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Abstract

Al zhei mer §AD) igthe snesaceoremon neurodegenerative disorder,

which causes cognitive impairment due to progressive neuronal loss. This

incurable disease is principally associated with proteins named amyloid-b ( A b )

and tau, whereby Ab forms Ab plaques and
neurofibrillary tangles (NFTSs), respectively. There is a great deal of

heterogeneity amongst AD cases concerning clinical presentation, age of onset

and the rate of clinical decline. Recent evi dence has indicat
and tau strains are associated with AD and other tauopathies. These strains

contain different underlying disease-related assemblies, which contribute to a

different pathology in its host, maintained after serial passages. This can be

considered analogous to prion diseases, which involve the self-replication of the

infectious agent known as a prion. Consequently,  Arfal tau assemblies can

be regardeldi Reofngueono shared properties
Ab and t au c o n freplicateehroagh a @atessoéténiplate-seeded
aggregation, by converting endogemhhosys AD
this thesis aims to determine whether tau strains could, at least in part, explain

the heterogeneity observed between AD subtypes. Here, we show that the AD

mouse model, expressing both humanised Al
(AppNEFINLFIhTaukVKY) is superior for modelling tau transmissions in vivo for

typical AD (tAD) cases compared to the APPN-FINLF gnd Tauk’kK! models
expressing human AD or tau alone. Moreov:
were studied where there was evidence of prion-like properties regarding

seeding, aggregation and transmission within the AppNL-FINLFIhTauk/K AD line.

Our results demonstrated that there is heterogeneity between subtypes, and

amongst AD cases, which displayed template-seeded aggregation after

inoculation. Furthermore, we anticipate that these results will lead to future

studies to elucidate and isolate distinct tau strains, after serial passages, within

the AppNLFNLF/RTauk/K ine.



Impact statement

A greater understanding of AD, along with an earlier diagnosis, is required to
help develop disease-modifying treatments. The current and future burden AD
has on society will only add to the already heightened economic strain
experienced by our overwhelmed healthcare systems. There is a vast amount
of variability detected amongst AD patients concerning age of onset, disease
duration and the rate of progression. Recognising that AD consists of different
subtypes,wi t h di stinct str ai nsscoutdfaidiAfotura nd
therapeutic development for a disease that is currently incurable. Moreover, it
will provide better recruitment and stratification of suitable candidates for clinical

trials, matching the criteria for their given subtypes.

This thesis has outlined the need to investigate biochemical differences
between clinically defined subtypes of AD, particularly with attempting to
distinguish the role that propagation of tau assemblies plays within subtypes of
AD. Tau is a protein associated with a myriad of neurodegenerative disorders,
including AD, and its disease progression correlates with the toxicity revealed in
the later stages of AD. The work demonstrated throughout this thesis has
emphasised the significant heterogeneity concerning tau within different
subtypes of AD. Since disease-related tau assemblies are thought to contribute
to many different neurodegenerative diseases associated with tau, known as
tauopathies, these subtle structural differences could alter the pathogenesis
patterns presented between different subtypes of AD. Within classical prion
diseases, strains can be differentiated through biochemical properties such as
protease resistance and sarkosyl insolubility. To determine subtle differences
between the AD subtypes in terms of disease-associated tau, these biochemical
criteria were applied. Building upon published evidence that tau strains are
transmissible, three different AD mouse models were used to study in vivo
transmission of tau pathology after inoculation with the typical AD (tAD)
subtype. This study determined that transgenic mice expressing humanised A [
combined with displaying all 6 isoforms of human tau, enhanced tau seeding at
earlier time points in mice inoculated with AD cases. In future, using this mouse
line will help distinguish disease-associated tau assemblies present in different

AD and other tauopathy cases. Moreover, the use of serial passages could

au

asserlr



determine whether any tau strains exist between AD subtypes. This would be
necessary to determine whether disease-related tau assemblies are maintained
in vivo, ensuring that titrating the tau seeds still results in transmission and

consistent pathological morphology.

Finally, this thesis developed the first steps towards a cell-based toxicity assay
that could be used to reduce the use of animals in AD research. This assay can
be optimised in the future to assess in vitro mechanisms of tau from AD cases
using human-derived cells. The basis of this in vitro model of AD toxicity
provides a more relevant mechanism to study a human disease, which with
further optimisations, could possibly distinguish any underlying differences in
AD-specific toxicity associated within each AD subtype. This was yet another
model utilised to study underlying pathology within AD cases, further

contributing to the wider scope of AD research.
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Chapter 1: Introduction

1.1 Al zhei nseaseds D

1.1.1 Al z h e i Diseas® Qverview: Symptoms and Statistics

Neurodegenerative diseases are progressive and incurable conditions. These

disorders cause an array of cognitive, movement and behavioural symptoms

within the patients they afflict. Each neurodegenerative disease is characterised

by the progressive loss of neurons which may preferentially affect defined brain

regions (Fu, Hardy, and Duff 2018; Dugger and Dickson 2017; Tian, Meng, and
Zhang 2020). Al zhei mer 0 enerdtivesdseasee ( AD) , a
frequently diagnosed in the elderly (Li et al. 2022; Nguyen et al. 2021), is

characterised by cognitive dysfunction and memory loss (Morris 1997; Haj et al.
2015; n2022 Al zheimerds Disease Facts an
common form of dementia observed (L. Wang et al. 2021; Zhang, Lin, and Wu

2021; Nguyen et al. 2021) within older individuals (Cortini, Cantoni, and Villa

2018; Jadhav et al. 2019). As the disease progresses, most patients rely more

frequently on family members and carers to keep themselves safe, as they lose

the ability to carry out daily tasks, before further deteriorating and requiring

around the clock care (n2022 Al zhei mer s

Age and genetics are risk factors for developing AD, from which age appears to
have the biggest influence (Gotz, Richter-St r et t on, and Cruz 202
Al zhei mer 6s Di sease F ®&egardingADahditi gur es o 2|
association with older individuals, 5 % of those aged 651 74 years old go on to
develop late-onset AD (LOAD), which increases to 13 % and 33 % of those
aged 75184 and B5yearsold, respectively (fA2022 Al zhe
and Figureso 2022). AD is thoumhgin, t o be
which is influenced by environmental and genetic factors, including the
apoliprotein E gene (APOE) genotype, which is also poses as another risk
factor associated with AD (Tsai et al. 1994; Roses 1996; Hashemiaghdam and
Mroczek 2020). There are three different alleles which all have different risks
associated withthem: AP OE U4, anB ®FE OB ISirtmatter and Roses
1996). The A P OE all¢lé poses as the greatest likelihood of developing AD
(Lambert and Amouyel 2007), particularly sporadic AD in individuals (Cortini,
Cantoni, and Villa 2018). Even with a family history of AD, non-genetic factors
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may contribute to the overall probability of developing AD, in which lifestyle
factors could play a role, such an i
(A"2022 Al zhei meré6s Disease Facts and
spent in education is associated with a lower risk of developing AD (Evans et al.
2003). Increased exposure to education is associated with a higher
socioeconomic status, again lowering the risk for developing AD (McDowell et
al. 2007).

Other than the main risk factors outlined, AD is also disproportionally associated
with ethnic minorities, as outlined in an United States (U.S.) 2020 census
(Rajan et al. 2021). A 10 % prevalence of AD is associated with white ethnicity,
whilst a higher prevalence of 14 % and 18 % is associated with Hispanic and
African Americans, respectively (Rajan et al. 2021). Moreover, sex and gender
plays a role in developing AD, by which almost two-thirds of AD patients
residing within the U.S. are women (Rajan et al. 2021). As age is the primary
risk factor for developing AD, and women generally live longer than men, this
could be a contributing factor why women are more likely to develop AD (Mielke
2018). Although, there is conflicting evidence regarding which sex has the
highest incidence of AD. A study within the U.S. has reported that gender roles
and sex related hormones do not influence the incidence rates of AD, since
men have decreased longevity compared to women, and thus, may not live long
enough for AD clinical symptoms to manifest (Edland et al. 2002). However, the
study also concluded that no differences in sex incidences were measured
(Edland et al. 2002), whilst other studies in Europe have suggested that women
have a higher incidence of AD in old age compared to men (Letenneur et al.
1999; Fratiglioni et al. 1997). Though, a study from the United Kingdom (U.K.)
found the incidence of AD to be higher for men compared to women across all
age ranges studied (Matthews et al. 2016), adding to the conflicting literature

around the role of gender and sex within AD.

Even if the incidence of AD is similar for both men and women, the mechanisms
underlying them could vary (Mielke 2018). This adds to the vast amount of
heterogeneity viewed within the disease. For example, education has the same
effect on AD risk for both men and women but historically women have spent

less time in education compared to men (Rocca et al. 2014). Moreover, the
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A P OE gé&hdtype carries the greatest AD risk factor for women and is
associated with more tau pathology within women compared to men (Altmann
et al. 2014). Finally, oestrogen has shown to be neuroprotective against
neurodegeneration, as younger women who underwent surgical menopause
had a greater risk of AD, but they demonstrated a decrease in cognitive decline,
when hormone replacement therapy (HRT) was given post-surgery within a 5-
year window (Bove et al. 2014). Furthermore, neuroprotection may be
influenced by oestrogen from HRT through interacting with the APOE receptor
(Struble et al. 2008), which could further suggest why women of post-
menopausal ages are associated with a higher risk of developing AD, and also
for carriers of the A P OE alléké (Altmann et al. 2014). Despite the risk that
APOE carriers pose for women in terms of developing AD, higher education
reduces this risk for women, as reported in a Swedish study (H. X. Wang et al.
2012). Thus, the complex role that biological sex plays within the role of AD
appears to be influenced by different external factors. Moreover, with so many
risk factors at play, it is hard to distinguish which one could be more influential
over the other, in terms of distinguishing those more at risk of developing AD.

1.1.2 AD Past and Future

AD was first described in 1907 by Alois Alzheimer, who made clinical

observations on a 51-year-old women that experienced progressive memory
loss and cognitive impairment (Alzheimer 1907; Alzheimer et al. 1995). Upon
post-mortem, Alzheimer identified the distinct histopathology observed in AD;

senile plaques and neurofibrillary tangles (NFTs) (Alzheimer et al. 1995). These

were later found to consist of amyloid-b ( Ab) and tau, respect.i
al. 1984; Brionetal. 1 985 ) . Hi storically, AD was con
dementia if the patient was aged between50-6 5 year s of age, whi

dementia was a term used for older patients, due to the belief that cognitive
deterioration was associated with normal aging (K. Blennow and Zetterberg
2018). More recently, AD has been characterised based on the length of
disease progression; with rapid AD (rAD) causing death in as little as a few
months (Geschwind 2016), whilst typical AD clinically progresses much more
gradually (McKhann et al. 2011), with death occurring in patients within several
years to decades from the first onset of symptoms.
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At present, the amount of patients diagnosed with AD is set to increase, due to

the increasing number of individuals living past the age of 65, placing them into

the highestrisk group forage-r el at ed AD (A2022 Al zhei mer ds Di
Figureso 2022). As the averagelencédfAD expectanc
increases (Strittmatter and Roses 1996), with about 30 % of people over the

age of 85 years developing AD (Lambert and Amouyel 2007). For the U.S., with

6.07 million patients diagnosed with AD in 2020, it is estimated that this will

increase to 13.85 million by 2060 (Rajan et al. 2021). Due to the increase in

incidences of neurodegenerative diseases alike, this will ultimately result in

future pressures on society due to their incurable and debilitating nature

(Trudler, Ghatak, and Lipton 2021).

There is currently no cure for AD but there are now three U.S. Food and Drug

Administration (FDA) approved treatments to help slow down the progression of

the disease by targeting its underlying pathology. These are the first AD

disease-modifying treatments to gain FDA approval, by displaying evidence of

clinical benefit. Since their authorisation, there are many new disease-modifying

therapeutics within the drug pipeline, currently undergoing clinical trials

(Cummings et al. 2022). The first FDA approveddr ug f or targeting Ab pl

to treat clinical AD was a monoclonal antibod
Grants Accelerated AppoDAR023)fUpuntiikisz hei mer 6s D
point, a lack of disease-modifying treatments (Cummings, Morstorf, and Zhong

2014; Doody et al. 2014; Sallowayetal.2 014) f or targeting Ab in A
been attributed to recruiting the wrong patient population or through inadequate

target engagement of Abetav?00d).Thenegdivee br ain ( Sev

results from these early trials questioned the validity of the amyloid cascade

hypothesis (Sevignyetal.2016) , whereby Ab plaques are pr o]
initial trigger for AD pathology, leading to the formation of NFTs, and

subsequent neuronal loss, during the later stages of AD progression (J. A.

Hardy and Higgins 1992). Of the two phase 3 clinical trials named EMERGE

and ENGAGE, aducanumab lowered cognitive decline by 22 % in the EMERGE

trial, whilst the ENGAGE trial did not meet its end point (Haeberlein et al. 2020).

Both studies saw a dose-related decrease in cerebral spinal fluid (CSF)

phosphorylated tau levels, which was significant for the EMERGE trial

(Haeberlein et al. 2022). However, the most common adverse event was
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amyloid-related imaging abnormalities (ARIA) with oedema (ARIA-E)

(Haeberlein et al. 2022). Since its approval in 2023, the manufacturer of

aducanumab, Biogen, has now discontinued its use to prioritise other future AD
treatments (AAducanumab to Be Discontinu
Al zhei mer6s Association, 2024) .

Another FDA-approved, disease-modifying drug, is the antibody known as

| ecanemab (AFDA Grants Accelerated Appr o
TreatmentoFDA, 2023; Mahase 2023). This was approved via the FDA

Accelerated Approval pathway, which gives authorisation to drugs for reaching

an intermediate clinical end point, such
waiting to see if the dramg (MmMAcecalserda tAdd |
Approvaldo F DA ). TRuS, ullling the unmet needs for life-threatening

dseases (AAccel ex aR A, [Aepépen3alyvenén given
intravenously to AD patients with mild ci
in an attempt to limit further cognitive decline (Reardon 2023). Moreover, three

sub-st udi es were optional for patiemvias t hat
positron-emission tomography (PET), tau pathology via PET and biomarkers of

AD from CSF sampling (van Dyck et al. 2023). The phase 3 trial data showed

that although moderately less cognitive decline was indicated compared to the

placebo over a duration of 18 months, adverse effects such as ARIA and ARIA-

E were perceived again (van Dyck et al. 2023), similarly to aducanumab usage
(Haeberlein et al. 2022). However, further analysis was carried out using a

patient-level disease simulation model, that was used to determine the long-

term health outcomes of lecanemab, along with the standard of care, based on

published literature and data from the lecanemab phase 3 trial (Monfared et al.

2023). This highlighted that patients stratified based upon their CSF total tau

levels were associated with improved clinical outcomes if treated with

lecanemab in the early stages of tau pathology (Monfared et al. 2023). Both

FDA drugs are approved-upioAOhadnmpdetate Ab pl aqg!
benefit when applied to patients already diagnosed with AD. Thus, if applied as

early as possible, there could be increased benefit by preventing further

cognitive decline.
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Since the FDA approval of aducanumab and lecanemab, a third monoclonal

anti body targeting Ab, named donanemab, had r
(Simsetal.2023) and has since achieved FDA approva
Treatment for Adul t se whA 2024 ATheztriialedisalosed 6 s Di s eas
that ARIA-E was more associated with A P O E cdlriers than non-carriers, for

patients treated with donanemab, with a higher prevalence among

homozygotes for this polymorphism (Sims et al. 2023), as observed previously

for lecanemab treated patients (van Dyck et al. 2023). Unlike the phase 3 trials

for aducanumab and lecanemab, (Sims et al. 2023; van Dyck et al. 2023), the

donanemab trial recruited patients according to their baseline tau categorisation

alone (tau pathology low-medium versus (vs) high) (Sims et al. 2023).

Significant Ab clearance was observed for 80
low/medium tau population group, and 76 % for the combined population

(including patients with a high tau pathology) by 76 weeks, resulting in slowed

clinical progression (Sims et al. 2023). Thus, it appears that donanemab may

work effectively in patients, regardless of how much tau pathology they have.

To date, no tau disease-modifying therapies are yet to be approved for use by
the FDA, despite that tau has been shown to be a good predictor of cognitive
decline within the AD preclinical and prodromal stages (Ossenkoppele et al.
2021). Most tau therapeutics are in the discovery (16 %) or preclinical (31 %)
stages, with the majority of tau-targeting drugs remaining as immunotherapies
with regards to their underlying mechanism of action (Cummings et al. 2023).
Reasons for a lack of approved tau therapeutics regarding antibody-based
therapies has been suggested through previous characterisation studies of tau
within CSF samples via utilising antibody-dependent assays (Meredith et al.
2013; Sato et al. 2018). It was hypothesised that these antibodies may not
identify microtubule-binding regions through difficulties in obtaining
conformations for this region, or issues with isolating the microtubule-binding
species of tau from the CSF, or even due to the assay limitations itself (Horie et
al. 2021). Whilst tau species containing the microtubule binding domain appear
to aid in the spread of tau disease-associated assemblies, correlating with the
AD clinical staging (Horie et al. 2021), N and C-terminal tau are limited within
CSF samples according to mass spectroscopy findings (Barthélemy et al. 2016;

Sato et al. 2018), with many tau immunotherapies targeting this region of tau
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(Cummings et al. 2023; Teng et al. 2022; Panza and Lozupone 2022; Florian et
al. 2023; Shulman et al. 2023). Possible failures of tau antibodies to show
clinical benefit could be due to not targeting the microtubule binding domain
(Teng et al. 2022; Panza and Lozupone 2022; Florian et al. 2023; Shulman et
al. 2023). However, incorporating non-antibody-based measurements to
quantify tau within CSF via mass spectrometry could eliminate bias observed
from antibody detection and could be incorporated to determine suitable tau

drug candidates for future clinical trials (Gobom et al. 2022).

Before the development of disease-modifying treatments, there were only drugs

to treat the symptoms of AD patients. This included the use of a N-methyl-D-

aspartate (NMDA) receptor antagonist named memantine (Danysz et al. 2000),

which is also an inhibitor of alpha (U) 4,
1998; Maskelletal.2003), U9 and U10 nicotinic acet
et al. 2001), and antagonist of 5-hydroxytryptamine 3 (5-HT3) receptors

(Rammes et al. 2001). Memantine has been used to relieve the glutamate

induced toxicity that AD patients experience during later stages of the disease

(Reisberg et al. 2003). Furthermore, cholinesterase inhibitors have also been

previously used to treat AD symptoms, by aiming to alleviate cholinergic deficit

observed in AD, from the loss of cholinergic neurons, leading to a decrease in

the release of the neurotransmitter acetylcholine (VanDenBerg, Kazmi, and

Jann 2000). Although, neither of these treatments reduced the rate of cognitive

decline in these patients, as they treated the symptoms, rather than the

underlying cause of the disease.

Since AD is associated with aging individuals, it is important to distinguish that
AD is not a normal part of aging (Price et al. 1991). Despite its association with
the elderly, AD-associated pathology may start many years prior to the onset of
symptoms in old age (Braak et al. 2011; Aisen et al. 2017). Braak et al. detected
abnormal tau from 52 post-mortem cases from younger age groups (Braak et al.
2011), whilst Barthélemy et al. observed that alterations in tau phosphorylation
appeared decades before the onset of symptoms for participants with
dominantly inherited AD (Barthélemy et al. 2020). Thus, most of the AD
pathology occurs years before any symptoms appear to render a diagnosis.

Previously failed Al zhei merds clinical t

35



that therapeutic treatments need to be applied much earlier than when clinical

symptoms start, before significant neuronal loss and cognitive impairment

occurs (Sperlingetal.2 01 1) . Drugs to treat the o6preclini
target pathology before symptoms occur from neuronal loss, such as lowering

Ab bur den et(alSp®r1)i.ngThus, monocl onal antibodi e:
plaques administered at the early preclinical stage of AD, could minimise

neuronal loss, preventing symptoms from occurring. The notion to treat the

preclinical phase of AD has gained much support over the years since evidence

from the literature eluded that post-mortem analyses of non-AD brain cases,

who were lacked signs of clinical decline, displayed NFTs (Hubbard et al. 1990;

Price et al. 1999; Braak and Braak 1991). Thus, a build up of histopathological

lesions can occur in patients before they exhibit classical symptoms of AD.

With the presence of pathological AD biomarkers, from people who exhibited no

clinical indications, it is now possible to determine patients within this preclinical

phase, before they develop AD (Dubois et al. 2016; Mattsson-Carlgren et al.

2020). Thus, biomarkers are essential to aid in clinical decision making for

these patients (Dubois et al. 2023; Cummings et al. 2023). Biomarkers can be

classified as pathophysiologic, which measure
and amyloid PET, and topographic, relating to regional hypometabolism via

fluorodeoxyglucose (FDG)-PET (Dubois et al. 2023). CSF biomarkers used to

diagnose AD via anincrease intauandp-t au d e c r era £Sggren et alA b

2001; Hulstaert et al. 1999; Blennow et al. 2001; Motter et al. 1995; Galasko et

al. 1998; Andreasen et al. 2001; Kanai et al. 1998; Riemenschneider et al.

2002). Meta-anal ysi s, using Ab pathology as a bi omat
CSFdatafromnon-d e menti a patients, found that there
pathology from 10 % at age 50 to 44 % at age 90 years old, with the prevalence

increasing by 2 to 3 times more for A P O E cdlriers (Jansen et al. 2015). An

analysis of 128 participants with dominantly inherited AD, with no clinical

sympt oms, showed a decrease and increase in t
CSF, respectively, from their preclinical phase, beyond their estimated years of

symptom onset (Bateman et al. 2012). Moreover, it has been demonstrated that

Ab pathology is associated with phosphoryl ate
phosphorylated tau 181 and tau 217, which precede a positive tauopathy PET

result (Mattsson-Carlgren et al. 2020). Thus, targeting the AD preclinical phase
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in the future may limit AD patients pre-symptomatic from developing cognitive

decline.

With emphasis on early-AD diagnosis becoming critical (Dubois et al. 2023), a

new biomarker has been proposed to detect the asymptomatic stages of AD

(Jacome et al. 2024). The microribonucleic acid (miRNA), miR-519a-3p,

increases during Braak stage | from cerebral samples and has been shown to
downregulated cellular prion protein (PrP€) in AD, a ubiquitous protein whereby

its mutated form is associated with an array of prion diseases (Bendheim et al.

1992; Prusiner 2013; Collinge 2001) before the onset of clinical symptoms

(JAcome et al. 2024). Furthermore, new plasma p-tau217 can now detect AD

via a blood test (Barthélemy et al. 2024), utilising less invasive techniques

compared to lumbar punctures, which are necessary to obtain CSF biofluid for

AD biomarker analyses. This blood-test is equivalent to the FDA-approved p-
taul8s4CQCSAM kits in diagnosing AD, shown to
(Barthélemyetal.2024), whereby the kit has al so
status (Fowler et al. 2022). Therefore, diagnosing AD earlier with less invasive
methods can aid in providing patients with the treatment they need earlier,

before exhibiting cognitive decline that is beyond repair. This along with other
biomarkers will lead to advances in early diagnosis, aiding the development of
disease-modifying treatments, for a disease that could once only be diagnosed

post-mortem (Aisen et al. 2017).
113 AD Pathology: Ab Cascade Hypothesis, .

Since AD is classified by the extracell ul
intracellular NFTs (DeTure and Dickson 2019; Hernandez et al. 2020; Wong et
a.1985), both aggregated Ab and tau are t
(Gotz, Richter-Stretton, and Cruz 2021) (Figure 1). Native tau is a microtubule

associated protein involved in assisting microtubule assembly and stabilisation

(Witman et al. 1976; Goedert and Spillantini 2011; Chung et al. 2021). One of

the hall marks of AD is protein misfoldin:t
hyperphosphorylated tau, which are associated with neuronal toxicity and
neuroinflammation (Maphis et al. 2015; Rapoport et al. 2002; Yates et al. 1999;

Geula et al. 1998; Cras et al. 1991). It is thought that the formation of NFTs
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occurs after the amyloid cascade, whereby neu
amyloid precursor protein (APP) (J. A. Hardy and Higgins 1992).

