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UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Biological Sciences

Thesis for the degree of Doctor of Philosophy

Improving immunotherapy for Alzheimer’s Disease- determining the role of effector function in

the clearance of plaques and neuro-inflammatory response
James Peter Fuller BSc. (hons) MSc. (hons)

Alzheimer’s Disease (AD) initially presents as episodic memory loss, followed by severe cognitive
deterioration leaving a patient unable to complete daily tasks. Current therapies for AD are
ineffective and can only manage the symptoms in the short term, none can modify the progression
of disease. The devastating impact of the disease and the world’s ageing population make the
development of new therapeutics an urgent unmet clinical need. One of the hallmarks of AD, still
used to formally diagnose the disease, is the accumulation of the protein amyloid beta (Ap) as
extracellular deposits called plaques. Immunotherapy is a promising strategy for the treatment of
AD, as antibodies directed against A are able to successfully clear plaques and reverse cognitive
deficits in transgenic mouse models, and now to a certain extent in humans. One issue has been the
development of dose limiting side effects in the brain, where clearance of AP is associated with
damage to the cerebral vasculature. It is though that these side effects are due to a neuro-
inflammatory response, mediated by the activation of Fc gamma receptors (FcyRs) by anti-A
antibodies. Therefore engineering of therapeutic antibodies to reduce FcyR affinity may prevent
these side effects from occurring. The role of FcyRs in the clearance of A and the neuro-
inflammatory response to immunotherapy has not been thoroughly investigated.

The role of antibody effector function in the clearance of plaques and the associated neuro-
inflammatory response was investigated by the generation of murine anti-AP antibodies with
different constant regions, IgG1 and IgG2a, which have different FcyR affinities. These antibodies
were administered to transgenic mice via intracerebral and systemic injection, and the neuro-
inflammatory response and clearance of AP was measured. The potential for systemic
inflammation to affect the response to antibodies was investigated by the infection of transgenic
APP mice with the bacterium Salmonella typhimurium, measuring the expression of activating
FcyRs in the brain and vascular changes following infection.

I found that 3 factors that may impact on the ability of anti-Af antibodies to clear plaques and the
strength of the neuro-inflammatory response. The effector function of antibodies is important, as
antibodies with the more pro-inflammatory IgG2a constant region, were better at clearing plaques
and caused more neuro-inflammation than the same antibody with an IgG1 constant region. The
antibody binding specificity was also important; antibodies binding to the N-terminus of A} were
better at clearing plaques and caused more inflammation than those binding to different regions.
Finally we propose that the inflammatory state of the brain could determine the response to
immunotherapy, as I show that peripheral infection is associated with enhanced activating FcyR
expression in the brain.
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Chapter 1: General

introduction



1.1 1.1 An introduction to the brain

1.1.1 Neurons, the basis of brain function

Neuronal cells enable the rapid transmission of information throughout the body via electrical
impulses. In general, neurons have a cell body (soma) which contains the nucleus and other
organelles, projections named dendrites which receive signals from other neurons, and an axon
which projects and signals to other neurons sometimes metres away from the cell soma (For
references to this section see Purves 2008). An electrical potential is created across the plasma
membrane of a neuron (-70mV), mediated by continuously pumping Na+ ions across the
membrane; this is called “the resting potential”. Neurons are able to transmit electrical signals from
their dendrites to the end of their axon. This is mediated by voltage-gated ion channels, which open
in response to nearby membrane depolarisation, allowing ions to flow across the membrane.
Therefore if the membrane is depolarised in a dendrite, this causes the opening of nearby ion
channels and the depolarisation of an adjacent part of the membrane. This process is repeated,
conducting the electronic signal down the length of the neuron. Individual neurons are connected
to one another by structures called synapses, which are found between the axon of one neuron and
a dendrite of another. At a synapse, the electronic message that has passed down the axon of the
first neuron, causes the release of chemicals called neurotransmitters into the synapse, for example
acetylcholine. This neurotransmitter then binds to a receptor on the post synaptic cleft (e.g.
glutamate receptors NMDA), which opens an ion channel (i.e., a Na+ channel), and induces the
depolarisation of the second neuron. Neurons are organised into networks, which connect together
via synapses forming electrical circuits, which form the basis of brain function. Damage or
dysfunction of synapses has been implicated in neurodegenerative diseases, including Alzheimer’s

disease.

1.1.2 Glial cells

Neurons are not the only cell type in the central nervous system (CNS), they are ably supported by
a range of neuro-glial cells. There are four different types of glia within the CNS: astrocytes,
oligodendrocytes, microglia and pericytes each with highly specialised functions. Microglia are the

CNS resident phagocytes and make up 10% of cells in the CNS, which like other tissue



macrophages are derived from myeloid progenitor cells that develop in the yolk sac and enter the
CNS in the early stages of development (Ginhoux et al., 2010). Microglia have a wide range of
functions, playing an active role in shaping neuronal circuits by pruning of synapses during
development and are also important for the regulation of synaptic plasticity by release of soluble
factors such as cytokines IL-1p and TNFa (Hulse et al., 2008; Paolicelli et al., 2011). In the healthy
CNS microglia have often been described as “resting”, however this is misleading as microglia are
actually incredibly active. Microglial processes continuously extend and retract, surveying their
surrounding microenvironment for damage to the CNS or apoptotic cells (Nimmerjahn et al.,
2005a). Microglia express a range of receptors enabling them to sense danger to the CNS, including
pattern recognition receptors (PRRs) and cytokine receptors. If invading pathogens or mis-folded
proteins are detected, microglia become activated, adopting a more amoeboid like morphology and
attempt to remove the threat to the CNS. This activation has been linked with many
neurodegenerative conditions such as: Parkinson’s Disease, Amyotrophic Lateral Sclerosis (ALS, or
Motor Neuron Disease), HIV related dementia and Alzheimer’s disease (Garden, 2002; Peress et al.,
1993; Rogers et al., 2007). Astrocytes provide trophic and metabolic support to neurons, this is
highly important when you consider the distances that neuron projections can travel from the cell
soma. Astrocytes also take up and release neurotransmitters aiding synaptic function, and their end
feet completely envelop cerebral blood vessels regulating the uptake of ions and water into the
brain. Oligodendrocytes myelinate neurons in the brain, surrounding axonal projections in myelin
sheaths to increase the speed of electrical transmission. Pericytes partially surround brain
endothelial cells, and one of their functions is to maintain the integrity of the blood brain barrier

(BBB) (Zlokovic, 2008).

1.1.3 BBB and immune privilege

Neurons require large amounts of energy and oxygen for optimal function, and although the brain
only accounts for roughly 2% of body mass, it requires over 20% of total blood flow (Zlokovic,
2008). This means that the CNS requires a rich supply of blood, delivered by a huge network of
capillaries spanning around 400 miles. It was observed over 100 years ago, that the brain was
protected from pharmacological effects and that histological dyes couldn’t penetrate into the brain
parenchyma (Zlokovic, 2008). This led to the theory that there was a barrier between peripheral
blood flow and the CNS, which was further supported by the brain’s protection from the effects of

the peripheral immune system- or “immune privilege”. This is due to the blood brain barrier



(BBB), a highly complex structure which tightly regulates the entry of cells and proteins into the
brain (Zlokovic, 2008). Figure 1.1 shows the structure of the BBB (taken from (Feng et al., 2015)).
The BBB is a highly specialised structure, composed of a number of cell types which are adapted to
restrict the entry of solutes into the brain and are collectively named the neurovascular unit. Brain
endothelial cells are different to those found in peripheral blood vessels, this is due to adaptations at
the border between cells-called tight junctions. Tight junctions reduce the transport of solutes
through the extracellular pathway, therefore reducing non-specific diffusion into the brain
(Hawkins and Davis, 2005). Endothelial cells are then surrounded by the basement membrane
which is shared by pericytes, which particularly associate with endothelial tight junctions and
regulate capillary permeability (Liu et al., 2012; Tilling et al., 1998). Astrocytes surround the
basement membrane of brain capillaries with their end feet and produce factors which maintain the
integrity of the neurovascular unit, also regulating the influx of: water, ions and glucose which are
all essential for neuronal function (Cabezas et al., 2014). Blood vessels in the brain are also

innervated, allowing the control of blood flow based on the levels of neuronal activity (Zlokovic,

2008).
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Figure 1. 1The blood brain barrier

The structure of the neurovascular unit, figure taken from (Feng et al., 2015)



1.1.4 Brain structure and organisation

At the most basic level brain regions are classified as grey matter or white matter. Grey
matter is composed of neuronal cell bodies and their dendrites which make synaptic
connections with the axons of other neurons. Linking different regions of grey matter are
bundles of myelinated axons, which are known as white matter due to their appearance in
brain sections. Macroscopically the brain can be divided into three regions: the cerebral
hemisphere, the cerebellum and the brain stem. The cerebral hemisphere is subdivided into
lobes, which are named after the bones of the skull which cover them: frontal, parietal
temporal and occipital. The outer layer of the cerebral hemisphere is a highly folded grey
matter area known as the cerebral cortex, different cortical regions have specialised
functions (Purves 2008). Located in the temporal lobe is the hippocampus, a grey matter
region that is very important in the formation and retrieval of memory. Figure 1.2 shows the
organisation of neurons and the basic wiring of the hippocampus. In the hippocampus there
are three main regions containing densely packed neuronal cell bodies: the dentate gyrus
granular layer, the cortical area one (CA1) and cortical area three (CA3) regions. Separating
the dentate gyrus and CA1 regions is the hippocampal fissure (or suculus), a region
containing large blood vessels. The hippocampus receives sensory information from neurons
in the entorhinal cortex, whose axons synapse with dendrites of dentate gyrus granular cells.
The granular cell’s axons project to the CA3 region, and are called mossy fibres, forming
synapses with the dendrites of CA3 pyramidal neurons. The axons of CA3 neurons are called
Schaffer collaterals, and form synapses with the dendrites of CA1 neurons, whose axons
project back to the entorhinal cortex (Amaral and Lavenex, 2007; Neves et al., 2008). The
basis of new memory formation is the ability of this network to change and adapt to incoming
signals. This is known as neuronal plasticity and can occur at the level of an individual
synapse, or the integration of new neurons into the network. This high plasticity is reflected
by the fact that the dentate gyrus is one of only two regions in the human brain which

continues to generate new neurons throughout life (Drew et al., 2013).
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A. CA cortical area, DG dentate gyrus, HF Hippocampal fissure, PM pial membrane

B. The wiring of the hippocampus: Sensory inputs from the entorhinal cortex (perforant path)
synapse with granular cells of the dentate gyrus. Projections from granular cells called
mossy fibres synapse with pyramidal cells in the cortical area 3, which in turn send
projections called Schaffer collaterals which synapse with pyramidal neurons of the cortical

area 1. Projections from cortical area one travel back to the entorhinal cortex.



1.1.5 Neurodegeneration

Due to the brain’s importance to our daily activities, the result of dysfunction is often severe.
Diseases that cause the long term dysfunction and death of neurons in the CNS are collectively
termed “neurodegenerative diseases”. Different neuronal circuits in the brain and spinal cord
perform different roles, and therefore the result of neurodegenerative disease is specific to the area
affected. For example, Parkinson’s disease causes the loss of dopaminergic neurons in the
substantia nigra, causing a loss of motor function control. ALS causes death of motor neurons
leading to muscle weakness and progressive paralysis, whilst AD causes the dysfunction and loss of
neurons in the cortex and hippocampus, which cause memory deficits and cognitive decline termed
“dementia”(Martin, 1999). Neurodegenerative conditions are generally associated with ageing
and/or genetic factors, and most neurodegenerative diseases are associated with the accumulation
and misfolding of specific proteins in specific regions of the CNS. Due to the worlds ageing
population, the incidence of dementia is predicted to triple in the next 50 years. Dementia is already
a huge problem, estimated to cost the U.K. £26 billion a year, and last year it was the number one
cause of death in British women (Office of national statistics 2014). Unfortunately the treatments

available to treat dementia are ineffective, and only able to manage the symptoms in the short term.



1.2 The pathology of Alzheimer’s disease

AD is the most common cause of dementia, affecting an estimated 18 million people worldwide.
Sporadic AD accounts for over 95% of cases and typically presents after 65 years of age, with the
likelihood of developing AD doubling every 5 years. AD initially presents as episodic loss of
memory and inability to encode new memories, followed by a progressive deterioration of cognitive
function until death 3-9 years after diagnosis (Almkvist, 1996). The currently approved treatments
for AD are: inhibitors of acetyl-cholinesterase and Memantine® which blocks glutamate binding to
its receptor (NMDA). Both therapies are able to transiently improve cognition by increasing
synaptic function (Reisberg et al., 2003; Tariot Pn, 2004), but no treatment is available that can
modify disease progression. The increasing number of individuals suffering from AD and the
burden placed on our healthcare services, makes developing effective AD therapeutics an urgent

unmet clinical need.

AD was first described in 1906 by Alois Alzheimer who observed that cognitive deterioration in a
patient was associated with two neuro-pathological hallmarks that are still used to diagnose AD
today. The first lesions observed were extracellular protein deposits called senile plaques,
surrounded by abnormal neuronal processes named dystrophic neurites. The primary constituent
of these plaques was found to be amyloid beta (Ap), a 39-43 amino acid protein cleaved from the
amyloid precursor protein (APP) (Allsop et al., 1988). The deposition of plaques in the brain is not
unique to AD, as the cognitively normal elderly often possess senile plaques which are not
pathological (Perl, 2010). The second lesions observed were intra-neuronal neurofibrillary tangles
(NFTs), which are composed of the microtubule associated protein tau. There are many
neurodegenerative conditions which share tau pathology-collectively named tauopathies. Some are
driven by mutations in tau increasing its propensity to aggregate and/or phosphorylate, however
such mutations in tau have not been linked to AD (Tolnay and Probst, 1999). AD is defined as
cognitive deterioration which is accompanied by the presence of both A and tau pathology. The
neuro-pathological progression of AD was categorised by Braak and Braak into six stages of tau
accumulation. During stages I and II, tau pathology begins to accumulate in the trans-entorhinal
cortex, before spreading to the hippocampus and other limbic structures during stages III and IV.
The final stages V and VI are characterised by wide spread accumulation of tau in the enthorinal
cortex, hippocampus and other cortical structures (Braak and Braak, 1991). Synaptic dysfunction is

an early event in AD, with patients who have Mild cognitive impairment (MCI) or mild AD



showing marked reduction in synaptophysin immuno-reactivity compared to healthy age-matched
controls (Masliah et al., 2001). Synaptophysin is a protein expressed on presynaptic vesicles and
reduction of synaptophysin indicates a reduced number of synapses. The level of synaptophysin
correlates well with cognitive decline in advanced AD patients (Masliah et al., 1991). In the late
stages of AD, large numbers of neurons are lost particularly in the hippocampus and cortex,
resulting in a substantial decrease in brain volume and severe dementia. The reduction of synaptic
and neuronal function and numbers is accompanied by the activation of the CNS resident
macrophages, the microglia; it is currently unclear if activation of these cells contributes to
pathology, however depletion of microglia can reverse cognitive deficits in the 3xTG mouse model
of AD (Dagher et al., 2015). The two classic neuropathological hallmarks, plaques and tangles, are
still utilized to diagnose AD. These lesions are not exclusive to AD, it is presence of both plaques

and tangles associated with cognitive decline that defines AD (SantaCruz et al., 2005).

1.2.1 Amyloid beta

1.2.1.1 The processing and accumulation of amyloid beta

Senile Plaques were first described by Alois Alzheimer in 1905 yet it was 80 years before the main
constituent of these plaques- AP was identified (Masters et al., 1985). AP is a 39-43 amino acid
protein produced by the cleavage of the APP, which is expressed by neurons. There are two
divergent APP processing pathways, which begin when APP is cleaved by either a-secretase or -
secretase. Cleavage of APP by a-secretase cuts through the Ap domain, producing sAPPa and the
c83 peptide; this prevents the production of mature Ap. B-secretase cleaves a different site in APP
leaving the AP region intact allowing the production of the mature AP peptide by the y-secretase
complex, producing Ap and Amyloid Intracellular Domain (AICD) (Cole and Vassar, 2008). The
processing of APP is summarised in figure 1.3. The exact function of AP is unclear, but the levels
Ap are increased in response to peripheral or central inflammation (Lee et al., 2008). There is some
evidence that it is an anti-microbial peptide, that is produced as a part of the brain’s innate immune
response to infection (Soscia et al., 2010). The APP gene has been knocked out in mice, producing

viable and fertile offspring who experience age dependent cognitive deficits and metabolic changes



(Senechal et al., 2008). This does not provide insight into the function of A, due to the number of

other APP cleavage products.

Ap is produced in the healthy brain and cleared away, but in the AD brain increased production
and/or decreased clearance leads AP accumulation. AP, in particular the 42 amino acid version
(APa2), is prone to aggregate and can exist in a wide array of different sized species. Monomers of
AP aggregate to form oligomers which aggregate further to produce protofibrils, fibrils and plaques.
A recent study has shown that aggregation of soluble A species is catalysed by proto-fibrils (Cohen

etal., 2013).

Plaques were the first AP species to be identified in AD, but there is significant heterogeneity in
terms of structure and size. Plaques can be categorised based on their morphology, and the ability
of histological dyes to label them. Some plaques are classified as “diffuse”, these plaques do not bind
the histological dye congo red and are amorphous with no visible substructure. Congophillic
plaques are named due to their ability to bind the histological dye congo red, they also have a
defined central crystalline structure. Congophillic plaques are more likely to be associated with
abnormal neuronal processes-named dystrophic neurites, in which case they are named “neuritic
plaques” (Dickson and Vickers, 2001; Perl, 2010; Wisniewski et al., 1989). Ap also exists as soluble
oligomeric species-the definition of which is not clear, ranging from dimers of AP up to large
proto-fibrils. These oligomeric structures are highly promiscuous and bind to a range of neuronal
receptors such as: PrPc, FcyRIIb or NMDA expressed at the synapse, and binding to these receptors
can induce neuronal dysfunction and/or death (Chung et al., 2010; Kam et al., 2013; Lai and
McLaurin, 2010; Um et al., 2012). Blocking these interactions with antibodies against A protects
against neuronal dysfunction in vitro and in vivo, and APP mice deficient for PrPc or FcyRIIb are
protected from cognitive deficits (Kam et al., 2013; Klyubin et al., 2008; Zago et al., 2012). As well
as its deposition as plaques, AP is often deposited around the cerebral blood vessels of AD patients
which is known as cerebral amyloid angiopathy (CAA). This deposition is associated with changes
in blood vessel morphology, and an increased incidence of micro haemorrhage to these vessels

(Perl, 2010; Zago et al., 2013).
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Monomer Dimer Oligomer  Proto-fibril Fibril

AB SAPPPB sAPPa

Figure 1. 3 Processing of the amyloid pre cursor protein and AP aggregation

The amyloid precursor protein is a 695-723 amino acid trans-membrane protein. Full length APP
can be cleaved by a-secretase or P-secretase, cleavage by a-secretase cuts through the AP peptide
region preventing AP production, creating C83 and sAPPa. Cleavage of APP by B-secretase
produces sAPPP and allows cleavage by y-secretase; mutations in APP such as the Swedish
mutation (K670N/M671L) increase B-secretase cleavage. y secretase cleaves the remainder of APP
producing AP and AICD, the length of AP (39-42) is variable and mutations such as V717F
increase the proportion of Ap42 produced.
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1.2.1.2 The Amyloid Cascade Hypothesis

Ap accumulation is thought to be one of the first pathological changes to occur in AD, with
accumulation beginning decades before the onset of clinical symptoms (Jack et al., 2009). The
amyloid cascade hypothesis states that accumulation of Ap in the brain is the driving force behind
other aspects of AD pathology (Hardy and Selkoe, 2002). It is proposed that certain species such as
oligomers and proto-fibrils are highly synaptotoxic and result in the synaptic dysfunction occurring
early on in AD, whilst the accumulation of Ap as plaques leads to neuro-inflammation and the
accumulation of hyper-phosphorylated tau as NFTs. Together these factors drive the progressive

neurodegeneration and cognitive decline observed in patients.

The most convincing support for the amyloid cascade hypothesis is the occurrence of early onset
familial forms of AD that account for less than 5% of total cases. Mutations that cause early onset
AD have been identified in the APP and presynillin genes, the latter is part of the y-secretase
complex that cleaves APP to form A. The mechanisms by which these mutations cause disease are
dependent on their location within the APP protein (Cruts and Van Broeckhoven, 1998; Goate et
al., 1991). For example, the Swedish double mutation (K670N/M671L) is located around the f3-
secretase site, and increases the total levels of AP produced by increasing the amount of APP
processed by B-secretase (Citron et al., 1992; Goate et al., 1991). Mutations which occur around the
y-secretase site of APP such as the London mutation (V717F) or in the presynillin genes, increase
the levels of AP42 produced in comparison to AB40 (Goate et al., 1991; Suzuki et al., 1994). There
are a number APP mutations that lead to early onset AD that are not located around the p-secretase
or y-secretase sites, these include the Dutch (E693Q), Flemish (A692G) and Arctic mutations
(E693G). A number of different mechanisms have been proposed for these mutations: the Arctic
and Dutch mutations appear to cause AD by accelerating the formation of protofibrils of Af
(Nilsberth et al., 2001), whilst the Flemish mutation appears to influence a-secretase and f-
secretase cleavage. Familial AD is caused by mutations affecting the processing Ap or changing its
conformation. Supporting a role for AP in the development of AD, the transgenic expression of
human APP with these mutants in mice (e.g. TG2576 or APP/PS1), leads to the recapitulation of
some elements of AD pathology. These mice exhibit: deposition of AP as plaques, cognitive deficits
and neuroinflammation as measured by higher cytokine production and microglial phenotype
change (Games et al., 1995; Hsiao et al., 1996; SturchlerPierrat et al., 1997). Furthermore Down

syndrome sufferers possess an extra copy of APP due to trisomy of chromosome 21, and frequently
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develop early onset dementia. This dementia has many pathological hallmarks of AD including:
plaque formation, CAA and NFTs (Lubec and Engidawork, 2002). The genetic evidence linking Ap
to the development of early onset AD is convincing, however links to sporadic AD have so far been
less robust. Recently a study of the elderly population in Iceland found that a mutation in APP
(A673T) adjacent to the B-secretase site is protective against sporadic AD. This mutation reduces
the total levels of AP produced, not only decreasing the likelihood of carriers developing AD but
also reducing the amount of cognitive decline in the elderly population without AD (Jonsson et al.,
2012). The strongest genetic risk factor associated with sporadic AD is the e4 allele of the
apolipoprotein (apoe) gene. Individuals with one or two copies of the e4 allele have a significantly
increased risk of developing sporadic AD (Strittmatter and Roses, 1995). ApoE has since been
shown to be directly involved in the binding and clearance of A (Bales et al., 1997; Holtzman et al.,

2000; Kelly R, 2010).

In recent years the amyloid hypothesis has come under increasing scrutiny, with much evidence
contradicting a central role of AP in AD pathology. In AD plaque density does not correlate with
cognition in anything other than an age dependent manner (Storandt et al.), and does not correlate
with the rate of brain atrophy (Josephs et al., 2008). In most APP transgenic mice, increased
deposition of AP alone is not sufficient to cause NFTs and neuronal loss, and the neuro-
inflammation observed in these models is not representative of AD (Wilcock et al., 2011b). Plaque
deposition does not correlate spatially with the formation of NFTs, and in fact the presence of NFT's
is a better predictor of cognition decline (Giannakopoulos et al., 2003). The role of Ap in sporadic
AD is far from understood, however there is compelling evidence that AP is important in the
development of AD. As a result the vast majority of recent research and drug development has

focussed on the clearance of AP.

1.2.1.3 Transgenic APP models of Alzheimer’s disease

The discovery of mutations in APP and presynilin genes that cause familial AD have enabled the
generation of transgenic rodent models of AD. These models over-express the human APP gene,
containing one or more mutation associated with the early onset form of the disease. Typically
these mice develop plaques in the brain anywhere between three and twelve months of age, and
have an associated neuro-inflammatory response and behavioural changes (Games et al., 1995;

Hsiao et al., 1996; SturchlerPierrat et al., 1997). The TG2576 mouse is arguably the most extensively
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used model of AP deposition, the mice possess a transgene coding for human APP with the Swedish
mutation (K670N, M671L) downstream of the hamster prion promoter (Hsiao et al., 1996). Mutant
APP is overexpressed resulting in the production of high levels of AB40 and AP42, which is
subsequently deposited in the hippocampus and cortex as plaques similar to plaques found in AD
patients. After 7-8 months, diffuse plaques become visible in the hippocampus and cortex of
TG2576 mice, by 12-15 months congophilic plaques appear and by 20 months AP has accumulated
to a similar extent as in AD (Kawarabayashi et al., 2001). The deposition of AP is accompanied by a
concomitant impairment of memory as measured by spontaneous alternation in the T maze, and
activation of microglial cells, as measured by CD45 expression, surrounding the plaques (Benzing
etal., 1999; Hsiao et al., 1996). TG2576 mice do not develop substantial tau pathology, and do not
suffer extensive neuron loss. These mice therefore do not recapitulate all aspects of AD pathology,
and should only be thought of as a model of AP deposition. There are many different transgenic
APP models, each expressing human APP with different familial mutations. Each model develops
varying levels of AP deposits in the parenchyma and around the vasculature, and newer models
with multiple mutations display accelerated pathology and a more severe phenotype. The TG2576
mouse model is well characterised in the context of immunotherapy, so it provides a good platform

for the investigation of the effector function of therapeutic antibodies.
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1.3 The immune system and the role of inflammation in

Alzheimer’s disease

The basis of the immune system is the ability of our body to recognise molecules and cells as “self”
and “non-self”; facilitating the removal of potentially harmful pathogens and toxins. The immune
system can be divided into two branches: innate immunity and adaptive immunity. Innate
immunity allows the rapid recognition of pathogens using pattern recognition receptors (PRRs), by
binding to molecules associated with pathogens (pathogen associated molecular patterns, PAMPs).
This enables rapid phagocytosis and destruction of invading pathogens, and the presentation of
antigens to B and T-cells enabling an adaptive immune response. The response of the adaptive
immune system is delayed in comparison, but this allows an antibody and T-cell response that is
specific for a particular pathogen. The immune system is of interest to AD research as
inflammation plays an important role in both the underlying pathology and exacerbation of
cognitive decline in AD. This section will summarise the effect that peripheral inflammation has on
the healthy and diseased brain and summarise the evidence that systemic inflammation is
important in the underlying pathology of AD. To investigate the effect of peripheral inflammation
on the brain, our lab uses the attenuated bacterium Salmonella Typhimurium SL3261 (8.

typhimurium), I will describe the course of the peripheral immune response to infection.

1.3.1 Sickness behaviour

1.3.1.1 Sickness behaviour and immune to brain communication

It was once thought that the brain was isolated from peripheral immune responses, however it is
now clear that the brain plays an integral role in the body’s response to infection. This is illustrated
by changes in behaviour and physiology that the brain orchestrates in response to infection. For
example, after contracting an infection you feel lethargic and anti-social, you lose appetite and your
temperature increases. These changes in behaviour and metabolism are collectively termed sickness
behaviours, which improve pathogen elimination and prevent the spread of illness to other people
(Hart, 1988). Therefore inflammation in the periphery is able to directly alter behaviour, and
therefore brain function. This is demonstrated by experiments where healthy volunteers were

injected with low concentrations of the bacterial lipo-polysaccharide (LPS), and experienced short
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term decreases in cognition and increased depressive behaviour (DellaGioia et al., 2013; Krabbe et

al., 2005).

The BBB restricts the entry of cytokines and immune cells into the brain, therefore under normal
conditions the induction of sickness behaviours does not occur by direct contact between
peripheral cytokines and CNS neurons. There are instead three pathways by which the immune
system can communicate with the brain. The vagus nerve has afferent fibres located in peripheral
tissues, which are able to signal to the brain in response to localised inflammation (Wang et al.,
2003). The afferent fibres signal to the nucleus of the solitary tract, which then signals to other brain
regions, including the hippocampus and hypothalamus, inducing sickness behaviour and metabolic
changes, such as appetite, fever and lethargy. This is illustrated by the abolition of certain sickness
behaviours after the vagus nerve is surgically severed (Watkins et al., 1995). Circum-ventricular
organs (CVOs), are regions in the brain that have an incomplete BBB. This means that at CVOs,
inflammatory mediators and circulating immune cells can access a discrete location in the brain.
Microglia and macrophages in CVOs are directly responsive to systemic administration of LPS, up
regulating CD14 and influencing proximal neuronal activity (Lacroix et al., 1998; Sagar et al., 1995).
Systemic inflammation can also induce de novo cytokine production by activation of brain
endothelial cells, which express cytokine receptors and PRRs. Activated endothelial cells produce
cytokines and activate cyclooxygenase (COX-1 and COX-2) resulting in prostaglandin (PGE,)
production, which in turn results in microglial activation and sickness behaviour in mice (Teeling
etal., 2010). A similar effect is seen when cytokines are directly injected into the brain (Dantzer and

Kelley, 2007).

