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Abstract

Alzheimer’s disease (AD) is the most common form of dementia and has a large social,
medical and economic impact. One of the main pathological hallmarks of AD is the
presence of extracellular plaques consisting primarily of B-amyloid (AB). AB fibrils share
a characteristic cross- structure, however structural models for A fibrils have revealed
polymorphism at a molecular level in vitro and there is also evidence that distinct

structural variants could be linked to the presentation of different subtypes of AD.

Working at the interface between structural and cellular biology, this research
investigates differences in the cellular responses to different AB fibril preparations.
Distinct populations of A fibrils were formed from recombinantly purified AR monomers,
reproducing fibrillation conditions previously used in the production of fibrils from which
structures have been published. Namely, 2A, 3Q and de novo ABao fibril populations were
produced, in addition to fibrils formed from a familial mutant form of the peptide, E22A
ABao. Further to this, two populations of ABa. fibrils were compared; one formed at pH 8
and the other formed at pH 2. Fibrils were characterised using transmission electron
microscopy (TEM), Thioflavin T (ThT) monitoring, oligothiophene probes and fibril yield

analysis.

With neuroinflammation being another major hallmark of AD, this research focuses
specifically on the effects of these different AR fibril populations on monocytic and
microglial cells. A combination of MTT, ATP and LDH viability assays were performed
which revealed differences in the toxicity of the different AB fibrils towards BV-2 microglial
cells, RAW 264.7 macrophage cells and monocytic THP-1 cells. AB42 fibrils that were
formed at pH 8 were found to be significantly more toxic than the population of ABa. fibrils
that were formed at pH 2. E22A A4 fibrils were also shown to be more toxic towards

these cells than the fibril populations that were formed from wild-type AB4o peptide.

Further to this, differences in the levels of the pro-inflammatory cytokines IL-6, IL-1 and
TNF-a released from cells in response to the different fibrils were identified, with the
population of AR fibrils produced at pH 8 resulting in the greatest release compared to
other fibril populations. These fibrils were also found to associate more with cells,
possibly helping to explain this increased toxicity and inflammatory response.
Furthermore, differences in the efficiency of clearance by microglial cells of AB4o fibrils
were also identified, with reduced 2A Ao fibril clearance compared to other fibril
populations. Differences identified between these AR fibrils could help to explain the
huge amount of variability in symptoms and disease severity that exists between

Alzheimer’s patients.






1 Introduction

1.1 Alzheimer’s disease

Dementia is the leading cause of death in the UK population, accounting for 12.7% of all
deaths (Deaths registered in England and Wales - Office for National Statistics). Over
850,000 people in the UK have dementia and this is projected to increase to 1.6 million
by 2040 with an estimated annual cost of £26 billion (Wittenberg et al., 2020).
Alzheimer’s disease (AD) is the most common form of dementia, accounting for 60-80%
of dementia and affecting a sixth of the population over 80 (Wittenberg et al., 2020). With
such a large medical, social and economic impact, further research is required in order
to better elucidate the molecular mechanisms that underly AD, with the goal of

developing much-needed treatments.

1.1.1 Clinical features of Alzheimer’s disease

AD is a neurodegenerative disease which typically clinically presents as selective
amnesia in a temporal gradient, with the most recent memories being affected first
(McKhann et al., 2011). In the typical form of AD, impairment in memory and learning is
often followed by a progressive global cognitive decline, including deficits in complex
attention, executive function, recognition and language functioning (McKhann et al.,
2011). AD is now thought to be a continuum, beginning as preclinical AD then advancing
to mild cognitive impairment (MCI) before progression to mild, moderate and severe
dementia due to AD (Albert et al., 2011; Jack et al., 2011; McKhann et al., 2011; Sperling
et al., 2011). This diagnostic system is based on clinical presentation of disease and to
what extent symptoms affect day-to-day functioning and independence, in addition to
measurement of biomarkers of AD. Increasingly, research is focusing on these
preclinical stages of AD, in order to develop a treatment that prevents the progression of

disease to dementia.

AD is a very heterogenous disease, with a number of different subtypes and also
variability in the age of onset and the range and severity of symptoms presented within
disease subtypes (Cummings, 2000; Lam et al., 2013) . The majority of individuals who
develop AD are aged 65 or over, known as late-onset AD (LOAD); however, about 5%
of cases occur before the age of 65 and are termed early-onset AD (EOAD) (Sims et al.,
2020). In addition to the typical form of AD, there are a number of atypical subtypes of
AD involving non-memory brain domains, which have different clinical presentations
(Lam et al., 2013). Atypical forms of AD include posterior cortical atrophy (PCA), a variant

of the disease in which visual processing is disrupted, logopenic aphasia in which



language is affected, and frontal Alzheimer’s in which deficits are observed in planning,

decision making and social functioning (Lam et al., 2013).
1.1.2 Neuropathology of Alzheimer’s disease

The typical form of AD (LOAD) is associated with atrophy of the medial temporal lobe of
the brain, where structures important in memory are located, with neurodegeneration
later spreading out to wider cortical regions (Jack et al., 1998; Jucker and Walker, 2013).
In addition to cortical atrophy, AD is characterised by two main neuropathological
hallmarks; intracellular neurofibrillary tangles (NFTs) consisting of hyperphosphorylated
tau protein, and extracellular senile plaques formed from B-amyloid (AB) (Figure 1.1)
(Masters et al., 1985; Braak and Braak, 1991). The mechanisms by which these two
pathologies form and deposit, and how they lead to tissue degeneration in the brain is a
major focus of research into the disease (Hardy and Selkoe, 2002; Masters et al., 2015;
Selkoe and Hardy, 2016). However, in addition to these hallmarks, another important
feature of AD is neuroinflammation, in which microglia play a major role (Figure 1.1).
Previously thought to be a by-product of disease, evidence has shown that this process

is involved in disease progression (McManus and Heneka, 2017).
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Figure 1.1. Alzheimer’s disease histology

(A) Immunohistochemistry of a diffuse AB plague (Agamanolis 2020 - Free neuropathology)
(B) Silver staining and counterstain of a neuritic plaque showing an amyloid core in pink and
dystrophic neurites surrounding in black (Walker, 2020) (C) Immunohistochemistry of a
neurofibrillary tangle in a neuron of an AD patient (Jucker and Walker, 2013) (D) Activated
microglia can be seen to closely interact with AR plaques in an AD mouse model, Iba1 staining
shown in brown, AR staining in red (Prokop et al, 2013).



The spread of NFT pathology follows a stereotypic topographic pattern of progression,
appearing first in the brainstem and transentorhinal areas, before spreading to the
entorhinal cortex, the hippocampus, adjacent temporal cortex then into the surrounding
isocortex (Figure 1.2) (Jucker and Walker, 2013; van der Kant et al., 2019). This
neuroanatomically connected topology supports a prion-like spread of tau, and is what
forms the basis of the Braak staging system of AD patients (Braak and Braak, 1991).
However, this pattern of tau spread through the brain does not align with that of AB, with
the first identified AB accumulation occurring in the precuneus and posterior cingulate
(Figure 1.2) (Jucker and Walker, 2013; van der Kant et al., 2019). The first stage of AB
deposition is exclusively in the neocortex, followed by allocortical regions (Thal et al.,
2002). As AB pathology progresses, the diencephalon and striatum are also affected,
followed by deposits in the brainstem and cerebellum in later stages of disease (Figure
1.2) (Thal et al., 2002).
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Figure 1.2. AB and tau progression in AD

The typical spread of AB and tau through preclinical stages of AD, mild cognitive impairment (MCI)
and clinical AD are shown. It can be observed that these pathologies do not align, and AB
pathology is more widespread in earlier stages of disease than tau (Van der Kant et al, 2019).

AB deposits in the brain can be classified based on their morphology, and the extent to
which they are stained by amyloid dyes such as Thioflavin S, Thioflavin T (ThS/ThT) and
Congo red (Serrano-Pozo et al., 2011; Xu et al., 2020). Neuritic plaques are a distinct
form of AB deposits characterised by the presence of dystrophic neurites and association
with reactive astrocytes and microglial cells (Figure 1.1). These plaques are large
spherical structures, also referred to as ‘dense-core’ plaques, as they possess a compact

AB fibrillar core and are strongly stained by Congo red and ThS. Neuritic plaques are



considered to be a more pathological form of AB plaque as they have been associated
with cognitive impairment (Serrano-Pozo et al., 2011; Hyman et al., 2012; Xu et al.,
2020). Diffuse plaques, conversely, are less compact, more amorphous structures, and
are less associated with AD as they are commonly identified in cognitively normal elderly

individuals (Figure 1.1) (Knopman et al., 2003).

In addition to the assessment of memory and cognitive impairment, assessment of
neuropathology can also be used to aid in AD diagnosis. AB and tau levels measured in
the cerebral spinal fluid (CSF) are now established biomarkers of AD, recommended for
use in the diagnosis of AD, and recent developments have also found that the Ap status
of AD patients can be predicted by measurement of AB in the plasma (McKhann et al.,
2011; Nakamura et al., 2018; Palmquvist et al., 2019). A decrease in AB42in the CSF is
indicative of AD, although a ratio of AB42 against CSF AB4o, total tau or phosphorylated
tau (p-tau181) has shown to be more accurate in diagnosis, removing the effects of
individual variability in AB levels (Hansson et al., 2007, 2018; Wiltfang et al., 2007).

Brain imaging techniques such as positron emission tomography (PET) can also be used
to assess the severity of neuropathology in AD (Villemagne et al., 2018). AB-PET tracers
have been developed; "'C-Pittsburgh compound B being the most widely used in
research, and originally demonstrated that AB deposition was 2-fold higher in parts of
the cortex in AD patients when compared to healthy controls (Klunk et al., 2004). Three
AB-PET tracers (florbetapir, florbetaben and flutemetamol) have now been FDA
approved and are available for use in AD diagnostics (Knopman et al., 2021). The main
advantage of these imaging techniques over measurement of Af plasma or CSF levels
is that the location of AB deposition can be identified, and the extent of pathology
assessed in different brain regions. This regional information can be key in staging AR

pathology and AD progression (Figure 1.2).

A recent study found an average of 13.9 years between initial detection of A deposition
by Florbetapir AR PET, and the onset of MCI (Jagust and Landau, 2021). This suggests
that early detection and lowering of AR levels within this lag period could be an effective
preventative measure in AD. AB pathology can be identified in earlier disease stages
than tau, suggesting that AR deposition precedes and could be driving tau pathology.
The injection of ABa: fibrils into the brains of the P301L AD mouse model, in which human
tau with the P301L mutation is expressed, was shown to result in a 5-fold increase in
NFTs (Gotz et al., 2001). Furthermore, when PET imaging was utilised to assess tau and
AB pathology in older adults it was found that AB accumulation was associated with
subsequent tau accumulation, and rate of tau accumulation in the inferior temporal

neocortex was associated with the rate of cognitive decline (Hanseeuw et al., 2019).



However, the tau and A pathologies starting in different brain regions creates a ‘spatial

paradox’ which challenges this theory (Figure 1.2) (van der Kant et al., 2019).

1.1.3 Genetics of Alzheimer’s disease

The most important risk factor for AD is age; the large majority of AD cases are sporadic
and occur over the age of 65. However, approximately 1% of cases can be attributed to
dominant familial mutations (fAD), and result in early-onset disease with a more rapid
rate of progression (Sims et al., 2020). These dominant mutations occur in the amyloid
precursor protein gene (APP) and presenilin genes (PSEN1/PSENZ2) which are involved
in the cleavage of APP to form AP, directly implicating the amyloid pathway in disease
(Rogaev et al., 1995; Sims et al., 2020).

In addition to these dominant mutations in fAD, evidence is mounting that LOAD also
has a strong genetic component, with a suggested heritability of 58-79% (Gatz et al.,
2006). There are now over 50 loci identified that confer an increased risk of developing
AD, and the associated pathways are aiding researchers in developing more of an
understanding of complex AD disease mechanisms (Karch et al., 2014; Jansen et al.,
2019; Sims et al., 2020). Notably, a large proportion of these identified genes are linked
to the immune response (Table 1.5). The strongest risk factor for LOAD is the €4 allele
of the ApoE4 gene (Corder et al., 1993; Sims et al., 2020).

1.1.4 Treatment of Alzheimer’s disease

Until 2021, AD treatment has been limited to cholinesterase inhibitors and an NMDA
receptor antagonist memantine, both of which target slight and temporary alleviation of
symptoms rather than addressing the underlying cause of disease (Doody et al., 2001;
Reisberg et al., 2003). Over the past decade a great deal of research has therefore gone
into developing an AB-targeting AD treatment with the aim of either stimulating AB
clearance or decreasing AB production. A number of such anti-Ap therapeutics have
been developed and tested in clinical trials, without success (Panza et al., 2019). Whilst
several of these treatments did show to be effective in reducing AR levels, patients did
not show clinical improvements in cognition (Panza et al.,, 2019). Several of these
therapies are anti-AB antibodies including solanezumab, gantenerumab, and
crenezumab (Ostrowitzki et al., 2017; Honig et al., 2018; Salloway et al., 2018). These
antibodies were found to be ineffective in patients with moderate to mild AD but are now
being tested in patients earlier in disease progression, and those with a high risk of

developing AD but currently without symptoms (Huang et al., 2020).



Aducanumab, a monoclonal antibody which targets the protofibrillar form of AB, was
shown to reduce AR brain levels but clinical trials were originally terminated due to lack
of efficacy (Sevigny et al.,, 2016; Haeberlein et al., 2020). However, after additional
analysis and review of the data the sponsor claimed that there were clinical benefits to
the treatment with evidence for a reduction in clinical decline. This antibody was therefore
accepted in 2021 by the FDA under ‘Accelerated Approval’, as the first approved
treatment for AD that targets the underlying neuropathology of disease (Haeberlein et
al., 2020).

1.2 Amyloid-B (AB)
1.2.1 A production

AB, the primary component of senile plaques, is produced by the proteolytic cleavage of
amyloid precursor protein (APP), a type | transmembrane spanning glycoprotein with a
large extracellular domain (Shoji et al.,, 1992). APP is expressed in many tissues
including the synapses of neurons, and is suggested to be involved in the modulation of
synapse formation, iron export and anterograde axonal transport (Priller et al., 2006;
Satpute-Krishnan et al., 2006; Duce et al., 2010). The synaptic function of APP is thought
to be carried out by the soluble ectodomain fragment sAPPa (Figure 1.3), and it was
recently identified that sAPPa binds to GABABR1a, a metabotropic receptor through
which the inhibitory neurotransmitter gamma-aminobutyric acid (GABA) exerts its effects

at synapses (Rice et al., 2019).

Two pathways of APP processing exist; non-amyloidogenic and amyloidogenic (Shoji et
al., 1992). Non-amyloidogenic processing of APP involves cleavage by a-secretase in
the ectodomain, followed by cleavage by y-secretase in the transmembrane domain,
whereas amyloidogenic processing consists of initial cleavage in the ectodomain by [3-
secretase (BACE1) followed by y-secretase (Figure 1.3A) (Shoji et al.,, 1992). Both
processes generate soluble ectodomains (sAPPa and sAPPf) and identical intracellular
C-terminal fragments (AICD), however cleavage by B-secretase results in the production

of AB fragments, of varying lengths (Figure 1.3) (Selkoe, 1998).

AB4o, the 40 amino acid form of AB, is the most abundant form in the brain (80-90%)
followed by the 42 amino acid peptide, AB42 (Figure 1.3B) (Wang et al., 1996). However,
AB42 is more hydrophobic and prone to aggregation, and is the principal form of the
fibrillar AR found in neuritic plaques (Jarrett et al., 1993; lwatsubo et al., 1994). Therefore,
AB42 is often assumed to be more relevant in AD pathogenesis (Murphy et al., 2010).
Familial mutations have been identified in APP, PSEN1 and PSEN2, genes encoding

presenilin-1/2, critical catalytic components of y-secretase. These mutations principally
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result in the increased ratio of AB42:AB4o production (Figure 1.4). Remarkably, a mutation
that is protective against AD has also been identified in APP, A673T, which results in
reduced AB production (Figure 1.4) (Xia et al., 2021).

A
Non-amyloidogenic processing Amyloidogenic processing
sAPPa APP SAPPg
y-secretase a-secretase B-secretase y-secretase ’
Extracellular - «—— > >
Intracellular I I
B

AB4o DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
AB4y DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Figure 1.3. Non-amyloidogenic and amyloidogenic pathways of APP processing and A
peptide amino acid sequence

(A) Pathways of APP proteolysis are shown; Non-amyloidogenic processing of APP consists of
the sequential cleavage of transmembrane protein APP by a-secretase and y-secretase and
results in the formation of an extracellular P3 domain and an APP intracellular domain (AICD).
Amyloidogenic processing involves the sequential cleavage of (-secretase followed by y-
secretase and results in the formation of the extracellular A peptide (shown in orange) and APP
intracellular domain (AICD). (B) The amino acid sequences of the two most abundant forms of
AB, ABao and AB42, are shown.

In addition to these two most abundant forms of AR, other isoforms exist and have been
identified in lower abundance in the brains of AD patients (Portelius et al., 2010; Kakuda
et al., 2017). This includes peptides ranging from 38 to 43 residues long (AB3s-AB43), and
N-terminal truncated forms of AB such as the 3-pyroglutamate derivate of ABR3-42
(pGluAB3-42) (Portelius et al., 2010; Kakuda et al., 2017).
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Figure 1.4. APP mutations within the AB sequence identified in familial AD

The sequence of AR within the APP transmembrane protein is shown, with the location of
identified pathogenic and protective mutations within this sequence highlighted in red and yellow
respectively. The sites of a, § and y secretase enzymes are shown. Different cleavages by y
secretase can determine the length of the AR peptide that results.

A physiological function for AB has been postulated, and evidence suggests that the
peptide could have an antimicrobial role (Soscia et al., 2010; Kumar et al., 2016; Brown
et al., 2020; Pastore et al., 2020). It has been shown that AB can inhibit the growth of
eight common microorganisms including both bacterial and fungal species, with a similar
effectiveness to LL-37, a well-established antimicrobial peptide (Soscia et al., 2010).
Protection against infections has been proposed to result from AB binding to microbial
cell wall polysaccharides via its heparin-binding domain (VHHQKL) (Kumar et al., 2016).
Electron microscopy imaging revealed AR fibrillation, with fibrils mediating microbial
agglutination (Kumar et al., 2016). Another study found that this microbial agglutination
was mediated by AB42, but not AB4o, suggesting that the more amyloidogenic form of this
peptide has greater antimicrobial activity (Spitzer et al., 2016). An antimicrobial function
of APB suggests an infectious etiology of AD. This is supported by evidence of altered gut
microbiota in AD mice models and patients (Cattaneo et al., 2017; Vogt et al., 2017). In
addition, a number of studies have suggested a connection between the oral microbiome
and AD, with Porphyromonas gingivalis, a pathogen in periodontal infections recently
identified in AD brains (Poole et al., 2013; Dominy et al., 2019).



1.2.2 Amyloid fibril structure and assembly

As a monomer, A is intrinsically disordered, however it aggregates to form an array of
soluble oligomers and ultimately into highly ordered amyloid fibrils with a cross-f
structure (Figure 1.5) (Chen et al., 2017; ladanza et al., 2018). This cross-B structure is
characteristic of all amyloid fibrils, consisting of B-sheets in which (B-strands are oriented
perpendicularly to the fibril axis, as established by x-ray fibre diffraction (Figure 1.5)
(Eanes and Glenner, 1968; Sunde et al., 1997). The spacing between the 3-strands in a
B-sheet is always 4.6-4.7 A, and the spacing between B-sheets 10 A (Figure 1.5). AR
amyloid fibrils are unbranched, typically 5-15 nm in width, can reach up to several

microns in length, and can consist of a number of cross-8 subunits (ladanza et al., 2018).
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Figure 1.5. Cross- structure of amyloid fibrils

The cross-B structure of amyloid fibrils describes the arrangement of B-sheets stacked
perpendicularly to the fibril growth axis. The distance between B-strands is 4.7-4.8 A and the
distance between B-sheets is around 10 A within the cross- structure.

A number of mechanisms are involved in amyloid fibril formation (Figure 1.6). Monomeric
AB peptide initially forms heterogeneous populations of soluble oligomers. These are
largely unstructured (off-pathway) aggregates. However, some oligomers (on-pathway)
form more compact and aggregation prone structures with increased B-sheet content,
known as a nucleus (Pallitto and Murphy, 2001; Dear et al., 2020). Nucleus formation is
a rate limiting step in fibril formation, as the addition of monomer onto the nucleus
becomes energetically favourable and fibrils are formed by elongation (Knowles et al.,
2014). Secondary mechanisms are also involved in fibril growth kinetics; fragmentation
of fibrils can occur, resulting in the presence of a greater number of fibril ends onto which
monomer can add (Knowles et al., 2014). In addition, secondary nucleation describes
the catalysis of fibril formation by the surfaces of existing fibrils (T6 et al., 2018). Cross-
seeding can also occur in which other protein complexes, including fibrils of other
amyloidogenic sequences, provide a surface for secondary nucleation to occur (Morales

etal., 2013; Ono et al., 2014; Moreno-Gonzalez et al., 2017). Multiple protofilaments can
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associate to form a final mature amyloid fibril, and it is these amyloid fibrils that form the

cores of amyloid plaques present in the brains of AD patients (Tycko, 2014; ladanza et

al., 2018).
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Figure 1.6. The pathway and mechanism of B-amyloid fibril formation

(A) The pathway of amyloid aggregation. (B) Mechanisms of amyloid fibril formation. Monomeric
intrinsically disordered peptides self-associate to form nuclei in the early stages of amyloid fibril
formation (Primary nucleation). Addition of peptides onto the nucleus results in the formation of
an array of oligomeric intermediates. On-pathway oligomers go on to form protofibrils, which
assoicate to form mature amyloid fibrils. It is these fibrils that make up the cores of A plaques
observed in the brains of AD patients. Monomeric peptide can elongate fibrils by adding directy
onto fibril ends (Elongation phase). The fragmentation of fibrils results in more fibril ends on which
elongation can occur. Monomers can also use the surface of existing fibrils to catalyse the
formation of new fibrils and this is referred to as secondary nucleation. Multiple protofilaments
can come together to form mature amyloid fibrils (Stationary phase).

This specific cross-B packing structure of amyloid fibrils results in distinct tinctorial
properties, which allow the growth of amyloid fibrils to be monitored, and the presence

of fibrils to be confirmed and measured. A number of dyes can be used for this including
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Thioflavin T (ThT), Thioflavin S (ThS), congo red and luminescent-conjugated
oligothiophenes (LCOs). ThT binds to the B-sheet structure of amyloid fibrils, and this
sterically locks the dye by immobilising rotation of the molecule about the carbon-carbon
bond between benzylamine and benzathiole rings. This immobilisation maintains the
molecule in a more excited state, resulting in higher fluorescence (Biancalana and Koide,
2010). These dyes have been adapted for diagnostic use in amyloid diseases, for
example "'C-Pittsburgh compound B is a radioactive homolog of ThT that can be used

in positron emission tomography (PET) scans to image A load in patient brains.
1.2.3 Amyloid fibrils in disease

Protein misfolding into amyloid fibrils has been associated with more than 50 human
diseases (ladanza et al.,, 2018). This includes a number of the most common
neurodegenerative diseases, including AD in which AB and tau both form amyloid
structures. In Parkinson’s disease (PD), a-synuclein aggregates to form amyloid fibrils
that are the principal component of intraneuronal inclusions known as Lewy bodies.
Huntington’s disease is also associated with a polyglutamine expansion in the Huntingtin
protein resulting in amyloid formation in affected neurons (ladanza et al., 2018). A
number of other neurodegenerative diseases are associated with amyloid deposits;
superoxide dismutase (SOD) and TDP-43 are known to form amyloid aggregates in
amyotrophic lateral sclerosis (ALS), and the aggregation of tau is observed in other
tauopathies such as corticobasal degeneration (CBD) and frontotemporal degeneration
(FTD).

Amyloidoses can also be systemic, affecting a range of tissues in the body (ladanza et
al., 2018). This includes amyloid light chain amyloidosis, in which the light chains of
antibodies form amyloid deposits in cardiac and kidney tissue, and dialysis-related
amyloidosis, in which B2-microglobulin (82m), a component of the MHC class | complex,
deposits as amyloid plaques in the joints (Koch, 1992). In addition, the aggregation of
islet amyloid polypeptide (IAPP) in the islets of Langerhans is observed in type Il diabetes
(Westermark et al., 2011). More than one amyloid protein can also be found in a disease,
with ~60% of AD patients found to also possess Lewy body pathology consisting of
aggregated a-synuclein protein (Hamilton, 2000). With amyloid proteins implicated in
numerous and devastating diseases, research into the role that the amyloid structure

has to play in disease is imperative.
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1.2.4 The role of AB in Alzheimer’s disease

The amyloid cascade hypothesis of AD proposes that AB accumulation in the brain is the
primary initiating event in AD pathogenesis, triggering the formation of tau tangles,
neuroinflammation and ultimately neuronal death, resulting in disease. This is proposed
to be due to an imbalance in the production and clearance of AB in the brain. There is
strong evidence for this theory; all dominant mutations known to cause early-onset AD
occur in APP or PSEN1/2, catalytic components of y-secretase which cleaves APP to
form AB (Figure 1.3) (Rogaev et al., 1995). Furthermore, these familial mutations
principally result in the increased production of AB42, the more aggregation-prone form
of the peptide, directly implicating the aggregation of AB in disease. A key mutation
identified in APP that links AB to the development of AD is A673T (A2T in the AR
sequence), which has been shown to be protective against AD (Figure 1.4) (Jonsson et
al., 2012). This mutation, located very closely to the B-secretase site of cleavage, was
found to lower AB production, and protects against the development of AD and age-
related cognitive decline (Jonsson et al., 2012). There is also evidence that AB deposition
is significantly higher in carriers of dominant AD mutations compared to non-carriers from
19 years before expected disease onset, followed by metabolic decline and brain atrophy
(Gordon et al., 2018). This suggests that AR could be an early triggering event of AD,

occurring before other pathology.

In addition, an association between Down’s syndrome and AD provides evidence for the
involvement of AB in disease (Wiseman et al., 2015). Down’s syndrome is a disorder that
results from trisomy of chromosome 21, and patients have a striking increased
susceptibility to developing early-onset AD. A3 and tau pathology is consistently evident
in Down’s syndrome patient brains by the age of 40, and dementia symptoms develop
in two thirds of patients over the age of 55 (Olson and Shaw, 1969; Zigman and Lott,
2007; Rubenstein et al., 2020). The APP gene is located on chromosome 21, therefore
suggesting that the increased propensity of Down’s syndrome patients to develop AD is
due to the overexpression of APP in these individuals, thus resulting in overproduction
of AB. Further to this theory, it was found that rare individuals who have small
duplications in chromosome 21 that includes the APP gene (Dup-APP) develop AD, but
individuals with duplications of parts of chromosome 21 excluding the APP gene do not
(Rovelet-Lecrux et al., 2006; Sleegers et al., 2006; Korbel et al., 2009).

However, whilst AB clearly has a role to play in AD, the amyloid cascade hypothesis has
since been criticized for being too simplistic and linear, based on a number of disparities
(Herrup, 2015). For example, there is not a clear correlation between A burden and the

level of cognitive decline in patients (Nelson et al., 2012). Up to 40% of non-demented
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elderly meet the criteria for AD in terms of brain pathology, and 10-30% of cognitively
normal individuals have AB plaques, as shown by amyloid-PET scans (Knopman et al.,
2003; Price et al., 2009; Chételat et al., 2013).

However, this lack of correlation could be explained by heterogeneity of the AR deposits
themselves. In AD, AB oligomers have been implicated as important agents of toxicity,
while AB fibrils have been shown to be less toxic in comparison (Hardy and Selkoe, 2002;
Sengupta et al., 2016). Pools of soluble A oligomers have been identified in the brains
and CSF of AD patients and shown to have toxic effects towards neurons (Lambert et
al., 1998; Hartley et al., 1999; McLean et al., 1999). Furthermore, the injection of A
oligomers in the absence of monomeric or fibrillar material was found to inhibit long-term
potentiation (LTP) in rats, indicating that these species can lead to synaptic dysfunction
(Walsh et al., 2002). A number of mechanisms of oligomer toxicity have been proposed,
including receptor-mediated toxicity, association and perturbation of the cell membrane,
and the generation of ‘pore’-like structures (Kayed and Lasagna-Reeves, 2013; Serra-
Batiste et al., 2016). However, the presence of mixtures of A species makes it difficult

to determine an exact oligomeric structure that is responsible for toxicity.

Despite oligomers being more implicated in toxicity than fibrils, there is also evidence
that A fibrils have several critical roles in AD pathogenesis. Firstly, it has been shown
that various different amyloid fibrils interact with and perturb biological membranes
(Tipping et al., 2015b). For AB, there is evidence that fibril interaction with biological lipids
leads to the destabilisation and resolubilisation of mature amyloid fibrils, resulting in their
conversion to a toxic species that was found to cause memory impairment in mice
(Martins et al., 2008). Although molecular shedding of fibrils resulting in the formation of
oligomeric species is slow, this could still be a relevant contributor to disease (Martins et
al., 2008; Tipping et al., 2015a). There is evidence that the extent of this phenomenon is
increased by changes in pH, therefore the reduction in pH encountered by fibrils when
internalised by cells and trafficked via the endolysosomal pathway could result in the
increased production of toxic oligomeric species (Goodchild et al., 2014; Tipping et al.,
2015a).

Furthermore, a key study identified that senile plaques in an AD mouse model are
surrounded by a ‘halo’ of oligomeric AB (Koffie et al., 2009). A 60% reduction in excitatory
synapses was measured within this halo, and synapse density was shown to increase
back to normal as distance from the plaque increased (Koffie et al., 2009). This evidence
suggests that AB plaques, formed from a dense-core of A fibrils, sequester oligomeric

forms of AR which in turn lead to synapse loss. Furthermore, there is increasing evidence
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that amyloid aggregates sequester proteins essential for cellular proteostasis, therefore

destabilising this proteostasis network (Olzscha et al., 2011; Park et al., 2013).

Importantly, AB fibrils have been shown to activate microglial cells in the brain, therefore
contributing to the widespread neuroinflammation that is observed in AD (Heneka et al.,
2015a). A fibrils have been shown to bind to and activate receptors on the cell surface
of microglial cells including Toll-like receptors (TLRs) and scavenger receptors, resulting
in the release of an array of pro-inflammatory cytokines (discussed in Section 1.4.3).
Chronic exposure to AB pathology in the brain therefore results in a neurotoxic
environment, contributing to neurodegeneration (Section 1.4.4). Together this evidence
suggests that amyloid fibrils could be contributing to disease pathology through a number

of processes and should not be treated as inert end-stage products of aggregation.

A lack of correlation between AP load and clinical severity of disease could also be
explained by differences in the structure of the AB plaques that form. Dense-core neuritic
plaques were recently shown to be more associated with changes in proteome solubility
in mouse models of AD, whereas mouse models that formed diffuse plaques had few
proteins that showed altered solubility (Xu et al., 2020). Plaques in AD brains have also
been found to be more effective at sequestering AB oligomers than those in high-
pathology controls, suggesting differences in their structure (Esparza et al., 2013). It is
therefore possible that it is differences in the structure of AB plaques, and the proteins
and cells that consequently interact with them, that confer varying levels of toxicity within
the brain. Research into the molecular structure of A fibrils and the identification of
polymorphism could therefore be pivotal in understanding the role that A has to play in
AD. Critics of the amyloid cascade hypothesis suggest that research and therapeutic
strategies should be redirected away from AR and towards targeting neuroinflammation
(Makin, 2018). However, there is a clear interplay between these two disease hallmarks,
and understanding this relationship is likely to be central in the progression of AD

research (Leng and Edison, 2021).

1.2.5 The prion-like nature of A

An important feature of A fibrils is their ability to self-propagate, by the recruitment of
AB monomers and their incorporation into amyloid structure in order to amplify and
spread AB pathology throughout the brain (Meyer-Luehmann et al., 2006). In vitro, the
addition of fibril ‘seeds’, short fibril fragments, to AR monomer removes the lag phase
observed in AR aggregation kinetics, as elongation occurs by the addition of monomer
to the ends of these seeds (Knowles et al., 2014). This seeding phenomenon has been

demonstrated in vivo by inoculation experiments in which AB fibril-containing brain
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homogenate is injected into the brains of transgenic AD mice models (Meyer-Luehmann
et al,, 2006; Langer et al.,, 2011; Stohr et al., 2012). This was found to induce
amyloidogenesis in the host, with the phenotype of amyloid deposition and spread
depending not only on the host, but also on the source of the injected AB, suggesting the
existence of polymorphic AB ‘strains’ that have distinct biological capabilities (Meyer-
Luehmann et al., 2006; Langer et al., 2011; Stohr et al., 2012).

This concept of AB strains is comparable to that of mammalian prion diseases such as
Creutzfeldt-Jakob disease (CJD) in humans, and scrapie in sheep and goats. These
diseases are a result of a misfolded conformer (PrP°) of the host-expressed cellular
protein PrP, which forms amyloid fibrils and self-propagates by inducing cellular PrP to
misfold in the same way (Aguzzi and Polymenidou, 2004). Strains of PrP*¢ are
associated with distinct phenotypes of disease, with differences in incubation time and
the distribution and spread of pathology, and it has been found that these different prion
strains exist as different structural conformations of PrPS¢ (Bessen et al., 1995; Telling et
al., 1996; Safar et al., 1998). This link between structural conformation and phenotype
also exists in yeast prions (Toyama et al., 2007). This raises the possibility that Ap fibrils
could also exist in different conformations, with different molecular structures that infer

different biological properties, resulting in different clinical phenotypes in AD patients.

There is also some evidence that purified AB fibrils produced in vitro are sufficient to
induce AR deposition, and that different synthetic fibril structures result in different
patterns of this A deposition (Stdhr et al., 2012, 2014). However, these fibrils were much
less efficient in seeding compared to in vivo preparations, suggesting that co-factors

present in the brain may be involved in propagation (Stohr et al., 2012, 2014).
1.3 Amyloid fibril polymorphism

While all amyloid fibrils share a characteristic cross-B structure (Figure 1.5),
polymorphism refers to differences in the molecular structure of the peptide within this
cross-f subunit, and also the different humber and arrangement of these cross-p

subunits to make up a mature fibril (Tycko, 2015).

Polymorphism is now known to be a feature of a number of amyloid fibrils found in
disease (Tycko, 2015). For example, cryo-electron microscopy (EM) analysis of tau fibrils
revealed that fibrils observed to have paired helical and straight morphologies are formed
by identical subunits, but in an alternative arrangement with different interactions
between them (Fitzpatrick et al., 2017). A number of polymorphs have also been
described for a-synuclein fibrils (Heise et al., 2005; Bousset et al., 2013; Gath et al.,
2014; Tuttle et al., 2016; Fitzpatrick et al., 2017; Guerrero-Ferreira et al., 2018, 2019; Li
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et al., 2018b). These polymorphs include two structures in which the same ‘kernal’
shaped subunit is packed differently, differing in protofilament interface interactions and
resulting in distinctive fibril morphologies termed as ‘rod’ and ‘twister’ (Li et al., 2018a).
Further analysis also suggests that mutations in a-synuclein that are associated with
early-onset PD would lead to fibril structures that are distinct from wild-type fibrils (Li et
al., 2018b). The evidence for polymorphism in AR fibrils in vitro and in AD patient brains

and the significance of this will be discussed in more detail.
1.3.1 A fibril polymorphism in vitro

Using primarily solid-state NMR (ssNMR) and cryo-EM, a number of structural models
have been proposed for in vitro formed A fibrils. This has revealed that subtle changes
made to Ao fibril growth conditions can result in the formation of fibrils with distinct
structures (Petkova et al., 2005). In one study, AB monomer was incubated either
quiescently or with gentle circular agitation, and the resulting fibrils were analysed by
transmission electron microscopy (TEM) and ssNMR. TEM measurements identified
differences in morphology, but also differences in the structures of the AR fibrils at a

molecular level.

2D ssNMR spectra for the two populations of fibrils showed significant differences in the
cross-peak patterns produced (Petkova et al., 2005). These distinct spectra were also
preserved in daughter and granddaughter fibrils produced by seeding (Petkova et al.,
2005). This is comparable to prion strains and indicates that the different polymorphs are
capable of recruiting monomeric AB structure and inducing it to adopt a specific
molecular structure dependent on the structure of the seed. A molecular model was
constructed for the fibrils produced under agitated conditions, based on constraints on
internal and external quaternary contacts from ssNMR measurements (Petkova et al.,
2006). This model comprises two molecular layers each made up of 2 [(-strands
(residues 10-22 and 30-40) separated by a 180° bend and form two in-register parallel
B-sheets (Petkova et al., 2006). Residues 1-8 were not present in the resolved structure
and this N-terminal region was considered to be structurally disordered (Petkova et al.,
2006). This model proposes that most sidechain-sidechain interactions between the two
B-sheets are hydrophobic or neutral, apart from a salt bridge formed between D23 and
K28 (Petkova et al.,, 2005, 2006). Mass per length (MPL) values from TEM
measurements indicate that these fibrils consist of two protofilaments (Petkova et al.,
2005, 2006). This fibril structure will henceforth be referred to as the 2A’, based on its

2-fold symmetry and growth under agitated conditions (Figure 1.7).

In subsequent experiments, fibrils were formed quiescently with occasional sonication

for 9 days (Paravastu et al., 2008). Initially various fibril morphologies were exhibited, but
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12 rounds of seeding resulted in a morphologically homogeneous population of fibrils.
TEM was used to produce MPL values which indicate that the fibrils are made up of three
molecular subunits, rather than the previously described two (Paravastu et al., 2008). 2D
3C ssNMR spectra largely show a single set of '*C chemical shifts, indicating a common
structure of the fibrils. When combined with the MPL measurements, this ssNMR data
indicates a molecular structure with 3-fold symmetry about the fibril growth axis
(Paravastu et al., 2008). These fibrils are therefore termed ‘3Q’ based on their 3-fold
symmetry and formation under quiescent conditions (Figure 1.7). Both models describe
nearly identical B-strand segments that form in-register parallel B-sheets, however there
are differences between the structures in the conformation of the non-3-strand segments
and some quaternary contacts (Petkova et al., 2005; Paravastu et al., 2008). Structural
models of AB4o fibrils are shown in Figure 1.7, and structural features of the fibrils are

summarised in Table 1.1.

In addition to differences in structure formed from the same amino acid sequence,
changes in the AB sequence can also lead to structural differences in the amyloid fibrils
that form (Tomiyama et al., 2008; Tycko et al., 2009; Ovchinnikova et al., 2011; Schutz
et al., 2015; Xiao et al., 2015; Walti et al., 2016; Gremer et al., 2017). This is shown by
structural determination of ABs. fibrils, in which the resulting model is a ‘double-
horseshoe’ structure with three B-strands per subunit rather than the two previously
described for ABa4o (Xiao et al., 2015). These fibrils were not capable of cross-seeding
ABs0 monomers, suggesting that AB4o is not compatible with this triple B-sheet structure
(Xiao et al., 2015). This is suggested to be due to Ala42 forming a salt-bridge with Lys28.
As this C-terminal residue is not present in AB4o this interaction is not possible, rendering
AB4o incapable of adopting this same molecular structure. This double-horseshoe
structure was reproduced in later studies of AR42 structure using similar but slightly
altered conditions, however this structure showed two subunits per fibril rather than one,

and there were some differences in side-chain packing (Figure 1.7) (Colvin et al., 2016).

