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Neuroinflammation is one of the pathological hallmarks of Alzheimer’s disease (AD). Microglia are
the main immune cell in the central nervous system and contribute to the development and severity
of AD pathology. The need for novel methods to study reactive microglia are of the utmost
importance, with accurate positron emission tomography (PET) methods becoming prevalent.
Translocator protein (TSPO), expressed on microglial mitochondria, has been attributed to microglial
reactivity and is commonly used as a PET ligand for this reason. However, clinicians’ interpretation of
this ligand is somewhat conflicting as it is not known which functional or morphological subtypes of
microglia are being identified. Therefore, this project aims to characterise which microglia TSPO
identifies, and its importance in the context of AD. Furthermore, the cerebellum is used as a pseudo-
reference region for PET scans in AD and this will be compared to the temporal lobe, an area of high
AD pathology, to assess whether the cerebellum is appropriate to use for baseline measurements.

Sixty cases from temporal lobe and cerebellum, split equally into three Braak groups (stages 0-lI,
stages IlI-IV and stages V-VI), were used for immunohistochemistry to assess TSPO expression, AD
pathology (AP, hyperphosphorylated (p)Tau) and neuroinflammation (Ibal, HLA-DR and MSR-A), with
half of the cases used for fluorescent double labelling of TSPO with microglial markers (Ibal, HLA-DR,
CD68, MSR-A and CD64), astrocytes (GFAP), perivascular macrophages (CD163) and endothelial cells
(CD31). Multiplex assays for thirty inflammatory proteins were performed to evaluate the
neuroinflammatory microenvironment.

As expected, AB, pTau and TSPO load increased as the disease progressed in the temporal lobe. In
the cerebellum, Ibal, a marker of microglial motility, was significantly increased as AD progressed.
There was a positive association found between TSPO and pTau in the temporal lobe. The
inflammatory microenvironment showed increased IL15 only in the temporal lobe. The double
fluorescent staining showed no significant change in cell count over the course of the disease for
each individual set of double labelling in either brain region. However, when comparing the double
labelling cell counts, the highest in both brain regions was CD68*TSPO*. Double staining with non-
microglial markers displayed the absence of TSPO expression by astrocytes and perivascular
macrophages, with some endothelial cells expressing TSPO.

Overall, these findings suggest that TSPO expression may be related to a reactive/phagocytic
phenotype with the higher expression in the more pathologically affected temporal lobe. The
cerebellum exhibited a homeostatic environment with low levels of AD pathology, consistent lower
TSPO expression, and presence of homeostatic microglia, meaning that this region remains
appropriate to use as a pseudo-reference region for TSPO PET scans. Of note, the phagocytic profile
of TSPO appeared to not be affected by disease stage or brain region.
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Chapter 1 Introduction

1.1 Alzheimer’s disease

1.1.1 Overview

Neurodegenerative diseases are characterised by the progressive worsening of symptoms.
Alzheimer’s disease (AD) is one such disease, which primarily affects people aged 65 years and over
and impacts a range of cognitive abilities, notably memory (1). Due to the ageing population, the
prevalence of AD is increasing with over 55 million people living with the disease worldwide as of
2020 (2). The disease was first discovered in 1906 by Alois Alzheimer (3) and since then the
characteristics and neuropathology of AD have been explored in greater detail. The main pathologies
used to define the disease by histology are extracellular amyloid beta (AB) plaques (4), intracellular
tau tangles and neuropil threads (4). These pathological proteins cause neurons to become
dysfunctional leading to neuronal death, cortical atrophy and cognitive decline. There are many

other factors that have an impact in AD, which will be discussed further in this introduction.

As mentioned, AB plagues and tau tangles are hallmarks of the disease with neuronal death/brain
atrophy and neuroinflammation also included in this category. As AD is primarily a grey matter
disease (5), the hallmark proteins are found at higher levels in this area. AB forms when its precursor,
amyloid precursor protein (APP) is cleaved (6). A theory that has been accepted as the primary cause
of AD for many years, is known as the amyloid cascade hypothesis. This states that AB is the main
causative protein of the disease as it is seen to accumulate first (6). Neurofibrillary tangles, brain
atrophy and cell loss are all secondary and a consequence of this (6). Following on from the proposal
of this theory, there has been supporting evidence in the form of APP transgenic mouse models,
which have been somewhat successful in replicating AD symptoms (7). However, these models only
express the disease form of AB and do not include tau or any other hallmark. Clinical trials that target
AB with the aim to remove the protein, have been somewhat unsuccessful in reducing symptoms of
AD despite effectively removing AB (8, 9). Therefore, this protein cannot be the sole cause of the
disease. On the other hand, there is mounting evidence that the tau protein is equally important in
causing AD. Braak staging is a way of tracking the progression of tau spread and suggests that it is the
tau tangles that contribute heavily to the symptoms of AD (10). When tau becomes

hyperphosphorylated it creates neurofibrillary tangles which can inhibit the binding of microtubules

23



Chapter 1

within neurons, thus impacting transport along the axon, leading to neuronal dysfunction and death
(11). Another key hallmark of AD is neuroinflammation. This aspect of the pathology has come to the
forefront of AD research in recent years and is thought to play a significant role in aiding the disease
severity. Cells such as microglia, the resident immune cell of the brain, and astrocytes are involved in
the pathogenesis of AD, but their exact role in the disease is not fully understood. Although, it has
been postulated that they may become dysfunctional or unable to cope with the pathological protein
load present in AD, which has been discovered through methods such as positron emission
tomography (PET) (12, 13) and genome wide association studies (GWAS) (14). The idea that chronic

neuroinflammation plays a major role in the pathogenesis of AD will be the focus of this thesis.

Another aspect of AD pathogenesis that is now thought to be important is the role of mitochondrial
dysfunction. Mitochondria are responsible for biochemical processes e.g., respiration needed for
cellular functioning. In disease, these organelles can undergo several changes both morphologically
and functionally that affect their performance. For example, excessive reactive oxygen species (ROS)
accumulation has been seen in AD due to electron transport chain disruption (15) and can cause
inhibition of kinases related to tau phosphorylation (16). Deficits in ATP production contribute to
disrupted cell dynamics (17), and mitochondrial mitophagy is not as efficient resulting in higher levels
of damaged mitochondria (17). As the brain requires the highest amount of energy of any organ in
the body (20% of the metabolic energy daily) (18), with neurons and glia contributing to this
extremely high energy burden, the effect of mitochondrial dysfunction is a significant detriment and

may be a key feature of neurodegenerative disease.

It is also important to consider sex differences when studying AD, as not only is the frequency of the
disease is regularly reported to be higher in females than males (19), but the risk of developing AD is
also higher in females than males (21.1% vs 11.6% respectively, at the age of 65) (20). This may owe
to a plethora of reasons, including longer life span in females (~4.5 years longer than males) (21) and
other more mechanistic differences. For example, brain structure differs between sexes with males
having larger ventral temporal and occipital lobes and females have increased volume in their
prefrontal and superior parietal cortices (22). There are also hormonal differences, with the female
hormone oestrogen currently thought one of the contributing factors for the sex difference in AD.
During menopause, when oestrogen levels are lowered, this could initiate the development of AD
due to this hormone’s ability to regulate synaptic plasticity (19). Studies in both mice and humans
have shown that replacement of oestrogen have lowered the levels of AD pathology and decreased

the risk of developing the disease (23, 24).
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1.1.2 Risk factors

The main risk factor for AD is ageing (1) but there are several other contributing factors such as
genetics, repetitive traumatic brain injuries (TBI) (25), hearing loss, pollution and diabetes (26)
(Figure 1). The genetic risk of AD is relatively low but certain genes can increase the risk of
developing the disease. Apolipoprotein E (APOE) is a gene that has been highly studied in regard to
AD with different allele variations contributing to the risk of developing the disease. This protein aids
the transport of lipids in the body and within the central nervous system (CNS) it is mainly produced
by astrocytic cells (27). The APOE €4 allele contributes significantly to an increased genetic risk of
developing AD, and having two copies of this allele may increase the risk twelve fold (28). Whereas
APOE €2 seems to provide a protective quality (28). This may be due to the lipid binding properties of
the different alleles. For example, APOE €4 preferentially binds to low density lipoproteins which
reduces its stability, whereas the more protective APOE €2 and neutral APOE €3 preferentially bind to
high density lipoproteins (29). The most common allele is the APOE €3 variant (30). APOE €4 could
potentially hinder microglial cells by disrupting their lipid metabolism and ability to respond to
neuronal activity (31). Recently, APOE €4 carriers have been found to have an increased microglial
reactivity in early stage disease, which correlated to increased AP and tau presence (32). Another
genetic risk factor for AD is associated with microglial function and is attributed to the triggering
receptor expressed on myeloid cells 2 (TREM2) microglial protein. TREM2 is a receptor that may aid
in microglial phagocytosis, motility, cytokine production and proliferation (33). A loss of function
mutation in this gene, termed R47H, has been proven to be linked to higher risk of AD in large cohort
analysis (34, 35). However, much of the research conducted has used animal models. When TREM?2
has been examined in human post-mortem tissue, the cells that express the protein are mostly

monocytes (36), therefore making its importance in microglial function questionable.

In terms of ‘modifiable risk factors’ (i.e., risk factors that can be reduced via external sources) there
are several that have a fairly high risk at different points in life. In early life, less education is a
contributing factor (Figure 1), and this primarily affects low-and-middle income countries. This could
be due to education providing increased cognitive stimulation, which is beneficial in reducing the risk
of dementia (26, 37). In midlife, the largest risk factor is hearing loss (26) (Figure 1). Interestingly, a
study using cognitively normal patients found that hearing impairment in midlife was associated with
reduction in temporal lobe volume (38), which is a factor of AD. However, this study did not look
extensively into cognitive decline but did find that 6.7% of patients had some sort of cognitive
impairment after 19.5 years (38). The second highest modifiable risk factor at this time point is TBIs
(26) (Figure 1). TBIs are most common in athletes such as rugby players, American football players
and boxers but can also occur in the general population, where concussion or other head injuries

(e.g., bleeds) have taken place. One TBI event is enough to cause extensive tau pathology, reactive
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astrocytes, and amyloid plaques in humans (39). In later life, the highest risk factor is smoking (Figure
1). However, an interesting component for greater risk of AD is co-morbidity with diabetes (Figure 1).
In fact, the correlation between imbalanced blood sugar and AD appears to be strong enough that
some researchers refer to AD as type 3 diabetes (40, 41). There is an overlap between pathological

features of diabetes and AD, with amyloid deposits being a large factor in both (42).

There is a variant of AD, termed ‘early-onset Alzheimer’s disease’ (EOAD) which has a significant
genetic component, with APP, presenilin 1 (PSEN1) and presenilin 2 (PSEN2) contributing to the
earlier inception of the disease (28), causing age of onset between 30-65 (43). Having one or both
copies of APOE €4 has also been shown to lower the age of onset (44), but to a lesser extent than the
aforementioned genes. There are many types of mutations in these genes that contribute to onset of
EOAD. These include missense mutations, locus duplications and mutations in different domains of
the gene (45). Only around 10% of AD patients are diagnosed with EOAD (45) and these patients
share the same pathological hallmarks as late-onset AD. However, some research has shown a higher
guantity of AP and tau in younger EOAD patients with both neuritic plaques and neurofibrillary
tangles being increased in early onset compared to late onset AD (46). Additionally, the course of
EOAD seems to have a faster progression than late onset AD (47), which, in conjunction with the
increased hallmark proteins, suggests a more aggressive pathophysiology. The genetic component of

EOAD is incredibly high with heritability around 92-100% in an autosomal recessive manner (48).

26



Chapter 1

Early life

° Percentage reduction in dementia prevalence
if this risk factor is eliminated

Less education

Hearing loss

Midlife

&)

Social isolation

Obesity

Depression
Later life

7 Physical inactivity
Air pollution

‘@ Diabetes

Risk unknown
60%

Figure 1 Diagram depicting potentially modifiable risk factors for AD at different life points and the
percentage reduction of that risk if it was eliminated. Taken with permission from Livingston et

al, Lancet (2020).

1.1.3 Diagnosis

There is evidence that the neuropathological markers of AD start to occur many years before any
symptoms appear (49). This means that there is a great need for diagnostic tools that detect these
biomarkers early in the disease progression in order to try and prevent as much damage as possible.
Currently, the most common cognitive assessment used is a patient-based questionnaire that focuses
on cognitive questions and memory tasks called a mini-mental state exam (MMSE) (50). The MMSE
will often be used in conjunction with other investigative tests to aid in the accuracy of the diagnosis.
One such test could be magnetic resonance imaging (MRI) scans. Cortical atrophy due to neuronal
loss, particularly in the hippocampus, can be seen with MRI scans, which is a significant feature of AD
(51). However, this characteristic is also shared by a range of other disorders, such as multiple

sclerosis (MS) (52) and ischemic stroke (53), making this test inconclusive and further investigation
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would be needed to give a definitive diagnosis of AD. An MRI test is usually used to rule out any

other conditions rather than diagnose AD.

There have been recent developments in more accurate and reliable diagnostic methods for
detecting levels of pathological proteins AR and pTau in the cerebrospinal fluid (CSF) (54, 55). CSF
biomarkers are also being developed to target neuroinflammation. One such marker, YKL-40, is
released by microglia and astrocytes (56) and has been shown, along with other glial markers, to be
increased in AD (57). The same markers, including YKL-40, ICAM1, and VCAM1 were associated with
pTau (57). This provides good evidence for inflammatory markers being reliable in a diagnostic
capacity for AD. While CSF biomarkers are promising in their accuracy, the procedure is invasive and
time consuming. Therefore, blood-based biomarkers have been postulated as an easier and less
invasive method of detecting these proteins. It has been shown that ptau181, neurofilament light
(NfL) and AB42/40 plasma markers were increased in AD compared to controls (58). Also, ptaul81
appeared to have the best clinical performance and could be detected successfully in mild cognitive
impairment (MCIl) patients also (58). It is postulated that using a combination of markers for AB, pTau
and inflammation could provide the most accurate diagnostic outcome for patients (59). Again,
neuroinflammatory markers have also been developed using plasma. Using trophic factors such as
brain-derived neurotrophic factor (BDNF) to identify neuronal injury, a meta-analysis of fifteen
studies showed reduced serum levels of BDNF in AD (60) with increased levels of this trophic factor
having a positive correlation with cognition and decreased risk of developing AD (61). Furthermore,
an increase in astrocytic glial fibrillary acidic protein (GFAP) marker was seen in early onset AD
individuals (58, 62). However, markers for inflammation such as tumour necrosis factor (TNF)-a and
IL6 were not increased (58, 62). This is a surprising result as other research has shown and elevation
in these molecules in AD (63). A downside of using blood-based biomarkers is the blood plasma does
not come into direct contact with the CNS, due to the blood brain barrier (BBB), making this type of
biomarker a less reliable tool for diagnosis. More work is being conducted to increase the efficacy of

blood based biomarkers for AD, with promising results.

Currently, the only way to accurately diagnose AD is via post-mortem analysis. Immunohistochemical
methods are used for AB to look at Thal phasing which shows the severity of spread of this protein.
The progression starts in the neocortex, moving through the allocortex and the limbic system,
spreading through the brainstem and finally there may be low levels of AB present in the cerebellum
at the very last stages (64) (Figure 2). Also, as mentioned in Section 1.1.1, Braak staging is used to
analyse tau progression in a similar way. However, the pattern of spread is different from Thal
staging. Tau spread starts in the entorhinal area, then spreads to the limbic region and finally the
cortical area (10) (Figure 2). Often these two methods of AD diagnosis will be combined to make the

‘ABC’ score (65). ‘A’ stands for Amyloid and uses the Thal staging score. ‘B’ stands for Braak and uses
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the tau progression score. Finally, ‘C’ stands for CERAD which is a measure of neuritic plaques (65,
66). A plagque is termed neuritic when it has a core of Ap surrounded by degenerating neurites and
possible immune cells such as microglia (67). Non-neuritic plaques are considered diffuse when they

don’t have these features and are typically associated with normal ageing.

—

Thal phasing (AB)

Low

High

Phase 1 Phase 2-3
Braak staging (pTau)

Low

High

Transentorhinal (I-11) Limbic (l1I-IV) Neocortical (V-VI)

Figure 2 Thal phasing (AB) and Braak staging (pTau) in AD. Adapted with permission from Goedert,
Science (2015); Braak and Braak, Acta Neuropathol (1991); Braak and Tredici, Acta Neuropathol
(2010). Thal phasing exhibits a quicker cortical progression, whereas Braak staging progresses
more in the limbic regions before moving to the cortex. Pale colours exhibit low levels and darker

colours exhibit higher levels of pathological proteins.

1.1.4 Treatments

The majority of treatments currently used in AD target symptoms rather than the cause. These
include acetylcholinesterase (AChE) inhibitors which work on the basis of blocking this enzyme from
breaking down the neurotransmitter acetylcholine. This allows for a prolonged exposure of the
neurotransmitter and therefore increased firing of neurons (68). One type of AChE inhibitor,
Donepezil, has side effects such as insomnia and nausea (69) which may cause reluctance in taking
the drug. Another class of drug targets N-methyl-D-aspartate (NMDA) receptors and can be used
when a patient is intolerant to AChE inhibitors (70). Memantine is one such drug, which may improve

symptoms such as mood and cognition in patients with moderate-to-severe AD (70). Because these
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kinds of medications treat the symptoms and do not target the pathology of AD, research is being

conducted on both AP and tau removal strategies.

The first human clinical trial actively immunising against AB (AN1792) showed successful removal of
the amyloid plaques but proved unsuccessful in improving cognitive symptoms and caused
meningoencephalitis (inflammation of the brain and meninges) in 6% of patients (71, 72). This trial
was subsequently terminated due to this side effect, but it paved the way for future studies.
Furthermore, in a neuropathological follow up study of patients from the AN1792 trial, it was
discovered that the vaccine had effectively cleared AR plaques, even up to 15 years later, but failed
to reduce the presence of tau (72). Further monoclonal antibodies were tested with the aim of
removing AR deposits. An early trial using Bapineuzumab showed little effectiveness in improving
cognition despite clearing the protein (73). However, recently, an A monoclonal antibody has been
approved in the United States for clinical use on AD patients called Aducanumab (Aduhelm®). This
drug has shown to reduce amyloid plaques in the brains of AD patients but failed to significantly
improve cognitive symptoms compared to the placebo (74). Thus, making the use of aducanumab
controversial. Also, amyloid-related imaging abnormalities (ARIA) were a fairly common feature of
Aducanumab treatment, with 41.3% of participants experiencing this phenomenon (75). Post-
mortem data from a patient who was administered with aducanumab showed reduced AP but
substantial tau accumulation (Braak stage V), however this was lower than placebo cases (76). Also,
the patient continued to exhibit cognitive decline despite taking aducanumab (76), therefore the sole
use of amyloid removal drugs may not be the best form of treatment for AD. However, two other AB
targeting monoclonal antibodies appear to be more promising than Aducanumab and have been
shown to reduce the levels of the protein and also improving cognitive decline in early AD:
Lecanemab (LEQEMBI®) and Donanemab. Lecanemab has been approved by the FDA in the United
States for the treatment of AD as it reported a 27% reduction in cognitive decline over an 18 month
phase 3 trial (77). However, there were side effects seen when taking this drug, with 26.4% of
patients experiencing an adverse effect (77). Donanemab showed a slightly better reduction in
cognitive decline at 35% over 18 months and, infusion related adverse effects were lower with 8.7%
of participants experiencing these (78). These recent developments in anti-AP therapies show

promising results but there is still more research to be conducted about their efficacy.

Current tau targeted therapies are aiming to stop hyperphosphorylation (79) and aggregation of the
protein. Tau aggregation inhibitor, Methylthioninium, has shown minor improvements in patient
cognition over a 24 week period (80). Further research needs to be conducted into this type of
treatment. Anti-tau therapies are in earlier stages than anti-AB therapies, with most only in phase 2
trials currently. The monoclonal anti-tau drug, Semorinemab, failed to reduce tau accumulation and

improve cognitive symptoms in a phase 2 clinical trial (81). A new approach to target tau is to use an
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antisense oligonucleotide to silence the MAPT gene, in order to reduce the amount of protein being
produced (82). A phase 1 trial showed a 50% reduction in total tau and pTau after 24 weeks and no
adverse effects were seen (82). Tau therapies could prove to be beneficial for the treatment of AD,

however more large scale trials need to be conducted.

Finally, there has been a recent interest in targeting inflammation for the treatment of AD. Microglia
and astrocytes are affected in the disease and possible restoration of these cells could help improve
the disease state. By inhibiting cytokine release or their expression, the immune response can be
modulated (83). Also, the use of specialized pro-resolving lipid mediators (SPMs) has shown to
improve the phagocytic function of microglia in AD leading to reduction of AB in vitro (84). Further
therapeutic strategies targeting inflammation and microglia will be discussed in Section 1.3.1. It is
most likely that a combination of targeted therapies, including AB, tau and inflammation, will show

the most effectiveness when treating AD due to the diseases’ multi-faceted nature.

1.2 Microglia

1.2.1 Origin

Microglia are the resident immune cells of the brain and make up about 10-16% of all cells in the CNS
subject to brain region and developmental stage etc., (85, 86). They originate from the mesodermal
yolk sac and proliferate from here; there is no participation from bone marrow stem cells (87).
However, this concept was originally debated. Microglia were first named by Rio-Hortegain 1919
(88), where it was proposed that these cells shared similarities with monocytes and therefore, their
origins must be the same, which was from the ectoderm. It is true that monocytes can assume a
microglia-like morphology when introduced to inflammatory stimuli (89). However, most microglia
develop in early neonatal stages (87), whereas monocytes are continually renewed. Colony
stimulating factor (CSF-1) plays a role in microglial development but may not impact monocytes as its
depletion in mouse models reduced the development of microglia, but monocytes continued to be
renewed (87), showcasing the differences between these cell types. In humans, mesodermal
microglia appear very early in development, from 13 weeks gestation, and the most variability in the
morphologies of these cells occur from here until 18 weeks (90). After this developmental period, the

cell population begin to stabilise in morphology and number.

During adulthood, microglia replenish themselves rather than new cells developing from the bone
marrow or blood. Examining the cells in vivo using a CX3CR18™ mouse line which express the

fluorescent protein in microglia only, it was found that microglia are long lived cells that circulate for
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several months (91). In humans, microglia have an average lifespan of over four years which is a
turnover rate of 28% per year (92) or 0.05% per hour (93). However, this rate may have been
underestimated as another group more recently found a turnover rate of 0.69% in human microglia
(94). Using proliferation marker, Ki-67, and microglial marker, Ibal, it was estimated that only 2% of
microglial cells are dividing at any one point in the human brain (94). This is a relatively low
proliferation rate compared to other immune cells such as T cells, which proliferate at a rate of 60%

per year (95).

1.2.2 Function and classification

Microglia are highly plastic cells that are able to change their morphology and function depending on
what is required of them. When in a homeostatic state they exhibit a ramified morphology with
many finger-like processes, whereas when these cells become reactive, their processes shorten and
they exhibit a more amoeboid shape (Figure 3). Some of the normal physiological functions of
microglia include synaptic pruning and plasticity, phagocytosis, surveillance of the brain parenchyma
and stimulating and inflammatory response (96-99) (Figure 4). They contribute to normal acute
neuroinflammatory processes by release of chemokines, cytokines (Figure 4), which can be pro- or
anti-inflammatory to initiate or stop an immune response, and by protecting against ROS (100). They
are often referred to as macrophage-derived cells, which is due to the crossover between markers
present on the cells (101). For example, microglia and macrophages share markers for cluster of
differentiation 11b (CD11b), cluster of differentiation 68 (CD68), C-X3-C motif chemokine receptor 1
(CXC3R1) and ionized calcium binding adaptor molecule 1 (Ibal) (101) (Table 1). However, there are
possible microglia specific markers which include purinergic receptor P2Y12 (P2RY12),
transmembrane protein 119 (TMEM119) and cluster of differentiation 45 (CD45); and macrophage
specific markers such as cluster of differentiation 163 (CD163) and cluster of differentiation 206
(CD206) (101) (Table 1). Microglia are essential to maintain normal brain functionality and health. It
is approximated that microglia can survey the whole brain in just a few hours (102) and they work in

conjugation with several other cells in the brain, namely astrocytes and neurons (86).

Microglia can be described as ‘resting’ or ‘activated’, although these terms may not be a completely
accurate. The ‘resting’ state allows the microglia to scan or survey the microenvironment of the brain
parenchyma using finger-like processes (103). This, therefore, is why the term ‘resting’ may not be
accurate terminology as they are still performing a function. While in this state, the cells have a
highly ramified morphology (Figure 3) (103). Previously, when microglia became ‘activated’, they
were classified into two different conditions based on the macrophage model: classical activation
(M1) and alternative activation (M2) (104). It was thought that M1 induced a pro-inflammatory

response and allowed the cell to kill foreign bodies in the brain, perform phagocytosis and present
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antigens to other immune cells (105), whereas, M2 activation caused the microglia to initiate tissue
repair and the remodelling of the extracellular matrix as well as phagocytosis by being anti-
inflammatory (105). This phenotype appears more amoeboid in morphology (Figure 3) (103). The
more appropriate term for previously ‘activated’ microglia are now called ‘reactive’. The term
reactive is thought to be more appropriate when describing the change in microglial function due to
the nature of that change. The term ‘activated’ indicates that there is ‘inactivated’ state, which is
untrue. Therefore, ‘reactive’ is more appropriate as the cells are reacting to a stimuli. Furthermore,
while it is difficult to fully group a dynamic cell such as microglia, a different and possibly more
robust classification system for microglial cells in disease has been proposed. This terms microglia as
MO, which refers to a homeostatic phenotype, and microglia associated with neurodegenerative
disease (MGnD) (106) or disease associated microglia (DAM), which have been established using
mouse models but have yet to be substantially proven in humans (107, 108). MO microglia have a
transcriptomic signal that expresses a number of genes including P2RY12 and TMEM119 (109, 110),
which are thought to keep the microglia in homeostatic state (Table 1). There are also a number of
cell surface makers associated with this homeostatic phenotype in order to maintain normal
functioning of microglia; including CD11b which is involved in cell adhesion, CD45 aids the regulation
of T-cell activation and CX3CR1 which is associated with cell adhesion and migration etc., (101) (Table
1). On the other hand, when microglia become reactive and show attributes of the MGnD/DAM
phenotype, they express genes such as APOE and TREM2, which are both found to be AD risk factors
from GWAS studies (111). Discriminating markers present in reactive microglia include human
leukocyte antigen (HLA-DR/DQ/DP) which is an antigen presenting marker that is highly increased in
AD (112-114), CD16 and CD68 which are both involved in phagocytosis (101, 115) and macrophage
scavenging receptor-A (MSR-A) which is associated with scavenging activity (115) (Table 1). TREM2 is
also an interesting marker and is further discussed in Section 1.3.1, but it could be important for not
only microglial function but risk of developing neurodegenerative disease. Classifying microglia into
subgroups is highly complex and it may be the case that there are specific phenotypes associated

with each neurodegenerative disease rather than blanket groupings for every condition.

Table 1 Common microglial markers and their roles in physiology and disease conditions
Marker Name In physiology In pathology
Translocator Suggested to be increased in

Involved in cholesterol transport,

protein/Peripheral human AD (12). A potential marker

TSPO/PBR . . steroid synthesis and protection from .
benzodiazepine of reactive
ROS (116). . . . .
receptor microglia/neuroinflammation.
. N Decrease in this protein as AD
. . Involved in cytoskeleton organisation, o .
lonized calcium membrane ruffling and pharocytosis progresses, indicating a loss in
Ibal binding adaptor & phagocy motility (115).

(117). Associated with all microglia

. e o S t fori i
(118). Aids modification of actin in ome argument for increase in

expression of this marker but not

molecule 1
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Cluster of
differentiation 206
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processes of microglia for motility
(119).

Antigen presentation and recognition.
Generally thought of as a marker for
microglial activation.

Responds strongly to CD4* T cells (121).

Lipoprotein scavenging receptor
involved in endocytosis of foreign
particles (122, 123).

Homeostatic marker of microglia
involved in motility due to activation of
potassium channels (124).

Thought to associate with all microglial
subsets. Exact function unknown.

Microglial-specific. Forms complex with
Tyrobp for phagocytic activity (107).

Chemokine receptor commonly
secreted by neurons for glial migration
(125).

Triggers macrophage immune response
by binding to 1gG (127). Can aid with
phagocytosis of foreign materials (115).
Marker of microglia, macrophages and
monocytes that initiates an IgG
mediated immune response (63).

Part of the compliment receptor 3.

Aids in recognition of foreign antigens.
More associated with the reactive
microglial phenotype (101).

Integrin receptor X. Typically a dendritic
cell marker, but also found in amoeboid
microglial cells (129).

Located on the membrane of microglial,
as well as macrophages and T cells, and
involved in cell differentiation and
proliferation. Expressed by most
subsets of microglia (120).

Class of scavenging receptor (122).
Present in microglia and macrophages.
Lysosomal marker of phagocytic
reactive microglia (118).

Scavenging receptor in the macrophage
lineage (120). Some phagocytic
capabilities.

The mannose receptor is a marker of
macrophages (132). Aids in endocytosis.

number of cells present in human
AD (120).

Associated with AB plaques and
shown to increase in human AD
(112).

Positively associated with dementia
and AD pathology in humans (115).
May cause immobilisation of
microglia when they encounter AB
plaques (115).

Decreased expression in AD mouse
models, linked with AB response
which is reduced in the disease
(107, 124).

No increase in expression when
exposed to infection or
inflammatory molecules (109).
Expressed by microglia that have
both ramified (Ibal*) and amoeboid
(CD68*) cells in AD (109).

Loss of function mutations (R47H)
thought to be associated with AD in
human and iPSC (33, 35).

Increased levels in human AD and
may regulate microglial activation
in models of AD (126).

Increased in AD, not associated
with AR plaques (123).

Increased in dementia with Lewy
bodies and may indicate a more
reactive microglial subtype (128).

Not necessarily increased in AD.

Associated with the DAM
phenotype in AD (107).

Higher expression of CD45*cells in
AD. Most being spread throughout
the parenchyma, not associated
with AR plaques (130).

Increased in AD. Also associated
with APOE &4 genotype and
cognitive decline (115).

Increase in AD, specifically within
AB plaques (131).

Increases in an acute manner for
intracerebral haemorrhage (133).
Unsure of its role in AD.

