNA-sequencing, 1 extracted protein from back up samples of i® neurons
differentiated, treated, and harvested at the same time as the samples sent for RNA
sequencing. Surprisingly, there was a dose dependent decrease in SREBP1 and
SREBP2 in the Ap-treated samples (Figure 4.24), which was significant for SREBP1
in the A 5 uM condition compared to the scrambled 5 uM condition (Figure 4.24,
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Figure 4.24: SREBP protein levels in A{1-42 treated neurons (A,C)
Immunoblots of (A) SREBP1 and (B) SREBP2 in neurons treated with Scrambled
5 uM or 10 uM, A5 5 pM and 10 uM or left untreated. (B, D) Quantification of
(B) SREBP1 and (D) SREBP2 protein levels. Mean +- SEM of n =3 independent
differentiation repeat. Mixed effect model with Benjamini and Hochberg FDR
correction. (B) F (1.095, 1.643) = 3.588, padj value (Scrambled 5 uM vs. A5 5
uM ) = 0.0436, padj (Scrambled 10 uM vs. A 10 uM ) = 0.3485). (D) F (0.9753,
1.707) = 1.221, padj value (Scrambled 5 uM vs. Ag 5 uM ) = 0.8835, padj (Scrambled
10 pM vs. AB 10 uM ) = 0.3790).p < 0.05 (%), p < 0.01 (xx), p < 0.001 (x * %),
p < 0.0001 (x * *x).
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4.4 Bulk-RNA sequencing of DFP neurons treated
with A51-42

4.4.1 Experimental design

3 neurons demonstrated that ApS

The pilot bulk RNA-sequencing experiment in i
exposure induces a robust transcriptional response in iPSC-derived cortical neurons.
I extended this analysis to 13 iPSC-derived neuron lines from the DFP cohort, to
investigate mechanisms underlying differential susceptibility to AS in an unbiased
manner. Owing to the number of cell lines included, a single concentration of A5 (5
nM) and a scrambled peptide control were used, and one biological replicate per line
per condition was sequenced. The experimental paradigm was otherwise identical to
that used in the i® neuron RNA-sequencing experiment described in Section 4.2 and
is summarised in Figure 4.1.

This experiment has two primary aims: (1) to assess whether AfS induces
transcriptional changes in AD patient-derived neurons, and (2) to determine whether
neurons derived from clinically vulnerable and resilient patients exhibit differential
transcriptional responses to Af. Specifically, I analysed whether the differences

in vulnerability to AfS can be explained by distinct transcriptomic responses and

downstream molecular effects following A exposure.

4.4.2 Data quality control

Principal component analysis was performed to look at sample clustering, and
revealed that the individual cell lines clustered mostly together, and not by treatment
condition. Line 927 clustered away from the other cell lines, and was therefore
removed from further analysis (Figure 4.25 A). When looking at PC3 and PC4, there
was a modest separation between the Af samples and the untreated and Scrambled
samples (Figure 4.25 B). The Euclidean sample distance map further illustrates that
individual cell lines clustered closest to other samples from the same cell line (Figure
4.25, C).
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A Principal Component Analysis
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Figure 4.25: PCA and Euclidian sample distance map clustering AD-derived
neurons gene expression changes after Aj treatment PCA of (A) PC1 and
PC2 and (B) PC3 and PC4 of 13 sAD patient lines treated with AB 5 uM, Scr 5 pM
or left untreated. (C) Euclidean sample distance map of 13 sAD patient lines treated

with AB 5 uM, Scr 5 uM or left untreated.

4.4.3 Differential Gene Expression analysis of AJ treated vs

Scrambled iPSC-neurons

Next, differential gene expression was performed comparing untreated with scrambled

(SCR) samples, SCR with A and Untreated with A samples.
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were pooled together to look at the main effect of AS across all patients. The
model design took into account baseline line-to-line differences (= Line + Condition).
Notably, as in the i® RNA-seq experiment, MA plots which look at LogsFoldChange
plotted with mean of normalised counts of each gene showed that the scrambled
peptide elicited nearly no transcriptional changes compared with the untreated vs
Ap and scrambled vs A (Figure 4.26, A-C). Furthermore, a Pearson correlation of
differentially expressed genes (DEGs) between untreated and Af correlated strongly
with DEGs in SCR vs Af (r=0.98) (Figure 4.26, D). There were 950 significantly
upregulated and 1176 significantly downregulated genes in the SCR vs Af condition
(padj < 0.05). Volcano plots highlighting DEGs in the A vs Scrambled comparison,
or lack thereof in the untreated vs Scrambled comparison, and the top 30 DEGs are

depicted in Figure 4.27.
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Figure 4.26: A 1-42 causes transcriptional changes in neurons compared
to Scrambled 1-42 peptide and untreated control (A-C) MA (M, log ratio;
A, mean average) plots depicting the LogsFoldChange over the mean of normalised
counts of all genes in the Untreated vs SCR, SCR 5 uM vs Ag 5 uM, Untreated vs
AB 5 pM in 13 AD neuron lines. (D) Pearson’s correlation of all DEGs in the SCR
vs A condition compared with those in the Untreated vs A5 condition. r=0.98

164



A Volcano plot Untreated vs Scrambled B Volcano plot Scrambled vs ABeta

LPC/’RT\
60
60
40
§ 40 S Category
o g; / SARS7STMN4 + both
o RNF145) 00 GALTS CHAC1 . « absLFC>1
> > < pLCZAS « padj<0.05
° kel other
T
SLE7A7ULBPY
EPHAS, DHIT3 ATF3
20 Y
20 /SN
UBB4A® g GF;§
2 LC7AT1
94(‘6 FOS
¢ “empmz2 *
«INHBE
CFAPG]
*** ARIDsA KONG1
° N * ECRLRr1
RPL3GA-HNANPH2 . . SVWF
0 . . * s o —sd o L M s .tSTe2,
-2 - 0 1 2
-1 0 1 2
Log2 Fold Change
C Log2 Fold Change
Top 30 D Genes in vs AB5 Top DEGs in AB vs Scrambled DFP neurons
| Gene  Function
f— _ RNF145 Eg nl:gioqst::gsligase; regulates lism and neuronal
BeoAT | LPCAT1 |F ipi i i cell lated lipids
SNN- - B4GAL ion enzyme in bound i ipids, key role in myelin
16 formation and neuronal maturation

IFRD1 -

SNN [Endo-lysosomal protein, involved in stress response to toxic stimuli

IFRD1 |Transcriptional regulator; modulates neuronal growth and differentiation

PDCD4 -

SaRst 1 PDCD4 |Translation inhibitor, modulates JUN kinase and EIF4A; role in apoptosis.
busFa- SARS1  [Serine-tRNA synthetase; essential for neuronal protein synthesis
] DUSP8 |MAPK phosphatase; modulates neuronal stress and synaptic signalling
GARSIY ATF4 Integrated stress factor transcription factor, helps cells survive stressors
TARS1 1 GARS1 |Glycine-tRNA synthetase, essential for protein synthesis
REM21 TARS1  [Threonine-tRNA synthetase; supports neuronal translation
STMN+ REM2 IRGK GTPase; regulates neuron and synapse development and calcium signalling
AsNs STMN4  |Stathmin Neuron-specific microtubule regulator; critical for neurite outgrowth
CARS1 ASNS |Asparagine synthesis; important for neuronal metabolism and protein synthesis.
vaRs1-

Gene Name

CARS1 |Cysteine-tRNA synthetase; essential for neuronal protein synthesis
SLOTAT ] YARS1 [Tyrosine-tRNA synthetase; protein synthesis. Can also act as a cytokine.
DTNA- SLC7A1 |Cationic amino acid transporter; supports neuronal nitric oxide signaling

DTNA Dystrobrevin alpha; involved in cytoskeletal stability

sLo7as-
bl SLC7A5 |Large neutral amino acid transporter; crucial for brain amino acid supply

SESN2- ULBP1  [Stress-induced ligand; may signal immune activation in the brain

Baca] SESN2 [Stress response protein; protects neurons from oxidative damage and inflammation

Pro-apoptotic factor (PUMA); mediates neuronal cell death under stress by disruption
i ial function

DDIT3 ER stress transcription factor (CHOP); promotes neuronal apoptosis

oDIT3-

BBC3

ADRATB-

cHACH -

ADRA1B ic receptor; neuronal excitability and signaling
CHAC1 Glutathione degradation; involved in neuronal oxidative stress, ferroptosis and
unfolded protein response (UPR).
Mitochondrial enzyme crucial in one-carbon metabolism, important for DNA/RNA
MTHFD2 5 5
production and methylation.
CEBPB  [Transcription factor; regulates neuroinflammation via cytokines like 116 and TNFalpha

MTHFD2 -

cEBPB-

HRK Pro-apoptotic protein; involved in neuronal programmed cell death
¢ Log2 Fold C;,ange ‘ ATF3 Immediate early gene; dual role in neuronal is or survival,
FOS Immediate early gene, activated in response to stimuli including stress/inflammation
D Upregulated genes in A . Downregulated genes in AR

Figure 4.27: Analysis of differential gene expression in A5 vs Scrambled-
treated AD patient-derived neurons (A-B) Volcano plots depicting the
significant DEGs between (A) Untreated and SCR comparison and (B) SCR vs A
comparison. Blue dots are genes with a padj <0.05, red are genes with absolute
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the scrambled vs [ comparison
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4.4.4 Fast Gene Set Enrichment Analysis and Over Representation
Analysis in the AS vs Scrambled comparison

After identifying significant DEGs, I performed f{GSEA to look at enriched pathways
in all genes in the sample set, ranked by their LogsFoldChange x Log;o pvalue. There
were less positively than negatively enriched pathways identified with f{GSEA, with
287 and 472 significantly enriched pathways, respectively. Looking at only significant
DEGs, fORA identified 202 positively and 293 negatively enriched pathways.

4.4.5 Detailed analysis of DEGs and fGSEA
4.4.5.1 Upregulated pathways in A vs Scrambled treated neurons

Upregulated genes in the Af treated neurons were primarily involved in cell stress
responses, including immediate early genes (IEG) (c-FOS, ATFS3, ATF}), involved
in neuronal apoptosis and survival, genes linked to organelle stress responses such
as ER-stress (DDIT3) and mitochondrial stress (SESN2, BBC3, MTHFD2), genes
involved in neuroinflammation (ULBP1, CEBPB, YARS1). While some of these
genes promote apoptosis (BBCS, DDIT3, HRK, CHAC1), others support cell survival
(ATF4, DUSPS8, MTHFD2), or have a dual function depending on the stressor
(ATF3). As expected, the most upregulated pathways were all involved in cell stress
response (e.g. P-53 pathway, TNFA signalling via NFKB, Hypoxia, IL6-JAK-STAT3
signalling pathways). Furthermore, genes linked to protein synthesis were also
upregulated, including various tRNA and amino-acid synthetases (TARS1, CARS1,
YARS1, GARS1, ASNS), as well as amino-acid transporters SLC7A5SLC7A1).
Amino-acid metabolism and activation as well as tRNA biosynthesis were enriched
pathways. Finally, multiple phosphatases (DUSP16, DUSP1, DUSPS8, PTPRH),
which a play key role in regulating MAPK/JNK and PI3K/AKT/mTOR signalling
pathways, were upregulated (GO:BP Peptidyl Tyrosine Dephosphorylation pathway).
The top pathways identified in f{GSEA were mostly overlapping with those identified
in fORA (Figure 4.28).
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A Top upregulated pathways in AB vs Scrambled DFP neurons
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Figure 4.28: Top positively enriched pathways in A5 5 yM vs Scrambled
5 uM AD neurons (A) Dot plot of the top positively enriched pathways in AD
neurons treated with 5 uM of AS compared to Scrambled 5 uM with GeneRatio (i.e.
the number of positively enriched genes in a pathway/the number of significantly
upregulated genes). Dots are coloured by the pathway’s padj. (B-D) Leading edge
genes of pathways of interest with their LogsFoldChanges. Squares are coloured by
their padj value.
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4.4.5.2 Downregulated pathways in A vs Scrambled treated neurons

Although there were more downregulated than upregulated genes and pathways, when
looking at the top 30 most DEGs, only 4 were downregulated genes. That included
the E3 ubiquitin ligase RNF145, which degrades HMG-Coa-Reductase, thereby
lowering cholesterol synthesis; LPCATI and B4GALTS5 which are enzymes that
regulate cell membrane lipids; and SNN a protein located in endolysosomes, which is
involved in stress response to toxic stimuli. Both {GSEA and fORA analyses showed
enrichment for pathways related to cytoskeletal structure and axonal projection,
synaptic function, and oxidative phosphorylation (OXPHOS) (Figure 4.29). The
strongest negative enrichment in the f{GSEA were mitochondrial/OXPHOS related
pathways, whereas the most enriched pathways in fORA had to do with neuronal
differentiation and axonal projections. The genes involved with axonal projection
coded for ephrins, sempahorins, and fibronectin, which play a role in axonal guidance
(COBL,EPHA6B, EPHA7, SEMA5A, FN1) which reorganises the actin cytoskeleton,
and myelin-related genes such as LPCAT1, which produces myelin lipids and PLP1,
which is a main component of myelin. Synaptic related pathways included genes
involved in calcium and potassium release (CALB1, KCNA1), synaptic formation
and pruning (C1QLI1), vesicle docking (RPH3A), mu opioid receptor (OPRM1),
glutamatergic synapses (SLC2A1, SLC1A3) and genes related to Wnt signalling,
which plays an important part in synaptogenesis (WNT5A, GPC4). Finally,
oxidative phosphorylation related genes included multiple glycolysis enzymes (PKM,
ALDOC, TPI1), genes coding for proteins, which protect the cell from oxidative
stress (TIGAR) and mitochondrial enzymes such as ETFB, which helps shuttle

electrons.
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Figure 4.29: Top negatively enriched pathways in A5 5 uM vs Scrambled
5 uM AD neurons (A) Dot plot of the top negatively enriched pathways in AD
neurons treated with 5 uM of AS compared to Scrambled 5 uM with GeneRatio (i.e.
the number of negatively enriched genes in a pathway/the number of significantly
downregulated genes). Dots are coloured by the pathway’s padj. (B-D) Leading edge

genes of pathways of interest with their LogsFoldChanges. Squares are coloured by
their padj value.
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4.4.6 Comparison between resilient and vulnerable iPSC-derived
neurons from the DFP cohort

To enable direct comparison between patient-derived clinical phenotypes and their
corresponding donor cell lines, I ranked the donor patients by vulnerability based on
their Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) scores
[267, 1], and then grouped the cell lines accordingly. The four cell lines derived from
the most cognitively resilient patients and the four derived from the most cognitively
vulnerable patients were selected for comparison. This decision was motivated by the
fact that cognitive decline is the defining clinical manifestation of Alzheimer’s disease.
Memory impairment and broader cognitive deterioration ultimately determine disease
severity and patient vulnerability; therefore, cognitive scores provide a direct and
clinically meaningful readout of disease impact. Importantly, the cognitive score
used in this study exhibited a wide dynamic range across patients, allowing for
clear separation between groups. The four individuals classified as resilient clustered
within the unimpaired (0-10) or mild cognitive impairment (11-18) range, whereas
the four vulnerable individuals fell within the Alzheimer’s disease stage (>18),
enabling unambiguous stratification. The mean of the ages of the resilient and
vulnerable groups were similar— 71 and 73 years old, respectively. In contrast, the
dynamic range of CSF biomarkers, including AS 42 and p-Tau , was smaller across
patients and CSF data was missing for two individuals, whereas cognitive scores were

available for all patients.

The four resilient and four vulnerable cell lines (based on ADAS-cog score) were
pooled by group, resulting in two groups of four lines that were each analysed under
ApS or scrambled control treatment conditions. Direct analysis of gene expression
changes across individual cell lines as a function of cognitive vulnerability was not
performed because each patient-derived line was measured only once per treatment
condition. As a result, differences in cognitive vulnerability attributable to gene
expression cannot be separated from inherent differences between individual cell
lines. Without replicates within each line, it is not possible to reliably estimate how
gene expression varies with vulnerability, independent of baseline line-specific effects.
For this reason, differential expression analysis was instead performed at the group

level by pooling cell lines into resilient and vulnerable categories.

Differential gene expression was assessed using DESeq2 with a model designed

to account for baseline expression differences between individual cell lines while
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testing for Apf-specific effects between resilient and vulnerable groups. The model
included main effects of treatment condition (AS vs. scrambled), group (resilient vs.
vulnerable), and their interaction. A schematic overview of the filtering and analysis

workflow is shown in Figure 4.30.

RNA-seq expression data

L

Groups: Resilient and vulnerable cell lines
n=4 each

Conditions: Scrambled and AR

T~

Statistical comparison of groups in AB condition: Statistical comparison of groups in Scrambled condition:
Differential Gene Expression between resilient and vulnerable lines Differential Gene Expression between resilient and vulnerable lines

Y
No DEGs

Signficant DEGs=1554
Inconsistent intra-group expression

Expression normalization and transformation:
Stabilizes variance across genes and samples (VST)

Line-level consistency evaluation:
Assess expression patterns across individual cell lines to detect intra-Group inconsistencies

Strict consistency filtering:
=3 of 4 lines in one group show higher expression
than all lines in the opposite group

Integration of consistent genes with gene metadata

Visualization and biological interpretation

Figure 4.30: Flowchart of RNA-sequencing analysis in Resilient vs
Vulnerable patient lines Patient lines treated with AS were split into groups
of Resilient and Vulnerable lines based on their cognitive scores. Baseline gene
expression differences between groups went through filtering for consistent genes
before further analysis.