Evidence for AB42 polymorphism comes from the recent determination of the structure of
ABa42 fibrils grown under distinct conditions; at pH 2 in 0.1% trifluoroacetic acid (TFA),
using cryo-EM, ssNMR and x-ray diffraction (Gremer et al., 2017). Whilst these fibrils
were shown to consist of two twisted protofilaments with a parallel in-register cross-f3
structure, the structure was strikingly different to that previously described for ABa.
(Gremer et al., 2017). The fibrils were described to have an ‘LS-shaped structure’ (shown
in Figure 1.7 - ABs2 pH 2 structure). Fibrils were identified to possess 21 screw symmetry
rather than C. symmetry, meaning that subunits within the fibril are staggered and
interactions between them are therefore not truly dimeric. Another key difference in the

structures is that the N-terminus forms part of the cross-p structure, whereas residues 1-
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14 are thought to be disordered in fibrils formed at pH 8. The structural data suggests
salt bridges between D1 and L28, D7 and N5, and E11 and H6/H13, with E11 salt bridges
thought to stabilise the N-terminal turn. Three hydrophobic clusters were found to
stabilize the subunit conformation of the pH 2 AR fibrils: A2, V36, F4 and L34; L17, 131,
and F19; and A30, 132, M35, and V40. Gremer et al, suggested that the A2T mutation,
known to be protective in AD, could disrupt this hydrophobic cluster thus destabilising
the fibrils, whereas the damaging A2V mutation would further stabilise this hydrophobic
cluster therefore stabilising the fibrils (Figure 1.4) (Gremer et al., 2017). Other differences
in this structure compared to previous AB42 structures include differences in the dimer
interface and turn-region residues 20-25. These residues are of note as it is in this
section of the AB sequence that a number of pathogenic familial mutations associated
with AD are located (Figure 1.4). This structure provides the first evidence of clear
polymorphism in fibrils formed from AB42, the more disease relevant form of AB. Whilst
these fibrils were formed at very low pH, meaning that their physiological relevance is
questionable, they still demonstrate the possibility of A4 fibril polymorphism resulting
from altered growth conditions, which could be reflected in fibrils formed in different brain
environments, and in different patients. Structural features of these two AB4. fibril

polymorphs are summarised in Table 1.3.

Further in vitro formed fibril structures that have been studied include fibrils formed from
AB peptide harbouring relevant familial mutations which have been found to be
associated with AD (Figure 1.4). The Japanese familial Osaka mutation (E22A) is
associated with early-onset AD, and fibrils formed from AB4o with this deletion were found
to possess a distinct structure to those previously described for wild type peptide (Figure
1.7) (Ovchinnikova et al., 2011; Schitz et al., 2015). Key differences identified between
this structure and the wildtype APao fibril structure is a salt bridge between Glu3 and
Lys28, an exclusively hydrophobic centre and a structured N-terminus (Table 1.2)
(Schutz et al., 2015). In addition, salt bridge interactions were identified between four
charged residues (V40, E11, H13, H6), similar to interactions observed in pH 2 AB4>
fibrils (Schitz et al., 2015; Gremer et al., 2017). In the mouse sequence of AB42, H13 is
replaced with an arginine, possibly preventing the stabilisation of this turn region, which
could be linked to why mice do not naturally develop AD (Yamada et al., 1987). E22A
AB peptide has been shown to be more neurotoxic in rat primary neuron cultures than
wild-type ABso, and aggregate more readily into fibrillary bundles (Ovchinnikova et al.,
2011).

Another familial mutation in the A peptide is D23N, known at the lowa mutation, and is
associated with early onset AD and cerebral amyloid angiopathy (CAA) (Grabowski et

al., 2001). When fibrils were formed from AB4o peptide with this mutation and examined
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using EM, multiple different fibril morphologies were observed, and ssNMR
measurements also indicate molecular polymorphism at a molecular level (Tycko et al.,
2009). Furthermore, it was found that the majority of these fibrils contain antiparallel -
sheets, rather than the parallel in-register B-sheets reported for all other AB fibril
structures (Table 1.2) (Tycko et al., 2009; Qiang et al., 2012). This unique feature of
D23N fibrils could therefore have distinct effects in the brain, which could help to explain
the pathological effects of this mutation. A series of seeding and filtration steps were
used to produce a homogenous population of lowa fibrils, all containing antiparallel 3-
sheets, and ssNMR and EM measurements were used to produce a structural model for
these fibrils (Figure 1.7) (Qiang et al., 2012). This structure indicates a ‘U-shaped’
conformation of peptide with 2 B-strands, similar to 2A and 3Q fibrils (Qiang et al., 2012).
Residues 1-14 were suggested to be disordered in the AB4o lowa fibrils, similar to AR
fibrils formed at pH 8, however residues 37-40 were also not included in the fibril
structure of lowa fibrils (Table 1.2) (Qiang et al., 2012; Walti et al., 2016).

A number of post-translational modifications have been identified in A fibrils that make
up the AR plaques in the brains of AD patients (Kummer and Heneka, 2014). This
includes fibrils made from peptide with an N-terminal phosphorylation at Serine-8 (pS8-
ABso) (Kumar et al., 2013; Rijal Upadhaya et al., 2014). The structure of fibrils formed
from peptide with this phosphorylation were recently analysed using ssNMR (Figure 1.7)
(Hu et al., 2019). Conditions used to generate the fibrils were similar to those used to
form 2A fibrils from wild-type peptide; pH 7.4, 37°C with continuous gentle agitation,
followed by generation seeding (Hu et al., 2019). The fibrils do share some structural
features with 2A fibrils, including a striated morphology and 2-fold symmetry, however
the fibrils were found to have a higher thermodynamic stability and possess a 5x higher
seeding efficiency (Table 1.1) (Petkova et al., 2005; Hu et al., 2019). This higher seeding
efficiency means that this fibril polymorph has the potential to be more dominant than
other structures. Whilst residues 1-7 of the pS8-A4o fibrils were found to be disordered,
strong intrastrand interactions were identified between the N-terminus and the fibril core,
for example between pS9 and V24-G25. Hu et al proposed that these interactions could
mean that the N-terminus is involved in the initial aggregation of these fibrils, helping to
explain their higher seeding propensity compared to 2A fibrils which have a more

dynamic N-terminus (Hu et al., 2019).

Limited comparisons have been made of the biological properties of these different Ap
fibril polymorphs, however it was reported that the pS8-AB.o fibrils described above were
more toxic towards neuronal and microglial cell lines than wild-type AB4o fibrils (Hu et al.,
2017). In addition, 3Q A4 fibrils were found to be more toxic towards primary rat

neurons than 2A ABao fibrils when tested from 10-75 puM, further suggesting that structure
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could confer differences in toxicity (Petkova et al., 2005). It has also been shown that
heparin has a higher binding affinity for 3Q AR4o fibrils than 2A ABa4o fibrils (Stewart et al.,
2016). This suggests that differences in fibril structure present differences in binding sites
for glycosaminoglycans (GAGs), which are found in AR plaques in the brain and can alter
fibril resistance to proteolytic degradation (Valle-Delgado et al., 2010). This suggests that
different fibrils may interact with other molecules to differing extents based on their

structure, which would impact on their biological properties.
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In vitro

2A AB4o 3Q AB4o
(2LMN/2LMO) (2LMP/2LMQ)
E22A ABy4y
(2MVX) (2LNQ)
pH 8 AB, pH 2 AB4
(5KK3) (50QV)
Ex vivo
Seeded from AD brain Extracted from Seeded from AD brain
(2m4J) brain vasculature (6W00)

(6SHS)

Figure 1.7. Molecular structures of A fibril polymorphs
Schematics of molecular structural models of AR fibril polymorphs. Structures are shown for Ao
fibrils, mutant ABao fibrils and A4z fibrils formed in vitro, and Apa4o fibrils generated from ex vivo
material. PDB’s are stated below structure names, green areas are representative of -sheet
structure and black areas are representative of loop regions.
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ABao
Structure 2 3Q PS8-Aao
(Petkova et al, 2005) (Paravastu et al, 2008) (Hu et al, 2019)
PDB 2LMN/2LMO 2LMP/2LMQ 60C9
Incubation of AB1-40 : .
in 10 mM sodium Incubation of p_ur|f|ed
hosphate buffer monomer In . .
P o ’ 10 mM sodium Synthetic peptide, pH
0.01% NaNs, pH 7.4 o
\ phosphate buffer, 7.4, 37°C with
Growth for 21 to 68 days in 0.01% NaN3. pH 7.4 i "
ditions horizontal 10.01% NaN3, pH 7.4, continuous gentle
con olvoropviene tubes | N2 bath sonicator with | agitation followed by
polypropy'ene occasional sonication generation seeding
with gentle circular
o for 9 days at room
agitation at room
temperature
temperature
Method of
structural Solid-state NMR Solid-state NMR Solid-state NMR
analysis
Morphology Striated ribbon Periodic twist Striated
Nun]ber of 5 3 5
protofilaments
Fold Hairpin Hairpin -
Symmetry 2-fold 3-fold 2-fold
Residues 1-7
disordered, strong
Residues 1-8 interg::ttrizhssfrgggveen
disordered, residues )
N-terminus 9-15 not involved in Disordered N-terminus and rest
L of amyloid core. N-
fibril core but are .
highly dynamic terminus may
gnly dy participate in initial
aggregation to form
protofibrils
Number of
cross- sheets 2(12-24, 30-39) 2(11-22, 30-39) 3(9-12,17-22, 31-
per peptide 39)
(residues)
Sl EeEs Parallel in-register Parallel in-register Parallel in-register
sheets
Nota_ble salt D23-K28 ) i
bridges
Notable
e o Close contacts Close contacts Intermolecular
bet between F19 and between F19 and L34 | interactions between
T L34 sidechains sidechains 2 and B3 strands
residues
Table 1.1. Structural details of in vitro generated ABao fibrils
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E22A AB4o D23N Apao
Structure Osaka lowa
(Schitz et al, 2015) (Qiang et al, 2012)
PDB 2MVX 2LNQ

Growth conditions

80 min incubation in 10 mM
NaH2PO4-NaOH, 100 mM
NaCl, pH 7.4, 700 rpm
magnetic stirring at 37°C

Parent fibrils were obtained by
quiescent incubation of
monomer at 6 °C for 7 days in
10 mM sodium phosphate, pH
7.4,0.01% NaNa.
Homogenous population
obtained by a seeding and
filtration protocol

Method of structural

Solid-state NMR

Solid-state NMR

analysis
Morphology - Heterogeneous morphologies
Number of 5 1
protofilaments
Fold Cinnamon roll U-shaped
Symmetry 2-fold -
N-terminus Ordered Residues 1-14 disordered

Number of cross-f§
sheets per peptide
(residues)

5 (4-8, 10-19, 26-28, 30-32,
34-36)

2 (17-21, 31-35)

Parallel cross-B sheets

Parallel in-register

Antiparallel

Notable salt bridges

E11 salt bridge stabilises N-
terminal kink, K28-E3 salt
bridge between subunits

Absence of K16-E22 bridge

Notable interactions
between residues

Side chains of L17, F19, A21,
A30, 132, L34 and V36 create

a purely hydrophobic core

Table 1.2. Structural details of in vitro generated mutant A4 fibrils
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ABa2

Structure PH 2 pH 8
(Gremer et al, 2017) (Colvin et al, 2016)
PDB 50Qv 5KK3

Growth conditions

Undisturbed incubation for
several weeks in 30% v/v
acetonitrile (ACN), 0.1% (v/v)
trifluoroacetic acid (TFA) in
water at room temperature

10-50 pM (0.05-0.25 mg/mL)
solutions of recombinant AB42
monomer in 20 mM sodium
phosphate, 0.2 mM EDTA,
0.02% NaNs, pH 8.0, incubated
in 15 mL falcon tubes at room
temperature overnight

Method of structural

Solid-state NMR (magic angle

stabilises N-terminal kink

analysis Cryo-EM spinning NMR)
Morphology Twist Twist
Number of 2 - subunits arranged icn
rotofilaments staggered_ manner there_ ore 2
P not true dimeric interactions
Fold LS-shaped S-shaped
Symmetry 21 screw sz/rg;rj&e)try (rise of 2-fold
. Ordered and part of cross- . .
N-terminus structure Residues 1-14 dynamic
Number of cross-f
sheets per peptide 2(1-9, 11-21) 4 (16-20, 26-32, 35-36, 39-41)
(residues)
Parallel cross-f3 . . . .
. Parallel in-register Parallel in-register
D1-L28; D7-N5; E11-H6-
Notable salt bridges H13. E11 salt bridge A42-K28

Notable interactions
between residues

Three hydrophobic clusters
stabilize the subunit
conformation: A2,V36, F4
and L34;L17, 131, and F19;
and A30, 132, M35, and V40.

Contacts between 141-G29,
141-K28, F19-132, F20-V24,
and F19-A30 form two
hydrophobic pockets that
stabilise the S-shaped structure

Table 1.3. Structural details of in vitro generated Aa: fibrils
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1.3.2 AB fibril polymorphism in vivo

Importantly, there is also evidence for A polymorphism in AD patients brains (Lu et al.,
2013; Qiang et al., 2017). Brain extracts from two patients with distinct AD presentations
were used to seed A4 fibril growth and the structures of the resulting fibrils analysed
by ssNMR (Lu et al., 2013). Patient | had a tentative diagnosis of Lewy body dementia
and autopsy revealed neuritic AR plaques, but only mild atrophy and few Lewy bodies.
Patient 1l however had a diagnosis of probable AD, and autopsy revealed severe
pathology with gross atrophy (Lu et al., 2013). SSNMR spectra showed sharp cross-peak
signals in both patients indicative of a single dominant fibril structure, however these
spectra were distinct from each other (Lu et al., 2013). This suggests that distinct Ap

polymorphs could be associated with variations in AD.

A structural model was created for patient | fibrils (Figure 1.7) (Lu et al., 2013). A key
difference in this ex vivo structure is that there are strong NMR signals for N-terminal
residues, indicative of this region being part of the ordered structure. There was evidence
of a D23-K28 salt bridge as observed in 2A fibrils, however MPL values indicate a 3-fold
symmetry similar to 3Q fibrils (Lu et al., 2013). Distinct features of this fibril structure
include a kink at residue G33 that results in 132 and L34 sidechains being oriented in
opposite directions, therefore able to make contacts with different AB4 molecules (Lu et
al., 2013). In addition, a twist in residues 19-23 means that the sidechains of F20 or E22
can be buried within the structure. These features result in an ex vivo structure that is
more complex than the simple hairpin conformation of the 2A and 3Q Ao fibril structures
(Table 1.4). The structure of these AP fibrils seeded from AD brain extract are therefore
not directly comparable to any in vitro structures but do share some similar structural

features.

More recently, cryo-EM was used to analyse the structure of AR fibrils purified from the
meninges of three AD patient brains (Kollmer et al., 2019). This analysis revealed that
AB fibrils derived from patient brains are polymorphic. However, one polymorph termed
‘morphology I’ was more abundant relative to the others, and two other polymorphs
‘morphology II' and ‘morphology III’ were also of high abundance (Kollmer et al., 2019).
Together these three polymorphs made up 75% of fibril structures present in the
samples. It was identified that these three polymorphs are made up of the same
fundamental AB peptide conformation but vary in the number of subunits in each fibril,
with morphology | consisting of 1 protofilament (PF), morphology Il containing 2 PFs and
morphology Il containing 3 PFs (Figure 1.7). EM revealed that the fibrils have a twisted
morphology, similar to fibrils formed in vitro. However, a key structural difference is the

direction of this twist; the brain-derived fibrils have a right-handed twist whereas previous
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in vitro formed fibrils were found to possess a left-handed twist (Petkova et al., 2005;
Kollmer et al., 2019). The fibrils have a pseudo 21-screw symmetry, similar to ABa. fibrils
formed at pH 2 (Table 1.4). The structure of the peptide subunits within the fibril is
described as ‘C shaped’, with N and C-termini forming arches and being more exposed,
and the central peptide domain buried in the fibril core and forming the dimer interface
(Kollmer et al., 2019). The N-terminus is ordered in this structure and the arch of the N-
terminus is a unique feature of these fibrils. Most of the A mutations associated with AD
are located within this N-terminal arch (Figure 1.4). Four B-strands were identified, from
residues 2-8, 10-13, 15-19 and 32-34, and the central contacts are residues 24-26, which
is also a novel feature of these fibrils (Kollmer et al., 2019). The structure of these ex
vivo brain-derived fibrils are distinct from those formed in vitro, likely reflecting the
difference in growth conditions. However, the presence of different AB fibril polymorphs
within AD brains raises the possibility of particular fibril structures being associated with

pathology and clinical presentation of disease.

AB4o is known to make up the majority of deposits in CAA, in which A deposits form in
the vasculature, in contrast to neuritic plaques in the AD brain which are predominantly
formed from AB42 (Charidimou et al., 2017). As the AB4o fibrils in this research were
extracted from the vasculature, their structure may be more representative of CAA AR
fibrils rather than fibrils that make up the neuritic plaques in AD brains. It has been shown
that subtle changes to growth conditions can alter the structure of the fibrils that form,
therefore it is possible that different polymorphs arise from fibrils that form in blood
vessels compared to those that form within other brain environments (Petkova et al.,
2005; Paravastu et al., 2008; Venegas et al., 2017).

The molecular structure of an ABao fibril polymorph derived from cortical tissue of an AD
patient was recently produced using a combination of cryo-EM, MPL measurements and
ssNMR (Figure 1.7) (Ghosh et al., 2021). This structure is unique to all previously
produced A fibril structures. A perplexing feature of this structure is that MPL values
are consistent with the presence of three A subunits making up one fibril, however cryo-
EM data indicates 2-fold symmetry (Ghosh et al., 2021). To account for this, a model
was suggested in which AB4o molecules are fully extended in inner layers, but the outer
cross-B layers consist of AR molecules in B-hairpin conformations (Figure 1.7). The
resulting structure is four-layered, with 2-fold screw symmetry about the fibril growth axis
(Table 1.4) (Ghosh et al., 2021).
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Ex vivo ABao

Structure

Brain derived
patient |

Meninges derived

AD patient brain

polymorph | derived
(Lu et al, 2013) (Kollmer et al, 2019) (Ghosh et al, 2021)
PDB 2M4J 6SHS 6W00
Seeded from AD

Growth conditions

Seeded from brain

Extracted from 3 AD

cortical tissue

extract patients (parietal lobe/frontal

lobe) from 2 patients

Method of | g5jd.state NMR Cryo-EM Cryo-EM, MPL and
structural analysis

ssNMR

Morphologically
distinct from

Morphology striated or ribbons - Right-handed twist Left-handed twist
'rod-like’
Nun]ber of 3 1 3
protofilaments
4 layers - 2 inner
layers are fully
extended AB4o
Fold - C-shaped molecules, outer
layers are formed by
ABao with B-hairpin
conformations
Pseudo 21 screw
Symmetry 3-fold symmetry (Stacks 21 screw symmetry
offset by ~2.41 A)
N-terminus Ordered Ordered Residues 1-9
disordered

Number of cross-f§
sheets per peptide

3(12-13, ,18-19,

4 (2-8, 10-13, 15-19,

(residues) 35-36) 32-34)
Parallel cross-f8 Parallel in-register Parallel in-register Parallel in-register
sheets
Nota_ble salt D23.K28 e o
bridges
Intermolecular
Notable contacts between

interactions
between residues

the N terminus of
one strand and the
E22-A30 loop of
adjacent strand

Table 1.4. Structural details of ABao fibril structures generated from ex vivo material
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1.3.3 Association of amyloid fibril polymorphism with differences in the

clinical presentation of disease

Expanding on initial evidence that different A fibril polymorphs are present in different
AD patient brains, a study was carried out in which brain extracts from three different
subtypes of AD were used in AB seeding and the structures of the resulting fibrils
compared (Qiang et al., 2017). This study used data collected from 37 cortical tissue
samples, from a total of 18 individual brains. Typical AD (t-AD) was compared with two
atypical forms of the disease — rapidly progressive AD (r-AD) and posterior cortical
atrophy (PCA). A predominant ABao fibril structure was identified, which was common to
all three AD subtypes. This structure accounted for 85% of ABao fibrils in PCA and t-AD,
but only 65% in r-AD (Qiang et al., 2017). This indicates that there are a larger proportion
of additional fibril structures in r-AD, which could be responsible for the rapid progression
of AD in this form of the disease. Not only does this evidence support the notion of A
fibril polymorphism in vivo, it also suggests a clinical consequence of this, with different
disease phenotypes being associated with different levels of AB fibril polymorphism in

the brain.

Similar to this, distinct AB fibril conformations were identified in different AD subtypes
when probed using LCOs (Rasmussen et al., 2017). LCOs bind to the repetitive cross-3
structures of amyloid fibrils and display spectral differences based on the twisting of the
flexible LCO backbone. The interaction of LCOs with different amyloid structures
therefore imposes different rotational constraints on this backbone, leading to
spectroscopic signatures that are indicative of these specific amyloid polymorphs. The
resulting spectra of AB brain samples from familial AD patients, sporadic AD patients
and patients with PCA were compared in this study. It was found that the spectra of these

AD subtypes formed ‘clouds’ indicating distinct conformations (Rasmussen et al., 2017).

The association of different fibril morphologies with different disease phenotypes has
been demonstrated for other amyloids. For example, the structure of tau fibrils in chronic
traumatic encephalopathy (CTE), a tauopathy associated with repeated head impact,
was recently found to be identical between three CTE patients, but is distinct from those
in AD and Pick’s disease (Falcon et al., 2018b, 2018a, 2019). This shows that tau can

adopt different conformations within the brain, depending on the disease.

Furthermore, a-synuclein forms Lewy bodies within neurons in AD and Dementia with
Lewy bodies (DLB) but accumulates in oligodendrocytes as glial cytoplasmic inclusions
in multiple system atrophy (MSA) (Goedert et al., 2017). It was found that the different
cellular environments of neurons and oligodendrocytes result in the transformation of

misfolded a-synuclein into different strains with distinct conformations and biological
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properties (Peng et al., 2018). Analysis of the structural conformation of a-synuclein
fibrils amplified from the brains of PD and MSA patient brains revealed polymorphism in
the ex vivo fibrils (Strohaker et al., 2019). There was greater structural heterogeneity in
fibrils derived from PD patients than those from MSA patients, perhaps indicative of the
greater variability in disease phenotypes in PD. Different amyloid polymorphs being
associated with differences in neuropathology and clinical features is comparable to
prion strains and helps to explain how fibrils formed from the same protein can lead to a

range of clinical phenotypes.
1.4 Neuroinflammation in Alzheimer’s disease

Neuroinflammation has long been observed in mouse models of AD and in the brains of
AD patients, characterised by the infiltration of immune cells such as microglia, and
increased production of pro-inflammatory mediators (ltagaki et al., 1989; Frautschy et
al., 1998; Simard et al., 2006). In addition to post-mortem analysis of AD brain tissue,
developments in PET techniques have allowed the quantification of reactive microglia in
the brain by targeting Translocator Protein 18kDa (TSPO), a marker of microglial
activation (Gomez-Nicola and Boche, 2015; Knezevic and Mizrahi, 2018). This has
further supported the increased presence of reactive microglia in AD patient brains
compared to healthy controls, and TSPO binding has been found to correlate with the
severity of disease (Kreisl| et al., 2013). Furthermore, increased levels of inflammatory
mediators including cytokines interleukin (IL)-1pB, IL-6, IL-18 and tumour necrosis factor
(TNF)-a, have been identified in AD brains (Griffin et al., 1989; Bauer et al., 1991; Ojala
et al., 2009). This evidence for an inflammatory response in AD, alongside the
identification of AD risk genes associated with innate immune functions suggests that
rather than just a bystander of disease, this innate immune response contributes to the
exacerbation and progression of the disease (Heneka et al., 2015b; McManus and
Heneka, 2017). Further to this, AB may be a key trigger of this neuroinflammation, and

the evidence for this will be discussed further (Ismail et al., 2020).
1.4.1 Insights from genetics

The most compelling evidence for the involvement of an immune response in AD comes
from the study of AD genetics; a large number of genetic variants identified to be
associated with AD are involved in the innate immune response and are highly
expressed by microglial cells (Table 1.5). A number of these identified gene loci are in
genes that encode proteins known to interact with AB, and particularly a number of
proteins known to be involved in the clearance of A (Table 1.5). Furthermore, analysis
of gene regulatory networks in LOAD identified that immune and microglial molecular

networks were most associated with LOAD (Zhang et al., 2013). This suggests that
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immune cell dysfunction could play a key role in AD pathogenesis, and that targeting

immune pathways could be a viable approach to the treatment of AD.

IGene Assoma_ted Functional information Ref.
ocus protein
ABCA7 ATP-binding Involved in the phagocytosis of AB. (Hollingworth
cassette sub-family etal, 2011)
A member 7
ABI3 ABI gene family Highly expressed in microglia, suggested (Sims et al.,
member 3 to play a role in interferon-mediated 2017)
immune cell signalling and T-cell
activation.

ADAM10 Disintegrin and Cleaves TNF-a (Mezyk-Kope¢
metalloproteinase et al., 2009;
domain-containing Jansen et al.,

protein 10 2019)
ApoE Apolipoprotein E Mainly expressed by astrocytes, involved | (Corder et al.,
in lipid transport. Binds to AB and 1993; LaDu et
involved in its clearance. al., 1994)
CD33 Siglec-3-sialic acid | Expressed by myeloid cells and (Hollingworth
binding Ig-like microglia, binds sialic acid-containing et al., 2011,
lectin 3 ligands to modulate immune cell Naj et al.,
functions, implicated in AB clearance. 2011)
CLNK Cytokine- An immune cell adaptor protein involved (Jansen et al.,
dependent in the regulation of immunoreceptor 2019)
hematopoietic cell | signalling.
linker
CLU Clusterin Stress-activated molecular chaperone, (Harold et al.,
(APQOJ) (Apolipoprotein J) | involved in lipid transport, modulates the | 2009; Lambert
complement system, interacts with AB. et al., 2009)
CR1 Complement Mediates cellular binding of immune (Lambert et
receptor 1 complexes that activate the complement al., 2009)
system.
EPHA1 Ephrin type A Receptor tyrosine kinase - Involved in (Hollingworth
receptor 1 cell signalling in immunity and etal., 2011;
endocytosis. Expressed by T-cells and Naj et al.,
monocytes. Regulates neural 2011)
development, angiogenesis, cell
proliferation and BBB permeability.
HLA- Major Role in antigen presentation in adaptive (Lambert et
DRB5- histocompatibility | immunity. al., 2013)
DRB1 complex class Il
DRB5/DRB1
IL-34 Interleukin-34 Cytokine that plays roles in monocyte (Marioni et al.,
and macrophage cell survival and 2018)
proliferation, important in the innate
immune response and inflammation.
INPP5D Inositol Specifically expressed in immune and (Lambert et
polyphosphate-5- | hematopoietic cells, plays multiple roles al., 2013)
phosphatase in immune cell function including
signalling, survival and proliferation.
MS4A MS4A4A, MS4A4E, | Expressed in myeloid cells and (Hollingworth
gene MS4AGE monocytes, associated with the et al., 2011)
cluster inflammatory response but poorly
characterised.
PLCG2 1- A phospholipase highly expressed in (Sims et al.,
phosphatidylinositol | microglia, involved in immune cell 2017; Marioni
4,5-bisphosphate | signalling in the hydrolysis of membrane et al,, 2018)

phosphodiesterase
y-2

bound PIP2 to IP3 and DAG.

30




(PLCy2)

PTK2B Protein tyrosine Regulation of the humoral immune (Lambert et
kinase 2-beta response. al., 2013)

SCIMP SLP-adaptor and | A protein involved in MHC class Il signal (Liu et al.,

SCK-interacting transduction. 2017b)
membrane protein
SHARPIN Sharpin Part of the LUBAC complex which (de Rojas et
synthesises and attaches M1-linked al., 2020)
ubiquitin chains. Involved in NK-kB
activation and regulation of inflammation.
SPPL2A Signal peptide Aspartic protease involved in TNF (Liu et al.,
peptidase like 2A | cleavage and signalling, may play role in 2017b)
both innate and adaptive immunity.

TREMZ2 | Triggering receptor | A myeloid cell receptor with multiple (Jonsson et
expressed on roles including phagocytosis and al., 2013; Chih
myeloid cells 2 triggering the production of inflammatory Jinetal,

cytokines. Binds AB. 2014)

TREML2 | Trem-like transcript | Immune cell surface receptor with (Benitez et al.,

protein 2 possible roles in both innate and 2014)
adaptive immunity, enhances T cell
responses.

Table 1.5. Genetic variants associated with AD that are linked to the immune response
Genetic variants are shown with corresponding protein and functional information.

1.4.1.1 ApoE4

Apolipoprotein E (ApoE) is a key cholesterol carrier, primarily produced by astrocytes in
the brain, which facilitates the transport of lipids via receptors of the low-density
lipoprotein receptor (LDLR) family. Three common isoforms of ApoE exist in humans; €2
€3 and €4, with the €4 allele of the ApoE gene (APOE4) being the strongest genetic risk
factor for LOAD (Karch et al., 2014). ApoE4 increases the risk of developing AD 3-4 fold
in heterozygotes, and 12-15 fold in homozygotes, compared to those carrying the €3
allele (van der Lee et al., 2018). Conversely, the €2 allele has a protective effect (Lambert
et al., 2013). Whilst the molecular mechanism by which ApoE4 mediates its pathological
effect is not yet well-defined, ApoE has been found to bind to AB and is implicated in
mediating its clearance, with evidence suggesting that ApoE4 binds to A with lower
affinity, resulting in less efficient clearance (LaDu et al., 1994; Castellano et al., 2011).
There is also evidence that ApoE4 accelerates early seeding of amyloid pathology
(Huynh et al., 2017; Liu et al., 2017a).

1.4.1.2 TREM2

The strongest risk factor for LOAD other than ApoE4 is Triggering receptor expressed
on myeloid cells 2 (TREM2) (Deczkowska et al., 2020). TREM2 is an immune receptor
of the immunoglobulin family, which is expressed by microglia in the brain (Deczkowska
et al.,, 2020). This plasma membrane receptor forms signalling complexes with the

adaptor protein DNAX-activating protein of 12 kDa (DAP12) and is important in the
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phagocytosis of apoptotic neurons and the negative regulation of inflammatory
responses (Hamerman et al., 2005, 2006; Takahashi et al., 2005; Piccio et al., 2007;
Hsieh et al., 2009). TREM2 sequence variants R47H and R62H have been found to
increase the risk of developing late-onset AD (Jonsson et al., 2013; Chih Jin et al., 2014).
There is evidence that in the absence of functional TREM2, the early deposition of AR is
accelerated, and this is suggested to be a result of reduced phagocytic clearance of AB.
It was recently found that deleting TREMZ2 increased tau pathology and brain atrophy in
an AD mouse model, but only if AB is present (Lee et al., 2021). A damaging microglial
response was also found to result from AB pathology in a TREM2-dependent manner
(Lee et al., 2021).

1.4.2 Cells involved in the immune response to AB

Immune cells in the brain can be activated by AR, but they can also contribute to its
clearance. Conversely, there is also evidence that inflammatory pathways can contribute
to the aggregation of AR (Webers et al., 2020). This suggests a mutual, bidirectional
relationship between AB pathogenesis and neuroinflammation. This relationship will be

discussed in more depth.
1.4.2.1 Microglia

Microglial cells have been found to be key contributors to the neuroinflammation
observed in AD. These are innate immune cells that make up 0.5-16% of cells in the
human brain, depending on the brain region (Mittelbronn et al., 2001; Ajami et al., 2007).
These myeloid lineage cells are recruited to the brain during early development where
they play a phagocytic role (Ginhoux et al., 2010). When in a resting state microglia have
a ramified morphology with multiple fine processes projecting from the cell body, with
which the cells survey the local brain environment (Nimmerjahn et al., 2005). Upon
activation microglia migrate to the location of injury or infection and adopt a ‘reactive’
phenotype, consisting of conversion to an amoeboid morphology and changes in

receptor expression (Davalos et al., 2005).

Reactive microglia are observed in AD brains, where they surround and infilirate A
plaques and release pro-inflammatory mediators (ltagaki et al., 1989). Transgenic
mouse models of AD have also been used to show that microglia are activated and
recruited to AB plaques, as quickly as within a day of plaque formation, with a 2-5 fold
increase in microglia at the site of plaques compared to other neighbouring areas
(Frautschy et al., 1998; Simard et al., 2006; Meyer-Luehmann et al., 2008).
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A correlation was identified in AD mice models between AP load and levels of
inflammatory cytokines, including TNF-a, IL-6 and GM-CSF (Patel et al., 2005). In
addition, the inhibition of IL-12/IL-23 signalling was found to lead to a reduction in AB
pathology and cognitive decline, further highlighting an important link between

inflammation, amyloid and degeneration (Vom Berg et al., 2012).
1.4.2.2 Astrocytes

Astrocytes are the most abundant glial cell in the brain, they are specialised cells with
numerous crucial roles in maintaining and regulating neuronal function and signal
transmission (Perez-Nievas and Serrano-Pozo, 2018). Like microglia, astrocytes can
react to pathogenesis by adopting a reactive phenotype, and this reactive astrogliosis is
observed in AD brains, mostly observed to be surrounding A plaques (Nagele et al.,
2003; Braak et al., 2007; Hurtley, 2009; Palpagama et al., 2019). In addition to this
astrogliosis, there is evidence that astrocytes are capable of internalising and degrading
different amyloid proteins, and that they can also contribute to the formation of plaques
(Nagele et al., 2003; Wyss-Coray et al., 2003). A number of AD risk genes are also highly
expressed by astrocytes, such as ApoE4, further implicating these cells in disease (Table
1.5).

1.4.2.3 T-cells

Most research into the immune response in AD has focused on the innate immune
system, and much less is known about the contribution of the adaptive branch of the
immune system. However, there are reports of the presence of T-cells in AD brains, and
also that T-cells from AD patients are more reactive to AB, recognising AR as an
immunogenic antigen to which a response is stimulated, than those from healthy
subjects (Togo et al., 2002; Monsonego et al., 2003). A more recent study also identified
increased numbers of a CD8" T effector memory CD45RA" (Temra) cell population to be
associated with AD and MCI (Gate et al., 2020). It was confirmed in a separate cohort
that an increase in CD8" Tewmra cells was associated with a decline in cognition (Gate et
al., 2020). Further investigation revealed CD8" T-cells in the perivascular space of blood
vessels but not control brains, and significantly more of these cells in AD hippocampi
compared to control brains. Notably, these CD8" T-cells were detected adjacent to AB
plaques (Gate et al., 2020).

1.4.3 Mechanisms of immune cell activation by A fibrils

Pattern recognition receptors (PRRs) are receptors on the surface of immune cells that

have evolved to recognise components of foreign pathogens known as pathogen-
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associated molecular patterns (PAMPs) and molecules produced by damaged or
apoptotic cells called damage-associated molecular patterns (DAMPs) (Li and Wu,
2021). Oligomeric and fibrillar amyloid structures are recognised by PRR’s, resulting in
the activation of an immune response. This is speculated to be due to amyloid fibrils
resembling functional amyloids such as curli fibres, expressed on the surface of enteric
bacteria including Escherichia coli (E. coli) and Salmonella (Epstein and Chapman,
2008).

1.4.3.1 NLRP3 inflammasome

One key pathway of immune cell activation involved in the response to amyloid fibrils is
the NOD-like receptor family, pyrin domain containing 3 (NLRP3) inflammasome. This
inflammasome is a multiprotein complex present in myeloid-lineage cells (Swanson et
al, 2019). The NOD-like receptor present in this complex is NALP3, which consists of an
N-terminal pyrin domain (PYD) a central NACHT domain and a C-terminal leucine-rich
repeat domain (LRR) (Figure 1.10).

The activation of the NLRP3 inflammasome is a two-step process which first requires a
priming stimulus. This priming stimulus can be PAMPs such as lipopolysaccharide (LPS),
or cytokines such as TNF and IL-1B3. This priming step induces the transcriptional
upregulation of NALP3 and inactive forms of IL-13, IL-18 and caspase-1 (Bauernfeind et
al., 2009; Franchi et al., 2009). A second activating stimulus is then required in order to
trigger IL-1B and IL-18 cleavage and release from cells (Swanson et al., 2019). This
activating stimulus can be ATP, pore-forming toxins that result in low intracellular K*,
crystallised structures such as uric acid and silica, and amyloid fibrils including AR fibrils
(Mariathasan et al., 2006; Martinon et al., 2006; Halle et al., 2008). The second activating
stimulus of the inflammasome results in the oligomerisation of NLRP3, and recruitment
of adaptor protein apoptosis-associated speck-like protein containing a CARD (ASC).
The polymerisation of ASC into helical filaments and ultimately into large macromolecular
structures known as ‘specks’ is triggered, and caspase-1 is recruited to these ASC
structures via a caspase recruitment (CARD) domain. Caspase-1 undergoes activating
autoproteolytic cleavage which activates it so it can subsequently cleave and thus
activate cytokines IL-13 and IL-18. These cytokines are released from cells, contributing
to a neurotoxic inflammatory environment (Swanson et al., 2019). A further consequence
of NLRP3 inflammasome activation is the induction of an inflammatory form of cell death
known as pyroptosis (Swanson et al., 2019). Activated caspase-1 is also capable of
cleaving a protein called gasdermin D. Gasdermin D subsequently inserts into the cell
membrane, forming pores which results in the induction of pyroptosis (Swanson et al.,

2019). The NLRP3 inflammasome pathway is outlined in Figure 1.8.
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It was first shown that AP fibrils are capable of activating the NLRP3 inflammasome in
vitro using primary microglial cells and this activation was found to be dependent on A
phagocytosis, subsequent damage to lysosomes and the release of cathepsin B into the
cytosol (Halle et al, 2008). A further study then identified that NLRP3 or caspase-1 knock-
out in transgenic APP/PS1 AD model mice, IL-1f3 activation was substantially reduced
(Heneka et al., 2013). This provides in vivo support for the role of this activation pathway
in AD. Moreover, increased levels of cleaved caspase-1 were identified in hippocampal
and cortical lysates from AD patient brains compared with controls, further implicating
the NLRP3 inflammasome in AD (Heneka et al, 2013).
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Figure 1.8. The NLRP3 inflammasome pathway

A priming signal such as LPS leads to the increased expression of NLRP3 and precursor forms
of inflammatory cytokines IL-13 and IL-18. Amyloid fibrils can act as a second activating stimulus
via their internalisation and disruption of lysosomes leading to the release of cathepsin B into the
cytosol. This triggers the assembly of the NLRP3 inflammasome complex. This complex recruits
ASC adaptor protein which forms filaments. ASC filaments interact with pro-caspase-1 via CARD
domains, resulting in caspase-1 activation. Active caspase-1 cleaves precursor forms of IL-1f3
and IL-18 which are secreted from immune cells in their active form, contributing to
neuroinflammation. Caspase 1 also cleaves Gasdermin D, which forms pores in the cell
membrane resulting in pyroptotic cell death (Brown et al, 2020)

There is evidence linking fibrils of a number of other amyloidogenic proteins to
inflammasome activation, suggesting that this activation is dependent on the amyloid
fibril structure. PrP fibrils were found to be potent activators of the NLRP3 inflammasome
in microglia, whereas oligomeric and monomeric forms of the protein had no activating
effect (Shi et al, 2012/Hafner-Bratkovic et al, 2012). Similarly, human IAPP, but not the

non-amyloidogenic rat IAPP, was found to trigger NLRP3 inflammasome activation in

35



macrophages and dendritic cells, helping to explain the elevated IL-13 observed in type
2 diabetes (Masters et al, 2010). It has been found that both fibrillar and monomeric a-
synuclein promote the expression of pro-IL-1 in monocytes, and this is dependent on
binding to the TLR2 receptor (Codolo et al., 2013). However, only fibrillar a-synuclein led
to the release of mature IL-18, via inflammasome activation (Codolo et al., 2013). NLRP3
activation has also been identified in FTD patients and Tau22 mice models. It was
previously found that fibrillar tau is capable of activating the NLRP3 inflammasome,
which in turn leads to the exacerbation of tau deposition in a tau transgenic mouse model
in vivo (Stancu et al, 2019). However, a different study reported that the inflammasome
was only activated in response to monomeric and oligomeric forms of tau, not tau fibrils
(Ising et al, 2019).