1.3.1.2  Sickness behaviour in neurodegenerative disease

Whilst sickness behaviours are beneficial for people with a healthy CNS, in a diseased or ageing
brain the response to peripheral infection can be detrimental and increases the rate of cognitive
decline. Elderly individuals who contract a peripheral infection are prone to develop delirium, a
condition which results in a severe short term cognitive problems and a long term decline in brain
function (Manos and Wu, 1997). Even in the absence of delirium, AD patients who have peripheral
immune activation, as measured by higher cytokine levels, exhibit decreased cognition and
accelerated cognitive decline (Holmes et al., 2011; Holmes et al., 2009; Holmes et al., 2003). One

explanation for the response observed in elderly and AD patients, is that microglia are primed to
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respond to a peripheral immune stimuli. Priming is a well described response of macrophages in
vitro, where an initial treatment of interferon-y (IFNy) exacerbates their response to a second
stimulus with LPS. Experimental evidence suggest that microglia of mice with a chronic
neurodegenerative disease are primed to respond to a secondary immune stimulus, and produce
higher levels of pro-inflammatory cytokines after local or peripheral LPS treatment (Combrinck et
al., 2002; Cunningham et al., 2005; Lunnon et al., 2011). In the context of AD, microglia may also
be primed and then respond to local inflammation or following systemic inflammation in an
exaggerated manner producing higher levels of pro-inflammatory cytokines increasing sickness

behaviour and inducing cognitive decline.

1.3.2 The role of inflammation on Alzheimer’s disease

As well as accelerating the progression of AD, a role for the immune system in the development of
disease has also been suggested. Long term non-steroidal anti-inflammatory drugs (NSAIDs) use
decreases the risk of developing AD later in life (Szekely et al., 2004), although other studies have
not been able to reproduce these results. Recent genome wide association studies (GWAS) have
revealed polymorphisms in several immune receptors that confer a higher risk of developing AD
(Guerreiro et al., 2013; Hollingworth et al., 2011; Lambert et al., 2009). It has also been found that
certain infections such as: chronic periodontitis or Chlamydia pneumoniae are associated with
increased risk of AD (Hammond et al., 2010; Stein et al., 2012). Recently it was shown that anti-
TNFa therapy could slow cognitive deterioration in AD, however this is in the early stages of
clinical development (Butchart et al., 2015). The exact mechanisms by which inflammation is

involved in AD pathology are still unclear.

To understand the brain’s response to peripheral inflammation, and to uncover the role of
inflammation in AD, mimetics of infections such as: LPS (bacteria), zymosan (yeast) or poly I.C.
(virus) have been used in rodent models. These mimetics work by activating the PRRs, such as toll-
like receptor 4 (TLR4), driving the systemic production of pro-inflammatory cytokines. Dosing
mice with LPS leads to increased brain immune-receptor expression and cytokine levels, which are
accompanied with behavioural changes (Dantzer and Kelley, 2007). Peripheral inflammation has
also been shown to increase the levels of AD related neuropathology. Repeated dosing of LPS can
also cause the accumulation of Af in both wild type and transgenic APP mice due to increased [3-

secretase activity (Lee et al., 2008; Sheng et al., 2003b), and LPS treatment of mice transgenic for
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human tau results in the increased phosphorylation and accumulation of tau in neurons (Kitazawa
et al.,, 2005). Pre-natal challenge of wild type mice with the viral mimetic poly I.C. also causes
increased: cytokine level, AB deposition and tau phosphorylation in adult life (Krstic et al., 2012).
These studies demonstrate that peripheral inflammation can increase the accumulation of the two
neuro-pathological hallmarks of AD, strengthening the hypothesis that inflammation is involved in
the underlying pathology. Whilst LPS is a useful tool for measuring the acute responses to an
immune stimulus, it does not accurately model a real infection. Our lab have previously shown that
infection with the attenuated bacterium Salmonella typhimurium SL3261 (S. typhimurium) leads to
a completely different neuro-inflammatory and behavioural response compared to repeated
injection of LPS (Puentener et al., 2012). There is limited published work investigating the effect of
real life infections on AD pathology in the brain of mice, but infection of wild type mice with the
bacterium Chlamydia pneumoniae leads to the deposition of AP in plaques similar to those found
in AD patients or APP mice (Little et al., 2004). Infection of APP/PS1 mice with the respiratory
pathogen Bordetella pertussis, causes increased numbers of A plaques and activation of glial cells

(McManus et al., 2014).

Microglia have been hypothesised to be involved in the pathogenesis of AD, either by responding to
altered microenvironment in the ageing brain and early stages of the disease ( i.e. A accumulation
or synapse loss) or in response to low grade chronic systemic immune activation, however their
precise role in AD is far from clear. Microglia are the CNS macrophages, which under normal
conditions patrol the brain and react to potential threats. This is supported by observations that
they surround AP plaques in AD brains, however they are unable to clear these deposits away
(Rogers et al., 1988) and this may contribute to their activated phenotype in AD. The presence of
activated microglia in the brains of AD patients has been measured by positron emission
topography (PET) imaging, and negatively correlates with cognitive function, and in-vitro
stimulation of these cells with AP or pro-inflammatory molecules can cause damage to co cultured
neurons (Edison et al., 2008). This does not prove a detrimental role for microglia in disease, as the
activation of microglia is likely to occur in areas with extensive damage and therefore this would

negatively correlate with cognitive function.
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1.3.2.1 Systemic infection with Salmonella typhimurium

The effect of peripheral inflammation on the brain has been researched using bacterial or viral
mimetics, however this is not comparable to a real life infection, our lab models the effect of real life
infections on the brain. The species of bacteria Salmonella enterica are gram negative bacteria, able
to infect the small intestine of humans and other mammals. Most bacteria in this family infect the
small intestine causing gastro-enteritis, however a few serotypes can cause systemic infection and
enteric fever. One of these is Salmonella typhii which causes human typhoid fever, a serious
condition affecting 20 million people and causing 200,000 deaths per year (Crump et al., 2004).
Typhoid fever is spread by the ingestion of food or water with infected human faeces. The related
serotype S. typhimurium, does not cause serious disease in humans, however it causes enteric fever
in mice which is similar to typhoid fever in humans. For this reason S. typhimurium, and
attenuated strains of this bacterium, have been used extensively to model human typhoid fever in
mice (Mittriicker and Kaufmann, 2000). Attenuated strains of S. typhimurium, such as SL3261,
cause more mild pathology than the wild type bacterium, and in this case were produced by
knocking out the AroA gene. The AroA gene allows the biosynthesis of an intermediate in the
production of folate, this means that the bacteria have to rely on the host folate levels to grow which
significantly reduces virulence (Hoiseth and Stocker, 1981). S. typhimurium first colonises the gut
of mice, by transcytosis through M cells located at Peyer’s patches (Carter and Collins, 1974). The
bacterium is then taken up by macrophages or dendritic cells, where it proliferates inside
phagosomes, and is transported to mesenteric lymph nodes (Mittriicker and Kaufmann, 2000).
From the lymphatic system, S. typhimurium infects the circulation but it is quickly removed by
phagocytic cells in the spleen and liver (Broz et al., 2012; Dunlap et al., 1992). The spleen and liver
then become colonised by the bacteria, and splenomegaly can be observed in infected mice. The

bacterial infection is eventually cleared around six weeks after initial infection (Hess et al., 1996).

1.3.2.2 Innate immune response

Cells of the innate immune system, such as neutrophils and macrophages, are able to quickly
respond to invading pathogens. They are able to recognise invading bacteria via the expression of

receptors that bind to molecules that are associated with pathogens -PAMPs. For example toll-like
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receptors (TLRs) recognise a wide variety of molecules including LPS found on the coats of gram
negative bacteria. This enables innate immune cells to: phagocytose and destroy bacteria, recruit
other immune cells and activate adaptive immunity by the presentation of bacterial antigens.
During the initial stages of S. typhimurium infection macrophages and neutrophils are recruited to
the sites of infection, and are essential in controlling the levels of bacteria by phagocytosis
(Friedman and Moon, 1977; Vassiloyanakopoulos et al., 1998). High levels of the cytokines IFNy
and TNFa are essential in switching macrophages into a phagocytic phenotype more capable of
killing S. typhimurium (Mittriicker and Kaufmann, 2000). In response to activation of PAMPs by S.
typhimurium, cells of the innate immune system produce many cytokines and chemokines such as:
TNFa, IL-6, IL-1p and IL-12 or KC. The production of these cytokines and chemokines mediate:
tissue inflammation and recruitment of immune cells and stimulate differentiation of CD4 T-cells
to a Th1 phenotype. The innate immune system is essential in controlling the levels of bacteria in
the early stages of disease, however it is unable to fully clear the infection. To clear intracellular

infection with S. typhimurium, activation of the adaptive immune system is required.

1.3.2.3 The adaptive response

The adaptive immune system is comprised of B and T cells, which can be further subdivided into
many categories depending on phenotype, function and maturation stage. Both B cells and T cells
can recognise specific antigens from an invading pathogen, and therefore adaptive immunity allows
a specific response against an infection. S. typhimurium is an intra-cellular bacteria, and therefore
CD4+ T-cells are essential in clearing the infection. Macrophages and dendritic cells produce the
cytokine IL-12, which promotes the differentiation of CD4+ T-cells into a Th1 phenotype which in
turn stimulates the anti-microbial activity of macrophages allowing the destruction of intracellular
bacteria (Hess et al., 1996). CD4+ T-cells also provide help to antigen specific B-cells, to produce
antibodies against S. typhimurium. Although not as important as CD4+ cells, CD8+ T-cells also
have a role in the clearance of S. typhimurium infection, they recognise and lyse cells infected with
S. typhimurium through antigen presentation on MHCI (Mittriicker and Kaufmann, 2000).
Activated B-cells produce antibodies against S. typhimurium, and although it is an intracellular
bacteria they still play a role in clearance. Immunoglobulin G (IgG) antibodies can bind
extracellular bacteria and promote phagocytosis through Fc gamma receptors (FcyRs), and IgA

antibodies can prevent entry of S. typhimurium through the gut mucosa.
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In summary, S. typhimurium initially infects the gut and quickly colonises the spleen and liver of
mice. The initial response is characterised by high cytokine levels, in particular IFNy, which enable
phagocytic cells to control the infection. The adaptive immune response is mainly characterised by
CD4+ T-cells, which enable the clearance of intracellular S. typhimurium, however CD8+ T-cells,

NK cells and B-cells also play a role.
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1.4 Fc gamma receptors

IgG is the most prevalent isotype found in serum. FcyRs bind to the constant region of IgG and are
expressed on the surface of a wide range of immune effector cells. The following section will
describe the biology of FcyRs and their ligand-IgG, their expression in the CNS and their potential

involvement in the underlying pathology of neurodegenerative disease.

1.4.1 FcyR biology

FcyRs are a family of receptors with the ability to bind to the Fc region of IgG. Human FcyRs can
be functionally divided into three classes: activating (FcyRI, FcyRIla, FcyRIIc and FeyRlIIla),
inhibitory (FcyRIIb) or gpi linked decoy (FcyRIIIb). There are a number of subclasses of human
IgG (IgG1, I1gG2, IgG3 and IgG4), each with varying affinity for the different FcyRs (Bruhns et al.,
2009). There are four known murine FcyRs: three activating (FcyRI, FcyRIIL and FcyRIV) and one
inhibitory (FcyRIIb) (Nimmerjahn and Ravetch, 2008). Mice have four IgG subclasses (IgG1,
IgG2a, IgG2b and IgG3), but it should be noted that the nomenclature is different between species
and therefore human IgG1 is not homologous to murine IgG1. Figure 1.4 shows murine (A) and

human (B) FcyRs, and their relative affinity for different IgG subclasses.
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Activating Fc receptors (with the exception of human FcyRIIa and Ilc) are associated with and
signal through a separate cytoplasmic gamma chain (Fcy chain). The Fcy chain contains immune-
tyrosine activation motifs (ITAMs), which mediate the cellular signalling in response to FcyR
ligation. A common model used to study the roles of activating FcyRs in vivo are mice deficient for
the Fcy chain, these mice do not express functional activating FcyRs. This results in: decreased
antibody mediated phagocytosis, abnormal platelet activation and an attenuated immune response
to immune complexes (Takai et al., 1994). Unlike other activating receptors, human FcyRIIa and
FcyRIIc have an intrinsic ITAM in their cytoplasmic domain which mediates the cellular signalling

in response to IgG ligation.

Ligation of IgG-immune complexes by activating FcyRs results in the crosslinking of the
cytoplasmic chains and the phosphorylation of ITAMs. This forms a binding site for splenic
tyrosine kinase (SYK), which then activates downstream signalling cascades such as the
phosphoinositol-3 kinase (PI3K) and RAS/RAF pathways. Activation of the PI3K pathway leads to
the activation of phospholipase C, which in turn causes an increase in cellular calcium. Activation
of these pathways and the increased calcium activate the cell, this results in a pro-inflammatory
response which can include: proliferation, cytokine/chemokine release, antibody dependent cellular
cytotoxicity (ADCC), phagocytosis and antigen presentation (Nimmerjahn and Ravetch, 2008).
The inhibitory FcyRIIb signals through an intrinsic cytoplasmic immuno tyrosine inhibitory motif
(ITIM), cross-linking with an activating receptor results in ITIM phosphorylation and the
recruitment of proteins to the plasma membrane (Nimmerjahn and Ravetch, 2008). The
phosphatase SHIP1 is recruited to the membrane, and it de-phosphorylates PIPss preventing
downstream activation of the PI3K pathways. Other adaptor proteins are recruited to inhibit the
activation of other important pathways such as RAS/RAF. The process of FcyR mediated activation
or inhibition of an effector cell is outlined in figure 1.5. The inhibitory receptor is usually expressed
by the same cells as activating receptors, therefore the functional consequences of FcyR ligation
depends on the ratio of activating to inhibitory FcyRs expressed on the effector cell. Cells that have
a high ratio of activating to inhibitory FcyRs are more prone to an uncontrolled immune response;
this is demonstrated by FcyRIIb” mice which have an exacerbated response to autoantibodies
inducing more tissue damage (Clynes et al., 1999; Yuasa et al., 1999). The response is also
determined by the subclass of antibody; for example human IgG1 has higher affinity for activating
FcyRs as compared to human IgG4, and will induce a more pro-inflammatory response (Bruhns et

al., 2009).
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FcyRII and FcyRIII in both humans and mice are classified as low affinity receptors and are unable
to bind monomeric IgG, and instead bind to immune complexes or antibody opsonised cells.
Immune complexes are multivalent and therefore have higher avidity, enabling binding of lower
affinity receptors (Ravetch and Bolland, 2001).The importance of avidity in the binding
interactions of the low affinity receptors is demonstrated by increased binding for immune
complexes of increasing size, and that the disruption of FcyRIIa localisation in lipid rafts reduces

the binding to immune complexes (Bournazos et al., 2009a; Lux et al., 2013).

FcyRI is different to other FcyRs as it possesses an extra immunoglobulin like domain, and has
much higher affinity for certain subclasses of IgG (Allen and Seed, 1989; Bruhns et al., 2009). This
enables the ligation of monomeric IgG, causing FcyRI to be occupied by monomeric IgG in areas
such as the serum, where IgG concentration is high (Allen and Seed, 1989; van der Poel et al., 2011).
Binding of monomeric IgG does not activate the cytoplasmic gamma chain, as it does not cross link
the receptor. However, it has been shown that FcyRI can mediate functions such as antigen
presentation in the absence of gamma chain activation (van Vugt et al., 1999). The occupation of
FcyRI by monomeric IgG prevents FcyRI from binding to immune complexes, however it has been
shown that FcyRI is important for a number of responses to infection and to therapeutic antibodies
where binding to immune complexes is essential (Barnes et al., 2002; Bevaart et al., 2006; Mancardi
et al., 2013). Upon cytokine stimulation it is thought that the cellular localisation of FcyRI changes,
and expression is increased, leading to increased capacity to bind immune complexes compared to
monomeric IgG. This allows FcyRI to take part in the immune response in the presence of
saturating levels of IgG (van der Poel et al., 2010). FcyRIV is unique to mice, and seems to be
functionally similar to human FcyRIIIa. FcyRIV has intermediate affinity for IgG2a and IgG2b

when compared to FcyRI (Nimmerjahn et al., 2005b).

The neonatal Fc receptor (FcRn) is another receptor able to ligate the constant region of IgG (apart
from IgG3), however it is not related to the FcyRs. FcRn is expressed in the gut of new born
mammals, and enables the transfer of maternal IgG into the bloodstream, granting passive
immunity. FcRn is also expressed by adult endothelial cells and it is responsible for the long serum
half-life of IgG (about three weeks in human and 1 week in mouse). FcRn is only able to bind to
IgG under acidic conditions (pH6-6.5), not at neutral pH (7.0) (Raghavan et al., 1995). This enables
FcRn to bind to IgG in acidic conditions such as in endosomes or in the gut of a new born, to
prevent degradation by releasing IgG into circulation. In the CNS, the expression (Ober et al., 2004)

of FcRn on endothelial cells facilitates the removal of IgG from the brain (Cooper et al., 2013).
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FcRn is also expressed by haematopoetic cells which also are involved in the increased half life of

IgG (Montoyo et al., 2009).
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Figure 1. 5 Activation or inhibition of a cell by Fc receptor ligation of IgG immune

complexes

A. Cross linking of activating FcyRs by IgG immune complexes results in the phosphorylation of
cytoplasmic ITAM motifs. This allows the recruitment of SH2 domain containing kinases of the
SYK family. These kinases activate pathways such as the RAS and PI3K pathways resulting in
increased cellular calcium and activation of the cell. B. The cross linking of an inhibitory receptor
to an activating receptor results in the phosphorylation of an ITIM, leading to the recruitment of
the phosphatase SHIP1. SHIP1 removes the 5’phosphate from PiPs4s inhibiting downstream PI3K

signalling, and also interacts with other adaptor proteins to inhibit other pathways.
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1.4.2 IgG Antibody structure and Function

IgG antibodies are the ligands of FcyRs, and are the most common isotype found in serum. IgG
antibodies are composed of four polypeptide chains: two heavy chains and two light chains. The
heavy chains are linked by two disulphide bonds and are each linked to a light chain by a further
disulphide bond, figure 1.6 shows the structure of an IgG1 antibody. The antibody molecule can be
split into 2 functionally distinct domains: the variable region which is responsible for antigen
binding and the constant region which controls antibody effector function. IgG Immune complexes
can activate the classical complement pathway through interactions with the C1q complex or
activate effector cells through interactions with FcyRs (Arlaud et al., 2002; Ravetch and Bolland,
2001). In mice and humans there are four subclasses of IgG each with varying effector functions.
The ability of IgG to bind specifically to a target, activate immune cells, its long serum half-life and
its low off target toxicity makes IgG an ideal drug candidate. Treatment with monoclonal
antibodies (passive immunisation) has been successful in management of numerous cancers and
inflammatory diseases, and can work by a number of mechanisms (Chan and Carter, 2010). For
example, antibodies are able to treat B-cell lymphoma by binding and depleting malignant B-cells,
this is mediated by antibody dependent cellular cytotoxicity (ADCC) (Chan and Carter, 2010).
Increased knowledge of the IgG structure and its interactions with receptors, now allow the
optimisation of therapeutic antibodies. This section will describe the structure of IgG, and the

progress that has been made in the optimisation of therapeutic antibodies.
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Figure 1. 6 The structure of an IgG Antibody

The most common type antibody in circulation is the IgG isotype; it is made up of two variable
regions which bind antigens and one constant domain which is responsible for effector function.
Each IgG is made up of four polypeptide chains; two heavy chains with four immunoglobulin
domains each and two light chains with two immunoglobulin domains. The variable regions of IgG
which bind to a specific antigen are each composed from one immunoglobulin domain from a
heavy chain and one from a light chain. Within the variable domains there are regions of hyper
variability called complementary determining regions (CDRs), these correspond to loops which
make contacts with an antigen. The effector function of an antibody is defined by the structure of
the CH2 and CH3 domains of the heavy chains, different IgG subtypes have different amino acid
sequences. The difference in sequence between isotypes modifies Fc receptor and complement
interactions. The two heavy chains are held in an open conformation by a sugar structure linked to
ASN297, this is essential for FcyR binding. Residues with the CH2 domain and the sugar structure
are important for interactions with FcyRs and complement factor Clgq.
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1.4.2.1 The Variable Domain and Antigen Specificity

An IgG antibody has two identical variable domains which are composed of an immunoglobulin
domain from a heavy chain and one from a light chain. It is the combined structure of heavy and
light variable domains which define the antigen specificity of an antibody. Each antibody has a
unique specificity that is determined by the amino acid sequence of the variable domains. In
particular there are three regions in each variable domain which demonstrate hyper variability;
these hyper variable regions (complementary differentiation regions or CDRs) correspond to three
loops that make contacts with the antigen. Surrounding the CDRs there are four regions which
have lower variability, these are known as framework regions one-four (Chothia and Lesk, 1987;
Chotbhia et al., 1989). The first therapeutic antibodies developed, were produced from rodent
hybridomas, however they suffered from low serum half-life and were highly immunogenic. To
reduce the immunogenicity of these antibodies and allow effective interaction with human FcyRs
and FcRn, the variable domain of the rodent antibody was cloned onto the constant domain of
human IgG (Boulianne et al., 1984). These antibodies were named chimeric antibodies, however
the rodent variable domain still generated an immune response in patients and the subsequent
antibody response rendered them less effective. To further reduce the rodent sequence content of
therapeutic antibodies, humanised antibodies were produced. The CDRs were cloned from rodent
antibodies onto human framework regions, minimising the rodent amino acid sequence used
(Jones et al., 1986). It is now possible to produce fully human antibodies from phage display

libraries (McCafferty et al., 1990), or from transgenic mice (Lonberg et al., 1994).

1.4.2.2 The Constant domain and effector function

The effector function of an antibody is determined by the constant domains of the IgG heavy chain.
The constant domain of IgG is able to interact with: FcyRs on effector cells, FcRn expressed by
endothelial cells and complement factor C1q. The ligation of different proteins is carried out by
different sections of the heavy chain, and small amino acid changes can have a large effect on
binding affinity (Chan and Carter, 2010). The crystal structures of human IgG1 in complex with
FcyRIIIa and FcRn have been solved, and alongside mutational analyses have highlighted residues
that are important for binding to these receptors (Burmeister et al., 1994; Shields et al., 2001;
Sondermann et al., 2000). Binding to FcyRs is mediated by residues in the CH2 domain proximal to

the hinge region, and the different binding affinities of different IgG subclasses is caused by small
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amino acid differences in the constant regions. Binding to C1q is mediated by residues in the hinge
and CH2 regions, whilst binding to FcRn is mediated by residues in the CH2 and CH3 domains
(Shields et al., 2001). The pH dependence of FcRn binding to IgG is mediated by histidine residues
in both the CH2 and CH3 domains (Kim et al., 1994; Kim et al., 1999). Under acidic conditions,
the histidine residues are protonated allowing binding to FcRn, but at neutral pH the histidines are
not protonated and IgG does not bind to FcRn as strongly (Raghavan et al., 1995; Shields et al.,

2001).

Mature IgG antibodies are glycosylated on Asn297 found in the constant heavy domain 2 (CH2),
the complex sugar structure has proven essential for interactions with FcyRs and complement
(Jefferis and Lund, 2002) (see figure 1.7). Removal of the sugar complex reduces the binding of
FcyRs and C1q to the Fc portion of IgG; this is because the sugar residues hold the two heavy
chains in an open conformation allowing these interactions (Huber et al., 1976; Shields et al., 2001).
Serum IgG contains a huge variation in the sugar moiety attached to Asn297and B-cells can modify
the sugar structure during class switching. These subtle changes in Fc region structure can have
profound effects on FcyR interactions. Individuals with auto immune conditions such as arthritis
display a different population of glycosylated serum IgG, which are thought to be more pro-
inflammatory (Parekh et al., 1985). Recently it has been found that modifications to the sugar
moiety have an effect on the binding of FcyRs. The absence of fucose from this sugar chain greatly
enhances the binding of IgG1 to FcyRIIIa (Shields et al., 2002; Shinkawa et al., 2003). Figure 1.7

shows an example of the oligosaccharide attached to Asn297.

Sialic Acid—— Galactose

GleNAc  —— Mannose

GlcNAc GlcNAc Asparagine 297

Mannose

am

Sialic Acid GlcNAc =——— Mannose GlcNAC

Galactose

Fucose

Figure 1. 7 The sugar moiety attached to asparagine 297 of IgG heavy chain

Nb. GlcNAc is N-acetylglucosamine
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1.4.2.3 Antibody engineering to alter effector function

Wild type immunoglobulins already display high heterogeneity in their effector function, due to
different subclasses and variation in glycosylation pattern. When designing therapeutic antibodies,
it is possible to select an appropriate subclass for the application. For example, a neutralising
antibody that does not require FcyR activation to function might be produced with an IgG4
constant region as it naturally has lower affinity for FcyRs than other subclasses. Conversely, an
antibody which is required to kill a target cell will require a stronger effector function to allow
ADCQC, and therefore would be produced with an IgG1 constant region. Understanding how the
constant domain interacts with FcyRs allows modification of the amino acid sequence and glycan

structure, to optimise the effector function of therapeutic antibodies.

To produce antibodies with reduced effector function, there are a number of modifications that can
be made. Production of a human 1gG2/IgG4 chimeric antibody has low affinity for FcyRs and
better stability than an IgG4 antibody alone (Rother et al., 2007). The FES mutation (L234F, L235E,
P331S) in human IgG1 reduces antibody effector function without significantly changing the
structure of the Fc domain (Oganesyan et al., 2008). Fucosylation of IgG1 lowers affinity for
FcyRIlIa, as the extra sugar sterically hinders binding to the receptor (Shields et al., 2002).
Reducing the effector function of antibodies can also be achieved by augmenting the binding to the
inhibitory receptor, the mutant selectively (S267E, L328F) increases the affinity of human IgGl1 for
FcyRIIb by 400 fold (Horton et al., 2011). Modifications to the Fc region of IgG can also be used to
selectively increase the affinity for activating FcyRs. Mutation such as S298A/E333A/K334A
increases the binding of human IgG1 (human) to FcyRIIIa, and improve in vivo tumour killing
(Bowles et al., 2006; Lazar et al., 2006), The affinity to the FcyRIIa can also be selectively increased
with the mutation G236A, this causes a 70 fold increase in FcyRIIa binding relative to FcyRIIIb and
enhances phagocytosis of immune complexes (Richards et al., 2008). Aglycosylated IgG has very
low affinity for FcyRs, however mutation (E382V, M428) leads to selective high affinity binding of
FcyRI (Jung et al., 2010). IgG already has a long serum half-life, and this is due to the binding of
FcRn which is expressed by endothelial cells. Random mutation of residues surrounding FcRn
binding sites, found Fc mutants that had higher affinity for FcRn, and increased serum persistence

(Ghetie et al., 1997).
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1.4.3 Humoral Immunity in the CNS

1.4.3.1 FcyR Expression on CNS cells

The role of FcyRs in peripheral organs have been well characterised, but expression levels and
function in the CNS are less well described. Multiple cell types within the CNS express FcyRs, and
changes in expression patterns occur in response to different stimuli. Table 1.1 and 1.2 summarise
the expression pattern and function of FcyRs on CNS cells in humans and mice respectively, under

healthy and diseased conditions.