Finding microglial markers that are specific and can identify all functional subtypes is highly sought

after in the field. There are some markers that aim to do this; however, these can be slightly

controversial and results vary. One classic microglial marker is Ibal which is cytoplasmic marker

involved in motility and cytoskeletal organisation (115). There is conflicting evidence for this marker
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in terms of its function in AD, with several papers showing a decrease of Ibal (115) as the cells ability
to be motile reduces. Other papers show an increase of Ibal (134) in AD, so results may not be
verified. An interesting result that supports the claim of Ibal being present in both reactive and non-
reactive microglia phenotypes, was its higher presence in an intermediate morphology rather than
ramified (physiological/surveying) or amoeboid (reactive) microglia in an AD chimpanzee model
(135). The other common target thought to be a pan-microglial marker is TMEM119, which has a
currently unknown function and is found on the cell surface (109). It has been shown that expression
of this marker does not change in response to inflammatory stimuli such as LPS, IL4 etc and that it is
present in both ramified (Ibal*) and amoeboid (CD68*) morphologies (109). However, as with Ibal
there is data that demonstrates not all microglia express TMEM119, in both healthy and disease
conditions such as AD (136), and that TMEM119* microglia decrease in AD (136), therefore making its

use as a pan-microglial marker uncertain.

Ramified Intermediate Amoeboid
/]
Jy \/
- h 1 5 ass
\ | s
7\ > T e T <
I _ s 7 Vg
' S ‘ s r i
o : F.,ﬁ 4
: =
: . % - Y :
S # ~ : b

> e 1
e — L=
Figure 3 Figure depicting different microglial morphologies with corresponding DAB immunohistochemical

staining using Ibal. 20X magnification. Scale bars = 20um. Created with BioRender.com.

1.3 Neuroinflammation in Alzheimer’s disease

13.1 Microglia

Microglia are heavily implicated in neurodegenerative diseases such as Alzheimer’s and Parkinson’s

disease (PD), as discovered by GWAS analysis with risk factors related to microglia and the immune
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response being highly enriched in AD (111, 137). Their exact role in this capacity is unknown and a
large focus in current neuroimmunology research is to discover if microglia and other immune cells,
such as macrophages, T and natural killer cells, are beneficial or detrimental in disease, or if these
cells have the ability to both aid and hinder neurodegeneration. As mentioned in Section 1.2.2,
microglia contribute to neuroinflammation by release of cytokines; however, in AD, the chronic
release of these cytokines becomes toxic and can cause damage to neurons and other cortical cells
(Figure 4) (138). This further incites microglia to become reactive and exacerbates the
neuroinflammatory process in disease (139). It has been suggested that there are two waves of
microglial reactivity, an early protective peak and a later inflammatory peak, found via use of
neuroinflammatory PET ligands in AD (12, 13, 140) (further discussed in Section 1.4). The first
protective peak was found to correlate to a slower cognitive decline (12) but the later peak, signalling

microglial reactivity in AD, was associated with failure to clear AP and cognitive decline (12, 140).

There is evidence to suggest that microglia may lose motility in AD, as seen by a decrease in |bal
immunostaining (115), which could impact their ability to survey the brain parenchyma. Also,
microglial dystrophy, characterised by beading and fragmentation of the processes (141), has been
observed in greater numbers in neurodegenerative diseases compared to normal ageing (142)
(Figure 4). On the other hand, the cells clearance and phagocytic capabilities are increased in AD
brains shown by an increase in the CD68 and MSR-A markers (115). This may suggest that the
microglia are trying to clear AD related pathologies including AB plaques, whether this is successful is
debatable. There is evidence to show that microglia can effectively clear plaques by phagocytosing
the AP peptides (143) (Figure 4). However, if this was effective, AD symptoms would perhaps be
reduced. A possible theory states as the disease progresses and the AB plague level increases, this

overwhelms the microglia and they are unable to clear this protein (140).
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Figure 4 Diagram illustrating the normal physiological functions of microglia and how these cells are

affected by/contribute to AD. Green microglial cell is homeostatic in nature and the red
microglial cell indicates a reactive phenotype. Adapted from Amor et al, Acta Neuropathol (2021).

Created with BioRender.com.

Likewise, the role toxic hyperphosphorylated tau plays in the disease may affect the microglia’s
ability to aid the CNS. It has been shown that microglia can further exacerbate tau pathology in AD
(144). This may occur due to an increase in Interleukin-1 (IL-1) in the brain, which in turn causes the
microglia to start a proinflammatory signal transduction (144). This appears to cause an increase in
tau phosphorylation. Interestingly, this action reduces amyloid plaque distribution which may be due
to an increase in the number of amyloid-associated microglia (144). Microglia may also contribute to
the spread of tau via cell-cell transfer through exosomes. In a mouse model expressing human tau

conformer 1N4R, depletion of microglia reduced the propagation of tau (145). Further preventing
exosome synthesis by using the phagocytic inhibitor, cytochalasin D, reduced this also (145).

Furthermore, it could be the tau itself being detrimental to microglial function. Evidence has shown
that when microglia are in proximity to tau tangles, their morphology alters, and they may not be as
effective in performing their normal functions (146) (Figure 4). These factors could be a consequence
of the disease affecting the microglia and causing them to become dysfunctional. On the other hand,
the microglia could be performing their normal function, but the disease progression is too severe for

the cells to provide significant aid in toxic protein clearance. It is also likely that microglial response is
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disease stage and brain region dependant. Microglial reactivity may occur in line, or just before, tau
tangles arise in a specific region following the Braak stages when examining both translocator protein
(TSPO), a marker of neuroinflammation, and tau in vivo PET scans (147). In areas such as the
temporal lobe, that are pathologically affected by the disease early on, multiple CSF markers of pTau
(p-taul81, p-tau231 and p-tau217) have been found to correlate with TSPO PET binding in MCl and
AD patients (148). Interestingly, this relationship was dependant on the presence of tau tangles and

therefore, this association may be most prevalent in later stage disease (148).

DAMs have been identified using single-cell RNA sequencing and are associated with
neurodegenerative disease in AD models, where a two-step process is necessary to convert
homeostatic microglia into this disease phenotype in a Trem2 dependant fashion (107). This subtype
of cells are categorised by having a phagocytic capability but reduced expression of homeostatic
genes such as P2ry12 and Tmem119 and an increase in disease associated genes including Apoe and
Trem2 (107). A subset of DAM genes has been identified in humans, but there is not a complete
overlap (149), and DAMs where localised only to neuritic plaques in human AD (107), showing the
difference between human AD and mouse models. Another classification for microglia, the MGnD
phenotype, was found to be related to the Trem2/Apoe pathway after injection of apoptotic neurons
in a mouse model of AD (106). The slight differences between the proposed reactive microglial
phenotypic categorisations indicates further research is needed to create a collective phenotypic

subset, which would also need to be confirmed in human disease.

Emerging evidence has shown that microglia begin to proliferate excessively at the onset of AD in an
APP/PS1 mouse model which leads to microglial senescence (150). This may be due to new
pathologies starting to accumulate in the brain and the response to try and clear these. This
proliferation event can cause the cells to specify into DAMs (150, 151). It has been shown that when
DAMs have been hindered from proliferating in this manner using the CSF1R proliferation inhibitor,
key pathologies such as AB accumulation have been prevented (150). This suggests that preventing
senescence of microglia could stop the onset of amyloidosis and be important in finding new
microglia related AD treatments. However, it has been established that sole removal of AB does not
have significant benefits in the reducing the symptoms/progression of AD (72-74). Therefore, it may
be prudent to stop the microglial response to AB as a pathological consequence prior to its removal

via these cells.

To explore this point further, it has been proposed that microglia fit into, and play a key part in, the
sequence of progression of AD. For example, AB accumulation occurs in healthy human brains (152),
however, when this transpires in AD it is followed closely by microglial activation. It is thought that

this reaction may cause neurites to become dystrophic, which promotes the subsequent spread and
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accumulation of tau (153). It has been shown that initial AB accumulation was deposited in a diffuse
manner, with no presence of microglia or tau (153). This progressed to an amyloid plaque being
surrounded by a cluster of microglia (in the form of HLA-DR positive cells) and also APP dystrophic
neurites being present. Finally, the neuritic plague contains the presence of microglia, APP and pTau,
which then begins to spread in the form of tangles and neuropil threads to other neurons (153). This
is a plausible explanation as, firstly, it is well established that A is the first pathological protein to
accumulate many years before disease symptoms (64). Also, dystrophic neurites have been observed
in humans without the presence of tau (154), with tau being seen in conjunction with neurites later
in the disease progression. The exact mechanism of how microglial involvement may contribute to

disease progression is a salient question.

As mentioned, APOE is implicated in AD, especially in regard to microglial function. Microglia secrete
this protein, and it has been shown to be involved in their ability to phagocytose AB plaques. When
AB plaques were infused with Apoe €3, a rapid microglial response occurred in an Alzheimer’s mouse
model (Cx3crl) over a 24h period. The opposite was observed with infusion of Apoe €4 (155). This
shows that the APOE €3 allele may indeed have a protective, or at least neutral, quality as it aids
microglia immune function. Another protein that aids in this ability is TREM2. This protein is thought
to be involved in microglial health and also may support the response to AB plaque pathology (156).
With the TREM2 R47H mutation, microglia cannot surround and breakdown AP plaques as efficiently.
This leads to more phosphorylated tau and dystrophic neurites present (157). Furthermore, it is
thought that APOE and TREM2 may interact to support microglial function. In a Trem2 knockout
model, Apoe €3 or Apoe €4 were again infused into AB plaques, and results showed that there were a
higher number of homeostatic genes in the Trem2 knockout microglia when infused with Apoe €4
and a decreased uptake of AP also (155). This could indicate that TREM2 disruption cause microglia
to insufficiently remove AP, even with the presence of risk factor APOE €4. However, as stated

previously, TREM2 may identify monocytes rather that microglia in humans (36).

As mentioned in Section 1.1.1, mitochondrial dysfunction is now thought to play an important role in
AD, and in particular, within microglial cells. It has been proposed that this dysfunction occurs before
microglia become reactive and cause subsequent neuroinflammation in AD, indicating that
mitochondria play a crucial role in microglia’s involvement with disease progression. For example,
there may be a reduction in glucose metabolism in AD (158), and to compensate for this loss
microglia recruit more GLUT-1 transporters to their membranes (159). A recent study has shown that
mitochondrial DNA leaks into the microglial cytosol and this activates a DNA immune sensing
pathway called cGAS-STING, which in turn causes inflammation and other neurodegenerative
features during ageing (160). It was also shown that blocking cGAS-STING improved

neurodegenerative symptoms in an aged mouse model (160), which could lead to therapeutic
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targets. An interesting study by Fairley et al has demonstrated both TSPO and hexokinase-2 are
heavily involved in microglial metabolism and the energy supply needed for phagocytosis (161).
Genetic depletion of TSPO in microglial cell culture decreased ATP (impaired respiration) and enabled
a switch to glycolysis, resulting in reduced phagocytosis of Ap (161). The group also found that actin
levels were decreased, and that phagocytosis could be impaired as a result of inadequate actin
polymerisation within the cytoskeleton of microglia due to less ATP available (161). Mitochondrial
dysfunction appears to be an important part of microglial involvement in AD pathogenesis,
potentially early on in disease, meaning therapeutic targets for this could be a viable treatment

option.

1.3.2 Astrocytes

Astrocytes are a star shaped cell that develop from radial glia in the ventricular zone during late
embryogenesis (162) and contribute to brain immunity. They account for ~30% of CNS cells and their
primary function is to maintain the BBB by using structures called endfeet to create a border around
pericytes and endothelial cells (163). They are also crucial for modulating synapses (163). In the
white matter, astrocytes are termed ‘fibrous’ and in the grey matter ‘protoplasmic’ (164). GFAP is an
important astrocytic intermediate filament, whose role is critical within the cytoskeleton of the cells
to maintain this structure (165). In neurodegenerative disease and neuronal injury, astrocytes
become reactive, which is marked by a morphological change of process thickening, increased
expression of GFAP and STAT3 signalling (165). Reactive astrocytes are characterised by either being
‘A1’, which causes synapse destruction and neurotoxicity, or ‘A2’, which promotes neuronal survival
and synapse maintenance (163). However, like microglia, this categorisation may be too rigid as
these cells also have dynamic phenotypic changes. Examining astrocytic reactivity, it has been
observed that the deletion of STAT3 in a mouse model of spinal cord injury caused an inability of
astrocytes to become reactive and form a glial scar around the injury site, leading to further
inflammation (166). In addition, overexpression of a STAT3 inhibitor in a models of AD and
Huntington’s disease (HD) pathology caused a reduction in astrocytic reactivity, a decrease in
microglial activation (suggesting a link between the two immune cells) and a rise in the
neuropathological hallmark protein of HD (167). It is well established that AB plaques in AD are often
surrounded by reactive astrocytes and that this phenomenon increases as the disease progresses
(168, 169), further indicating a strong association between astrocytes and neurodegenerative

disease.

Astrocytes often work in conjunction with other immune cells, namely microglia, and communicate
with these cells via various mechanisms (170). This communication is bidirectional and requires a

myriad of inflammatory signals such as toll-like receptors (TLRs) and TNF for the induction of
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activation cascades and chemoattractants such as B chemokines (170). There is evidence for
microglia and astrocytes responding preferentially to different stimuli. When exposed to
lipopolysaccharide (LPS), microglia release chemokines such as CCL2, CCL3 and CCL4, whereas
astrocytes do not. However, when stimulated with pro-inflammatory cytokines such as TNFa, both
cell types subsequently release chemokines (171). This suggests that microglia react more strongly to
pathogens, with astrocytes working in conjunction to cause inflammation. The communication
between astrocytes and microglia can occur is many ways including the CD200 receptor. This
receptor is found on microglia, and under physiological circumstances, astrocytes do not express the
corresponding CD200 protein. However, in disease CD200 has been seen to localise with astrocyte
protein GFAP (172). It is postulated that reactive astrocytes use CD200 to signal to microglia, which
are the more motile cell, to move to the damaged area to initiate inflammation in an acute stress

event or chronic neurodegenerative disease.

1.3.3 Other innate immune/CNS cells

Macrophages and monocytes are other immune cells that play important roles in the CNS.
Monocytes are a subtype of white blood cell that circulate the vasculature. They can differentiate
into macrophages and dendritic cells when contact is made with a foreign particle (173).
Macrophages provide immunity primarily by phagocytosing these foreign bodies and can also signal
to other immune cells to initiate a cascade immune response (173). Monocytes are derived from the
bone marrow and express different subsets of CD14 and CD16 in humans (173). It has been observed
that monocytes do enter the brain parenchyma at the site of injury, but not in the healthy CNS (174).
In a mouse model of a seizure disorder, monocytes were seen to infiltrate the brain after seizure
activity (174). Perivascular macrophages are seen in the space surrounding the blood vessels in the
brain (174) and are identified by the markers CD163 and CD206 (120, 132) (Table 1). These cells also
became involved subsequent to seizures (174), suggesting the contribution of many immune cells

working in conjunction for a targeted neuroinflammatory problem.

Monocytes and macrophages/microglia work together in neurodegenerative diseases such as AD and
autoimmune diseases such as MS. A proposed consequence of AD is the disruption of the BBB,
primarily due to AB deposition in the vasculature and insufficient clearance of this protein with
ageing (175), which may lead to cerebral amyloid angiopathy (CAA) (173). This leads to the
infiltration of immune cells such as monocytes and macrophages to the brain space (176). It is
unknown whether this is beneficial or harmful to the brain environment. In human cell culture, it was
shown that CD14"* non-inflammatory cells were decreased in AD compared to MCI patients when
exposed to AB42, with the opposite being seen in CD14* inflammatory cells (177). This suggests that

inflammation may increase in AD based on monocyte response to AB.
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Endothelial cells make up 0.3% of CNS cells (178) but are vitally important to maintain structure in
the blood vessel walls by creating intercellular junctions that allow permeability (179). They derive
from the mesoderm (179) and are a crucial part of the BBB. Once developed they can be identified by
platelet endothelial cell adhesion molecule 1 (PECAM1), also called CD31 (179). In AD, there is
evidence that endothelial cells undergo changes that can lead to improper response to AB and CAA
(180). If there is improper clearance of AP, this leads to the accumulation of the protein in AD. The
toxicity of AP effects transporter expression on endothelial cells causing inability of the protein to
cross the BBB and be cleared from the brain (181). On the other hand, dysfunctional endothelial cells
could also allow AP to cross over the BBB and due to other mechanisms, such as extracellular matrix
protein lysyl oxidase (LOX) inhibition, and therefore AB accumulates within the blood vessels and

causes CAA (175).

1.4 TSPO radioligands for microglial identification

1.4.1 Overview of TSPO

TSPO is used as a marker of ‘neuroinflammation’ in PET studies of neurodegenerative disease such as
AD. This marker is thought to detect microglial activation which is a hallmark of disease. There are
certain prerequisites for a radioligand to be used successfully in PET studies: they should be able to
cross the BBB, they should have good specificity, they should be small (<700 Da) and they should
have high affinity for the target (182). TSPO was originally named peripheral benzodiazepine
receptor (PBR) as it was found to be a binding site for the anxiety drug, diazepam, in the 1970s (183).
TSPO is found on the outer mitochondrial membrane where its five transmembrane a-helices (made
up of 169 amino acids) intercept the membrane to create a pore (184). It is thought to be involved
with cholesterol transport into the inner mitochondria membrane for steroid synthesis (116) (Figure
5) via its cholesterol recognition amino-acid consensus (CRAC) found in transmembrane helix 5,
starting with the amino acid residue A147 and ending at S159 (185). However, this function now has
some conflicting data, as TSPO knock-out mouse models have demonstrated functioning steroid
synthesis capabilities (186). This could mean that there are other compensatory mechanisms that aid
with cholesterol transport for steroidogenesis. Other functions of the receptor may include an ability
to be resistant to ROS (116), which can support mitochondrial homeostasis (Figure 5). Furthermore,
TSPO may have a protective role as it controls the release of apoptotic factors, decreasing these to
allow for better cell survival (116). TSPO is found in many tissues in the periphery but in the brain it is
found primarily in microglia in very high levels and endothelial cells in lower amounts (187), making it

a useful marker for these cells. There is evidence that shows increased TSPO expression in microglia
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in response to infection or injury. In mice exposed to intracerebral haemorrhage, there was an
amplification of TSPO in microglia up to 7 days after injury (188). Thus, supporting the theory that

TSPO highlights reactive microglia.

These radioligands, and PET in general, are important tools for researching neurodegenerative
diseases. TSPO ligands have been used to look at the microglial profiles of AD, MS, HD, PD and
various psychiatric disorders (189). TSPO is increased in reactive microglia in response to injury or
infection and expressed in lower levels in microglia performing their surveying function (190). A
significant finding has been that the TSPO ligands’ uptake is increased in AD patients compared to
controls in brain regions that are known to contain the classic pathological hallmarks of the disease
(12, 13, 191), showing that inflammation and microglia go hand in hand with AD. Alternatively, a
recent study has proposed that in humans, increased TSPO may be linked with microglial cell number
and not a direct increase in expression of this protein (192). It was found that the level of TSPO per
microglia did not increase in AD, ALS or MS human post-mortem tissue compared to controls but
microglia number increased in ALS and MS tissue, therefore the increase in overall TSPO levels was
due to an increase in number of cells (192). However, as mentioned previously, the microglial cell
population remains fairly stable in the brain (94), suggesting the expression level of TSPO within

microglia may require further explanation.

Mitochondrial dysfunction plays a role in AD, specifically within microglia. Increase in ROS has been
observed due to AB initiating nicotinamide adenine dinucleotide phosphate (NADPH) in microglia
leading to toxicity (193). Cholesterol is also a point of interest in AD, as research has shown this lipid
to become raised in AD, causing disruption to the mitochondrial membrane (194). As TSPO plays a
role in cholesterol transport into the mitochondria, there may be a link between TSPO and this
disruption. However, TSPO may be protective against ROS (116) so it could be feasible that the
receptor may become dysfunctional in this role. TSPO PET scans are a fairly expensive way of
examining neuroinflammation in the brain. Therefore, they are currently used in research or clinical

trials and not routinely for diagnostic analysis in patients (195).

Interestingly, direct application of TSPO to 3xTg-AD mouse models has shown an improvement in
memory and a reduction of AB deposition in the hippocampus of these animals (196). This could lead
to potential therapeutic uses of TSPO in neurodegenerative disease as there is speculation
surrounding this protein’s ability to increase the reactivity of microglia. Leading on from this, TSPO
may have a protective role in relation to mitochondrial dysfunction. As mention in Sections 1.1.1 and
1.3.1, there is emerging research that mitochondrial dysfunction plays a role in AD. From this, it
could be postulated that TSPO may have beneficial applications to counteract this. There is evidence

that treatment with TSPO can improve mitochondrial health and functioning by boosting ATP
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production via respiration and reducing ROS levels in cell models of AD (116, 197). TSPO could
provide a new avenue for AD treatment strategies, but more research needs to be conducted before

it could be applied to human AD.

Cholesterol

TSPO ligand
@

Ul
Ui

Figure 5 Locality of Translocator protein (TSPO) and its functions. TSPO has five transmembrane a-helices

Inner

as depicted in blue and sits on the outer mitochondria membrane. Its normal function includes
cholesterol transport into the organelle, as well as aiding mitochondrial homeostasis by
supporting resistance to reactive oxygen species (ROS). Its associated PET ligand will bind to this

receptor between all five a-helices.

1.4.2 First generation TSPO ligands

There are many different radioligands that can identify TSPO, including first generation ligand
[C*!)PK11195, which was first described in 2001 (198) and has been commonly used in research since
this date. This first generation ligand binds monomerically to the hydrophobic pocket between the
bundle of five a-helix transmembrane proteins towards the outer side of the pore (184) (Figure 5).

The ligand binds to amino acid residues: A23, V26, L49, A50, 152, W107, L114, A147 and L150 (184).
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PK11195 is a [**C] compound which has been shown to have a high uptake rate in AD patients
compared with controls (199), indicating that TSPO, and therefore microglia, must play a key role in
the disease in their reactive state. On the other hand, some research has shown a milder association
between PK11195 and AD. One study showed that in MCI there was little PK11195 signal seen (199),
concluding that this ligand may not be sensitive enough to detect microglia in earlier stages of the
disease. Another study found small significant clusters of PK11195 in AD patients compared to
controls but overall, found no significant difference (200). However, this ligand can label reactive
microglia in post-mortem tissue of AD mouse models (201) and also show an increased expression
level in human post-mortem AD tissue (202). There has been substantial research conducted with
this radioligand, but there are limitations to its use. It has a low signal-to-noise ratio, meaning there
is background signal which may confuse results, as well as a high non-specific binding ability (203).
Furthermore, it can be difficult for the PK11195 ligand to discriminate between microglia,
macrophages and astrocytes (201), meaning that its binding ability is broadly associated to the

inflammatory response and not limited to microglia.

1.4.3 Second generation TSPO ligands

Second generation radioligands have been developed in order to combat some of the previous
limitations. For example, [11C]DPA-713, [*¥F]PBR111, [*!C]PBR28 and [*®F]DPA-714 are all second
generation ligands. However, [11C] has a short half-life which is why [*F] ligands are more popular in
order to combat this problem (203). It is clear that second generation ligands are more reliable than
the first generation. For example, a study applied both PK11195 and PBR28 on post-mortem tissue of
MS patients, and while there was a 2-fold increase of PK11195 within MS lesions, there was a 7-fold
increase in PBR28 compared to controls (204). Another comparison was performed between
PK11195 and second generation ligand DPA-713. DPA-713 was found to have a higher binding ability
than PK11195 and had a significant increase in expression levels in AD patients compared to controls
(205). Also, DPA-713 binding correlated to clinical scores of patients (205), which could prove a link
between AD symptom progression and neuroinflammation. This exhibits that second generation
ligands may show increased binding to microglia and therefore, further reliability with use in PET
scans for neuroinflammation. The second generation ligand DA11106 was proven to effectively label
microglia in human post-mortem tissue using a combination of immunohistochemistry and
autoradiography (206). This study showed that certain brain regions such as the thalamus, parietal
and temporal lobes had increased TSPO binding compared to controls. This was matched with the
presence of reactive microglia staining in the same regions (206). This provides good evidence for

TSPO being highly related to reactive microglia and that this protein increases its expression in AD.
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An issue that has arisen from second generation ligands is the sensitivity to a polymorphism that
affects binding ability. Different patients can be low or high affinity binders which will affect who is

eligible in the use of these TSPO ligands. This polymorphism will be discussed further in Section 1.4.4.

When TSPO PET scans have been performed on AD patients, control subjects are often used as a
comparison model. However, this provides challenges as there are person to person changes that will
be present causing variability in results. Therefore, another method of standardising the TSPO
binding in the brain is used in conjunction with arterial blood sampling called absolute quantitation
(207). The disadvantage of this method is it takes time to perform as it requires blood samples to be
drawn. To combat this, it has been proposed to use a brain region of lower TSPO expression as a
pseudo-reference region, and while there is no brain region completely devoid of TSPO (207), this
would negate the impact of patient differences. One such proposed region is the cerebellum as this
area has been suggested to have less severe AD pathology (208, 209) and lower TSPO expression
from other studies using the absolute quantitation method (210). One study used the cerebellum as
a pseudo-reference area compared to temporal and parietal lobes (areas of high AD pathology) in
controls, MCl and AD patients using standardized uptake value ratio (SUVR) and absolute
quantitation (207) using [*'C]PBR28. Greater TSPO binding was observed in the temporal and parietal
lobes using the SUVR of the cerebellum compared to the absolute quantitation method (207).
Several other second generation TSPO studies have also used the cerebellar SUVR method with

reliable results (12, 13).

1.4.4 ['3F]DPA-714

The TSPO ligand [*®F]DPA-714 was chosen for use in this thesis (Chapter 6) and will be reviewed here.
Studies have shown that DPA-714 has the highest binding potential to microglia compared to DPA-
713 and PK11195 in a rat model (211). DPA-714 has also been shown to be an effective biomarker for
microglia and neuroinflammation in the APP/PS1 mouse model (212). This has similarly been
recapitulated in both healthy and AD humans (213), showing that this radioligand is a better
alternative to older isotopes of TSPO and that it could potentially be used to detect AD phenotypes in
humans. However, there are conflicting results as one study states that DPA-714 cannot differentiate
between AD patients and healthy controls when using this ligand in PET scans (213). This study had a
small sample size and was followed up using a different parametric method of visualising the PET
ligand. The follow up study showed that by looking at more brain regions there was a significant
difference in the uptake of DPA-714 in AD patients versus controls (214). This may lead to the idea

that the DPA-714 ligand could be used in a diagnostic capacity for AD.

46



Chapter 1

Binding of TSPO has been shown to positively correlate with deteriorating cognition (13). Also, there
are indications that in AD patients whose disease progression is slow, the microglia (identified with
DPA-714) are increased in number and may play a protective role in the early stages of the disease
(13). Putting these evidential pieces together could mean that somewhere along the disease
progression the microglia become dysfunctional rather than protective. Although, it is not completely
known whether TSPO identifies reactive microglia or another form of these cells. Further research

needs to be conducted to confirm these findings.

As mentioned in Section 1.4.3, there is a polymorphism that affects second generation radiotracer
ligands such as DPA-714. This single nucleotide polymorphism (SNP) is denoted rs6971 and causes a
substitution for Alanine(A)147Threonine(T) in the TSPO gene (215). As the A147 amino acid is one of
the residues that is involved in binding to the ligand in the hydrophobic pocket of the
transmembrane protein (184), this substitution contributes to issues in binding ability by altering the
distance between transmembrane two and five which closes the pore size (216). Interestingly, the
A147 residue is also involved in cholesterol transport (185), and therefore the SNP has been shown
to alter this function (217). There is evidence for up to 50-fold binding difference between HABs
(A/A) and LABs (T/T) (218), with another subtype being denoted as mixed affinity binders (MABs)
(A/T). This polymorphism leads to problems in the clinical setting with genotyping being required for
patients in order to get standardised results from second generation TSPO ligands. This increases

time and cost and may not be a feasible option for all PET scans being performed.

The radioligand DPA-714 needs to be better explored in order to confidently explain exactly what
microglial/neuroinflammatory profile it is identifying. The DPA-714 TSPO ligand in this project will be
used in conjunction with known microglial markers to establish what state the cells are in, both in
healthy and disease post-mortem tissue. This could lead to a better understanding of microglia in
neurodegenerative disease and may even aid in developing ideas for diagnostic methods based on

the neuroinflammatory profile.

145 Third generation TSPO and other neuroinflammatory ligands

To combat the rs6971 SNP that effects second generation PET tracers, third generation radioligands
are currently being evaluated; but are still in the early stages of testing, with the aim of these to
further improve specificity and binding ability. For example, initial research conducted using
autoradiography on human post-mortem samples with the radiotracer [*®F]FEBMP showed no
sensitivity to the polymorphism as known LABs and HABs displayed the same binding levels (219).
This ligand would need to be used in human patients to be validated for clinical use. Another tracer,

[*8F]GE-180 has been shown to be insensitive to the rs6971 polymorphism (220), however, there is
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some debate about how accurate this ligand is, with possible ineffectiveness in crossing the BBB.
Some research has shown that [*®F]GE-180 has a lower total volume of distribution than [**C]PBR28,
meaning that the later had a better penetrance into the vasculature (220). The development of new
TSPO radioligands is a step in the right direction but their effectiveness and applicability need to be

tested in more preclinical and clinical models.

Furthermore, there is some concern that TSPO is not microglia specific and is present in other cell
types meaning alternative targets are being investigated. However, it is important to note that even
though TSPO might bind to several cell types, this still shows levels of neuroinflammation as these
would all be immune cells. Other targets include colony-stimulating factor 1 receptor (CSF1R), which
is expressed by microglia and monocytes with good exclusivity, as found using human RNA-seq data
(195). CSF1R radioligand [*!C]CPPC has been tested in a mouse model of AD, with good evidence for
elevated binding and specificity (221). Cannabinoid receptor type 2 (CB2R) is another target being
tested; however, this is also found in multiple cell types including microglia, monocytes,
macrophages and endothelial cells so may present with the same problems as TSPO. While
upregulation of the receptor has been seen in animal models of AD, in PET scans using human AD
patients, [**C]NE40 (a CB2R ligand) was decreased, and no relationship was observed with AB (222).
This could indicate this receptor isn’t the best target to determine microglial activity in AD. The
authors highlight here that there is evidence that CB2R is expressed by neuronal cells and that the
decrease seen could be due to neuronal loss rather than a decreased microglial response (222).
Finally, purinergic receptors P2RX7 and P2RY12 have been tested as PET ligands, again due to their
exclusive expression in microglia (195). P2RX7 is involved in the neuroinflammatory response of
microglia and this receptor is upregulated in AD (223). P2RX7 ligand ([*!C]GSK1482160) has shown to
be effective in a mouse model of neuroinflammation (224), but further testing in humans would be
needed to validate this tracer. P2RY12 is associated with homeostatic microglia and decreases in AD
(107). The ligands developed for this receptor have mainly been tested using autoradiography.
[*1C]P2Y12R-ant was used for autoradiography on human MS tissue and exhibited a decrease in
disease compared to control (225). Further experimentation is needed to confirm the use of P2RY12

ligands in human AD.