It has been determined that NFT deposition,but not ADb pl awjtues correl
cognitive decline (Nelson et al. 2012). One theory behind this suggests that A b

acts as the trigger for tau pathology during AD, as amyloid formation occurs

much earlier on during the disease progression compared to tau, initiating tau to

enhance AD pathology further (Bloom 2014; Mattsson-Carlgren et al. 2020).

However, other research groups have noted that in the early NFT stage,

1,291/2,332 cases have had pre-tanglesnotassoci at ed wi th insolubl e AB
plagues (Braak et al. 2011). Although, other studies show that decades before

the diagnosis of AD, tau phosphorylation beganonlyonce aggregated AD
pathology was present (Barthélemy et al. 2020).
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Figure 1: Visual of microtubule associated tau in a healthy neuron

compared to tau pathology within AD. DuringAD, Ab and tau path
observed in the form of extracellular AD
respectively. Tau pathology has been shown to reduce microtubule stability

(Guo and Lee 2011) and lead to neuronal toxicity in AD. This is thought to be

due to a loss of function in its endogenous state, or due to a gain in function as

tau becomes hyperphosphorylated and aggregates to form NFTs (Brunden,

Trojanowski, and Lee 2009). Figure created with BioRender.com.

Within AD, the spread of ADb deposition i
(Thaleta.2002) . Ab pathology begins at the ni
allocortex, then through the striatum and diencephalic nuclei, moving into the
distinct brainstem nuclei, such as the substantia nigra, and then finally
establishing itself within the cerebellum (Thal et al. 2002). The progression of
tau deposition occurs in the later stages of AD progression. Firstly, there is
deposition of NFTs in the trans-entorhinal region, then the temporal allocortex
(hippocampal region), thirdly in the temporal neocortex, then parietal and
prefrontal areas of the neocortex, with finally the sensory and premotor areas
affected (Braak and Tredici 2018). Thus, the cerebral cortex is mostly targeted
by tau pathology in AD (Braak and Tredici 2018). From the regions affected, it is
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apparent that Ab and tau pathology develops d
during AD progression. Memory loss in AD is associated with NFT deposition in

the medial temporal lobe area, for Braak stages 3i 5 (Nelson et al. 2012). Thus,

this suggests that tau drives neuronal toxicity within AD. The different areas of

the brain implicated in AD relate to the clinical symptoms that it manifests. A

theory of the mechanism behind neuronal toxicity is that hyperphosphorylated

tau cannot bind to microtubules effectively and this could lead to defects in

neuronal transport (Khanna et al. 2016). Moreover, subsequent

hyperphosphorylation of tau could result in a gain-of-function within tau, or

possibly a loss of function from its endogenous state (Brunden, Trojanowski,

and Lee 2009) of microtubule assembly and stabilisation (Witman et al. 1976;

Goedert and Spillantini 2011; Chung et al. 2021), due to its aggregation in AD

(Goedert 2016). Thus, phosphorylation of endogenous tau alters its

conformation, contributing to its self-assembly into tau oligomers, referred to as

O0toxic seedsd, possessing the ability for the
into its pathological aggregated state (Guo and Lee 2011; Song, Wells, and

Robinson 2021).

1.1.4 AD Genetics

Since the proposal of the amyloid cascade hypothesis in 1992 (Hardy and

Hi ggins 1992), missense genetic mutations wit
familial cases of AD associated with early-onset AD (EOAD) (Rogaev et al.

1995; Sherr et al. 1995). EOAD patients are categorised by an age of onset

below the age of 65, whilst LOAD patients are diagnosed past the age of 65

(Rossor et al. 2010; Wingo et al. 2012; Reitz, Rogaeva, and Beecham 2020).

Inherited forms of AD only account for fewer than 1 % of all cases, with most

cases being sporadic in nature (Goedert and Spillantini 2006; Bekris et al.

2010). These represent familial AD (FAD) cases (Bateman et al. 2011), which

can be autosomal dominant in nature (St George-Hyslop et al. 1989; Breitner et

al. 1988; Heston, Lowther, and Leventhal 1966; Nee et al. 1983), whilst

sporadic cases are influenced by environment a
Gil ka, and Novs8k 2007; Bertram and Tanzi 2005
associated with sporadic AD includes the A P O E all&k which is linked with

late-onset FAD (Strittmatter et al. 1993). Located on chromosome 19 (Pericak-

Vance et al. 1991), the carriers of this allele can exhibit worsening cognitive
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decline when exposed to unsatisfactory environmental factors such as higher

cortical levels (Lee et al. 2008) or inadequate levels of physical exercise

contributing to greater amyloid deposition in cognitively normal adults (Head et

al. 2012). Although 65 % of AD cases are attributed to the presence of AP OE U4
alleles, the A P O E al@l2 has shown to be protective against LOAD (Corder et
a.1994) . It appears that APOE acts as a m
(Wisniewski and Frangione 1992), manipulating its deposition (Bales et al.

1997)and enhancing amyloid fibrillisation ¢
A P O E wlsdmore effective than A P O E (ChStano et al. 1995). Another

apolipoprotein known as clusterin or apolipoprotein J (May and Finch 1992)

alters the aggr et@al®ds)and hasffourdl fo wérko d a
cooperatively with APOE, altering the mei
and deposition (DeMattos et al. 2004).

Although no microtubule-associated protein tau MAPT mutations have been
indicated for diagnosed AD cases (Bertram and Tanzi 2005), an intron 10 + 16
mutation within the MAPT gene has been identified for frontotemporal dementia
with parkinsonism linked to chromosome 17 (FTDP-17), which bares
resembling characteristics to those diagnosed with AD (Doran et al. 2007).
Moreover, the R406W mutation within FTDP-17 has demonstrated a later age
of onset and longer disease duration, contributing to memory loss comparable
with AD in one patient (van Swieten et al. 1999), whilst another exhibited early-

onset dementia with a short disease duration (Saito et al. 2002).

Autosomal dominant forms of EOAD include mutations to the presenilin-1

(PSEN1) are associated with chromosome 14 (Sherr et al. 1995) whilst PSEN2

mutations occur within chromosome 1 (Levy-Lahad et al. 1995; Rogaev et al.

1995). These mutations affect the PSEN gene which encodes a 9-

transmembrane spanning protein associated with AD (Dehury, Tang, and Kepp

2020; Laudon et al. 2005; Slunt et al. 1995). It has been shown that mutant

PSEN1 and PSEN2 modify iefDuffeta. 4996;t he | ev el
Borchelt et al. 1996; Citronetal. 1 997 ) vi a al t ersecreqset he gan
mediated proteolytic cleavage of APP (Wolfe et al. 1999; De Strooper et al.

1998). Autosomal dominant mutations in APP have also been linked to EOAD

FAD (Goate et al. 1991; Mullan et al. 1992; Hardy 1992; Carter et al. 1992;
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Hendriks et al. 1992). The APP represents a cell-surface, type | transmembrane

glycoprotein (Nunan and Small 2000; Kangetal. 1 98 7) t hat contains the
peptide, which i saaoUbsaectased (MilsaadReieer a ( b)

1999) .-s&heebas e-site ARPrleadingfenzyme 1 (BACEL), is an

aspartyl protease (Hussain et al. 1999; Sinha et al. 1999; Vassar et al. 1999;

Yanetal 1999)andist he first secretase to begin the cl
bef ore being f u-setrétasatoprol deuacvee dmaohbsyt ¥yandA b

the intracellular domain of APP (Zhang et al. 2011).

The APP gene was discovered in 1987 (Kang et al. 1987) and mapped to
chromosome 21 (Korenberg et al. 1989; Tanzi et al. 1987; Goldgaber et al.

1987; Robakis et al. 1987) which is implicatedinDo wn 6 s s \thnodgh thene
trisomy of chromosome (Korenberg et al. 1990; Wisniewski et al. 1985). Do wn & s
syndrome patients can develop AD 30i 40 years younger than AD patients

without the condition (Holland et al. 1998). Thus, patients withDo wn 6 s
syndrome display comparable neuropathology to AD patients but at a younger

age (Burger and Vogel 1973; Mann 1988) through the triplication of

chromosome 21 (Rumble et al. 1989).

Other than the trisomosy of an entire chromosome, the APP gene has been

associated with mutations that lead to familial EOAD. APP mutations include

the Swedish EOAD FAD double mutation at codons 670 and 671 in exon 16 of

APP, due to amino acid (aa) substitutions of Lys to Asn and methionine to Leu

(KM670/671NL), respectively, were identified in 1992 (Mullan et al. 1992). The

location of this mutation atthe N-t er mi nus of the ADb peptide has
suggested to make it more | i-sebrdtase t o ADb produc
cleavage site (Johnston et al. 1994). Ultimately, it has been shown that the

Swedi sh mutati on do @redudtion, by eapgraximatalyby €ias e AD

8 times, in vitro (Citron et al. 1992). Another EOAD FAD missense mutation in

the APP at exon 17 (I716F) details the Beyreuther/Iberian mutation which

substitutes an isoleucine to phenylalanine (1716F) (Guardia-Laguarta et al.

2010; Lichtenthaler et al. 1999). This mutation in the transmembrane region of

APP ultimately inca/edwiesht her e-dacretse om Ab o
cleavage of APP (Guardia-Laguarta et al. 2010; Lichtenthaler et al. 1999).

Moreover, the Arctic mutation (E693G) also causes EOAD and was named this
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after its identification in a family from northern Sweden (Nilsberth et al. 2001).
This missense mutation in APP demonstrates enhanced protofibril formation of
ADb ( Ni ktalb2001;tTsubuki, Takaki, and Saido 2003).

Although not all APP mutations result in EOAD. Whole-genome sequence data
analysed from 1,795 Icelanders identified a mutation in APP (A673T), its
location essential for reducing the activity of BACE1 in processing APP
(Jonsson et al. 2012). This results in a protective effect against cognitive decline
in the elderly who do not present with AD (Jonsson et al. 2012). However, there
are rare forms of APP, PSEN1 and PSEN2 mutations associated with LOAD,
along with MAPT, although the latter was thought to be due to misdiagnosis
(Cruchaga et al. 2012).

1.1.5 Neuroinflammation in AD

Inflammatory responses within the central nervous system (CNS), known as
neuroinflammation, is a response to factors such as infection and trauma (Leng
and Edison 2021). Microglia represent one of the main innate immune cells
within the brain (Heneka, Kummer, and Latz 2014). First discovered in 1919 by
Pio del Rio-Hortega (del Rio-Hortega 1919a and 1919b; Sierra, Paolicelli, and
Kettenmann 2019), microglia contribute to roughly 10 % of all glia cells within
the brain (Luo, Ding, and Chen 2010). In response to injury, the microglia can
proliferate and migrate to lesion sites, phagocytosing dying neurons, whilst
releasing cytokines to protect injured neurons by promoting their survival (Luo,
Ding, and Chen 2010). Thus, age-related loss of neuroprotective function of
microglia is thought to have negative benefits for neurons, which could explain
why age is a risk factor for developing sporadic AD (Hartwig 1995; Streit et al.
2009).

Glia have been associated with AD since Alois Alzheimer first documented the

disease back in 1907 (Alzheimer 1907; Alzheimer et al. 1995; Strassnig and

Ganguli 2005). It is thought that microglial degeneration proceeds NFT

formation (Streit et al. 2009). Moreover, microglial dystrophy is thought to

contribute to AD pathogenesis, since microglial fragmentation is associated with

tau positive neuritic plaques (Streit et al. 2009). Thisisins pi t e of report

activates microglia (Sasaki et al. 1997; Blaskoeta.2004) and contri b
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plaques phagocytosis regulated by astrocytes (Dewitt et al. 1998), as it has

been shown that Ab can cause rat microglial d
Cotman 1993). These activated microglia have shown to recruit the cytokines

and the complement system within AD brains (McGeer et al. 1989; Griffin et al.

1989), leading to gliosis (Griffin et al. 1989). Moreover, it has been shown in

PS19 mice, which express an aggressive tauopathy mutation (Yoshiyama et al.

2007), that tau activates the nuclear factor kappa-light-chain-enhancer of

activatedBcells(NFeB) pat hway, el evating | evels of <cyt
neurotoxicity, as well activating microglia to aid in the spread and toxicity of tau

(Wang et al. 2022). However, inhibiting p38 mitogen-activated protein kinase

(MAPK) activity in microglia increases their phagocytic activity, minimising

toxicity induced by tau (Perea et al. 2022). Thus, different microglial pathways

can contribute to the progression of Ab and t

Furthermore, distinct profiles of microglia h
tau, related to activated/phagocytic microglia, and those responsive to neuronal

loss, respectively (Gerritsetal.2 02 1) . Those ADb associated micr
obtained via performing single-nucleus RNA sequencing (snRNAseq) from AD

brain tissues, were also similar to those found in amyloid mouse models (Gerrits

et al. 2021). Although, no microglial activation has been specified for AD cases

where AD pl aques upmthobogydire sufroumdedaoy mory t a

activated microglia (Streit et al. 2009). Additionally, other researchers have

reported that microglia could contribute to A

than phagocytosis itself (Baik et al. 2016; Frackowiak et al. 1992).

Many genes associated with onset AD are linked to the microglial response to

Ab (Karch and Go aétal 2020)5kUch as SREBIL2 kwhearedy

mutations in this gene are associated with AD CSF total tau levels, possibly

playing a role within AD neurodegeneration (Song et al. 2019). Microglia in both

APPNLFINLFgnd APPNLGF/INLGFmi ce have had increased respons
levels via proliferating and upregulating the microglial gene, TREMZ2, and a

phagocytic activation marker known as CD68 (Benitez et al. 2021). The

triggering receptor expressed on myeloid cells 2 (TREM2) is necessary for

enhancing microglialact i vati on due to Ab and tau, which

with dystrophic microglia (Qin et al. 2021). However, it is not known if tau
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pathology is the cause of, a consequence of, or just contributes to inflammation

(Vogels, Murgoci, and Hroméadka 2019). Moreover, microglia have been known

to phagocytose synapses within tauopathies, aiding in the spread of tau via

synapses (Brelstaff et al. 2018; Dejanovic et al. 2018; Vogels, Murgoci, and

Hromédka 2019). Thus, it appears the role of microglia in AD appears to
contribute to the diseasebs progression |

of Ab and tau in the form of plaques and

1.2 Heterogeneity within AD

1.2.1 Overview of AD Heterogeneity

Within AD, there is large variation amongst patients with regards to progressive

clinical decline and their age of onset (McKhann et al. 2011). Moreover, AD

subtypes have been characterised based on differences in their rates of clinical
progression and presentation (Jellinger 2021). Due to large differences in the

clinical progression and presentation of AD, it is suggested that there may be

molecular differences that can account for the underlying heterogeneity denoted

between patients (Abu-Rumeileh, Capellari, and Parchi 2018). Diagnosing AD is

notably very challenging, and distinguishing pathology that is separate from

age-r el ated changes within patientso brain:

It is thought that the complexity and heterogeneity of dementia has contributed
to the difficulty in creating successful treatments for this disease (Gauthier et al.
2016). AD is a heterogenous disease, whereby some patients exhibit dementia
at an early age, or show language loss and personality changes, rather than the
typical memory loss symptoms first (Snowden et al. 2007; Stopford et al. 2008;
Scheltens et al. 2016; Gefen et al. 2012; Butters, Lopez, and Becker 1996;
Johnson et al. 1999; Huang et al. 2020). It has been suggested that the rates of
decline, for patients whose dementia does not change over the course of their
progression, fall into two categories: slow or fast decline (Thalhauser and
Komarova 2012), and that late-stage AD progression correlates with the rate of
decline displayed during the early stages of the disease (Capitani et al. 2004).
Faster rates of clinical decline have been associated with phosphorylated
taul81 CSF levels, and the single nucleotide polymorphism, rs1868402, but not
with AD age of onset (Cruchaga et al. 2010). Therefore, determining the
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underlying molecular differences between different subtypes of AD could aid in

more specific AD treatments.
1.2.2 Subtypes of AD

The Global Burden of Disease Study 2019 estimated the that the global
prevalence of dementia would increase from 57.4 million in 2019, to 152.8
million in 2050 (Nichols et al. 2022). Regarding AD cases, studies have
suggested that ~71i 75 % of AD cases present as tAD (Murray et al. 2011;
Whitwell et al. 2012). AD presentation is influenced by genetics, age of onset
and comorbidities, which entail difficulties within classifying patients for clinical
trials (Lam et al. 2013). Thus, there is vast amount of variability with regards to
diagnosing AD post-mortem, as well as trying to diagnose differences within
living patients displaying clinical symptoms. Therefore, subcategorising AD
would lead to a more efficient diagnosis and possibly allow more specific
treatments to target the differences between the diverse AD clinical

presentations (Huang et al. 2020).

A known subtype of AD is rapid AD (rAD), which may be a clinically distinct
disease from tAD (Abu-Rumeileh, Capellari, and Parchi 2018). However, it may
just have overlapping features similar to tAD such as its symptoms relating to
cognitive decline (Abu-Rumeileh, Capellari, and Parchi 2018). rAD varies from
tAD due to its rapid rate of cognitive decline after the first onset of symptoms.
tAD is a slowly progressive dementia led by an amnestic syndrome (McKhann
et al. 2011), whilst rapidly progressive AD has a much shorter clinical duration
of <2 years (Geschwind 2016). A study of 312 mild AD cases determined a
prevalence of 17.6 % for rapid AD (rAD) which presented with a significantly
lower p-tau/tau ratio (p = 0.04) but no difference interms of APOE U2/ 3/ 4
genotype distribution (Ba et al. 2017). Moreover, another neurodegenerative
disease known as Creutzfeldt-Jakob disease (CJD) also has many overlapping
features with rAD, including rapidly progressing dementia, making diagnosis
difficult within patients presenting with these symptoms (Schmidt et al. 2010;
Abu-Rumeileh, Capellari, and Parchi 2018). A study in China found that out of
149 cases of rapidly progressive dementia, 13.4 % of these patients were later
diagnosed as CJD (Liu et al. 2023). Thus, the neuropathological features of rAD

can overlay with CJD, further contributing the heterogeneity of AD.
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An early age of onset has been suggested to associate with a more aggressive
rate of cognitive decline (Canevelli et al. 2016; Gauthier et al. 2006; Jacobs et
al. 1994). However, rAD cases have been diagnosed as LOAD within the
literature with a median age of onset of 68.4 years and 71 years within studies
of 67 and 40 rAD cases, respectively (Herden et al. 2023; Hermann et al. 2022).
Retrospective analysis has indicated that rAD cases have a higher prevalence
for cerebral amyloid angiopathy (CAA), compared to that of tAD cases (Abu-
Rumeileh, Capellari, and Parchi 2018); a common co-pathology in AD
(Mandybur et al. 1975; Banerjee et al. 2023; 2022; 2017). Therefore,
heterogeneity with regards to biochemical properties of tau is associated with
tAD cases (Dujardin et al. 2020) as well as rapid AD (rAD) cases (Kim et al.
2022). Though, d i s uziconforatiédnd have been suggested for rAD
(Cohen et al. 2015; Qiang et al. 2017), which indicates some level of

biochemical distinction from tAD.

Another subtype of AD is posterior cortical atrophy (PCA), which has a different
clinical presentation compared to tAD and rAD altogether, with PCA primarily
affecting the occipital-temporal regions, eliciting visual disturbances within
patients (Benson, Davis, and Snyder 1988; Crutch et al. 2012). It is thought that
around 5 % of AD cases have a visual presentation associated with PCA that
include altered visual perception and/or spatial functioning (Snowden et al.
2007). A genome-wide association study of 302 PCA cases had a mean
(standard deviation (SD)) age of onset of 58.9 + 6.9 years, whereby 82.5 %
classified as EOAD (Schott et al. 2016). This differs from tAD, whereby the
National Alzheimer's Coordinating Center (NACC) determined the mean age of
onset was 75 years old out of 7,815 cases (Barnes et al. 2015), which aligns
with the age being the primary risk fact
Di sease Facts and efal.2009.eso0 2022; Hou

To our knowl edge, no | ongitudinal studi e
and the rate of cognitive decline for rAD and tAD cases. However, a longitudinal

study did compare the disease progression of PCA to tAD cases (Firth et al.

2019). It was determined that both AD subtypes have differing brain regions of

onset and progression rates within the spatial and temporal areas (Firth et al.

2019). Distinct patterns of tissue loss was identified in PCA cases within the
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occipital and parietal regions, with an estimation of 10 years to disease onset
(t0), compared to that of tAD cases (Firth et al. 2019). Moreover, PCA cases
demonstrated less atrophy for the hippocampal, entorhinal and frontal areas of
the brain, which never matched the extent of atrophy within the posterior lobe
(Firth et al. 2019). Despite differences in the rates of atrophy of different brain
regions between PCA and tAD cases (Firth et al. 2019), similar serum and CSF
levels were detected between both subtypes (Peng et al. 2016), reinforcing the
AD diagnosis for both subtypes. Thus, despite similarities implied between
different subtypes of AD, they may all be biochemically distinct diseases with

regards to their different cinical presentations and disease durations (Figure 2).
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Figure 2: A diagram of clinically defined AD subtypes and their

characteristics. This research studied three clinically distinct subtypes of AD:

tAD, rAD and PCA. Each subtype was previously diagnosed as AD post-

mortem, by the presence of Ab plaques and NFTs. Each subtype varies in

terms of disease duration and clinical manifestation. PCA initially affects the

posterior lobe region of the brain, whereby patients exhibit symptoms of visual
disturbances. This differs from tAD and rAD, where symptoms typically manifest

as memory loss, due to tau pathology primarily affecting the hippocampal and
entorhinal cortical regions. Adapted from Dr Julia RaveyOoO:
Figure created with BioRender.com.

Refining our knowledge of what cases the heterogeneity described above

between AD subtypes will improve how we treat and diagnose them within
patients. There have been distinct strucil
the rapidly progressive AD subtype (Cohen et al. 2015; Liu et al. 2021) and tau

conformers (Kim et al. 2022), suggesting that there is variability with regards to

AD proteins within subtypes, which could distinguish clinical differences seen

within AD patients. Hence, reinforcing the difficulties faced with regards to

determining substantial treatments for AD. Furthermore, investigating the

presence of strains could explain the differences observed between AD

49



subtype-specific diseases (Younas et al. 2024), based upon the strains
observed within prion diseases which contain distinct differences in their
conformations and isolated protease resistance patterns (Safar et al. 1998;
Kuczius and Groschup 1999). Thus, suggesting that the underlying biochemical
differences may contribute to the heterogeneity observed within a particular
neurodegenerative disease. Understanding heterogeneity behind subtypes of
AD will help with future knowledge of AD pathogenesis and help provide future
diagnostics and therapeutic tools (Schmidt et al. 2011; Montembeault and
Migliaccio 2023).

1.3 Prion-.Li ke Mechani sms of Ab and Tau

1.3.1 Prion Diseases

Prion diseases are transmissible conditions caused by proteinaceous, protease
resistant particles (Prusiner 1982). There are many prion diseases that affect
different species such as bovine spongiform encephalopathy (BSE) in cows,
CJD affecting humans, scrapie found in sheep and chronic wasting disease
(CWD) afflicting elk and deer (Prusiner 2013). Other than sporadic CJD, human
prion diseases include variant CJD (vCJD), Gerstmann-Straussler syndrome
(GSS) and Kuru (Collinge 2001). vCJD was a new strain of CJD detected within
the United Kingdom (UK) during 1995 from the ingestion of BSE infected
foodstuff (Collinge et al. 1996; Bruce et al. 1997; Ghani et al. 1998; Collinge
1999), whilst GSS is an autosomal dominant disorder caused by coding
mutations within the prion protein (PRNP) gene (Collinge 2001). Only 15 % of
human prion diseases are inherited whilst the acquired forms are much rarer,
such as iatrogenic CJD and Kuru which develop from prion exposure through
surgical procedures or via the consumption of human tissues at mortuary

feasts, respectively (Collinge 1997).