Human microglia express: FcyRI, FcyRIIa, FcyRIIb and FcyRIIIa albeit at very low levels under
normal conditions. The expression is increased on microglia in the CNS of patients with MS
(Ulvestad et al., 1994), and a number of neurodegenerative conditions(Fuller et al., 2014). In AD
ramified microglia in the parenchyma, but especially those associated with plaques express higher
levels of: FcyRI, FcyRII and FcyRIII compared to age matched controls (Peress et al., 1993).
Interestingly the expression of FcyRI and FcyRIIb are decreased on microglia of AD patients whose
plaques were cleared by active immunotherapy (Zotova et al., 2013). Age related macular
degeneration is associated with an increased number of CD45+ leukocytes expressing activating
FcyRlla (and to a lesser extent inhibitory FcyRIIb) at the choroid-retinal epithelial cell interface
(Murinello et al., 2014). Finally increased FcyRI microglial expression is found in the CNS of
patients with PD (Orr et al., 2005). Murine microglia express all known FcyRs: FcyRI, FcyRIIb,
FcyRIII and FcyRIV. The expression of these receptors is increased in response to a number of
different insults to the CNS. All four FcyRs are up regulated on microglia in response to prion
disease and further up-regulated by systemic inflammation, whilst the up regulation of FcyRII/III
has been observed in TG2576 APP mice (Lunnon et al., 2011; Wilcock et al., 2004b). FcyR
expression can also be altered under experimental conditions, Type III hypersensitivity (or Arthus
reaction) in the CNS (brain and retina) induces robust expression of FcyRI, FcyRIIb, FcyRIII and
FcyRIV followed by a neuro-inflammatory response (Murinello et al., 2014; Teeling et al., 2012).
Normal ageing is also associated with increased FcyR immuno-reactivity, and microglia especially
those in white matter regions of the CNS, show elevated expression of FcyRI but not other FcyRs

(Hart et al., 2012).

32



The expression of FcyRs on neurons was once controversial, however a number of studies have
now documented their expression on neurons both in vitro and in vivo. Human sensory and motor
neurons express the high affinity FcyRI which enable the cells to take up IgG from the
surroundings (Andoh and Kuraishi, 2004; Mohamed et al., 2002). The inhibitory FcyRIIb has been
detected on healthy neurons in the hippocampus of both mice and humans. The expression of
FcyRIIb is increased on neurons in the AD brain, and also in response to treatment with Ap (Kam
et al., 2013; Nakamura et al., 2007). Murine neurons have been found to express FcyRII/III which
mediate the uptake of therapeutic anti-tau antibodies into neurons (Congdon et al., 2013). Finally
neurons in the hippocampus of APOE” mice express FcyRIV and signal in response to the higher

levels of IgG in the CNS (Fernandez-Vizarra et al., 2012).

There are a limited number of studies investigating FcyR expression on other CNS cell types. FcyRI
has been detected on astrocytes cultured in vitro, and also on rat astrocytes in vivo in response to
BBB permeability changes (Li et al., 2008). There is also evidence that the Fcy chain is required for
differentiation of oligodendrocytes, however with the other immune-receptors that also signal
through the Fcy chain it is not possible to conclude that FcyRs are required (Nakahara et al., 2003).
Finally, Murine CNS endothelial cells express FcRn and FcyRIIb. FcRn has been found to mediate
the transport of therapeutic anti-Af antibodies from the CNS into the periphery (Deane et al.,

2005).

1.4.3.2 Immunoglobulin G entry into the CNS

Despite tight control by the BBB, it is apparent that small amounts of IgG enter the healthy brain
and it has been estimated that 0.1% of circulating IgG enters the CNS via passive diffusion (Poduslo
et al., 1994). However, this may be altered during ageing and/or disease, and associated changes in
BBB integrity and interaction with FcRn. For example, under healthy conditions, IgG is removed
from the CNS by an efficient process of reverse transcytosis across the BBB (Zhang and Pardridge,
2001), mediated by FcRn (Deane et al., 2005; Schlachetzki et al., 2002).This transport of IgG is
saturated at high levels of IgG, reducing the rate of IgG efflux. It is widely recognised that a
functional BBB limits passage of macromolecules and cells from the periphery and that disruption
of the BBB by insults such as, ageing, stress and systemic inflammation, obesity, all risk factors for
earlier onset of clinical symptoms in AD patients, are associated with an influx of serum proteins

including IgG (Diamond et al., 2006; Lu et al., 2001).Under these conditions the net influx of IgG
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would be increased, resulting in accumulation of IgG in the parenchyma, and around cerebral

vessels.
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Cell Type FcyRs Conditions for expression References

Expressed
Microglia FCYRI, AllT; Neurodegeneration +/- (Hart et al., 2012;
FcyRIIb,  systemic LPS, immune complex Lunnon et al,,
FcyRIII formation in retina 2011; Murinello et
and al., 2014; Teeling
FcyRII/IIIT: AP immunotherapy
FcyRIV etal, 2012;
or arthus reaction in the brain
Wilcock et al.,
FcyRI1: ageing, especially in white = 2004b)
matter regions
Neurons FcyRIIb, FcyRIIbT: AP treatment (Kam et al., 2013)
FcyRIV
FcyRIV1: APOE” genetic (Fernandez-
FcyRII/IIT  background Vizarra et al.,
2012)
Astrocytes FcyRI FcyRI1: increased CNS IgG (Li et al., 2008)
Oligodendrocytes  Fcychain  Fcy chain is expressed by (Nakahara et al.,
oligodendrocyte precursor cells 2003)
Endothelial cells ~ FcRN FcRN constitutively expressed on (Deane et al,,
CNS endothelium 2005)

Table 1. 1 Expression of FcyRs on murine CNS cells

This table shows the expression patterns of FcyRs on different murine CNS cell types. The

conditions in which up or down regulation of specific FcyRs has been observed have been recorded.
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Cell Type FcyRs Conditions for References

Expressed expression
Microglia FcyR], AllT Alzheimer’s (Murinello et al., 2014;
FcyRlIla, Disease, Multiple Orr et al., 2005; Peress et
FcyRIIb, Sclerosis al., 1993; Ulvestad et al.,
FcyRIlla 1994; Zotova et al., 2013)
FcyRI7 Parkinson’s
Disease
FcyRI &FcyRIIb|

Alzheimer’s Disease

after plaque clearance

FcyRIIa &FcyRIIbt

Age related macular

degeneration

Neurons FcyRL FcyRIIb  FcRI Expressed (Andoh and Kuraishi,
constitutively on 2004; Mohamed et al.,
sensory and motor 2002)
neurons

(Kam et al., 2013)

FcRIIbT Alzheimer’s
disease

Table 1. 2 Expression of FcyRs on human CNS cells
This table shows the expression patterns of FcyRs on different human CNS cell types. The

conditions in which up or down regulation of specific FcyRs has been observed have been recorded.

There are a limited number of studies examining FcyR expression for most human CNS cell types.
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1.4.4 New roles for FcyRs in neurodegeneration

There are emerging roles for different FcyRs in the underlying pathology of neurodegenerative
disorders. As outlined in the previous section, increased expression of all FcyRs is consistently
reported in human brain tissue of neuro-inflammatory and degenerative diseases including: PD,
AD, and Multiple sclerosis (Cribbs et al., 2012; Nyland et al., 1984; Orr et al., 2005; Peress et al.,
1993; Ulvestad et al., 1994). There is evidence that ligation of specific FcyRs in the CNS by IgG and

alternate ligands can promote neuroinflammation and/or enhance neurodegeneration.

1.4.4.1 Auto antibodies

Apart from elevated FcyR, increased levels of total IgG in the CNS has also been reported in various
neurodegenerative diseases, possibly as a result of an age-related increase in BBB permeability
(Bouras et al., 2005). Serum from AD and PD patients are known to contain auto-antibodies
against glutamatergic and dopaminergic neurons, which are selectively affected in AD and PD
patients respectively. Furthermore, neurons of the substantia nigra (SN) from patients with
idiopathic cases of PD have been found to be immuno-reactive for IgG (Orr et al., 2005). IgG
isolated from the sera of PD patients, injected into the brains of mice, specifically binds neurons in
the SN. This binding induces neuroinflammation as measured by increased expression of CD11b,
and loss of SN neurons (He et al., 2002). The use of Fcy chain deficient mice, which lack all
activating FcyRs or F(ab’), fragments of PD IgG prevented these responses (He et al., 2002),
demonstrating that an FcyR mediated mechanism could drive neurodegeneration in PD. A similar
role for FcyRs in the pathology of AD is described. Increased expression of FcyRs (FcyRI, FcyRII,
and FcyRIIIa) in disease affected areas of AD patients has been observed on both glial cells and
neurons (Bouras et al., 2005; Peress et al., 1993). Application of serum-derived IgG from AD
patients, containing neuron specific antibodies, into the forebrain of rats results in the selective
reduction of cholinergic neurons, supporting the concept that in AD auto-reactive antibodies could
in part drive neuronal loss (Engelhardt et al., 2000). The histological examination of brain tissue
from AD patients provides further evidence for a detrimental role of these antibodies, as
cholinergic neurons that stain positive for IgG also express markers of degeneration such as caspase

3 (D'Andrea, 2003).
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1.4.4.2 Neuronal FcyRs

Evidence for a detrimental role of increased influx of serum derived IgG into the CNS was recently
shown in ApoE deficient mice. This model is of interest to AD researchers because the ApoE4

allele is the largest genetic risk factor for sporadic AD (Strittmatter and Roses, 1995). ApoE
deficient mice develop many neuropathological changes in common with AD including: increased
BBB permeability, accumulation of intra-neuronal A, hyper-phosphorylation of tau and cognitive
impairment (Fernandez-Vizarra et al., 2012). A critical role for FcyR was elegantly shown in this
experimental model. When crossed with an Fcy chain deficient mice, the double knock out animals
have similar increased BBB permeability. However they are protected from other neuropathological
changes including: microgliosis, neuronal damage and cognitive impairment. Fcy chain deficient
mice also do not express other immune receptors, so this should be taken into account when
analysing this data. However specific knock down of FcyRIV with siRNA prevents similar effects of
IgG on primary neurons in vitro. These results imply that it is the interaction between IgG in the
brain and FcyR expressing neurons that drive AD-like pathology in these mice. Neurons of AD
patients and APP transgenic mice also express the inhibitory receptor/FcyRIIb (Kam et al., 2013).
FcyRIIb has a low affinity for monomeric IgG1 (Kp = 9.43 x 10° M), but binds with high affinity to
AP (Kp =5.67 x 10° M). AP is a potent inducer of neuronal apoptosis, and this effect is ameliorated
in FcyRIIb deficient neurons (Kam et al., 2013). It is not currently known if A signals through
FcyRIIb using the same signalling pathway as immune complexes. It will be important to

understand if cross-linking of neuronal FcyRIIb by immune complexes can induce the same effect.

1.4.4.3 Protection from neurodegeneration in Fcy chain 7 mice

Our own studies have provided evidence that the Fcy chain also contributes to IgG-mediated
inflammation and neuronal function. Formation of IgG immune complexes in the mouse brain
(Teeling et al., 2012) or the retina results in a transient, but robust neuroinflammatory response,
that depends on activating FcyRs (Murinello et al., 2014). Further, using an experimental model of
neurodegeneration we show that FcyRs are expressed on microglia and up-regulated following
systemic inflammation. The latter is associated with increased production of pro-inflammatory
cytokines, which is attenuated in Fcy chain deficient mice (Lunnon et al., 2011). The Fcy chain

deficient background is also neuroprotective in other experimental models of neurodegenerative
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disease, including ischemic stroke (Komine-Kobayashi et al., 2004) and synuclein-induced

neurodegeneration following AAV transfer (Cao et al., 2012; Cao et al., 2010).

1.4.4.4 The effects of soluble inflammatory mediators

The ligation of auto antibody coated neurons, or plaques coated in antibody, by activating FcyRs
will lead to the polarisation macrophages to an m2b phenotype and the production of a number of
cytokines and inflammatory mediators (Mosser and Edwards, 2008). Receptors for a number of

cytokines are expressed on neurons and other cells in the brain.

Neuronal function is tightly regulated and a small change in homeostasis can be detrimental
depending on the levels of cytokines produced. At physiological levels TNFa has important roles in
regulating normal brain activity including regulation of synaptic scaling (Stellwagen and Malenka,
2006). Low levels of monomeric IgG in the brain (0.2-20ug/ml) are observed under healthy
conditions and induce these levels of TNFa via tonic signalling of FcyRI expressed on microglia.
Under these condition TNFa is neuroprotective against excitotoxicity, but increasing levels of
monomeric IgG abrogates this effect eventually becoming neurotoxic (Hulse et al., 2008). At higher
levels, TNFa, at least in vitro is neurotoxic causing loss of cells by signalling through TNFR1 (Yang
et al., 2002). Therefore increased TNFa production as a result of excessive FcyR ligation could be
twofold: high levels could induce apoptosis of susceptible neurons or it could interfere with TNFa’s
regulation of synaptic plasticity. IL-1p is also important for the function of neurons under
physiological conditions. Normal concentrations of IL-1p are essential for hippocampal long term
potentiation (LTP), however higher pathological levels (10ng/ml) result in the inhibition of LTP
(Bellinger et al., 1993; Katsuki et al., 1990; Ross et al., 2003). In vivo studies are sparse, but in vitro
studies have provided further evidence of a critical role of FcyR in neuronal damage. Microglia co-
cultured with dopaminergic neurons coated with IgG from the sera of PD patients, results in
increased levels of pro-inflammatory cytokines (TNFa), reactive oxygen species synthesis, and the
initiation of cell death in co-cultured neurons. The damage to neurons was shown to be dependent
on nitric oxide (NO) production, as inducible NO synthase inhibitors but not cytokine blocking
antibodies could inhibit neuronal death. This effect was shown to be Fcy chain-dependent as
microglia from Fcy chain deficient mice fail to induce cytokine/ROS production or neuronal

damage (Le et al., 2001).Recently it was shown that microglial activation in response to LPS or Af
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could epigenetically regulate the expression of synaptic proteins, silencing neuroligin gene
expression, causing synapse loss (Bie, 2014). The mediators produced by microglia which cause
these effects are yet unknown, but it is possible that antibody mediated inflammation could also
cause silencing neuroligin gene expression resulting in synapse loss. Therefore the increased
production of: TNFa, IL-1f, NO or other inflammatory mediators by m2b polarised microglia
could lead to impairment of neuronal function or exacerbation of neuronal/synapse loss in AD

patients.

FcyRs may contribute to the pathology of neurodegenerative diseases through a number of
mechanisms and thus it is important to consider this when developing immunotherapies targeting
CNS antigens. Targeting A leads to changes in FcyR expression on CNS effector cells, if this
increases the ratio of activating to inhibitory FcyR it could exacerbate existing pathology.
Furthermore immune complexes formed in the CNS may interact with other FcyR expressing cells
such as neurons. The function of FcyRs expressed by neurons is unclear, but it seems that their

ligation can induce neuron loss.
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1.5 Immunotherapy for Alzheimer’s disease

The amyloid cascade hypothesis has driven the majority of AD research and drug development in
the past twenty years. One approach to clear AP from the brain is to immunise against Ap, either by
active or passive immunotherapy. Immunisation against AP reduces parenchymal deposits in
transgenic mouse models and to a certain extent in humans (Morgan et al., 2000; Nicoll et al., 2006;
Ostrowitzki et al., 2012; Rinne et al., 2010; Schenk et al., 1999). In the next section I will outline
preclinical work demonstrating efficacy in transgenic APP mice, summarise previous and current
clinical trials for AR immunotherapy and outline evidence that FcyRs are involved in AP clearance

and the side effects associated with immunisation.

1.5.1 Active Immunotherapy

Mice transgenic for human APP are frequently used to model AD pathology. These mice develop
deposits of AP in the brain parenchyma and around cerebral blood vessels, with associated neuro-
inflammation and cognitive deficits (Games et al., 1995; Holcomb et al., 1998; Hsiao et al., 1996).
Dale Schenk et al first showed that immunisation of PDAPP mice with a synthetic Ap peptide and
Complete Freund’s Adjuvant (CFA) could promote the production of anti-A{ antibodies, which
prevent the deposition of AP when given to young mice (6 weeks), and stimulate the clearance of
plaques from disease-affected older mice (11months) reversing cognitive deficits (Morgan et al.,
2000; Schenk et al., 1999). In 2000 Elan pharmaceuticals began clinical trials of an A vaccine
(AN1792) which was well tolerated in phase I, with some patients developing a high titre (over 1 in
1000) of anti-Ap antibodies (Schenk, 2002). However the subsequent phase IIa trial was halted due
to a subset (6%) of patients developing meningocephalitis (Orgogozo et al., 2003). This seemed to
be due to the generation of auto reactive, A specific T-cells, due to the adjuvant or the peptide
used to immunise (Kathryn, 2002). Post mortem analysis of patients enrolled in these trials has
revealed that immunisation with AN1792 induced the removal of parenchymal A deposits, with
increased efficacy associated with higher AP antibody titres (Holmes et al., 2008; Nicoll et al., 2006;
Nicoll et al., 2003). Whilst parenchymal AP was removed from actively immunised AD patients; a
concurrent deposition of AP around blood vessels and increased incidence of micro haemorrhage
was observed (Boche et al., 2008). The immunised patients showed no improvement in cognition
(Holmes et al., 2008), however this trial was underpowered to detect such an effect. Next generation

active immunotherapy now employs shortened peptides from the N-terminal region, avoiding the
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T-cells activation through T-cells specific epitopes (Maier et al., 2006). A summary of past and
present active vaccines is shown in table 1.3.The company Affiris developed the AD02 vaccine for
AD, which instead of vaccinating with full length AP or a peptide fragment thereof, a synthetic
peptide which mimics AP was used. The idea behind this was to stimulate the production of
antibodies against the synthetic peptide that would cross react to AP but not to full length APP.
After a good safety profile in phase I, AD02 failed to improve cognition in patients in phase II trials.
It was later claimed that the placebo group, patients receiving adjuvant alone, were actually
protected from cognitive decline. The adjuvant has now been renamed AD04, and an open label
phase II study is continuing. The drawback of active immunisation is that clinicians have little
control over the antibody titre and it is hard to reverse treatment in the face of serious adverse

effects.
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Active immunisation

Vaccine Company

Peptide  Adjuvant

Meningo-  ARIA
cephalitis

Developmental
stage

Ref.

AN1972  Elan

CAD106 Novartis

AACO1 Elan/Janssen
| Pfizer

ADO02 Affiris

AB1-42  QS-21

AB1-5+ 72
Qp linker

ABl-6  QS-21

AB1-5 Alum

(mimitop
e
peptide)

Yes ?
No Yes
No ?
No ?

Table 1. 3 Anti-AB Vaccines that have reached Clinical Trials

Phase 11
abandoned due
to side effects

Phase IIb

Phase IIb

Phase 11

(Boche et
al., 2008;
Nicoll et
al., 2003;
Orgogozo
etal.,
2003;
Schenk et
al., 1999)

This table shows a summary of and monoclonal antibodies which have been tested in clinical trials

for AD.
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1.5.2 Passive Immunotherapy

To circumvent problems with active immunisation, monoclonal antibodies were raised against Ap
for use as passive immunotherapy. Monoclonal A antibodies are also able to clear AP deposition
and reverse cognitive deficiencies in APP transgenic mice (Bard et al., 2000; DeMattos et al., 2001;
Wilcock et al., 2004b). Antibodies that are able to reduce parenchymal A (such as 3D6 which
recognise the N-terminus of AP) are associated with an increased deposition of AP around the

vasculature, and an increased incidence of micro haemorrhage (Wilcock et al., 2004¢c; Zago et al.).

A number of monoclonal antibodies have been tested in clinical trials, which are summarised in
table 1.4. Bapineuzumab (Elan, IgG1- N-terminus) and Solanezumab (Eli Lilly, IgG1, mid terminal
epitope) were the first antibodies to be tested in humans. Bapineuzumab (IgG1 humanised 3D6)
binds to the N-terminus of AP and is able to bind and breakdown plaques, activating microglia and
promoting phagocytosis through FcyRs (Bard et al., 2000). Solanezumab (IgG1 humanised m266)
binds to a mid-terminal epitope and is unable to bind plaques, causing clearance by binding of
circulating and CNS soluble forms (e.g. oligomeric species) of Ap (DeMattos et al., 2001). During
phase II clinical trials both antibodies showed promising changes to cerebro-spinal fluid (CSF)
biomarkers such as AP, indicating that these therapies could be effective in humans (Imbimbo et
al., 2012; Salloway et al., 2010). However only Bapineuzumab was shown to reduce AP load in the
brains of AD patients measured by PET scan (Rinne et al., 2010). Patients in phase II trials were
monitored using magnetic resonance imaging (MRI) scans and side effects were detected in the
Bapineuzumab trial, designated Amyloid Related Imaging Abnormalities (ARIAs) (Salloway et al.,
2010). Vasogenic edema (ARIA-E) was detected in 9.7% of patients treated with Bapineuzumab and
0% in the placebo group, a higher frequency of micro-haemorrhages (ARIA-H) were detected in
Bapineuzumab treated patients compared to controls (Salloway et al., 2010). Vasogenic edema is
the leakage of fluid from cerebral blood vessels due to a leaky blood brain barrier, and the incidence
of ARTA-E was higher in ApoE4 carriers (Salloway et al., 2010). Due to these side effects
experienced by the patients, the top dose of Bapineuzumab given in phase III was abandoned,
potentially contributing to the lack of efficacy in the trial (Salloway et al., 2014). ARIA-E was not
observed in Solanezumab treated patients, indicating that it was likely that the clearance of plaques
and concomitant microglial activation are responsible for the initiation of the vascular problems
(Imbimbo et al., 2012). Both antibodies reached phase III trials, but failed to meet primary end

points, which was to improve overall cognition of patients (Doody et al., 2014; Salloway et al.,
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2014). Post hoc analysis found that Solanezumab caused a modest improvement in the cognition of
patients in the earlier stages of disease. As a result a new phase III trial was carried out in patients in
the earlier stages of AD, the data from this trial was presented at the Alzheimer’s association

international conference (2015), and showed that Solanezumab significantly improved cognition.
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Passive immunisation

Antibody Company  Epitope  Species Subclass ARIA  Developmental Ref.
stage
Bapineuzumab  Janssen/ N- Aggregat Humanise  Yes Failed to meet (Rinne
Pfizer terminus  ed and dIgGl1 primary etal,
soluble endpoints in 2010;
AA LS AP Phase IIT Salloway
etal.,
2014;
Salloway
etal,
2010)
Solanezumab Eli Lily Mid Soluble Humanise = No Repeat phase III  (DeMatt
terminus AP dIgGl in mild AD osetal,
showed modest  2001;
AA 13- cognitive benefit Doody
26 + A4 trial in etal,
MCI patients 2014;
and DIAN trial ~ Imbimb
(familial AD) oetal.,
2012)
Gantenerumab  Roche N- Conform  Fully Yes Phase I1I in (Bohrma
terminus  ational human MCI failed but nn et al.,
and mid  epitope IgGl1 DIAN trial 2012
terminus  of (familial AD) Koenigs
fibrillar continuing knecht-
AA 1S5 AP Talboo
+? etal,
2008;
Ostrowit
zki et al.,
2012)
Ponezumab Pfizer C AB1-40 Humanise = No Discontinued (Burstei
terminus dIgG2 (Fc after Phase Il for netal,
of AB40 mutant) AD; but 2013;
reactivated for Freeman
CAA etal.,
20125
Landen
etal,
2013)
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Crenezumab Genentech  Mid All forms Humanise No Phase III + API  (Adolfss

terminus  of AP dIgG4 trial onetal,
AA 12- 2012)
23
Ban2401 Bioarctic/  ? AP Humanise  Yes Phase IIb
EISAI protofibr  d IgGl
ils
Aducanumab Biogen N- Conform  Fully Yes Phase III
terminus  ational Human

epitope IgGl
AA3-6 of fibrilar

Ap
GSK933776 GSK N- All forms  Fully No Phase I (Andrea
terminus  of AP human sen et
al.,
AAL-5 IgG1 2015)
Effector
reduced
(alanine
235and
237)

Table 1. 4 Anti-A8 Antibodies that have been tested in Clinical Trials

This table shows a summary of and monoclonal antibodies which have been tested in clinical trials
for AD.
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There are a number of new antibodies and vaccines entering clinical trials which are also
summarised in table 1.4. Roche has continued its development of Gantenerumab-a fully human
IgGl1 antibody, which binds to a conformational epitope of AB with higher affinity for fibrillar than
soluble AB (Bohrmann et al., 2012). Gantenerumab has entered phase III trials; like Bapineuzumab
it is able to clear AP from the brain but also causes ARIA-E and ARIA-H (Ostrowitzki et al., 2012).
Solanezumab showed that the therapeutic window for treating AD patients is likely earlier in the
course of disease. As a result a number of clinical trials have aimed to treat before the onset of AD.
Gantenerumab was used in the SCarlet RoAD trial, which enrolled patients in the pro-dromal
stages of AD (MCI) to test if immunotherapy could prevent progression to AD. Unfortunately, this
trial was abandoned due to a futility analysis earlier in 2015. Gantenerumab and Solanezumab are
both being used in the Dominantly Inherited Alzheimer’s Network trials (DIAN), where patients

who carry mutations in the APP gene and will develop AD in mid-life, are treated prophylactically.

To address the problem of vascular damage associated with immunotherapy, Crenezumab has been
developed by Genentech. Crenezumab is able to bind to all forms of AP and previous studies would
predict that it would induce vascular damage (Salloway et al., 2010; Wilcock et al., 2004c), but it is
built on a human IgG4 backbone which has lower affinity for activating FcyRs (Bruhns et al.,
2009). This reduces microglial activation in comparison to its IgG1 form in vitro, but still allows
phagocytosis of opsonised oligomers of AB. During a phase I trial during patients received 10-fold
higher doses of Crenezumab than were given in the Bapineuzumab trial, with no detectable
vascular side effects (Adolfsson et al., 2012). Crenezumab was then tested in the phase IT ABBY trial
with a dose of 15 mg/kg, overall there were no changes in cognition, like Solanezumab when
stratified for mild cases only Crenezumab had a positive effect, the phase II trial is being extended
in an open label study until 2016, and a familial AD prevention trial using Crenezumab is
underway. Patients from Colombia, who possess a mutation in the PS1 gene who will develop AD
during mid-life, have been recruited to the Alzheimer’s prevention initiative (API) trial and treated

with Crenezumab.

A separate problem may arise with the strategy of targeting all forms of AP, where soluble forms in
the brain saturate the available antibodies, preventing efficient plaque clearance. This has been
demonstrated in extensively aged (22 month) PDAPP mice, where 3D6 (Bapineuzumab) is unable
to clear plaques after systemic administration due to the high levels of Ap in the brain (DeMattos et
al., 2012). These observations may explain the clinical findings that Bapineuzumab does not clear

all of the deposits from the brains of AD patients. A number of companies have developed
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antibodies specifically targeting the aggregated forms of AP. Biogen have developed a fully human
anti-Ap antibody Aducanumab (human IgG1, N-terminus conformational epitope) that was
derived from healthy aged patients and specifically recognises aggregated rather than soluble forms
of AP. Data from phase I presented at the AD/PD conference in 2015 has given a boost to the field
of AD immunotherapy. Aducanumab significantly lowered Ap levels in the brain and this clearance
was far more robust than clearance of plaques in Bapineuzumab or Gantenerumab trials. Alongside
reduction in AP, Aducanumab caused a significant improvement in cognition compared to the
placebo group. Like Gantenerumab and Bapineuzumab, Aducanumab caused increased ARIA-E in
patients, in a dose dependent manner. Eli Lily has developed an antibody which binds to a form of
AP (pyroglutamate Ap) located almost exclusively in plaques. Preclinical studies have shown that
this antibody is able to clear plaques from the brains of the extensively aged mice without inducing
micro-haemorrhage, probably because it cannot bind to vascular A (DeMattos et al., 2012). A
potential problem with this strategy is that breaking up plaques could increase the levels of toxic
species such as oligomers and cause an increase in vascular Af3, which this antibody would be

unable to remove.

In spite of a number of clinical failures of anti-Ap antibodies, there have been a couple of success
stories that justify continuing to develop immunotherapy for AD. There are many reasons that the
first generation of antibodies failed to improve the clinical outcome of patients including: treating
too late in the disease, inflammatory side effects and poor target engagement. New study design,
modification of therapeutic antibodies and the targeting of specific species of AP have helped to
overcome these issues. Perhaps the most exciting prospect is Aducanumab, which has already
shown promising signs in early clinical trials. However, Aducanumab like other antibodies able to
bind to aggregated AP, causes damage to the cerebral vasculature which could prove a stumbling
block in the future. Importantly, the trials for Solanezumab and Aducanumab have demonstrated
that clearance of AP from the brain of AD patients can slow the rate of cognitive decline,

supporting the important role of AP in the pathology of AD.
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1.5.3 Mechanisms of antibody mediated plaque clearance

There are a number of putative mechanisms explaining the action of anti Af immunotherapy;
importantly they are not mutually exclusive and may be epitope and IgG subtype dependant.