Currently, TSPO is still the most promising radioligand and provides the best evidence for
neuroinflammatory changes in AD. However, more research is needed to produce ligands that are
insensitive to the rs6971 polymorphism and to understand exactly which microglia are highlighted by

TSPO ligands, which this thesis aims to elucidate.
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1.5 Scope for project

Inflammation is an important component in many neurodegenerative diseases. Having a better
understanding of the mechanisms involved can lead to improved diagnostic tools and treatments.
Particularly in AD, microglia are a key cell type that influence the brain environment and how it deals
with the disease. Early diagnosis of AD using microglial and neuroinflammatory markers may enable
more brain function to be saved if accurate treatments become available. PET scans could be a useful
early diagnostic tools to determine the level of neuroinflammation in the brains of AD patients,
which could specify the stage and progression of the disease. Ligands for PET scans are being
developed for pathological markers such as AP and tau, but also for neuroinflammation. Specifically,
the TSPO marker is being studied to assess levels of microglial reactivity in AD and other
neurodegenerative diseases. However, microglia are highly diverse cells and have interchangeable
morphology and functions depending on the requirement of the CNS. It is currently unknown which
type of microglia are most associated with TSPO, whether this is a specific phenotypic subset or all
cells. This knowledge would aid clinicians’ interpretation of the signal they observe from PET scans
and give better insight into inflammation within the patient’s brains, as well as provide further

understanding of the role of microglia in AD.
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Chapter 2 Project Hypothesis and Aims

This thesis aims to explore the microglial profile in Alzheimer’s disease identified by the TSPO protein
in two distinct brain regions and compare this with known microglial markers over the course of
disease progression. This will elucidate if TSPO identifies a specific subset of microglia or can be used
as a more generalised marker of neuroinflammation, and whether this is dependent on disease
stage. Furthermore, the use of the cerebellum as a pseudo-reference region for TSPO PET scans will

be clarified in this project.

2.1 Hypothesis

It is hypothesised that the TSPO signal highlights several, specific microglial phenotypes based on the
stage and severity of Alzheimer’s disease, with a more homeostatic phenotype present in early
stages and more reactive phenotype in later stages; and this will differ between the pathologically

affected temporal lobe and less severely affected cerebellum.

2.2 Aims

Using human post-mortem brain tissue, at different disease stages, from the South West Dementia
Brain Bank and the TSPO protein, this project will explore:
i.  The pathological and neuroinflammatory profiles of the temporal lobe and the cerebellum,
and thus confirm whether the cerebellum can be used as a pseudo-reference region for TSPO
PET scans.
ii.  The prevalence of the rs6971 SNP in the cohort and the impact this has on the binding of the
TSPO antibody.
iii.  The microglial phenotypes recognised by TSPO from early to late stages of Alzheimer’s
disease.
iv. Whether other cells in the CNS express the TSPO signal.
v.  Whether a fluorescently conjugated TSPO ligand ([*®F]DPA-714) can be used on the tissue

compared to the TSPO antibody.
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Chapter 3 Materials and Methods

3.1 Cases

Post-mortem brain tissue from 60 donors was used from the South-West Dementia Brain Bank
(SWDBB), split into three groups: Braak stage 0-II, Braak stage IlI-IV and Braak stage V-VI (N=20 in
each group) as marker of disease severity (Table 2). Cases in each group were closely matched for
age (P=0.056), sex (P=0.515) and post-mortem delay (P=0.126) between Braak groups. Post-mortem
delay was no more than 72 hours for most cases. Formalin-fixed paraffin embedded (FFPE) tissue
from the middle/superior temporal gyrus and cerebellum were obtained for immunohistological
analysis. Frozen tissue from the same brains and regions was also obtained to perform detection of

the inflammatory environment by MesoScale Discovery (MSD) multiplex assays (Table 2).

Table 2 Demographic, clinical and post-mortem characteristics of cases from the South-West Dementia
brain bank

Cases Braak stage 0-11 Braak stage -1V Braak stage V-VI

Gender 7M:13F 11M:9F 9M:11F

Age at death (years, 84.95+8.94 86.20+6.40 80.45+7.60

meanzsd)

Braak stage (I)—zg il =10 V=28

g s IV =10 V=12

2/2=0 2/2=0 2/2=0
2/3=3 2/3=4 2/3=1
2/4=0 2/4=0 2/4=1

APOE genotype 3/3=12 3/3=8 3/3=10
3/4=3 3/4=8 3/4=5
4/4=0 4/4=0 4/4=3
?=2

ot Gy 54.00+32.00 42.56+19.59 37.00+22.03

(hours, meanzsd)

Total 20 20 20

M male, F female, SD standard deviation, APOE genotype showing 2/3 as alleles or as unknown (?)

3.1.1 Ethical approval

The study is covered by the ethical approvals from the South-West Dementia Brain Bank (NRES
Committee South West Central Bristol (REC reference: 08/H0106/28+5)) and is sponsored by the
University of Southampton (ERGO 62445).
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3.2 Immunohistochemistry
Table 3 Lists of antibodies used in the project, including their host species, primary antibody dilution (1°),
secondary antibody dilution (2°), antigen retrieval buffer, supplier and product reference
. . _— I Antigen . Product
Protein Species 1° Dilution 29 Dilution 'g Supplier
retrieval number
Pan-A8 Citrate Covance-
(4G8) Mouse 1:2000 (DAB) 1:800 (DAB) (oH6) Biolegend 800708
Citrate Thermo
pTau (AT8) Mouse 1:500 (DAB) 1:800 (DAB) (pH6) Scientific MN1020
) 1:5000 (DAB) 1:800 (DAB) Citrate
e el 1:2500 (Fluorescent) 1:200 (Fluorescent) (pH6) AHIEIT) AEREl
. Citrate
Ibal Rabbit 1:750 (DAB) 1:800 (DAB) (pH6) Wako 019-19741
Citrate
Ibal Goat 1:1000 (Fluorescent) 1:100 (Fluorescent) (pH6) Abcam Ab5076
1:200 (DAB) 1:800 (DAB) Citrate
HLA-DR Mouse 1:50 (Fluorescent) 1:200 (Fluorescent) (pH®6) Dako MO775
1:500 (DAB) 1:600 (DAB) Citrate
W) Goat 1:100 (Fluorescent) 1:200 (Fluorescent) (pH6) A SR AF2708
Citrate
CD68 Mouse 1:250 (Fluorescent) 1:200 (Fluorescent) (pH6) Dako MO0876
Citrate
CD64 Goat 1:100 (Fluorescent) 1:200 (Fluorescent) (pH6) R&D Systems AF1257
Citrate
CD31 Mouse 1:50 (Fluorescent) 1:200 (Fluorescent) (pH6) Abcam Ab9498
Citrate
CD163 Mouse 1:500 (Fluorescent) 1:200 (Fluorescent) (pH6) Serotec MCA1853
Citrate
GFAP Mouse 1:1000 (Fluorescent) 1:200 (Fluorescent) (pH6) Abcam Ab4648
3.2.1 Finding positive control brain sections

In order to ensure the consistency and specificity of staining for the protein of interest, positive

control brain sections were identified. To find a good set of positive controls, 11 AD brains were

tested with previously optimised antibodies, including Ibal and TSPO using both DAB and

immunofluorescence staining. The brains were AD1T, AD2T, AD50, AD5CG, AD8CG, ADST, AD10T,

AD10MF, AD110C, AD13-3 and AD13S and sourced from BRAIN UK. Of these brains, AD1T, AD2T,

AD8CG and AD10T had the best and most uniform staining (Figure 6). Therefore, these were used as
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positive controls throughout the project for antibody optimisation due to the presence of microglial

cells.

Figure 6 Establishing a positive control. Using Ibal (019-19741) and TSPO (ab109497) to stain several AD

brains in order to find a positive control. Counterstaining: Haematoxylin. Scale bars = 50um.

3.2.2 DAB protocol

6um tissue sections from formalin-fixed paraffin-embedded tissue were used to perform
immunohistochemistry targeting two markers of AD pathology: pan-AB (Covance-Biolegend, 800708)
and phosphorylated (p)Tau (Thermo Scientific, MN1020) (Table 3). The following markers: TSPO
(Abcam, ab109497), Ibal (Wako, 019-19741), HLA-DR (Dako, M0775) and MSR-A (R&D Systems,
AF2708) were used to assess microglia (Table 3). Hydrogen peroxide was used in 70% ethanol to
block endogenous peroxidase reactivity. Antigen retrieval was performed with EDTA (pH8) or Citrate
(pH6) (Table 3), depending on previously validated preference of each antibody. Blocking
endogenous proteins was achieved with a solution made in the lab containing bovine serum albumin
(BSA) and foetal calf serum or a solution of 5% normal rabbit/goat/donkey serum (NR/G/DS).
Antibodies were visualised using the avidin-biotin-peroxidase complex method (Vectastain Elite,

Vector Laboratories) with 3,3’-diaminobenzidine (DAB) as the chromogen and 0.05% hydrogen
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peroxide as the substrate (Vector Laboratories) (Figure 7). These sections were counterstained with
haematoxylin, dehydrated and mounted with Pertex (Histolab Products AB). Optimisation of new
antibodies was performed with a variety of antigen retrieval methods, primary antibody dilutions
and other parameters, further described in Appendix B. A negative control with no primary antibody
was included in all staining runs. DAB staining was carried out by the author of this thesis, except for
Ibal and HLA-DR in temporal lobe, which was performed by Rebecca Beardmore, a previous PhD

student working on the same cohort.

¢®2 DAB
HRP &
®®¢ Brown
Secondary Ab LIPS .
2 precipitate
Primary Ab
Antigen / \
[ - Z
Figure 7 Schematic of immunohistochemistry method of staining FFPE tissue using the avidin-biotin-

peroxidase complex and DAB chromogen. The primary antibody binds to the antigen. The HRP
conjugated secondary antibody binds to the primary antibody and catalyses hydrogen peroxide in

order to oxidise DAB into a brown precipitate. Ab = antibody. HRP = horseradish peroxidase.

3.2.3 Fluorescent protocol

A similar procedure was performed as in Section 3.2.2 for fluorescent immunohistochemistry of
TSPO (Abcam, ab109497), Ibal (Abcam, ab5076), HLA-DR (Dako, M0775), CD68 (Dako, M0876), MSR-
A (R&D Systems, AF2708), CD64 (R&D Systems, AF1257), CD31 (Abcam, Ab9498), CD163 (Serotec,
MCA1853) and GFAP (Abcam, Ab4648) (Table 3). Conjugated fluorescent secondary antibodies were
used, dependant on the species the primary antibodies were raised in (ThermoFisher Highly Cross-
Adsorbed Secondary Antibody, Alexa Fluor™ Plus 488/568/594) (Figure 8). 0.3% Sudan Black was
used as a background autofluorescence quencher. Slides were counterstained with DAPI (1:500) to
mark nuclei and mounted with Mowiol. Optimisation of new antibodies was performed with a variety
of antigen retrieval methods, primary antibody dilutions and other parameters, further described in

Appendix B. A negative control with no primary antibody was included in all staining runs. Double
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staining for Ibal/TSPO, CD64/TSPO, CD31/TSPO, CD163/TSPO and GFAP/TSPO was performed by the
author of this thesis, HLA-DR/TSPO was performed by students Laura Kulagowska and Thomas Scott,
CD68/TSPO was performed by Henrike Antony and MSR-A/TSPO was performed by Charlotte Rogien,

all MSc students co-supervised by the author of this thesis.

Fluorophore

Secondary Ab%

Primary Ab
Antigen /
- - Z
Figure 8 Schematic of immunofluorescent staining method of staining FFPE tissue. The primary antibody

binds to the antigen. The fluorescently conjugated secondary antibody binds to the primary

antibody. Ab = antibody.

3.3 Imaging and quantification

33.1 DAB analysis

To view the staining, the Olympus VS110 (Olympus America Inc.) automated slide scanner was used
to take images for each run at 20X magnification. The digital images were visualised with the
Olympus VS-Desktop software using the CSG add-in for extraction of regions of interest (ROI). For
each slide, 30 ROIs of 500umx500um were selected in a pre-determined area of grey matter (Figure
9) and saved as a .tif format. Extracted ROIs were analysed with ImagelJ/Fiji software using an
automated macro, created by David Chatelet (BIU), to threshold and calculate protein load (%) of
each antibody staining (Figure 9). This worked by separating out the colour channels (blue, green and
brown) in the image in order to identify the brown DAB staining. To create an accurate threshold,
images with high and low staining were analysed to get a threshold that would work for the majority
of the images by capturing enough of the staining signal whilst keeping any background to a
minimum. This was done using the thresholding tool in Imagel/Fiji (Figure 9). All thresholding and

analysis were done blinded to the case information. In total, for 60 cases and six markers used,
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10,800 images were analysed for the DAB assessment. All DAB analysis was performed by the author
of this thesis, except for Ibal and HLA-DR in the temporal lobe, which was performed by Rebecca

Beardmore, a previous PhD student in the Boche lab.

Figure 9 Quantitative analysis of DAB staining. (A) 30 regions of interest are placed in the grey matter,
which the VS-Desktop software can crop and save. (B) A Fiji macro is used to separate the
coloured channels so that just the brown DAB channel is selected. (C) The Fiji thresholding tool is
used to find the best threshold for the staining, which is applied to all the cases and gives a

readout of presence of staining per pixel (protein load %).

3.3.2 Fluorescent analysis

To quantify cell counts, the Olympus VS$110 (Olympus America Inc.) automated slide scanner was
used to take images at a 20X magnification with the fluorescent function. To visualise and analyse
the slides, QuPath software (226) was used to select a section of pre-determined area of grey matter
as the ROl and perform positive cell detection based on fluorescent thresholds for each marker
(Figure 10). Thresholds were determined by selecting a test ROl and inputting different thresholds
until an accurate number of positive cells were observed (227). This was performed in a blinded
manner by two individuals on at least three cases to get an average threshold. The positive cell
detection tool was used to ascertain the number of cells for each marker individually or the double
staining (Figure 10). This used the nuclei stain DAPI to count total cells in the area as a baseline then,
depending on the threshold settings, marked cells that were positive for FITC or CY3 fluorescent

channels (Figure 10). The cell expansion measurement was determined based on the localisation of
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the marker used. For example, Ibal and HLA-DR are present on the cell membrane and therefore will
be found close to the nucleus. This means the cell expansion can be set at 1um around the nucleus.
Whereas the TSPO is found in mitochondria and CD68 is found in the lysosomes, which may be
located slightly further from the nucleus, thus a cell expansion of 2um was ideal for these markers.
The cell expansion was not set too large else other cells might intercept this and skew the number
counted as positive. TSPO was typically stained with a corresponding secondary antibody conjugated
with AF 568/594 and required the fluorescent channel CY3 in the Olympus slide scanner. The
accompanying marker in the double staining was stained with the corresponding secondary antibody

conjugated to AF 488 and required the fluorescent channel FITC.

When counting TSPO positive cells, the software could not differentiate between staining in the
parenchyma or the blood vessels. Therefore, TSPO* endothelial cells had to be manually discounted
from the total number of positive cells. For the double staining, there was no option for all three
channels to be assessed (DAPI, FITC and CY3), therefore the software used the FITC channel as the
baseline ‘cell’ and calculate how many CY3 ‘cells” were co-localised to this. If a ‘cell” was marked as
positive for both markers but did not have a nucleus associated, this was manually discounted from
the total number of positive cells for the double staining. The threshold settings can be found in
Appendix A and details of the optimisation of this analysis method can be found in Appendix B - B.6.
In total, for 30 cases and five markers used in conjunction with TSPO, 150 images were analysed in
the fluorescent assessment, with three channels examined in each image. Fluorescent cell counting
analysis was performed by the author of this thesis, Thomas Scott, Henrike Antony and Charlotte

Rogien.

Figure 10  Qualitative analysis of fluorescent double staining. (A) QuPath software showing the ROl drawn
using the polygon tool in a grey matter area of the temporal cortex. (B) Using the positive cell
detection tool with predetermined thresholding parameters. The red arrow shows a positive cell

detection, and the white arrow shows a negative cell detection in the FITC channel.
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3.4 Multiplex assay

Inflammatory proteins were measured using the V-Plex MesoScale Discovery (MSD) multi-spot assay
platform (MesoScale Diagnostics, Rockville USA) using the cohort of 60 cases. ~ 100mg of frozen grey
matter from the temporal lobe (performed by Rebecca Beardmore) and cerebellum (performed by
the author of this thesis) were homogenised at a 1:5 dilution with RIPA lysis buffer (Thermo Fisher
Scientific), with protease and phosphatase inhibitors. Total protein concentration was found using
the BCA Protein Assay Kit (Thermo Fisher Scientific). 25ul of brain homogenate was used for the V-
Plex proinflammatory panel 1, chemokine panel 1 and cytokine panel 1, with each plate being read
according to the manufacturer’s instructions on Meso Quickplex SQ120. A serial dilution of the
recommended diluent standards was used to create a calibration curve of known levels of
cytokines/chemokines to standardise the samples against. Absolute target protein levels (pg/ml)
were quantified and normalised in respect to the BCA assay total protein concentration. The
preparation of tissue and BCA assay were performed by the author of this thesis, Oliver Dennett and

lain Hartnell. The MSD assay was carried out by Laurie Lau.

3.5 Genotyping

In order to assess which cases were LAB, MAB or HAB for the SNP rs6971, which causes an Alal47Thr
substitution in the TSPO gene, a TagMan genotyping assay was used (ThermoFisher,

C__ 2512465_20).

3.5.1 DNA extraction

Genomic DNA was extracted from frozen cerebellum samples using the PureLink Genomic DNA
Extraction Mini Kit (ThermoFisher, K182001). ~25mg of each sample was placed into 180ul of
digestion buffer and 20ul of proteinase K for 3 hours at 55°C. After this time, samples were
centrifuged for 3 minutes at 10,000xg. The supernatant was transferred to a new tube. 20ul of RNase
A was added to remove RNA, then 200ul of PureLink Genomic Lysis/Binding buffer and 200ul of 100%
ethanol was added to each sample. The lysate was placed into a spin column with a collection tube
and centrifuged for 1 minute at 10,000xg. This collection tube was discarded, and the spin column
was placed into a new collection tube. 500ul of wash buffer 1, pre-prepared with ethanol according
to the instructions on the label, was added to the spin column. This was then centrifuged for 1
minute at 10,000xg. This collection tube was discarded, and the spin column was placed into a new

collection tube. 500ul of wash buffer 2, pre-prepared with ethanol according to the instructions on
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the label, was added and the spin column was centrifuged for 3 minutes at 10,000xg. Finally, the last
collection tube was discarded. The spin column was placed in a microcentrifuge tube with 100ul of
elution buffer and centrifuged for 1 minute at 10,000xg. The tube then contained purified genomic
DNA, of which the concentration was calculated using 2l of sample on the NanoDrop Microvolume
Spectrophotometer. Samples were then diluted down, from their original stock, to 0.9ng/ul in DNAse

free water.

3.5.2 PCR

The TagMan SNP Genotyping assay kit contains forward and reverse primers and the VIC/FAM
fluorescent probes the correspond to an A/G allele. 1.25ul of this assay is put into each well, along
with 12.5ul of TagMan Genotyping Master Mix (ThermoFisher, 4371353) and 11.25ul of the genomic
DNA sample. DNA samples were run in duplicate on a 96 well plate along with two wells dedicated to
no template controls (DNAse free water). A pre-PCR plate read was performed on the Applied
Biosystems StepOnePlus RT PCR machine, followed by the PCR cycles (Table 4). Finally, a post-PCR
plate read was performed. Results were visualised on the Applied Biosystems TagMan Genotyping

software.

Table 4 PCR cycle programme.

Step Temperature Length Cycles
Polymerase activation 95°C 10mins Ramp 1°C/sec
Denaturation 95°C 15secs 40
Annealing/extension 60°C Imin 40

3.6 Statistical analysis

Statistical analysis was carried out using the IBM SPSS v28 statistical software package (IBM Corp.
Armonk, NY) and GraphPad Prism v9.2 (GraphPad Software. San Diego CA). The results were
displayed as protein load (%) for DAB staining of AB, pTau, Ibal, TSPO, HLA-DR and MSR-A or the
number of positive cells (% of total cells or % of microglial cells) for fluorescent staining of Ibal, HLA-
DR, CD68, MSR-A and CD64 with TSPO. The data compared Braak stage groups or brain areas
(temporal lobe and cerebellum) for analysis. The normality of distribution was assessed by the
Shapiro-Wilk test for each set of staining in each brain area. If the data were found to be non-

parametric, the Kruskal-Wallis test was used and median values were presented. Conversely, if the
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data were found to be normally distributed, the parametric ANOVA U-test was performed, and mean
values were presented. Correlations were performed using the Spearman’s rank for non-parametric
data and Pearson’s correlation for parametric data. To account for multiple correlation testing, the
two-stage step-up Benjamini, Kreiger and Yekutieli test was used to control for the false discovery
rate (FDR) in post-hoc analysis. P values of <0.05 (*) were considered significant for the comparisons
and P<0.01 (**) for the correlations. A P value of <0.001 may be denoted with (***) and P<0.0001

with (¥*%*),

60



Chapter 4

Chapter 4 The Pathological and Neuroinflammatory Profile

of the Temporal Lobe and Cerebellum

The temporal lobe and cerebellum exhibit vastly different environments in neurodegenerative
disease. For example, in AD, the temporal lobe is affected by both amyloid and tau pathology early
on in the disease progression as the first Braak stage is located to the entorhinal cortex (10). This
differs to the cerebellum where amyloid pathology is not seen until later stages of the disease in Thal
phase 5 (64), and practically no tau deposition is seen here (208). Furthermore, the cerebellum has
been used in PET assessments of neuroinflammation as a pseudo-reference region to compare
against the rest of the neocortex, without the need for arterial blood sampling (207) and to minimise
patient-to-patient differences. Using this region as a pseudo-reference is applicable due to the
cerebellum’s lack of pathology and levels of neuroinflammatory marker (TSPO) remain consistent
throughout the disease progression, hence the term ‘pseudo’ (207). However, there is a need to
elucidate this finding, as some research suggests that other brain regions are more appropriate for
this purpose (228). Classic pathological markers of AD: pan-Ap and pTau, were used to immunostain
the temporal lobe and cerebellum in order to clarify previous literature findings in which the
cerebellum expresses lower levels of these proteins and therefore can be confirmed as a suitable

pseudo-reference region.

As these two brain regions express different pathological environments, microglia, the main immune
cells in the brain, are thought to contribute to the pathogenesis of AD differently in each area.
However, there is still a lack of understanding as to how microglia promote or respond to
neurodegeneration, and even less understanding of these cells in the cerebellar environment as this
area has not been explored in depth in regard to its neuroimmune component. Different microglial
markers are used in post-mortem studies to explore neuroinflammation in the brain after death, and
the use of human tissue increases the relevance to clinical practice. There is evidence for microglial
heterogeneity in AD (229), with diverse phenotypic expression seen in different brain regions and
stages of the disease. This chapter aims to classify the immunophenotype of microglia seen during
the progression of AD by using microglial markers in both the temporal lobe and cerebellum, to give
insight into the differences, or similarities, of the neuroinflammatory phenotype of these cells in each
region. Using PET analysis, TSPO levels appear to increase over the course of AD (12, 13), therefore,

this thesis also aims to elucidate this finding.
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This chapter presents results for the first two aims of this thesis (Section 2.2). Using human post-
mortem tissue, immunohistological techniques via DAB chromogenic reaction, and MSD assays, this
chapter will explore the neuroinflammatory profiles of the temporal lobe and the cerebellum, and
thus confirm whether the cerebellum can be used as a control region for TSPO PET scans (aim i).
Furthermore, this chapter also reports the use of genotyping techniques to examine the prevalence
of the TSPO rs6971 SNP in the cohort and the impact this had on the binding of the TSPO antibody

(aimii).

4.1 Pathological markers for AD

41.1 AR and pTau

Qualitative : Amyloid plaques in the temporal lobe appear neuritic in nature, with a dense core of
dystrophic neurites and possible pTau and microglial involvement (230). There is a stark increase in
spread of plaques between Braak stage 0 and Braak stage VI (Figure 11A, B). In the cerebellum, the
plaques appear very diffuse, without the dense core, and are mainly found in the molecular layer of
the cerebellum (Figure 11D, E). The pTau in temporal Braak stage VI is widespread in the form of
neuropil threads throughout the parenchyma and also in tangles, presumably within the neuronal

bodies (Figure 11H), whereas the cerebellum is mainly devoid of pTau (Figure 11J, K).

Quantitative: Both the AB and pTau antibody staining was quantified in the temporal lobe and
cerebellum to ascertain levels of these proteins and whether there was a difference in AD pathology
between the two brain areas. In the temporal tissue, a significant increase in pan-Ap was observed in
Braak stage V-VI compared to Braak stages 0-11 (Braak O-lI: median 1.48%, Braak llI-1V: median 5.88%,
Braak V-VI: median 10.87%; P<0.0001). There were also significant increases between Braak stages O-
[I'and IlI-IV (P=0.0275), as well as Braak stages IlI-IV and V-VI (P=0.0193) (Figure 11C). In the
cerebellum, there was a significant increase in pan-AB between Braak stages 0-1l and V-VI (Braak 0-l:
median 0.11%, Braak Ill-IV: median 0.15%, Braak V-VI: median 0.27%; P=0.0005) (Figure 11F). pTau
was significantly increased across the Braak stages in temporal tissue (Braak O-lI: median 0.04%,
Braak IlI-IV: median 0.75%, Braak V-VI: median 5.27%; P<0.0001), with significant increase observed
between Braak stages 0-11 and stages IlI-IV (P=0.0053) and between stages IlI-IV and V-VI (P=0.0072)
(Figure 111). However, no significant difference was seen in the cerebellum tissue for pTau (Braak O-

[I: median 0.02%, Braak Ill-IV: median 0.03%, Braak V-VI: median 0.04%; P=0.081) (Figure 11L).

Differences between the pathology of the brain regions were also investigated, disregarding Braak

stage, with AB (TL: median 6.19%, Cb: median 0.16%; P<0.0001) and pTau (TL: median 0.71%, Cb:
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median 0.02%; P<0.0001) loads significantly higher in the temporal lobe than the cerebellum (Figure
12A, B). Finally, analysis was carried out to test for sex differences in pan-AB and pTau
immunostaining, irrespective of Braak stage. There were no differences seen between male and
female cases for AR (M: median 6.68%, F: median 4.99%; P=0.0599), or pTau (M: median 2.03%, F:
0.14%; P=0.0686) in the temporal lobe, and also no difference for AB (M: median 0.17%, F: median
0.15%; P=0.3643) or pTau (M: median 0.03%, F: median 0.02%; P=0.1474) in the cerebellum (Figure
AlA, G, B, H).

Braak Stage 0
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Figure 11 Illustrations and quantification of AD pathological markers pan-AB and pTau in the temporal lobe

(A, B, C, G, H, I) and the cerebellum (D, E, F, J, K, L). Counterstain: Haematoxylin. Scale bars =

50um. Graphs presented as individual values with median (C, F, I, L).
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Figure 12  Comparisons between temporal lobe (TL) and cerebellum (Cb) for AB, pTau, TSPO, Ibal, HLA-DR

and MSR-A protein loads. Graphs presented as median with range.

4.2 Microglial markers in AD

4.2.1 TSPO

TSPO is an outer mitochondrial membrane receptor thought to be responsible for cholesterol
transport, protection against reactive oxygen species and general homeostatic maintenance in these
organelles (116). In the periphery it is found in most tissues, but in the CNS it is primarily found in
microglia and, to a lesser extent, macrophages and endothelial cells (187). The TSPO antibody used

(ab109497) has been knock-out validated in mice and in control vs AD human brains (187).

Qualitative: TSPO staining was present in the endothelial cells as well as in microglial cells (Figure
13E-H, Figure 14A, B and Figure 15A, B). Temporal TSPO staining appeared in the parenchyma
(within microglia) in Braak stage VI (Figure 14B). The TSPO in the cerebellum can be seen primarily
between the molecular and granular layers, especially in Braak stage VI (Figure 15B). The overall
appearance of TSPO immunostaining appeared punctate due to its presence within the

mitochondria. Also, it can be seen surrounding the nucleus, as this is where the endoplasmic
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reticulum is located, with which mitochondria have interactions (Figure 13E, F, Figure 14A, B and
Figure 15A, B). It is important to note, that from qualitative pathological assessment, TSPO was not

observed in neuronal or dendritic cells.

Quantitative: TSPO protein load was significantly increased across the Braak stages in the temporal
lobe (Braak O-1I: mean 0.67%, Braak llI-IV: mean 0.72%, Braak V-VI: mean 1.41%; P<0.0001),
particularly between Braak stages IlI-1V and V-VI (P=0.0001) (Figure 14C). No difference was seen in
the cerebellum for TSPO (Braak O-1l: median 0.57%, Braak IlI-IV: median 0.65%, Braak V-VI: median
0.64%; P=0.9249) (Figure 15C). Examining alteration between the temporal lobe and cerebellar TSPO
load, there was no difference found (TL: median 0.81%, Cb: median 0.61%; P=0.0721) (Figure 12C).
Finally, there was no difference between males and females TSPO load in either the temporal lobe
(M: median 0.60%, F: median 0.85%; P=0.2887) or cerebellum (M: median 0.61%, F: median 0.61%;
P=0.8171) (Figure A1C, I) was observed.

4.2.2 Ibal

Ibalis a commonly used microglial marker due to its locality on the membrane, allowing for the full
morphology of these cells to be detected. It is a calcium binding protein and is associated with actin

in the cytoskeleton to enable microglia motility (119).

Qualitative: Qualitatively, Ibal in the temporal lobe appeared to remain the same over the course of
the disease, with cells exhibiting both ramified and some amoeboid morphology (Figure 14D, E).
Clustering of Ibal* microglia was seen, which was postulated to be surrounding AB plaques (Figure
13D). This is corroborated with a large number of studies, discussed further in Section 4.6.1.
However, without an amyloid stain this could not be definitively proved. The Ibal clustering seen in
the cerebellum may be around dying Purkinje cells, rather than AB, as they are typically found at the
junction of the cerebellar layers (Figure 15D, E). Also, the Ibal* microglia in this region showed slight
thickening of processes, which may be the reason for the increase of this marker over the course of

the Braak stages (Figure 15E).