In addition to the activation of the NLRP3 inflammasome by amyloid fibrils, evidence is
emerging for an effect of this inflammasome activation on amyloid formation (Venegas
et al., 2017). As described previously, NLRP3 inflammasome activation results in the
formation of ASC specks which can be up to a micrometre in size (Masumoto et al.,
1999; Franklin et al., 2014; Lu et al., 2014). These specks are released from cells when
the NLRP3 inflammasome is activated and it has been found that after their release,
ASC specks bind to AB4» peptide (Venegas et al., 2017). In vitro experiments found that
the addition of ASC specks to both AR and AB42 peptide accelerated their aggregation.
This result is indicative of cross-seeding activity, and this effect was found to be
dependent on the PYD domain of ASC (Venegas et al., 2017). Furthermore, when
purified ASC specks were injected into the hippocampus of APP/PS1 mice, more A
deposits were observed, and an ASC-speck antibody was capable of reducing this Ap
deposition (Venegas et al., 2017). This suggests that the activation of the NLRP3
inflammasome by A fibrils in turn results in increased aggregation of AB, creating a

positive-feedback effect (Figure 1.9).
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It was recently found that in the presence of ASC-AB composite complexes the uptake
of AB was reduced by 35% and AB degradation was inhibited (Friker et al., 2020). This
suggests that NLRP3 inflammasome activation has a negative effect on AB clearance,
in addition to a positive effect on AB aggregation. ASC-AB composites were also shown
to be capable of activating the NLRP3 inflammasome and inducing pyroptotic death in
microglia (Friker et al, 2020). IL-1P release induced by ASC-AB composites was reduced
with the neutralisation of TLR2 and TLR4, implicating these receptors in the recognition
of AB by microglial cells (Figure 1.10) (Friker et al., 2020). One suggested hypothesis is
that clustering of Ap on the ASC specks may allow the AR to interact with multiple cell

surface receptors therefore amplifying inflammatory activation.
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Figure 1.9. The bidirectional relationship between NLRP3 inflammasome activation and AB
fibril formation

Activation of the NLRP3 inflammasome by A fibrils leads to the release of ASC specks. These
spekcs cross-seed the aggregation of AR peptide, resulting in the formation of more AR fibrils.
These AB fibrils can activate the NLRP3 in other microglial cells, therefore amplifying this effect.
(Brown et al, 2020).

1.4.3.2 Toll-like receptors and scavenger receptors

TLRs are a class of PRRs that recognize conserved microbial structures and have
identified to be involved in the immune response to A fibrils (Kawasaki and Kawai,
2014). These receptors are type | integral membrane receptors which form dimers when
interacting with a ligand via their LRR ectodomains, leading to downstream signalling
(Botos et al., 2011). The expression of six TLR genes (1,2,4,5,6,8) was found by RNAseq
to be upregulated in the temporal cortex of AD patients compared to control brains, likely

resulting from increased microgliosis (Chakrabarty et al., 2018).
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There is evidence that A fibrils trigger inflammatory signalling through a heterodimer of
TLR4 and TLR2, regulated by CD14 signalling (Reed-Geaghan et al., 2009). CD14, a
TLR co-receptor, has been shown previously to bind to fibrillar AB (fAB), with a 20-fold
higher affinity than the interaction between non-fibrillar AR and CD14 (Reed-Geaghan et
al., 2009). Additionally, increased expression of CD14 and TLR2 has been identified in
AD mouse models and AD patient tissue (Fassbender et al., 2004; Liu et al., 2005;
Letiembre et al., 2009). Levels of inflammatory mediators TNF-a, IL-13, IL-10 and IL-17
were found to be increased in AD mice compared to wild-type littermates, but this
increase was no longer evident in TLR4 deficient AD mice, demonstrating a role for TLR4
in cytokine upregulation in AD (Jin et al., 2008). All components of this TLR signalling
complex were shown to be necessary for stimulation of an inflammatory response (Reed-
Geaghan et al., 2009).

Scavenger receptors are highly expressed in microglia and have also been found to be
involved in the response to A fibrils (Christie et al., 1996; Wilkinson and El Khoury,
2012). It was originally identified that Class A scavenger receptors, which possess an
extracellular collagen domain, are capable of binding to A fibrils (Paresce et al., 1996).
Further experiments using SR-A1 deficient microglia confirmed that SR-A1 and also SR-
B1 receptors bind to A fibrils (Husemann et al., 2001).

Another TLR complex implicated in the activation of microglia by A is a heterodimer of
TLR4 and TLR6 regulated by CD36, a class B scavenger receptor (Stewart et al., 2010).
It has been shown that CD36 is expressed by microglia in AD brains, binds to fAB and is
important in the consequent mediation of a microglial inflammatory response via a Src-
kinase dependent signalling pathway (Husemann et al., 2001; Coraci et al., 2002; Moore
et al., 2002). Microglia from CD36-null mice were found to secrete reduced levels of
cytokines, chemokines and reactive oxygen species (ROS) in response to A fibrils (El
Khoury et al., 2003). Similarly, deficiency of TLR4, TLR6 or CD36 in microglia abolished
ABs-mediated ROS and nitric oxide (NO) production, inflammatory mediators that
contribute to neurotoxicity in AD (Stewart et al., 2010). Consistent with this, neuronal cell
death was observed when microglial and neuronal cocultures were treated with A4z,
however this neurotoxic effect was lost with CD36 -/-, TLR4 -/- or TLR6 -/- microglia
(Stewart et al., 2010).

CD36 has also been suggested to be a regulator of NLRP3 inflammasome activation,
facilitating the uptake of soluble A which then forms fibrils at the lysosome and triggers
NLRP3 activation (Sheedy et al., 2013). However, this does not agree with studies that

report the amyloid fibril structure to be key to triggering NLRP3 inflammasome activation
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in microglia (Gustot et al., 2015). Receptor complexes identified to be involved in the

response of immune cells to AR fibrils are shown in Figure 1.10.
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Figure 1.10. Immune cell receptors involved in the response to AR fibrils

A number of receptors have been identified in immune cells that are involved in the recognition
of the fibrillar form of AB, including Toll-like receptor (TLR) complexes, scavenger receptors and
the NALP3 receptor of the NLRP3 inflammasome. The activation of these receptors has been
shown to lead to the activation of an inflammatory response, but in some cases also triggers the
uptake and clearance of the fibrils.

1.4.3.3 Complement system

The identification by genome-wide association studies (GWAS) of an association
between components of the complement cascade, complement receptor 1 (CR1) and
Clusterin (CLU) and risk of AD implicates the complement system in disease (Lambert
et al., 2009).

Studies have shown that AB can activate the classical and alternative complement
pathways, via binding to C1q and C3b components of the complement system
respectively, and this was shown to be dependent on the aggregated state of A (Rogers
et al., 1992; Jiang et al., 1994; Webster et al., 1997; Bradt et al., 1998). It was reported
that a deficiency in the C3 component of the complement pathway in APP/PS1
transgenic mice increased A load, but reduced plaque-related neuronal death, cognitive
decline and activated glia despite this, suggesting that the complement system is
somehow modulating the response to AB. This evidence suggests that inhibition of C3
signalling could be a potential target for AD treatment (Shi et al., 2017). Further to this,
C3 was found to be a marker of the so called A1 astrocyte phenotype which was found
to be neurotoxic, and C3 upregulation was identified in astrocytes from both AD and PD

post-mortem tissue (Liddelow et al., 2017).
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1.4.4 The neurotoxic consequences of immune cell activation by AB

The release of cytokines and other inflammatory mediators in a short-term inflammatory
response results in the activation of additional microglial cells, recruitment of these cells
to the site of damage, and consequently enhanced uptake and clearance of the invading
pathogen, protein or molecule. However, long-term exposure to a stimulus such as A
in AD brains results in a chronic inflammatory response. This persistent release of pro-

inflammatory mediators creates a neurotoxic environment (Sarlus and Heneka, 2017).

There is evidence that pro-inflammatory mediators can lead to synaptic dysfunction,
including loss of synapse function and plasticity. For example, IL-13 production has been
shown to lead to the loss of synaptic connections as a result of sensitisation of NMDA
receptors, key excitatory receptors in the brain (Mishra et al., 2012). It has also been
shown that IL-18 inhibits LTP in the dentate gyrus in vitro, and other inflammatory
mediators including cyclooxygenase-2 (COX-2) and NO are involved in this (Cumiskey
et al, 2007). There is also evidence that pro-inflammatory cytokines inhibit
neurogenesis, with a correlation between the number of hippocampal microglia and
impairment of neurogenesis (Ekdahl et al., 2003). In addition, many of the signalling
molecules produced in excess during an inflammatory response in the brain, for example
TNF-a, mediate pro-apoptotic pathways, therefore directly implicating neuroinflammation
in neuronal death (Harry et al., 2008). Other pro-inflammatory mediators have also been
found to lead to neuronal apoptosis indirectly, for example NO has been shown to Kill
neurons by inhibiting neuronal respiration, which results in glutamate release and
subsequent excitotoxicity (Bal-Price and Brown, 2001). Degeneration of neurons leads
to further activation of immune cells, further amplifying this inflammatory response. In
this chronic inflammation, clearance of the stimulus can be impaired. The relationship

between AB fibrils, microglia and neurons is outlined in Figure 1.11.
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Neuronal death

Figure 1.11. Summary schematic of how microglial activation by A fibrils contributes to
neurodegeneration

AB monomers aggregate to form an array of soluble oligomer intermediates, protofibrils then
amyloid fibrils with a cross-f structure. These various amyloid structures bind to different
receptors on microglial cells in the brain. This results in the uptake and clearance of AB but can
also result in the activation of microglial cells. When activated, microglial cells adopt a ‘reactive’
phenotype consisting of a more amoeboid morphology and changes in receptor expression.
Activated microglia secrete cytokines and other inflammatory mediators, which creates a
neurotoxic environment for neurons, contributing to neurodegeneration. Immune cell activation
can alter amyloid formation and propagation, creating a cycle.

1.4.5 Clearance of A fibrils by immune cells

In addition to the activation of immune cells by A fibrils, these cells can also contribute
to the clearance of AB deposits. This can be by via the uptake and degradation of fibrils
intracellularly, or via the secretion of degradative enzymes (Rogers et al., 2002). A
number of the risk genes associated with LOAD have been found to be involved in the
clearance of AP, demonstrating the importance of this process in AD (Table 1.5)
(Kleinberger et al., 2014; Ulrich et al., 2018; Griciuc et al., 2019).
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1.4.5.1 Cellular uptake of A fibrils

As with activation, a number of PRR’s expressed by immune cells have been implicated
in the clearance response to AP fibrils. This includes TLR’s, some of which were
previously discussed to be involved in the inflammatory response to AB. A direct
molecular interaction was identified between fA3 and CD14, which was found to facilitate
the internalisation of fA into microglial cells (Fassbender et al., 2004; Reed-Geaghan
et al., 2009). This internalisation response occurred at significantly lower concentrations
than that required for cell activation, suggesting that CD14 could be involved in the
phagocytosis of AR at low concentrations, but increased levels of AB in AD results in
inflammatory activation (Liu et al., 2005). Further to this, TLR4 deficiency in AD mouse
models has been shown to result in increased AR deposition, and stimulation of BV-2
microglial cells with TLR2 and TLR4 ligands significantly increased the internalisation of
AB in vitro (Tahara et al., 2006; Song et al., 2011).

There is also evidence for the involvement of SR’s in AB clearance; it was shown that
coincubation of microglia with SR ligands such as acetyl-low density lipoprotein (Ac-LDL)
reduced AP uptake, and CHO cells transfected with class A, or class B SR’s showed
enhanced AR uptake, suggesting that SRs are important in the uptake and clearance of
AB (Paresce et al., 1996). aeB-integrin and the integrin-associated protein CD47 in
microglia. Studies have reported that the interaction of AP fibrils with a receptor complex
made up of CD36, asB1-integrin and the integrin-associated protein CD47 in microglia is
involved in the phagocytic uptake of fibrils by microglia (Coraci et al., 2002;
Koenigsknecht and Landreth, 2004).

The complement pathway is also implicated in the clearance of AB. CR1 has been
suggested to modulate the effect of the Apoe4 allele, with significantly higher amyloid
burden in Apoe4 individuals who are carriers of the CR1 risk allele rs3818361 than
noncarriers (Thambisetty et al., 2013). Complement receptor 3 (CR3), a major
phagocytic receptor expressed by microglia, was also found more recently to regulate
AB levels, with a reduction in AR deposition observed in CR3 deficient APP transgenic
mice (Czirr et al., 2017). CR3 deficient microglial cells were found to be more efficient at
AB degradation, and this was suggested to be a result of increased secretion of Aj-

degrading enzymes (Czirr et al., 2017).

Numerous studies have reported that astrocytes are also able to internalise AB, with
evidence for the accumulation of AB42 within activated astrocytes (Nagele et al., 2003;
Wyss-Coray et al., 2003). Cultured astrocytes were shown to migrate towards CCI-2, a
chemokine present at AD plaques, and subsequently bind to AB, however the receptors

involved in this binding were not identified (Wyss-Coray et al., 2003). In a study using
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AD brain tissue, the identification of neuron-specific markers alongside A material within
astrocytes suggests that this material is derived from the phagocytosis of debris from

damaged neurons (Nagele et al., 2003).
1.4.5.2 Amyloid-degrading enzymes

One mechanism by which immune cells are thought to contribute to the clearance of
amyloid is via the secretion of amyloid-degrading enzymes. Enzymes identified to cleave
AB include the metalloendopeptidases insulin-degrading enzyme (IDE) and neprilysin
(NEP) (Leissring et al., 2003). However, these enzymes are not thought to be capable
of degrading the fibrillar form of AB, but are limited to the degradation of monomeric
peptide (Qiu et al., 1998; Farris et al., 2003; Leissring et al., 2003). Enzymes that are
capable of cleaving fibrillar AB have however been identified. Matrix metalloprotease-9
(MMP-9) is a zinc-dependent metalloprotease expressed by neurons, astrocytes,
microglia and vascular cells in the brain (Vafadari et al., 2016). It was shown using ThT
and TEM that incubation of fA with MMP-9 leads to fibril degradation (Yan et al., 2006).
Analysis of resulting fibril fragments by mass spectrometry revealed species
corresponding to AB(1-20) and AB(1-30), suggesting Phe20-Ala21 and Ala30-lle31 as
cleavage sites (Yan et al., 2006). These sites must therefore be accessible in the fibril
structure to MMP-9. Importantly, MMP-9 was also found to degrade compact A plaques
in brain sections from APP/PS1 mice (Yan et al., 2006).

Another matrix metalloprotease, MMP-2, is also implicated in AB degradation, with
increased AP identified in the brains of KO MMP-2 mice compared to wild-type controls
(Yin et al., 2006). Astrocytes are suggested to be involved in this MMP-2/MMP-9
secretion (Deb et al., 2003; Yin et al., 2006). A further MMP implicated in AB fibril
degradation is membrane type-1 (MT1) MMP. This protease was found to be expressed
in reactive astrocytes close to AR deposits, and degraded AR plaques in an APP mouse
model (Liao and Van Nostrand, 2010). MT1-MMP also cleaved AR fibrils in vitro,
confirmed by ThT and TEM analysis (Liao and Van Nostrand, 2010).

Certain proteases present in lysosomes are also capable of degrading AB. Cathepsin B,
a lysosomal cysteine protease, was found to accumulate in neuritic plaques in AD model
mice (Mueller-Steiner et al., 2006). Cathepsin B activity was highest in supernatant taken
from primary microglial cell cultures, compared to neurons and astrocytes, suggesting
that these cells act as a source of cathepsin B as they surround A plaques (Mueller-
Steiner et al., 2006). AB4> monomeric peptide, nonfibrillar assemblies and fibrils were all
found to be cleaved by cathepsin B, resulting in the production of AB(1-40), AB(1-38) and
AB(1-33) fragments (Mueller-Steiner et al., 2006). This suggests an anti-amyloidogenic

role for cathepsin B, via the C-terminal truncation of AB
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Another lysosomal protease, tripeptidyl peptidase 1 (TPP-1) was more recently identified
as an enzyme capable of cleaving AR fibrils. In vitro digestions of AB42 fibrils were carried
out and resulting peptide fragments revealed a number of different cleavage sites (Solé-
Doménech et al., 2018). A number of these sites were within the 3-sheet domains, and
molecular dynamics simulations suggested that these cleavages lead to destabilisation

of the B-sheet fibril structure (Solé-Doménech et al., 2018).
1.4.5.3 The failure of microglia to clear AB in Alzheimer’s disease

The amyloid deposition observed in AD brains implies that microglia may be limited in
their ability to clear AB. There is evidence to suggest that this clearing capability of
microglia may be impaired as a result of ageing and disease (Brown et al., 2020). For
example, microglia from older PS1-APP AD model mice have a 2-6-fold reduction in
expression of AB-binding receptors SR-A and CD36 compared to WT control mice, in
addition to significant reductions in the expression of AB-degrading enzymes IDE, NEP
and MMP-9 (Hickman et al., 2008). These older PS1-APP mice were found to have
increased expression of inflammatory cytokines TNF-a and IL-1B, indicating that in
parallel to impaired clearance pathways, there is also a damaging inflammatory

response to AB (Hickman et al., 2008).

A later study also found that the phagocytic activity of microglia in AD mice was
significantly impaired compared to WT controls, and this impairment correlated with
increased APB deposition (Krabbe et al., 2013). Reducing AB load by vaccination was
shown to restore the phagocytic capacity of microglia, suggesting that the microglial
dysfunction is a result of this AR pathology present in AD (Krabbe et al., 2013).
Importantly, when production and clearance rates of AB4o and ABs. were tracked in AD
patients using metabolic labelling, it was found that clearance rates for both peptides
were reduced in AD compared to controls, but no differences in production rates were
identified (Mawuenyega et al., 2010). This suggests that AD could be a result of the

failure of microglia to clear AB.

Recent developments in microglial research has revealed that microglia undergo a
number of morphological, transcriptional and functional changes in disease
(Deczkowska et al., 2018). For example, myeloid cells show changes in their morphology
and function in response to the AB-rich environment of an AD brain (Drost et al., 2020).
Furthermore, a number of different subset populations of microglia with distinct
transcriptional profiles and phenotypes have been identified in aging and AD brains
(Keren-Shaul et al., 2017; Krasemann et al., 2017; Marschallinger et al., 2020). These
include ‘damage associated microglia’ (DAM) which are proposed to play a protective

role in disease, and microglia characterised by a loss of homeostatic function which are
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associated with neurodegeneration (Krasemann et al., 2017). APOE signalling induced
by TREM2 was found to be responsible for the conversion of microglia to this impaired
neurodegenerative phenotype, further implicating these pathways and microglial
dysfunction in AD (Krasemann et al., 2017). An additional unique population of microglia
with a distinct transcriptional signature was recently identified in the aging brain, termed
‘lipid-droplet-accumulating microglia’ (LDAM) (Marschallinger et al., 2020). These cells
are characterised by an accumulation of lipid droplets and show defects in phagocytosis
alongside increased levels of pro-inflammatory cytokine release (Marschallinger et al.,
2020). LDAM were found to account for up to 50% of microglia in the hippocampus of
aged mice, but the presence of LSAM in AD models or brains has yet to be confirmed
(Marschallinger et al., 2020).

Another distinct population of microglia termed ‘activated response microglia’ (ARMs)
have been shown to occur naturally in aging mice and human brains, but the presence
of AB plaques accelerates the conversion of microglia to this state (Frigerio et al., 2019).
A number of AD risk genes have also been found to be upregulated in ARMs, including
ApoE (Frigerio et al., 2019). Given the association of the ApoE4 allele with AD, future
studies should investigate the effect of this allele on the occurrence of the ARM
phenotype (Lambert et al., 2013). Manipulating microglia to encourage the conversion
from dysfunctional and damaging phenotypes to a protective phenotype such as DAM is
a potential therapeutic strategy that could be utilised to restore microglial function and

enhance the clearance of Ap.
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1.5 Project aims

Despite the evidence for AP fibril polymorphism both in vitro and ex vivo, the functional
consequences of AP fibril polymorphism are not well understood. This is crucial
information as differences in the functional properties of A fibrils in the brain could link
to differences in the presentation of disease. This project aims to address this missing

link by investigating the biological consequences of different AR fibril structures.

The functional properties of AB fibril structures will be explored from an immune
perspective. This is because interactions between AP fibrils and immune cells such as
microglia could be playing a key role in AD. The effects of A fibrils on these immune
cells determine the balance between the activation of the cells and the production of pro-
inflammatory mediators resulting in a neurotoxic environment, but also the uptake and

clearance of the fibrils.

The work in this thesis is based on the hypothesis that differences in the molecular
structure of A fibrils, i.e. fibril polymorphism, could determine the extent to which the
fibrils activate an inflammatory response in immune cells and also the extent to which

the fibrils are taken up by immune cells and degraded.

In the first results chapter of this thesis, the production and characterisation of distinct
populations of AR fibrils in vitro is described. For this, Ap peptides are purified, and
previously defined conditions shown to result in fibrils with distinct and characterised
structures are reproduced. The fibril preparations are then characterised using a number

of biophysical methods.

The second results chapter of this thesis then studies the toxicity of the AR fibril
preparations produced towards microglial, macrophage-like and monocytic cell lines. In
addition, the immune cell activation in response to the different Ap fibrils is investigated,

and the pathway of this inflammatory activation explored.

Finally, the last results chapter of this thesis explores differences in the cell association,
uptake and degradation of the different AR fibril preparations by a microglial cell line, in
order to determine whether differences in A fibril structure can affect their clearance by

microglia.
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Figure 1.12. Summary schematic of project aims

The first results chapter of this thesis (Chapter 3) aims to produce distinct preparations of AR
fibrils and characterise these. The second results chapter (Chapter 4) then aims to assess the
effect of these A fibril preparations on cell viability. Also in this chapter, the ability of the AR fibril
preparations to activate an immune response resulting in the release of inflammatory cytokines
will be investigated. Finally, the third results chapter (Chapter 5) aims to compare the level of
association of the different A fibril preparations, and their subsequent uptake and degradation
by microglial cells.
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2 Materials and Methods

2.1 Materials

2.1.1 Reagents

All reagents were purchased from Merck (Sigma-Aldrich, Germany) unless stated

otherwise.

2.1.2 Buffers

Buffer A
Buffer B

SDS-PAGE loading buffer

Anode buffer

Cathode buffer

NHS-ester labelling
reaction buffer

Ao fibrillation buffer
ABso E22A fibrillation buffer
pH 2 AB4: fibrillation buffer

pH 8 AB4: fibrillation buffer

Cellular fractionation
homogenisation buffer (1X)

N-acetylglucosaminidase
(NAGA) substrate buffer

NAGA stop buffer

Alkaline phosphatase
assay buffer

10 mM Tris, 1 mM EDTA (pH 8.5)
10 mM Tris, 1 mM EDTA, pH 8.0

50 mM Tris.HCI pH 6.8, 100 mM DTT, 2% (w/v) SDS,
0.1% (w/v) bromophenol blue, 10% (v/v) glycerol

200 mM Tris HCI (pH 8.9)

100 mM Tris HCI, 100 mM Tricine, 0.1% w/v SDS, (pH
8.25)

25 mM sodium phosphate (pH 8.3)

25 mM sodium phosphate, 0.01% NaNs; (pH 7.5)
10 mM NaH;PO4-NaOH (pH 7.4), 100 mM NaCl
30% (v/v) acetonitrile, 0.1% (v/v) TFA in water (pH 2)

20 mM sodium phosphate, 0.2 mM EDTA, 0.02%
NaNs, (pH 8.0)

10 mM Triethanolamine, 10 mM acetic acid, 1 mM
EDTA- Na, 6.66 % (v/v) sucrose, (pH 7.4)

100 mM citric acid, 0.2 % (v/v) Triton X-100, (pH 4.5)

200 mM glycine, (pH 10.3)

5 mM magnesium acetate, 70 mM KCI, 5 mM glycine
and 0.2 % (w/v) Triton X-100, (pH 9.0)
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2.2 Recombinant DNA methods
2.2.1 Site-directed mutagenesis

Site-directed mutagenesis was used to introduce an E22 deletion into the Met(AB4o)
pETSac plasmid, provided by Professor Sara Linse (Lund University, Sweden) using Q5
mutagenesis (New England Biolabs, UK). Primers were designed using the NEB online

tool (http://nebasechanger.neb.com) and purchased from Eurofins Genomics. The

primers used for Q5 mutagenesis are shown in Table 2.1.

Met(AB4o) pETSac E22A | Sequence Annealing temperature
Forward primer GACGTGGGTTCTAACAAG | 60°C
Reverse primer AGCGAAGAACACCAGCTT | 64°C

Table 2.1. Primers used for site-directed mutagenesis

A PCR reaction was performed with the components outlined below, using the cycling

conditions in Table 2.2.

Q5 Hot Start High-Fidelity 2X Master Mix  12.5 pL

Forward primer 0.5 uM
Reverse primer 0.5 uM
Met(AB40) pETSac vector 16.5 ng
Nuclease-free water To 25 uL
Step Temperature (°C) Time (s)
Initial denaturation 98 30
Denaturation, annealing 98 10
and elongation (25 cycles)
64 30
72 150
Final extension 72 120

Table 2.2. Cycling conditions used in PCR for site-directed mutagenesis

The PCR product was subsequently treated with kinase, ligase and Dpn | (KLD) enzymes
to simultaneously phosphorylate and ligate amplified DNA, whilst degrading template
DNA. The components of the reaction are outlined below and were mixed well by

pipetting before incubation for 10 min at room temperature.
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2X KLD Reaction buffer 5uL

10X KLD Enzyme Mix 1L
PCR product 1L
Nuclease-free water 3L

2.2.2 Transformation

For Q5 mutagenesis, 50 pyL of DH5a competent E. coli were transformed with 5 pL of
KLD reaction mixture and incubated on ice for 30 min. Cells were heat shocked at 42°C
for 45 s before incubation on ice for a further 5 min. Cells were then added to 950 ul
Super Optimal broth with Catabolite (SOC) media and incubated at 37 °C for 1 h with
shaking at 200 rpm. The transformation reaction was centrifuged at 3000 xg for 5 min,
the pellet resuspended in 200 L SOC and 40 pL of this was spread onto LB agar plates

containing carbenicillin (100 pg/mL).

For protein expression, BL21(DE3) competent cells were transformed with 1 pyL (100 ng)
pETSACc vector containing Met(ABao), Met(AB4o E22A) or Met(AB42) sequences, provided
by Professor Sara Linse (Lund University, Sweden), and incubated on ice for 30 min.
Cells were then heat shocked at 42°C for 45 s before incubation on ice for a further 10
min. Cells were added to 500 pL LB media and incubated at 37 °C for 30 min with shaking
at 200 rpm. 200 pL of culture was then plated onto LB agar plates containing carbenicillin
(100 pg/mL).

2.2.3 Purification and sequencing of plasmid DNA

Single colonies were picked from transformation plates and used to inoculate 10 mL
cultures of LB containing carbenicillin (100 ug/mL). Cultures were then incubated
overnight at 37 °C with shaking at 200 rpm. Overnight cultures were pelleted at 4,000 g
for 5 min and plasmid DNA was extracted using Wizard Plus SV Minipreps DNA
Purification System (Promega, UK), according to manufacturer’s instructions. DNA was
eluted in 50 pL nuclease-free water and the concentration was measured using a
NanoDrop 2000 spectrophotometer. Plasmid DNA was diluted to 100 ng/uL and
sequenced by GENEWIZ using T7 primers.

2.3 Peptide expression, purification and labelling

ABao, ABso E22A and AB42 peptides with an additional methionine at the N-terminus were

expressed and purified recombinantly using the following methods.
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2.3.1 Expression of AB4o, ABso E22A and AB4zin E. coli

100 mL cultures of LB containing carbenicillin (100 pg/mL) were inoculated with a single
colony of transformed BL21(DE3) cells (Section 2.2.2) and incubated overnight at 37 °C
with shaking at 200 rpm. Glycerol stocks were generated by adding 500 L of this culture
to 500 L sterile 50% glycerol. Glycerol stocks were snap-frozen and stored at -80 °C. 5
mL of starter culture was used to inoculate 11 x 0.5 L flasks of LB containing carbenicillin
(100 pg/mL). 0.5 L cultures were incubated at 37 °C with shaking at 200 rpm until an
ODeoo of 0.5 was reached (approximately 2 h). Protein expression was then induced by
the addition of 500 uL 1M isopropyl-B-D-thiogalacto-pyranoside (IPTG). Cultures were
incubated at 37 °C with shaking at 200 rpm for a further 4-5 h, until an ODsqo plateau was
reached. Cells were harvested by centrifugation at 7000 xg for 17 min at 4 °C (Avanti J-
26 XP — JLA 8.1 Rotor, Beckman Coulter, CA, USA). Pellets were combined and stored

at -20 °C until purification.
2.3.2 lIsolation of inclusion bodies
2.3.2.1 Inclusion body isolation of AB4 and AB4o E22A

Inclusion bodies were isolated by the method described in (Walsh et al., 2009). Cell
pellets were thawed on ice and 25 mL Buffer A (Section 2.1.2) was added containing 1
mM phenylmethylsulfonyl fluoride (PMSF), and 15 pg/mL deoxyribonuclease from
bovine pancreas. The pellet was homogenised by magnetic stirring for 1 h at 4 °C, before
being passed through a 1 %" blunt syringe needle. The homogenate was subsequently
sonicated at 22% amplitude for 30 sec (Sonics VCX 130 PB with 630-0435 probe) before
centrifugation at 26,500 xg for 15 min at 4 °C (Avanti J-26 XP — JA 25.50, Beckman
Coulter, CA, USA). Pellets were resuspended in Buffer A and the homogenisation,
sonication and centrifugation steps repeated. Samples of the supernatants were taken.
The pellet was then resuspended in Buffer A containing 8M urea to isolate inclusion
bodies. This homogenate was stirred, sonicated and centrifuged as previously, but the

supernatant was retained and the pellet discarded.
2.3.2.2 Inclusion body isolation of AB42

Inclusion bodies were isolated as described in Yoo et al., 2018. Cell pellets were thawed
on ice and resuspended in Buffer B (Section 2.1.2). This suspension was homogenised
by sonication on ice for 2 min at 40% amplitude (50% duty cycle), then centrifuged at 4
°C for 25 min at 26,500 x g (Avanti J-26 XP — JA 25.50, Beckman Coulter, CA, USA).
This cycle of sonication and centrifugation was repeated twice more before the final pellet

was resuspended in 7mM NaOH (20 mL/g pellet). The solution was then sonicated as
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described above, until it appears clear. The solution could then be filtered through a 0.22
pum Durapore non-sterile hydrophilic polyvinylidene fluoride (PVDF) filter (Merck, UK),

although this step is not essential.
2.3.3 Anion-exchange chromatography

Purification of AB4o and AR E22A was performed as described in (Walsh et al., 2009).
This first step of this was two rounds of batch mode anion-exchange (IEX)
chromatography, using Q-sepharose Fast Flow resin (GE healthcare, UK). 50 mL of this
resin was equilibrated with Buffer A before supernatant obtained in Section 1.3.2.1 was
added to the resin and allowed to bind for 30 min at 4 °C with rocking. This mixture was
then added to a Buchner funnel with Whatman 70 mm filter paper and a Whatman 250
mL glass open top funnel. Fractions were filtered and collected, the first fraction being
flowthrough, followed by a wash step with 50 mL Buffer A then a wash step with 25 mM
NaCl in Buffer A. The peptide was eluted from the resin in 5 fractions using 125 mM NaCl
in Buffer A. A final elution step used an increased NaCl concentration of 250 mM in Buffer
A, before remaining peptide was removed from resin using 1M NaCl in Buffer A and
finally 1M NaCl and 8M urea in Buffer A. These purification steps were repeated with the
flowthrough and first wash fractions to optimise yield. Samples from each fraction were
taken and analysed using SDS-PAGE.

2.3.4 Dialysis and lyophilisation

Elution fractions were dialysed in SnakeSkin Dialysis tubing (3500 MWCO) against 50
mM ammonium bicarbonate for 2 days, with 5 buffer changes during this period. The
sample was then aliquoted into 25 mL fractions and snap-frozen. Samples were then
lyophilised for 3 days (Heto PowerDry PL3000).

2.3.5 Size-exclusion chromatography

Size-exclusion chromatography (SEC) was used as a second purification step of AB4o
and AB4o E22A, following IEX purification, dialysis and lyophilisation. SEC was performed
at 4 °C using a Superdex 75 16/60 column (GE healthcare, UK) connected to an AKTA
prime plus chromatography system. The column was first washed with 1 column volume
H20, NaOH and 50 mM ammonium bicarbonate. Lyophilised peptide was solubilised in
50 mM Tris, pH 8.5, 7M guanidine HCL and centrifuged for 10 min at 16,873 xg (5418
R, Eppendorf) at 4 °C to pellet any insoluble material. Supernatant was pulled through a
needle before injection into the AKTA system using a 5 mL loop. The AKTA system was
run at 2 mL/min for 180 min, collecting 4 mL fractions. Fractions corresponding to ABa4o

or ABs E22A monomer were collected and aliquots taken for analysis by mass

52



spectrometry and concentration determination. The remaining samples were snap-

frozen and lyophilised as previously described for 3 days.
2.3.6 High performance liquid chromatography (HPLC)

HPLC was performed with the help of Dr Martin Walko in the School of Chemistry at the
University of Leeds, using a Kinetex EVO C18 (250x21.2) column (Phenomenex, UK).
A 10%-30% acetonitrile gradient was used in water containing 0.1% ammonia to
maintain basic conditions. 5 mL of sample was injected per purification run and a flow
rate of 10 mL /min was used, for 30 min. ABa42 elutes between 20 to 25 min. Mass directed
chromatography software Masshunter by ChemStation and Agilent 6120 Quadropole
Liquid chromatography-mass spectrometry (Agilent Technologies, CA, USA), which
separates the eluents at a defined m/z, were used to collect the fractions corresponding

to AB42. Collected fractions were freeze-dried and stored at -20 °C until use.
2.3.7 Fluorescent labelling of peptide

ABao, ABao E22A and AB42 monomers were labelled with ATTO 594 dye in the following
manner. 1 mg of lyophilised monomeric peptide was solubilised in 2 mL 25 mM sodium
phosphate buffer (pH 8.3), resulting in a final monomer concentration of 100 uM for ABao
and A4 E22A, and 10 uM for ABs2 to prevent aggregation. ATTO 594 NHS ester was
resuspended in dimethyl sulfoxide (DMSO) and added to the rehydrated monomer in a
4X molar excess. The reaction was incubated overnight at 4°C with gentle rocking on a
rocking table. The reaction was then quenched with a 10X molar excess of Tris over the
ATTO 594 dye. The labelled monomer was purified by SEC using a Superdex 75
analytical column 10/300 (GE healthcare, UK). The resulting protein was eluted in 50

mM ammonium bicarbonate and lyophilised before storage at -20°C.
2.4 Protein analysis
2.4.1 Determination of protein concentration

Protein concentration was determined by solubilisation of an aliquot of lyophilised
sample in 50 mM Tris, pH 8.5, 7M guanidine HCL and measurement of Azso, and Asso
using a quartz cuvette and UV-1800 UV spectrophotometer (Shimadzu, UK). Aszs was
subtracted from Azgo to calculate corrected absorbance. This was divided by the

extinction coefficient for AR (€: 1490 M cm™) to obtain molar concentration.
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2.4.2 Mass spectrometry

To confirm that the correct peptides were purified, and to assess purity of ABs and ABa4o
E22A peptide electrospray ionisation mass spectrometry (ES-MS) was performed in the
mass spectrometry facility within the Faculty of Biological Science at the University of
Leeds. Purity of APs> peptide was determined by liquid-chromatography mass

spectrometry (LC-MS) in the School of Chemistry at the University of Leeds.

2.4.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE)

Tris-tricine buffered SDS-PAGE gels were used to separate proteins according to their
molecular weight. Two glass plates were assembled separated by a 1.5 mm spacer
(ATTO, Japan) and resolving and stacking solutions were prepared as described in
Table 2.3. The resolving gel was poured leaving a 2 cm gap at the top of the glass plates
and the stacking gel was then immediately poured on top of the resolving gel. A 12-well

comb was inserted, and the gels were left to set for 1 h.