4.4.6.1 Data quality control

Principal component analysis (PCA) did not reveal strong separation between resilient

and vulnerable samples (Figure 4.31, A). The samples clustered most closely per line.
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Figure 4.31: PCA reveals no strong clustering between Resilient vs
Vulnerable patient iPSC-neurons PCA plot of Resilient vs Vulnerable patient
iPSC-neurons treated with AS or untreated. Colours represent treatment condition
and shapes represent group (vulnerable vs resilient).

4.4.6.2 Differential gene expression and functional gene set enrichment
analysis overview

I first examined whether there were DEGs between resilient and vulnerable groups
within the Af-treated neurons, after accounting for any Apf-independent group
differences observed in the scrambled controls. No significant DEGs were detected
between resilient and vulnerable lines under Af treatment (Figure 4.32, A).
Therefore, 1 assessed whether there were any baseline transcriptional differences
between resilient and vulnerable groups in the scrambled condition. This analysis
identified 1354 significant DEGs (Figure 4.32, B) . However, closer inspection revealed
that many of these genes appeared significant due to inconsistent expression patterns
within groups, where differential expression was driven by a single outlier line rather
than a consistent group-level effect. Examples of consistent and inconsistent genes

are shown in Figure 4.32, C.
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To address this, I created a pipeline that filtered out all inconsistent genes
(4.30. A gene was defined as consistent if at least three of four cell lines in one
group exhibited expression levels that were higher than the maximum expression
observed in all cell lines of the opposite group. This filtered down the list of genes
to 2294 consistent genes, and 295 significant DEGs. Of those, 131 were upregulated
in the resilient lines, and 160 were downregulated in resilient lines compared to
vulnerable cell lines (Figure 4.33, A. The result of this filtering can be observed in the
heatmap in Figure 4.33 B, which plots all consistent DEGs, where good consistency
in direction of regulation between replicates of the vulnerable and resilient groups
can be observed. A volcano plot with the consistent genes is depicted in Figure
4.34 A. Finally, functional over-representation analysis (fORA) was performed on
all significant, consistent DEGs, which identified 63 significantly positively enriched
pathways and 73 significantly negatively enriched pathways.
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4.4.6.3 Detailed analysis of DEGs and enriched pathways in resilient vs
vulnerable patients

Upregulated genes in the resilient cell lines were involved in translation (EIF/AS3,
EIF3C, RPS28, RPS25); protein folding (DNAJC22, CCT3); as well as with
oxidative stress, such as thioredoxin (7XN), thioredoxin reductase 2 (TXNRDZ2),
which protect neurons from oxidative stress; and with transcription factors, which
regulate neuronal differentiation and proliferation (MEIS1, ZN7361). PCDHAS5
(Protocadherin-alpha 5), a cell-surface protein involved in synapse formation and
organisation, as well as neuronal cell adhesion, was also highly upregulated in the
resilient group. All positively enriched pathways were involved in translation, protein
synthesis and folding (e.g. "GO:BP peptide metabolic process", "GO:BP ribosome
biogenesis", "Go:BP positive regulator of translation") (Figure 4.35).

Genes downregulated in resilient cell lines were involved in pathways related to
neurite outgrowth and cytoskeletal organisation, including PLEKHD1, GAS7,
and TRIMY9. Furthermore, there was reduced expression of genes involved in
cell—cell adhesion and binding, including contactin-associated proteins (CNTNAP/,
CNTNAPS5) and multiple cadherin and cadherin-like genes (CDH6, CDHI11,
PCDHB11, PCDHB3), which mediate calcium-dependent cell adhesion and junction
formation, as well as aid in synapse assembly, and contributed to the negative
enrichment of pathways such as "GO:BP Biological adhesion". Associated with
these changes, genes linked to synaptic formation and organisation pathways were
also downregulated, encompassing components of excitatory synapses (GRIN2A,
LRRTM3, ROBO2, SHANKZ2), inhibitory (GABAergic) synapses (GABRAZ2,
CLSTNZ2), and neurotransmitter release through vesicle docking (UNC134). In
addition, several voltage-gated ion channel genes (CACNB/, CACNA1A, KCNC2)
showed reduced expression. All of these DEGs drove negative enrichment of pathways
such as "GO:BP Cell-cell signalling", "GO:BP ion transport®, or "GO:BP synaptic
signalling".  Finally, components of the PI3K/Akt signalling pathway (PAPPA,
PIK3R1) were downregulated, aligning with the broader reduction in signalling
pathways associated with neuronal structure, connectivity, and synaptic function
(Figure 4.36).
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Figure 4.35: Top upregulated pathways in resilient patient-derived neurons
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enrichment of these pathways. The dots are coloured according to their p-value.
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Figure 4.36: Top downregulated pathways in resilient patient-derived
neurons compared with vulnerable neurons (A) Dot plot of the top
downregulated pathways in resilient vs vulnerable patient lines (B) Dot plots of
downregulated genes leading the enrichment of these pathways. The dots are coloured
according to their p-value.

4.4.7 Correlation of significant DEGs between resilient and
vulnerable patient lines and clinical measures

After identifying genes that were consistently and significantly differentially expressed
between resilient and vulnerable patient lines, I analysed whether the hits were

significantly associated with the clinical measures of the donors. Gene expression
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levels (Log2-transformed transcripts per million (TPMs)) were correlated with clinical
measures using Spearman’s rank correlation coefficient (rho). Given the small sample
size and the non-normal distribution of both gene expression and clinical measures,
Spearman’s rank correlation was appropriate, as it does not assume linearity or
normality and is robust to outliers [315].

When adjusting for multiple comparisons (Benjamini-Hochberg (BH) FDR correction),
there was only one significantly correlated gene: COL5A3— a component of the brain’s
extracellular matrix— correlated with higher ADAS-cog scores (i.e. worse cognition)
(p-value < 0.043, rho= 0.86). FDR-BH corrections on such a small sample size is
very conservative, and I therefore also analysed genes significant when considering
their unadjusted p-value. There were 145 significantly correlated genes (unadjusted
p-value<0.05), which decreased to 55 when filtered for strongly correlated genes
(absolute rho <0.7)-some of which were correlated with multiple clinical measures
(Figure 4.37, A, B). The greatest number of genes strongly correlated with ADAS-Cog
scores (12 genes), MEG (13 genes), and CSF Aj 42:40 and CSF AfS 42 (8 genes).
Looking at other CSF biomarkers, there were 7 genes correlated with p-Tau , 2 with
p-Tau:Tau , and 6 with total p-Tau . There were also 3 genes correlated with MMSE
scores, and 7 correlated with Tau PET signal (Figure 4.37, C).

Counter-intuitively, the majority of genes correlated with better cognition (i.e.
smaller ADAS-cog) were correlated with lower CSF Af 42:40 (i.e. more amyloid
pathology), while genes correlated with worse cognition (i.e. higher ADAS-cog) were
correlated with higher CSF Af 42:40 (i.e. less amyloid pathology) (Figure 4.37,
A, Bi-ii). Among the genes significantly correlated with better cognition (smaller
ADAS-Cog scores) but lower A 42:40 (more amyloid pathology), three genes were
related to mitochondrial function: MRPL14 (associated with cognition) coding for
mitochondrial ribosomal subunit, ATP5MF (associated with both) and ATP51FB
(associated with A 42:40), both coding for ATP synthase subunits. On the other
hand, PLD6, a enzyme which promotes mitochondria fusion was associated with
worse cognition and higher CSF Af 42:40 (low pathology).

Genes involved in cell-cell adhesion and intracellular trafficking were also associated
with cognition and CSF Ap 42:40. The protocadherin PCDHAS, which was
upregulated in resilient cell lines, was associated with better cognition, whereas
PCDHGB1 was associated with worse cognition but lower amyloid pathology.
Among endoplasmic reticulum (ER)-related genes, TAPBP, involved in MHC class

I antigen presentation, was associated with worse cognition and lower amyloid
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pathology (higher CSF Af 42:40), and VPS13C, a lipid transporter between the
ER and lysosomes or mitochondria, was also associated with higher CSF Af 42:40
levels. Finally, SPTBN/, which organises ion channels at the axon initial segment,
was correlated with both lower amyloid and tau pathology (higher CSF Ap 42:40
and low CSF pTau).

Furthermore, nearly every gene significantly correlated with p-Tau was also
associated with total Tau levels (Figure 4.37, A, Biii-iv). Of those, MTERF/,
which was associated with lower CSF p-Tau , tTau, PET Tau and MEG, codes for
a protein involved in mitochondrial ribosome assembly, while another mitochondrial
ribosome protein, MRPL51, was associated with increased CSF p-Tau and Tau
(i.e. more tau pathology). Furthermore, four proteins involved in DNA and RNA
processing were correlated with higher p-Tau and Tau levels, including XRCCS6,
involved in DNA repair; POLR2D, which codes for a subunit of RNA polymerase II;
SNRPD1, involved in building the spliceosome; and HNRNPD, which regulated RNA
stability, processing and translation. Here, I identified genes that were significantly
differential expressed in resilient vs vulnerable neurons, and showed that a subset of
these genes significantly correlated with a range of cognitive and CSF-based clinical

measures, with several genes associated with more than one clinical outcome.
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4.5 Discussion

4.5.1 Overview of key findings

In this chapter, bulk RNA sequencing was used to investigate Apf-induced
transcriptional changes in both control iPSC-derived neurons (i3 neurons) and
AD patient-derived neurons from the DFP cohort. Across both systems, A(
exposure induced substantial transcriptional remodelling, although the magnitude,
directionality, and variability of these responses differed between the homogeneous i3

model and the genetically heterogeneous patient-derived neurons.

In i® neurons, AS treatment elicited robust and reproducible transcriptional changes,
including positive enrichment of pathways related to synaptic function, neuronal
projection, and lipid biosynthesis, alongside negative enrichment of proteasomal and
translational pathways. These findings motivated targeted experimental follow-up
focused on cholesterol metabolism, including CRISPRi-mediated knockdown of
SREBP1 and SREBP2, pharmacological inhibition of cholesterol synthesis, and
modulation of lipid droplet formation. Despite transcriptional evidence implicating
cholesterol pathways, genetic and pharmacological suppression of cholesterol synthesis
did not reduce Ap-induced neurotoxicity as measured by neurite outgrowth or
AK release. Af exposure did, however, induce lipid droplet accumulation in a
time-dependent manner, suggesting the increase in cholesterol biosynthesis is at least

partially driven by this mechanism.

In patient-derived neurons from the DFP cohort, line identity explained a
large proportion of transcriptional variance, reflecting substantial inter-individual
heterogeneity. Nevertheless, A exposure induced transcriptional changes across
lines, including upregulation of stress response pathways, such as immediate early
genes associated with neuronal survival and apoptosis, organelle stress responses,
and protein synthesis; and downregulation of pathways related to cytoskeletal
organisation, axonal projection, synaptic function, and oxidative phosphorylation.
Finally, comparison of resilient and vulnerable patient lines revealed baseline
transcriptional differences independent of A treatment. Resilient lines showed
increased expression of genes involved in translation, protein folding, and oxidative
stress protection, while vulnerable lines had upregulated expression of genes
associated with synaptic signalling, cell-cell adhesion, and neuronal projections.

No significant differences were observed in the transcriptional response to Af(
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between resilient and vulnerable groups. Finally, I identified a set of genes whose
expression levels are correlated with multiple clinical measures, including ADAS-Cog,
CSF A and Tau biomarkers, and Tau PET signal.

4.5.2 Cholesterol metabolism and lipid dysregulation in
A -treated neurons

Cholesterol metabolism has been implicated in Alzheimer’s disease, given APOE — the
strongest genetic risk factor for sporadic AD— functions as a major lipid transporter,
particularly in glial cells. Post-mortem single-cell transcriptomic studies have
identified dysregulation of cholesterol-related genes in AD brains, including TM7SF2,
which was among the most upregulated genes in the Afj-treated i3 neurons [289)].
Experimental studies have further shown that AS exposure increases cholesterol and
ceramide levels in cultured neurons [94|, and that inhibition of cholesterol synthesis
can reduce Af production and Tau pathology in familial AD iPSC-derived neurons
[478]. On the other hand, one paper in iPSC-derived GABAergic neurospheres,
showed that AS dimer treatment induced a downregulation of cholesterol, perhaps

pointing to a cell-type specific response to AS [283].

In the present study, reduction of cholesterol synthesis—via genetic knockdown
of SREBP1 /2 or pharmacological inhibition using Simvastatin or squalene synthase
inhibitor YM53601—did not attenuate ApS-induced neurotoxicity, which is not
consistent with findings from Cutler et al. [94]. Interestingly, Af-treated neurons
had decreased SREBP protein levels despite increased SREBP transcript abundance,
suggesting a potential temporal disconnect between transcription and protein
turnover. One possibility is that early AfS-induced suppression of SREBP activity
triggers compensatory transcriptional upregulation via feedback mechanisms, which
may explain the lack of any effect observed upon cholesterol inhibition. Nonetheless,
the difference between RNA and protein levels is striking, and future experiments
could involve blocking the proteasome to see whether SREBP1/2 are being rapidly
targeted for degradation.

Lipid droplet accumulation in AD has been well described in AD, particularly in
glial cells, where AfS-induced lipid droplet formation impairs plaque clearance, and
which has been shown to be exacerbated by APOE4 [172, 365, 488|. Cutler et al.
showed that lipid accumulation in AD was only increased compared to controls in
vulnerable, pathology-containing, brain areas [94]. Furthermore, studies in cell and

mouse models demonstrated AS induced accumulation of lipids in neurons, and
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that inhibition of cholesterol synthesis reduced Ap-induced neurotoxicity and A(
pathology (|94, 195, 196]. In line with these findings, I show AJ treatment induced
lipid droplet accumulation in neurons, although the effect of cholesterol inhibition
on lipid droplet formation was not assessed. Future work should determine whether
cholesterol modulation alters neuronal lipid droplet accumulation, and clarify the
subcellular localisation and functional role of these structures in Apg-mediated
toxicity. Differences between this dataset and post-mortem studies—such as the
upregulation of cholesterol-related genes observed here versus downregulation in aged
AD brains [289]—are not unexpected, given that these experiments were conducted in
relatively young, mono-cultured neurons lacking glial interactions and age-associated

pathology.

4.5.3 Translational and proteasomal dysregulation in response
to A51-42

Ap treatment in i®

neurons induced a downregulation of translation-related genes
and pathways. Dysregulated translation has been reported in early AD and is
negatively associated with global pathology in post-mortem brain tissue from the
ROSMAP cohort [289]. Similar reductions in ribosomal gene expression have been
observed in iPSC-derived neurons from AD patients [245] and in transcriptomic
analyses of MCI and AD samples from the AddNeuroMed cohort [121]. Notably,
in the present study, resilient patient lines from the DFP cohort exhibited positive
enrichment of translation-related pathways relative to vulnerable lines, suggesting
that maintenance of protein synthesis capacity may contribute to resilience against

neurodegenerative stress.

Furthermore, A induced pronounced downregulation of genes encoding both 20S and
26S proteasome subunits, accompanied by negative enrichment of proteasome-related
pathways i® neurons. Proteasomal dysfunction is a well-established feature of
ageing and neurodegenerative disease, and impaired proteasome activity has been
documented in AD brains [269, 12, 83, 215]. Experimental studies in mouse and cell
culture models have shown that A1-42 can directly inhibit proteasome function by
binding to proteasomal subunits, and that enhancing proteasome activity ameliorates
A51-42-driven toxicity in cellular and animal models [14, 78, 96, 468|.

Interestingly, Hackman and Sallbeck also reported altered expression of proteasome
-related genes in response to A in iPSC-derived neural precursor cells, although they

observed increased expression of 20S proteasome subunits, in contrast to the decrease

185



observed in this study [398|. This discrepancy may reflect differences in experimental
context, including the use of neural precursor cells, a shorter Af exposure (24 h versus
5 days), and potential temporal lags between transcriptional changes and protein
turnover, similar to those observed for SREBP expression in this study. Several
studies have shown that activation of 26S proteasome activity increased tau clearance
in mouse models of AD, and it would be interesting to see whether upregulation of

proteasome helped mitigate AS-driven toxicity in sAD-derived neurons [413, 412].

4.5.4 Axonal projection, synaptic dysfunction, and neuronal
excitability

Axonal degeneration and synaptic dysfunction are hallmark features of Alzheimer’s
disease, and it was therefore not surprising that pathways related to these processes
were prominently altered in response to AfB1-42. 1In i® neurons, synaptic and
axonogenesis-related pathways were positively enriched following AS1-42 treatment,
whereas in AD patient-derived neurons, these pathways were predominantly
downregulated. The latter finding aligns with A1-42-induced neurite loss observed

in this thesis and with prior reports of synapse loss in DFP neurons [322].

Several factors likely contribute to this divergent directionality. First, the i®
model uses a single isogenic line with three independent differentiations per
condition, providing high within-system reproducibility but capturing only one
genetic background. The DFP dataset, by contrast, comprises 13 genetically
distinct AD patient lines with a single replicate per condition, in which between-line
variability dominates the transcriptional signal and reduces sensitivity to subtle
group-level effects. Second, the i® line is a young, healthy control line, whereas
the DFP lines derive from patients with established AD; there might therefore be
differences in transcriptional state and stress tolerance between the AD patients
group and the i% line. Third, the apparent positive enrichment of synaptic genes in
i% neurons may represent a compensatory homeostatic upregulation in response to
neurite loss — a pattern also observed in human post-mortem AD transcriptomes
[288] and in iPSC-derived AD neurons [245] . Notably, Lagomarsino et al. reported
upregulation of synaptic genes in iPSC-derived neurons from AD patients compared
to controls.