Quantitative: No significant difference was found for Ibal load in the temporal lobe (Braak 0-II:
median 0.80%, Braak Ill-1V: median 1.10%, Braak V-VI: median 0.89%; P=0.6878) (Figure 14F).
However, there was a significant increase in the protein load of this marker in the cerebellum (Braak
O-ll: median 0.40%, Braak IlI-IV: median 1.07%, Braak V-VI: median 1.21%; P=0.0152) over the course
of the disease (Figure 15F). Examining the difference between regions there was no difference in
Ibal load between the temporal lobe and cerebellum (TL: median 0.92%, Cb: median 1.04%;
P=0.5367) (Figure 12D).There was no difference between the protein load of males and females in

the temporal lobe (M: median 0.92%, F: median 0.97%; P=0.9789), but there was a significant
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increase in male Ibal protein load in the cerebellum (M: median 1.09%, F: median 0.79%; P=0.0469)

(Figure A1D, J).

Figure 13  lllustrations of Ibal and TSPO DAB staining. Ibal identifies: (A) ramified microglia, (B)
intermediate microglial morphology with shorter processes, (C) amoeboid microglia, and (D)
microglial cluster. (E-F) shows TSPO* microglia, with TSPO primarily surrounding the nuclei but
staining also seen in the processes. (G-H) TSPO expression in endothelial cells/smooth muscle
cells of the blood vessel walls, in a (G) longitudinal and (H) horizontal plane. Counterstaining:

Haematoxylin. Scale bars = 50um.

4.2.3 HLA-DR

HLA-DR is associated with antigen presentation in microglial cells and is located on the cell surface. It
is also present in monocytes and macrophages. HLA-DR aids the initiation of the inflammatory

process by presenting antigens primarily to T cells (112).

Qualitative: The HLA-DR staining in the temporal lobe exhibited a stronger stain in Braak stage VI
compared to Braak stage 0. Clustering was observed from the HLA-DR staining (Figure 14H). There
were HLA-DR* cells present in both the granular and molecular layers of the cerebellum (Figure 15G,

H).

Quantitative: No statistical difference was seen for HLA-DR protein load in the temporal lobe (Braak
0-ll: median 0.06%, Braak IlI-IV: median 0.04%, Braak V-VI: median 0.05%; P=0.9681) or cerebellum
(Braak O-1I: median 0.90%, Braak IlI-IV: median 0.63%, Braak V-VI: median 0.54%; P=0.0997) across
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the disease progression, however a decreasing trend was seen in the cerebellum (Figure 14l and
Figure 15l). Examining the difference between the brain regions there was a higher HLA-DR load in
the cerebellum compared to the temporal lobe (TL: median 0.05%, Cb: median 0.70%; P<0.0001)
(Figure 12E). Furthermore, no sex differences were seen for HLA-DR in the temporal lobe (M: median
0.05%, F: median 0.05%; P=0.9144) or cerebellum (M: median 0.63%, F: median 0.74%; P=0.3273)
(Figure A1E, K).

424 MSR-A

MSR-A is a scavenging receptor, expressed on the cell surface, that contributes to macrophage

adhesion to initiate inflammation and is typically associated with amyloid plaques in AD (115).

Qualitative: The MSR-A in the temporal lobe did exhibit more staining in Braak stage VI than Braak
stage 0 and it appeared more amoeboid in morphology, with less processes, indicating a reactive
phenotype. However, the staining is not abundantly present overall (Figure 14J, K). MSR-A is shown
to be located around the Purkinje cells in the cerebellum, between the molecular and granular layers,

but again shows low expression levels (Figure 15K).

Quantitative: Protein load of MSR-A did not reach significance across the Braak stages in the
temporal lobe (Braak 0-1I: median 0.23%, Braak IlI-1V: median 0.26%, Braak V-VI: median 0.31%;
P=0.1263) or the cerebellum (Braak 0-1l: median 0.12%, Braak IlI-1V: median 0.13%, Braak V-VI:
median 0.10%; P=0.5308) (Figure 14L and Figure 15L). However, there was significant increase in the
temporal lobe compared to the cerebellum (TL: median 0.29%, Cb: median 0.11%; P<0.0001) (Figure
12F). No sex differences were observed for this marker in the temporal lobe (M: median 0.26%, F:
median 0.29%; P=0.6237) or cerebellum (M: median 0.12%, F: median 0.11%; P=0.9481) (Figure A1F,
L).
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Figure 14 Illustrations and quantification of microglial markers TSPO (A, B, C), Ibal (D, E, F), HLA-DR (G, H, I)

and MSR-A (J, K, L) in the temporal lobe. Counterstain: Haematoxylin. Scale bar = 50um. Graphs

presented as individual values with mean (C) or median (F, I, L).
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4.3 Correlations between pathology and microglial markers

Pathology: Associations were seen for AB in temporal lobe and the cerebellum (P<0.001), as well as
for AB and pTau the temporal lobe (P<0.001) and the cerebellum (P<0.001) using the whole cohort
(Table 5). Splitting the cohort by Braak stage, only one association was observed for AB and pTau in
Braak stage IlI-1V (P=0.004) (Table 7). Correlation analysis was performed between post-mortem delay
and the AB and pTau markers to determine if the delay affected the immunostaining, and no

significant associations were found (Table Al).

Microglial markers: Investigating correlations between the microglial markers and pathological
protein loads, significant associations were detected in the temporal lobe between pTau and TSPO
(P<0.001) and between TSPO and MSR-A (P=0.005) when all cases were included (Table 5). Splitting
the cohort by Braak stage gives rise to different associations. In Braak stage 0-lI, there was a positive
correlation between TSPO in the temporal lobe and the cerebellum (P<0.01) (Table 6). In Braak stage
V-VI, there is a positive correlation between TSPO in the cerebellum and HLA-DR in the temporal lobe
(P=0.004) (Table 8). There were no associations for Ibal when all cases were included in the
correlation analysis (Table 5). However, when the correlations were split by Braak stage, there was a
positive association between Ibal in the temporal lobe and the cerebellum (P=0.009) at Braak stage
0-11 (Table 6). An association was observed for HLA-DR between the temporal lobe and the
cerebellum (P<0.001) including all cases (Table 5). When Braak stages were split, HLA-DR in the
temporal lobe and the cerebellum were associated at Braak stage 0-11 (P=0.002) (Table 6). In Braak
stage llI-IV there is again a positive correlation between HLA-DR in the temporal lobe and the
cerebellum (P=0.004) (Table 7). Finally, an association was observed for MSR-A between the temporal
lobe and the TSPO in the same area (P=0.005) including all cases (Table 5). There were no associations

found between any of the microglial markers and post-mortem delay (Table A1).
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Table 5 Correlation of AD pathological and microglial markers in temporal lobe and cerebellum in the
whole cohort
HLA-
A8 pTau pTau 7SPO 7SPO Iba1 Iba1 R HLA-DR MSR-A  MSR-A
cb TL cb TL cb TL cb T cb L cb
r=0.2 r=0.1  r=0.0 r=02  r=0.0 rs=-
A8 "'f;ios "'&151 87 r=0.268 76 19 95 42 r=-0.118  r=0.061  0.033
TL P=0.0 P=0.04 P=0.1  P=08 P=0.0 P=0.7  P=0392  P=0.646  P=038
P<0.001  P<0.001 e 93 29 e e 1
B r=02 =01 =02  r=0.0 rs=-
A8 T ers 77 r=0.296 72 33 19 65 r=-0.143  r=0.121  0.013
cb P=0.1  P=0.026  P=0.0  P=03  P=0.1  P=06  P=0.294 P=0.37  P=0.9
P<0.001
87 4 3 02 47 27
r=0.3 r=0.0 =01 r=03  r=0.1 rs=-
P T 39 r=0.465 95 00 19 29 =023  r=0099  0.184
TZ P=00 001 P04 P=04  P=00  P=03  P=0098  P=0465  P=0.1
12 ) 94 63 19 68 91
. r=0.1  r=0.0 rs=- rs=- r=0.2
Z r=0.081 41 79 0.004 0036  r=0.084 r=0.104 14
CZ P=0.547  P=02  P=05  P=09  P=0.8  P=0.539  P=0442  P=0.1
97 61 79 02 2
r=0.2 r=0.2  r=0.1 rs=-
T(S)P 20 “‘1(())'0 84 39 r=0083 "03%%  gon
P=0.1 P=0.0  P=03  P=0.544 P=0.6
TL o1 P=941 33 16 P=0.005 1
Tsp rs=- r=0.2 =02 r=0.0
o 0.091 30 74 r=0.164  r=0.204 15
& P=0.5  P=00  P=0.0  P=0228  P=0.129  P=0.9
07 85 5 13
. r=0.2  r=0.0 - rs=-
P 56 82 rs=-0.008 . 51‘03 0.279
o P=00  P=05  P=0955 oo P=00
57 6 e 43
rs=0.1 rs=-
”;a 18 r=001l B 0071
P=0.4 P=0.933 - P=0.6
cb 02 P=0.569 X
HL rs=-
A- =0.348 0244 008
DR P=0.075  P=0.5
T P<0.001 a3
HL r=0.0
A- r=0.088 87
DR P=0.518  P=0.5
cb 36
MS rsz(;.o
RT'LA P=0.7
59

rs Spearman’s rank correlation, significant P values are in bold (**<0.01, ***<0.001)

pTau phosphorylated tau, TSPO translocator protein
TL temporal lobe, Cb cerebellum
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Table 6 Correlation of AD pathological and microglial markers in temporal lobe and cerebellum in
Braak stages O-lI
Tau Tau TSPO TSPO HLA- HLA- MSR-A  MSR-A
A8 P P IbalTL  Ibal Cb
TL Cb TL Cb DRTL DR Cb TL Cb
rs=- rs=- rs=- rs=- rs= rs=- rs=- rs=- rs=
ABTL | 0391 0.183 0.022 0.181 0.119 0.124 0.278 0.277 E_‘Oog'gj 0.056 |r>5—_003§2
P=0.108 P=0.454 P=0.932 P=0459 P=0.639 P=0.614 P=0.264 P=0.282 P=0.819 =
A8 rs=- rs=- rs= rs= rs= rs= rs= rs=- rs= rs=
0.175 0.191 0.307 0.088 0.056 0.224 0.007 0.004 0.116 0.316
b P=0.474 P=0.433 P=0.201 P=0.721 P=0.819 P=0.357 P=0.978 P=0.989 P=0.637 P=0.188
pTau rs= rs=- rs=- rs= rs=- rs= rs=- rs=- rs=-
T 0.179 0.356 0.444 0.192 0.052 0.201 0.079 0.414 0.392
P=0.464 P=0.124 P=0.057 P=0.417 P=0.834 P=0.44 P=0.748 P=0.069 P=0.097
rs= rs=- rs=- rs=- rs=- rs= rs=
Tau =-0.
pcb 0.147 0.133 0.451 0.054 0.26 ;5_0 20132 0.351 0.432
P=0.547 P=0.586 P=0.053 P=0.828 P=0.314 P=0.141  P=0.065
rs= rs=- rs= rs= rs=- rs= rs=
TSPO
T 0.577**  0.538 0.125 0.027 0.037 0.531 0.053
P<0.01 P=0.014 P=0.611 P=0.918 P=0.881 P=0.016 P=0.831
rs=- rs=- rs= rs= rs= rs=-
TSPO
b 0.297 0.118 0.189 0.228 0.444 0.033
P=0.216 P=0.629 P=0.468 P=0.348 P=0.057 P=0.892
Ibal rs= rs= rs= rs=- rs=-
- 0.584**  0.337 0.218 0.424 0.436
P=0.009 P=0.186 P=0371 P=0.062 P=0.062
Ibal rs= rs= rs= rs=-
b 0.284 0.287 0.074 0.202
P=0.268 P=0.234 P=0.764  P=0.407
HLA- = =-
r =024 "
DR 0.691** T, 0265
TL P=0.002 e P=0.305
HLA- re= ro=-
DR 0.147 0.177
Cb P=0.547  P=0.468
rs=
A;\’i_’i 0.293
P=0.223

rs Spearman’s rank correlation, significant P values are in bold (**<0.01)
pTau phosphorylated tau, TSPO translocator protein
TL temporal lobe, Cb cerebellum
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Table 7

Chapter 4

Correlation of AD pathological and microglial markers in temporal lobe and cerebellum in
Braak stages IlI-IV

A8 Cb pTau pTau TSPO TSPO Ibal TL Ibal HLA- HLA- MSR-A MSR-A
TL Ch TL Ch Ch DR TL DR Cb TL Ch
rs= rs= rs= rs=- rs= rs= rs= rs= rs= rs=- rs=
ABTL | 0456 0.648** 0143 0039 0165 0035 0075 0216 0018 0.02 0.067
P=0.043 P=0.004 P=0.548 P=0.87 P=0.468 P=0.887 P=0753 P=0.39 P=0.943 P=0.935 P=0.786
rs= rs= rs= -0.43 rs= rs= rs= rs=- rs= rs=
AB Cb 0449 0164  0.069 |r>5—_o s 0154 0041 0088 0056 0158 0146
P=0.062  P=0.49  P=0.772 : P=0.528 P=0.865 P=0.729 P=0.819 P=0506 P=0.552
pTaU rs= rs= rs= rs= rs= rs= rs= rs=- rs=
0113 0215 0347 0162 0143 0109 0158 0313  0.179
L P=0.657 P=0.392 P=0.158 P=0.535 P=0573 P=0.688 P=0.544 P=0206 P=0.478
re= rs=- rs=- re= rs=- re=
P Z_-Zu lrjz‘oggg E:E)F)izs 0274  0.105 0057 0012 0033 0142
P=0.257 P=0.661 P=0.823 P=0.96 P=0.89  P=0.562
7SPO rs=- o= o= o= o= o= rs=-
0072 0346 0213 0106 0533 0048  0.158
L P=0.762 P=0.147 P=0368 P=0.675 P=0.019 P=0.84 P=0.519
rs=- re= re= re= re=
T5CZO 0054 0488 0117 Irj_‘oos'ii 0262 0539
P=0.825 P=0.047 P=0.645 : P=0.265 P=0.017
rs=- rs=- rs= rs=- rs=
Ibal TL 0012 0255  0.057 0.03 0.172
P=0.95 P=0.323 P=0.823 P=0.904 P=0.494
re= re= rs=- re=
ibal 0412 0204 0036 0488
b P=0.089 P=0.403 P=0.88  P=0.055
rs= rs=
g’é’;\_'L 0.662**  0.383 r;:(? ;)71
P=0.004 P=0.117 :
re= re=
HLA- 0.484 0.007
DR Cb P=0.036 P=0.977
rS =
W) 0.061
L P=0.803

rs Spearman’s rank correlation, significant P values are in bold (**<0.01)
pTau phosphorylated tau, TSPO translocator protein
TL temporal lobe, Cb cerebellum
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Table 8 Correlation of AD pathological and microglial markers in temporal lobe and cerebellum in
Braak stages V-VI

pTau pTau TSPO TSPO HLA-DR HLA- MSR-A  MSR-A
AB Ccb IbalTL IbalCb
TL Cb TL Cb TL DR Cb TL Cb
rs= rs= rs= rs=- rs= rs= rs= rs=- rs=
ABTL | 0.201 0.325 0.474 0.072 0.381 E—E)(;gg 0.123 0.167 Irj_‘o%gi 0.259 0.041
P=0.423 P=0.174 P=0.047 P=0.762 P=0.119 e P=0.627 P=0.495 e P=0.271 P=0.88
rs= rs= rs= rs= rs= rs=- rs= rs=- rs=-
A8 0.283 0.118 0.096 0.234 0.146 0.201 0.368 0.053 0.195 :_E)_fzi
Cb P=0.271 P=0.642 P=0.705 P=0.349 P=0.565 P=0.423 P=0.147 P=0.836 P=0.438 e
rs= rs= rs=- rs= rs= rs=- rs= rs=-
Tau =0.
pTL 0.163 0.176 |r>5—()03§;1 0.078 0.313 0.138 0.31 0.462 0.284
P=0.531 P=0.472 e P=0.75 P=0.221 P=0.586 P=0.226 P=0.046 P=0.305
pTau rs=- rs= rs= rs=- rs= rs= rs=- rs=-
b 0.169 0.332 0.409 0.155 0.132 0.319 0.107 0.015

P=0.502 P=0.178 P=0.092 P=0.539 P=0.612 P=0.197 P=0.671 P=0.957
rs= rs= rs= rs= rs= rs= rs=
IE120) 0.238 0.151 0.182 0.402 0.061 0.445 0.006

L P=0.341 P=0.525 P=0.47 P=0.088 P=0.81 P=0.049 P=0.983
rs= rs= rs=- rs=-
TSPO =0. =0.
o LS_OOS;: 0314  0.662** LS_OOS;: 0133 0282
e P=0.205  P=0.004 e P=0.598  P=0.289
Ibal rs=- rs= rs=- rs= rs=-
= 0.112 0.095 0.117 0.136 0.485
P=0.66 P=0.7 P=0.645 P=0.567 P=0.057
Ibal rs=- rs=- rs rs=-
b 0.026 0.092 =0.174 0.137
P=0.922 P=0.717 P=0.489 P=0.613
HLA- rs= rs= rs=
DR 0.248 0.184 0.161
TL P=0.338  P=0.45  P=0.567
HLA- fo=- ro=
DR 0.319 0.462
chb P=0.197 P=0.072
rs=-
MSR-
P 0.009
P=0.974

rs Spearman’s rank correlation, significant P values are in bold (**<0.01)
pTau phosphorylated tau, TSPO translocator protein
TL temporal lobe, Cb cerebellum

4.4 Neuroinflammatory environment

From the Mesoscale Discovery experiment, 30 inflammatory markers were tested in the cohort of 60
brains in the temporal lobe and cerebellum (temporal lobe data was collected by a previous PhD
student, Rebecca Beardmore). The markers were split into three groups: cytokines, proinflammatory
and chemokines (n=10 each). Of these 30 markers, only one showed any significance; IL15 (P<0.024)
from the cytokine group was significantly increased across the Braak stages in the temporal lobe
(Table 9). Although no other markers were significantly changed over the course of the Braak stages
(Table 10 and Table 11), comparisons were performed between the temporal lobe and cerebellum
including all cases (Table 12). The majority of markers were significantly higher in the temporal lobe,

except for VEGF, IL8HA, IL10 and IL2 which were higher in the cerebellum (Table 12).
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Table 9

Marker

Chapter 4

Braak 0-11

Braak IlI-IV

Braak V-VI

Protein concentration of cytokines by Braak stage group in the temporal lobe and cerebellum

P
value

Temporal lobe

GM-CSF
IL1la
IL12/1L23p70
IL15

IL16

IL17A

IL5

IL7

TNFB

VEGF

0.1x10[0.1x10 — 0.2x10°]
4.0x10% [2.8x10° — 6.2x10°]
1.3x10[1.1x10°® — 1.9x10%]
6.7x10%[6.0x10° - 8.1x10°%]
4.2x10 [3.9x10° — 6.9x10°]
1.3x10%[1.1x10°® — 1.7x10%]
0.08x10°[0.05x10°® — 0.2x10¥]
0.4x10%[0.3x10° — 0.6x10°]
0.1x10[0.09x10° — 0.2x10°%]
2.0x10°® [1.0x10® — 3.7x109]

0.2x10%[0.1x10° — 0.3x10°]
5.7x10% [3.9x10°® — 8.4x109]
1.6x10[1.1x10°® — 2.0x10%]
7.5x10%[6.4x10° — 9.5x10°%]
6.0x10° [3.7x10°6 — 8.4x10¢]
1.5x10#[0.9x10°® — 1.8x10°%]
0.2x10®[0.09x10° — 0.2x10°%]
0.6x10[0.4x10 —0.8 x10°]
0.1x10%[0.1x10 — 0.2x10°]
2.5x10°%[1.2x10® — 4.9x109]

0.1x10%[0.07x10° — 0.2x10°%]
3.0x10°%[1.9x10® — 11.8x10°]
1.2x10%[1.0x10°® — 1.8x10%]
9.3x10%[7.6x10° — 10.7x10%]
6.3x10° [4.3x106 — 7.7x10¥]
1.7x10[1.3x10°® — 1.9x10%]
0.09x10° [0.05x10°® — 0.2x10¥]
0.4x10%[0.2x10° — 0.5x10°]
0.1x10%[0.1x10 — 0.2x10°]
2.2x10%[0.7x10%® — 4.1x109]

0.254
0.424
0.455
0.024*
0.586
0.192
0.188
0.070
0.916
0.797

Cerebellum

GM-CSF

IL1a
IL12/1L23p70
IL15

IL16

IL17A

IL5
IL7

TNFB
VEGF

5.9x1071°[7.4x101° — 2.8x10°]
5.5x10°[6.8x10° - 4.4x10]
6.9x10°[1.6x10¢ - 3.6x10]
5.8x10%[6.3x10°® — 5.2x10°%]
2.6x10°%[4.6x10° — 1.8x10°%]
1.5x10°[1.7x10° — 1.1x10°]

4.8x10°[8.6x101° — 2.9x101]
5.2x1029[6.5x101° — 3.9x1019]

4.8x101°[5.3x101° — 3.0x101]

1.4x107[2.3x107 — 5.0x10°%]

4.6x101° [6.7x101° — 3.1x10°]
6.6x10°[1.4x10° — 4.7x10°]
1.1x10#[1.2x10° — 7.3x10°]
5.8x10°%[6.4x10° — 4.7x10°%]
4.7x10[6.3x10°6 — 3.1x10¥]

1.2x10%8[1.6x10° — 1.1x10°%]
5.9x1029[7.9x10° — 3.88x10"

10]
5.8x101°[8.6x101° - 2.11x10"
10]
3.4x10°[5.22x10%° — 2.0x10
10]

9.6x10°8[2.4x107 — 2.8x10°%]

2.7x107°[4.2x101°-2.5x10°]
9.5x10°[1.2x10° — 4.6x107]
1.0x10°[1.3x10° — 5.9x10°]
6.3x10%[5.5x10° — 7.2x10°%]
5.0x10°%[5.7x10° — 3.3x10°%]
1.4x10[1.5x10° — 9.5x10°]

6.8x1029[8.6x101° — 4.4x1019]
5.4x1029[7.0x10° — 4.6x1019]

3.1x1029[4.4x102° — 2.3x1019]

7.4x103[1.7x107 — 5.4x10%]

P values obtained using Kruskal-Wallis test with significant P value (*<0.05) in bold

Data displayed as - median [interquartile range]
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Braak IlI-IV

Braak V-VI

Protein concentration of proinflammatory proteins by Braak stage group in temporal lobe and

value

0.8 x10%[0.6x10 — 1.3x10°]
0.2x10%[0.1x10° — 0.2x10°]
0.4 x10®[0.3x108 — 0.6x10°]
5.0x10°® [4.0x10® — 5.6x109]
3.1x10°%[2.3x10® — 4.0x109]
0.3 x10%[0.3x108 — 0.4x10°]
0.2x10%[0.2x10 — 0.3x10°]
8.3x10% [3.6x10° — 17.4x10%]
2.9x107 [1.8x107 — 8.6x107]
0.6x10%[0.4x10 — 0.8x10°]

2.4x10®[0.5x10® — 0.9x10¥]
0.1 x10%[0.08x10° — 0.2x10°%]
0.4 x10%[0.3x10® — 0.5x10¥]
5.2 x10%[4.2x10® - 6.1x109]
0.9 x10°%[0.4x108 — 3.1x10°]
0.2x10%[0.2x10° — 0.4x10°]
0.2x10%[0.2x10 — 0.3x10°]
5.0x10°% [2.7x10® — 14.7x10°]
2.3x107 [1.5x107 — 5.7x107]
0.5x10%[0.4x10 — 0.7x10°]

0.241
0.129
0.847
0.885
0.592
0.140
0.628
0.708
0.826
0.533

Table 10
cerebellum
Marker Braak 0-11
IFNy 0.8x10°%[0.5x10° — 1.1x10°]
IL10 0.1x10°#[0.09x10°® — 0.2x10°¢]
o | L12p70 0.5x10°%[0.4x10° — 0.6x10°]
3 IL13 4.7x10% [3.7x10° — 5.9x107%]
§ IL1B 2.6 x10%[1.6x10° — 6.0x10°]
§~ L2 0.3 x10[0.2x10°8 — 0.4x10°8]
R IL4 0.2x10°#[0.2x10° — 0.3x10°]
IL6 5.1x108[1.9x10® —19.9x10°]
IL8 2.6x107[1.6x107 — 7.0x107]
TNFa 0.6x10°%[0.5x10° — 0.7x10°]
IFNy 3.6x10-9[4.5x10-9 — 2.9x10-9]
IL10 1.8x10-9[2.1x10-9 — 1.2x10-9]
IL12p70 | 1.9x10-9[2.3x10-9 — 1.1x10-9]
S IL13 4.1x10-8[5.9x10-8 — 3.5x10-8]
3 IL1B 5.8x10-8[1.6x10-8 — 3.9x10-9]
s IL2 4.6x10-9[5.4x10-9 — 3.5x10-9]
© IL4 1.2x10-9[1.4x10-9 — 8.5x10-10]
IL6 5.1x10-8[9.6x10-8 — 2.2x10-8]
IL8 1.9x10-7[3.7x10-7 — 9.3 x10-8]
TNFa 3.6x10-9[4.0x10-9 — 2.3 x10-9]

4.7x10-9 [5.6x10-9 - 3.7x10-9]
1.9x10-9[2.6x10-9 — 1.7 x10-9]
2.5x10-9[3.2x10-9 — 1.8x10-9]
4.2x10-8[6.7x10-8 — 2.8x10-8]
1.0x10-8[2.1x10-8 — 6.4x10-8]
5.5x10-9[6x10-9 — 4.5x10-9]
1.4x10-9[1.8x10-9 — 1.2x10-9]
1.4x10-7[2.9x10-7 — 2.8x10-8]
1.4x10-7[5.6x10-7 — 9.3x10-8]
3.5 x10-9[4.9x10-9 — 2.8 x10-9]

3.6x10-9[4.4x10-9 — 3.0x10-9]
1.8 x10-9[2.0x10-9 — 1.6x10-9]
1.9x10-9[2.3x10-9 — 1.7x10-9]
3.8x10-8[5.3x10-8 — 3.0x10-8]
4.9x10-9[1.1x10-8 — 4.2x10-9]
4.7x10-9[5.4x10-9 — 4.1x10-9]
1.4x10-9[1.4x10-9 — 1.2x10-9]
2.5x10-8[1.3x10-7 — 2.0x10-8]
1.9x10-7[3.4x10-7 — 2.1x10-7]
3.3 x10-9[3.7 x10-9 — 2.9 x10-9]

P values obtained using Kruskal-Wallis test with significant P value (*<0.05) in bold
Data displayed as - median [interquartile range]

0.173
0.265
0.093
0.545
0.179
0.161
0.061
0.256
0.845
0.408

Table 11 Protein concentration of chemokines by Braak stage group in temporal lobe and cerebellum
P

Marker Braak 0-11 Braak IlI-IV Braak V-VI
value
Eotaxin 1.0x107[0.6x107 - 1.7x107] 1.1x107[0.7x107 - 1.5x107] 1.1x107[0.8x107 -2.5x107]  0.510
Eotaxin-3 2.1x107[1.5x107 - 3.6x107] 5.1x107[2.1x107 - 7.8x107] 3.2x107[1.5x107 -5.5x107]  0.105
IL8 (HA) 1.5x106[1.1x10°€ —2.9x10°] 1.9x106[0.8x10°¢ —2.9x10%] 1.7x106[1.1x10° - 4.8x10%]  0.924
S IP10 2.7x107[1.7x107 - 4.3x107] 4.3x107[2.3x107 - 12.3x107]  4.7x107[3.0x107 -7.3x107]  0.314
2 MCP1 6.0x107[3.3x107 - 10.3x107] 7.3x107 [4.4x107 = 14.1x107]  11.3x107[7.3x107 —16.3x107]  0.323
g MCP4 2.0x107[1.6x107 - 2.5x107] 1.7x107 [1.6x107 - 2.5x107] 2.4x107[1.6x107 -2.5x107]  0.084
g MDC 2.7x107[1.9x107 - 3.6x107] 2.7x107[1.4x107-3.8x107]  3.3x107[2.7x107-8.9x107]  0.174
A MIP1la 1.3x107 [1.0x107 - 1.6x107] 1.7x107 [1.0x107 - 3.0x107] 1.5x107[1.3x107-2.9x107]  0.235
MIP1B 1.9 x107 [1.7x107 - 2.3x107] 2.6x107[1.6x107 - 4.2x107]  1.8x107[1.7x107-3.2x107]  0.242
TARC 2.2x10#[0.9x10 - 3.6x10¢] 2.9x10#[2.1x10% - 4.7x10%] 2.4x10%[1.2x10% - 4.1x10%]  0.393
Eotaxin 1.9x109[2.4x10° — 1.5x10°7] 1.8x109[2.5x10° — 1.6x10°7] 2.2x10°[2.5x10° - 1.6x10°]  0.965
Eotaxin 3 1.5x107[3.5x107 - 8.3x10°%] 1.1x107[1.2x107 — 9.6x10°%] 2.2x107[3.7x107 -9.2x10%]  0.470
IL8 (HA) 5.7x105[8.4x10°¢ — 4.8x10°] 5.7x10[7.6x10°¢ — 4.8x10°] 7.2x105[9.3x10°6 =3.7x10] 0.912
£ IP10 2.1x107[3.1x107 - 1.2x107] 1.4x107[3.5x107 - 1.1x107]  2.3x107[5.0x107 — 10.0x10%]  0.734
3 MCP1 2.3x107[4.3x107 — 1.5x107] 2.3x107[1.4x10°¢ — 1.3x107] 2.7x107[4.0xX107 - 1.9x107]  0.913
S MCP4 1.5x107[2.0x107 — 1.0x107] 1.5x107[1.8x107 — 1.2x107] 1.2x107[1.9x107 - 1.1x107]  0.861
g MDC 2.4x107[3.4x107 — 1.5x107] 1.6x107[2.7x107 — 1.1x107] 2.1x107[3.9x107 - 1.2x107]  0.487
© MIP1la 7.0x10[8.8x10°8 — 5.5x10%] 6.8x10[1.3x107 — 6.1x10%] 6.9x10[1.0x107 - 5.1x10%]  0.625
MIP1B 9.9x10°[1.1x107 - 7.1x10%] 9.0x10°¥[1.4x107 — 7.3x10] 7.1x10#[9.6x10% - 6.5x10%]  0.352
TARC 2.8x10[3.3x10°8 — 1.6x10%] 2.5x10[3.3x10°8 — 1.6x10%] 2.2x10%[2.8x10% - 1.7x10%]  0.744