Mechanisms of Ap clearance are summarised in figure 1.7.

1.5.3.1 Evidence for Fc gamma receptor mediated phagocytosis of A}

A possible role for FcyRs in the mechanism of antibody mediated AP clearance has been
investigated. Antibodies, such as 3D6 cross the BBB and bind to fibrillar Ap, this leads to clearance
of plaques by FcyR mediated phagocytosis and mechanisms independent of FcyRs (Bard et al.,
2000; Wilcock et al., 2006; Wilcock et al., 2004b). Intracranial injection of plaque-binding Af
antibodies (2H6) into APP mice (T'G2576) results in the rapid break down and removal of plaques.
The response is bi-phasic: 24 hours after injection diffuse AP is removed, followed by the clearance
of dense thioflavin S positive plaques after 72 hours-coinciding with activation of microglia
(Wilcock et al., 2003). These initial observations indicated that microglial activation may be
required to clear dense deposits, this was confirmed when inhibition of microglial activation by
dexamethasone prevented the clearance of deposits (Wilcock et al., 2004a). Intracranial injection of
antibodies lacking the Fc region (F(ab).), also prevent microglial activation and impaired the
clearance of the same dense deposits (Wilcock et al., 2004a), supporting the hypothesis that
microglia clear AP through FcyRs. Systemic administration of plaque binding antibodies also
results in microglial activation, while mAbs targeting the soluble species, for example m266 do not
(Koenigsknecht-Talboo et al., 2008; Wilcock et al., 2004b). This activation of microglia is
characterized by increased expression of CD45, MHCII and FcyRII/III (Wilcock et al., 2004b).
Further evidence for a role of FcyR in microglial activation comes from studies using Crenezumab
(IgG4), which show reduced microglial activation as measured by cytokine production and p38
signalling in comparison to IgG1(Adolfsson et al., 2012). In addition, reduction of FcyR affinity by
de-glycosylation results in reduced microglial activation and reduced clearance of AP compared to
intact IgG after systemic treatment (Koenigsknecht-Talboo et al., 2008; Wilcock et al., 2006). There
is limited evidence of the role of FcyRs in the clearance of AP from the brains of human AD
patients, although monoclonal antibodies can stimulate the uptake of Ap by microglia in human ex

vivo brain tissue (Ostrowitzki et al., 2012).
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1.5.3.2 Catalytic Dissociation/ inhibition of fibrilisation

In vitro application of anti-Ap antibodies can inhibit the formation of fibrillar Ap in the absence of
other molecules (Solomon et al., 1996). This suggests that binding of an antibody to A can cause a
conformational change in the protein or sterically hinder fibrillisation (Morgan, 2009). Therefore
treatment of patients with anti-Ap antibodies may lead to a reduction in the amount of plaques by
either binding to and changing the conformation of plaque associated A or by binding to smaller
species and preventing further aggregation. This is supported by studies showing that single chain
variable domains (scFvs) can bind to AP and inhibit plaque formation in vitro and in vivo (Frenkel

et al., 2000; Fukuchi et al., 2006; Liu et al., 2004).

1.5.3.3  Peripheral Sink

Soluble AP can also be found in the plasma of AD patients and healthy individuals. Therefore
treatment with an anti-Ap antibody which can bind soluble forms, will lead to target engagement in
the periphery as well as the CNS. It has been suggested that an alternative route of AP clearance
from the CNS is through antibody mediated AP clearance from the plasma, which creates a
concentration gradient causing increased efflux of Ap from the CNS (DeMattos et al., 2001).
Formation of small immune complexes between Af and antibody in the periphery would allow
clearance by complement receptor 1 (CR1) expressing cells (Arlaud et al., 2002). This putative

mechanism is difficult experimentally to separate from other mechanisms of clearance.

1.5.3.4 Neonatal Fc receptor mediated clearance

FcRn can facilitate the removal of IgG from immune privileged areas such as the brain, where it is
expressed by brain endothelial cells (Roopenian and Akilesh, 2007). In the context of
immunotherapy, it has been shown that AP clearance from the brain of APP mice is partially
dependant of FcRn mediated efflux. Knocking out FcRn in TG2576 significantly reduces the
antibody mediated clearance of AP from the brain (Deane et al., 2005). This can be explained by the
uptake of antibody bound to AP by brain endothelial cells, leading to binding of IgG by FcRn in an

endosome, and the efflux of IgG and AP into the circulation.
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Figure 1. 8 Different mechanisms of antibody mediated clearance of Af} from the CNS

A. Antibodies enter the CNS and bind to A, activating microglia, stimulating phagocytosis

B. Antibodies do not need to enter the CNS but bind A in the periphery creating a

concentration gradient which causes efflux of AP from the CNS.

C. Antibodies directly disaggregate plaques by changing the conformation of monomers,

preventing fibrilisation.

D. The neonatal Fc receptor expressed by brain endothelial cells, shuttles antibody bound to
Ap across the BBB
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1.5.4 Evidence for Fc receptor involvement in side effects

Passive immunotherapy is able to clear plaques from the brains of both APP mice and humans, but
this intervention is associated with ARIA-E and ARIA-H (Ostrowitzki et al., 2012; Salloway et al.,
2010; Wilcock et al., 2004c). Antibodies such as the plaque binding 3D6 or 2H6, promote FcyR-
mediated phagocytosis and microglial activation and cause increased incidence of micro-
haemorrhage in APP mice. M266 which does not induce microglial activation, does not increase
micro haemorrhage .These observations suggest that induction of side effects appears to depend on
antibody specificity and FcyR interaction on microglia. These findings are translated into humans
as recent clinical trials, with patients receiving plaque-binding antibodies: Bapineuzumab,
Gantenerumab and Aducanumab developing vascular side effects, but no detectable vascular
damage occurs in patients receiving soluble Af specific Solanezumab (Imbimbo et al., 2012;
Ostrowitzki et al., 2012; Salloway et al., 2010). In APP mice reduction of FcyR affinity by de-
glycosylation of Ap specific antibodies results in the reduction of vascular AP deposition and micro
haemorrhage in comparison to treatment with the fully glycosylated, whole IgG (Wilcock et al.,
2006). The inhibition of microglial activation via ablation of the CD40-CD40L pathway using an
anti CD40L antibody, also reduces vascular side effects associated with immunotherapy, further
supporting the role of microglia in side effects, (Obregon et al., 2008). These findings have also
been replicated in the clinic during the development of Genentech’s new antibody Crenezumab.
Because Crenezumab has lower affinity for FcyR, it causes less microglial activation as measured by
cytokine production and reduced p38 signalling in comparison to IgG1(Adolfsson et al., 2012). The
reduced FcyR affinity results in the prevention of vascular damage in Crenezumab treated patients
(Adolfsson et al., 2012). This evidence suggests that side effects are at least in part, linked to

activation of CNS FcyRs.

In vivo studies have shown that anti-AP immunotherapy causes increased activity of matrix
metalloproteinases (MMPs) 2 and 9, providing a potential mechanism for the side effects associated
with immunotherapy (Wilcock et al., 2011a). Research into the effect of inflammation on stroke has
shown that central or peripheral inflammation can increase brain IL-1p, and this in turn increases
MMP-9 expression in the brain. MMP-9 cleaves the tight junction protein claudin-5 expressed by
brain endothelial cells, disrupting tight junctions and increasing vascular permeability (McColl et

al., 2008; Thornton et al., 2008). This reduction in the integrity of tight junctions could explain the

53



incidence of ARIA-E after immunotherapy, as FcyR mediated inflammation could cause increase

IL-1p, inducing MMP-9 cleavage of claudin-5.

It is well established that inflammation is a key neuropathological feature of AD, and there is a
growing body of evidence implicating FcyRs themselves in the pathology of numerous
neurodegenerative conditions (Fuller et al., 2014). Thus, it is important to consider the
consequences of increasing FcyR expression and activation through immunotherapy and/or other
factors, such as systemic infections. Soluble inflammatory mediators such as TNFa and IL-1f have
divergent roles within the CNS and regulate the function of neurons. Intracranial administration of
these mediators causes changes in neuronal function, and therefore increased CNS levels of these

cytokines as a result of immunotherapy could further disrupt synaptic function in AD patients.

54



1.6 Summary and aims of this thesis

The development of new therapies for AD is one of our most urgent unmet clinical needs. The
exact causes of AD are currently unknown, however there is significant evidence that the
accumulation of the protein AP is an important part of its pathology, and the majority of new drugs
are focussed on Ap clearance. One approach is to immunise patients against AP either by passive or
active immunotherapy (Doody et al., 2014; Salloway et al., 2014; Schenk et al., 1999). Antibodies
against AP have been able to clear deposits from the brains of patients, and there is some evidence
that this helps to slow down the cognitive decline associated with the disease (Doody et al., 2014).
However, patients treated with these antibodies also experience side effects, caused by damage to
the cerebral vasculature. It is thought that this vascular damage is caused by a pro-inflammatory
response to the therapeutic antibodies, mediated by activation of microglia or macrophages, via
binding to FcyRs (Wilcock et al., 2006). These side effects have limited the safe dose given in
clinical trials-potentially reducing the efficacy of treatment, but it may be possible to reduce these
side effects by modifying the Fc region of therapeutic antibodies (Adolfsson et al., 2012). Although
new clinical candidate antibodies have been produced on different Fc regions in an attempt to
reduce the side effects associated with therapies, there is limited published work describing the
importance of antibody effector function in the brain. The main aim of this thesis is to characterise
the importance of the Fc region in the in vivo clearance of plaques and the neuro-inflammatory
response to anti-A} immunotherapy, enabling the selection of safer and/or more efficacious Fc

regions for the treatment of AD.

55



1.6.1 Hypothesis and aims

1.6.1.1 Hypothesis

The vascular damage to the brains of AD patients that occurs during anti-Af immunotherapy is
caused by the activation of CNS FcyRs, leading to a pro-inflammatory response and changes to the
cerebral vasculature. We hypothesise that engineering of the Fc region of therapeutic antibodies

could ameliorate these side effects by altering the affinity for FcyRs.

1.6.1.2 Aims

1. To recombinantly produce and characterise well described anti-Ap antibodies with mouse
IgGl1 or IgG2a constant domains in vitro.

2. To characterise the TG2576 model for the expression of FcyRs.

3. To characterise the role of IgG subclass in the clearance of plaques and neuro-
inflammatory response to an anti-Ap antibody in vivo.

4. To directly compare mouse IgG2a versions of clinical candidate antibodies for their ability
to clear plaques and mediate neuro-inflammation in vitro and vivo.

5. To characterise the response of TG2576 mice to peripheral infection with Salmonella
typhimurium; and to investigate whether this will prime the CNS to respond in an

exacerbated fashion to immunotherapy.

56



Chapter 2: Materials and
Methods



2.1 Invivo experiments

2.1.1 Animals

Animals used in experiments were obtained from our in-house animal research facility, or directly
from Taconic (USA). All animals were housed under 12 hour light dark cycles and given access to
food and water ad libitum. All procedures were ethically approved and performed in concurrence

with UK home office guidelines, or the equivalent Danish laws.

2.1.2 Breeding of TG2576

Hemizygous male transgenic mice were purchased from Taconic (USA) and shipped to the
Southampton biomedical research facility (BRF). The mice were re-derived into a clean animal
facility for breeding, and male offspring bearing the APP transgene were selected. Transgenic male
mice were bred with wild type SJL females (in house) producing offspring with a 50% chance of

possessing the transgene. All breeding was carried out by BRF staff.

2.1.3  Genotyping

TG2576 mice were genotyped by measuring the expression of the human APP transgene. DNA was
extracted from tail tips of mice using an Illustra DNA isolation kit (GE healthcare, Amersham, UK)
according to the manufacturer’s guidelines. 1ul of purified DNA was added to a mastermix
containing: Taq polymerase and buffer (Sigma, Dorset, UK), 25mM MgCL,, forward and reverse
primers for both huAPP and B-actin and 0.5mM dNTPs (Sigma, Dorset, UK). The mastermix was

per sample as follows:
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1.2pl 10x buffer
2.4ul MgCI2 (25mM)
0.24pl 10mM dNTPs
0.6l 20uM APP forward primer
0.6pl 20uM APP reverse primer
0.3pl 20puM Control forward primer
0.3pul 20uM Control reverse primer
0.06pl Taq DNA polymerse
5.3l water
The primer sequences for hAPP and B-actin can be found in table 2.1. Samples were cycled as
follows in a PCR machine:
1. 94°C -3 mins
2. 94°C-30 seconds
3. 55°C -1 minute
4. 72°C-1 minute
5. Cycle 2-4 35 times
6. 72°C 2 minutes

7. 10°C forever

The PCR products were separated on a 3% agarose gel containing ethidium bromide. The agarose
gels were prepared by the addition of 3% W/V agarose into TAE buffer (appendix), this solution
was heated in a microwave until the agarose was dissolved. Once the temperature of the solution
had cooled down to 60°C, 5ul of ethidium bromide (Fisher, Loughborough, UK) was added per
100yl and the solution was poured into a gel mould and allowed to set. The gel was placed into an
electrophoresis tank containing TAE buffer, and 10pl of PCR product or 100bp DNA ladder
(Fisher, Loughborough, UK) were loaded. Samples were run at 140V and 400mA for 1 hour 30
minutes. The DNA bands were visualised using ultraviolet light, and photographed. The product
from the -actin primers is 320 base pairs long and the product of the human APP primers is 371
base pairs. As shown in figure 2.1 transgenic mice have two bands and wild type mice have only

one.
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Primer Sequence 5°>3’

APP forward primer AGGACTGACCACTCGACCAG

APP reverse primer CGGGGGTCTAGTTCTGCAT

B-Actin forward primer CTAGGCCACAGAATTGAAAGATCT
B-Actin reverse primer GTAGGTGGAAATTCTAGCATCATCC

Table 2. 1 Primer sequences for genotyping PCR

The primer sequences that were ordered from Sigma as 100uM stocks, which were diluted to 20pM
working stocks.

377bp
324bp

Figure 2. 1 Example Agarose gel for genotyping of TG2576 mice

PCR products run on a gel, mice possessing the APP transgene have two DNA bands, wild type

mice have one
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2.1.4 Stereotaxic surgery

Antibodies were directly injected into the hippocampus of mice using stereotaxic surgery. The
animals were anaesthetised with Isofluorane or Sevofluorane inhalation anaesthetics, and the
incision area was shaved and sterilised with iodine. The mouse was fitted to a stereotactic frame
using ear bars, and a mask supplying anaesthetic was secured over the nose piece. Throughout the
procedure the temperature of the mouse was regulated by a temperature probe and heat mat. A
sagittal incision was made exposing the skull, allowing the location of bregma, the point at which
the sagittal and coronal sutures meet, the location of injection was marked by measuring distance
from bregma. A burr hole/holes were drilled into the skull using a dentist’s drill. A fire pulled
capillary was inserted into the brain, and 2pl of antibody was slowly injected. The capillary was
slowly withdrawn, and the incision sutured before allowing the mice to recover in a heated

chamber. Mice were given Buprenorphine (RB pharmaceuticals, Slough, UK) for analgesia.

2.1.5 Salmonella infection

TG2576 mice were infected with the attenuated bacterial strain Salmonella Typhirmurium SL3261.
High concentration stocks of the bacteria were kept at -80°C until use. Mice were moved into a
containment level 2 facility 48 hours before injection to acclimatise to the room. To prevent cross
infection, mice were house in filter topped cages and kept in a negative pressure environment. Mice
were injected into the peritoneum with 1x10° CFU of S. typhimurium or saline. To monitor the
health of mice, body weight was measured every day for a week following infection and then once a
week until the end of the experiemnt. Project licence regulations state that the mice cannot drop
more than 15% body weight, and if they do they should be culled. All procedures involving S.
typhimurium or S. typhimurium infected animals were carried out in a containment level 2 hood to

prevent spreading of the bacteria to other mice in the facility.
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2.1.6 Behavioural assays

2.1.6.1 Contextual fear conditioning

The contextual fear conditioning paradigm is a well characterised behavioural test that measured
short term memory. Mice were brought to the room 24 hours before the start of the test to
habituate to the environment. The test chamber contained a wire mesh floor, and a video camera
mounted in the top to record. Between each test run the chamber was thoroughly cleaned using
10% ethanol. Figure 2.2 summarises the protocol. In the training phase a single mouse was placed
into the testing chamber and observed for 90 seconds, then over a period of two minutes the mice
were subjected to four random electric shocks which were each accompanied by white noise. The
mice were placed back into their home cage for one hour, before their return to the testing chamber
for the acquisition phase for three minutes. Three hours after the acquisition phase, mice were
placed in a novel environment for the cued test. After 60 seconds in the new environment, the
white noise that accompanied the electrical shocks was played continuously for two minutes. After
the test, the video recordings were reviewed and the amount of time the mice spent freezing in the:
training, acquisition and cued phases was measured. The time spent freezing relates to the anxiety
levels of the mouse, and the data collected from the first 90 seconds of the training phase was used
to find any mice that were highly anxious before the test and would therefore need to be excluded.
In this experiment no mice were abnormally anxious before at the start of training, so no mice were
excluded. The amount of time spent freezing in the acquisition and cued phases was expressed as
percentage of total time. The mice were randomly assigned numbers and the videos were analysed
blind to avoid bias. To verify accurate measurement of time spent freezing, 10 mice were measured

by an independent scientist (Kate Pedersen) and the scores correlated well.

62



4 electric shocks associated with
white noise

Training Phase
_ i kB B

90s 120s 90s

1 hour

% time spent
freezing recorded

Context test

180s
3 hours -
% time spent
Cue test freezing recorded
<k >
continuous

white noise

New environment
Figure 2. 2 Fear conditioning behaviour method

The fear conditioning behaviour was performed in two phases. The mice were placed into the
chamber, and left to acclimatise for 90 seconds. Over the following 120 seconds, the mice were
subjected to a series of four electric shocks accompanied by white noise. The mice were then left in
the chamber for 90 seconds before being returned to their home cage. One hour later the mice were
returned to the cage for 180 seconds, and the percentage of the time spent freezing was measured.
Three hours following the acquisition test, mice were placed into a new environment and the white

noise was played continuously for two minutes, recording the amount of time spent freezing.
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2.1.6.2 Nesting behaviour

Nest building is a natural behaviour of mice, and is important for reproduction and

thermoregulation. The behaviour to build a nest has been shown to be sensitive to hippocampal

lesions or genetic/pharmaceutical changes. Mice are moved into the nesting cage one hour before

the beginning of the dark cycle. The nesting cage contains a 0.5cm covering of sawdust and a

5cmx5cm square of cotton wadding (nestlet, LBS Biotech, Horley, UK) placed in the middle with

no other environmental enrichment, the mice still have free access to food and water. The mice will

then tear up the nestlet and use the cotton to make a nest. The morning after the quality of nests

that the mice have built are scored using the following five point scale adapted from RM Deacon

(Deacon, 2006b).

1. Nestlet more than 90% intact

2. Nestlet partially torn (50-90% intact) no nest site

3. Nestlet mostly torn (greater than 50%) but no defined nest site. i.e. torn nestlet is not
gathered in one quarter of the cage

4. Nestlet is mostly shredded, and there is a defined nest site in one quarter of the cage, walls
are lower than a mouse laying on its side for more than 50% of its circumference

5. A near perfect nest using >90% of the nestlet, the nest is positioned in one corner and the

nest walls are as tall as a mouse laying on its side for greater than 50% of its circumference

If the nest has qualities of two of the scores above, it is possible to award scores of .5. All assessment

of nests were completed by Mr Alex Collcutt who was blinded to the treatment groups.
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Figure 2. 3 Example nest scores

Example nests, and their respective scores in the top left corner. Images sourced from:(Deacon,
2006b)
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2.2 Collection of tissue and protein measurement

2.2.1 Immunohistochemistry

2.2.2 Collection and processing of tissue for histology

Mice were terminally anaesthetised by an overdose with avertin (appendix), followed by
transcardial perfusion using heparinised saline. For immunohistochemistry the whole brain or a
hemi brain was embedded in optimum cutting temperature (OCT, Sakura Finetek, Thatcham, UK)
and stored at -80°C before cutting. Coronal sections of 10pm were cut using a cryostat and

collected onto APS coated slide (see appendix), sections stored at -20°C until use.

2.2.3 Mouse Immunohistochemistry

Fresh frozen sections were dried for 30 minutes at 37 °C, before fixation in 4°C ethanol for 15
minutes. Sections were then placed in PBS (see appendix), outlined with a wax pen (Vector,
Burlingame, CA) and blocked with 60pl of PBS with 10 % serum from the same species as the
secondary antibody (Sigma, Dorset, UK) + 2% BSA (Fisher, Loughborough, UK) for one hour. For
fluorescent immunohistochemistry sections were incubated with primary antibody (for
concentrations see table 3.1) in a 1:5 dilution of the blocking buffer overnight at 4°C. The sections
were washed three times for ten minutes in PBS before incubation for one hour with a secondary
fluorescent antibody (see table 2.6). Slides were washed three times in PBS and cover slipped using
Prolong gold anti-fade reagent™ with DAPI (Invitrogen, Paisley, UK). For DAB
immunohistochemistry sections endogenous peroxidase activity was quenched in 1% hydrogen
peroxide (Sigma, Dorset, UK) for ten minutes before three short washes in PBS. Sections were then
incubated overnight with primary antibody in a 1:5 dilution of the blocking buffer at 4°C. Sections
were washed three times in PBS and incubated with a biotinylated secondary antibody (Vector,
Burlingame, CA) for 1 hour before a further three washes and incubation with Vector ABC system
for 45 minutes (Vector, Burlingame, CA). After three washes sections were developed in a DAB
solution (appendix), counterstained in haematoxylin and dehydrated in graded alcohols and xylene
before cover-slipping using the mounting medium DPX (Fisher Scientific, Loughborough, UK). See

table 2.5 for a full list of antibodies and conditions used.
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Primary Antibody Antibody Type Clone/catalogue Source Primary
Target number dilution
CD68 mAb Rat a mouse FA1l AbD Serotec 1:500
CD11B mAb Rat a mouse 5C6 AbD Serotec 1:500
MHCII mAb Rat a mouse M5/114.15.2 eBioscience 1:500
CD45 mAb Rat a mouse IBL-3/16 AbD Serotec 1:1000
CDeo64 mAb Rat a mouse AT152-9 In House 1:500
CD16/32 mAb Rat a mouse MCA2305F ADD Serotec 1:500
CD32B mAb Rat a mouse ATI128 In house 1:250
CD16 mAb Rat a mouse AT154-2 In House 1:250
FcyRIV mAb Rat a mouse AT137 In house 1:500
CD3 mAb Rat a mouse KT3 ADD Serotec 1:500
Laminin pAb Rabbit a mouse L9393 Sigma 1:500
Claudin-5 pAb Rabbit a mouse 341600 Invitrogen (Novex) 1:200
AP pAb Rabbit o human Ab2359 Abcam 1:500
AP (N-terminus) mAb Mouse a human  3D6 In house 1:1000
AP (mid- domain) mAb Mouse a human  4G8 Covance 1:2000
CD206 mADb Rat a mouse MR5D3 ADbD Serotec 1:500
CD31 mADb Rat a mouse 390 eBiocience 1:500
NG2 pAb Rabbit a mouse Ab5320 Millipore 1:500

Table 2. 2 Primary antibodies and conditions used for murine immunohistochemistry
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Secondary antibody Antibody type Catalogue Source Dilution

target (label) number

Rabbit IgG (546nm) mAb Goat a Rabbit A-11011 Invitrogen 1:500
RatIgG (488nm) mAb Donkey a rat A-21208 Invitrogen 1:500
Mouse IgG (FITC) pAb Sheep F(ab), a mouse F2266 Sigma 1:500
Mouse IgG (biotin) pADb Horse a mouse BA-2001 Vector 1:100
Rat IgG (biotin) PpAD Rabbit a Rat BA-4001 Vector 1:100
Rabbit IgG(biotin pADb Goat a Rabbit BA-1000 Vector 1:200

Table 2. 3 Secondary antibodies used in murine immunohistochemistry

2.2.4 Congo red stain

To stain brain sections for congophilic plaques, brain tissue was processed in the same way as for
mouse immunohistochemistry. Ten micron sections were fixed to APS coated slides by incubating
in 4°C 100% ethanol (Fisher, Loughborough, UK) for 15 minutes. Sections were treated with a 0.3%
Congo red solution (Sigma, see appendix for recipe) for 20 minutes before 5 dips in the de-staining
solution (appendix). Sections were counterstained using haematoxylin and then cover-slipped

using dpx mounting medium, or with pro-long-gold anti-fade reagent containing dapi.

2.2.5 Human tissue

The post-mortem tissue of the AD cases was provided by BRAIN UK under the ethics approval
obtained from the National Research Ethics Committee South Central Hampshire B (REC
reference 14/SC/0098). Brain sections were used from three AD patients, two MS patients and one
patient with severe peripheral inflammation. Tissue was formalin fixed and embedded in paraffin

wax, and cut into 5pm sections on a wax microtome.
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2.2.6 Human immunohistochemistry

Formalin fixed paraffin embedded human brain and tonsil tissue was used to characterise FcyR

expression and binding of antibodies. Cut sections were de-waxed in clearene (Surgipath Europe,

Peterborough) and rehydrated. Endogenous peroxidase activity was quenched using 3% H202

(Sigma, Dorset, UK) in methanol (Fisher, Loughborough, UK). Tissue was subjected to different

antigen retrievals dependent on the antigen stained for (see table 3.7 for methods for each

antibody). Sections were then blocked using a different solution depending on the species of

secondary antibody (See table 3.8). Primary antibodies were added an optimised concentration for

an optimised length of time (Table.3.7) Secondary antibodies were incubated for 30 mins followed

by a 30 minute incubation with ABC detection system (Vector). Slides were developed using DAB

(Vector) for an optimised length of time.

Primary Species Clone/catalogue  Source Antigen retrieval Primary
Antibody number dilution
Target

CD32 mAb Rabbit EP888Y Abcam EDTA, pressure cooker, 2mins 1:2000
CD32A mAb Rabbit EPR6658 Abcam EDTA, pressure cooker, 2mins 1:1000
CD16 mADb Mouse 2H7 AbD Serotec  EDTA, pressure cooker, 2mins 1:40
AB16-24 mAb Mouse 4G8 Covance 80% Formic acid, 30 mins 1:4000

Table 2. 4 Anti-human primary antibodies
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Secondary antibody Species Catalogue  Block Source Dilution

target number
Mouse IgG Rabbit ab97044 DMEM, FCS,BSA  Abcam 1:600
Rabbit IgG Swine Z019602-2 DMEM, FCS,BSA  Dako 1:400

Table 2. 5 Secondary antibodies for use in human immunohistochemistry

2.2.7 Microscopy and quantification of staining

Light microscopy (DAB) and fluorescent images were taken on a Leica DM5000 microscope using
QWIN or LAS software. The quantification of DAB images was performed using the freeware-
Image]. For the quantification of staining within the hippocampus, sections from -2.0mm from
bregma were used. Three separate images were taken with a 20x objective spanning the
hippocampus. All images were de-convoluted using HDAB RGB values, which splits images into
haematoxylin and DAB channels. The DAB staining was turned into a binary image, and the
percentage area above a marker specific threshold was set. The threshold was selected by taking
random images and finding a threshold at which the binary staining represented actual cellular
staining. Quantifications were automated using a macro, and were expressed as percentage area
above threshold. The exception to this is quantification of staining surrounding the pial membrane,
which was quantified in the same way however a region 150 pixels either side of the membrane was
selected in image J. The number of T-cells present in the brain was quantified by staining for CD3
and then counting the number of T-cells in the hippocampus, this number was normalised to the
hippocampal area, expressing results in cells per mm?. To quantify the number of T-cells that were
in the brain parenchyma rather than blood vessels, co-staining of CD3 and Laminin was used. The
number of T-cells that were not associated with blood vessels were counted. To ensure impartiality

during quantification, it was performed blinded to experimental groups and mouse genotype.
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2.2.8 Mesoscale Cytokine and A measurements

2.2.9 Homogenisation of tissue for cytokine and amyloid beta

measurement

Protein was extracted from tissue in two stages. Firstly hippocampal tissue was placed in a buffer
containing: 150mM NaCl, 25mM TRIS 1% triton x-100 and complete mini protease inhibitors
(Roche, UK). The tissue was mechanically homogenized and the homogenate was centrifuged at
20,000g at 4°C for 1 hour to remove insoluble material. The supernatant from this fraction was
used to measure pro-inflammatory cytokine levels and the triton soluble Af fraction using
multiplex MSD technology. The pellet was re-suspended in 70% formic acid and incubated for 15
minutes to solubilise aggregated forms of AP, this solution was neutralised in 20 volumes of pH8
TRIS, and centrifuged at 20,000g for 1 hour and the supernatant used to measure the formic acid
soluble AP fraction. Total protein levels were measured by BCA protein assay (Pierce, Belvedere,

IL), following manufacturer’s instructions.

