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Abstract

Tauopathies, with Alzheimer’s disease (AD) the most common neurodegenerative
disorder, are caused by the abnormal folding and aggregation of proteins that seed
themselves and spread throughout the brain in a prion-like manner causing irreversible
neuronal cell death and progressive neurological symptoms. The intracellular
aggregates of the hyperphosphorylated tau in neurofibrillary tangles (NFTs), together
with the extracellular deposits of amyloid beta, are the fundamental neuropathological
characteristics of AD. It is unclear which tau species cause the toxicity and have seeding
capacity, responsible for the prion-like spread of tau pathology. While neuronal loss
correlates with the number of NFTs in AD, it is disproportionally higher, suggesting
oligomeric tau species rather than NFTs being the toxic species. This also suggests that
a proportion of tau pathology is not being detected by standard histopathological
markers (which focus on the detection of phosphorylated tau), particularly since tau
fibrillisation can occur independently of tau post-translational modifications. We have
now developed a new assay, tau proximity ligation assay (tau-PLA), for the
histopathological visualisation of a range of tau pathology, including previously
invisible early tau multimers, in situ with anatomical and subcellular detail. Tau-PLA
detected self-interacting tau in vitro and in situ in animal and post-mortem AD human
brain with high specificity, recognising different patterns of tau pathology. In contrast
with standard histopathological markers, tau-PLA detected a previously unreported
early type of tau pathology revealing an extensive diffuse tau distribution in non-
pathological brain regions of the brain along the Braak tau pathway. It also revealed
that tau multimerization is one of the earliest detectable molecular events of AD tau
pathology preceding tau hyperphosphorylation and misfolding. Tau Real-Time
Quaking-Induced Conversion showed that the early tau multimers have high seeding
activity and might be the toxic species contributing to the disease progress. Therefore,
our findings open a new window to the study of early tau pathology, with potential

implications in early diagnosis and the design of therapeutic strategies.
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Chapter 1: Introduction

1.1 Alzheimer’s Disease

1.1.1 Epidemiology of AD

AD is worldwide the most prevalent and common cause of dementia affecting a vast
number of individuals (60-80% of cases with dementia) (Silva and Haggarty, 2020).
Recent studies showed that approximately 58 million individuals in America of the age
of 65 and above live with AD, with the number of cases predicted to reach 88 million
in 2050 (He W. et al., 2016; “U.S. Census Bureau. 2014 National Population
Projections,” 2021). Although the incidence rate of AD has been reported to be
decreasing through the years due to improvements and the acquired knowledge in the
field of medicine and technology, the number of individuals with AD is increasing
significantly as the population aged 65 years old and over is rising (He W. et al., 2016;
Rajan et al., 2021; “U.S. Census Bureau. 2014 National Population Projections,” 2021).
The number of individuals with AD is increasing with age, defining age as one of the
principal risk factors for the development of AD (Tahami Monfared et al., 2022). A
percentage of 5% of individuals with age 65-74 years suffers from AD, with this
percentage being increased to 13% and 32% in individuals with age 75-84 and >85
years, respectively (Rajan et al., 2021). Although AD predominantly appears in old
people, known as late-onset (sporadic) Alzheimer’s dementia, young population can
also be affected with the number of patients presenting the early-onset (familial) form
being limited (Hendriks et al., 2021). Together with the global rise of people leaving
with AD, the financial expenses for the investigation, diagnosis, and treatment of the
disease are expected to be doubled reaching more than $2 trillion by 2030, unless new
ways and means for preventing, delaying, and curing the disease are developed (“2020
Alzheimer’s disease facts and figures,” 2020; Holtzman et al., 2011). Differences in the
prevalence of AD have also been reported between the two genders (Rajan et al., 2021).
Studies have shown that females are more likely to develop AD and other dementias
than males of the same age. The fact that the lifespan of female individuals is longer
than males contributes to the higher prevalence of AD in women (“2022 Alzheimer’s

disease facts and figures,” 2022; Chéne et al., 2015). The findings concerning the risk
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of developing AD for age-matched female and male patients are mixed suggesting that
the differences reported between the two genders are dependent as well on the age and
the geographic region (Tahami Monfared et al., 2022). Genetic factors affect in a
different manner women and men with the majority of the studies highlighting that the
ApoE-e4 gene has a strong link to AD (Ungar et al., 2014). The geographic region,
racial identity, lifestyle, and education also contribute to the reported differences in the
prevalence of AD as these conditions affect differently the risk of developing AD
(Launer et al., 1999; Russ et al., 2013; Tahami Monfared et al., 2022). The number of
individuals dying from AD has increased dramatically since 2000 affecting mostly the
older ages (Rajan et al., 2021; Tejada-Vera, 2013). Data from 2019 reported AD to be
the 6 leading cause of death, falling to 7™ in 2020 and 2021 after the appearance of
COVID-19, with COVID-19 being one of the most dominant death causes during these
years (Rajan et al., 2021; The US Burden of Disease Collaborators et al., 2018; Xu et
al., 2020). The long duration of the disease from the moment of diagnosis to death (8-
10 years, together with the increase in the average lifespan of humans and the high
levels of morbidity contribute dramatically to the public health impact of the disease

(Rajan et al., 2021; The US Burden of Disease Collaborators et al., 2018)

1.1.2 Risk factors for AD

Different risk factors have been described so far to contribute to the development of
AD. Although a small percentage of AD cases are familial, caused by inherited gene
mutations, the vast majority of AD cases are sporadic and are the result of various
factors that increase the risk for the disease (“2022 Alzheimer’s disease facts and
figures,” 2022). One of the strongest risk factors is age (Hebert et al., 2010). The risk
of developing AD is higher in individuals with age over 65 (Tahami Monfared et al.,
2022). As mentioned previously the percentage of patients living with AD is increasing
with age with the percentage of patients over 85 years old being 33.2% (Hebert et al.,
2010). Genetics also play a pivotal role in the development of sporadic AD (2022
Alzheimer’s disease facts and figures,” 2022). One strong genetic candidate is the
ApoE-e4 gene (Loy et al., 2014). Three are the alleles of ApoE gene €2, €3, and e4.
People with at least one e4 allele have a higher risk of getting AD, with the individuals

homozygous for the e4 allele having up to 12 times more chance of developing the
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disease (Michaelson, 2014). The e4 allele has been reported to be linked with the
increased possibility of forming a-beta plaques (Jansen et al., 2015). Various factors
like ethnicity, racial differences, or regional background affect the appearance of e4
allele in the adult population affecting consecutively the likelihood of developing AD
(Rajan et al., 2021). Initiation of AD pathology due to neuronal e4 involves several
pathophysiological mechanisms, including: the activation of microglia to induce
neuroinflammation, direct promotion of neuronal degeneration, involvement in
multiple signaling pathways that encourage the production and accumulation of Af and
Tau proteins, interference with lipid elimination resulting in cellular lipid accumulation,
and disruption of neuron cholesterol transport, ultimately reducing the formation of
myelin sheaths (Weuve et al., 2018). Recent studies focusing on e4 expression among
individuals with different ethnic and geographic background have reported conflicting
outcomes and therefore further investigation into the AD genetic mechanisms is
essential (Bakulski et al., 2021; Weuve et al., 2018). A link between people with
Trisomy 21 — Down Syndrome and AD has also been reported (Lott and Dierssen,
2010). Individuals with Trisomy 21 have an extra chromosome 21. APP gene, located
in chromosome 21, leads to the production of the amyloid precursor protein (APP)
(Selkoe and Hardy, 2016). In patients with AD, APP cleavage leads to the generation
of aP protein which tends to aggregate forming the af} plaques, one of the main
pathological hallmarks of the disease (Selkoe and Hardy, 2016). Therefore, individuals
with 3 copies of chromosome 21, produce higher levels af}, having a higher risk for AD
(Lott and Dierssen, 2010). People with Trisomy 21 develop AD at a younger age with
the possibility of developing AD to increase with age (Lott and Dierssen, 2010). With
life expectancy of adults living with Trisomy 21 rising, AD is considered one of the
main causes of morbidity in individuals with Down Syndrome (Hithersay et al., 2019).
A small number of AD cases are results of dominantly inherited gene mutations, with
the mutations being detected in the genes: APP, Presenilin 1 (PSENT), and Presenilin 2
(PSEN2) leading to early-onset AD (Goldman et al., 2011; Ryman et al., 2014). Apart
from these factors that cannot be easily controlled to delay and reduce the possibility
of the appearance of the symptoms, other more manageable risk factors include:
cardiovascular disorders, lifestyle, diet, education, and brain trauma (“2022
Alzheimer’s disease facts and figures,” 2022). These factors may not affect directly the
risk of developing AD, but they might act indirectly affecting other factors linked more
tightly to AD (Weuve et al., 2018). The brain is a small but demanding organ having
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high demands in oxygen (1/5 of the body's total oxygen supply), and hence, an efficient
blood supply is essential for the normal function of the brain (Mergenthaler et al., 2013).
The heart supplies the brain with blood through the carotid and vertebra arteries and
disturbances in the health of the heart affect the function of the brain (Samieri et al.,
2018). Therefore, the factors that increase the chances of a cardiovascular disorder
affect indirectly the risk of developing AD (Samieri et al., 2018). These could be
diabetes, blood pressure, hypertension, and high cholesterol (Abell et al., 2018; Anstey
et al., 2017; Biessels and Despa, 2018). On the other hand, the disease itself affects
normal blood flow and heart function (“2022 Alzheimer’s disease facts and figures,”
2022). Since 1952 infections from microbes such as Herpes viruses, Porphyromonas
gingivalis, Candida albicans and others are also considered to be important risk factors
for AD. These microbes are associated with the tau and AP fragments levels, as well as
with APOE expression, by having the potential to directly harm neurons or indirectly
initiate neuroinflammation, as demonstrated by previous studies (Lannuzel et al., 1997;
Li et al., 2015), while viral infections can additionally impact the metabolism,
accumulation, and elimination of proteins associated with Alzheimer's disease (Eimer
et al., 2018; Fan et al., 2020; Kamer et al., 2015; Sjogren et al., 1952). Detection of the
genetic material of these pathogens in the brain or CSF of the patients could be a
potential biomarker for the diagnosis of the disease (Fan et al., 2020). Lifestyle and diet
are also important risk factors for AD. Individuals following a balanced diet, exercising,
and avoiding smoking and drinking reduce the risk of mild cognitive impairment and
Alzheimer’s dementia (Buchman et al., 2019; Sanches Machado d’Almeida et al.,
2018). Education and brain training also support brain health. Although the underlining
mechanisms, in this case, are not well defined, it is hypothesised that education and
performance of cognitive tasks help the brain to use more efficiently the neuronal
networks (Stern et al., 2020). Here it is essential to mention that from a socioeconomic
aspect, education tends also to provide a lifestyle that ensures a better nutrition and
medical care (McDowell et al., 2007). Other risk factors include trauma brain injury
(TBI), mental health, and environmental factors (Barnes et al., 2018; Cherbuin et al.,

2015; Fann et al., 2018; Weuve et al., 2021).
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1.1.3 Neuropathology of AD

Neurons are the fundamental components of the nervous system, each consisting of a)
the cell body that contains the nucleus, b) the axon, a long process that extends out from
the cell body and forms branches that connect to other neurons, muscles, or other cell
types, and c) the dendrites, numerous shorter processes that receive information from
other neurons through synapses (Luo et al., 2015; Zayia and Tadi, 2022). Healthy
neurons are essential for the transmission of electrical impulses and chemical molecules
(neurotransmitters) to and from the brain to execute multiple functions forming the
cellular basis for the production of movements, senses, and memories (Giménez, 1998).
The healthy structure and function of the neuronal cells are highly affected in the
diseased brain. Although the neuropathological diagnosis of AD is still a challenge for
the neuropathologists, an early and correct diagnosis is essential for the delay and
treatment of the disease. In macroscopical assessment, the AD brain is characterized by
weight and volume loss as the atrophy expands through the cortices affecting mostly
the association cortices and the structures of the limbic system (Perl, 2010). Ventricle
expansion is also observed with the frontal and temporal horns being severely involved
(Piguet et al., 2009). The enlargement of the temporal horn has an impact on the
hippocampal region, contributing to the development of cognitive and memory
impairment in patients (Serrano-Pozo et al., 2011). Finally, pons involvement is a
common pathological feature of AD, characterized by degeneration of the pigmented
neuronal cells in the area of locus coeruleus (Serrano-Pozo et al., 2011). These
macroscopic characteristics are non-AD specific and can be also observed in other
neurological conditions like age-associated diseases, and therefore microscopic
evaluation of the brain tissue is essential for accurate confirmation of AD diagnosis

(DeTure and Dickson, 2019) (Fig. 1.1).
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Figure 1.1. Macroscopic images of post-mortem normal and AD human brain. AD brain
is characterised by cortical atrophy with the gyri being shrunk and the sulcal spaces being
widened (arrowheads). Enlargement of the ventricles is also observed (arrows). These
pathological features are not AD-specific and can also be detected in other neurological

conditions. (DeTure and Dickson, 2019).

Intracellular accumulation of abnormal tau in neurofibrillary tangles (NFTs), neuropil
threads (NTs) (straight and paired helical filaments that consisting of abnormaly
phosphorylated tau, primarily found in distant dendritic regions), and neuritic plaque
(NP)-associated tau (degenerating neural matter encircling accumulations of amyloid
beta) (Fig. 1.2), together with the extracellular amyloid beta deposition and the
enhanced levels of neuroinflammation and neurodegeneration are the fundamental
features of the AD (Selkoe and Hardy, 2016; Spillantini and Goedert, 2013). Additional
characteristics of the disease are cerebral amyloid angiopathy (CAA), granulovacuolar
degeneration (GVD) due to the small vacuoles with a dense core in the cytoplasm of
the neurons that contain tau molecules, and the appearance of Hirano bodies:
accumulation of filamentous actin and actin-binding proteins found in the dendrites of

the neurons (DeTure and Dickson, 2019; Hirano, 1994; Serrano-Pozo et al., 2011).

Tau protein, produced by the MAPT gene, is physiologically a soluble protein that binds
to the microtubules of the axons providing neuronal stability, promoting axonal growth,

contributing to neuronal transportation, and contributing to synaptic plasticity and
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hence ensuring the healthy and normal function of neurons (Pallas-Bazarra et al., 2016;
Panda et al., 2003). This normal function and structure of tau are highly affected in the
AD brain. Tau lesions vary in structure, composition, size, and cellular and anatomical
location. These tau accumulations can be soluble forming multimeric complexes and
protofibrils, or insoluble aggregates that form tau fibrils consisting of paired-helical
filaments (PHFs) and straight filaments (SFs), or even extracellular tau depositions
following neuronal death (ghost tangles) (Grundke-Igbal et al., 1986; Lasagna-Reeves
et al., 2014; Lee et al., 1991) (Fig. 1.2).
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Figure 1.2. Tau aggregated species. Microscopic analysis of post-mortem human AD
brain tissue stained with a phospho-tau antibody (AT8) . A) Soluble multimeric tau
species and intraneuronal pre-tangle materials, B) mature intraneuronal neurofibrillary
tangles and neuropil threads, and C) ghost tangles spotted in the extracellular space

(arrowhead). Scale bar 50 um. (Bengoa-Vergniory et al., 2021)

In the AD brain, tau pathology progresses gradually in synaptically connected brain
regions and is apparent long before the appearance of the clinical symptoms, being
responsible for synaptic loss and neuronal cell death (Alafuzoff et al., 2008; Braak et
al., 2006). Based on the ability of the AT8 antibody to capture the hyperphosphorylated
tau in the epitope Ser202/Thr205, Braak and his colleagues developed a staging system
for AD. According to this system, the intraneuronal hyperphosphorylated tau
propagates from the transentorhinal and the entorhinal cortex in Braak stage I and 11
respectively to the fusiform gyrus in Braak stage III and neocortical association areas
in Braak stage IV. The pathology then expands to the frontal, parietal, and occipital
cortices in Braak stage V ending up in the striate region of OC in Braak stage VI (Braak
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et al., 2006). The staging system was further optimized by Alafuzoff and his research
group in 2008 to overcome the restrictions of the previous methods. In the updated
staging system the stages were defined based on the AT8-positive NTs (Alafuzoff et
al., 2008). Braak stage I is characterized by at least low levels of AT8-immunopositive
NTs in the transentorhinal cortex. In Braak stage II the pathology expands to the
posterior hippocampus with at least moderate levels of AT8-immunopositive NTs being
observed in the EC. Pathology then expands to the inner layers of EC, fusiform cortex,
and neocortex in Braak stage III continuing to the deeper layers of TC in Braak stage
IV. Finally, parastriate and striate areas of the OC are displayed in Braak stages V and
VI, respectively (Alafuzoff et al., 2008).

Amyloid deposition is also one of the main hallmarks of AD (DeTure and Dickson,
2019). Amyloid plaques are the result of the abnormal cleavage of the amyloid
precursor protein (APP) by the - secretase (BACE1) and y-secretase leading to the
production of AP fragments, as well as the outcome of AP overproduction or/and
insufficient clearance mechanisms (Kumar et al., 2015; Thal et al., 2006). These
plaques are consisting of AB40 and AB42 peptides with the AB42 being more prone to
aggregation (Masters et al., 2015). These fragments fold creating B-sheets and hence
promoting the formation of AP plaques (Sipe and Cohen, 2000). The two types of
plaques observed in the AD brain are the diffuse and the dense core plaques (Thal et
al., 2006). Diffuse AP plaques are loosely packed and usually lack tau filaments. On
the other hand, the dense core plaques are densely packed and contain neuritic
components and for this reason are called neuritic plaques (NPs) (Thal et al., 2006)

(Fig. 1.3).
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Figure 1.3. AD senile plaques. Microscopic analysis of post-mortem human AD brain
an antibody against AP fragments (4GS8). A) Diffuse AP plaques and B) dense core
plaques spotted in the AD post-mortem human brain tissue. Scale bar 40 pm. (DeTure

and Dickson, 2019).

NPs are usually surrounded by activated astrocytes and microglia inducing immune
response and neurodegeneration (Dickson, 1997; Yasuhara et al., 1994). AB deposition
is also detected within the blood vessels of the brain and the leptomeninges causing
CAA (Serrano-Pozo et al., 2011). In contrast to the AP located in the brain parenchyma,
the AP located within the blood vessels is mostly consisting of AB40 (Perl, 2010).
Evidence support that tau lesions correlate better with the clinical symptoms than A
plaques. It is also suggested that tau and AP pathologies occur before the appearance

of brain atrophy and other macroscopically visible changes (Jack et al., 1999).

Inflammatory response is also evident in the AD brain. Microglial cells are the primary
immune cells of the CNS, with phagocytotic activity, that clear the brain from AP and
tau aggregated species and cell debris, promote neuroprotection, and maintain the
integrity of the synapses and neurons (Heneka et al., 2015). The levels of microglial
receptors linked to their phagocytotic activity (e.g. TREM?2) and their ability to recruit
other cell types (e.g. CX3CR1) are reported to be elevated in the AD brain (Heneka et
al., 2015; Ho et al., 2020). Astrocytes are glial cells responsible for maintaining the
integrity and healthy function of neurons (Sofroniew and Vinters, 2010). Activation of
astrocytes is also observed in the AD brain, with their physiological role focusing on
preserving cell homeostasis and normal activity (Preman et al., 2021). Although glial
cells contribute to the protection of the diseased brain, chronic activation of the
inflammatory response can be harmful resulting in synaptic loss, protein aggregation,
and neurodegeneration (Di Benedetto et al., 2022; Walker et al., 2019). Mitochondrial
dysfunction and extensive oxidated stress have also been observed in the AD brain. The
energy deficits and the release of reactive oxygen species caused by the abnormal
mitochondria affect the integrity and activity of te neuronal and glial cells reducing

their viability.

The neuropathological diagnosis is still a challenge for neuropathologists as AD could

be easily misdiagnosed or co-exist with other neurological disorders. Therefore,
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detailed evaluation and assessment of the brain tissue are essential. A number of
diagnostic criteria have been proposed for the neuropathological evaluation of AD
based on the 2012 National Institute on Aging-Alzheimer’s Association Guideline. The
criteria include the determination of tau Braak staging, AP Thal phase (AP staging
system based on the detection of immunopositive amyloid deposis in cortical and
subcortical areas), and neuritic plaque CERAD (Consortium to Establish a Registry for
Alzheimer’s Disease) score (Hyman et al., 2012; Mirra et al., 1991). Brain tissue from
individuals with or without dementia is accessed based on these criteria to conclude
whether the patients with AD and determine the severity and stage of the disease

(Hyman et al., 2012; Mirra et al., 1991).

1.1.4 Symptoms of pre-clinical and clinical AD

AD, the most common cause of dementia, is a neurodegenerative disorder that
progresses gradually from the moment of the appearance of the first neuropathological
signs in the brain until the development of severe clinical symptoms creating an AD
continuum. Three main stages have been described to characterize AD. These are pre-
clinical AD, mild cognitive impairment caused by AD, and AD dementia (McKhann et
al., 2011; Sperling et al., 2011; Vermunt et al., 2019). In the pre-clinical stage, the
patients usually exhibit changes in the brain as the appearance of the first AD
biomarkers is occurring (Sperling et al., 2020). However, no clinical symptoms have
yet developed, with the individuals maintaining a normal life (Vermunt et al., 2019).
AP deposits and tau aggregates are the main pathological features detected in the brain,
CSF, or blood of the patients (Olsson et al., 2016; Sperling et al., 2020). Due to the fact
that patients don’t present any pathological clinical image, the diagnosis of the disease
at this stage is difficult (Sperling et al., 2011). To overcome this limitation, scientists
are now focusing on developing new methods for the detection of early AD biomarkers
in the pre-clinical brain. However, more research is required in this field until the
discovery of a tool that could be widely used by medical centers and hospitals in order
to capture the pathology in such an early stage (Olsson et al., 2016). A number of
individuals exhibiting biological brain alternations related to AD could later on develop
MCI then AD (Bennett et al., 2006). In this stage, pathological changes continue to

occur in the neuronal system, however the clinical image of the patients alters with the
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appearance of very mild cognitive symptoms (Vermunt et al., 2019). These symptoms
could be mild cognitive and memory impairments that don’t affect the daily life of the
patients and cannot be easily spotted by the surrounding environment (‘2022
Alzheimer’s disease facts and figures,” 2022). Approximately 33% of individuals with
MCI could develop dementia within five years (Ward et al., 2013). AD dementia can
be mild, moderate, or severe depending on the neuropathological image of the brain
and the severity of the clinical phenotype (“2022 Alzheimer’s disease facts and
figures,” 2022; Ward et al., 2013). In the mild form of AD, although the patients can
perform the majority of their daily tasks, some help in more complicated activities is
required (Petersen et al., 2018). Moving to the moderate form, the number of clinical
symptoms is increased with the patients exhibiting more difficulties in the performance
of several tasks, in remembering things, in the language, as well as, in the way they
behave and react (Petersen et al., 2018). The last stage is the severe form of dementia
due to AD, where the patients are unable to survive without having any care or
assistance as the symptoms are dramatically severe affecting every aspect of their daily
life (Petersen et al., 2018). Patients are unable to complete most of their everyday tasks
as their ability to recall memories, recognise faces, or even communicate is significantly
reduced (Romero et al., 2014). Their ability to move can be also be impaired with most
of the patients start developing other physical dysfunctions and health issues (Romero
et al., 2014). Receiving food efficiently and breathing properly are also a challenge for
patients with the severe form of AD, making them more susceptible for lung infections
(Romero et al., 2014). Although the disease is progressing gradually from the one stage
to the other, the duration of each stage varies depending from multiple factors including
the age, gender, genetic and environmental factors (Vermunt et al., 2019). It is also
essential to highlight that not all the individuals with pre-clinical AD or patients with
MCI develop MCI or AD dementia, respectively (Vermunt et al., 2019). Individuals
exhibiting brain changes related with dementia might suffer exclusively from AD, or
other neurological disorders, or even more commonly from mixed dementia (AD co-

existing with other non-AD neurological causes) (Kawas et al., 2015).
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1.1.5 Treatments for AD

So far, no current treatments have been developed to stop or reverse AD. All the
therapeutic approaches that have been developed since today aim to delay the
appearance of clinical symptoms and to ameliorate their severity, offering the patients
a better quality and duration of life (Yiannopoulou and Papageorgiou, 2020).
Communication and examination of the symptoms and behaviour of the patients, as
well as phycological support and educational approaches, are used by the physicians,
doctors, and caregivers to assist the patients to deal with the disease and cope with their
daily routine and tasks (Yiannopoulou and Papageorgiou, 2020). Pharmacological
treatment of AD using approved Food and Drug Administration (FDA) drugs is another
approach to the management of the disease symptoms(Cummings et al., 2018). Such an
approach includes the use of acetylcholinesterase inhibitors (AChEIs). The three FDA-
approved drugs are donepezil, rivastigmine, and galantamine (Cummings et al., 2019).
These molecules prolong the activity of the acetylcholinesterase enzyme by preventing
acetylcholine (ACh) breakdown in the synapses (Yiannopoulou and Papageorgiou,
2013). The AD brain is characterised by a deficiency in the levels of ACh and therefore,
preventing the breakdown of this neurotransmitter is vital for the healthy function and
survival of the neurons (Akincioglu and Giilgin, 2020). Analysis of these three drugs’
efficiency supported that patients presented delay in the appearance of the clinical
symptoms, with some of them showing even an improvement in their cognitive ability
(Farlow et al., 2000). However, side effects affecting the function of the gastrointestinal
tract and heart have been reported (Yiannopoulou and Papageorgiou, 2020). For
moderate or severe cases of AD, memantine, an N-methyl-D-Aspartate (NMDA)
receptor antagonist is used. NMDA receptor is a glutamate receptor and ion channel
that has been found to be overactive as a consequence of the pathologically high levels
of glutamate in the AD brain, resulting in neuronal dysfunction and neurodegeneration
(Parsons et al., 2007). Thus, by modulating ion influx and glutamate transmission,
memantine ameliorates the cognitive impairment and behavioural disturbances of the
patients (Zhou et al., 2019). A combination of AChEIs and memantine is also a common
approach used for AD management (Na et al., 2019). Antidepressants are also used for
the phycological support of patients suffering from psychological symptoms, anxiety,
or/and depression (Bessey and Walaszek, 2019). However, a careful and controlled

administration and use of these drugs are essential as adverse effects might appear in
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some cases (Bessey and Walaszek, 2019). Therefore, each patient must be carefully
examined and the medication provided should be based on his age, disease severity,
symptoms, clinical history, and general health (By the American Geriatrics Society
2015 Beers Criteria Update Expert Panel, 2015). Food supplements and vitamins are
also administrated to the patients (Blokh et al., 2017). Apart from the medical and
technological progress in the last decades, the discovery and development of a new
efficient drug for the cure of AD present a significantly high failure rate, with AD
treatment still being a challenge for scientists (Fan et al., 2020). Today ongoing studies
are focusing on the different aspects of AD pathology and molecular mechanisms
aiming to develop new disease-modifying strategies that will overcome the limitations
of the previously developed drugs. These approaches include the development of agents
that target AP formation such as - or y-secretase inhibitors, as well as, a-secretase
modulators, components that prevent the formation of senile plaques and tau aggregated
species, and immunotherapies against AP or abnormal tau (Yiannopoulou and
Papageorgiou, 2020). AP and tau immunotherapies aim the degradation and clearance
of their targets and can be either active or passive. In active immunotherapy AP or
phosphorylated tau peptides, synthetic or not, are used for the development of vaccines
that induce the production of antibodies in the patients receiving the treatment. On the
other hand, passive immunotherapy is achieved by using monoclonal or polyclonal
antibodies against these targets (Folch et al., 2016; Goiii et al., 2013). Up to today, small
progress has been made in the development and FDA approval of successful
immunotherapeutic methods; however, significant improvements have been achieved
to overcome the different limitations encountered in the past (Wisniewski and Goiii,
2015; Yiannopoulou and Papageorgiou, 2020). Lecanemab-irmb, an AP-directed
antibody, is an example of a recently approved FDA immunotherapy (fda.gov). As the
enhanced levels of inflammatory response is one of the main features of AD, anti-
inflammatory drugs have also been developed (McGeer et al., 2016). Studies has shown
that nonsteroidal anti-inflammatory drugs used for other diseases, like TNF-a
inhibitors, could delay the appearance of the clinical symptoms being a potential
therapeutic approach for AD (Chang et al., 2017). Stem cell-based therapies are being
developed (Cummings et al., 2019). Although the development of AD therapeutic
methods and drugs is essential for AD treatment, early diagnosis is the key for delaying
and managing AD. Therefore, development of more efficient and drastic diagnostic

tools and strategies is one of the main aims of the scientists today (Atri, 2019). Well-
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established relationship between properly trained caregivers and the patients, as well as
emotional and psychological support, are vital for the improvement of the quality of the
life of the individuals living with AD. Finally, financial support of the caregiving
system and AD research is essential (“2022 Alzheimer’s disease facts and figures,”

2022).
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1.2 Tau protein

1.2.1 Tauopathies

Proteinopathies are neurological disorders caused by the abnormal folding and
aggregation of proteins that seed themselves and spread through the brain in a prion-
like manner causing, as they expand, irreversible cell death and progressive
neurological symptoms (Goedert et al., 2017; Lee et al., 2001). The abnormal and
pathological aggregation and misfolding of the microtubule-associated protein tau in
the central nervous system (CNS) in the neuronal and glial cells is the main hallmark
of neurodegenerative disorders termed tauopathies (Goedert, Eisenberg, & Crowther,
2017; Lee, Goedert, & Trojanowski, 2001). Tauopathies are divided into primary and
secondary tauopathies (Silva and Haggarty, 2020). Disorders, where tau is the dominant
pathological characteristic and has a direct impact on neurodegeneration, are known as
primary tauopathies, while tauopathies where tau is not the only responsible
pathological feature and other proteins also contribute to the development of the disease
are called secondary (Silva and Haggarty, 2020; Spillantini and Goedert, 2013). Pick’s
Disease (PiD), Progressive Supranuclear Palsy (PSP), Corticobasal Syndrome (CBD),
Aging-Related tau Astrogliopathy (ARTAG), Primary age-related Tauopathy (PART),
Behavioural variant of Frontotemporal Dementia (bvFTD), and Argyrophilic Grain
Disease (AGD) are some well-known examples of primary tauopathies (Kovacs, 2020;
Silva and Haggarty, 2020; Spillantini and Goedert, 2013). Alzheimer’s Disease (AD)
and Chronic Trauma Encephalopathy (CTE) are secondary tauopathies with AD being
the most prevalent dementia and the most common neurodegenerative disorder
(Hernéndez et al., 2018; Mez et al., 2017; Spillantini and Goedert, 2013). The division
of tauopathies in these two subgroups doesn’t mean that tau plays a less important role
in the pathophysiology of secondary tauopathies (Jadhav et al., 2019). Tauopathies are
also characterised as familial or sporadic (Hutton, 2006; Lee et al., 2001). Although a
significant number of familial cases has been reported, with mutations in the MAPT
gene being responsible for the abnormal structure, behaviour, and function of tau
protein that leads to toxicity and cell death (Hutton, 2006), the majority of tauopathies
are sporadic presenting neurological and phenotypic diversity (Lee et al., 2001).
Different mechanisms have been proposed so far to contribute to tau-induced

neurotoxicity and neurodegeneration and can be divided into two non-mutually
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exclusive main groups: the loss of tau function and the gain of toxic function (Feinstein
and Wilson, 2005; Trojanowski and Lee, 2005). The loss of tau normal function can be
caused by abnormal post-translational modifications (PTMs) and conformational
changes of tau. This results in the inability of tau protein to bind properly to the
microtubules of neuronal axons affecting the structure, stability, and function of
neurons, creating disturbances in axonal transport, leading to synaptic dysfunction, and
promoting toxicity and neuronal cell death (Feinstein and Wilson, 2005; Tepper et al.,
2014). Gain of toxic function of tau is a result of abnormal PTMs of tau, impaired tau
folding, and deficits in tau clearance leading to the generation of tau molecules that are
prone to aggregate forming insoluble structures and fibrils that prevent the normal
function of neurons (Kuret et al.,, 2005; Mandelkow and Mandelkow, 2012;
Ramachandran and Udgaonkar, 2011). Although nowadays the knowledge about
tauopathies and their pathology has significantly increased, a deeper understanding of
the molecular mechanisms of tau pathology is needed to allow the development of new

biomarkers and therapies for AD and related tauopathies (Silva and Haggarty, 2020).