In line with this, here, comparison of vulnerable and resilient patient lines revealed
an upregulation in genes related to synaptic function and activity in the vulnerable

individuals. Neuronal hyper-excitability has been documented in early-stage AD
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patients [112, 198] and individuals at risk for late-onset AD [32|. Studies in AD
mouse models also report hyperactivity, particularly in neurons proximal to Af
plaques [63, 347, 253, and that reversing abnormal hyper-excitability could reduce
Ap deposition and spread [146]. Whether the transcriptional signatures observed
in vulnerable neurons contribute causally to heightened excitability and increased

susceptibility to AS toxicity remains an important question for future investigation.

4.5.5 Correlations of DEGs with clinical measures

Following the identification of differentially expressed genes between resilient and
vulnerable patient-derived neurons, I examined whether the expression of these
genes across the 13 patient lines were associated with clinical measures of cognition
and Alzheimer’s disease pathology. Several of the observed correlations align with
existing literature, while others highlight potentially complex or context-dependent

relationships between gene expression and clinical phenotypes.

One notable finding was the association between the expression of PCDHAS, one of
the most upregulated genes in resilient neurons, and better cognitive performance as
measured by ADAS-Cog. Although PCDHAS itself has not been extensively studied
in AD, other protocadherins have been associated with AD-related mechanisms. For
example, PCDHGCS5 is elevated in 5xFAD mouse brains, and PCDHGC5 deficiency
exacerbated Af deposition in 5xFAD mice and astrocytic response to A3 [454].
Yet, another study showed that Aj increased PCDHGCS5 expression in APP/PS1
mice, and that PCDHGC5 was significantly increased in AD patient CSF [461].
Together, these findings suggest that protocadherin family members may play

context-dependent roles in neurodegeneration, warranting further investigation.

Several genes correlated with higher or lower levels of CSF Tau and AS have
previously been linked to protein aggregation. Omne gene, SERFI1B, which was
significantly correlated with lower CSF A 42:40 (increased amyloid pathology), has
been shown to promote aggregation of amyloidogenic proteins, including A3 , in vitro
and in C.elegans [367, 133, 480]. Its isoform SERFIA was also shown to directly
interact and increase aggregation in a-synuclein in SHSY-5Y cells [299], supporting
a role for SERF proteins in modulating protein aggregation across neurodegenerative
diseases.

Additionally, SPTBN/ (spectrin beta 4), a component of the axonal initial segment
(AIS) [522], was correlated with higher CSF Af 42:40 and lower p-Tau (less amyloid
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and tau pathology), and has previously been reported to be hypermethylated and
transcriptionally downregulated in AD brains [403]. Interestingly, the AIS has been
implicated in restricting tau localisation under physiological conditions, whereby
tau diffuses through the AIS and down the axon, but its retrograde movement
is blocked by the AIS. Disruption of AIS integrity allows hyperphosphorylated
Tau to mislocalise to somatodendritic compartments [261], suggesting that altered
AlS-associated gene expression may influence tau pathology.

Another gene of interest, VPS13C, which is implicated in autosomal recessive
early-onset parkinsonism [255], was correlated with higher CSF Af 42:40 levels in
this study. VPS13C has also been identified as associated with LOAD risk in a study
of the Alzheimer’s Disease Neuroimaging Initiative cohort, that compared structural
MRIs of AD, MCI and control patients with over 500,000 SNPs [297].

COL5A8 was the only gene that remained significantly correlated with cognition
after FDR correction, showing a strong association with worse (higher) ADAS-Cog
scores. COL5A3 was found to be upregulated in AD brains and 5XFAD mice in
mixed cortical cultures and astrocytes by single-nucleus and bulk RNA sequencing

[464, 536], although its functional role in AD pathophysiology remains unclear.

Finally, multiple genes involved in mitochondrial function (PLDG6, ATP5MF,
ATP51FB, MRPL14, MRPL51, MTERFJ) were correlated with cognitive and
biomarker measures. Mitochondrial dysfunction—including altered fusion—fission
dynamics, impaired oxidative phosphorylation, and defective mitophagy [66, 279,
134]—is a well-established feature of AD and contributes to oxidative stress
and neuroinflammation [154, 411, 39]. While MRPL51 has been reported to be
downregulated in AD patient blood samples [273], MTERF4 has been shown to
increase AS production by blocking a-secretase and thereby the non-amyloidogenic
cleavage of APP, and was increased in APP/PS1 mice [497|. Furthermore, MTERF4
KD reduced ATP synthesis and mitochondrial DNA copy number, and decreased
apoptosis, A 42 release and APP levels in HEK293-APP cells [70]. The positive
association between ATP synthases ATPSMF and ATP51FB and better cognition
is consistent with previous reports of reduced ATP synthase levels in AD brains, as
well as sAD and fAD iPSC models [338, 416, 285].

Notably, many genes associated with better cognitive performance were correlated

with lower CSF AfS 42:40 levels, whereas genes associated with worse cognition
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showed the opposite pattern. Although this directionality is counter-intuitive given
the established relationship between reduced CSF ApS 42:40 and increased amyloid
pathology, these discordant associations may reflect the influence of outliers (e.g. a
single donor with poor cognition but high CSF AS 42:40, or vice versa) and limited
statistical power in a small cohort, underscoring the need for validation in larger

datasets.

4.5.6 Limitations and future directions

4.5.6.1 Differences in transcriptional responses in i® and DFP neurons

A striking observation of this chapter is the partial but incomplete overlap between
AB-induced transcriptional changes in i® neurons and in DFP patient-derived neurons.
While both systems showed upregulation of stress-response pathways and altered
protein homeostasis, several pathways were oppositely regulated: synaptic and

axonogenesis-related pathways were positively enriched in i®

neurons following Af3
treatment, but negatively enriched in DFP neurons; and cholesterol biosynthesis was
robustly upregulated in i® neurons but not in the DFP cohort. As discussed above,
this could be attributed to the experimental design (1 isogenic line vs 13 patient
lines) or the disease state (healthy vs AD) of the lines used. These results highlight
the challenges— and value— of using both isogenic control models and patient-derived
cohorts in parallel: the former provides mechanistic clarity, while the latter captures
the inter-individual variation that is central to understanding selective vulnerability
in sporadic AD. The limited gene-level overlap between the i3 and the DFP cohorts
argues against a single AB-induced transcriptional programme, and instead supports
a model in which Af activates a stress response that is then modulated by the

underlying genetic and physiological state of each patient line.

4.5.6.2 Experimental design and vulnerability stratification of DFP
neurons in bulk RNA seq

In the bulk RNA-sequencing experiment using neurons derived from AD patients
from the DFP cohort, only a single biological replicate per cell line per condition was
sequenced, due to practical constraints imposed by the number of patient-derived
lines and treatment conditions. Because patient-derived lines are genetically
heterogeneous, between-line variability exceeded treatment-induced transcriptional

changes, and since each line was profiled only once per condition, within-line
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variability could not be assessed, thereby reducing the power to detect robust group
level differences. This was exemplified when I analysed resilient vs vulnerable lines,
and saw that results could be influenced disproportionately by individual cell lines

with extreme expression profiles (defined as "inconsistent genes").

As a result, it was not feasible to model Ap-induced transcriptional changes
across all patient lines using a continuous measure of clinical vulnerability. Instead,
vulnerable and resilient lines were pooled to enable group-level comparisons, ranked
according to donor ADAS-Cog scores. However, this stratification carries important
limitations. First of all, ADAS-Cog was measured at a single timepoint rather than
as a longitudinal measure of cognitive trajectory. A single score reflects cumulative
disease burden at the time of assessment rather than an individual’s rate of decline
relative to other patients, meaning that apparent vulnerability could partly reflect
differences in disease stage at sampling or accumulated amyloid and tau pathology,
rather than intrinsic neuronal susceptibility. Additionally, cognitive performance is
shaped by multiple interacting factors — including AP and tau burden, age, sex,
education, APOE genotype, and time since diagnosis — yet it was not feasible to
adjust for these covariates in the present study. With only 14 patients, a multivariable
model would lack sufficient independent observations and carry a substantial risk of

overfitting, making covariate adjustment statistically inappropriate here.

A related consideration is the use of a "consistency filter" to identify DEGs between
resilient and vulnerable lines (Section 4.4.6.2). Genes were retained only if at least
3 of 4 lines in one group exhibited expression above the maximum of the opposite
group. While this filter usefully removes genes whose significance is driven by a
single outlier, it is a manually-defined criterion with no formal statistical framework:
the 3-of-4 threshold was chosen pragmatically, the filter cannot be incorporated into
the DESeq2 model, there is no guarantee that the variance it removes is unrelated
to the resilient-vs-vulnerable contrast of interest. More statistically appropriate
approaches are available for handling unwanted variance in small-cohort RNA-seq
experiments. For example, RUVseq [383| estimates factors of unwanted variation
from negative control genes or replicate samples and incorporates them as covariates
in the differential expression model. Mixed-effects models that explicitly model line
as a random effect can also better distinguish between- and within-line variance
when multiple replicates per line are available. Applying these approaches in future

work — ideally in combination with multiple biological replicates per line — would
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be more rigorous and should be considered in the future.

Given these considerations, baseline transcriptional differences between resilient
and vulnerable lines could be due to factors other than the vulnerability or resilience
of the neurons. First, iPSC-derived neuronal cultures display inter-line variability
in differentiation efficiency and expression of cortical markers (as seen in Chapter
3.3), and lines that mature at slightly different rates will show different baseline
expression of synaptic, cytoskeletal, and metabolic genes — some of which featured
prominently in the resilient-vs-vulnerable comparison. Second, cell-type heterogeneity
within the cultures (variable proportions of excitatory neurons, inhibitory neurons,
astrocytes, or residual progenitors) can drive apparent differential expression that
reflects compositional differences rather than within-cell-type changes. This was not
formally assessed here and would benefit from further analysis to determine whether
these factors are in part driving the transcriptional differences observed in these

groups.

Finally, even with multiple technical replicates, and more robust filtering and
stratification methods, 14 cell lines remains a small number to look at clinical
vulnerability, and sequencing of a larger cohort of sAD neurons would be more
beneficial. Despite these limitations, the paired treatment design enabled within-line
comparisons of A3 response across genetically distinct backgrounds, providing insight
into pathways and genes consistently altered by AS exposure.

The lack of biological replication and the small number of independent cell lines limit
the statistical power and generalisability of baseline expression analyses between
resilient and vulnerable patient lines. Nonetheless, several genes and pathways
identified here have been independently implicated in Alzheimer’s disease in prior
studies, supporting the biological relevance of these findings. Accordingly, the
findings of this study generate hypotheses that require validation in larger, more

deeply replicated cohorts, as well as targeted downstream experiments.

4.6 Conclusion

In this chapter, bulk RNA sequencing was used to characterise Af—induced
transcriptional changes in control and sporadic Alzheimer’s disease patient—derived
neurons. A( exposure elicited broad transcriptomic remodelling, affecting pathways

related to stress responses, protein homeostasis, lipid metabolism, and axonal and
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synaptic function. In control neurons, transcriptional changes in cholesterol-related
pathways did not translate into reduced Ap-induced neurotoxicity following genetic
or pharmacological inhibition of cholesterol synthesis. Af did lead to an increase
in lipid droplet formation suggesting that these alterations may reflect downstream
stress responses rather than direct mediators of toxicity. In patient-derived neurons,
substantial inter-line heterogeneity was observed; nevertheless, A3 exposure induced
significant transcriptional changes, although no Apg-induced differentially expressed
genes were detected between resilient and vulnerable patient groups. Notably,
baseline differences in gene expression between resilient and vulnerable lines were
identified, highlighting candidate genes and pathways that may contribute to
differential vulnerability and warrant further investigation. Overall, these findings
provide a foundation for future studies aimed at mechanistically validating the

pathways and genes implicated here.
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Chapter 5

Investigating the role Tau PFF on
sporadic AD patient iPSC-derived
cortical neurons from the DFP study

5.1 Introduction

The first two results chapters focused on the role of AS on iPSC-derived cortical
neurons, and showed that neurons derived from sAD patients reflected clinical
measures of the donors they originate from. We focused on Af3, as its accumulation is
a major pathological hallmark of AD. Tau accumulation into intracellular fibrils is the
other key pathological feature of AD: progression of Tau pathology in the brain has
been shown to more reliably predict disease progression, and p-Tau levels in the blood
are more reliable earlier biomarkers of the disease [59]|. Lagomarsino, et al have shown
that protein levels of p-Tau/total Tau (tTau) in iPSC-derived neurons positively
associated with pTau/tTau protein in the brain of the corresponding patients. On the
other hand, they showed that p-Tau/tTau levels positively associated with cognition
[245]. These results suggests that iPSC-derived neurons are able to model the Tau
profile of individual patients, and that they associate with clinical outcomes of those
patients. However, they did not investigate the effect of Tau insults on iPSC-derived
neurons, and whether the response to Tau PFFs correlates with clinical measures of
the donors.

Modelling endogenous Tau seeding and aggregation in iPSC-derived neurons is
challenging due to absence of 4R isoforms in developing neurons. FEven after 100
days in culture, control cortical neurons express mainly ON3R Tau [443]. In lines
expressing pathogenic fronto-temporal dementia (FTD) mutations in Tau (e.g.
P301S, P301L, S305 and IVS 10+16) — which can cause increased seeding and
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aggregation propensity and increased exon 10 inclusion — ON4R tau is detected
after a few weeks in culture and it takes up to a year to see all 6 Tau isoforms
present in the human brain [202, 443, 54]|. Multiple groups have shown that no tau
inclusions form, even in neurons carrying FTD-causing mutations, after several weeks
in culture (353, 485, 486]. Paonessa et al observed changes in Tau phosphorylation
and mislocalisation in lines harboring FTD-causing mutations, but no aggregation
after 120 days in culture [350].

Another strategy to recapitulate Tau pathology in iPSC models is to treat
iPSC-derived cortical neurons with Tau aggregates. In this regard, the majority
of the work so far has focused on whether tau aggregates were internalised by
neurons and induced phosphorylation of endogenous tau. The results so far are
inconsistent: several groups have shown that the inclusion of pathological MAPT
FTD mutations (e.g. P301s, P301L and Exon 10+416) were required for the
aggregation of endogenous Tau after seeding with truncated 4R Tau fibrils (K18)
with or without P301L mutations [486, 485, 353]; while two studies reported that
full-length 2N4R tau was internalised and increased endogenous tau phosphorylation
in control iPSC neurons [476, 286]. Other groups have demonstrated that AD brain
derived pathological Tau was internalised by wild-type iPSC neurons in a time- and
concentration-dependent manner [281, 501].

Less work has been done to characterise the downstream effect of Tau seeding. Two
studies have found that Tau oligomers, specifically, caused neurite degeneration
and neuronal loss [476], while monomers and fibrils did not [286], and one study
identified calcium release, neuronal activity and endolysosomal trafficking deficits
[353]. No research so far has investigated the effect of Tau PFF insult on sporadic
AD iPSC-derived cortical neurons and I aim to address this gap using the DFP

cohort neurons.

The aims of this chapter are to:

e Characterise Tau expression and Tau release in the iPSC-derived cortical
neurons of the DFP cohort.

e Investigate the effect of Tau preformed fibrils (PFF) treatment on various

cellular phenotypes, and whether it reflects clinical measurements of the donors.

e Determine whether Tau PFFs induce transcriptomic changes in i3 cortical

neurons.

194



5.2 Characterisation of Tau expression in iPSC
derived cortical neurons

5.2.1 Tau and p-Tau protein expression

To characterise Tau expression in iPSC derived neurons from the DFP cohort,
neurons were grown in monoculture to Day 30, then harvested for RNA and protein
extraction, and the media was saved to measure Tau and p-Tau release (discussed
in the next section). Day 30 was the longest I could reliably culture the neurons
without astrocytes before the neurons started peeling. Samples from 3 independent
differentiations were collected and frozen down so that RNA and protein could be
extracted together to minimise variability (Chapter 2.9). Furthermore, for all of
the experiments described in this chapter, I also included a MAPT -/- line, which
retains less than 1 % residual Tau expression [323], and an iPSC-line carrying the
Tau P301S and Exon 10416 mutations (referred to as P301S from now on) [443], as
controls for Tau expression and Tau seeding assays.

I examined the RNA expression of Total Tau (tTau) and GSK3/, one of the major
enzymes responsible for phosphorylating Tau, which has been shown to be increased
in AD neurons (Figure 5.1, A-B) [334]. For protein expression (Figure 5.1, C),
I analysed several species of phospho-tau associated with Tau pathology, namely
S396, a marker associated with late pathology [344], ATS8, which recognises Tau
phosphorylated at both Ser202 and Thr205; and AT180, which recognises Tau at
phospho-Thr231, both markers of early pathology [26, 55, 158]. When comparing
protein and RNA levels, T normalised all values to one reference cell line, (Line
928), to correct for the variability in band intensity between blots, and inter-plate
variability for qPCR.

GSK3p5 and p-GSK3pS expression did not differ significantly between cell lines
(5.1, A, H, I), whereas both RNA expression and protein levels of tTau were
significantly different between patient lines (5.1, B, D). Furthermore, there was
a significant difference in protein levels of p-Tau S396 and ATS8 between different
patient lines, but not AT180 (Figure 5.1, E-G). The lower band in the AT180 blot
is faintly visible in the MAPT -/- lane, though it seems to be slightly higher than
the lower band in the AD lanes. Nonetheless, it is possible that this antibody is not
entirely specific for p-Tau Thr231. For S396, AT8 and Taub, however, there was a
clear absence of protein band in the MAPT - /- lane (Figure 5.1, C), confirming their

specificity for tau. Protein levels of tau and p-tau in P301S neurons were within the
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range of the DFP neurons levels. To note, only one differentiation of P301S neurons
was included in this analysis due to culturing difficulties.