What all prion diseases have in common is the cellular prion protein (PrP); the
substrate for the formation of prions (Collinge 2016). Prions are fibrillar
assemblies of misfolded PrP, that propagate by fibre elongation and fission
(Collinge 2016). For prions from different species to infect another, they must
overcome a transmission barrier which requires compatible prions and native

PrP (Scott et al. 1989) (Figure 3). This was displayed when transgenic mice
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expressed hamster PrP were then susceptible to Syrian hamster prions (Scott
et al. 1989). Transmission barriers between species has been denoted for BSE
prions within vCJD (Collinge et al. 1995). Moreover, regarding barriers to prion
transmissions, polymorphisms exist within human PRNP that are protective
against vCJD, such as the expression of homozygous valine, instead of
methionine, at codon 129 for human PrP (Wadsworth et al. 2004). Although,
other research has suggested that the homozygous valine 129 polymorphism
has been shown to be protective against BSE prions and not vCJD transmission
within transgenic mice (Fernandez-Borges et al. 2017). This transmission
barrier can be explained by the conformational selection model (Collinge 1999;
Collinge and Clarke 2007). This model proposes that the transmission barrier is
an intersection between the native PrP of the host, and how it impacts the
selective conformation of disease-associated PrP (PrPS¢) from the donor

species (Collinge and Clarke 2007).
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Figure 3: Conformation selection of prion strains and transmission
barriers. Prion strains originate from variations in PrPS¢ conformers. An overlap
of preferred PrPS¢ conformers between species allows efficient prion
transmission between those species. Without this, a transmission barrier is
observed, preventing the transmission of PrPS¢ conformers between species. As
suggested by the conformational selection model, the native PrP€ of the host
dictates which PrPS¢ are thermodynamically compatible (Collinge 1999; Collinge
and Clarke 2007). Moreover, a strain is characterised by its stability of
phenotypic effects over serial passages, as distinct structural and biochemical
properties must be maintained in vivo, in the same host, exhibiting a distinct
disease phenotype (Ayers, Giasson, and Borchelt 2018; Fraser and Dickinson
1973; Collinge and Clarke 2007; Manka et al. 2023). Figure adapted from
Collinge and Clarke, 2007 (Collinge and Clarke 2007). Figure created with
BioRender.com.

Other than PrPse, hyperphosphoryl ated tau and Ab pat hc
within prion diseases, whereby the pathological proteinase K (PK) resistant form

of the prion protein (PrPS°) is thought to be a prerequisite to tau pathology

(Reiniger et al. 2011). It is thought that disease-related tau assemblies share

properties with PrPS¢, whereby prion-like tau has the capabilities to self-

propagate in its aggregated conformation, seeding via its beta sheet template
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and its distinct tau conformations (Woermanetal.2 016 ) , much | ike A
and Walker 2013).

1.32 Prion-Li ke Seeding and Propagation of AD

It has been suggested that the underlying disease-associated assemblies

between different neurodegenerative diseases may behave in an analogous

fashion to those of prion diseases. Prion-like propagation of disease-related

assemblies within the host include seeding, via an altered template of the

protein, self-propagation and spreading by its misfolded, aggregated

conformation (Jucker and Walker 2013). Disease-related tau assemblies have

been shown to seed from the brains of patients, where the structure of these tau
assemblies retain the information required for seeding tau substrates from its

template (Tarutanietal.2021) . This has al so been demc
(Eisele 2013),by whi ch agsqgaeaergaderdv Arbzovs al thkee AAD
seedingcascade (Sowade and Jahn 2017). The g
tau seeds is also conserved and transferred within the in vitro products of

amplifications (Petkova et al. 2005; Xu et al. 2021). This is thought to be prion-

like for many amyloidogenic proteins due to the propagation and spread

intercellularly, although not between individuals, as exhibited with prion

diseases (Duyckaerts, Clavaguera, and Potier 2019). For AD and CJD, a long

phase from the deposition of protein aggregates to the onset of symptoms is

common (Goedert 2015). Thus, propagation of the amyloid species may long

precede the development of toxicity and overt neurodegeneration. It is thought

that these misfolded protein assemblies drive the aggregation process in
neurodegeneration by acting as propagating seeds (Maniecka and Polymenidou

2015). Furthermore, prions are hypothesised to not be directly neurotoxic and

that prion propagation and neurotoxicity can be uncoupled (Sandberg et al.

2011; Benilova et al. 2020).

1.33 Prion-Li ke Transmi ssion of Ab and Tau

There Iis evidence that amyloid forms of |
transmissible. This is thought to be through seeded propagation and cell-to-cell
spreading, as observed within in vitro and in vivo models, by prion-like

mechanisms (Polymenidou and Cleveland 2012; Jucker and Walker 2013).
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However, until recently, there were no cases of prion-like proteins known to

spread between individuals, unlike the infectious prion (Espargaré et al. 2016),

whose mechani sms t he yatllogy has beangrdnsmaitted er . AD

via the treatment of patients with prion contaminated cadaver-derived growth

hormone preparations between 1958 and 1985 (Raben, 1958; Powell-Jackson

et al. 1985; Swerdlow et al. 2003). Relatively young patients who succumbed to
iatrogenic CJD were also found to have extens
et al. 2015) and subsequent animal studies demonstrated that the implicated

archived batches of growth hor monetalcont ai ned
2018). While these patients did not have the tau pathology, it is possible that

this pathology would have developed later on in life, if those patients had not

died earlier from CJD (Jaunmuktane et al. 2015).

Furthermore, eight patients, who were recipients of the growth hormone in the

UK, before its discontinuation in 1985, provided evidence of the first cases of

iatrogenic AD recorded (Banerjee et al. 2024). The discontinued growth

hor mone treatment, contaminatedtawdDdh Ab and t
al so provided reports of iatrogenic cerebral
et al. 2018). CAA, while existing as a discrete disease, is also a very common

co-pathology in AD (Mandybur et al. 1975; Banerjee et al. 2023; 2022; 2017).

The iatrogenic AD patients exhibited dementia and biomarker changes

consistent with the AD spectrum, whilst also differing phenotypically from cases

of sporadic and familial AD (Banerjee et al. 2024). This is in line with the

classification of different prion diseases which vary in terms of clinical

presentation and incubation times (Wadsworth and Collinge 2011). Moreover,

another study in France, whereby patients who were exposed to the cadaver-

derived human growth hormone, also had high incidence of iatrogenic

transmission (Duyckaerts et al. 2018). These brains showed evidence of two

types of tau pathology; one induced via prions and the other showing evidence

of iatrogenic tauopathy (Duyckaerts et al. 2018). Thus, it appears that tau, like

Ab and cl assical prions, can be i1 atrogenical/l
i mportant to state t hat-relatedtassemblehicardbe and tau d
referred to as having prion-like properties, there has been no evidence so far

t h a tandAdu are contagious between individuals, nor can they be transmitted

through any daily activities (Kaufman et al. 2017; Lauwers et al. 2020). Thus,
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any iatrogenic transmission requires accidental inoculation during medical or
surgical procedures, as for prion diseases such as CJD (Kaufman et al. 2017;
Lauwers et al. 2020).

1.4 Tau Protein

1.4.1 Alternative Splicing of Tau

Tau is an intrinsically disordered protein (Wischik, Novak, Edwards, et al. 1988;
Wischik, Novak, Thggersen, et al. 1988; Sevcik et al. 2007; Goedert 2018), that
is highly dynamic and ubiquitous (Maina, Al-Hilaly, and Serpell 2016). The
protein itself is found throughout neurons in the CNS, as well as the peripheral
nervous system (PNS) (Zhao, Wu, and Tang 2021). It is thought that
endogenous tau binds and stabilises the assembly of microtubules (Goedert
and Spillantini 2011; Chung et al. 2021), playing a role in microtubule dynamics
for processes such as axonal transport within the CNS (Maina, Al-Hilaly, and
Serpell 2016). Tau is encoded by the MAPT gene, comprising of 16 exons, on
chromosome 17921 (Neve et al. 1986; Chung et al. 2021). There are 6 isoforms
of human tau produced from alternative splicing of exons 2, 3 and 10 within the
MAPT gene (Chung et al. 2021; Chang, Shao, and Mucke 2021; Goedert et al.
1988; Goedert, Spillantini, Jakes, et al. 1989; Goedert, Spillantini, Potier, et al.
1989; Delacourte and Buée 1997; Goedert and Spillantini 1990) (Figure 4).
Alternative splicing of the MAPT gene in exon 10 forms the 4-repeat (4R)
microtubule-binding repeat, whilst those lacking exon 10 result in 3-repeat (3R)
tau (Goedert, Spillantini, Jakes, et al. 1989; Goedert, Spillantini, Potier, et al.
1989; Fuster-Matanzo, Hernandez, and Avila 2018; Goedert 2018). Alternative
splicing in the N-terminal region of tau results in 0, 1 and 2 exon
sequences/inserts (Goedert, Spillantini, Jakes, et al. 1989; Goedert 2018;
Khanna et al. 2016; Park, Ahn, and Gallo 2016). Foetal tau is highly
phosphorylated compared to mature tau, which is developmentally regulated
(Avila et al. 2004), and is the smallest tau isoform known simply as ON3R
(Maina, Al-Hilaly, and Serpell 2016). The longest tau isoform (2N4R) is 441 aa
long, with 2 inserts in the N-terminal (2N), containing all 4 microtubule binding
repeats and a proline rich region (Delacourte and Buée 1997; Zhao, Wu, and
Tang 2021). Alternative splicing of exon 2 and 3 allows the generation of 291 58
aa length inserts in the N-terminus, due to the presence of exon 2, or exons 2
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and 3 together, or none at all, generating ON, 1N or 2N tau isoforms (Goedert,
Spillantini, Jakes, et al. 1989; Fernandez-Nogales and Lucas 2019). This
consists of 37 %, 54 % and 9 % of tau isoforms, respectively (Goedert 2018). In
the C-terminus, the 31 aa repeat consisting of a Pro-Gly-Gly-Gly motif is found
as 4 tandem repeats (Goedert, Spillantini, Potier, et al. 1989), and also 3
tandem repeats (Goedert et al. 1988), allowing tubulin monomers to assemble
(Lee, Cowan, and Kirschner 1988).

N-terminal inserts Microtubule binding domain
Human tau A A
isoforms r A
_ oNar 122 N1| | N2 R1| R2 |R3| |R4 441aa
N-terminus C-terminus

4RTau< 1N4R laa N1 R1| R2 |R3| |R4 412aa

- ON4R 1aa R1| R2 |R3| |Ra 383aa

 2N3R Taa N1 T2 R1| |R3| |Ra 410aa

- ON3R Taa R1 R3 R4 352aa

Figure 4: lllustration of the 6 isoforms of human tau. The tau protein
undergoes alternative splicing within exons 2, 3 and 10 within MAPT to produce
6 different isoforms (Chung et al. 2021; Chang, Shao, and Mucke 2021,
Goedert et al. 1988; Goedert, Spillantini, Jakes, et al. 1989; Goedert, Spillantini,
Potier, et al. 1989; Delacourte and Buée 1997; Goedert and Spillantini 1990).
These isoforms vary in aa length, and in the number of both N-terminal inserts
and core repeat (R) regions. Tau isoforms can be organised into 3R or 4R tau,
which their expression varies between tauopathies. Adapted from Zheng et al.
(Zheng et al. 2019). Figure created with BioRender.com.
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1.4.2 Tau Isoforms and Other Tauopathies

Many other neurodegenerative diseases are characterised by the presence of
NFTs from misfolded tau, such as frontotemporal dementia (FTD) (Poorkaj et al.
1998; Spillantini, Crowther, and Goedert 1996; Sumietal. 1 9 9 2 ) , Pi ckos
(PiD) (Hof et al. 1994; Buée-Scherrer et al. 1996; Probst et al. 1996),
corticobasal degeneration (CBD) (Hof, Delacourte, and Bouras 1992; Feany,
Mattiace, and Dickson 1996; Feany et al. 1995; Wakabayashi et al. 1994) and
progressive supranuclear palsy (PSP) (Zhao, Wu, and Tang 2021; M. L.
Schmidt et al. 1996; Feany et al. 1995; Hof, Delacourte, and Bouras 1992;
Feany, Mattiace, and Dickson 1996). Each of diseases are classified collectively
as tauopathies (Zhao, Wu, and Tang 2021); heterogenous neurodegenerative
diseases characterised by the presence of abnormal tau (Goedert 1998; Jadhav
et al. 2019; Lauretti and Pratico 2020). Tauopathies can result from mutations in
the MAPT gene, caused by altered messenger ribonucleic acid (mMRNA) splicing
or via the hyperphosphorylation of tau that alters its localisation and structure,
eliciting its neurotoxic effects (Fernandez-Nogales and Lucas 2019). Mis-
splicing of tau could lead to abnormal ratios of tau isoforms, leading to
pathology via impairing the physiological function of tau (Park, Ahn, and Gallo
2016). AD is classified as a secondary tauopathy, due to NFTs forming
secondary to Ab pNogaesandLudas20i9n Be rdtie af
human tau isoforms differs between different tauopathies. 4R tauopathies
include CBD, PSP and argyrophilic grain disease (AGD), whilst 3R tauopathies
include PiD (Togo et al. 2002; Sergeant, Wattez, and Delacourte 1999;
Sergeant et al. 1997; Delacourte et al. 1998; Mailliot et al. 1998; 2000; Buée
and Delacourte 1999; Park, Ahn, and Gallo 2016; Chung et al. 2021). However,
AD expresses both 3R and 4R tau (Goedert, Spillantini, Jakes, et al. 1989;
Goedert, Spillantini, Potier, et al. 1989; Crowther, Goedert, and Wischik 1989;
DeTure and Dickson 2019). Recent publications have demonstrated that
different tauopathies contain different tau folds (Scheres et al. 2020). This is in
line with the theory that different tau strains exist within different tauopathies
(Goedert et al. 2018; Scheres, Ryskeldi-Falcon, and Goedert 2023; W. Zhang et
al. 2019; 2020; Shi, Murzin, Falcon et al. 2021; Goedert 2021; Goedert and
Spillantini 2019; Falcon, Zhang, Murzin, et al. 2018; Falcon et al. 2019;
Lovestam et al. 2022; Shi, Zhang, Yang et al. 2021; Scheres et al. 2020).
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1.4.3 Structural Differences in Tau between Tauopathies

Underlying structural differences have been shown for prion strains using cryo-
electron microscopy (cryo-EM), whereby prions, consisting of polymeric fibrillar
assemblies, can be serially propagated to produce distinct disease phenotypes
(Manka et al. 2023). High resolution structures of tau paired helical flaments
(PHFs) and straight filaments (SFs) in AD have been mapped by cryo-EM,
revealing an ordered core of two protofilaments, which incorporates 3/4R into
the extending tau filament (Fitzpatrick et al. 2017). No order was detected in the
fuzzy coat region of the N-terminus and C-terminus region of the tau protein
(Fitzpatrick et al. 2017). Moreover, cryo-EM revealed that PHFs and SFs, from
three cases of sporadic and one case of inherited AD, showed that a common
fold was found, with the t whelixgshagedf i |l ament s f
architecture, suggesting identical tau core sequences for both AD familial and
inherited cases (Falcon, Zhang, Schweighauser, et al. 2018). Moreover, PCA
tau filaments maintain the same fold (Shi, Murzin, Falcon et al. 2021), as with
other AD tau filaments (Fitzpatrick et al. 2017; Falcon, Zhang, Schweighauser,
et al. 2018), suggesting that the structure of tau filaments may not vary within
AD subtypes. This differs for other tauopathies, as a novel tau fold was
observed for the 3R tauopathy, PiD, which was distinct from AD, suggesting
that identical tau isoform compositions could adapt disease-specific folds
(Falcon, Zhang, Murzin, et al. 2018). However, this is not the case for all
tauopathies. Chronic traumatic encephalopathy (CTE) has a very similar fold to
AD fibrils, by containing both 3R and 4R within residues K274 - R379 and S305
- R379, respectively (Falcon et al. 2019), as witnessed previously (Fitzpatrick et
al. 2017). Thus, different tauopathies can have similar tau folds to AD, much like

different AD subtypes.

Moreover, it has been suggested that post-translational modifications can
contribute to different tau filament structures, resulting in different tau signatures
(Arakhamia et al. 2020; Tseng et al. 2021). In AD, tau SFs, and ubiquitin at the
C-terminus, can stabilise the interface of the protofilament, which could be
necessary in stabilising the fibril core (Arakhamia et al. 2020). Thus, allowing a
different structure of tau filament compared to the ubiquitination sites seen in
the CBD double fibrils (Arakhamia et al. 2020). Moreover, tau aggregates from

58



AD and CBD human brains, seeded into SH-SY5Y cells, human influenza
hemagglutinin-tagged (HA-tagged) with IN3R or 1N4R tau, differed slightly in
structure when observed by cryo-EM compared to the original brain seeds
(Tarutani et al. 2023). This included conformational differences within the C-
shaped fold for AD seeded protofilaments and alterations in the ordered core
with regards to the C-terminus, whilst CBD fold varied in the aminoZand
carboxyZ4erminal regions (Tarutani et al. 2023). This suggests that seeded
amyloid structures cannot always replicate the original seeds accurately in vitro
(Tarutani et al. 2023).

1.5 Tau Morphotypes

1.5.1 Prion-Like Properties of Tau

Protease resistance is found across prion diseases, whereby the endogenous
prion protein (PrP) differs from PrPs¢, due to its partial protease resistance
(Butler et al. 1988; Taraboulos et al. 1990; Hill and Collinge 2002). Moreover,
PrPS¢ also undergoes aggregation and exhibits insolubility within detergents
which PrP does not (Meyer et al. 1986; Taraboulos et al. 1990; Zou et al. 2011).
Sarkosyl insolubility and protease resistance has been observed for the tau
PHF core of neurofibrillary tangles in AD (Selkoe et al. 1982; Perry et al. 1987;
Wischik, Novak, Edwards, et al. 1988; Wischik, Novak, Thggersen, et al. 1988),
amongst other tauopathies (Ulrich et al. 1987; Perry et al. 1987; Arai et al.
2001). Sarkosyl (sodium N-lauroylsarcosinate) is a strong ionic detergent which
can isolate amyloid proteins that are not resistant to sodium dodecyl sulfate
(SDS) treatment (Nizhnikov et al. 2014). Moreover, distinct prion-like
biochemical signatures have been identified for disease-related tau assemblies
associated with specific tauopathies (Taniguchi-Watanabe et al. 2016). From
post-mortem brains, tau fibrils can be extracted using centrifugation, alongside
the detergent sarkosyl, due to its insolubility (Scheres et al. 2020). This is also
observed with PrP resistant to PK, where sarkosyl can denature the native folds
of proteins like PrP, leaving only the insoluble PK resistant PrP conformation
(Xiong et al. 2001).

It has been shown that combining sarkosyl insolubility, with protease resistance,

it is possible to determine structurally distinct pathological tau species from
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different tauopathies (Taniguchi-Watanabe et al. 2016). Specific protease
treatment can produce distinct banding patterns associated with certain
tauopathies, such as the 12 kDa pronase resistant band associated with the
PHF core from AD cases (Jakes et al. 1991; Novak, Kabat, and Wischik 1993).
Sarkosyl-insoluble tau taken from different tauopathies can reveal specific
bands distinct observed between 3R and 4R tauopathies (Taniguchi-Watanabe
et al. 2016). These include 3R PiD containing sarkosyl-insoluble tau bands at
60 kDa and 64 kDa, which is common within the 3/4R tauopathy AD (Taniguchi-
Watanabe et al. 2016). In addition, the 68 kDa band, which is shared with 4R
tauopathies CBD and PSP, and the common 64 kDa band shared amongst PiD,
PSP, CBD and AD tauopathy cases (Taniguchi-Watanabe et al. 2016).
Moreover, distinct sarkosyl banding patterns have been viewed between
tauopathies within the C-terminus region (Arai et al. 2004; Taniguchi-Watanabe
et al. 2016). A distinct band at 33 kDa has been denoted for PSP, whilst CBD
has two bands around 37 kDa (Arai et al. 2004). However, AD is associated
with 6 bands between 191 40 kDa at the C-terminus, with further distinct
banding patterns displayed after trypsin digestion (Taniguchi-Watanabe et al.
2016). It is possible that different banding patterns could exist between AD
subtypes, highlighting biochemical differences in terms of sensitivities to
different proteases. Protease digestion has been shown to remove the fuzzy
coat of tau, perceived by electron microscopy, leaving the pronase resistant
core intact (Wischik, Novak, Edwards, et al. 1988; Bondareff et al. 1990). This
fuzzy coat comprises of the C-terminus and N-terminus regions of tau, which is
also removed via trypsin, and has been shown to contain the prion-like
template-seeding of tau (Tarutani et al. 2021). Distinct banding patterns of Prpsc
are observed within different prion diseases. These protease-resistant bands
vary from vCJD and classical CJD, along with distinct patterns of PrP deposition
displayed within the histology of sporadic CJD (sCJD), Kuru and vCJD cases,
where both techniques can aid in the identification of human prion strains
(Wadsworth and Collinge 2011).

Moreover, the seeding and propagation of tau disease-related assemblies is
associated with not only sarkosyl-insoluble tau fibrils but also with high
molecular weight (HMW) tau, in the form of oligomeric tau, both extracted from

the AD brain (Mate De Gerando et al. 2023). Despite sarkosyl-insoluble tau
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displaying higher resistance to PK digestion compared to HMW tau, they both
demonstrated similar prion-like seeding in vitro and in vivo when isolated from
one AD case (Mate De Gerando et al. 2023). This reinforces that multiple
bioactive species of tau possess prion-like properties of tau, as seen within
these disease related assemblies that vary in terms of PK resistance (Mate De
Gerando et al. 2023).

1.5.2 Prion Strains, Tau Transmissions and Serial Passage of Tau In Vivo

Strains must maintain their phenotypes and biochemical characteristics after
serial passages in vivo, within the same host, to be classified as such (Ayers,
Giasson, and Borchelt 2018; Fraser and Dickinson 1973; Collinge and Clarke
2007; Manka et al. 2023). This is based upon their self-propagating
characteristics and alternative conformations (Prusiner 2013). There are some
barriers to tau seeding (Ayers, Giasson, and Borchelt 2018), as observed within
4R tauopathies that do not seed within cells expressing only the 3R isoform,
and vice versa (Woerman et al. 2016). It is thought that unique conformations of
tau strains contribute to the range of tauopathies that can develop (Gibbons,
Lee, and Trojanowski 2019). As mentioned above, distinct tau structures have
been determined for the following tauopathies: AD, CBD, PiD and CTE
(Scheres et al. 2020). Hence, different tauopathies carry differences within their

amyloidogenic tau conformation.

A strain may determine how tau spreads throughout different brain regions,
along with how the disease presents itself within patients (Mudher et al. 2017).
If tau strains are present, it is assumed that the strain would display similar
neuropathology with each serial passage into animal models (Mudher et al.
2017), as demonstr at eaal\0l4)htisAdtknewnr ai ns (
whether distinct tau isoforms develop within different tauopathies from animal
models, as adult wild-type (WT) mice do not express the 3R isoform of tau (He
et al. 2020). Thus, different human brain tauopathies have been inoculated into
transgenic mice, that do not express endogenous mouse tau, but only express
3R and 4R human tau isoforms (He et al. 2020). This resulted in distinct
tauopathies being observed relating to their original isoform composition (He et
al. 2020). These data suggested that tau pathogenesis developed within two

stages, starting with seeding of the misfolded protein assembly, then an
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amyloidogenic amplification phase, whereby tau strains were determined due to
distinct conformations in AD, PSP, CBD and PiD (He et al. 2020). The serial in
vivo passage reinforced that these were in fact tau strains, due to the
characteristics of each strain being maintained, as well as suggesting that
transmission was down to the intrinsic tau isoform and not due to any co-factors
(He et al. 2020). Also, PHFs in AD have a unique conformation of tau fibrils, that
allowed in vivo transmission within non-transgenic mice (Guo et al. 2016;
Narasimhan et al. 2017), which did not require distinct tau isoform expression
as in later work (He et al. 2020).