1.2.2 MAPT gene and tau structure

The microtubule-associated protein tau is encoded in humans by a single gene called
MAPT and is a protein required for microtubule assembly in the neuronal axons. The
MAPT gene is located on the 17q21 chromosome and is characterised by impressive
evolutionary conservation (Siindermann et al., 2016). Although tau is predominately
expressed in the central and peripheral nervous system, its expression has been
described also in the breast, pancreas, kidneys, heart and skeletal muscles, and salivary
glands (Kent et al., 2020). Tauis a physiologically unfolded soluble protein consisting
of three main domains with different biochemical and functional properties (Brandt,
1996; Igbal et al., 2009). These domains are an N-terminal acidic domain, a proline-
rich domain, and a microtubule-binding domain in the C-terminal part of the tau
molecule (Brandt, 1996; Goedert et al., 1989) (Fig. 1.4). The N-terminal domain is
mainly responsible for the transmission of neuronal signals, contributes to the
interaction of tau with the cell membrane, and regulates the microtubule dynamics. The
C-terminal domain is responsible for tau ability to bind to the microtubules, with the

domains within or close to this region affecting the microtubule-binding process of tau
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through multiple tau modifications (Brandt, 1996). Proline-rich domain contributes to
the interaction of tau with actin (He et al., 2009). The MAPT gene comprises 16 exons,
three of which (exons 2,3, and 10) are involved in alternative splicing resulting in the
generation of 6 tau isoforms (Goedert et al., 1989; Wang and Mandelkow, 2016). Tau
isoforms differ in the number of N-terminal inserts (ON, 1N, or 2N) and the number of
microtubule-binding repeats (3R and 4R) (He et al., 2009; Silva and Haggarty, 2020).
Expression of exons 2 and 3 is responsible for the number of N-inserts, with exon 2
encoding N1 insert and exon 3 encoding N2 insert (Trabzuni et al., 2012). Translation
of exon 10 leads to the expression of the second microtubule-binding repeat resulting

in the production of the 4R instead of the 3R isoform (Park et al., 2016) (Fig. 1.4).
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Figure 1.4. Human microtubule-associated protein tau. Schematic representation of
MAPT gene and tau isoforms. The MAPT gene comprises 16 exons three of which
(exons 2,3, and 10) contribute to alternative splicing, resulting in the generation of 6
tau isoforms. The human tau protein consists of three main domains, an N-terminal
acidic domain, a proline-rich domain, and a microtubule-binding domain. Tau isoforms
differ in the number of N-terminal inserts (ON, 1IN, or 2N) and the number of
microtubule-binding repeats (3R and 4R) (Silva and Haggarty, 2020).
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The expression of tau protein in the brain is developmentally regulated with all six
isoforms being expressed differently during human brain development. A balanced
ratio of 1:1 characterises the healthy adult brain with the 4R isoform increasing the
ability of tau to bind stronger to the microtubules (Goedert et al., 1989). The shortest
3R isoform (ON3R) is dominant in the fetal brain contributing to axonal growth and
plasticity, as well as the formation of new synaptic connections (Lacovich et al., 2017).
Expression of the other isoforms occurs in the later developmental stages of the human
brain. In addition, N1 isoforms are dominant in the adult brain with N2 isoforms being
encoded at a lower level (Goedert et al., 1989). The presentation of various isoforms of
this protein in the mature mouse brain differs with the adult mice lacking the 3R
isoforms. Furthermore, there is dissimilarity in the N-terminal sequence of the Tau
protein between mice and humans, with murine tau interacting with different
endogenous proteins (Hernandez et al, 2020). Tau conformational architecture is
characterized by the lack of a stable precise three-dimensional structure as quick and
often morphological alternations and modifications are required to maintain its
physiological activity (Dunker et al., 2008). This fact makes tau prone to lose its
physiological function and obtain a pathological behavior, being responsible for the
appearance of several tau-related disorders (tauopathies), with AD being the most

common of them (Kovacech et al., 2010).

1.2.3 Post-translational modifications of tau protein

PTMs of a protein refer to the biochemical alterations that occur to one or more amino
acid residues of a protein after its expression that further define its structure, properties,
and function. These modifications usually occur through an enzyme-mediated addition
of chemical particles or through the mechanism of proteolytic cleavage (Ramazi and
Zahiri, 2021). Tau is a protein that undergoes various modifications including
phosphorylation, acetylation, ubiquitination, proteolytic truncation, methylation,
glycosylation, and others. These modifications can increase its morphological and
physiological functional diversity, but they also make it prone to obtain pathological
behaviors resulting in the loss of normal function or the gain of toxic function. Specific

amino acid residues are more susceptible to specific modifications. For example, serine,
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threonine, and tyrosine are susceptible to phosphorylation, lysine to ubiquitination,

acetylation, and glycosilation, histidine to truncation, etc (Alquezar et al., 2021).

During tau phosphorylation, a phosphate group is added to one or more amino acid
residues of the tau molecule. The addition of this group is performed by kinases, while
the removal is by phosphatases. This modification changes the chemical properties of
the protein by adding a group that increases the hydrophilicity of the targeted protein,
an event that affects multiple cellular mechanisms and functions (Humphrey et al.,
2015). Tau phosphorylation in specific sites occurs normally in the brain. However, the
majority of these events tend to be pathological, leading to the development of different
tauopathies (Cook et al., 2014; Hanger et al., 2009). The insufficient clearance of these
abnormal tau molecules affects the degradation mechanisms and therefore its clearance
affects proteostasis and homeostasis of the cells (Matsuo et al., 1994). Numerous
enzymes have been described to contribute to these events including the kinases:
glycogen synthase kinase-3 (GSK-3), microtubule affinity-regulating kinases
(MARKS), cyclin-dependent kinase 5 (CDKS), casein kinase 1 (CKl1), 5" AMP-
activated protein kinase (AMPK), protein kinase A (PKA), as well as phosphatases:
protein phosphatase 1 (PP1), protein phosphatase 2A (PP2A), protein phosphatase 5
(PP5) (Alquezar et al., 2021). Changes in the charge of tau also affect its ability to bind
to the microtubules resulting in tau relocation from the neuronal axon to the cytoplasm
and dendrites (Li and G6tz, 2017). Further investigation on the molecular mechanisms
and pathways that induce tau hyperphosphorylation and thus acquisition of a

pathological status is needed.

Acetylation is another type of tau modification that includes the introduction of an
acetyl group to a lysine of tau molecules. The addition and removal of this group are
performed by the enzymes acetyltransferases and deacetylases, respectively (Drazic et
al., 2016). Acetylation affects the charge of tau protein by neutralizing the positive
charge of lysine residues, through which it binds to the negatively charged
microtubules, and therefore alters protein folding, location, activity, as well as
interactions with other proteins. These changes also have an impact on other PTMs of
tau affecting processes like tau degradation and clearance (Alquezar et al., 2021; Lim
et al., 2014; Narita et al., 2019). Studies in animal and post-mortem human brain tissue
have revealed increased levels of tau acetylation in diseased brains with the acetylation

occurring early in the development of tau pathology in tauopathies (Chen et al., 2020;
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Min et al., 2010; Morris et al., 2015). The role of acetyltransferases and deacetylases is
considered controversial with studies supporting that both enzymes contribute to the
increase and reduction of tau accumulation (Carlomagno et al., 2017; Cook et al., 2014;

Ding et al., 2008; Min et al., 2018).

Ubiquitination is also one of the PTMs that modifies tau protein. During this
modification, a ubiquitin-protein consisting of one or more ubiquitin molecules is
introduced to a lysine residue of tau protein. Ubiquitination is catalysed by three
enzymes, the activating enzyme El, the conjugating enzyme E2, and the ligating
enzyme E3 that attach a ubiquitin chain to tau protein promoting tau degradation
through the ubiquitin-proteasome system (UPS) or the autophagy-lysosomal pathway
(APS). Seventeen out of forty-four lysine amino acid residues of the full-length human
tau have been reported to exhibit ubiquitination (Harris et al., 2020; Nathan et al., 2013;
Suresh et al., 2016). Tau fibrillar lesions purified from the brain of patients with AD
and related tauopathies have been found to be ubiquitinated, with the ubiquitination
occurring after tau phosphorylation and multimerisation, indicating that the process of
ubiquitination is occurring as a response of the cells to deal with the abnormal tau
molecules driving them to degradation (Alquezar et al., 2021; Bancher et al., 1991;
Perry et al., 1987). On the other hand, pieces of evidence are proposing that the addition

of ubiquitin molecules can also promote tau assembly (Dickey et al., 2006).

Proteolytic cleavage and truncation of tau is another tau PTM that is catalysed by
proteases. This modification plays a pivotal role in the viability of the cells as it
regulates tau structure and function, and therefore various molecular and cellular
mechanisms like protein degradation (Alquezar et al., 2021). The role of proteolytic
truncation is controversial as this mechanism can either promote tau aggregation by
affecting other physiological PTMs and degradation processes of abnormal tau or
promote clearance of pathological tau complexes protecting cell viability (Chesser et

al., 2013). Proteases involved in this process are calpains and caspases (Quinn et al.,

2018).

Methylation has also been described to modify tau protein. Both DNA and protein can
exhibit methylation through the addition of a methyl group. DNA methylation is a
chemical process that regulates gene expression by promoting transcriptional silencing

(Moore et al., 2013). Tau protein methylation is usually occurring on lysine or arginine

37



amino acid residues, changing the electrostatic behavior of the protein and therefore
affecting its location, activity, and various other cellular mechanisms (Alquezar et al.,

2021; Falnes et al., 2016).

Another PTM of tau is glycosylation, through which a carbohydrate is added to a
protein and can be either enzyme-mediated glycosylation or glycation (non-enzyme-
mediated glycosylation). Glycosylation occurs in asparagine, serine, or threonine
residues is catalysed by glycosyltransferases, and is usually important for the
physiological biosynthesis and function of the protein. In contrast, glycation refers to a
non-enzymatic addition of a monosaccharide to the target protein (Taniguchi et al.,
2016; Welsh et al., 2016). Glycosylation by the addition of sugar on the oxygen
molecule of a threonine or serine residue of tau protein, known as O-glycosylation, is
considered to have a protective role since this modification occurs to residues
vulnerable to phosphorylation (Smet-Nocca et al., 2011). This is in line with the finding
supporting that tau O-glycosylation is reduced in the AD brain (Robertson et al., 2004).
Glycation on the other hand has been reported to be elevated in the tau aggregates
purified from the brain of the AD cases, but not in the monomeric tau (Ko et al., 1999).
Glycation is reported to affect the affinity for microtubules, as well as the process of

ubiquitination (Yan et al., 1994).

More PTMs have also been described including nitration and oxidation (Alquezar et
al., 2021). To sum up, PTMs of tau play a determining role in the three-dimensional
architecture, properties, and cellular functions of the protein, having either a protective
or a damaging impact on the neurons and the other cell types, contributing to the

progress of the various tauopathies.

1.2.4 The physiological role of tau protein

The main role of tau is focused on its interaction with the microtubules in the neuronal
axons. Tau protein is responsible for microtubule assembly and stabilization by binding
with high affinity to tubulin dimers leading to the formation of microtubule polymers
of various lengths (Amos, 2004; Dent and Baas, 2014). The majority of the neuronal
tau protein is spotted in the axons and plays a vital role in axonal growth and maturation,

controlling microtubule dynamics. Research studies on tau knock-out models have
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revealed that depletion of tau disturbs neuronal growth and maturation, prevents axonal
elongation, impairs axonal structure and integrity, and prevents the recruitment of other
factors that are essential for the microtubule stability and axon formation (Dawson et
al., 2001; Harada et al., 1994; Liu et al., 1999; Ramirez-Rios et al., 2016; Sotiropoulos
et al., 2017). Additional studies have proved that tau is essential for neurons to preserve
a single, non-branched axon, while reduced tau levels have been described to the full-
of-branches dendrites (Yu et al., 2008). It has also been reported that tau prevents the
cleavage of the microtubules by blocking the action of the protein katanin, a
microtubule-severing protein (Luptovciak et al., 2017; Yu et al., 2008). Although tau
plays a determining role in axonal dynamics, the lack of tau has been described to
trigger the increase of the expression of the other microtubule-associated proteins to
execute and make up the initial function of tau (Ma et al., 2014; Tint et al., 1998).
Microtubules participate as well in the transport of various proteins, molecules, and
organelles across the neurons. Tau is a regulator of this mechanism with disturbances
in the function and levels of the protein blocking the movement of the axonal motor
proteins, impairing their activity, or even inducing their detachment from the
microtubules (Kent et al., 2020; Siahaan et al., 2019). Although the majority of the
studies have described diverse actions of tau in the control of axonal transport
dynamics, a number of them supported that tau depletion or overproduction does not
affect the transport rate through the axon (Holper et al., 2022; Yuan et al., 2008). The
role of tau is not restricted only to axonal growth and stability. Tau contributes as well
to synaptic activity and plasticity, with the impairments in this activity harming the
synapses, affecting the spine density, and inducing synaptic protein deficits (Velazquez
et al., 2018; Zhou et al., 2019). Tau's role in the post-synaptic region is of utmost
importance, as it regulates long-term potentiation (LTP), demonstrated by its ability to
hinder hippocampal LTP when neurons are exposed to tau, particularly in rat
hippocampal synapses (Ondrejcak et al., 2018). Furthermore, research suggests that tau
holds significant physiological significance within synapses; heightened tau levels in
dendrites impact memory and synaptic plasticity. When tau is not properly located, it
leads to a reduction in miniature excitatory postsynaptic currents (mEPSCs) in rats, as
outlined in the study conducted by Hoover et al. (2010). Apart from neuronal tau, tau
is also expressed by oligodendrocytes. It has been reported that tau contributes to the
production of myelin protein and the process of myelination, as patients suffering from

AD and related tauopathies usually present hypomyelination and disturbances in the
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myelin formation (Ferrer et al., 2020). In line with this are studies with animal models
of human tauopathies supporting the existence of disease-induced myelination
impairments (Jackson et al., 2018). Tau is also essential for the growth and stability of
oligodendrocyte processes (Klein et al., 2002). It is evident that tau plays a vital role in
the activity and morphological architecture of oligodendrocytes, and thus the integrity
and viability of neurons (Kent et al., 2020). Although the majority of tau is cytoplasmic,
tau can also be detected in the nuclei of the cells interacting with the DNA or the RNA,
preserving the genomic integrity (Camero et al., 2014; Maina et al., 2018; Rady et al.,
1995). Tau protein found in the nucleus of cells usually lacks phosphorylation, with the
hyperphosphorylation of the protein impairing its ability to interact with the nucleic
acids, and thus affecting multiple physiological molecular mechanisms and functions
of the cells (Lu et al., 2013). Tau plays an important role in preserving the integrity and
structure of chromosomes, protecting the oligonucleotides from the harmful effects of
the oxygen-reactive species, promoting the repair of the damaged DNA or RNA, and
controlling the process of transcription by suppressing or inducing gene expression
(Kent et al., 2020; Maina et al., 2018; Rossi et al., 2013; Violet et al., 2014). Finally,
studies in MAPT KO mice have reported that tau, as a structural protein, contributes to
the regulation of the cell division cycle, acting as a suppressor of tumorigenesis (Han
et al., 2020). Therefore, we can declare that tau proteostasis can also be associated with
the risk of tumor formation (Kent et al., 2020). Overall, these pieces of evidence
highlight the importance of the maintenance of the physiological architecture, folding,
modification, and activity of tau protein both in the neurons and the other cell types,

preventing the development and progress of the various tauopathies.

1.2.5 Tau pathology

Although a significant number of cases with tauopathies are familial and are caused due
to MAPT gene mutations, the majority of the cases are sporadic, characterised by
neurological and phenotypic diversity (Lee et al., 2001). Tau protein, due to the lack of
a precise stable conformation, is susceptible to morphological changes and can
subsequently sustain pathological properties (Kovacech et al., 2010). In the last
decades, studies support that early-type tau aggregates, rather than late-type tau lesions,

are the main responsible species that lead to the development of tauopathies (Bengoa-
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Vergniory et al., 2021; Gémez-Isla et al., 1997). Tau multimerisation, abnormal PTMs,
conformational changes, insufficient tau clearance, and tau cellular and anatomical
relocation are potential mechanisms through which tau obtains pathological and toxic
behaviours causing neurotoxicity and cell death (Silva and Haggarty, 2020). Multiple
molecular and cellular mechanisms have been proposed to contribute to tau-induced
toxicity and neurodegeneration and can be divided into two non-mutually exclusive
groups: the loss of tau function and the gain of toxic function (Feinstein and Wilson,
2005). Loss of tau function affects the ability of tau to bind properly to the microtubules
resulting in disturbances in the neuronal cell function, axonal growth and
transportation, and synaptic efficacy (Tepper et al., 2014). The loss of tau physiological
function can be the outcome of abnormal PTMs and conformational changes (Tepper
et al., 2014). Similarly, PTMs, tau misfolding, and insufficient tau clearance can lead
tau to obtain toxic properties leading to the production of tau molecules that are prone
to aggregate preventing the normal function of the neurons (Kuret et al., 2005;

Mandelkow and Mandelkow, 2012).

Different molecular mechanisms have been described to cause tau-induced toxicity
with the most common of them being tau PTMs. Tau inhibits multiple PTMs like
phosphorylation, acetylation, ubiquitination, and truncation (Silva and Haggarty,
2020). Disturbed tau modifications can affect tau charge, and thus its affinity for axonal
microtubules (Kellogg et al., 2018). Hyperphosphorylation of tau is the main cause of
tau abnormalities. Numerous phosphorylation sites have been detected so far, with most
of them being spotted at serine (Ser) and threonine (Thr) residues (Neddens et al.,
2018). One of the most affected epitopes is the Ser202/Thr205 which can trigger tau
fibrillisation and large tau lesion formation (Ercan-Herbst et al., 2019; Lasagna-Reeves
et al., 2012). Hyperphosphorylation in Thr231, Ser422, Ser396/Ser404, and Thr217 are
events that occur early in the development of the AD pathology with some of them
(e.g., Thr321) being linked with the increase of tau ability to seed itself and propagate
to the synaptically connected cells (Ercan-Herbst et al., 2019; Mondragén-Rodriguez
et al., 2014; Smolek et al., 2016). Targeting kinases, phosphatases, or other enzymes
that are responsible for tau modification can be potential targets for the treatment of
tauopathies. Therefore, kinases like GSK-3, MARKs, CDKS5, CK1, AMPK, and PKA,
as well as phosphatases like PP1, PP2A, and PP5 can be some potential candidates
(Inobe et al.,, 2015; Qian et al., 2010; Silva and Haggarty, 2020). Although
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hyperphosphorylation of tau reduces tau affinity for microtubules, several studies still
question whether tau hyperphosphorylation occurs before or after tau dissociation from
microtubules (Kent et al., 2020). In a recent study, researchers proved that disease-like
pseudo-phosphorylation although reduced the ability of tau to bind to the microtubules,
it didn’t affect the detachment rate of tau (Niewidok et al., 2016). In line with this is
another study supporting disruption-induced tau dissociation and relocation to the

cytoplasm, followed by phosphorylation (Miyasaka et al., 2010).

Tau acetylation is also a modification that regulates tau ability to bind to the
microtubules. Hyperacetylation of tau is mostly occurring in the microtubule-binding
domain in the C-terminal of tau and has been proven to prevent tau from interacting
with microtubules, affecting axonal stability and neuronal integrity (Cook et al., 2014;

Min et al., 2015).

Tau ubiquitination is also important to maintain tau normal function and avoid fibril
formation. The majority of ubiquitination sites are located in the proline-rich domain
(Abreha et al., 2018). Changes in tau folding or truncation can affect the process of
ubiquitination and consequently tau proteasomal degradation. This insufficient tau

clearance leads to tau accumulation in the neurons (Cripps et al., 20006).

Tau truncation can also induce tau aggregation and seed as it can affect tau folding and
conformational structure (Garcia-Sierra et al., 2008). Animal and human studies have
shown that several enzymes contribute to tau cleavage including caspase 3, caspase 6,
calpain 1, and calpain 2 (Silva and Haggarty, 2020). Caspase 6 has been found to be
elevated in the brain of AD patients, with the active enzyme being detected in the NFTs
and NTs jeopardizing neuronal morphology and function (Guo et al., 2004).
Respectively, calpain 2 has been proven to be related to disturbances in the cytoskeleton
and structure of axons (Grynspan et al., 1997). The use of inhibitors against such
enzymes has improved AD pathogenesis (Li et al., 2022). However, it is essential to
highlight that under physiological conditions these enzymes are required for tau and
other protein clearance (Quinn et al., 2018). These modifications of tau affect also tau
structure and folding, leading to the generation of different tau strains that present
distinct biochemical and physiochemical properties resulting in the development of
diverse pathological phenotypes in the various tauopathies (Fitzpatrick et al., 2017;

Kaufman et al., 2016a). The different tau strains have different seeding capacities and
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they can spread themselves to various anatomical brain areas affecting specific cell
types based on their properties (Holmes et al., 2014; Sanders et al., 2014). Tau species
can propagate from one neuronal cell to the other through synapses and therefore can
seed themselves in synaptically connected brain regions (Kaufman et al., 2016a). Tau
molecules can also be released from the different cell types in the extracellular space,
naked or in vehicles. Finally, in vitro studies have proven that the cellular uptake of tau
is a mechanism that contributes to tau propagation and affects the viability of the cells,

making them more vulnerable to stressors (Brunello et al., 2016; Simoén et al., 2012).

To maintain a healthy structure and function, each cell needs an efficient protein
degradation system. This system is responsible for the clearance of abnormal proteins
protecting the cells from the toxicity that protein aggregation can cause (E. Wong and
Cuervo, 2010). In tauopathies like AD, this system has been proven to be affected and
impaired by the aggregation of abnormal tau species (Bain et al., 2019; Nixon and
Yang, 2011). Protein ubiquitination is essential for protein degradation by the UPS. The
formation of a ubiquitin chain at a lysine residue of the targeted protein is required to
drive the protein in the proteasome (Finley, 2009). However, in AD, tau lesions
appeared to be mono-ubiquitinated, a fact that prevents successful tau degradation by
the proteasome complex (Morishima-Kawashima et al., 1993). Both in vitro and in vivo
studies in AD mouse models have reported the inability of the UPS to clear the
abnormal or aggregated tau species (David et al., 2002; Oddo et al., 2004). In addition,
as mentioned previously, several PTMs can affect the folding and architecture of tau
protein, impairing the process of degradation (Nachman et al., 2020). Impairment of
the APS has also been described to be linked to abnormal tau molecule degeneration,
with research studies supporting that the use of lysosomal proteases inhibitors induces
tau multimerisation and lesion formation (Bi et al., 1999; Ikeda et al., 1998; Esther
Wong and Cuervo, 2010). However, it is still a question whether impairment in the
clearance of tau is a cause of tauopathies, or is an outcome of deficits in other molecular

and cellular mechanisms, or both (Silva and Haggarty, 2020).

Mutated and aggregated tau molecules can also cause mitochondrial impairment.
Disruption of axonal transportation due to tau abnormalities prevents their movement
across the axons leaving neuronal processes with fragmented and dysfunctional
mitochondria. In turn, these energy deficits caused by the absence of functional

mitochondrial can trigger tau accumulation in these regions (Kopeikina et al., 2011;
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Wee et al., 2018). The release of oxygen-reactive species from the damaged
mitochondria affects the PTMs of tau protein including the production of abnormal tau

conformers and species (Silva and Haggarty, 2020; Thornton et al., 2011).

Impairment in RNA-splicing contributes also to tau pathology. Deficits in the process
of tau alternative splicing can lead to the production of impaired tau isoforms with
pathological properties. Studies in the P301S mouse model of human tauopathy
revealed that disruption of the tau splicing system had an impact on the expression of
genes associated with the function of synapses and neurotransmitter release affecting
glutamate transmission and calcium influx in the axons (Apicco et al., 2019). In
addition, multiple studies have indicated that TIA1, an RNA-binding protein, induces
tau accumulation contributing to tau pathology (Apicco et al., 2018; Jiang et al., 2019;
Vanderweyde et al., 2016).

As tau deposits can be detected in oligodendrocytes (coiled bodies), the process of
myelination can also be affected. It is evident that diseased individuals present
impairments in the production of myelin, demyelination of axons, neurodegeneration,

and cognitive deficits (Ferrer et al., 2020).

Finally, tau toxicity is highly related to the accelerated inflammatory response
(Wendeln et al., 2018). Pathological tau is responsible for the enhanced inflammation,
release of pro-inflammatory cytokines and factors like TNF-a, and overactivation of
brain immune cells (microglia and astrocytes), promoting neuronal dysfunction,

neurotoxicity, and cell death (Heneka et al., 2015; Keren-Shaul et al., 2017).
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1.3 Early-type tau aggregates

1.3.1 Strains of tau protein

Until recently NFTs and NTs were considered to be primarily responsible for the
progression of tauopathies (Andrade-Moraes et al., 2013; Holmes et al., 2014).
However, studies have shown that neurodegeneration and cognitive deficits occur
before the formation of NFTs (Haroutunian et al., 2007). In line with this, recent studies
support that early-type tau aggregates are the toxic species, resulting in neuronal loss
and contributing to the progression of the diseases (Holmes et al., 2014; Lasagna-
Reeves et al.,, 2011a). Formation of NFTs and late-type tau lesions requires the
transition of physiological tau protein to an abnormally modified and misfolded, prone
to aggregate monomeric tau molecule (Boyko and Surewicz, 2022). Recent research
studies support that the formation of abnormal tau liquid assemblies through a
mechanism that involves liquid-liquid separation of abnormal tau (Boyko and
Surewicz, 2022; Kanaan et al., 2020; Kang et al., 2021). These aggregated liquid
droplets, which can be either homotypic (mixture of tau proteins) or heterotypic
(mixture of tau with other cellular components), are usually driven by electrostatic
forces and interactions of the pathological tau protein and are regulated by PTMs and
other crowding elements (Boyko and Surewicz, 2022). Therefore, it is clear that
abnormal tau has the ability to form different tau strains, with distinct physiochemical
and biochemical properties, that are prone to assembly forming multiple pathogenic
aggregates that lead to the development of the diverse pathological phenotypes in the
various tauopathies (Kaufman et al., 2017). The existence of the different tau isoforms,
the multiple epigenetic tau modifications, and the mutations in the MAPT gene are the
key drivers for the development of the various strains (Gerson et al., 2016). These tau
assemblies can vary in morphology, size, composition, location, and folding and can be
either soluble including oligomers, protofibrils, and annular protofibrils, or insoluble
consisting of PHFs and SFs (Gerson et al., 2016; Gomez-Isla et al., 1997; Grundke-
Igbal et al., 1986). Even within a defined aggregated state, tau can exhibit different
conformations characterised by distinct regional and cell-type specificity (Sanders et
al., 2014; Yamada, 2017). Studies have shown that tau aggregates purified from
different tauopathy brains induce pathology which is similar to the human source cases

when injected into transgenic mice expressing both the wild-type or mutant human tau
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protein (Boluda et al., 2015; Clavaguera et al., 2013). However, strain-induced
pathology is proven to be conformation-specific rather than source-specific (Kaufman
et al., 2016a). In the case of AD, the various tau forms may correlate with the different
stages of the disease (Lasagna-Reeves et al., 2014). Tau aggregated conformers can be
observed in the neurons, the extracellular space, and glial cells (Bancher et al., 1989;
Silva and Haggarty, 2020). These tau forms can be soluble small aggregates, pre-tangle
materials, large fibrillar lesions, or ghost tangles, each of them presenting a
characteristic pathological behaviour (Moloney et al., 2021). Understanding and further
investigation of these tau strains, the mechanisms that lead to their production, and the
way they behave can help the design of more specialised and targeted methods for the

treatment and diagnosis of tauopathies.

1.3.2 Seeding activity of tau protein

In the various tauopathies, tau-tau interactions affect specific cell types and anatomical
brain regions following a disease-specific pattern (Kaufman et al., 2016b). In AD, tau
pathology propagates from the transentorhinal and entorhinal cortex to the fusiform
gyrus and neocortical association areas, expanding to the frontal, parietal, and occipital
cortices, with tau spreading through the synaptically connected neuronal cells, in a
prion-like manner, from the one brain area to the other (Alafuzoff et al., 2008; Braak et
al., 2006). The anatomical pathway through which tau propagates in the AD brain is
highly linked to the clinical phenotype and correlates better with the symptoms of the
patients than A pathology (Hyman et al., 1984; Lasagna-Reeves et al., 2014). In vitro
studies have shown that the addition of tau aggregates in reaction solutions full of tau
monomers induced the multimerisation of tau (Holmes et al., 2014; Kaufman et al.,
2017). Similarly, injection of tau specimens extracted from patients suffering from the
different tauopathies in cell cultures and animal models induced the accumulation of
endogenous tau (Boluda et al., 2015; Clavaguera et al., 2013; Kaufman et al., 2016b;
Liu et al., 2021). In these cases, the tau aggregates weren’t only conformational-
specific, but they also had strain-specific seeding capacities and were able to propagate
at distinct rates underlining the pathology of each tauopathy, a fact that indicates that
the morphological architecture and folding of each strain define its seeding properties

and cellular targets (Clavaguera et al., 2013; Hromadkova et al., 2022). In a recent
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study, Kraus and colleagues proved that tau oligomeric species purified from the AD
brain had higher seeding capacity compared to the oligomers extracted from the post-
mortem brain of patients with PSP (Kraus et al., 2019). In addition, it has been reported
that the seeding capacity of each strain is highly linked to its toxicity, with tau toxicity
increasing proportionally to their seeding activity (Kaufman et al., 2016a). As
mentioned previously, tau strains also vary in size, from soluble aggregated species to
insoluble fibrillar aggregates(Gerson et al., 2016). Multiple studies using cellular and
animal models showed that soluble tau oligomers, rather than fibrillar lesions, are more
susceptible to intracellular propagation and thus they induce higher levels of toxicity
damaging the different cell types (Lasagna-Reeves et al., 2011b; Rauch et al., 2018). In
line with this theory is a study performed by Dujardin and his group in which they
managed to prove, using tau seeding FRET biosensor assay, that soluble tau oligomers
are the most toxic species and the mainly responsible for the spread of tau pathology in
the AD brain (Dujardin et al., 2020). In addition, in vitro and in vivo studies have
revealed that tau transmission can be also achieved through the release of tau molecules
in the extracellular space. The extracellular tau can be secreted from the different cell
types, under physiological or pathological conditions, and can be found naked or in
vesicles (Simon et al., 2012; Yamada, 2017; Yamada et al., 2014). Tau release to the
surrounding environment can also occur after cell death (Arriagada et al., 1992;
Brunello et al., 2020). Numerous studies using cell-based assays have reported trans-
cellular propagation of oligomeric tau supporting cell’s ability to secrete and uptake tau
aggregated conformers to and from the extracellular area (Holmes et al., 2013;
Kaufman et al., 2017; Kfoury et al., 2012). Furthermore, the detection of elevated levels
of tau in the cerebrospinal fluid (CSF) of AD patients, supports further the involvement
of extracellular tau protein in the progression of the disease (Arriagada et al., 1992).
However, this increase in the levels of tau detected in the CSF and blood has been
described to AD cases and not to the other related tauopathies, indicating that these
elevated levels of tau in the CSF and blood correlate better with the AP rather than tau
pathology (Goodwin et al., 2020). Cellular uptake of extracellular tau is also a
mechanism that contributes to tau propagation and affects the viability of the cells,
making them more vulnerable to stressors (Brunello et al., 2016; Simon et al., 2012).
Endocytosis, phagocytosis, and pinocytosis are some of the main mechanisms used by
the cells in order to uptake tau (Rauch et al., 2018; Silva and Haggarty, 2020;

Stopschinski et al., 2018). Heparan sulfate proteoglycans have been reported in several

47



studies to be the responsible mediators for tau cellular uptake contributing to tau
propagation (Holmes et al., 2013). Apart from the neuronal contribution to tau
transmission, glial cells are also involved in the propagation of tau molecules (Silva
and Haggarty, 2020). Microglial cells are the primary immune cells of the brain.
Although tau expression in these cell types has not been described, microglia using
phagocytosis, internalize the pathological tau species and debris for degradation
participating in tau transmission through the brain. Still, the exact mechanisms through
which microglial cells spread tau is unclear (Brunello et al., 2020). Studies using tau
seeds extracted from the post-mortem brain of patients with PSP and CDB revealed that
astrocytes and oligodendrocytes can develop tau pathology, with tau molecules seeding
themselves through these cell types respectively (Lee et al., 2001). Tau accumulations
in oligodendrocytes are usually found in the form of coiled bodies. Oligodendrocytes
contribute to the transmission of abnormal tau strains using their cellular processes
indicating that oligodendrogliopathy has a strong impact on tau spreading in the various
tauopathies (Ferrer et al., 2019). To sum up, all these studies support that tau oligomeric
species are the key drivers of the progression of each tauopathy with the various tau
strains characterised by high heterogenicity in their conformations/structures and
seeding ability, affecting in different ways the various cell types and anatomical brain
region. Although it is clear that different mechanisms contribute to the generation of
the multiple tau strains/conformers, further investigation is still needed to determine
whether the pathway of pathological tau propagation across the brain is due to the
synaptic connections of neurons or because some cell types and brain areas are more
vulnerable to tau aggregates or due to a combination of these two events. Despite the
fact that tau can propagate between cells, no transmission of pathological tau between
individuals or animals has been reported so far in epidemiological studies (Irwin et al.,
2013, Silva and Haggarty, 2020). In any case, deeper knowledge about the molecular
and cellular mechanisms through which tau spreading is achieved and regulated is
essential for the discovery of new potential targets and the development of new

therapeutic approaches.
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1.4 Current methods for the detection and investigation of tau

pathology

1.4.1 Immunoassays

The discovery and development of a wide range of techniques for the detection and
investigation of tau pathology is the main focus of researchers. For the direct
visualisation of aggregated tau species, numerous antibodies have been developed that
recognise different epitopes of these abnormal tau molecules. As most tau residues
exhibit PTMs, with phosphorylation being the most common molecular mechanism of
tau modification, most of the antibodies used for the investigation of tau pathology
target this abnormal and pathologicalcharacteristics (Ercan-Herbst et al., 2019; Lim et
al., 2014). Until today, ATS8 antibody is the gold standard for the staging and diagnosis
of AD, binding to the phosphor-epitope Ser202/Thr205 and enabling the detection of
late-type phosphorylated tau aggregates such as NFTs, NTs, and neuritic plaques-
associated tau (Alafuzoff et al., 2008; Braak et al., 2006; Otvos et al., 1994). Antibodies
capable of detecting early-type tau pathology, including oligomeric tau species
exhibiting modifications that occur early in the process of tau fibrillisation, have also
been developed. Such validated antibodies are the monoclonal phosphor-tau antibodies
ATI180 (pThr231), PHF-1 (pSer396/pSer404), S422 (pSer422), S198 (pSer198), and
S199 (pSer199), etc (Arbaciauskaite et al., 2021; Ercan-Herbst et al., 2019; Li et al.,
2016). Other antibodies like MC1 and Alz50 have also been used for the investigation
of tau conformational changes (Dujardin et al., 2018; Holmes et al., 2014). Although
antibodies together with the use of modern imaging techniques have been proven to be
crucial for the investigation of the progress of the various tauopathies using post-
mortem brain tissue, more recent and less invasive techniques are used for the detection
of the pathology in patients living with the disease. Such techniques are PET (Positron
Emission Tomography), MRI (Magnetic Resonance Imaging), and CSF biological
immunoassays (Arbaciauskaite et al., 2021; Ercan-Herbst et al., 2019; Li and Cho,
2020). These immunoassays, like enzyme-linked immunosorbent assay (ELISA),
single-molecule array (SiMoA), multi-arrayed fibreoptics (EIMAL), and others, enable
the detection of both soluble and insoluble molecules and can discriminate tau

conformers that differ between the various tauopathies (Ercan-Herbst et al., 2019; Li
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and Cho, 2020). At this point, we need to highlight that although a large number of
antibodies have been developed, further antibody validation is needed (Arbaciauskaite

et al., 2021).