Next, I looked at the ratio of p-Tau/tTau and p-GSK35/GSK35. CSF p-Tau/tTau
ratio is also used as a biomarker in AD [31]|, while a higher p-GSK35/GSK3p
ratio can be indicative of higher increased enzymatic activity and thereby tau
phosphorylation. There were no significant differences between the patient neurons
in the ratio of any p-Tau/tTau or p-GSK35/GSK35 (Figure 5.1, J-M), nor were
there significant correlation between p-GSK33/GSK3p4 and any Tau species (Figure
5.1, N). Of note, the MAPT -/- line was not included in these analyses of variance
between lines, as it would confound the analysis. It was used as a negative technical

control, to demonstrate the specificity of the primers and antibodies used.

I was interested in seeing whether Tau protein levels in the iPSC-neurons reflected
those of the patients they originate from, looking at both CSF Tau and Tau PET.
There was a strong positive correlation between Tau PET and both total Tau and
pTau AT8 protein levels, and a trending positive correlation with pTau S396 (Figure
5.1, O-Q). Furthermore, higher pTauS396:tTau ratio correlated with cognitive decline
(MMSE loss rate), though this was strongly driven by one cell line (Figure 5.1, R). On
the other hand, there was no correlation between protein levels of tTau, pTau S396,
pTau AT8 and p-Tau/tTau (S396 and ATS8) with CSF Tau, pTau or p-Tau/tTau
ratio, respectively (Figure 5.1, S-W).

Here, 1 have characterised Tau expression in the AD patient lines, and have

found that increased Tau expression reflects PET Tau signal, but not CSF levels in

the donor patients, and is correlated positively with cognitive decline.
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neurons
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Figure 5.1: Continued: (A-B) RNA expression of GSK34 (A) and tTau (B) in
Day 30 iPSC derived neurons, normalised to GAPDH (ddct). (C) Immunoblots
of AT8, AT180, S396T, Taub, GSK33 and p-GSK34 and with B-actin as control.
(D-I) Quantification of protein levels in 13 sAD patient lines, as well as a P301s
and a MAPT -/- line. Protein levels are normalised to B-actin and do a reference
sample (Line 928). (J-L) p-Tau/tTau protein level ratio. (M) p-GSK35/GSK3p
protein level ratio. (N) Correlation matrix (Pearson’s) of p-GSK33/GSK3p3 with
tTau and p-Tau expression. (O-W) Simple linear regressions of p-Tau/tTau and tTau
protein levels in iPSC-derived cortical neurons with clinical measures. Mean + SEM
n—3 independent differentiations. (A-M) Ordinary One-Way ANOVA with Tukey’s
multiple comparisons test. (N-W) Pearson’s correlation with two-tailed p-value and
95% CI. p < 0.05 (%), p < 0.01 (), p < 0.001 (% * %), p < 0.0001 (x * *x)

5.2.2 Tau release in conditioned media

Previous work in the DFP cohort has shown that Ap42 release in conditioned
media correlated significantly with levels of CSF Af42 of the patients [322], and
I therefore asked whether that was also the case of Tau and p-Tau secretion in
conditioned media by ELISA. Of note, this experiment was only performed on cells
from one differentiation in triplicates; statistical tests should therefore be considered
preliminary. There was a significant difference in tTau secretion between patient
lines, but secretion did not correlate with CSF Tau (Figure 5.2, E, H, I). I expected
p-Tau levels in conditioned media to be low, and therefore attempted to increase
the signal by adding conditioned media for three, 90 min incubations instead of
one, 2 h incubation. However, the levels of p-Tau 181 were all situated between
the negative control and first standard on the standard curve and were therefore
too low to determine the concentration (Figure 5.2, B, F). However, given that the
triplicate coefficient of variation for all samples was under 11 %, I decided to use
the raw absorbance values for downstream analysis. P-Tau levels were stable across
patient lines, and there was a positive but non-significant correlation between levels
of secreted p-Tau 181 and CSF p-Tau 181 levels (Figure 5.2 F, J). Next, I calculated
the p-Tau to Tau ratio for each cell line using the raw absorbance values, which was
significantly different between patient lines (Figure 5.2, G). As with tTau, however,
there was no correlation between secreted p-Tau 181:Tau and CSF pTau 181: Tau
(Figure 5.2, K). Furthermore, p-Tau and Tau release in conditioned media did not

correlate with pTau and Tau protein expression in the neurons (Figure 5.2, L-M).

This experiment demonstrated that levels of secreted tTau were not reflective
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of CSF Tau levels of corresponding patient, nor of Tau protein levels in the neurons.
Furthermore, p-Tau 181 concentration in media is too low to be reliably measured
with the ELISA, and though it correlated positively with CSF p-tau, a more sensitive

detection method is required to draw firm conclusions.
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Figure 5.2: Secretion of Tau and p-Tau by iPSC derived cortical neurons
does not correlate with CSF tau and pTau. (A-B) Standard curve of the Tau
(A) and p-Tau 181 (B) ELISAs. (C-D) Coefficient of variation (CV) plot between CV
and absorbance values for tTau (C) and p-Tau (D). (E) tTau protein concentration in
conditioned media (pg/ml). (F-H) Raw absorbance values for p-Tau (F), p-Tau/tTau
(G), and tTau (H). (I-K) Pearson’s correlation with linear regression line between
secreted tTau (I), p-Tau 181 (J) and p-Tau 181: tTau (K) from iPSC neurons
and CSF Tau concentration of the corresponding patients. (L-M) Simple linear
regression between p-Tau/tTau release and tTau (L) or p-Tau/tTau (M) protein levels
in iPSC-derived cortical neurons. Mean + SEM n=3 replicates from 1 differentiation.
(E-H) Ordinary One-way ANOVA with Tukey’s multiple comparisons test. (A) (I-M)
Simple linear regression (pearson’s correlation) with two-tailed p-value and 95 % CI.
p < 0.05 (%), p < 0.01 (xx), p < 0.001 (%), p<0.0001 (% *x).
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5.3 Neurite tracing in iPSC-derived cortical neurons
treated with Tau preformed fibrils

5.3.1 Co-culture of with astrocytes
5.3.1.1 Neurite outgrowth and branching

Given the greater inter-differentiation consistency and correlation with clinical data
observed in Day 7 but not Day 70 in Chapter 3.5, I decided to focus on the Day
7 timepoint to look at the effect of Tau PFFs insult on neurite outgrowth in the
DFP iPSC-derived neurons. The same experimental set-up described in Chapter 3
was used here: Neurons transduced with a low titer of NgN2-GFP lentivirus (more
details in Chapter 2.3 and Chapter 3.4), co-cultured with astrocytes, were treated
with either 1.25, 2.5 to 5 pg/mL of full length 2N4R Tau PFFs and imaged daily for
7 days . 2N4R tau was chosen over other commonly used tau insults , such as K18
PFFS or PFFs carrying FTD mutation, as they are more physiologically relevant
to AD than the truncated or mutated forms of tau. Furthermore, 2N4R tau is the
longest isoform and therefore contains every domain, and is more aggregation prone
than other tau isoforms, due to the presence of 4 microtubule binding repeats.

In this case, the negative control was the PFF vehicle, and I also included a positive
control of 2.5 pug/ml PFF with 20 uM of chloroquine (CQ). CQ inhibits lysosomal
degradation and therefore should prevent the clearance of fibrils from the cells [231].
The MAPT -/- and P301S line were included as negative and positive control to Tau
PFF seeding, since the MAPT -/- line has nearly no endogenous Tau to seed with
and the P301S line has been shown to have increased Tau aggregation upon seeding
with fibrils [443, 486].

Unlike with amyloid treatment, Tau PFFs alone caused no neurite loss in the
neurons cocultured with astrocytes. The neurites grew consistently between the
first and last day of imaging (Figure 5.3, A, Figure 5.4, A,B). 7 days post PFF
treatment, most AD lines exhibited a decrease in total neurite length only in the
CQ condition (relative to Day 0), which was significant in lines 939 and 944 (Figure
5.4, A). When all cell lines were pooled together, there was significant decrease in
neurite length in the cells treated with 2.5 pg/mL PFF + CQ (Figure 5.4, B). The
same trend was seen for the number of nodes (Figure 5.4, C-D). Interestingly, there
was no difference in the effect of Tau PFF between the sAD patients, the MAPT - /-
and the P301S lines, suggesting that any toxicity observed was due to the addition
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of fibrils rather than seeding and aggregation downstream of insult. Thus, this
experiment showed that Tau PFF have minimal effect on neurite outgrowth in Day
7 cortical neurons cocultured with astrocytes, except when paired with CQ. Given
that a CQ-only condition was not included in these experiments, it is possible that
the effects observed in the Tau PFF+CQ condition are due to CQ-induced toxicity

and future experiments should include this control condition.
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2.5 yg/ml+CQ

Figure 5.3: Representative images of DFP cortical neurons cocultured with
astrocytes show no effect of Tau PFFs (A) Representative images of GFP+
neurons at Day 0, Day 3 and Day 7 of imaging (left to right), treated with vehicle,
1.25 pg/mL, 2.5 pg/mL, 5 pug/mL, 2.5 ug/mL + 1 pM CQ. 20X objective, scale bar=
100 pm
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Figure 5.4: Tau PFFs did not induce neurite loss in DFP cortical neurons
cocultured with astrocytes. (A-B) Representative line graphs of the neurite length
(normalised by number of cells) over 7 days in 2 sAD patient lines (939 and 934).
No significant change was seen between treatments. (C) Change in neurite length
between Day 7 and Day 0 (baseline) in 13 sAD, P301S and MAPT -/- lines. Decrease
observed in the 2.5 pg/mL + 1 pM CQ was only significant in line 939 and 944. (D)
Change in neurite length averaged across all lines. (E) Change in number of nodes
between Day 7 and Day 0 (baseline) in 13 sAD, P301S and MAPT -/- lines. (F)
Change in number of nodes averaged across all lines. Significant decrease between
the vehicle and 2.5 pg/mL + 1 uM CQ conditions. Mean + SEM n=3 independent
differentiation repeats averaged over 6 technical replicates.
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Figure 5.4: (continued) (A-B) Mixed effect repeated measures model with FDR
method of Benjamini and Hochberg corrections for multiple comparisons. (C,E) 2-way
ANOVA with Dunnett’s multiple comparisons test. (D, F) Kruskal-Wallis test with
Dunn’s multiple comparisons test.p < 0.05 (x), p < 0.01 (x%), p < 0.001 (* * %),
p < 0.0001 (xx*x). For all graphs, each dot is one differentiation, except for bar plot
averaging across cell lines, where each dot is a cell line.

5.3.1.2 Cell viability

To see whether general cell viability was affected by Tau PFF despite the lack of
neurite loss, I looked at nuclei count and AK release in conditioned media. Consistent
with the effect on neurite outgrowth, there was no change in nuclei count after 7 days
of PFF insult between the treated conditions and the vehicle, except for a significant
decrease in nuclei in the 2.5 pug/mL + CQ condition (Figure 5.5, A, B). However, AK
release trended upwards in the 2.5 pg/mL condition, and significantly increased in
the 1.25 pug/mL, 5 pg/mL, and 2.5 ug/mL PFF + CQ conditions (Figure 5.5, C, D).
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Figure 5.5: Tau PFFs induce moderate nuclei loss and AK release in DFP
cortical neurons co-cultured with astrocytes. (A-B) Change in number of
nuclei after Tau PFF insult between Day 7 and Day 0 (treatment day = baseline)
in 13 sAD, P301S and MAPT -/- lines (A) or averaged across all lines (B). (C-D)
AK release in conditioned media normalised to baseline in 13 sAD, P301S and
MAPT -/- lines (A) or averaged across all lines. Mean + SEM n=3 independent
differentiations repeat averaged over 6 technical replicates. (A,C) 2-way ANOVA with
Dunnett’s multiple comparisons test. (B,D) Kruskal-Wallis test with Dunn’s mulitple
comparisons test.p < 0.05 (%), p < 0.01 (%), p < 0.001 (x*x), p < 0.0001 (% *x).For
all graphs, each dot is one differentiation, except for bar plot averaging across cell
lines, where each dot is a cell line.

5.3.2 Cortical neuron monoculture

5.3.2.1 Neurite outgrowth and branching

Given that the astrocytes have been shown to internalise Tau PFFs [54], and help
with adhesion of neurons, I wondered whether they might be protecting neurons from
any Tau-induced toxicity. Therefore, I next asked whether Tau PFFs induced neurite
loss in cortical neurons grown without astrocytes. Indeed, Tau PFF insult caused
neurite loss in the DFP neurons, although some patient lines were more vulnerable
to Tau PFFs and lost more neurites than others (Figure 5.6, A; Figure 5.7, A-B, D).
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Nonetheless, averaging all patient lines, Tau PFF insult caused a decrease in neurite
outgrowth (Figure 5.7, E). The MAPT -/- neurons had no significant decrease in
neurite length, except in the PFF + CQ condition (Figure 5.7, C).

To account for differences in growth rate between cell lines, I normalised the neurite
length at Day 7 of the PFF-treated neurons with the vehicle-treated neurons and then
compared the % neurite loss between each line. There were marked differences in the
amount of neurite loss between patient lines. At 1.25 ug/mL, the decrease ranged
from 0.2 % to 55 %, the average loss being about 33 %, and MAPT - /- cells lost 7 %
neurites relative to control (Figure 5.7,F). At 2.5 ug/mL, it ranged between 12 % and
64 %, the average was 36 % and MAPT - /- cells lost 30 % neurites (Figure 5.7,G). At
5 pg/mL, neurite loss ranged from 1.4 % to 56 %, the average was 32 % and MAPT
-/~ cells lost about 30 % as well (Figure 5.7,H). Although, there is a wide range
in neurite loss between patient lines, due to the variability between differentiations
(such as exhibited by line 940 in Figure 5.7, F, or 933 in 5.7 G and H), this difference
was not significant. Furthermore, unlike with the AS treatment, where there was a
clear dose-dependent effect of treatments, here, the effect was similar between all 3
Tau PFF concentrations. Interestingly, some lines were consistently vulnerable (Line
927, 946) or resilient (Line 936) to both AS and tau PFFs (defined by the amount of
neurite loss), other patient lines had opposite patterns: Line 934 was one of the most
vulnerable to Tau PFF insults (more neurite loss), but was resilient to AS insult,
while line 940 was resilient to Tau PFF insult (less neurite loss) but vulnerable to AS

insult.
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Figure 5.6: Representative images of DFP cortical neurons treated with tau
PFFs show neurite loss due to PFFs (A-B) Representative images of neurons
from vulnerable and resilient lines (defined by amount of neurite loss due to Tau
PFFs) at 0 and 6 days after PFF insult (left to right), treated with vehicle, 1.25
pug/mL, 2.5 pg/mL, 5 pug/mL, 2.5 ug/mL + 1 uM CQ. 20X objective, scale bar= 100
pm.

208



Resilient B C
Tau (-/-) q<0.0001
8 q<0.0001 q=0.0954
— 4
6 q=0.0939 —e— Vehicle
q=0.7331 —o— 1.25ug/ml

w

2.5ug/ml

Sug/ml
/‘ N .

T T T T
Day 0 Day 2 Day 4 Day 6

-

Total neurite length (um)
Normalised to baseline
»

Total neurite length (um)
Normalised to baseline
Total neurite length (um)
Normalised to baseline
N

o

T T T T T T T
Day 0 Day 2 Day 4 Day 6 Day 0 Day 2 Day 4 Day 6

Total neurite length

Vehicle
1.25 pgiml

25 g/mi
5ug/mi

2.5 pgml +CQ

Neurite length (um)
Normalised to baseline

927 928 929 933 934 936 937 939 940 943 944 946 947Tau (-/-)

Vehicle

1.25 gl

25 ygiml
5 pg/ml
*  25pgmi+CQ

Neurite length (um)
Normalised to baseline
N »

1.25 ug/ml Tau PFFs 2.5 pg/ml Tau PFFs 5 ug/ml Tau PFFs

ns

40 ns

20+

20

% Neurite loss

-40 - l

% Neurite loss
&
o
1

% Neurite loss

-60 -1

BT T T T T T T T T T T T 00 “——T—TTTT T T T T —
£ (D 2 o o ) D (S (B B 6 AN
SSRGS S o o N o o RO ISR XX AR SRR A N FUNG XX T AR EARCE X XN
i »
<3 <2

Figure 5.7: Tau PFFs induce neurite loss in DFP cortical neurons. (A-C)
Representative line graphs of the neurite length (normalised by number of cells) over
6 days in a resilient (A) and vulnerable (B) sAD line and in the MAPT -/- line (C).
(D) Change in neurite length between Day 6 and Day 0 (baseline) in 13 sAD and
MAPT -/- lines. (E) Change in neurite length averaged across all lines shows dose
dependent, significant decrease in neurite length. (F-H) % change in neurite length 6
day after PFF insult, normalised to control at 1.25 ug/mL (F), 2.5 ug/mL (G) and
5 pg/mL (H). Mean £ SEM n=2-3 independent differentiations repeat averaged over
6 technical replicates.
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Figure 5.7: (continued) (A-C) Mixed effect repeated measures model with FDR
method of Benjamini and Hochberg corrections for multiple comparisons. (D) 2-way
ANOVA with Dunnett’s multiple comparisons test. (E-H) Brown-Forsythe and Welch
One-way ANOVA tests with Dunnett’s T3 multiple comparison test. p < 0.05 (%),
p < 0.01 (xx), p < 0.001 (x % %), p < 0.0001 (% * *x). For all graphs, each dot is one
differentiation, except for bar plot averaging across cell lines, where each dot is a cell
line.