Serial in vivo transmissions of different tauopathies have been made possible
through the use of tau knock-in (KI) mice which express all 6 isoforms of tau
(He et al. 2020). Sarkosyl-insoluble fraction from serially passaged mice
demonstrated that tau transmission is isoform specific (He et al. 2020).
Moreover, using mice expressing the longest human tau 4R isoform (ALZ17)
(Probst et al. 2000), tau pathology was demonstrated after serial passages
utilising intracerebrally inoculated ALZ17 mouse brain homogenate (BH), which
previously received a bilaterally injection of P301S mouse BH 18 months prior
(Clavaguera et al. 2013). The ALZ17 mouse model does not develop
filamentous tau aggregates but does produce the longest human tau isoform
441 aa (Clavaguera et al. 2009). This model does not contain an aggressive
tauopathy mutation, unlike the P301S mouse model (Allen et al. 2002), which
models the frontotemporal dementia and corticobasal degeneration mutation in
exon 10 for MAPT, causing early-onset tauopathy through the increased
expression of 4R tau isoforms (Bugiani et al. 1999). After 12 months, the serially
inoculated ALZ17 mice exhibited neuronal and oligodendroglial tau inclusions,
detectable via positive AT100 immunoreactivity (IR) and Gallyas-Braak silver
staining (Clavaguera et al. 2013). Similar pathology was noticed after the serial
transmission of ALZ17 (Clavaguera et al. 2013). This time, ALZ17 mice were
intracerebrally inoculated with mouse BH taken from WT C57BL/6 mice that
were previously bilaterally inoculated with human tangle-only dementia and
AGD (Clavaguera et al. 2013). Thus, successive inoculations, of both tauopathy
and WT mouse models into ALZ17, produced similar tau pathology, maintained

after serial passages.
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Moreover, different tauopathies display different tau inclusion morphology which
is thought to be consistent with different tau strains (Sanders, Kaufman, DeVos,
et al. 2014). HEK293 cells, containing a tau repeat domain fused to a
fluorescent protein, were treated with tissue extracts from 29 cases, from 5
different tauopathies, which then propagated different tau inclusion
morphologies (Sanders, Kaufman, DeVos, et al. 2014). From isolating clones of
three distinct tau inclusion morphologies, these were maintained in vivo after
three serial passages within P301S mice (Sanders, Kaufman, DeVos, et al.
2014). However, other work has highlighted that recombinant tau fibrils can also
induce NFT pathology when inoculated into P301S mice, suggesting that
recombinant tau fibrils also have the ability to induce endogenous
overexpressed tau to misfold and produce tau pathology within this mouse
model (Iba et al. 2013). This has also been observed in vitro tau fibrils, where
tau aggregate formation resembled NFTs and reduced microtubule stability
(Guo and Lee 2011).

1.6 AD Research Models

AD research models are a vital system to measure how AD progresses, outside
of the patients themselves. Although there are limitations with each model,
combining many different approaches together provides a clearer idea of how
AD can develop, and possibly address the underlying heterogeneity displayed

between cases.
1.6.1 Post-Mortem Cases

A method for studying AD is utilising post-mortem samples. These are essential
for understanding the pathology of a human disease down to a cellular level, at
the very end-stage of the disease (Penney, Ralvenius, and Tsai 2020).
However, due to post-mortem cases representing the end-stage of the disease,
it can be difficult to understand the very beginnings of how the disease
originated (Penney, Ralvenius, and Tsai 2020). Although, an important aspect
of using post-mortem samples to study tau seeding is that seeds extracted from
AD patients retain the structural information to replicate the tau substrate in vitro
(Tarutani et al. 2021; Xu et al. 2021), and their transmissions in vivo from

disease-associated tau seeds, maintain their original AD characteristics

63



(Narasimhan et al. 2017; He et al. 2020; Xu et al. 2021). Thus, whilst post-
mortem samples are used to generate the seed for AD pathologies, other
models are required to understand its propagation and pathology in vitro and in
vivo. The following methods will detail ways in which research utilises post-
mortem tissue, as a measure of the end-stage of AD. Thus, further detailing
how we can interpret disease-associated tau assemblies within AD, increasing

our understanding of how AD progresses, and even originates.
1.6.1.1 Immunohistochemistry

ADtau begins as fApretangl eso, wh,befdie are pathol

forming aggregates (Go6tz et al. 1995; DeTure and Dickson 2019). These then

form aggregated filaments such as Afl ame shap
hi ppocampal pyramidal neurons or fAglobose tan
locus coeruleus (Bondareff et al. 1989; Cork et al. 1986; DeTure and Dickson

2019). AGhost tangleso form once the neuron d
compartments becoming ousted from these intracellular mature tangles, leaving

insoluble filaments of tau left behind and contributing to cognitive impairment

within AD (Probst, Ulrich, and Heitz 1982; Rasool et al. 1984; Défossez and

Delacourte 1987; DeTure and Dickson 2019). Filamentous tau within axons and

dendrites are known as neurophil threads, which are composed of PHFs and

SFs of tau (DeTure and Dickson 2019). These PHFs are found within NFTs

during AD (Hasegawas et al. 1992).

NFTs have been historically stained using the Bielschowsky silver stain to
highlight the different pathological stages that tau can form within tauopathies
(DeTure and Dickson 2019; Alzheimer et al. 1995). However, this has been
updated to the more modern Gallyas silver staining method established in 1971
(Gallyas 1971), then later adapted by Braak to stage AD pathology within the
brain (Braak and Braak 1991). The phosphorylated tau antibody, AT8, and its IR
has been used to diagnose AD post-mortem (Braak et al. 2006; Biernat et al.
1992). The use of AT8 also highlights pretangle material perceived in early
intraneuronal changes but this remains negative for Gallyas staining (Braak et
al. 2006). However, ghost tangles stain positively with Gallyas but show no IR
for AT8 (Braak, Braak, and Mandelkow 1994). Thus, measuring late-stage AD

tau pathology is an important clue into how the disease progresses.
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1.6.1.2 Tau-proximity Ligation assay

Other than end stage AD pathology, early tau pathology has also been studied
in context of neurodegeneration. Tau-proximity ligation assay (Tau-PLA) has
been developed to determine early tau-tau interactions in vitro upon the basis
that tau multimerization is required for the formation of tau aggregates (Bengoa-
Vergniory et al. 2021). This technique only recognises tau-tau interactions,
without detecting tau monomers, as seen within the initial stages of AD
(Bengoa-Vergniory et al. 2021). Therefore, this technique can detect novel tau
diffused pathology, preceding AT8 IR, before the formation of NFT (Bengoa-
Vergniory et al. 2021).

1.6.2 In Vitro Propagation of Tau Seeds

1.6.2.1 Templated Aggregation and Nucleation-Dependent Polymerisation

of Tau Seeds

The assembly of tau PHFs is thought to take place by a nucleation-dependent
polymerisation, in which nucleation and growth of tau is dependent upon tau
dimerization (Friedhoff et al. 1998). This nucleation-elongation process of PHF
assembly has nucleation as the rate-limiting step whereby adding seeds,
obtained by the fragmented PHFs themselves, can overcome the barrier and
anionic cofactors used to speed up the assembly process (Friedhoff et al.
1998). Moreover, tau assembly is thought to follow templated tau aggregation
from prion-like seeding (Stancu et al. 2015; Sanders, Kaufman, DeVos, et al.
2014). Tau propagation requires the uptake of aggregates after seeding since
tau is an intracellular protein (Goedert 2016) which later forms extracellular
6ghost tangl esd dur iProlgst, dricls &d ldedz 1982;0 gr e s s i
Rasool et al. 1984; Défossez and Delacourte 1987; DeTure and Dickson 2019;
Frost, Jacks, and Diamond 2009). Extracellular tau aggregates have been
shown to induce the aggregation of intracellular tau in vitro which is
hypothesised to be in a templated prion-like manner (Frost, Jacks, and
Diamond 2009; Frost and Diamond 2009). Furthermore, templated
conformational changes such as altered morphologies have been documented
within endogenous and WT tau, induced by misfolded tau seeds (Frost et al.

2009; Guo and Lee 2011), again based upon pathogenic conformations
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observed within prions (Cohen et al. 1994; Huang et al. 1996; Telling et al.
1996). Thus, the conformation of disease-associated tau assemblies is thought

to aid its pathogenicity much like prions.

The conformation of the tau seeds has an essential role in its seeding
capabilities (Falcon et al. 2015). It has been observed using P301S mice that
the filamentous tau within the sarkosyl-insoluble tau fraction had the highest
seeding properties compared to the cell lysate after normalisation to total tau
(Falcon et al. 2015). However, monomeric and sarkosyl soluble tau did not seed
in a cell-based assay due to lack of aggregated tau (Falcon et al. 2015).
Guanidine hydrochloride is a denaturant used to solubilise proteins (Morozova
et al. 2013). The greater the concentration of guanidine hydrochloride needed to
denature a protein, the more stable the aggregate is (Morozova et al. 2013).
Guanidine hydrochloride has been used to measure differences in
conformational stability between P301S mouse and recombinant tau
aggregates, with the latter being most resistant to disaggregation and PK
digestion, reinforcing the hypothesis that there is lower seeding activity
associated with more stable aggregates (Falcon et al. 2015). This was
confirmed when heparin, an anionic cofactor which accelerates tau assembly
(Von Bergen et al. 2006), induced the aggregation of recombinant tau, more
stable than AD seeded recombinant tau, unlike AD PHFs which were less
chemically stable (Morozova et al. 2013). Thus, understanding the formation
and conformation of tau assembles will help further our knowledge and

manipulation of systems to mimic seed amplification.
1.6.2.2 Tau Aggregation Assays

Many different methods are being developed to measure tau aggregation of
disease-associated assemblies in vitro, outside of cellular systems (Tennant et
al. 2020; Kraus et al. 2019; Metrick et al. 2020), whereby many have been
based upon those utilised to measure PrPS¢ propagation (Atarashi et al. 2011;
Castilla et al. 2006; Orru et al. 2012; Schmitz et al. 2016; Zanusso et al. 2016).
Protein misfolding cyclic amplification (PMCA) mimics the conversion of PrpPs¢
within prion diseases in vitro (Castilla et al. 2006). The resulting PMCA product
maintains characteristics of PrPS¢ obtained from animals with scrapie, such as

detergent insolubility and protease resistance, whilst also converting PrP¢ into
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PrPS¢ (Saborio, Permanne, and Soto 2001). Moreover, Thioflavin T (ThT)
assays have been used to measure in vitro aggregation. ThT specifically binds
to amyloid fibrils (Vassar et al. 1959; Xue et al. 2016) with the excitation and
emission wavelengths at 450 nm and 482 nm, respectively (Naiki et al. 1989).
Aggregation assays have been constructed to measure the formation of tau and
ADb fibrils in vitro (Corbett et al. 2020). Quaking-induced conversion (QUIC)
assays also use soluble substrate, traditionally recombinant PrP, seeded with
PrPS¢, and exposed the seeds to shaking intervals (Atarashi et al. 2011). This
differs from PMCA, due to lack of sonication (Atarashi et al. 2011), as well as
being a quicker and more sensitive technique (Ryou and Mays 2008).
Furthermore, real-time quaking-induced conversion (RT-QulC) can be used to
aid in antemortem CJD diagnosis via the use of different tissue types other than
the brain (Atarashi et al. 2011). Using CSF, a positive result for sCJD has been
previously determined (Lattanzio et al. 2017), along with a sensitivity of 92.7 %
(Senesi et al. 2023). RT-QuIC assays have now been developed for tau, which
when provided with the seed and substrate for 3R and 4R tau, allow the
seeding and propagation of different tauopathies in vitro (Tennant et al. 2020;
Kraus et al. 2019; Metrick et al. 2020). Thus, aiding our understanding of
disease-associated tau amplification within neurodegenerative diseases.
However, it is important to note that the templated seeding assembly of these
filaments from recombinant protein must be verified structurally, i.e. using cryo-
EM, to ensure that the filamentous assemblies represent those originally

extracted from the brain-derived protein aggregates (Lovestam et al. 2022).

1.6.3 Cellular Models of AD

1.6.3.1 Overview of Human-Induced Pluripotent Stem Cells

Human-induced pluripotent stem cells (iPSC) have been employed as models
of neurodegeneration, due to their ability to model human diseases (Trudler,
Ghatak, and Lipton 2021) and to reduce the need for animal models. Despite
the need for research animals, limiting their usage when they are not essential
foll ows the 3R6s of ani mal research,;
( A Th e REIRS). Thus, supporting the use of a human based in vitro model
such as iPSCs. These cells are obtained from patient donors or produced via
gene editing, by introducing pluripotency markers to differentiated blood or skin
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cells (Trudler, Ghatak, and Lipton 2021; Takahashi and Yamanaka 2006)
(Figure 5). This reprogramming allows these skin cells to revert into stem cells
that maintain the ability to differentiate into any human cell type (Trudler,
Ghatak, and Lipton 2021). Although, due to the reprogrammed iPSC-derived
fibroblasts being too 6youngb6, they may not
diseases that are principally associated with aging (Miller and Studer 2014). A
future consideration for iPSCs could be to have age markers reinstated within
them that are associated with premature aging, such as progerin that is
expressed in Hutchinson-Gilford progeria syndrome (Miller and Studer 2014).
However, beyond the first generation of iPSCs from fibroblasts (Takahashi and
Yamanaka 2006), differentiation protocols for iPSCs can allow for an increased
yield and maturity, leading towards a greater understanding towards the
complexity of AD in a human in vitro setting (Penney, Ralvenius, and Tsai
2020). iPSCs have been differentiated previously into cortical differentiated
neurons (Shi, Kirwan, and Livesey 2012) which have been previously shown to
be implicated in AD (Gazestani et al. 2023; Alzheimer 1907; Alzheimer et al.
1995; Foster et al. 1984; Coyle, Price, and DeLong 1983). This utilises an
efficient differentiation pathway has been produced for the successful
conversion of iPSCs into neurons via dual SMAD inhibition (small molecule
inhibitors of transforming growth factor beta (TGF-b) and bone morphogenetic
protein (BMP)) (Chambers et al. 2009) which inhibits the BMP using
dorsomorphin (Yu et al. 2007) or noggin (Smith and Harland 1992) and the
TGFb pathway via t he etlal 2068, Fadd & 4.2d02). ( Smi t h
Thus, providing a suitable format to study tauopathies, in vitro, setting utilising

human-derived neurons.
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Figure 5: The origin and generation of iPSCs into differentiated cortical
neurons. The generation of pluripotent iPSCs from a patient involves obtaining
fibroblast or blood cells from the person via a biopsy (Trudler, Ghatak, and
Lipton 2021). These differentiated cells can then reprogrammed into iPSCs by
introducing four transcription factors, known as Klf4, c-myc, OCT4 and Sox2, by
employing retroviral transduction (Takahashi and Yamanaka 2006). This allows
the development of iPSC colonies, maintaining the deoxyribonucleic acid (DNA)
of the donor/patient. Once neural induction has commenced, neural precursor
cells (NPCs) are generated, which then undergo neuronal differentiation and
maturation to form differentiated neurons in vitro. The differentiation of iPSC-
derived cortical neurons can be achieved via the dual SMAD inhibition
differentiation process (Chambers et al. 2009; Shi, Kirwan, and Livesey 2012).
Figure created with BioRender.com.

1.6.3.2 Tau expression within iPSCs and iPSC-derived Neurons

With regards to tau isoform expression, 3R and 4R are expressed in equal
ratios within the adult human brain, whilst foetal brains only express 3R tau
(Coedert et al. 1989). In iPSC-derived neurons, mainly the foetal tau (ON3R
isoform) is expressed after 65 days in vitro (DIV)65 (Verheyen et al. 2018) and
DIV100 in culture (Sposito et al. 2015). To express both isoforms of tau, iPSCs
with a frontotemporal dementia mutation within the MAPT gene (an exon 10 +
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16 (E10 + 16) splice-site frontotemporal dementia mutation), which alters the
splicing of tau to favour exon 10 inclusion (Hutton et al. 1998), destabilising the
stem-loop within intron 10, enhancing the inclusion of exon 10 resulting in a 21
6-fold increase in the 4R tau isoform (Grover et al. 1999; Connell et al. 2005).
Within 100 days post-differentiation in culture, the iPSC-derived neurons with
the E10 + 16 mutation express both ON3R and ON4R, disrupting the
developmental regulation of tau splicing (Sposito et al. 2015). The control-
derived iPSCs neurons did not express any 4R tau isoforms until at least 365
days in culture, and by then, the tau isoforms expressed were still
predominately ON3R foetal tau (Sposito et al. 2015). Another way to express 4R
earlier within iPSCs is by using miRNA-mediated direct reprogramming at the
fibroblast stage (Capano et al. 2022). This would occur before the
reprogramming stage whereby the fibroblasts are reverted back into pluripotent
stem cells (Capano et al. 2022). Once differentiated, the iPSC-derived neurons
could model both 3R and 4R tau in vitro at days 15i 24 into reprogramming
(Capano et al. 2022). Thus, providing the opportunity to study in vitro seeding
and toxicity of both 3R and 4R tau exhibited from AD brains.

1.6.3.3 Cellular Models of Tau Propagation: HEK Biosensor Cells

The progression of different tauopathies is thought to be coupled to template
amplification of disease-related tau assemblies (Hitt et al. 2021). The HEK
Biosensor cells are able to detect disease-related tau assemblies (Hitt et al.
2021), expressing the P301S mutated tau segment 246 to 378 fused to the
cyan fluorescent protein (CFP) or yellow fluorescent protein (YFP) (Sanders,
Kaufman, Devos, et al. 2014). However, the structure of tau seed fibrils,
obtained by treating HEK Biosensor cells, have been questioned due to a steric
clash with the tau repeat domain and CFP and YFP sensors (Kaniyappan et al.
2020). This is due to the 7 times larger distance of the green fluorescent protein
(GFP) than what i -stramd beaweenthe tdu nioleaulest h e
(Kaniyappan et al. 2020). Thus, this has led to the development of ultra-
sensitive tau biosensor cells, that no longer contain the YFP/CFP molecule but
contain a human cytomegalovirus (CMV) promoter, instead of the human
ubiquitin C (Ubc) promoter, with cerulean 3 or mClover3 coding sequences
replacing the YFP (Hitt et al. 2021). These new tau biosensor cells do not detect
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prion-like seeding in CSF from antemortem AD cases (Hitt et al. 2021), despite
previous studies that claim to detect tau seeding from CSF using HEK
Biosensor cells (Takeda et al. 2016), mice (Skachokova et al. 2019) and RT-
QuIC assays (Saijo et al. 2020). However, the original HEK Tau Biosensor cells
have been able to detect prion-like tau seeding from formaldehyde fixed AD
tissue (Kaufman et al. 2017). Although, recent research has suggested that the
tau chimeras can assemble into an amyloid structure, with the fluorescent
peptide moieties found outside of the fil
Fibrilsd and a Chaperone Rips Them ApartoALZFORUM, 2023). Thus, from the
cryo-EM images, it appears that a steric clash is not observed within the original
HEK Biosensor line. Overall, the use of HEK Biosensor cells has made a useful
contribution to the tauopathy field, enhancing our understanding of in vitro
aggregation within this cell-based system.

1.6.3.4 Cellular models of tau toxicity

Tau toxicity, from disease-associated assemblies, has been detected within in
vitro conditions. Both PHFs and recombinant tau have been found to increase in
toxicity from 24 to 48 hours within SH-SY5Y neuroblastoma cells when applied
at a concentration of 5 uM (Gomez-Ramos et al. 2006), whereby under
physiological conditions, the calculated concentration of tau within a neuron is
around 2 uM (Reynolds, Berry, and Binder 2005; Gamblin, Berry, and Binder
2003) and bound to microtubules (>99 %) (King et al. 1999), until possibly
detaching due to post-translational modifications (PTMs) when in its
pathological form (Avila et al. 2004; Gomez-Ramos et al. 2006). iPSC-derived
neurons and primary neurons have both modelled tau toxicity from recombinant
tau fibrils, demonstrating that PrP¢ expression is required to mediate such
toxicity (Corbett et al. 2020). Moreover, soluble brain homogenate (BH) extracts
containing tau from PiD cases also demonstrated induced toxicity, which
differed from the isotype control quantified via immunoassay when applied to
iIPSC-derived neurons (Corbett et al. 2020). Thus, tau toxicity can be induced in

vitro, by using BH as the seed, containing the disease-related tau assemblies.

Tau has also been proven necessmitry to f a
(Rapoport et al. 2002). This has been shown using primary hippocampal tau

knock-out (KO) cultures, which failed to degenerate when treated with fibrillar
71



Ab ( Ra mrtap2D02). Moreover, the depletion of tau within human-derived

i PSC cortical neurons reduced Ab toxicity and
et al. 2022). However, previous studies in vivo have indicated that tau toxicity

does not depend upon endogenous tau expression (Wegmann et al. 2015).

Thus, it appears that disease-associated tau differs in its toxicity mechanism

from PrPs¢, by not depending on the presence of its endogenous form (Talwar

et al. 1996).

iPSC-derived neurons with different tauopathy mutations have been used to
study disease-associated tau toxicity in vitro. Mutations within the MAPT gene
for iPSC-derived neurons, such as A152T, are more vulnerable to stressors,
due to proteostasis induced by endogenous tau within this tauopathy model
(Silva et al. 2016). Defective proteostasis has also been observed in iPSC-
derived neurons modelling frontotemporal lobar degeneration, another
tauopathy associated with a mutation in the MAPT gene (Mahali et al. 2022).
Moreover, autophagy upregulation has been shown to reduce the tau burden for
tauopathy iPSC-derived neurons (Silva et al. 2020). However, the toxicity within
the A152T model was rescued via use of the autophagy activator rapamycin,
the first time an iPSC-derived neuronal model has displayed tau clearance in
vitro (Silva et al. 2016). Thus, pharmacologically treating human neuronal
models can liberate endogenous tau phenotypes and provide the model basis
for small-molecule screening for future therapeutics (Silva et al. 2016).
Furthermore, tau seeds can induce tau toxicity within both control iPSCs
derived neurons, as well as those carrying the PSEN1 L435F mutation (Oakley
et al. 2021), suggesting a shared vulnerability amongst the models. Tau toxicity
has been detected in C57BL/6 mice, when injected with exosomes purified from
differentiated iPSC neurons, containing the P301L and V337M mutations in tau
(Winston et al. 2019). This induced dendritic blebbing within hippocampal
mouse neurons (Winston et al. 2019); a marker of neurodegeneration (Kweon,
Kim, and Lee 2017). Moreover, tau toxicity has been reduced within tau treated
HEK-293 and neuroblastoma N2A cells, P301L or A152T mutated tau iPSC-
derived neurons and PS19 mice (Etelainen et al. 2023). This was all reversed
by inhibiting the serine protease, prolyl oligopeptidase, standardising levels of
tau dephosphorylating protein phosphatase 2A (Eteldinen et al. 2023). Thus, it

appears that disease-related tau assemblies can induce toxicity within in vitro
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and in vivo models. Furthermore, it appears that pharmacological intervention

can alleviate such toxicity.

Conversely, within AD models of iPSC-derived neurons, it is possible that the
lack of expression of mature tau isoforms may prevent the stimulation of many
toxicity pathways induced by tau (Rowland, Hooper, and Kellett 2018).
Nonetheless, the generation of iPSC-derived neurons, expressing all 6 isoforms
of human tau endogenously (Capano et al. 2022), earlier than previously
observed (Verheyen et al. 2018; Sposito et al. 2015), elicits hope that these will

provide a better human model for AD and tauopathies together in vitro.