1.4.2 Cell-based assays

Although the aforementioned techniques have allowed us to capture the pathology and
proceed to AD diagnosis in an early stage before the appearance of any symptoms, the
prognosis of the AD progression and the clinical fate through these methods are still a
challenge (Dujardin et al., 2020). For this reason, the discovery and development of
assays that focus on the investigation of tau spreading capacity have been in the
spotlight of recent research studies (Lathuiliere and Hyman, 2021). As mentioned
previously, each tauopathy is characterised by different tau strains that vary in size,
morphology, location, and biochemical and biophysical properties, behaving distinctly
and having a specific seeding capacity (Gerson et al., 2016; Kaufman et al., 2016a;
Lasagna-Reeves et al., 2014). Thus, the progression of each disease and the impact the
brain pathology has on the clinical phenotype differ among the patients. Therefore, such
techniques that aim for the detection and investigation of tau seeding activity can be
useful tools for the early prognosis of AD and related tauopathies when applied to the
biological fluids of the patients (Lathuiliere and Hyman, 2021). Several cell-based and
protein amplification assays have been developed in the last decades. Cell-based assays
like biomolecular fluorescence complementation assay (BiFC) and fluorescence
resonance energy transfer (FRET) biosensor assays aim to investigate and capture the
seeding activity of tau protein extracted from the brain of patients with tauopathies (Lim
et al., 2014). Although these methods might be unable to capture tau-tau interactions in
situ, findings support that they are characterised by higher specificity compared to the
conventional methods, being able to detect the pathology in earlier stages (Lathuiliere
and Hyman, 2021). BiFC assays is a cell-based sensor assay where the investigation of
tau multimerisation is based on the use of two non-fluorescent fragments of GFP.
Fluorescent complementation of these two non-fluorescent fragments of GFP and
production of a fluorescent construct is achieved when these two splits of GFP are
brought in proximity to each other following the interaction of the proteins they are

fused to. The first GFP split encodes the first 10 beta-strains of the full-length GFP,
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while the second one encodes the 11" beta-strain of GFP. These splits are fused to the
proteins of interest (Brunello et al., 2020; Kerppola, 2013). A relevant cell-based assay
for the investigation of the tau strains purified from the human brain tissue of the
patients is FRET. This assay is based on the energy transfer between two fluorophores
that are tagged to recombinant monomeric tau molecules. Every time these molecules
interact/ are in proximity to each other, energy is transferred from the donor to the
receiver fluorophore (Rizzo et al., 2004). Based on this assay, Kaufman and colleagues
analysed the seeding capacity of tau strains spotted in the AD brain. In this case, cell
lines expressing CFP and YFP fused with monomeric tau were treated with brain
homogenate from AD and healthy control cases. The outcome of this study revealed
enhanced seeding activity in the AD tissue. In contrast to other convensial methods like
IHC, with this assay researchers managed to capture elevated levels of tau seeding
activity in brain regions that appeared to be devoid of tau pathology (Kaufman et al.,
2016b). Similarly, in another study, FRET captured tau seeding activity in mouse
models of human tauopathy revealing that tau multimerisation is one of the earliest
detectable events, occurring during the progress of the disease, before the appearance

of tu deposits in the hippocampus of mice at 6 m.o. (Holmes et al., 2014).

1.4.3 Protein amplification-based assays

Due to the fact that tau protein is characterised by the ability to propagate and spread
itself through the extracellular space (Kocisko et al., 1994), protein amplification assays
have also been developed for the investigation of infectious protein seeding activity
(Kraus et al., 2019; Lathuiliere and Hyman, 2021; Metrick et al., 2020; Saijo et al.,
2017). A novel recently developed assay is Real-Time Quaking-Induced Conversion
(RT-QuIC). In this assay protein extracts from brain tissue or biofluids like CSF are
mixed with recombinant monomeric protein substrates and Thioflavin T (ThioT) and
the solution is shaken under defined conditions. The protein extracts act as a template
for the accumulation of monomeric substrates and the process of aggregation is
monitored in real-time with the quantification of the fluorescence produced by ThioT
(Atarashi et al., 2007). In the past years, scientists managed to build a sensitive and
selective RT-QulC assay that allows the detection of tau aggregates seeding activity

(Kraus et al., 2019; Saijo et al., 2017). The specificity of the assay for the various
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tauopathies is based on the selection of the substrate molecule. Therefore, different
substrates are used for the different disorders to achieve the maximum specificity of the
assay. For example, K19 which is a 3R fragment is used for Pick’s disease, a 3R
tauopathy, allowing the detection of tau self-aggregation with high sensitivity in both
brain homogenate and CSF (Saijo et al., 2017). Respectively, the use of another
substrate, 1306, a tau fragment comprises of residues 306-378 of the full-length 4R tau
isoform with a point mutation to the residue 322, has been used for the investigation of
the seeding activity in the AD cases (Kraus et al., 2019; Metrick et al., 2020). With this,
RT-QuIC is characterised by high specificity, being able to distinguish the 3R, 4R, and
3R/4R tau aggregated extracts from the brain of the patients (Saijo et al., 2017). It can
also detect tau-tau interactions in the CSF making the assay a potentially powerful tool
for the diagnosis of AD and other tauopathies (Lathuiliere and Hyman, 2021; Saijo et
al., 2017). Analysis of AD and healthy post-mortem human brains with tau RT-QulC
showed that specimens extracted from familial and sporadic AD brains presented higher
seeding activity and shorter lag phase compared to non-AD brain tissue (Kraus et al.,
2019). The use of amplification assays has also been described in animal models where
aggregation of endogenous tau was detected in the brain of transgenic moused models
after the injection of abnormal tau species extracted from the brain tissue of individuals
with tauopathies (Holmes et al., 2014). These studies highlight that tau strains extracted
from the post-mortem brain tissue of individuals with different tauopathies induced
pathology similar to the source cases when injected into animals (Boluda et al., 2015;
Clavaguera et al., 2013). Similar observations have been reported in studies using CSF
samples from AD patients (Dujardin et al., 2020; Skachokova et al., 2019). Overall,
these assays with further optimisations could be potential tools for the early diagnosis
and prognosis of tauopathies, aiming at the investigation of tau self-aggregation in the

biofluids of the individuals. Still, deeper knowledge and further validation are needed.

1.5 Hypothesis and Aims

Considering that the process of tau multimerization is a crucial stage in the formation
of abnormal tau aggregates, our hypothesis centred on the prospect of directly observing
this molecular occurrence in its natural context, essentially visualising interactions

between tau molecules, as a means to gain insight into the initial pathological stages of
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AD. In our research, we have introduced a novel method called tau-PLA, which
exclusively identifies tau-tau interactions without detecting individual monomers under
in vitro conditions. Beyond its ability to highlight neurofibrillary-like lesions in the
human brain, tau-PLA identifies a novel form of early, small-sized diffuse pathology
that has not been reported previously. Our findings reveal that this diffuse pathology
accumulates significantly from the earliest phases of AD-related pathology, particularly
in previously unnoticed medial temporal and hippocampal regions, even before the
appearance of neurofibrillary tangles (NFTs) and neuropil thread (NT) pathology
identified by conventional tau immunohistochemistry, with tau multimers presenting
enhanced levels of seeding activity. Through these discoveries, we believe we are
shedding fresh insights and paving the way for potential new avenues in exploring the

early pathological processes of AD.
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Chapter 2: Materials and methods

2.1 Materials
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Table 2.1 — Primary antibody list

Primary antibody | Host Clonality Immunogen Dilution | Source % H20: Blocking Wash Buffer
4G8 Mouse | Monoclonal |aa 18-22 of beta- | 1:1000 BioLegend, SIG-39200 | 3% in PBS | 1/10 NHS in | PBS
amyloid PBS
ALZ50 Mouse | Monoclonal | aa2-10and 312-342 | 1:100 Peter Davies, The | 3% inPBS | 5% milk in | TBS - 0.05%
of human basal Feinstein Institute for TBS Tx
forebrain Medical Research,
homogenate Manhasset, NY
Alpha-synuclein 42 | Mouse | Monoclonal |aa 15-123 of rat | 1:4000 BD Bioscience, 610787 | 0. 3% in | 1/10 NHS in | PBS
synuclein-1 PBS PBS
Anti-6x His tag Rabbit | Monoclonal 1:200 Abcam, ab213204 0. 3% in | 1/10 NGS in | PBS
PBS PBS
ATS Mouse | Monoclonal | pSer202/pThr205 of | 1:1000 ThermoFisher, 0. 3% in | 1/10 NHS in | PBS
partially  purified MN1020 PBS PBS

human tau




ATI180 Mouse | Monoclonal | pThr321 of human | 1:1000 ThermoFisher, 0.3% in | 1/10 NHS in | PBS
tau40 MN1040 PBS PBS

GFAP Rabbit | Polyclonal | bovine spinal cord | 1:1000 Dako, Z0334 - IF Blocking | TBS - 0.05%
GFAP Buffer Tx

Ibal Rabbit | Polyclonal | Ibal (microglia /| 1:1000 Wako, 019-19741 - IF  Blocking | TBS - 0.05%
macrophages) Buffer Tx

MCl1 Mouse | Monoclonal | aa  312-322  of | 1:100 Peter Davies, The | 3% inPBS | 5% milk in | TBS - 0.05%
human tau40 Feinstein Institute for TBS Tx
conformation- Medical Research,
dependent antibody Manhasset, NY

PHF-1 Mouse | Monoclonal | pSer396/pSer404 1:1000 Peter Davies, The | 3% inPBS | 5% milk in | TBS - 0.05%
paired helical Feinstein Institute for TBS Tx
filaments of tau Medical Research,

Manhasset, NY

PS422 Rabbit | Polyclonal | pSer422 of human | 1:500 ThermoFisher, 44-10. 3% in | 1/10 NGS in | PBS

tau-derived peptide 764G PBS PBS
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PT217 Rabbit | Polyclonal | pThr217 of human | 1:1000 ThermoFisher, 44-744 | 0. 3% in | 1/10 NGS in | PBS
taud0 PBS PBS

Tau5 Mouse | Monoclonal | aa  210-241  of | 1:200 Abcam, ab80579 0. 3% in | 1/10 NGS in | PBS
human tau40 PBS PBS
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Table 2.2 — Secondary antibody list

Secondary antibody Host Dilution | Source

Goat anti-rabbit IgG Antibody 1:100 Vector Laboratories,
(H+L), Biotinylated Goat BA-1000

Horse  Anti-Mouse  IgG 1:100 Vector Laboratories,
Antibody (H+L), Biotinylated | Horse BA-2000

Goat anti-Rabbit 1gG (H+L) 1:200 Invitrogen, A32731
Highly Cross-Adsorbed

Secondary Antibody, Alexa

Fluor 488 Goat
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2.2 Methods

2.2.1 Methods of Molecular Biology
2.2.1.1 Bacterial DMSO stocks

For bacterial DMSO stocks, 1 ml of bacterial starter culture was mixed with 70 pl
filtered DMSO (SIGMA-ALDRICH, D2650) in CryoTube vials (NUNC, 366656). The

vials were then vortexed, frozen in dry ice, and stored at -80 °C.

2.2.1.2 Inoculation of bacterial culture

To initiate a bacterial culture, bacterial DMSO stocks were transferred from the -80 °C
freezer to dry ice. Under sterile conditions, DMSO stocks were streaked out on
kanamycin-selective LB/agar plates and the plates were then incubated in a Memmert

Incubator at 37°C overnight.

2.2.1.3 Plasmid DNA purification

The first step for the purification of the plasmid DNA includes the amplification of the
plasmid DNA 1n a bacterial culture. Therefore, using a sterile tip, a single colony from
a freshly streaked selective plate was picked to inoculate a starter culture of 5 ml LB
medium, containing kanamycin. The starter culture was incubated at 250 rpm at 37 °C
for 16 hours. After 16 hours of incubation, bacterial growth was visible. 1.5 ml of
bacterial culture was then transferred to new sterile Eppendorf tubes and bacterial cells
were then harvested by centrifugation at 8000 rpm for 3 minutes at RT using the
Heraeus Pico 17 Microcentrifuge (ThermoScientific). The plasmid DNA collected from
the bacterial cells was performed using QIAprep® Spin Miniprep Kit, according to the
manufacturer’s instructions. The purified plasmid DNA was then eluted in a suitable
volume (30-50 pl) of endotoxin-free Buffer TE (10 mM Tris-Cl-pH 8.0, 1 mM EDTA)
provided by the kit. The Eppendorf tubes including the purified plasmid DNA were
stored at -20 °C.
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2.2.1.4 Determination of plasmid DNA total concentration and purity

The concentration and purity of plasmid DNA were determined by measuring
absorbance at 260 nm and 280 nm. The purity of the DNA was determined by the ratio
of absorbance at 260 nm and 280 nm. A ratio of 1.8 — 2.1 indicates pure DNA (Lucena-
Aguilar et al., 2016). The DNA concentration was calculated according to the following

equation:

DNA concentration (ug/ul) = A260*Dilution/ (Depth of well) * (Extinction coefficient)

(Depth of well 0.6, extinction coefficient 20)

The plasmid DNA was diluted in 1:50, 1:100, and 1:200 in TE Buffer. For each sample,
105 pl were loaded in duplicates in a 96 well-plate. Two wells of TE Buffer were
included as blank. The measurements were obtained by using a plate reader (GloMax®-
Multi Detection System, Promega). The concentration of the plasmid DNA was
determined based on the previously mentioned equation and the purity was according

to the ratio of absorbance at 260 nm and 280 nm.

2.2.1.5 Agarose gel electrophoresis

To verify the plasmid DNA that has been isolated, agarose gel of different
concentrations was used. The concentration of agarose gel is dependent on the
molecular size of the DNA plasmid. For plasmid DNA size between 500 to 10000 bp,
1g of agarose (SIGMA-ALDRICH, A9539) was dissolved in 100 ml of IXTAE Buffer
by heating for 2-3 minutes in the microwave. After adding 10 pl of ethidium bromide
solution (EtBr, 10 mg/ml, SIGMA-ALDRICH, E1510), the solution was allowed to
cool for 15-20 minutes. The gel was then placed in a gel tank containing 1XTAE. 4 pul
of 6x Gel Loading Dye Purple (NEB, B7024S) was added to 20 pl of the plasmid DNA
samples, and the samples were loaded in the wells of the agarose gel. The ladder used
for the electrophoresis was the Quick-load purple 1 kb DNA ladder. The gel was run
at 100V for 60 minutes and the DNA bands were observed in a UV transilluminator

(BioDoc-IT Imaging System, UVP).
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2.2.1.6 Diagnostic Restriction Digest

The identity of plasmid DNA was determined through restriction enzyme digestion.
The plasmid DNA sequence was analysed in DNA Dynamo Software to determine
which restriction enzymes were appropriate for the plasmid DNA. The plasmid DNA
was then diluted 1:10 in ddH>0O. 2 pl of the 3.1 NEB Buffer (New England BioLabs,
B7203), 0,5 ul of appropriate restriction enzymes (New England BioLabs), 500 ng of
the diluted plasmid DNA and the appropriate volume of ddH>O to reach a final volume
of 20 pl/Eppendorf tube were mixed into an Eppendorf. Following a 2-hour incubation
in a 37 °C water bath, 4 ul of 6x Gel Loading Dye Purple (NEB, B7024S) was added
to the tube and the DNA sample was then loaded into a well of the agarose gel for
electrophoresis at 100V for 1 hour. The DNA bands were observed in a UV
transilluminator (BioDoc-IT Imaging System, UVP) to examine if the number and the
sizes of the DNA bands were the ones expected according to the restriction enzymes

we had used.

2.2.1.7 DNA Sequencing

Following the restriction enzyme digestion, the plasmid DNA sequence was confirmed
with Sanger Sequencing performed by GENEWIZ, from Azenta Life Sciences, a
genomics service company. 20 pl of DNA sample was transferred in an Eppendorf tube
and sent to GENEWIZ company. T7 promoter and T7 terminator primers were provided
from GENEWIZ and used for the sequencing. The results obtained from Sanger

Sequencing were analysed with DNA Dynamo and SnapGene Software.

2.2.1.8 Recombinant 1306 tau fragment purification

The tau construct used in this study, provided by Saijo Eri, was 1306 tau fragment
(residues 306—378 using the numbering for full-length human tau isoform htau40) with
a point mutation at residue 322 cysteine to serine and a stop codon at C terminal residue
379. The cloning cassette was cloned into pET-28a bacterial vector right after the 5’ N-
terminal poly-histidine tag and thrombin site by GenScript using CloneEZ seamless

cloning technology (Saijo et al., 2017). T306 fragment purification from BL21(DE3)
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strain of Escherichia coli was performed based on the protocol previously described in
(Saijo et al., 2017) following the overnight express autoinduction method (Studier,

2005).

Inoculation of starter culture from plate colonies

DMSO stock with the bacterial cells expressing t306 tau fragment was transferred from
-80 °C to dry ice and was streaked out on kanamycin-selective LB/agar plates. The
plates were then incubated in a Memmert Incubator at 37°C overnight. The following
day, using a sterile tip, a single colony from a freshly streaked selective plate was picked
to inoculate a starter culture of 5 ml LB medium, containing kanamycin. The starter
culture was incubated at 250 rpm at 37 °C for 16 hours in the New Brunswick™
Excella® E24 Incubator Shaker (Eppendorf). Bacterial cell growth was estimated by
optical density (OD) measurements at a wavelength of 600nm using UV-Vis
Spectrophotometer (Labtech). Therefore, 800 pul of kanamycin-selective LB media

were mixed with 200 pl of starter culture, and the ODsoo was measured.

Autoinduction of protein expression

Autoinduction of protein expression was achieved using Isopropyl-p-D-thio-
galactopyranoside (IPTG) following the overnight express autoinduction method
(Studier, 2005). For the autoinduction, 50 ml falcons with 20 ml of kanamycin-selective
LB media were inoculated with the appropriate volume of starter culture to achieve
ODeoo ~ 6.0-0.7. 20 pl of IPTG were added in each 20 ml bacterial culture and the
falcons were incubated at 250 rpm at 37 °C for 3 hours in the New Brunswick™
Excella® E24 Incubator Shaker (Eppendorf). 400 pl of kanamycin (50 pg/ul) were
added in big Culture flasks (2.5 L) with half-baffle for bacteria growth (SIGMA-
ALDRICH Z710822) with 400 ml autoinduction bacterial culture media 2ZYM — 2 x
LAC. The flasks were then inoculated with 1 ml IPTG-bacterial culture and incubated
at 250 rpm at 37 °C overnight. Bacterial cells were harvested by centrifugation at 5000
rpm for 15 minutes at 4°C using the pre-cooled Avanti® J-E Centrifuge (Beckman

62



Coulter) with J-LITE® JLA-16.250 Fixed-angle Rotor (Beckman Coulter). The
bacterial pellet could be stored at 4°C for a day or -20°C for long-term storage.

Fast protein liquid chromatography (FPLC)

The bacterial pellet was resuspended with 50 ml FPLC Buffer A supplemented with
500 pl PMSF Protein Inhibitor (20 mg/ml). Pellet was dissolved with vigorous shaking
in the 4°C cold room. Resuspensions were then transferred into two 50 ml
polypropylene tubes (Falcon) and kept on ice for the following steps. The tubes were
then placed in a Sonicator (Ultrasonic) and the cell resuspensions were probe sonicated
in ethanol/ice bath for a total of 1 minute (three cycles of 2 seconds sonication + 2
seconds pause) at a power setting of 25%. This step was repeated 3-5 times until the
pellet was completely dissolved. Tubes were centrifuged at 18000 rpm for 45 minutes
at 4°C and the supernatant was collected. In the meanwhile, the nickel column (His
Trap FF crude, 17-5286-01, GE Healthcare) for FPLC was prepared. The FPLC
machine used was AKTA Pure chromatography system (GE Healthcare) and Unicorn
1.0 Software. FPLC system was washed and preloaded with Buffer A and Buffer B as
appropriate and the nickel column was attached in line with the FPLC.10 column
volumes (50 ml) of Buffer A at a flow rate of 1 ml/minute were used for pre-
equilibration of the His-tag nickel column. A fraction collector was set up to collect 2
ml fractions. When the column was equilibrated, the samples were loaded and the flow
rate was set up at 1 mL/min. The column was firstly washed with Buffer A until the
A280 returns to baseline. Then the column was loaded with 13% Buffer B with 7
column volumes, followed by 5 column volumes with 21% Buffer B wash to elute
contaminants peak. 10 fractions (2.5 ml/fraction) of 1306 protein fragments were
collected after elution of the 1306 peak with a linear gradient from 21% Buffer B to
100% Buffer B over 8 column volumes. 2 pl of 2 M dithiothreitol (DTT) was added to

each collection tube to obtain a final concentration of 2 mM.
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Acetone precipitation of t306 fractions

Acetone precipitation was used to precipitate and concentrate the protein fragments.
Fractions including the 1306 protein fragments were pooled in a bottle. Pre-chilled
acetone (SIGMA-ALDRICH, 179124) was added in a protein: acetone ratio of 1:4 and
mixed. Bottles were kept for 10 minutes at -80 °C and then placed at 4°C overnight to
achieve protein precipitation. The content of the bottles was then split into 50 ml
polypropylene tubes (Falcon) and centrifuged at 18000 rpm at 4 °C for 30 minutes. The
supernatant was discarded and the pellet was left to air-dry to remove the remaining
acetone. Then the pellet was resuspended by adding 2 ml of 8§ M guanidine
hydrochloride in PBS (elution buffer) to each pellet.

Size exclusion chromatography (SEC)

To further remove the contamination caused by other proteins of different molecular
weights, size exclusion chromatography was performed. As previously, the SEC
column (HiPrep Sephacryl S-300 HR, Cytiva) was placed in AKTA Pure
chromatography system (GE Healthcare) and was washed and equilibrated. Firstly, the
column was washed with 1 column volume with ddH>O, followed by equilibration with
2 column volumes of 25 Mm Ammonium Hydrogen Carbonate buffer. As 1306 is a
prone-to-aggregate protein fragment, SEC was performed in the 4°C cold room. After
the column was equilibrated, the sample was loaded with the flow rate set up at 1
mL/minute. When the sample was loaded, we switched back to the buffer and let it flow
to elute our protein. 2.5 ml fractions of elution were collected in tubes. To collect the
fractions with the 1306 protein fragment, polyacrylamide gel electrophoresis was then

performed.

Polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis was performed to determine which fractions
included the 1306 protein fragment. 4-20% Mini-PROTEAN® TGX™ Precast Protein
Gels (BIORAD, 4561096) were used for polyacrylamide gel electrophoresis. 20 pl
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samples were collected from each fraction and mixed with 4 ul Gel Loading Dye,
Purple (6X) (NEB, B7024S) per sample. The samples were then loaded to the 4-20%
gradient protein gel immersed in 1 x Running Buffer. A PageRuler™ Prestained Protein
Ladder, 10 to 180 kDa (ThermoFisher, 26616) was also loaded in the gel together with
the samples. Samples were run at 200 V for 1 hour. When the running step was over,
the gel was carefully transferred to a box containing Quick Coomassie Stain (Protein
Ark) and incubated for at least 20 minutes until the bands become visible. The 1306

protein fragment bands were expected to appear at 10 kDa.

Protein Collection

All the fractions including the 1306 protein fragment were then collected and pooled
together in a 50 ml falcon. An extra 25 Mm Ammonium Hydrogen Carbonate buffer
was added to make up the final volume of 50 ml, diluting in this way the protein extract
and avoiding spontaneous protein aggregation due to high protein concentration. The
falcon with the protein extract was then frozen in liquid nitrogen and stored at -80 °C.
The Lyophilisation step followed next. The lid of the falcon tube was replaced with one
that had holes to allow the NH3 and CO> from the ammonium hydrogen carbonate to
evaporate and be removed from the purified protein. The tube was then placed in SP
VirTis AdVantage Pro Freeze Dryer (SP Scientific) to lyophilise the protein. After 3
overnights the lyophilisation of the protein fragment was complete. The weight of the
lyophilised protein was measured with a bench scale and stored at -20 °C, avoiding
freezing-thawing cycles. When was about to be used, lyophilised protein was dissolved
in freshly prepared and pre-chilled 1 x PBS. Protein was adjusted to 0.75 mg/mL in 1
x PBS for the RT-QulC assay and 1 mg/mL in 1 x PBS for the protein assembly

experiment. Diluted protein was stored at -20 °C until further use.

RT2.2.1.9 Protein assembly

For tau-441 2N4R (rPeptide, T-1001-1): 40 uM tau-441 2N4R was shaken in 100 Mm
Sodium Acetate pH 7.0, 40 uM Heparin (SIGMA-ALDRICH, H6279), and 2mM DTT
(Fisher Scientific, FERR0861) at 250 rpm at 37 °C for 360 hours to induce aggregation,
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as per (Poepsel et al., 2015). Tau-441 2N4R protein was filtered through an Amicon
Ultra-0.5 Centrifugal Filter Unit - 100 kDa molecular weight cut-off (Millipore,
UFC510024) prior to use to remove any aggregated fragments. Tau-441 2N4R

aggregates were stored at -80 °C until further use.

For 1306 fragment: 1 mg/ml 1306 fragment was shaken in 10 mM HEPES pH 7.0
(SIGMA-ALDRICH, H3375), 400 mM NaCl (SIGMA-ALDRICH, S7653), and 40 uM
Heparin (SIGMA-ALDRICH, H6279) at 250 rpm at 37 °C for 360 hours to induce
aggregation, as per (Kraus et al., 2019). T306 fragment was filtered through an Amicon
Ultra-0.5 Centrifugal Filter Unit - 100 kDa molecular weight cut-off (Millipore,
UFC510024) prior to use to remove any aggregated fragments. T306 aggregates were
stored at -80 °C until further use.

For alpha-synuclein: 2 mg/ml of alpha-synuclein (rPeptide, S-1001-2) was shaken at
250 rpm at 37 °C for 120 hours to induce fibril formation. Alpha-synuclein fibrils were
stored at -80 °C until further use.

Samples were sent for Transmission electron microscopy (TEM) to Dunn School of
Pathology, University of Oxford, and imaged by Errin Johnson as follows: Ten pul of
40 uM samples for tau, 1 mg/ml 1306, and 1 mg/ml for alpha-synuclein aggregates
were applied to carbon-coated TEM grids (TAAB) after glow discharge and incubated
on the grids for 2 minutes at RT. Then staining with uranyl acetate 2% was performed
for 10 seconds and the samples were dried immediately and stored at RT as previously
described in [Bengoa 2021]. FEI Tecnai 12 TEM microscope (120 kV) with a Gatan

US1000 camera was image acquired.

2.2.1.10 Tau Real-Time Quaking-Induced Conversion (RT-QulC)

The tau RT-QulC with 1306 tau substrate assay was performed as previously described
[Saijo 2017, Kraus 2018]. T306 tau substrate (0.75 mg/ml) in PBS was thawed at RT
and filtered through an Amicon 100 kDa molecular weight cut-off filter column
(Millipore, UFC510024) at 3300 x g for 5 minutes at RT to use to remove any
aggregated 1306 species. Tau RT-QulC reaction buffer included 10 mM HEPES, pH
7.4, 400 Mm NacCl, 40 uM heparin, 10 uM ThT, and 0.1 mg/ml t306 (substrate). The
RT-QulC buffer was prepared according to the following table:
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Table 2.3 — RT-QulC reaction buffer master mix

Reagent pl/reaction | Final Concentration in 100 pl reaction
ddH20 41.75

50 Mm HEPES pH 7.4 20 10 mM

2M Na(Cl 20 400 mM

10 mg/ml Heparin 2.25 40 ym

500 mM ThT 2 10 ym

0.75 mg/ml 1306 14 20 um

Total 98

All components, except the 1306 substrate, were mixed in a 15 ml falcon tube and
vortexed. After vortexing, 14 ul of 0.75 mg/ml 1306 were added to the tube. 98 ul of
the master mix was transferred to each well of a 96-well plate. For brain homogenates,
frozen brain tissue from the different samples were placed in Eppendorf tubes and
weighed. 10% W/V brain homogenates in Protease and Phosphatase Inhibitor in TBS
homogenisation buffer were created using Tissue Ruptor (Qiagen, 9002755) and
disposable probes (Qiagen, 990890). After the solution was homogenous, the
homogenates were centrifuged at 13300 rpm for 15 minutes at 4 °C. Supernatant was
transferred to new tubes and stored at -80 °C. Brain homogenate samples were serially
diluted in 10-fold steps in the KO/N2/HEPES buffer consisting of 10 mM HEPES, pH
7.4, 0.53% tau KO mouse brain homogenate, and 1 x N-2 supplement. Tau KO mouse
brain homogenate and N-2 supplement are an important addition to the diluent sample
buffer as they prevent the spontaneous aggregation of t306 fragment. 2 pl of brain
homogenate dilution was transferred into triplicate wells including 98 pl of master mix
each for a final volume of 100 pl per well in a 96 well plate. After being sealed, the
plate was placed in the BMG Omega FLUOStar plate reader and incubated at 42 °C
with intermittent shaking, consisting of 1 minute of orbital shaking at 500 rpm and 1-
minute rest. ThT fluorescence reads (450-10 nm excitation, 480-10 nm emission,

bottom read) were collected every 15 min.
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Kinetic Calculations and statistical analysis

The RT-QulC assay cut-off was determined to be 52 hours and had a reproducible
endpoint before the spontaneous amyloid aggregation in the wells with the tau KO
mouse brain homogenate. The endpoint of 52 hours was used for any data points with
ThT fluorescence values at or greater than 52 hours. Fmax (maximum ThT
fluorescence), lag time (reaction time to exceed a ThT fluorescence threshold of the
average baseline fluorescence + 5 SD), time to reach maximum ThT fluorescence, and
Vmax (maximum slope) were analysed. Differences in these parameters across the
three groups with dilution 1x107! were assessed using One-way ANOVA with

Bonferroni's Multiple Comparison Test. Statistical significance was defined as p <0.05.