Solution component 53;‘::2?215@ szSSZ%ng)eI
30% (w/v) acrylamide: 0.8% (w/Vv) bis-acrylamide | 7.5 0.83

H.0 0.44 3.72

3M Tris-HCI, 0.3% (w/v) SDS pH 8.45 5 1.55

50% glycerol 2 0

10% ammonium persulfate (APS) 0.05 0.1
Tetramethylethylenediamine (TEMED) 0.01 0.005

Table 2.3. Components of tris-tricine buffered SDS-PAGE gels

Gel cassettes were inserted into the gel tank according to manufacturer’s instructions
(ATTO, Japan) and cathode and anode buffers (Section 2.1.2) were added to the inner
and outer chambers respectively. Protein samples were diluted 1:2 in 2X SDS-PAGE
loading buffer (Section 2.1.2), boiled for 5 min and 20 uL of sample added to wells. 5 yL
of Precision Plus Protein Dual Xtra Standard (Bio-Rad, CA, USA) molecular weight
marker was loaded into one lane for use in molecular weight estimation. Gels were run
at a current of 30 mA until the samples entered the resolving gel, then the current was
increased to 60 mA. The electrophoresis was stopped when the dye front reached the
bottom of the gel, the gels removed from the casts and stained with Instant Blue

Coomassie. Gels were imaged using a Syngene InGenius gel documentation system
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(Syngene, UK). The absorbance of gels at 594 nm was measured using a G:Box gel doc

system (Syngene, UK).
2.5 AB fibril formation
2.5.1 Formation of de novo ARy fibrils

Lyophilised AB4o monomer was resuspended in 25 mM sodium phosphate, 0.01% NaNs3
(pH 7.5) to a final concentration of 0.9 mg/mL. This was aliquoted into a Costar 3881 half
volume 96-well plate, with 100 uL in each well. This plate was incubated at 37°C with
orbital shaking in a Clariostar microplate reader (BMG Labtech) for 48 h. Fibril synthesis

was monitored using 10 uM final concentration ThT.
2.5.2 Seeded growth of 2A and 3Q Ao fibrils

2A and 3Q ApPao fibrils were produced using seeding reactions as described previously
(Paravastu et al., 2008; Madine et al., 2012; Stewart et al., 2016), using original 2A and
3Q fibrils seeds kindly provided by Dr R. Tycko (NIH, Bethesda, USA). Lyophilised
monomeric AR and 5% (v/v) fibril seed of the desired morphology was resuspended in
25 mM sodium phosphate buffer (pH 7.5) to a final concentration of 0.9 mg/mL. This
solution was sonicated 5 seconds on, 45 seconds off for 3 cycles at 22% amplitude
(Sonics VCX 130 PB with 630-0422 probe). The sample was then incubated quiescently
overnight at room temperature. After 18 h, the sample was sonicated again for 5 seconds
at amplitude 22%. 2A and 3Q fibrils were stored at 4 °C until use.

2.5.3 Production of 2A and 3Q A4 fibril seeds

To maintain stocks of 2A and 3Q fibril seeds, fibril samples were sonicated 5 seconds
on, 45 seconds off for three cycles one week after fibril synthesis. Fibril seeds were

stored at -20 °C until use.
2.5.4 Formation of AB4o E22A fibrils

AB4o E22A fibrils were produced using conditions previously described in Schitz et al.,
2015. Lyophilised AB4o E22A monomer was resuspended in a reaction buffer of 10 mM
NaH.PO4s-NaOH pH 7.4, 100 mM NaCl to a final concentration of 60 yM. This was
transferred to a 2 mL sterile glass vial and a sterile magnetic stirrer bar added. The vial
was sealed and placed on a heater/stirrer in a mineral oil bath to maintain a constant

temperature. The protein was stirred at 700 rpm, 37°C for 24 h.
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2.5.5 Formation of AB4: fibrils

For the pH 2 AB4 fibril preparation, fibrillation conditions described in Gremer et al., 2017
were reproduced. AR42 monomer was solubilised in 30% (v/v) acetonitrile, 0.1% (v/v) TFA
in water (pH 2) to a final concentration of 120.5 yM. This solution was left at room

temperature to incubate quiescently for 48 h.

For the pH 8 ABa4 fibril preparation, fibrillation conditions described in Colvin et al., 2016
were reproduced. ABs2 monomer was solubilised in 20 mM sodium phosphate, 0.2 mM
EDTA, 0.02% NaNs, pH 8.0 to a final concentration of 50 pM. This solution was left at

room temperature to incubate quiescently for 48 h.
2.5.6 Production of fluorescently labelled AR fibrils

To produce fibrils that are fluorescently labelled with ATTO 594, 1% of labelled ABa4o
monomer was added into fibril reactions described above. Fibrils were then pelleted by
centrifugation (as in Section 2.6.2). This was to identify the location of the labelled
monomer, which appears as a clear blue colour. A blue pellet indicates that the labelled

monomer has been incorporated into fibrillar material.
2.5.7 Sterile precautions taken in fibril preparation

To minimise the risk of microbial contamination all fibril preparations were carried out
around a flame or in a laminar flow hood to ensure sterile conditions. All buffers were
filter sterilised with a 0.22 pym syringe filter immediately before fibril preparation. The
sonicator probe was autoclaved before use when making seeded fibrils. To check for
microbial contamination, the LAL endotoxin test was performed on A fibril samples
(Section 2.6.5). Results of this test found endotoxin levels of fibril samples to consistently
be below 1 EU/mL, with no significant differences between fibril samples. To further
check for microbial contamination, samples of A fibrils were added to agar plates and
incubated at 37 °C for 72 h. Microbial growth was then monitored and results from this
showed no significant differences in microbial growth between fibril preparations and
buffer-alone, or between fibril samples. These precautions and evidence underlie a
confident conclusion that the AR samples used in the experiments of this thesis lack

microbial contamination.
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2.6 AB fibril characterisation
2.6.1 Thioflavin T (ThT) aggregation assay

Fibril growth kinetics were monitored using ThT fluorescence. ThT was added to a final
concentration of 10 yM to wells of a half volume 96-well plate (Costar 3881) containing
100 yL samples of fibril reactions described above (Section 2.5). Fluorescence was
measured in a Clariostar microplate reader (BMG Labtech, Germany) set to bottom
optics with excitation and emission filters of 440 nm and 475 nm respectively. The plate
reader was set to 37 °C with orbital shaking at 600 rpm for monitoring AB4o de novo fibril
growth, whereas seeded reactions and A fibrils were monitored quiescently at room

temperature.
2.6.2 Fibril yield assay

To identify how much of the AB monomer has been incorporated into an insoluble fibril
form, fibril yield assays were performed. 100 uL of fibril sample was taken and 10 pL of
this removed as the ‘whole’ fraction. The remaining 90 uL was then centrifuged at 16,873
xg (5418 R, Eppendorf) for 40 min. The supernatant was removed, being careful not to
disturb the pellet, and 10 uL of this was set aside as the supernatant fraction. The pellet
was then resuspended in 90 pL of 25 mM sodium phosphate (pH 7.5) buffer and 10 pyL
of this taken as the pellet fraction. These fractions were run on an SDS-PAGE gel, as

outlined in Section 2.4.3.
2.6.3 Transmission electron microscopy (TEM)

AB fibrils were imaged by TEM using negative stain. Carbon-coated copper grids were
prepared by Martin Fuller in the Astbury Biostructure Laboratory. Grids were glow-
discharged before use, and 2% uranyl acetate was centrifuged for 5 min at 16,873 xg to
clear any crystals. 10 yL of fibril sample was added to each grid and incubated for 30
sec. Grids were then washed twice in distilled water before staining with 2% uranyl
acetate for 45 sec. Grids were then blotted and allowed to dry for at least 5 min. Images
were acquired using a JEOL 1400 microscope with a 120 keV Lab6 filament and Gatan
US1000XP 2k x 2k CCD camera, in the Astbury Biostructure Laboratory.

2.6.4 Oligothiophene fluorescence assays

Samples of fibril preparations were pelleted as described in Section 2.6.2 and
resuspended in 25 mM sodium phosphate to a final concentration of 20 uM. 100 L of
samples were added to wells of a half volume 96-well plate (Costar 3881) and

Amytracker dyes (Amytracker 480/Amytracker 520 — EbbaBiotech, Sweden) were added
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at a final concentration of 0.5 yM. Samples were left for 10 min to equilibrate before
emission spectra were recorded using a Clariostar microplate reader (BMG Labtech,
Germany). For Amytracker 480, samples were excited at 430 nm and an emission
spectrum recorded from 450-650 nm. For Amytracker 520, an excitation wavelength of

470 nm was used, and an emission spectrum was recorded from 490 — 640 nm.

2.6.5 Endotoxin measurements

Endotoxin levels of fibril samples were measured using the Pierce Limulus Amebocyte
Lysate (LAL) Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, MA, USA). All
samples were measured at a final concentration of 1 uM. This assay was carried out as
outlined in the manufacturers protocol and the absorbance read on a Clariostar
microplate reader (BMG Labtech, Germany) at 405 nm. Endotoxin-free water was used
as a blank and taken as 0 EU/mL and a series of endotoxin standards were used to plot
a standard curve from which endotoxin values of experimental samples were calculated.

3 repeats were carried out for all samples, standards and blanks.

2.7 Cell culture

Details of the cell lines and the cell media used for the culture of each in this study are
outlined in Table 2.4. All cells were maintained in T75 flasks (Corning, Germany) and
incubated at 37 °C, 5 % CO.. BV-2 and RAW 264.7 cells were cultured in Dulbecco’s
Modified Eagles media (DMEM), supplemented with 10% (v/v) foetal bovine serum (FBS
Gold — PAA), 1% (v/v) 20 units/mL penicillin, 20 mg/mL streptomycin (Pen/Strep) and
1% GlutaMAX (Gibco, Thermo Scientific, MA, USA). All three THP-1 cell lines were
cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium (Gibco, Thermo
Scientific, MA, USA), supplemented with 10% (v/v) FBS, 1% (v/v) Pen/Strep and 1%
GlutaMAX. THP-1 ASCDef cells were also cultured in 100 ug / mL Zeocin (InvivoGen,
France), and THP-1 ASC-GFP reporter cells were cultured with 200 ug / mL Hygromycin
(InvivoGen, France). For imaging, phenol red-free DMEM/RPMI was used (Gibco,
Thermo Scientific, MA, USA).

BV-2 cells were passaged by the removal of cell media and incubation with 5 mL of 1%
trypsin-EDTA (Gibco, Thermo Scientific, MA, USA) for 5 min. Trypsin activity was
quenched by the addition of 5 mL of cell media and cells were centrifuged for 5 min at
500 x g (5810R centrifuge, Eppendorf, UK). The cell pellet was resuspended in fresh cell
media and split 1:20, to a final flask volume of 10 mL. RAW 264.7 cells were passaged
by the removal of all but 5 mL of cell media, then by use of a cell scraper to remove cells
from the flask surface. The cell suspension was then split 1:5 to a final flask volume of

20 mL. THP-1 cells are a suspension cell line, therefore were passaged by the
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centrifugation of the cell media suspension and resuspension of the cell pellet in fresh

cell media. This suspension was split 1:5 to a final flask volume of 20 mL.

Cell line name Cell type Source

BV-2 Murine microglial cells Dr lan Wood — University of
Leeds. Authenticated by
IDEXX BioAnalytics.

RAW 264.7 Murine macrophage leukaemia | American Type  Culture
Collection (ATCC)

THP-1 Human monocytic leukaemia European  Collection  of
Authenticated Cell Cultures
(ECACC)

THP-1 ASCDef Human monocytic leukaemia | InvivoGen

stably expressing an ASC:GFP
fusion protein

THP-1 ASC-GFP | Human monocytic leukaemia | InvivoGen
reporter cells with ASC Knockdown

Table 2.4. Details of cell lines used in this study
2.8 Measurement of cell viability

For cell viability assays, 10,000 cells/well (BV-2/RAW 264.7 cells) or 30,000 cells/well
(THP-1 cells) were plated into clear sterile 96-well plates (CytoOne, Starlab, UK) in 200
ML cell media. BV-2 and RAW 264.7 cells were incubated for 24 h before treatment to
allow attachment, whereas THP-1 cells were treated immediately. Cells were treated
with AR fibril preparations or the same volume of fibrillation buffers as negative control
samples (100% viability). Cells were incubated with A fibril or control samples for 48 h
before the cell viability assays described below were performed. Positive control cells
were lysed with 1% Triton X-100 (LDH lysis buffer — Thermo Scientific, MA, USA) 45 min

before assays as a readout of 0 % viability.

To measure the effect of endotoxin on cell viability, endotoxin provided in the Pierce LAL
Chromogenic Endotoxin Quantitation Kit (Thermo Scientific, MA, USA) was vortexed
vigorously for 15 min before addition to cells at final concentrations of 0.1, 1, 3, 5 or 10
EU/mL. Cells were incubated for 48 h before cell viability assays described below were

performed.

2.8.1 3-(4,5-Dimethylthiazol-2yl)-2,5-diphenyltetrazolium Bromide (MTT)
Cell Viability Assay

20 pL of MTT (5 mg/mL) was added to cells following 48 h incubation with sample, and
the plate incubated for a further 1 h at 37°C, 5% CO.. Cell media was then removed and

replaced with 200 yL DMSO. The absorbance was then measured at 570 nm on a
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Clariostar microplate reader (BMG Labtech, Germany) and the background signal at 650

nm subtracted from this.
2.8.2 ATP assay

The ATPLite Luminescence ATP detection system (PerkinElmer Life Sciences, UK) was
used to measure cellular ATP levels. The assay was performed according to the
manufacturer's instructions, in a white 96-well plate (Greiner Bio-One, UK).
Luminescence was then measured on an OPTIMA plate reader (BMG Labtech,

Germany).
2.8.3 LDH release assay

The Pierce LDH Cytotoxicity Assay Kit (Thermo Scientific, MA, USA) was used to
measure LDH release from cells. This assay was performed according to the
manufacturer’s instructions, in a black Costar 96-well plate with a clear bottom.
Absorbance was then measured on a Clariostar microplate reader (BMG Labtech,
Germany) at 490 nm and the background signal absorbance at 680 nm subtracted from
this.

2.8.4 Analysis of cell viability data

Data was normalised using cells treated with fibrillation buffers (Section 2.1.2) as 100%
viability and values from lysed cells as 0% viability. GraphPad Prism Version 8 software
was used to create graphs, with error bars representing standard error of the mean. A
one-way ANOVA test and Tukey’s multiple comparison test were used to determine
statistical differences between A fibril preparations, and a one-way ANOVA test with
Sidak’s multiple comparisons test was used to compare the viability of cells after
incubation with A fibrils compared to the viability of cells incubated with the equivalent

volume of the corresponding fibril growth buffer.
2.9 Measurement of inflammatory activation
2.9.1 Enzyme-linked immunosorbent assays (ELISA)

For measurements of cytokine release, 5 x 10* cells/well THP-1 cells or 5 x10° cells/well
BV-2 cells were plated in into clear sterile 96-well plates in 200 uL cell media. BV-2 cells
were incubated for 24 h before treatment to allow attachment. For measurement of IL-
1B release via the NLRP3 inflammasome, cells were primed for 3 h with 1 pyg/ml LPS.
Plates were then centrifuged for 5 min at 500 xg (6810R centrifuge, Eppendorf, UK), cell

media removed and replaced with fresh media. AP fibril preparations or equivalent
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volumes of fibrillation buffers were added to a final concentration of 2 uM and cells were
incubated for a further 72 h at 37 °C, 5% CO.. Control cells were primed with 1 pg/ml
LPS after 68 h for 3 h then were centrifuged for 5 min at 500 xg and replaced with fresh
media. These control samples were then treated with 5 yM nigericin for 1 h incubation
at 37 °C, 5% CO2. 72 h after fibril treatment, plates were centrifuged as previously
described and supernatants were collected and stored at -80 °C until use. Other
cytokines (TNF-a and IL-6) were tested using the same protocol, but in the absence of
an LPS priming step. Human IL-1B/IL-1F2 DuoSet ELISA, Human/Mouse TNF-a Duoset
ELISAs and Human/Mouse IL-6 DuoSet ELISAs (R&D systems, UK) were performed
according to the manufacturer’s instructions, using 100 pL of cell supernatant, and read

on a PowerWave XS2 microplate reader set to 450 nm (BioTek, UK).
2.9.2 Measurement of oxidative stress

THP-1/BV-2 cells were plated in clear sterile 96-well plates, as described in Section 2.9.1
and incubated with AP fibril preparations or fibril buffers for 24-72 h. H,O, was added at
a final concentration of 200 uM as a positive control, 1 h before the assay was carried
out. CellRox Green (Thermo Fisher Scientific, MA, USA) was added at a final
concentration of 5 uM to wells and the plates were incubated for 30 min at 37 °C. The
cell media was then removed from all wells and cells were washed X3 with PBS before

measurement on a Clariostar microplate reader (BMG Labtech, Germany) at 520 nm.
2.9.3 Confocal microscopy of ASC specks

5 x 10° THP-1 ASC-GFP reporter cells were plated in individual 35 mm diameter, 10 mm
well glass-bottom dishes (FluoroDish™, Fisher Scientific, UK) in 2 mL of culture medium
per dish. Cells were primed with 1 ug/mL LPS for 3 h then the cell media was removed,
and cells were washed X1 in PBS. Cell media was then replaced with 2 mL phenol-red
free cell media. Fibril preparations were added to dishes to a final concentration of 1 uM,
or the equivalent volume of fibril buffer was added as a negative control. Cells were
incubated for 72 h at 37 °C before live-cell imaging was performed on samples. 4 h
before imaging, positive control samples were primed for 3 h with 1 pg/ml LPS then
treated with 5 uM nigericin to induce ASC speck formation. All samples were treated with
10 pg/mL Hoechst nuclear stain for a further 30 min at 37 °C. Confocal imaging was
performed on either an inverted Zeiss LSM880 or inverted Zeiss LSM700 microscope,
using 10x/0.3 Ph1 Plan-Neofluar, M27, 20x/0.5 Ph2 Plan Neofluar, M27 and 40/1.3 Qil
DIC Plan Apochromat, M27 objectives.

Laser and filter combinations were selected based on the fluorophores being used and

gain settings were adjusted using control samples to remove any background signal.
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Laser and gain settings were then kept consistent for all samples throughout the
experiment. Images were processed and scale bars added in ZenBlack software.
Analysis of speck number was carried out in Fiji software and data analysed using

GraphPad Prism 8 software.

2.9.4 Measurement of the expression of activation markers using flow

cytometry

125,000 THP-1 cells were plated in 48-well plates (Corning, Germany) and A fibril
preparations were added to a final concentration of 1 uM, 2 uM or 5 uM, or the equivalent
volume of fibril buffer was added as a negative control. Interferon-y (IFN-y) (20 ng/mL)
was added to cells as a positive control to induce expression of CD80 and MHC class Il.
Cells were incubated for 72 h at 37 °C, 5% CO. before staining.

Cells were transferred to individual Eppendorf tubes and centrifuged for 5 min at 400 xg
at 4 °C in a microcentrifuge (5418 R centrifuge, Eppendorf, UK). The supernatant was
removed carefully by pipetting, and the cell pellet resuspended in 1 mL PBS 0.1 % bovine
serum albumin (BSA) with mixing my pipetting. Centrifugation and wash steps were
repeated X3 before cells were resuspended in 100 pyL primary antibody diluted 1:100 in
PBS 0.1 % BSA (CD80 Monoclonal Antibody MEM233 — Invitrogen / L243- anti-human
HLA-DR Monoclonal Antibody — Invitrogen, Thermo Fisher, MA, USA). Cells were
incubated for 1 h on ice then 3X centrifugation and wash steps were performed as
described previously. Cells were then resuspended in 10 pyL Goat anti-Mouse 1gG
Secondary antibody, Alexa Fluor 488 (Thermo Fisher, MA, USA). Samples were
incubated for 1 h on ice, then 3X centrifugation and wash steps were repeated as

previously before a final resuspension in 100 uL PBS 0.1 % BSA.

Cell-associated fluorescence was analysed by a CytoFLEX S flow cytometer using a 488
nm laser and 525/40 band pass filter. CytExpert software was used to record and analyse
flow cytometry data. Control cells were used to gate the cell population to exclude debris.
10,000 gated events were recorded per sample, 3 flow cytometry experiments were

performed in triplicate.
2.10 Assessing fibril uptake and degradation by cells

2.10.1 Live-cell imaging of A fibril uptake and degradation by microglial

cells

3 x 10° BV-2 cells were plated in individual 35 mm diameter, 10 mm well glass-bottom

dishes (FluoroDish™, Fisher Scientific, UK) in 2 mL of culture medium per dish. Cells
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were incubated for 24 h at 37 °C before the addition of fibrils samples. 1% ATTO-594-
AB fibrils were added to dishes to a final concentration of 1 uM, for 4 h. Control cells
were incubated with non-labelled A fibrils for the same period. Cells were then washed
x 2 with PBS to remove non-cell associated ATTO-594-Ap fibrils. Cells were either
imaged immediately or incubated for a further 24 or 72 h in fresh culture medium at 37
°C, 5% CO:.. Prior to imaging, cell media was replaced with 2 mL phenol-free media and
incubated with a 1 yM final concentration of LysoTracker Green DND-26 (Thermo Fisher,
MA, USA) and 10 pg/mL Hoechst nuclear stain for a further 30 min at 37 °C. Confocal
imaging was performed on either an inverted Zeiss LSM880 or inverted Zeiss LSM700
microscope, using a 40/1.3 Oil DIC Plan Apochromat, M27 objective.

Laser and filter combinations were selected based on the fluorophores being used and
gain settings were adjusted using control samples to remove any background signal.
Laser and gain settings were then kept consistent for all samples throughout the

experiment. Images were processed and scale bars added in ZenBlack software.

2.10.2 Flow cytometry of AB fibril uptake and degradation by microglial

cells

BV-2 cells were plated in 24-well plates (Corning, Germany) and incubated for 24 h at
37 °C, 5% CO- before the addition of fibrils samples. 1% ATTO-594-A fibrils were added
to dishes to a final concentration of 1 uM, for 4 h. Control cells were incubated with non-
labelled AB fibrils for the same period. Cells were then washed X2 with PBS to remove
non-cell associated ATTO-594-AB fibrils. Cells were either analysed by flow cytometry
immediately, or after 24 h or 48 h further incubation at 37 °C, 5% CO.. Cells were
dissociated using Cell Dissociation Buffer (Gibco, Thermo Scientific, MA, USA).

Cell-associated fluorescence was analysed by a CytoFLEX S flow cytometer (Beckman
Coulter, MA, USA) using a 561 nm laser with a 610-20 band pass filter. CytExpert
software was used to record and analyse flow cytometry data. Control cells were used
to gate the cell population to exclude debris and place a gate, above which cells were
considered to be associated with ATTO-594 A fibrils. 10,000 gated events were

recorded per sample, 3 flow cytometry experiments were performed in triplicate.
2.11 Degradation of fibrils by lysosomal fractions
2.11.1 Subcellular fractionation and lysosome isolation

Lysosomes were isolated from BV-2 cells by subcellular fractionation on Percoll

gradients as previously described but in the absence of carrier cells (Davidson et al.,
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1990). ~1.0 x 10® BV-2 cells were homogenised in 1X homogenisation buffer (Section
2.1.2) by 10 passes through a stainless-steel ball bearing homogeniser with 10 ym
clearance. A sample of homogenate was taken for use as a positive control in enzyme
assays. The cell lysate was centrifuged for 10 min at 400 xg at 4 °C in a microcentrifuge
(5418 R centrifuge, Eppendorf, UK), and the supernatant was loaded onto 9 mL of 27%
(v/v) Percoll in homogenisation buffer. Samples were then centrifuged for 1 h at 4 °C,
36,289 xg in an Avanti J-HC centrifuge (Beckman Coulter, CA, USA) with a 70.1 Ti rotor.
20 x 0.5 mL fractions were collected and stored at 4 °C while enzyme assays were
carried out to identify lysosomal fractions. The NAGA and alkaline phosphatase enzyme

activities were measured as described in Sections 2.11.2.1 and 2.11.2.2 respectively.

Fractions with the highest NAGA activity were pooled and centrifuged for 1 h at 214,000
xg in an Optima Ultracentrifuge equipped with a TLA110 rotor (Beckman Coulter, CA,
USA). The resulting concentrated lysosomal fraction was extracted and stored at -80 °C.
Lysosomes were freeze-thawed x3 before use to disrupt the membranes and thus

release their contents.
2.11.2 Assays of marker enzymes in gradient fractions
211.21 NAGA assay

The activity of NAGA, a lysosomal marker, was determined in each subcellular fraction
(2.11.1) to identify lysosomal fractions and quantify lysosomal activity. 10 yL of each
subcellular fraction was added to 100 pL of 2 mM NAGA substrate (4-nitrophenyl N-
acetyl-B-D-glucosaminide) in NAGA substrate buffer (Section 2.1.2) in a clear, sterile 96-
well plate (CytoOne — Starlab). Crude homogenate or homogenisation buffer were used
as positive and negative control respectively. The plate was incubated at 37 °C for 30
min and the reaction stopped with 200 uL of NAGA stop buffer (Section 2.1.2). The
absorbance of the samples was read at 405 nm using a Clariostar plate reader (BMG

Labtech, Germany).
2.11.2.2 Alkaline phosphatase assay

The activity of alkaline phosphatase, a membrane marker, was measured in each
subcellular fraction (Section 2.11.1) to assess the purify of fractions. 10 yL of each
subcellular fraction was added to 100 yL 5 mM alkaline phosphatase substrate (4-
nitrophenyl phosphate) in alkaline phosphatase substrate buffer (Section 2.1.2). The
plate was incubated at 37 °C for 30 min and the absorbance of the samples read at 405

nm using a Clariostar platereader (BMG Labtech, Germany).

64



2.11.3 Degradation of A fibrils by lysosomal fractions

NAGA units were used to standardize the amount of lysosomal enzymes added to each
experiment. The NAGA activity of 0.1 pyL lysosome extract was measured in 100 pL
NAGA substrate as described above. A NAGA unit is defined as the absorbance of this
sample read at 405 nm after 30 min incubation at 37 °C. Fibril samples were pelleted by
centrifugation at 16,873 xg for 40 min (5418 R centrifuge, Eppendorf) and resuspended
in 100 mM ammonium acetate, pH 4.5, at a final concentration of 200 uM. Fibrils were
incubated in the presence of lysosome extract containing 0.083 NAGA units in a total
volume of 60 uL, at 37 °C for 0-48 h. 15 uL samples were taken at 0 h, 4 h, 24 h and 48
h and added to equal volumes of SDS-PAGE loading buffer (Section 2.1.2). Samples
were then boiled for 5 min and resolved on 15% Tris-Tricine gels (Section 2.4.3) to
analyse digestion products. Densitometry was performed using Fiji software and the
percentage reduction in the main AB peptide band was calculated in relation to 0 h

samples.
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3 Formation of distinct ApB fibril preparations

3.1 Introduction

Distinct molecular structures have been identified for A fibrils both in vitro and ex vivo,
suggesting that A fibril polymorphism occurs in the diseased brain (Petkova et al., 2005;
Paravastu et al., 2008; Lu et al., 2013; Qiang et al., 2017; Rasmussen et al., 2017;
Kollmer et al., 2019). However, the significance of this polymorphism in Alzheimer’s is
not well understood. Whilst in vitro structures differ from those extracted from patient
tissue, the conditions used to form in vitro structures, and structural models of the fibrils
resulting from these conditions, are well defined. Therefore, this work used fibrils made
in vitro, made under conditions which had previously been shown to produce populations
of fibrils with distinct structures. These distinct AR polymorph preparations were then
compared in order to determine if they exhibit functional differences and thus whether

structural polymorphism of fibrils is a key determinant of their biological properties.

Preparations of fibrils formed by the two most prominent AR peptides in Alzheimer’s
disease, AB4o and AB42, were analysed in this study. The ABao fibrils studied in this work
were seeded from 2A and 3Q fibrils, and a de novo fibril population produced in the
absence of seeding was also studied. The 2A fibrils were originally formed under agitated
conditions and resulted in fibrils with a 2-fold symmetry, whereas 3Q fibrils were
produced under quiescent conditions and resulted in fibrils with a 3-fold symmetry
(Petkova et al., 2002; Paravastu et al., 2008, 2009). The structural models for these fibril
polymorphs were produced using measurements from ssNMR and TEM (shown in
Figure 3.1). 2A and 3Q fibrils have been reproduced in-house using seeds of these fibrils
kindly provided by Dr R. Tycko (NIH Bethesda USA) and the ssNMR spectra of these
were reported to be consistent with the published 2A and 3Q structural models (Stewart
et al., 2017).

Differences between the 2A and 3Q fibril structures exist beyond symmetry, in some
quaternary contacts and the conformation of non-3 strand segments (Table 1.1). The de
novo fibril preparation is formed under agitated conditions and is thought to contain a
mixture of fibril polymorphs (Petkova et al., 2005; Stewart et al., 2017), however the '*C-
3C dipolar assisted rotational rationale ssNMR spectrum has been shown to differ for

these fibrils compared to those for 2A and 3Q populations (Madine et al., 2012).

In addition, a fibril polymorph preparation formed from AB4o with the familial Osaka AD
mutation, E22A, was also studied (Figure 3.1) (Schitz et al., 2015). The familial Osaka
mutation results in the deletion of residue 22 in the A sequence (APP E693A), and has

been associated with early-onset AD (Tomiyama et al., 2008). Fibrils formed from ABao
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with this E22A mutation have been structurally characterised using ssNMR, and the
resulting structural model is distinct from that for all other AB4o structures formed from
the full-length peptide (Figure 3.1) (Petkova et al., 2002, 2005; Paravastu et al., 2008,
2009; Ovchinnikova et al., 2011; Schutz et al., 2015). This indicates that the deletion of
this residue alters the arrangement of AR monomer within the fibril structure, resulting in
a distinct fibril population. These Osaka A4 fibrils were therefore also used to explore

the biological consequences of fibril polymorphism.

AB42 is often considered to be more relevant in Alzheimer’s disease due to its higher
hydrophobicity and rate of aggregation (Jarrett et al., 1993; Iwatsubo et al., 1994).
Therefore, two in vitro formed AR fibril preparations were produced and analysed in this
study. One was formed at pH 2, and the other formed at pH 8, with the resultant fibrils
shown to possess distinct morphologies (Figure 3.1) (Colvin et al., 2016; Gremer et al.,
2017). These fibril populations were formed under quiescent incubation of ABs+2 monomer
either in 30% v/v acetonitrile, 0.1% (v/v) TFA (pH 2) or in sodium phosphate (pH 8)
(Colvin et al., 2016; Gremer et al., 2017). The resulting structures both consist of two
subunits, but in the pH 2 AB4 fibrils these subunits are staggered and arranged in an
LS-shape with 24 screw symmetry, whereas those in the pH 8 fibrils are in an S-shaped

arrangement, with 2-fold symmetry (Colvin et al., 2016; Gremer et al., 2017).

2A AByo 3Q ABy4 E22A AB.4o
s, )

~

pH 8 AB,,

f -

Figure 3.1 ABao, AB40o E22A and ABa2 fibril polymorphs

Molecular structures of A fibril polymorphs formed under the conditions used in this study. From
left to right - 2A AB4o (PDB 2LMN/2LMO), 3Q ABso (PDB 2LMP/2LMQ), Osaka E22A ABao fibrils
(PDB 2MVX), ABaz2 fibrils formed at pH 8 (PDB 5KK3) and ABa42 fibrils formed at pH 2 (PDB 50QV).
green areas are representative of B-sheet structure and black areas are representative of loop
regions.
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3.2 Expression of AB peptides

In order to produce AP fibril polymorph preparations, the ABso, ABso E22A and ABa
peptides were expressed in E. coli and purified (Walsh et al., 2009). This involved the
transfection of BL21 (DE3) E. coli with a pET-Sac vector containing either the AR or
AB42 sequence, as described in Section 2.3.1. For the E22A peptide, site-directed
mutagenesis was used to delete the nucleotides encoding residue 22 from the ABRs DNA
sequence (Section 2.2.1), and then BL21 (DE3) were transformed with the resultant pET-
Sac E22A vector. Amino acid sequences of the three peptides expressed are shown in

Figure 3.2.

AB4o M-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVV
E22A AB4 M-DAEFRHDSGYEVHHQKLVFFADVGSNKGAIIGLMVGGVV
AB42 M-DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA

Figure 3.2. Amino acid sequences of AB40, E22A AB40 and AB4z peptides

An ATG initiation codon was included at the start of all three AB sequences, in order to
facilitate expression of the peptides. Therefore, all of the AB peptides had an exogenous
N-terminal methionine. However, it has been previously shown that this N-terminal Met
does not affect the kinetics of fibril formation of Ao or ABs2, or the morphology of the
fibrils produced (Walsh et al., 2009). In addition, recombinant Met-AB4o and Met-AR42
aggregates led to nearly identical levels of MTT reduction in hippocampal neurons as
those formed in the same way but without an N-terminal Met (Walsh et al., 2009). This
shows that the natural N-terminal aspartic acid does not govern toxicity (Walsh et al.,
2009). Furthermore, "*C chemical shifts obtained from 3Q fibrils formed from Met(AB4o)
expressed in this way were consistent with those previously obtained for 3Q fibrils,
showing that expressing AB using this system does not alter fibril structure (Stewart et

al., 2017). Met(AB4o) peptide will henceforth just be referred to as AB4o for simplicity.

After transformation a single colony was used to inoculate cultures which were then
grown on a large scale and expression was induced using IPTG (Section 2.3.1). Cultures
were allowed to grow for a further 4-5 hours after induction, and expression was
confirmed using SDS-PAGE (Figure 3.3).

68



kDa Oh 4h kDa Oh 4h kDa Oh 4h
250 —_—
250— 150—— SN
100 =N -
150— 75— — -
i 50— 50— - a
50— - 37— oy —
37— - -
2 25— 25 pa—
. 20—
20— 20— ——
15— = 15—
15—
10— 10— -
- —A 10—
55 Bo -, ARy,

]

Figure 3.3. Expression of AB peptides in E. coli

BL21 (DE3) E. coli were transformed with (A) pET-Sac vector containing Met(AB40) sequence (B)
pET-Sac vector containing Met(AB40-E22A) sequence or (C) pET-Sac vector containing Met(AB42)
sequence and cultured in LB media. Expression was induced in cultures with 0.1M IPTG and
cells were cultured for a further 4h at 37°C, shaking at 200 rpm after induction. Samples were
taken before and after induction and resolved using SDS-PAGE on a 15% Tris-Tricine gel stained
with Instant Blue Coomassie.

3.3 Purification of AB peptides

AB peptides aggregate into inclusion bodies when expressed in E. coli, therefore the first
step in each purification required the isolation of these inclusion bodies. The methods

used to purify AB4o and AB4. peptides then diverge and are summarised in Figure 3.4.
3.3.1 Purification of AB40 and AR E22A

The same methods of purification were used for both A4 and AB4o E22A and are based
on methods described by Walsh et al, (2009). In order to isolate inclusion bodies two
rounds of homogenisation, sonication and centrifugation steps were performed on
harvested E.coli cultures (Section 2.3.2.1). 8M urea was then used for inclusion body
solubilisation, followed by a final sonication and centrifugation step. Batch mode ion-
exchange (IEX) chromatography was then performed, as described in Section 2.3.3,
using a Q-Sepharose resin. A series of wash steps were performed before 125 mM NacCl
was used to elute AR peptide from the resin. Samples were taken after each step of this
process and analysed using SDS-PAGE in order to monitor the presence of AB peptide
in each fraction (Figure 3.5). This showed that less ABso E22A peptide was eluted than
wild type AB4o peptide under the same conditions, indicating that the loss of the E22
residue causes AB4o to bind more strongly to the Q-Sepharose resin and a higher
concentration of NaCl should be used for elution of E22A AB4o in future (Figure 3.5B).

This analysis confirms the successful elution of AB4 peptide, but also shows the
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presence of impurities, highlighting the requirement for further purification steps (Figure
3.5).

AB4o AB4o E22A
\ /

(~ ™)
Expression in Expression in
E. coli E. coli
l h,, 7
4 - N
Isolation of Isolation of
inclusion bodies inclusion bodies
\ o
l - v ~
Anion exchange ——
& Filtering
chromatography
l . W
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Size exclusion ngh-pl?;fﬁ(rjmance
chromatography _ chromatography |

Figure 3.4 Steps of AB peptide purification

Different purification methods were used to purify recombinantly expressed ABso and APaz
peptides from E. coli. After isolation of inclusion bodies, AB4o and ABso E22A samples were
processed by anion exchange chromatography followed by size-exclusion chromatography. ARaz
samples were instead first filtered, then purified by HPLC.
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Figure 3.5. Inclusion body solubilisation and ion-exchange chromatography of AB4o and
AB4o E22A peptides

E. coli cultures were harvested 4 h after induction of expression of (A) AB4o and (B) AB4o E22A,
and subjected to sonication and centrifugation cycles to isolate inclusion bodies. Samples of
supernatant from these steps were collected (S1/S2). Inclusion bodies were then solubilised
using 8M urea (IBD — inclusion body denaturant). The resulting solution was allowed to bind to
Q-Sepharose resin before ion exchange chromatography was performed in batch mode, with
samples taken from flowthrough (FT), wash steps (W1/W2) and elution steps (E1-E5). W1 was
performed with 10 mM Tris HCI, 1 mM EDTA, pH 8.5 (Buffer A). W2 was performed with 25 mM
NaCl in Buffer A. Elution steps E1-E5 were performed using 125 mM NaCl in Buffer A.
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Following IEX, ABso and ABso E22A samples were dialysed and lyophilised (Section
2.3.4). In order to eliminate remaining impurities, samples were then resuspended in
buffer containing 7M guanidine HCI and subjected to size exclusion chromatography
(SEC). This process was previously reported to be efficient in obtaining a homogenous
monomeric AB solution (Walsh et al., 2009). The predicted elution volume for Ao
corresponds to the prominent peak shown on the SEC trace in Figure 3.6A, at 210 mL.
Fractions corresponding to this peak were collected and samples taken from these for
SDS-PAGE analysis. Figure 3.6B shows that a single band results from these samples,
just above 5 kDa, as expected for AB4o. These samples were analysed by electrospray
ionisation mass spectrometry, which confirmed a mass of 4460 + 1 Da, consistent with
the predicted mass of Met-AB4o (4459.21 Da) (Figure 3.6C).
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Figure 3.6. SEC purification of AB4o peptide

AB4o samples following IEX were dialysed, lyophilised and resuspended in buffer containing 7M
guanidine HCI. 5 mL of sample was injected per run into an AKTA prime purification system
connected to a Superdex 75 16/60 SEC column equilibrated in 50 mM ammonium bicarbonate at
4 °C (A) Chromatogram of one 5 mL sample run through the SEC column. Monomeric AB4o elution
is evident at the prominent peak at 210 mL, marked * (B) ABso peaks (*) were collected from 4
consecutive 5 mL sample runs through the SEC column (1-4) and samples from these were
analysed on a 15% Tris-Tricine SDS-PAGE gel. A single band evident just above the 5 kDa
marker is consistent with AB4o (C) Deconvoluted mass spectrum from ESI-MS of collected sample
(*) confirms a molecular weight of 4460 Da, as expected for Met-ABs0 monomer.
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SEC was carried out on post-IEX ABso E22A samples as described for ABso (Figure 3.7).
SDS-PAGE confirmed the presence of a single species, which when analysed by mass
spectometry had a mass of 4331 +1 Da, consistent with the predicted mass of 4331.93
Da for Met(AB4o) E22A (Figure 3.7). As can be seen when comparing Figures 3.6 and
3.7, the yield of AB4o E22A peptide was lower than that for the wild type AB4o protein, with
typical yields for wild-type peptide ~2-3 mg/L, compared to ~1 mg/L for AB4o E22A.