Similarly, when looking at branching, Tau PFF caused a loss nodes in the
patient neurons, though the effect varied between cell lines (Figure 5.8, A, B). When
normalised to vehicle, the % loss in nodes ranged from 2 % and 60 % in the 1.25
ug/mL condition, from a 14 % increase to 60 % decrease in the 2.5 ug/ml condition,
and from 2 % to 60 % in the 5 ug/mL condition (Figure 5.8, C-F). The difference
in loss of nodes between patient line due 5 pg/mL PFFs was significant.(Figure 5.8,
E). Across treatment concentrations, the average loss of nodes was 30 %, except for
the 2.5 ug/mL PFF + CQ, which led to a 89 % decrease in nodes. The MAPT
-/- neurons lost 0 %, 25 % and 12 % of the nodes in the 1.25, 2.5 and 5 pg/mL
conditions, respectively.

The PFFs caused neurite and branching loss in the MAPT -/- cells as well, though
to a lesser extent than some of the sAD lines, especially in the 1.25 ug/ml condition.
This suggests that at least some of the loss observed is due to inherent toxicity of
fibrils rather than due to downstream seeding. Nonetheless, the effect of Tau PFFs
was markedly increased without astrocytes. Whether that is due to the astrocytes
internalising fibrils or because they simply help with adhesion and overall health of

neurons needs to be further investigated.
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Figure 5.8: Tau PFFs induce loss of nodes in DFP cortical neurons. (A)
Change in number of nodes between Day 6 and Day 0 (baseline) in 13 sAD and
MAPT -/- lines. (B) Change in neurite length averaged across all lines shows dose
dependent, significant decrease in number of nodes. (C-E) % change in neurite length
6 days after PFF insult, normalised to control at 1.25 ug/mL (C), 2.5 ug/mL (D) and
5 pg/mL (E). Mean + SEM n=2-3 independent differentiations repeat averaged over
6 technical replicates. (A) 2-way ANOVA with Dunnett’s multiple comparisons test.
(B-E) Brown-Forsythe and Welch One-way ANOVA tests with Dunnett’s T3 multiple
comparison test. p < 0.05 (%), p < 0.01 (xx), p < 0.001 (% ), p < 0.0001 (* * ).
For all graphs, each dot is one differentiation, except for bar plot averaging across
cell lines, where each dot is a cell line.
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5.3.2.2 Cell viability

Next, I looked at whether Tau PFFs also caused more cell death when neurons are
in monoculture by measuring nuclei loss and AK release in the conditioned media.
Unsurprisingly, Tau treatment caused a dose dependent decrease in nuclei across
all cell lines (Figure 5.9, A, B). However, even though AK luminescence trended
towards an increase in treated conditions compared to control, the increase was only
significant between the control condition and the 1.25 pg/mL and 2.5 pg/mL + PFF
conditions (Figure 5.9, C,D). This is different from what I observed when neurons
were co-cultured with astrocytes, where I saw no loss in nuclei (except with PFF
+ CQ) but a significant increase in AK release across all treatment conditions. In
conclusion, sAD neurons cultured without astrocytes are more vulnerable to Tau PFF
insult, which leads to a decrease in neurite outgrowth and branching, as well as a cell
death.
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Figure 5.9: Tau PFFs induce nuclei loss and AK release in DFP cortical
neurons . (A-B) Change in number of nuclei after Tau PFF insult between Day 7
and Day 0 (treatment day = baseline) in 13 sAD, P301S and MAPT -/- lines (A) or
averaged across all lines (B). (C-D) AK release in conditioned media normalised to
baseline in 13 sAD, P301S and MAPT -/- lines (A) or averaged across all lines. Mean
+ SEM n=2-3 independent differentiations repeat averaged over 6 technical replicates.
(A,C) 2-way ANOVA with Dunnett’s multiple comparisons test. (B,D) Kruskal-Wallis
test with Dunn’s mulitple comparisons test. p < 0.05 (%), p < 0.01 (xx), p <
0.001 (* * %), p < 0.0001 (% * xx). For all graphs, each dot is one differentiation,
except for bar plot averaging across cell lines, where each dot is a cell line.

5.3.2.3 Correlation of Tau PFF-induced neurite loss in iPSC-derived
cortical neurons with clinical measures of sAD patients

In Chapter 3, it was established that there are significant correlations between the
amount of neurite loss cause by AfS treatment and several clinical measures of the
patients, namely, hippocampal volume corrected by CSF Ap42:40. Furthermore,
a study had shown that the level of p-Tau/tTau protein in patient-derived cells

213



positively correlated with brain pTau/tTau protein levels of the donor patients [245].
On the other hand, they reported a negative association between increased cellular
pTau/tTau protein and Tau tangles, which also associated with better cognition.

As described above, while I did not observe a significant correlation between
p-Tau/tTau levels in conditioned media with any clinical measure (Figure 5.2), there
was a correlation between the increased p-Tau/tTau in cells and cognitive decline, as
well as a positive association between pTau (ATS8) and tTau with PET amyloid of
patients (Figure 5.1). I therefore sought to find out whether neurite loss caused by
Tau PFFs in cortical neurons also correlated with clinical measures of patients in the
DFP cohort.

I first verified that the amount of loss in each cell line was consistent across
differentiations and treatment concentrations. Indeed, there was a positive correlation
between the 3 differentiations, and a strong positive correlation between the 3
treatment concentrations (5.10, A-B). Then, the correlations between neurite loss
at 1.25 pg/mL, 2.5 pg/mL and 5 pg/mL and clinical measures were calculated. 1
was particularly interested in whether, as with Af insult, Tau PFF-induced neurite
loss would be correlated with the corrected hippocampal volume normalised by each
participant’s Tau burden, as determined by CSF and PET Tau levels. As described in
Chapter 3.4.4, this ratio was calculated to consider individual differences in clinical
susceptibility to Tau pathology. There was a moderate but significant negative
correlation between hippocampal volume normalised to tTau, but not pTau, and
neurite loss in 1.25 pg/mL and 2.5 pg/mL conditions, though it was not significant
in the 5 pg/mL condition (Figure 5.10, D).

Next, I generated a correlation matrix of all treatment conditions correlated with
all clinical measures, and given the exploratory nature of this analysis, I looked
at unadjusted p-values (Figure 5.10, C). Higher CSF Af$42:40 was significantly
correlated with increased neurite loss at all concentrations (Figure 5.10, E), and this
association was also significant between higher CSF A42 and higher neurite loss at
1.25 pg/mL and 2.5 pg/mL conditions (Figure 5.10, F). This is counter-intuitive,
given higher CSF A(42:40 is associated with lower disease severity. On the other
hand, higher PET Amyloid (i.e. higher amyloid pathology), was associated with
more severe neurite loss at 1.25 pg/mL and 2.5 ug/mL conditions (Figure 5.10, G).
After Benjamini-Hochberg correction, the correlation between amyloid PET and
neurite loss was the only remaining significant correlation (padj=0.03).

Finally, I interrogated whether cellular and secreted pTau and tTau levels were

associated with the severity of PFF-induced neurite loss. Interestingly, increased
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secreted p-Tau/tTau levels of the cortical neurons was strongly correlated to
increased neurite loss at all concentrations of Tau PFFs (Figure 5.10, J), while

cellular p-Tau/tTau protein levels in neurons was not (Figure 5.10, K).

Collectively, these results show that greater neurite loss due to Tau PFF insult
positively correlates with smaller hippocampal volume normalised by CSF tTau and
with higher amyloid burden (Amyloid PET). Even though the effect on individual
cell lines is consistent across Tau PFF concentration, the correlations with clinical
outcomes were not significant for all concentrations of Tau PFFs. Finally, the amount
of Tau released by the neurons is strongly linked to the amount of PFF-induced

neurite loss experienced by the neurons.
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Figure 5.10: Neurite loss in cortical neurons due to Tau PFFs correlates
with clinical outcomes of patients.
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Figure 5.10: Continued: (A) Simple linear regression of % neurite loss across 3
differentiations (B) Simple linear regression of % neurite loss in neurons treated with
1.25 pg/mL; 2.5 pg/mL and 5 pg/mL. (C) Correlation matrix of % neurite loss
and clinical outcomes of patients. (D-F) Simple linear regression between neurite
loss due to 1.25 pg/mL (i), 2.5 pug/mL (ii) and 5 ug/mL (iii) Tau PFFs and either
hippocampal volume corrected for CSF Tau (D), CSF A342:40 (E), CSF Ap42 (F) and
PET Amyloid (G). (H) Simple linear regression between neurite loss and p-Tau/tTau
conditioned media and (J) p-Tau/tTau protein levels in cortical neurons. Mean =+
SEM n=2-3 independent differentiations repeat averaged over 6 technical replicates.
For all graphs, Pearson’s correlation with two-tailed value and 95 % CI were plotted.
Pearson’s r and p-values are indicated in each plot. For all graphs, each dot is one
patient p < 0.05 (x), p < 0.01 (%), p < 0.001 (% * %), p < 0.0001 (* * ).

5.4 The effect of Tau PFF insult on synaptic density
in iPSC-derived cortical neurons from the DFP
cohort

Synaptic dysfunction is one of the early pathological features of Alzheimer’s Disease,
and cognitive decline has been shown to correlate most closely with synapse loss
[466]. Several studies have shown that CSF tTau correlates with synaptic biomarkers
such as SNAP 25 and CSF GAP-43 [372, 434, 271|. Furthermore, post-mortem
and animal studies have demonstrated that Tau mislocalizes to dendritic spines
[189], that synaptic oligomers are found in synapses, even in the absence of plaques
[84] and that it causes synaptic dysfunction and loss [234, 534, 207]. Since Tau
secretion through presynaptic terminal can be stimulated by neuronal activity [362],
and misfolded Tau acts as a seed for Tau propagation [144, 82|, it is thought that
pathological propagation of Tau may occur through synapses [265, 111].

Our laboratory has previously shown that AfS oligomers caused synapse loss in
sAD patient iPSC-derived neurons, and that this loss correlated with MEG and
MMSE scores of patients [322|. However, this has not been studied in the context
of Tau. Therefore, I investigated whether Tau PFF induced synapse loss in 75
days old cortical neurons from the DFP cohort, which were co-cultured with rat
astrocytes. The cells were treated at Day 70 with 1.25, 2.5, 5 ug/mL of Tau PFFs.
Five days later, they were fixed and stained for pre- and post-synaptic markers
Synapsin I/II and Homer 1, as well as for MAP2 (Figure 5.11). Synapses were
detected by looking for Homer 1 and Synapsin I/II spots that colocalised within the

MAP2+ area. The number of synapses was normalised to total MAP2 area to derive
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synaptic density, and the number of synapse in the Tau-treated wells was normalised
with the vehicle-treated wells to account for differences in synapse number between

differentiations.

I first investigated whether Tau PFFs had an effect on synapse density averaged
across cell lines. Although there was a slight trend toward a decrease in synapse
density, this was not significant. Moreover, when looking at Synapsin /Il and Homer
1 individually to see whether pre- or post-synapses might be differentially affected,
no change in Synapsin I/II or Homer 1 spots in Tau-treated wells was observed
(Figure 5.12, A-C). However, when looking at the % change between the treated
and vehicle conditions for each cell line individually, there was a large range in the
change in synapse number due to Tau PFF for all conditions (Figure 5.12, Di-Diii).
In the 1.25 pug/mL, the % change ranged from an 80 % increase in synapses to a 40
% decrease (Figure 5.12, Di); in the 2.5 pg/mL, it ranged from a 30 % increase to
a 44 % decrease (Figure 5.12, Dii), and in the 5 pg/mL condition, it ranged from
a 70 % increase to an 80 % decrease (Figure 5.12, Diii). However, it is important
to note that only one differentiation included the 5 pg/mL, due to issues with Tau
PFF stocks, and it is therefore challenging to draw firm conclusions from these data
points. The difference in synapse density change between patient was significant for
the 1.25 pg/mL but not for the 2.5 pug/mL Tau PFF conditions. This likely due to
the marked variability in differentiations at the 2.5 ug/mL concentration.

Next, I asked whether the change in synapse density was driven more by pre- or
post-synapses. Again, the variability between differentiations makes it difficult to
interpret these results with confidence, but nonetheless, Synapsin I/II changes appear
to be driving the changes observed in most of the cell lines (Figure 5.12, Ei-Eiii).
Tau PFF insult caused around a 50 % decrease in synapse number in the MAPT - /-
line, and only a 5-10 % decrease in the P301S line.

The number of nuclei and MAP2 area were then measured to determine whether the
Tau PFFs were causing neuronal loss. There was a slight decrease in the number of
nuclei in the 1.25 and 2.5 pg/mL conditions, which was significant in the 5 pg/mL;
and a non-significant decrease in MAP2 area in the 5 ug/mL (Figure 5.12, F, G).
In summary, Tau PFF exposure affect synaptic density and leads to a moderate
degree of neuronal loss in cortical cultures. However, substantial variability across

differentiations limits the strength of these conclusions.
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Figure 5.11: Immunolabeling of Homer 1, Synapsin I/II and MAP2 in Day
75 cortical neurons treated with Tau PFFs. (Ai-iv) Representative images of
Day 75 cortical neurons treated with vehicle (i), 1.25 pg/mL (ii), 2.5 pg/mL (iii) and
5 pg/mL Tau PFFs (iv). They were stained with Homer I (647), Synapsin I/II (555),
and MAP2 (488) and Dapi. A 63 X objective was used, scale bars = 50 um in the
top and middle panels, and 10 gm in the bottom panels
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Figure 5.12: Tau PFF insult does not induce consistent synapse loss in Day
75 DFP cortical neurons (A-C) Fold change in synapse number (A), Synapsin I /11
spots (B) and Homer 1 spots (C) between the vehicle and Tau PFF wells, averaged
across all 13 sAD patient, P301S and MAPT -/- lines. (Di-Diii) % change in synapse
number for each cell line in the 1.25 ug/mL (i), 2.5 pg/mL (i) and 5 pg/mL Tau
PFF (iii) conditions relative to vehicle. 929



Figure 5.12: (continued) (Ei-iii) % change in Homer 1 and Synapsin I/II spots
in MAP2 for each cell line in the 1.25 pg/mL (i), 2.5 pg/mL (ii) and 5 pg/mL
Tau PFF (iii) conditions relative to vehicle. (F) Change in nuclei count and (G)
MAP2 area between the vehicle and Tau PFF wells, averaged across all 13 sAD
patient, P301S and MAPT -/- lines. Mean + SEM n=3 independent differentiations
repeat averaged over 3-4 technical replicates (1 differentiation for the 5 pg/mL
condition). For all graphs, each dot is one differentiation, except for bar plot averaging
across cell lines, where each dot is a cell line. (A-C, F,G) Kruskal-Wallis test with
Dunn’s multiple comparisons test. (Di-Diii) Ordinary One-Way ANOVA with Tukey’s
multiple comparisons test. (Ei-Eiii) 2-way ANOVA with Sidak’s multiple comparisons
test. p < 0.05 (%), p < 0.01 (xx), p < 0.001 (% %), p < 0.0001 (x * *x).

5.5 Assessing the effect of Tau PFF seeding on
Tau phosphorylation in iPSC-derived cortical
neurons

As mentioned previously, aggregated Tau species can act as seeds that cause other
forms of Tau to hyper-phosphorylate, aggregate and thereby spread pathology [82,
144]. Other studies have shown that Tau insult in iPSC-derived cortical neurons are
internalised and cause hyperphosphorylation of Tau [443, 486, 476]. Most studies have
used mutant MAPT lines carrying F'TD mutations and truncated Tau fibrils carrying
a P301L mutation, which promotes seeding and aggregation; a couple studies have
utilised full length 2N4R tau fibrils in control iPSC neurons [476, 286]; but no study
has looked at whether full length 2N4R Tau PFF could induce hyperphosphorylation
and aggregation of Tau in sporadic AD iPSC-derived neurons.

Using the same Tau concentrations as described in Chapter 5.4, I treated Day 70
neurons co-cultured with astrocytes with Tau PFFs. After 7 Days, I fixed the neurons
with 4 % PFA and stained the neurons with p-Tau (AT8) and § Tubulin (5-Tub).
There was a high level of AT8 staining, regardless of treatment in the AD and P301S
lines (Figure 5.13, Ai). As expected, the MAPT -/- cell line had nearly no Tau
positive neurites (Figure 5.13, Aii, Figure 5.13, B,D). Despite the high baseline level
of ATS, there was a small dose dependent increase in ATS8 spots in S-Tubulin area
relative to vehicle (Figure 5.13, B, C). Surprisingly, the P301S neurons did not have
increased levels of p-Tau between the vehicle and treated wells, nor when compared
to the sAD patient lines (Figure 5.13, B).
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Figure 5.13: Immunolabelling of p-Tau in cortical neurons shows moderate
increase in number of spots after Tau PFF insult.
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Figure 5.13: Continued:(A-B) Representative images of AT8 (647), -Tub (555) and
Dapi staining in sAD patient (A) and MAPT -/- (B) neurons. They were treated with
Vehicle (i) control, or with 1.25 ug/mL(ii) 2.5 pg/mL (iii) or 2.5 pg/mL + CQ) (iv).
Images were taken on 40X objective, scale bar is 50 ym. (C-D) Number of spots of
ATS in B-Tub area, normalised to nuclei in indivual cell lines (C) or averaged across
all cell lines (D). (E) Number of spots AT8 in the MAPT -/- neurons at all treatment
conditions. Mean + SEM n=3 replicates. (C) 2-Way ANOVA with Dunnett’s multiple
comparisons test. (D) Kruskal-Wallis test with Dunn’s multiple comparisons test. (E)
Ordinary One-Way ANOVA with Dunnett’s multiple comparisons test.p < 0.05 (x),
p < 0.01 (%), p < 0.001 (%% %), p < 0.0001 (5 * ).