2.2.2 Methods of Cellular Biology

2.2.2.1 Cell Culture

Cell culture conditions

Human Embryonic Kidney 293 (HEK293) cells were used for in vitro assays. Cells
were cultured in T175 flasks (NUNC, 159910) at 37°C in a 5% CO; humidified
atmosphere. For HEK293 cell culture, complete Dulbecco’s Modified Eagle’s
Medium-high glucose (SIGMA-ALDRICH, D6546) was used, supplemented with 10%
Fetal calf serum (FCS) (SIGMA-ALDRICH, F7524), 1% 200 mM L-glutamine
(SIGMA-ALDRICH, G7513), and 1% 100 U/ml Penicillin/Streptomycin (SIGMA-
ALDRICH, P4333).

Cell thawing

Cryo-vial tubes containing 1 ml of HEK293 cells in complete DMEM were preserved
in liquid nitrogen storage. For cell thawing, the tubes with the frozen cells were rapidly
transferred to a 37 °C water bath for a few seconds-minutes. Under sterile conditions,
thawed cells were transferred in a T175 flask containing 24 ml of pre-warmed complete
DMEM medium, and the flask was placed into an incubator at 37°C in a 5% CO»

humidified atmosphere. When the cells were attached, the medium was completely
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removed and replaced by fresh pre-warmed complete medium. The medium was

replaced with a fresh one every two days.

Cell passaging

For passaging the cells when flasks where confluent, the medium was removed from
the flask, the cells were washed with 10 ml pre-warmed Dulbecco’s Phosphate buffered
saline (SIGMA, D8537). The cells were then detached after incubation for 3 minutes
with 4 ml pre-warmed 1x Trypsin-EDTA. After detaching the cells, 6 ml of the
complete medium was added into the flask to neutralise the 1x Trypsin-EDTA. Cells
were then transferred into a 15 ml falcon tube and centrifuged for 5 minutes at 750 rpm.
After removing the supernatant, the pellet was dissolved in 10 ml of fresh pre-warmed
complete medium and the cells were seeded in new flasks containing pre-warmed
complete medium in different ratios based on the desired cell confluency. Cells were

then cultured at 37°C in a 5% CO; humidified atmosphere.

2.2.2.2 Tau Bimolecular fluorescence complementation (BiFC) assay

Tau BiFC plasmid constructs: pmGFP10C-tau (Addgene, 71433) and pmGFP11C-tau
(Addgene, 71434) were kindly provided by Henri Huttunen. The assay was performed
with our collaborators Nora Bengoa-Vergniory and Ana Maria Silva at Oxford
University. Poly-D-lysine coated coverslips were placed in 24 well plates and were
seeded with 2 x10° HEK293 cells per well. Cells were placed in the incubator and
incubated overnight. The following day, cells were transfected with 100 ng of each
BiFC plasmid construct using Lipofectamine and Plus Reagents (ThermoFisher,
A12621) according to the manufacturer’s instructions. Cells were then fixed for the tau-
PLA experiment. For cell fixation, after cells were washed with 250 pl Dulbecco’s PBS
(SIGMA, D8537), were fixed with 250 pl ice-cold 4% Paraformaldehyde for 45
minutes in the dark in a laminar flow hood. Once cells were fixed, PFA was removed
and the cells were washed with 2 x 250 pl Dulbecco’s PBS. Fixed samples could be
stored in Dulbecco’s PBS wrapped with foil at 4°C for a short period of up to 3 weeks.
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2.2.2.3 Tau FKBP-FRB-rapamycin assay

FK506 Binding Protein (FKBP)-tau and FK506 Rapamycin binding (FRB)-tau
constructs were generated in the Department of Physiology, Anatomy, and Genetics,
Oxford University, and the assay was performed with our collaborators Nora Bengoa-
Vergniory and Ana Maria Silva at Oxford University. As previously, Poly-L-lysine
coated coverslips were placed in 24 well plates and were seeded with 2 x10° HEK293
cells per well. Cells were placed in the incubator and incubated overnight. The
following day, cells were transfected with 25 ng of FKBP-tau and FRB-tau plasmid
constructs using Lipofectamine and Plus Reagents (ThermoFisher, A12621) according
to the manufacturer’s instructions. Cells were incubated at 37°C for 4 hours before
being washed with 250 pl Dulbecco’s PBS. The transfection reagents were replaced
with complete DMEM media supplemented or not with 400 nM rapamycin
(Calbiochem) for 1 hour for the + rapamycin or — rapamycin conditions respectively.
Cells were then fixed for the tau-PLA experiment. For cell fixation, after cells were
washed with 250 pl Dulbecco’s PBS were fixed with 250 pl ice-cold 4%
Paraformaldehyde for 45 minutes in the dark in a laminar flow hood. Once cells were
fixed, PFA was removed and the cells were washed with 2 x 250 pl Dulbecco’s PBS.
Fixed samples could be stored in Dulbecco’s PBS wrapped with foil at 4°C for a short
period of up to 3 weeks. 1 hour after transfection, cells were fixed for the tau-PLA

experiment. For cell fixation was performed as previously.

2.2.2.4 Imaging

For fluorescence imaging analysis of fixed cells, the DV Elite system based on an
Olympus IX71 fully motorized widefield deconvolution inverted microscope (60x
objective) was used. Representative Z-stack images (0.250 um intervals) were captured
using a CoolSNAP HQ2 cooled charge-coupled device (CCD) camera (Photometrics)
and SoftWoRx 5.0 software (Applied Precision). For the Tau FKBP-FRB-rapamycin
assay, Fiji software was used for the quantification of tau-PLA puncta per PLA-positive
cell. N =20 cells per condition. GraphPad Software was used for the statistical analysis
and comparison of the groups. Unpaired two-tailed Student’s t-tests were performed

with statistical significance being defined as p <0.05.
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2.2.3 Tissue work

2.2.3.1 Animal work

MAPT KO mice missing exon 1 in the MAPT gene after replacement with the
neomycin-resistant cassette, P301S transgenic mice expressing the shortest human
four-repeat tau isoform (ON4R) with the P301S mutation, under the control of the
murine thyl promoter, and wild-type aged matched littermates C57BL/6, were used in
this study. Histological analysis was performed in 6 months old female and male MAPT
KO (N=2) P301S tau (N=6), and C57BL/6 (N=6) mice, together with 3 (N=2) and 9
(N =2) month old P301S mice.

Tissue Collection

Both transgenic and wild-type mice were deeply anesthetized via intraperitoneal
injection of 100 pl Euthatal® 200 mg in 1 ml Solution for Injection Pentobarbital
Sodium (Merial). Following anesthesia, mice were perfused transcardially with 1xPBS.
Brains were extracted and the right and left hemispheres were separated. The right
hemisphere was used for histological analysis, while the left was for biochemical. The
right hemisphere was fixed in 4% paraformaldehyde in PBS for 48 hours at 4°C,
followed by paraffin embedding and microtome sectioning. Paraffin embedding was
performed at the Multiple Sclerosis and Parkinson's Tissue Bank, ICL. The left

hemisphere was stored at -80°C for future use.

Microtome sectioning

Formalin-Fixed Paraffin-Embedded (FFPE) left hemispheres were sectioned into
10 um thick slices using a microtome (ThermoFisher). The sections were then placed
onto SuperFrost Plus Microscope Slides (VWR, 631-0108) and incubated at 37°C
overnight in the lab incubator to air-dry. Then stored at RT.
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Ethics declarations
Work with animal models was approved by the UK Home Office and performed
according to the Animals (Scientific Procedures) Act of 1986 and European Union

Directive 2010/63/EU.

2.2.3.2 Human tissue work

Formalin-Fixed Paraffin-Embedded (FFPE) and frozen blocks from the hippocampal
region, temporal cortex, and occipital cortex (Fig. 2.1) from individuals without
neurological disease or intra vitam diagnosis of AD were supplied by the Multiple
Sclerosis and Parkinson’s Tissue Bank of Imperial College London and Oxford Brain

Bank. FFPE tissue was sectioned and used for IHC and tau-PLA.

Figure 2.1. Macroscopically neuroanatomical regions of post-mortem human brain.
Macroscopically neuroanatomical regions of the 1-posterior hippocampus, fusiform gyrus, and
part of inferior temporal gyrus, 2-temporal cortex including parts of middle and superior

temporal gyrus, and 3-occipital cortex including calcarine fissure.

Neuropathological assessment of the cases
Cases selected for this study were accessed by the neuropathologists of Multiple
Sclerosis and Parkinson’s Tissue Bank of Imperial College London and Oxford Brain

Bank. The cases were further validated with Haematoxylin & Eosin (H&E) staining
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and immunohistochemistry (IHC) for hyperphosphorylated tau with AT8 antibody,
beta-amyloid plaques with 4G8 antibody, alpha-synuclein with alpha-synuclein 42
antibody. Post-mortem human brain sections positive for tau staining were diagnosed
with AD. The staging of each case was defined according to the modified Braak Staging
System (Braak 2006) based on the AT8-immunoreactive neuropil threads (NTs) across
the brain regions of the hippocampus, temporal cortex, and occipital cortex (BrainNet
Europe diagnostic protocol) (Alafuzoff 2008). Beta-amyloid plaques and alpha-
synuclein immunoreactive inclusions were accessed using 4G8- and alpha-synuclein
42-THC, respectively. The presence of other pathologies was accessed based on H&E

staining.

Exclusion Criteria

To select the appropriate AD cases for our research study, we followed a number of
exclusion criteria. Firstly, cases with deficient tissue conditions were not included in
the study. Cases diagnosed with tauopathies other than AD, like Primary age-related
tauopathy (PART), Progressive Supranuclear Palsy (PSP), Corticobasal Degeneration
(CDB), Aging-related tau astrogliopathy (ARTAG), Chronic Traumatic
Encephalopathy (CTE), and others were also excluded. In addition, cases with other
neurodegenerative disorders were excluded. Finally, cases with vascular lesions were
not included too. For control cases, post-mortem brain tissue from healthy individuals

with no clinical symptoms and neurological pathology was selected.

Summary of cases included in the study

Based on the exclusion criteria, a total of 67 cases of neurofibrillary Braak stages 0, 1,
IL III, IV, V, and VI were selected. A summary of patient information (Table 2.4) and
additional brain tissue information (Table 2.5) are presented in the following tables.
Brain tissue from the hippocampal region, temporal cortex, and occipital cortex was

obtained (Fig.2.1).
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Table 2.4 - Summary of patient information

Braak 0 Braak | Braak II Braak III | Braak IV | Braak V Braak VI
N=67 11 12 12 9 7 8 8
Av. death age 54.6 68.7 82.6 89.1 87 85.7 76.5
% Demented
Individuals 0% 0% 8.3% 11.1% 59.8% 100% 100%

Table 2.5 — Additional brain tissue information

Amyloid burden o-syn burden Neurofibrillary
PMI Dementia Age at death Gender (CERAD) (Braak stage) Braak stage

0, no neuritic

24 no 65 female plaques 0 0

0, no neuritic

48 no 42 female plaques 0 0

0, no neuritic

48 no 48 female plaques 0 0

0, no neuritic

72 no 51 male plaques 0 0

0, no neuritic

48 no 45 male plaques 0 0

0, no neuritic

48 no 41 female plaques 0 0

0, no neuritic

48 no 56 male plaques 0 0

0, no neuritic

19 no 74 male plaques 0 0

0, no neuritic

29 no 68 male plaques 0 0

0, no neuritic

20 no 52 female plaques 0 0

0, no neuritic

45 no 59 female plaques 0 0

0, no neuritic

48 no 56 male plaques 0 I

0, no neuritic

42 no 56 male plaques 0 I

0, no neuritic

65 no 92 female plaques 0 I

0, no neuritic

12 no 77 female plaques 0 I
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0, no neuritic

100 no 88 female plaques I
0, no neuritic
48 no 60 female plaques I
0, no neuritic
48 no 51 male plaques I
0, no neuritic
26 no 77 male plaques I
1, sparse neuritic
19 no 91 female plaques I
0, no neuritic
28 no 50 female plaques I
0, no neuritic
15 no 61 female plaques 1
0, no neuritic
23 no 66 male plaques I
0, no neuritic
54 no 92 female plaques 1T
0, no neuritic
24 no 87 female plaques 1T
0, no neuritic
48 no 57 female plaques 1T
3, frequent neuritic
26 MCI 83 female plaques 1T
1, sparse neuritic
24 no 89 female plaques 1T
0, no neuritic
48 no 91 female plaques I
0, no neuritic
96 no 79 male plaques 1T
0, no neuritic
15 no 82 female plaques I
2, moderate neuritic
26 no 83 male plaques 1T
2, moderate neuritic
20 yes 82 female plaques 1T
1, sparse neuritic
25 no 79 male plaques I
2, moderate neuritic
15 no 87 female plaques 11
1, sparse neuritic
80 no 83 male plaques I
0, no neuritic
86 MCI 90 female plaques I11

75




1, sparse neuritic

34 no 69 male plaques 0 111
1, sparse neuritic
72 no 92 male plaques 0 I
0, no neuritic
18 no 89 male plaques 0 111
3, frequent neuritic
24 no 92 female plaques 0 I
3, frequent neuritic
24 yes 98 female plaques 0 I
2, moderate neuritic
11 no 95 male plaques 0 I
3, frequent neuritic
40 MCI 94 female plaques 0 I
1, sparse neuritic
48 no 92 male plaques 0 v
1, sparse neuritic
24 MCI 87 male plaques 0 v
2, moderate neuritic
120 no 80 male plaques 0 v
3, frequent neuritic
48 yes 89 male plaques 0 v
2, moderate neuritic
12.75 yes 85 female plaques 0 v
3, frequent neuritic
13 yes 89 female plaques 0 v
2, moderate neuritic
28 no 95 female plaques 0 v
3, frequent neuritic
31.25 yes 77 female plaques 0 A%
3, frequent neuritic
46 yes 75 male plaques Amygdala-only A"
3, frequent neuritic
66 yes 91 male plaques 0 A%
3, frequent neuritic
34 yes 87 male plaques 0 A"
3, frequent neuritic
24 yes 85 male plaques 0 A"
3, frequent neuritic
45 yes 80 male plaques 0 \%
3, frequent neuritic
34 yes 89 male plaques 0 A"
3, frequent neuritic
21 yes 92 female plaques 0 \Y
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3, frequent neuritic

7 yes 77 male plaques 0 VI
3, frequent neuritic

28 yes 64 female plaques 0 VI
3, frequent neuritic

13.67 yes 85 female plaques 0 VI
3, frequent neuritic

23 yes 61 female plaques 0 VI
3, frequent neuritic

69 yes 85 male plaques 0 VI
3, frequent neuritic

120 yes 83 male plaques 0 VI
3, frequent neuritic

7 yes 78 male plaques 0 VI
2, moderate neuritic

41 yes 79 male plaques 0 VI

Microtome sectioning

Formalin-Fixed Paraffin-Embedded (FFPE) tissue was sectioned into 5 um thick
slices using a microtome (ThermoFisher). The sections were then placed onto
SuperFrost Plus Microscope Slides (VWR, 631-0108) and incubated at 37°C overnight
in the lab incubator to air-dry. Then stored at RT.

Cryo-sectioning

Frozen blocks of human brain tissue were transferred from a -80°C freezer to dry ice.
Cryostat temperature was set up at -20°C. The frozen tissue blocks were adhered to the
specimen mount by adding a drop of O.C.T. compound (VWR, 361603E) and left to
equilibrate to the cryostat temperature for 15 minutes. Thick sections of frozen tissue
were collected and placed into pre-cooled Eppendorf tubes until collecting ~ 100 mg of

frozen tissue per tube. Tubes were then transferred to dry ice and stored at -80°C.

Brain Tissue Homogenisation

Frozen tissue samples were homogenised in ice-cold PBS (10% w/v) using a Tissue
Ruptor (Qiagen, 9002755) and disposable probes (Qiagen, 990890). In detail, frozen
tissue was transferred from -80°C to ice. 10% W/V brain homogenates in

homogenisation buffer (Protease and Phosphatase Inhibitor in TBS) were created using
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a Tissue Ruptor and disposable probes. When the solution became homogenous, the
homogenates were centrifuged at 13300 rpm for 15 minutes at 4 °C. Supernatant was

transferred to new tubes and stored at -80 °C.

Ethics declarations

Work with human post-mortem tissue was performed according to the Imperial College
London Multiple Sclerosis and Parkinson’s Tissue Bank’s Research Ethics Committee
Approval Ref. No 07/MREQ09/72, the Oxford Brain Bank’s Research Ethics Committee
Approval Ref. No. 15/SC/0639, and the Multiple Sclerosis and Parkinson’s Tissue
Bank’s Research Ethics Committee Approval Ref. No. 08/MRE09/31+5.

2.2.3.3 Tau — Proximity Ligation Assay (tau-PLA)

Tau-PLA probes preparation

The tau-PLA was performed using Duolink PLA kits (Table 2.7) according to the
manufacturer’s instructions. The tau conjugated were prepared according to the
Duolink PLA Probemaker protocol. Tau5 monoclonal pan-tau antibody (anti-tau5, 1
mg/ml, no BSA or azide) (Abcam, ab80579), which recognises epitopes 218-225 of
full-length human tau, was used together with the Duolink PLA Plus (SIGMA-
ALDRICH, DUQ092009) or Minus (SIGMA-ALDRICH, DUO92010) kits for the
generation of the conjugates. Briefly, 20 pl of the anti-tau5 was incubated with a vial
of Duolink PLA Plus or Minus oligonucleotides and 2 pl of conjugation buffer
overnight (16 hours minimum) at RT. The following day, conjugates were incubated
for 30 minutes at RT with 2 pl Probemaker stop solution and stored at 4°C after adding
24 pl in Probemaker storage buffer.

Tissue preparation for tau-PLA

For fluorescent tau-PLA, transfected HEK293 cells were fixed in 4% PFA as described
previously. For brightfield tau-PLA, 10 um thick paraffin-embedded mouse tissue and
5 pm thick paraffin-embedded human tissue were prepared by heating for 45 minutes
at 70°C followed by dewaxing and rehydration. For the dewaxing, slides were left for

3 minutes in 100% xylene, followed by 3 minutes of incubation in Histo-Clear (Fisher
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Scientific, 50-899-90147). The slide rehydration was performed in 100-70% graded
ethanols. Slides were initially incubated in 100% ethanol for 3 minutes twice. This step
was repeated for 95% and 70% ethanols and the slides were then incubated for 3
minutes in ddH>O. Blocking of the endogenous peroxide was performed by incubating
the slides with 10% H2O; for 1 hour at RT in the dark and the slides were then washed
with ddH>O for 5 minutes. For antigen retrieval, microwave heating in citrate buffer
(pH 6.0) for a total of 10 minutes was used. Detailed, slides were placed in a
microwavable box with citrate buffer (pH 6.0) and microwaved in a 900 W microwave
for 4 minutes, followed by 5 minutes rest. Slides were microwaved again for 1.5
minutes with 5 minutes resting after. This step was repeated 3 more times. The box was
then placed in ice to cool down for 30-40 minutes. After washing the slides with ddH,O
the slides were washed twice with TBS - 0.1% Tw Wash Buffer.

Tau-PLA brightfield staining

Samples, after being washed with TBS - 0.1% Tw Wash Buffer, were incubated with
Duolink blocking solution for 1 hour at 37°C. Tau-PLA conjugates were diluted in PLA
Probe diluent (1 PLUS : 1 MINUS : 250 diluent) and samples were incubated with 120
ul per slide overnight at 4°C. After being washed with TBS - 0.05% Tw Wash Buffer
three times for 5 minutes, the samples were incubated 120 pl per slide PLA ligation
solution for 1 hour at 37°C. Following the ligation step, the samples were washed as
previously and incubated 120 pl per slide PLA amplification solution for 2.5 hours at
37°C. For fluorescent tau-PLA, after samples were washed with TBS - 0.05% Tw Wash
Buffer three times for 5 minutes, were mounted in Vectashield with 1 pg/ml DAPI
counterstain. For brightfield tau-PLA, the detection step was performed after washing
the samples and covering the sections with 120 pl per slide PLA detection solution for
1h at RT. After washing, the samples were incubated with the 120 pl per slide PLA
substrate solution for 20 minutes at RT. The reaction was terminated by dipping the
slides into a box with ddH>O and washing them for a couple of minutes before being
counterstained with Mayer’s haematoxylin solution (SIGMA-ALDRICH, MHS16).
Dehydration with 70-100% graded ethanols and xylene was performed and the slides
were then mounted with DPX mounting reagent (SIGMA-ALDRICH, 44518) and left

to air-dry overnight in the laminar hood.
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For recombinant protein analysis, 10 ul of 40 uM tau-441 2N4R aggregates, 1 mg/ml
1306 aggregated fragments, and 1mg/ml alpha-synuclein fibrils were spotted on poly-
L-lysine coated coverslips, left for 30 minutes at RT, then PFA-fixed for 10 minutes as

described in a previous chapter and treated as above for fluorescent tau-PLA.

Tau-PLA co-immunofluorescence

For tau-PLA co-immunofluorescence, immunofluorescence was performed after the
antigen retrieval step, before blocking the slides for PLA. Slides were incubated with
120 pl per slide primary antibody (GFAP, Ibal, Tau5) (Table 2.1) for 1 hour at RT
before being washed with TBS - 0.05% Tw Wash Buffer three times for 5 minutes.
Slides were then incubated with 120 pl per slide secondary antibodies (Table 2.2) for 1
hour at RT and then washed with TBS - 0.05% Tw Wash Buffer as previously.

6x His tag Proximity Ligation Assay (6x His tag-PLA)

6x His tag-PLA was performed similarly to tau-PLA. Briefly, anti-6x His tag (Abcam,
ab213204) was used together with the Duolink PLA Plus (SIGMA-ALDRICH,
DUO092009) or Minus (SIGMA-ALDRICH, DU092010) kits for the generation of the
conjugates. Dewaxing was performed as previously by heating, dewaxing in xylene and
histoclear, rehydrating in 100-70% graded alcohols, blocking of the endogenous
peroxide with 10% H>O: for 1 hour at RT, and performing antigen retrieval via
microwave heating in citrate buffer (pH 6.0) for a total of 10 min. Samples were
incubated with Duolink blocking solution for 1 hour at 37 °C and then with 6x His tag-
PLA conjugates diluted in PLA Probe diluent (PLUS : 1 MINUS : 200 diluent)
overnight at 4°C. After being washed, the samples were incubated with PLA ligation
solution for 1 hour at 37°C. After washes, incubation with the PLA amplification
solution for 2.5 hours at 37°C was performed. Tissue sections were then washed and
incubated with a PLA detection solution for 1 hour at RT. After washing, the samples
were incubated with the PLA substrate solution for 20 minutes at RT. Samples were
then counterstained with haematoxylin for 4 minutes, washed with tap water for 5
minutes, dehydrated with 70-100% graded alcohols and xylenes, and mounted with

DPX mounting reagent.
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2.2.3.4 Immunohistochemistry (IHC) of FFPE sections

10 um thick paraffin-embedded mouse tissue and 5 um thick paraffin-embedded human
tissue were prepared by heating for 45 minutes at 70°C followed by dewaxing in xylene
and rehydration in 100-70% graded ethanols, as described previously. Sections were
then blocked with H>O» for 1 hour (Table 2.1) at RT in the dark. After being washed
with ddH>O for 5 minutes, antigen retrieval was performed. Antigen retrieval was
achieved via microwave heating with citrate buffer pH 6.0 for a total of 10 minutes
(AT180, PS422, PT217, Anti-6x His tag), or with incubation in 80% formic acid
(SIGMA-ALDRICH, 399388) for 15 minutes (4GS, alpha-synuclein 42), or no
treatment (AT8, MC1, ALZ50, PHF-1). The slides were then washed with washing
buffer (Table 2.1) three times for 5 minutes. Blocking of non-specific binding sites was
performed by incubating the slides with normal serum for 1 hour in PBS at RT. Then
the sections were incubated with the primary antibody (Table 2.1) overnight at 4°C.
The following day, after the slides were washed with washing buffer three times for 5
minutes, sections were incubated with a biotinylated IgG secondary antibody (Table
2.2), for 1 hour RT. After being washed three times for 5 minutes, the slides were
incubated with Vectastain ABC reagents (Vector Labs) according to the manufacturer’s
instructions. Slides were washed once again and detection was performed using a 3,3-
diaminobenzidine (DAB) substrate based on according to manufacturer’s protocol.
When the stain was developed, the reaction was terminated by dipping the slides into a
box with tap water. Slides were washed with running tap water for a couple of minutes
and were counterstained with Mayer’s Haematoxylin solution (SIGMA-ALDRICH,
MHS16). The slides were washed with tap water for 5 minutes. Dehydration with 70-
100% graded ethanols and xylene was performed as previously and the slides were then
mounted with DPX mounting reagent (SIGMA-ALDRICH, 44518) and left to air-dry

overnight in the laminar hood.

2.2.3.5 Haematoxylin & Eosin staining

For Haematoxylin & Eosin staining, the 5 um thick paraffin-embedded human brain
tissue was prepared by heating the slides for 45 minutes at 70°C followed by dewaxing
in xylene and rehydration in 100-70% graded ethanols, as described previously. Slides
were then immersed in Mayer’s Haematoxylin (SIGMA-ALDRICH, MHS16) for 4
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minutes and then washed with tap water for 5 minutes to enhance the staining. Slides
were then immersed in 1% eosin for 5 minutes before being washed with ddH>O for 5
minutes. Dehydration with 70-100% graded ethanols and xylene was performed as
previously and the slides were then mounted with DPX mounting reagent (SIGMA -
ALDRICH, 44518) and left to air-dry overnight in the laminar hood.

2.2.3.6 Imaging and neuropathological analysis

For the brightfield imaging analysis of the stained sections, a Leica Aperio AT2 slide
scanner and Aperio-Imagescope (40x objective) were used. Three representative
images were blindly taken from the analysed brain regions and neuropathological
analysis was performed using the Image] software (Rasband WS, ImagelJ, U.S.
National Institutes of Health, USA. http://imagej.nih.gov/ij/). Images were thresholded
and the number of particles in the total covered area was quantified (Fig. 2.2). Particle
size was adjusted as follows: 1.5-3.5 um? for the diffuse tau-PLA signal labelling of
small structures (Fig. 2.2 A), and 12.5-100 pm? for the large perikaryal lesions, mostly
representing NFTs and NTs (Fig. 2.2 B). The mean of each sample and brain region
was calculated and analysed. Semi-quantitative analysis was performed by collecting
blindly three representative images for each sample and brain region according to a
semi-quantitative scale between 1 and 6 (Fig. 2.3). GraphPad Software was used for the
statistical analysis and comparison of the groups. One-way ANOVA with Dunnett’s
post hoc test and unpaired two-tailed Student’s t-test was performed with statistical

significance being defined as p <0.05.
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Figure 2.2. Automated analysis scale used for analysis. A) Original images and images after
analysis with quantification using an automated analysis scale using Image] Software with
particle size being adjusted at 1.5-3.5 pm?. Images represent tau-PLA labelled structures of
different densities; insets show the final counts. B) Original images and images after analysis
with quantification using an automated analysis scale using ImageJ Software with particle size
being adjusted at 12.5-100 pm?. Images represent tau structures with 4 different

immunolabellings; insets show the final counts.
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Figure 2.3. Semi-quantitative scale used for analysis. Semi-quantitative scale

between 1 to 6 was used for semi-quantitative analysis.
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Chapter 3: tau-PLA detects tau-tau interactions in in vitro

systems

3.1 Introduction

The abnormal intraneuronal aggregation and misfolding of tau, a microtubule-
associated protein, in the central nervous system (CNS) is the main pathological
hallmarks of tauopathies, with AD being the most common neurodegenerative disorder
(Goedert et al., 2017; Lee et al., 2001). Proximity ligation assay (PLA), first developed
by Soderberg et al. in 2006, is a technique that allows the specific detection of
endogenous protein interaction directly in normal cells and tissues (Soderberg et al.,
2006). Based on a recently developed assay, the alpha-synuclein proximity ligation
assay (AS-PLA), where multimers of alpha-synuclein but not monomers can be
detected after conjugation of the same epitope-blocking monoclonal antibody with the
PLA probes (Roberts et al., 2015), we tried to develop a method that would detect tau-
tau interactions in situ. Following the PLA principles, every time two or more protein
molecules interact one with the other, and the PLUS and MINUS PLA probes are in
proximity (less than 40 nm away), ligation with a connector oligonucleotide is
occurring, producing a circular DNA. This circular DNA serves as a template for the
following step of amplification. However, at this point, we need to highlight that 50%
of the binding events can be captured by tau-PLA as the PLUS-PLUS and MINUS-
MINUS events do not lead to productive ligation. Successful ligations work as primers
for a rolling cycle amplification reaction and the final DNA products are visualised as
single dots after the addition of complementary labelled oligonucleotides tagged with
HRP or fluorescent tag (Soderberg et al., 2006). Final products are visualised using
brightfield or fluorescent microscopy, respectively. For the development of tau-PLA,
tau5 antibody (ab80589, Abcam), a monoclonal pan-tau antibody that recognises the
epitopes 218-225 amino acids of the non-phosphorylated full-length human tau was
used for the generation of the tau-PLA conjugates with the PLA PLUS and MINUS
Probes (Porzig et al., 2007). To validate the ability of tau-PLA to detect tau self-
interactions but no monomeric tau, several in vitro systems were used including tau
BiFC assay and tau multimerisation inducible systems like FKBP-FRB-rapamycin

system and heparin-induced tau aggregation. The bimolecular fluorescence
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complementation (BiFC) assay is based on the structural complementation of two
fragments of GFP leading to the production of a bimolecular fluorescence complex
when these two GFP splits are brought in proximity to each other after interaction
between the proteins they are fused to (Brunello et al., 2016; Kerppola, 2013). These
GFP splits encode the 10 first B-strands including the 1-214 amino acids and the 11"
B-strand compromising of the 215-230 amino acids of GFP and can be fused with
different molecules to visualise and investigate their interactions (Fig.3.2A). Another
system commonly used for induced interactions between molecules is the FKBP-FRB-
rapamycin system. Interaction between the FKBP (FK506 binding protein) and FRB
(FKBP rapamycin binding) domain of mTOR is lacking. Rapamycin is a molecule
(antibiotic) that can bind simultaneously and with high affinity to FKBP and FRB
inducing the dimerisation of these two proteins (Fig.3.3A). Therefore, induced
interactions between two molecules can be achieved by fusing these molecules with
FKBP and FRB after the addition of rapamycin (Banaszynski et al., 2005; Inobe et al.,
2015). Finally, numerous studies nowadays have proved that sulfated
glycosaminoglycans like heparin, a poly-anionic cofactor, can be used as a tau

multimerisation inducer in in vitro studies due to their ability to generate paired helical-

like tau fibrils after interaction with non-phosphorylated tau (Fig.3.3A) (Falcon et al.,
2019; Goedert et al., 1996; Lim et al., 2014; Ramachandran and Udgaonkar, 2011).

Sample Antigen Ligation Amplification Detection
Preparation Recognision
b
e A e &Y '
tau monomers PLUS-conjugated antibody Ligated adaptor Amplified DNA HRP or Fluorescence tag
oligonucleotide
a5
P A
tau multimers MINUS-conjugated antibody

Created in BioRender.com bio

Figure 3.1 Schematic representation of tau Proximity Ligation Assay (tau-PLA). Tau-PLA

consists of four main steps: antigen recognition, ligation, amplification, and detection. During
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antigen recognition, tau-PLA conjugates recognise and bind to tau antigens. For the production
of tau-PLA conjugates, the tau5 antibody, a monoclonal pan-tau antibody was conjugated with
PLA PLUS and tau-PLA MINUS probes. When two tau monomers interact one with the other,
and the tau-PLA PLUS and tau-PLA MINUS probes are in proximity, ligation with a connector
oligonucleotide is occurring, producing a circular DNA. This circular DNA serves as a template
for the following step. 50% of the binding events can be captured by tau-PLA as the PLUS-
PLUS and MINUS-MINUS events do not lead to productive ligation. During the amplification
step, successful ligations work as primers for a rolling cycle amplification reaction. Finally,
during the detection step, the final DNA product is visualised as a single dot after the addition
of complementary labelled oligonucleotides with HRP or fluorescent tags. Created with

BioRender.

3.2 Hypothesis and Aims

We hypothesise that tau-PLA can recognise tau-tau interactions but no monomers in

Vitro
Our aim for this chapter is to:

e To examine whether tau-PLA signal is co-localised with the GFP signal
produced by BiFC complexes in transfected cells

e To test whether tau-PLA can detect the rapamycin-induced interactions between
the tau molecules of the tau — FKBP — FRB system.

e To prove that the ability of tau-PLA to recognise tau multimers but no
monomeric tau in the different protein interaction systems is not due to the tags

fused to tau protein.