1.6.4 Transmission Studies of AD using Animal Models

Neurodegenerative diseases have limited disease models, due to the complex,
progressive and incurable nature of such disorders, making it difficult to
recapitulate these diseases and uncover viable treatments (Trudler, Ghatak,
and Lipton 2021). However, animal models are an essential part of studying AD,
due to the vital importance of preclinical studies within drug discovery
development, along with the need to understand the intricate mechanisms
behind neurodegenerative disorders (Sukoff Rizzo et al. 2020; EsquerdAi
Canals et al. 2017). This is essential for determining future treatments in
treating AD (Hall and Roberson 2012). Moreover, it is important to note that
there are no AD mouse models that recapitulate the whole clinical spectrum of
AD. Since AD is a human disease, over the years it has been very difficult to
create a mouse model to capture this continuum, whereby mouse models can
only mimic some aspects of AD. When measuring symptoms such as memory
loss, very different tests must be carried out in mice compared to how we
measure cognitive decline within humans. Furthermore, the age range for mice
cannot compare to that of humans. Thus, these factors may have hindered the
development of many therapeutic drugs, since these models fail to display a
faithful representation of AD.

1.6.4.1 AD Mouse Models

Mice share similarities with humans within the hippocampal and entorhinal

cortex, regarding the function of episodic memory, which is essential for
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studying memory loss within AD (Manns and Eichenbaum 2006; Insausti 1993,
Hall and Roberson 2012). Whilst clinical research is vastly important, due to the
ability to study a human disease within an actual patient, mouse models allow
for a much greater range of experiments (Hall and Roberson 2012), along with
being ideal study subjects with regards to maintenance and short lifespans with
large litters (de Sousa et al. 2023). Moreover, ethics allow the inoculation of
human AD subtypes within mice to obtain vital information on tau seeding
characteristics within an in vivo setting. However, animal models cannot fully
represent AD in its entirety, due to many cognitive symptoms witnessed in
humans lacking in animals, along with many other disease characteristics (de
Sousa et al. 2023; Trudler, Ghatak, and Lipton 2021). Thus, animal models
must be used alongside other models of neurodegeneration to give a greater
depiction of AD itself.

Upon the basis of the discovery of FAD associated mutations (Kang et al. 1987;

Mullan et al. 1992; Rumble et al. 1989; Borchelt et al. 1996; Duff et al. 1996;

Sherr et al. 1995), many first-generation AD mouse models have been

developed which involve the overexpression of APP or APP/PSENL1, whereby

single or multiple transgenes have been inserted into the murine genome

(Games et al. 1995; Hsiao et al. 1996; Sturchler-Pierrat et al. 1997; Mucke et al.

2000; Chishti et al. 2001; Sasaguri et al. 2017). These transgenes insertions

can damage the endogenous geneethlo20l6; of t he ho
Sasaguri et al. 2017). However, first-generation mouse models are associated

with artificial phenotypes and the development of artefacts due to

overexpression of APPf r agment s as weletal 2047). Afese( Sasagur i
include APP transgenic mice crossed with MAPT mice demonstrated

i mprovements in memory deficitsindescedggesting th
toxicity (Roberson et al. 2007; Sasaguri et al. 2017) and the calpain activation

within overexpression APP and PSEN mouse models (Saito et al. 2016).

Second-generation mouse models were later developed to avoid the

disadvantages brought on by the overexpression of APP via APP knock-in,
whichconsequently all owed the overpreduction of
al. 2017). The APP knock-i n mi ce had the murine Ab sequenc:¢
altering three amino acids in the APP gene (G676R, F681Y, and R684H), with
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the introduction of Swedish and Beyreuther/Iberian FAD mutations
(KM670/671NL and I716F) mutations (AppN-F mice), with or without the arctic
(E693G) mutation (AppNt-G-F mice) (Saito et al. 2014). This Arctic mutation
enhances fibrillisation o f  fildrils (Cheng et al. 2007; Nilsberth et al. 2001,
Tsubuki, Takaki, and Saido 2003), whereby AppN-G-F mice have more
pronounced Ab pat holAgpt¥ymoase madal (Saitd et &l.o
2014). AppNt-6-F mice develop signs of memory impairment by the age of 6
months, whereas the AppN-F line takes approximately three times longer to
achieve this (Saito et al. 2014). Since then, a new third-generation mouse line
has been created which incorporates the knock-in AppN-F line, crossed with the
Psen1P117LUMT |ine to produce the APP/PSEN1 double-mutant mice (Sasaguri et
al. 2022; Sato et al. 2021; Sasaguri et al. 2018) The Psen1P117UWT knock-in line
contains the Polish early-onset FAD mutation within the PSEN1 gene (P117L)
whi ch enhanc e saubimvaro (Weniewski epaf. 1998pand in vivo
(Sasaguri et al. 2018). The AppN-FPSEN1PL expresses WTh uman AD
f a st e deposifion compared to the AppN-F line alone (Sato et al. 2021).

During this project, three AD mouse models were utilised to view differences in

tau characteristics. These were the APPNLFNLF hTauKVKland AppNL-FNL-

F/hTauk/X ' mouse lines. In the APPNLFNNFmous e model | human

level was enhanced via the Swedish and Iberian (NL-F) mutation in the APP
gene, elevatingt he t at ald s2Aebels and increasing the ratio of the

l arger spl i cemspectvaydNilesan, Saifo, ardiSaido 2014; Saito
et al. 2014). This mouse contains two early-onset FAD mutations implicating the
APP gene; the double Swedish (KM670/671NL) (Johnston et al. 1994; Mullan et
al. 1992) and the Beyreuther/lberian (1716F) mutations (Guardia-Laguarta et al.

he

wi t h

AD

2010; Lichtenthaleretal. 1 999) . These mutations increa

(Citronetal. 1 992) and t kleAdyrespectively (GuardlablLaguarta et
al. 2010; Lichtenthaler et al. 1999). The NL-F mice were generated from a
C57BL/6 mouse background where the Ab sequence was humanised via amino
acid substitutions before the addition of the Swedish and Beyreuther/Iberian
mutations into exon 16 and 17, respectively, via knock-in technology (Saito et
al. 2014). The NL-F (AppN-F) line was chosen over the AppNt-G-F model
containing the Arctic mutation due to its less aggressive phenotype (Saito et al.

2014). Moreover, the hTauX’K (TauKI) mice express all 6 isoforms of tau and
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were crossed with the APPNLFINL-F mice to produce the AppNLFINLF/hTauk/Kl ine
(Saito et al. 2019). This mouse line was generated by introducing the entire
human MAPT gene at the murine MAPT gene locus (Hashimoto et al. 2019).
These knock-in mouse models contain fewer artefacts than first-generation
mouse models which overexpress APP (Watamura, Sato, and Saido 2022;
Saito et al. 2014; Sasaguri et al. 2017).

Since it takes many years before the onset of dementia symptoms to occur

within AD patients, and for the amyloidosis process to lead to the tauopathy

(Bateman et al. 2012), mouse models have been developed to enhance the

development of the tauopathy processes to model AD. As the AppNt-Fand

AppNt-G-Fmice do not display human tau, human tau knock-in mouse models

have been generated to humanise the murine MAPT gene (Saito et al. 2019).

This has been implemented without causing any artificial phenotypes, by

expressing all 6 isoforms of human tau in a model, crossed with APP knock-in

mice (Saito et al. 2019). Thus, these mice are able to highlight and model the

synergy bet we muivoAlomolgods-basaduecombination was

used to humanise the murine MAPTgene, exon 1 to the 36 from A
onwards, of the untranslated regetaln (58019 ba
2019). These MAPT knock-in mice have displayed increased pathological

human tau via AT8 staining compared to the amount observed within the AppN-

G-Fmice alone (Saitoetal.2019) . Thus, indicating that the .
enhance tau phosphor yl-anyleidosis frommthetAPP or wi t hout
knock-in background, possibly due to the presence of only 6 isoforms instead of

three (Saito et al. 2019). Moreover, AD-brain-derived human disease-

associated tau seeds interacted better with humanised tau from MAPT knock-in

mice compared to the murine tau in vivo, via enhanced propagation, possibly

indicating that human seeds propagate slower with murine tau (Saito et al.

2019). Finally, the AppN-G-F/MAPT knock-in mice showed no formation of NFTSs,

similar to the MAPT knock-in mice, despite displaying significantly higher tau

phosphorylation (Saito et al. 2019). However, these mouse models are in line

with how clinical AD devel-anylsidosissanchce tauopath
thus, NFT may not be present due to AD tau pathology developing over many

years within humans (Saito et al. 2019).
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Project Outline and Pre-Summary

| am proposing to study the three different subtypes of AD (typical AD (tAD),
rapid AD (rAD) and posterior cortical atrophy (PCA)) to determine if there is any
evidence that these phenotypes are associated with the propagation of distinct
tau strains based on their histology, seeding and transmission within the AppNL-
FINL-F/nTauk®! AD mouse model. These AD subtypes have already been shown
to contain different Ab-stdteinbctear mageetcn f or mat |
resonance (sSNMR), indicating possible Ab s t (Qiang etsl. 2017). Thus,
these AD subtypes have already been previously inoculated into the AppNL-F/NL-
F/hTauk’K'mouse line for the study of disease-a s soci at ed ADb assemb
be further characterising these human subtypes (chapter 3) to determine prion-
like properties regarding tau by distinguishing whether any differences are
displayed before transmissions. | will inoculate some tAD cases into three
different AD mouse models to identify the most effective model for measuring
tau transmission following intracerebral inoculations. These AppNL-F/NL-F
hTauk"K and AppN-FINL-F/hTaukV® AD models will be firstly characterised
(chapter 4), then inoculated with brain homogenate from tAD cases. Once the
best model for tau transmission is determined, the AD subtypes will be
inoculated (chapter 5). Moreover, due to a previous pilot study which oversaw
cases from all three AD subtypes inoculated into the AppN-FNLF mice, a direct
comparison of each AD subtype can be made against the AppN-FNLF/h TaukiK!
model. This evaluation will confirm how much of an influence the expression of
human tau isoforms has on the transmission of human AD cases (chapter 5).
Furthermore, a second passage will be performed to determine whether any tau
strains are present within the AD subtypes (chapter 5). This is upon the basis
that prion strains are maintained after serial passages (Ayers, Giasson, and
Borchelt 2018). However, due to time constraints within my PhD, only a second
passage of up to 8 months post-inoculation (mpi) will be described here. Finally,
the first optimisation steps, towards generating a pilot assay to measure AD-
specific tau toxicity, will be initiated using human induced pluripotent stem cell
(IPSC)-derived cortical neurons (chapter 3). Overall, these methods and results
outlined in this thesis will provide a greater understanding of disease-associated

tau characteristics detected between AD cases. This will determine if any
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biochemical differences observed could contribute to the different clinical

attributes denoted between the distinct AD subtypes.
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Chapter 2. Methodology

All laboratory work was carried out by myself unless stated otherwise.
2.1 Human AD Subtypes

Three different Al z h e i me r §AD) sdbityges weseaised during this study,
from three s epamartem. Thesetwere typtca AD (1AD),sapid
AD (rAD) and posterior cortical atrophy (PCA), along with a Control brain that
exhibited no neurodegenerative disease (Table 1 and Table 2). Ethics were
approved by the London Queen Square Research Ethics Committee (REC)
(reference 03/N038) and the North East i Newcastle and North Tyneside 2
REC (11/NE/0348). Human samples were provided by the National Prion Clinic,
UCL Institute of Neurology, the Queen Square Brain Bank for Neurological
Disorders, Cambridge Brain Bank and the Oxford Brain Bank, following a
material transfer agreement. Tissue provided was used in accordance with each

ofthetissuebr ai n b ank 0 s; alrsargplasiwere anengntised.

Human Brain Samples and Codes

Brain Group (and region) Sample Codes (PDGSs)

1. tAD1: 38622 (20 % tris-buffered
saline (TBS))

2. tAD2: 38623 (20 % TBS)

3. tAD3: 38624 (20 % TBS)
Typical AD (tAD) (Frontal cortex)

4. tAD1: 58187 (inoculum, 10 %
phosphate-buffered saline (PBS))

5. tAD2: 58188 (inoculum, 10 % PBS)

6. tAD3 58189 (inoculum, 10 % PBS)
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7. tAD5: 59570 (10 % PBS)

1. rAD1: 18231 (inoculum, 10 % PBS)

Rapid AD (rAD) (Frontal cortex) 2. rAD2: 19140 (inoculum, 10 % PBS)

3. rAD3: 20695 (inoculum, 10 % PBS)

1. PCA1: 57120 (inoculum, 10 % PBS)

Posterior cortical atrophy (PCA) .
2. PCA2: 57121 (inoculum, 10 % PBS)
(frontal cortex)

3. PCA3: 57122 (inoculum, 10 % PBS)

1. Pos PCAL: 38625 (10 % PBS)

PCA (posterior cortex) 2. Pos PCA2: 38627 (10 % PBS)

3. Pos PCA3: 38626 (10 % PBS)

1. Control: 57319 (inoculum, 10 %
PBS)

2. Control 1 Cambridge (CC1): 56924
Control (frontal cortex) (10 % PBS)

3: Control 2: 38629 (20 % TBS)

4: Control 3: 38630 (20 % TBS)

Table 1: Human Brain Samples used and Codes. All brain homogenates
(BH) were homogenised as 10 % in PBS unless stated otherwise. PDG: Prion
Disease Group, internal human tissue storage code.



Patient Disease description Gender | Age of Age of Disease | PDG Brain
onset death duration | number | region
(years) (years) (years)

Control fi He a IConitrgl idno evidence of Male N/A 41 N/A 55084 Frontal
neurodegenerative disease. Acute cortex
hypoxic ischaemic damage consistent
with relatively fast cardiac death.

tAD1 Long AD history. Braak stage VI. Male 64 77 13 38622 Frontal
Severe Cerebral amyloid angiopathy cortex
(CAA). Lewy bodies and TAR DNAT
Binding protein 43 (TDP43)
proteinopathy.

tAD2 Long AD history. Braak stage VI. Female | 65 76 11 38623 Frontal
Severe CAA. TDP43 proteinopathy. cortex

tAD3 Long AD history. Braak stage VI. Male 57 64 7 38624 Frontal
Moderate CAA. cortex

rAD1 Rapid AD. Consortium to Establish a Male 79 79 3 18231 Frontal
Registry for Alzheimer's Disease months cortex
(CERAD) definite AD diagnosis.
Severe CAA with multiple subcortical
microinfarcts.

rAD2 Rapid AD. Braak stage V / VI. Severe | Male 83 83 6 19140 Frontal
CAA. months cortex

rAD3 Rapid AD. Braak stage V / VI. Female | 73 73 8 20695 Frontal
Moderate CAA. months cortex

PCA1 Slow, posterior cortical atrophy Male 55 64 9 57120 Frontal
variant of AD. Amygdala predominant cortex
Lewy body pathology with mild CAA.

PCA2 Slow, posterior cortical atrophy Male 56 62 6 57121 Frontal
variant of AD with CAA cortex

PCA3 Slow, posterior cortical atrophy Male 58 68 10 57122 Frontal
variant of AD. Mild limbic Lewy body cortex

pathology with mild CAA

Table 2: Diagnostic details of Control and AD cases used for inoculations.
Frontal sections of human brain homogenates (BH) were selected across three
AD subtypes, varying in age and gender. The AD was diagnosed at post-

mortem due to the presence of Ab and tau pathology, whereas subtype

classification was determined by disease duration and clinical presentation.
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2.2  Transmission of Human AD Subtypes and Mouse BH within Knock-

In Mouse Lines

The mouse experiments were approved by the UK Home Office (Animals
(Scientific Procedures) Act 1986). The project licence number was 70/9022, and
research followed guidelines set by the UCL institutional and Animal Research
with regards to Reporting of In Vivo Experiments (ARRIVE). All animal sample
preparations, inoculations, maintenance and care were undertaken by the staff
within the Medical Research Council (MRC) Prion Unit Biological Services
Facility. Female knock-In (K1) homozygous AppN-F/NLF/hTaukK! hTaukVX! and
APPNLFNL-F mice at 61 8 weeks of age had the right hemisphere intracerebrally
inoculated within the parietal region with 30 ul of 1 % (w/v) human brains from
individual cases of control (N = 1) and tAD (N = 3), as well as rAD (N = 3) and
PCA (N = 3) brain cases within the APPNL-FNLF/RTauklKl gnd APPNLFINLF Jines,
The APPNLFINLF gand hTauk/K! lines were provided by Professor Takashi Saito
and Professor Takaomi Saido and maintained on a C57BL/6J background
(Purro et al. 2024). Both lines were backcrossed to the C57BL/6J line to
produce the AppN-FNLF/hTaukVK model. All mice were used as homozygotes.
Homogenates were prepared using Dulbecco's phosphate-buffered saline
(DPBS) lacking calcium and magnesium ions (ThermoFisher, #14190094), as
well as inoculated with DPBS alone. Mice were culled by exposure to carbon
dioxide (CO2) at 2 days post-inoculation (dpi), 2-, 4-, 8-, 12- and 16-months
post-inoculation (mpi). Brains were then removed and prepared for biochemical

and immunohistological analyses.

For second passage inoculations; female knock-In homozygous AppNL-F/NL-
FIhTauX"K'mice at 67 8 weeks of age had the right hemisphere intracerebrally
inoculated within the parietal region with 30 pl of 1 % (w/v) AppNLFNLF/hTaukr/kl
mouse brain homogenate (BH) in DPBS lacking calcium and magnesium ions.
Mice used as inocula were previously selected from the 8 mpi time point from
the first passage of human AD subtypes. Second passage mice were culled by
exposure to CO2 at 8 mpi. Brains were then removed and prepared for
biochemical and immunohistological analyses. Only female mice were selected
due to maintenance convenience of housing 5 female mice to a cage within the
MRC Prion Unit Biological Services Facility.
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2.3 Homogenisations

2.3.1 Homogenisation of Human Brain Homogenates

The human AD samples were homogenised using glass grinders (Fisher
Scientific, #08-414-21b) and diluted to 10 % (w/v) using DPBS without calcium
and magnesium (ThermoFisher, #14190094). Human brain homogenisations

were carried out by Dr Silvia Purro.

2.3.2 Homogenisation of Mouse Brains

Each mouse right brain hemisphere was homogenised using a Precellys 24

ribolyser (at 6,500 revolutions per minute (rpm) for 45 seconds), with zirconia

oxide ceramic beads (Fisher Scientific, #15515809), then diluted to 20 % (w/v)

for cell culture assays. Thiswas spunto 3,000xg f or 5 minutes at
supernatant was collected for homogenate addition. For biochemical assays,

the homogenised half brain was diluted to 10 % (w/v) using PBS with
protease/phosphatase inhibitors (ThermoFisher, #A32961) and spun at 1,000 x

g for 5 minutes at 4 °C to collect the supernatant. For mouse BH used for

second passage inoculations; the 20 % homogenised right hemisphere was

further diluted to 1 % BH in PBS.

2.4  Biochemical Techniques

2.4.1 Bradford Assay

Before biochemical analysis, 10 % BH were analysed via Bradford assay
(Sigma, #B6916) according to the manuf ac!i

2.4.2 Mesoscale Discovery Assay (MSD)

Levels of disease-associated and total tau were measured using the V-PLEX

Multi-Spot Phospho (Thr 231)/Total Tau Assay (#K15121D, MSD) and V-PLEX

Human Total Tau Assay (#K151LAE, MSD). Both assays were executed
according to manuf ac analysedwvidthe MSD Workbencht i on s
software. The MSD assay was carried out by Dr Julia Ravey, previous PhD

student, at the MRC Prion Unit.
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2.4.3 Western blots

Samples, normalised to total protein or total tau from previous Bradford or MSD
readings, were loaded at 1 mg/mL per well after boiling at 95 °C for 5 minutes
with 5 % 2-mercaptoethanol (Sigma, M6250-100ML) in 4X LaemmLi Sample
Buffer (BioRad, #1610747). For tau Western blots, the samples were run on 4-
12 % bis-tris gels (ThermoFisher, # NP0335BOX), along with the SeeBlue

Plus2 Pre-stained Protein Standard ladder (ThermoFisher, # LC5925), for 150 V
for 3 hours in MES running buffer (ThermoFisher, NPO002) unless stated
otherwise. The gel was then transferred using transfer buffer ((20 % Methanol
(ThermoFisher, #M/4056/17), 70 % double-distilled water (ddH20) 10X Tris-
Glycine (GeneFlow, #B9-0056)) onto 0.45 um nitrocellulose membrane
(Scientific Laboratory Supplies, #10600016) for 2 hours at 35 V. For amyloid
beta( Ab) We st e rsampledwere sun on#ii2% bis-tris gels for 150 V
for 70 minutes in MES running buffer. The gel was then transferred using
transferbufferont o 0. 22 em nitrocell ul osefomembranes
1.5 hoursat 35 V.

For tau Western blots, once blocked for 1 hour with either 5 % milk with PBS or
Odyssey TBS blocker (LiCor, #927-60001), primary antibodies were used at
their specified concentrations (Table 3) and left to incubate overnight at 4 °C in
5 % milk in phosphate-buffered saline-tween (PBS-T) (0.05 % Tween (Sigma-
Aldrich, #P2287)) or 1:1 Odyssey TBS blocker and TBS-Tween (TBS-T) (2.4 g
of Trizma base (Merck, #93350) with 8.8 g of sodium chloride (Merck, #S9888)
in 1 lire of ddH20) (0.1 % Tween). RegardingA b West ern bl ots, these
boiled for 5 minutes in PBS using a microwave before blocking and subsequent
antibody treatment. Both blots were then washed and incubated with LiCor
secondary antibodies for 1 hour at room temperature (RT) in 5 % milk in PBS
and then imaged in the 680 CW and 800 CW channels using the LiCor Odyssey
Gel Documentation System (Model 9120). After initial imaging, all blots were
stripped in 1X stripping buffer (LiCor, #928-40028) for 201 30 minutes and

blocked again to probe for new antibody epitopes.
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Antibody

Incubation

conditions

Antibody medium

b-actin

RT for 1 hour

1:1 Odyssey TBS blocker
and TBST (0.1 %)

3-repeat (3R) tau
(RD3)

Overnight

5 % milk in PBS-T (0.05 %)

4-repeat (4R) tau

(R2 core region)

Overnight

5 % milk in PBS-T (0.05 %)

C-terminus of tau
(BR134)

RT for 1 hour

5 9% milk in PBS-T (0.05 %)

N-terminus of tau
(BR133)

RT for 1 hour

5 9% milk in PBS-T (0.05 %)

Phosphorylated
tau
(phosphorylated
serine (pSer)198)

RT for 1 hour

1:1 Odyssey TBS blocker
and TBST (0.1 %)

Phosphorylated
tau (pSer396/404)

RT for 1 hour

1:1 Odyssey TBS blocker
and TBST (0.1 %)

R1 core region
(BR136)

RT for 1 hour

5 9% milk in PBS-T (0.05 %)

R3 core region
(BR135)

RT for 1 hour

5 9% milk in PBS-T (0.05 %)

85



R4 core region RT for 1 hour 5 % milk in PBS-T (0.05 %)
(TauC4)

Total tau (K9JA) Overni ght 1:10dyssey TBS blocker
and TBST (0.1 %)

Table 3: Antibody conditions used for Western blots.