2.2.10 Mesoscale Discovery cytokine and Abeta measurement

Multispot ELISAs (Mesoscale Discovery, Rockville, MD) were used to determine the concentration
of cytokines and AP peptide in brain homogenate. Briefly, 96 well Mesoscale plates were blocked
with supplied diluent for half an hour, before addition of sample or supplied calibrator in duplicate
and incubated for two hours on a shaking plate. The plates were washed three times before addition
of secondary Sulfotag linked antibodies, and incubated for a further two hours. The plates were
washed a further three times, and filled with 150yl read buffer per well and plates were measured on
a Sector PR400 reader. Values for cytokine levels were normalised to the total protein concentration

measured in each sample.
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Cytokine

Expressed by

Effects

IFN-y

IL-1B

IL-2

IL-4

IL-5

IL-6

IL-10

IL-12 (p70)

KC (mouse

CXCL1)

TNFa

T-cells, NK cells

Macrophages, epithelial cells,

keratinocytes, T cells, dendritic

cells, fibroblasts

T cells

T cells and mast cells

T cells

Macrophages, T cells, endothelium

Monocytes

Macrophages, dendritic cells

Macrophages, mast cells

Macrophages, neutrophils, NK

cells, T cells

Table 2.6 Cytokines measured by MSD assay

Polarises macrophages to a more
phagocytic and anti-microbial phenotype,

inhibits th2 polarisation.

Activation of macrophages and t cells,
activates local endothelium, drives sickness

behaviours, induces fever
Induces T cell proliferation

Activates B cells, induces class switching to
IgE

Activates eosinophils

Stimulates the release of acute phase
proteins by hepatocytes, causes

proliferation of T and B cells, also induces

fever response

Anti-inflammatory cytokine, inhibits the

activation of macrophages

Activation of NK cells, polarisation of T-

cells to th1 phenotype

Neutrophil chemoattractant

Stimulates t-cell polarisation to th1, causes
localised inflammation and vascular

changes, induces fever

References for this table can be found in (Janeway 2010)
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2.3 Recombinant production and purification of

antibodies

2.3.1 Sequences of antibody variable domains

To recombinantly generate anti-AP antibodies for use in vitro and in vivo, the sequences of
antibody variable regions were obtained from the public domain. Table 2.6 shows the amino acid
sequence of the heavy and light chain variable domains from antibodies used in this thesis, and the

source of the sequences.

2.3.2 Designing constructs for 3D6 expression

To produce recombinant antibodies the unique sequence of the variable region of both the heavy
and light chains is required. This information was found in the patents for Bapineuzumab (3D6) as
the amino acid sequence shown in figure 2.1. The amino acid sequence was converted to DNA
codons using internet based software

(http://bioinformatics.picr.man.ac.uk/research/software/tools/sequenceconverter.htm) and edited

to allow vector cloning. Onto all constructs a leader sequence and a HinDIII restriction site
sequence was added to the 5" end. To allow cloning of the kappa variable region into pucl8, a 3’
BSiWT restriction site was added to 3D6 kappa constructs. The sequence for a Spel site was added
into the framework region four of the heavy chain to allow cloning into the TOPO vectors for
mouse heavy chain. The edited sequences can be seen in figure 2.1, black bases correspond to
original DNA, red bases show the 5’ leader sequences and restriction enzyme sites are denoted in
different colours. Sequences were optimised for expression in cricetulus griseus (Chinese Hamster)
using Geneart software. Following optimisation constructs were checked for changes to existing
restriction sites or for the addition of restriction sites needed downstream using (NEBcutter v.02).
The optimised sequence was then ordered from geneart and delivered in a plasmid containing

ampicillin resistance.
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http://bioinformatics.picr.man.ac.uk/research/software/tools/sequenceconverter.htm)l

Antibody

Heavy chain variable

domain sequence

Light chain variable

domain sequence

Ref.

3D6

Gantenerumab

mQC2

EVKLVESGGGLVKPGASLKLS
CAASGFTFSNYGMSWVRQNS
DKRLEWVASIRSGGGRTYYSD
NVKGRFTISRENAKNTLYLQM
SSLKSEDTALYYCVRYDHYSGS
SDYWGQGTTVTVSS

MWTLVSWVALTAGLVAGQV
ELVESGGGLVQPGGSLRLSCA
ASGFTFSSYAMSWVRQAPGK
GLEWVSAINASGTRTYYADSV
KGRFTISRDNSKNTLYLQMNS
LRAEDTAVYYCARGKGNTHK
PYGYVRYFDVWGQGTLVTVS
S

EVQLVESGGGLVQPGGSLKLS
CAASGFTFSSYGMSWVRQTPD
KRLELVASINSNGGSTYYPDSV
KGRFTISRDNAKNTLYLQMSS
LKSEDTAMYYCASGDYWGQG
STLTVSS

YVVMTQTPLTLSVTIGQPASIS
CKSSQSLLDSDGKTYLNWLLQ
RPGQSPKRLIYLVSKLDSGVPD
RFTGSGSGTDFTLKISRIEAEDL
GLYYCWQGTHFPRTFGGGTK
LEIK

MWTLVSWVALTAGLVAGDIV
LTQSPATLSLSPGERATLSCRAS
QSVSSSYLAWYQQKPGQAPRL
LIYGASSRATGVPARFSGSGSG
TDFTLTISSLEPEDFATYYCLQI
YNMPITFGQGTKVEIK

DVVMTQTPLSLPVSLGDQASI

SCRSSQSLVYSNGDTYLHWYL

QKPGQSPKLLIYKVSNRESGVP
DRFSGSGSGTDFTLKISRVEAE

DLGVYFCSQSTHVPWTFGGG

TKLEIK

US Patent No.
7,790,856B2

EMBL database ID:
CHEMBL1743025

WO 2008011348 A2
WO 2007068412 A2

Table 2. 6 Sequences of the variable regions of recombinant antibodies used in study

Amino acid sequences of variable regions for antibodies: 3D6, Gantenerumab and mC2. All

sequences were obtained from the public domain.
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Protein Amino acid sequence

AKTTPPSVYPLAPGSAAQTNSMVTLGCLVKGYFPEPVTVTWNSGSLSSGV
Mouse IgG1 Heavy HTFPAVLQSDLYTLSSSVTVPSSPRPSETVTCNVAHPASSTKVDKKIVPRD
chain constant CGCKPCICTVPEVSSVFIFPPKPKDVLTITLTPKVTCVVVDISKDDPEVQFS

WEFVDDVEVHTAQTQPREEQFNSTFRSVSELPIMHQDWLNGKEFKCRVN

region SAAFPAPIEKTISKTKGRPKAPQVYTIPPPKEQMAKDKVSLTCMITDFFPE
DITVEWQWNGQPAENYKNTQPIMNTNGSYFVYSKLNVQKSNWEAGNT
FTCSVLHEGLHNHHTEKSLSHSPGK
AKTTAPSVYPLAPVCGDTTGSSVTLGCLVKGYFPEPVTLTWNSGSLSSGV

Mouse IgG2a HTFPAVLQSDLYTLSSSVTVTSSTWPSQSITCNVAHPASSTKVDKKIEPRG

Heavy chain PTIKPCPPCKCPAPNLLGGPSVFIFPPKIKDVLMISLSPIVTCVVVDVSEDD

PDVQISWFVNNVEVHTAQTQTHREDYNSTLRVVSALPIQHQDWMSGK
EFKCKVNNKDLPAPIERTISKPKGSVRAPQVYVLPPPEEEMTKKQVTLTC
MVTDEFMPEDIYVEWTNNGKTELNYKNTEPVLDSDGSYFMYSKLRVEKK
NWVERNSYSCSVVHEGLHNHHTTKSEFSRTPGK

constant region

RADAAPTVSIFPPSSEQLTSGGASVVCFLNNFYPKDINVKWKIDGSERQN

Mouse Kappa GVLNSWTDQDSKDSTYSMSSTLTLTKDEYERHNSYTCEATHKTSTSPIVK
chain constant SFNRNEC
region

Table 2. 7 Sequences of the constant regions of recombinant antibodies used in study

Table 3.10 shows the amino acid sequences for the constant heavy(cH) regions of mouse IgG1 and

IgG2a, and also the sequence for the constant domain of the mouse kappa chain (cK)
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2.3.3 Transformation of plasmids into E. coli

All plasmids were transformed into Escherichia coli JM109 competent cells (Promega,
Southampton, UK) using the following protocol. JM109 cells were defrosted on ice, and 100ul of
cell suspension transferred to a clean tube containing 30pl of the plasmid and 200yl of 0.1M CaCl..
The transformation reaction was left on ice for 30 minutes before heat shock at 42 °C for exactly 45
seconds. The cells were then placed back on ice before addition of 0.5ml super optimal broth
(Invitrogen, Paisley, UK) and incubation at 37 °C with shaking for 1 hour. Transformed cells were
then plated out onto an LB agar plate impregnated with 100ug/ml ampicillin or kanamycin
(depending on plasmid resistance) to select for successfully transformed colonies. The plates were
left at 37 °C overnight, and individual colonies picked into 5ml LB broth containing the same

antibiotic resistance (5 colonies per transformant).

2.3.4 Purification of plasmids from E.coli

Plasmids were purified from overnight 5ml cultures of E.coli using a QTAGEN mini-prep kit
according manufacturer’s instructions (QIAGEN, Crawley, UK). Briefly, 5ml E. coli cultures were
spun at 4000rpm for 3 minutes, and the pellet was re-suspended in 250ul buffer P1. Re-suspended
cells were transferred to a micro centrifuge tube and 250pl of the lysis buffer P2 was added. After 5
minutes the lysis reaction was stopped with buffer N3 and tubes were spun at 13,000rpm for 10
minutes. The supernatant was transferred into a DNA binding column and spun at 13,000rpm for 1
minute, followed with consecutive washes using 500ul buffer PB and 750pl bufter PE. A final spin at
13,000rpm was used to remove the residual wash buffer and the column was transferred to a clean
collection tube. To elute DNA, 50ul of buffer EB was applied to the column membrane and was left

to stand on the bench for 1 minute, followed by 1 minute at 13,000rpm.

2.3.5 Restriction digest of Plasmids

To check that plasmids contained the correct sized inserts or to isolate the inserts for ligation into
vectors, restriction digests were performed on the DNA mini preps. Conditions of reactions were
dependent on restriction enzymes used, and whether inserts were being isolated afterwards. Details

of restriction enzymes and buffers used can be found in table 3.11. In general if two restriction
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enzymes could operate under the same conditions to check for inserts a 10ul reaction was set up
using: 0.5ul of each enzyme, 1ul of appropriate 10x buffer, 5ul of DNA and 3ul of water. To digest
DNA and vectors for ligation a 20 pl reaction was set up: 1pl of each enzyme, 10pl of mini-prep
DNA or 1ug of vector (up to 10pl), 2ul of appropriate 10x bufter and 6l water. Following
restriction digest, products were separated by size agarose gel electrophoresis using a 0.9% agarose
(Ultrapure Invitrogen, Paisley, UK) in TAE buffer with 5pl GelRed (Cambridge Bioscience,
Cambridge, UK) per 100ml to visualise DNA. If enzymes could not perform under the same

conditions consecutive digests were performed on the DNA.
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Restriction

Enzyme

Target Sequence

Optimal

Temperature

Optimal

Buffer

Source

HinDIII

Spel

BSiWI

EcoRI

BamHI

Notl

Table 2. 8 Restriction Enzymes and optimal temperatures for digest

AJAGCTT

A|CTAGT

C|GTACG

G|AATTC

G|GATCC

GC|GGCCGC

37°C

37°C

50°C

37°C

37°C

37°C

Buffer E

Buffer E

Buffer 3

Buffer E

Buffer E

Buffer D

Promega,
Southampton,
UK

Promega,
Southampton,
UK

Promega,
Southampton,
UK

Promega,
Southampton,
UK

Promega,
Southampton,
UK

Promega,
Southampton,
UK

This table shows all restriction enzymes used for vector cloning along with conditions used for

restriction digests.
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2.3.6 Sequencing of plasmids

To ensure that plasmids carried the correct insert, plasmids were sequenced at each cloning stage.
Each plasmid was sequenced using the BigDye direct cycle sequencing kit™ (Applied Biosytems,
Paisley, UK), 3ul of DNA was added to 2ul BigDye™, 2ul buffer, 2ul water and 1pl plasmid primer
(see table 2.2). The DNA was amplified using the following cycle: 95 °C for 10 seconds, 50 °C for 5
seconds for 25 cycles. DNA was then precipitated by the addition of 25ul 100% ethanol and 1ul 3M
NaAc leaving on ice for 10 minutes. Samples were then centrifuged for 30 minutes at 4°C and
13,000rpm, the supernatant aspirated. The pellet was then washed with 125ul 70% ethanol and
spun for a further 5 minutes at 13,000rpm. The supernatant was aspirated and 10ul Formaide

added, the samples were then sequenced In house.

Vector Sequence of Primer
pEE6.4 GCAGTGTAGTCTGAGCAGTAC
pEE12.4 GGCAGTGTAGTCTGAGCAGTA

Table 2. 9 Primers used for sequencing plasmids

2.3.7 Extraction of DNA from agarose gel

Inserts and vectors were extracted from agarose gel ready for ligation using the QIAEX II gel
extraction kit (QIAGEN, CRAWLEY, UK). DNA was visualised with UV light, and bands

containing inserts were cut out using a sharp blade. The gel containing DNA was added to 1ml of
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buffer QX1 in a micro centrifuge tube, and to it 10pl of QIAEX beads were added. The tubes were
heated to 50°C for 10 minutes with occasional shaking to dissolve the agarose. Samples were then
spun at 13,000rpm for 30 seconds, the supernatant discarded and the pellet washed with 500ul QX1
to remove residual agarose. The pellet was then washed twice with 500ul of PE buffer, aspirating PE
and leaving the tube open to air-dry. The pellet was re-suspended in 20ul TE buffer, centrifuged for

30 seconds at 13,000rpm, and the supernatant containing extracted DNA collected.

2.3.8 Ligation of inserts in vectors

To ligate inserts into new vectors, both the inserts and vectors were digested by restriction enzymes
and extracted from a gel as described above. The extracted inserts and vectors were ligated by the
addition of 12pl of insert and 12ul of vector to 3pul T4 DNA ligase (Promega, Southampton, UK)
and 3ul Ligation buffer (Promega, Southampton, UK). The ligation reaction was then left at 4°C

overnight. The ligated vector was then transformed into JM109 cells.

2.3.9 Transfection into 293 F cells

To generate enough plasmid for a transient transfection, plasmids were initially transformed into
JM1009 cells as described previously. 5ml of LB containing transformed cells were used to spike 1.5L
of LB and this was incubated at 37°C on a shaker for three days. After three days a mega-kit
(Qiagen, Crawley, UK) was used to isolate plasmid DNA following the manufacturer’s instructions.
To transfect 293 F cells with 3D6 IgG1 or IgG2a, 500ug of each plasmid was made up in 10ml of
sterile 150mM NaCl. For each transfection 1.5mg of Linear PEI (Sigma, Dorset, UK) was made up
in 7.5ml 150mM NaCl. Plasmid solutions were mixed with Linear PEI and incubated at room
temperature for 10 minutes. 50x10” of 293 F cells were re-suspended in 25ml of freestyle media
(Invitrogen, Paisley, UK) for each transfection. Cells were mixed with linear PEI and plasmid
solution and incubated for four hours at 37°C, before the addition of valproic acid (Sigma, Dorset,

UK) to a final concentration of 3.75mM.
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2.3.10 Concentration and purification of Antibodies

7 days after transfection, media containing transfected cells was spun at 4000rpm for 10 minutes
and the supernatant passed through a 0.2 pm filter (Millipore, Watford, UK). Monoclonal
antibodies were purified from concentrated supernatant using a protein A column. First the protein
A column was equilibrated with 2.5M glycine buffer (Appendix) to remove any bound protein,
followed by a wash through with pH8 TRIS buffer (Appendix) to remove glycine buffer. The
filtered supernatant was then loaded onto the column and after a peak at 280nm was observed, the
run off was collected. Once the sample was added to the protein A column, TRIS buffer was added.
When the 280nm peak had returned to baseline the column was eluted with 2.5M glycine buffer.
When a second peak at 280nm was observed the run off was collected in a fresh beaker until the
peak returned to baseline, this fraction contained the monoclonal antibody. The elution was
repeated after inverting the column. Gel electrophoresis was used to determine if all antibody had

been purified from the supernatant.

2.3.11 Isotype control Antibodies

Throughout this thesis isotype control antibodies have been used in vitro and in vivo. These
antibodies were selected based on their subclass and lack of cross reactivity to mouse proteins. The
exact isotype control antibodies used vary depending on the availability in the laboratory the
experiment was performed in. These antibodies were produced and purified in the same manner as

the anti-AP antibodies generated.
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2.4 In vitro analysis of antibodies

2.4.1 Quality control of antibodies

2.4.1.1 Nanodrop measurement of protein concentration

A280nm absorbance was used to calculate the concentration of antibodies after purification using a
nanodrop (Thermo Scientific). The A280nm of purified antibodies was measured, and the

concentration of IgG was calculated using the molar extinction coefficient.

2.4.1.2 Endotoxin

Purified antibody was tested for levels of endotoxin using the endosafe LAL test (Charles River),
following the manufacturers protocol. Briefly, antibodies were diluted 1:20 in endotoxin low PBS in
a 6ml Bijous. Just before testing the sample was vortexed for 30 seconds and loaded into the
cassette. Endotoxin concentration was calculated in endotoxin units (EU) per milligram of protein.

All antibodies produced contained less than 3EU/mg.

2.4.1.3 HPLC

The levels of aggregate in antibody preparations was measured using HPLC. The time taken for
aggregate or monomeric IgG to pass through had been measured previously. 20 pl of antibody was
loaded onto a HPLC column, and the A280nm readings were measured in the run off from the

column.

2.4.2 ELISA to determine antibody binding to AP peptide

To measure the binding of recombinant antibodies to A peptide a binding assay was developed. 96
well flat Nunc Maxisorp plates (Nunc, Denmark) were coated with 0.1ug/ml AP 1.4 peptide
(America Peptide, Sunnyvale, CA) in ELISA coating buffer (appendix) overnight at room
temperature. The plates were aspirated and washed five times with ELISA wash buffer. Each well
was blocked with 150ul PBS 1% BSA (Fisher, Loughborough, UK) for one hour at room

temperature. The plates were aspirated and 200 pl of 0.2pg/ml 3D6 IgG1 or IgG2a was added to the

82



first column of wells in triplicate and twofold serially dilutions across the plate. Plates were shaken
for a one hour incubation at RT, followed by five washes with wash buffer. 100ul of biotinylated
horse-anti-mouse (Vector, Burlingame, CA) diluted 1:500 in PBS 1% BSA was added to each well
and incubated on a shaking plate for one hour. The plate was washed five times with wash buffer
and 100l Streptavidin poly-HRP (Sanquin, Netherlands) diluted 1:10,000 in PBS 1% BSA was
added to each well and incubated on a shaking plate for 30 minutes. The plates were washed for a
final time before addition of 100l of substrate solution 1 (appendix) per well. The reaction was left
in a dark place and 50yl stop solution (1M H,SO4) was added before background colour change got

too high. The OD of each well was read at 450nm.

2.4.3 Cell culture and In vitro Fc gamma receptor cross linking

For in vitro macrophage activation assays, the mouse macrophage cell line RAW264 was used. The
cells were grown in DMEM media (Invitrogen, Paisley, UK) containing 10% FCS (Sigma, Dorset,
UK) and Glutamax media supplement (Invitrogen, Paisley, UK) and split 1:10 before becoming

confluent. Cells were grown in a sterile incubator at 37°C with 95% O, and 5%CO..

To test the ability of antibodies to activate macrophages through Fc receptors, a simple Fc receptor
cross linking assay was used. A sterile 96 well ELISA plate (Nunc, Denmark) was coated with
5ug/ml of either mouse IgG1 or IgG2a isotypes overnight in sterile coating buffer (appendix). Plates
were washed three times in sterile PBS before being blocked for one hour in PBS 1% Fetal calf
serum (Sigma, Dorset, UK). 4x10* RAW 264.7 cells were added per well in 200ul normal media. To
prime macrophages, a proportion of the cells were stimulated with 100U/well of IFN-y (Peprotech,
London, UK), and incubated overnight at 37°C. After 24 hours the supernatant was collected and
assessed for the levels of TNFa and nitric oxide. To measure the cytokine TNFa in the supernatant
of RAW cells a TNFa mouse duo-set ELISA (RnD systems) was used. All manufacturers’
instruction were followed, except standard HRP was replaced for poly HRP (Sanquin, Netherlands)
to increase sensitivity. The optical density was measured at 450nM. The Griess assay was used to

measure the levels of nitric oxide in the supernatant of RAW cells stimulated with IgG1 or IgG2a.
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To produce a standard curve, 1uM of sodium nitrite was made up in media, and then 100ul was
added to the first 2 wells of a 96 well plate before serial 1:2 dilution across the plate. 50ul of
supernatant from each well of the stimulated cells was transferred into the new plate, before
addition of 50ul of 1% sulfanamide (Sigma, Dorset, UK) in 2.5% phosphoric acid (Sigma, Dorset,
UK) to each well. The plate was left in the dark for 5 minutes and 50ul of 0.1% NED (Sigma, Dorset,
UK) in 2.5% phosphoric acid was added. The colour was allowed to develop for five minutes before

reading the optical density at 544nM.
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2.5 Graphs and Statistical analysis

The data in this thesis were statistically analysed using Graph-pad prism, with the exception of
three way analysis of variance (ANOVA) and three way repeated measures ANOV A which were
performed using SPSS. Initially, data sets were tested for Gaussian distribution using the

D ’Agostino-Pearson omnibus test. In experiments where the group sizes were too small, the
residuals were calculated and combined before measurement of normality. If the data sets were
normally distributed, depending on the experimental design appropriate parametric statistics were
used. For experiments with a single independent variable and two groups, two tailed ¢-tests were
used. To reduce the likelihood of type I statistical errors, experiments with three or more groups
were initially tested using ANOVA and then post hoc using TUKEY, which is corrected for
multiple comparisons. Depending on the number of independent variables in the experiment: one,
two or three way ANOVA was used. Three-way repeated measurements ANOVA was used to
analyse repeated measurements of weight. If data sets were not normally distributed, the data were
transformed using the functions: Y=logY or Y=log(Y+1). Normality tests were repeated for
transformed data sets, if the transformed data were normally distributed, they were analysed using
the parametric tests that were previously described. If the transformed data sets were not normally
distributed, the original data sets were analysed using appropriate non-parametric tests (i.e. Mann
Whitney U test and Kruskal Wallis test). All graphs presented in this thesis were constructed using

Graphpad prism, and display mean and standard deviation.
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Chapter 3: Production and
characterisation of anti

amyoid beta antibodies
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3.1 Introduction

The aim of this thesis is to test the hypothesis that the effector function of therapeutic anti-Af
antibodies is important for the clearance of AP and the associated neuro-inflammatory response. I
generated murine versions anti-Af antibodies which have been tested in clinical trials for

Alzheimer’s disease, with different Fc regions to allow testing of this hypothesis in vivo.

IgG antibodies are composed of four chains: two identical heavy chains consisting of four
immunoglobulin domains and two identical light chains each consisting of two immunoglobulin
domains. Each heavy or light chain contains a variable domain and a constant domain. The
combined variable domains form the antigen binding site and the sequence of these domains
defines the specificity of an antibody. The Fc region of IgG defines the effector function of an
antibody, containing binding sites for: FcyR and complement components (C1q) and FcRn.
Different subclasses of IgG have different heavy chain constant region sequences giving different
binding affinities for FcyR and complement (Bruhns, 2012). It is possible to generate recombinant
antibodies by synthesising the DNA sequence for the variable domains and cloning this sequence
into a plasmid containing standard constant domain sequences for the subclass of IgG required.
Well characterised anti-AP antibodies were generated with either a mouse IgG1 or IgG2a constant
regions due to their differing FcyR affinities. Antibodies with an IgG2a constant region are more
pro-inflammatory than IgG1, due to their higher affinity for activating FcyRs (Bruhns, 2012). The
production of antibodies with the same binding characteristics for A but different Fc regions, will
allow the testing of the importance of antibody effector function in vivo. Also the production of

three different clinical antibodies allowed the direct comparison of antibody binding in vitro.
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3.2 Methods

The antibodies were generated using two different methods. To generate 3D6 IgG1 and 3D6 IgG2a
in Southampton, the sequence of the variable domain for each antibody was taken from the patent
and synthesised by a contract research organisation (Geneart™). The variable domains were then
cloned into vectors containing the appropriate mouse IgG constant domain and expressed by
transient transfection. Antibodies generated at Lundbeck A/S were produced by ordering two
separate plasmids for the heavy and light chains of each antibody from Geneart™, and these
plasmids were co-transfected. Each antibody produced was subject to standard quality control tests:
endotoxin, HPLC, Mass spectrometry and electrophoresis. The panel of antibodies was tested by in
vitro assays to characterise the binding to AP plaques or recombinant peptide, and ability to activate

effector cells through FcyRs.
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3.3 Results

3.3.1 Production of 3D6 IgG1 and IgG2a

The antibody 3D6 was produced as both IgG1 and IgG2a subclasses for in vitro and in vivo
experiments. The sequences of the 3D6 variable regions were obtained from the Bapineuzumab
patent (US Patent No. 7,790,856B2). DNA sequences for the variable regions from both the heavy
and light chains were ordered in separate plasmids from Geneart™, with restriction enzyme sites to
allow cloning into our in house vectors. Vectors containing the variable domains of 3D6 were taken
through a series of cloning steps. The purpose of these steps was to ligate the variable regions of
3D6 into vectors containing sequences for the constant regions of IgG1 and IgG2a. A summary of
cloning steps is depicted in figure 3.1. The final product of this cloning were two vectors: one
containing both heavy and light chains for 3D6 IgG1, and one containing heavy and light chains for

3D6 IgG2a.
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Figure 3. 1 Vector Cloning Diagram for the production of recombinant antibodies

Figure 3.1 shows the step taken to produce the expression vector for 3D6 IgG1 recombinant
antibody. Constructs of the variable heavy (vH) and variable kappa (vK) domains of 3D6 were
ordered from Geneart™ (Regensburg, Germany), and were ligated into a plasmid containing
ampicillin and kanamycin resistance respectively. The vH sequence was excised from the plasmid
with a Hind IIT and Spel digest (1.) and ligated into the vector TOPO mouse y1 (2.) which contains
the sequence for the three heavy constant domains (cH). The vH region was excised from this
vector along with CH domains by HindIII EcoRI digest (3.) and ligated into vector pee6.4 (4.). The
vK domain sequence was excised using a HindIII+BSiWI digest (6.), and ligated into vector pucl8
mouse kappa (7.) containing the sequence for the mouse kappa constant domain. The vK and cK
sequences were cut out by HindIII and EcoR1 digest (8.) and ligated into the peel2.4 vector (9.).
Both vectors pEE6.4 and pEE12.4 were digested by NotI and BamHI
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The DNA sequence of 3D6 heavy chain variable region (vH) was cut out of the plasmid ordered
from Geneart"™ using a HinDIII and Spel double digest. At the same time two new plasmids were
digested using the same enzymes: TOPO IgG1 plasmid containing the constant region for mouse
IgG1, and TOPO IgG2a plasmid, containing constant regions for mouse IgG2a (step 1 in fig. 3.1).
The 3D6vVH sequence was ligated into both TOPO IgG1 and TOPO IgG2a vectors (step 2 in fig 3.1).
The DNA sequence of 3D6 light chain variable region (vK) was cut out of the plasmid ordered from
Geneart™ using a HinDIII and BSiWI double digest. At the same time a new plasmid was digested
using the same enzymes- pucl8 mouse kappa vector, which contains the sequence for the mouse
constant light chain domain (step 6 in fig 3.1). The digest products were ligated together (step 7 in
fig 3.1). Figure 3.2A shows agarose gels from this vector cloning step. The 400bp bands in Lanes 1 +
2 correspond to the 3D6 heavy variable domain, this was ligated into vectors TOPO my1 (Lane 5)
and TOPO my2a (Lane 6). The variable region of 3D6 Kappa chain (400bp lane 9) was ligated into

the puc18 mouse kappa vector (lane 11).