3.3 Tau-PLA detects tau-BiFC complexes

For the BiFC assay, HEK293 cells were co-transfected with two plasmid constructs,
the pmGFP10C-tau (Addgene, 71433) and pmGFP11C-tau (Addgene, 71434), that
encode tau protein fused with a fragment of GFP. Overexpression of plasmid constructs
was used to induce the intracellular tau multimerisation (Fig 3.2A). Transfection of
HEK?293 cells with only the pmGFP10C-tau or pmGFP11C-tau plasmid led to the

expression of only one GFP fragment, having as a consequence an impaired
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fluorescence signal (Fig. 3.2B). However, overexpression of both plasmid constructs
by co-transfecting the HEK293 cells induced tau-tau interactions, bringing the two
complementary fragments in proximity, and therefore resulting in the production of
fluorescence signal by the cells. No GFP signal was detected in the untransfected cells
(Fig. 3.2B). Application of tau-PLA revealed that tau-PLA signal was detected in cells
exhibiting BiFC fluorescence, while tau-PLA signal appeared to be absent in the
untransfected cells as shown in Fig. 3.2C. This finding revealed that tau-PLA is

characterised by high specificity for tau-tau interactions in vitro.

B

GFP expression

Untransfected

Tau-GFP-C

-- :

Figure 3.2 Tau-PLA detects tau-BiFC complexes. A) BiFC plasmid constructs

encoding tau protein fused with a split of GFP reporter gene. Production of GFP activity
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after structural complementation of the two GFP fragments when these complementary
fragments are brought in proximity to each other after tau multimerisation. B)
Fluorescent microscopy revealed that overexpression of both BiFC plasmid constructs
in HEK293 cells induced intracellular tau multimerisation. C) GFP signal (green) in co-
transfected HEK293 cells indicated tau-tau interactions. Tau-PLA signal (red) was
detected in cells exhibiting BiFC fluorescence revealing tau-PLA specificity for tau-tau
interactions in vitro. Cell nuclei were stained with DAPI (blue). Images captures are
projections of z-stacks. Scale bar: 10 pm (Bengoa-Vergniory, N., Velentza-Almpani,

E., etal., 2021).

3.4 Tau-PLA detects intracellular tau complexes but no monomeric

Another in vitro system used to test whether tau-PLA can detect tau multimers but no
tau monomers was FKBP-FRB-rapamycin inducible system. This time, HEK293 cells
were co-transfected with plasmid constructs expressing tau protein fused with FKBP or
FRB, an inducible system where the presence of rapamycin leads to a conditional
association between the two tau complexes (Fig. 3.3A). In contrast to the previous
assay, where tau-tau interactions were induced with plasmid overexpression, this time
the conditions of the experiment were modified in a way that low levels of plasmid
expression were achieved to avoid spontaneous tau aggregation. In this case, the tau-
PLA signal was negligible regardless of the existence of tau monomers (Fig. 3.3B).
The addition of rapamycin to the system for 1 hour after plasmid co-transfection,
induced tau multimerisation resulting in a significant increase in the dotty tau-PLA
signal (Fig. 3.3B). This outcome indicated that tau-PLA detects tau self-interactions but

not monomeric tau in vitro.
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Figure 3.3 Tau-PLA can detect the rapamycin-induced interactions between the

tau molecules of the tau-FKBP-FRB system. A) Tau-FKBP-FRB system is an

inducible system where the presence of rapamycin leads to an association between two
tau molecules fused with a split of the GFP reporter gene. B) HEK293 cells were co-
transfected with plasmid constructs expressing tau protein fused with FKBP or FRB.
Low levels of plasmid expression were achieved to avoid spontaneous tau aggregation.
In the absence of rapamycin, no tau-PLA signal (red) was detected, while this signal
was significantly increased after the addition of rapamycin indicating that tau-PLA has
high specificity for tau-tau interactions but not monomers in vitro. Cell nuclei were
stained with DAPI (blue). Images captured are projections of z-stacks. Scale bar: 10

um (Bengoa-Vergniory, N., Velentza-Almpani, E., et al., 2021).

3.5 Tau-PLA detects tau multimerisation of recombinant tau but no

monomers

In both previous assays, we used tau constructs fused with different tags. To exclude
the possibility that the interactions between tau monomers are due to tags, untagged

full-length human 4Rtau was shaken in the presence of heparin for 360 hours in total to
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generate different tau aggregates (Fig. 3.4A). Before tau shaking, no tau aggregates
were detected with TEM (Fig. 3.4B). Following 16 hours of protein shaking, globular
tau aggregated structures were captured with TEM (Fig. 3.4B). After 360 hours of
shaking a mixed population of tau aggregated species was detected, consisting of
amorphous accumulations, globular structures, and filaments (Fig. 3.4B). Alpha-
synuclein aggregates were also produced after protein shaking for 120 hours to be used
as negative control and revealled that tau-PLA 1is highly specific for tau and not general
protein accumulation. Application of tau-PLA and imaging of equal preparation
amounts confirmed the specificity of tau-PLA for tau multimers but no tau monomers
or alpha-synuclein fibrils. (Fig. 3.4B). Therefore, all these findings highlighted that tau-

PLA  detects tau-tau interactions with  high specificity in  vitro.

A
Tau-PLA
- & _ .
. &
1 Aggregate collection
+ heparin ggreg TEM
+DTT
Protein monomers Shaking
in sodium acetate
B

Tau monomer Tau 16 h shaking Tau 360 h shaking A-syn fibril

£9

EM

TAU-PLA

Figure 3.4 Tau-PLA detects tau multimerisation of recombinant tau but no
monomers. A) Untagged full-length 4Rtau was shaken together with heparin to
generate tau aggregates for 360 hours. The produced recombinant protein aggregates
were subjected to TEM (Scale bar: 1000 nm) and tau-PLA (Scale bar: 50 nm. B) After
16 hours of protein shaking, globular tau aggregated structures were captured with
TEM. After 360 hours of shaking a mixed population of multimeric tau complexes was

detected. A-synuclein fibrils were formed after shaking for 120 hours, in the absence
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of heparin, and were used as a negative control. Tau-PLA (red) recognized tau

multimers but no monomers or alpha-synuclein fibrils.

3.6 Discussion

Tauopathies, with Alzheimer’s disease as the most common neurodegenerative
disorder, are caused by the abnormal folding and aggregation of tau molecules that seed
themselves and spread throughout the brain in a prion-like manner causing, as they
expand, irreversible neuronal cell death and progressive neurological symptoms
(Goedert, Eisenberg, et al., 2017; Spillantini & Goedert, 2013). Accumulating evidence
indicates that these oligomeric tau molecules, rather than NFT, are considered to be the
toxic species, with seeding capacity, responsible for the prion-like spread of tau
pathology, behaving as invisible killers, given that we lack a robust technique for their
detection (Holmes et al., 2014; Kaufman et al., 2017; Lasagna-Reeves et al., 2012).
Proximity ligation assay (PLA), first developed by Soderberg et al. in 2006, is a
technique that allows the specific detection of endogenous protein-protein interactions
directly in normal cells and tissues (Soderberg et al., 2006). Based on this assay, we
have now developed a new technique, the tau proximity ligation assay (tau-PLA),
which allows the in situ visualization of tau—tau interactions with high specificity and
sensitivity without recognising tau monomers. For the build-up of the assay, a
monoclonal epitope-blocking antibody was used, as suggested by previous studies, to
ensure that each tau molecule is captured by one antibody, avoiding the binding of two
or more antibodies on a single tau molecule, as this would result in a false positive PLA
signal (Roberts et al., 2019, 2015). In line with Roberts et al. and according to
manufacturers’ instructions, an antibody in BSA- and azide-free buffer is essential to
achieve the successful conjugation of the antibody with the PLA PLUS and MINUS
Probes (Roberts et al., 2019, 2015). For all the aforementioned reasons, the tau5
antibody (ab80589, Abcam) was used. It has been reported that tau5 is a monoclonal
pan-tau antibody that recognises the epitope consisting of the 218-225 amino acids of
the non-phosphorylated full-length human tau, making it the best candidate for the
detection of monomeric unphosphorylated tau and avoiding the limitations and
restrictions that the other antibodies present for the development of a productive PLA

signal (Porzig et al., 2007). To validate the ability of tau-PLA to detect tau
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multimerisation but no monomers, several in vitro systems were used including Tau
BiFC assay and Tau FKBP-FRB-rapamycin assay. Both assays revealed that tau-PLA
recognised tau-tau interactions but no monomeric tau. In the first case, the tau-PLA
signal was colocalised with BiCF fluorescence revealing the ability of tau-PLA to
detect tau-tau interactions, while in the second one, the tau-PLA signal was
significantly increased after the addition of rapamycin, highlighting the preference and
specificity of the assay for tau-tau interactions but not tau monomers. The specificity
and sensitivity of PLA for aggregated species but not monomeric have also been
reported in previous studies investigating the interaction of homotypic proteins,
supporting, therefore, the reliability and efficacy of the PLA approach (Mazzetti et al.,
2020; Roberts et al., 2019, 2015; Sekiya et al., 2019). Although these assays are widely
used for the investigation of protein multimerisation, the use of tags could be a
limitation as evidence reports the possible interference of the molecular tags with the
interactions of the proteins of interest, affecting the process of protein multimerisation
and giving conflicting results (Kaniyappan et al., 2020; Lim et al., 2014). To exclude
therefore the possibility that tau interactions are due to the tags, untagged full-length
4Rtau isoform was shaken together with heparin to generate different tau aggregates.
Numerous studies support nowadays the use of heparin, a poly-anionic cofactor, as a
tau multimerisation inducer for in vitro studies, due to its ability to generate paired
helical-like tau fibrils after interaction with non-phosphorylated tau (Falcon et al., 2019;
Goedert et al., 1996; Lim et al., 2014; Ramachandran and Udgaonkar, 2011). As
expected, tau-PLA recognized tau multimers, capturing a range of tau aggregates, from
small amorphous to filamentous species, but no monomeric tau. Overall, these findings
highlight that tau-PLA detects self-interacting tau molecules in vitro and cell-based
assays, but no tau monomers with high specificity and sensitivity, being a potentially
useful tool for the investigation of endogenous disease-related tau-tau interactions in

AD brain tissue

3.6.1 Limitations

Although much effort was applied to optimise the conditions of the assays, as
mentioned previously, there was a limitation that needed to be addressed. Although
BiFC assay and FKBP-FRB-rapamycin inducible system are well-established assays

used for the investigation of protein-protein interactions, there is evidence supporting
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that the tags fused with the proteins of interest could affect the interactions resulting in
misleading outcomes (Kaniyappan et al., 2020; Lim et al., 2014). However, findings
have reported that in contrast to other cell-based assays that use big protein tags like
FRET, the aforementioned assays are characterised by the use of small-sized molecular
tags that do not affect the procedure of protein aggregation (Kerppola, 2013; Lim et al.,
2014; Roberts et al., 2015). In any case, to be completely confident with our findings
and to exclude the possibility that tau interactions are due to the tags, we used a heparin-
inducible tau aggregation system, where untagged tau molecules were used for the
generation of the various multimeric tau species and assessment of the tau-PLA.
Finally, to exclude the possibility of cross-reactivity of tau-PLA and detection of
irrelevant protein molecules, other than tau, tau-PLA was also applied in solutions with
alpha-synuclein soluble and aggregated species. As expected, no tau-PLA signal was

observed indicating that our assay is tau-specific.

3.6.2 Conclusions

Here, we have developed a new assay, the tau-PLA, which allows the detection of tau—
tau interactions with high specificity and sensitivity. Overall, our findings revealed that
tau-PLA detects tau-BiFC complexes highlighting the high specificity of the assay for
tau-tau interactions. In addition, the rapamycin inducible FRB-FKBP fusion protein
system revealed that tau-PLA detects tau multimers, but no tau monomers. Finally, the
detection of aggregated recombinant full-length unphosphorylated 4R tau molecules by
tau-PLA proved that tau-PLA is able to detect a mixed population of aggregated tau
species, including globular structures and filaments, mostly of short or intermediate

length, but no tau monomers.
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Chapter 4: In situ specificity of tau-PLA in animal and post-

mortem human brain tissues

4.1 Introduction

MAPT KO mouse is an engineered mouse missing exon 1 in the MAPT gene after
replacement with the neomycin-resistant cassette, resulting in the lack of tau protein
expression. Although this mouse is developing normally and has reproductive ability,
the lack of tau protein in the brain affects the growth and extension of axons and
therefore neuronal maturation, leading to mild cognitive deficits (Dawson et al., 2001).
This mouse is a very useful and widely used tool in research for the investigation of the
physiological and pathological role of tau (Kraus et al., 2019; Metrick et al., 2020;
Vargas-Caballero et al., 2017). P301S mutation, described in frontotemporal dementia
and parkinsonism linked to chromosome 17 (FTDP-17), is detected in exon 10 of tau
protein, affecting tau ability to induce microtubule assembly and promoting tau
aggregation. This results, in an early onset of clinical symptoms and, has strong
functional deficits in the individuals diagnosed with such mutation. (Allen et al., 2002;
Goedert et al., 1996; Morris, 2001; Sperfeld et al., 1999). P301S mouse is a well-
characterized mouse model of human tauopathy, expressing the shortest human four-
repeat tau isoform (ON4R) with the P301S mutation on a wild-type mouse tau
background featuring the main characteristics of the disease (Allen et al., 2002). This
mouse model is widely used for the investigation of tauopathies like frontotemporal
dementia and AD as it is characterised by the abnormal aggregation of
hyperphosphorylated tau in NFT and NT resulting in the development of
neuropathological effects, including neurodegeneration, synaptic loss, and
neuroinflammation, as well as, the presence of severe behavioral deficits and clinical
symptoms (Allen et al., 2002; Yoshiyama et al., 2007). In contrast to human cases, no
hyperphosphorylated tau has been observed in glial cells (Bugiani, 1999). By the age
of 5-6 months old, P301S transgenic mice have already developed severe motor
symptoms with severe paraparesis, associated with the aggregation of
hyperphosphorylated tau in the brainstem and spinal cord (Allen et al., 2002). By this
age, this model is also characterised by the development of cognitive impairment.

However, not until 6 months old is AT8 positive staining detected in the hippocampal
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region of the mice (Holmes et al., 2014; Yoshiyama et al., 2007). ATS is a phospho-tau
antibody that recognises phosphorylation in both serine 202 and threonine 205 residues
of the human tau protein and is considered to be the “Gold Standard marker” for tau-
IHC and AD Braak staging (Alafuzoff et al., 2008; Braak et al., 2006). Neuronal cell
death and neurodegeneration are far superior to the number of NFTs, suggesting that
undetected tau aggregated complexes mediate toxicity (Ghag et al., 2018; Gémez-Isla
et al., 1997). In recent studies on the P301S mouse model, researchers by using
biomolecular assays detected increased tau seeding activity in brain regions that
appeared to be unaffected based on conventional staining methods, with the onset of
tau seeding activity being observed 4 months earlier to tau-immunoreactive staining
(Holmes et al., 2014; Kaufman et al., 2016a). Therefore, in situ visualisation of these
invisible early-type tau multimers in mouse models of human tauopathy could be a

valuable tool for the investigation of tauopathies.

4.2 Hypothesis and Aims

We hypothesise that tau-PLA can detect tau multimers in sifu with high specificity in

animal and post-mortem human brain tissues.

Our aim for this chapter is to:

e To examine the in situ specificity of tau-PLA in the P301S transgenic mouse
model of human tauopathy and MAPT KO mice.
e To prove that tau-PLA is a result ofsuccessful tau-PLA

e To prove that tau-PLA is an antibody-dependent assay

4.3 In situ specificity of tau-PLA in transgenic and MAPT KO mice

To determine whether tau-PLA can detect with high specificity self-interacting tau
molecules in situ, brain tissue from MAPT KO mice that exhibit a lack of tau expression,
P301S transgenic mice that represent an animal model of human tauopathy, and wild-
type aged matched littermates C57BL/6, were investigated. Analysis with tau-PLA was
performed in FFPE brain tissue sections from 2 months-old MAPT KO mice, alongside

brain tissue from 6 months-old P301S transgenic mice and C57BL/6 age-matched
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controls. Application of tau-PLA in the brain areas of the CA1l region of the
hippocampus, striatum, and midbrain revealed that no positive tau-PLA signal was
detected in MAPT KO, whereas the signal appeared to be quite strong in P301S mice.
C57BL/6 mice showed a negligible load of tau-PLA (Fig. 4.1). Significant load of tau-
PLA was also spotted in the area of striatal tracks of the P301S transgenic mice, where
the axons of neuronal cells were detected (Fig. 4.1). AT8-IHC was also performed in
animal tissue. In line with previous studies (Allen et al., 2002; Holmes et al., 2014),
AT8 staining was prominent in the midbrain while the signal was missing from the
areas of the hippocampus and striatum (Fig. 4.1). Therefore, the findings from ATS-
IHC and tau-PLA revealed the presence of tau-tau interactions in anatomical brain

regions of P301S mice that appeared to be unaffected and devoid of ATS staining.
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P301S

Figure 4.1 Demonstration of the in situ specificity of tau-PLA in mouse brain tissue. Brain
regions of the hippocampus (CA1), striatum, and midbrain from 6 months old female and male
MAPT KO (N=2) P301S tau (N=6), and C57BL/6 (N=6) mice stained for tau-PLA, AT8-IHC,
and haematoxylin (nuclei). No positive tau-PLA signal was detected in MAPT K/O, whereas
the signal appeared to be quite strong in P301S mice. C57BL/6 mice showed a negligible load
of tau-PLA, demonstrating the in sifu specificity of tau-PLA. Comparison with AT8-IHC
revealed the presence of tau-tau interaction in anatomical brain regions of P301S mice that were

devoid of ATS staining. Scale bar 100 pm.
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Finally, brain tissue from 3, 6, and 9 months-old P301S mice was stained for Tau-PLA.
The CA1 region of the hippocampus and midbrain presented a low tau-PLA signal in
the 3 months-old mice, with the signal increasing to moderate levels in 6 months-old
and high levels in 9 months-old mice. This result highlighted an age-dependent
accumulation of tau-PLA signal in P301S animals (Fig. 4.2).

P301S
CAl

Vid-Nvl

Midbrain

i Vo A v

Figure 4.2 Age-dependent accumulation of tau-PLA signal in P301S transgenic
mice. FFPE sections from the brain regions of the hippocampus (CA1) and midbrain
from 3, 6, and 9 months-old P301S mice were stained for Tau-PLA and haematoxylin
(nuclei). Tau-PLA analysis revealed that the tau-PLA signal accumulates with age in

P301S animals. Scale bar 100 pum.

Tau-PLA parameters were also accessed under fluorescent conditions to confirm that
the signal obtained after the application of tau-PLA is due to successful tau-PLA
staining and not due to autofluorescence caused by tissue processing and tissue
preparation for the PLA. FFPE brain tissue sections from 2 months-old MAPT KO mice,
together with 6 months-old P301S transgenic mice and C57BL/6 age-matched controls
were analysed using fluorescent tau-PLA to examine the different parameters and

conditions of the assay. Performance of fluorescent tau-PLA in the CA1 region of the
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hippocampus revealed no positive tau-PLA signal in MAPT KO, while this signal
appeared to be strong in P301S mice. Negligible levels of fluorescent tau-PLA were
also observed in C57BL/6 mice (Fig. 4.3). These findings suggested that the tissue
processing and preparation conditions for the tau-PLA assay didn’t affect the outcome

of the assay.

P301S MAPT KO C57BL/6

TAU-PLA

Figure 4.3 Fluorescent tau-PLA in mouse brain tissue. Brain regions of the CA1
region of hippocampus from 6 months old female and male MAPT KO (N=2) P301S
tau (N=6), and C57BL/6 (N=6) mice stained for fluorescent tau-PLA (red) and DAPI
(blue). No positive tau-PLA signal was detected in MAPT K/O, whereas the signal
appeared to be quite strong in P301S mice. C57BL/6 mice showed a negligible load of
tau-PLA. Cell nuclei were stained with DAPI. Scale bar 100 pm.

4.4 In situ specificity of tau-PLA in human tissue

4.4.1 Tau-PLA is a result of productive tau-PLA

To furthertest whether the signal obtained was not a background staining and was a
result of productive tau-PLA, the assay was also performed using no-ligase controls. In
this case, FFPE brain tissue from the cortex of 6 months old P301S was stained with
tau-PLA but this time the ligation step was removed. No staining was detected in the
P301S tissue after excluding the ligation step (Fig. 4.4A). Similarly, FFPE post-mortem
human sections from Braak stages 0 to VI were also examined in the same way. Once
again, the removal of the ligase step from the tau-PLA protocol led to the absolute

depletion of the PLA signal (Fig. 4.4B). Both findings suggested that the tau-PLA
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signal was a result of productive tau-PLA and was dependent on the ligation of the two

tau-PLA conjugates.

Figure 4.4 Tau-PLA is a result of productive tau-PLA. FFPE sections from the
cortex of 6 months old P301S mice and post-mortem human brain tissue (Braak 0 —
Braak VI) stained for tau-PLA in the presence (complete tau-PLA) or absence (no ligase
control tau-PLA) of ligation step. Removal of the ligation step led to the absolute
depletion of the PLA signal, highlighting that tau-PLA was a result of productive tau-
PLA. Scale bar 100 um.

4.4.2 Tau-PLA is an antibody-dependent assay

Next, to prove that tau-PLA is an antibody-dependent assay and to exclude the
possibility of false positive results due to the PLA assay itself, PLA conjugates were
produced after fusing PLUS and MINUS PLA probes with the 6xHisTag antibody.
6xHisTag is not physiologically produced in the human brain and therefore the
6xHisTag antibody wouldn’t be able to detect any antigen to bind to. Indeed, no stain
was detected after the performance of 6xHisTag-IHC to FFPE section from post-
mortem human brain tissue (Fig. 4.5). No signal was also observed after 6xHisTag
application to samples of Braak stage 0 and V (Fig. 4.5), indicating that tau-PLA is
characterised by high in situ specificity for tau-tau interactions, without giving any non-
specific background staining due to PLA elements and reagents themselves and is

dependent on the antibody used for the assay.

101



Braak O Braak Vv

6xHisTag

6xHisTag-PLA
6xHisTag
.. 6xHisTag-PLA

Figure 4.5 Application of 6xHisTag-PLA in post-mortem human brain tissue.
FFPE sections from post-mortem human brain tissue from Braak stage 0 and V stained
for 6xHisTag-IHC, 6xHisTag-PLA, and haematoxylin (nuclei). No positive signal was
detected in both cases indicating that tau-PLA detected tau-tau interactions with high

specificity in situ and is an antibody-dependent assay. Scale bar 50 um.

4.5 Discussion

The specificity of tau-PLA was further investigated using animal models. P301S is a
mouse model of human tauopathy characterised by the expression of the shortest four-
repeat (ON4R) human tau isoform with the P301S mutation. P301S mutation has been
described in frontotemporal dementia and parkinsonism linked to chromosome 17
(FTDP-17) and appears to induce tau aggregation (Allen et al., 2002; Goedert et al.,
1996; Morris, 2001). By the age of 6-month-old P301S mice develop neurological and
clinical symptoms as a result of the accumulation of hyperphosphorylated large tau
lesions in the brain and the spinal cord (Allen et al., 2002). Not until 6 months old AT8
positive tau lesions have been described in the brain of this mouse model (Allen et al.,
2002; Holmes et al., 2014). Application of tau-PLA in the brain tissue of 6-month-old
P301S mice revealed a strong tau-PLA signal in the regions of the hippocampus,
striatum, and midbrain, highlighting that tau multimerisation has already started with
tau self-aggregation being evident from the age of 3 months old. This finding is in line
with previous cell-based studies where scientists detected high seeding activity of tau
molecules extracted from the brain of P301S mice, with this spreading capacity being
observed 4 months earlier than the appearance of the first immunoreactive species
(Holmes et al., 2014; Kaufman et al., 2016b). Finally, analysis of mouse tissue revealed

elevated levels of early-type tau multimers in the area of striatal tracks in the P301S
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mice pointing out that axons might be the subcellular location where tau aggregation
first takes place, an expected outcome given the fact that the main function of tau is
microtubule stabilisation in the axonal projections (Kent et al., 2020; Wang and
Mandelkow, 2016). To prove now that the signal obtained from tau-PLA is due to
productive PLA capturing the actual tau pathology in this mouse model of human
tauopathy, MAPT KO mice were analysed as well. These mice, due to MAPT gene
modification, lack the expression of tau protein (Dawson et al., 2001). Indeed, the
application of both AT8-IHC and tau-PLA in MAPT KO mice showed no positive
staining signal. The lack of tau expression in these mice has been repeatedly described
in previous studies using various staining, cell-based, and seed amplification assays
(Dawson et al., 2001; Holmes et al., 2014; Kaufman et al., 2016b; Kraus et al., 2019;
Saijo et al., 2017). This outcome highlights the specificity of our assay and the lack of
non-specific background staining. Further analysis was also performed to prove that the
PLA signal is a result of productive tau-PLA and that is an antibody-dependent assay.
According to the PLA principles, every experimental step is crucial for the development
of the PLA signal, and therefore depletion of one of these steps would result in the
complete loss of this signal (Roberts et al., 2019; Soderberg et al., 2006). Indeed, the
removal of the ligation step diminished the tau-PLA signal, highlighting that the
staining obtained after the performance of the assay is a result of a productive PLA.
Finally, the replacement of the tau5 antibody with an antibody detecting a protein
molecule that is not normally expressed in the brain (anti-6x His tag), resulted in no
PLA signal, supporting further the in situ specificity of the assay for the tau-tau

interactions and indicating that tau-PLA is an antibody-dependent assay.

4.5.1 Limitations

After the development of tau-PLA, one of the major limitations was whether tau-PLA
can detect tau-tau interactions in situ with high specificity. Previous studies have
reported the low significance of the assay when used in situ, with the assay being prone
to give false positive results under different conditions (Alsemarz et al., 2018). Moving
to the in situ analysis, to exclude the possibility of non-specific binding and background
staining of tau-PLA, we focused on the blocking and antigen retrieval steps by

controlling the blocking time and the pH of the AR solution, achieving the best

103



experimental conditions to avoid having a non-specific background staining without
losing at the same time the actual tau-PLA signal. Adjustment of antigen retrieval pH
at 6.0 is crucial for the successful tau-PLA assay (Roberts et al., 2019). To further
exclude the possibility of tau-PLA giving a false-positive signal, control experiments

were also performed (6xHisTag-PLA).

4.5.2 Conclusions

Overall, the findings from the application of tau-PLA in animal and human brain tissue
proved that tau-PLA is an antibody-dependent assay that detects tau-tau interactions,
but no monomers, with high specificity. The assay is also characterised by high
sensitivity and every experimental step (antigen recognition, ligation, amplification,
and detection) should be performed carefully and according to the proposed protocols

to achieve a productive PLA signal.
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Chapter 5: tau-PLA recognised disease-related tau multimers

5.1 Introduction

Tau protein plays a dominant role in AD pathology as impaired tau has been proven to
correlate better with AD symptoms. An increase in tau levels has been observed in AD
cases (Hernandez et al., 2018). Different potential mechanisms have been described to
contribute to this increase including the rise in the mapt gene transcription (Morita and
Sobue, 2009), the increase of tau protein translation (Keller, 2006), or/and the impaired
tau degeneration (Garcia-Escudero et al., 2017; Wang and Mandelkow, 2012). These
events lead to tau accumulation promoting the formation of small or large tau
aggregates, affecting the subcellular tau localisation, and disturbing the normal function
and integrity of neuronal cells (Hernandez et al., 2018; Silva and Haggarty, 2020;
Spillantini and Goedert, 2013). However, not only do tau levels affect the progress of
the disease, but tau structure is proven to play a pivotal role (Gerson et al., 2016; Nelson
et al., 2002). Different forms of tau aggregates/strains spotted in the AD brain have
been described as varying in morphology, size, structure, composition, location, and
conformation (Gerson et al., 2016). These tau complexes could be soluble, including
oligomers, protofibrils, and annular protofibrils (A. Lasagna-Reeves et al., 2011;
Lasagna-Reeves et al., 2014, 2011b, 2011a) or insoluble tau fibrils consisting of PHFs
and SFs (Grundke-Igbal et al., 1986; Lee et al., 1991). Soluble tau oligomers rather than
late-type tau fibrils are considered to be the main toxic species promoting neurotoxicity
and inducing cell death, and therefore contributing to the disease progress (Berger et
al., 2007; Ghag et al., 2018; Holmes et al., 2014; Kraus et al., 2019). The tau complexes
are also characterised by anatomical and cellular specificity (Lasagna-Reeves et al.,
2014). In addition, different tau forms may correlate with different stages of AD
(Lasagna-Reeves et al., 2014). At a cellular level, tau oligomers could be observed both
in neurons and glial cells (Gibbons et al., 2019). When in neurons, three distinguished
but overlapping forms of tau maturities have been described with the help of different
molecular markers (Bancher et al., 1989). These tau forms are the pre-tangles, the
mature NFTs, and the ghost tangles (Bancher et al., 1991, 1989). Pre-tangle materials,
NFTs, and NTs are intraneuronal aggregates, while ghost tangles are spotted in the

extracellular environment as tau remnants after neuronal cell death (Moloney et al.,
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2021). Neuritic plaque-associated tau is also detected in the extracellular space in
interaction with amyloid-beta (Sarkar et al., 2020). Apart from neuronal cells, tau is
also expressed by the glial cells, such as the astrocytes and oligodendrocytes but not
microglia (Brunello et al., 2020; Narasimhan et al., 2017). Neuronal tau pathology can
trigger glial tau pathology. Oligodendrocytes can present tau accumulations
independently of tau multimerisation in neurons and can use their processes to achieve
tau propagation (Narasimhan et al., 2020). However, this cannot happen in the case of
astrocytes (Narasimhan 2020). Although microglial cells don’t express tau protein,
studies have revealed that tau aggregated species have been spotted inside the microglia
of post-mortem AD brain tissue (Brunello et al., 2016). This is because the microglial
cells are considered the primary phagocytes of the central nervous system (CNS), with
a high phagocytotic activity that contribute to the clearance of tau deposits in the
extracellular environment (Konishi et al., 2022). After phagocytosis, most of the tau is
degraded, while the excess of tau could be released to the extracellular matrix through
tau-containing exosomes, contributing to some extent to the propagation of tau (Juan R
Perea 2018). This phagocytotic capacity has been lately described to astrocytic cells as
well, which apart from the production of low levels of endogenous tau, they can also
internalise tau molecules from the extracellular environment and ghost tangles
(Fleeman and Proctor, 2021), preventing the spread of tau pathology (Fleeman and
Proctor, 2021; Yamada, 2017). Although phagocytosis of tau from astrocytes could
protect neurons from toxicity, the internalisation of pathological tau molecules could
affect the function and integrity of astrocytes themselves (Kovacs, 2020). It is clear that
tau aggregates could vary in many ways. Advanced and conservatory techniques have
been used so far for the investigation of these tau structures and the process of tau
multimerisation (Holmes et al., 2014; Kaufman et al., 2017; Kraus et al., 2019;
Lasagna-Reeves et al., 2014; Metrick et al., 2020; Saijo et al., 2017). However, not all
tau species could be spotted and visualised in sifu. Direct visualisation of most tau

pathology would help to better understand AD progress.

5.2 Hypothesis and Aims

We hypothesise that tau-PLA can detect endogenous disease-related tau multimers,

labelling a range of tau structures in the AD brain.
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Our aim for this chapter is to:

e To investigate the different tau staining patterns of tau-PLA in the AD human
brain.

e To investigate the neurofibrillary tangle formation process using tau-PLA

e To examine the ability of tau-PLA to detect non-neuronal tau complexes in glial

cells.

5.3 Tau-PLA labels a range of structures in the AD brain

Moving onto human tissue, we examined whether tau-PLA could recognise disease-
related tau multimers, by analysing FFPE sections from post-mortem brain tissue of a
Braak stage V patient. Sections from the grey and white matter of the hippocampal
region and temporal isocortex were stained for tau-PLA and an analysis of the staining
pattern was performed. Tau-PLA labelled a range of tau structures across the different
areas of brain tissue. Apart from the late-type NFTs (Fig. 5.11), the NTs (Fig. 5.1ii), and
the neuritic plaque-associated tau (Fig. 5.1iii), tau-PLA also recognised a previously
unreported diffuse tau pathology consisting of small-sized tau multimers (Fig. 5.1v).
This form of tau pathology could be detected diffused in the neuropil, in the soma of
the neuronal cells located in the cytoplasm or/and in the nuclei, and in the axonal
projections of the neurons where tau-PLA dots could be spotted forming a rail track
structure (Fig. 5.11v, 5.1v, and 5.1vi). Both the white matter of the hippocampal region
in the human tissue (Fig. 5.1vi), as well as, the area of striatal tracks in the P301S mice
(Fig. 4.1) where the neuronal projections were located, presented a significant level
load of tau pathology indicating that axons might be subcellular where tau
multimerisation first takes place. This could be also supported by the fact that tau
protein is physiologically characterised by an intra-axonal location, enhancing
microtubule stability, regulating the number of protofilaments in microtubules and
axonal growth, and contributing to synaptic plasticity (Pallas-Bazarra et al., 2016;
Panda et al., 2003). This diffuse tau pathology could also be spotted in the cytoplasm
of morphologically intact neuronal cells. Here, it is essential to highlight that these
intra-neuronal accumulations of tau multimers were distinguished by the pre-tangle
materials and lacked any ATS-IHC labelling (Fig. 5.1iv). Finally, apart from the

neuronal staining, tau multimers in the perikarya of oligodendrocytes were also
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observed (Fig. 5.1vi). Therefore, we can clearly say that tau-PLA could recognise a
range of tau structures, from late-type large lesions to early-type, small-sized diffuse

tau pathology.