2.4.4 Tau Sarkosyl Extraction

Protocol was adapted from Falcon et al. 2015 (Falcon et al. 2015). Total protein
for AD subtype BH was det er mi A68 duffer (10a
mM Tris-HCI (Merck, # 10812846001), pH 7.4, 10 % sucrose (Merck, #S0389),
1 mM ethylene glycol-b i sagnimoethyl ether)-N, N, Nd\tljaabehg acid (EGTA)
(Merck, #324628), 0.8 M NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA)
(Merck, E4884)) containing protease and phosphatase inhibitors were
suspended in 2i 2.5 mg of total BH protein or in 125 ul of A68 buffer added to
0.625 mg of total tau. These samples were centrifuged (Thermo Scientific,
#75006590) for 20 minutes at 4 °C and 13,000 x centrifugal force (g) then the
supernatants were placed in fresh microcentrifuge tubes (Costar, #3206) on ice.
Pellets were resuspended in A68 buffer and centrifuged at 4 °C and 13,000 x g
for 20 minutes. The supernatant was combined with the previous supernatant
from the first spin and 1 % sodium lauroyl sarcosinate (Sarkosyl, #BP234-500,
Fisher Bioreagents) was added and shaked at 700 rpm for 1 hour at RT. Pre-
weighed ultracentrifuge tubes (VWR, #211-0091) contained the samples before
centrifuging at 100,000 x g for 1 hour at 4 °C. High-speed supernatants were
discarded, leaving the pellets to be resuspended in 10i 20 ¢ bf 50 mM Tris-HCI
(pH 7.4). These were aliquoted and stored at -80 °C. Tau sarkosyl extractions

were caried out by myself and previous PhD student, Dr Julia Ravey.
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2.5 Celllines

2.5.1 Tau Biosensor Reporter HEK Cells to Measure In Vitro Tau Seeding and
Aggregation

2511 Tau Biosensor Reporter HEK and DS1 cell maintenance

Tau Biosensor Reporter HEK cells (ATCC, #CRL-3275) contain a P301S repeat
domain tau fused to cyan fluorescent protein (CFP) and yellow fluorescent
protein (YFP) to allow imaging of tau aggregation in vitro (Kaufman et al. 2016;
Sanders, Kaufman, Devos, et al. 2014). This is a Fluorescence Resonance
Energy Transfer (FRET) assay which produces a FRET signal when tau seeds
stimulate the aggregation of the repeat domain (RD) of tau (Wischik, Novak,
Edwards, et al. 1988), containing the P301S disease-associated mutation
(Bugiani et al. 1999), bound to CFP and YFP (Furman, Holmes, and Diamond
2015; Holmes et al. 2014). To measure FRET (Holmes et al. 2014), the Tau
Biosensor Reporter cells were excited at 4417 481 nm for the donor CFP
molecule and emission of the acceptor YFP was measured at 5031 544 nm
using the IncuCyte S3 Live-Cell Analysis System. Tau seeds (from human or
mouse BH) were delivered to the Tau Biosensor Reporter HEK cells by
combining the seeds with phospholipids using lipofectamine 2000
(ThermoFisher, #11668030) to enhance the detection and efficiency of in vitro
tau seeding within the assay (Furman, Holmes, and Diamond 2015; Holmes et
al. 2014).

The DS1 clone monoclonal HEK293 cell line expresses the 2441 372 amino acid
(aa) repeat domain from 2N4R tau isoform, containing the P301L and V337M
disease-associated mutations, to allow to visualisation of tau inclusion
morphology (Kaufman et al. 2016; Sanders, Kaufman, Devos, et al. 2014;
Kaufman et al. 2016). Both cell lines were both provided by Professor Marc
Diamond (Kaufman et al. 2016; Sanders, Kaufman, Devos, et al. 2014). These
cells were cultured using Dulbecco's Modified Eagle Medium (DMEM)
supplemented media (DMEM (ATCC, #30-2002), 10 % Foetal Bovine Serum
(FBS) (Gibco, #10500064), 1 % GlutaMax (Gibco, #35050061) and 1 %
Penicillin-Streptomycin (Gibco, #15140122)) within 10 cm dishes (Greiner,
#664160) and incubated at 37 °C, supplemented with 5 % CO2. Both cell lines
were passaged at 801 90 % confluency using 0.05 % trypsin (Gibco,
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#25300054). Long-term storage consisted of freezing down in 10 % Dimethyl
sulfoxide (DMSO)-DMEM supplemented media with 6 million cells/vial, before
transferring to a Mr Frosty freezing container (ThermoFisher, #5100-0001) filled
with isopropanol (ThermoFisher, # 383910025) (overnight at -80 °C), then
storing in liquid nitrogen at -179 °C.

2512 HEK Assay Treatment using Inoculated Mouse Brain Homogenate

The 3-day long HEK assay, developed by previous PhD students Dr Julia
Ravey and Dr Athanasios Dimitriadis, incorporated the IncuCyte live-cell
imaging software (Ravey 2021). After homogenisation, mouse BH were spun at
3,000 x g for 5 minutes before undergoing lipofectamine treatment. The cells
were plated at 35 k/well into 96 well plates (TPP, #2707910) and left for 187 24
hours in the incubator (37 °C, 5 % CO2) to reach 60 % confluency.
Lipofectamine 2000 (ThermoFisher, #11668030) was diluted 1:8 in OptiMEM
(Gibco, #11058021) and OptiMEM combined with BH (1:10) was added in equal
parts to the lipofectamine solution and incubated at RT for 20 minutes. 20 pul of
this solution was added to each well to give a final concentration of 6 % for the
original 10 % BH stock. This was placed in the incubator (37 °C, 5 % CO2) for
72 hours whilst measuring fluorescent aggregate counts at 20X magnification

using the IncuCyte S3 Live-Cell Imager (Sartorius, #4647).
25.1.3 HEK Assay Treatment using Human Brain Homogenate

Human BH were normalised to total BH and total tau, from previous Bradford
and MSD quantifications. The BH was then spun at 3,000 x g for 5 minutes
before undergoing lipofectamine treatment. The cells were plated at 35 k/well
into 96 well plates (TPP, #2707910) and left for 181 24 hours in the incubator
(37 °C, 5 % COy) to reach 60 % confluency. Lipofectamine 2000
(ThermoFisher, #11668030) was diluted 1:8 in OptiMEM (Gibco, #11058021)
and OptiMEM combined with BH (4:1) was added in equal parts to the
lipofectamine solution and incubated at RT for 20 minutes. 20 pl of this solution
was added to each well to give a final concentration of 5 pg/well of total BH or
total tau. This was placed in the incubator (37 °C, 5 % COg2) for 72 hours whilst
measuring fluorescent aggregate counts at 20X magnification using the
IncuCyte S3 Live-Cell Imager (Sartorius, #4647).
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2514 Analysing Inoculated Mouse Brain Homogenate HEK Assay Data

IncuCyte S3 Software obtained 4X images per well, every 3 hours in the phase
and green channels at 20X resolution (Figure 6). This measurement took place
over 72 hours. The fused YFP and CFP to the P301S domain within the HEK
cells allows detection in the green channel when tau aggregation occurs. A
mask was established to measure these small green aggregates, sensitive to
size and intensity. The IncuCyte mask to analyse mouse aggregate counts
utilised the following parameters: green channel, radius (um) = 10, threshold
(Green calibrated Unit (GCU)) = 8, mean intensity: minimum = 13, area (um?):
maximum = 45 and segmentation = Top-Hat (background subtracted from
fluorescent objects within a set radius ( IicuCyte® Phagocytosis Detailed
Demonstrat i on ).HAhedntuCyteonmask do amalysg human
aggregate counts differed, measuring the following parameters: green channel,
radius (um) = 10, threshold (GCU) = 8, mean intensity: minimum = 13, area

(um?): maximum = 45, edge-sensitivity = 0 and segmentation = Top-Hat.
25.15 Analysing Human AD Subtype HEK Assay Data

IncuCyte S3 Software obtained 4X images per well, every 3 hours in the phase
and green channels at 20X resolution (Figure 6). This measurement took place
over 72 hours. The fused YFP and CFP to the P301S domain within the HEK
cells allows detection in the green channel when tau aggregation occurs. A
mask was established to measure these small green aggregates, sensitive to
size and intensity. The IncuCyte mask to analyse mouse aggregate counts
utilised the following parameters: green channel, radius (um) = 10, threshold
(Green calibrated Unit (GCU)) = 8, mean intensity: minimum = 13, area (um?):
maximum = 45 and segmentation = Top-Hat (background subtracted from
fluorescent objects within a set radius ( IicuCyte® Phagocytosis Detailed
Demonstrati on ).AhedntuCyteomaskdo amalyse human
aggregate counts differed, measuring the following parameters: green channel,
radius (um) = 10, threshold (GCU) = 8, mean intensity: minimum = 13, area
(um?): maximum = 250, edge-sensitivity = -20 and segmentation = Top-Hat.
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Figure 6: Human and Mouse Tau Aggregate Masks at the 72-hour endpoint
for the HEK Tau Biosensor Cell Assay. HEK Tau Biosensor cells were
treated with (A) AD brain-inoculated mouse BH or (B) human AD BH. The live-
cell imaging assay measured green, fluorescent tau aggregate counts (tau
aggregates measured by each mask in purple) every 3 hours for 3 days using
the IncuCyte Software at 20X magnification. Red circle depicts (A) AD brain-
inoculated mouse tau aggregates and red squared displays (B) human AD tau
aggregates. Images were taken in the green and phase channels with a mask
created for both the (A) mouse and (B) human BH-treated HEK cells. There
were 4 images were taken per well for with each BH treatment plated with two
technical replicates per plate. Scale bar =300& m.
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2.5.2 DS Cells to Measure Tau Inclusion Morphology

2521 DS1 Human Homogenate Treatment

Once cultured cells reached 751 90 % confluency in a 10 cm dish, the cells were
split 1:5 into a 24-well plate and incubated overnight. The next day, once cells
reached 70 % confluency, the cells were treated with human BH at a final in-
plate concentration of 2 %. Prior to treatment, human BH was combined with
OptiMEM in a 1:2.33 ratio, whilst OptiMEM and lipofectamine was combined
with OptiMEM in a 1:7 ratio separately. After 5 minutes at RT, the BH mix with
OptiIMEM was combined with the lipofectamine mix in a 1:1 ratio. The coverslips
within the 24-well format had a total volume of 500 pl/well of DS1 media. 66.7
ul/well of media was removed from each well before treatment, then replaced

with 66.7 pl/well of the incubated BH mix and left for 3 days before fixation.

2.5.2.2 DS1 Fixation and Confocal Imaging

After 3 days, the treated cells were washed with ice cold DPBS (2X) and fixed
with 3.6 % formaldehyde (Sigma-Aldrich, #47608) for 20 minutes at RT. The
coverslips were then washed (3X) with DPBS and incubated for 5 minutes with
permeabilisation buffer (2.5 % Bovine Serum Albumin (BSA) (Gibco,
#16170078) with 0.3 % Triton X-100 (Thermo Scientific, #28313) in DPBS) then
washed 3X with RT DPBS. Then 4 Njdignidino-2-phenylindole (DAPI) was
applied 1:1,000 for 20 minutes at RT in 2.5 % BSA in DPBS. This was then
removed and the cells were washed 3X before the coverslips were mounted
onto slides (Academy, N/A143) using mounting media (DAKO Fluorescent
mounting media, S302380-2, Agilent). They were left overnight to dry at RT.

2.5.3 Differentiated Cortical Neurons to Measure Tau Toxicity

2531 iPSC maintenance

Both cell lines were obtained from the European Bank for induced pluripotent

Stem Cells (EBISC) (SIGi001-A-1 (#66540356) and SIGi001-A-13

(#66540631)). All cells were maintained incultureat 37 e C alhduckd %
pluripotent stem cells (iPSCs) were cultured in 6-well plates (Thermo Scientific,
#140675), maintained with fresh Essential 8 medium (Gibco, A1517001) daily,

coated with 1:100 Geltrex, (Life Technologies Limited, #A1413302) for at least 1
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hour at 37 eC i n DNNbdd #E0565018) an@ passagedrsd X (

601 80 % confluency using 0.5 mM EDTA (Invitrogen, #15575020) in DPBS at

37eC for 5 minutes. When thawing I PSCs, each
placed in the water bathat37e C f or 2 mi mb bof&ssentak8f or e 9

medium was applied, then centrifuged at 200 x g for 5 minutes. The supernatant

was discarded and resuspended in Essential 8 medium supplement with

1:1,000 rho kinase inhibitor (ROCK) inhibitor (Sigma, Y0503). This was

replaced with Essential 8 medium the next day without inhibitor.

25.3.2 Fluorescence-Activated Cell Sorting (FACS)

iPSCs were sorted before differentiation to remove any differentiated cells from
the sample via sorting for the pluripotency cell surface marker TRA-1-60. iPSCs
were spun at 200 x g for 5 minutes and resuspended in blocking buffer (5 %
BSA (w/v) in PBS) and left for 15 minutes on ice. They were then spun for 1
minute at 1,000 rpm at 4 °C and the supernatant discarded. TRA-1-60 (1:50)
was applied to the cells in antibody buffer (1 % BSA (w/v) in PBS) and
incubated on ice for 15 minutes. The cells were spun at 1,000 rpm for 1 minute
at 4 °C and the supernatant was discarded. Cells resuspended in PBS and
washed 2X with spins at 4 °C for 1 minute at 1,000 rpm, removing supernatant
with each wash each time. The donkey anti-mouse Alexa fluor 488 secondary
antibody (see Table 5) was diluted 1:500 in antibody buffer and incubated for
15 minutes on ice in the dark. Cells were then washed 2X with PBS at 4 °C for 1
minute at 1,000 rpm to remove supernatant and resuspended in 300 ul of FACS
buffer (1 mM EDTA, 250 U benzonase (Merck, #1016540001) and 2.5 % BSA
(w/v) in PBS). iPSCs TRA-1-60 positive cells were sorted using the Facsaria lll
Cell Sorter at the UCL Great Ormond Street Institute of Child Health, London,
by Dr Ayad Eddaoudi.

25.3.3 iPSC Differentiation

iPSCs underwent dual SMAD inhibition (small molecule inhibitors of
transforming growth factor beta (TGF-b) and bone morphogenetic protein
(BMP)) according to Shi et al. (Shi, Kirwan, and Livesey 2012) with adaptions
noted. Before undergoing differentiation via dual SMAD inhibition, cells were

split 1.5-well:6-well plate into 1-well/12-well plate (Thermo Scientific, #150628)
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coated 1:50 with laminin (Trevigen, #3400-010-02 or ThermoFisher,

#23017015) in DMEM F12 + Glutamax for at least 2 hoursat37e C. Once 100
% confluency was reached within 247 48 hours, the cells were maintained in

neural maintenance media (NMM) (48.4 % Neurobasal Media (Gibco, #21103-

049), 48.4 % DMEM F12 + Glutamax, 1 % B27 + Vitamin A Supplement (Gibco,
#17504-044), 0.5 % Nonessential amino acids (Gibco, #11140-035), 0.5 % N2
Supplement (Gibco, #17502-048), 0.5 % Penicillin/streptomycin (Gibco,

(#15070-063), 0.5% L-glutamine (Gibco, #25030-024) , ©. 1 % b
Mercaptoethanol (Gibco, #21985-023), 0.025 % Insulin (Sigma, 19278))
supplemented with inhibitors (1 €M Dor sol
SM03-10) + 10 &M SB431542 (,6M36+h0)) ivlbipley th® i o s c i
media was replaced daily. After 10 consecutive days of media changes using

NMM supplemented with inhibitors (neural induction media (NIM)), cells were

maintained in fresh NMM without inhibitors every 2i 3 days, once the

neuroepithelial layer had formed. Cells were then split via manual disruption

either 223withdi spase (Life Technologies, #17105
centrifugation at 160 x g for 2 minutes, or without centrifugation with the addition

of PBS washes, or split 1:2i 1:3 using 0.5mM EDTA in DPBS for 1 minute at 37

e C. On d adiffer@n@atiom (DRQ), cells were split 1:2 with 0.5mM EDTA

for 1 minut e oaslyspBtWith digpase dr underwet a dispase split

at1:2i1: 2.5 for 3 minutes at 3xg,tbkeGwashied h cen-
twice in PBS if previously split with EDTA. This was due to the low viability seen

after two consecutive dispase splits in culture. If aging, cells underwent a final

split on D35 using Accutase (Gibco, A11105-01) f or 10 mi nutes at
washed in DPBS before centrifugation at 2807 300 x g for 3 minutes. Cells were

plated in 96-well formats for assays in 1:100 laminin alone or coated with Poly-
L-Ornithine (Sigma, P4957) for 4 hours at
2 hours at 37 eC in DMEM F12 +2%32weraa ma x .
frozen down in 10 % DMSO (Sigma, D8418) in NMM, 1-well/12-well per

cryovial, placed overnightina Mr Frostyat-8 0 e C, t hen pl aced i n
for long-termstorage (-1 79 eC). To thaw cel |l watert hey w
bath for 2 minutes then placed in NMM and centrifuged at 200 x g for 5 minutes.

The supernatant was discarded and the pellet was resuspended in NMM and

counted using the Countess Il FL Automated Cell Counter with the Countess

Cell Counting Chamber Slides (ThermoFisher, C10228) before plating at 15-
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100k per coverslips (Fisher Scientific, #12392128) in 24-well plate
(ThermoFisher, #142475) format coated with either 1:50 laminin or Geltrex, or
1:100 laminin alone for 200 k/well in 12-well format. When aging cells up to 100
days in 12-well or 24-well format, cells were supplemented with 1:300 laminin in
NMM once a week.

2534 Immunofluorescence and Confocal Imaging of iPSCs and

Differentiated Cortical Neurons

To characterise different protein markers expressed by iPSCs and differentiated
cortical neurons, cells underwent immunofluorescence. Cells were incubated on
coverslips within a 24-well format. Once affluent and aged to the appropriate
time points, the cells were washed with ice-cold DPBS (2X) before being fixed
with 3.6 % formaldehyde (Sigma-Aldrich, #47608) for 20 minutes (at RT). When
specified, washes were undergone with RT DPBS (2X) and fixed using 3.6 %
formaldehyde acid with the addition of 4 % sucrose, or for imaging synaptic
proteins, cells were fixed with 100 % methanol at -20 C for 10 minutes after
washing with ice-cold DPBS (2X). After all fixing protocols, cells were washed
with DPBS (3X) and stored at 4 °C. Formaldehyde fixed cells were
permeabilised in 2.5 % BSA (Gibco, #16170078) with 0.3 % Triton X-100
(Thermo Scientific, #28313,) in DPBS for 5 minutes (RT). The permeabilisation
buffer was removed and washed in DPBS. The coverslips were blocked with 5
% BSA in DPBS (at RT) and incubated with primary antibodies using 2.5 %
BSA in DPBS for 1 hour (at RT). Coverslips were then washed (3X, DPBS) and
incubated for 1 hour (at RT) with the secondary antibodies in 2.5 % BSA in
DPBS before being washed with DPBS (3X). Cells were then incubated for 20
minutes (at RT) with 1:1,000 DAPI (Sigma, D9542) in DPBS before being
removed and washed with DPBS (3X). Coverslips were mounted onto slides
(Academy, N/A143) using DAKO Fluorescent mounting media (Agilent,
S302380-2) before being left to dry covered overnight at RT. The coverslips

were imaged using confocal microscopy using the LSM 710, Zeiss.
25.35 Tau Toxicity Assay using iPSC-derived Cortical Neurons

Cells were plated at 4 k/well within a 96-well format (TPP, Z707910) between
D30i 33 and left to age until treatment at D50. Cells underwent half NMM
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change twice a week. Two days prior to treatment, cells were placed in the
IncuCyte S3 Live-Cell Analysis System (Sartorius, #4647) to obtain a baseline
measurement for the neurite length over 48 hours (Figure 7). IncuCyte S3
Software obtained 4X images per well, every 3 hours in the phase channels at
20X resolution. After 48 hours, cells underwent a half media change and were
treated with human BH. The cells were then measured for a further 72 hours. A
mask was established to measure neurite length of the cortical differentiated
neurons had the following parameters: minimum cell width (um) = 7.0, neurite
sensitivity = 0.4, neurite width (um) = 1.0, segmentation mode = brightness and
segmentation adjustment = 0.7. On treatment day, half change media change

with NMM occurred before the cells were treated with human BH.
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Figure 7: Untreated iPSC-derived cortical neurons at D50 and neurite
length mask overlay. Exon 10 + 16 frontotemporal dementia mutated (E10 +
16) iPSC-derived neurons were aged to D50 before human AD or Control BH
addition. Cells were imaged every 3 hours for 2 days prior to BH addition to
generate a baseline, and then every 3 hours for 3 days post BH addition, using
the IncuCyte live-cell imaging software at 20X magnification. Neurite length
(mask overlay denotes neurites in purple and cell-body clusters in yellow) was
calculated from 4 phase contrast images taken per well. Scale bar =400¢ m.
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2.6  Histological Treatment of Inoculated Mouse Brains

Once culled, the left half of the brain was fixed in 10 % formalin (buffered formal
saline (VWR, #11699404)). Prior to embedding in paraffin wax, first passage
mice were treated in 98 % formic (VWR, #20320.295) acid for 1 hour and then
retreated with 10 % formalin. The second passage mice did not receive formic
acid treatment before embedding. Fixed samples werecutto5 e m nomi nal
thickness using Leica microtomes: Leica RM2235 and HistoCore BIOCUT
(Leica Biosystems, #149BIO000C1). Sections were stained alongside
haematoxylin (counterstain) for AT8 biotin bound (Invitrogen, MN1020B),
ionized calcium-binding adaptor protein (IBA1) (Wako, #019-19741) and 82E1b
(IBL Japan, #10326) using the automated immunohistochemical staining
machine known as Ventana Discovery (Roche, Burgess Hill, UK).
Concentrations used were 1:50, 1:250 and 1:500, respectively. The staining
was Vi sual i s edamnabenzidine tettaleydraiipd8de kit (DAB Map
Kit, Ventana Medical Systems). All histological sectioning, mounting and
staining were carried out by the histological team at the MRC Prion Unit unless

stated otherwise.
2.6.1 Brightfield Imaging

Histological samples were imaged at 40X magnification using either the
Nanozoomer S360 (C13220-01, Hamamatsu) or the LEICA SCN400F scanner
(LEICA Milton Keynes, UK).

26.1.1 AT8 Analysis

QuPath software anal ysaainobenzdineADAB) speci fic 3, 3
staining using a protocol created by Benjamin Wilson. Each image was set to

Brightfield_H_DAB. To outline each brain area, a pixel classification thresholder

was created, with the following parameters: resolution = moderate, Channel =

Hematoxylin, Prefilter = Gaussian, smoothing sigma = 1.7, threshold = 0.08,

above threshold = region, below threshold = unclassified, region = everywhere.

To create annotations from the pixel classier, the minimum object size =

500,000 pm?, minimum hole size = 400 um?, where objects were split and

objects were created for ignored classes. To detect AT8 stain, an object
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classifier was created. Each annotation from the previous script was selected
for each image. A positive cell detection was ran with the following parameters:
pixel size = 0.2 Y, background radius = 10 y, sigma = 1.0 g, minimum area = 2.0
K, maximum area = 100 p, threshold = 4.0 and maximum background = 2.0.
Then from each positive cell detection, an object classier was trained to detect
positive cell detections stained with AT8, as well as which detections were

negative. Artefacts were removed based on colour, shape and size.
2.6.1.2 Ibal Analysis

QuPath software analysed the Ibal s p e ¢ i fDiamincdbenddije (DAB)
staining following a protocol written by Benjamin Wilson. Each image type was
set to Brightfield_H_DAB. To outline each brain area, a pixel classification
thresholder was created, with the following parameters: resolution = moderate,
Channel = Hematoxylin, Prefilter = Gaussian, smoothing sigma = 1.7, threshold
= 0.08, above threshold = region, below threshold = unclassified, region =
everywhere. To create annotations from the pixel classier, the minimum object
size = 500,000 pm?, minimum hole size = 400 um?, where objects were split
and objects were created for ignored classes. To detect Ibal stain, an object
classifier was created. Each annotation from the previous script was selected
for each image. A positive cell detection was ran with the following parameters:
pixel size = 0.2 Y, background radius = 10 y, sigma = 1.0 g, minimum area = 2.0
M, maximum area = 250 y, threshold = 0.05 and maximum background = 2.0.
Then from each positive cell detection, an object classier was trained to detect
positive cell detections stained with Ibal, as well as which detections were

negative. Artefacts were removed based on colour, shape and size.
2.6.1.3 82E1b Analysis

Definiens Developer 2.3 software (Definiens, Munich, Germany) was used to
analyse 82E1b staining following a protocol created by Matthew Ellis. Tissue
identification was done at 5X resolution, whilst the stain detection was carried
out at 10X resolution. The brightness thresholds identified the tissue from each
image and distinct brain areas were made regions of interest (ROI). Calculated
brown and blue stain levels were combined to determine three stain

representations: brown staining, brown+ve and blue staining staining. Brown
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stain areas with an intensity greater than 0.15 arbitrary units (au), along with

brown+ve greater than 0.1 au, were then subcategorised to light brown < 0.5 au

<= dark brown. These brown areas gave a potential 82E1 pathology, after

excluding any artefacts, based on size, shape and composition criteria, which

was then quantified.