P values obtained using Kruskal-Wallis test with significant P value (*<0.05) in bold

Data displayed as - median [interquartile range]
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Table 12

Marker
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Comparisons for protein concentration of cytokines, proinflammatory proteins and chemokines

between temporal lobe and cerebellum in the whole cohort

Temporal lobe

Cerebellum

P value

GM-CSF
IL1a

IL12/1L23p70

IL15
IL16
IL17A
IL5

L7
TNF6
VEGF
Eotaxin
Eotaxin 3
IL8 (HA)
IP10
MCP1
MCP4
MDC
MIPla
MIP16
TARC
IFNy
IL1b
IL10
IL12p70
IL13

2

L4

IL6

IL8
TNFa

P values obtained using Mann-Whitney U test with significant P value (*<0.05, **<0.01, ***<0.001,

1.387x10-° [9.458x10-10-1.804x10°]
4.184x102 [2.660x10-2-8.473x10%]

1.468e-008 [1.055e-008-1.781e-008]

7.555x108 [6.237x10-8-9.360x10%]
5.706x10-¢ [3.960x10-6-7.814x10¢]
1.449x108 [1.095x108-1.775x10-8]

1.084x10° [6.708x10-10-1.868x109]
4.284x10° [2.887x10°-6.229x10]
1.346x10-° [9.238x10-1°-1.686x10%]
2.112x10-8 [1.119x10-8-4.035x10¢]
1.115x107 [6.801x10-3-1.767x107]
2.889x107 [1.529x10-7-5.623x1077]
1.660x10-6 [1.093x10-6-2.921x10-6]
4.065x107 [1.912x107-7.324x10°7]
7.915x107 [4.382x107-1.468x10-6]

2.036x107 [1.631x10-7-2.670x10-7]

2.787x107 [1.989x10-7-4.191x107]

1.455x107 [1.092x10-7-2.208x10-7]

1.973x107 [1.683x107-3.086x107]
2.706x10-8 [1.248x108-4.382x10-9]

7.872x10° [5.070x10-°-1.064x10-%]
2.728x10-8 [1.786x10-8-4.660x10¢]
1.230x10-° [9.295x10-1°-1.536x10-9]
4.220x10-° [3.027x10-°-5.198x10]
4.988x108 [3.927x108-5.827x10¢]

2.901x10° [2.237x10-°-3.830x10°]
2.134x10° [1.676x10-°-2.841x10-°]
6.334x10-8 [2.594x10-8-1.506x107]

2.589x107 [1.647x107-6.947x1077]
5.854x10-° [4.639x10-°-6.918x10-°]

***%<0.0001) in bold
Data displayed as - median [interquartile range]

44.1

Correlations

4.240x101° [2.465x10-10-7.143x10-1°]
5.971x10-° [4.607x10-°-1.163x10¢]
9.353e-009 [5.434e-009-1.386e-008]
5.838x10-8 [5.054x10-8-6.649x10¢]
4.308x10¢ [2.067x10-6-5.509x106]
1.368x108 [1.060x10-8-1.715x10-8]
5.870x10-10 [3.850x10-10-8.510x1019]
5.740x10-10 [3.070x10-1°-8.065x101°]
3.470x10-10 [2.240x10-10-5.130x1019]
9.305x10% [4.297x10-8-2.316x10°7]
1.885x10-2 [1.594x10-3-2.578x10-8]
1.245x107 [9.198x10-3-2.551x107]
5.730x10-¢ [4.496x10-6-8.492x10¢]
1.929x107 [1.073x107-4.337x107]
2.311x107 [1.393x10-7-4.354x1077]
1.477x107 [1.075x107-1.936x107]
2.052x107 [1.211x10-7-3.486x1077]
6.897x10-8 [5.467x10-8-1.007x1077]
8.807x10% [6.698x10-8-1.171x107]
2.422x108 [1.569x10-8-3.234x10-8]
3.941x10-° [2.936x10-°-5.142x10-°]
7.101x10-° [4.149x10-°-1.846x10%]
1.861x10° [1.490x10-9-2.279x10-9]
1.990x10-° [1.484x109-2.597x109]
4.117x108 [3.240x108-5.717x10°8]
4.905x10° [3.915x10-°-5.640x10°]
1.342x10° [1.140x10-°-1.564x10-9]
5.288x10-8 [2.046x108-1.781x107]
1.856x107 [9.305x10-3-4.485x107]
3.423x10° [2.507x10-°-4.171x10-°]

<0.0001
<0.0001
<0.0001
<0.0001
0.002
0.607
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.0007
<0.0001
0.0001
0.012
<0.0001
<0.0001
0.957
<0.0001
<0.0001
<0.0001
<0.0001
0.097
<0.0001
<0.0001
0.644
0.037
<0.0001

When the MSD data were correlated with the pathology and microglial data (Sections 4.1 and 4.2),

several associations were observed. In the temporal lobe, TSPO was negatively correlated with the

cytokine GM-CSF (P<0.01) and HLA-DR was negatively correlated with macrophage derived

chemokine (MDC) (P=0.007) (Table 13). Whereas, in the cerebellum, there was a positive correlation

between Ibal and the cytokine IL16 (P<0.001) (Table 14).

Table 13 Correlation of AD pathological and microglial markers in temporal lobe compared to
inflammatory markers in the whole cohort
Marker | ABTL pTau TL TSPO TL Ibal TL HLA-DRTL MSR-ATL
rs =-0.145 rs =-0.230 rs =-0.355%* rs =-0.154 rs =-0.088 rs =-0.023
U ‘ P=0.312 P=0.111 P<0.01 P=0.280 P=0.554 P=0.875
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ILla
IL12/1L23p70
IL15
IL16
IL17A
IL5

IL7
TNF8
VEGF
Eotaxin
Eotaxin 3
IL8 (HA)
IP10
MCP1
MCP4
MDC
MIP1a
MIP18
TARC
IFNy
IL1b
IL10
IL12p70
IL13

2

IL4

IL6

IL8

TNFa

rs =0.098
P=0.0499
rs =-0.104
P=0.472
rs=0.123
P=0.393
rs =0.039
P=0.786
rs =0.016
P=0.915
rs =-0.117
P=0.417
rs =-0.297
P=0.036
rs =-0.069
P=0.632
rs =-0.310
P=0.028
rs = 0.005
P=0.974
rs = 0.0003
P=0.998
rs =-0.176
P=0.220
rs =0.051
P=0.725
rs =0.186
P=0.196
rs =-0.0004
P=0.998
rs =0.011
P=0.942
rs =0.002
P=0.991
rs =-0.188
P=0.192
rs =-0.015
P=0.919
rs =-0.030
P=0.835
rs =-0.121
P=0.401
rs =-0.086
P=0.550
rs =-0.163
P=0.258
rs =-0.169
P=0.241
rs =-0.142
P=0.324
rs =-0.229
P=0.110
rs =-0.008
P=0.958
rs =-0.121
P=0.401
rs =-0.273
P=0.055

rs =-0.025
P=0.863
rs =-0.192
P=0.187
rs =0.268
P=0.063
rs =0.060
P=0.682
rs =0.206
P=0.156
rs =-0.053
P=0.718
rs =-0.285
P=0.047
rs =-0.175
P=0.229
rs =-0.081
P=0.578
rs =0.207
P=0.153
rs =0.110
P=0.451
rs =0.092
P=0.531
rs =0.192
P=0.186
rs =0.342
P=0.016
rs =0.250
P=0.083
rs =0.250
P=0.084
rs =0.250
P=0.084
rs =0.103
P=0.479
rs = 0.046
P=0754
rs =-0.005
P=0.971
rs =0.039
P=0.791
rs = 0.049
P=0.741
rs =-0.049
P=0.739
rs =-0.016
P=0.914
rs =-0.095
P=0.515
rs =0.016
P=0.912
rs =0.033
P=0.820
rs =0.008
P=0.954
rs =-0.103
P=0.480
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rs =-0.136
P=0.337
rs =-0.105
P=0.458
rs =0.310
P=0.025
rs =0.155
P=0.274
rs=0.134
P=0.344
rs =-0.107
P=0.451
rs =-0.013
P=0.925
rs =0.042
P=0.767
rs =-0.188
P=0.182
rs =0.019
P=0.895
rs =-0.014
P=0.923
rs =0.067
P=0.639
rs =0.149
P=0.293
rs =0.119
P=0.400
rs=0.335
P=0.015
rs =0.152
P=0.281
rs =0.054
P=0.702
rs =-0.010
P=0.944
rs =-0.177
P=0.209
rs =-0.123
P=0.386
rs =-0.088
P=0.537
rs =-0.168
P=0.233
rs =0.027
P=0.850
rs =0.000
P=0.999
rs =-0.134
P=0.345
rs =0.072
P=0.614
rs =0.063
P=0.655
rs =-0.031
P=0.827
rs =-0.118
P=0.406

rs =-0.103
P=0.
rs =0.060
P=0.676
rs =-0.094
P=0.513
rs =0.267
P=0.059
rs =-0.145
P=0.310
rs =0.091
P=0.523
rs =-0.123
P=0.390
rs =-0.065
P=0.649
rs =0.010
P=0.945
rs =0.063
P=0.662
rs =-0.106
P=0.461
rs =0.016
P=0.914
rs =0.251
P=0.075
rs =0.072
P=0.614
rs =-0.084
P=0.557
rs =-0.070
P=0.624
rs =0.060
P=0.675
rs =0.021
P=0.883
rs = 0.0005
P=0.970
rs =0.032
P=0.821
rs =0.088
P=0.537
rs =-0.023
P=0.873
rs =-0.236
P=0.095
rs =-0.273
P=0.053
rs =-0.061
P=0.669
rs =-0.125
P=0.382
rs =0.032
P=0.823
rs =0.000
P=0.998
rs =-0.054
P=0.708

rs Spearman’s rank correlation, significant P values are in bold (**P<0.01)
pTau phosphorylated tau, TSPO translocator protein

TL temporal lobe
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ry=0.017
P=0.910
rs=0.201
P=0.176
rs =-0.005
P=0.971
rs=0.202
P=0.174
re=-0.239
P=0.106
rs = 0.160
P=0.283
ro=0.144
P=0.334
rs =-0.007
P=0.962
rs=0.170
P=0.254
rs=-0.256
P=0.083
rs =-0.209
P=0.158
rs=-0.156
P=0.296
r,=0.018
P=0.906
rs =-0.054
P=0.718
re=-0.219
P=0.139
rs = -0.381%*
P=0.007
rs =-0.150
P=0.315
rs =-0.140
P=0.350
rs=-0.075
P=0.618
rs=0.019
P=0.897
rs =-0.005
P=0.974
ry=-0.128
P=0.391
re=-0.169
P=0.255
re=-0.255
P=0.084
re=-0.122
P=0.413
re=-0.111
P=0.458
rs =-0.057
P=0.704
re=-0.322
P=0.027
re=-0.221
P=0.135

rs =-0.065
P=0.652
rs =-0.084
P=0.560
rs =0.044
P=0.757
rs =-0.161
P=0.260
rs =-0.154
P=0.280
rs =-0.009
P=0.947
rs =0.004
P=0.979
rs =-0.021
P=0.883
rs =0.152
P=0.286
rs =-0.092
P=0.520
rs =0.001
P=0.993
rs =0.036
P=0.800
rs =0.059
P=0.682
rs =-0.003
P=0.986
rs =-0.081
P=0.574
rs =-0.003
P=0.982
rs =0.002
P=0.990
rs =-0.026
P=0.854
rs =0.008
P=0.957
rs =0.141
P=0.325
rs =-0.025
P=0.864
rs =-0.058
P=0.684
rs =0.002
P=0.990
rs =0.155
P=0.276
rs =0.126
P=0.337
rs =0.159
P=0.266
rs =0.115
P=0.421
rs =-0.025
P=0.860
rs =-0.021
P=0.883
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Table 14 Correlation of AD pathological and microglial markers in cerebellum compared to inflammatory

markers in the whole cohort

Marker AB Cb pTau Cb TSPO Cb Ibal Cb HLD-DR Ch MSR-A Cb
GMLCSF r.=0114 r, =-0.163 r=-0.237 r. = 0.031 r. = 0.049 r.=0.136
P=0.556 P=0.398 P=0.196 P=0.873 P=0.802 P=0.498

L1 r, = 0.060 r,=0.014 r=-0.121 r, = 0.086 r, = -0.189 r, = 0.037
a P=0.674 P=0.920 P=0.392 P=0.546 P=0.179 P=0.800

r, = 0.006 r, = -0.074 r, = -0.037 r,=0.333 r, = -0.194 r, = -0.069
IL12/1L23p70 P=0.969 P=0.622 P=0.807 P=0.022 P=0.191 P=0.654
L5 r, = -0.005 r,=0.184 r, = 0.241 r,=0.151 r=-0.118 r, = 0.079
P=0.974 P=0.193 P=0.086 P=0.286 P=0.403 P=0.584

1116 r = 0.189 r, = -0.001 ro=0.121 ro=0.438 r, = 0.034 r,=-0.018
P=0.179 P=0.992 P=0.391 P<0.001*** P=0.810 P=0.902

1L17A r, = -0.180 r, = -0.025 r, = 0.058 r, = 0.075 r, = -0.239 r =-0.011
P=0.202 P=0.863 P=0.682 P=0.599 P=0.088 P=0.941

L5 r, = 0.255 r, = 0.004 r.=-0.364 r, = 0.053 r=-0.177 r, = 0.005
P=0.094 P=0.982 P=0.015 P=0.733 P=0.249 P=0.976

Ly r =-0.223 r, = 0.083 r.= 0.586 r, = 0.270 r,=0.193 r, = -0.182
P=0.464 P=0.789 P=0.035 P=0.372 P=0.528 P=0.571

TNFB r, = -0.296 r, = -0.199 r, = -0.088 ro=0.172 r, = -0.220 r, = -0.059
P=0.049 P=0.189 P=0.567 P=0.260 P=0.146 P=0.709

VEGE r, = -0.063 r, = -0.088 r, = -0.206 r, = -0.070 r, = -0.229 r, = -0.096
P=0.655 P=0.537 P=0.142 P=0.622 P=0.102 P=0.507

Eotaxi r = -0.129 r, = -0.206 ro=-0.226 ro=0.177 r=-0.212 r =-0.127
otaxin P=0.361 P=0.142 P=0.108 P=0.209 P=0.131 P=0.379
Fotaxin 3 r, = 0.058 r, = -0.097 r, = -0.077 r, = -0.156 r,=0.014 r = 0.109
P=0.681 P=0.493 P=0.588 P=0.269 P=0.922 P=0.449

—— r, = -0.089 r, = 0.060 r, = -0.023 r, = 0.056 r,=-0.316 r, = 0.041
P=0.532 P=0.673 P=0.870 P=0.692 P=0.023 P=0.775

P10 r, = -0.059 r, = -0.082 r, = 0.059 r, = -0.036 r, =-0.016 r, = 0.040
P=0.679 P=0.563 P=0.680 P=0.799 P=0.911 P=0.783

VICPI r=-0.117 r, = -0.043 r, = -0.090 r, = 0.058 r =-0.151 r = 0.129
P=0.410 P=0.760 P=0.524 P=0.658 P=0.287 P=0.373

vicpa r, = -0.153 r =-0.158 r = -0.166 r = 0.148 r =-0.222 r, = -0.099
P=0.280 P=0.264 P=0.240 P=0.295 P=0.114 P=0.495

VDC r =-0.135 r, = -0.015 r, = -0.083 r=0.143 r, =-0.233 r, = 0.049
P=0.341 P=0.916 P=0.557 P=0.311 P=0.096 P=0.734

ViIP1a r, = -0.137 r, = -0.144 r, =-0.184 r,=0.184 r, = -0.253 r =-0.124
P=0.332 P=0.308 P=0.191 P=0.191 P=0.070 P=0.389

VIP16 r, = -0.299 r =-0.175 r, =-0.193 ro=0.119 r,=-0.238 r, = 0.006
P=0.031 P=0.215 P=0.171 P=0.402 P=0.090 P=0.969

TARC r, = -0.303 r, = -0.074 r, = -0.169 r, = -0.008 r, =-0.142 r, = -0.106
P=0.029 P=0.603 P=0.231 P=0.957 P=0.316 P=0.463

N r, = 0.010 r =-0.227 r,=0.164 r.=0.336 r, = -0.165 r, = -0.150
4 P=0.946 P=0.113 P=0.257 P=0.017 P=0.251 P=0.310
1Lib r, = -0.099 r, = 0.028 r, = 0.070 r=0.011 r, = 0.058 r,=0.178
P=0.485 P=0.843 P=0.620 P=0.940 P=0.681 P=0.216

1110 r, = 0.014 r=-0.226 r, = -0.061 ro=0.321 r,=-0.238 r, = 0.026
P=0.924 P=0.107 P=0.667 P=0.020 P=0.089 P=0.858

1112070 r, = -0.042 r, = -0.232 ro=-0.111 r,=0.287 r =-0.130 r, = -0.019
p P=0.765 P=0.098 P=0.432 P=0.039 P=0.360 P=0.895

1113 r, = -0.129 r, = -0.146 ro=-0.311 r, = -0.137 r, = -0.225 r, = -0.010
P=0.361 P=0.301 P=0.025 P=0.333 P=0.108 P=0.947

L2 r, = -0.031 r, = -0.242 r, = -0.076 r, = 0.340 r, = -0.244 r, = -0.050
P=0.829 P=0.087 P=0.596 P=0.015 P=0.084 P=0.734

L4 r=0.122 r, = -0.030 r, = -0.006 r=0.192 r, = -0.196 r, = -0.104
P=0.387 P=0.834 P=0.968 P=0.174 P=0.163 P=0.473

L6 r, = -0.063 r, = 0.032 r, = 0.048 r, = 0.055 r, = -0.053 r=0.174
P=0.659 P=0.823 P=0.736 P=0.699 P=0.711 P=0.228

L8 r, = 0.006 r, = 0.029 r, = -0.092 r, = -0.031 r, = -0.098 r = 0.159
P=0.967 P=0.836 P=0.519 P=0.829 P=0.491 P=0.271

NFa r, =-0.143 r = -0.237 r, = -0.200 r.=0.276 r, =-0.163 r, = -0.052
P=0.312 P=0.091 P=0.154 P=0.047 P=0.247 P=0.719
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rs Spearman’s rank correlation, significant P values are in bold (**<0.01, ***<0.001)
4G8 pan-AB, AT8 phosphorylated tau, TSPO translocator protein
TL temporal lobe

4.5 Rs6971 genotyping

In order to examine whether the rs6971 SNP in the TSPO gene affected the binding ability of the
TSPO antibody, genotyping of the cohort was performed. This gave a result for the frequency of each
allele and allowed for comparisons between the genotypes using the TSPO protein load. The allele
frequency was 16.7% for A/A (low-affinity binders), 40.7% for A/G (mixed-affinity binders) and 42.6%
for G/G (high-affinity binders) (Figure 16A). The protein load was not affected by the SNP as no
significant difference was observed in either the temporal lobe (Braak 0-11: median 0.89%, Braak IlI-
IV: median 0.84%, Braak V-VI: median 0.66%; P=0.7698) or the cerebellum (Braak 0-lI: median 0.87%,
Braak lI-1V: median 0.61%, Braak V-VI: median 0.53%; P=0.3672) (Figure 16B, C).
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Figure 16  rs6971 genotyping showing percentage of cases with each genotype (A/A, A/G or G/G) (A).
Comparisons between each genotype and TSPO protein load in the temporal lobe (TL) (B) and

cerebellum (Cb) (C). Graphs presented as individual values with median (B, C).

4.6 Chapter discussion

4.6.1 Pathological and microglial markers

This chapter discussion explores the potential meaning of increased TSPO levels in the temporal lobe
during AD progression, with relation to pathology, and the maintenance of a more homeostatic

neuroinflammatory environment in the cerebellum. These results are novel and significant in that
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they are fully quantitative using protein load as a proxy for expression, whereas the previous

literature primarily uses semi-quantitative analysis (208).

AB and pTau: It is well established that Ap and pTau are increased in AD, which are also shown
unambiguously from these results (Figure 11) (10, 64, 208). Also, associations were seen between AB
and pTau in these results (Table 5), which is supported by the literature indicating a spread of both
proteins to the cerebral cortex in the late stages of AD and that both are required to drive the
disease (153). The cerebellum exhibited significantly less pathology for both AB and pTau (Figure 11),
which has been previously reported (208, 231). It is known that microglia react to AB and pTau in
several different ways. For example, microglia have been shown to form barriers around amyloid
plagues in mouse models of AD, with the aim to stop plaque spreading (232). This phenomenon is
also seen in this thesis with Ibal* microglia clustering in the temporal lobe (Figure 13). This barrier
formation role appears to be closely linked to the TREM2 protein. In humans with the R47H TREM?2
mutation, which modifies the ligand-binding domain (138), there was a reduced ability to form these
barriers and phagocytose AR (157). Although this project showed clustering of Ibal* microglia (Figure
13), it cannot be definitively said that this was around an amyloid plaque without the use of double
staining for this pathological protein. Ibal* microglia have seen to form clusters or barriers around AB

in previous research (233-235), making this phenomenon a plausible conclusion in these data.

TSPO: Microglial markers have been extensively studied in AD, with some degree of variability in
both animal models and humans. The microglial profile in the temporal lobe showed differences to
the cerebellum. The TSPO protein load was significantly increased in the temporal lobe (Figure 14),
and due to the current hypothesis that TSPO highlights reactive microglia (13, 153), this may
advocate for the temporal lobe indeed representing a reactive or disease associated subtype of
microglia. There is substantial evidence that an increase in TSPO expression is a feature of AD and
other neurodegenerative diseases, both from in vivo PET analysis (13, 198, 210) and post-mortem
investigations (187, 204). Furthermore, examining different brain regions, it has been shown that
TSPO expression is elevated in areas of high AD pathology, such as the temporal cortex (210). An
interesting result was discovered when examining protein loads between the temporal lobe and
cerebellum, which showed no statistical significance but a slightly higher TSPO load in the temporal
lobe (TL: median 0.81%; Cb: median 0.61%) (Figure 12). Gui et al found a similar outcome to this,
with the temporal cortex exhibiting higher TSPO but not at significant levels (187). This point on its
own may lead to the notion that TSPO might not be important in AD, if the pathologically affected
temporal lobe does not express significantly higher TSPO. However, there is the possibility that TSPO*
microglia are associated with different phenotypes in different brain areas. This is discussed further
in Chapter 5. Of note, TSPO expression using the DAB immunostaining was observed in microglia and

endothelial cells. However, with microglia accounting for 10% (85, 86) and endothelial cells for 0.3%

81



Chapter 4

(178) of cerebral cells, the TSPO protein load primarily represents microglia positive for this protein.
It is important to note that there are blood vessel changes in AD, with CAA and BBB breakdown being

components of disease (175, 236), which could affect the TSPO protein load also.

Ibal: When examining Ibal, thought to be a pan-microglial marker, some research has shown an
increase in Ibalin AD (237, 238), others have shown no difference (233) or a decrease compared to
controls (35, 239). Therefore, it is difficult to definitively say how important Ibal is in AD, especially
as it is usually acknowledged as a general marker of microglia morphology. However, the role of Ibal
in physiology is to promote motility by aiding the formation of actin in the lamellipodia and filopodia
of microglial processes and soma (119). This suggests Ibal is crucial in the homeostatic functioning of
microglia. These results showed an increase in Ibal protein load in the cerebellum (Figure 15), which
could suggest a higher expression level of the marker per cell or a change in microglial morphology
such as process thickening, rather than an increased cell number itself. However, there is controversy
in the literature, with some evidence for an increase in cell number in AD, and others suggesting that
the cell number remains stable due to a synchronisation of proliferation and apoptosis (94).
Qualitatively, the processes did appear to be thickening in the cerebellum as disease progression
occurred (Figure 15), which could be a sign of the beginning stages of microglial reactivity. However,
in the cerebellar region, no amoeboid microglia were seen (Figure 15), suggesting that the cells did
not reach the final reactive state. Research has shown that in normal ageing, as well as in AD,
microglial morphology is altered with thicker processes (240). Furthermore, this event of increased
Ibal has also been observed in the cerebellar region in previous research. A study found that Ibal
expression load increased significantly in the cerebellum of AD post-mortem tissue, with no change in
Ibal* cell number (241). This corroborates the results in this thesis and provides good evidence for
alteration of this microglial marker in the cerebellum during AD. The same study also observed a
reduction in microglial process length and branching (241), again suggesting the altered phenotype is
a present feature of AD in the cerebellum. Due to the Ibal load being increased in the cerebellum,
and no other reactive microglial marker being altered here (Figure 15), it could be proposed that
while Ibal is thought of as a general microglial marker, its increase in the cerebellum presents a
more homeostatic environment than the temporal lobe and that the microglia in this region are

more motile (119).

HLA-DR and MSR-A: Two markers of microglial reactivity, HLA-DR and MSR-A, did not change in

protein load in the temporal lobe over the course of the disease (Figure 14). This could be considered
an anomalous result as other research has shown an increase in these markers during AD progression
(35, 242, 243). However, these markers were substantially different when comparing the temporal
lobe with the cerebellum, with increased HLA-DR expression in the cerebellum (Figure 12). This is

slightly different from the wider literature where there is evidence for HLA-DR being associated with
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AB plaques and general disease progression, as well as being linked to a more activated microglial
phenotype (120). However, the difference seen in this thesis could be due to the variability between
human cohorts and the general heterogeneity of AD. MSR-A was discovered to be significantly higher
in the temporal lobe (Figure 12), consistent with this marker’s association with cognitive decline

(115).

Associations: Further examining the importance of TSPO in AD, an interesting association between
pTau and TSPO was discovered in the temporal lobe (Table 5). This could suggest that TSPO*
microglia in the temporal lobe become reactive and may respond to pTau to a higher degree than A
in brain regions with high AD pathology, highlighting a longitudinal relationship between pTau and
TSPO. A possible explanation for this is due to reactive microglia initiating the subsequent spread of
pTau in AD progression (153). Further evidence for microglia triggering tau propagation comes from
PET analysis of AB, tau and microglial activation, which revealed microglial activation and tau were
associated through the Braak stages (147, 244, 245), and that having all three of these hallmarks
gave the best indicator of AD (147). However, this theory also hinges on the response of microglia to
AB initially, which is perhaps seen qualitatively with Ibal* microglia potentially clustering around AB
plaques (Figure 13) but did not show in any associations. Tau is now thought to be the main driving
force in microglial degradation in AD. Soluble pTau has proven to be toxic to microglia in vitro (246),
and in vivo studies have shown a proximal relationship between microglia and pTau (247), further
solidifying the stance that there is a possible detrimental connection between tau and microglia in

AD.

Another positive association found was between TSPO and MSR-A in the temporal lobe (Table 5).
This could be of interest as MSR-A is a marker of microglial reactivity and therefore could confirm
that TSPO is also associated with this phenotypic type of microglia. MSR-A has been shown to closely
associate with AB plaques in AD (123), which was observed via clustering of MSR-A* microglia but not
with TSPO in this thesis (Figure 14 and Figure 15). Also, MSR-A has been associated with decreased
cognition in AD (115). When the associations were split by Braak stage, a positive association was
found between HLA-DR in the temporal lobe and TSPO in the cerebellum at Braak stages V-VI (Table
8). This could provide further evidence that TSPO highlights reactive microglia as HLA-DR is a typical
marker of microglial activation. It is surprising that this association was found in the cerebellum and

not the temporal lobe as TSPO protein load was not increased in this region (Figure 14).

Neuroinflammatory microenvironment: Investigating the neuroinflammatory microenvironment in

AD is crucial to understand key functions and communicative abilities of immune cells in the brain.
The inflammatory status of the human brain presents a conflicting profile with some research

suggesting that there are more inflammatory changes during ageing than in AD (248). In the CSF of
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AD patients, higher levels of pro- and anti-inflammatory cytokines Eotaxin, IL1a, IL7, IL15 and MCP1
etc have been found compared to controls (249). In this project, only one molecule was seen to be
significantly increased: IL15 in the temporal lobe (Table 9). IL15 is a cytokine which has been shown
to be a chemoattractant to CD4" cells, such as microglia, and have an involvement in T cell
recruitment (250, 251). In AD, the role of IL15 is becoming an increasingly significant topic. For
example, IL15 was elevated in the CSF of AD and frontotemporal dementia patients, and this cytokine
was associated with earlier age of onset (252). Also, when systemic infection occurred, both IL15 and
T cell levels decreased in AD (63), further signifying a role of IL15 in T cell recruitment in disease.
Higher levels of IL15 in AD have also been associated with tau. Increased IL15 in the CSF correlated
with increased total and pTau, regardless of AB present (57). While this project found no association
of IL15 with pTau (Table 13 and Table 14), it is still an interesting notion to explore. Intriguingly, the
majority of inflammatory markers were increased in the temporal lobe, however, four markers were
increased in the cerebellum (Table 12). This again may reflect a regional difference of the

neuroinflammatory environment in AD.

Two negative associations were seen between the inflammatory and microglial markers in the
temporal lobe. The first was between HLA-DR and MDC, also called C-C motif chemokine ligand 22
(CCL22) (Table 13). MDC is a chemokine that has an anti-inflammatory effect (101) and acts on
dendritic, natural killer (NK) cells and T cells (253). This molecule has been seen to be positively
associated with HLA-DR in MS lesions (254). However, MS is an autoimmune disorder which has a
different inflammatory profile to AD, meaning the negative association seen in this thesis could have
altered implications in AD. In AD, T cell infiltration is a feature of the disease and HLA-DR* cells are
known to interact with these immune cells (255). The negative association here could suggest
impaired T cell activation in AD. The other negative association was between TSPO and Granulocyte-
macrophage-colony-stimulating factor (GM-CSF) (Table 13). GM-CSF has been found to be increased
in AD patients (256) and may have a role in stimulating microglial clearance of pathological proteins
(257). The negative association between TSPO and GM-CSF could also further relate to TSPQO’s
association with pTau; GM-CSF is implicated in microglial phagocytosis (257) and it could be
suggested that this function is impaired as a result of the mitochondrial damage (increase in TSPO) in

pathologically affected regions (258), and may contribute to spread of pTau seen in AD.