Figure 5.1 Tau-PLA recognises a range of tau structures, from large lesions to
small-sized diffuse tau pathology. FFPE sections from post-mortem human brain
tissue from a Braak stage V individual stained for tau-PLA. Tau-PLA detected (i)
neurofibrillary tangles (CA1), (i1) neuropil threads (entorhinal cortex), (ii1) neuritic
plaque-associated tau (CAl), (iv) diffuse tau accumulations in morphologically intact
neuronal cells lacking any AT8-IHC labelling and being distinguished from pre-tangles
(CALl), (v) diffuse small-sized tau multimers (CA4), and (vi) the perikarya of a minority

of oligodendrocytes (arrows, white matter). Scale bar 50 pm.

5.4 NFT maturity characterised by Tau-PLA

Next, we examined the tau-PLA staining pattern on a cellular level focusing on NFT
evolution. Once again, FFPE sections from post-mortem human brain tissue from a
non-AD individual and a Braak stage V patient were stained for tau-PLA, and detailed

analysis at a neuronal level was performed with the help of a brightfield microscope.
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Application of tau-PLA revealed that tau-tau interactions start early in the formation of
late-type intraneuronal tau aggregates even before the appearance of pre-tangle
materials. During the early stages of NFTs maturity, tau-PLA labelled small-sized
diffuse tau multimers forming small PLA dots that were detected in the cytoplasm of
neuronal cells, as well as, in the extra-neuronal environment (Fig. 5.2 Diffuse). An
increase in the levels of tau-tau interactions led to the formation of pre-tangle materials,
also stained by tau-PLA (Fig. 5.2 Pretangle). As tau multimerisation continues, the tau-
PLA positive pre-tangles could lead to the formation of mature NFTs. These large late-
type tau lesions, consisting of paired helical tau filaments (PHFs) and straight tau
filaments (SFs) including several PTMs (like hyperphosphorylation) and
conformational changes, were also detected by tau-PLA (Fig. 5.2 Mature). The tau-
PLA signal was eventually abolished at the level of ghost tangles where, after the
neuronal cell death, the tau-tau interactions of tau fibrils appeared to be less dense and
more distanced from each other preventing the development of the tau-PLA signal (Fig.
5.2 Ghost). No tau-PLA signal was detected in sections from the non-AD post-mortem
human brain with the neurons appearing normal and physiologically intact (Fig 5.2
Normal). Therefore, we could clearly say that tau-PLA can characterise NFTs maturity
revealing that tau-tau interactions start early in the formation of tangles, while this
signal appeared to be absent at the level of lesions representing ghost tangles. The
abolishment of the signal at the ghost tangle level also highlighted that to achieve a

productive tau-PLA signal, the close proximity of tau molecules is essential.
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Figure 5.2 NFT maturity characterized by tau-PLA. FFPE sections from post-
mortem human brain tissue from a non-AD case and a Braak stage V patient were

stained for tau-PLA. Tau-PLA labelled small-sized diffuse tau multimers, pre-tangle
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materials, mature NFTs, and but no ghost tangles. No tau-PLA signal was detected in

neurons of the non-AD post-mortem human brain sections. Scale bar 50 pm.

5.5 Tau-PLA detects tau small complexes in glial cells

As mentioned previously, part of tau-PLA labelled pathology was also detected in the
perikarya of oligodendrocytes (Fig. 5.1vi), structures that weren’t visible with AT8-
IHC as we will see in the following chapter. Based on this observation, we decide to
examine if tau-tau interactions could be spotted in other glial cell types such as
microglial cells and astrocytes. To answer this question, FFPE sections from post-
mortem human brain tissue of Braak stage VI from the hippocampal region were
examined by performing co-immunofluorescence for tau-PLA and Ibal (a marker for
microglial cells) or GFAP (a marker for astrocytes). The results of co-
immunofluorescence revealed that apart from the neuronal location, a small portion of
tau multimeric pathology could also be spotted in these brain immune cell types (Fig.
5.3). This finding suggested that diffuse small-sized tau structures could also be
detected in glial cells.
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Figure 5.3 Tau-PLA detects tau small complexes in glial cells. FFPE sections from
post-mortem human brain tissue of Braak stage VI from the hippocampal region after
performing co-immunofluorescence for tau-PLA (red) and GFAP (green), an astrocytic
marker or Ibal (green), a microglial cell marker. Cell nuclei were stained with DAPI
(blue). Arrows indicate astrocytes in the top panel and microglia in the bottom one.

Scale bar 25 um (Bengoa-Vergniory, N., Velentza-Almpani, E., et al., 2021).

5.6 Discussion

Application of tau-PLA in post-mortem human brain tissue revealed a range of tau
pathology in the different Braak stages. Similar to other histopathological markers, tau-
PLA detected insoluble fibrillar large tau lesions including NFTs, NTs, and neuritic
plaque-associated tau (Alafuzoff et al., 2008; Goedert et al., 1996; Lasagna-Reeves et
al., 2012). It also detected pretangle materials in the cytoplasm of intact neuronal cells.
In contrast to previous studies that were unable to capture in situ an early-type tau
pathology before the formation of pretangles (Alafuzoff et al., 2008; Braak et al., 2006;
Weaver, 2000), tau-PLA detected a previously unreported tau pathology consisting of
self-interacting monomeric tau. This early tau multimerisation has been described as
well in previous studies investing the seeding capacity of tau and supporting that tau
self-interaction is one of the earliest events occurring during the development of tau
pathology before the generation of fibrillar hyperphosphorylated lesions (Holmes et al.,
2014; Kaufman et al., 2016a; Kraus et al., 2019; Saijo et al., 2017). At a cellular level,
tau-PLA labeled tau species were spotted both in neuronal and glial cells. When in
neurons, tau-PLA captured a range of tau structures during NFTs maturity, from diffuse
pathology to mature NFTs, with the tau-PLA signal being abolished at the level of
ghost-tangles. The loss of the PLA signal in the ghost tangles could have three possible
explanations. One of them supports that after the cell death and lysis of the cell
membrane, the tau molecules are not densely packed, and therefore the PLA probes are
not in close proximity to allow the production of PLA signal. The second and more
possible explanation focuses on the epitope recognised by the tau5 antibody, the
antibody used for the build-up of the assay. Tau5 antibody recognises an epitope located
between the amino acids 218-225 of the full-length human tau, which has been reported
to be lost in the ghost tangles preventing, therefore, their detection by tau-PLA
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(Fitzpatrick et al., 2017; Porzig et al., 2007). Finally, the last explanation is based on
the fact that the binding capacity of tau5 can be affected by the nearby phosphorylated
sites (Nakano et al., 2004; Porzig et al., 2007). Therefore, reduced accessibility of the
tau5 antibody to its epitope due to the increased levels of tau modification at this late
stage of NFT maturity could be a possible explanation (Furcila et al., 2019). Apart from
the neuronal staining, part of tau-PLA labelled pathology was also detected in the
oligodendrocytes, astrocytes, and microglia suggesting a potential contribution of these
cell types in tau propagation and spread through the brain. On the one hand,
oligodendrocytes and astrocytes has been reported to contribute to the progress of tau
pathology through the expression of tau molecules and the formation of tau aggregates
(Brunello et al., 2020; Narasimhan et al., 2020, 2017). On the other hand, although the
expression of tau has not been described in the microglial cells, these cells contribute
actively to tau propagation through the mechanisms of phagocytosis, pinocytosis, and
endocytosis with the release and reuptake of tau to and from the extracellular space
(Brunello et al., 2016; Konishi et al., 2022). Here, we need to state that although tau-
PLA provides significant information about the architectural morphology, aggregation
level, maturity, and location of tau multimers, further experimental approaches are

essential to define the properties and spreading behaviour of these molecules.

5.6.1 Limitations

Both the experimental work and analysis of the study contained limitations that needed
to be addressed. Regarding the experimental procedure, the reduced availability and the
high cost of the PLA kits were two major restrictions that delayed the analysis of the
available tissue. For tau-PLA, a good quality tissue is essential as this assay is
characterised by high sensitivity. Over-fixation has been reported to affect the
immunochemical reactivity, however, the impact of the long fixation on the antigen
recognition from the most widely used antibodies appeared to be significantly low
(Webster et al., 2009). In addition, for the performance of co-immunofluorescence for
tau-PLA and other histological markers (e.g. tau-PLA and GFAP or IBA1), we need to
make sure that the antibodies used for the detection of the other markers do not affect
or are not affected by tau-PLA. Therefore, optimisation of the protocol is essential.

Regarding the tissue analysis, although tau-PLA revealed a previously unreported
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early-type tau pathology, allowing the direct visualisation of this pathology in situ, it
cannot provide direct details about the pathophysiological role of these molecules or
the mechanisms that lead to the production of these species. However, the structure,
maturity, and cellular and anatomical location can provide meaningful outcomes about

their behaviour and function.

5.6.2 Conclusions

To sum up, tau-PLA detected in situ a range of tau structures, from large fibrillar tau
lesions to a previously unreported early-type, small-sized, diffuse tau pathology.
Characterisation of NFT maturity at a cellular level with tau-PLA revealed that the
assay can capture the diffused tau pathology, pre-tangle materials, and mature NFTs,
with the tau-PLA signal being abolished in the ghost tangles. Co-immunofluorescence
for tau-PLA and glial cell markers revealed the existence of small tau molecules in

these cell types.
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Chapter 6: Extensive and early tau multimerisation revealed

by tau-PLA in the development of tau pathology

6.1 Introduction

The abnormal aggregation and misfolding of tau in neurons in the central nervous
system (CNS) is the main pathological hallmark of tauopathies, with AD the most
common neurodegenerative disorder (Goedert et al., 2017; Lee et al., 2001). The
intracellular aggregation of hyperphosphorylated tau in the NFTs, NTs, and neuritic
plaque-associated tau, together with the extracellular amyloid beta plaques and the
enhanced levels of neuroinflammation are the fundamental neuropathological
characteristics of the AD (Braak et al., 2006; Selkoe and Hardy, 2016; Spillantini and
Goedert, 2013). The progression of tau pathology in the AD brain is occurring gradually
in synaptically connected brain regions and is apparent long before the appearance of
the clinical symptoms (Alafuzoff et al., 2008; Braak et al., 2006; H. Braak and Braak,
1997a; Gauthier-Kemper et al., 2011). AD staging was first based on the modified silver
staining proposed by Gallyas (Gallyas, 1971). According to Gallyas, silver staining is
a method with high sensitivity in the detection of argyrophilic structures like NFTs and
was used by Braak in this first proposed staging system (E. Braak and Braak, 1997; H.
Braak and Braak, 1997a, 1997b, 1991; Heiko Braak and Braak, 1991). Due to its
limitations, in 2006 Braak and his colleagues developed a new method for the staging
of AD based on the immunoreaction using the AT8 antibody, for the detection of both
soluble and insoluble hyperphosphorylated tau protein (Braak et al., 2006). According
to this system, the intraneuronal hyperphosphorylated tau propagates from
transentorhinal (Braak stage I) to entorhinal (Braak stage II) cortex to fusiform and
lingual gyri (Braak stage I1I) and neocortical association areas (Braak stage IV). In the
latest stages of the disease, the pathology expands to frontal, parietal, and occipital
directions (Braak stage V) reaching the striate area of OC (Braak stage VI) (Braak et
al., 2006). Based on this staging system and focusing on the density of NTs in the
different brain regions, Alafuzoff and colleagues developed later on a modified Braak
staging method to overcome the restrictions and limitations of the previously proposed
system (Alafuzoff et al., 2008). This modified Braak staging system is based on ATS8-

immunoreactive NTs and the stages were defined as follows. Braak stage I is
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characterised by at least low levels of AT8-immunopositive NTs in the region of
transentorhinal. Involvement of the posterior hippocampal region is observed in Braak
stage II with at least moderate levels of AT8-immunopositive NTs being spotted in the
superficial layers of EC. In Braak stage III, pathology is expanded to the deeper layers
of EC in the posterior hippocampus continuing to the fusiform gyrus and neocortex,
while the severe involvement of the superficial and deeper layers of the middle TC is
spotted in Braak stage I'V. In Braak stages V and VI, the apparent involvement of the
parastriate and striate areas of OC is observed, respectively (Alafuzoff et al., 2008).
Although this staging system is well-established and widely used for the definition and
characterisation of the different stages of the tau pathology, more sensitive recently
developed techniques like the Fluorescence Resonance Energy Transfer (FRET) or the
Real-time quaking-induced conversion (RT-QulC) managed to capture the seeding
activity of tau in brain regions free of hyperphosphorylated tau depositions (Holmes et
al., 2014; Kaufman et al., 2017; Kraus et al., 2019; Metrick et al., 2020). This indicates
that more sensitive techniques for the in situ visualisation of tau are needed, being able
to detect the different tau structures in an early stage before the formation of late-type
large tau lesions. Different antibodies have been developed today that can detect early-
type tau pathology including oligomeric tau species exhibiting PTMs that occur early
during neurofibrillary tangle maturity. Such antibodies are the phosphor-tau antibodies
ATI180, PHF-1, T217, and S422 and the conformational antibodies MC1 and Alz50
(Ercan-Herbst et al., 2019; Holmes et al., 2014; Li et al., 2016; Smolek et al., 2016;
Weaver, 2000). However, the detection of tau-tau interactions, even before exhibiting
any PTMs, would open a window for the investigation of the early-type multimeric tau
pathology, the events that lead to the formation of the late-type large tau lesions, the
driving mechanisms of the disease progression, and the tau propagation from cell to
cell and from the one anatomical region to the other. Due to its in sifu sensitivity and
specificity, tau-PLA could be a potential tool and approach to investigate the
distribution of tau pathology across the different stages of AD.
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6.2 Hypothesis and Aims

We hypothesise that tau self-interaction is one of the earliest detectable molecular
events occurring during the development of tau pathology, preceding tau

hyperphosphorylation and misfolding, in the AD brain.
Our aim for this chapter is to:

e Determine the Braak stage of post-mortem human brain tissue obtained.

e Investigate the spatiotemporal distribution of tau-tau interactions in the AD
post-mortem brain.

e Compare tau-PLA with other tau histopathological markers

e Investigate tau-PLA detection power in comparison to other tau antibodies

during NFT maturity

6.3 Braak Staging of post-mortem human brain tissue according to

BrainNet Europe diagnostic protocol

After defining the range of tau structures labelled by tau-PLA, we focused on
determining the temporospatial distribution of tau-tau interactions in the post-mortem
human brain across the different Braak stages as defined by the BrainNet Europe
diagnostic protocol. To achieve this, we first had to determine the Braak stage of our
cases according to the modified Braak staging system (Braak et al., 2006) based on
AT8-immunoreactive NTs across the brain tissue (Alafuzoff et al., 2008). FFPE
sections from the post-mortem brain tissue of 67 cases from the regions of the
hippocampus, TC, and OC were analysed with AT8-IHC, and the Braak stage of each
case was determined. Cases with other tauopathies other than AD (e.g., ARTAG,
PART, etc) were excluded from the analysis (see Methods 2.2.3.2 Exclusion Criteria).
Braak 0 cases were AT8-IHC negative, while at Braak stage I low levels of
immunopositive NTs started being visible in the transentorhinal cortex of the
hippocampus (Fig 6.1). Moderate levels of AT8-IHC labelled NTs were visible in the
outer layers of EC in Braak stage II (Fig 6.1). Spread of the NTs from the hippocampus
to the region of the temporal isocortex was observed in the Braak III cases, while severe

involvement of the middle temporal cortex with a high load of positive-stained NTs
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AT8

was detected in the Braak IV stage (Fig 6.1). The peristriate area of the OC was severely
affected with at least moderate levels of positive AT8-IHC NTs at Braak stage V,
followed by the severe involvement of the striate area of the OC at Braak stage VI (Fig
6.1). Positive AT8-IHC tangles and pre-tangle materials could be spotted in various
areas of brain tissue, however, their presence didn’t contribute to the staging process as
according to BrainNet Europe diagnostic protocol NTs are the ones playing the decisive

role in defining the stages of each case.
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Figure 6.1 Tau aggregates labelled with AT8-IHC across the different Braak
Stages as defined by BrainNet Europe diagnostic protocol. FFPE sections from post-
mortem human brain tissue from the brain regions of the hippocampus, TC, and OC
were stained for AT8-IHC. The Braak stage of each case was determined according to
the modified Braak staging system (Braak et al., 2006) based on AT8-immunoreactive
NTs across the brain tissue (Alafuzoff et al., 2008). Braak 0 cases were negative for
ATS-IHC. Involvement of transentorhinal and EC was observed in Braak I and Braak
IT cases, respectively. AT8-IHC positive NTs were detected at low levels in the
temporal isocortex in Braak III cases, while TC was severely affected in Braak IV cases.
Parastriate and striate areas of OC were involved in Braak stages V and VI respectively.

Scale bar 50 um. EC Entorhinal cortex, TC Temporal cortex, OC Occipital cortex
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6.4 Spatiotemporal distribution of tau-PLA labelled structures across

Braak Stages

We then moved on to determining the spatiotemporal distribution of tau-tau interactions
across the different Braak stages. FFPE post-mortem tissue from Braak stage 0 to VI
from the brain regions of the hippocampus, TC, and OC were labelled with tau-PLA
and the staining pattern was analysed. Results from tau-PLA revealed that almost
negligible levels of tau-PLA dots were detected in non-AD cases (Braak 0). (Fig 6.2
and 6.4). As proved previously with the in vitro assays, tau5 is an epitope-blocking
antibody and therefore tau-PLA cannot detect monomeric tau species (Chapter 3). The
fact that tau-PLA detected almost negligible levels of tau multimers in Braak 0
indicated that our assay is characterised by high specificity for self-interacting tau and
does not detect endogenous tau monomers. It also suggested that tau multimerisation is

not an event that occurs physiologically in the brain.
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Figure 6.2 Tau-tau interactions labelled with tau-PLA across the different Braak
Stages as defined by BrainNet Europe diagnostic protocol. FFPE sections from post-
mortem human brain tissue from the brain regions of the hippocampus, TC, and OC
were stained for tau-PLA. Almost negligible levels of tau-PLA were detected in Braak
0 cases. Involvement of hippocampus (EC and CA1) and TC was observed from Braak

[ to Braak VI. OC was involved in Braak stage III with the tau pathology increasing in
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the following stages. Both diffuse small-sized tau multimers and large neurofibrillary-
type lesions were detected. Scale bar 50 um. EC Entorhinal cortex, TC Temporal

cortex, OC Occipital cortex

At this point, however, it is essential to highlight that although the load of tau-PLA dots
in the majority of the Braak 0 cases was nil (Fig 6.2 and 6.4), individuals within the
population in this group presented heterogenicity in the load of tau-PLA dots, with a
minority of cases having moderate or even high levels of tau-PLA signal in the area of

the hippocampus (Fig 6.3).
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Figure 6.3 Tau-PLA revealed that cases in Braak 0 group presented heterogenicity
as far as it concerns the levels of tau-PLA load in brain regions that are affected
quite early in the development of pathology. A) Quantification of tau-PLA stained
small-sized diffuse multimers in the different areas of the hippocampus, indicating the
distribution of the population in the Braak 0 group. AV, average. B) Representative
images of EC labelled with tau-PLA displaying the heterogenicity that characterises the
Braak 0 group. Scale bar S0um. EC Entorhinal cortex, TI Temporal isocortex

As detailed above, the staining pattern of tau-PLA can be mostly divided into two main
groups: the diffuse small-sized tau pathology and the large tau lesions (Chapter 5.3).
Moving now to Braak stage I, as far as it concerns the diffuse dotty pathology, high
levels of the tau-PLA signal were detected in the EC without mostly being accompanied

by AT8-IHC positive staining (Fig 6.2 and 6.4). This signal was significantly increased
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through the Braak stages up to Braak stage III which displayed the highest levels of
diffused pathology in EC (Fig 6.2 and 6.4A). TC was mostly affected by tau
multimerisation in Braak stages III and IV, while OC presented the higher tau-PLA
signal at Braak stages VI to VI, with the striate area being significantly involved at
Braak stage IV (Fig 6.2 and 6.4A). The fact that in early Braak stages, tau-PLA diffuse
pathology was present in anatomical brain regions devoid of AT8-IHC suggested that
tau-tau interactions are one of the first events occurring during the progress of tau
pathology in the AD brain. About the large perikarya neurofibrillary-type lesions, tau-
PLA recognised the lesions following the same pattern (number and spatial

distribution) as the AT8 antibody (Fig 6.4B and C).
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Figure 6.4 Quantification of tau-PLA labelled diffuse pathology and tau-PLA and
ATS-IHC labelled large perikaryal neurofibrillary-type lesions in hippocampal
regions, TC, and OC. Automated quantification of A) tau-PLA diffuse pathology, B)
tau-PLA labelled large lesions, and C) AT8-IHC labelled large lesions across the
different brain areas. All groups were compared to the control (Braak 0) through a
ONE-WAY ANOVA (Dunnet). N=11/12/12/9/7/8/8. *p<0.05, **p<0.01,
*Hkp <0.001, ****p <0.0001. EC Entorhinal cortex, ITC Inferior temporal cortex,
MTC Middle temporal cortex, STC Superior temporal cortex, OC Occipital cortex, PR

Parastriate area, ST Striate area, AV average

At this point, we need to point out that AT8-IHC seemed to be more sensitive to tau-
PLA in the detection of large lesions (Fig 6.4B and C). To explain this event, an analysis
of the cases with tau5 antibody was performed. FFPE sections from the different
regions of the hippocampus were examined by performing tau5-IHC. Results showed
that tau5-IHC and tau-PLA had an almost identical number of large lesions, indicating
that the differences observed in tau-PLA and AT8-IHC labelled lesions were due to the
superiority of ATS to tau5 for large lesions (Fig 6.4 ad 6.5). This evidence was in line
with previous studies which suggest that the binding capacity of tau5 antibody could be
affected by the nearby post-translationally modified sites (Nakano et al., 2004; Porzig
et al., 2007).
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Figure 6.5 Quantification of large lesions labelled with tauS-IHC in the
hippocampal and temporal region. Automated quantification of tauS-IHC labelled
large lesions across the different hippocampal and temporal brain regions. All groups
were compared to the control (Braak 0) through a ONE-WAY ANOVA (Dunnet).
N=11/12/12/9/7/8/8. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

Analysis of beta-amyloid levels in the regions of the hippocampus and the TC of the
AD brain tissue was also performed. FFPE post-mortem human tissue was analysed by
performing 4G8-IHC for the detection of beta-amyloid deposits. An increasing trend in
the levels of a-beta was observed as we moved from the initial to the last Braak stages,

with the EC and the TC being involved in Braak stage II (Fig 6.6).
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Figure 6.6 Quantification of lesions labelled with 4G8-IHC in the hippocampal
and temporal region. Automated quantification of 4G8-IHC labelled lesions across
the different hippocampal and temporal brain regions. All groups were compared to the
control (Braak 0) through a ONE-WAY ANOVA (Dunnet). N=11/12/12/9/7/8/8.
*p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

We could note from these findings, as well as, from the spatiotemporal distribution of
tau-PLA labelled structures in the different brain regions across the different Braak
stages (Fig 6.7), that tau multimerisation starts early in the development of tau
pathology in the brain of AD individuals and is characterised as a pathological event
that does not occur physiologically in the brain as it is mostly unaccompanied by AT8-

[HC positive immunostaining.
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Figure 6.7 Scanned tau-PLA labelled post-mortem human brain tissue sections.
A) Sections from the hippocampal region, temporal cortex, and occipital cortex stained
for tau-PLA. B) Macroscopically neuroanatomical regions of 1-posterior hippocampus,
fusiform gyrus, and part of inferior temporal gyrus, 2-temporal cortex including parts
of middle and superior temporal gyrus, and 3-occipital cortex including calcarine

fissure.

6.5 Tau-PLA reveals early tau-tau interactions, prior to tau

hyperphosphorylation and misfolding

Based on the previous analysis we could clearly say that the ATS8 antibody, although is
the gold standard marker for the diagnosis and staging of AD, is characterised by high
specificity and preference for the large neurofibrillary-type lesions, mostly for NFTs,
NTs, and neuritic plaque-associated tau. Nowadays, a number of antibodies have been
described that detect tau post-translational modifications (PTMs) that occur early in the
development of tau pathology in the AD brain which precedes hyperphosphorylation
of tau in the Ser202/Thr205, the binding site of AT8 antibody (Ercan-Herbst et al.,
2019; Lasagna-Reeves et al., 2012; Lasagna-Reeves et al., 2012). Well-known
phospho-tau antibodies that recognise early PTMs are ATI180 which recognises
hyperphosphorylation of tau in the residue Thr231, PHF-1 which detects
hyperphosphorylation in the double epitope Ser396/Ser404 of the paired helical
filament of tau, and the T217 and S422 antibodies that detect hyperphosphorylation of
tau in the Thr217 and Ser422 of the full-length tau, respectively. As mentioned
previously, all these events have been described to occur early in the development of
AD pathology preceding the formation of late-type aggregated tau species. Markers
related to early tau misfolding and conformational changes have been also developed.
Two widely used conformational antibodies are MC1 and Alz50. MC1 detects specific
interactions of the amino acids within the residues 312-322, while Alz50 spots
interactions between amino acids 2-10 and 312-342 of full-length tau. To start with, we
first investigated the staining pattern of each candidate antibody. FFPE sections from
post-mortem human brain tissue from the region of the hippocampus, TC, and OC were
examined with THC for these markers, and quantification of large tau structures was

performed (Fig. 6.8). Both AT180 and T217 detected a significant number of tau lesions
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from Braak stage Il to VI in the hippocampal region, with the TC being involved in
Braak Stage IV. Severe involvement of OC was observed in the late AD stages, mostly
at Braak stage VI (Fig 6.8 and 6.9A & B). A similar staining pattern was also displayed
in the PHF-1- and S422-IHC, however the sensitivity for the large lesions appeared to
be lower compared to the previous ones, detecting fewer lesions in each brain region
(Fig 6.8 and 6.9C & D). Focusing now on tau misfolding, IHC for MC1 and Alz50 was
performed. The outcomes from the analysis revealed these antibodies detected the late-
type large lesions in the same manner as the phospho-tau antibodies, but once again the
amount of tau exposed per Braak stage in each anatomical brain area was lower,
indicating either the weaker ability of the conformational antibodies to capture the large
tau complexes or the existence of fewer tau structures exhibiting conformational
modifications (Fig 6.8 and 6.9E & F). However, apart from these minor differences that
characterised the aforementioned antibodies in detecting the fibrillar lesions, their
staining pattern appeared to be similar to the one of AT8-IHC and tau-PLA for large
lesions (Fig 6.4 and 6.9).
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Figure 6.8 Tau aggregates labelled with different phospho-tau and conformational
tau antibodies across the different Braak Stages as defined by BrainNet Europe
diagnostic protocol. FFPE sections from post-mortem human brain tissue from the
brain regions of the hippocampus, TC, and OC were stained for AT180-, T217-, PHF-
1-,S422-, MC1-, and Alz50-IHC. Scale bar 50 um. EC Entorhinal cortex, TC Temporal

cortex, OC Occipital cortex
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E. MC1 - Lesions
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Figure 6.9 Quantification of AT180-, T217-, PHF-1, S422-, MC1- and Alz50-IHC
labelled large perikaryal neurofibrillary-type lesions in hippocampal regions, TC,
and OC. Automated quantification of A) AT180-, B) T217-, C) PHF-1-, D) S422-, E)
MC1-, and F) Alz50-IHC labelled large lesions across the different brain areas. All
groups were compared to the control (Braak 0) through a ONE-WAY ANOVA
(Dunnet). N=11/12/12/9/7/8/8. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
EC Entorhinal cortex, ITC Inferior temporal cortex, MTC Middle temporal cortex, STC
Superior temporal cortex, OC Occipital cortex, PR Parastriate area, ST Striate area,

AV average
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We next compared the ability of all these antibodies to detect the early-type diffuse tau
pathology by performing semi-quantitative evaluation using density plates of the tau
structures captured with tau-PLA and tau-IHC in the different brain areas, across the
different Braak stages (Fig 6.8 and 6.10). Comparison of tau-PLA with tau-IHC
revealed that tau-PLA has higher ability and sensitivity in detecting the early-type
diffuse tau pathology in the hippocampal regions, TC, and OC compared to the other
markers, being able to detect high levels of tau multimers in the hippocampus from
Braak stage I and with the OC being severely affected in Braak stage III (Fig 6.10).
These findings suggested that tau multimerisation is one of the earliest events occurring
during the development of AD pathology. Essentially high levels of early-type diffuse
tau pathology were also captured by AT180-IHC followed by T217-IHC, with a high
load of small-sized tau molecules being spotted in the Braak stage II in the hippocampal
region and the temporal isocortex (Fig 6.10). OC was mainly involved at Braak stage
V with VI (Fig 6.10). the rest of the phospho-tau antibodies displayed weaker capacity
in capturing tau diffuse pathology, while conformational markers presented a moderate
preference for the small-sized tau species, firstly spotted in the hippocampus and TC in
Braak stages Il and III, respectively (Fig 6.10). Altogether these findings suggested that
tau self-interaction is one of the earliest events occurring during the development of tau
pathology in the AD brain, preceding the detectable molecular events of tau

hyperphosphorylation and tau misfolding.
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Semi-quantitative evaluation of tau-PLA

TAU-PLA
AT180
T217
ATS
PHF1
5422
MC1
ALZS0

BO00OR0ON N

4-
2- | |
|:|.

0 I 1l v \ \

4-
2- | ||
|:|.