5.5.1 tTau and astrocyte staining in neuron-astrocyte co-cultures

Earlier, T hypothesised that the lack of effect in neurite loss when neurons were
co-cultured with astrocytes was potentially due to the astrocytes internalising the
Tau PFFs. Therefore, in a parallel plate to the one described above, I stained the
cells with tTau (Tau 12), g-Tub, and GFAP, an astrocyte maker. I expected that
any Tau internalisation would be challenging to visualise in the sAD patient wells,
since the baseline level of Tau would be too high, which was indeed the case (Figure
5.14, Ai). However, visualisation of Tau PFFs by staining tTau was possible in the
MAPT -/- neurons (Figure 5.14, Aii).

Interestingly, there was a dose-dependent decrease in the area of tTau in S-Tub in the
Tau PFF conditions in (Figure 5.14, B, C). When averaged across all patient lines,
tTau decreased by about 25 % after Tau PFF treatment. There was no change in
Tau 12 signal in the MAPT -/- neurons (Figure 5.14, D). In the MAPT - /- wells, one
can clearly see large, Tau 12 + structures, which are absent in the vehicle condition,
and are likely remaining PFFs, which are stuck to the plate (white arrows, Figure
5.14 Aii). These structures do not co-localise with astrocytes, and when looking at
individual Z-stacks, it is clear that they are not inside cells. Additionally, no Tau 12
signal was observed in the astrocytes. This suggests that either the astrocytes do
not internalise the Tau PFFs, or they have already internalised and broken down the
PFF 7 days post seeding. There was a slight increase in GFAP area in the Tau PFF
+ CQ condition, but this was not seen in the wells treated with Tau PFFs alone
(Figure 5.14, E).
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Figure 5.14: Immunolabelling of tTau and GFAP in cortical neurons after
Tau PFF insult. (A) Representative images of Taul2 (647), 5-Tub (555), GFAP
(488) and Dapi staining in sAD patient (Ai) and MAPT -/- (Aii) neurons. They
were treated with Vehicle control, or with 1.25 pug/mL, 2.5 pg/mL or 2.5 ug/mL +
CQ). Images were taken on 40X objective. (B-C) Tau 12 + area in $-Tub area in
individual cell lines (B) or averaged across all cell lines (C).
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Figure 5.14: Continued: (D) Tau 12 area in S-Tub in the MAPT -/- neurons at all
treatment conditions.(E) GFAP area normalised by nuclei number in all treatment
conditions. Mean + SEM n=3 replicates. (B) 2-Way ANOVA with Dunnett’s multiple
comparisons test. (C) Kruskal-Wallis test with Dunn’s multiple comparisons test.
(D-E) Ordinary One-Way ANOVA with Dunnett’s multiple comparisons test. p <
0.05 (%), p < 0.01 (%), p < 0.001 (% * ), p < 0.0001 ( * *x).

5.5.1.1 Cell viability

Tau PFF-treated neurons had a decrease in -tubulin area, indicative of a loss of
neurites, in the 2.5 pug/mL and 2.5 pg/mL + CQ condition (Figure 5.15,A,B). This
decrease is consistent with the loss of tTau described above (Figure 5.14, B, C).
Similar to the effects observed when assessing synapse loss, tau PFF treatment caused
a slight decrease in the number of nuclei, which was significant in the 2.5 pg/mL +
CQ condition (Figure 5.15, C,D). Moreover, AK release in the media was significantly
increased in the 2.5 pg/mL condition, and approached significance in the 2.5 pg/mL
+ CQ condition. This decrease in cell viability was also seen in the MAPT -/- line,
which suggests that the loss of neurons is at least partially due to toxic effects of the

PFFs themselves, rather than downstream due seeding and aggregation.
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Figure 5.15: Tau PFF causes moderate neuronal death in Day 70 cortical
neurons (A-B) Change [-Tub area after Tau PFF insult in individual lines (A)
or averaged across all cell lines (B). (C-D) Change in number of nuclei after Tau
PFF insult in individual lines (C) or averaged across all cell lines (D). (E-F) AK
luminescence change (relative to vehicle) in conditioned media of neurons treated
with Tau PFFs. (E) Individual Lines (F) Average of all cell lines. Mean + SEM
n=3 replicates. (A,C,E) 2-Way ANOVA with Dunnett’s multiple comparisons test.
(B,D,F) Kruskal-Wallis test with Dunn’s multiple comparisons test. p < 0.05 (%),
p < 0.01 (%), p < 0.001 (%), p < 0.0001 (5 * ).
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5.6 Bulk RNA sequencing of control iPSC-derived
cortical neurons treated with Tau PFFs

In my experimental work so far, exposure of iPSC-derived cortical neurons to Tau
PFFs produced moderate effects on neuronal phenotypes, including reductions in
neurite outgrowth and moderate cell death. These effects were more pronounced
in monoculture, though still variable across differentiations, suggesting that
additional Tau-induced changes may be occurring but are not readily detected
with morphological assays alone.

While Tau uptake, internalisation, and seeding have been well characterised in cell
culture models, substantially less is known about the downstream pathways engaged
in human neurons following Tau propagation. The study by Parra-Bravo et al.
provides an important exception: using P301L fibrils in 4R-P301S neurons, they
identified marked endolysosomal dysfunction, impaired neuronal activity, altered

calcium handling, and showed that neuronal activity promotes Tau spread [353].

RNA-sequencing offers a valuable and unbiased approach to investigate the molecular
effects of Tau PFFs in greater depth, and may uncover pathways impacted by Tau
that were not evident from phenotypic assays. In Chapter 3 and 4, I demonstrated
that A induced robust neurite loss and transcriptomic changes in the DFP neurons
and in control i3 neurons. However, the DFP neurons clustered most closely by
line identity rather than by treatment (Figure 4.25), while the i3 neurons clustered
by treatment (Figure 4.2). Due to these observations, and the moderate effect
of tau PFFs described above, I decided to perform bulk RNA-sequencing on i3
neurons treated with Tau PFFs, as the consistency and purity of i3 cortical neurons
across differentiations would make changes due to Tau insult easier to detect. This
experiment and the analysis described below were performed alongside a DPhil
rotation student, Helen Jolly, who aligned the sequencing reads and helped perform
the analysis. Three independent differentiations of i3 neurons were treated with 2.5
pug/mL of Tau PFFs for 5 days. This decision was based on the results of the neurite
tracing experiments without astrocytes, where this concentration led to significant
loss of neurites. The neurons were treated on Day 14 for 6 days to remain consistent
with the RNA-sequencing on Af-treated i3s, and enable comparisons (Figure 4.1).
As described in Section 4.2.1, i3 neurons go through significant maturation between
Day 7 and 14, hence why this timepoint was chosen.

After treatment, RNA was collected and sent for QC and sequencing to Novogene
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(details found in Chapter 2.2.14). The reads were aligned using Salmon [355], and
imported into R using tximport [436]. The genes were filtered for low counts (< 30
counts in at least 2 replicates per condition). This filtered the number of genes to
17,451 genes, which were used to differential gene expression (DEG) analysis using
DESEq2 [270]. This result list was filtered for protein coding genes, leaving 14,127

genes.

5.6.1 Quality control of dataset

Principal component of analysis was performed to look at clustering of the samples.
This revealed clustering by treatment and by differentiations (repl, rep2, rep3).
Differentiations 1 and 2 had clear separation between untreated (UT) and Tau
PFF-treated samples (TAU), while the Tau-treated and untreated sample from
differentiation 3 clustered closely together (Figure 5.16, A). Euclidean sample

distance heatmap showed a similar clustering (5.16, B).

5.6.2 Differential gene expression analysis

Next, I looked at the number of DEGs in the treated vs untreated condition, which
are shown in the volcano plot in Figure 5.16 C. There were only 7 significantly
differentially expressed genes (padj < 0.05), which are detailed in Figure 5.16 D. One
of the top genes, PIK3C3, which is a class III catalytic subunit of Phosphoinositide
3-kinase (PI3K), is involved in autophagy and endocytosis, by producing the
phospholipid PI3P, which is essential to form new autophagosomes and sorting
cargo into lysosomes (393, 35|. AKT3 (AKT Serine/Threonine Kinase 3) is a
protein kinase involved in cell survival [321]. Importantly, they are both a part
of the PI3K/AKT/MTor signalling pathway, which promotes cell survival and
neurogenesis [515, 321]. PI3K produces PI3P, which phosphorylates and activates
AKT, which in turn leads to the inhibition of GSK3 g [274], a kinase responsible
for phosphorylating Tau [440, 188]. However, no other gene in these pathways were
significantly differentially expressed, and the fold change of these two genes were 1.6

and 1.36, respectively, which are relatively modest changes in gene expression.
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Figure 5.16: Clustering and differential gene expression of i3 cortical
neurons treated with Tau PFFs (A) PCA plot of Untreated (UT) vs Tau treated
samples. (B) Euclidean sample distance heatmap. (C) Volcano plot representing
the LogoFoldChange and -Logio p-value of the DEGs in the Tau samples vs the UT
samples. Dots represent genes, and are coloured red if their absolute LogsFoldChange
is higher than 1, blue if their p-adj value is < 0.05 and purple if both conditions are
met. (D) Table with the significant DEGs and their function.

5.6.3 Functional gene set enrichment analysis (fGSEA)

I then performed fGSEA, and as in Section 4.2, generated a list of all genes in
the dataset, ranked by their LogsFoldChange x -Logiy, p-value. 1508 pathways
had a significant positive enrichment score (i.e enrichment score > 1, upregulated),
and 503 had a significant negative enrichment score (i.e enrichment score < -1,
downregulation). The top up- and down-regulated pathways with their normalised
enrichment score (NES) are depicted in Figure 5.17 A and Figure 5.18 A. Of the
1503 positively enriched pathway, 1356 of them were pathways linked to micro-RNA
processing. Although interesting, I did not focus on those pathways for further
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analysis. In the list of 152 pathways remaining, pathways of note included dendrite
morphogenesis, RNA processing related pathways and, consistent with the significant
DEGs, PI3K/AKT signalling cascade (Figure 5.17, B, C, D).

In the downregulated group, pathways linked to mitochondrial function, and to
ribosomal function/translation were heavily represented (Figure 5.18 A). Looking
more closely at the genes that lead the enrichment (leading edge genes), it is evident
that all the genes have very small LogsFoldChange (i.e. LogsFoldChange under 0.5,
which represents a fold change of 1.4 or smaller) and nearly all have p-adjusted values
of >0.05 (Figure 5.18). However, GSEA does not require genes to be individually
significant, as it evaluates whether predefined gene sets are overrepresented at the
either end of a ranked gene list and identifies consistent directional shifts in the
dataset, enabling the detection of biologically relevant pathways that are invisible at
the single-gene level. Nonetheless, these represent biologically modest changes, which

are more likely to be noisy, and could be due to ranking biases and small sample size.

In conclusion, this RNA sequencing experiment revealed that Tau PFF induces
modest changes in transcription, consistent with the mild morphological phenotypes
discussed in the first part of the chapter. These changes are related to PI3K/AKT

signalling, mitochondrial function and translation.
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Figure 5.17: Upregulated pathways in neurons treated with Tau PFFs
(A) Top 20 downregulated pathways with their NES. The colour of the dot is
representative of the p-adj value. (B-D) (B) GO:BP Dendrite Morphogenesis, (C)
GO:BP RNA Destabilisation, (Di) Reactome P13 AKT signaling in cancer used as

example graphs of leading edge genes in upregulated pathways, plotted in order of
their Log2FoldChange. Colour represents their p-adj value.
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Figure 5.18: Downregulated pathways in neurons treated with Tau PFFs
(A) Top 20 downregulated pathways with their NES. The colour of the dot is

(B) GO:BP Electron transport chain and (C)
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5.7 Discussion

5.7.1 Molecular characterisation of Tau in iPSC-derived
neurons and correlation with clinical measures

In this chapter, I presented a comprehensive molecular characterisation of Tau,
phospho-Tau, and GSK35 expression in sAD iPSC-derived neurons. The analysis
revealed substantial heterogeneity in tTau and p-Tau species (e.g., S396, ATS8, Taub;
Fig. 5.1) and importantly, cellular tTau and pTau AT8 protein levels significantly
correlated with Tau PET signal, a measure of tau pathology. Interestingly, these
levels did not correlated with CSF tau or pTau, though differences in tau epitopes
measured could explain this result. Another possibility is that cellular tau protein in
iPSC-derived neurons, as measured here, captures intra-neuronal tau abundance and
phosphorylation state — which is conceptually closer to the brain tau load detected

by PET than to the soluble tau released into CSF following neuronal damage.

Secreted total Tau and p-Taul81 from iPSC neurons also did not correlate with
CSF total tau and p-Taul81. These results suggest that in iPSC-neurons, cellular
tau protein levels, rather than secreted tau are more reflective of tau pathology
in vivo. Accordingly, higher cellular pTau S396/tTau ratio correlated with greater
cognitive decline of the corresponding patients, which is reflective of studies in AD
patients demonstrating that CSF and PET Tau correlate with cognitive decline
[201, 26]. This finding contrasts with work from Lagomarsino et al., who reported a
positive association between cellular p-Tau/tTau and cognition in 53 LOAD patients.
However, their analysis used a linear mixed model adjusting for education, gender,
and age, and they measured different tau epitopes. Differences in methodology and

statistical correction may therefore explain this discrepancy.

To date, most Tau PFF work in iPSC models has been performed in control
neurons or neurons carrying FTD mutations, and many have used fibrils which
carry mutations that augment their aggregation propensity. In contrast, this study
investigated the effects of full-length 2N4R Tau PFFs across multiple timepoints and
phenotypes in 12 sporadic and 1 familial AD patient lines, both with and without
astrocyte co-culture. The spectrum of neuronal vulnerability, as assessed by neurite
loss, significantly correlated with hippocampal volume normalised to CSF total Tau.
CSF total tau, unlike CSF pTau is not a measure of tau pathology. However it is

closely associated with neuronal injury and axonal loss, and has also been shown
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to correlate strongly with early markers of disease, such a synapse degeneration
[434, 291, 50]. It is therefore interesting that neurite loss due to Tau PFF insult is

associated with hippocampal volume adjusted for CSF total tau levels.

Additionally, enhanced neurite loss due to Tau PFFs correlated with higher amyloid
burden (PET amyloid). Confusingly, higher CSF A 42 and 42:40 ratio also
correlated with increased neurite loss, while one would expect the opposite, given
that CSF Ap 42:40 is typically highly negatively correlated with PET amyloid.
Salvado et al. (2024), recently established a robust CSF staging model using 5 CSF
biomarkers, which predicted the presence of pathology (Amyloid and Tau PET) and
aligned with longitudinal changes in other AD biomarkers. They show that once the
threshold of AS positivity is reached, CSF A 42:40 levels plateau, while pTau levels
continue to rise across CSF stages [402|. They also demonstrate that, unlike CSF AfS
42:40, the level of amyloid PET increased consistently with higher CSF stages. On
the other hand, CSF Af 42:40 has been shown to detect amyloid pathology before
PET amyloid [346]. These results suggest that though CSF A 42:40 is an important
biomarker early in the disease, amyloid PET may be a better measure of progression

and severity of amyloid pathology.

Finally, T show that neurite loss at all concentrations is significantly correlated
with the ratio of secreted ptau/Tau in conditioned media but not cellular ptau:tTau
levels (Figure 5.10, H, I). While these results are preliminary, given that the tau
ELISAs were only performed on one differentiation, these results indicate that
neurons that secrete more pTau are more vulnerable to Tau-PFF induced neurite
degeneration. Several explanations could underlie this correlation. Elevated p-Tau
secretion may reflect a pre-existing imbalance between tau production and clearance
— for instance, impaired autophagic or proteasomal degradation of phospho-tau
[498] — which would also leave neurons less able to clear internalised PFFs and
prevent templated aggregation. Additionally, secreted tau itself may act as a seed
for further tau aggregation [143]. Neurons that secrete more tau may therefore be
releasing more potential seed material for the added tau PFFs. Collectively, these
findings suggest that iPSC-derived neurons capture patient-specific susceptibility to
Tau insult and links vulnerability to Tau PFFs in vitro with amyloid pathology in

VIVO.
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5.7.2 Challenges in assessing cellular responses to tau PFF
exposure

Studying Tau aggregation in iPSC-derived neurons poses inherent challenges, largely
due to the developmental immaturity of these models. Reprogramming fibroblasts
or PBMCs resets the cellular “biological clock,” meaning iPSC-derived neurons
resemble fetal rather than adult neurons [237, 458]. This is particularly relevant for
Tau, as the adult brain expresses six isoforms, whereas developing neurons express
predominantly ON3R Tau [159]. The adult human brain maintains an approximately
1:1 ratio of 4R to 3R Tau, and disruption of this balance is implicated in tauopathies
[442]. In contrast, iPSC-derived cortical neurons typically express only ON3R Tau
unless cultured for almost a year (with the exception of FTD lines).

Moreover, as shown in Sections 5.1 and 5.13, sSAD neurons exhibit high endogenous
expression of phosphorylated Tau species (e.g., S396, AT180, ATS8). Although these
epitopes are considered pathological in the adult brain due to their association with
PHFs [203, 252, 165, 17|, they are physiologically present during brain development
without causing aggregation [60, 157, 290]. These developmental differences may
limit the utility of iPSC-derived neurons as a model for studying the effects of Tau

insult.