In the cerebellum, a positive association was discovered between lbal and IL16 (Table 14). IL16, like
IL15, participates in T cell activation and has chemoattractive properties for CD4* cells (259). A study
using human AD post-mortem tissue found that IL16, along with other inflammatory molecules, was
increased compared to controls (124). A polymorphism in IL16 (rs4072111) has been shown to be
decreased in AD patients, meaning this marker may provide a susceptibility to develop AD (260).

Blood plasma data has demonstrated that IL16 is increased in early AD but not in the later stages of
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the disease (261), which supports the finding in this thesis that the cerebellum exhibits an early AD
pathology. Also, due to IL16 being chemoattractant (259), this may relate to Ibal’s role in promoting

microglial motility (119).

Overall, the microglial markers and microenvironment data showed a difference between the
temporal lobe and the cerebellum. This may indicate that neuroinflammation in AD is region specific
and varies depending on high or low levels of pathology, with microglia and other immune cells
reacting accordingly. Also, that TSPO was significantly increased during disease progression in an area
of high AD pathology indicated that it is indeed related to a reactive microglial phenotype. This could
be an important finding to better understand the pathogenesis of AD in relation to the

neuroinflammatory profile.

4.6.2 The cerebellum as a pseudo-reference region for TSPO PET scans

TSPO is used in a clinical setting as a neuroinflammatory PET marker in studies of neurodegenerative
disease such as AD. TSPO is found in every brain region, however, the cerebellum may have lower
amounts of the receptor present (207, 210), or a consistent level across the disease progression, as
well as less AB and pTau (208). Therefore, this region has been proposed as a pseudo-reference
region, rather than true reference region which would express zero TSPO, compared to the rest of
the cortex in PET scans of neuroinflammation. This thesis corroborates this, as the results presented
a much lower AB protein load in the cerebellum compared to the temporal lobe (~40-fold increase in
the TL) (Figure 11). The results also showed very little pTau present in the cerebellum, whereas the
temporal lobe showed a 35.5-fold increase compared to this region (Figure 11). This supports
cerebellum exhibiting much lower levels of the typical AD pathological hallmarks. Additionally, from
previous study of cerebellar AB, the majority of the plaques seen were diffuse and only found in the
molecular layer of this region (208), which is supported by qualitative analysis in this thesis also
(Figure 11). Furthermore, when examining TSPO, the cerebellum had a lower protein load (median
0.61%) than the temporal lobe (median 0.81%) (Figure 14 and Figure 15). This difference was not
stark, but it could suggest that the cerebellum is more devoid of TSPO than other brain areas. The
cerebellum did not exhibit any changes in TSPO load across the disease progression, which permits it
to be appropriately used as a pseudo-reference region, the definition of which states there should be
a consistent level of TSPO, which is not necessarily at lower levels than other regions (262). Other
research using the cerebellum as a pseudo-reference region has shown less TSPO binding in this
region (13, 207, 263). The cerebellar cortex has been validated as a reference region when using a

PET ligands for AB ([*®F]Florbetaben) and tau ([*®F]AV1451) deposition also (244, 264). Here, the term
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‘reference’ is appropriate as the levels of these proteins were significantly lower in the cerebellum
than other regions, as well as remaining low throughout the course of AD, which this thesis confirms
(Figure 11). However, there is still some debate about the use of the cerebellum for this purpose.
One study looking into amyotrophic lateral sclerosis used both the cerebellum and the occipital
cortex as pseudo-reference regions, as well as testing the absolute quantitation. It was found that
the SUV of the occipital lobe, rather than the cerebellum, provided the best regional group
differences compared to pathologically affected areas (228). It could be proposed that difference
reference regions are required for different neurodegenerative diseases, which would need to be

verified by further study.

The data produced from the protein load analysis could advocate that the cerebellum appeared to
produce a similar pathology to that of earlier stages of AD in the temporal lobe. For example, in
Braak stage O-ll in the temporal lobe, the median AB load was 1.48%, whereas in the cerebellar Braak
stage V-VI the protein load was 0.27%. While this was still much lower than the temporal lobe, it had
increased from Braak stage O-Il in the cerebellum (median 0.11%), indicating that there could be
delayed pathological progression here and if given enough time, would eventually become a similar
level to areas affected earlier in the disease. Furthermore, the cerebellar AB plagues being diffuse in
manner (Figure 11) further supports the stance that the cerebellum exhibits a more cognitively
normal/early AD environment, as these types of plaques are found in non-demented individuals as
they age (265). For pTau, there was a median protein load of 0.04% at Braak stage O-Il in the
temporal lobe, which was almost identical to the pTau load in the cerebellum at Braak stage V-VI of
0.041%. Further suggesting a similar late pathological cerebellar environment to early stages in the
temporal lobe. This again may support the use of the cerebellum being used as a pseudo-reference

region in TSPO PET scans with lack/lesser amounts of AD pathology present.

4.6.3 Rs6971 genotyping

The rs6971 polymorphism impacts the binding ability of second generation TSPO radioligands such as
DPA-714 and PBR28 (215). Therefore, it was imperative to observe how prevalent the SNP was in the
cohort and whether the immunostaining of TSPO was dependent of the polymorphism. It was found
that TSPO genotypes corresponding to high-affinity binders had the highest prevalence (42.59%),
mixed-affinity binders had a prevalence of 40.74% and low-affinity binders had the least prevalence
(16.67%) (Figure 16), as reported for other European population data (266). Also, TSPO
immunostaining was not affected by the rs6971 polymorphism, as no difference was seen between

allele groups for the TSPO protein load (Figure 16). These results confirm previous research showing
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that rs6971 did not impact the TSPO immunoreactive burden (187). This could be explained by the
difference in the binding site on the TSPO protein, with the radioligand recognising nine amino acid
residues across all five transmembrane domains (184) whereas the antibody binding is between
amino acid bases 76 and 169. It was important to distinguish whether the anti-TSPO antibody was
affected by the SNP as this would impact the immunostaining results and could give inaccurate
results. When rs6971 affected TSPO ligands are used, genotyping assessments allow for exclusion or
control of participants that are low-affinity binders (12). This thesis confirms that the TSPO antibody
used for immunostaining is appropriate and produced accurate results based on it being unaffected

by the rs6971 SNP present.

4.7 Chapter conclusion

Based on the results from this chapter it appears that the cerebellum maintained a more
homeostatic environment compared to the temporal cortex, due to the lower levels of AD pathology
and lack of reactive microglial marker increase. Also, the observation of consistent levels of TSPO
found in the cerebellum (and less pathology), may lend evidence for the use of this brain area as a
pseudo-reference region for AD, confirming aim i. An interesting finding from this chapter
demonstrated that TSPO microglial expression appeared to be associated with pTau and late stage
AD in the temporal lobe. Furthermore, the prevalence of the rs6971 SNP was established in the
cohort which reflected what has been seen in similar populations in other literature, and that the

SNP did not impact the levels of TSPO immunostaining, verifying aim ii.
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Chapter 5 Elucidating the Microglial Immunophenotype of
TSPO

While TSPO PET ligands are used for assessing neuroinflammation in neurodegenerative diseases
such as AD, its specific microglial association has yet to be defined. This receptor has been shown to
increase in the brains of AD patients (13) and is postulated to have an early protective capacity in
disease (12). It has been established that TSPO is found in a small number of cell types in the brain,
primarily microglia and endothelial cells that line the blood vessel walls (187, 209), as well as some
evidence for astrocytic TSPO (187). There is, however, very little quantitative research defining which
phenotypic subtype of microglia express TSPO, whether expression is in all microglial cells or not. Itis
also important to note that TSPO is not exclusively expressed by microglia, which causes some
debate in the ligand’s efficacy as a neuroinflammatory marker for neurodegenerative disease.
However, the other cell types that express TSPO are immune cells or cells that have implications
within disease (267), therefore, while TSPO may not be specific to one cell type, it can still give an
accurate picture of the overall neuroinflammatory process. It is theorised that due to TSPO levels
increasing in disease (12, 13), this marker may be associated with a reactive microglial group. This is
supported by microglial involvement in AD, whereby these cells develop increased reactivity to
pathological proteins as the disease progresses (153) and could further the chronic
neuroinflammatory process. It is important to accurately characterise the
microglial/neuroinflammatory profile associated with TSPO as this could give clinicians a better

understanding of TSPO PET scans, and further the knowledge of microglial involvement in AD.

This chapter seeks to address two aims of the thesis (Section 2.2). Using human post-mortem tissue
and double labelling immunofluorescence techniques, the microglial phenotypes recognised by TSPO
from early to late stages of Alzheimer’s disease were explored (aimiii), and whether other cells in the

CNS expressed the TSPO signal (aim iv), using detailed qualitative and quantitative assessments.

5.1 Ibaland TSPO

Qualitative: Ibal is a cytoplasmic protein that is present in most microglial cells. It shows a range of

morphologies in cells with elongated processes (ramified) and cells that are more spherical
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(amoeboid). There was a wide distribution of the amoeboid Ibal* cells in the temporal lobe (Figure
17A, B), whereas the cerebellum exhibited cells that are more ramified (Figure 18A, B). In terms of
co-localisation of Ibal and TSPO, there was double labelling present in both areas but not every Ibal*
cell was TSPO* also (Figure 17G, H and Figure 18G, H). TSPO was found in the parenchyma and in the
blood vessel walls (Figure 17D, E and Figure 18D, E)

Quantitative: There was no significant difference found in positive cell count for Ibal* (Braak 0-II:
median 22.83%, Braak IlI-IV: median 16.91%, Braak V-VI: median 25.07%; P=0.6740), TSPO* (Braak O-
[I: median 2.92%, Braak IlI-1V: median 4.92%, Braak V-VI: median 4.34%; P=0.7850) or Ilbal*TSPO*
(Braak O-1I: median 0.86%, Braak IlI-IV: median 1.30%, Braak V-VI: median 0.97%; P=0.5447) across
the course of the disease in the temporal lobe when normalised to total cells (Figure 17C, F, I). There
was a significant difference in positive cell count for Ibal*TSPO* (Braak O-II: median 0.09%, Braak IlI-
IV: median 0.13%, Braak V-VI: median 0.33%; P=0.0377), but not Ibal* (Braak O-II: median 0.86%,
Braak IlI-1V: median 0.96%, Braak V-VI: median 1.66%; P=0.0543) or TSPO* (Braak O-II: median 0.87%,
Braak IlI-1V: median 0.72%, Braak V-VI: median 0.97%; P=0.3737) cells across the course of the
disease in the cerebellum, normalised to total cells (Figure 18I, C, F). However, it is important to note
the cell count for Ibal in the cerebellum was close to reaching significance (P=0.0543) (Figure 18C).
When normalised to Ibal* cells, no difference was found for 1bal*TSPO* cell count in the temporal
lobe (Braak O-1I: median 2.89%, Braak IlI-IV: median 8.09%, Braak V-VI: median 7.21%; P=0.5912) or
cerebellum (Braak 0-11: median 13.33%, Braak IlI-IV: median 13.07%, Braak V-VI: median 19.05%;

P=0.3123) through the Braak stages (Figure 17J and Figure 18J respectively).

Comparisons of Ibal*TSPO"* cell count between the temporal lobe and cerebellum showed a
significant increase in the temporal lobe when normalised to total cells (TL: median 1.08%, Cb:
median 0.18%; P<0.0001) (Figure 27A), but when normalised to Ibal* cell count this was significantly
higher in the cerebellum (TL: median 5.59%, Cb: median 16.73%; P=0.0003) (Figure 27F). Finally,
there were no sex differences for Ibal*TSPO* count in either the temporal lobe (M: median 1.05%, F:
median 1.53%; P=0.6516) or cerebellum (M: median 0.19%, F: median 0.18%; P=0.4672) when
normalised to total cells (Figure A2A, L). There were also no sex differences in Ibal*TSPO* cell count
for the temporal lobe (M: median 7.83%, F: median 3.70%; P=0.2012) or cerebellum (M: median
19.96%, F: median 12.89%; P=0.3347) when normalised to Ibal* cells (Figure A2F, Q).
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Figure 17  Fluorescent staining and quantification of Ibal* (green), TSPO* (red) and 1ba1*TSPO* cells in the
temporal lobe over the course of the Braak stages, normalised to total cells (C, F, I) or Ibal* cells
(J) (%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as individual values with
median (C, F, 1, J).
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Figure 18 Fluorescent staining and quantification of Ibal* (green), TSPO* (red) and 1ba1*TSPO* cells in the
cerebellum over the course of the Braak stages, normalised to total cells (C, F, I) or Ibal* cells (J)
(%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as individual values with

median (C, F, I, J).

5.2 HLA-DR and TSPO

Qualitative: HLA-DR is typically thought to highlight a reactive subtype of microglia. It could be
observed that the HLA-DR* cells in the temporal lobe exhibited clustering around a possible amyloid
plaques in Braak stage VI (Figure 19A). There was TSPO present in the blood vessel walls and in the
parenchyma (Figure 19D, E). Co-localisation of HLA-DR and TSPO was seen, but as with Ibal* cells,
not every HLA-DR" cell was also TSPO* (Figure 19G, H). In the cerebellum, HLA-DR* cells seem to
exhibit shorter, thicker processes at Braak stage VI compared to Braak stage 0. Both HLA-DR* and
TSPO" cells were present in the granular and molecular layer of the cerebellar grey matter (Figure

208, E).

Quantitative: In the temporal lobe, it was observed that HLA-DR* (Braak O-1l: median 5.30%, Braak IlI-

IV: median 3.91%, Braak V-VI: median 6.12%; P=0.3539), TSPO* (Braak 0-II: median 4.30%, Braak IlI-
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IV: median 1.53%, Braak V-VI: median 5.86%; P=0.0652) and HLA-DR*TSPO* (Braak 0-1l: median
0.69%, Braak lll-IV: median 0.24%, Braak V-VI: median 0.52%; P=0.6839) cell number did not
significantly change across the course of AD, normalised to total cells (Figure 19C, F, I). Interestingly,
TSPO* cell number exhibited a high-low-high pattern which may corroborate with the theory of two
waves of TSPO expression in AD (12, 140). In the cerebellum, the number of HLA-DR* (Braak 0-II:
median 0.79%, Braak IlI-IV: median 0.50%, Braak V-VI: median 0.79%; P=0.9161), TSPO* (Braak O-II:
median 0.90%, Braak IlI-IV: median 1.24%, Braak V-VI: median 1.81%; P=0.0549) or double labelled
cells (Braak O-11: median 0.14%, Braak llI-1V: median 0.05%, Braak V-VI: median 0.11%; P=0.4543) did
not significantly change over the course of the disease, normalised to total cells (Figure 20C, F, I).
Also, when normalised to HLA-DR* cell count, the double staining in the temporal lobe (Braak 0-II:
median 14.08%, Braak IlI-IV: median 10.19%, Braak V-VI: median 11.44%; P=0.9782) and cerebellum
(Braak O-1I: median 7.75%, Braak IlI-IV: median 8.37%, Braak V-VI: median 16.85%; P=0.5178) did not

significantly change through the Braak stages (Figure 19J and Figure 20J respectively).

Comparisons of HLA-DR*TSPO" cell count between the temporal lobe and cerebellum showed a
significant increase in the temporal lobe when normalised to total cells (TL: median 0.52%, Cb:
median 0.10%; P=0.0018) (Figure 27B), and no difference when normalised to HLA-DR* cell count (TL:
median 11.44%, Cb: median 9.09%; P=0.6851) (Figure 27G). Also, there were no sex differences for
HLA-DR*TSPO* count in either the temporal lobe (M: median 0.35%, F: median 0.55%; P=0.3101) or
cerebellum (M: median 0.07%, F: median 0.12%; P=0.8131) when normalised to total cells (Figure
A2B, M), and no difference in HLA-DR*TSPO" cell count for the temporal lobe (M: median 10.74%, F:
median 15.18%; P=0.4509) or cerebellum (M: median 15.05%, F: median 8.05%; P=0.9582) when
normalised to HLA-DR" cells (Figure A2G, R).
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Fluorescent staining and quantification of HLA-DR* (green), TSPO* (red) and HLA-DR*TSPO* cells in
the temporal lobe over the course of the Braak stages, normalised to total cells (C, F, 1) or
HLA_DR* cells (J) (%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as

individual values with median (C, F, I, J).
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Figure 20  Fluorescent staining and quantification of HLA-DR* (green), TSPO* (red) and HLA-DR*TSPO* cells in
the cerebellum over the course of the Braak stages, normalised to total cells (C, F, 1) or HLA-DR*
cells (J) (%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as individual values

with median (C, F, I, J).

5.3 CD68 and TSPO

Qualitative: CD68 is a microglial marker associated with phagocytosis and is correlated with
worsening cognitive decline in AD (115). From observation of the images, CD68 appeared as a
punctate marker due to it being present in the lysosomes of the microglia, and there was clustering,
potentially around AR plaques, seen in CD68" cells in the temporal lobe (Figure 21B). This marker was
also found around blood vessels (Figure 21A, B and Figure 22A, B). The TSPO staining similarly
appeared as small puncta, as it is found in the mitochondria. Although the two markers are not found
within the same organelles, they did appear to co-localise/have some overlap within the same cell

(Figure 21G, H and Figure 22G, H).

Quantitative: In the temporal lobe, no significant change was seen for CD68* cell count (Braak O-II:

median 3.20%, Braak IlI-IV: median 4.14%, Braak V-VI: median 4.83%; P=0.4312), TSPO* cell count
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(Braak O-1I: median 8.94%, Braak IlI-1V: median 8.93%, Braak V-VI: median 11.25%; P=0.6558) or
CD68*TSPO* double staining cell count (Braak O-1I: median 1.40%, Braak llI-1V: median 1.75%, Braak V-
VI: median 1.06%; P=0.8467) when normalised to total cell count (Figure 21C, F, I). In the cerebellum,
no significance was seen over the course of the Braak stages for CD68* (Braak 0-1l: median 0.37%,
Braak IlI-1V: median 0.26%, Braak V-VI: median 0.35%; P=0.9696), TSPO* (Braak 0-II: median 0.76%,
Braak IlI-1V: median 0.97%, Braak V-VI: median 1.72%; P=0.3520) or CD68*TSPO"* (Braak O-II: mean
0.18%, Braak llI-IV: mean 0.26%, Braak V-VI: mean 0.17%; P=0.4189) positive cell counts, normalised
to total cells (Figure 22C, F, 1). No significant changes were seen for CD68*TSPO* cell count in the
temporal lobe (Braak 0-1I: median 66.90%, Braak IlI-IV: median 37.43%, Braak V-VI: median 57.99%;
P=0.5171) or cerebellum (Braak O-1I: mean 44.50%, Braak IlI-IV: median 45.98%, Braak V-VI: median
35.75%; P=0.7394) throughout the disease progression when normalised to CD68* cell count (Figure

21J and Figure 22J respectively).

Comparisons of CD68*TSPO* cell count between the temporal lobe and cerebellum showed a
significant increase in the temporal lobe when normalised to total cells (TL: median 1.40%, Cb:
median 0.18%; P<0.0001) (Figure 27C), but no difference when normalised to CD68* cell count (TL:
median 43.44%, Cb: median 42.15%; P=0.3597) (Figure 27H). There were no sex differences for
CD68'TSPO* count in either the temporal lobe (M: mean 2.17%, F: mean 1.55%; P=0.2266) or
cerebellum (M: median 0.18%, F: median 0.17%; P=0.7461) when normalised to total cells (Figure
A2C, N), and no difference in CD68*TSPO* cell count for the temporal lobe (M: mean 55.02%, F: mean
46.63%; P=0.4645) or cerebellum (M: mean 49.73%, F: mean 35.62%; P=0.2202) when normalised to
CD68" cells (Figure A2H, S).
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Figure 21  Fluorescent staining and quantification of CD68* (green), TSPO" (red) and CD68*TSPO" cells in the
temporal lobe over the course of the Braak stages, normalised to total cells (C, F, 1) or CD68" cells
(J) (%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as individual values with
median (C, F, I, J).
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Figure 22  Fluorescent staining and quantification of CD68* (green), TSPO" (red) and CD68'TSPO" cells in the

cerebellum over the course of the Braak stages, normalised to total cells (C, F, 1) or CD68* cells (J)

(%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as individual values with

median (C, F) or mean (1, J).

5.4 MSR-A and TSPO

Qualitative: Very few microglial processes could be seen for microglia identified with MSR-A, the

staining was primarily seen as spherical, amoeboid cells (Figure 23A, B and Figure 24A, B). There was

clustering of MSR-A* microglia, which is feasibly around AR plaques due to their known association

(115), in Braak stage VI in the temporal lobe (Figure 23B). The distribution of MSR-A was in both the

granular and molecular areas of the cerebellum (Figure 24A, B). Co-localisation of TSPO and MSR-A

was seen in both brain areas but, in line with the other markers, not every MSR-A* cell was TSPO* and

vice versa (Figure 23G, H and Figure 24G, H).

Quantitative: There was no significant difference found over the course of the Braak stages for MSR-

A* cells (Braak 0-11: mean 1.37%, Braak lll-IV: mean 1.48%, Braak V-VI: mean 1.66%; P=0.7107), TSPO*

cells (Braak O-11: median 1.96%, Braak IlI-1V: median 2.50%, Braak V-VI: median 2.21%; P=0.7806) or
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MSR-A*TSPO* cells (Braak 0-11: mean 0.40%, Braak Ill-IV: median 0.43%, Braak V-VI: median 0.33%;
P=0.6580) in the temporal lobe, normalised to total cells (Figure 23C, F, I). No significant difference
was found across the disease for MSR-A*TSPO* in the temporal lobe when normalised to MSR-A" cell
count also (Braak O-1l: mean 29.08%, Braak IlI-IV: mean 29.00%, Braak V-VI: mean 22.08%; P=0.3713)
(Figure 23)). In the cerebellum, no significant difference was found for MSR-A* (Braak 0-11: median
0.37%, Braak lll-IV: median 0.39%, Braak V-VI: median 0.28%; P=0.9903), TSPO* (Braak 0-1l: mean
1.05%, Braak IlI-1V: mean 0.78%, Braak V-VI: mean 1.69%; P=0.1265) or MSR-A*TSPO* (Braak O-II:
median 0.08%, Braak IlI-IV: median 0.07%, Braak V-VI: median 0.07%; P=0.4541) cell counts when
normalised to total cells (Figure 24C, F, 1) or for MSR-A*TSPO* when normalised to MSR-A* cells
(Braak O-1I: median 18.33%, Braak IlI-IV: median 18.88%, Braak V-VI: median 23.81%; P=0.7106),

across the course of the disease (Figure 24)).

Comparisons of MSR-A*TSPO" cell count between the temporal lobe and cerebellum showed a
significant higher cell number in the temporal lobe when normalised to total cells (TL: median 0.31%,
Cb: median 0.07%; P<0.0001) (Figure 27D), but no difference when normalised to MSR-A" cell count
(TL: median 23.62%, Cb: median 20.00%; P=0.118) (Figure 271). Also, there were no sex differences
for MSR-A*TSPO" count in either the temporal lobe (M: mean 0.30%, F: mean 0.46%; P=0.0894) or
cerebellum (M: median 0.07%, F: median 0.07%; P=0.5045) when normalised to total cells (Figure
A2D, 0), and no difference in MSR-A*TSPO* cell count for the temporal lobe (M: mean 23.69%, F:
mean 29.37%; P=0.2229) or cerebellum (M: median 20.33%, F: median 18.33%; P=0.6300) when
normalised to MSR-A* cells (Figure A2, T).
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Figure 23  Fluorescent staining and quantification of MSR-A* (green), TSPO" (red) and MSR-A'TSPO* cells in
the temporal lobe over the course of the Braak stages, normalised to total cells (C, F, I) or MSR-A*
cells (J) (%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as individual values

with mean (G, I, J) or median (F).
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Figure 24  Fluorescent staining and quantification of MSR-A* (green), TSPO" (red) and MSR-A'TSPO* cells in
the cerebellum over the course of the Braak stages, normalised to total cells (C, F, I) or MSR-A*
cells (J) (%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as individual values

with median (C, I, J) or mean (F).

5.5 CD64 and TSPO

Qualitative: CD64, also known as FcyRl, is a cell surface receptor which can trigger a macrophage
immune response and is associated with the presence of immunoglobulins (63, 127). Like CD68, this
marker is also associated with phagocytosis and has implication in neurodegenerative disease such as
AD (118, 268). Microglial morphology can be seen as this marker is present on the cell membrane, as
well as clustering of CD64* microglia (Figure 25B and Figure 26B). Co-localisation of CD64 and TSPO is
observed, primarily in the cell soma (Figure 25G, H and Figure 26G, H).

Quantitative: There was no significant change over the course of the Braak stages for CD64* (Braak O-
[I: mean 17.89%, Braak IlI-1V: mean 18.60%, Braak V-VI: mean 19.07%; P=0.0577), TSPO* (Braak O-II:
mean 3.84%, Braak llI-1V: mean 6.25%, Braak V-VI: mean 8.13%; P=0.0654) or CD64*TSPO* (Braak O-II:
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median 1.14%, Braak IlI-IV: median 0.99%, Braak V-VI: median 1.56%; P=0.6712) cells in the temporal
lobe, normalised to total cells (Figure 25C, F, 1). When normalised to CD64" cells, there was still no
statistical change for CD64'TSPO* cells (Braak 0-1I: median 6.19%, Braak llI-1V: median 5.84%, Braak V-
VI: median 6.73%; P=0.6781) (Figure 25J). In the cerebellum, there was no significant differences for
CD64* (Braak 0-1I: median 6.53%, Braak IlI-1V: median 6.57%, Braak V-VI: median 3.26%; P=0.1054),
TSPO* (Braak O-1I: median 0.74%, Braak IlI-IV: median 0.82%, Braak V-VI: median 0.84%; P=0.6941) or
CD64*TSPO* (Braak 0-1I: median 0.20%, Braak Ill-1V: median 0.17%, Braak V-VI: median 0.19%;
P=0.9078) cells, normalised to total cells (Figure 26C, F, 1), or for CD64*TSPO"* (Braak 0-1l: median
3.86%, Braak lll-IV: median 2.48%, Braak V-VI: median 4.57%; P=0.5976) cells when normalised to
CD64" cell count (Figure 26)).

Comparisons of CD64*TSPO* cell count between the temporal lobe and cerebellum showed a
significant higher cell number in the temporal lobe when normalised to total cells (TL: median 1.11%,
Cb: median 0.20%; P<0.0001) (Figure 27E), and also a significant increase in the temporal lobe when
normalised to CD64* cell count (TL: median 6.17%, Cb: median 3.53%; P=0.0296) (Figure 27J). Finally,
there were no sex differences for CD64*TSPO* count in either the temporal lobe (M: median 1.11%,
F: median 1.08%; P=0.9185) or cerebellum (M: median 0.27%, F: median 0.13%; P=0.1103) when
normalised to total cells (Figure A2E, P), and no difference in CD64*TSPO* cell count for the temporal
lobe (M: median 5.99%, F: median 7.76%; P=0.6971) or cerebellum (M: median 5.28%, F: median
2.45%; P=0.0925) when normalised to CD64* cells (Figure A2J, U).
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Fluorescent staining and quantification of CD64* (green), TSPO* (red) and CD64*TSPO* cells in the

temporal lobe over the course of the Braak stages, normalised to total cells (C, F, 1) or CD64" cells

(J) (%). Counterstain: DAPI (blue). Scale bars = 50um. Graphs presented as individual values with

mean (C, F,) or median (1, J).
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with Ibal, HLA-DR, CD68, MSR-A and CD64, normalised to total cell count (%) (A-E) or
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corresponding microglial marker cell count (%) (F-J), including all cases. Graphs presented as

median with range.

5.6 Marker comparisons

Whole cohort (total cell count): To understand the potential association of TSPO with known

microglial markers, regardless of disease stage, double labelling of each stain was compared in the
temporal lobe and cerebellum, first normalised to total cells and then normalised to the
corresponding microglial marker (Figure 28). When all cases were included, normalised to total cell
count, CD68*TSPO* cell count was the highest in the temporal lobe (median 1.40%) and was
significantly higher than HLA-DR*TSPO* (median 0.60%; P=0.0294) and MSR-A*TSPO* (median 0.31%;
P<0.0001) (Figure 28A). Also in the temporal lobe, Ibal*TSPO* (median 1.08%) and CD64*TSPO*
(median 1.11%) cell counts were significantly higher than MSR-A*TSPO* (median 0.31%; P=0.0007
and P=0.0004 respectively) (Figure 28A). In the cerebellum, the highest cell count was CD64*TSPO*
(median 0.20%) and this was significantly higher than MSR-A*TSPO* (median 0.07%; P=0.0012)
(Figure 28B). 1bal*TSPO* (median 0.18%) and CD68*TSPO* (median 0.18%) cell counts were
significantly higher than MSR-A*TSPO* (median 0.07%; P=0.0147 and P=0.0233 respectively) in this
region (Figure 28B).

Whole cohort (microglial marker count): Again when all cases were included in the analysis, but with

the data normalised to corresponding microglial marker cell count, CD68*TSPO" cell count was the
highest in both brain regions (TL: median 43.44%, Cb: median 42.15%), and was significantly higher
than Ibal*TSPO* (median 5.59%; P<0.0001), HLA-DR*TSPO* (median 11.40%; P<0.0001) and
CD64*TSPO* (median 6.17%; P<0.0001) cell counts in the temporal lobe (Figure 28C). MSR-A*TSPO*
(median 23.62%) cell count was also significantly increased compared to Ibal*TSPO* (median 5.59%;
P<0.0001), HLA-DR*TSPO* (median 11.40%; P=0.0345) and CD64*TSPO* (median 6.17%; P<0.0001)
cell counts in this region (Figure 28C). In the cerebellum, CD68*TSPO* cell count was significantly
increased compared to HLA-DR*TSPO* (median 8.57%; P=0.0012) and CD64*TSPO* (median 3.53%;
P<0.0001) (Figure 28D). Ibal*TSPO* (median 16.73%) and MSR-A*TSPO* (median 20.00%) counts
were significantly higher than CD64*TSPO" cell count (median 3.53%; P=0.0005 and P<0.0001
respectively) (Figure 28D).
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Figure 28  Comparisons between double labelling cell count of TSPO with Ibal, HLA-DR, CD68, MSR-A and
CD64, normalised to total cell count (%) (A, B) or corresponding microglial marker cell count (%)
(C, D), including all cases, in the temporal lobe (A, C) and cerebellum (B, D). Graphs presented as

individual values with median.