Both AB4o and AB4o E22A peptides were lyophilised and stored at -20 °C until use.
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Figure 3.7. SEC purification of AB4 E22A peptide

APB4o E22A samples following IEX were dialysed, lyophilised and resuspended in buffer containing
7M guanidine. 5 mL of sample was injected per run into an AKTA prime purification system
connected to a Superdex 75 16/60 SEC column equilibrated in 50 mM ammonium bicarbonate at
4 °C (A) Chromatogram of one 5 mL sample run through the SEC column. Monomeric AB4o E22A
elution is evident at the prominent peak at 210 mL, marked *. (B) AB4o E22A peaks (*) were
collected from 3 consecutive 5 mL sample runs through the SEC column (1-3) and samples from
these were analysed on a 15% Tris-Tricine SDS-PAGE gel. A single band evident just above the
5 kDa marker is consistent with ABso E22A (C) Deconvoluted mass spectrum from LC-ESI-MS of
collected sample (*) confirms a molecular weight of 4331 Da, as expected for Met-AR40 E22A
monomer.
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3.3.2 Purification of AB42

A different approach was used to purify ABs. peptide, which was based on methods
described in Yoo et al, 2018. As for AB4o, this method also produces recombinant peptide
containing an exogenous N-terminal methionine — Met(AB42). This Met(AB42) will
henceforth just be referred to as ARz for simplicity. The presence of this N-terminal Met
has been shown to have no demonstratable effect on AB4. aggregation or fibril structure
(Silvers et al., 2017). This method resulted in significantly higher yields of AB42 than the
previous method used for AB4o, and requires only half of the preparation time, making it

more efficient.

Following bacterial expression of A4z, cells were lysed and inclusion bodies isolated by
a series of four repeated sonication and centrifugation steps (Section 2.3.2.2). Some
AB42 peptide was lost in this process (Figure 3.8A), leading to optimisation of the protocol
involving only 2-3 wash steps. The final inclusion body pellet was originally resuspended
in 8M urea in early purifications and filtered through a 0.22 ym PVDF filter (Merck) before
HPLC purification (Section 2.3.6). However, this step was optimised, and the protocol
adapted so that the inclusion body pellet was instead dissolved in 7mM NaOH. This
solution was sonicated and centrifuged before loading directly onto an HPLC column as
outlined in Section 2.3.2.2 (Figure 3.8B).

HPLC of the dissolved inclusion bodies (Section 2.3.6) resulted in three peaks
observable on the HPLC trace, and LC-MS indicated that the first peak (*) at ~3.5 min
corresponds to ABs2 monomer (Figure 3.8B). Running the HPLC purified AB42 peptide
again on the HPLC column resulted in a single peak, consistent with the first peak seen
in the HPLC of crude solution (Figure 3.8C). Purified peptide from this peak was analysed
by LC-MS, confirming a mass of 4644.25 Da, consistent with the predicted mass for Met-
AB42 of 4645 Da (Figure 3.8D). This shows that pure ABs. has been obtained for use in
fibril reactions. lon-adducts visible in the mass spectrum are very low abundance and
did not affect fibrillation. A yield of ~7 mg/L bacterial culture of pure AB4. was obtained
using this purification method. Purified peptide was lyophilised and stored at -20 °C until

use.
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Figure 3.8. Purification of AB42 peptide by preparative HPLC

Samples were taken from steps of ABa42 purification and resolved by SDS-PAGE on a 15% Tris-
Tricine gel (A) Met(AB42) expression was induced in E. coli and cells harvested after 20 h
(Induction). Four cycles of sonication and centrifugation were then carried out in order to isolate
inclusion bodies (S1-S4). Inclusion bodies were solubilised using 8M urea and the solution filtered
through a PVDF membrane (Filter). This crude solution was loaded onto a Kinetex EVO
C18 column and HPLC performed using a 10-30% acetonitrile gradient in water with 0.1%
ammonia (HPLC). The first eluting peak (*) on the LC trace (210 nm mAu) of the filtered solution
was shown to correspond to ABs2 monomer (B). HPLC of purified AB42 shows a single peak
consistent with * (C). Deconvoluted mass spectrum of purified AB42 confirms the observed mass
is consistent with the predicted mass of 4645 Da for the Met- AB42 monomer (D). Metal ion adducts
were observed in a low abundance after purification (4672.5 and 4698.3 Da). HPLC was
performed with the help of Dr Martin Walko (School of Chemistry - University of Leeds).

3.4 Fibril formation and characterisation

Following the production of pure recombinant AB4o, AB4 E22A and ABs> monomers,
these peptides were used in fibril reactions to form AP fibril preparations for use in
experiments to study cellular responses. Conditions were used which were described
previously to result in fibrils with structures that are distinctive (Paravastu et al., 2008,
2009; Schutz et al., 2015; Colvin et al., 2016; Gremer et al., 2017).

3.4.1 Formation of A4 fibrils

Three fibril populations were formed from the AB4o peptide: de novo, 2A and 3Q fibrils.

De novo fibrils were formed by the simple shaking of ABs monomer in solution at 37°C
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as desribed in Section 2.5.1 (Stewart et al., 2017), whereas 2A and 3Q fibrils were
produced in seeding reactions with seed provided by Dr R.Tycko (NIH, Bethesda, USA).
Seeding reactions consisted of 5% (v/v) seed of the desired fibril structure (2A or 3Q),
added to purified ABs monomer. This removes the nucleation phase of fibril growth and
results in the propagation of fibrils with the same intrinsic molecular structure as the seed
(Petkova et al., 2005; Paravastu et al., 2008, 2009; Qiang et al., 2013; Tycko, 2014). A
member of the Radford lab has previously demonstrated that 3Q fibrils produced using
this seeding method were consistent with the structure of 3Q fibrils originally described
when analysed by ssNMR (Stewart et al., 2017).

The kinetics of fibril growth was monitored for all fibril preparations with ThT, a widely
used amyloid-specifc dye (Biancalana and Koide, 2010). ThT binds to the beta-sheet
structure of amyloid fibrils, sterically locking the dye by immobilising rotation of the
molecule about the carbon-carbon bond between benzylamine and benzathiole rings
(Figure 3.9A) (Biancalana and Koide, 2010). This increases the lifetime of the excited
state, resulting in increased fluorescence. Monitoring with ThT confirms that monomeric
AB has aggregated into amyloid species with a cross-§ structure and was also used to

check consistency and reproducibility of fibril growth kinetics between fibril batches.

ThT monitoring of de novo fibril assembly reactions shows that fibrillation of ABao
monomer has a lag time of ~5 hours at the 200uM concentration used in these
experiments (Figure 3.9B). When the experimental data are fitted to a sigmoidal function
and lag time (tiag) defined as the point in time where the signal relative to the pre-transition
base line reaches 10% amplitude, tiag is calculated to be 4.58 h. A nhumber of factors
including protein concentration, salt, pH, temperature and shaking can all affect the
length of the lag phase, making it difficult to compare between studies, however this lag

time is within the expected range for AB4o (Walsh et al., 2009; Bunce et al., 2019).

Ao fibril seeds were produced by diluting fibrils of the 2A or 3Q morphology (originally
gifted from Dr R. Tycko) to 5% (v/v) in AB4o fibrillation buffer and sonicating for 5 s “on,”
45 s “off” for 3 cycles at amplitude 20%. This results in shortened fibrils, which are then
used to form full-length fibrils by elongation (Paravastu et al., 2008; Stewart et al., 2017).
When 5% (v/v) fibril seed (2A or 3Q) is added to the ABao fibril assembly reaction, a loss
of lag phase is observed and a rapid and immediate increase in ThT fluorescence occurs,
indicating that the fibril seeds are elongated by ABs monomer. This is shown for 2A fibril
growth in Figure 3.9C and is representative of ThT growth kinetics seen for both 2A and
3Q fibril growth. This trace is consistent with that of a seeding reaction, confirming the
propagation of 2A and 3Q fibril seeds rather than the formation of fibrils ‘de novo’ (Figure
3.9C) (Arosio et al., 2015; Stewart et al., 2017).
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Figure 3.9. ThT monitoring of de novo and seeded A4 fibril growth

(A) Molecular structure of ThioFlavin T (ThT). (B) Fibril growth kinetics of 100 yM monomeric AR4o
incubated at 37°C with orbital shaking, exhibiting a lag time of ~5 h and reaching a plateau within
8 h. (C) Fibril growth kinetics of 100 yM monomeric Ao with 5% (v/v) 2A fibril seed at room
temperature showing immediate entry into the growth phase as fibril seeds are propagated. A
growth plateau is reached at ~5 h. Both reactions were carried out in 25 mM sodium phosphate
buffer (pH 7.5) with 10 uM final concentration ThT. 0 uM samples represent buffer without the
addition of AB4o monomer.

3.4.2 Characterisation of AB4o fibrils

Following fibril formation, further characterisation of fibrils was carried out. Fibril yields
were determined by the centrifugation of fibril samples, separation of the supernatant
and pellet and the analysis of the AB4o content of these fractions using SDS-PAGE (as
described in Section 2.6.2) (Figure 3.10A). This allows the quantification of the relative

proportion of soluble and insoluble AB material.

Analysis of fibril yields confirmed the conversion of soluble A4 monomer into insoluble
material, with an average of 96.5%, 96.8% and 93.2% of protein in the pellet fraction for
2A, 3Q and de novo APy fibrils respectively (Figure 3.10B).
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Figure 3.10. Fibril yields of AB4o fibril polymorphs confirm conversion of AB4s monomer to
insoluble material

(A) Fibril samples were centrifuged at 16,873 xg for 40 min, the supernatant subsequently
removed and the pellet resuspended in fresh 25 mM sodium phosphate buffer (pH 7.5). Equal
volumes of the whole sample before centrifugation (W), the supernatant fraction after
centrifugation (S) and the resuspended pellet fraction (P) were analysed using SDS-PAGE on a
15% Tris-Tricine gel. (B) Densitometry was carried out in order to quantify AB4o levels in each
fraction. Error bars represent mean + SEM (n=2). Statistical analysis using Tukey’s multiple
comparison test showed no significant difference in the formation of insoluble aggregates by the
three different AB4o polymorphs.

To confirm that the insoluble AB4o is fibrillar and to assess fibril morphology, negative
stain EM imaging of de novo, 2A and 3Q fibrils was performed (Figure 3.11). All three
preparations were shown to consist of fibrils, with no evidence of amorphous aggregates
present. This combination of data provides clear evidence for the formation of amyloid
fibrils; the AB4o material is insoluble, ThT positive and shown to have a fibrillar structure
by EM.
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Figure 3.11. Negative stain electron micrographs of ABao fibril polymorphs
Samples of A fibril polymorphs (100 uM monomer-equivalent concentration) were imaged by
negative stain EM on a JEOL 1400 microscope. Scale bar = 200 nm

Re-determining the structure of all the different A fibril preparations by ssNMR or cryo-
EM is unfeasible for this project, but the use of amyloid dyes is a more practical method
that may allow differences to be observed. To demonstrate polymorphism between 2A
and 3Q Ao fibrils, luminescent-conjugated oligothiophene (LCO) probes were used
(Nilsson et al., 2007; Klingstedt et al., 2013). LCO’s are amyloid-specific dyes which are
also sensitive to amyloid conformation. In contrast to ThT, which is sterically locked upon
binding to amyloid, these dyes have a flexible thiophene backbone which have different
emission spectra based on their geometry. Binding to amyloid fibrils of different
conformations therefore results in different rotational constraints on the backbone and

consequently different spectral signatures (Nilsson et al., 2007; Rasmussen et al., 2017).

Two commercially available LCOs were used in these studies to compare fibril
preparations; Amytracker 480 and Amytracker 520 (Ebba Biotech, Sweden). No
differences were observed between the binding of 2A and 3Q fibrils to Amytracker 480
(Figure 3.12A-C). However, 2A and 3Q A4 fibrils showed a clear difference when bound
to Amytracker 520, suggesting a difference in binding site availability (Figure 3.12D). An
unpaired t-test of the mean Amytracker 520 fluorescence intensity (FI) showed a
significant difference between 2A and 3Q fibrils (Figure 3.12F). When the spectra are
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normalised, there are no clear spectral shifts, however minor visual differences can be
observed (Figure 3.12E).
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Figure 3.12. Comparison of Amytracker dye binding to 2A and 3Q Apao fibril preparations
(A) Average fluorescence spectra of Amytracker 480 upon binding to 2A and 3Q Ao fibrils.
Control sample is Amytracker 480 in buffer alone in the absence of AR4o fibrils (B) Normalised
Amytracker 480 spectra upon binding to 2A and 3Q Apao fibrils, normalised to the smallest and
largest value in each data set. (C) Mean Amytracker 480 fluorescence intensity upon binding to
2A and 3Q APuo fibrils. (D) Average fluorescence spectra of Amytracker 520 upon binding to 2A
and 3Q Ao fibrils. Control sample is Amytracker 520 in buffer alone in the absence of ABao fibrils
(E) Normalised Amytracker 520 spectra upon binding to 2A and 3Q Ao fibrils, normalised to the
smallest and largest value in each data set. (F) Mean Amytracker 520 fluorescence intensity upon
binding to 2A and 3Q Apao fibrils. Error bars represent mean + SEM (n=4). Unpaired t-test, ****,
p=<0.0001. Experiments were performed in 25 mM sodium phosphate (pH 7.5). For Amytracker
480, samples were excited at 430 nm and for Amytracker 520 samples were excited at 470 nm,
using a Clariostar microplate reader (BMG Labtech, Germany).
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3.4.3 Formation of AB4o E22A fibrils

To produce AB4o E22A fibrils, conditions were reproduced from Schlitz et al., 2015, from
which the PDB 2MVX structure was determined. This involved the resuspension of
purified ABsw E22A monomer at a final concentration of 60 uM in 10 mM sodium
phosphate, 100 mM NaCl (pH 7.4). 1 mL of this solution was incubated at 37°C under
constant agitation with a magnetic stirrer bar (700 rpm) in a 2 mL glass vial (Fisher
Scientific) for 48 h to ensure that the fibrillation reaction was complete. Fibril growth was
monitored using ThT fluorescence (Figure 3.13A), and shows a slower aggregation rate
than the de novo ABao fibrils, with a lag time of ~20 hours (tag = 18h). However, the E22A
fibrils were formed at a lower monomer concentration than used herein for de novo ABaso
fibrils (200 pM) which would be predicted to reduce the rate of aggregation. The
concentration of monomer in the fibril reaction was kept consistent to that described
previously for E22A fibril formation, so as not to alter the kinetics of fibril growth, rather
than adapting conditions to form fibrils at the same concentration as wild-type ABao fibrils
(Schutz et al., 2015).
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Figure 3.13. ThT monitoring and fibril yield analysis of AB4o E22A fibrils

(A) ThT fluorescence of AR4o E22A fibril growth was monitored over time. The fibril growth reaction
consisted of 60 uM AB4o E22A monomer incubated in 10 mM sodium phosphate, pH, temp, 100
mM NaCl, 10 yM ThT (B) ABso E22A fibrils were centrifuged at 16,873 xg for 40 min, the
supernatant subsequently removed and the pellet resuspended in fresh buffer. Equal volumes of
the whole sample before centrifugation (W), the supernatant fraction after centrifugation (S) and
the resuspended pellet fraction (P) were analysed using SDS-PAGE on a 15% Tris-Tricine gel. C)
Densitometry was carried out in order to quantify AB4o levels in each fraction. Error bars represent
mean + SEM (n=2).
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3.4.4 Characterisation of AB4o E22A fibrils

As with wild-type ABao fibrils, fibril yields of ABso E22A fibrils were determined (Figure
3.13B and C). This confirmed that the majority (97.8%) of soluble monomeric AB4o E22A
peptide has been converted into insoluble material at the endpoint of the fibrillation

reaction. The morphology of this endpoint material was assessed using negative stain

EM imaging (Figure 3.14). These EM images confirm that the samples consist of amyloid
fibrils.

Figure 3.14. Negative stain electron micrographs of AB4o E22A fibrils
Samples of Ao E22A fibrils (60 uM monomer-equivalent concentration) were imaged by negative
stain EM on a JEOL 1400 microscope. Scale bar = 200 nm (left), 0.5 ym (right)

3.4.5 Formation of Aa: fibrils

Two ABs: fibril preparations were compared in this study, formed under distinct fibrillation
conditions. The main distinction between these conditions is the pH of the reaction buffer
used; one population of AR4; fibrils was formed at pH 2, whereas the other population
was formed at pH 8. The pH 2 AB.. fibrils were formed by reproducing the conditions
used in Gremer et al, 2017, from which the cryo-EM structure PDB 50QV was solved
(Gremer et al., 2017). Briefly, this involved the resuspension of previously purified
recombinant ABs2 monomer in 30% v/v acetonitrile, 0.1% (v/v) TFA in water, at a
concentration of 120.5 uM. This solution was incubated quiescently at room temperature.
Whilst in the original study this solution was left undisturbed for ‘several weeks’,
monitoring of aggregation with ThT showed that the reaction reached a plateau within
~35 h (Figure 3.15). Therefore, the pH 2 A4 fibrils were incubated for 48 h in
subsequent reactions before use in experiments with cells. ThT monitoring revealed a

calculated tiag of 6.52 h for AB4> monomer under these conditions (Figure 3.15).
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The pH 8 fibril polymorph was formed by reproducing conditions described in Colvin et
al, 2016, which were used to generate fibrils from which the ssNMR structure PDB 5KK3
was modelled (Colvin et al., 2015). pH 8 fibrils were formed from the same ABs
monomeric peptide that was used to produce pH 2 fibrils, but the monomer was
resuspended instead in 20 mM sodium phosphate, 0.2 mM EDTA, 0.02% (w/v) NaNs,
pH 8.0. This solution was then incubated quiescently at room temperature in 1.5 mL
Eppendorf tubes. Monitoring of growth kinetics with ThT shows that aggregation occurs
more quickly than for the pH 2 AB.. fibril polymorph, with a calculated ti,g of 38 min, and
a growth plateau reached in 1 h (Figure 3.15).
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Figure 3.15. ThT monitoring of A4 fibril formation at pH 2 or pH 8

ThT fluorescence was measured over time to monitor fibril growth kinetics of (A) 120.5 uM
monomeric AB42 incubated quiescently at room temperature in 30% v/v acetonitrile, 0.1% (v/v)
TFA in water (pH 2). (B) 50 uM monomeric AB42 incubated quiescently at room temperature in 20
mM sodium phosphate, 0.2 mM EDTA (pH 8.0). 10 uM final concentration ThT was used in both
samples and 0 uM samples represent the respective buffer without the addition of AB42 monomer.

3.4.6 Characterisation of AB4: fibril preparations

As with the other fibril preparations, fibril yield experiments were carried out to determine
the proportion of soluble AB4. that has formed insoluble aggregates at the end of the
fibrillation reaction time (Figure 3.16). This showed that an average of 84% and 89% of
peptide was in the insoluble fraction for the pH 2 and pH 8 AP fibril preparations
respectively. Analysis by an unpaired t-test showed no significant difference between the

two Aa2 fibril populations in their formation of insoluble material (Figure 3.16B).
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Figure 3.16. Fibril yield analysis of pH 2 and pH 8 A4 fibril preparations

(A) A4z fibrils formed at pH 2 and pH 8 were centrifuged at 16,873 xg for 40 min, the supernatants
subsequently removed and the pellets resuspended in fresh buffer. Equal volumes of the whole
sample before centrifugation (W), the supernatant fraction after centrifugation (S) and the
resuspended pellet fraction (P) were analysed using SDS-PAGE on a 15% Tris-Tricine gel. (B)
Densitometry was carried out in order to quantify ABaz levels in each fraction. Error bars represent
mean + SEM (n=2).

The morphology of the resulting AB4. fibril samples was analysed using negative stain
EM. This confirmed the formation of amyloid fibrils as expected (Figure 3.17).

pH 2 AB42

pH 8 AB42

Figure 3.17. Negative stain electron micrographs of A4 fibril preparations

Samples of pH 2 AB4: fibrils (120.5 yM monomer-equivalent concentration) and pH 8 A4z fibrils
(50 yM monomer-equivalent concentration) were imaged by negative stain EM on a JEOL 1400
microscope. Scale bar = 200 nm

To demonstrate that the two ABa: fibril preparations formed contained structurally distinct
fibrils, two LCO probes were used as previously for ABso fibrils. The spectrum of
Amytracker 480 binding shows a clear shift when bound to pH 2 AB.. fibrils compared
with when bound to pH 8 A fibrils (Figure 3.18A). This indicates conformational
differences between the two fibril preparations. This shift is also evident when the data
are normalised to the highest and lowest values in each data set (Figure 3.18B). No
significant difference in the mean fluorescence of Amytracker 480 was identified between
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pH 2 and pH 8 A4 fibrils (Figure 3.18C). The spectra for Amytracker 520 did not show
a clear shift when bound to the two different fibril preparations (Figure 3.18D/E).
However, analysis by an unpaired t-test found FI to be significantly higher when bound
to pH 2 A4z fibrils compared to pH 8 AB.» fibrils (p<0.0001) (Figure 3.18D/F). A similar
effect was identified for ABao fibrils and could be indicative of differences in binding site

availability.

86



Amytracker 480 Amytracker 520

>
O

30000+ PH2AB,, 40000+ pH2AB,,
— pH8AB,, — PHBAB,,

— Control 30000+ — Control
20000+

20000+

10000+
10000+

Fluorescence intensity (FI)
Fluorescence intensity (FI)

0 T T T ] T T T ]
450 500 550 600 650 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

1004 pH2AB,,
— pH8AB,,

100+ pH2AB,,
— pH8AB,,

450 500 550 600 650 700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Normalised fluorescence intensity (%)
(2]
il
) . o oy T
Normalised fluorescence intensity (%)
(2]
o

@)
il

15000+ 25000+ .
i [
3 - S 20000+ -
< 10000+ 0
5 5 15000+
é é 10000
< 5000 =3
5 £ 5000
0- 0-
Control pH2 pH8 Control pH2 pH8
AByy  AByy ABsz  ABg2

Figure 3.18. Comparison of Amytracker dye binding to pH 2 and pH 8 A4 fibrils

(A) Average fluorescence emission spectra of Amytracker 480 upon binding to pH 2 and pH 8
A4z fibrils. (B) Normalised Amytracker 480 spectra upon binding to pH 2 and pH 8 Aa2 fibrils,
normalised to the smallest and largest value in each data set. (C) Mean Amytracker 480
fluorescence intensity upon binding to pH 2 and pH 8 A2 fibrils. (D) Average fluorescence
spectra of Amytracker 520 upon binding to pH 2 and pH 8 ABa42 fibrils, (E) Normalised Amytracker
520 spectra upon binding to pH 2 and pH 8 A2 fibrils, normalised to the smallest and largest
value in each data set. (F) Mean Amytracker 480 fluorescence intensity upon binding to pH 2 and
pH 8 A4z fibrils. Error bars represent mean + SEM (n=3). Unpaired t-test, ****, p<0.0001, Control
samples are Amytracker dyes in buffer alone in the absence of ARz fibrils. Experiments were
performed in 25 mM sodium phosphate (pH 7.5). For Amytracker 480, samples were excited at
430 nm and for Amytracker 520 samples were excited at 470 nm, using a Clariostar microplate
reader (BMG Labtech, Germany).
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3.5 Measurement of endotoxin levels in A fibril preparations

Before A fibril preparations were used in cell experiments (Chapters 4 and 5), endotoxin
tests were carried out on the fibril samples. As the protein used to produce these fibrils
was expressed and purified from E. coli, there is potential for endotoxin contamination,
which could impact cells and the results of cell viability and inflammatory activation
measurements. The LAL endotoxin test was performed on peptide and fibril samples, as

described in Section 2.6.5, in order to measure endotoxin levels.

The endotoxin level of recombinantly produced AR monomer (Section 3.2), was first
compared to that of AB monomer that was synthetically produced (kindly provided by Dr
Martin Walko). This showed no significant difference in endotoxin levels between peptide
produced in these two systems (Figure 3.19A). Three separate batches of all six fibril
populations were then also tested for endotoxin; this showed that all fibril samples had
an endotoxin concentration under 1 EU/mL when tested at a final concentration of 1 uM,
and importantly there were no significant differences in the levels of endotoxin between
any of the fibril samples (Figure 3.19B). This makes it unlikely that endotoxin
contamination could be responsible for any differences in toxicity or inflammatory
activation observed in later cell experiments. Fibrils formed from another recombinantly
expressed amyloid protein, a-synuclein, were also tested in triplicate as a comparison
(Figure 3.19B).

For reference, the LAL endotoxin test is an FDA recognised method for endotoxin
measurements, and a level of 5 EU/kg of body weight is the threshold for

pharmacological preparations (Bacterial Endotoxins/Pyrogens | FDA).
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Figure 3.19. Endotoxin testing of AB4 monomer and fibril preparations

Endotoxin levels were tested using a Limulus Amebocyte Lysate (LAL) Chromogenic Endotoxin
Quantification assay. (A) Endotoxin levels of AR monomer produced either recombinantly in E.
coli or synthetically. (B) Endotoxin levels of all six fibril preparations measured at a final
concentration of 1 uM. Endotoxin levels of an independent amyloid protein, a-synuclein was also
tested. Error bars represent mean + SD (n=3)

3.6 Discussion

In this chapter, the methods for AB4o, ABs E22A and AB42 peptide purification were
described. These were shown by mass spectrometry and SDS-PAGE to result in the
production of pure monomeric peptide for all three A sequences. The purity of peptide
is important in ensuring the reproducible formation of Ap fibrils, as contaminants could
affect the aggregation kinetics and potentially the structure of the fibrils resulting (Bunce
et al., 2019; Madine, 2019). Different methods were used to produce ABs and APaz
peptides, both of which were shown to be efficient (Figure 3.4). However, the HPLC
protocol used to produce ABas. resulted in a greater yield (~7 mg/L of bacterial growth
compared to ~2-3 mg/L of bacterial growth), despite lower expression in E. coli (Figure
3.3). Some of the peptide can be seen to be lost in flow-through and wash steps of the
ion-exchange chromatography method used to purify ABs. As the HPLC method
requires fewer stages of purification, and does not involve this ion-exchange method,
less peptide is lost resulting in a higher yield. Further to this, the HPLC protocol was
optimised to resuspend the inclusion body pellet in NaOH and remove the filtering step,
further improving yield. These basic conditions also ensure that the peptide remains
monomeric throughout the HPLC process. In addition, the HPLC method is a much
quicker protocol than the protocol used to purify ABaso, taking ~1.5 weeks compared to
~3 weeks, making it more efficient. The purification of AB4o using this same method would

therefore be advisable in future studies.

The formation of AP fibrils from purified peptide was performed under defined conditions,
and fibrillation was demonstrated using a range of methods. ThT analysis of all AB fibril

preparations showed an increase in ThT fluorescence indicative of ThT binding to the
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cross- structure of amyloid fibrils. This confirms the formation of amyloid structures from
monomeric peptide. ThT kinetics of fibril formation were as expected for de novo formed
fibrils and seeded (2A/3Q) reactions (Figure 3.9), confirming the elongation of fibril seeds
(Biancalana and Koide, 2010; Arosio et al., 2015). This seeding has been shown to result
in the self-propagation of fibrils with the same intrinsic structure through generations
(Petkova et al., 2005; Paravastu et al., 2008, 2009; Tycko, 2014). The lag time of AR
fibril formation at pH 8 was much shorter (t.g = 38 mins) than that of A4 formed at a
similar pH (tiag = 4.58 h), despite AB4g being at a higher concentration, at 37°C and under
shaking conditions. This is expected, as ABs> is more hydrophobic and prone to

aggregation (Jarrett et al., 2002).

Fibril yields showed that for all fibril preparations, 284% of peptide was in the insoluble
fraction, with ABs2 samples appearing to have more soluble material remaining than ABa4o
samples (Figure 3.10, Figure 3.13, Figure 3.16). However, there was no significant
difference in the proportion of insoluble material formed between A4 preparations or
between AB4. preparations, therefore eliminating any differential effect of remaining
soluble species. It is also possible that material observed in the ‘soluble’ fraction could
be smaller fibrils that were not efficiently pelleted under the centrifugation conditions
used. EM was used to confirm that the insoluble material detected from fibril yield
experiments was in a fibrillar form, as suggested by ThT. Amyloid fibrils were observed
for all fibril preparation samples imaged by EM, without any evidence of amorphous
aggregates or contaminants. This means that any differences identified in the biological

properties of the fibrils are likely to be due to differences in fibril structure.

The resolution of negative stain EM was not sufficient to confirm the structures of fibril
preparations, however some observations could be made. The originally reported twisted
morphology of 3Q fibrils could not be identified (Petkova et al., 2005). This has been
noted in the past, but the ssNMR spectra still confirmed that the propagated fibril
structure was consistent with that originally reported (Stewart et al., 2017). The ABao fibril
preparations appeared to be of similar lengths, but the ABs E22A fibrils contained a
larger proportion of short fibrils (Figure 3.14), likely resulting from the magnetic stirring
method used in their formation. There was no observable difference between the lengths
of the two A fibril preparations, but the ABa: fibrils can be seen to be longer than AB.4o
fibrils. This could result from the quiescent conditions used to form the ABa4 fibrils, in the
absence of shaking or fibril seeds. These differences in length will be taken into account
in subsequent experiments when interpreting results that could be affected by fibril
length, for example in cellular uptake experiments. Fibrils were not processed using

methods such as sonication to all be the same length, as length is an inherent property
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of the fibril resulting from the growth conditions, and therefore could be significant in the

effect that a particular fibril polymorph has on cells.

As ssNMR and cryo-EM experiments are not an efficient way to regularly and routinely
assess structure, conformation-sensitive amyloid dyes LCO’s (Amytracker 480 and
Amytracker 520) were used to demonstrate the polymorphism of the A fibril populations
produced. The mean fluorescence intensity of Amytracker 520 was found to be
significantly higher for 3Q AR samples compared with 2A A4 fibril samples (Figure
3.12), suggesting increased binding resulting from increased availability of binding sites
for this dye. However, when normalised, the Amytracker 520 spectra profiles look similar
for 2A and 3Q fibrils. This increased fluorescence but similar spectra could be because
2A and 3Q fibrils are formed from similar subunits, but 3Q fibrils have three of these

subunits whereas 2A fibrils only have two (Paravastu et al., 2008, 2009).

Differences between A4 fibril preparations were also observed in LCO binding spectra
(Figure 3.18). A clear shift can be seen in the spectra of Amytracker 480 bound to pH 2
AB42 fibrils compared with when bound to pH 8 ABa2 fibrils (Figure 3.18A/B), suggesting
that differences in the conformation of pH 2 and pH 8 fibrils are inflicting different
rotational constraints on the thiophene backbone (Nilsson et al., 2007). The Amytracker
520 spectra for ABa2 fibril preparations showed only minor differences in signatures, but
the mean FI was significantly higher for pH 2 ABa. fibrils compared to pH 8 AB4. fibrils,
suggesting different binding affinities of the dye (Figure 3.18D/E/F).

In summary, AP fibrils were formed in vitro using previously defined conditions, to
produce 6 distinct populations of fibrils. These fibril preparations will be compared in
subsequent cell experiments in order to assess biological differences that fibril structure

can convey.
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4 Analysis of the effect of AB fibril preparations on the viability and

activation of microglial and monocytic cells

4.1 Introduction

Whilst the library of different AR fibril structures continues to grow, the biological
significance of these different structures is not well understood. The phenomenon of AB
fibril polymorphism both in vitro and ex vivo is now widely documented and accepted,
however whether these different fibril structures affect cells differently within the brain
environment is not known. Microglial cells would be in close contact with A fibrils in the

brain, with the potential to either improve or exacerbate disease (Section 1.4.2).

One fundamental property of the different AR fibril preparations that is compared in this
study is their toxicity towards monocytic and microglial cells. There is some evidence
suggesting that there could be differences in toxicity between AP fibril polymorphs for
other cell types; a significantly greater reduction in the number of viable neurons was
observed when primary rat embryonic hippocampal neuron cultures were incubated with
3Q AP4o fibrils compared to those incubated with 2A A4, fibrils (Petkova et al., 2005).
However, this was tested using concentrations from 10-75 yM, and using only a single
measure of viability, counting viable neurons. This does not provide information about
the metabolic activity, cellular stress or functional capabilities of the remaining neurons.
In other work, fibrils with a distinctive structure formed from AB4q that is phosphorylated
at the Ser-8 residue (pS8-AB4o — shown in Figure 1.7) were found to be more toxic than
wild-type AP4o fibrils towards neuronal N2a and microglial BV-2 cell lines. This was
measured using an MTT assay, a measure of cellular metabolic activity, and the greatest
differences were observed at the lower concentrations tested, from 0.001-0.01 yM (Hu
et al., 2017). This further implicates a role for fibril structure in cytotoxicity and as this
fibril polymorph was also found to have a higher seeding efficiency, it is likely that these
fibrils would be more detrimental in the brain than other polymorphs with lower seeding

capabilities and cytotoxicity.

Further evidence for differences in the toxicity of distinct fibril polymorphs comes from
studies of other amyloidogenic proteins, such as a-synuclein. Two structurally distinct a-
synuclein polymorphs termed ‘fibrils’ and ‘ribbons’ were structurally and functionally
characterized (Bousset et al., 2013). The polymorph termed ffibrils’ were generated
under physiological salt conditions and have a cylindrical aspect, whereas ‘ribbons’ were
formed under low salt concentrations or in the presence of 2.5 mM EDTA, and are flat
with a twist (Bousset et al., 2013). The toxicity of the fibril polymorphs towards the SH-

SY5Y neuroblastoma cell line was measured by the MTT assay and cell counting, which
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revealed that the ‘fibril’ polymorph is more toxic than the ‘ribbon’ polymorph towards
these cells (Bousset et al., 2013). This shows that differences in amyloid fibril structure
can convey differences in cytotoxicity, which could contribute in vivo to different clinical

presentations or severity of disease.

Further to this, recent research used brain homogenate from Parkinson’s Disease (PD),
Multiple System Atrophy (MSA) and Dementia with Lewy Bodies (DLB) patients to seed
monomeric a-synuclein in vitro and investigated differences between the resulting fibril
‘strains’ (Van der Perren et al., 2020). This seeding resulted in fibrils of different disease-
specific morphologies, with those from PD and MSA patients resembling previously
described ‘ribbons’, and those from DLB resembling the ‘fibril" polymorph. Differences in
toxicity towards dopaminergic neurons were observed when injected in the substantia
nigra of rats, with MSA and DLB samples leading to the highest proportion of neuronal
loss compared to PD samples (Van der Perren et al., 2020). In addition, differences in
the pattern of spread of pathology were observed between sample groups (Van der
Perren et al.,, 2020). This suggests that different fibril morphologies have different

toxicities and are likely to be associated with different disease presentations.

In addition to comparing the toxicity of different fibril preparations towards monocytic and
microglial cells, this thesis chapter aims to investigate the extent to which different fibril
preparations can elicit an inflammatory response from these cells. It is known that the
ApB fibrils that make up amyloid plaques in the AD brain closely interact with microglial
cells, resulting in the activation of these cells and the subsequent release of pro-
inflammatory mediators, contributing to neuroinflammation in AD (Section 1.4). A number
of microglial receptors have been implicated in this process (Figure 1.10) along with the
NLRP3 inflammasome pathway (Figure 1.8) (Halle et al., 2008; Heneka, 2017). The
question remains, however, as to whether certain A fibril structures are more capable
of eliciting this immune response than others. This is critical as A fibrils that result in an
amplified pro-inflammatory response will be more damaging in the brain than other fibril

structures that are less efficient in eliciting this response.

Whilst the immune cell activation capabilities of different AB fibril polymorphs has not
previously been investigated, recent research compared this for two structurally distinct
protein oligomers of the model amyloidogenic protein HypF-N (Mannini et al., 2019).
Although not examined for fibrils, distinct oligomeric structures (Type A and Type B) were
shown to elicit different levels of immune response activation in microglial cells (Mannini
et al., 2019). The oligomers both have a core structure based on a 3-sheet scaffold and
were both shown to bind to ThT, but differ in their overall flexibility and the solvent

exposure of hydrophobic residues. The Type A oligomer structure had more solvent-
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exposed hydrophobic residues and was shown to be more toxic towards N13 microglial
cells compared to Type B oligomers (Mannini et al., 2019). The levels of pro-
inflammatory cytokines IL-13, TNF-a and IL-6, and anti-inflammatory cytokine IL-10 were
measured after incubation with the two oligomer polymorphs. This revealed distinct
cytokine profiles, with Type B oligomers found to be stronger inducers of pro-
inflammatory cytokine release at lower concentration ranges than the Type A oligomers
(Mannini et al., 2019).

As discussed above, Van der Perren et al recently investigated the effects of structural
differences of distinct a-synuclein fibril polymorphs originating from different
synucleinopathies (PD, MSA, DLB) (Van der Perren et al., 2020). A key novel finding
from this was the identification of differential levels of immune response activation
elicited by the different fibril polymorphs. a-synuclein fibrils derived from MSA patients
induced the strongest immune response when injected into the substantia nigra of rats
overexpressing human a-synuclein, measured by the number of cells positive for Iba1,
a marker of microglial activation, and the number of large reactive phagocytic microglia
after 150 days (Van der Perren et al., 2020). This was followed by PD and DLB originated
fibril samples. MHC class Il expression by reactive microglia was induced by fibrils from
all three disease groups, but MSA samples again were found to induce the highest
expression (Van der Perren et al., 2020). This pattern was the same for the number of
CD4" and CD8" T-cells, indicating an increased capability of an adaptive immune
response being triggered in mice injected with MSA-derived fibrils compared to those
injected with PD or DLB-derived fibrils (Van der Perren et al., 2020). With a-synuclein
fibrils previously shown to act as antigenic epitopes which trigger a T-cell response, this
evidence suggests that different structures of the fibrils do so to differing extents,
resulting in varying levels of immune activation in the brain (Sulzer et al., 2017; Van der
Perren et al., 2020).

Further evidence for differential immune cell activation by amyloid fibril polymorphs
comes from a recent study in which it was found that the level of activation of primary
monocytes and BV-2 microglial cells varied in response to five a-synuclein polymorphs,

measured by pro-inflammatory cytokine release (Grozdanov et al., 2019).

This chapter aims to examine the relationship between A fibril structure and biological
function by comparing the effects of different A fibril preparations on immune cells. The
toxicities of the fibril polymorphs towards microglial and monocytic cell lines are analysed
using a combination of assays for cell viability. In addition, the activation of these immune

cells elicited by the distinct AB fibril populations is compared by measuring cytokine
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release, ROS production, NLRP3 inflammasome activation and cell surface markers of

activation.
4.2 Cellular toxicity of ABso, AB4o E22A and A4 fibril preparations

The first biological property of the different A fibril preparations that was compared was
the effect of the fibrils on immune cell viability. For this, a number of different cell lines
were used (see Table 2.4 for details). As microglial cells are the resident immune cells
of the brain these cells are arguably the most relevant to use in this context (discussed
in Section 1.4.2.1). The toxicity of the fibril preparations towards BV-2 microglial cells
was therefore tested. However, with evidence of BBB breakdown in AD patients and the
possible involvement of peripheral monocytes in the response to AB the macrophage
cell line RAW 264.7 was also used in these experiments (Majumdar et al., 2008). Finally,
as the previous two cell lines described are both murine, the toxicity of the different A

fibril preparations on a human monocytic cell line, THP-1, was also tested.