Here, I hypothesised that Tau PFFs would cause synapse loss in iPSC derived
neurons, given that tau has been shown to mislocalise to dendrites, and cause synapse
loss in mouse models of AD and primary neuron cultures [189, 469, 455, 190, 499].
However, I did not observe a consistent decrease in synapse number after Tau PFF
insult in the iPSC derived neurons, with some lines exhibiting decreases in synapses,
and others increases (Figure 5.12). Several explanations could underlie this results.
First, the variability across differentiations— which could be due to differences in
the batches of PFF used, or to the extended time in culture introducing more
variability in the density or health of the culture- may be hiding Tau PFF-induces
changes in synapse number. Second, the synapse density experiments (Section 5.4)
were conducted in neurons co-cultured with rat astrocytes, while the more striking
neurite loss (Section 5.3.2) was observed in monoculture. This raises the possibility
that astrocytes are protecting the neurons from Tau-PFF induced damage by, for
instance, internalising the tau PFFs [54] . While monoculture experiments would
solve this problem, prolonged culture to Day 70-80 without astrocytes is challenging
because they help with neuronal adherence and prevent the neurons from peeling.

This assay has previously been used to measure synapse loss in response to A(
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in our group [322|, but perhaps Af induced more robust synaptotoxic effects than
tau, hence why they observed consistent changes in synapses. In the future, other
methods such as multi-electrode array recordings or calcium imaging could be used

to further probe synaptic vulnerability to Tau PFFs.

Furthermore, I was interested in whether Tau PFF insult would induce endogenous
phosphorylation of tau in sAD neurons, and whether the DFP patient lines would
exhibit differences in their susceptibility to phosphorylate tau after Tau insult.
Although there was a small but significant increase in ATS8 spots in PFF-treated
neurons, the high baseline levels of monomeric p-Tau made it difficult to visualise
PFF-induced phosphorylation. While several groups report no such p-Tau signal
after PFA fixation [476, 353], others have shown that methanol fixation is required
to remove monomeric Tau and reveal seeded inclusions [501, 281]. Furthermore, the
absence of signal in the MAPT -/- neurons confirmed that this staining was not
non-specific binding to other microtubule-associated proteins (Figure 5.13). Attempts
to apply methanol fixation using a collaborator’s protocol were unsuccessful, as cells
detached during fixation. Nevertheless, optimisation of this method will be crucial

for future mechanistic studies.

Another important consideration is the treatment duration. Here, PFF exposure
was examined after 7 days. While a few studies have reported tau internalisation
and endogenous phosphorylation between 24h and 6 days post seeding [281, 476],
many studies have reported aggregation in neurons after seeding with fibrils after
2-5 weeks in culture [353, 485, 486, which is a much longer timeframe than what
has been done in this thesis. However, differences in the species of tau insults and

fixation protocols might explain these discrepancies.

The tau species used in these investigations is an important consideration. I
used 2N4R tau PFFs, which two studies have shown get internalised and cause
endogenous tau phosphorylation in iPSC-derived neurons [286, 476]. However, others
have reported that Tau overexpression or FTD-linked mutations are required for
seeding and tau phosphorylation [353, 485, 486].

Given the afore-mentioned studies, it was particularly surprising that P301S neurons
did not show elevated p-Tau (ATS) signal after Tau PFF seeding. This could be
explained by the considerations mentioned above, namely saturated AT8 signal in

developing neurons, short treatment duration or the absence of FTD mutations in
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the Tau PFFs. It is possible that P301S neurons are more susceptible to tau seeding
and aggregation only when the Tau PFFs themselves also carry FTD mutations, as
was observed by Manos et al. [281].

Truncated tau fibrils carrying FTD-associated mutations are arguably less relevant to
AD than the full-length 2N4R tau fibrils used in this thesis. Ideally, however, fibrils
composed of both 3R and 4R tau would provide the most physiologically accurate
model, since tau aggregates in AD are composed of both isoforms. Additionally, AD
Tau has a different fold to other tauopathies [139, 132]. Future studies may therefore
benefit from incorporating brain-derived tau aggregates. Nonetheless, I have shown
that 2N4R Tau PFF-driven neurite loss correlates with clinical measures of AD and
with the amount of secreted tau in these neurons, suggesting that this insult relevant

to study Tau pathology n wvitro.

5.7.3 Minimal Transcriptomic Response to Tau PFF Exposure
in Bulk RNA Sequencing

Bulk RNA sequencing revealed that Tau PFF exposure induced minimal transcriptomic
changes in iPSC-derived neurons. This is consistent with prior observations from our
group using a-syn PFFs in astrocytes and dopamine neurons, and with findings by
Weidling et al., who similarly detected no differentially expressed genes in cortical
inhibitory or hypothalamic neurons seeded with Sarkosyl-insoluble AD brain extract
for 72 hours [501]. Importantly, they replicated this absence of transcriptomic change
at 1, 2, and 3 weeks post-seeding, despite robust aggregation evidenced by MC1
staining, highlighting that a short treatment timeframe is not the cause behind the
lack of transcriptomic changes.

In contrast, single-cell studies have identified transcriptional differences between
neurons bearing NFTs and those without them [343, 353]. This suggests that bulk
sequencing may dilute or obscure transcriptomic signals arising from the proportion
of neurons that internalise PFFs and that single-cell methods -ideally after FACs

sorting- might be better suited to investigate Tau PFF mechanisms in iPSC models.

5.8 Conclusion

In summary, this chapter set out to characterise Tau expression and evaluate the
effects of Tau PFF exposure in AD iPSC-derived neurons, while also assessing
whether neuronal vulnerability to Tau insult reflected clinical features of the donors.

I demonstrated that these AD patient-derived neurons express high and variable
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levels of Tau and phospho-Tau, and that Tau PFFs consistently induced neurite loss,
although this effect was markedly attenuated in the presence of astrocytes. Tau PFFs
also caused no significant reduction in synapse density, though variability between
differentiations indicates the need for a more robust synaptic assays. Moreover, Tau
PFF treatment produced a modest but significant increase in AT8-positive puncta,
suggesting potential seeding and endogenous phosphorylation, though alternative
staining methods are needed. Finally, bulk RNA sequencing revealed that Tau
PFF exposure triggered very few transcriptomic changes in control cortical neurons,
reinforcing the idea that Tau PFF insult may not elicit strong responses in this
model. Together, these findings provide important insights into Tau biology and
PFF-induced vulnerability in sAD iPSC models, while also identifying key limitations

to address in future studies.
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Chapter 6

Discussion and Concluding remarks

6.1 Thesis overview

The overarching aim of this thesis was to determine whether induced pluripotent
stem cell (iPSC) lines derived from patients with sporadic Alzheimer’s disease (sAD)
retain clinically meaningful features of the individuals from whom they originate.
Specifically, this work sought to assess whether iPSC-derived neurons capture
patient-specific vulnerability to AD-relevant pathological insults, and whether in
vitro phenotypes relate to clinical measures of disease severity in vivo. To address
this, the effects of the two core pathological hallmarks of AD—Af and tau—were

investigated across cellular, transcriptional, and molecular levels.

In Chapter 3, I tested whether iPSC-derived cortical neurons from sAD patients
exhibited differential susceptibility to AB-induced neurotoxicity, and whether this
variability reflects intrinsic, donor-specific properties. I demonstrated that AfB
induces a dose-dependent loss of neurites, reduced branching complexity, and
increased neuronal loss across 14 AD patient-derived neuronal lines. Crucially,
AB-induced neurite loss correlated with clinical measures of disease severity in the
donor patients, including hippocampal volume adjusted for amyloid burden. Neurite
loss also correlated with CSF p-tau/t-tau levels at Day 7, and with CSF A{342:40
and AB42 levels at Day 70. Together, these findings provide strong evidence that
sAD iPSC-derived neurons can recapitulate patient-specific susceptibility to amyloid
toxicity and reflect clinically relevant aspects of disease progression.

Additionally, vulnerability to A was consistent within patient lines across
independent differentiations and across two forms of insult (AB1-42 and AB25-35),
demonstrating that susceptibility to Af is a reproducible and intrinsic property of

each donor rather than an artefact of experimental variability. Neurite loss measured
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at Day 7 significantly negatively correlated with neurite loss at Day 70, indicating
a maturation-dependent shift in vulnerability. This suggests that vulnerability to
AB is not a single fixed property of each donor but a context-dependent state that
changes with cellular maturation: at Day 7, vulnerability may reflect the capacity
of immature neurons to extend neurites under stress, while at Day 70, it may
reflect the capacity of more mature neurons to sustain stable synaptic and metabolic
function under stress. Some donors may therefore sit at one end of one axis and the
opposite end of the other. As discussed in Chapter 3, a potential mechanism for this
maturation-dependent change in vulnerability is the metabolic shift from glycolysis
to OXPHOS.

Based on the substantial spectrum of vulnerability to A observed in the DFP
cohort in Chapter 3, and in prior work [322], Chapter 4 aimed to take an unbiased
approach to investigate mechanisms underlying differential susceptibility to AB. I
performed bulk RNA sequencing following A exposure, first in control neurons
(i® neurons), and subsequently in patient-derived neurons from the DFP cohort.
Across both systems, A3 exposure induced substantial transcriptional remodelling;
however, the magnitude, consistency, and structure of these responses differed
between models, as discussed in detail in Chapter 4. In i® neurons, A elicited robust
and reproducible transcriptional changes, including enrichment of pathways related
to synaptic function, neuronal projection, cell adhesion, and lipid biosynthesis,
alongside downregulation of proteasomal and translational pathways.

These findings implicated impaired cholesterol metabolism as a potential mediator
of AB-induced toxicity and motivated targeted experimental interrogation of this
pathway.  Despite strong transcriptional enrichment of cholesterol biosynthesis
pathways, neither genetic suppression of cholesterol synthesis via CRISPRi-mediated
knockdown of SREBP1 and SREBP2, nor pharmacological inhibition using the
cholesterol-modifying compounds simvastatin and YM53601, mitigated AB-induced
neurotoxicity as assessed by neurite outgrowth, cell death, and AK release. One
possible explanation for this lack of effect is the striking decrease in SREBP1 and
SREBP2 protein levels observed following A treatment. I discussed whether this
apparent discrepancy between RNA and protein levels could reflect a temporal lag
between transcriptional changes and protein synthesis, or whether the observed
RNA upregulation represents a compensatory response to earlier inhibition of
cholesterol synthesis. However, A exposure did induce time-dependent lipid droplet

accumulation, demonstrating that altered lipid metabolism is a prominent cellular
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response to AP, even if it does not directly modulate neuronal vulnerability in i3
neurons.

In patient-derived neurons, while line identity accounted for a significant proportion
of transcriptional variance, AP exposure induced gene expression changes across
patient lines, including upregulation of stress response pathways and downregulation
of pathways related to cytoskeletal organisation, axonal projection, synaptic function,
and oxidative phosphorylation. The negative enrichment of axonal projection and
synaptic pathways was consistent with my observations of Af-induced neurite loss
(Chapter 3) and prior observations of synapse loss [322].

The inconsistent direction of pathway enrichment between i® and DFP neurons
was discussed in Chapter 4, and potential explanations included differences in
experimental design, most notably the comparison of a single control line replicated
across three differentiations versus 13 genetically heterogeneous AD patient lines; or
the fact that i3 neurons are derived from a healthy control while the DFP lines are
all derived from patients with established AD, which may lead to differences in their
transcriptional responses to A. While these are likely drivers, subtle differences in
media composition and differentiation protocols may also influence neuronal subtype
composition, maturation state, or metabolic profile. For instance, the DFP neurons
are grown in neurobasal media, while the i3s are grown in BrainPhys media, and
while the supplements in each are similar, DFP media contains Ascorbic Acid (AA),
which the i3 media does not. AA is involved in the synthesis of neurotransmitter, has
been shown to increase S-tubulin expression and promote synaptic maturation [401].
One study comparing BrainPhys vs Neurobasal media in i3s showed differences in
gene expression (iNeuron RNA-Seq App, [471]). For example, CTIP2, a marker of
deep-layer cortical neurons, is robustly expressed in DFP neurons (Figure 3.4) but
expressed at very low levels in i® neurons in both my dataset (Figure 4.3) and other
studies [471, 379, 349].

Finally, comparison of resilient and vulnerable patient lines, ranked by ADAS-cog
scores, revealed no significant differences in the transcriptional response to Af
exposure between groups. However, there were baseline transcriptional differences
independent of Af exposure between resilient and vulnerable patients. The expression
of those genes in the 13 AD lines was then correlated with clinical metrics, which
revealed significant associations with multiple clinical measures, including cognitive
decline and CSF amyloid and tau biomarkers. Notably, genes that were positively

correlated with better cognitive scores largely correlated with worse amyloid

241



pathology (lower CSF A(42:40), while genes associated with worse cognition
correlated with lower amyloid pathology (high CSF A(42:40). The reasons for this
counterintuitive observation remain unclear. One possibility is that some genes are
only significant due to one or two lines driving the correlation. Performing influential
point analysis—which asks whether a result would remain significantly altered if a
specific data point was removed—on a per-gene, per-line basis would be a meaningful

next step to understand this discrepancy and better interpret these findings.

In Chapter 5, I extended this investigation to patient-specific vulnerability to
tau pathology, the second major pathological hallmark of Alzheimer’s disease. [
characterised protein levels of total tau, phosphorylated tau, and GSK3p expression
in iPSC-derived neurons from the DFP cohort, revealing substantial inter-individual
heterogeneity. Importantly, total tau levels significantly correlated with tau PET
signal, providing further evidence that iPSC-derived neurons retain clinically
meaningful donor-specific features. The cellular p-tau/t-tau protein ratio positively
correlated with patient MMSE decline rate. This relationship differed from some
prior reports [245], potentially reflecting differences in cohort composition and
analytical approach.

Using full-length 2N4R tau pre-formed fibrils (PFFs), this study represents one
of the most extensive analyses of tau-induced neurotoxicity in sporadic AD
patient-derived neurons to date. Tau PFF exposure induced neurite loss across
patient lines, an effect mitigated by the addition of rat astrocytes. The degree
of vulnerability to tau PFFs correlated with hippocampal volume normalised to
CSF total tau, mirroring the correlation observed between AB-induced neurite
loss and hippocampal volume normalised to CSF A(342:40. Enhanced neurite
loss in response to tau PFFs also correlated with markers of amyloid pathology,
including CSF AB42:40 ratios and amyloid PET signal, paralleling relationships
observed for AB-induced neurite loss in Chapter 3. In contrast to A exposure, tau

3 neurons, suggesting

PFF treatment induced minimal transcriptional changes in i
that tau-mediated neurotoxicity may operate through mechanisms distinct from
widespread transcriptional reprogramming. Together, these findings suggest that
vulnerability to tau insult in vitro is linked to amyloid burden in vivo, supporting a
model in which amyloid and tau pathologies are mechanistically intertwined rather

than independent.
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6.1.0.1 Integration across chapters: patterns and divergences

Cellular vulnerability is patient-specific across multiple insults, but the same lines are
not uniformly vulnerable. Af-induced neurite loss (Chapter 3) and tau-PFF-induced
neurite loss (Chapter 5) both show substantial inter-line variability, but the rank
order of lines is not preserved across the two insults. A line near the top of
the AP vulnerability ranking is not reliably near the top of the tau ranking, and
neither ranking maps cleanly onto the ADAS-Cog-based clinical stratification used
to define resilient and vulnerable groups in Chapter 4. While the limitations of the
vulnerability ranking in Chapter 4 were discussed extensively already, this argues
against a single "fragility" property of each donor and instead supports a model
in which patient-specific vulnerability is multidimensional, with distinct molecular
pathways conferring susceptibility to different pathological insults.

This is also supported by the bulk RNA-sequencing experiments in Chapters 4 and
5. The minimal transcriptional response to tau PFFs was hard to reconcile with the
substantial neurite loss observed in monoculture. And it contrasts sharply with the
broad transcriptional remodelling induced by Af (Chapter 4). I discussed in Chapter
5 that two possible interpretations of this result could be that tau-PFF-induced
toxicity operates predominantly through post-translational mechanisms, and that
bulk RNA sequencing dilutes single-cell transcriptional responses occurring only
in the small subset of neurons that internalise PFFs— which is supported by the
literature which showed no transcriptional changes in iPSC derived neurons [501],
unless the neurons were FACs sorted to only include neurons with NFTs [343, 353].
Either way, the divergence between the morphological and transcriptional readouts is
itself a finding: it implies that the mechanisms by which AB and tau damage neurons
are different, even when the downstream phenotype (neurite loss) is similar, hence
why different cell lines are vulnerable to tau and Af insult.

Furthermore, the baseline transcriptional differences between resilient and vulnerable
lines identified in Chapter 4—elevated translation, protein folding, and oxidative
stress protection in resilient lines; elevated synaptic signalling, adhesion, and
projection programmes in vulnerable lines—are mechanistically coherent with the
morphological phenotypes measured in Chapters 3 and 5. High baseline proteostatic
capacity may plausibly protect against the proteotoxic stress imposed by both
AB and tau aggregates, while elevated neuronal activity may plausibly exacerbate
activity-dependent damage. This also agrees with findings from other groups which
find that proteosomal genes are downregulated in AD brains and iPSC neurons from

AD patients [245, 289], and that enhancing proteosome activity ameliorates Af and
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tau pathology [96, 468|.