Braak group (total cell count): This analysis was also performed with the Braak stages separated, in

order to see how disease progression might affect the TSPO associated microglial phenotype (Figure
29). When normalised to total cell count, in the temporal lobe CD68*TSPO* was the highest cell count
in the first two Braak groups (Braak O-1I: median 1.40%, Braak Ill-IV: median 1.75%) and CD64*TSPO*
was the highest in the last Braak group (Braak V-VI: median 1.56%) (Figure 29A). Braak stage 0-II
showed a significant increase in CD68*TSPO* cell count compared to MSR-A*TSPO* cell count (median
0.378%) (P=0.0412) (Figure 29A). Braak stage IlI-IV also had a significant increase CD68"TSPO*
compared to MSR-A*TSPO* (P=0.0477) (Figure 29A). Finally, Braak stage V-VI exhibited a significant
increase in CD68*TSPO* (median 1.06%) and CD64*TSPO" cell count (median 1.56%) compared to
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MSR-A*TSPO* (median 0.31%) (P=0.0217 and P=0.0254 respectively) (Figure 29A). In the cerebellum,
CD64TSPO* was the highest marker in the first Braak group (Braak O-ll: median 0.20%), CD68*TSPO*
is highest in the second Braak group (lll-1V: median 0.19%) and 1bal*TSPO* was highest in the last
Braak group (Braak Ill-1V: median 0.33%) (Figure 29B), but the only significantly increased marker was
in Braak stage V-VI between Ibal*TSPO* (median 0.33%) and MSR-A*TSPO* (median 0.07%) cell count
(P=0.0048) (Figure 29B).

Braak group (microglial marker count): Still classified by Braak stage, but normalised to microglial

marker cell count, the temporal lobe Braak stage 0-11 exhibited the highest cell count for CD68*TSPO*
(median 66.9%) and was significantly increased compared to Ibal*TSPO* (median 2.89%; P=0.0004)
and CD64*TSPO* (median 6.19%; P=0.0013) (Figure 29C). MSR-A*TSPO* (median 24.47%) was
significantly higher than 1bal*TSPO* (median 2.89%; P=0.0251) in Braak O-1l also (Figure 29C). In
Braak stage IlI-1V CD68*TSPO* also had the highest cell count (median 37.43%) and this was
significantly increased compared to Ibal*TSPO* (median 8.09%; P=0.0205) and CD64*TSPO* (median
5.84%; P=0.005) (Figure 29C). MSR-A*TSPO* (median 29.91%) was significantly higher than
CD64*TSPO* here also (median 5.84%; P=0.0166) (Figure 29C). In Braak stage V-VI the highest cell
count was CD68*TSPO* (median 57.99%) as well and this was significantly higher than Ibal*TSPO*
(median 7.21%; P=0.0017), HLA-DR*TSPO* (median 11.44%; P=0.0282) and CD64*TSPO* (median
6.72%; P=0.005) (Figure 29C). In the cerebellum, Braak stage O-Il exhibited CD68*TSPO* the highest
cell count (median 43.17%) and was significantly increased compared to CD64*TSPO* (median 3.86%;
P=0.0007) as well as MSR-A*TSPO* (median 18.33%) being significantly increased against CD64*TSPO*
(median 3.86%; P=0.044) (Figure 29D). Braak stage IlI-IV demonstrated a similar pattern with
CD68'TSPO* cell count being the highest (median 35.71%) and this was significantly increased
compared to HLA-DR*TSPO* (median 8.37%; P=0.0168) and CD64*TSPO* (median 2.48%; P=0.0006)
(Figure 29D). Finally, in Braak stage V-VI, CD68"TSPO* was again the highest cell count (median
24.29%) and was significantly increased compared with CD64*TSPO* (median 4.57%; P=0.0178)
(Figure 29D).
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Figure 29  Comparisons between double labelling cell count of TSPO with Ibal, HLA-DR, CD68, MSR-A and
CD64, normalised to total cell count (%) (A, B) or corresponding microglial marker cell count (%)
(C, D), split by Braak stage, in the temporal lobe (A, C) and cerebellum (B, D). Key represents
microglial marker double labelling with TSPO. Graphs presented as median with interquartile

range.

5.7 CD31and TSPO

CD31, or PECAM-1, is a marker of endothelial cells, present within the walls of the vasculature in the
brain. This marker is involved in endothelial cell junction adhesion (269). TSPO has been suggested
previously to be present in endothelial cells (187) and in order to confirm this, double
immunofluorescence was performed in the temporal lobe and cerebellum (Figure 30). It appeared
that CD31 and TSPO were co-localised to a certain degree, but there was more TSPO present in the
outer blood vessel walls, with CD31 primarily present in the inner luminal area (Figure 30). TSPO
could possibly be labelling the smooth muscle actin (SMA) as well as endothelial cells, however an

antibody stain against SMA would be needed to confirm this.
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Temporal lobe

Cerebellum

Figure 30  Double immunofluorescent staining of CD31 (green) and TSPO (red) in the temporal lobe (A-D)
and cerebellum (E-H). (D,H) are cropped images of (C,G). Counterstain: DAPI (blue). Scale bars =
50um (A-C, E-F)/20um (D,H).

5.8 (CD163 and TSPO

CD163 is a common marker for perivascular macrophages in the brain (270). From the staining
images in Figure 31, there appeared to be very little, if any, TSPO present in perivascular
macrophages (CD163), with the majority of TSPO staining seen in the blood vessel walls and
microglial cells. There seemed to be potential overlap in the CD163" cells proximal to the blood
vessels, however there was very little co-localisation of TSPO with this marker in both brain areas
(Figure 31). There are other macrophage markers such as CD206 that could be used to assess the

presence of TSPO in macrophages also.
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Cerebellum

Figure 31 Double immunofluorescent staining of CD163 (green) and TSPO (red) in the temporal lobe (A-D)
and cerebellum (E-H). (D,H) are cropped images of (C,G). Counterstain: DAPI (blue). Scale bars =
50um (A-C, E-F)/20um (D,H).

5.9 GFAP and TSPO

GFAP is an intermediate filament protein found in the astrocytic cellular cytoskeleton involved in
motility and is upregulated in reactive astrocytes (165). Qualitative assessment of double labelling of
GFAP and TSPO demonstrated very little, if any, TSPO present in GFAP* astrocytes. This was the case
for both the temporal lobe and cerebellum (Figure 32). GFAP in the temporal lobe appeared to be
present as both individual cells and clusters. As this was an AD brain (Braak stage VI), it could be
likely that this was around neuritic plaques (Figure 32). In the cerebellum, the majority of astrocytes
were found in the juncture between the granular and molecular layer (Figure 32), potentially where

dying purkinje cells are located.
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Temporal lobe

Cerebellum

Figure 32  Double immunofluorescent staining of GFAP (green) and TSPO (red) in the temporal lobe (A-D)
and cerebellum (E-H). (D,H) are cropped images of (C,G). Counterstain: DAPI (blue). Scale bars =
50um (A-C, E-F)/20um (D,H).

5.10 Chapter discussion

The results from this chapter demonstrate interesting revelations about microglial cell changes and
their relation to TSPO expression also. Cell count analysis was chosen to assess the number of cells
which were TSPO* rather than TSPO expression levels due to the nature of several of the microglial
markers used. As TSPO is present within the mitochondria, there may not have been exact co-
localisation with other markers, which were expressed in different areas of the cell, making double
labelling protein load difficult to assess. Cell counts were deemed more appropriate because within
one cell it could be established if both TSPO and the corresponding microglial marker were present
or absent. Also, TSPO expression load was previously shown in Chapter 4. The method of analysis
was performed in two ways to create a robust and well-rounded understanding of the changes that
occurred in the cohort. One way sought to compare the cell counts (single and double) against total
cells counted (DAPI). This gave an overall examination of the microglial environment and provided
guantitative description of possible changes in cell number. The other form of analysis allowed for
comparisons of the double label cell count against the corresponding microglial marker count, which
was more reflective of the association between TSPO and each of the microglial markers. From this
analysis it was clear to see the percentage of double labelled cells that related to the microglial
marker, indicating a potential functional association for TSPO. It is important to consider the

implications of both sets of data, which will be discussed below.
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5.10.1 Microglial markers in relation to TSPO

As TSPO is commonly used in AD PET studies of neuroinflammation and it is imperative to
understand what this ligand is presenting in terms of microglial phenotype. It has been shown
previously, that within the brain, microglia can exhibit many different phenotypes/genotypes and
that several subpopulations can co-exist (107, 271, 272). In disease, namely neurodegeneration,
some of these subpopulations are DAMs which exhibit specific disease associated traits (107, 272),
although this has mostly been shown in animal models. Therefore, recognizing the type of microglia
TSPO identifies, whether this is specific or an array of phenotypes, could provide a better

understanding of neuroinflammation in human AD.

The data from this thesis examining the co-localisation of TSPO with known microglial markers: Ibal,
HLA-DR, CD68, MSR-A and CD64 provides unique information in exploring the microglial TSPO profile
in AD. The TSPO* cell count exhibited no change across the course of the disease for any of the
double labelling data in either the temporal lobe or cerebellum. In conjunction with the protein load
data from Section 4.2.1, where TSPO expression increased in the temporal lobe (Figure 14), this may
indicate that TSPO is not necessarily associated with cell number, but rather each microglial cell may
express more TSPO when they become reactive, as some of the literature would suggest (273). One
study by Nutma and colleagues found that in the MS brain, the expression of TSPO per cell did not
change between chronic lesions and normal appearing white matter, with the authors conclusion
indicating that the increased TSPO in the disease is due to increased number of microglial cells (274).
This is contradictory to the data found in this thesis, which may indicate that there could be different
microglial profiles associated with different diseases based on brain environment as MS is an
autoimmune disease. The same group have also examined TSPO in both mouse models and human
AD. It was found that TSPO* cell number did not differ between AD and control hippocampal areas in
human AD, as well as TSPO expression per cell not changing either (192). This partly confirmed in this
thesis, with no change in TSPO* cell number across the Braak stages (Sections 5.1-5.5), however, an
increase in TSPO protein load was observed (Figure 14), which is a proxy for levels of TSPO
expression. An interesting observation Nutma et al made showed that TSPO expression did not
change in Ibal® microglia that were close to amyloid plaques or neurofibrillary tangles (NFTs) (192).
The association between TSPO and pTau found in this thesis, presented in Section 4.3, refutes this,
but without more study of the relationship between TSPO and tau, this cannot be confirmed or
denied. Nutma et al had a relatively small sample size of five control and five AD cases, which could
be a limitation of the study (192). It is also important to note that when examining images in this
thesis, clustering of several of the microglial markers (including Ibal, HLA-DR and MSR-A) can be

observed, however, this is not seen in the TSPO staining. This may be due to the nature of the TSPO
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staining being punctate and therefore it is difficult to see clustering. Furthermore, from qualitative

observation of the pathology, TSPO expression was not observed in neurons or dendritic cells.

All double staining (%) was significantly higher in the temporal lobe than the cerebellum, when
normalised to total cells (Figure 27). This could be due to the temporal lobe having a higher number
of microglia in total (275), and with this region being more pathologically affected by the disease and
may therefore require, or as a consequence has, more microglial reactivity. Furthermore, it is clear
from the data that each marker is not 100% TSPO* (Figure 28 and Figure 29), meaning that while one
marker might be more related than the others, there is no one specific microglial phenotype fully
associated with TSPO. This is an interesting revelation as much of the literature suggests that TSPO is
highly expressed by microglia. However, an explanation for this could be that the cells that are not

TSPO* are not as reactive as the ones that are TSPO*.

Ibal and TSPO: For the Ibal*TSPO* staining, there was partial overlap of double labelling with these
markers in both brain regions (Figure 17and Figure 18). This is supported by the evidence for an
association of TSPO and Ibal in human post-mortem AD tissue (187). It has been found that TSPO
substantially overlaps with Ibal, with co-localisation particularly seen in the microglial processes
(187). From the staining performed in this thesis, the qualitative images in Figure 17 showed a similar
staining pattern with TSPO present in the processes. Although, there appeared to be some TSPO
present in the cell soma as well (Figure 17), which is something Gui and colleagues did not observe
(187). However, as the Ibal*TSPO* cell count didn’t reach 100% when normalised to microglial
marker (Figure 17 and Figure 18), it can be concluded that not every Ibal* cell was also TSPO* in
either the temporal lobe or cerebellum. Interestingly, the Ibal*TSPO* cell count data shows a
significant increase in the cerebellum (Figure 18), corroborating with the protein load increase in this
region described in Section 4.2.2 (Figure 15). It is debated whether the number of cells changes in
AD, however, the data here indicates that microglial cell number does not substantially change in AD.
One study using Ibal as a marker of general microglia found that markers of reactivity increased but
Ibal remained consistent over the course of AD (239). In line with data from Section 4.2.2, which
showed an increase in cerebellar Ibal load, there is significantly more Ibal*TSPO* in the cerebellum
than the temporal lobe when normalised to Ibal* (Figure 27). This could indicate that while TSPO
may not be specifically related to Ibal, there is an association, which appears to be stronger in the

cerebellum then in the temporal lobe.

HLA-DR and TSPO: HLA-DR* cells have been shown to increase over the course of AD in other

literature. A meta-analysis of post-mortem AD cases using microglial markers show consistent
increases of HLA-DR in AD compared to controls (120). However, this thesis showed no increase in

HLA-DR* cell number in the temporal lobe, which is in keeping with data from Section 4.2.3. It has
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been seen in previous studies that HLA-DR* cell number does not change over the course of AD in the
temporal lobe (239), but there was an increase in the number of cells positive for this marker
compared to controls (239). Another study examining cell number proved that there was no
significant difference between HLA-DR* cell number in the cortex or cerebellum (276), which this
thesis confirms (Figure 27), with no change in HLA-DR* cell number (Figure 20). Thus, maintaining
consistency with data from Section 4.2.3 displaying no difference in protein load of HLA-DR in either
brain region. Examining HLA-DR in the cerebellum, one study observed that the number of HLA-DR
clusters was significantly lower in the cerebellum than in areas such as the frontal, parietal and
occipital lobes in human AD cases (277). From examination of the images in this thesis, HLA-DR did
appear to cluster in the later Braak stages of AD in the temporal lobe (Figure 19) but this was not
seen in the cerebellum (Figure 20). This is supported by the presence of reactive microglia in neuritic
plagues in the cortex but not the cerebellum (153). Not much substantial research has been
conducted into the relationship between HLA-DR and TSPO in AD. However, this has been observed
in MS. Using human post-mortem MS tissue, a 20-fold increase of co-localised TSPO and HLA-DR
antibodies was seen in active MS lesions compared to normal white matter (204). However, as
mentioned previously, MS has autoimmune components which could explain the increase in double
labelling seen in the study. The data in this thesis showed low numbers of HLA-DR*TSPO* cells in both
brain regions and no change over the course of the disease (Figure 19 and Figure 20), indicating that
HLA-DR and TSPO may not be highly associated in AD. More research needs to be conducted in AD
and other neurodegenerative diseases to be provide a conclusive result on the association of HLA-DR
and TSPO. The number of HLA-DR*TSPO* cells does not significantly differ between the temporal lobe
or cerebellum when normalised to HLA-DR* cell count (Figure 27). This is interesting as HLA-DR is
thought of as a reactive marker and to increase in areas affected by AD, however some studies have
not seen any change in number of HLA-DR* microglia between these areas (276), supporting the

finding in this thesis.

CD68 and TSPO: The number of CD68* or CD68'TSPO* cells did not increase over the course of AD in
either the temporal lobe or cerebellum (Figure 21 and Figure 22). This marker has been seen to
increase in AD (115) and is associated with cognitive decline and microglial phagocytosis (115, 118).
However, most of this research has been done by protein expression rather than using cell counts.
One explanation for the result in this thesis could indicate CD68"* cell count may not be altered in
disease, but the markers expression per cell could be increased. While CD68*TSPO* cell count did not
change over the course of the disease in this thesis, co-localisation was observed (Figure 21 and
Figure 22). Gui et al has qualitatively demonstrated the association of CD68 and TSPO in human AD
tissue using similar techniques to this thesis, where it was shown that both of these markers were

present within the same microglial cell (187). However, this assessment did not quantify the level of
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this association. Further examining the relationship between CD68* microglia and TSPO in AD one
study, using the autoradiography technique, found binding of the TSPO radioligand was more highly
expressed in CD68* microglia compared to GFAP* astrocytes (278). In a study examining MS, CD68
was highly associated with TSPO in chronic active lesions (274), supporting the association between
these two markers in another disease also. As with the other markers, not every CD68" cell was also
TSPO*, which suggests that, while TSPO may not be fully representative of just one microglial type, it
still could be related more to one functional subpopulation than others. Notably, there is no
difference between CD68*TSPO* cell number in the temporal lobe and cerebellum, when normalised
to CD68" cells (Figure 27). This is interesting due to the temporal lobe consisting of more reactive
microglia and higher levels of TSPO seen from data in this thesis (Chapter 4). As CD68 is typically a
marker for reactive microglial cells, it would be expected that there would be higher numbers here in
the temporal lobe. However, this may further corroborate that there is not a change in microglial cell
number but instead their expression levels of particular markers depending on functional

requirements.

MSR-A and TSPO: There was no change in cell number for MSR-A*, or MSR-A*TSPO" cells over the

course of disease in either the temporal lobe or cerebellum (Figure 23 and Figure 24). MSR-A is
linked to scavenging functions in microglia, specifically phagocytosis of AB (122, 170), but is not
typically expressed by cells at high levels unless a severe immune response occurs. Co-localisation
was seen between TSPO and MSR-A (Figure 23 and Figure 24) but as with all the markers tested
there was not a complete overlap between these. Little research has been conducted into the
relationship between MSR-A and TSPO. However, MSR-A has been seen to be positively associated
with presence of dementia (115), indicating this marker could have a role in the onset of AD or
participate in late stage disease progression. There was clustering of MSR-A* microglia, particularly in
the temporal lobe, (Figure 23) which is consistent with the wider literature (123). This could indicate
clearance of, or reaction to, AB in this brain region, as is typical of MSR-A* microglia associated with
neuritic plaques in AD (115), but this would need to be confirmed with an amyloid stain. The double
labelling of MSR-A and TSPO was observed to be higher in the pathological temporal lobe compared
to the cerebellum (Figure 27), which could confirm that MSR-A is related to a more reactive

microglial phenotype.

CD64 and TSPO: Across the course of the disease, there was no change in number of CD64" cells or
CD64*TSPO* cells in either the temporal lobe or cerebellum (Figure 25 and Figure 26). CD64 is
involved in immune signalling as it is part of the FcyR family (127). As with MSR-A, this marker has
been found to associate with impaired cognitive function in AD (115) and its gene expression to be
upregulated in both ageing and AD (248). It could be theorised that as CD64 is increased in AD (118),

and TSPO is thought to be associated with a reactive microglial phenotype, there could be a
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relationship between the two markers. This was not seen across the course of the disease, however,
there was a significant increase in CD64'TSPO" cells in the temporal lobe compared to the cerebellum
(Figure 27), which could indicate the double labelling of these markers were related to the area with
higher pathology. Clustering of CD64" microglia can been seen and these clusters appeared to have a
higher presence of TSPO (Figure 25 and Figure 26), which is not something particularly observed for

the other markers that exhibit clustering behaviour.

Marker comparisons: When normalised to total cells, the temporal lobe exhibited higher levels of

double labelling than the cerebellum for all of the markers (Figure 27 and Figure 28) This could be
expected as this region is related to higher AD pathology and therefore would exhibit a more reactive
microglial phenotype. Including the whole cohort, the highest cell count when comparing each set of
double staining was CD68*TSPO*, both when normalised to total cells and corresponding microglial
marker, in both brain regions (Figure 28). As mentioned, CD68 is associated with phagocytosis in
microglial cells (118), meaning that TSPO may be more associated with this phenotypic subset than
others. There is a plethora of evidence to support TSPO’s association with CD68 in the literature
using various techniques. One paper found a correlation between TSPO and CD68 expression in
human AD hippocampal tissue (192). Using flow cytometry techniques on murine cells, it was found
that AB* microglia were associated with not just TSPO but CD68 also (161). CD68
immunofluorescence has shown to co-localise with TSPO in both mouse and human brains (279) as
well as in autoradiography data showing overlap with TSPO and CD68 in human AD tissue (278).
These data add to the implication that TSPO is specifically associated with a phagocytic phenotype
(CD68). Considering the data normalised to microglial cells, the second highest cell count was MSR-
A*TSPO" in the temporal lobe and cerebellum (Figure 28). MSR-A is primarily associated with
scavenging (122), again relating TSPO to a phenotype which is involved in ridding the brain of foreign
entities. This finding further validates the association previously found in this thesis between TSPO
and MSR-A protein loads (Section 4.3), providing substantial evidence that TSPO is related to this
microglial phenotype. Both MSR-A and CD68 are classified as reactive markers and upregulated in
disease (115), lending support for TSPO being associated with reactive cells of the

phagocytic/scavenging phenotype.

When separated by Braak stage, in the temporal lobe CD68*TSPO* double labelling was again the
highest in every group apart from the Braak group V-VI normalised to total cells, for which
CD64*TSPO* cell count was the highest (Figure 29). Separating the analysis by Braak stage allows
conception of the changes throughout the course of AD, which has shown that CD68*TSPQO* is
consistently the highest set of double labelling compared to the other markers, regardless of disease
stage. No other study, to the knowledge of the author, has conducted quantification of these

markers over the course of AD. It is known that TSPO expression levels increase over the course of
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the disease (12, 13), meaning that the increase seen in CD68*TSPO*cells compared to other markers
may not be due to an increase in microglial cell number but an increase in TSPO expression per cell,
and in particular cells that are CD68". Research suggests that microglial cell count remains stable
during ageing and AD due to synchronised proliferation and apoptosis (94), which was corroborated
by no change in the microglial cell number across the Braak stages for any marker in this thesis. In
the cerebellum, there is a similar profile when normalised to corresponding microglial marker, with
CD68TSPO* cell count being the most increased in each of the Braak stages (Figure 29). This could
further confirm that the association of TSPO with a phagocytic phenotype is not related to disease
stage in this area, and that this association is not necessarily dependant on brain region either. This is
of interest as data from Chapter 4 shows that the cerebellum exhibits a homeostatic
neuroinflammatory nature, whereas CD68 is typically a marker of reactive microglia. However, while
CD68*TSPO* cell count was the highest set of double labelling in the cerebellum, the number of
CD68'TSPO* cells were lower in this region compared to the temporal lobe (Figure 27). This could
imply that even with the double labelling of CD68 and TSPO being lower in the cerebellum this

marker is still most related to TSPO, hence this association being independent of brain region.

5.10.2 Other CNS cell types in relation to TSPO

CD31 and TSPO: Endothelial cells are highly TSPO positive. This could be due to their shared
developmental origin arising from the mesoderm (179). It is well established that endothelial cells
express TSPO* mitochondria (187, 267). However, from the images in Figure 30, it could be suggested
that there is more TSPO than CD31 staining and while there is some overlap in the staining, there is
another cell type within the blood vessel walls that is expressing TSPO. It was postulated that this
may be SMA cells expressing TSPO, which has been shown in other literature (187). Some data
reports endothelial cells contribute to the baseline TSPO signal but not to the increase seen in this
receptor during inflammation (280). Fluorescent activated cell sorting (FACS) on radioligand treated
tissue demonstrated that injection of LPS in a mouse model increased the levels of TSPO in microglial
cells and not astrocytes, endothelial cells or neurons (280). This may suggest that the increased
binding signal seen for TSPO PET scans throughout the progression of neurodegenerative disease, in
particular AD, is not due to endothelial cell contribution and still provides robust data for microglial

reactivity.

CD163 and TSPO: Perivascular macrophages develop from the same lineage as microglia, originating

from the yolk sac (281), therefore it would be prudent to assume these cells would also express
TSPO. However, this did not seem to be the case from the double staining of CD163 and TSPO, which
exhibited very little, if any, co-localisation of these markers (Figure 31). Other research has shown

presence of TSPO* perivascular macrophages in diseases such as HIV, MS and AD (190); and
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monocyte derived macrophages in a rat model of neuroinflammation (282). However, these studies

used Ibal as a marker for macrophages, not the specific macrophage marker CD163.

GFAP and TSPO: The presence of TSPO in GFAP* astrocytes is highly debated and not consistently

observed. In this thesis it appeared that there was very little, if any, TSPO present in GFAP* astrocytes
from observation of the qualitative data (Figure 32). Some of the literature has shown TSPO
expression in astrocytes (187, 283), which is not something seen in this thesis. One study
demonstrated an equal RNA expression level of TSPO in human astrocytes as in endothelial cells
(195). However, other studies have performed double immunofluorescence of TSPO and GFAP in
both murine models of AD (279) and human AD (190) with very little co-localisation of these markers
observed. It may be that there are very low levels of TSPO present in astrocytes, which could be
confirmed with a molecular assay such as an ELISA to measure absolute protein levels, and that the
TSPO protein expressed in these cells is too low to be picked up by fluorescent microscopy. Another
possibility to test the presence of TSPO in astrocytes could have been to use another astrocytic
marker, such as ALDH1L1, which is thought to recognise all cells rather than purely reactive
astrocytes. However, this qualitative data provides evidence for the TSPO marker remaining more
appropriate for microglial cells and confirming TSPO PET scans results are primarily representative of

microglia.

5.11 Chapter conclusion

It appears that no microglial marker was 100% positive for TSPO, which is a fascinating and novel
finding, contributing to aim iii. The developmental lineage of the cell type may account for the
presence of TSPO, as microglia, endothelial cells and smooth muscle cells all derive from the
mesoderm, whereas neurons, astrocytes and dendritic cells develop from the neuroectoderm and
did not appear to express TSPO (aim iv). TSPO presence is found most highly expressed in
phagocytic/scavenging cells (CD68*, MSR-A*), which could be related to a reactive/disease associated
phenotype, further supporting the results from Chapter 4, however this characteristic does not

appear to be affected by brain region or disease stage (aim iii).
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Chapter 6 Can a Fluorescently Labelled TSPO PET Ligand

be used on post-mortem Tissue?

The rational for this chapter stands to compare the immunolabelling of the TSPO antibody with a
fluorescently conjugated TSPO PET ligand. Using the ligand in post-mortem tissue could give a better
understanding of the radiotracers use in PET scans in vivo, to provide information on which type of
cells the ligand binds to and the localisation of this binding. Currently, TSPO PET radiotracers are used
to classify general ‘neuroinflammation’ without detailed knowledge of which function/phenotype of
microglial cells express this (12, 13, 267). The work done in Chapter 5 aims to elucidate which
microglial phenotype is associated with increased TSPO expression in AD, but the direct use of a
TSPO ligand would give clinical relevancy to this study. For that reason, a fluorescently conjugated

DPA-714 ligand was tested in human post-mortem tissue (aim v).

6.1 Optimisation

6.1.1 FFPE tissue

The DPA-714 ligand, supplied by Ambinter®, used in this project had a conjugated fluorescein
isothiocyanate (FITC) fluorophore attached (Amb37787199). This was suggested by Ambinter® to be
soluble up to 20uM in 25mM PBS buffer. The ligand solution was tested on human post-mortem FFPE
tissue at a 20uM concentration and also at a diluted 1uM, 2nM, 1nM, 0.5nM and 0.1nM
concentrations (Figure 33). Previous literature used a 0.1nM concentration on rat tissue (284). All
images were taken on the Leica TCS-SP8/SP5 laser scanning confocal microscope at X40
maghnification. The 20uM and 1uM test appeared to be too high a concentration (Figure 33A, B) and
the 0.1nM test exhibited no staining, so was thought to be too low (Figure 33D, E, F). Initially, no pre-
treatment was used to retrieve antigens or blocking step to prevent endogenous protein binding, but
the tissue was still dewaxed prior to incubation in the ligand solution. Then different antigen retrieval
methods were tested using citrate (pH6) or EDTA (pH8) buffer both with and without BSA. The use of
EDTA and BSA appeared to decrease the background and thus were used subsequently (Figure 33l).

Also, 1% Sudan black was applied to suppress autofluorescence in the tissue. It has been postulated
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that Sudan black can supress staining signal, therefore a test was performed with a lower
concentration of 0.3% Sudan black and also without any autofluorescence quencher (Figure 33 and
Figure 34). Comparing the staining of 1nM DPA-714 to a negative control, both in the absence of
Sudan black, displayed the presence of lipofuscins and no apparent staining (Figure 34A, C), making it
clear that Sudan black was necessary. The ligand was also tested on a positive control tonsil tissue
that contained macrophages. This was applied at 0.5nM, 1nM and 2nM which yielded potential
staining in the 0.5nM and 2nM concentrations(Figure 33J, K, L). The same conditions were also
validated in AD brain tissue, and it could be said possible staining was seen in the 2nM concentration,
primarily in the blood vessels, which may be perivascular macrophages or endothelial cells (Figure
330). However, the appearance of signal did not exhibit the same extensive parenchymal staining as
the TSPO antibody (ab109497) (Section 4.2.1 and Chapter 5), and it is therefore uncertain whether

the fluorescent signal observed with the TSPO PET ligand is reliable and/or specific.

A protocol that effectively produced a reliable and specific fluorescent signal by the fluorescent DPA-
714 ligand could not be established in the FFPE tissue, with many parameters tested (Figure 33 and
Figure 34). This could be due to several reasons discussed further in Section 6.2, including the

formalin fixation process interfering with ligand binding.
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Figure 33  Parameters tested for fluorescently conjugated DPA-714 ligand on FFPE post-mortem tissue. (A-

oE|g Uepns %¢°0

D) no BSA blocking medium step. (G-0) BSA blocking medium step. (A-1) 1% Sudan black applied.
(J-0) 0.3% Sudan black applied as an autofluorescence quencher. Other parameters, such as

antigen retrieval buffer (no PT = no pre-treatment, Citrate or EDTA) and ligand concentration
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(0.1nM-20uM), are indicated on the image. Images taken at 40X magnification. Counterstain:

DAPI (blue). Scale bar = 50um.

No Sudan Black 0.3% Sudan Black

.
.

Figure 34  Negative control with (B) and without (A) 0.3% Sudan black compared to 1nM DPA-714

Negative Control

1nM DPA714

concentration with (D) and without (C) 0.3% Sudan black on FFPE post-mortem tissue. Images

taken at 40X magnification. Counterstain: DAPI (blue). Scale bar = 50um.