To assess the toxicity of the different AB fibril preparations towards immune cells, three
different measures of cell viability were used (Figure 4.1). Cellular ATP levels were
quantified using a commercial ATP assay (ATPLite Luminescence ATP detection system
- PerkinElmer Life Sciences). This assay uses firefly luciferase, an oxidative enzyme that
uses ATP and D-Luciferin substrate to produce oxyluciferin product, inorganic
pyrophosphates (PPi) and bioluminescence as a side product (Figure 4.1A).

Luminescence is measured as a readout of ATP levels.

Lactate dehydrogenase (LDH) release from cells was also measured. LDH is an enzyme
normally located in the cytoplasm of cells, whereas its presence in the cell culture media
is indicative of plasma membrane damage. The LDH release assay used here is based
on a two-step reaction (Figure 4.1B). First, LDH reduces lactate into pyruvate, resulting
also in the conversion of NAD+ to NADH. This NADH then reduces iodonitrotetrazolium
(INT), a commonly used tetrazolium salt, via diaphorase catalysis to produce a red

formazan dye. This red formazan can then be dissolved, and the absorbance measured.

Finally, cellular metabolism was measured using the 3-(4,5-Dimethylthiazol-2yl)-2,5-
diphenyltetrazolium Bromide (MTT) assay. This assay depends on the activity of
mitochondrial reductases within the cell reducing MTT into purple MTT formazan crystals
(Figure 4.1C). This formazan can then be dissolved, and the absorbance measured as

a colorimetric readout of cellular metabolic activity.
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Figure 4.1. Mechanisms of viability assays used to measure A fibril toxicity

Three viability assays were used to measure the cellular toxicity of AB fibril preparations. (A) In
the ATP assay, D-luciferin substrate is converted to oxyluciferin by firefly luciferase catalysis,
resulting in luminescence which is measured as a readout of cellular ATP levels. (B) In the LDH
assay, LDH released from cells with membrane damage catalyses the conversion of lactate to
pyruvate, also resulting in NADH formation. NADH reduces INT to a red formazan via diaphorase
catalysis. This formazan is used as a colorimetric readout of cell membrane damage. (C) In the
MTT assay cellular NADases located in the mitochondria reduce MTT into formazan crystals
which are dissolved and measured as a colorimetric readout of cellular metabolic activity.

Before testing fibril toxicity, BV-2 cells were incubated with increasing concentrations of
endotoxin (1-10 EU/mL) for 48 h and ATP levels and LDH release were measured
(Figure 4.2). This was to identify any effect of the ~1 EU/ mL endotoxin previously
measured in 1 yM samples of A fibril preparations (Figure 3.19) on cell viability. Both
assays showed no significant effect on cell viability at this concentration of endotoxin,
although ATP levels were reduced at the highest endotoxin concentration tested (10
EU/mL) (Figure 4.2).
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Figure 4.2. The effect of endotoxin on BV-2 cell viability

BV-2 cells were incubated with increasing concentrations of purified endotoxin standard (final
concentration 1-10 EU/mL) for 48 h before ATP (A) and LDH release (B) assays were performed
Results are normalised using lysed cells as 0% viability and untreated cells as 100% viability.

Cells were then incubated with 0.1 — 5 yM (monomer-equivalent concentration) of the
fibril preparations or the equivalent volume of the corresponding fibrillation buffer
(Section 2.1.2) for 48 h, before cell viability assays were performed. Differences in results
of cell viability assays for cells incubated with AP fibrils compared to those incubated with
the corresponding fibril buffer were calculated and are shown in Tables 4.1-4.9. The
effects of different A fibril preparations formed from the same peptide sequence on cell
viability were also compared, and significant differences are shown on graphs in Figure
4.3- Figure 4.5.

In BV-2 cells, there was no observable effect on ATP levels or LDH release after
incubation with the 2A, 3Q or de novo Ao fibril preparations, suggesting no effect on
cell viability (Figure 4.3/Tables 4.1-4.3). This was also observed for RAW 264.7 and
THP-1 cells (Figure 4.3/Tables 4.4-4.9). Decreases in MTT reduction were observed in
BV-2 cells and RAW 264.7 cells incubated with AB4o fibril preparations (Table 4.3/Table
4.6). However, there were no significant differences between the three A4y fibril
populations (Figure 4.3). These results indicate that the fibrils are having an effect on
cellular reductase activity, but do not cause cell death. This has been previously reported
for Bam amyloid fibrils, in which a decrease in MTT was measured but no other effects
on cell viability were identified (Jakhria et al., 2014). It is therefore important to use a
combination of multiple viability assays in the context of amyloid, to confirm any effects

observed in the MTT assay.

In contrast to wild-type ABao fibril preparations, incubation with ABso E22A fibrils led to a
significant reduction in cellular ATP levels of BV-2 microglial cells with increasing fibril
concentration (Figure 4.4). An increase in LDH release and decrease in MTT reduction

was also observed in BV-2 cells incubated with increasing concentrations of ABs E22A
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fibrils (Figure 4.4). Together this data indicates that the AB4o E22A fibrils are having a
toxic effect on the BV-2 cells. This toxic effect of ABsg E22A fibrils was also observed in
RAW 264.7 cells (Figure 4.4), but no significant effect was observed in THP-1 cells
(Figure 4.4).

All three viability assays showed a difference between the ABa: fibril preparations formed
at pH 2 and pH 8 in their toxicity to BV-2 cells. This difference was observed at 5 uM,
with pH 8 fibrils being significantly more toxic than pH 2 fibrils (Figure 4.5). Incubation
with 5 yM pH 8 AR fibrils led to on average a 50% reduction in BV-2 cellular ATP levels
and a 9% increase in LDH release, compared to cells incubated with buffer alone (Figure
4.5/Table 4.1-Table 4.2). MTT reduction in BV-2 cells also decreased by an average of
45% after incubation with 5 uM of the pH 8 AB.» fibrils, compared to only a ~5% decrease
in cells treated with the same concentration of pH 2 ABa. fibrils (Figure 4.5/Table 4.3).

This differential toxicity between the two ABa. fibril preparations was also observed in
RAW 264.7 cells (Figure 4.5). The observed toxicity effect of the pH 8 fibrils was greater
in these cells, with a 74% reduction in ATP and a 25% increase in LDH release resulting
from incubation with 5 uM pH 8 AR fibrils. pH 2 AP42 fibrils again had no noticeable
effect on cell viability. In THP-1 cells, ATP and LDH assays again showed a significantly
greater effect on cell viability of pH 8 AB42 fibrils compared to pH 2 AB4 fibrils (Figure
4.5). This difference between the two A4 fibril preparations was observed at lower
concentrations in these assays, however a smaller decrease in viability was observed
resulting from 5 yM pH 8 A4z fibrils compared to other cell types, with an average of 25
% decrease in ATP. LDH release from THP-1 cells resulting from incubation with pH 8
ABa4: fibrils at 5 yM was similar to that in BV-2 cells at ~10% increase compared to buffer,
however in these cells the pH 2 fibrils also resulted in some LDH release, meaning that

there is not a significant difference between the fibrils at this concentration (Figure 4.5).
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Figure 4.3. Analysis of the effect of ABa4o fibril preparations on the viability of BV-2, RAW
264.7 and THP-1 cells

(A-C) BV-2 cells were incubated with 0.1, 1 or 5 uM of 2A, 3Q and de novo ABao fibril preparations
for 48 h before cellular ATP (A), LDH (B) and MTT (C) viability assays were performed (D-F) RAW
264.7 cells were incubated with 0.1, 1 or 5 uM of 2A, 3Q and de novo ABao fibril preparations for
48 h before cellular ATP (D), LDH (E) and MTT (F) viability assays were performed. (G-l) THP-1
cells were incubated with 0.1, 1 or 5 uM of 2A, 3Q and de novo ABao fibril preparations for 48 h
before cellular ATP (G), LDH (H) and MTT (1) viability assays were performed. LDH release data
are normalised to cells treated with lysis buffer after the same incubation period and ATP/MTT
data are normalised to cells incubated with corresponding fibril growth buffer. Error bars represent
mean + SEM (n=3). One-way ANOVA with Tukey’s multiple comparisons test was used to
compare between fibril preparations, *, p<0.05. All fibril concentrations are monomer-equivalent.
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Figure 4.4 Analysis of the effect of ABso E22A fibrils on the viability of BV-2, RAW 264.7 and
THP-1 cells

(A-C) BV-2 cells were incubated with 0.1, 1 or 5 uM of AB4o E22A fibril preparations for 48 h before
cellular ATP (A), LDH (B) and MTT (C) viability assays were performed D-F) RAW 264.7 cells
were incubated with 0.1, 1 or 5 uM of AB4o E22A fibril preparations for 48 h before cellular ATP
(D), LDH (E) and MTT (F) viability assays were performed. (G-1) THP-1 cells were incubated with
0.1, 1 or 5 uM of AB4o E22A fibril preparations for 48 h before cellular ATP (G), LDH (H) and MTT
() viability assays were performed. LDH release data are normalised to cells treated with lysis
buffer after the same incubation period and ATP/MTT data are normalised to cells incubated with
corresponding fibril growth buffer. Error bars represent mean + SEM (n=3). Significance is relative
to buffer treated controls calculated using one-way ANOVA with Sidak’s multiple comparisons
test, *, p<0.05, **, p<0.01, ****, p<0.0001. All fibril concentrations are monomer-equivalent.
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Figure 4.5 Analysis of the effect of ABa: fibril preparations on the viability of BV-2, RAW
264.7 and THP-1 cells

(A-C) BV-2 cells were incubated with 0.1, 1 or 5 uM of pH 2 or pH 8 A4z fibril preparations for 48
h before cellular ATP (A), LDH (B) and MTT (C) viability assays were performed D-F) RAW 264.7
cells were incubated with 0.1, 1 or 5 uM of pH 2 or pH 8 ABa4: fibril preparations for 48 h before
cellular ATP (D), LDH (E) and MTT (F) viability assays were performed. G-1) THP-1 cells were
incubated with 0.1, 1 or 5 uyM of pH 2 and pH 8 A2 fibril preparations for 48 h before cellular
ATP (G), LDH (H) and MTT (l) viability assays were performed. LDH release data are normalised
to cells treated with lysis buffer after the same incubation period and ATP/MTT data are
normalised to cells incubated with corresponding fibril growth buffer. Error bars represent mean
+ SEM (n=3). One-way ANOVA with Tukey’s multiple comparisons test was used to compare
between fibril preparations, *, p<0.05.**, p<0.01, ***, p<0.001, ****, p<0.0001. All fibril
concentrations are monomer-equivalent.
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BV-2 cells - 0.1uM UL 5 M
ATP assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)
2A ABa4o ns ns ns
3Q Ao ns ns ns
De novo ABao ns ns ns
AB40 E22A ns 0.0162 (*) <0.0001 (****)
pH 2 AB42 ns ns ns
pH 8 AB42 ns ns <0.0001 (****)

Table 4.1. P values for the effects of AB fibril preparations on ATP levels in BV-2
cells compared to buffer controls

Values for ATP levels in BV-2 cells after 48 h incubation with A fibrils were compared to
those in cells incubated with the equivalent volume of the corresponding fibril buffer to
identify significant effects using one-way ANOVA with Sidak’s multiple comparisons test

BV-2 cells — 0.1 M 1M S uM
LDH assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)
2A ABao ns ns ns
3Q ABao ns ns ns
De novo ABao ns ns ns
AB4o E22A ns ns 0.0269 (*)
pH 2 ABa42 ns ns ns
pH 8 ABa> ns ns <0.0001 (****)

Table 4.2. P values for the effects of A fibril preparations on LDH release in BV-2 cells
compared to buffer controls

Values for LDH release in BV-2 cells after 48 h incubation with AP fibrils were compared to
those in cells incubated with the equivalent volume of the corresponding fibril buffer to
identify significant effects using one-way ANOVA with Sidak’s multiple comparisons test.

BV-2 cells - Al 1uM I
MTT assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)
2A ABao ns ns 0.0276 (*)
3Q ABa4o 0.0051 (**) ns ns
De novo ABao ns ns ns
AB4so E22A ns ns 0.0038 (**)
pH 2 AB42 ns ns ns
pH 8 ABa42 ns ns <0.0001 (****)

Table 4.3. P values for the effects of AB fibril preparations on MTT reduction in BV-2
cells compared to buffer controls

Values for MTT reduction in BV-2 cells after 48 h incubation with A fibrils were compared
to those in cells incubated with the equivalent volume of the corresponding fibril buffer to
identify significant effects using one-way ANOVA with Sidak’s multiple comparisons test.
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RAW 264.7 cells — A QI S UM
ATP assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)

2A ABao ns 0.0174 (*) 0.0216 (*)
3Q ABao ns ns ns
De novo Ao ns ns ns
AB4o E22A ns ns ns
pH 2 AB42 ns ns ns

pH 8 ABa4, ns ns 0.0020 (**)

Table 4.4. P values for the effects of A fibril preparations on ATP levels in RAW 264.7
cells compared to buffer controls

Values for ATP levels in RAW 264.7 cells after 48 h incubation with AR fibrils were compared to
those in cells incubated with the equivalent volume of the corresponding fibril buffer to identify
significant effects using one-way ANOVA with Sidak’s multiple comparisons test.

RAW 264.7 cells — 0.1uM e 5 UM
LDH assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)
2A ABao ns ns ns
3Q ABa4o ns ns ns
De novo ABa4o ns ns ns
AB40 E22A ns 0.0042 (**) <0.0001 (****)
pH 2 AB42 ns ns ns
pH 8 AB42 ns ns <0.0001 (****)

Table 4.5. P values for the effects of AB fibril preparations on LDH release in RAW 264.7
cells compared to buffer controls

Values for LDH release in RAW 264.7 cells after 48 h incubation with A fibrils were compared
to those in cells incubated with the equivalent volume of the corresponding fibril buffer to identify
significant effects using one-way ANOVA with Sidak’s multiple comparisons test.

RAW 264.7 cells — Lol s DL
MTT assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)
2A ABa4o ns ns 0.0439 (*)
3Q ABao ns 0.0232 (*) ns
De novo ABa4o ns 0.0110 (%) 0.0042 (*)
ABa4o E22A 0.0270 (%) ns 0.0002 (***)
pH 2 AB42 ns ns ns
pH 8 AB4 ns 0.0005 (***) 0.0002 (***)

Table 4.6. P values for the effects of A fibril preparations on MTT reduction in RAW 264.7
cells compared to buffer controls

Values for MTT reduction in RAW 264.7 cells after 48 h incubation with A fibrils were compared
to those in cells incubated with the equivalent volume of the corresponding fibril buffer to identify
significant effects using one-way ANOVA with Sidak’s multiple comparisons test.
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THP-1 cells - 0.1 uM 1M 5 uM
ATP assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)
2A ABao ns ns ns
3Q Ao ns ns ns
De novo ABao ns ns ns
ABso E22A ns ns ns
pH 2 AB42 ns ns ns
pH 8 ABa> ns ns 0.0105 (*)

Table 4.7. P values for the effects of AB fibril preparations on ATP levels in THP-1 cells
compared to buffer controls

Values for ATP levels in THP-1 cells after 48 h incubation with AR fibrils were compared to
those in cells incubated with the equivalent volume of the corresponding fibril buffer to
identify significant effects using one-way ANOVA with Sidak’s multiple comparisons test.

THP-1 cells - S [f s 5pM
LDH assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)
2A AB4o ns ns ns
3Q AB40 ns ns 0.0119 (*)
De novo Ao ns ns ns
AB4o E22A ns ns ns
pH 2 AB4 ns ns ns
pH 8 AB42 ns ns 0.0053 (**)

Table 4.8. P values for the effects of A fibril preparations on LDH release in THP-1
cells compared to buffer controls

Values for LDH release in THP-1 cells after 48 h incubation with AR fibrils were compared to
those in cells incubated with the equivalent volume of the corresponding fibril buffer to
identify significant effects using one-way ANOVA with Sidak’s multiple comparisons test.

THP-1 cells - 0-1uM 1 kM D1
MTT assay p value p value p value
(vs buffer control) | (vs buffer control) | (vs buffer control)

2A ABa4o ns ns ns
3Q ABao ns ns ns
De novo ABao ns ns ns
ABao E22A ns ns ns
pH 2 AB42 ns ns ns
pH 8 AB42 ns ns ns

Table 4.9. P values for the effects of AB fibril preparations on MTT reduction in THP-1
cells compared to buffer controls

Values for MTT reduction in THP-1 cells after 48 h incubation with A fibrils were compared
to those in cells incubated with the equivalent volume of the corresponding fibril buffer to
identify significant effects using one-way ANOVA with Sidak’s multiple comparisons test.
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In addition to measuring ATP levels, LDH release and MTT reduction, for BV-2 microglial
cells microscopy images were taken after 48 h incubation with A fibril preparations to
assess the effects of the different fibril preparations on cellular morphology. No
pronounced changes in cell morphology were observed in the cells incubated with either
2A, 3Q or de novo AB4o fibril preparations compared to those incubated with fibril growth
buffers (Figure 4.6). The majority of cells appear to be approximately spherical in shape,
with some cells extending processes towards others, as expected for BV-2 cells (Blasi
et al., 1990). This is consistent with the results from viability assays for these fibrils in
which no pronounced effect was observed (Figure 4.3).

Figure 4.6. BV-2 microglial cell morphology after 48 h incubation with A4 fibril
preparations
BV-2 cells were incubated for 48 h with 5 yM monomer-equivalent concentration of (A) 2A, (B)
3Q, (C) de novo ABuo fibril preparations or (D) fibril growth buffer alone before imaging using an
EVOS microscope with 20x objective. Representative phase-contrast images are shown. Scale
bar = 100 um
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In contrast to cells incubated with AB4o, the most notable feature in images of BV-2 cells
incubated with 5 uM of AB4 E22A fibrils is the presence of cellular debris in areas
between remaining cells, suggestive of cell damage (Figure 4.7A). Some remaining cells
can also be seen to have lost the spherical shape of the cell body and are more swollen
and irregular in shape than those incubated only with buffer (Figure 4.7). There is also
evidence of clusters of floating cells in samples incubated with ABso E22A fibrils (Arrow
in Figure 4.7). These changes to BV-2 cell morphology suggest that the AB4o E22A fibrils
are having a deleterious effect on these cells, which is consistent with the observations
above (Figure 4.4).

AN

A Osaka AB,, fibrils B Osaka AB,, buffer

Figure 4.7. BV-2 microglial cell morphology after 48 h incubation with Ao E22A fibrils
(A) Image of BV-2 cells after 48 h incubation with 5 yM monomer-equivalent concentration of AB4o
E22A fibrils. Higher magnification image on the left highlights cellular debris. Higher magnification
image on right highlights cells with swollen and irregular morphology. White arrow indicates
populations of detached cells. (B) Image of BV-2 cells after 48 h incubation with equivalent volume
of ABso E22A fibril growth buffer. Images are representative and were taken using an EVOS
microscope with 20x objective. Scale bar = 100 pm.

BV-2 cells incubated with 5 uM ARs. fibrils formed at pH 2 are indistinguishable from
those incubated with buffer alone, (Figure 4.8A/B), consistent with no effect of the fibrils
on cell viability observed in the ATP, LDH and MTT assays (Figure 4.5). However,
differences can be observed in BV-2 cells incubated with 5 yM A4 fibrils formed at pH
8 compared to those treated with buffer alone (Figure 4.8C/D). The number of cells that
could be observed in these images was reduced. This aligns with the results of the
viability assays above (Figure 4.5) and is consistent with the cells dying as a
consequence of incubation with these AB42 pH 8 fibrils. As observed for cells treated with
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ABso E22A fibrils, there is also evidence of cell debris in the gaps between remaining
cells (Figure 4.8C). The cells that remain are similar in morphology to expected healthy
cells, although there are some cells with more amorphous cell bodies and longer
processes (Arrows in Figure 4.8C).

0
S8

A pH 2 AB,, fibrils B pH 2 AB,, buffer

Figure 4.8. BV-2 microglial cell morphology after 48 h incubation with ABa2 fibril
preparations

(A) Image of BV-2 cells after 48 h incubation with 5 yM monomer-equivalent concentration of pH
2 AB4 fibrils. (B) Image of BV-2 cells after 48 h incubation with the equivalent volume of pH 2
ABa42 fibril growth buffer. (C) Image of BV-2 cells after 48 h incubation with with 5 yM monomer-
equivalent concentration of pH 8 ABa2 fibrils. Left higher magnification image highlights cellular
debris and right higher magnification image shows amorphous cells. White arrows indicate the
presence of long processes extending from cells. (D) Image of BV-2 cells after 48 h incubation
with equivalent volume of pH 8 A4 fibril growth buffer alone. Phase-contrast images shown are
representative and were taken using an EVOS microscope with a 20x objective. Scale bar = 100
um
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Taken together, these data suggest that AB4o E22A and pH 8 A4 fibril preparations are
toxic towards the immune cell lines analysed, with the greatest effect being observed at
the 5 yM A monomer-equivalent concentration. However, research into the toxic form
of AB has implicated oligomers as the principal toxic species of AR assembly reactions
(Sengupta et al., 2016) (Section 1.2.4). Further experiments were therefore performed
to confirm whether the fibrils were indeed responsible for the observed toxicity. For this,
first ABso E22A fibril samples were centrifuged at 16,873 xg to pellet fibrillar material.
Supernatant and pellet fractions were then separated, and the pellet resuspended in
fresh fibril buffer. The pellet fraction will contain insoluble fibrillar material, whereas any
small proportion of soluble oligomeric or monomeric species will be present in the
supernatant fraction. To test the toxicity of these different fractions, equal volumes of
whole sample, supernatant and pellet fractions added to BV-2 cells for 48 h and
ATP/LDH assays performed (Figure 4.9).

Results from these assays show that the pellet fraction containing fibrillar material was
toxic to cells, leading to a decrease in cellular ATP levels and an increase in LDH release
(Figure 4.9). The supernatant fraction did cause a reduction in ATP at the highest volume
added, but no significant increase in LDH release was detected. This suggests that the
fibrils themselves are toxic. Moreover, although smaller non-sedimentable species in the
supernatant fraction may also be toxic, these could be smaller fibrils in the sample that

were not efficiently pelleted.
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Figure 4.9. Analysis of the effect of AR E22A fibril pellet and supernatant fractions on the
viability of BV-2 cells

AB4o E22A fibrils were centrifuged for 40 min at 16,873 xg to separate insoluble (pellet) and
soluble (supernatant) material. The pellet was resuspended in fresh fibril buffer and 0.1, 1 or 5
MM of the whole sample or the equivalent volume of supernatant or pellet fractions was added to
BV-2 cells and incubated for 48 h. (A) ATP and (B) LDH assays were then performed on cells.
LDH release data are normalised to cells treated with lysis buffer after the same incubation period
and ATP data are normalised to cells incubated with fibril growth buffer. Error bars represent
mean + SEM (n=3). All fibril concentrations are monomer-equivalent.

The pH 8 A4 fibril preparations were also centrifuged to pellet insoluble fibril material
(as described in Section 2.6.2), and the separated fractions added to BV-2 cells for 48 h
before viability assays were performed (Figure 4.10). These experiments showed that
the pellet fraction of pH 8 ABa2 fibrils exhibited the same effect on ATP levels and LDH
release on BV-2 cells as the whole non-centrifuged fibril sample. This indicates that the
fibrils are toxic to BV-2 cells (Figure 4.10). The first supernatant did show some toxic
effect in both viability assays; however, this was not observed when the sample is
centrifuged again (Supernatant 2). This suggests that this toxicity resulted from residual

fibrils remaining in the sample.
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Figure 4.10. Analysis of the effect of pH 8 Aa: fibril pellet and supernatant fractions on
the viability of BV-2 cells

pH 8 A2 fibrils were centrifuged for 40 min at 16,873 xg to separate insoluble and soluble
material. The pellet was resuspended in fresh fibril buffer, and samples of the supernatant taken
(Supernatant 1) before centrifugation was repeated under the same conditions (Supernatant 2).
0.1, 1 or 5 uM of the whole sample or the equivalent volume of supernatant or pellet fractions
was added to BV-2 cells and incubated for 48 h. (A) ATP and (B) LDH assays were then
performed on cells. Error bars represent mean + SEM (n=3). All fibril concentrations are
monomer-equivalent.

In summary, the use of ATP, LDH and MTT viability assays in combination with
microscopy indicate that the 2A, 3Q and de novo AB4o fibrils have no observable effect
on the viability of BV-2, RAW 264.7 or THP-1 cells (Figure 4.3). However, results from
these experiments indicate that AB4o E22A fibrils are toxic towards BV-2 microglial cells
and RAW 264.7 macrophage cells, with no observable effects on THP-1 cells (Figure
4.4). In addition, a differential effect on cell viability was identified between AB4> fibril
preparations, with pH 2 AB.» fibrils having no observable effect on cell viability, whereas
pH 8 AR fibrils were toxic to all three cell lines tested (Figure 4.5). These results are

summarised in Table 4.10.

Both A4 fibril populations were formed from the same initial ABs> monomeric peptide

but were resuspended in distinct buffers. Furthermore, for all assays a negative control
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was carried out in which cells were incubated with these fibrillation buffers in the absence
of fibrils, and this value was subtracted from experimental values. The differential toxicity
identified therefore cannot be attributed to differences in the peptide or buffer in the

samples, implicating differences in fibril structure as the causative factor.

2A 3Q De novo pH 2 pH 8

ABao ABao ABao AB4 E22A ABa2 ABaz

BV-2 cells th th Not toxic Toxic th Toxic
toxic toxic toxic

RAW 264.7 Not Not . . Not .

. . Not toxic Toxic . Toxic
cells toxic toxic toxic

THP-1 cells | O Not | Nottoxic | Not toxic Not Toxic
toxic toxic toxic

Table 4.10. Summary of fibril preparation toxicities from viability experiments and
microscopy

4.2.1 Measurement of reactive oxygen species (ROS) generation in

response to A fibril preparations

ROS production is an indicator of cellular stress and ROS are also key signalling
molecules in the inflammatory response (Nathan and Cunningham-Bussel, 2013).
Therefore, ROS generation was measured in response to the different AB fibril
preparations. This was measured using a cell permeant dye (CellRox Green, Thermo
Fisher Scientific). This dye is weakly fluorescent in the reduced state but becomes more
fluorescent when oxidised by ROS and binds to DNA. Green fluorescence of cell

samples is therefore measured using a plate reader as a readout of cellular ROS levels.

For this assay optimisation experiments were first required to identify the timescale of
incubation and concentration of AP fibril required in subsequent ROS measurements. 2A
ABso and pH 8 A4 fibrils were used for these preliminary tests, as from viability
experiments these fibrils would be predicted to have the least and greatest effect on
cells, allowing clearer identification of any differences. Monomer-equivalent
concentrations of fibrils from 1-10 uM were tested at 24, 48 and 72 h timepoints (Figure
4.11).
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Figure 4.11. Time course and concentration series of ROS generation from BV-2 cells in
response to 2A AB4o and pH 8 ABa: fibrils

BV-2 cells were incubated with 1, 2, 5 or 10 yM (monomer-equivalent concentration) of 2A ABao
or pH 8 A4z fibril preparations for (A/B) 24 h (C/D) 48 h or (E/F) 72 h. Cells were then incubated
with 5 yM CellRox dye for 30 min at 37 °C. Cells were washed x2 in PBS to remove excess dye.
Samples were excited in a Clariostar platereader (BMG Labtech) at 485 nm and emission
measured at 520 nm. Error bars represent mean + SD over a total of 3 replicates (n=1). ROS
release from cells treated with buffer controls has been subtracted from samples in the right panel
(B/D/F)

These experiments showed that increasing concentrations of both A fibrils above 2 yM
(monomer-equivalent concentration) leads to increased ROS generation. However, a
difference in ROS generation was only observed between cells incubated with pH 8 AB42
fibrils compared to 2A fibrils after 72 h. Based on this, subsequent experiments were
performed using 5 yM monomer-equivalent concentration of A fibrils for 72 h (Figure
4.12).

Results from these experiments showed only small increases in ROS generation
compared to buffer treatment; this increase was significant for all A fibril preparations
apart from the pH 8 A4 fibrils (Figure 4.12A). However, there were no significant

differences in the levels of ROS generation induced in response to the different Ap fibril
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polymorphs (Figure 4.12B). The de novo Ao fibrils had the greatest effect on ROS
production. This fibril preparation was not previously observed to have an effect in

viability experiments.
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Figure 4.12. ROS generation in BV-2 cells after incubation with A fibrils for 72 h

BV-2 cells were incubated with 5 uM (monomer-equivalent concentration) of AR fibril preparations
for 72 h. Cells were then incubated with 5 uM CellRox dye for 30 min at 37 °C. Cells were washed
x2 in PBS to remove excess dye before fluorescence was measured at 488 nm. Cells were treated
with 200 uM H20: as a positive control for ROS measurement. (A) ROS release in response to
AB fibrils is compared to cells incubated with corresponding fibril growth buffer. Error bars
represent mean + SEM (n=3), Unpaired t-test *, p<0.05, **, p<0.01, ****, p<0.0001. (B) ROS
generation resulting from incubation with fibril polymorphs with corresponding buffer values
subtracted. Comparisons between fibril preparations were made using one-way ANOVA test with
Tukey’s multiple comparisons.

4.3 Inflammatory activation of immune cells elicited by distinct AB fibril

preparations

Having identified differences in the toxicity of distinct AR fibrils towards microglial and
monocytic cell lines, differences in the inflammatory response elicited from these cells in
response to the fibrils was next explored. The release of pro-inflammatory cytokines was
measured, as these inflammatory mediators are involved in the damaging
neuroinflammation that is observed in AD brains (discussed in Section 1.4.4) (Sarlus and
Heneka, 2017).

4.3.1 Measurement of pro-inflammatory cytokine release in response to

AB fibril preparations

For cytokine release experiments, both BV-2 microglial cells and THP-1 monocytic cells
were used. First, it was necessary to investigate the timescale in which A fibrils lead to
cytokine release from cells. For this, a time course was carried out in which THP-1 cells
were incubated with fibril preparations for 24, 48 or 72 h, and the levels of TNF-a released

from cells measured by ELISA (Figure 4.13). A monomer-equivalent concentration of 2
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MM fibril preparation was used, which is similar to that used in previously published work
using THP-1 cells and was found produce a measurable cytokine response (Yates et al.,
2000; Cohen et al., 2015).
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Figure 4.13. Time course of TNF-a release from THP-1 cells upon incubation with AR fibrils
(A) THP-1 cells were incubated with 2 yM monomer-equivalent concentration of the different A
fibril preparations for 24, 48 or 72 h. Samples of the cell media were taken and TNF-a
concentrations measured by ELISA. Concentrations were calculated from a standard curve. Error
bars represent the mean + SEM (n=3). (B-D) p values for differences between AP fibril
preparations in TNF-a release calculated using one-way ANOVA with Tukey’s multiple
comparison test after (B) 24 h, (C) 48 h, (D) 72 h incubation with A fibrils.

This time course experiment showed that there was minimal TNF-a release from THP-1
cells after 24 h incubation with AR fibrils (Figure 4.13A/B). After 48 h, higher TNF-a
release was measured for all samples but more so for cells incubated with A4 fibrils

than Ao fibrils. Further to this, significantly more TNF-a release was measured from
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cells incubated with pH 8 AB4. fibrils than all other fibril preparations, including pH 2 AB42
fibrils (Figure 4.13C/D). At 72 h, cytokine release was found to have increased ~4-fold
from 48 h, but the trend remained the same for the different fibril preparations (Figure
4.13).

Based on these results, BV-2 and THP-1 cells were incubated with AR fibril preparations
for 72 h for subsequent experiments measuring cytokine release. Concentrations of pro-
inflammatory cytokines IL-6 and TNF-a were measured in cell supernatants using
ELISAs (Figure 4.14). A consistent finding from these experiments was that ABa2 fibrils
produced a much greater release of IL-6 and TNF-a from these cell lines than AR fibrils.
The other key finding from these experiments is the differential effect of ARa42 fibrils
formed under different fibrillation conditions. Incubation of cells with pH 8 AR fibrils
elicited a larger release of IL-6 and TNF-a than incubation with pH 2 A4z fibrils. This
difference was significant for IL-6 and TNF-a release from BV-2 cells, and TNF-a release
from THP-1 cells (Figure 4.14). P values of differences identified between the different

AB fibril preparations are shown in Figure 4.14E-H.

115



A IL-6 B TNF-a

250+ 600-
200+ 500+
= £
[
2 15 2 4001
- c
£ g 3007
BV-2 g 100 8
© T 200
T w
= T Z T
50
T 100+
-
0- 0
LPS 2A 3Q DenovopH2 pH8 LPS 2A 3Q DenovopH2 pH8
ABgo ABso ABy ABsz ABgy ABso ABso ABy ABsa Ay
C D
1200+
200+
1000+
150 ?
g 2 800
g c
= S
: £ 60
£ 100 < g
THP-1 g §
5 8
8 ® 400
© w
= 50 =
200+ —|—
T
——
0- — — 0-
LPS 2A 3Q DenovopH2 pH8 LPS 2A 3Q DenovopH2 pH8
ABag ABsy ABy AByy  AByy ABy ABy ABy ABs  ABy
BV-2 IL- BV-2 TNF-a
E 2A ABao 6 F 2A ABao
3Q ABao ns 3Q ABio ns
De novo De novo
ABao ns ns ABe ns ns
PH2 ns ns ns PH 2 0.0078 | 0.032
ABaz ABaz ns ™) )
pH8 | 0.0003 | 0.0002 | 0.0003 | 0.0169 pH8 | <0.0001 | <0.0001 | <0.0001 | 0.0025
ABaz (***) (***) **") *) ABx ) () ¢*) *"
De novo pH 2 pH 8 De novo H 2 H8
2AABw | 3QABw | g ABar ABus 2AABw | 3QABw | “Ra ABes ABes
THP-1 IL-6 THP-1 TNF-a
G 2A ABao H 2A ABao
3Q AB4o ns 3Q AB4o ns
De novo De novo
ABe ns ns ABo ns ns
pH 2 pH 2
ABer ns ns ns ABer ns ns ns
pH 8 ns ns ns ns pH 8 <0.0001 | <0.0001 | <0.0001 | <0.0001
A ABsz *) ***) ***) **)
De novo pH2 pH8 | De novo pH2 pH 8
2A ABao | 3Q ABao ABio ABss ABs 2A ABso | 3Q ABao ABao ABuz ABs

Figure 4.14. IL-6 and TNF-a release from BV-2 and THP-1 cells after 72 h incubation with
distinct A fibril preparations

BV-2 cells (A and B) and THP-1 cells (C and D) were incubated with 2 uM monomer-equivalent
concentration of AR fibril preparations for 72 h. Cell media was then collected and IL-6 (A and C)
and TNF-a levels (B and D) measured by ELISA. 1 yg/mL LPS was added to cells as a positive
control for the same incubation to stimulate cytokine release. Cytokine release from cells
incubated with fibril buffers alone was subtracted from fibril samples to isolate effects of the fibrils.
Error bars represent mean + SEM (n=3). (E-F) p values for differences between AR fibril
preparations in cytokine release calculated using one-way ANOVA with Tukey’s multiple
comparison test.
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As pH 8 AB.» fibrils were previously shown to be toxic towards BV-2 and THP-1 cells, it
could be suggested that the cells are not actively releasing these cytokines, but the
presence of cytokines in the cell media is just a result of cell membrane damage. To
investigate this, the same number of untreated cells as used in cytokine experiments
were lysed after 72 h incubation and the concentration of TNF-a released was measured
by ELISA (Figure 4.15). This showed very minimal TNF-a release from lysed untreated

cells, suggesting that the fibrils are inducing the production of cytokines.
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Figure 4.15. The concentration of TNF-a from lysed BV-2 and THP-1 cells

Untreated BV-2 and THP-1 cells were incubated for 72 h then lysed with 1% Triton X-100. Cell
debris was removed by centrifugation and the concentration of TNF-a in samples measured using
ELISA. TNF-a concentration released from cells treated with 1 pyg/mL LPS are shown as
comparison. Error bars represent mean + SEM (n=2).

4.3.2 Measurement of IL-1f release in response to A fibril preparations

One of the key pro-inflammatory mediators released in an inflammatory response is IL-
1B, and this cytokine has been found to accumulate around AR plaques in AD brains
(Griffin et al., 1989). IL-1B levels have also found to be elevated in the CSF and
circulation of AD patients (Italiani et al., 2018). IL-1B release was therefore measured in

response to the different A fibril preparations (Figure 4.16).

For IL-1B measurements, cells were first primed for 3 h with LPS, as this priming signal
is required to induce transcription of pro-IL-13 (Swanson et al., 2019). For consistency
with previous cytokine release experiments cells were then incubated with A fibrils for
72 h at a monomer-equivalent concentration of 2 yM (Figure 4.16A/B). However, under
these conditions little IL-13 release was detected in the samples. A higher concentration
of fibrils (10 yM monomer-equivalent) was therefore tested (Figure 4.16C/D). This
resulted in an increased and differential cytokine release response from the cells (Figure
4.16C/D). When this higher concentration of fibrils was used in IL-1 experiments, the
same observation from previous cytokine experiments was made; AB4. fibrils elicit a

greater response than AB4o fibrils. In addition, cells incubated with pH 8 A4z fibrils
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release a higher level of IL-13 compared to cells incubated with pH 2 AB.- fibrils (Figure
4.16). The difference in IL-1B release is significant between the two ABs. fibril
preparations when pairwise comparisons are made between fibrils formed from the same
peptide (Figure 4.16F).
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Figure 4.16. IL-1B release from THP-1 cells after 72 h incubation with AR fibril preparations
THP-1 cells were primed for 3 h with 1 pg/mL LPS before incubation with A fibril preparations
for 72 h. Samples of the cell media were taken and IL-13 concentration measured by ELISA. For
a positive control of IL-1B release, cells were subjected to the same priming step followed by
treatment with 5 uM nigericin for 30 min (LPS + Nigericin). (A) IL-113 release from cells incubated
with 2 uM monomer-equivalent concentration of AR fibril preparations (B) Values in A with
corresponding buffer values subtracted. (C) IL-1B release from cells incubated with 10 uM
monomer-equivalent concentration of A fibril preparations. (D) Values in C with corresponding
buffer values subtracted. Error bars represent mean + SEM (n=3). (E) p values for differences
between A fibril preparations in IL-1B release calculated using one-way ANOVA with Tukey’s
multiple comparison test. (F) p-values from pairwise comparisons between fibril preparations
formed from the same peptide using unpaired t-test.
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To confirm that the A fibrils are responsible for the IL-13 release measured, samples of
AB peptide were digested using Proteinase K (PK). If AR is not the trigger for IL-18
release then an IL-1B response would expected to still be observed when incubated with
these digested samples. Af peptide was incubated with increasing concentrations of PK
and samples analysed on an SDS-PAGE in order to demonstrate digestion. From this,
the lowest concentration of 5 ug/mL was determined to be sufficient for peptide digestion,
as demonstrated by the loss of a band seen at the expected MW for full-length AB at ~5
KDa (Figure 4.17A). This digested form of A was incubated with cells for 72 h after LPS

priming and IL-1B3 release measured as previously (Figure 4.17B).