The results presented in this thesis extend previous work demonstrating that
iPSC-derived neurons retain clinically meaningful, donor-specific features [322, 395,
245, 248|. While earlier studies established concordance between iPSC-derived
neuronal phenotypes and AD biomarkers or brain transcriptomic profiles, this
work directly links cellular vulnerability to extrinsic AB and tau insults with in
vivo measures of neurodegeneration and clinical severity. Building on prior work
in our lab, this thesis demonstrates that Af-induced neurite loss correlates with
hippocampal volume normalised to amyloid burden, and provides the most extensive
transcriptomic analysis to date of A exposure in iPSC-derived neurons. Whereas
only two prior studies have examined transcriptional responses to Af3 insult—one
limited to three control lines [84] and the other comparing a single APOE2 and
APOES3 line [435]—this work analyses AP-induced transcriptional changes across a
cohort of 13 sporadic AD patient-derived neuronal lines, enabling assessment of both
shared and inter-individual responses.

In addition, this thesis demonstrates that tau protein levels in iPSC neurons
reflect tau pathology in the donor brain and shows, for the first time, that cellular
vulnerability to tau PFFs correlates with clinical measures of disease vulnerability in
patients, demonstrating the feasibility of modelling patient-specific vulnerability to

Tau pathology in wvitro .

Two specific points of divergence with prior work are worth noting.  First,
the directionality of the association between cellular p-Tau/tTau and cognitive
decline observed here differs from that reported by Lagomarsino et al. in the
ROSMAP cohort. As discussed in Chapter 5 , methodological differences (different
phospho-epitopes, different statistical models, different adjustment for covariates)
may account for some of this, but the possibility that the DFP and ROSMAP cohorts
differ in clinically meaningful ways—DFP containing only sAD patients, ROSMAP
being a community-based cohort with many cognitively normal donors, donors with
AD, and resilient donors with AD pathology but no cognitive decline—should not be
dismissed.

Second, the failure of cholesterol synthesis inhibition to rescue AB-induced neurite
loss in i® neurons (Chapter 4) diverges from work in mouse cortical neurons [94]
and in familial AD iPSC neurons [478] showing that cholesterol modulation reduces

AB-induced neurotoxicity. The discrepancy may reflect differences in cell type, timing
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of inhibition, donor patient (fAD vs sAD), but it is informative: it suggests that the
contribution of cholesterol to AB-induced toxicity may be context-dependent rather
than universal, with implications for whether cholesterol-modulating drugs are likely

to be uniformly effective across AD subtypes.

Collectively, these findings support the utility of iPSC models for capturing
patient-specific susceptibility to both amyloid and tau pathology. sAD is a
genetically complex disease, and this work adds to the growing body of evidence
that demonstrates the value of iPSC models for studying patient-specific disease
mechanisms in the brain.  These findings have several implications for AD
research. First, patient-derived iPSC neurons can be used to test hypotheses
about individual-level disease mechanisms in ways that post-mortem tissue cannot,
because the cells can be repeatedly differentiated, perturbed, and profiled while
still reflecting meaningful aspects of the donor’s biology. For instance, the baseline
transcriptional differences identified between resilient and vulnerable lines — in
translation, protein folding, and oxidative stress protection — point to candidate
pathways that could be targeted pharmacologically, and tested for their ability
to shift vulnerable neurons toward a more resilient state in cells matched to the
patient. Furthermore, the observation that different donors appear to be vulnerable
to different insults supports the idea that sAD is not a single disease but a set
of partially overlapping subtypes, distinguishable not only by their vulnerability
to amyloid and tau pathology but also by the underlying cellular processes that
determine how neurons respond to those insults — including proteostatic capacity,
neuronal excitability, and lipid handling. As larger iPSC cohorts become available,
this kind of cellular subtyping could contribute to precision medicine approaches
in AD by complementing clinical and biomarker-based stratification, and informing

which patients are most likely to benefit from which therapies.

6.2 The use of synthetic protein aggregates to model
neurodegeneration

In this thesis, synthetic AB and tau protein aggregates were used to model AD
pathology. However, the concentrations required to induce neurite loss and cell death
are supraphysiological, with reported CSF concentrations of approximately 1 pM for
AB, 300-700 ng/ml for total tau, around 80ng/mL for pTau 181 [199, 528|, compared
with 5-10 uM Af and 1.25-5ug/mL Tau PFFs used here. These concentrations
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were used to model the effects of pathological burden over a short experimental
timeframe, compressing processes that occur over years in vivo. Although truly
recapitulating the gradual formation of pathology is not currently feasible in cell
models, in retrospect, treatment paradigms where neurons are insulted over weeks
at lower concentrations may have more closely mimicked physiological mechanisms,

and should be used in the future, where feasible.

Furthermore, synthetic aggregates do not replicate the species present in the
human brain. In vitro-generated A oligomers and fibrils differ structurally from
those isolated AD brains [307, 507|, as well as having different aggregation dynamics
[392]. Interestingly, isolation of A from AD brains, revealed that sAD and fAD
AB filaments had different structures from one another [521]. On the other hand,
synthetic Af3 oligomers have been shown to have similar functional effects as brain
derived-AB. Both induced neurite loss, synapse loss and cell death [322, 217],
both were shown to cause tau hyperphosphorylation in hippocampal neurons [217].
Furthermore synthetic Af oligomer also binds NMDAR receptors, promoting calcium
influx [110, 73|, which in fAD mouse models, as discussed in Chapter 1, has been
shown to cause hyperactivity and induce synapse loss. Therefore, despite structural
difference in AP aggregates, which should be considered carefully, synthetic AB
aggregates retain many of the functions that endogenous A@ aggregates have, making
them an appropriate insult to study AD pathology in cell models.

Similarly, synthetic tau filaments differ from those found in AD [530]. The tau PFFs
used here consisted of unphosphorylated full-length 2N4R tau, whereas AD brain
tau aggregates comprise a mixture of phosphorylated 3R and 4R tau adopting the
characteristic AD fold described in Chapter 1 [139]. I have discussed previously
that recombinant full length Tau PFFs are internalised by iPSC neurons and can
trigger hyperphosphorylation of endogenous tau [476], however, other studies have
demonstrated differences between recombinant tau and brain-derived tau oligomers
[281]. It has been shown that synthetic tau and AD or control brain-derived tau
aggregates are both internalised, but not degraded by astrocytes, and that they can
both spread between cells. However, AD-brain tau elicit a stronger reaction state in
astrocytes compared to control brains, and only astrocyte medium from astrocytes
treated with AD-brain tau fibrils cause synaptotoxicity [126]. Furthermore, tau
derived from brains of patients with various tauopathies are internalised via different
routes in primary cortical neurons. These results highlight that while recombinant

tau can recapitulate several disease relevant mechanisms, these structural differences
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are an important consideration when interpreting the relevance of the cellular and

transcriptomic changes observed in this thesis.

The use of brain-derived Af3 and tau oligomers thereby may be a more physiologically
relevant alternative to study tau insult in vitro. However, such preparations suffer
from low yield, scalability challenges, and batch-to-batch variability. For instance,
one study reported marked differences in the species of tau oligomers in different AD
brains. There were differences in their phosphorylation sites, which were associated
with their seeding propensities, which in turn correlated to the rate of disease
progression. Notably, soluble tau from different AD brains also respond differently
to a panel anti-tau antibodies [118]. While these results obviously have important
implications to understand the differences in progression of tau pathology between
patients, as well as for potential anti-tau therapeutics, they also pose important
logistical complications when considering using brain-derived tau oligomers in iPSC
models, where replicability and consistency across experiments and differentiations
are essential to draw relevant conclusions. Although, as discussed in Chapter 3,
synthetic oligomers also exhibit variability, I demonstrated that AB3- and tau-induced
neurite loss was consistent across experiments at several timepoints, and correlated
with clinical measures of vulnerability. In conclusion, despite their limitations,
synthetic aggregates remain valuable tools for interrogating AD-relevant mechanisms
in iPSC models, although improvement of yield and replicability of brain-derived tau
oligomers for use in iPSC-derived neuronal models would be highly beneficial, and

should be pursued in the future.

To bypass extrinsic aggregate addition altogether, 3D culture systems could be
considered, with or without co-culture of other cell types. These models are
particularly well suited to studying later disease stages characterised by the
accumulation of Af and tau, as time-dependent inclusion of AS and Tau in
organoids has been demonstrated previously [376, 163]. However, current 3D culture
systems also bring about complications: organoids develop a necrotic core due to the
lack of vascularisation [153|, and also suffer from lack of reproducibility [374, 373],
although recent studies introducing vascular-like structures into brain organoids
[65, 417], and improvements in protocols which increase reproducibility [46, 7] have
begun to address some of these limitations. Nonetheless, given the number of patient

lines used in this project, the complexity and length of 3D culture protocols would
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be logistically challenging, and these systems may be better suited to smaller scale

studies.

6.3 Modelling resilience and vulnerability in Alzheimer’s
disease

Increasing evidence in imaging and biomarker studies in the human brain suggest
that amyloid-beta pathology precedes tau deposition in cognitively unimpaired
individuals (CU). Tau pathology, in turn, is more closely related to cognitive decline.
Amyloid and Tau positive (A+T+) individuals have a greater risk of future cognitive
decline than (A+T-) individuals [342]. Nonetheless, a substantial proportion of
A+T+ individuals remain cognitively unimpaired for more than 3.5 years, indicating
considerable heterogeneity in clinical progression even within this high-risk group.
The observation that tau pathology and subsequent cognitive decline can occur
independently of amyloid in other tauopathies has raised questions regarding the
relevance of the amyloid cascade hypothesis. This has led to the suggestion that the
strong emphasis on A in research and therapeutic development is driven largely by
the fact that familial AD (fAD) is caused by mutations that increase Ap production,
and may therefore be less relevant to sporadic AD (sAD).

However, findings from this thesis together with other studies support a central role
for AB in sAD pathogenesis. Af has been shown to be neurotoxic in rodent and cellular
models, and recent studies in iPSC-derived neurons from late onset AD patients
demonstrate that CSF A(342:40 correlates with cognitive decline and polygenic risk
scores (PRS). In addition, genome-wide association studies have identified multiple
AD risk genes involved in Af clearance and APP processing. APOE, for example,
mediates AP clearance in astrocytes, with efficiency decreasing from APOE2 to
APOE3 to APOE4 [105, 38]. Other risk genes, including PICALM and CLU have
also been implicated in AB clearance [38, 533|, and CLU has been shown to modulate
AB toxicity in iPSC-derived neurons [385, 141]. Furthermore, rodent studies discussed
in chapter 1 demonstrated that A exacerbates tau pathology. Together with the
findings from the DFP cohort, these data support a model in which individuals
with sAD exhibit varying susceptibility to A3 accumulation, likely driven by genetic
factors affecting clearance or inflammation, among others, causing cellular stress
which in turn promote tau phosphorylation and aggregation, ultimately leading to

the development of cognitive symptoms.
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iPSC modelling provides a powerful platform to interrogate these mechanisms
of vulnerability in patient-derived cells carrying different genetic risk factors. An
important limitation of iPSC-based approaches is the loss of environmental and
age-related risk factors during reprogramming, which are known to contribute to the
risk of developing sAD. While direct differentiation from fibroblasts or PBMCs is
now possible, these approaches present challenges in scalability, as the iPSC stage
enables cell expansion prior to differentiation [300, 151]. Nonetheless, sAD has
high heritability, and GWAS indicate that a substantial proportion of disease risk is
genetically mediated, making iPSC models well suited to isolating and experimentally
examining key aspects of this genetic susceptibility without environmental confounds.
This is exemplified by the observations in this thesis, supported by other work in
the DFP [322, 395] and ROSMAP cohorts [245, 248|, which show that iPSC derived
from sAD patients, which have lost environmental risk factors, retain clinically
meaningful, patient-specific features. This suggests that a large subset of sAD is still

(poly)genetically driven.

This thesis, together with previous studies [245, 322| supports the relevance
of studying cortical neurons when modelling vulnerability and resilience in
neurodegeneration. Neurons in the limbic and forebrain region are more vulnerable to
pathological depositions and degeneration than more caudal brain regions [503, 505].
This selective vulnerability has been recapitulated in iPSC-derived fAD neurons,
where iPSC-derived cortical neurons (both inhibitory and excitatory neurons)
exhibited increased cellular total Tau and pTau and higher secreted AP42:40 than
neurons from caudal regions (e.g. hindbrain, spinal cord neurons). These cortical
neurons were also vulnerable to treatment with AD-brain extract, while caudal
neurons were unaffected [317].

Selective neuronal vulnerability is perhaps most clearly illustrated in Parkinson’s
disease, in which dopaminergic neurons of the substantia nigra preferentially
degenerate. This phenomenon has been demonstrated in vitro, including in studies
from our lab, which show that iPSC-derived dopamine neurons are more vulnerable
to a-synuclein PFFs than other neuronal subtypes [9, 501, 34].

Cholinergic neuron loss is an early pathological feature of AD [314, 301], and
iPSC-derived cholinergic neurons have been shown to be particularly vulnerable
to glutamate-mediated cell death [116]. In contrast, cholinergic neurons were
found to have less AB42:40 than glutamatergic neurons derived from the same

patients, and Af oligomers induced greater tau phosphorylation and abnormal
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electrophysiological activity in glutamatergic—but not cholinergic—neurons [462].
These findings highlight the importance of modelling multiple neuronal subtypes to
dissect disease-relevant pathways.

While this thesis focused on excitatory cortical neurons, other studies have identified
inhibitory interneuron populations [501, 337, 74|, as being selectively vulnerable
in AD. Indeed, somatostatin expression is decreased in AD brains [97], and
several studies have reported that the loss of somatostatin and parvalbumin
positive interneurons is associated with cognitive decline [337, 74]. Additionally,
in iPSC-derived neurons, somatostatin interneurons were more vulnerable to brain

derived tau oligomers than excitatory hippocampal neurons [501].

Furthermore, substantial evidence indicates that other cell types—including
astrocytes, microglia, and oligodendrocytes— might be an important contributor
in conferring increased vulnerability to disease progression. More than 50% of AD
GWAS hits are most highly expressed in microglia, and APOE4, the strongest
genetic risk factor for AD, is expressed at relatively low levels in neurons. A study
published in January 2026 estimated that the fraction of AD risk attributable to
APOE genotype ranged from 71.5% to 92% across four large cohorts [510]. If these
estimates are accurate, mechanisms driving vulnerability to A and tau pathology
must be investigated in other brain cell types. Consistent with this, Bellaver et
al. demonstrated that A was associated with increased tau phosphorylation and
tangle accumulation only in individuals exhibiting astrogliosis (2023) [40]. Rodent
studies further show that injection of fibrillar AB-containing brain homogenates
induces tau pathology via activation of the microglial NLRP3 inflammasome [204].
Studies have shown that iPSC-derived astrocytes derived from patient with high
or low levels of inflammation in the CSF have differential responses to Af insult
[395], and that iPSCs-derived from resilient individuals have elevated secretion of
interferon gamma. Accordingly, higher PRS scores were associated with lower levels
of interferon proteins in iPSC-derived astrocytes [248].

In my study, I did not observe transcriptional differences in neuronal responses
to A between resilient and vulnerable AB+ individuals. While the small number
of individuals and replicates likely contributed, it would be informative to assess
whether glial cells derived from these same individuals exhibit differential responses
to Ap.

Large-scale co-culture models incorporating patient-derived neurons and glia would
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be particularly valuable but at a scale would require substantial optimisation and
collaborative effort. With this in mind, Lish et al. have demonstrated that the
use of transcription factor-driven protocols, such as NgN2-driven cortical neuron
differentiation or SOX9/NFIB driven astrocyte differentiation, while also establishing
cryopreservation steps for each cell type, enables cocultures in 20 days post thawing
[263]. This is considerably easier and shorter than other coculture protocols which

are often 90+ days long, and represent significant logistical challenges [167, 396, 397].

6.4 Concluding remarks and future directions

The results of this thesis strengthen existing evidence that iPSC-derived neurons
retain clinically meaningful features of the patients from whom they are derived.
This work also demonstrates that sAD patient-derived neurons are differentially
vulnerable to both Af and tau insults, and that this vulnerability correlates with in
viwo clinical measures. In addition, this thesis identified several genes and pathways
that are altered after AP insult, and that are differentially regulated between resilient
and vulnerable individuals. Future work will focus on validating key findings from
the RNA sequencing analyses through targeted mechanistic studies. An additional
35 iPSC lines from the DFP cohort have now been generated, enabling validation of

identified genes and pathways in a larger cohort.

Further investigation of tau PFF-induced phenotypes is warranted. Given variability
in synaptic staining, alternative approaches such as multi-electrode array recordings
or calcium imaging could be employed to probe synaptic vulnerability. Optimisation
of methanol-based staining protocols to look at tau phosphorylation will also be
important to assess whether specific SAD neurons exhibit increased propensity for
tau hyperphosphorylation. Finally, comparing phenotypes induced by synthetic
tau PFFs with those elicited by brain-derived tau oligomers, even at smaller scale,
would provide valuable insight into the physiological relevance of synthetic tau PFFs.
Furthermore, expanding this work to include other cell types, establishing coculture
systems with astrocytes and microglia, and comparing the transcriptomic signatures
of these cell types in response to Af3 or tau insult will be important in determining

drivers of vulnerability in sAD.

Finally, the demonstration that iPSC-derived neurons recapitulate donor-specific

susceptibility raises the possibility of precision medicine approaches, whereby
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therapeutic targets and treatment efficacy could be assessed in patient-specific
models. As larger cohorts of sAD iPSC lines become available, this approach
may enable identification of subtypes of sporadic AD, and prediction of individual

responses to therapy, informing optimal treatment strategies in the future.
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