The ligation products were separately transformed into chemically competent JM109 cells,
successfully transformed cells were then selected on ampicillin impregnated agar plates. Successful
transformants were selected and plasmids purified by overnight miniprep. Figure 3.2B shows this
digest, all vectors except for lane 2 contain an insert at 400bp and therefore the variable domains
have been successfully ligated into the new vector. To ensure plasmids contained the correct inserts,

vectors were digested and sequenced.
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Figure 3. 2 HindIII + Spel Digest of vH domain and HindII + BSiWI digest of vK

domain

A. Constructs: 3D6 vH (1, 2), vector TOPO my1 (5, 6) and vector TOPO my?2a (7, 8) were digested
by HinDIII and Spel. Constructs: vK 3D6 (9), All bands ran at the correct size (400bp).

B. Restriction digests of vectors: 3D6 myl (1-5), 3D6 my2a (6-10), 3D6 K pucl8 (11-15). All
plasmids have inserts at around 400bp (except lane 2) indicating that the ligation was

successful.
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One of the five samples with an insert at 400bp and a confirmed correct sequence was selected for
each vector. The full length heavy or kappa chain (3D6 variable domains+ constant domains) was
excised from each vector by a HindIIT and EcoRI digest. Two new vectors were also digested in the
same way: pEE6.4 for heavy chains and pEE12.4 for kappa chain (steps 3 and 8 fig 3.1). The full
heavy or light chains were then ligated into their appropriate vector. Figure 3.3A shows the
products of the restriction digest: 3D6TOPOIgG1 (lane 1) and 3D6 TOPOIgG2a (lane 2) both
contain 1.8Kb inserts which are the complete heavy chain. These 1.8 Kb inserts were ligated into
pEE6.4 (Lanes 7 and 8). 3D6kappa.pUC18 was digested to obtain a 0.8Kb band which corresponds
to the full light chain (lane 3), which was ligated into pEE12.4 (lane 11). The three new vectors were
transformed into JM109 cells, successful transformants were selected on an ampicillin impregnated
agar plate. Five colonies from each plate were picked and grown up overnight in LB broth with
ampicillin before purification of plasmids by mini prep. To test if new vectors contained inserts,
they were digested again by HinDIII and EcoRI and sequenced. The products of this restriction
digest are shown in Fig 3.3B: 3D6kappa.pEE12.4 (1-5), 3D6IgG1.pEE6.4 (6-10) and
3D61gG2a.pEE6.4 (10-15). For each vector there is at least one lane that has the correct insert size

and sequence.
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Figure 3. 3 HindIII an EcoRI restriction digest of constructs from TOPO and pucl8

vectors

A. Plasmids: TOPO.mg1.3D6 (1), TOPO.mg2a.3D6 (2), pucl8.mk.3D6 (3), pEE12.4 (7-10) and
pEE6.4 (11, 12) were digested by HinDIII and EcoRI and run on an agarose gel. Bands
corresponding to: complete heavy chains (1.8Kb), complete kappa chains (0.8Kb) are seen in

the correct lanes.

B. Plasmids were purified from overnight culture and all were digested to check for inserts at the
correct length (heavy chain=1.8Kb, kappa chain=0.8Kb). Restriction products were run in the
following lanes: 3D6.Kappa.pEE12.4 (1-5), 3D6.mIgG1.pEE6.4 (6-10), 3D6.mIgG2a.pEE6.4
(11-15)
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To produce the final expression vectors, pEE6.4 and pEE12.4 vectors containing complete heavy or
light chains needed to be ligated together, so each vector would contain the complete antibody
sequence. pEE6.4 and pEE12.4 were digested by Notl and BamHI enzymes. Products from this
digest were run on a gel and fragments of 4Kb from pEE6.4 were ligated to fragments of 10.5Kb
from pEE6.4 (step 11.Fig 3.1). Agarose gels from the digest are shown in figure 3.4A. Lanes 1 and 2
are digest products from 3D6kappa.pEE12.4, the 4KB bands were excised and ligated into the
10.5Kb bands from lane 3 (3D6IgG1.pEE6.4) and lane 4 (3D61gG2a.pEE6.4). Finally the two
expression vectors were transformed into JM109 cells, and successful transformants selected on an
ampicillin impregnated agar plate. Eight colonies from each plate were picked and grown up
overnight in LB broth with ampicillin before purification of plasmids by mini prep. The mini preps
were digested by Not1 and BamHI to check for the correct sized fragments, this is shown in fig.
3.4B. Lanes 1-8 correspond to 3D6 IgG1 and lanes 9-16 correspond to 3D6 IgG2a. Vectors in
lanesl, 4, 8, 11, 13, 14 and 16 all contained fragments that could be the correct size, however it is
not a clear digest. To ensure the expression vectors contained both heavy and kappa chains of 3D6,
they were digested with HinDIII and EcoRI. Vectors containing both regions should be cut into
four fragments, this was seen in lanes: 8, 11, 13, 14 and 16 (figure 3.4C) Vector cloning has been
successful and at least one vector for 3D6 IgG1 and 3D6 IgG2a contain both the heavy and light
chains. The expression vector in lane 8 was selected for 3D6 IgG1, and the expression vector in lane
11 was selected for 3D6 IgG2a. The selected expression vectors were amplified and transfected into
293F cells, to express the final antibody. All batches of antibody produced were tested for endotoxin
and aggregate levels, all antibodies used for in vivo experiments contained <2 Endotoxin units per

mg of antibody and had low levels of aggregate.
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Figure 3.4 BamH1 and Not1 digest of pEE6.4 and 12.4 and ligation to produce final

expression vectors for 3D6 IgG1 and IgG2a

A. Plasmids: 3D6mlIgGl pEE6.4 (1), 3D6mlgG2apEE6.4 (2), 3D6kappa.pEE12.4 (3),
3D6kappa.pEE12.4 (4), were digested by BamHI1 and Notl and run on a gel. Bands
corresponding to: complete heavy chains and complete kappa chains were excised and
ligated.

B. Plasmids were purified from overnight culture and all were digested to check for correct
length of fragments, lanes 1-8 correspond to 3D6 mIgG1 and lanes 9-16 correspond to 3D6
mlgG2a. Lanes: 1, 4, 8, 11, 13, 14 and 16 have the correct sized fragments.

C. To check if expression vectors contained both the heavy and kappa chain of 3D6, vectors:
1,4,8,11, 13, 14 and 16 were digested by HinDIII and EcoRI. Vectors in lanes: 8, 11, 13,
14 and 16 were cut into four fragments of the correct size and therefore expression vectors
for both 3D6 IgG1 and IgG2a have been produced
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3.3.2 Characterisation of 3D6 IgG1 and 3D6 IgG2a

To generate sufficient antibody in vitro and in vivo experiments, the final vectors for 3D6 mIgG1
and 3D6 mIgG2a were transfected into 293F cells for transient expression. After seven days the
supernatant was collected and sterile filtered before purification by protein A chromatography. The
purified antibodies were concentrated and dialysed into sterile endotoxin free PBS. All batches of
antibody used in vivo had less than 3EU/mg of antibody. Expression of 3D6 antibody was very low,
yielding 0.5-1mg per litre, in experiments conducted both in Southampton and Denmark. Figure
3.5A shows HPLC traces (a280nm) for 3D6 IgG1 and 3D6 IgG2a and endotoxin units per mg of
antibody measured by LAL assay. Both antibodies have low levels of aggregate and low levels of

endotoxin.

The antibody 3D6 is the original IgG2b murine version of the clinical candidate Bapineuzumab,
which is able to bind and clear plaques from the brains of both mice and humans (Bard et al., 2000;
Rinne et al., 2010; Zago et al., 2013). I generated 3D6 as both IgG1 and IgG2a subclasses. Both
subclasses have the same variable domains and therefore the same ability to engage plaques, but the
constant regions are different and therefore different effector functions. To characterise the binding

and effector function of 3D6 before in vivo experiments, a number of in vitro assays were used.

The ability of the two different subclasses of 3D6 to bind to AP plaques was tested using
immunofluorescence using coronal section of the cortex and hippocampus of 18 month old
TG2576 mice. Antigenic retrieval using formic acid is often required to visualize antibody binding
to plaques, but to better mimic in vivo plaque engagement no antigenic retrieval was used. Figure
3.5B shows that both 3D6 IgG1 and 3D6 IgG2a are able to label plaques in brain sections without
antigenic retrieval, and appear to bind in an equivalent manner. They do not bind to structures in
the brain of wild type mice, and irrelevant isotype control antibodies do not bind to plaques in
TG2576 brain sections. The binding to recombinant A peptide was tested by immobilizing A
peptide (AB40) Fig. 3.5C shows that both 3D6 IgG1 and 3D6 IgG2a bind to immobilised AP in a
concentration dependent manner. Both subclasses bind to AP with the same affinity in this assay,

while isotype control antibodies do not bind the immobilized peptide.

The ability of each antibody to activate effector cells was tested using an FcyR cross linking assay.
3D6 IgG1 or 3D6 IgG2a were immobilised onto 96 well plates, before the addition of the mouse

macrophage cell line RAW 2.64. The cells were incubated with the immobilised antibody for 24
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hours before measurement of TNFa in the supernatant. Immobilisation of the antibody onto plastic
plate enables the cross-linking of FcyRs expressed on the cell surface of RAW 264 cells, and
promote cell activation and cytokine release. Figure 3.5D shows that 3D6 IgG2a causes the

production of 3-fold higher levels of TNFa compared to 3D6 IgGl.
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Figure 3. 5 Comparison the binding and effector function of 3D6 IgG1 and IgG2a

A. HPLC traces (a280nm) of 3D6 IgG1 and IgG2a, both antibodies have low levels of aggregate
present. Endotoxin levels measured by LAL assay (3D6 IgG1, 2.06EU/mg) (3D6 IgG2a, 2.68
EU/mg). B. Binding of 3D6 IgG1 and IgG2a to TG2576 and wild type brain sections. Both
subclasses of 3D6 binds strongly to plaques in tissue sections of TG2576 mice and does not bind to
tissue from WT mice, irrelevant isotype controls do not bind to plaques. C. In vitro binding of both
subclasses of 3D6 to immobilised A 1.4 peptide. Both subclasses of 3D6 bind to immobilised
peptide with the same affinity, irrelevant isotype controls do not bind. D. shows TNFa levels
produced by RAW?2.64 cells in response to immobilised 3D6 IgG1 and IgG2a. 3D6 IgG2a
stimulates 3-fold higher TNFa levels as compared to cells only or cells stimulated with immobilized
3D6 IgGl.
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3.3.3 Production of 3D6 Gantenerumab and mC2

Due to the low expression levels of 3D6, systemic treatment was not possible as this treatment
requires 2.5mg antibody per mouse, as compared to 4ug antibody per mouse for intracranial
injections. I produced two additional anti-AP antibodies: a human/murine chimeric version of the
Gantenerumab (chGantenerumab), originally developed by Roche (Bohrmann et al., 2012) and a
murine version Crenezumab (mC2), originally developed by AC Immune (Adolfsson et al., 2012). I
generated IgG1 and IgG2a versions of these antibodies, as well as 3D6. The full antibody sequence
was ordered in a plasmid from Geneart™. These plasmids were then transiently transfected into

HEK cells, and purified in the same manner as described previously.

3.3.4 Characterisation of 3D6 Gantenerumab and mC2

Figure 3.6A shows HPLC traces (a280nm) and endotoxin levels of the three antibodies produced.
All antibodies have low levels of aggregate and undetectable endotoxin by the LAL assay. The three
anti-Ap antibodies were characterised for binding to AP as described previously. First, the
specificity and relative affinity to AP was tested by measuring binding to immobilised AP 1-40
peptide. Figure 3.6C shows that both 3D6 and chGantenerumab bind to recombinant peptide with
relative high affinity (EC50 3D6 = 0.17pM; EC50 chGantenerumab = 0.34pM) however 100 fold
higher levels of mC2 were required to reach half maximal binding (EC50 mC2 =17.4pM),
suggesting significantly lower affinity to immobilized AP peptide. Antibodies were then tested for
binding to AP plaques in brain sections from TG2576 mice, and to better mimic in vivo binding
conditions, tissue sections were not subjected to any antigen retrieval before immuno-staining. 3D6
bound plaques in tissue obtained from TG2576, while no binding was observed in wild type mice.
The antibody mC2 also bound but fewer plaques were labelled (Figure 3.6B). ChGantenerumab
labelled plaques, however it also appeared to bind to neurons in both TG2576 and wild type mice.
We then tested the ability of these antibodies to bind to plaques in TG2576 tissue sections with and
without formic acid antigenic retrieval (Figure 3.7). Formic acid antigenic retrieval is a commonly
used method for the immunohistochemical detection of APB. Formic acid solubilises the aggregated
Ap found in plaques, exposing epitopes for the antibodies to bind. Fresh frozen tissue sections were
formalin fixed, followed by formic acid treatment, to further characterise the binding. 3D6 bound
plaques with and without formic acid treatment; however, incubation of tissue with formic acid

increased the intensity of staining. mC2 bound poorly to plaques in fresh frozen, unfixed tissue,
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but after formic acid treatment mC2 strongly labelled plaques. chGantenerumab showed a high
neuronal background staining, however plaque staining is visible in formic acid treated sections.
The plaques and A found in TG2576 mouse brains might differ in conformation from those found
in the brain of AD patients, and therefore the binding characteristics of the antibodies to tissue
obtained from AD patients was also assessed. Figure 3.8 shows staining from the cingulate gyrus of
an AD patient. The results found in AD brain sections were comparable to those in mouse tissue.
3D6 binds AP without antigen retrieval, but binds to plaques better after formic acid treatment.
mC2 labels plaques without formic acid but to a lower degree than 3D6, while mC2 labels plaques
well after formic acid treatment. chGantenerumab shows a high degree of neuronal background

staining, but plaques are visible after formic acid treatment.
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Figure 3. 6 In vitro binding and effector function of 3D6 chGantenerumab and mC2

A. HPLC traces (a280nm) of 3D6, chGantenerumab and mC2. All antibodies have low aggregate,
there is a small proportion in mC2 which is indicated by a black arrow. B. Binding of 3D6,
chGantenerumab and mC2 to TG2576 and wild type (WT) brain sections. 3D6 binds strongly to
plaques in tissue sections of TG2576 mice and does not bind to tissue obtained from WT mice.
chGantenerumab binds to plaques but also appears to bind to neurons in both TG2576 and WT
mice. mC2 binds to plaques, but labels them less strongly than 3D6. C. In vitro binding of anti Af
antibodies to immobilised AP 1.40. 3D6 and chGantenerumab both bind with relatively high affinity
(EC50 3D6 = 0.17pM; EC50 chGantenerumab = 0.34pM) mC2 bound with lower relative affinity
(EC50 MC2 =17.4pM) D. TNFa levels produced by RAW 2.64 cell line in response to immobilised
AP antibodies against an IgG1 control. All three IgG2a anti Af antibodies cause increased

production of TNFa in comparison to IgG1 and cell only controls.
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Figure 3. 7 Binding of AP antibodies to formalin fixed TG2576 brain sections with and

without formic acid antigen retrieval.

The antibodies 3D6, mC2 and chGantenerumab and a commercial polyclonal antibody were
compared for their ability to bind plaques in TG2576 tissue sections treated with and without
formic acid antigen retrieval. 3D6 binds to plaques in TG2576 brain without formic acid (A),
formic acid treatment increases the strength of staining (E) and it does not bind to wild type brain
sections (I). mC2 stains plaques faintly without formic acid treatment (B), treatment greatly
improves staining of plaques (F). chGantenerumab does not stain plaques without formic acid
treatment (C), there is faint plaque staining after formic acid treatment (G) although there is higher
background than the other antibodies. The polyclonal antibody (pAb- clone number? ) faintly
stains plaques without formic acid (D), with formic acid the staining becomes much stronger

(H).Images were taken with a 10x objective, (scale bar=400um).
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Figure 3. 8 Binding of AP antibodies to formalin fixed human brain sections with and

without formic acid antigen retrieval

The antibodies 3D6, mC2 and chGantenerumab and the antibody 4G8 were compared for their
ability to bind to plaques in human brain tissue sections with and without formic acid antigen
retrieval. 3D6 binds to plaques in human brain tissue ( cingulate gyrus) without formic acid (A),
formic acid treatment increases immunoreactivity (B) mC2 stains plaques faintly without formic
acid treatment (B), treatment greatly improves staining of plaques (F). chGantenerumab very
weakly stain plaques without formic acid treatment (C), there is faint plaque staining after formic
acid treatment (G) although there is higher background than the other antibodies. The polyclonal
antibody (pAb) faintly stains plaques without formic acid (D), with formic acid the staining

becomes much stronger (H).Image were captured with a 10x objective, (scale bar=400pm).
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3.4 Discussion

Bapineuzumab is an anti-Ap antibody (N-terminus AA1-5, hIgG1) developed for the treatment of
AD. In phase II clinical trials Bapineuzumab was able to reduce the deposition of AP in the brains
of AD patients (Rinne et al., 2010), however it also causes damage to the cerebral vasculature
(Salloway et al., 2010). It is thought that these vascular side effects are caused by an inflammatory
response to Bapineuzumab in the brain, and as a result the dose was reduced in phase III trials. This
reduced dose is a potential reason for the failure of Bapineuzumab to meet its primary endpoint of
improvement in cognition (Salloway et al., 2014). This thesis is focussed on the role of FcyRs in the
neuro-inflammatory response to anti-Ap immunotherapy, and to test if engineering the constant
region of these antibodies could be an approach to improve safety. We generated the antibody 3D6
(original murine version of Bapineuzumab) as both IgG1 and IgG2a subclasses, to allow
comparison of the two subclasses in vivo. Both 3D6 IgG1 and IgG2a possess the same variable
regions and therefore have the same ability to bind to AB. Both antibodies were equally good at
binding to both recombinant AP immobilised on an ELISA plate, and to plaques in brain sections
of TG2576 mice. Murine IgG1 and IgG2a versions were also produced for two other well
characterised anti-Af antibodies: mC2 (Crenezumab) and Gantenerumab. IgG1 and IgG2a
versions of mC2 or chGantenerumab behaved in the same manner in binding assays. The rationale
for choosing the two subclasses is their contrasting affinity for FcyRs. Mouse IgG2a has stronger
relative affinity for activating FcyRs in comparison to IgG1, associated with a stronger pro-
inflammatory response (Bruhns, 2012; Nimmerjahn and Ravetch, 2005). This was shown by our
FcyR cross-linking assay, where 3D6 IgG2a activated RAW 264.7 cells and caused more TNFa to be
produced than 3D6 IgG1. These antibodies have the same ability to bind to their target but differing
effector functions, and are therefore suitable to test the role of antibody effector function on the

clearance of plaques and the induction of neuro-inflammation in an in vivo model of AD.

The yield of both 3D6 IgG1 and IgG2a antibodies after transfection was exceptionally poor. This
was not due to the expression system used, as this was found in three independent laboratories. It
would be interesting to find the reason for this low yield to improve production, however it goes
beyond the scope of this PhD. Each transfection in 293F cells produced an average of 0.5mg of
antibody, and this put limitations on the type and duration of experiment could be performed.
Stereotaxic surgery allows the precise delivery of substances into a specific brain region. This

method has already been used to characterise the response of transgenic APP mice to anti-Af
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immunotherapy, and provides a rapid model of plaque clearance and neuro-inflammation (Carty et
al., 2006; Wilcock et al., 2004a). Importantly this method only requires a single injection of 2ug of
antibody to clear plaques and therefore all three antibodies can be tested using this approach.
Intracranial injection of antibody is a useful model to provide insight into the underlying
mechanisms of plaque clearance and associated inflammation, while systemic administration is
more clinically relevant. To perform a two month systemic trial, at least 60mg of each antibody is
required at a dose of 10 mg/kg. The low yield of 3D6 made this unfeasible, and therefore we were

unable to dose mice with this antibody systemically and instead used mC2

The production of three antibodies used in clinical trials gave us the opportunity to directly
compare the characteristics of these antibodies in vitro. All three antibodies were able to bind to
plaques in brain sections of hAPP transgenic (TG2576) mice and human AD patients. The antibody
3D6 is bound to plaques without antigenic retrieval, which could predict better plaque engagement
in vivo. chGantenerumab is able to bind to plaques, however it also labels neurons in both
transgenic and wild type mice, which could indicate binding to neuronal APP, however further
investigation is needed. mC2 is also able to bind to plaques without antigenic retrieval, albeit
weaker compared to 3D6. This disparity in plaque binding can be explained by the different
epitopes of AP that the antibodies bind to. 3D6 binds to the N-terminus (AA 1-5) and many
antibodies targeting this site are able to bind to plaques-probably because this epitope is exposed
(Serpell, 2000). mC2 binds to the central domain of AP (AA 12-23), and antibodies such as m266
which binds to the same region (AA 13-26) and has an almost identical CDR sequence to mC2, is
unable to bind to plaques because the epitope is not available to bind when A is aggregated. This is
supported by staining of mouse and human tissue where solubilisation of plaques with formic acid
allows mC2 to bind. The AP ELISA allowed ranking of the antibodies by relative affinity for the
recombinant peptide; 3D6>chGantenerumab>>>mC2, but there are limitations to this approach
which should considered when interpreting this data. Due to Ap’s propensity to aggregate, when
the plates are coated with peptide, it is not possible to predict whether monomers, oligomers or
larger structures are present on the plate and in what proportion. Therefore when analysing the
relative affinities, we do not know which species the antibodies are binding to. Based on
immunohistochemistry, mC2 appears to be better at binding to soluble Ap species (as solubilisation
with formic acid allows binding). The disparity in binding to recombinant peptide between mC2
and 3D6 may be due to aggregation of AP, forming fibrils that mC2 cannot bind and not

representative of the antibody’s ability to bind to soluble Ap.
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In conclusion, we generated three antibodies which have been in clinical trials for AD, each with
IgG1 or IgG2a constant regions. Using these antibodies we can test the role that both effector

function and target binding play in the clearance of AP and induction of neuro-inflammation.
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Chapter 4: Characterisation
of Fc gamma receptor
expression in TG2576 mice

and human AD patients



4,1 Introduction

Familial AD is caused by mutations in the APP gene or the enzymes responsible for the cleavage of
APP to AP (Citron et al., 1992; Cruts and Van Broeckhoven, 1998; Goate et al., 1991; Nilsberth et
al., 2001). The mutations increase the total amount of AP produced, or increase the Ap42: AB40
ratio. The most commonly used models of AD are mice which overexpress human APP containing
one or more of these mutations. These mice develop a number of pathologies in common with
human disease characteristics such as: deposition of AP as plaques, cognitive deficits and
neuroinflammation as measured by increased immune receptor expression on microglia. One of
the most frequently used mouse strain is the TG2576 model, with the Swedish double mutation
(KM670/671NL) under the control of the hamster prion promoter (Hsiao et al., 1996). These mice
develop plaques between 9-12 months and have neuro-inflammation and cognitive deficits
(Benzing et al., 1999; Hsiao et al., 1996; Kawarabayashi et al., 2001; Westerman et al., 2002).
TG2576 mice have already been used extensively in the development of anti-Ap immunotherapy
(Arendash et al., 2001; Freeman et al., 2012; Obregon et al., 2008; Shoji et al., 2003; Wilcock et al.,
2003), therefore we have chosen to use this to investigate the role of FcyR effector function in

plaque clearance and inflammation.

FcyRs bind to the constant domain of IgG, and are expressed on a wide variety of cell types
including the CNS macrophages- microglia (Fuller et al., 2014). There are two distinct types of
FcyR- activating and inhibitory; activating receptors contain or are associated with a cytoplasmic
ITAM motif whilst the inhibitory receptor contains an ITIM motif. Ligation of IgG-immune
complexes by activating FcyRs results in the crosslinking of cytoplasmic chains causing
phosphorylation of ITAMs, resulting in the activation of downstream signalling cascades such as
the PI3K pathway. This results in increased cellular calcium and activation of the cell which can
induce: proliferation, cytokine/chemokine release, phagocytosis or antigen presentation
(Nimmerjahn and Ravetch, 2008). When the Inhibitory receptor, FcyRIIb, ligates an immune
complex the cytoplasmic ITIM inhibits activation of these pathways (Nimmerjahn and Ravetch,
2008).To increase the complexity, there are also a number of IgG subclasses each of which has a
distinct binding pattern to different FcyRs (Bruhns, 2012). Therefore the response to
immunotherapy will be dependent on the subclass of the antibody used, but also the balance of

activating and inhibitory FcyR expression on effector cells. This is demonstrated by models of
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immune complex disease and/or autoimmune disease, where mice lacking the inhibitory FcyR have

exacerbated pathology whereas those lacking activating receptors are protected (Yuasa et al., 1999).

Microglia in the brains of AD patients and in mouse models express increased levels of FcyRs
(Bouras et al., 2005; Peress et al., 1993; Wilcock et al., 2004b). This chapter describes a full
characterisation of the basal expression of FcyRs and other immune receptors in the TG2576
model, as well as the basal levels of cytokines expressed in the brain. These results are validated
using human brain tissue of AD patients. Understanding the expression levels of the different
FcyRs will allow us to interpret the response of these mice to immunotherapy. To our knowledge,

this is the first time the protein levels of all mouse FcyRs have been examined in this model.
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4,2 Methods

4.2.1 Study design

TG2576 mice and wild type littermates were aged until 18 months old (n=5), before sacrifice and
perfusion with heparinised saline. One hemi-brain was embedded for immunohistochemistry and

the other was snap frozen for measurement of cytokine protein levels.

4.2.2 Quantification of staining in the brain

To measure immune phenotype, brains were cut on a cryostat at 10pum and stained for different
immune markers. The area above threshold of staining was quantified using image]. The staining
was quantified in four different brain regions based on AP load. The regions are shown in fig. 4.1
and are: the hippocampus (HC), the primary somatosensory cortex (SC), the posterior parietal
association cortex = (PPTA) and the piriform cortex

(PC).

Figure 4. 1 Areas of the brain quantified for immune receptor expression
This figure shows the areas of brain that were quantified for staining of immune receptors. The

following areas were used: the hippocampus (blue), the primary somatosensory cortex (red), the

posterior parietal association cortex (yellow) and the posterior piriform cortex (green)
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4.3 Results

4.3.1 Expression of immune receptors in the TG2576 mice

Reagents have been generated in house for the detection of the different mouse FcyRs and were
validated for their use in immunohistochemistry by staining spleen sections from wild type mice
and Fc gamma deficient mice lacking activating FcyRs. This validation included a commercially
available antibody which binds to both FcyRIIb and FcyRIIIL All antibodies show positive staining
the wild type spleen sections (Appendix B), and staining for the activating receptors (FcyRI,
FcyRIIl, and FcyRIV) is lost in gamma chain deficient mice. The staining of the inhibitory receptor
(FcyRIIb) is unaffected. The expression levels of FcyRs and other immune receptors in 18 month
old TG2576 were quantified in four different brain regions: the hippocampus (HC), piriform cortex
(PC) primary somatosensory cortex (SC) and posterior parietal association area (PPtA). Figures 4.2
and 4.3 show representative images comparing wild type and TG2576 mice and the quantification
of this staining is shown in figure 4.4. Higher magnification images showing the morphology of

cells expressing FcyRs are shown in figure 4.6.

4.3.1.1 FcyRI

FcyRI is expressed by microglia of both TG2576 and WT mice. The expression of FcyRI is
particularly high in focal regions which appear to be on cells associated with plaques, but can also
be detected on ramified microglial cells throughout the parenchyma (figure 4.6C). Quantification
of FcyRI staining (Figure 4.4) shows a clear trend towards increased expression in APP mice than
in WT mice, there is at least a 2-fold increase in staining in all four brain regions. However, the
only significant change is in the piriform cortex where there is a 6-fold increase in FcyRI expression

compared to controls (p=0.022).

4.3.1.2 FcyRIIb

FcyRIIb expression can be detected on cells associated with the vasculature in the hippocampal
fissure, and their morphology suggests perivascular macrophages (Figure 4.6E). The expression of

FcyRIIb on microglia is not widespread, however some examples of ramified microglia can be
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detected (figure 4.6F). There is a trend towards increased FcyRIIb expression in the hippocampus

of TG2576 mice compared to WT (figures 4.2 and 4.4).