O I Il I '\.' v VI

132



Figure 6.10 Widespread tau multimerization occurs early and prior to tau
hyperphosphorylation and tau misfolding across EC, TC, and OC. Semi-
quantitative scale between 1 to 6 was used for semi-quantitative analysis. FFPE sections
from EC, TC, and OC from Braak 0 to VI were analysed with tau-PLA and
immunohistochemistry for tau using different tau antibodies. Semi-quantitative
evaluation of tau-PLA and tau-IHC labelled diffuse pathology. All groups in each Braak
stage were compared to tau-PLA through a ONE-WAY ANOVA (Dunnet).
N=11/12/12/9/7/8/8. *p <0.05, **p<0.01, ***p <0.001. EC Entorhinal cortex, TC

Temporal cortex, OC Occipital cortex, AV average

6.6 Tau-PLA highlights tau multimerisation as one of the earliest

events occurring during NFT maturity

Focusing now on the most powerful phospho-tau (AT180) and tau misfolding (MC1)
antibody, we compared the detection power of tau-PL A with these markers and the gold
diagnostic standard marker ATS8 during the neurofibrillary tangle maturity. As
described previously, NFT formation is characterised by four stages: diffused small-
sized tau pathology, pretangle materials, mature neurofibrillary type tangles, and ghost
tangles. Characterisation of these tau structures was performed by staining FFPE
sections from post-mortem human brain tissue from the region of the hippocampus with
tau-PLA, AT8-IHC, AT180-IHC, and MC1-IHC. Our finding suggested that tau-PLA
has the highest detection power, able to detect high levels of tau diffuse pathology, even
before the formation of pretangle materials inside the cytoplasm of intact neurons (Fig
6.11). Then followed the AT180 antibody which was also able to capture part of the
diffuse pathology quite early in the dynamic lifespan of NFTs, earlier than AT8, whose
staining was first detected at the stage of pretangle (Fig 6.11). Conformational changes
recognised by MC1 also occurred early during tangle maturity, but not before the
appearance of pretangle materials (Fig 6.11). Interestingly, ghost tangles were spotted
by AT180- and AT8-IHC, but not by tau-PLA and MCI-IHC (Fig 6.11). These
observations together with the previous findings supported that tau-tau interactions are
one of the earliest detectable in sifu events during the development of tau pathology in

the AD brain, preceding the events of tau hyperphosphorylation and tau misfolding.
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Figure 6.11 Tau multimerisation is one of the earliest detectable events occurring
during the maturity of NFTs. Schematic representation and brightfield images of NFT
lifespan. Representative images from FFPE sections from the hippocampal region
across the different Braak stages stained for tau-PLA and AT180-, AT8-, and MCI1-
IHC. Tau-PLA showed that tau self-interaction is one of the earliest events occurring
during neurofibrillary tangle maturity, highlighting its high detection power. Scale bar
50 um. Schematic representation was created with BioRender (Bengoa-Vergniory, N.,

Velentza-Almpani, E., et al., 2021).
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6.6 Discussion

To demonstrate the in situ specificity of our assay and its ability to recognise
endogenous disease-related tau-tau interactions, FFPE sections from the brain region
of the hippocampus, the temporal cortex, and the occipital cortex, from 67 cases from
Braak stage 0 to VI were investigated using tau-PLA and tau-IHC. Until today, ATS8-
IHC is the gold standard for the clinical diagnosis and staging of AD, with the ATS8
antibody recognising the phosphor-epitope pSer202/pThr205 and capturing
hyperphosphorylated fibrillar lesions (Alafuzoff et al., 2008; Braak et al., 2006). For
the detection of the early tau modifications, further tau antibodies have been developed
like the phosphor-tau antibodies AT180 (pThr231), PHF-1 (pSer396/pSerd404), T217
(pThr217), and S422 (pSer422), all of them being reported to capture phosphorylated
events that occur early in the development of the AD pathology and the conformational
antibodies MC1 and Alz50 detecting early misfolded tau (Ercan-Herbst et al., 2019; Li
et al., 2016; Smolek et al., 2016; Weaver, 2000). With most of the histological
antibodies failing to capture in situ the early tau multimerisation, tau-PLA allowed the
direct visualisation and detection of a previously unreported early-type tau pathology
consisting of self-interacting monomeric tau molecules. Under normal physiological
conditions, no tau-PLA or tau-IHC signal was observed in the brain of the Braak stage
0 cases indicating that the majority of tau molecules are not modified and preserve their
physiological monomeric state as has been previously reported (Alafuzoff et al., 2008;
Kumar et al., 2015; Wang and Mandelkow, 2012). In contrast to the other early
histopathological markers, tau-PLA revealed that although the PLA signal was
negligible in most cases in the Braak 0 group, a minority of them presented moderate
or even high levels of tau-PLA, indicating that in a subgroup of asymptomatic
individuals with no tau aggregates defined by other tau antibodies, tau multimerisation
has already started. However, at this point, we need to state that further experimental
analysis is needed to conclude whether these diffuse tau multimers in the Braak 0 group
are the outcome of pathological molecular events or are part of physiological
procedures occurring in the brain such as aging (Wang and Mandelkow, 2016;
Wegmann et al., 2016). As described in Chapter 5, tau-PLA staining pattern can be
divided into two main subgroups: the early stage, small-sized, diffuse tau pathology,
and the large fibrillar lesions. From the Braak stage I, tau-PLA detected high levels of
diffuse tau pathology, mostly unaccompanied by tau-IHC, with the AT180 antibody
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being able to capture, but with less sensitivity, a proportion of soluble aggregated tau
molecules as has been previously described (Ercan-Herbst et al., 2019). The lack of
signal obtained from the other histopathological markers in the early Braak stages
suggested that the tau-PLA labelled multimers could lack any PTM related to
hyperphosphorylation or conformational change. This finding supports that tau self-
interaction is one of the earliest detectable events occurring during the development of
tau pathology in the AD brain, a finding strongly supported by other biochemical and
cellular assays investigating tau seeding capacity (Holmes et al., 2014; Kaufman et al.,
2017; Metrick et al., 2020). Although the early tau multimerisation has been supported
by other studies, these approaches lacked the structural preservation and regional
location of the tau multimers provided by our assay (Ercan-Herbst et al., 2019;
Kaufman et al., 2016b; Kraus et al., 2019; Metrick et al., 2020). In addition, some of
these studies were characterised by reduced resolution as the Braak 0 and Braak I cases
were grouped and treated as the control group, reducing, therefore, the resolution and
significance in the determination of the sequence of the events in this crucial transition
step (Ercan-Herbst et al., 2019). Moving to the following Braak stages, a significant
increase of the tau-PLA signal was observed, with essentially high levels of diffused
pathology being captured as well by the AT180- and T217-IHC. On a cellular level,
tau-PLA proved to have the highest detection power suggesting that tau self-interaction
is one of the earliest events occurring during neurofibrillary tangle maturity. Regarding
the large tau lesions, the staining pattern of tau-PLA and tau-IHC presented minor
differences in their sensitivity, with all markers detecting a significant number of tau
lesions from Braak stage I to VI in the region of hippocampus and involvement of the
temporal cortex in the Braak stage III-IV. PHF-1 and S422 presented reduced
sensitivity for the large tau lesions compared to the other markers, followed by the
conformational antibodies MC1 and Alz50 that detected fewer tau aggregates in each
anatomical brain region. Regarding the detection of the large lesions by tau-PLA, our
assay recognised these fibrillar aggregates following the same staining pattern as ATS-
IHC, with the ATS8 antibody being more sensitive and detecting a larger number of tau
lesions than tau-PLA. This difference proved to be due to the superiority of the ATS8 to
the tau5 antibody for the large lesions, a fact supported by previous studies suggesting
that the binding ability of the tau5 antibody, the antibody used for the build-up of our
assay, can be affected by the nearby phosphorylated sites (Porzig et al., 2007).
Therefore, the enhanced levels of tau PTMs at the late Braak stages could affect and
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reduce the accessibility of the tau5 antibody to its epitope (Alquezar et al., 2021; Furcila
etal., 2019; Wang and Mandelkow, 2016). Finally, focusing on the second pathological
hallmark of AD, the extracellular deposition of a-beta and the formation of amyloid
plaques, our study revealed an increasing trend in the levels of a-beta as we moved from
the initial Braak stages to the last ones, with the involvement of the EC and TC in the

Braak stage II, in line with previous reports (Liu et al., 2021; Thal et al., 2006).

6.6.1 Limitations

Both the experimental work and analysis of the study contained limitations that needed
to be addressed. As far as it concerns the experimental procedure, one major limitation
is the difficulty of obtaining the essential tissue for our study. Several brain regions
from the different Braak stages were not available due to oversampling through the
years. For this reason, we had to reduce the number of cases investigated in some
groups. In addition, although most of the cases had been analysed both macroscopically
and microscopically and all the findings were provided in detail by the brain tissue
banks, re-examination of the cases revealed that some cases were inappropriate for
experimental analysis as they were obtained years ago and kept in formalin for many
decades, presenting alternations in their composition and structure that would affect the
experimental procedures. Especially, in the case of tau-PLA, a good quality tissue is
essential as this assay is characterised by high sensitivity. Over-fixation has been
reported to affect the immunochemical reactivity, however, the impact of the long
fixation on the antigen recognition from the most widely used antibodies appeared to
be significantly low (Webster et al., 2009). In addition, the reduced availability of the
PLA kits due to reduced production, prolonged periods of delivery from the USA,
together with Brexit and COVID-19, delayed significantly the analysis of the available
tissue and forced us to reduce the number of cases and brain regions for analysis to
avoid running out of reagents during the performance of PLA. Finally, two major
limitations of tau-PLA compared to immunohistochemistry are the much higher cost of
the PLA and the longer duration of the experimental procedure. About the findings
obtained from tau-PLA analysis, although tau-PLA uncovered a previously unreported
early-type tau pathology in the post-mortem human brain, it cannot provide direct

outcomes either about the pathological role of these species or the molecular
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mechanisms that lead to their generation. Similarly, further study is essential to
determine whether the tau-tau interactions spotted in the brain of Braak 0 cases are the
outcome of early pathological events or part of the normal aging process. However, the
cellular and anatomical location of these multimers, their temporal distribution, their
morphology, their aggregation status, and their investigation with other histological

markers can lead to some significant outcomes.

6.6.2 Conclusions

Overall, the lack of tau-PLA in the pure healthy control brain tissue revealed that our
assay is highly specific for tau-tau interactions without detecting endogenous
monomeric tau. This finding also supported that tau multimerisation does not occur
physiologically in the brain of healthy young individuals. Tau-PLA also revealed that
cases in the Braak 0 group, as defined by AT8-IHC, could present heterogenicity in the
levels of tau-PLA load, indicating that in a subgroup of asymptomatic individuals tau
self-interaction might has already started. Tau-PLA detected an extensive diffuse tau
pathology within the early Braak stages, mostly accompanied by AT8-IHC. In addition,
it recognised the large tau lesions following the same pattern as the AT8 antibody, with
ATS8-IHC being more sensitive due to the superiority of the ATS to the tau5 antibody.
Finally, tau-PLA revealed that tau-tau interactions are one of the earliest detectable
events occurring during the development of tau pathology, preceding tau

hyperphosphorylation and misfolding.
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Chapter 7: Investigation of the seeding activity of self-

interacting tau molecules

7.1 Introduction

Although late-type tau aggregates like NFTs and NTs are considered to be primarily
responsible for the progression of tau pathology in the AD brain, accumulating evidence
today supports that soluble aggregated tau molecules rather than NFTs are the toxic
species with seeding capacity responsible for the prion-like spread of tau pathology, as
neuronal loss appeared to be superior to the number of NFTs (Ghag et al., 2018; Gémez-
Isla et al., 1997; Holmes et al., 2014; Kaufman et al., 2017; Liu et al., 2012; Metrick et
al., 2020). Different studies have shown that injection of aggregated tau species in the
brain of mouse models induced tau pathology that spread through the brain, in
synaptically connected distant areas, following known neuronal networks. Like prion
proteins, different tau assemblies with distinct physiochemical and biochemical
properties induce the development of phenotypic diversity of tau pathology (Holmes et
al., 2014; Kaufman et al., 2017). Although these different tau strains with different tau
capacities are able to propagate from cell to cell in synaptically connected brain regions,
no transmission between individuals or animals has been reported in epidemiological
studies (Holmes et al., 2014; Kaniyappan et al., 2020; Kaufman et al., 2016a; Sanders
et al., 2014). Given that these early self-propagating tau aggregates seem to play a
pivotal role in the spread of tau pathology, a number of robust assays have been
developed to exploit and investigate their seeding activity. Although the majority of the
developed assays are unable to recognise tau-tau interactions in situ, these assays are
more sensitive and can detect pathology earlier than standard conventional techniques
like IHC (Metrick et al., 2020). Here, we need to highlight that both novel and
conventional methods work complementary to each other to allow capturing the whole
image of the pathology (Metrick et al., 2020). A well-known assay is the flow
cytometric resonance energy transfer (FRET) biosensor assay, a technique that
combines flow cytometry sensitivity and biosensor cell line stability and allows the
detection of protein multimerisation. Researchers, by using FRET, detected increased
tau seeding activity in anatomical brain regions that appeared to be unaffected based on

standard staining methods (Kaufman et al., 2017, 2016a). Another novel assay that has
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been recently developed is real-time quaking-induced conversion (RT-QulC) (Atarashi
et al., 2007; Kraus et al., 2019; Saborio et al., 2001). Scientists here built a sensitive
and selective RT-QulC assay for the investigation of tau aggregated complexes seeding
activity (Tau RT-QulC) (Kraus et al., 2019; Saijo et al., 2017). Analysis of AD and
healthy post-mortem human brains showed that specimens extracted from sporadic and
familial AD brains presented higher seeding activity and shorter lag phase compared to
the non-AD brain tissue (Kraus et al., 2019). Although these assays are useful tools for
the investigation of aggregated tau pathophysiological role, the fact that a robust
technique for their visualisation in situ was missing, was the major limitation. On the
other hand, the visualisation of tau multimers with tau-PLA could play a vital role in
examining the pathophysiology of the early-type aggregates, but still, the investigation
of the levels of toxicity and the seeding potential of these small diffuse multimers needs
additional approaches. Therefore, coupling these two assays could be an interesting
approach for the investigation of tau-tau interactions and their role in the progression

of tau pathology in the AD brain.

7.2 Hypothesis and Aims

We hypothesise that the early-type tau multimers detected by tau-PLA are species with
seeding activity that can propagate to synaptically connected brain regions contributing

to the progression of AD pathology.
Our aim for this chapter is to:

e Characterise the t306 plasmid construct.

e Purify and characterise the purified t306 tau fragment to set up the tau RT-QulC
assay and test the ability of 1306 to aggregate in vitro.

e Generate the analysis groups for the tau RT-QulC assay based on AT8 and tau-
PLA findings.

e Investigate the seeding activity of the early-type tau multimers using tau RT-

QuIC assay.
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7.3 Characterisation of t306 plasmid construct

For the tau RT-QulC with 1306 substrate with a point mutation at 322 cysteine to serine,
purification of the 1306 tau fragment was essential. Bacterial cells expressing the 1306
substrate were kindly provided by Byron Caughey. T306 fragment is comprised of tau
residues 306-378 of the full-length 4R tau isoform, residues located in the core of tau
fibrils. A point mutation has been engineered to residue 322 by the replacement of
cysteine amino acid with serine. A stop codon was also inserted at residue 379 at the C
terminal. As mentioned previously, studies have shown that the 1306 fragment tends to
aggregate faster in AD cases compared to non-AD controls (Kraus et al., 2019) making
it an appropriate substrate for the tau RT-QulC assay. This mutated cloning construct
was inserted and cloned into the backbone of the pET-28a expression plasmid vector
which carried a kanamycin resistance gene. A 6xHis Tag was also inserted into the
sequence to assist later in the purification of the 1306 fragment. pET-28a(+) 1306 — His
tag vector (5512 bp) was carried in the BL21(DE3) strain of Escherichia coli. To
identify the identity of our plasmid construct, restriction enzyme digestion, as well as,
sanger sequencing were performed. Therefore, the purification of a good quality
plasmid DNA was essential. The pET-28a(+) t306 — His tag plasmid vector was
amplified in BL21(DE3) bacterial cells and purified via QIAprep® Spin Miniprep Kit
(Qiagen, 27106). The integrity, quality, and quantity of the plasmid DNA were
subsequently determined. The purity and concentration of the plasmid DNA were
determined using UV spectrophotometry. The ratio of absorbance at 260 nm and 280
nm of the purified plasmid DNA varied between 1.85-2.05, values indicative of pure
DNA (a ratio of 1.8 — 2.1 indicates high purity DNA), while the plasmid DNA
concentration was between ~30 ng/ul. Restriction enzyme digestion was then
performed using the appropriate endonucleases according to the restriction maps of the
plasmids (Fig 7.1A). Based on the plasmid map, the restriction enzyme used were Xhol
and Bglll, cutting the plasmid vector in a way that led to the production of two plasmid
DNA fragments. The length of the obtained fragments was expected to be 5.125 kb and
0.387 kb. The size of acquired the DNA bands was determined using the Quick-Load
Purple 2-Log DNA Ladder (0.1-10.0kb) (NEB, UK) (Fig 7.1B). Agarose gel
electrophoresis revealed that the size and the number of the bands obtained were in line
with the ones expected according to the plasmid restriction maps (Fig 7.1). The identity

of the plasmid DNA was later confirmed with Sanger sequencing performed by
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GENEWIZ, from Azenta Life Sciences, a genomics service company. DNA Dynamo

and SnapGene Software were used for the analysis of the plasmid construct.
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Figure 7.1 Characterisation of 1306 plasmid construct. A) Map of 1306 plasmid
construct (pET-28a(+) 1306 — His tag vector (5512 bp)). The restriction enzymes used
for the restriction enzyme digest, Xhol and BglIl with their cutting sites are also
presented. B) T306 plasmid construct digested with Xhol and BglII restriction enzymes
(double digestion) leading to the production of two bands with sizes 5.125 kb and 0.387
kb.

7.4 1306 protein fragment purification and aggregation

For tau RT-QulC assay with t306 substrate, expression and purification of soluble
monomeric recombinant tau 1306 fragment was essential. T306 fragment expression
from BL21(DE3) strain of Escherichia coli was performed based on the protocol
previously described in (Saijo et al., 2017) following the overnight express
autoinduction method (Studier, 2005). After protein overexpression, the 1306 fragment

was purified by performing FPLC and SEC. To confirm that monomeric soluble species
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of 1306 were obtained, transmission electron microscopy (TEM) was performed. No
aggregated 1306 species were captured with TEM (Fig. 7.2). To test whether our protein
has also the ability to aggregate, the 1306 fragment was shaking for 360 hours. TEM
images showed that after intense shaking, a mixed population of tau aggregated species
was detected consisting of amorphous accumulations, globular structures, and filaments

(Fig. 7.2). Both soluble and aggregated 1306 species were used for RT-QulC assay.

1306 monomers 1306 360 h shaking

Figure 7.2 Transmission electron microscopy of recombinant 1306 soluble
monomers and 1306 aggregated species. Aggregation of recombinant 1306 fragment
was induced by shaking for 360 hours. Scale bar 1000nm. TEM Transmission electron

microscopy.

7.5 Tau RT-QulC reveals high seeding activity of early tau

multimerisation

For the investigation of the seeding activity of these early-type tau multimers detected
by tau-PLA, tau RT-QulIC with 1306 substrate was performed. Recent studies showed
that 1306 tends to aggregate faster in AD cases compared to non-AD controls (Kraus et
al., 2019). Considering the fact that not all control cases characterised by AT8 antibody
are pure healthy controls, we decided to split our cases further and generate three
groups. Based on the results obtained from the analysis of the brain region of the
temporal cortex with tau-PLA, we grouped our cases in the PLA-/AT8- group which
was comprised of brain tissue where no tau aggregates were detected (N=0),
PLA+/ATS- group where tau multimerization has already started in the temporal cortex

but large fibrils were negligible or restricted to one or two in a couple of cases (N=5),
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and PLA+/AT8+ group where both diffuse pathology and high levels of large lesions
were detected in the temporal region(N=5). ATS, tau-PLA, and 4GS large lesions, as
well as, tau-PLA labelled diffuse pathology in each group were quantified and
compared (Fig. 7.3).
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Figure 7.3 PLA-/ATS8-, PLA+/ATS8-, and PLA+/AT8+ groups. A) Representative
images of temporal cortex from PLA-/AT8-, PLA+/AT8-, and PLA+/AT8+ groups
stained with tau-PLA, AT8-IHC, and 4G8-IHC. Scale bar 50 pm. B) Quantification of
the number of lesions and diffuse pathology per field labelled with tau-PLA, ATS-IHC,
and 4G8-IHC in the temporal cortex. All groups were assessed through ONE-WAY
ANOVA (Tukey). N=6/5/5. *p<0.05, **p <0.01, ***p <0.001.

At the first stage, tau RT-QulC seeded with soluble 1306 fragment or t306 aggregates,
with or without the addition of tau KO mouse brain homogenate and N-2 supplement
was performed to investigate the different conditions of the assay (Fig. 7.4A). Results
showed that tau KO mouse brain homogenate and N-2 supplement are essential to
prevent the spontaneous aggregation of 1306 monomeric substrate. The addition of 1306
aggregated species into the tau-RT-QulC reaction solution led to rapid seeding activity
of tau-based monomeric substrate (t306) resulting in the quick formation of 1306

multimers (Fig. 7.4B).
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Figure 7.4 ThT fluorescence data of RT-QulC analysis. A) Schematic representation
of RT-QulC reaction and 1306 tau plasmid construct, consisting of residues 306—-378 of
full-length human tau isoform htau40 with a point mutation at residue 322 cysteine to
serine. B) RT-QulC analysis of 1306 soluble fragments and 1306 aggregates under
different conditions (with or without N2-Supplement and KO BH). Each curve

represents a single case, run in triplicate.
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After assessing the assay conditions, tau-RT-QulC analysis of brain homogenates from
the temporal region of PLA-/AT8-, PLA+/AT8-, and PLA+/AT8+ cases was
performed. T306 aggregates and tau KO mouse brain homogenate were used as positive
and negative controls of the assay, respectively. The assay cut-off was determined to
be 52 hours and had a reproducible endpoint before the spontaneous amyloid
aggregation in the wells with the tau KO mouse brain homogenate. The endpoint of 52
hours was used for any data points with ThT fluorescence values at or greater than 52
hours. Brain homogenates of the PLA-/AT8- group showed slower seeding activity
relative to brain tissue from PLA+/AT8- and PLA+/AT8+ groups in which t306
substrate presented a rapid seeding activity (Fig. 7.5A). Comparison of tau seeding
activity of PLA-/ATS8-, PLA+/ATS8-, and PLA+/AT8+ brain homogenates of temporal
cortex with RT-QulC was performed by analysing the maximum ThT fluorescence
(Fmax), the reaction time needed to reach a ThT fluorescence of the average baseline
fluorescence + 5 SD (Standard Deviation) (lag time), the time to reach the maximum
ThT fluorescence, and the maximum slope (Vmax). Groups with dilution 10" were
assessed through ONE-WAY ANOVA (analysis of variance). The Fmax of
PLA+/ATS8- and PLA+/AT8+ groups were statistically higher compared to PLA-/ATS-
group, with PLA+/AT8- group presenting the shortest time to reach the Fmax (Fig.
7.5B). Lag time analysis showed that the lag phase before reaching the ThT
fluorescence threshold was significantly shorter in tau RT-QulC reaction seeded with
PLA+/ATS- and PLA+/AT8&+ brain homogenates compared to PLA-/ATS- brain tissue
(Fig. 7.5B). Finally, the Vmax of the kinetic curve of the PLA+/AT8- group was
statistically higher compared to PLA-/ATS8- group but not to the PLA+/AT8+ group.
No statistical differences were detected between PLA-/ATS- and PLA+/AT8+ group
(Fig. 7.5B). Overall, these data indicated higher seeding activity in PLA+/AT8- and
PLA+/AT8+ temporal brain tissue compared to the pure healthy control lacking tau

pathology.
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Figure 7.5 Tau RT-QulC analysis. A) RT-QulC dilution analysis of 1306 aggregates,
MAPT KO, PLA-/ATS8-, PLA+/ATS-, and PLA+/AT8+ brain homogenates. Each curve
represents a single case, run in triplicate. B) Comparison of tau seeding activity of PLA-
/AT8-, PLA+/AT8-, and PLA+/AT8+ brain homogenates with RT-QulC. Brain
homogenates from the temporal cortex of PLA-/ATS-, PLA+/AT8-, and PLA+/AT8+
groups were analysed. Fmax (maximum ThT fluorescence), lag time (reaction time to
exceed a ThT fluorescence threshold of the average baseline fluorescence + 5 SD), time
to reach maximum ThT fluorescence, and Vmax (maximum slope) were analysed. The
assay cut-off was determined to be 52 hours as a reproducible endpoint before the
spontaneous amyloid aggregation in the wells with the tau KO mouse brain
homogenate. The endpoint of 52 hours was used for any data points with ThT
fluorescence values at or greater than 52 hours. Groups with dilution 1x10-1 were
assessed through a ONE-WAY ANOVA (Bonferroni). N=5. *p<0.05, **p<0.01,
*#%p <0.001, AV Average.
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7.6 Discussion

After the detection of this previously unreported diffuse tau pathology, we then
questioned whether these early-type tau multimers have a pathophysiological role and
whether they are key drivers for the expansion of tau pathology in the AD brain.
Previous findings reported that abnormal tau proteins tend to propagate and spread
themselves from one brain region to the other through synaptically connected neuronal
networks and other pathways where the involvement of the extracellular space and the
contribution of other cell types is evident (Alafuzoff et al., 2008; Hromadkova et al.,
2022; Silva and Haggarty, 2020; Yamada, 2017). To address this question we assessed
the seeding capacity of multimeric tau in the AD brain using a novel but well-
established seed amplification assay, the AD RT-QulC (Kraus et al., 2019; Saijo et al.,
2017). Recent research studies validated the specificity of the assay for AD tau
aggregates by performing a number of experiments including seed capture experiments,
examination of cross-seeding effects of other amyloid proteins like AB42, and
characterisation of the assay products (Kraus et al., 2019). T306 substrate and heparin
were used to build up the assay according to previous reports (Kraus et al., 2019;
Poggiolini et al., 2022). T306 is a tau fragment consisting of the residues 306-378 of
the full-length 4R tau isoform with a point mutation to the residue 322, where cysteine
amino acid is replaced with serine (Kraus et al., 2019; Metrick et al., 2020). The use of
1306 substrate presents the following advantages. Firstly, in line with previous studies,
fragmented monomeric tau proteins tend to aggregate more effectively compared to the
total length protein (Barghorn and Mandelkow, 2002; Lim et al., 2014). Secondly, the
addition of a point mutation in the tau gene also increases tau accumulation potency
(Lim et al., 2014; Schweers et al., 1995). Finally, the use of heparin, a poly-anionic
cofactor, promotes and enhances the formation of tau assemblies by generating paired
helical-liked tau fibrils (Falcon et al., 2019; Taniguchi et al., 2005). In agreement with
previous findings, shaking of 1306 fragments with heparin under defined conditions
leads to the formation of tau fibrils and other polymorphic tau structures (Saijo et al.,
2017). The addition of soluble 306 fragments or insoluble t306 aggregated complexes
in the RT-QulC reaction solution revealed enhanced levels of seeding activity of the
monomeric tau substrate in the wells treated with tau aggregates, while the tau seeding
activity appeared to be low to negligible in the wells treated with tau monomers.

However, at this point, we need to mention that spontaneous accumulation of
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monomeric tau was reported after hours of shaking since the 1306 fragment has
properties that facilitate self-multimerisation under specific conditions, fact that has
been previously addressed by other research groups as well (Hromadkova et al., 2022;
Kraus et al., 2019; Metrick et al., 2020). To avoid this spontaneous 1306 aggregation,
N-2 media supplement (Gibco 17502-048) and brain homogenate from MAPT KO mice
were used. N-2 supplement is a serum-free media supplement essential for promoting
cell growth in cell cultures. However, in this case, this reagent was used to prevent 1306
fragments from binding to the walls of the wells of the reaction well plate resulting in
the loss of monomeric substrate and the formation of random accumulations on the
walls of the wells (Minikel, 2014). On the other hand, the addition of MAPT KO brain
homogenate to the reaction solution has been reported to prevent the spontaneous
substrate aggregation caused due to protein shaking under optimal conditions (protein
concentration, temperature, and speed of shaking) (Kraus et al., 2019). Therefore, under
these conditions, we could clearly say that the signal produced during RT-QulC assay
is the outcome of protein aggregation induced by the addition of protein seeds with
defined properties (Poggiolini et al., 2022; Saijo et al., 2017). Indeed, the addition of
these two elements in the assay reaction reduced the short-term assembly of the soluble
tau fragments that occurred after a couple of days of shaking. Hence, the signal
produced in the wells treated with the aggregated tau species indicated that these
molecules are capable to induce enhanced levels of tau substrate multimerisation in a
short period, in contrast to the soluble monomeric species that require more time until
the first protein interactions start being evident. Based on this assay and after the in situ
visualisation of tau multimers with the help of tau-PLA, we accessed whether these
diffuse oligomeric tau molecules are potentially toxic species with seeding properties
that can propagate to synaptically connected brain regions, being responsible for the
progression of tau pathology in the AD brain. Analysis of the temporal cortex positive
for diffuse tau pathology but negative for tau large lesions (PLA+/ATS-) revealed
enhanced levels of tau seeding capacity and short RT-QulIC reaction lag phase, with
values similar to the one obtained from the PLA+/AT8+ group. Here, we need to
acknowledge that although in the PLA+/AT8- group a couple of cases presented a
single tangle in the wider area of the temporal cortex, the comparison of these two
groups proved that the existence of a single isolated tangle in some of the cases is not
enough to induce enhanced levels of tau seeding activity, meaning that the lesions

responsible for the seeding capacity of tau are the small-sized multimeric tau species
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labelled by tau-PLA rather than the large late-type tau aggregates. If the latter were the
responsible species, we would expect the PLA+/AT8+ group to present substantially
higher levels of tau seeding capacity compared to the PLA+/ATS- group. In contrast to
these two groups, low levels of spreading potency were reported in the pure healthy
cases, indicating that these early-type tau multimers have a pathological role and could
be potential targets for the development of more efficient therapeutic approaches. In
agreement with these findings, is a large number of studies supporting the seeding
properties and behaviour of tau multimers using various in vivo and in vitro systems for
the investigation of their physiological and pathological role (Ghag et al., 2018; Holmes
et al., 2014; Kaufman et al., 2017; Lasagna-Reeves et al., 2014; Metrick et al., 2020).

7.6.1 Limitations

Although much effort was applied to optimise the conditions of the assay and to ensure
that our analysis remains unbiased, several limitations and restrictions needed to be
addressed. Firstly, one major limitation was the lack of available frozen brain tissue due
to the high demand over the years. For this reason, our analysis was restricted to 5 cases
per group, a small sample number, but still powerful to allow the performance of the
statistical analysis. Examination of further cases could help to establish a more
validated image of the pathophysiological role of tau multimers. Another difficulty that
needs to be addressed concerns the purification of 1306 substrate, a tau protein fragment
that is prone to aggregate, and the purification of pure monomeric species is a challenge
(Kraus et al., 2019). To deal with this restriction, the whole experimental procedure of
tau purification was performed at the low temperature of 4°C, modifying as well the
steps that could facilitate the spontaneous tau assembly. Finally, focusing on the
outcome of this analysis, although tau multimers are characterised by high seeding
activity contributing to the progression of AD, more investigation concerning gene
expression and modification should be done to uncover the underline mechanism that

promotes the pathological behaviour of tau.

151



7.6.2 Conclusions

Overall, this analysis led to the following conclusions. Both tau RT-QulC and tau-PLA
assays detected tau-tau interactions in post-mortem human brain tissue from both AD
and non-AD cases. Tau RT-QulC revealed that the early-type tau multimers have high
seeding activity and might be the potential toxic species contributing to the disease
progression. In agreement with tau-PLA, tau RT-QulC also highlighted an extensive
early-type tau pathology in anatomical brain regions that appeared to be unaffected
based on standard AT8-IHC. From an experimental aspect, the use of the 1306 substrate
proved to be crucial for the investigation of tau seeding activity due to its structural
properties and its ability to induce aggregation, while the addition of N-2 supplement
and MAPT KO brain homogenate to the reaction solution was critical to avoid the
spontaneous assembly and binding of the tau monomeric substrate. Analysis of more

cases is needed to validate further these findings.
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Chapter 8: General Discussion

The abnormal intraneuronal aggregation and misfolding of tau, a microtubule-
associated protein, in the central nervous system is one of the main pathological
hallmarks of tauopathies, with AD being the most common neurodegenerative disorder
(Goedert et al., 2017; Lee et al., 2001). Although the large tau lesions such as NFTs,
NTs, and neuritic plaque-associated tau were considered to be primarily responsible for
the progression of tau pathology in the AD brain, accumulating evidence nowadays
supports that these soluble aggregated tau molecules, rather than the late-type tau large
lesions, are the potential toxic species with seeding capacity that spread themselves in
a prion-like manner, behaving as invisible killers given that we lack a robust technique
for their detection (Ghag et al., 2018; Gomez-Isla et al., 1997; Holmes et al., 2014;
Kaufman et al., 2017; Liu et al., 2012; Metrick et al., 2020).

Proximity ligation assay (PLA), first developed by Soderberg and his group in 2006, is
a technique that allows the specific detection of protein-protein interactions directly in
cells and tissues preserving the cellular and anatomical morphology (Soderberg et al.,
2006). Although PLA was mainly used for the investigation of heterotypic protein
interactions in situ, PLA is currently used for the detection and examination of
homotypic protein multimerisation (Mazzetti et al., 2020; Roberts et al., 2019, 2015;
Sekiya et al., 2019). Based on a recently developed assay, the alpha-synuclein
proximity ligation assay (AS-PLA), for the specific visualisation of a-synuclein
oligomers in situ (Roberts et al., 2019; Roberts, Wade-Martins, & Alegre-Abarrategui,
2015), we have now developed a relevant assay for the histopathological detection of
tau-tau interactions in animal and human tissue with anatomical and subcellular detail.
This assay is called tau proximity ligation assay (tau-PLA) and enables the direct

visualisation of tau multimerisation in situ.

Tau self-aggregation in FFPE sections from the brain regions of the hippocampus and
temporal cortex from 67 post-mortem human brains from Braak stage 0 to VI was
investigated using tau-PLA. The temporospatial distribution of tau-PLA labelled
pathology was analysed and compared with other histopathological markers
responsible for the detection of hyperphosphorylated and misfolded tau. Finally, the

pathophysiological role of these tau multimers was examined by investigating their
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seeding capacity using a seed amplification assay. As expected, our assay detected tau-
tau interactions with high specificity and sensitivity, but no tau monomers. In addition,
tau-PLA managed to capture a range of tau pathology, from large tau lesions to a
previously unreported widespread diffuse tau pathology developed also in brain regions
that appeared to be devoid of any other pathology, ahead and beyond the appearance of
tau molecules exhibiting hyperphosphorylation and conformational changes from the
earliest Braak stages. Finally, investigation of the pathophysiological role of these
early-type tau aggregates revealed that these species are characterised by high seeding
capacity, being able to induce tau aggregation, and could be the potential targets for the

development of more efficient therapeutic approaches.