In addition, to confirm that the IL-1[3 release measured from cells is not as a result of
endotoxin in the AR fibril samples, THP-1 cells were incubated with 1 EU/mL endotoxin
for 72 h after LPS priming and IL-13 release measured (Figure 4.17B). Results showed
that there was no significant difference between cells treated with LPS alone to those
subsequently treated with 1 EU/mL endotoxin or 10 yM PK-digested AB (Figure 4.17B).
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Figure 4.17. IL-1B release from THP-1 cells resulting from digested A and endotoxin

(A) 200 uM AB peptide was incubated with 0-50 pug/mL Proteinase K (PK) for 30 min at 37 °C then
samples analysed using SDS-PAGE on a 15% Tris-Tricine gel. The first lane shows A incubated
in the absence of PK. AB can be seen to have been digested at all concentrations of PK. (B) THP-
1 cells were primed with 1 yg/mL LPS for 3h before treatment with 5 uM nigericin, 1 EU/mL (final
concentration) endotoxin, 10 yM AR monomer digested for 30 min with 5 ug/mL PK, PK alone or
10 yM monomer-equivalent concentration ABa2 fibril preparations. Error bars represent mean +
SEM (n=3).
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4.3.3 Measurement of NLRP3 inflammasome activation in response to AB
fibril preparations

IL-18 is released after cleavage into an active form by caspase-1, as a result of NLRP3
inflammasome activation (Figure 4.18). The NLRP3 inflammasome is known to be
involved in the inflammatory response to the fibrillar form of AB, and can also result in an
inflammatory form of cell death known as pyroptosis (Halle et al., 2008; Heneka et al.,
2013; Venegas et al.,, 2017). This pathway was further investigated in this study to
identify if different AB fibril preparations activate the inflammasome to differing extents.
The NLRP3 inflammasome pathway is shown in Figure 4.18 with the components of the

pathway that were measured in this study highlighted in red.
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Figure 4.18. Components of the NLRP3 inflammasome pathway

The pathway of NLRP3 inflammasome activation is outlined. In these experiments, LPS is used
as an initial ‘priming’ signal, and A fibrils are added to cells as a secondary ‘activation’ signal.
The priming signal leads to the upregulation of transcription of NLRP3 pathway components,
NLRP3, pro-IL-1B and pro-IL-18. A fibrils are proposed to lead to cathepsin release via
lysosomal disruption, which triggers the formation of the NLRP3 complex. ASC adaptor protein
interacts with NLRP3 via its pyrin domain, and forms ASC filaments. Pro-caspase 1 is recruited
via the CARD domain of ASC, leading to autoproteolytic cleavage and activation of caspase-1.
Caspase-1 cleaves precursor forms of IL-1B and pro-IL-18 which are released from cells.
Caspase-1 also cleaves Gasdermin D, which forms pores in the cell membrane, leading to
pyroptotic cell death. In these studies, secreted IL-1B and the formation of ASC complexes are
measured as readouts of inflammasome activation, as highlighted in red.
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For inflammasome activation THP-1 cells were used. This is because it is known that
these cells express NLRP3 inflammasome components, numerous studies have used
these cells in experiments to investigate the NLRP3 inflammasome, and NLRP3 reporter
cells are readily available in this cell line (Yates et al., 2000; Kim et al., 2016; Guzova et
al., 2019).

To investigate the inflammasome pathway, an ASC knockdown THP-1 cell line was used
(ASCDef). ASC is a protein adaptor important in the canonical inflammasome response
pathway, made up of a PYD domain and a CARD domain (Figure 4.18). This bipartite
structure allows interaction with NLRP3 via PYD domains, and with pro-caspase 1 via
CARD domains. As NLRP3 does not contain a CARD domain, ASC is essential in this
pathway for the recruitment of caspase-1 and consequent cleavage of pro-IL-1[, pro-IL-
18 and Gasdermin D. The ASC deficient cell line used (THP-1 ASCDef) exhibits a
knockdown of ASC gene expression and has been previously shown by gPCR to exhibit
up to a 3-fold reduction in ASC expression (ASC KO & KD THP-1 Cells | Inflammasome

test monocytes | InvivoGen; Bedient et al., 2020; Svadlakova et al., 2020).

To first test the knockdown of these cells, wild type and ASCDef THP-1 cells were treated
with LPS for 3 h followed by treatment with inflammasome activator nigericin for 30 min,
and the resulting IL-13 release measured by ELISA (Figure 4.19). This showed that IL-
1B release is significantly reduced in ASCDef cells compared to wildtype in response to
LPS and nigericin treatment. However, it was observed that there can be a large variation

in the amount of IL-1B that is released from LPS and nigericin treated THP-1 cells.
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Figure 4.19. IL-1B release from wildtype and ASCDef THP-1 cells
Wildtype THP-1 cells and ASCDef THP-1 cells were treated for 3 h with 1 ug/mL LPS, followed
by 5 pM or 20 uM of nigericin for 30 min, to activate the NLRP3 inflammasome. This
inflammasome activation was measured by quantification of IL-13 in the cell media. Error bars
represent mean + SD (n=1, 3 replicates)
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ASCDef THP-1 cells were then primed with LPS and treated with 10 yM (monomer-
equivalent concentration) of A fibril preparations for 72 h, and IL-13 measured (Figure
4.20). This revealed a reduction in the concentration of IL-13 released from ASCDef
THP-1 cells in response to all of the A fibril preparations compared to wild-type THP-1
cells, however these differences did not reach significance (Figure 4.20). It was also
noted that over the course of the 3 individual experiments, ASCDef cells started to
display a greater IL-13 response to LPS and nigericin treatment, indicating that the

knockdown of ASC may have gradually been losing efficiency.
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Figure 4.20. IL-1B release from ASCDef THP-1 cells after incubation with AR fibril
preparations

ASCDef THP-1 cells were primed for 3 h with 1 yg/mL LPS before incubation with 10 uM
monomer-equivalent concentration of AR fibril preparations for 72 h. Samples of the cell media
were then taken and IL-1B concentration measured by ELISA. For a positive control of IL-18
release, cells were subjected to the same priming step followed by treatment with 5 uM nigericin
for 30 min (LPS + Nigericin). Error bars represent mean + SEM (n=3). IL-1 release from cells
incubated with buffer have been subtracted from fibril values. One-way ANOVA with Sidak’s
multiple comparisons test, *** p<0.001

NLRP3 activation leads to ASC filament formation (Figure 4.18). These filaments then
coalesce to form a macromolecular structure known as a ‘speck’. In most cells, only one
ASC speck forms upon NLRP3 activation, therefore speck formation can be used as a
readout of inflammasome activation (Franklin et al., 2014). In these experiments, an ASC
speck reporter cell line was used, in which THP-1 cells stably express an ASC::GFP
fusion protein (Mehto et al., 2019; Sousa et al., 2020). The expression of this fusion
protein is under the control of an NF-kB-inducible promoter. The expression of this GFP
fusion protein is therefore induced by the first inflammasome priming signal, in this case
LPS. This ASC::GFP protein then polymerises in response to a second inflammasome
activation signal to form a speck structure up to 1 pM in size, which can be visualised

using confocal microscopy (Outlined in Figure 4.21).
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Figure 4.21. GFP-ASC THP-1 cell system

Expression of the GFP::ASC fusion protein is induced in GFP-ASC cells by LPS treatment, via
the NF-kB pathway. A second activating stimulus of the NLRP3 inflammasome then induces the
formation of NLRP3 inflammasome complexes including ASC filaments. Filaments then self-
associate to form a macromolecular structure called a ‘speck’ which can be visualised and
quantified by fluorescence microscopy.

This cell system was used to compare the speck formation induced by incubation with
different AR fibril preparations. Control cells were used alongside fibril treated cells in all
experiments to ensure that the ASC-GFP cell system was functioning correctly (Figure
4.22). Treatment with 1 pg/mL LPS resulted in a diffuse expression of the GFP fusion
protein in the cell cytoplasm. Subsequent treatment with nigericin, an inflammasome
activator, resulted in the formation of small perinuclear speck structures with increased

fluorescence intensity (Figure 4.22).

Untreated cells + LPS + Nigericin

Figure 4.22. Imaging ASC speck formation in GFP-ASC THP-1 cells

GFP-ASC THP-1 cells were plated in individual glass imaging dishes and either left untreated
(left), treated for 3 h with 1 yg/mL LPS (middle), or treated for 3 h with 1 ug/mL LPS followed by
30 min treatment with 5 uM nigericin (right). Nuclei were stained with Hoechst stain (blue) and
cells were imaged by live-cell imaging on a Zeiss LSM700 confocal microscope with a 20x
objective. Representative images are shown, scale bar = 50 ym
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GFP-ASC cells were then incubated with 1 yM monomer-equivalent concentration of the
different fibril preparations for 72 h before live-cell confocal imaging was performed on
samples to visualise and quantify the resulting ASC speck formation (Figure 4.23). Cells
were treated with Hoechst stain to visualise nuclei, and both ASC-GFP specks and nuclei
were counted to produce speck/cell values in response to the different A fibrils. Tilescan
images were taken in order to maximise cell sample size (Figure 4.23). This revealed
that incubation with AR fibrils led to an increase in the production of ASC specks
compared to buffer-treated cells for all samples, however this difference only reached
significance for 3Q AB4o, pH 2 AB42 and pH 8 AB.» fibrils (Figure 4.24A). In addition, a
difference was only identified in the number of ASC specks produced in response to 2A
Ao fibrils compared to pH 2 AB4 fibrils, with no significant differences between fibrils

formed from the same peptide, under these conditions (Figure 4.24B).
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Untreated cells
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Figure 4.23. ASC speck formation in response to incubation with A fibril preparations
(A) Representative tilescan confocal images of untreated GFP-ASC THP-1 cells. (B-F) GFP-ASC
THP-1 cells after 3 h treatment with 1 ug/mL LPS followed by 72 h incubation with 1 yM monomer-
equivalent concentration of (B) 2A Ao fibrils (C) 3Q ABao fibrils (D) De novo ABao fibrils (E) pH 2
AB42 fibrils (F) pH 8 ARa2 fibrils. Cells were treated with Hoechst stain 30 min before live-cell
imaging using a Zeiss LSM700 confocal microscope with a 20x objective. Representative images
are shown, scale bar = 200 ym
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Figure 4.24. Quantification of GFP-ASC specks formation in response to AR fibril
preparations

(A) The number of GFP-ASC specks per cell resulting from incubation with A fibril preparations.
Error bars represent mean + SEM over a total of 12 tilescan images each with an average of 350
cells (n=3). Significance values represent differences to corresponding buffer-treated samples.
Unpaired t-test *, p<0.05, **, p<0.01, ***, p<0.001. (B) The number of GFP-ASC specks formed
per cell with corresponding buffer values subtracted. The number of specks formed in response
to the five different AB fibril preparations was compared using one-way ANOVA with Tukey’s
multiple comparison test *, p<0.05

In summary, a differential IL-13 release is observed from THP-1 cells in response to A3
fibril preparations, but this requires a higher concentration of fibril than for the release of
previously measured cytokines. ABa» fibrils resulted in a greater IL-103 release than Ao
fibrils, and pH 8 ABa. fibrils triggered a significantly greater IL-13 release compared to
pH 2 AB4. fibrils. Although there is evidence for NLRP3 inflammasome activation in
response to the A fibrils, a differential NLRP3 activation effect corresponding to the IL-

1B release observed by the different AR fibrils was not demonstrated.
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4.4 Measuring changes in the expression of MHC class Il and CD80

molecules in response to A fibril preparations

As infiltration of T-cells has previously been observed in response to amyloid fibrils, along
with an increase in MHC class Il expression indicative of enhanced antigen presentation,
molecules involved in the triggering of an adaptive immune response were also explored
(Hopperton et al., 2017; Gate et al., 2020). For this, the expression of two cell surface
markers — MHC class Il and CD80, was measured. MHC class Il presents antigens to
CD4 T-cells and CD80 provides a co-stimulatory signal in T-cell activation (Smith-Garvin
et al., 2009). The upregulation of these proteins will therefore enhance the detection of
antigens by T-cells. For these experiments, THP-1 cells were treated with 2 yM
monomer-equivalent concentration of AR fibril preparations for 72 h, then cell-staining
was carried out using antibodies specific for HLA-DR, one of three types of MHC class
Il molecule, and CD80. Cell-associated fluorescence was subsequently measured using

flow cytometry.

These experiments showed that CD80 expression was significantly increased in
response to all Ap fibril preparations, compared to CD80 expression in cells treated with
buffer alone (Figure 4.25B/C). Similar to results for ROS generation, the de novo Ao
fibrils were found to induce the greatest increase in CD80 expression, with differences
in the mean fluorescence of cells incubated with the different Ap fibril preparations shown
in Figure 4.25D.

MHC class Il expression, however, was not increased to the same extent as CD80, with
only ABao fibrils found to have a significant effect over buffer alone when measuring the
mean fluorescence of cells (Figure 4.26C). No differences in MHC class Il expression in
response to incubation with the different AB fibril preparations were identified (Figure
4.26D).

In summary, these results identified an increase in CD80 expression in response to all
ApB fibril preparations, with de novo fibrils leading to the greatest increase, and pH 2 AR
fibrils leading to the smallest increase in expression. This indicates that increasing CD80
expression is a general cellular response to AR fibrils, but some fibrils can result in a
greater increase than others. MHC class Il expression was not increased to the same
extent as CD80, indicating that different conditions such as higher concentrations of A

fibril may be required for clear changes to be measured in MHC class Il expression.
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Figure 4.25. CD80 expression in THP-1 cells treated with A fibril preparations

THP-1 cells were stained using a CD80 antibody and an Alexa-488-conjugated secondary
antibody. Cell associated fluorescence is therefore indicative of CD80 expression. (A) Flow
cytometry trace showing cell-associated fluorescence after staining untreated THP-1 cells or cells
treated with IFN-y for CD80. (B) Representative flow cytometry trace of THP-1 cell associated
fluorescence after incubation with 2 uM A fibril preparations for 72 h. (C) Mean fluorescence of
THP-1 cells incubated with AP fibril preparations or buffers and stained for CD80. Error bars
represent mean + SEM (n=3), 10,000 cells were recorded per replicate. Pairwise comparisons
were made between values for cells incubated with A fibrils and values resulting from incubation
with the corresponding fibril buffer to identify significant changes in expression. Student’s t-test *,
p <0.05, **,p =0.01, ****, p <0.0001 (D) p values of significant differences identified in the mean
fluorescence of cells after incubation with the different A fibril preparations. One-way ANOVA
with Tukey’s multiple comparisons test *, p <0.05, **,p <0.01
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Figure 4.26. Expression of MHC class Il in THP-1 cells treated with A fibril preparations
THP-1 cells were stained using an MHC class Il antibody and an Alexa-488-conjugated
secondary antibody. Cell associated fluorescence is therefore indicative of MHC class Il
expression. (A) Flow cytometry trace showing cell-associated fluorescence after staining
untreated THP-1 cells or cells treated with IFN-y for MHC class Il. (B) Representative flow
cytometry trace of THP-1 cell associated fluorescence after incubation with 2 yM AR fibril
preparations for 72 h. (C) Mean fluorescence of THP-1 cells incubated with AR fibril preparations
or buffers and stained for MHC class II. Error bars represent mean + SEM (n=3), 10,000 cells
were recorded per replicate. Pairwise comparisons were made between values for cells incubated
with AR fibrils and values resulting incubated with the corresponding fibril buffer to identify
significant changes in expression. Student’s t-test *, p <0.05, **,p <0.01, (D) p values of significant
differences identified in the mean fluorescence of cells after incubation with the different A fibril
preparations. One-way ANOVA with Tukey’s multiple comparisons test.
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A summary of the effects identified in THP-1 cells in response to the different fibril

preparations tested are summarised in Table 4.11.

2A 3Q De novo pH 2 pH 8
ABao ABao AB4o ABa42 ABa2
ROS assay + + + + +
TNF-a release - - - ++ ++++
IL-6 release - - - ++ +H++
IL-1B release + + + ++ +++
ASC sp_eck + N N R .\
formation
CD80_ . N ot R .\
expression
MHC 1l i i ] ] ]
expression

Table 4.11. Summary of the effects of different AB fibril preparations on assays performed
to measure the inflammatory response in THP-1 cells

The effects of AR fibril preparations in assays performed in this thesis in relation to the
inflammatory response are compared. *-* indicates that the A fibril preparation had no effect in
the corresponding assay, and increasing numbers of ‘+’ symbols indicate increasing strength of
the effect observed in the corresponding assay resulting from the AR fibril preparation.
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4.5 Discussion

In this chapter the effects of six AB fibril preparations on immune cell viability and
inflammatory activation were explored. The first key finding was the differential toxicity
of AB fibril preparations towards monocytic and microglial cell lines (Figure 4.3-6). 2A,
3Q and de novo AP fibril preparations were not found to be toxic towards BV-2, RAW
264.7 and THP-1 cell lines, whereas AR4o E22A fibrils were toxic towards BV-2 microglial
cells and to a lesser extent RAW 264.7 macrophage cells. It has been previously shown
that the ABso E22A peptide has toxic effects on neuronal cell viability, however the
conformation of the protein that was responsible for this toxic effect was not identified
(Ovchinnikova et al., 2011). The increased toxicity of fibrils formed from mutant E22A
peptide compared to wild-type AB4o peptide towards monocytic and microglial cells could
in part explain why this mutation is associated with early-onset disease (Tomiyama et
al., 2008). Further to these findings, ABa2 fibrils formed at pH 8 were found to be toxic to
all cell lines tested, however this toxic effect was not observed for AB4: fibrils formed at
pH 2.

Further experiments are required to explore the mechanism of fibril toxicity. These
experiments could involve determining whether the toxicity of AB4o E22A fibrils and pH 8
ABa4 fibrils is dependent on the uptake of the fibrils by cells, or if interaction with the
plasma membrane is sufficient. Increased initial interaction of A fibrils with cells could
result in an enhanced toxic effect. In relation to this, experiments were carried out in this
work (Chapter 5), which investigate the relationship between the different AR fibrils and
cell association, uptake and degradation. Work in this chapter identified that the pH 8
A4z fibrils associate more with cell surfaces than pH 2 AR fibrils, which could help to
explain the increased toxicity of these fibrils. The disruption of cell membranes by the
fibrils is one possible mechanism of fibril toxicity, a phenomenon that has been previously
described in the context of amyloid fibrils (Xue et al., 2009; Milanesi et al., 2012;
Goodchild et al., 2014). The toxicity of a distinct a-synuclein fibril polymorph was found
to be a result of binding and permeabilization of membrane lipid bilayers, and previous
research has also shown that the interaction of mature A fibrils with cell lipids can result
in their destabilisation and resolubilisation into more toxic species (Martins et al., 2008;
Pieri et al., 2012; Bousset et al., 2013). In addition, A fibrils have also been shown by
electron tomography to penetrate into tubular invaginations of the plasma membrane
(Han et al., 2017). However, fibril toxicity in this previous study was hypothesised to
result from damage to intracellular membranes, as lysosomal leakage was observed
(Han et al., 2017). This damage to intracellular membrane structures has also been
demonstrated in a study using amyloid fibrils formed from polyglutamine-expanded

huntingtin protein, in which ER membranes were shown to be deformed, and ER
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organisation and dynamics altered (Bauerlein et al., 2017). Experiments in the current
work identified increased LDH release from cells in response to pH 8 fibrils, which is
consistent with damage to the cell membrane. More in-depth analysis of the interactions
of the A fibrils used in this thesis with membrane lipid bilayers would be an interesting
line of research (Martins et al., 2008; Bauerlein et al., 2017; Han et al., 2017).

The second key finding in this chapter was the differential release of cytokines in
response to the A fibrils. Increased release of two pro-inflammatory cytokines, IL-6 and
TNF-a, was observed in response to ARa4: fibrils when compared to AR fibrils. Further
to this, a significantly greater release of IL-6 and TNF-a was measured from cells treated
with pH 8 A4 fibrils compared to pH 2 AB4: fibrils. This difference in cytokine release
suggests that the pH 8 AB4. fibril population activates a greater pro-inflammatory

response in immune cells than the pH 2 ABa. fibrils.

The release of these pro-inflammatory cytokines were investigated as they are released
from microglial cells and have been found to be elevated in AD brains, linking them to
neuroinflammation (Griffin et al., 1989; Bauer et al., 1991; Ojala et al., 2009). The
transcription of IL-6 and TNF-a is enhanced in response to recognition of stimuli by
PRR’s on immune cells such as the microglia and monocytes used in these experiments
(Tanaka et al., 2014). A number of these PRR’s, such as TLR’s, have been shown
previously to be involved in the immune response to A fibrils (Fassbender et al., 2004;
Reed-Geaghan et al., 2009). With a different set of amino acid side chains exposed on
the surface of different amyloid fibril polymorphs, it is possible that the fibrils will interact
to differing extents with these receptors on immune cells, thus resulting in different levels
of immune cell activation via the pathways discussed in Section 1.4.3. This is consistent
with results presented in Chapter 5 of this thesis, in which increased interaction of pH 8
ABa42 fibrils with cell surfaces is demonstrated compared to the pH 2 ABa2 fibrils. This
increased cell association could be indicative of increased engagement of these fibrils
with cell surface receptors, which in turn would result in amplified receptor activation and
consequent cell signalling. If binding to receptors involved in the inflammatory response,
this could explain the increased release of inflammatory mediators from monocytic and
microglial cells in response to pH 8 AB4. fibrils compared to the pH 2 fibrils. Future
experiments to develop this hypothesis would involve measuring the activation of
signalling pathways to determine if the activation of these pathways is amplified in
proportion to fibril cell surface interactions. For example, intracellular Ca®* levels that
result from fibril binding could be measured, indicative of cell signalling. Further
experiments are required to identify the receptors that are involved in the differential
immune response observed between fibril polymorphs, but TLR2, TLR4, TLR6, SR-A

and SR-B receptors are potential candidate receptors that could be investigated
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(Bamberger et al., 2003; El Khoury et al., 2003; Tahara et al., 2006; Reed-Geaghan et
al., 2009; Stewart et al., 2010). Cells deficient in these receptors could be utilised for this,
before protein-protein interactions between receptors and the different fibril structures

could be investigated in more detail (Reed-Geaghan et al., 2009).

The release of IL-13 was also investigated in this work, as this cytokine has been found
to accumulate around A plaques in AD brains and levels have found to be elevated in
the CSF and circulation of AD patients (Griffin et al., 1989; ltaliani et al., 2018). IL-1B is
therefore implicated in AD. Measurement of IL-1B release revealed that a greater
concentration of AR fibril (10 uM monomer-equivalent concentration) was required in
order to elicit similar levels of IL-13 release from BV-2 and THP-1 cells as TNF-a and IL-
6 release. This concentration of AR fibrils has been used previously in experiments to
measure resulting IL-1B release from THP-1 cells, and these experiments also
demonstrated the same 72 h timepoint of release after incubation with the fibrils (Yates
et al., 2000). These experiments detected a greater concentration of IL-1 release from
cells than in the current work, however LPS was incubated with the fibrils throughout the
experiment rather than just 3 h priming, and cell numbers used were not described
(Yates et al., 2000). In the present work, this higher 10 yuM concentration of fibril resulted
in the same pattern of IL-1[3 release as previously observed with TNF-a and IL-6, with
A4 fibrils eliciting a greater IL-1 release than AB4o fibrils, and pH 8 A4z fibrils having

a greater effect compared to pH 2 ABs. fibrils.

The mechanism of this differential IL-1p release was explored, focusing on the NLRP3
inflammasome. This pathway has been shown to be activated by A fibrils resulting in
the release of IL-13, and can also result in cell death via pyroptosis (Halle et al., 2008;
Heneka et al., 2013; Shi et al., 2015; Swanson et al., 2019). Differential activation of this
inflammasome would therefore provide a link helping to explain both the enhanced
release of IL-1B and cell death resulting from incubation with pH 8 A4 fibrils. However,
no significant difference was identified between the level of IL-10 released from wildtype
THP-1 cells compared to that from ASCDef cells in response to AR fibrils, or between
the number of ASC specks that formed in response to different ApB fibrils preparations
(Figure 4.20). As speck formation was observed, these results indicate that whilst the
NLRP3 inflammasome could be playing a role in cell death and activation, no differential
effect was identified. Assays allowing a more precise read-out of NLRP3 inflammasome
activation may be required to confirm these conclusions, as speck formation is not a
sensitive measure of the extent of activation, it simply reports whether the inflammasome

is activated or not.
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The effect that different AB fibril preparations have on the capability of triggering an
adaptive immune response was also investigated in this work. It was found that CD80
expression was increased in response to all AB fibrils tested. This is similar to a recent
study in which it was shown that AB4. oligomers increased the expression of both CD80
and CD86 co-stimulatory molecules, however the effects of fibrillar forms of the peptide
were not tested in this work (Gericke et al., 2020). De novo Ao fibrils were found to
induce a significantly greater increase in expression compared to 2A AR and pH 2 A4
fibrils when mean fluorescence was measured (Figure 4.25). This could be a result of
the heterogenous nature of the de novo fibril preparations; the samples consist of a range
of different fibril structures with the potential to have an effect. Unlike CD80, the increase
in MHC class Il expression measured was minimal, and only significant over the effects
of buffer for the ABao fibrils (Figure 4.26). Whilst a-synuclein fibrils have been shown to
induce MHC class Il expression in microglia, and MHC class Il has been consistently
found to be upregulated in AD brains, the effect of A fibrils is not extensively researched
(Harms et al., 2017; Hopperton et al., 2017; Van der Perren et al., 2020). It could
therefore be that the concentration of AB fibril used in these experiments was not
sufficient to induce MHC class Il expression, in comparison to that of a plaque within an
AD brain.

The in vitro nature of this work does come with some limitations; as the Ap fibrils were
incubated with cells for up to 72 h, it is possible that within this time the fibrils may have
undergone some disaggregation or structural changes, which could contribute to the
effects the fibrils had on cells that were outlined in this chapter. Further to this, as the
cells are cultured at pH 7.4, it could be postulated that the ABa. fibrils that were formed
at pH 2 would be more likely to undergo these changes, when subjected to such a
change in pH. To check for this, pH 2 AR fibrils were incubated in cell culture media
alone for 72 h before analysis using EM. Whilst this confirmed that the pH 2 fibrils did
remain fibrillar within this time, this method is not sensitive enough to rule out any

changes to fibril structure.

Whilst the concentration of AB in the CSF is used in AD diagnosis, this is a measure of
soluble AB species and does not represent the concentration of aggregated A that is
present in an AD plaque. A study in which the frontal cortical grey matter from human
Alzheimer’s disease and control subjects was fractionated based on different pools of
AB species estimated that an AD brain had a total of 6.5 mg of A, compared to 1.7 mg
in control brains (Roberts et al., 2017). 48% of the AB was located in a membrane pool,
and 45% was extracted using formic acid, which dissolves fibrillar deposits. The
concentration of AB in both of these fractions was estimated to be low micromolar

(Roberts et al., 2017). This is consistent with the concentrations of AR used in the
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experiments in this work, and with the range of AB concentrations commonly used in the
literature (Yates et al., 2000; Petkova et al., 2005; Walsh et al., 2009; Pan et al., 2011).

In summary, the data presented in this chapter demonstrates the consequences that
differences in AB fibril preparations can have on their effects on immune cells.
Differences in both toxicity and immune cell activation were identified, which would
govern the impact of the fibrils within an AD brain. Further work is required to identify the

mechanisms of toxicity and activation.
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5 Differences in the cell association, uptake and degradation of

distinct AR fibril preparations by immune cells

5.1 Introduction

In addition to the activation of microglial and monocytic cells by A fibrils, there is also
evidence that these cells can contribute to the uptake and degradation of the fibrils
(discussed in Section 1.4.5). A number of genes identified to be associated with an
increased risk of LOAD have been found to be involved in this clearance (Table 1.5),
highlighting the importance of this process in disease. Microglia can clear fibrils either
via internalisation of the fibrils and subsequent degradation within lysosomes or via the
release of amyloid-degrading enzymes (Rogers et al., 2002). Lysosomal enzymes
cathepsin B and TPP-1 have been shown to cleave A fibrils, aiding in the breakdown
of AB fibrils once internalised (Mueller-Steiner et al., 2006; Solé-Doménech et al., 2018).
However, it is not known how polymorphism affects the uptake and degradation of A
fibrils.

There is evidence to suggest that differences in amyloid structure could convey
differences in the extent to which the structures interact with cells. For example, a study
in which the properties of two structurally distinct misfolded protein oligomers of the
model protein HypF-N (Type A and Type B) are compared has been previously
discussed in this thesis in the context of immune cell activation (Section 4.1) (Mannini et
al., 2019). Although not fibrillar, these species both have a (B-sheet core structure and
bind to ThT, but the structures differ in the solvent exposure of hydrophobic residues and
overall flexibility. Type B oligomers were found to have a higher ability to bind to
microglial membranes than the Type A oligomers, as shown by confocal microscopy of
N13 microglial cells incubated with fluorescently labelled HypF-N oligomers (Mannini et
al., 2019). In addition, differential interactomes were identified for the two oligomer
structures using proteomics, with Type B oligomers found to have a higher affinity for
membrane receptors than Type A oligomers (Mannini et al., 2019). This was proposed
to be a result of more hydrophilic surfaces and more dynamic structure of the Type B
oligomer and was suggested to result in more immune signaling, thus explaining
increased release of pro-inflammatory cytokines at lower concentration ranges than the
Type A oligomers. In addition, it was found that 31.2% of Type A oligomers were
internalised by microglial cells, compared to less than 3% of Type B oligomers (Mannini
et al., 2019). This provides evidence that differences in the structures of amyloid species

can also affect the extent of uptake by cells.
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In addition to this, the previously discussed a-synuclein polymorphs ‘ribbons’ and ‘fibrils’
(Section 4.1) were found to have differences in their interaction with cell membranes.
When the binding of Alexa-Fluor 488 labelled a-synuclein polymorphs to SH-SY5Y cells
was assessed using flow cytometry, it was found that the *fibril’ polymorph of a-synuclein
fibrils bind to cells with higher affinity compared to the ‘ribbon’ polymorph (Bousset et al.,
2013). As both polymorphs were found to have similar affinities for complex lipid mixtures
extracted from brain, this greater binding of the fibril polymorph was proposed to be due
to the increased binding to proteins or receptors within the cell membrane (Bousset et
al., 2013). Furthermore, it was found that the toxicity of the fibri’ polymorph was a
consequence of this membrane binding and the permeabilization of membrane lipid
bilayers (Pieri et al., 2012).

Further to differences in cell interaction and internalisation, there is evidence to suggest
differences in the degradation of different amyloid polymorphs. For example, when
compared to in vitro formed fibrils it was found that AB4o fibrils extracted from the
vasculature of AD brains are more resistant to proteinase K proteolysis, suggesting that
differences in the molecular structure of fibrils could result in them being more or less
susceptible to degradation (Kollmer et al., 2019). This could be a reflection of structural
differences between the fibrils, as a result of different growth conditions and co-factors
present in fibrillation. Similarly, it has been found that different ‘strains’ of a-synuclein
fibrils with different structures derived from PD and MSA were more resistant to
proteinase K degradation than those from DLB (Van der Perren et al., 2020). This again
provides evidence that the structure of amyloid fibrils can convey differences in their
degradation. We hypothesise that differences in AR fibril structure could result in
differences in the accessibility of cleavage sites to proteases and thus the proteolytic

breakdown of the fibrils.

This thesis chapter aims to investigate whether AR fibril preparations differ in the level of
their initial association with microglial cells. The capability of microglia to internalise
different ApB fibrils preparations and sort these to lysosomes is also investigated. The
extent of degradation of the A fibril preparations is assessed by tracking internalised
fibrils over time, and by incubating A fibril preparations with lysosomal fractions isolated

from microglial cells.
5.2 The production of fluorescently labelled A fibril preparations

In order to investigate the uptake and degradation of different AB fibril polymorphs by
microglial cells, fibrils that can be visualised using confocal microscopy and flow
cytometry were required. To produce fibrils that can be tracked by confocal imaging, ABa4o

and ABs2 monomers were labelled with ATTO-594 dye and these monomers were used
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in fibril assembly reactions. Amine labelling was used to achieve this labelling; AR and

AB42 monomers were reacted with 4x molar excess of ATTO-594 NHS ester (Figure 5.1).

0o
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Figure 5.1. Structure of ATTO-594 dye and NHS-ester conjugation reaction with AB
(A) Molecular structure of ATTO-594 NHS-ester dye. (B) Outline of NHS-ester conjugation of
ATTO-594 onto AR monomer via reaction with amines.

The reactions containing AB monomer and ATTO-594 were then quenched and purified
by SEC using a Superdex 75 analytical column 10/300 (Section 2.3.7). For both
reactions, two clearly fluorescent bands were visible on the SEC column, corresponding
to ATTO-594 labelled AR monomer and excess ATTO-594 dye (Figure 5.2A). A more
dilute sample of the AB42 labelling reaction was loaded onto the SEC column in order to
prevent aggregation, therefore resulting in lower absorbances (Figure 5.2C). The first
fluorescent band on the column eluted at the expected volume for the mass of AB
monomer (~12 min) (Figure 5.2B/C). This first peak was therefore collected and these
samples were visibly blue in colour (Figure 5.2D). Collected samples corresponding to
eluted AB4o and AR42 peaks (Figure 5.2B/C) were analysed using SDS-PAGE (Figure
5.2E). This revealed a single band in both ABso and ABs> samples, which were of the
expected sizes of AR and AB42 monomers, as compared to unlabelled control samples
(Figure 5.2E). The fainter band seen for the AB42> sample compared to ABa4o is reflective
of the lower concentration of AB4> that was used in the labelling reaction in order to
prevent aggregation. The gel was then excited at 601 nm, this revealed that 594 nm
fluorescence corresponds to the ABso and AB42 bands (Figure 5.2F), further confirming

that these collected samples have been labelled with ATTO-594 dye.

AB4o and AB42 monomer labelled with ATTO-594 was freeze-dried and resuspended for
use in the formation of AP fibrils. 2A, 3Q and de novo A4 fibril polymorphs and pH 2

and pH 8 ABa. fibrils populations were produced under the conditions previously used
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(Section 2.5) but using labelled monomer and unlabelled monomer in a 1:100 ratio,

respectively.

To demonstrate that the labelled monomer had been incorporated into fibrils, fibril
samples were centrifuged to pellet insoluble material as previously described (Section
2.6.2). This resulted in a pellet for all fibril preparations that was visibly blue, and a clear
supernatant (Figure 5.3A). This indicates that the ATTO-594 labelled AB monomer has
been incorporated into insoluble aggregates. To assess these aggregates further and
confirm amyloid fibril formation, the fibril preparations were imaged using EM (Figure
5.3B). This confirms that the fluorescent pelleted material seen in Figure 5.3A is fibrillar

for all fibril preparations.
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Figure 5.2. Labelling of AB monomers with ATTO-594 NHS ester dye

(A) ABso and APs2 monomers were reacted with 4X molar excess of ATTO-594 NHS ester
overnight at 4 °C then purified by SEC using a Superdex 75 analytical column 10/300. This results
in two visibly fluorescent bands on the column corresponding to labelled AR monomer and free
excess ATTO-594 dye. (B and C) SEC traces of ABo and AR42 labelling mixtures. (D) Example
of AB peak collected from the SEC column showing blue colouration indicating ATTO-594
labelling of AR peptide. (E) SDS-PAGE of unlabelled A monomer and samples taken from AB4o
and AB42 peaks shown in B/C shown to correspond to the mass of AB. (F) Fluorescent imaging
of the gel using a G-Box imaging system (Syngene). The location of 594 fluorescence
corresponds to the location of AB4o and AB42 monomer collected from peaks in B/C.
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Figure 5.3. ATTO-594 labelled A fibril preparations pellets and EM images

(A\) Fibril preparations containing 1% ATTO-594 labelled A monomer were centrifuged at 16,873
xg for 40 min to pellet insoluble material. ATTO-594 labelled peptide (blue) can be seen to be
localised to this insoluble pellet fraction for all fibril samples. (B) 1% ATTO-594 labelled 2A, 3Q
and de novo ABsoand pH 2 and pH 8 Aa2 fibril preparations were imaged by negative stain EM
on a JEOL 1400 microscope. Images are representative.
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To assess the effect of 1% ATTO-594 labelled AB monomer on fibrillation kinetics, the
formation of de novo fibrils using this percentage of labelled monomer was monitored
using ThT (Figure 5.4A). This revealed comparable growth kinetics to de novo fibrils
formed from 100% unlabelled ABs monomer (Figure 3.9), indicating that the 1% ATTO-
594 labelled AB monomer is not altering fibril growth. To further assess the effects of
ATTO-594 labelled monomer on fibrillation, fibril yields were also performed on the fibrils
formed from 1% ATTO-594 AR monomers (Figure 5.4B). This showed that the majority
of AB peptide in all five AB fibril preparations was in the insoluble fraction, and values

were comparable to those for unlabelled fibrils (Figure 3.10, 3.13, 3.16).

In summary, AB4o and ABs> monomers were labelled with ATTO-594 NHS ester using
amine labelling. These peptides were shown to be fluorescent and then were used in
fibril reactions to form fluorescently labelled 2A, 3Q and de novo A4 fibril preparations
and pH 2 and pH 8 A4 fibril preparations. Fibril reactions were carried out as described
in Section 2.5 but using 1% ATTO-594 labelled monomer with 99% unlabelled monomer.
The resulting aggregates were shown to be fluorescent and fibrillar, with the expected
growth kinetics and fibril yields. These fluorescently labelled fibrils were then used in

imaging and flow cytometry experiments.
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Figure 5.4. ThT kinetics and fibril yields of ATTO-594 labelled A fibril preparations

(A\) Fibril growth kinetics monitored by ThT of unlabelled A4 monomer mixed with 1% ATTO-
594 labelled AB4o monomer at a final concentration of 100 uM, incubated at 37 °C with orbital
shaking. The fibril growth kinetics of 100% unlabelled AB40 monomer is shown in comparison. (B)
Samples of 1% ATTO-594 labelled fibril preparations were centrifuged at 16,873 xg for 40 min,
the supernatant subsequently removed and the pellet resuspended in fresh fibril buffer. Equal
volumes of the whole sample before centrifugation (W), the supernatant fraction after
centrifugation (S) and the resuspended pellet fraction (P) were analysed using SDS-PAGE on a
15% Tris-Tricine gel. (C) Densitometry was carried out in order to quantify AB4o levels in each
fraction.
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5.3 Analysis of the association, uptake and degradation of AR fibril
preparations by BV-2 microglia

Following the production and characterisation of 1% ATTO-594 Ilabelled fibril
preparations, the interaction, uptake and breakdown of these fibrils by BV-2 microglial
cells was monitored using a combination of confocal microscopy and flow cytometry. For
these experiments, BV-2 microglial cells were incubated with 1 yM (monomer-equivalent
concentration) of the fluorescently labelled fibril preparations for a 4 h pulse. The cell
media was then removed, the cells washed to remove non-cell-associated fibrils and
replaced with fresh cell media. Live-cell confocal microscopy and flow cytometry were
performed on samples immediately after this pulse incubation (0 h chase timepoint), and
then up to 72 h after this pulse incubation, in the absence of additional peptide. Confocal
microscopy was used in order to determine the cellular localisation of fluorescently
labelled fibrils, and the use of the cell stain LysoTracker Green allowed observation of
any colocalisation of fibrils with acidic lysosomal compartments. Flow cytometry was
used in parallel to imaging, to quantify cell-associated fluorescence using larger

populations of cells. An outline of this experimental approach is shown in Figure 5.5.