2.7 Table of Antibodies used throughout Thesis
Antibody Protein/ Catalogue
(name or Species | Dilution | Supplier 9
. Number
clone) Epitope
4R Clone Tau (4-repeat
EPR21725 isoform) Rabbit 1:400 Abcam 218314
Human A b
82E1 (DAEFRHDSGY
EVHHOK) Mouse 1:200 IBL 10323
N-terminus
Human A b
82E1
Bioti (DAEFRHDSGY
iotin :
EVHHQK) Mouse 1:500 IBL 10326
(82E1Db) _
N-terminus
Actin b-Actin (N- Mouse | 1:10,000 Sigma A5441
terminus)
Anti-tau | o | core region
(TauC4, 4 (R4) 9 Rabbit 1:1,000 Merck ABN2178
354-369)
Phospho-Tau
(pSer202/phosp
AT8 Biotin horylated Mouse 1:50 Invitrogen | MN1020B
threonine
(pThr)205)
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In-house

allograft
inflammatory
factor 1 (AIF1)

for microglia)

Tau N- from Prof
BR133 : Rabbit 1:1,000 Michael N/A
terminus
Goedert,
LMB
C-terminus of 1!:](3-210;?;
BR134 Rabbit 1:1,000 N/A
tau Goedert,
LMB
In-house
Tau core . from Prof
BR135 region 3 (R3) Rabbit 1:1,000 Goedert, N/A
LMB
In-house
Tau core . from Prof
BR136 . Rabbit 1:1,000 N/A
region 1 (R1) Goedert,
LMB
Clone . . .
b I-Tubulin Rabbit 1:500 Biolegend 802001
TUJ1
Glial Fibrillary
GFAP Acidic Protein | Rabbit 1:2,000 DAKO 70334
(GFAP)
Synthetic
peptide
(C-terminus
o segeunce of _
IBA1 Biotin Rabbit 1:250 Wako 019-19741
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K9JA

Total Tau
(aa243-441)

Rabbit

1:5,000

DAKO

A0024

Kl67

Against
nuclear
fractions of
human tumour

cell line

Mouse

1:50

Abcam

AB8191

MAP2

Micro tubule
associated
protein 2
(aa235-1588)

chicken

1:10,000

Abcam

5392

NeuN

Neuronal

nuclei

NA

1:1,000

Merck

MAB377A5

Nestin

Nestin (aa402-
604)

Mouse

1:300

BD
Bioscience

S

611659

OCT4

OCT4 - (aa300
to the C-

terminus)

Goat

1:300

Abcam

AB27985

PAX6

Paired box 6
protein (PAX6)
(QVPGSEPDM
SQYWPRLQ)

C-terminus

Rabbit

1:300

Biolegend

901302
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PHF1

Phospho-Tau
(pSer396/404)

Mouse

1:500

In-house
from
Peter

Davis

N/A

pSerl198

Phospho-tau
(pSer198)

Rabbit

1:2,000

Genetex

GTX130456

RD3
clone
8E6/C11

Tau (3-repeat
isoform RD3)

Mouse

1:400

Sigma

05-803

SATB2+

Special AT-
rich binding
protein 2
(SATB2+) C-

terminus

Mouse

1:50

Abcam

ab51502

TBR1

T-box, brain,
lisa
transcription
factor (TBR1)
(Mouse aa
50-150)

Rabbit

1:200

Abcam

31940

TRA-1-60

clone

TRA-1-60 -
Human
embryonal
carcinoma cell
line 2102Ep
cl.2A6.

Mouse

1:200

Abcam

AB16288

Table 4: Table of primary antibodies used throughout thesis.
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Catalogue

Antibody Species Dilution Supplier
Number
Alexa _ _
Donkey anti-goat 1:500 Invitrogen A11055
Fluor488
Alexa . _
Donkey anti-mouse 1:500 Invitrogen A21202
Fluor 488
Alexa
Goat anti-chicken 1:500 Invitrogen A11039
Fluor 488
Alexa . _ _
Goat anti-rabbit 1:500 Invitrogen A11034
Fluor 488
Alexa _ .
Donkey anti-mouse 1:500 Invitrogen A10037
Fluor 568
Alexa o ) )
Goat anti-guinea pig 1:500 Invitrogen A11075
Fluor 568
Alexa o )
Goat anti-chicken 1:500 Invitrogen A21449
Fluor 647
Alexa _ ) )
Goat anti-rabbit 1:500 Invitrogen A21244
Fluor 647
IRDye _ )
Donkey anti-mouse | 1:20,000 LiCor 926-68022
680RD
IRDye ) ) )
Donkey anti-rabbit 1:5,000 LiCor 926-68023
680RD

104




IRDye

Donkey anti-mouse 1:5,000 LiCor 926-32212
800CW
IRDye _ _ )

Donkey anti-rabbit 1:5,000 LiCor 926-32213
800CW

Table 5: Table of secondary antibodies used throughout thesis.
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Chapter 3: Characterisation of Tau within Human AD

Subtypes

A selection of clinically distinct Al zheimero
to undergo serial passages within the optimal AD mouse line. This was

fundamental for determining whether any tau strains could be identified

between the AD subtypes. The AD cases were classified into typical AD (tAD)

(a slowly progressive dementia led by an amnestic syndrome (McKhann et al.

2011)), rapidly progressive AD (rAD) (those that were referred to the National

Prion Clinic in consideration of Creutzfeldt-Jakob disease with an expected total

clinical duration of <2 years (Geschwind 2016)), and posterior cortical atrophy

(PCA) (diagnosed by consensus criteria (Crutch et al. 2017)) (Table 2). The

PCA and tAD cases were previously found to contain a single structural

variation in amyloid-bao ( A« fibril structures which was most abundant,

compared to the rAD cases which exhs bited mul
fibrils (Qiang et al. 2017). Three cases from each of tAD, rAD and PCA were

chosen. Due to the prior evidence of wvariatio
(Qiang et al. 2017), mouse inoculation studies were carried out in this thesis to

determine whether AbBb or tau strains may exi st
thesis will focus on tau disease-related assemblies between the AD subtypes,

with this chapter focusing on characterisation of the clinically distinct AD

subtypes in terms of tau pathology, before serial inoculations were done to

investigate any possible tau strains between these subtypes.

3.1 Characteristics of AD Cases Classified into Clinically Defined AD

Subtypes

The main differences observed for AD cases between subtypes were the
disease duration and clinical presentation. The PCA subtype presents primarily
with visual impairments, before the onset of classic dementia symptoms
(Benson, Davis, and Snyder 1988; Crutch et al. 2012), whilst the tAD and rAD
subtypes symptoms manifests predominantly as cognitive decline (Abu-
Rumeileh, Capellari, and Parchi 2018). The average disease duration (Figure
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8A) was highest for tAD subtype (mean = 10.3 years), which was significantly
longer than perceived for rAD (mean = 5.7 months) (p = 0.0032 (**)). This was
also observed for the PCA subtype (mean = 8.3 years), which had a
significantly longer disease duration compared to rAD (p = 0.0097 (**)). The
short disease duration is a primary characteristic for the classification of the rAD
subtype, which shares memory loss with tAD as the primary presenting
symptom. In terms of age of onset (Figure 8B), rAD (mean = 78.3 years) had a
significantly higher age compared to tAD (mean = 62 years) (p = 0.0055 (**))
and compared to PCA (mean = 56.3 years) (p = 0.0012 (**)). Due to the low
number of cases per subtype obtained for this present study, future inoculation
studies will use a higher number of cases to reduce the variation in age
between the subtypes, decreasing the heterogeneity observed. This is
especially important as all PCA cases, and two of the three tAD cases, fall into
the category of early-onset AD (EOAD). This is characterised by the age of
onset being under the age of 65, whilst late-onset AD (LOAD) occurs past the
age of 65 (Rossor et al. 2010; Wingo et al. 2012; Reitz, Rogaeva, and Beecham
2020). Since all of the rAD cases are classified as LOAD, along with one tAD
case with an age of onset at 65 years of age, this is a component of the
variation amongst the cases, not necessarily associated with the clinically

defined subtype itself.
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Figure 8: Disease characterisations of clinically distinct AD subtypes used
for inoculations. The three AD subtypes (tAD, rAD and PCA) varied in terms of
(A) disease duration and (B) age of onset for all cases observed. The AD cases
above the red, horizontal line for the (B) age of onset graph are defined as
LOAD. Below the red, horizontal line, cases are defined as EOAD. Statistical

analysis used One-Way ANOVA wi th

Tukeyos

post

significance identified for (A) disease duration (tAD vs rAD, p = 0.0032 (**) and
rAD vs PCA, p = 0.0097 (**)) and (B) age of onset (tAD vs rAD, p = 0.0055 (**)
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and rAD vs PCA, p = 0.0012 (**)) between the AD subtypes. No significant
differences were identified for tAD vs PCA subtypes regarding disease duration
and age of onset. Error bars = standard error of mean (SEM). N = 3 (per AD
subtype).

3.2 Histopathological Characterisation of Tau within AD Subtypes

As mentioned previously, all AD cases were diagnosed at post-mortem, via the

presence of Ab plaques and neurofibrillary tangles (NFTs), and allocated into

clinically distinct AD subtypes based upon their clinical criteria. The existence of

Ab and tau pathology was determined via histopathological staining. Frontal

cortex tissues were utilised, as the mouse inoculations would use BH from the

frontal lobe of each AD case for consistency, despite PCA pathology mainly

accumulating within the posterior lobe. For tAD cases (Figure 9),1 i mi t ed AD
(82E1b) reactivity was displayed in the tissue slices suggesting restricted A b

pathology. However, extensive hyperphosphorylated tau pathology was present

in the grey matter. The opposite was detected for rAD cases (Figure 10),

whereby extensive Ab pathology was det ec:
hyperphosphorylated tau. The limited AT8 pathology of rAD cases could be due

to the short disease duration exhibited by the three rAD cases. The PCA cases
demonstrated similar Ab and tau pat hol o§giguretld) Duehe t AD
to the PCA clinical presentation mainly affecting the posterior lobe of patients,

tissues sections from this area of the brain were also compared from PCA

cases (Figurel1l2) . Again, similar ADb and tau path
posterior cortex PCA (Pos PCA) cases as with its frontal sections, with limited

Ab pathology but vastly more hyperphosph
Again, the extensive hyperphosphorylated tau pathology could be reflective of

the longer disease duration of these patients.
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tAD2

tAD3

Figure9: Ab and hyperphosphorylated tau patholog
cortex tAD brain tissue used for inoculation. Each tAD case showed limited

Ab ( 82E1Db) Extemsaechyperphiosphorylated tau (AT8) pathology was

identified in each tAD case around the grey matter of each tissue section. Scale

bar = 5 mm. Images of histological tissue samples were provided by the brain

banks used to obtain the human AD cases.
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rAD1

rAD2

rAD3

Figure10: Ab and hyperphosphoryl ated tau pat
cortex rAD brain tissue used for inoculation. Each rAD case showed

extensive Ab ( 8 2 E1 b)arounel the grely matter gf each section with

limited hyperphosphorylated tau (AT8) pathology. Scale bar =5 mm. Images of
histological tissue samples were provided by the brain banks used to obtain the

human AD cases.
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PCA1

PCAZ2

PCA3

Figure1l: Ab and hyperphosphoryl ated tau pathol og
cortex PCA brain tissue used for inoculation. Each PCA case showed

i mited ADb ( 8a&doridlbhg gray enatterofieach segtion. Extensive

hyperphosphorylated tau (AT8) pathology identified within the grey matter of

each PCA case. Scale bar =5 mm. Images of histological tissue samples were

provided by the brain banks used to obtain the human AD cases.
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Pos
PCA1

Pos
PCA2

Pos
PCA3

Figurel12: Ab and hyperphosphoryl ated tau pat
cortex PCA brain tissue, not used for inoculation, is displayed at similar

levels than in the frontal cortex. Each Pos PCA case showed limited human

Ab ( 82 E1Db)butrexdensive hypeiphogphorylated tau (AT8) pathology

within the grey matter of each Pos PCA case. Scale bar =5 mm. Images of

histological tissue samples were provided by the brain banks used to obtain the

human AD cases.

3.3 Biochemical Analysis of Tau between AD Cases

The three selected AD cases for each AD subtype and a Control case were

previously inoculated into mice to study how the disease-as soci at ed ADb p
in these homogenates could alter endogen:
inoculation we decided to further explore disease-associated tau assemblies
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and tau pathology. Samples underwent analyses to determine tau protein
biochemistry associated with each AD case. This was necessary to determine if
any tau disease-associated assemblies were present, which would allow
seeding and propagation of tau from AD subtypes in vivo. Before determining
disease-associated tau, total tau was quantified within each of the AD subtypes
via mesoscale discovery assay (MSD) and Western blot. Figure 13A displays
total tau levels measured for the BH used for inoculations via MSD assay. No
significant differences in total tau were quantified between each of the different
AD subtypes. This result was expected, as each of the AD cases within each
subtype were previously diagnosed as AD post-mortem (Figure 9, Figure 10,
Figure 11 and Figure 12), and no differences in overall total tau levels were
anticipated. Figure 13B presents the Control and AD BH, probed for total tau
(K9JA), showing all tau isoforms present in the samples. These AD cases were
normalised to total protein before loading, or total tau from the MSD readings
(Figure 13C), then total tau levels detected on the membrane were quantified.
In order to compare the signal intensity an AD brain sample (tAD5 - positive
Control) was run alongside the samples as an internal Control for normalisation
(Figure 13D). All AD cases displayed intra-subtype variation levels of total tau,
primarily within the rAD and PCA cases, with many of them presenting a smear
of reactivity when probed for total tau, indicating the presence of different sized
tau aggregates. Particularly, rAD1, rAD3, PCA1 and PCA3 cases displayed
similar levels of total tau as the Control case. It is clear that the posterior cortex
samples from the PCA cases demonstrated more consistent total tau
expression compared to their respective frontal cortex PCA samples. This could
be due to the clinical presentation of PCA primarily affecting the posterior parts
of the brain. This was further suggested as significantly more total tau was
calculated for all Pos PCALi 3 cases (p < 0.0001 (****)), p < 0.0001 (****)) and p
=0.0016 (**)) cases against the Control BH, along with frontal cortex cases for
tAD2 (p = 0.0259 (*)), tAD3 (p = 0.0004 (***)), rAD2 p = 0.0456 (*)), PCA2 p =
0.0003 (***)). Unexpectedly, the AD cases, normalised before loading either to
total protein or total tau (using the values obtained on the MSD assay),
demonstrated similar levels via Western blot when probed for total tau (Figure
13Bi C). Therefore, we decided to continue our analyses normalising the BH to
total protein, quantified via Bradford assay. When the total protein loaded AD

cases, normalised to AD brain, were grouped according to their retrospective
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subtypes (Figure 13E), no signifcant differences between the Control vs AD
subtypes in terms of total tau were identified. This was expected due to the
intra-subtype observed previously (Figure 13D). However, normalisation to the
Western blot ran, and probed for total tau (Figure 13B), should be considered in
the future since the MSD data demonstrated an unexpected result. This could
have provided a more accurate result, allowing different tau biochemical
signatures to be determined between the different AD subtypes when

quantified.
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Total Tau of AD Subtypes (MSD Assay)
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Figure 13: Total tau levels measured for AD subtypes. Total tau levels
measured from frontal cortex for AD subtypes used for inoculations and
posterior cortex samples from PCA cases. (A) Total Tau was quantified from AD
subtypes used for inoculations via MSD assay by Dr Julia Ravey. Total tau was
probed via K9JA and Western blots were ran for AD cases normalised before
loading to (B) total protein or (C) total tau. Western blots were ran with a sample
of AD brain (tAD5 (see Table 1)) used as positive Control. (D) Total BH
Western blot of individual AD cases was quantified and normalised to AD brain
positive Control (tAD5 - shown via blue dashed line). (E) Total BH quantification
of individual AD cases used for inoculations were grouped according to AD
subtypes and normalisation to AD brain is shown via blue dashed line. Results
were analysed by One-Way ANOVA with Tukeyds (A and
hoc test (D). Statistical significance was observed for (A) Control vs tAD (p =
0.0444 (*)) and rAD (p = 0.0269 (*)) and (D) Control vs AD brain (p = 0.0003
(***)), tAD2 (p = 0.0259 (*)), tAD3 (p = 0.0004 (***)), rAD2 (p = 0.0456 (*)),
PCA2 (p = 0.0003 (***)), Pos PCAL1 (p < 0.0001 (****)), Pos PCA2 (p < 0.0001
(****)) and Pos PCA3 (p = 0.0016 (**)). Error bars = SEM. (A and E) N = 3 (AD
subtypes) and N = 1 (Control) and (D) N = 3 (technical replicates).

Next, disease-associated tau was measured in the Control and AD cases used
for inoculations. Detergent insolubility is a measure for prion-like properties for
proteins, particularly sarkosyl insolubility of tau (Taniguchi-Watanabe et al.
2016), isolated from paired helical filaments (PHF) (Greenberg and Davies
1990), whereby AD-specific tau bands have been described within the literature
(Taniguchi-Watanabe et al. 2016). The use of sarkosyl treatment would enrich
any disease-associated tau assemblies present within the AD subtypes, which
when run via a Western blot and probed with tau antibodies, would help
visualise any differences between the AD cases with regards to tau pathology.
Sarkosyl-insoluble fraction from Control and AD cases were normalised either
to total protein (Figure 14A) or to total tau (Figure 14B) and probed for total
tau. Unfortunately, many samples showed low or no sarkosyl-insoluble fraction
when normalised to total tau. This could be due to a lack of sarkosyl-insoluble
tau in those samples or a technical issue. One technical issue regarding the
MSD assay to quantify total tau levels from the AD cases could be that the
aggregated tau in the samples may not have disassembled properly during the
guanidine incubation step. Hiding epitopes from these aggregates can lower the
level of tau detected by the antibodies during the MSD assay. Given that the
total tau MSD values used to normalised the samples may have been subject to
technical error, with regards to displaying total tau levels from the crude BH

(Figure 13B), it is more probable that a technical problem is the cause of the
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lack of bands. Both Figure 14Ai B demonstrate 3 distinct tau bands specific to
AD cases associated with insoluble tau. The highest sarkosyl insoluble total tau
levels were detected for all three tAD cases, rAD2, PCAL, PCA3 and all
posterior cortex of PCA cases (Figure 14C). Significantly more total sarkosyl-
insoluble fraction was detected for tAD1i 3 cases against the Control 2 case (p
= 0.0052 (**), p < 0.0001 (****), p = 0.0017 (**)), rAD2 (p = 0.0005 (***)) and Pos
PCA1i 3 (p =0.0021 (**), p < 0.0001 (****) and p = 0.0048 (**)) confirming that
the tAD cases contain disease-associated tau. Again, Pos PCA cases
demonstrated more sarkosyl-insoluble fraction compared to their respective
frontal cortex samples. When comparing the total tau level of sarkosyl-insoluble
fraction for each subtype (Figure 14D), no significant differences regarding the
total sarkosyl-insoluble fraction were detected between the AD subtypes. This
was again an expected result, as with total tau quantifications observed from
the crude BH (Figure 13E), due to intra-subtype variation observed between

the AD cases.
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Figure 14: Sarkosyl-insoluble fractions quantified for AD subtypes. Frontal
cortex BH was measured for all case samples except Pos PCA samples. Total
tau was probed via K9JA for sarkosyl-insoluble fraction, normalised before
sarkosyl extraction to (A) total protein or (B) total tau. Control BH represents
Control cases 2 and 3 (see Table 1) - not used for inoculations. All tAD17 3
cases used for (A) were homogenised in 20 % TBS (see Table 1). Red arrows
indicate banding patterns associated with AD-specific sarkosyl-insoluble
fraction. (C) Sarkosyl-insoluble fraction quantification of individual AD cases. (D)
Sarkosyl-insoluble fraction quantification of individual AD cases used for
inoculations were grouped according to AD subtypes. Results were normalised
to tau present in Pos PCA3 BH (shown via blue dashed line). Data was
analysed by One-Way ANOVA with Dunnet t 6cgest(D})
Statistical significance was observed for (C) Control 2 vs tAD1 (p = 0.0052 (**),
tAD2 (p < 0.0001 (****), tAD3 (p = 0.0017 (**), rAD2 (p = 0.0005 (***), Pos
PCA1 (p = 0.0021 (**)), Pos PCA2 (p < 0.0001 (****)) and Pos PCA3 (p =
0.0048 (**)). Error bars = SEM. (C) N = 3 (technical replicates) and (D) N = 3
(AD subtypes) and N = 2 (Control 27 3).

Previously, heterogeneity regarding total tau expression was identified amongst
the AD cases within each AD subtype. Moving forward, Western blots were ran
and probed for different tau antibodies corresponding to different tau epitopes.
This was done to determine whether any differences in banding patterns were
observed between the different AD subtypes relating to differences in the
underlying tau structure between the AD subtypes (Figure 15). This was done
previously by Zhang et al. 2019, by probing different tau antibodies spanning
the entire tau protein (Figure 15A) (W. Zhang et al. 2019). Control and AD
cases probed for the N-terminus revealed clear banding patterns, very similar
across all AD cases presented (Figure 15B), indicating that this region is not
hidden in a large proportion of tau isoforms lacking protease treatment,
consistent with published tau cryogenic electron microscopy (cryo-EM)
structures (Falcon, Zhang, Murzin, et al. 2018; Fitzpatrick et al. 2017; Falcon,
Zhang, Schweighauser, et al. 2018). Regarding the R1 core region of tau
(Figure 15C), almost no distinct bands were identified via Western blot when
probed for the R1 tau antibody, but a smear relating to the specific tau epitope
was presented, without any clear distinction between the AD subtypes. tAD17 3,
rAD2, PCA2 and Pos PCALi 3 cases, which contained sarkosyl-insoluble
fractions, displayed high molecular weight (HMW) tau (Figure 14). This trend
was also perceived for the R2, R3 and R4 core regions of tau (Figure 15D-F),

as well as the C-terminus (Figure 15G). The Control case presented different
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banding patterns, for all core regions of tau and the C-terminus, compared to
each of the AD cases. This indicates that the R1i 4 and C-terminus epitopes
have the potential to differentiate disease-associated tau. The expression levels
of tau epitopes across the tau protein vary across the AD cases studied within
this thesis. Given that similar banding patterns were observed among all the AD
cases, regardless of the corresponding AD subtype, none of these epitopes are

useful in discriminating tau between AD subtypes.
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Figure 15: Western blots of AD subtypes probed for different tau

antibodies specific to N and C-terminus of tau, along with its core regions.
(A) Full length 2N4R tau isoform depicted with antibodies that bind different tau
epitopes across the protein. Figure adapted from: W. Zhang et al. 2019. AD
subtypes (frontal cortex regions) and Pos PCALi 3 cases were ran via Western
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blots and probed for tau antibodies that included (B) N-terminus (BR133), (C)
R1, (D) R2 (4-repeat (4R) tau), (E) R3, (F) R4 core regions of Tau, (G) C-
terminus. (C, E and G) were probed with b-actin, used as loading Control, at
1:10,000 in 5 % milk in PBS-T for 1 hour at RT. Each AD cases was normalised
to total protein before loading. Human AD brain (tAD5) was ran alongside as a
positive Control.