4.3.1.3 FcyRIII

FcyRIII is expressed in the same regions as FcyRI, particularly on cells associated with plaques.
Higher magnification images (Figure 4.6 1&]) show that FcyRIII is expressed by cells with the
morphology of perivascular macrophages and ramified microglia. There is a 5-fold increase in
FcyRIII in TG2576 mice compared to WT in the piriform cortex (p=0.027). Using a commercial
antibody which recognises both FcyRIIb and FcyRIII yields higher staining than either specific
antibody. The staining pattern is similar to FcyRI, with the highest levels on cells associated with
plaques. Similar to the FcyRIII antibody, there was staining of both perivascular cells and ramified
microglia (Figure 4.6 M&N). Increased expression of FcyRII/III was found in all brain regions of
TG2576 mice (Figure 4.2 and 4.4). There is a 20-fold increase in expression in TG2576 the piriform
cortex (p=0.0045) and a 12-fold increase in the primary somatosensory cortex (P=0.020) compared
to WT. The cell type associated with the vasculature expressing FcyRII/III could be: endothelial
cells, perivascular macrophages or pericytes. To find out which cell type express FcyRII/III, brain
sections were double stained for FcyRII/III and markers of the different cells. Figure 4.5 shows
double staining of FcyRII/II and markers of: endothelial cells (CD31), pericytes (NG2) and
perivascular macrophages (CD206). FcyRII/III positive cells associate with, but do not co-localise
with endothelial cells (CD31 positive) or pericytes (NG2 positive cells). Co-localisation was
detected between FcyRII/III and CD206, indicating expression of FcyRs on perivascular

macrophages.

4.3.1.4 FcyRIV

FcyRIV expression is low in all brain regions, with no significant difference between TG2576 and

WT. There is faint staining of cells associated with the vasculature (figure 4.6Q).

4.3.1.5 Ap and other immune receptors

There is no detectable human AP in WT mice as they do not possess the APP transgene. In 18
month old TG2576 mice many plaques can be identified in all brain regions studied, with

particularly high numbers in the hippocampus and piriform cortex (figure 4.3). CD11B is expressed
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at higher levels in TG2576 mice than in WT mice and in particular on cells associated with plaques.
There are trends towards higher expression levels in TG2576 mice compared to WT in all brain
regions, and a 10 fold increase in the piriform cortex (p=0.0013). CD45 is another marker
commonly used for detecting neuro-inflammatory changes in the brain and its expression is much
lower than CD11B. A 4-fold increase in the piriform cortex of TG2576 mice compared to WT was
found (p=0.002). MHCII is a gene expressed by antigen presenting cells, and is responsible for
presenting antigens to CD4 T-cells. There are low levels of MHCII expressed in the brains of both
TG2576 and WT mice. Unlike the microglial activation markers CD11b and CD45, MHCII is not
expressed on cells associated with plaques, positive cells appear to associate with the vasculature.
There is a 4-fold increase in MHCII in the hippocampus of TG2576 mice compared to WT

(p=0.03).

117



WT

TG2576

FcyRI . :
{ { o i
A & P ; 3
c — — e —_—
HC HC
FcyRIlb
PC PC
’ HC HC
FCVRII/ 1] = -
o £ pr PC
o HC . HC
FcyRIN | | =i - 2
<4 = s 3
"“y"i ¥ o [ vy / ¥ :
ﬂ\'\‘. ‘* PC || PC
- 'HC HC
FcyRIV | s bk
_ P 1 pe

Figure 4. 2 FcyR expression in 18 month TG2576 mice versus wild type littermate

controls.

The expression of FcyRs in the brains of TG2576 mice and wild type littermates (n=5, 1 section per
mouse), was measured by immunohistochemistry. FcyRI (A, B), FcyRIIb (C, D), FcyRII/III (E, F),
FcyRIII (G, H) and FcyRIV (I, ]). Larger images were taken with a 5x objective, and inset pictures

were taken with a 20x objective (scale bars =500um and 125pm respectively). HC= hippocampus

and PC = piriform cortex. The quantification of staining can be found in figure 4.5.
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Figure 4. 3 AP deposition and immune receptor expression in 18 month TG2576 mice

versus wild type littermate controls.

The expression of AP and immune receptors in the brains of TG2576 mice and wild type
littermates was measured by immunohistochemistry (n=5, 1 section/mouse). AP (A, B), CD11b (C,
D), CD45 (E, F) and MHCII (G, H). Larger images were taken with a 5x objective, and inset
pictures were taken with a 20x objective (scale bars =500um and 125pm respectively). HC=

hippocampus and PC = piriform cortex. The quantification of staining can be found in figure 4.5.
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Figure 4. 4 Quantification of immune receptor staining

The levels of immune receptor staining in TG2576 and wild type mice (n=5) were quantified using
image J. This figure shows the area above threshold of staining in four brain regions: the
hippocampus (HC), the primary somatosensory cortex (SC), the posterior parietal association
cortex (PPTA) and the piriform/entorhinal cortex (PC). Locations of these brain regions can be
seen in figure 4.1. Data were analysed by one way ANOVA and Bonferroni post hoc test (FcyRI,
FcyRIIb, FcyRIV, CD11B and CD45) or Kruskal-Wallis and Dunn’s post hoc test (FcyRII/III and
FcyRIII), data presented as mean+/- S.D. FcyRI was significantly higher in the PC of TG2576 mice
(p=0.022). FcyRIII was significantly higher in the PC of TG2576 mice (p=0.027). FcyRII/III was
significantly higher in the PC (p=0.0045) and SC (p=0.04) of TG2576 mice. CD11B was
significantly upregulated in the PC (p=0.0013) of TG2576 mice. CD45 was significantly upregulated
in the PC (p=0.002) of TG2576 mice and MHCII was significantly increased in the HC (p=0.03).
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Figure 4. 5 Double fluorescent staining of FcyRII/III with CD31, NG2 and CD206

To elucidate the perivascular cell type expressing FcyRs, sections from TG2576 mice were double
stained for FcyRII/III and markers expressed by endothelial cells (CD31), pericytes (NG2) and
perivascular macrophages (CD206). Images shown are representative of n=5. a,d CD31 (red)
FcyRII/III (green). b,e. NG2 (red) FcyRII/III (green). ¢,f. CD206 (red) FcyRII/III (green). Ina all
images DAPI is blue. Images were taken with a x20 objective (a, b, c scale bar 200um) or a x100
objective (d, e, f scale bar 40pm). This immunostaining was performed by third year undergraduate

student Miss Amanda Hyne.
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Figure 4. 6 High magnification images of FcyR expression in TG2576 mice

The expression of FcyRs TG2576 mice: FcyRI (A, B and C), FcyRIIb (D, E and F), FcyRIII (G, H, I
and J), FcyRII/III (K, L, M and N) and FcyRIV (O, P and Q). Images are represenatative of n=>5,
and were taken with a 20x objective (A, D, G, K and O scale bar=100pm) or a 100x objective (B, C,
E,F,H,LJ,L, M, N, P and Q scale bar=20 pm).
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4.3.2 Co-localisation of immune receptors with amyloid beta

Microglia in the AD brain express markers of activation, including FcyRs, and surround AP
deposits (Peress et al., 1993). The staining of cells expressing immune receptors in 18 month old
TG2576 mice are largely in clusters, likely surrounding AP deposits. To confirm this, double
immunofluorescence was used to label AB and immune receptors and images were taken with a
confocal microscope. Figure 4.7 shows a selection of confocal images demonstrating that microglial
cells are associated with AP plaques expressing: CD11b, FcyRI and FcyRIIL Individual z stack

images show individual microglia expressing FcyRI interacting with a plaque.
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Figure 4. 7 Confocal co-localisation of microglia expressing immune receptors with Ab
plaques

Microglia expressing: CD11B (A), FcyRI (B) and FcyRIII (C) surround deposits of AB. Z-stack

images clearly showing individual microglia expressing FcyRI interacting with Af.In all images

DAPI is blue. Images were taken on a Leica SP8 confocal microscope with a 40x objective (scale

bar=100um). Individual z-stack images of FcyRI staining are digital zooms of the 40x image.
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4.3.3 Cytokine levels in TG2576 brains

The levels of cytokines were measured in brain homogenate from 18 month old TG2576 mice and
WT controls (n=5) using a multiplex immune assay (MSD). The levels of cytokines are shown in
tigure 4.8, there was no detectable IFN-y or TNFa in any of the samples and therefore they have not
been shown in this figure. There are no differences between TG2576 mice and WT mice at 18

months.
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Figure 4. 8 Cytokine concentration in brain homogenate of 18 month old TG2576 mice
are the same as in wild type controls

Cytokine levels in brain homogenate from TG2576 and wild type littermates was measured by a

multiplex immune assay (MSD). TNFa and IFNYy assays were not included as levels of these

cytokines were undetectable. Data were analysed by two-tailed T test (n=5), no significant

differences were found between wild type and transgenic, data presented as mean+/- S.D.
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4.3.4 Human FcyR expression in the brain

The expression of FcyRs was also investigated in three human AD cases, figure 4.9 shows
representative images taken of the cingulate gyrus of an AD patient with high levels of Ap
accumulation. The monoclonal antibodies were optimised first in paraffin embedded tonsil tissue
(Appendix B). FcyRI was detected on microglial cells clustering around plaques (Figure 4.9B), the
receptor is also expressed by ramified microglia throughout the brain parenchyma (Figure 4.9C).
The expression of FcyRlIIa is less widespread than FcyRI, but appears on more rounded and less
ramified cells and expression can be detected on perivascular cells (Figure 4.9F). FcyRIIb was not
detected on microglial cells in any of the patients studied, FcyRIIb expression was only detected on
neurons and small amoeboid cells associated with blood vessels (Figure 4.9H&I). FcyRIIIa
expression could be detected on microglial cells clustering around plaques (Figure 4.9K), and more

ramified cells throughout the parenchyma (4.9L).
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Figure 4. 9 FcyR Expression in human AD brain
The expression of FcyRs in human AD case in occipital cortex: FcyRI (A, B and C), FcyRlIla (D, E

and F), FcyRIIb (G, H and I) and FcyRIIIa (], K and L). Images were taken with a x20 objective
(A,D, G and ] scale bar=100um) or a x100 objective (B,C,E,F,H,I,K and L scale bar=20 um).
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4.4 Discussion

Activation of microglia has previously been reported in the TG2576 mouse model of AD-
particularly surrounding deposits of AP (Apelt and Schliebs, 2001; Benzing et al., 1999). Here we
show that there is substantial deposition of AB plaques in the brain of 18 month old TG2576 mice,
and that this is associated with the up-regulation of microglial activation markers. The expression
of these markers is particularly noticeable in clusters which are similar in shape and location to Af
deposits, and confocal microscopy confirmed that cells expressing CD11B and the activating FcyRs:
FcyRI and FcyRIII directly in contact with plaques. This reflects previous work which shows that
microglial cells are able to respond to the deposition of AP and surround plaques, but lack the
ability to clear them away (DiCarlo et al., 2001). Microglial activation in TG2576 mice is reported to
be associated with increased cytokine mRNA and protein compared to wild type (Abbas et al.,
2002; Apelt and Schliebs, 2001; Mehlhorn et al., 2000; Sly et al., 2001), but other studies did not find
differences in the protein levels of cytokines (Farr et al., 2014). In this study there were no
differences in any of the seven measured cytokines (IFNy, TNFa, IL-1p, IL-6, KC, IL-10, and IL-12)
between 18 month old TG2576 mice and wild type littermates., despite clear evidence for
morphological and phenotype changes to microglia This disparity with previously published work
can be explained the differences in the techniques used to detect cytokine levels. Previous studies
measured the cytokine mRNA levels, whereas we measured the protein levels of cytokine using a
multiplex ELISA, and mRNA levels of cytokines may not be reflective of the actual protein levels.
Other explanations include the microbial load of mice or stress levels of the mice, which induce low
grade systemic inflammation, which may result in neuroinflammation, and in particular under

conditions with altered CNS microenvironment that can ‘prime’ microglia.

FcyRs are thought to be important for the clearance of A by therapeutic antibodies, but at the
same time could be involved in the underlying mechanisms of the inflammatory side effects
associated with immunotherapy (Fuller et al., 2014). The cellular response to IgG immune
complexes, and therefore the ability of effector cells to clear plaques and induce inflammation, is
defined by the pattern of FcyR expression and the subclass of antibody used (Nimmerjahn and
Ravetch, 2008). Here we showed that the activating receptors: FcyRI and FcyRIII are significantly

up-regulated by microglia when compared to wild type littermates, and in particular on cells
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directly in contact with AP. Due to the increased expression of FcyRI and FcyRIII by microglial
cells, and the relatively low levels of FcyRIIb and FcyRIV it is likely that the effector function of
anti-Ap antibodies will be mediated by one or both of these receptors. In the previous chapter the
generation and characterisation of anti-Ap antibodies with murine IgG1 and IgG2a constant
domains was described. IgG2a is able to ligate both FcyRI and FcyRIV, while murine IgG1 has
higher relative affinity for the inhibitory FcyRIIb. Thus the altered FcR expression patterns in
TG2576 may have consequences for immunotherapy and choice of subclass used. Increased
microglial FcyRI expression has been shown in numerous human diseases and mouse models of
disease(Fuller et al., 2014). The broad expression of FcyRI on microglia, the high affinity of FcyRI
for IgG and the low levels of IgG in the brain suggest that FcyRI could play an important role in the
effector function of anti-Af antibodies. FcyRs were also detected on perivascular macrophages,
confirmed by double staining with a directly FITC labelled FcyRII/III antibody and CD206-a
specific marker for perivascular macrophages. Cells of similar morphology also express: FcyRI,
FcyRIIb and FcyRIIl, indicating that perivascular cells could also be involved in the response to
therapeutic anti-Ap antibodies. This could have particular importance for the vascular side effects
associated with immunotherapy, as they are thought to be caused by CNS inflammation around
blood vessels (Wilcock et al., 2011a). The expression of FcyRs by different cell types within the
CNS will make it difficult to tease apart the cell type/types involved in the neuro-inflammatory

response to anti-Ap immunotherapy.

The FcyR expression pattern in human AD patients is comparable to TG2576 mice, and is similar
to previously published work (Peress et al., 1993), although the addition of specific antibodies
against FcyRIIa and FcyRIIb are novel. There is widespread expression of FcyRI by microglia
surrounding deposits of AP, and also on microglial cells with a ramified morphology throughout
the parenchyma. The expression of FcyRIII in mouse and FcyRIIla in humans is also similar, with
expression on cells surrounding plaques and on ramified microglia. The inhibitory receptor
FcyRIIb is not widely expressed by microglia in either TG2576 mice or human AD. Neurons in the
AD brain express FcyRIIb as previously reported (Kam et al., 2013) the expression of FcyRIIb by
neurons was not observed in TG2576 mice. Mice do not possess FcyRIIa and humans do not
possess FcyRIV, but the expression of both of these receptors is low in the brain. As the expression
of FcyRs in the brain is comparable to human AD, the response of brain effector cells to therapeutic

antibodies is likely to be translatable.
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The regions of the brain that were quantified for the expression of immune receptors were chosen
based on incidence of pathology. The hippocampus is an interesting brain region for AD
researchers because of role in early stages of the disease and is essential for memory formation. In
TG2576 mice there is substantial plaque pathology in the hippocampus. Significant increased
expression of MHCII was detected and strong trends for increased expression of FcyRI, CD11B and
FcyRII/IIL The lack of significant increase in FcyRI is likely due to the higher baseline expression in
WT mice compared with other regions. The hippocampus is a useful area to use when carrying out
passive immunisation studies as it is easily accessible by stereotaxic injection. Because it has high
Ap load and expression of FcyRs, it is a suitable area to directly administer anti-Ap antibodies to

characterise the clearance of plaques and inflammatory response.

The piriform cortex is a region that processes inputs from the olfactory bulbs and has efferent
connections to the entorhinal cortex. It is a crucial region for the processing of odours, which is a
very important sense for rodents. In this region there are a large number of plaques, and associated
with these plaques is an up-regulation of many immune markers. In this study I found that five of
the markers studied were significantly higher. The high levels of pathology and FcyR expression
make this a suitable area for immunisation studies. Due to its location it is not practical to inject
directly, and therefore its use will be limited to systemic treatment studies. Due to the high levels of
pathology in this region, it would be interesting to use a behaviour based on association of a specific

odour with a negative or positive stimulus as this may be significantly altered in these mice.

In conclusion, by 18 months old, TG2576 mice have extensive plaque deposition in a number of
brain areas, which is accompanied by the increased expression FcyRs on cells in direct contact with
plaques, but also wider expression in the brain parenchyma, especially FcyRI. Administration of
antibodies to this altered microenvironment may result in higher inflammatory potential when
compared to a control healthy brain, but maybe dependent on the IgG subclass used for

immunotherapy. I will test this hypothesis in the next chapter.
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Chapter 5: The role of
antibody effector function
in the neuro-inflammatory

response to intracranial

3D6 injection
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5.1 Introduction

Passive immunisation with anti-AP antibodies has proven successful at removing plaques from the
brains of APP transgenic mice and AD patients (Rinne et al., 2010; Wilcock et al., 2004b). One
mechanism proposed for antibody mediated clearance of AP is by activation of microglia through
FcyRs, inducing the phagocytic clearance of plaques (Morgan et al., 2005). Previous studies have
shown that intracranial injection of anti A antibody 2H6 ( murine IgG2b) is able to clear plaques
within 72 hours with a concomitant activation of microglia, as measured by increased expression of
CD45, FcRII/IIT and MHCII (Wilcock et al., 2003). The same antibody was also able to clear
plaques and activate microglia when given systemically, however this occurs with increased
deposition of AP around the cerebral vasculature and increased incidence of micro-haemorrhage
(Wilcock et al., 2004c). This vascular damage was prevented by de-glycosylation of 2H6, which
reduces FcyR and binding, indicating that the vascular side effects could be FcyR mediated (Carty

et al., 2006; Wilcock et al., 2006).

A number of monoclonal antibodies have reached clinical trials for the treatment of AD, however
none have significantly improved cognition in patients with AD. One key issue with
immunotherapy is that like mice, the patients treated with anti-Ap antibodies experience damage to
their cerebral vasculature (Salloway et al., 2010). These side effects have strictly limited the effective
dose that can be given to patients, which in turn could explain the lack of efficacy in clinical trials.
There is also indirect evidence that the vascular side effects observed in patients may be mediated
through FcyR engagement. Bapineuzumab and Gantenerumab are both human IgG1 antibodies,
which have high affinity for activating FcyRs. Both of these antibodies have been associated with
micro-haemorrhage and edema of cerebral blood vessels in patients (Bohrmann et al., 2012; Rinne
etal.,, 2010). Crenezumab is a human IgG4 antibody which has reduced FcyR affinity compared to
IgG1. No vascular damage has been observed in Crenezumab treated patients, even at a dose 10
times higher than Bapineuzumab (Adolfsson et al., 2012). There have not been any studies directly

comparing these antibodies in vivo to understand the differences between these antibodies.

The aim of this study was to understand the role of antibody effector function in the clearance of
plaques and the associated inflammatory response, with the aim to provide rationale for antibody
engineering to optimize clinical candidate antibodies. The antibody 3D6 (murine version of

Bapineuzumab) was produced as both mouse IgG1 and mouse IgG2a subclasses-due to their
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contrasting FcyR affinities (Bruhns, 2012). 3D6 IgG1 and IgG2a or irrelevant isotype controls were
injected intra-cranially into 14 month APP transgenic (T'G2576) mice. The ability of each antibody
to clear plaques and the subsequent neuro-inflammatory response was measured by

immunohistochemistry and multiplex immune assays.
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5.2 Methods

5.2.1 Study design

5.2.1.1 Intracranial injections into 14 month old mice

Fourteen month old female TG2576 mice were split randomly into four groups (n=10, all females):
3D6 IgG1, 3D6 IgG2a, Irrelevant IgG1 and irrelevant IgG2a. Mice were anaesthetised using
sevofluorane, the skull exposed and a small hole drilled in the skull and injected with 2ul of
appropriate antibody into the right hippocampus at stereotaxic coordinates: -2.0, +1.7, and -1.6
from bregma. At seven days post injection, mice were transcardially perfused with heparinised
saline and the brains were dissected. Six of the brains from each group were embedded for
immunohistochemistry, and four prepared so a punch of tissue could be collected from the
antibody injected area. Hippocampal punches were homogenised, and the levels of cytokines
measured using a multiplex immune assay (MSD), and normalised to total protein concentration.
The experiment was repeated usingTG2576 mice (n= 6 per group all females) collecting brain tissue
as described above at three days post injection, and cytokine levels were measured in the same

manner.

5.2.1.2 Intracranial injections into 18 month old mice

The procedure was repeated in 18 month old TG2576 mice using a modified protocol. Instead of a
unilateral injection into the right hippocampus, TG2576 (n=5, 4 males, 1 female) and wild type
littermates were injected bilaterally at coordinates: -2.0, +/- 1.7, -1.4. Reducing the depth of the
injection prevents the capillary from reaching the hippocampal fissure, and therefore reduces the
likelihood of damaging this blood vessel. Seven days after injection, mice were transcardially
perfused and the brains were removed. The right hemibrain was embedded for
immunohistochemistry, while the left hemibrain was prepared and a hippocampal punch taken.
The hippocampal punch was homogenised, and two fractions of proteins were obtained: triton
soluble and formic acid soluble. Multiplex immune assays were used to determine the
concentration of AP in both brain fractions, and the levels of pro-inflammatory cytokines in the

triton soluble fraction.
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5.2.2 Quantification

The quantification of immunohistochemistry was performed using the free to access software
image]. For the hippocampus, three x20 objective images were taken per mouse per cell marker,
and the average percentage area above threshold for the three images was determined using image].
To quantify staining around the pial membrane, four images were taken spanning the length of the
membrane. The images were blinded, and the area above threshold was determined 150 pixels
either side of the membrane. To quantify the number of congo red positive plaques, the slides were
blinded and the number of plaques were counted in the injected side of the brain, normalising to

the un-injected side.

5.2.3 Statistical analysis

To test whether the data sets were normally distributed, the residuals were calculated before using
the D’Agnostino-Pearson omnibus test. Non-parametric data sets were transformed using the
function Y=logY, before re-calculation of residuals and normality testing. All data sets, or the
transformed data, were normally distributed. Data from these experiments were analysed using
two-way ANOVA, with the independent variables: antibody specificity (3D6 vs. irrelevant control
antibody) and antibody effector function (IgG1 vs. IgG2a). If the two way ANOVA found
significant differences due to each variable, or an interaction between the two variables, the data

was analysed using the Tukey post hoc test, which is corrected for multiple comparisons.
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5.3 Results

5.3.1 Intracranial injection of 3D6 into 14 month old TG2576
mice

Fourteen month TG2576 mice were injected into the hippocampus (-2.0mm, +1.7mm,-1.6mm)
with: 3D6 IgGl1, IgG2a or irrelevant isotype controls (n=10). Seven days later mice were perfused
and brain tissue collected. Changes in the phenotype of microglia and clearance of plaques was
measured by immunohistochemistry (n=6), whilst pro-inflammatory cytokine levels were

measured by Mesoscale Discovery 7-plex assay (n=4).

5.3.1.1 Identification of the injection site

Large proteins, and in particular IgG, do not diffuse well through the brain parenchyma (Wolak et
al., 2015). To allow measurement of the neuro-inflammatory response to injected antibodies, and
the clearance of plaques by immunohistochemistry it is therefore important to use brain sections
proximal to the injection site. Although all mice were injected at the same stereotaxic coordinates,
there is always some variation in the exact site of injection. To determine the exact site of injection,
sections 150 um apart (every 16" section) of 10 um were collected onto a separate slide, and stained
for expression of CD11b. Figure 5.1 shows a series of sections through the hippocampus of one
animal, stained for the microglial marker CD11b. The injection site is clearly visible in sections 4
and 5 and faintly in section 6, with increased microglial CD11b expression due to mechanical
trauma of injection. Based on this information any slide collected between sections 4 and 6 are close
to the injection site, would be suitable to use for immunohistochemistry. This process was

successfully repeated for all animals.

Injecting into the hippocampus always carries a risk of hitting the large vessels located in the
hippocampal fissure. When these vessels are damaged, severe neuron loss can be observed in the
detate gyrus and CA3 areas of the hippocampus, however this is usually a very rare occurrence.
Unfortunately TG2576 animals appear to be exquisitely sensitive to vascular damage, and 10 out of
24 animals exhibited neuron loss and inflammation following intracranial injection. Figure 5.1A

shows an example of such an animal stained with CD11b. Complete loss of one blade of the dentate
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gyrus can be observed, with high levels of CD11b expression in the area of neuronal death. Due to
the high levels of immune activation in these mice, it was not possible to measure the microglial
response to antibody effector function. All mice exhibiting this neuronal damage were excluded
from measurement of immune markers and IgG by immunohistochemistry, reducing the n

number to 3-4 per group.
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Figure 5. 1 Location of injection site and damage caused by intracranial injection

A. Injection into the hippocampus can induce severe neuroinflammation and neurodegeneration
due to damage of blood vessels in the hippocampal fissure. This figure shows CD11b expression
levels of one representative animal. Total loss of one blade of the dentate gyrus and intense CD11b
staining can be observed. 10 out of 24 animals exhibited this damage, and were excluded from the
study. B. To locate the site of injection in each mouse every 16" section cut on the cryostat was
collected separately and stained for CD11b. This figure shows coronal sections through the brain of
a mouse, the injection site is detectable in sections 4, 5 and 6. The images were taken with a 10x
objective (scale bars =200uM).
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5.3.1.2 Antibody binding and clearance of plaques

To detect the target engagement and the clearance of plaques by 3D6 or irrelevant antibodies, brain
sections were stained for the presence of mouse IgG. Semi-quantitative measurement of IgG
staining shows that there are significantly higher levels of IgG in the brains of mice injected with
both 3D6 subclasses compared to irrelevant controls (Fig. 5.2, p<0.001). This indicates that 3D6 is
retained in the brain, whereas the irrelevant antibodies are cleared away. Although the levels of IgG
are higher in both subclasses of 3D6, the actual staining pattern is very different. Tissue obtained
from mice injected with 3D6 IgG1, shows clear IgG binding to structures resembling AP plaques
found in the cortex and hippocampus, as well as diffuse staining of IgG. Mice injected with 3D6
IgG2a show strong diffuse staining, but no A plaques positive for IgG. These data suggest that
both IgG subclasses are able to engage AP in vivo while irrelevant control antibodies do not. The
difference in plaque-associated IgG may be due to effector function, with 3D6 IgG2a able to clear
plaques bound, whereas the reduced effector function of 3D6 IgGl is unable to clear the plaques.
To test the clearance of plaques a number of techniques were applied. The method that gave best
results in fresh frozen tissue was the use of histological dye-congo red, which stains congophilic
plaques, but not diffuse plaques. Fig 5.3A shows quantification of congophilic plaque number,
normalised to the number of plaques in the unaffected, contralateral side of the brain. There was a
non-statistically significant decrease in congophilic plaque number in mice treated with 3D6 IgG2a

compared to other treatments.
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Figure 5. 2 Mouse IgG stain shows retention of anti-Ap antibodies at 7days, but not

irrelevant controls

Brain sections from TG2576 mice injected with antibodies were stained for IgG. Low levels of

staining were detected in the tissue obtained from mice receiving isotype control antibodies,

indicating clearance of the irrelevant antibodies by seven days. Animals injected with 3D6 IgG1 or

IgG2a, had higher diffuse staining than irrelevant controls, and animals injected with 3D6 IgG1 had

plaque like structures in the hippocampus and cortex positive for IgG but those injected with 3D6

IgG2a did not. Quantification of IgG levels in brain sections revealed significantly more IgG
compared to irrelevant controls (p<0.001), however there was no significant effect of subclass on

the total IgG levels. Data was analysed by two-way ANOVA and Tukey post hoc test, data

represented as mean plus S.D (n=3/4).
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Figure 5. 3 Intracranial injection with 3D6 IgG2a causes a non-significant reduction in

the numbers of congo red positive plaques

Seven days after intracranial administration of antibodies, the number of congophilic plaques were
counted in the injected hemisphere and this was normalised to the number in the un-injected side.
Injection of 3D6 IgG2a causes a non-statistically significant reduction in the number of congophilic
plaques. Data analysed by Kruskal-wallis and Dunn’s post hoc test., data represented as mean and

S.D (n=3/4, 4 sections used per mouse).
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5.3.1.3 The neuro-inflammatory response to injection of 3D6

The neuro-inflammatory response to the antibodies was measured seven days after intracerebral
injection by assessing phenotype changes to microglia using immunohistochemistry. Fig 5.4 shows
representative examples for the staining patterns for the surface markers: CD68, FcyRI and FcyRIV
and fig 5.5 shows the quantification in two brain regions-the hippocampus and the area
surrounding the pial membrane. In the hippocampus, the expression levels of: FcyRI, CD68 or
FcyRIV were not significantly different in any group. In the hippocampus the expression of these
markers was similar to that shown in chapter 4, with microglia in the parenchyma and surrounding
plaques both positive for these markers. The expression of FcyRIV was more variable, but staining

could be seen around the area of injection and on a small number of Ap deposits.