Although the PLA is a well-established assay for the detection of heterotypic protein
interactions, the use of the assay for the investigation of homotypic protein
multimerisation generates questions about the specificity of the assay, with several
studies supporting the low significance of the in situ PLA (Alam, 2018; Alsemarz et
al., 2018; Lindskog et al., 2020). To address this limitation, before moving to the
analysis of the human brain tissue with tau-PLA, several experiments were performed
to further support the specificity of the assay. As performed previously by Roberts and
colleagues for the development of alpha-synuclein PLA (AS-PLA), with the use of
various cell-based assays (BiFC assay and FKBP-FRB system) and tau aggregation
inducible systems, we managed to prove that tau-PLA is a sensitive and selective tau
multimerisation detection technology with high specificity for tau-tau interactions but
no monomeric tau molecules (Roberts et al., 2019, 2015). Loss of tau-PLA signal after
the depletion of the ligation step or replacement of the tau5 antibody with a different
antibody detecting protein molecules that are not normally expressed in the brain,
supported as well that the signal obtained is a result of productive tau-PLA and that tau-
PLA is an antibody-dependent assay. Finally, to further validate our assay, analysis of
animal brain tissue was performed. Brain tissue from MAPT KO mice, a mouse model
that lacks the expression of tau protein in the brain due to genetic modifications, was
investigated with tau-PLA. As expected, no tau-PLA signal was detected in the brain
tissue of these mice highlighting the selectivity of our assay and excluding the
possibility of the non-specific binding of the PLA elements. The lack of tau-tau
interactions in the MAPT KO mice has also been described in other research studies

where no tau seeding activity was spotted after the effort of inducing tau
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multimerisation (Holmes et al., 2014; Kaufman et al., 2016b; Kraus et al., 2019; Saijo
et al., 2017). In contrast, enhanced levels of tau-PLA signal were observed in the brain
tissue of P301S mice, a mouse model of human tauopathy, where the formation of tau
fibrillar lesions is evident by the age of 6 months old (Holmes et al., 2014; Kaufman et
al., 2016b). Tau-PLA also captured tau-self interactions in anatomical brain regions that
appeared to be unaffected based on standard histopathological markers, indicating that
the process of tau multimerisation has already started (Allen et al., 2002; Holmes et al.,

2014).

With most of the histopathological studies being unable to visualise these tau-tau
interactions in tissue, tau-PLA allowed the detection of a previously unreported early-
type, small-sized diffuse tau pathology. Tau-PLA labeled a range of tau structures, from
the late-type large lesions that were also captured by other standard histological
markers, to the early-type small-sized diffuse tau pathology whose visualisation until
now was a challenge. We can therefore claim that the staining pattern of tau-PLA can
be mostly divided into two main groups, the diffuse small-sized tau pathology, and the

large tau lesions.

Moving to the analysis of the disease-related endogenous tau in the post-mortem human
brain, after determining the Braak stage of each case based on the staging system
proposed by Alafuzoff and colleagues (Alafuzoff et al., 2008), all cases were analysed
with tau-PLA. In addition, each case was further examined with additional antibodies
that detect early tau post-translational modifications and more precisely early

hyperphosphorylated or misfolded tau.

Focusing on the large tau lesions, assessment of post-mortem human brain tissue from
the different brain regions revealed that tau-PLA detected the large fibrillar tau lesions
in a similar pattern with the ATS8 antibody, presenting however reduced sensitivity
compared to ATS8-IHC for these large lesions. This deference in the detection power of
these two assays proved to be due to the superiority of the AT8 antibody to the tau5
antibody for the large tau lesions, a fact supported by previous studies that suggest that
the binding ability of the tau5 antibody, the antibody used for the build-up of our assay,
can be affected by the nearby phosphorylated sites (Porzig et al., 2007). Following the
same pattern as the other early histological markers, tau-PLA captured a significant

number of large tau lesions from the Braak stage Il to VI in the hippocampal region,
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with the involvement of the TC in Braak stage III. Involvement of the OC was observed
in the later Braak stages. Comparison of the detection power of the other tau markers
for the large lesions showed, similarly to previous records, that the early phosphor-tau
antibodies investigated presented higher sensitivity for the large lesions than the

conformational antibodies (Ercan-Herbst et al., 2019; Holmes et al., 2014).

Moving to the diffuse tau multimerisation, under physiological conditions, no tau-PLA
or tau-IHC staining signal was detected in the Braak stage O cases revealing that tau
multimerisation does not occur physiologically in the brain and that the tau molecules
remain monomeric lacking any PTM. At this point, we need to mention that in a
minority of Braak O cases, tau-PLA revealed that tau self-interaction had already
started. However, further investigation is essential to determine whether these
multimers are pathological contributing to the disease progress, or have a physiological
role (Wang and Mandelkow, 2016, 2012). From Braak stage I, high levels of diffuse
tau pathology were captured by tau-PLA, followed by AT180-IHC. Until today AT180,
was one of the best markers used for the detection of early-type tau pathology, being
able to capture tau protein modification in the brain regions of the hippocampus from
the earliest Braak stages (Ercan-Herbst et al., 2019). However, its sensitivity proved to
be lower compared to tau-PLA, with tau-PLA being able to capture significantly high
levels of the tau diffuse pathology from Braak stage I in the hippocampal area. The lack
of positive staining signal from the rest of the histological markers in the early Braak
stages revealed that tau multimerisation is one of the earliest detectable molecular
events occurring during the development of tau pathology in the AD brain, preceding
the events of tau hyperphosphorylation and misfolding. These tau-tau interactions have
been described previously in various cell-based and seed amplification assays,
however, the lack of the direct visualisation of these tau multimers was always a major
limitation (Holmes et al., 2014; Kaufman et al., 2017; Kraus et al., 2019; Metrick et al.,
2020; Saijo et al., 2017). Tau-PLA managed to overcome this limitation, providing
essential information about the morphology, three-dimensional structure, folding,
maturity, aggregation level, and cellular and anatomical location of these tau species.
The tau-PLA signal was significantly increased from Braak stage I to III with the
amount of the diffuse tau-PLA signal being slightly decreased in the later Braak stages.
One possible explanation is that the NFTs could act as a sink for the tau multimers and

therefore, the increase in the number of large tau lesions in the late Braak stages will
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contribute to the further reduction in the levels of the earlier pathological tau species
(Castellani et al., 2008; Kuchibhotla et al., 2014). Another possible explanation lies in
the increase in the number of ghost tangles that seems to lack tau-PLA staining due to
the loss of the epitope recognised by the tau5 antibody in the ghost tangles, and
therefore, cannot be visualised in situ (Fitzpatrick et al., 2017; Porzig et al., 2007). Both
explanations could be the case with the first one being stronger as reduced levels of tau
multimerisation in the later Braak stages have been described as well in previous

research studies investigating tau seeding activity (Metrick et al., 2020).

At this point, we need to admit that uncovering the temporospatial distribution of tau
pathology from post-mortem brain tissue from AD and non-AD cases provided
important information about AD progression, however, there are several questions and
limitations that need to be addressed. The temporal sequence of the events as described
by tau-PLA does not establish causality. We cannot state unequivocally that these early-
type tau multimers will turn to hyperphosphorylated or misfolded large fibrillar lesions
while the disease progresses as each tau molecule could follow a different distinct
pathway and fate based on various genetic, epigenetic, and environmental factors. We
could not also confirm whether these diffuse multimers used to be part of the large
lesions. However, this hypothesis is not strong enough as we would expect the tau-PLA
signal to be stronger in the areas around the large lesions, but this is not the case as
enhanced levels of tau-PLA-labelled diffuse pathology are spotted in areas devoid of
fibrillar tau lesions. Finally, tau-PLA cannot provide information about the
pathophysiological role and the seeding capacity of these multimeric species, and
therefore, we could not confirm whether these diffuse tau multimers are the potential
toxic species promoting the neuronal cell death or whether this diffuse pathology could
be part of the normal aging process. To address this question investigation of the
pathophysiological role of these species was performed using a seed amplification

assay, specific for the detection of tau seeding activity, the tau RT-QulC.

Although RT-QulIC assay is a useful tool for the investigation of aggregated tau
pathophysiological role, the use of heparin for the induction of aggregation had been
described to be the major limitation of the assay, as the morphological architecture of
the formed heparin-induced tau seeds seems to present differences with the structure
from the aggregates extracted from the brain tissue of AD patients (Zhang 2019). For

this reason, the development of a robust technique for the in sifu visualisation of these
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aggregated tau species can be the key to overcoming this limitation, providing us with
information concerning the structural morphology and the anatomical location of these
conformers. Such an assay is tau-PLA which allows the direct visualisation of tau-tau
interactions with high specificity and sensitivity on normal cells and tissue. Although
this assay overcomes the limitation of RT-QulC, the investigation of the seeding
potential of these small diffuse multimers needs additional approaches. Taking all these
data together, we can clearly say that coupling these two assays could be an interesting
approach for the investigation of tau-tau interactions and their role in the progression
of tau pathology in the AD brain. Application of tau-PLA in human post-mortem brain
tissue from individuals from Braak stage 0 to VI, revealed a previously unreported early
type of tau pathology characterised by an extensive diffuse tau distribution in
anatomical brain regions that appeared to be unaffected, with this pathology lacking
specific early tau PTMs. Investigation of the seeding capacity of these early-type tau
multimers (PLA+/ATS8-) revealed an extensive ability of propagation in these tau
conformers, similar to the one presented by the large tau lesions (PLA+/AT8+). This
fact highlights that early-type tau multimers could be the major responsible factors for
the progression of the pathology in the AD brain. The pathological role of tau-tau
interactions has been investigated using cell-based assays, such as FRET, as
demonstrated by DeVos et al. (DeVos et al., 2018). In agreement with our findings, the
researchers here, by using biosensor cells for the detection of aggregated tau species in
human brain lysate samples, found high levels of tau seeding in the entorhinal cortex,
even in cases with rare neurofibrillary tangles. Similar to our study, tau seeding was
also detected in non-pathological regions of the brain along the Braak tau pathway,
suggesting the existence of soluble tau aggregates prior to the development of overt tau
pathology (DeVos et al., 2018). Despite the promise of biosensor cell lines for
investigating tau multimerisation, the use of large fluorescence molecular tags can
interfere with tau interactions and potentially produce conflicting results, as highlighted
by Lim et al. (Lim et al., 2014). A recent study published by Kaniyappan and colleagues
proved that the FRET signal produced after the application of the FRET assay for the
evaluation of the tau multimerisation process in AD is independent of the tau self-
propagation, but other factors contribute to the development of this FRET signal
(Kaniyappan 2020). Other assays, like the BiFC cell-based assay that was also used for
the establishment of tau-PLA specificity, could be used instead as the GFP

fragments/splits that are fused to the recombinant tau molecules have small size
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reducing the interference of the tags in tau-tau interactions induced by the addition of
brain homogenate extracts from the three groups (Kerppola, 2013; Lim et al., 2014).
Regardless of the unanswered questions, we believe that our study will shed new light
and open potential new avenues into the investigation of the early pathology and the
driving mechanisms of AD, the development of therapies and biomarkers, and the

establishment of preventive strategies.

8.1 Limitations

Both the experimental work and the tissue analysis of the study contained limitations
that needed to be addressed. As far as it concerns the tau-PLA protocol, the high cost
of the PLA kits, as well as the longer duration of the protocol are some of the main
limitations of the assay. For a successful tau-PLA, good quality tissue is essential, and
therefore tissue over-fixation should be avoided. Tissue kept in formalin for many
decades should be re-examined as it might present alternations in its composition and
structure that would affect the experimental procedures. Finally, the reduced
availability of the PLA kits due to reduced production and prolonged periods of delivery
from the USA delayed significantly the analysis of the available tissue and forced us to
reduce the number of cases and brain regions investigated to avoid running out of
reagents during the performance of tau-PLA. Regarding tissue availability, obtaining
the essential frozen tissue for our study was also a minor restriction as several brain
regions from the different Braak stages were not available due to oversampling through
the years. For this reason, we had to reduce the number of cases investigated per group
to 5, a small sample number, but still powerful to allow the performance of the statistical
analysis. Regarding the brain tissue analysis, although tau-PLA can detect a previously
unreported, early-type, small-sized diffuse tau pathology in animal and post-mortem
human brain tissue providing information about the morphology of these multimers and
their temporospatial distribution, it cannot provide direct outcomes about the
pathophysiological role and the molecular mechanisms that lead to their generation.
Although tau RT-QulC tried to address this limitation by providing significant
information about these multimeric tau species, their seeding activity, and their

potential toxicity, more investigation focusing on the gene expression and modification
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is essential to uncover the underline mechanisms that promote the pathological

behaviour of tau.

8.2 Future directions

Therefore, in the future, it would be interesting to determine the differentially expressed
genes related to the early-type tau multimerisation as we hypothesize that epigenetic
changes are occurring in parallel or earlier with the early tau-tau interactions, and
spotting them will help us to understand what is happening in the brain in the first place.
To achieve this, DNA methylation analysis and single-cell RNA sequencing are
currently being performed. DNA methylation analysis will help us to investigate how
the methylation of different genes affects their expression (Yong et al., 2016), while
single-cell RNA sequencing will provide the transcriptional profile of a large number
of individual cells within a heterologous sample (Hwang et al., 2018). Our cases once
again were separated into the three main groups as characterised by tau-PLA and ATS-
IHC, one group with the pure healthy control cases (tau-PLA-/AT8-), one where tau
multimerization has already started in the temporal cortex but large fibrils were
negligible or restricted to the minimal presence of one or two isolated tangles in a
couple of cases (tau-PLA+/ATS-), and one positive for both early-type and significant
late-type tau pathology (tau-PLA+/AT8+). Next, we aim to further investigate the
differentially expressed genes detected by the transcriptomics analysis and examine
their expression in situ with IHC and Western Blot (levels of expression, subcellular
location, etc.). Analysis of the inflammatory environment of the brain by investigation
of the morphology, activation, and location of brain immune cells and the levels of pro-
inflammatory and anti-inflammatory cytokines is one of the future goals of this project.
Post-mortem human brain sections from tau-PLA+/ATS8- and tau-PLA+/ATS8+ brain
regions from AD patients, as well as, the respective regions from controls (tau-PLA-
/ATS8-) will be analysed using specific markers for the detection of microglia (Ibal,
TMEM199, CD68), astrocytes (GFAP), infiltrating leukocytes in the brain (CD45) and
T and B cells (CD3, CD4, and CD8) (Cameron and Landreth, 2010; Di Benedetto et
al., 2022; Heneka et al., 2015; Paouri et al., 2017; Wyss-Coray and Rogers, 2012). To
further support our findings, western blotting analysis will be also employed for the

same markers. The brain inflammatory environment will be investigated by analysing
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the levels of pro- and anti-inflammatory cytokines and chemokines using ELISA
(Heneka et al., 2015; Wyss-Coray and Rogers, 2012). Finally, the comparison of the
post-mortem human brain tissue from patients with other tauopathies and
neurodegenerative disorders with human tissue derived from AD patients is the last
objective to be achieved. After detecting the brain regions that are most affected by the
pathological lesions of each disease by performing IHC, we will stain them with tau-
PLA and we will investigate and compare the tau pathology between AD and related

disorders.

8.3 Conclusions

In conclusion, we have now developed a selective and sensitive assay, tau-PLA, that
allows for the first time the direct visualisation of self-interacting tau molecules, but no
monomeric, both in vitro and in situ with high specificity. Our assay detected a
previously unreported early-type diffuse tau pathology in subcellular and anatomical
brain regions ahead of other standard histopathological markers, revealing that tau
multimerisation precedes tau hyperphosphorylation and conformational changes, being
one of the earliest detectable molecular events of the AD tau pathology. Investigation
of the pathophysiological role of these multimeric tau species also revealed their
extensive seeding capacity, defining them as the potentially toxic species contributing
to the disease progression. Further optimisation of the assay could allow the detection
of tau-tau interactions in human biofluids like CSF, providing a powerful tool for the
early diagnosis of AD and related tauopathies. Overall, this assay could open a window
for the investigation of early-type tau pathology, the discovery of the driving
mechanisms of disease, and the development of more effective therapeutic approaches

and strategies.
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Appendix

Table 2.6 - Solutions and Regents

Reagent Recipe

1 g kanamycin powder (SIGMA, K4000) dissolved in 20
ml of ddH»O. Filtered with a 0.22 pum syringe filter
(Thermo, 723-2520), aliquoted in 1 ml aliquots, and
Kanamycin 50 pg/pl stored at -20 °C.

20 g LB Broth powder (SIGMA-ALDRICH, L3022)
Luria-Bertani (LB) Broth | dissolved in 1 L of ddH>O. Autoclaved and stored at RT.

10 g LB Broth powder (SIGMA-ALDRICH, L3022) and

Bacterial Work

7.5 g agarose dissolved in 500 ml of ddH>O, autoclaved
and cooled down in a water bath at 42 °C. The solution
was supplemented with 500 pl kanamycin 50 pg/pl and
poured into plates. Plates were stored at 4 °C for up to four

LB/agar kanamycin plates | weeks.

20 ml TAE Buffer (50X) (AppliChemin, A1691,1000)
TAE buffer (1X) was diluted in 1 L of ddH>O total volume. Stored at RT.

10 pul 1 kb DNA Ladder (NEB, N3232) was mixed with
Quick-load purple 1 kb | 10 ul 6x Gel Loading Dye Purple (NEB, B7024S) and 40
DNA ladder ul of ddH>O. Stored at -20 °C.

1 M Isopropyl-B-D-thio- | 238.3 g of [IPTG (Melford, 367-93-1) dissolved in 1 ml of
galactopyranoside (IPTG) | ddH>O. Stored at -20 °C.

Molecular work

10 g of Yeast Extract (SIGMA-ALDRICH, Y1625) and
Bactotryptose (tryptone) (BD Bioscience, 211699)
27ZY Component dissolved in 1 L ddH20. Autoclaved and stored at RT.

6.0185 g MgSO4 (SIGMA-ALDRICH, 229784) dissolved
1 M MgSO4 in 50 ml ddH>O. Stored at RT.
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20 x NPSC

5.35 g NH4Cl (SIGMA-ALDRICH, V000113), 3.22 ¢
NaxSO4 (SIGMA-ALDRICH, 238597), 6.8 g KHoPO4
(SIGMA-ALDRICH, P5655), and 7.1 g NaHPO4
(SIGMA-ALDRICH, S9763) dissolved in 100 ml ddH-O.
pH adjusted at 6.75. Autoclaved and stored at RT.

50 x LAC

10 ml o-Lactose (SIGMA-ALDRICH, L2643), 2.5 ml
Glucose (SIGMA-ALDRICH, S8644), and 25 ml
Glycerol (SIGMA-ALDRICH, G5516) dissolved in 70 ml
ddH»O. Glycerol was added in the end. The solution was
filtered with a 0.22 pm syringe filter (Thermo, 723-2520).
Extra ddH>O was added to make up the final volume of
100 ml. Stored at RT.

Trace Elements

1.0 g FeSO4 - 7H20 (SIGMA-ALDRICH, F8633), 8.8 g
ZnSOs - 7H2O (SIGMA-ALDRICH, 227316), 04 g
CuSO4 - 7H0 (SIGMA-ALDRICH, C3036), 0.15 g
MnSO4 - 4H20 (SIGMA-ALDRICH, 229784), 0.1 g
NazB407 - 10H20 (SIGMA-ALDRICH, S9640), and 0.05
g (NH4)6Mo07024 - 4H>0 (SIGMA-ALDRICH, 12054-85-
2) dissolved in % of 1 L ddH20. 0.2 ml HCI was added to
dissolve the crystals that appeared. ddH20O was added to
make up the final volume of 1 L. Filtered with a 0.22 um
syringe filter (Thermo, 723-2520). Stored at RT.

Autoinduction bacterial
culture media: 2ZYM — 2
x LAC

372 ml 2ZY Component, 800 ml 1 M MgSOs4, 20 ml 20 x
NPSC, 16 ml 50 x LAC, 400 pl Trace Elements. ddH,O
was added for the final volume of 400 ml. MgSO4 was
added before 20 x NPSC to avoid precipitation. The

medium was kept sterile and stored at RT.

10 mM Tris, pH 8.0

6.057 g Tris Base (SIGMA-ALDRICH, T1503) dissolved
in 40 ml ddH»O. pH adjusted to 8.0 using 1M HCI
(SIGMA-ALDRICH, H9892). Extra ddH>O was added to
make up the final volume of 50 ml. Stored at RT.

163




PMSF Protease Inhibitor

20 mg PMSF Protease Inhibitor (ThermoFisher, 36978)
dissolved in 1 ml ddH»O. Stored at 4 °C.

25 mM Na,HPO4 (SIGMA-ALDRICH, S9763), 150 mM
NaCl (SIGMA-ALDRICH, S7653), 10 mM Tris, pH 8.0,
and 10 mM Imidazole (SIGMA-ALDRICH, 12399).

FPLC Buffer A Stored at 4 °C.
25 mM Na,HPO4 (SIGMA-ALDRICH, S9763), 150 mM
NaCl (SIGMA-ALDRICH, S7653), 10 mM Tris pH 8.0,
and 500 mM Imidazole (SIGMA-ALDRICH, 12399).
FPLC Buffer B Stored at 4 °C.

8 M guanidine
hydrochloride in PBS

38.212 g guanidine hydrochloride (SIGMA-ALDRICH,
G3272) dissolved in 50 ml PBS. Filtered with a 0.22 um
syringe filter (Thermo, 723-2520). Stored at 4 °C.

25 Mm  Ammonium

Hydrogen Carbonate

3.956 g Ammonium Hydrogen Carbonate (SIGMA-
ALDRICH, 09830) dissolved in 2 L ddH»O. Filtered with
0.22 pm syringe filter (Thermo, 723-2520). Stored at 4 °C.

10 x Running Buffer (10x
Tris/Glycine/SDS Buffer
pH 8.0)

30.2 g Tris Base (SIGMA-ALDRICH, T1503), 144 g
Glycine (SIGMA-ALDRICH, G7126), and 10 g SDS
(SIGMA-ALDRICH, L3771) were dissolved in 1 L
ddH20. pH was adjusted at 8.0. using 1M NaOH. Stored
at 4 °C.

1 x Running Buffer

100 ml of 10 x Running Buffer was diluted with 900 ml
ddH2O. Stored at RT.

100 Mm Sodium Acetate

0.82 g Sodium Acetate (SIGMA-ALDRICH, W302406)
dissolved in 100 ml ddH»O. pH adjusted to 7.4 using 1M
NaOH. Stored at RT.

1 x PBS

5 PBS tablets (SIGMA-ALDRICH, P4417) in 1 L ddH»O.
Stored at RT.
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1M NaOH

4 ¢ NaOH (SIGMA-ALDRICH, S5881) dissolved in 100
ml ddH»O. Stored at RT.

I M Tris,pH 7.4 orpH 7.5

127 g Tris HCI (SIGMA-ALDRICH, T3253) and 23.6 g
Tris Base (SIGMA-ALDRICH, T1503). pH adjusted to
7.4 or 7.5 using 1M NaOH. Stored at RT.

50 mM HEPES pH 7.4

0,119 g HEPES (SIGMA-ALDRICH, H3375) dissolved
in 10 ml ddH20. The solution was vortexed and stored at
4 °C. pH was adjusted to 7.4 using 1M NaOH. Stored at 4
°C. Stored at 4 °C.

2 M NaCl

1.1688 g NaCl (SIGMA-ALDRICH, S9888) dissolved in
10 ml ddH»O. Stored at 4 °C to be chilled before use.

10 mg/ml Heparin

0,1 g Heparin (SIGMA-ALDRICH, H6279) dissolved in
10 ml ddH>O. Stored at 4 °C.

10 mM ThT stock

31.8 mg of ThT dissolved in 10 ml of Tris buffer, pH 8.0.
5% NaN3 (SIGMA-ALDRICH, S2002) was added so that
the final NaN3 concentration was 0.01%. Filtered with a
0.22 pm syringe filter (Thermo, 723-2520) and stored at 4
°C.

500uM ThT

20 uL 10 mM ThT stock dissolved in 180 puL ddH-O.
Vortexed and stored at 4 °C.

10% W/V  Knock-out
mouse brain homogenate

(KO BH)

For 50 ml homogenate buffer: 1.25 ml 1 M Tris, pH 7.4,
3,4 ml 2 M NaCl, and 0,135 ml 1M KClI dissolved in 50
ml ddH20. 4 ml homogenate buffer was added to 0.4 g
frozen tissue from the KO mouse brain. Tissue Ruptor
(Qiagen, 9002755) and disposable probes (Qiagen,
990890) were used to homogenate the tissue. After the
solution was homogenous, the homogenate was split into

tubes and centrifuged at 13300 rpm for 15 minutes at 4 °C.
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Supernatant was transferred to new tubes and stored at -

80 °C.

1 ml of 50 mM HEPES, pH 7.4. dissolved in 5 ml ddH-O.
50 uL of 100 x N2 (Gibco 17502-048) was added in the 5

N2/HEPES ml of 10 mM HEPES, pH 7.4.
27.7 uL K/O mouse brain homogenate added in 500 pL
KO/N2/HEPES N2/HEPES, pH 7.4.

Protease and Phosphatase

Inhibitors in TBS

Pierce Protease and Phosphatase Inhibitor Mini Tablets
(ThermoFisher, A32959) dissolved in 3 ml TBS.

Cellular work

EDTA - Trypsin (1X)

5 ml 10X EDTA-Trypsin (SIGMA-ALDRICH, T4174) in
45 ml Dulbecco’s Phosphate Buffered Saline (SIGMA,
D8537). Stored at 4 °C.

Complete Dulbecco’s
Modified Eagle’s
Medium-high glucose
(10% FCS)

10% Fetal calf serum (FCS) (SIGMA-ALDRICH,
F7524), 1% 200 mM L-glutamine (SIGMA-ALDRICH,
G7513), and 1%
(SIGMA-ALDRICH, P4333) in Dulbecco’s Modified
Eagle Media (SIGMA-ALDRICH, D6546). Stored at 4
°C.

100 U/ml Penicillin/Streptomycin

4%  Paraformaldehyde
(PFA)

4 g PFA (SIGMA-ALDRICH, P6148) dissolved in 70 ml
ddH20 and mixed by stirring at ~60 °C. 1 M NaOH was
added dropwise until PFA is completely dissolved. pH
adjusted to 7.4 using 1M NaOH. Extra ddH»>O was added
to make up the final volume of 100 ml. Store in aliquots

at -20°C. Once thawed, store at 4°C for up to 2 weeks.

Poly-D-lysine stock
solution (0.1

mg/ml)

5 mg Poly-D-lysine hydrobromide (SIGMA-ALDRICH,
P6407) dissolved in 50 ml tissue culture (TC) H2O bottle
(SIGMA-ALDRICH, W3500). Store at 4°C.

Poly-D-lysine (50
pg/ml)

Equal volumes of poly-D-lysine stock solution (0.1
mg/ml) mixed with TC HxO (SIGMA-ALDRICH,
W3500).
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Animal work

4% PFA in PBS

4 g PFA (SIGMA-ALDRICH, P6148) dissolved in 70 ml
ddH20 and mixed by stirring at ~60 °C. 1 M NaOH was
added dropwise until PFA is completely dissolved. The
solution was supplemented with 5 PBS tablets (SIGMA-
ALDRICH, P4417). pH adjusted to 7.2 using 1M NaOH.
Extra ddH>O was added to make up the final volume of
100 Filtered
Chromatography Paper (20 x 20 cm) (SLS, CHR1128)

ml. through Whatman 3 mm

and kept in ice until use. Stored at -20 °C.

30% sucrose — NaN3

3 PBS tablets (SIGMA-ALDRICH, P4417), 180 g
Sucrose (SIGMA-ALDRICH, 84097), and 0.12 g NaN3
(SIGMA-ALDRICH, S2002) dissolved in 400 ml ddH>O.
Extra ddH>O was added to make up the final volume of
600 ml ddH>O. Stored at 4 °C.

Immunohistochemistry (IHC)

80 g NaCl (SIGMA-ALDRICH, S7653) dissolved in 100
ml 1M Tris pH 7.5. Extra ddH>O was added to make up

10 x TBS the final volume of 100 ml. Stored at RT.
1 x TBS 100 ml of TBS diluted in 900 ml ddH>O. Stored at RT.

3 ml 30% H>02 (SIGMA-ALDRICH, H1009) diluted in
0.3% H202in PBS 300 ml PBS final volume.

30 ml 30% H>0, (SIGMA-ALDRICH, H1009) diluted in
3% H>O21n PBS 300 ml PBS final volume.

Antigen Retrieval Buffer,
pH 6.0

5 ml Antigen Retrieval Buffer 100x, pH 6.0 (Abcam,
93678) diluted in 500 ml final volume of ddH>O. Stored
at 4 °C.

Normal Goat Serum
(NGS) Blocking Buffer

(for IHC)

10 ml NGS (Vector Laboratories, S-1000-20) diluted in
100 ml PBS or TBS final volume.

Normal Horse Serum
(NHS) Blocking Buffer

(for IHC)

10 ml NHS (Vector Laboratories, S-2000-20) diluted in
100 ml PBS or TBS final volume.

5% Milk Blocking Buffer

5 g Skim milk powder (Millipore, 70166) dissolved in 100

ml TBS final volume.
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PLA

TBS - 0.05% Tx Wash | 250 pl Triton-X-100 (SIGMA-ALDRICH, x100)
Buffer dissolved in 500 ml TBS. Stored at RT.
TBS - 0.1% Tx Wash | 500 pl Triton-X-100 (SIGMA-ALDRICH, x100)
Buffer dissolved in 500 ml TBS. Stored at RT

80 ml 30% H20, (SIGMA-ALDRICH, H1009) diluted in
10 % H202 in PBS 240 ml ddH>O final volume. Stored at 4 °C.

TBS - 0.05% Tw Wash
Buffer

250 ul Tween 20 (SIGMA-ALDRICH, P9416) dissolved
in 500 ml TBS. Stored at RT.

TBS - 0.1% Tw Wash
Buffer

500 pl Tween 20 (SIGMA-ALDRICH, P9416) dissolved
in 500 ml TBS. Stored at RT

75.07 g Glycine (SIGMA-ALDRICH, G7126) dissolved
in 1 L TBS supplemented with 1ml Triton-X-100

IF Blocking Buffer (SIGMA-ALDRICH, x100). Stored at RT.
10 ml NGS (Vector Laboratories, S-1000-20) diluted in
NGS IF Blocking Buffer | 100 ml IF Blocking Buffer final volume.

5x DUOLINK Wash
Buffer B

0.5 g NaCl (SIGMA-ALDRICH, S7653) dissolved in 100
ml 1M Tris pH 7.5. Stored at RT.

PLA ligation solution

120 pl of PLA ligation solution was used per slide. For
120 pl, 93 pl ddH20, 24 pl ligation stock, and 3 pl ligase
(SIGMA-ALDRICH, DUO92008) were mixed before

use.

PLA amplification

solution

120 pl of PLA amplification solution was used per slide.
For 120 pl, 94.5 pl ddH20, 24 pl amplification stock, and
1.5 ul polymerase (SIGMA-ALDRICH, DUO0O92008)

were mixed before use.

PLA detection solution

120 pl of PLA detection solution was used per slide. For
120 pl, 96 pl ddH>O and 24 pl detection stock (SIGMA-
ALDRICH, DUO92008) were mixed before use.

PLA substrate solution

120 pl of PLA substrate solution was used per slide. For
120 pl, 113.4 ul ddH>O, 1.8 pul substrate A, 1.2 ul substrate
B, 1.2 ul substrate C, 2.4 ul substrate H>O» (SIGMA-
ALDRICH, DUO92008) were mixed before use.
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DAPI Solution (1 mg/ml) (Thermo, 62248) 1:1000 diluted
1 pg/ml DAPI in PBS.

Table 2.7 - Commercial Kits

Kit Source

QIAprep® Spin Miniprep Kit Qiagen, 27106

VECTASTAIN® Elite® ABC-HRP Kit,
Peroxidase (Standard) Vector Laboratories, PK-6100

ImmPACT® DAB Substrate  Kit,

Peroxidase (HRP) Vector Laboratories, SK-4105
Duolink® In Situ Probemaker PLUS SIGMA-ALDRICH, DU092009
Duolink® In Situ Probemaker MINUS SIGMA-ALDRICH, DUO92010

Duolink® In Situ Detection Reagents
Brightfield SIGMA-ALDRICH, DUO92012

Duolink® In Situ Detection Reagents Red | SIGMA-ALDRICH, DU0O92008
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