6.1.2 Frozen tissue

As the FFPE tissue did not appear to produce consistent staining, it was thought that frozen human
post-mortem tissue could negate the possible formalin fixation problem, so this tissue was tested
with the fluorescently conjugated DPA-714 ligand. As with the FFPE tissue, images were taken on the
Leica TCS-SP8/SP5 laser scanning confocal microscope at X40 magnification. Assessments were
conducted on cerebellum tissue initially, using 1nM concentration of the ligand (Figure 35A-D).
Fixation was performed with acetone instead of formalin and therefore no cross-linking bonds were
formed, potentially blocking the binding of the ligand. Testing was first conducted without Sudan
black, and it was found that background autofluorescence and lipofuscins were present in both the

negative control and stained tissue, making it impossible to identify specific staining (Figure 35A, B).
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With 0.3% Sudan black, staining did appear in the cerebellum cases tested, at Braak stage 0 and
Braak stage VI (Figure 35C, D). The same experiment was repeated in the temporal lobe, using same
parameters, and possible staining was detected (Figure 35E, F). However, it was scarce, compared to
the staining by the antibody (Figure 35G, H). Also, the quality of the tissue was poor as it was cut
from a small cylindrical section of tissue which was primarily obtained for molecular assays. To
ensure there was TSPO present in the samples and that frozen tissue was appropriate for this use,
immunofluorescent staining with the already optimised TSPO antibody (ab109497) was performed.
From the images in Figure 35G, H, TSPO staining with the antibody showed higher expression than
the possible staining of the ligand, indicating again that the ligand staining might not have been

optimal.
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Figure 35 Parameters tested for fluorescently conjugated DPA-714 ligand (green) and TSPO antibody
(ab109497) (red) on frozen post-mortem tissue. (A,B) no Sudan black. (C-H) 0.3% Sudan black
applied and 1nM concentration of DPA-714 (C-F) or the TSPO antibody (G,H). Other parameters
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indicated on image (Braak stage and brain region: TL = temporal lobe, Cb = cerebellum). Images

taken at 40X magnification. Counterstain: DAPI (blue). Scale bar = 50um.

6.2 Chapter discussion

The development of this novel methodology would have given clinical relevance to the project and
allowed for direct comparison of the TSPO antibody with the fluorescent ligand. This would have
ensured the cellular localisation of the antibody was the same as the ligand and provided
confirmation of the immunofluorescent staining results. There have been fluorescent TSPO probes
developed (285), however, as mentioned, this application of these to human post-mortem tissue had
not been conducted as of the writing of this thesis. One study applied three different synthesized
TSPO ligands, conjugated with fluorescent probes (including FITC), to brain tissue from Wistar rats
(284). The brains had either been injected with LPS to chemically injure the tissue and create an
immune response or were control brains. It was found that in the injured brains, but not the control
brains, TSPO* staining was present in activated microglia, which were identified with isolectin B4
(284). Based on the type of injury, this suggests that a high microglial response might be needed to
upregulate TSPO at a level for the fluorescently conjugated ligand to bind and produce a signal.
Microglial response is a key hallmark of AD; therefore, it would be expected that the ligand would
produce staining in the AD cohort used in this thesis, which was not the case. Fluorescent TSPO
probes have been applied to cell culture (immunocytochemistry) with success (284, 286), indicating
that this may be a better way to visualise TSPO than in FFPE tissue. There are possibilities as to why

the ligand did not work in the human post-mortem tissue which will be discussed here.

The fluorescently conjugated DPA-714 ligand may not be appropriate for use on human FFPE post-
mortem tissue due to a myriad of reasons, one being that the formalin fixation may impact the
binding ability of the ligand as this alters the tissue state. The cross linking bonds created by formalin
fixation (287) may have hindered the ligand from binding, potentially blocking binding sites. It could
also be that the ligand does not bind in the same way as the antibody and therefore cannot bind
effectively to this type of tissue. In the literature, the TSPO radioligands bind amino acid residues
across all five a-helices of the protein, including lysine and arginine residues (184), which are affected
by formaldehyde fixation (287). Whereas the TSPO antibody binds within residues 76-169 (supplied
from Abcam). The potential difference between binding of these entities, and the effect of

formaldehyde fixation, could give rise to complications when applying the ligand to the tissue.

When TSPO ligands have been applied to post-mortem tissue, it has often been in radioactive form

and required the use of autoradiography to visualise the presence of the protein in the tissue (206).
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This is a well-established protocol; however, it utilises radioactive components which are difficult to
use and necessitates specific safety procedures in place. Consequently, using a fluorescently tagged

ligand would be beneficial as these safety procedures would not be needed.

Lastly, the addition of the FITC fluorophore could have impacted the binding ability of the ligand to
the tissue. FITC has a molecular weight of ~400 g/mol, making it a fairly small fluorophore when
compared to another commonly used fluorophore, GFP which has a molecular weight of ~27,000
g/mol (288). Being a small molecule, it would be unlikely that FITC would interfere with binding of
the ligand however, it is not out of the question. FITC is also sensitive to pH with a pH8 being optimal
for this fluorophore (289). Citrate (pH6) and EDTA (pH8) were tested (Figure 33) and neither

produced substantial staining on with the ligand.

There may be a possibility that the compound was not manufactured correctly and therefore would
not be applicable/bind to the correct protein in the tissue. Unfortunately, there was no time to test
the compound using facilities at the disposal of the author of this thesis. Therefore, the compound
was sent to a collaborator (Michel Bottlaender) to assess the molecular composition of the ligand
using mass spectroscopy, nuclear magnetic resonance (NMR) spectroscopy and further
immunostaining techniques. The mass spectroscopy demonstrated the molecular weight is 869,04

g/mol, as expected.

6.3 Chapter conclusion

In this chapter, the fluorescently conjugated DPA-714 ligand was tested on human post-mortem
tissue. Unfortunately, this method proved unsuccessful, and no adequate or reliable staining was
produced. This may be due to a variety of reasons including inability to bind to this tissue type,
fluorophore binding interference and variances in TSPO binding sites. Therefore, aim v cannot be

confirmed. With more time, reliable staining might have been established.
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Chapter 7 General Discussion and Conclusions

Microglia are a fairly well characterised immune cell of the brain, however there are still gaps in our
knowledge about their function and phenotype, particularly in neurodegenerative disease. There is
much evidence to support their role in diseases such as AD, therefore it is vital to understand more
about the pathophysiological mechanisms they contribute to, which may lead to improved diagnosis

and potential therapeutic targets.

Using PET scans to observe neuroinflammation are a promising way of examining the microglial
contribution in AD, however, many of the radioligands used are not fully understood. For example,
TSPO is the most commonly used tracer for neuroinflammation as it highlights ‘activated microglia’
and is seen to be increased in AD (13). Microglia are highly dynamic and perform many functions, so
the statement ‘activated’ is not specific and can lead to an inaccurate interpretation of scan results.
Therefore, understanding the exact microglial phenotype associated with TSPO can aid clinicians’
interpretation of diagnostic results. This thesis has contributed to elucidating this question, by
characterising which functional marker TSPO is most related to (one or multiple), over the course of
AD using Braak staging as a marker of disease progression in two brains regions. The
neuroinflammatory environments of these brain regions were also assessed to gain insight into the

neuroimmune environment and how microglia respond at different stages of AD.

The way the study was conducted used established methods of immunostaining and subsequent
analysis which provided good evidence for protein expression changes in the tissue. The detailed
assessment of cell quantification proved an accurate and unbiased way of determining the
relationship between TSPO and other markers. A strength of the study was the large sample size of
good quality human post-mortem cases with a plethora of histological, pathological and genetic
information provided by the SWDBB. A limitation of using post-mortem tissue is it provides
information from one time point and could be considered undynamic. There also had to be care
when selecting cases to ensure sex, age, co-morbidities, post-mortem delay and time in fixative is
controlled for (290), which was done in the cohort used in this thesis. Another potential pitfall in the
methodology of this thesis was the assumption that Braak staging gave an absolute measure of
disease progression. While Braak staging is a well characterised and widely used method of
characterising AD development, a small proportion of the cases used in this project had confounding
Braak stages compared to their clinical diagnosis. For example, a Braak stage Il case could either be
classed as AD or control. However, for that reason, separating the cases by Braak staging, rather than

clinical diagnosis, was chosen as it was a more quantifiable and robust approach to measuring AD
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stage via tau tangles throughout the brain (10). Regarding the data analysis methods, both the
protein load and fluorescent cell count analysis were reproducible and gave accurate results. A
constraint of these analyses could lie in the thresholding of images. To keep the data comparable,
the same threshold was used for all cases in each set of staining. However, this meant that some
cases would not have the optimal threshold. To overcome this with the best accuracy possible, an
average threshold was identified using several cases with high and low staining levels. Furthermore,
it was noted that the TSPO protein load increase seen in the temporal lobe may have had
contribution from endothelial cells. However, when observing the images, TSPO present in the blood
vessels did not appear to change in intensity or number (although these were not directly analysed),
whereas TSPO in the parenchyma increased. Allowing for the assumption that the increase seen in
TSPO protein load comes primarily from microglia. Despite the possible limitations of this study, the
immunohistochemistry techniques used provided reliable evidence about the neuroinflammatory

changes seen in the brain during disease.

In quantifying the TSPO antibody, via protein load and cell counts, this study gains novelty as this
type of quantitative analysis has not been done before. If the TSPO ligand had worked on post-
mortem tissue this would have also provided insightful knowledge due to its clinical relevance.
Furthermore, while the microglial markers used are all well established and have associated
functions when these are upregulated in cells, it cannot be stated that each of these markers 100%
recapitulates each function. For example, while CD68 expression is increased on phagocytic cells
(115), there will also be other markers expressed by the microglia. This is why it was ensured that
suggestions were made rather than absolute conclusions when regarding TSPQO’s association with
each of the markers. Morphology can also be a proxy for functionality in microglia, with ramified cells
conducive to motility and homeostasis, and amoeboid cells recapitulating reactivity (240). However,
this is also not an exact measure for function and was only qualitatively assessed, not examined in

detail in this thesis.

While the aims of this project have been addressed, more questions could be raised from the results
found, as is the way with research. The use of autoradiography to examine the presence of TSPO in
the cohort via radiotracers may have given a clinical insight, in light of the unsuccessful use of the
conjugated TSPO ligand. Autoradiography is an in vitro x-ray imaging technique which can be
quantified showing the density of binding sites, which would show the amount of TSPO expression in
the tissue (291). However, the equipment needed for this technique was not available and it may not
have been achievable to learn, optimise and perform in the timeframe of the project. Another
question raised was how TSPO interacts with AB and pTau. The association found between pTau and
TSPO in the temporal lobe provided evidence for this pathological protein to be a possible driver of

increased microglial TSPO expression in AD. However, without quantitative staining this could not be
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confirmed. Therefore, future work to examine the double labelling of TSPO with A and pTau would
provide comprehension of this. There is other evidence in the literature for an association between
TSPO and tau progression in AD (147, 245), and there is also evidence for the association of certain
microglial markers (MSR-A) and AR (115, 209), therefore further experimentation could clarify the

association of TSPO with these pathological proteins.

Overall, the aims of the project have been addressed by showing increased TSPO over the course of
AD in the temporal lobe, and this protein could be associated with a phagocytic microglial function in
both the temporal lobe and cerebellum (Figure 36). This partially confirmed the hypothesis of this
thesis by indicating TSPO is related to a specific microglial phenotype, however, rejects the second
part of the hypothesis by finding this characteristic was not affected by brain region or disease stage,
regardless of the overall increase in TSPO load in the pathologically affected temporal lobe.
Furthermore, the cerebellum presented a more homeostatic neuroinflammatory profile, similar to
that of early AD in other cortical areas, with lower and stable TSPO levels (Figure 36), confirming this
area’s use as a pseudo-reference region for TSPO PET scans. The findings from this project can help
clarify the microglial profile present over the course of human Alzheimer’s disease and give rise to a
better understanding of microglia’s neuroinflammatory role in the disease, with particular attention

in regard to TSPO and the clinical implications this has.

Increased TSPO i T Stable TSPO

Increased AB

~ Increased Iba1l
and pTau —

Highest cell count =
CD68*TSPO*

Figure 36  Thesis summary figure depicting increased protein load for TSPO, AB and pTau in the temporal
lobe (TL), stable TSPO protein load and increased Ibal load in the cerebellum (Cb) across the
course of the disease (Braak stages). Also, the highest number of TSPO* double labelled cells was

with CD68* cells in both brain regions and in all Braak stages. Created with BioRender.com.
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Appendix A

Supplementary Data

Table Al Correlations between post-mortem delay and microglial markers (DAB data) in temporal lobe and
cerebellum
Marker rs value P value
AB -0.165 0.215
S pTau 0.223 0.098
3 TSPO -0.093 0.485
o
§ lbal -0.076 0.570
QL HLA-DR 0.155 0.267
MSR-A 0.060 0.649
AB -0.063 0.643
g pTau -0.250 0.063
S TSPO -0.085 0.533
3 Ibal -0.119 0.383
(\J}
© HLA-DR 0.123 0.372
MSR-A 0.009 0.946
rs Spearman’s rank correlation, significant P values are in bold (**<0.01)
A 154 B o c D2 _ E F
'gi A ;2 %”37 insf R %)U,
’ Male Female ! Male Female " Male Female - Male Female o Male Female . Male Female
G H . J K L
\f_gcz T éw T EDS, —‘7 !izm T Em énm
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3 8 o a 3 z H
o Male Female o Male Female o Male Female o Male Female . Male Female e Male Female
Figure A1  Sex differences for pan-Ap (A, G), pTau (B, H), Ibal (C, 1), TSPO (D, J), HLA-DR (E, K) and MSR-A (F,

L) in the temporal lobe (A-F) and in the cerebellum (G-L) (DAB data). Graphs presented as median

with range.
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Table A2 QuPath threshold information for positive cell counts of Ibal (FITC) and TSPO (CY3)
Temporal DAPI+FITC | DAPI+CY3 | FITC+CY3 |Cerebellum | DAPI+FITC | DAPI+CY3 | FITC+CY3
Background 3um 3um 3um Background 3um 3um 3um
radius radius
Min area 10pm? 10pm? 10pm? | Min area 10pm? 10pm? 10pm?
Max area 100um? 100um? 100um? |Max area 100um? 100pm? 32um?2
DAPI 80 80 250 DAPI 80 80 200
threshold threshold
Cell lpum 2pum 3um Cell lpum 2um 3um
expansion expansion
Threshold +1 250 300 300 Threshold +1 200 1000 1000

Table A3 QuPath threshold information for positive cell counts of HLA-DR (FITC) and TSPO (CY3)
Temporal DAPI+FITC | DAPI+CY3 | FITC+CY3 |Cerebellum | DAPI+FITC | DAPI+CY3 | FITC+CY3
Background 3um 3um S5um Background 3um 3um S5um?
radius radius
Min area 10pm? 10pm? 10pm? | Min area 10pm? 10pm? 10pm?
Max area 100um? 100um? 100um? |Max area 100um? 100pm? 100um?
DAPI 120 120 250/400 |DAPI 100 100 400/300
threshold threshold
Cell lpm 2pum 3um Cell lpum 2um 3um
expansion expansion
Threshold +1| 500/400 550/350 480/350 |Threshold +1| 600/400 550/350 480/350
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Table A4 QuPath threshold information for positive cell counts of CD68 (FITC) and TSPO (CY3)
Temporal DAPI+FITC | DAPI+CY3 | FITC+CY3 |Cerebellum | DAPI+FITC | DAPI+CY3 | FITC+CY3
Background 3um 3um 3um Background 3um 3um 3um
radius radius
Min area 10pm? 10pm? 10pm? | Min area 10pm? 10pm? 10pm?
Max area 100um? 100um? 100um? |Max area 100um? 100pm? 100um?
DAPI 120 120 400 DAPI 120 120 400
threshold threshold
Cell 2um 2pum 3um Cell 2um 2um 3um
expansion expansion
Threshold +1 400 650 650 Threshold +1 400 650 650

Table A5 QuPath threshold information for positive cell counts of MSR-A (FITC) and TSPO (CY3)
Temporal DAPI+FITC | DAPI+CY3 | FITC+CY3 |Cerebellum | DAPI+FITC | DAPI+CY3 | FITC+CY3
Background 3um 3um 3um Background 3um 3um 3um
radius radius
Min area 10pm? 10pm? 10pm? | Min area 10pm? 10pm? 10pm?
Max area 100um? 100um? 100um? |Max area 100um? 100pum? 100um?
DAPI 80 80 600 DAPI 80 80 600
threshold threshold
Cell lpm 2um 3um Cell lpum 2um 3um
expansion expansion
Threshold +1 600 450 450 Threshold +1 600 900 900
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QuPath threshold information for positive cell counts of CD64 (FITC) and TSPO (CY3)

Temporal

DAPI+FITC

DAPI+CY3

FITC+CY3

Cerebellum

DAPI+FITC | DAPI+CY3

FITC+CY3

Background

3um

3um

3um

Background

3um 3um

3um

radius radius
Min area 10pm? 10pm? 10pm? | Min area 10pm? 10pm? 10pm?
Max area 100um? 100um? 100um? |Max area 100um? 100um? 100um?

DAPI 450 80 80 450

threshold

80 DAPI

threshold

Cell

N

Cell lpum 2pum 3um lpum pm 3um

expansion expansion

Threshold +1 450 500 500 Threshold +1 450 550 550
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Figure A2  Sex differences for double labelling of TSPO with Ibal, HLA-DR, CD68, MSR-A and CD64,
normalised to total cell count (%) (TL: A-E, Cb: L-P) or corresponding microglial marker cell count
(%) (TL: F-J, Cb: Q-U), including all cases. Graphs presented as mean (C, D, H, I, S) or median (A, B,

E,F,G,J, KL MN,O,P, Q,R,T,U)with range.
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Appendix B Optimisation

B.1 TSPO (DAB and Fluorescent)

Initial TSPO staining was performed using DAB as a chromogen on tonsil tissue (positive control),
showing macrophages. Two Abcam antibodies (ab104546 and ab109497) were used at a 1:5000
dilution with citrate (pH6) as the antigen retrieval buffer, as per manufacturer guidelines. There did
appear to be staining but also a lot of background so a higher dilution of 1:10,000 was used next. The
ab109497 stained the tissue with better results than ab104546, using the 1:5000 dilution. Also, EDTA
was tested alongside citrate to test if this affected the staining. The staining appeared to have more
background with EDTA, therefore, it was confirmed that ab109497 works most effectively at a

primary dilution of 1:5000 with a citrate (pH6) antigen retrieval buffer.

For fluorescent staining, the TSPO antibody (ab109497) was tested on human tissue at a 1:1000
primary dilution with the citrate antigen retrieval buffer as established previously. Three fluorescent
secondaries from ThermoFisher, Donkey anti-rabbit (DAR) Alexa Fluor™ (AF) 488, 594 and 635, were
tested at a secondary dilution of 1:200 (AF635 not pictured in Figure B1). As human brain tissue
produces background autofluorescence, 1% Sudan Black was used to counteract this. The primary
antibody dilution was possibly too low at 1:1000, this was adjusted to a 1:2500 dilution, which

produced good staining (Figure B1).

TSPO+AF488
1:1000 *

TSPO+AF594
1:1000

TSPO+AF594
1:2500

Figure B1 Testing fluorescent secondary antibodies with TSPO. Primary antibody dilution was tried at
1:1000 (A, B) and 1:2500 (C). Secondary antibody Alexa Fluor™ (AF) 488 (A) and 594 (B, C) were
used at a dilution of 1:200. Counterstain: DAPI (blue) Scale bars = 50um.
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To negate the need for secondary antibodies, two conjugated Abcam antibodies (ab199779 and
ab199836) for TSPO were tested at a primary dilution of 1:500. This produced a very week staining
signal from both antibodies. Therefore, several different dilutions were tested (1:100, 1:500 and
1:2000) (Figure B2). None of these gave any substantial staining and was determined to be down to
faulty antibodies or not appropriate for this kind of tissue. Another conjugated TSPO antibody from
SAB Biotech (C48605) was tried with both citrate and EDTA as the antigen retrieval buffers but did
not yield any promising results at either a 1:100 or 1:250 dilutions (Figure B2). Several
autofluorescence quenchers were tested to eliminate background fluorescence, this is further

discussed in Section B.4.

ab199779

ab199836

C48605

Citrate
1:100

Citrate
1:250

Figure B2  Testing conjugated TSPO antibodies. Three different antibodies were tested (ab199779,
ab199836 and C48605) with varying antibody dilutions (1:100-1:2000) and different antigen
retrieval buffers or autofluorescence quenching methods. Ab199799 was conjugated to Alexa
Fluor™ (AF) 488 (green), ab199838 was conjugated to AF647 (red) and C48605 was conjugated to
AF594 (red). SB = Sudan black, TV = Vector® TrueVIEW®. Counterstain: DAPI (blue). Scale bars =

50um.
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B.2 Ibal (DAB and Fluorescent)

Ibal (019-19741) has been used previously in the lab for DAB staining and was established to work at
a 1:750 dilution with citrate (pH6) as the antigen retrieval method (Table 3). The same Ibal antibody
was tested for immunofluorescence at a 1:750 dilution for the primary antibody and a 1:200 dilution
for the DAR AF488 secondary antibody. This produced adequate staining, with the signal possibly
being too high. Therefore, the primary antibody dilution was increased to 1:1000 and the secondary

antibody dilution was changed to 1:400. This produced good staining with minimal background.

When performing double staining, the anti-rabbit Ibal (019-19741) could not be used in conjunction
with the anti-rabbit TSPO (ab109497) as these were both raised in the same species and therefore,
their secondaries would cross react (discussed further in Section B.5.1). In order to overcome this, an
anti-mouse Ibal antibody from Wako (013-272593) was tested using DAB staining. Several different
dilutions, antigen retrieval methods and other parameters were used without successful staining
(Figure B3). Therefore, another Ibal was purchased, raised in goat from Abcam (ab5076). This
antibody produced adequate staining using the DAB method but also produced a lot of background
staining at a higher dilution. Therefore, the dilution was changed to 1:1000, which appeared to be
optimal (Figure B3). However, different tests were conducted in order to eliminate more of the
background staining, including using the antibody with and without Dako diluent. It was decided that
using TBS was better than the Dako diluent. Furthermore, different incubation times were tested
with 90minute room temperature giving the best results, although overnight room temperature also
gave good staining results (Figure B3). Then the anti-goat Ibal (ab5076) was tested in fluorescent
staining, initially as a single marker and then for double staining (discussed further in Section B.5.1).
It was tested at 1:250 and 1:500 dilutions, where it was established that the best results were using a

1:500 dilution, incubated overnight at room temperature (Figure B3).
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Figure B3  Testing new Ibal antibodies. Two different antibodies were tested (Wako anti-mouse 013-
272593 and Abcam anti-goat ab5076) and varying dilutions (1:100-1:1000) and incubation times
(90min RT or O/N RT). Fluorescent secondary was DAG AF488 (1:100). Counterstain for DAB:

Haematoxylin, counterstain for Fluorescent: DAPI (blue). Scale bars = 50um.

B.3 TMEM119 and P2Y12

In order to have a well-rounded microglial marker panel, anti-mouse TMEM119 (Sigma-Aldrich,
AMAB91528) and anti-mouse P2Y12 (Sigma-Aldrich, MABN2593) antibodies were tested. TMEM119
is thought to mark all subsets of microglia and does not change in expression when exposed to
inflammatory stimuli (109). Manufacturer recommendations suggested the TMEM119 antibody be
used at a 1:5000 dilution for standard immunohistochemistry but didn’t recommend an antigen
retrieval buffer, therefore both EDTA and citrate were tested. The staining produced was weak but
there did appear to be some TMEM119* cells present using the EDTA buffer. The dilution was

lowered to 1:2500 and tested again with EDTA, however this test produced no staining at all on the

136



Appendix B

same tissue as before. It was decided to try this marker in fluorescent staining, so the dilution was
lowered further to 1:500 and trialled with a corresponding secondary antibody conjugated to AF488.

There was minimal staining present, and it was decided to stop the optimisation as this point.

P2Y12 is a marker present on the homeostatic subset of microglial cells and is thought to be
microglia specific (no macrophage expression) (124), but there is controversy to this with conflicting
evidence presented. Optimisation was carried out using a 1:250 dilution and citrate as the antigen
retrieval buffer. This test did not produce any staining but there were high levels of background
staining. In order to overcome this, the next test was performed using Dako diluent instead of TBS as
a mixing constituent, due to its background reducing properties. This produced less background but
still did not yield and substantial staining. Three dilutions were tried (1:50, 1:500 and 1:1000) with
the P2Y12 antibody with no success. This antibody optimisation was also stopped due to time

constraints.

B.4 Autofluorescence quencher

As mentioned previously, human brain tissue autofluoresces primarily due to the presence of
lipofuscins (292). Therefore, an autofluorescence quencher is required when using this type of tissue.
Several components were tested for this project including Sudan Black, Vector® TrueVIEW®
Autofluorescence Quenching Kit (Vector Laboratories, SP8400) and Millipore Autofluorescence
Eliminator Reagent (Sigma Aldrich, 2160). Sudan black was tested at 0.3%, 0.5% and 1%, with the
0.3% giving the best autofluorescence quenching while maintaining good fluorescent signal. The
Vector® TrueVIEW® kit did eliminate autofluorescence but did not remove lipofuscin signal (Figure
B2). This provided a problem as it hindered view of antibody staining. Lastly the Millipore reagent
was found to stop autofluorescence relatively well, however when compared to Sudan Black, it was

thought that this still gave the best result in terms of background fluorescence (Figure B4).
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Figure B4 Testing the Merck autofluorescence quenching kit. Using Ibal (019-19741) in green. (A) using
0.3% Sudan Black and (B) using Merck. In AD11 brain. Counterstain: DAPI (blue). Scale bars =

50um.

B.5 Double staining

This section details the optimisation of TSPO with Ibal and HLA-DR. TSPO with the remaining
microglial markers (CD68, MSR-A and CD64) were tested before use on MTA148 tissue but did not

require extended optimisation.

B.5.1 Ibal and TSPO

The antibodies used for this staining were TSPO (ab109497) and two lbal antibodies (Wako 019-
19741 and Abcam ab5076). TSPO parameters are always kept the same with a primary dilution of
1:2500 and DAR AF594 secondary used at a 1:200 dilution. As both the Wako Ibal and TSPO were
raised in rabbit, this provided a problem of cross-reactivity (Figure B5). Therefore, several tests were
tried with varying methods to eliminate this problem, including conducting the staining over three
days, incubating the monoclonal TSPO first followed by the polyclonal Ibal and varying
concentrations for both primary and secondary antibodies (Figure B5). Although there may have
been accurate staining produced, there was still possible cross-reactivity between both antibodies
raised in rabbit. Therefore, it was concluded that a new Ibal antibody raised in a different species
would be tested. When testing the new Ibal antibody raised in goat (ab5076) individually, there
appeared to be some punctate particles in the background tissue. It was thought that adding normal

donkey serum (NDS) into both the primary and secondary antibody solutions could eliminate this.
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However, this had no effect on the punctate issue (Figure B5). To overcome this, different antibody
dilutions were assessed, 1:750 and 1:1000 with either 1:100 or 1:200 DAG AF488 secondary antibody
dilutions. It was established that a primary Ibal dilution of 1:1000 with a secondary dilution of 1:100

gave the best staining results (Figure B5).

019-19741

TSPO Iba1/TSPO

Iba1
1:500
2nd 1:200
1% NDS

TSPO Iba1/TSPO

Iba1
1:750
2nd 1:200

TSPO

Iba1/TSPO

Iba1
1:1000

2nd 1:100 Iba1/TSPO

Figure B5 Tests for TSPO (ab109497) and two Ibal antibodies (Wako 019-19741 and Abcam ab5076) double
staining. TSPO was used at a primary dilution of 1:2500. Secondary antibodies used were DAG
AFA488 for Ibal (green) and DAR AF594 for TSPO (red). Counterstain: DAPI (blue). Scale bars =

50um.
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B.5.2 HLA-DR and TSPO

The same TSPO antibody was used for this as previously mentioned (ab109497) with the same
parameters. The HLA-DR antibody (M0775) was first tested at a 1:50 dilution, as previously
established in DAB staining in the lab group. However, this first test did not yield adequate staining
(Figure B6) and it was thought that the secondary antibody for HLA-DR was too old. Once a new
secondary antibody was obtained, the staining was repeated with HLA-DR at a 1:100 and 1:50

primary dilution. It was seen that the 1:50 primary dilution gave the best staining results (Figure B6).

HLA-DR/TSPO

HLA-DR/TSPO

HLA-DR/TSPO

Figure B6 Tests for TSPO (ab109497) and HLA-DR (M0775) double staining. (A, B, C) show staining using old
secondary antibody for HLA-DR. (D-1) HLA-DR staining with new secondary antibody. TSPO was
used at a primary dilution of 1:2500. Secondary antibodies used were DAM AF488 for HLA-DR
(green) and DAR AF594 for TSPO (red). Counterstain: DAPI (blue). Scale bars = 50um.
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B.6 Optimisation of fluorescent analysis

In order to perform cell counts, several options were tried. Initially, confocal microscopy (Leica SP8)
was used to obtain images and ImagelJ software to analyse these images. In order to get an accurate
assessment of tissue, several ROls would be needed to capture a large enough are of the tissue. This
was difficult and time consuming to do on the confocal microscope as it required z-stacks image
capture and careful manoeuvring as to ensure only grey matter was imaged. An ImageJ) macro was
created that would merge the fluorescent channels required and then using manual counts would be
performed for each image. Firstly, this creates bias and unambiguous results as what is defined as a
cell can differ between analysts and this method was extremely time consuming, therefore, other

routes of analysis were subsequently explored.

Another software, QuPath, has been used previously in the lab group. It has the capability to analyse
fluorescent images and perform automated cell counts based on thresholding inputs of each
fluorescent channel compared to the nuclei. It took careful testing to ensure the software produced
accurate results, with at least two people deciding the best thresholds to use. This proved a better
and less time consuming method of counting cells. Protocol described in Section 3.3.2 and threshold

parameters in Appendix A.

B.7 DPA-714

The ligand DPA-714 was purchased from Ambinter to have a conjugated FITC fluorophore
(Amb37787199). This was suggested to be soluble in PBS up to 20uM in 25mM PBS buffer. However,
when this was performed at this concentration the powder did not seem to fully dissolve into the
solution. Regardless, the ligand solution was tested on human post-mortem FFPE tissue at a 20uM
concentration and also at a diluted 0.1nM concentration (previous papers used this concentration).
The 20uM test appeared to be too high a concentration and the 0.1nM test exhibited no staining, so
was thought to be too low. The tissue was dewaxed, and tests were performed both with pre-
treatment to retrieve antigens and no pre-treatment. Also, Sudan black was applied to suppress
autofluorescence in the tissue. It was now thought that any accurate staining was obtained in any of

the tests. Therefore, the ligand was not used in any quantification.

Further optimisation details and results can be found in Section 6.1.
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