Further antibodies were probed via Western blot to determine whether any
difference in banding patterns, tau post-translational modifications (PTMs) or
tau isoform expression were observed amongst the different AD cases (Figure
16). These included the addition of the phosphorylated tau antibodies
phosphorylated serine (pSer)198 and pSer396/404, along with a 3-repeat (3R)
tau antibody. The 3R tau antibody recognises the epitope that bridges the
R1/R3 core domain, which is absent for the 4R tau isoforms (ON4R, 1N4R and
2N4R). The two phosphorylated tau epitopes (pSer396/404 and pSer198) were
both selected due to evidence that their expression varies according to tau
seeding capabilities in AD (Dujardin et al. 2020). The pSer396/404 epitopes is
known for its association with pathological tau (Torres et al. 2021) whilst
Dujardin et al. suggested that the pSer198 and pSer404 epitopes correlated
with AD cases that exhibited lower tau seeding capabilities (Dujardin et al.
2020).

For an easy comparison, the total tau level for each sample (from Figure 13A)
is shown in panel Figure 16A. Distinct banding patterns were identified in
Figure 16B for pSer198 epitope, specifically a band of approximate 55 kDa was
present in tAD1i 3 rAD2, PCALi 2 and Pos PCA1i 3. However, this 55 kDa band
was only found to be consistent in the tAD samples but not between any of the
other frontal cortex sections of the other AD subtypes. This could be due to the
other cases lacking total tau. Moreover, an isolated band at 62 kDa was
identified for rAD1, rAD3, PCA1 and PCA3 which also presented with the least
amount of total tau (Figure 16A). Depending on the seeding outcome of these
AD cases after in vivo inoculations (chapter 3), this band could represent tau
with lower seeding capabilities (Dujardin et al. 2020). Furthermore, a smear of
reactivity was observed for pSer396/404 and 1R/3R tau epitopes (Figure 16C
and D), which corresponded to samples that presented a high amount of total

tau (Figure 13). The Control case displayed less or no signal for each antibody
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tried, in agreement to the total tau levels expressed in it. Given that no

significant differences were evident using these antibodies among AD subtypes,

the samples were subjected to protease digestions to determine whether the

tau epitopes varied in terms of their protease resistance between the different

AD subtypes.
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Figure 16: Western blots of AD subtypes probed for different tau
antibodies specific to total, phosphorylated and 3R tau. AD subtypes
(frontal cortex regions) and Pos PCA1i 3 cases were ran via Western blots and
probed for tau antibodies that included (A) Total tau (K9JA), (B) pSer198, (C)
pSer396/404 (PHF1) and (D) 3R tau isoform (RD3) and b-actin. Each AD case
was normalised to total protein before loading. Human AD brain (tAD5 T see
Table 1) was ran alongside as a positive Control. Red arrow indicates the 55
kDa band and the blue arrow specifies the 62 kDa band for (B) the pSer198

probed blots.
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3.4 Tau Inclusion Morphology Characterisation

Different tau inclusions have been associated with different tauopathies (Kovacs
2015; Sanders, Kaufman, Devos, et al. 2014; Han et al. 2023; Kaufman et al.
2016). DS1 cells, produced by Professor Marc Diamond, are HEK293 cells
which express the repeat domain of 2N4R tau (amino acids (aa) 2447 372) with
the addition of two disease-associated mutations (P301L and V337M) (Sanders,
Kaufman, Devos, et al. 2014). BH obtained from each of the different AD cases,
used for inoculations, were applied to DS1 cells to determine whether any
different tau inclusion morphology was detected between the different AD

subtypes.

Firstly, hTauP301S (P301S) (Allen et al. 2002) mouse BH was applied to the
DS1 cells, as a positive Control, to ensure that a distinct tau inclusion
morphology would form from a mouse line that stably expresses an aggressive
P301S tauopathy mutation (Figure 17). P301S BH presented with amorphous
nuclear envelope and nuclear enclosed inclusions, similar to those seen in
Daude et al. 2020, when TgTau3%t mouse BH was applied to the DS1 cells
(Daude et al. 2020; Han et al. 2023). This tau aggregate was distinct to any tau
inclusion morphology observed from the AD cases. Next, either lipofectamine
alone or Control human BH was applied to the DS1 cells. None of these
conditions produced tau inclusion morphology (Figure 18) as expected, due to
lack of tau seeds to aggregate against the disease mutations associated with
the repeat domain of tau within the DS1 cells.
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hTauP301S Amorphous —

nuclear envelope
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nuclear
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Figure 17: Tau inclusion morphology of DS1 cells treated with hTauP301S
mouse BH. After treating DS1 cells with hTauP301S mouse BH, the cells were
fixed and mounted with 4 Njdignidino-2-phenylindole (DAPI - blue) before
imaging at 63X magnification using confocal microscopy in the 488-channel.
The tau inclusion morphology displayed was nuclear enclosed speckles and
amorphous inclusions around the nuclear envelope. Scale bar =20 & m.
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Control

Lipofectamine only

Figure 18: No tau inclusion morphology was observed within DS1 cells
treated with Control BH and lipofectamine, alone. After treating DS1 cells
with human Control BH and lipofectamine (transfection reagent) combined, or
lipofectamine alone, the cells were fixed and mounted with DAPI (blue) before
imaging at 63X magnification using confocal microscopy in the 488-channel. No
tau inclusion morphology was displayed in the nucleus, nor the cytoplasm of the
treated cells. Scale bar=20¢& m.

The tAD cases were then applied to the DS1 cells (Figure 19). These produced
a distinct tau morphology, separate from the P301S mouse BH. This included
nuclear enclosed speckles, as well as speckles and clusters outside of the
nucleus itself. This suggests that the tAD cases contained tau seeds capable of
introducing specific tau morphology, distinct from AD pathology and from the
tau inclusion morphology observed using material from the P301S tauopathy
mouse BH.
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Figure 19: Tau inclusion morphology of DS1 cells treated with tAD cases.
After treating DS1 cells with tAD cases, the cells were fixed and mounted with
DAPI (blue) before imaging at 63X magnification using confocal microscopy in
the 488-channel. The tau inclusion morphology displayed was nuclear enclosed
speckles (red square) and clusters outside of the nucleus (red circle). Scale bar
=20 m.

When rAD and PCA cases were applied to the DS1 cells (Figure 20), speckles
and clusters were only observed outside of the nucleus. These AD subtypes
also lacked the nuclear enclosed speckles detected from the tAD cases. This
implies that the rAD and PCA contained tau seeds that introduce speckles and
clusters outside of the nucleus itself but lacked seeds that cause tau inclusion
morphology to appear nuclear enclosed. On the other hand, the rAD and PCA
subtypes are the AD subtypes that express less total tau compared to the tAD
subtypes (see Figure 13 and Figure 14), suggesting high concentration of tau
seeds are necessary to display nuclear enclosed tau inclusion morphology.

Enriching the rAD and PCA samples could possibly remedy this in the future.
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Figure 20: Tau inclusion morphology of DS1 cells treated with rAD and
PCA subtypes. After treating DS1 cells with rAD and PCA subtypes, the cells
were fixed and mounted with DAPI (blue) before imaging at 63X magnification
using confocal microscopy in the 488-channel. The tau inclusion morphology
displayed was speckles and clusters (highlighted in red circles) outside of the
nucleus. Scale bar =20 & m.

Since the frontal cortex PCA cases expressed less total tau compared to their
Pos PCA cases, Pos PCA BH was applied to the DS1 cells to determine
whether different tau inclusion morphology was observed (Figure 21). Whilst
the Pos PCA cases exhibited similar tau inclusion morphology to the frontal

cortex rAD and PCA cases, with speckles and clusters exhibited outside of the
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nucleus itself, the Pos PCA3 case also demonstrated nuclear enclosed
speckles, similar to the tAD11 3 cases. This could indicate that nuclear enclosed
tau inclusions are dependent on tau levels. Overall, all of the AD cases
exhibited similar tau inclusion morphology, distinct from the P301S tauopathy,
lacking the amorphous nuclear envelope tau inclusions observed in the P301S
tauopathy. This suggests that they presented with tau inclusion morphology
indicative of AD. If more time was available, further experiments could have
been done to include applying sarkosyl-insoluble tau seeds from each of the AD
cases to determine whether the rAD and PCA cases, that contain less tau,
could also demonstrate nucleus enclosed speckle morphology, much like the

tAD cases.

Speckles Clusters

Pos
PCA1 Speckles —
Nuclear

Enclosed

Pos

PCA2

Pos

PCA3

Figure 21: Tau inclusion morphology of DS1 cells treated with Pos PCA
cases. After treating DS1 cells with Pos PCA cases, the cells were fixed and
mounted with DAPI (blue) before imaging at 63X magnification using confocal
microscopy in the 488-channel. The tau inclusion morphology displayed were
nuclear enclosed speckles (red square) and clusters outside of the nucleus (red
circle). Scale bar=20¢ m.
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3.5 InVitro Seeding and Aggregation Analysis of Tau using Biosensor

Reporter HEK Cells

The human AD cases used for inoculations were applied to HEK Tau Biosensor
cells, generated by Professor Marc Diamond, which include HEK293 cells with
a tau repeat domain containing the P301S disease-associated mutation fused
to cyan fluorescent protein (CFP) or yellow fluorescent protein (YFP) (Sanders,
Kaufman, Devos, et al. 2014). These cells were used to measure in vitro tau
seeding and aggregation differences between the AD subtypes (Figure 22).
The cells were incorporated into a 3-day assay which utilised the IncuCyte live-
cell imaging microscope and software. The average tau aggregate counts were
produced from 4 images, taken per well, for each duplicate replicate ran on
each plate.

Control tAD1 tAD2 tAD3

rAD1 rAD2 rAD3

PCA1 PCA2 PCA3

Figure 22: Tau aggregate mask for human AD subtype-treated HEK Tau
Biosensor cells at 72-hours. Live-cell imaging using the IncuCyte measured
the final 72-hour tau aggregate count, using the human tau aggregate mask
(purple), for AD subtype-treated HEK Tau Biosensor cells. Aggregate counts
per cell were measured in the green channel at 20X magnification. The tau
aggregate counts displayed are prior to normalisation against the lipofectamine
negative control well (ran for each plate). Scale bar = 300 um.
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Figure 23A presents all tAD cases ran via the HEK Tau Biosensor assay,
normalised to total protein in the BH (5 ug per well) obtain via Braford assay.
Significant tau aggregate counts were measured for each of the tAD1i 3 cases
vs the Control BH (p = 0.0001 (***)), p < 0.0001 (****) and p < 0.0001 (****)).
This implies that each of tAD cases normalised to total protein contained tau
seeds capable of seeding and aggregating in vitro, whilst the Control BH did
not. For rAD1i 3 cases (Figure 23B), only the rAD2 case displayed significant
tau aggregate counts compared against the Control BH (p < 0.0001 (****)).
Figure 23C shows significant tau aggregate counts for PCA1 (p = 0.0004 (***))
and PCA2 (p < 0.0001 (****)) vs Control BH, indicating that these PCA cases
exhibit tau seeds capable of seeding in vitro, unlike the PCA3 case. When
grouped as subtypes (Figure 23D), the tAD (p < 0.0001 (****)), rAD (p = 0.0439
(*)) and PCA (p < 0.0001 (****)) subtypes showed significant tau aggregate
counts compared to the Control BH when normalised to total BH. Despite
variation observed between AD cases within each subtype, regarding tau
seeding and aggregation in vitro, each subtype overall still had the capacity to
induce significantly higher tau aggregate counts compared to the Control BH.
Thus, confirming the specificity of this tau seeding assay. Moreover, among the
subtypes, the tAD subtype displayed significantly higher tau aggregate counts
compared to the rAD subtype (p < 0.0001 (****)). The tAD subtype possesses
more tau disease-associated assemblies proficient in inducing tau aggregated
seeding within this assay. This could be due to containing either a higher
concentration of tau seeds or tau seeds with faster seeding characteristics. In
order to investigate this further, all BH were normalised to total tau (according
the values obtained in the MSD assay) and tested on the HEK Tau Biosensors
cells as above. Results showed a similar trend to those obtained above when
normalising to total protein, whereby no significant differences were observed
when comparing the final 72-hour tau aggregate count for total BH vs total tau
for each AD subtype (Figure 24). Indeed, tAD showed a higher seeding
capability than both rAD and PCA cases (tAD vs rAD (p = 0.0012 (**)), tAD vs
PCA (p = 0.0123 (*)). Given that the HEK Tau Biosensor cells are a
heterologous system, it will be important to confirm this result in vivo following
the inoculation of these cases into mice, confirming whether the cases from the

tAD subtype can propagate better than the other subtypes.
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Figure 23: In vitro seeding and aggregation of AD subtypes used for
inoculations. HEK Tau Biosensor cells were treated with (A) tAD, (B) rAD and
(C) PCA cases and represented as each (D) AD subtype, normalised to total
protein (5 ug per well). P301S BH was run on each plate as a positive control.
Data normalised to lipofectamine negative Control. Statistical analysis used
One-Way ANOVAwith(AiC) Dunnettdés and (D) Tukeyds post
Statistical significance was indicated for (A) Control vs tAD1 (p = 0.0001 (***)),
tAD2 (p < 0.0001 (****)) and tAD3 (p < 0.0001 (****)), (B) Control vs rAD2 (p <
0.0001 (****)), (C) Control vs PCA1 (p = 0.0004 (***)) and PCA2 (p < 0.0001
(****)) and (D) Control vs tAD (p < 0.0001 (****)), rAD (p = 0.0439 (*)), PCA (p <
0.0001 (****)) and tAD vs rAD (p < 0.0001 (****)). Error bars = SEM. Technical
repeats ran (N = 3).
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Figure 24: 72-hour in vitro seeding and aggregate count comparisons for
human AD subtypes normalised to total BH vs total tau. HEK Tau
Biosensor cells were treated with (A) tAD, (B) rAD and (C) PCA cases and
represented per (D) AD subtype. Each homogenate was applied to the HEK
Tau Biosensor cells normalised to total BH (5 pg per well) or normalised to total
tau (5 pug per well). Statistical analysis used Two-Way A NOV A wi post
hoc test. No significance observed for any AD subtypes nor the Control BH.
Technical repeats ran (N = 3).

3.6  Summary of Characterising tau within Human AD Subtypes

Overall, there was an obvious difference in disease duration between the AD
subtypes. The disease duration was significantly lower for rAD cases, as
expected, compared to the tAD and PCA cases. In addition, the rAD subtype
had significantly higher age of onset (all LOAD) compared to the tAD and PCA
subtypes. This is not a characteristic of rAD cases but rather the three cases
selected for this study happened to all demonstrate LOAD. The tAD cases were
a mix of EOAD and LOAD, whilst all PCA cases presented as EOAD. Again,
these were the cases available to use for our research and were not a
characteristic of the specific AD subtype. Due to the limited cases per subtype
(N =3), this may have contributed to differences observed between the

subtypes that were not due to their underlying tau pathology.

Each of the AD cases demonstrated varying levels of total tau, as well as
heterogeneity regarding prion-like properties such as sarkosyl-insoluble tau and
protease resistance. The most consistent cases were found within the tAD
subtype, which demonstrated the highest overall in vitro tau seeding and
aggregation, along with significant sarkosyl-insoluble tau expression,
collectively as a subtype. The rAD and PCA subtypes produced lower levels of
total tau, in vitro tau seeding and aggregation, along with insoluble tau
expression collectively as AD subtypes. The AD cases demonstrated no distinct
difference regarding their underlying tau structure after Western blots were
probed for different tau epitopes except for the isolated 62 kDa band observed
for the rAD1, rAD3, PCA1 and PCA3 BH. As these cases have demonstrated

lower total tau levels via Western blot, this 62 kDa band could be associated
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with cases that have lower seeding capabilities. This would be confirmed later
on within the thesis via the use of in vivo transmissions (chapter 5). Intra-
subtype variability was present for each tau epitope, relating closely to the level
of total tau exhibited when AD cases were loaded according to total protein
levels. Overall, the tAD1i 3, rAD2 and PCALi 2 cases exhibited prion-like
properties suggestive of disease-associated tau assemblies from the in vitro tau
seeding and aggregation and sarkosyl-insoluble tau data. Furthermore, each of
the AD cases exhibited positive post-mortem histology for human Ab  a n d
hyperphosphorylated tau, indicative of AD diagnosis.

Regarding tau inclusion morphology, similar morphology was observed for the
AD subtypes, with the exception of nuclear enclosed speckles observed in the
tAD1i 3 and Pos PCA3 cases alone. The localisation of the nucleus-enclosed
speckles appeared to be related to AD cases associated with higher levels of
total tau. Further experiments would be necessary to determine whether the
nucleus enclosed speckle morphology within the nucleus is specific to the tAD
subtype alone or due to these cases containing more tau compared to the rAD
and PCA cases. These experiments could include applying sarkosyl-insoluble
fraction to the DS1 cells, concentrating and increasing the amount of tau seeds

within each AD case.

The data from this chapter highlighted the heterogeneity observed amongst the
AD subtypes but could not find any distinguishing biochemical characteristics,
regarding tau, between the AD subtypes. Due to the time constraints of the
PhD, only a limited number of experiments had been carried out, limiting further
analysis into each of the molecular techniques. Furthermore, increasing the
number of cases between the AD subtypes would have helped combat the
apparent heterogeneity observed between the ages of onset and variation in
total and sarkosyl-insoluble fractions identified. Normalisation to the total tau
data determined via Western blot should be considered in the future, due to the
unexpected result observed from the MSD data. Finally, further techniques
could identify subtype-specific differences between the AD cases, enhancing
our understanding of AD.
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3.7 Development of a Cell-Based Assay to Measure AD Toxicity using

Differentiated Cortical Neurons

To determine whether any underlying patterns of toxicity could be distinguished
bet ween the Al zhei mer 6 s dbasedaasayevas AD)
optimised to measure such characteristics. Since AD is a human disease
associated with the neurodegeneration of cortical neurons (Foster et al. 1984;
Coyle, Price, and DeLong 1983; Gazestani et al. 2023), a cell-based assay was
developed using differentiated cortical neurons to model AD toxicity in vitro. The
use of human differentiated cortical neurons was also in line with the Medical
Research Council& (MRC) stance on the 3Rs regarding animal research:
replacement, refinement and reduction. Two induced pluripotent stem cell
(iPSC) lines were selected for this research from the European Bank of induced
pluripotent Stem Cells (EBISC). The first was a healthy Control line (Control),
obtained from a 23-year-old female, and the second was an isogenic line which
expressed the gene-edited microtubule associated protein tau (MAPT) exon 10
+ 16 frontotemporal dementia mutation (E10 + 16). This mono-allelic E10 + 16
cell line was selected due to its ability to produce ON4R tau from days in vitro
(DIV)65 (Verheyen et al. 2018). Due to its frontotemporal dementia mutation
within the MAPT gene (E10 + 16 splice-site mutation), the exon 10 inclusion
splicing of tau was favoured within this line (Hutton et al. 1998). Thus, the
expression of both tau isoforms would be important for any future research due
to AD expressing both 3R and 4R tau (Goedert et al. 1988; Goedert, Spillantini,
Jakes, et al. 1989; Goedert, Spillantini, Potier, et al. 1989; Goedert and
Spillantini 1990).

Since AD expresses 3R and 4R at a roughly 1:1 ratio, the expression of multiple
isoforms of tau is not necessary for successful in vitro tau fibrillisation due to the
presence of both 3R and 4R tau isoforms (Xu et al. 2021). AD patient-derived
seeds containing all 6 isoforms of human tau can recruit both 3R and 4R and
convert this into pathogenic tau (Tarutani et al. 2021). Thus, the expression of
only foetal tau is adequate for the pilot toxicity assay optimisations, using the
chosen IPSC-derived neuronal lines, within in this thesis. The two neuronal lines
created were from a healthy control, and an isogenic line created with clustered
regularly interspaced short palindromic repeats (CRISPR) mutation of E10 + 16
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within MAPT. This mutation is associated with frontotemporal dementia (Hutton
et al. 1998); producing a higher ratio of 4R tau (Grover et al. 1999; Connell et al.
2005). Both neuronal lines were generated by neural induction via the dual
SMAD inhibition (small molecule inhibitors of transforming growth factor beta
(TGF-b) and bone morphogenetic protein (BMP)) differentiation protocol,
adapted from Shi et al. (Shi, Kirwan, and Livesey 2012) to model cortical
neurons lost in AD (Alzheimer 1907; Alzheimer et al. 1995). Differentiation of
the IPSCs created the optimal environment to generate neural precursor cells
(NPCs), before forming neuronal rosettes, and maturing into iPSC-derived
cortical neurons. The neurons were left to mature to day 50 post-differentiation

(D50), before homogenate treatment within the toxicity assay.

3.8 Immunofluorescence Characterisation of iPSCs and Differentiated

Cortical Neurons

To differentiate cortical neurons in vitro, stem cells underwent dual SMAD
inhibition (Shi, Kirwan, and Livesey 2012). Before differentiation, stem cells
were stained against pluripotency markers to ensure that no differentiated cells
contaminated the starting cultures (Figure 25). Both lines exhibited OCT4 and
TRA-1-60 proteins, markers of pluripotency before differentiation (G. Shi and Jin
2010; Schopperle and DeWolf 2007).

Control E10 + 16

DAPI OCT4 TRA-1-60

Figure 25: Immunofluorescence of pluripotency markers for iPSCs. Before
differentiation, iPSCs were fixed and probed for OCT4 (green) and TRA-1-60
(red) to determine the expression of pluripotency markers. DAPI was used to
stain the nuclei (blue). Images were taken at 20X magnification using confocal
microscopy. Scalebar = 100 & m.
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The stem cells then underwent dual SMAD differentiation to generate cortical
neuronal fate. The cells were stained at days post-neural induction/post-
differentiation (D)20 and D30 with nestin to observe the presence of neural
stem cells within neuroepithelial layer as they develop into neural progenitor
cells post-neural induction (Figure 26). Also at D30, the neural progenitor cells
were stained for primary progenitor marker PAX6, distinguishing cortical identity
progenitor cells, and mitotic marker KI67 (Figure 27), with the latter to
distinguish progenitor cell development from post-mitotic neurons (Shi, Kirwan,
and Livesey 2012). Neuron-specific tubulin was identified by TUJ1 antibody
(Shi, Kirwan, and Livesey 2012), highlighting the development of neurons within

the early stages of development.

Control E10 + 16

D20

DAPI Nestin

D30

DAPI Nestin

Figure 26: Immunofluorescence of neuroepithelial markers for early-stage
dual SMAD differentiated cortical neurons. After dual SMAD differentiation,
the D20 neuroepithelial layer and D30 neural progenitor cells were probed for
neural progenitor marker nestin (green). DAPI was used to stain the nuclei
(blue). Images were taken at 20X magnification using confocal microscopy.
Scale bar=100¢ m.
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Figure 27: Immunofluorescence of neural progenitor markers for D30
cortical differentiated neurons. After dual SMAD differentiation to generated
cortical differentiated neurons, D30 neural progenitor cells were probed for both
mitotic marker K167 (green) and primary progenitor marker PAX6 (red) or early
di f f er e ntulbul tlene (arbidody TUJ1, red). DAPI was used to stain the
nuclei (blue). Images were taken at 20X magnification using confocal
microscopy. Scale bar =100¢& m.

Figure 28 indicates the presence of TBR1 at D50, one of the markers required
for identifying deep-layer, early-born cortical neurons (Shi, Kirwan, and Livesey
2012), along with neuronal-specific nucleic maker NeuN (at D75) and dendritic
marker microtubule-associated protein 2 (MAP2) in both the Control and E10 +
16 differentiated lines. By D50, it is clear that this time point, post-neural
induction, indicates that both lines had incorporated cortical neural cell fate and
had displayed mature markers for neurons post-differentiation. Therefore, this
was the time point selected for optimising the cell-based assay for assessing

AD toxicity in vitro. For future experiments, the time point would be extended to
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