BV-2 cells seeded
in 35 mm dishes

4 h pulse with
ATTO-594 labelled AB fibrils

Cells washed x2 in PBS and
replaced with fresh DMEM

v v v v
Oh

Imaging by live-cell confocal microscopy/analysis by flow cytometry

Figure 5.5. Outline of the experimental approach used to assess the association, uptake
and degradation of AR fibrils by BV-2 microglial cells

Following the production of AB fibril preparations incorporating 1% ATTO-594 labelled AR
monomer, experiments were performed to assess the relationship between these fibrils and BV-
2 microglial cells. AB fibrils were incubated with BV-2 cells at a final monomer-equivalent
concentration of 1 uM for 4 h (‘pulse’ incubation). Cells were then washed and replaced with fresh
media. Chase experiments in which cells were either imaged using live-cell confocal microscopy
or analysed using flow cytometry were performed at 0, 24, 48 or 72 h. This was to determine the
fate of the A fibrils that were incubated with cells over time, in terms of their cellular localisation
and the extent of cell-associated fluorescence.
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5.3.1 Analysis of BV-2 microglial cells after 4 h pulse with A fibril

preparations

Confocal microscopy revealed after a 4 h pulse that 2A, 3Q and de novo ABao fibrils were
associated with the cell surface of BV-2 cells, as shown by red fluorescence surrounding
cells (Figure 5.6A). No evidence of internalisation of the AP fibrils or colocalisation with
LysoTracker Green was observed at this timepoint. Results from flow cytometry were
consistent with observations from confocal imaging, with cell-associated fluorescence
increased compared to untreated cells to the same extent for all three AB4o fibril
polymorphs (Figure 5.6B). However, a differential level of AB4> fibril association was
observed, with less evidence of pH 2 A4 fibril association with BV-2 cells when
compared to pH 8 A2 fibrils. This was demonstrated by live-cell confocal imaging in
which limited cell-associated red fluorescence was observed for cells incubated with pH
2 A4 fibrils, whereas fluorescently labelled pH 8 A4 fibrils can be seen to surround
BV-2 cells, indicative of association with cell surfaces membranes (Figure 5.7A). These
observations were consolidated by flow cytometry, in which the cell-associated
fluorescence was lower for cells incubated with pH 2 AR fibrils compared to those
incubated with pH 8 AB.- fibrils (Figure 5.7B). Taken together these results suggest that
pH 2 AB.» fibrils interact less with BV-2 microglial cells than pH 8 ABa. fibrils.
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Figure 5.6. Analysis of BV-2 cells after pulse incubation with ATTO-594 labelled AB4o fibrils
(A) BV-2 cells were incubated with 1 yM (monomer-equivalent concentration) of 1% ATTO-
labelled 2A, 3Q and de novo ABao fibrils for 4 h before cells were washed x2 in PBS and replaced
with fresh imaging media. Cells were stained with LysoTracker Green and imaged by live-cell
confocal imaging using a Zeiss LSM700 confocal microscope to show cell-associated
fluorescence. Scale bar = 20 um (B) BV-2 cells were incubated under the same conditions as in
A, before cell-associated fluorescence was measured using flow cytometry. Representative
traces are shown, 10,000 cells were measured per replicate (n=3). Control cells were incubated
in the absence of AR fibrils.
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Figure 5.7. Analysis of BV-2 cells after pulse incubation with ATTO-594 labelled ABa: fibrils
(A) BV-2 cells were incubated with 1 yM (monomer-equivalent concentration) of 1% ATTO-
labelled pH 2 or pH 8 ABa2 fibrils for 4 h before cells were washed x2 in PBS and replaced with
fresh imaging media. Cells were stained with LysoTracker Green and imaged by live-cell confocal
imaging using a Zeiss LSM700 confocal microscope to identify localisation of AR fibrils. Scale bar
= 20 um (B) BV-2 cells were incubated under the same conditions as (A) before cell-associated
fluorescence was measured using flow cytometry. Representative traces are shown, 10,000 cells
were measured per replicate (n=3). Control cells were incubated in the absence of A fibrils.
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5.3.2 Analysis of BV-2 microglial cells 24 h after pulse with A fibril

preparations

Having demonstrated that after a 4 h pulse incubation ATTO-594 labelled A fibrils are
associated with the surfaces of BV-2 microglial cells with no evidence of internalisation,
cells were analysed at later time points to track the uptake of the fibrils. When live-cell
confocal microscopy was performed on samples 24 h after the 4 h pulse incubation with
ATTO-594 labelled fibrils, it was found that the majority of red fluorescence
corresponding to the ATTO-594 labelled fibrils was intracellular, indicative of cellular
uptake. There was some AP fibril remaining on the cell surface, but this was minimal.
This was observed for all ABs and ABa4. fibril polymorphs, indicating that these BV-2
microglial cells are capable of internalising AR fibrils within 24 h (Figure 5.8/Figure 5.9).
Once internalised, colocalisation is observed between A fibrils and Lysotracker Green,
indicating that the fibrils are being trafficked after internalisation into the acidic
compartments of the endolysosomal pathway (shown by arrows in Figure 5.8 and Figure
5.9).

Flow cytometry showed that after a 24 h chase cell-associated fluorescence had
decreased. This indicates that some of the fibrillar material had been degraded during
this time or had become detached from the cells. For ABao fibrils, cells incubated with 2A
fibrils had a greater level of cell-associated fluorescence at this timepoint compared to
3Q and de novo fibril preparations (Figure 5.8B). Profiles are similar for both AR fibril
preparations, with both showing a downward shift in cell-associated fluorescence.
However, a larger population of cells with cell-associated fluorescence that overlaps with
that of control cells, which were incubated in the absence of ATTO-594 labelled Ap fibrils,
can be seen for cells incubated with pH 2 AB4. fibrils compared to pH 8 fibrils at this

timepoint (Figure 5.9B).
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Figure 5.8. Analysis of BV-2 cells 24 h after pulse incubation with ATTO-594 labelled AB4o
fibrils

(A) BV-2 cells were incubated with 1 yM (monomer-equivalent concentration) of 1% ATTO-
labelled 2A, 3Q and de novo Ao fibrils for 4 h before cells were washed x2 in PBS, replaced
with fresh cell media and incubated for a further 24 h. Cells were then stained with LysoTracker
green and imaged by live-cell confocal imaging using a Zeiss LSM700 confocal microscope to
identify localisation of A fibrils. Yellow areas indicate colocalization of A fibrils with lysosomes,
as highlighted by arrows. Scale bar = 20 yum (B) BV-2 cells were incubated under the same
conditions as (A) before cell-associated fluorescence was measured using flow cytometry.
Representative traces are shown, 10,000 cells were measured per replicate (n=3). Control cells
were incubated in the absence of AR fibrils.
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Figure 5.9. Analysis of BV-2 cells 24 h after pulse incubation with ATTO-594 labelled A4
fibrils

(A) BV-2 cells were incubated with 1 yM (monomer-equivalent concentration) of 1% ATTO-
labelled pH 2 and pH 8 APa: fibrils for 4 h before cells were washed x2 in PBS, replaced with
fresh cell media and incubated for a further 24 h. Cells were then stained with LysoTracker Green
and imaged by live-cell confocal imaging using a Zeiss LSM700 confocal microscope to identify
localisation of AP fibrils. Yellow areas indicate colocalization of AR fibrils with lysosomes, as
highlighted by arrows. Scale bar = 20 ym (B) BV-2 cells were incubated under the same
conditions as (A) before cell-associated fluorescence was measured using flow cytometry.
Representative traces are shown, 10,000 cells were measured per replicate (n=3). Control cells
were incubated in the absence of AR fibrils.
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5.3.3 Analysis of BV-2 microglial cells 48 h and 72 h after pulse with A
fibril preparations

The same confocal and flow cytometry experiments were carried out at later timepoints
to assess the location and extent of ATTO-594 labelled A fibrils. Since confocal imaging
experiments at 24 h demonstrated that nearly all fluorescently labelled AB material was
located intracellularly, a decrease in cell-associated fluorescence over time would

indicate that the fibrils are being degraded within the cells.

Confocal imaging experiments were carried out 72 h after the initial 4 h pulse incubation
of BV-2 cells with ATTO-594 labelled fibrils. It was visibly observed that there was less
evidence of red fluorescence remaining at this timepoint for all Ap fibril preparations,
indicating degradation of the fibrils by BV-2 cells. However, it was observed that there
was more red fluorescence remaining inside BV-2 cells that were incubated with 2A AB4o
fibrils compared to those incubated with 3Q or de novo ABao fibrils (Figure 5.10A). This
suggests that the 2A fibrils could be more resistant to degradation than the other AB4o
fibril preparations. This was supported by flow cytometry experiments which were carried
out 48 h after the pulse incubation of BV-2 cells with fluorescent fibrils. These flow
cytometry experiments showed a clear and consistent shift towards higher cell-
associated fluorescence in the trace of BV-2 cells that were incubated with 2A fibrils

compared to the other AB4o fibril preparations (Figure 5.10B).

No differences were identified in the level of the two A4z fibril polymorphs remaining at
this timepoint (Figure 5.11A). This was supported by flow cytometry experiments at 48
h, in which pH 2 and pH 8 A4, traces can be seen to be very similar at this timepoint,
suggesting a similar level of fibril remaining and therefore no identifiable differences in

the extent of degradation between these fibrils (Figure 5.11B).
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Figure 5.10. Analysis of BV-2 cells at 48 h and 72 h timepoints after pulse incubation with
ATTO-594 labelled AB4o fibrils

(A) BV-2 cells were incubated with 1 yM (monomer-equivalent concentration) of 1% ATTO-
labelled 2A, 3Q and de novo Ao fibrils for 4 h before cells were washed x2 in PBS, replaced
with fresh cell media and incubated for a further 72 h. Cells were then stained with LysoTracker
green and imaged by live-cell confocal imaging using a Zeiss LSM700 confocal microscope to
identify localisation of A fibrils. Yellow areas indicate colocalization of AR fibrils with lysosomes,
as highlighted by arrows. Scale bar = 20 ym (B) BV-2 cells were treated as in (A) but incubated
for 48 h before cell-associated fluorescence was measured using flow cytometry. Representative
traces are shown, 10,000 cells were measured per replicate (n=3). Control cells were incubated
in the absence of AR fibrils.
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Figure 5.11. Analysis of BV-2 cells at 48 h and 72 h timepoints after pulse incubation with
ATTO-594 labelled AB4: fibrils

(A) BV-2 cells were incubated with 1 yM (monomer-equivalent concentration) of 1% ATTO-
labelled pH 2 and pH 8 A4 fibrils for 4 h before cells were washed x2 in PBS, replaced with fresh
cell media and incubated for a further 72 h. Cells were then stained with LysoTracker green and
imaged by live-cell confocal imaging using a Zeiss LSM700 confocal microscope to identify
localisation of AP fibrils. Yellow areas indicate colocalization of AR fibrils with lysosomes, as
highlighted by arrows. Scale bar = 20 um (B) BV-2 cells were treated as in (A) but incubated for
48 h before cell-associated fluorescence was measured using flow cytometry. Representative
traces are shown, 10,000 cells were measured per replicate (n=3). Control cells were incubated
with fibrillation buffer in the absence of AR fibrils

In summary, a number of interesting observations were made about the biological
properties of different AP fibrils in their interactions with microglial cells. Firstly, it was
shown that pH 8 AR fibrils associate more with BV-2 cells than pH 2 A4 fibrils after a
4 h pulse incubation. It was then shown that BV-2 microglial cells are efficient at
internalising all of the different AB fibril preparations, with the majority of fluorescent
fibrillar material found to be intracellular and colocalising with lysosomes 24 h after
incubation. Differences in the extent of degradation once internalised were then identified
between AB.o fibril preparations, with more 2A fibril found to be remaining after 48 h and

72 h compared to other ABa4o fibril preparations. Flow cytometry overlays showing the
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level of cell-associated fluorescence of BV-2 cells incubated with each of the different
AB fibril preparations at 0 h, 24 h and 48 h are shown in Figure 5.12.
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Figure 5.12. Flow cytometry overlays of BV-2 cell-associated fluorescence over time after
pulse incubation with ATTO-594 labelled A fibrils

BV-2 cells were incubated with 1 yM (monomer-equivalent concentration) of 1% ATTO-labelled
ApB fibrils for 4 h before cells were washed x2 in PBS and replaced with fresh cell media. Cell-
associated fluorescence was measured using flow cytometry at 0 h (red), 24 h (blue), and 48 h
(green) after this pulse incubation. Representative traces are shown, 10,000 cells were measured
per replicate (n=3). Control cells were incubated with fibrillation buffer in the absence of AR fibrils
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5.4 Lysosomal degradation of A fibril preparations

Confocal microscopy revealed that all of the different AB fibril preparations tested were
internalised by BV-2 microglial cells efficiently within 24 h, and flow cytometry showed
that the level of fluorescently labelled fibril associated with cells decreased over time.
These experiments indicated that 2A A4 fibrils remained in BV-2 cells for longer
following a pulse incubation than other AB4q fibril preparations, suggesting that these
fibrils could be more resistant to degradation. These data point towards lysosomal

degradation of the fibrils, and therefore this process was explored further.

For these experiments, lysosomes from BV-2 cells were isolated by subcellular
fractionation (Section 2.11.1). For this, fractionation of BV-2 cell homogenates was
performed by ultracentrifugation using a Percoll gradient (Morten et al., 2007). Fractions
were then collected and analysed for alkaline phosphatase activity and a-N-
acetylgalactosaminidase (NAGA) activity, as markers of membrane compartments and
lysosomes respectively (Figure 5.13). Fractions shown to be most enriched for NAGA
(16-19) were pooled and ultracentrifuged to remove Percoll and to pellet the lysosomes
(Figure 5.13). The lysosomal fractions were stored at -80 until use. Prior to use,
lysosomal fractions were subjected to 3 freeze-thaw cycles to disrupt membranes and

thus release the hydrolases.
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Figure 5.13. Alkaline phosphatase and NAGA activities of BV-2 cell fractions

Lysosome isolation and enrichment was performed by homogenising BV-2 cells using a ball
bearing homogeniser with 10 pym clearance. This homogenate was centrifuged and the
supernatant containing the post-nucleur fraction was ultracentrifuged on a 27% Percoll gradient
to fractionate. 20 fractions were collected from this gradient (1 top, 20 bottom) and were analysed
for alkaline phosphatase and NAGA activity as markers of plasma membrane and lysosomes
respectively. Fractions 16-19 were retained based on these assays and a further
ultracentrifugation step performed to further concentrate the lysosome samples and remove
Percoll.
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The proteolytic activity of lysosomes was first tested using ABs monomer. For this, AB4o
monomer was resuspended in ammonium acetate (pH 4.5) and incubated with a
concentration series of isolated lysosomes for 4 h at 37 °C before samples were
analysed by SDS-PAGE (Figure 5.14). Concentrations of lysosomes are given as a
measure of NAGA activity units, as measured using the NAGA assay (Section 2.11.2.1).
This allowed the enzymatic activity of the lysosomal fractions to be normalised between
different lysosome batches and experimental repeats. These initial experiments revealed
the digestion of AB4o peptide by the lysosome samples, with the peptide almost entirely
degraded at the highest concentration tested (1 NAGA unit), and at least two clear bands
observed on the gel at lower concentrations of lysosome (0.125 NAGA units). This
showed that lysosomal fractions from BV-2 cells contain proteases that can degrade the

AB peptide sequence.

NAGA activity
kDa 0 1 05 0250.125
250: —
1§§;:
50_’-
37—
25—
20— .
15—
10—
5__ T
] - L AB

Figure 5.14. In vitro degradation of AB4 monomer by BV-2 cell lysosomes

200 uM monomeric A peptide was incubated in ammonium acetate (pH 4.5) for 4 h at 37 °C
with increasing concentrations of lysosomes isolated from BV-2 cells. NAGA activity of lysosome
samples was determined using the NAGA assay (Section 2.11.2.1). Samples were analysed by
SDS-PAGE using a 13% Tris-Tricine gel.

As confocal microscopy and flow cytometry experiments suggested differences in the
degradation of ABao fibril preparations, with more 2A fibril shown to be remaining after 48
h compared to 3Q and de novo fibrils, lysosomal degradation experiments focused on
ABao fibrils. In initial experiments, 200 yM monomer-equivalent concentrations of 2A, 3Q
and de novo fibrils were incubated with increasing concentrations of isolated lysosomes
from BV-2 cells, for 4 h, 24 h or 48 h, in order to assess degradation over time and

identify an appropriate concentration of lysosome to use (Figure 5.15).
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From these experiments it was shown that BV-2 lysosomal enzymes are capable of
digesting all three ABao fibril preparations tested. This was indicated by SDS-PAGE gels
of samples in which a reduction in the main band corresponding to full-length ABa4o
peptide is seen, along with the appearance of lower bands corresponding to digestion
products (Figure 5.15). Ap fibrils exhibited increased resistance to proteolysis compared
to the soluble form of the peptide, which is consistent with previously published data (Qiu
et al., 1998; Farris et al., 2003; Leissring et al., 2003; Morten et al., 2007; Liao and Van
Nostrand, 2010).
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Figure 5.15. In vitro degradation of ABao fibril preparations by BV-2 cell lysosomes

200 M monomer-equivalent concentration of 2A, 3Q and de novo AB fibril preparations were
incubated for 4 h, 24 h or 48 h with increasing concentrations of lysosomes isolated from BV-2
cell homogenates. NAGA activity of lysosome samples was determined using the NAGA assay
(Section 2.11.2.1) and used as a measure of lysosome concentration. Resulting samples were

analysed by SDS-PAGE using 13 % Tris-Tricine gels.
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Based on these experiments, 0.083 NAGA units in a reaction volume of 60 yL and 200
MM AR fibrils were taken to be the most appropriate conditions, and the digestions were
repeated using three different batches of 2A, 3Q and de novo A4 fibrils and lysosomes
under these conditions. Densitometry was then performed on the resulting SDS-PAGE
gels to assess the reduction in intensity of the band corresponding to full-length ABa4oin
samples of digested 2A, 3Q and de novo ABu fibrils to identify any differences between
them (Figure 5.16). Results of this showed that 2A fibrils were consistently degraded to
a lesser extent by lysosomes than 3Q and de novo fibrils, consistent with previous
confocal microscopy and flow cytometry experiments (Figure 5.16). This difference was
significant between 2A and 3Q fibrils after 4 h incubation with lysosomes and between

2A and de novo fibrils after 48 h incubation with lysosomes (Figure 5.16).
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Figure 5.16. Quantification of in vitro lysosomal degradation of ABao fibril preparations
2A, 3Q and de novo APao fibril preparations were incubated with lysosomes isolated from BV-2
cells with a final NAGA activity of 0.083. Samples were taken after Oh, 4h, 24h and 48h before
analysis using SDS-PAGE. Densitometry was performed on gels to measure the intensity of the
AB4o peptide band at the 4 timepoints and the reduction in the intensity compared to the Oh
timepoint was calculated. Error bars represent mean + SEM. Tukey’s multiple comparison test, *,
p=0.05 (n=3)

In summary, lysosomes were isolated from BV-2 microglial cells and the proteases
present in these lysosomal fractions were shown to cleave monomeric ABso peptide,
resulting in the formation of digestion products visible by SDS-PAGE (Figure 5.14).
Further to this, 2A, 3Q and de novo Ao fibril preparations were all shown to be cleaved
by lysosomal enzymes. When these decreases were quantified by densitometry it was
found that 2A fibrils consistently have the most full-length peptide remaining after
incubation with lysosomes compared to the other ABa4o fibril preparations (Figure 5.16).
This finding is consistent with results from flow cytometry and confocal microscopy
experiments and suggests 2A fibrils are more resistant to digestion than 3Q and de novo
fibrils.
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5.5 Discussion

In this chapter the association, uptake and degradation of different Ap fibril preparations
by BV-2 microglial cells was analysed. Using confocal microscopy, it was possible to
track fluorescent fibrils over time from their initial interactions of fibrils with the cell
surface, through to their uptake into lysosomes and their degradation. This microscopy
analysis was complemented by flow cytometry experiments which enabled quantification

of cell-associated fluorescence of 1000s of individual cells.

It was first demonstrated that pH 8 AP fibrils associate with the surface of BV-2
microglial cells to a greater extent than pH 2 AR4> fibrils after a 4 h incubation. The
specific structural feature(s) of the pH 8 A4z fibrils that is responsible for this increased
interaction with cells has not yet been identified. However, differences in the N-termini
of these structures could play a role. In the pH 8 A4 fibril structure residues 1-14 are
described to be dynamic, whereas in the pH 2 A4, fibril structure the N-terminus is
ordered and part of the cross- ‘core’ of the fibril (Figure 1.7) (Colvin et al., 2016; Gremer
et al., 2017). These dynamic N-termini protruding from the inner core of pH 8 AB4 fibrils
could interact with cell membranes, and the absence of these regions in pH 2 AR fibrils
could explain their reduced cell association (Ulamec et al., 2020). To test this, these N-
terminal regions could be proteolytically cleaved from pH 8 AB4. fibrils and their ability to

interact with cells and cause the cellular responses studied.

This preferential interaction of pH 8 ABa. fibrils with microglial cell membranes could have
a number of consequences. Increased association could result from an increased
interaction with receptors on the cell surface of microglial cells. This could trigger
inflammatory pathways resulting in greater release of pro-inflammatory mediators. This
aligns with the results presented in Chapter 4, in which it was found that pH 8 ABa. fibrils
elicit a greater release of pro-inflammatory cytokines IL-6, TNF-a and IL-1§ from immune
cells compared to pH 2 ABa. fibrils. Conversely, perturbation of cell membranes is one
mechanism by which amyloid fibrils can have toxic effects on cells, again supported by
the results from experiments in Chapter 4 of this thesis in which it was shown that pH 8
AB4. fibrils are more toxic towards BV-2 microglial cells and other immune cells
compared to pH 2 ABa4. fibrils (Martins et al., 2008; Bauerlein et al., 2017; Han et al.,
2017).

In the context of an AD brain, an increased interaction with microglial cells could result
in the death of microglial cells, reducing their capability to clear AB. However, despite
initial differences in cell association, both pH 2 and pH 8 A2 fibrils were taken up and
degraded. Other factors could play a role in determining whether fibrils are cleared by

microglia, including ageing and mutations associated with AD. Microglial phenotypes
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previously discussed that are associated with disease (Section 1.4.5.3) or mutations in
microglia associated with increased risk of AD could alter the ability of these cells to clear
AB fibrils (Krasemann et al., 2017; Deczkowska et al., 2018; Frigerio et al., 2019;
Marschallinger et al., 2020). This could also be the case with ageing and could therefore
resulting in an accumulation of fibrils that are more difficult to degrade than others
(Hickman et al., 2008; Krabbe et al., 2013). The effects of these factors on the capability
of microglia to clear the different AB fibril preparations used in this thesis could be

investigated in future work.

Once internalised, live-cell confocal imaging revealed that the fluorescently labelled AR
fibrils colocalise with LysoTracker Green, a lysosome stain. This indicates that the fibrils
are being trafficked via the endocytic pathway to lysosomes, a cellular compartment
which is involved in breakdown of cellular and extracellular material (Hu et al., 2015). No
differences were identified between ABa. fibrils in their breakdown by BV-2 cells when
assessed using live-cell confocal imaging and flow cytometry. However, more 2A AB4o
fibril remained within BV-2 cells 48 h and 72 h after incubation with the fibrils, compared
to 3Q and de novo Ao fibril preparations. This suggests that BV-2 cells degrade these
fibrils to a lesser extent than the other AB4o fibril preparations. This could be due to
increased resistance of 2A fibrils to proteolytic cleavage or could alternatively be due to
the 2A fibrils interfering with intracellular processes, thus reducing their clearance
capabilities. For example, amyloid fibrils formed from B2-microglobulin (B2m) have been
shown to alter the trafficking of lysosomal membrane proteins and reduce degradation
of a model substrate for lysosomal proteases, thus indicating perturbation of the
endolysosomal pathway by fibrils (Jakhria et al., 2014). This interference with lysosome
function would have a knock-on effect on the breakdown of the fibrils themselves. In vivo,
an AB fibril polymorph that is more resistant to degradation than others is likely to become
a dominant fibril structure within the brain, as it cannot be cleared. This is supported by
a recent study which found that ex vivo Ap fibrils extracted from disease tissue are more
resistant to proteolysis than those formed in vitro, suggesting that fibrils present in AD
were selected in the brain due to their ability to escape this clearance (Schonfelder et
al., 2021).

The degradation of AR fibrils was also studied in cell-free experiments using lysosomal
fractions from BV-2 cells. These results confirmed that lysosomal enzymes are capable
of cleaving the fibrils, resulting in the formation of proteolytic products (Figure 5.15).
Further to this, the level of cleavage was lowest for 2A AR fibrils compared to other
ABa4o fibril polymorphs, consistent with previous results. These results suggest that an
intrinsic property of 2A fibrils endows them with increased resistance to proteolysis. One

possibility is that the 2A structure is more resistant than that of the other fibrils studied in
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this work to cleavage by lysosomal proteases. The known cleavage sites of lysosomal
enzymes cathepsin B and TPP-1 have been mapped onto the 2A and 3Q Ao fibril
structures to visualise differences (Figure 5.17) (Mueller-Steiner et al., 2006; Solé-
Doménech et al., 2018). With the most obvious difference between these fibril structures
being the 2-fold symmetry of the 2A structure and the 3-fold symmetry of the 3Q
structure, it could be that these differences in arrangement of the fibril subunits make the
structures more or less accessible to proteases and thus make them more or less
resistant to degradation. Unfortunately, for the fibrils studied herein, it was not possible
to identify the cleavage sites for lysosomal proteases in this work due to time constraints.
However, future studies could identify the cleavage products produced from incubation
of the different fibril preparations with lysosomal fractions, thus allowing mapping of
cleavage sites to determine whether the 2A fibril structure obscures specific protease
cleavage sites. In addition, the contribution of specific lysosomal proteases could be

investigated by the incubation of fibrils with individual purified enzymes in vitro.

2A

= Cathepsin B
cleavage sites

[=TPP1
cleavage sites

Figure 5.17. Cleavage sites of two lysosomal proteases mapped onto 2A and 3Q Apao fibril
structures

The cleavage sites of Cathepsin B and TPP-1, two lysosomal enzymes known to cleave A fibrils,
mapped onto 2A and 3Q ABao fibril structures.

An alternative explanation for the differences in the susceptibility of the fibrils to
degradation in lysosomes and by lysosomal proteases could be the stability of the fibrils
at acidic pH. It has been previously demonstrated using Bm as a model system, that the
stability of amyloid fibrils can be altered by changed in pH, with acidification resulting in
the disassembly of fibrils and increased release of oligomeric species (Tipping et al.,
2015a). However, whilst the effect of pH on the stability of the A fibrils studied herein
has not been explored, differences in the stability of 2A and 3Q fibrils at pH 7.4 have
been reported. It was found that 2A fibrils are more stable compared to 3Q fibrils at 24
°C, however no differences were identified at 37 °C, the temperature that was used in
the current work (Qiang et al., 2013). Nonetheless, this does suggest that it would be

worthwhile exploring whether at pH 4.5 and pH 7.4, when compared to 2A, that 3Q fibrils
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more readily depolymerise into non-fibrillar species that have enhanced sensitivity to

proteolysis.

In summary, results in this chapter have demonstrated that Ap fibril preparations differ
in the extent to which they associate with cell membranes of BV-2 microglial cells, which
may have a number of functional consequences. In addition, it was shown that BV-2
microglial cells are able to internalise these A fibrils, but that there are differences in
the extent of fibril degradation of the fibril preparations by microglia and lysosomal
proteases. This suggests that fibril polymorphism will result in differences in the ability
of microglia to clear A fibrils in AD. Future studies should therefore explore whether ex
vivo fibrils from AD also exhibit differences in their uptake and breakdown by microglia

and lysosomal proteases.
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6 Concluding remarks and future perspectives

Structural studies of amyloid fibrils have revealed the phenomenon of fibril
polymorphism, in which peptides within fibrils can have distinct molecular structures
(Gallardo et al., 2020). This has been shown to be a feature of AR fibrils, which form the
cores of plaques in AD brains. In vitro, these differences in fibril structure can result from
differences in growth conditions and co-factors, whilst in vivo differences in fibril structure
have been associated with differences in the clinical presentation of disease (Lu et al.,
2013; Qiang et al., 2013). This thesis provides evidence that fibril polymorphism will

affect the biological properties of Ap fibrils in relation to the response of microglia.

Differences in biological properties were demonstrated in this work between A fibrils
formed from peptides with different sequences, but also importantly between fibrils
formed from the same peptide sequence. For example, AB4o E22A fibrils were shown to
be toxic towards microglial and macrophage cells, whereas wild-type AB4o fibrils were
shown not to affect cell viability. This could be a reflection of the distinctive fibril structure
that is formed from peptide harbouring this mutation (Schitz et al., 2015). Furthermore,
fibrils formed at pH 8 from AB4> monomer were shown to be toxic towards microglial,
macrophage and monocytic cells, whereas those formed from the same AB42 peptide at
pH 2 had no effects on the viability of these cells. Further differences between these two
A2 fibril preparations were identified in this work, with the pH 8 fibrils also found to elicit
a greater release of pro-inflammatory cytokines from microglial and monocytic cells than
pH 2 fibrils. In addition, it was found that the pH 8 fibrils showed a higher level of
association with BV-2 microglial cells than the pH 2 fibrils. This implicates differences in
the structures of the fibrils formed under these different conditions in the effects that they

have on microglial and monocytic cells.

Based on these observations, a model for the cellular responses to the two A4 fibril
preparations can be produced (Figure 6.1). An increased initial level of cell association
of the pH 8 ABa4: fibrils is likely to be key in this model in explaining the increased toxicity
and inflammatory response elicited by these fibrils. Increased interaction with cell
surfaces could be indicative of increased receptor binding, which may lead to amplified
receptor activation and cell signalling that results in the triggering of an immune response
and the release of inflammatory mediators. These enhanced interactions with cell
surfaces could also help to explain the toxicity of the pH 8 ABa. fibrils, with previous
studies of amyloid fibrils reporting disruption to cell membranes as a mechanism of fibril
toxicity (Martins et al., 2008; Pieri et al., 2012; Bousset et al., 2013; Goodchild et al.,
2014). Future experiments could be performed in order to further explore the

mechanisms of toxicity and activation of an inflammatory response by the fibrils.
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Figure 6.1. Model of differences identified between ABa: fibril preparations

In this work, two populations of amyloid fibrils were formed from the same starting AB42 peptide
using different fibrillation conditions based on previous structural studies, one formed at pH 8 and
the other formed at pH 2. The fibrils formed at pH 8 were shown to associate more with microglial
cells than pH 2 fibrils during the same incubation. We hypothesise that this increased cell
association results in the increased activation of cell surface receptors of these immune cells that
are involved in triggering an inflammatory response. This would explain the increased release of
pro-inflammatory mediators measured, TNF-a, IL-6 and IL-1(. Further to this, incubation with pH
8 A4z fibrils was shown to result in a decrease in cell viability, whereas incubation with the pH 2
fibrils did not have this effect. The mechanism of this toxicity requires further investigation but
could also result from this difference in cell membrane interaction.

The APBso fibril preparations tested (2A, 3Q and de novo) were found to have a
consistently reduced impact on microglial and monocytic cells compared to the ABas2
fibrils discussed, with minimal effects on cell viability and the release of pro-inflammatory
cytokines. In addition to these differences between fibrils of different sequences,
differences were also identified between the different AB4o fibril preparations, in their
degradation (Figure 6.2). It was determined that the BV-2 cells used in these experiments
were capable and efficient at internalising all AB fibril preparations under the conditions
tested. However, once internalised it was observed that 2A AB.o fibrils remained inside
the cells for a prolonged length of time compared to the other AB4o fibril preparations.
Experiments using isolated lysosomes also suggested that there could be differences in

the rates of lysosomal digestion between the fibrils. Different arrangements of peptides
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within a fibril could dictate the accessibility of cleavage sites to proteases, making some

fibril structures more resistant to enzymatic degradation than others.
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Figure 6.2. Model of differences identified between ABao fibril preparations

Seeding reactions were performed using 2A and 3Q fibril seeds and AB40 monomer to produce
populations of 2A and 3Q fibrils with previously described structures. ABso was also incubated
alone at 37 °C with shaking to produce a population of ‘de novo’ Aao fibrils for comparison.
Differences between these fibril preparations were not identified in terms of their toxicity or ability
to trigger release of inflammatory cytokines. All three ABao fibril preparations were found to interact
with BV-2 cells and were internalised by these cells where they were shown to colocalise with
lysosomes. However, evidence suggests that once internalised, the 2A fibrils are degraded to a
lesser extent than the 3Q and de novo ABao fibril preparations, suggesting a higher resistance to
digestion by lysosomal proteases.

Cell association

The properties of the six different A3 fibril populations tested, identified from experiments

performed in this thesis, are summarised in Table 6.1.

Fibril_ Toxicity Cytokine CeII_ su_rface Cellular Degradation
preparation release binding uptake
2A AB4o - + + + +
3Q ABao - + + + ++
De novo ABao - + + + ++
ABao E22A ++ n/a n/a n/a n/a
pH 2 ABa42 - ++ + + ++
pH 8 ABa42 ++ +++ ++ + ++

Table 6.1. Summary of the effects of the A fibril preparations tested in this thesis
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One limitation of this work is that all experiments were carried out in vitro. Based on the
results described here from cellular experiments identifying differences between A fibril
preparations, further insight into the effects of these different structures could also be
gained by in vivo experiments using mouse models. Previous work has involved injecting
AB material into the brains of AD model mice and assessing the propagation and
pathology that results (Meyer-Luehmann et al., 2006). Carrying out similar studies using
the defined populations of AP fibrils produced and tested in this work could provide more
in-depth information on their toxicity, ability to trigger neuroinflammation and their

clearance within a more complex multicellular environment.

In addition, these experiments were performed using in vitro formed AP fibrils. Whilst
there is no evidence to suggest that these specific fibril structures exist within AD brains,
fibril polymorphism has been identified in vivo and these results provide evidence for the
biological differences that fibril polymorphs in the brain could possess (Lu et al., 2013;
Rasmussen et al., 2017; Kollmer et al., 2019; Ghosh et al., 2021). The differences
identified in this work in vitro would have significant implications within a brain
environment. As the processes studied in this work are all interlinked, predicting
consequences in a brain environment is complex. For example, decreases in the viability
of immune cells resulting from certain fibril structures could also impact the ability of

these cells to clear the AB, thus worsening pathology.

Foremost, the work in this thesis has shown differences in the toxicity of different AR fibril
preparations. While this has been previously demonstrated for a-synuclein fibrils, the
comparative toxicity of different A fibril populations has not previously been studied in
detail (Bousset et al., 2013). In addition to in vitro structures, different A fibril structures
have been identified in vivo, and the results from this thesis suggest that the presence
of a certain fibril polymorph over another in the brain could have different consequences
on the surrounding cells. This could mean that some fibrils are more detrimental and
others more inert, possibly affecting the severity and clinical presentation of AD. This is
supported by a study in which a different predominant AR fibril structure was identified in
two AD patients with distinct clinical presentations (Lu et al., 2013). Furthermore, a higher
level of AR fibril polymorphism was identified in patients with rapidly progressing AD
compared to other subtypes, which could be indicative of the presence of a more toxic
or detrimental fibril structure within these polymorphs (Lu et al., 2013; Qiang et al., 2017).
This theory could help to explain why there is no clear correlation between AR load in
the brain and clinical severity of disease, as different populations of A fibrils can have
differing effects within the brain environment. Consequences of the death of immune

cells in the brain in response to toxic A fibril structures could be the reduced clearance
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of AR resulting in increased AP load, and also reduced clearance of degenerating

neurons.

The toxicity of the fibrils observed in this work could be direct, or indirect by driving
inflammation and the production of cytokines. Differences were identified in this research
in the release of pro-inflammatory cytokines from monocytic and microglial cells in
response to different AB fibril preparations. The cytokines that were measured (TNF-q,
IL-6 and IL-1B) have been shown to be elevated in AD, contributing to the
neuroinflammation observed and having neurotoxic effects (Ekdahl et al., 2003;
Cumiskey et al., 2007; Harry et al., 2008; Mishra et al., 2012) (discussed in Section
1.4.4). Therefore, an increased release of these inflammatory mediators in response to
a certain fibril polymorph over another in a brain environment would have more damaging

effects on neurons, thus resulting in worsened neurodegeneration.

Finally, possible differences identified between the degradation of different fibril
structures would have consequences in vivo, with fibril structures that are more resistant
to degradation likely to become the dominant fibril structure in the brain. Structures that
are not cleared as quickly as others by microglial cells in the brain are likely to
accumulate, resulting in increased A load. It was recently shown for more than twenty
different amyloid fibril samples, including AR fibrils, that fibrils extracted from disease
tissue are more proteolytically stable than those formed in vitro (Schonfelder et al., 2021).
These findings support the ‘proteolytic selection hypothesis’, which suggests that
amyloid fibrils that are found in disease were selected within the body due to their ability
to escape mechanisms of endogenous proteolytic clearance (Bansal et al., 2021). These
experiments were performed using proteinase K and pronase E rather than endogenous
lysosomal enzymes, and differences in protease resistance was suggested to result from
differences in fibril structure and the presence of cofactors in ex vivo fibrils (Schonfelder
et al., 2021).

Clearly, more work is required to bridge the gap between in vitro AB structures and the
consequences of fibril polymorphism in vivo. For this, the use of ex vivo Ap fibrils could
be paramount. A number of studies have now successfully extracted AR fibrils from the
brain tissue of AD patients post-mortem, and structures of these fibrils resolved (Lu et
al., 2013; Kollmer et al., 2019; Ghosh et al., 2021). The study of the biological effects of
these fibrils in vitro such as those performed in this study could be very informative,

especially when combined with clinical and structural information.

Critically, differences between A fibrils in vivo could also have implications on diagnosis
and treatment. If the structure of a more toxic or pathological A fibril is identified, probing

for these structures or structural features could be significant in the diagnosis and also
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prognosis of disease, perhaps helping to identify the best treatment. "'C-Pittsburgh
compound B is a radioactive analog of the amyloid binding dye used in this work, ThT,
and is used as a PET tracer to assess AB pathology and aid in AD diagnosis (Klunk et
al., 2004). There is therefore potential for the development of further amyloid imaging
agents with improved specificity for identified structural features of pathogenic amyloid
fibrils, thus providing information not just on overall A load but on the implications of the

amyloid that is present.

In summary, this work has provided evidence for the functional consequences for A
fibril polymorphism. With AB and immune processes both heavily implicated in AD, the
results presented herein suggest the interplay between fibril structure and the

inflammatory response could be a key factor in neurodegeneration in AD.
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