After injection with antibodies into the hippocampus, there were a number of changes to microglia
in a particular regions of the brain, associated with the pial membrane. Injection of 3D6 IgG2a
resulted in a significant increase in the expression levels of the marker CD68 compared to 3D6
IgG1 (p=0.002). Injection of 3D6 IgG2a or irrelevant IgG2a resulted an increase in the levels of
FcyRI staining surrounding the pial membrane while either IgG1 subclasses did not (p=0.01), post
hoc analysis showed that there was significantly higher expression of FcyRI in 3D6 IgG2a
compared to 3D6 IgG1 (p=0.002). Injection of 3D6 IgG2a also induced a significant increase in the
expression of FcyRIV compared to either 3D6 IgG1 (p=0.005) or irrelevant IgG2a (p=0.032)
antibodies. To study if injection of anti-Af antibodies induces a functional change of immune cells
in the CNS, I next measured the levels of pro-inflammatory cytokines in the brain, seven days after
intracranial injection of antibodies (Figure 5.6, n=4). Injection with 3D6 IgG2a led a 3-fold increase
in the levels of the pro-inflammatory cytokine IL-1B compared to 3D6 IgG1 (p=0.011) and
irrelevant IgG2a (p=0.009). There was also a significant increase in the levels of KC in the brains of
mice injected with 3D6 compared to irrelevant antibodies (p=0.013), but there was no effect of the
subclass of 3D6. There was also a trend towards increased IL-6 in the brains of mice injected with
3D6 IgG2a, however the response was highly variable. Previous studies of the microglial response to
anti-A immunotherapy did not include cytokine levels, and were restricted to microglial
phenotype changes which occurred at three days post injection (Wilcock et al., 2003). To
investigate if our anti-Ap antibodies induce a differential cytokine response at this earlier time
point, the experiment was repeated using a three day time point. Unlike the seven day time point, at

three days post injection there were no changes in the levels of any cytokine measured (fig. 5.7).
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Figure 5. 4 Microglial phenotype changes measured at seven days after intracranial

injection with 3D6 or irrelevant control antibodies

Seven days after injection with 3D6 IgG1 IgG2a and irrelevant controls, 10um fresh frozen brain
sections were stained for the expression levels of the microglial activation markers, CD68, FcyRI
and FcyRIV. Representative images of n=3/4 (1 section per mouse) are shown Images of the

hippocampus and pial membrane were taken with a 5x objective and smaller images were taken

with a 20x, scale bars are 100pm, 400um respectively.
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Figure 5. 5 Quantification of immune receptor expression

The expression of: CD68, FcyRI and FcyRIV were quantified in the hippocampus and the pial
membrane after intracerebral injection of antibodies. The expression levels were quantified as
percentage area above threshold. After injection of 3D6 IgG2a, CD68 is significantly up-regulated
around the pial membrane compared to injection of 3D6 IgG1 (p=0.002). FcyRI is significantly up-
regulated surrounding the pial membrane after injection of an IgG2a antibody irrespective of
antibody specificity (p=0.01), 3D6 IgG2a injection causes significant up-regulation of FcyRI
compared to 3D6 IgG1 (p=0.002). FcyRIV is significantly up-regulated after injection with 3D6
IgG2a compared to 3D6 IgG1 (p=0.005) and Irr. IgG2a (p=0.032). Data was analysed by two way
ANOVA and Tukey post hoc test. Data presented as mean and S.D. (n=3/4)
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Figure 5. 6 Brain cytokine levels after intracranial injection of 3D6 IgG1 and IgG2a

The levels of cytokines were measured in the brain homogenate (enriched for the site of injection)
of 14 month old TG2576 mice, seven days after intracranial injection of antibody. Cytokine levels
were measured using a multiplex immune assay, and normalised to total protein concentration,
expressed as pg/mg. Intracranial injection of 3D6 IgG2a caused a 3-fold increase in the levels of IL-
1P compared to injections of 3D6 IgG1 (p=0.011) and irrelevant IgG2a (p=0.009). Injection of 3D6
led to increased levels of KC (p=0.013), however there was no significant difference between 3D6
subclasses. Data sets were analysed by 2-way ANOVA and Bonferroni post hoc test, and presented

as mean and standard deviation (n=4).
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Figure 5. 7 Brain cytokine levels 3 days post injection of 3D6 IgG1 and IgG2a

The levels of cytokines were measured in the brain homogenate (enriched for the site of injection)
of 14 month old TG2576 mice, seven days after intracranial injection of antibody. Cytokine levels
were measured using a multiplex immune assay, and normalised to total protein concentration,
expressed as pg/mg. There were no changes in cytokines three days after injection of antibody. Data
sets were analysed by 2-way ANOVA and Tukey post hoc test, and presented as mean and standard

deviation (n=6).
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5.3.2 Injection of 3D6 into 18 month old TG2576 mice.

A number of limitations were identified following injection of 3D6 into the hippocampus of 14
month old TG2576 mice. The injection itself caused significant vascular damage in a number of
mice, causing a loss of power due to the exclusion of 2-3 mice per group. At 14 months the
pathology in TG2576 mice is variable, and immunohistochemical analysis did not allow to accurate
measurement of AP clearance from the brain. To address these limitations, the experiment was
repeated in 18 month old mice. The coordinates of injection were altered to reduce the risk of
damaging blood vessels in the hippocampal fissure (-2.0, +/- 1.7,-1.4). Each mouse received a bi-
lateral injection of 2ug antibody to allow one hemibrain for immunohistochemistry and the other
to measure Ap clearance from the brain, using a multiplex immune assay to quantify the protein
levels of Ap in brain homogenate. As TG2576 mice are prone to both seizures and have a very high
risk of developing tumours as they age (unpublished observation), the number of mice available in

our ageing colony declined leaving sufficient mice to inject five mice per treatment group.

5.3.3 Amyloid beta peptide levels

A multiplex immune assay was used to measure the concentration of three different peptides: AB38,
AB40 and AP42. AP exists as a wide range of different sized species, ranging from: monomers to
fibrils. To enable the measurement of these different species of AP, two different fractions were
obtained from brain homogenate: triton soluble-containing mostly soluble A species and formic acid
soluble, containing mostly aggregated species of AB. Seven days after intra-cranial-injection of 3D6
showed a trend towards reduced AB42 in the soluble (triton soluble fraction), but no significant
changes in the levels of triton soluble or formic acid soluble Ap were found (Fig. 5.8). However, there
were non-statistically significant reductions of every AP peptide in animals injected with 3D6 IgG2a in
comparison with 3D6 IgG1, but there was high variability. The mean levels of triton soluble AP after
3D6 IgG1 injection were: AP38= 226pg/mg (S.D=152) AB40=1147pg/mg (S.D=1360)
APB42=38.6pg/mg (S.D=31.3), compared to the mean levels of triton soluble AP after 3D6 IgG2a
injection AP38= 142.7pg/mg (S.D=77.1) AB40=490pg/mg (S.D=232) AB42=22.3pg/mg (S.D= 8.2).
Similar trends were seen with formic acid soluble AB, 3D6 IgG1: AP38=22236pg/mg (S.D=11806)
AP40=42158pg/mg (5.D=28643) AP42=3765pg/mg (S.D=3398), compared to the mean levels of
formic acid soluble AP after 3D6 IgG2a injection AB38= 13636pg/mg (S.D=11209)

AB40=24147pg/mg (S.D=22926) AB42=2033pg/mg (S.D=1826).

151



o
$

Triton soluble
ApB38

gm«
%am«
EZDO-
gm-
0- T T
S & &L
S ,,,o“& W« \é'é\
FA soluble
Ap38
43 40000
& 30000
5
2 20000
E 10000 ’J_‘ |J_‘
g 0- T T
ST &I
° ,,,d"é\ w \6’6\

Triton soluble

ApB40
- 30004
'z
]
o 20004
=
e
g 10004
E 0- |Ill T
ooy Y oo
& & & &
S ,,,<§°(° W« \é's
FA soluble
Ap40
=‘JDOIJOO-
:g 80000
E'SDIJOO-
=
2 400004
._g 20000
g 0- T T
¥ ooF y oo
& & Q&
< a,d°é\ W \6’6\

Figure 5. 8 AP peptide levels after intracranial injection
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The levels of three AP peptides were measured in brain homogenates, seven days after injection

with 3D6 and irrelevant controls into the hippocampus of 18 month old transgenic mice. The levels

were measured in two fractions of protein: triton soluble and formic acid soluble. There were no

significant changes in the concentration of AP in brains of any group. However there were lower

levels of A in mice injected with 3D6 IgG2a in both formic acid and triton soluble fractions

compared to 3D6IgG1. Cytokine levels were measured using a multiplex immune assay (MSD),

and data presented as pg/mg total protein (n=5, mean +/- S.D.)
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5.3.3.1 Cytokine levels

The levels of cytokines in brain homogenate were measured by multiplex assay. Injection of 18
month old TG2576 mice with 3D6 IgG2a leads to a significant increase in the levels of IL-1f
compared to 3D6 IgG1 (p=0.006) and Irrelevant IgG2a (p=0.022), and a non-statistically
significant, increase in TNFa concentration in the brains of mice injected with 3D6 m2yA
(p=0.06). Unlike the 14 month old mice, there was no change in the expression levels of KC
following injection of 3D6.To test whether the increased IL-1p levels after intracranial injection of
3D6 IgG2a is due to specific binding of the antibodies to AP in the brain, wild type mice lacking
human APP were used as a control. Injection of 3D6 IgG2a did not increase the levels of IL-1p in
the brains of mice lacking human A (fig.5.10). Therefore the changes in IL-1p in TG2576 mice are

due to target engagement of 3D6 IgG2a to Ap.
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Figure 5. 9 Cytokine levels 7 days after intracranial injection of 3D6 into 18 month old

TG2576 mice

The levels of cytokines were measured in the brains of 18 month old TG2576 mice, seven days after
intracranial injection of antibody into the hippocampus. Cytokine levels were measured using a
multiplex immune assay(MSD), and normalised to total protein concentration, expressed as pg/mg.
Intracranial injection of 3D6 IgG2a caused a 3-fold increase in the levels of IL-13 compared to
injections of 3D6 IgG1 (p=0.006) and irrelevant IgG2a (p=0.022). There was a non-significant
increase in TNFa in 3D6 IgG2a injected animals (p=0.06). Data sets were analysed by 2-way
ANOVA and Tukey post hoc test, and presented as mean and standard deviation (n=5).
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Figure 5. 10 Intracranial injection of 3D6 and irrelevant control antibodies into 18

month old wild type mice

The levels of cytokines were measured in the brains of 18 month old wild type mice, seven days
after intracranial injection of 3D6 IgG1 and IgG2a or irrelevant IgG1 or IgG2a. The levels of
cytokines were measured in the brains of 18 month old TG2576 mice, seven days after intracranial
injection of antibody into the hippocampus. Cytokine levels were measured using a multiplex
immune assay, and normalised to total protein concentration, expressed as pg/mg. There were no
significant differences between any groups measured. Data sets were analysed by 2-way ANOVA

and Tukey post hoc test, and presented as mean and standard deviation (n=5).
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5.4 Discussion

Passive immunisation with anti-Ap antibodies is able to clear AP deposits from the brains of both
mice and AD patients (DeMattos et al., 2001; Rinne et al., 2010; Wilcock et al., 2003), in transgenic
mouse models of AD this reverses cognitive deficits associated with these models (Wilcock et al.,
2004c). However, in both mice and humans the clearance of AP plaques is associated with damage
to the cerebral vasculature; a side effect which has limited the top dose given in clinical trials
(Bohrmann et al., 2012; Pfeifer et al., 2002; Salloway et al., 2010; Wilcock et al., 2004c). There is
evidence from both mouse and human studies that the activation of FcyRs plays a key role in the
underlying mechanisms that are responsible for the vascular damage, ARIA-E, seen after
immunotherapy (Adolfsson et al., 2012; Freeman et al., 2012; Wilcock et al., 2006). It may be
possible to improve immunotherapy for AD by engineering the Fc region of therapeutic antibodies,
to improve the efficacy and/or reduce the risk of causing vascular damage. To study the role of
antibody effector function in the clearance of plaques and the neuro-inflammatory response in
more detail, we generated the antibody 3D6 with two different constant regions, IgG1 and IgG2a to
allow direct comparison in vivo. Using our IgG1 and IgG2a 3D6, I provide experimental evidence
that the effector function of anti-Ap antibodies is important for both the clearance of plaques and

the neuro-inflammatory response.

5.4.1 Role of antibody effector function in neuroinflammation

For the first time we have shown that IgG2a, a subclass able to ligate the high/medium affinity
receptors FcyRI and FcyRIV, induces a significant increase in IL-1P protein levels, while an IgG1
antibody, unable to bind these FcyR, does not. The increased levels of IL-1p following 3D6 IgG2a
were associated with reduced level of AP plaques and a strong microglial phenotype change,
especially around the pial membrane in 14 month old TG2576 mice. The finding that 3D6 1gG2a
induces increased IL-1P concentration relative to 3D6 IgG1 and control antibodies was
reproducible in two independent experiments, performed in two different laboratories, University
of Southampton and Lundbeck. The increase in IL-1{ levels occurs at seven days after injection, not
at three days, suggesting different kinetics to microglial phenotype changes shown in previous
studies, however these studies did not measure cytokine production (Wilcock et al., 2003). IL-1p is
expressed as pro-IL-1B, which is functionally inactive and requires activation of the inflammasome

allowing proteolytic cleavage of pro-IL-1p by caspase 1 to produce mature IL-1p. The MSD assay
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detects the levels of IL-1p, however it cannot distinguish pro IL-1P from mature IL-1f. To
understand whether the IL-1p produced in response to 3D6 IgG2a is functionally active, it would be

necessary to use western blotting to determine its size.

The difference in pro-inflammatory cytokine levels (IL-1f, KC) produced by injection of 3D6 IgG1
and 3D6 IgG2a can be explained by the different effector functions of the antibodies. Mouse IgG2a
is more pro-inflammatory than mouse IgG1 due to its higher affinity for activating FcyRs, FcyRI
and FcyRIV and its ability to fix complement. In contrast, mouse IgG1 has higher affinity for the
inhibitory receptor FcyRIIb and does not fix complement (Bruhns, 2012; Nimmerjahn and
Ravetch, 2008). This was illustrated in chapter 3, where I showed that in vitro that an IgG2a
constant region stimulates production of 3-fold higher levels of TNFa than an IgG1 antibody. No
other published studies have compared the cytokine response to different subclasses of anti-Af

antibodies in vivo, so this is a novel finding.

It is thought that damage to the vasculature after passive immunisation is initiated by FcyR
mediated neuro-inflammation. Ligation of FcyRs by immune complexes results in the cross-linking
of cytoplasmic gamma chains and release of pro-inflammatory cytokines and reactive oxygen
species (Mosser and Edwards, 2008). Here, injection of the anti-Af antibody 3D6 IgG2a results in
the increased production of IL-1f, although the cellular source remains to be identified. Wilcock et
al previously showed that passive immunisation with the anti-AP antibody 2H6 results in the
activation of matrix metalloproteinases (MMPs). The authors hypothesised that the increased
production of pro-inflammatory mediators causes the activation of MMPs, and remodelling of the
cerebral vasculature leading to increased permeability and micro-haemorrhage incidence (Wilcock

et al,, 2011a).

Pro-inflammatory cytokines have divergent roles within the CNS and have been described to
modulate neuronal activity. Therefore, increased IL-1p in response to anti-A immunotherapy
could have an impact on the function of neurons. Long term potentiation (LTP) is a measure of a
synapse’s ability to change and adapt to a strong signal, and is essential for learning and memory
(Purves 2008). Low levels of IL-1p increase LTP, hippocampal neurons, whereas high
concentrations can inhibit LTP (Bellinger et al., 1993; Katsuki et al., 1990; Ross et al., 2003).
Therefore increased IL-1p production in response to treatment with 3D6 IgG2a could impair the

function of neurons in the hippocampus- and influence cognitive assessment of patients during
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clinical trials. The function of neurons after immunotherapy could be tested in mice by direct

measurement of neuronal activity using electrophysiology, or indirectly using behavioural assays.

There were no significant changes in the expression of CD68, FcyRI and FcyRIV in the
hippocampus of 14 month old TG2576 mice injected with 3D6 IgG2a, however this experiment was
underpowered to detect an effect. As shown in the chapter 4, the hippocampus of TG2576 mice has
high basal expression of FcyRs and other microglial activation markers, making it difficult detect
subtle changes after injection of antibodies. The lepto-meninges is the membrane that envelops the
outside of the brain and is formed of three layers: the arachnoid, the dura and pia. The pial
membrane is the innermost meningeal layer, and forms the boundary with the brain parenchyma,
separating it from large pial arteries and the Virchow-Robin space-through which CSF travels
(Zlokovic, 2008). Microglial phenotype changes were mostly found in the area surrounding this pial
membrane. The microglial marker CD68 (macrosialin) is a member of the scavenger receptor
family, and is expressed on lysosomal membranes and at a lower level on the cell surface. Microglial
cells express CD68, and upregulation is indicative of increased phagocytic activity. Mice injected
with 3D6 IgG2a showed increased expression of CD68 surrounding the pial membrane compared
to 3D6 IgG1. The increased expression of CD68 on cells surrounding the pial membrane could be
explained by increased phagocytosis of AB/3D6 immune complexes. There were also increases in
the expression of FcyRI and FcyRIV on cells surrounding the pial membrane. The expression of
FcyRI was significantly up-regulated in mice injected with either 3D6 IgG2a or the irrelevant IgG2a
control. FcyRI is a high affinity receptor, which is up-regulated following activation and unlike
FcyRI in the periphery able to ligate free monomeric IgG. The increase in the expression of FcyRI
could therefore be explained by the ligation of FcyRI by the presence of aggregated or monomeric
IgG2a antibodies, driving increased receptor expression. FcyRIV was specifically up-regulated in
mice injected with 3D6 IgG2a but not with irrelevant IgG2a. This up-regulation could be explained
by the formation or accumulation of Ap/3D6 IgG2a immune complexes, and crosslinking of

FcyRIV causing receptor up-regulation.

5.4.2 Role of effector function in amyloid beta clearance

The experiments described in this chapter show evidence that effector function plays a key role in
driving microglial phenotype changes and IL-1p production, but effector function is also critical for

plaque clearance. The measurement of plaque load was technically challenging due to the methods
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available. The brains collected for immunohistochemistry were fresh frozen to allow the detection
of phenotype changes to microglia. This type of tissue is less useful for immunohistochemical
detection of aggregated AP and plaques, which requires treatment with formic acid to expose
epitopes for antibody binding. Treatment of fresh frozen tissue with formic acid can cause damage
to tissue, even with post fixing in formalin, making it less suitable for the quantification of plaque
clearance. As shown in chapter 3, antibodies that bind to the N-terminus are the best at binding to
plaques without antigenic retrieval, because epitopes in the N-terminus of AP are exposed (Serpell,
2000). Because we injected 3D6, which binds to the N-terminus we could not use another N-
terminus binding antibody to detect AP due to antigenic masking. To quantify plaque removal after
3D6 injection, histological dye congo red was used. Congo red binds to and stains congophillic
plaques, and at 14 months the number of congophilic plaques in the brains of TG2576 is highly
variable. This variability was partially compensated by normalisation to the number of plaques in
the un-injected side of the brain. 3D6 IgG2a reduced the numbers of congophilic plaques after
injection, however this result was not significant-partly due to the low number of mice in each
treatment group. To allow quantification of AP peptide concentration, a multiplex immune assay
measuring: AB38, 40 and 42 was used following injection of 3D6 in 18 month old TG2576 mice.
These peptides were measured in two different fractions of protein: triton soluble and formic acid
soluble. There were no significant changes to the levels of Ap after treatment with 3D6, however in
both fractions there was less AP in animals injected with 3D6 IgG2a compared to 3D6 IgG1.
Although there was not a significant reduction in Ap, in both experiments there were strong trends,
indicating that the effector function of 3D6 is important for the clearance of plaques. Although 3D6
IgG1 did not reduce plaque or AP peptide level, it was bound to plaques in the brain of TG2576
mice at seven days. It would therefore be interesting to investigate the kinetics of clearance with
3D6 IgG1. The weaker effector function of IgG1 compared to IgG2a, may be able to clear plaques,
but over a longer period of time. This could enable plaque clearance with reduced cytokine levels,

and reduced vascular damage.
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5.4.3 Limitations of the intracranial injection model

Stereotaxic injections into the brain always risk causing damage to cerebral blood vessels, and
injections into this hippocampus can occasionally cause the breakage of a large vessels inducing
severe degeneration in the dentate gyrus and CA3 regions of the hippocampus. It appears that
TG2576 mice are exquisitely sensitive to vascular damage in the hippocampus, as 42% of mice
injected lost a significant portion of the dentate gyrus. Fourteen month old TG2576 mice were
injected into the stratum radiatum which is located directly above the hippocampal fissure, a region
that is rich in large blood vessels. In this brain region there is substantial deposition of A as
plaques, but also as CAA surrounding blood vessels .The accumulation of Ap around the
vasculature in both AD patients and transgenic mice, causes changes to vascular integrity, which
could explain the sensitivity of mice to intracranial injection (Nicolakakis and Hamel, 2011). This
damage caused a strong glial response measured by increased expression of CD68 and CD11b and
neuronal loss, and was also observed following injection of irrelevant control antibodies. It was
therefore not possible to measure the neuro-inflammatory response to intracerebral A specific
antibodies in these mice. As a result, 42% of the mice were excluded from this study severely
reducing the power of the experiment. To reduce the risk of damage occurring the injection
coordinates were altered for injections into 18 month old animals. Instead of injecting 1.6mm into
the brain, the capillary was only inserted 1.4mm. When injecting antibodies into the brain, finely
pulled glass capillaries are used to minimise injection mediated damage. Other researchers have
injected A antibodies using Hamilton syringes to TG2576 mice, using stereotaxic coordinates that
pass directly through the hippocampal fissure. One of these studies shows that injection of 2H6 into
the hippocampus of TG2576 mice results in the up-regulation of CD45 and MHCII in the
hippocampus (Wilcock et al., 2004a). Expression of these markers appears to coincide with areas of

neurodegeneration, possibly caused by injection damage.

It should be noted that injection mediated vascular damage may also have occurred in the tissue
used for cytokine analysis. However, injection mediated inflammation occurred in all treatment
groups, and therefore does not explain the difference in IL-1f levels. However, injection damage
could alter the phenotype and function of microglial cells, priming them to respond in an

exacerbated fashion to 3D6.
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In conclusion , the results in this chapter provides proof of principle that antibody effector function
plays a role in the clearance of AP but this is associated with an increased neuroinflammatory
response Engineering of the Fc region, could be explored to modify the neuro-inflammatory

response to anti-Ap antibodies.
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Chapter 6: Systemic
treatment of TG2576 mice

with mC2 IgG1 and IgG2a



6.1 Introduction

One neuropathological hallmark of Alzheimer’s disease is the accumulation of the protein Af as
deposits called plaques. AP is produced by the cleavage of APP; and mutations in the APP gene or its
processing machinery are sufficient to drive early onset AD (Hardy and Selkoe, 2002). This led to the
idea that AP is the central factor in the pathology of sporadic AD, and as a result there has been
significant effort to develop therapies to clear AP or to prevent its deposition (Nitsch and Hock,
2008). Passive immunisation with monoclonal antibodies against AP have proven effective at
removing AP plaques and reversing cognitive deficits in mice transgenic for human APP (Bacskai et
al., 2002; Dodart et al., 2002; Wilcock et al., 2004c). These results have not yet convincingly translated
into benefits for patients, with a number of antibodies failing to meet their endpoints (e.g. improve
cognition) in clinical trials (Doody et al., 2014; Salloway et al., 2014). One of the key issues in these
trials has been the development of inflammatory side effects in the brains of patients after treatment
with antibody. There is evidence that these side effects are due to the activation of microglia through
FcyRs, as reducing the affinity for FcyRs is able to reduce the damage caused to the vasculature (Carty

et al., 2006; Freeman et al., 2012; Wilcock et al., 2006).

In the previous chapters I investigated the effect of FcyR affinity of the anti-Ap antibody 3D6, on its
ability to clear plaques and to cause neuroinflammation in transgenic APP mice (TG2576) following
intracerebral injection. I found that the IgG2a subclass of 3D6 allowed better clearance of AP butalso
induced more inflammation, and therefore carries a greater risk of causing side effects. Direct
injection of antibodies into the hippocampus allows relatively rapid characterisation of plaque
clearance and inflammation, but there are limitations with this approach. Humans receive treatment
via systemic administration, therefore this method of administration is less clinically relevant. A
second limitation of intracerebral injection is the risk of mechanically damaging the vasculature, as I
showed in the previous chapter, which allows neurotoxic plasma proteins and circulating immune
cells into the brain. To better model anti-AB immunotherapy, and to characterise a more
physiological neuro-inflammatory response as well as functional behavioural assessment it is

necessary to inject antibodies systemically.

Due to the low yield of 3D6 by transient transfection, it was injected directly into the brain and it was
not possible to carry out a systemic treatment trial. Another antibody, mC2, the murine version of

Crenezumab was produced as both IgGland IgG2a subclasses. Crenezumab was developed by

164



Genentech and AC immune, and was selected for its ability to bind to all forms of AB (Adolfsson et
al,, 2012). We therefore thought that Crenezumab was a suitable candidate for testing the role of FcyR

activation on inflammation and plaque clearance in the TG2576 model after systemic administration.

Eighteen month old TG2576 mice were injected I.P. with 10mg/kg mC2 IgG1, mC2 IgG2a or isotype
control antibodies weekly for a period of eight weeks. This time point was selected as it has previously
been shown that plaque clearance and microglial activation occur after systemic antibody treatment
(Wilcock et al., 2004b). The mice were assessed for clearance of plaques and neuroinflammation as
well as cognitive improvement using the fear conditioning behaviour test after eight weeks of
antibody treatment. The hypothesis of this experiment is that mC2 IgG2a will be more efficient at
clearing plaques and cause more inflammation than mC2 IgG1 due to its higher affinity for activating

FcyRs.
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6.2 Methods

6.2.1 Animals used and experimental design

Female TG2576 mice and littermate controls were obtained from Taconic and aged until 18 months
old. Mice were house under 12 hour light dark cycles, with free access to food and water. The mice
were randomly assigned into four experimental groups: mC2 IgG1, mC2 IgG2a, Irrelevant IgG1 and
irrelevant IgG2a (n=8-10 TG2576 and n=8-10 littermate controls per group). The mice received
10mg/kg of the relevant antibody for a period of eight weeks, delivered via intraperitoneal injection.
Twenty four hours after the final injection cognitive function of the mice was tested using the
contextual fear conditioning paradigm. Seven days after the final injection, mice were terminally
anaesthetised with avertin and transcardially perfused with heparinised saline. One hemi brain was
removed and frozen in OCT for immunohistochemistry, the other hemi brain was snap frozen for

analysis load and cytokine levels.

8 weeks after first
injection mice
were culled
Weekly injections of 10 mg/kg antibody

RN

'y

PP Y
— 00

24 hours after
final dose- Fear
conditioning

Figure 6. 1 Study Design

Female TG2576 mice (N=8-10) and wild littermates (N=8-10) were given weekly 10mg/kg LP.
injections of: mC2 IgG1, mC2 IgG2a or isotype controls. Twenty-four hours after the final dose,
mice were assessed by fear conditioning, and eight weeks after the first injection mice were culled

and tissue collected for analysis.
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6.2.2 Statistical analysis

Immunohistochemistry and mesoscale data were analysed using 2-way ANOV A and Tukey post hoc
test. The independent variables were: antibody specificity (AB/Irrelevant) and antibody subclass
(IgG1/1gG2a). The analysis was performed and graphs made using Graphpad prism. The data from
fear conditioning was analysed by 3-way ANOVA with the independent variables: Genotype
(WT/TG), antibody specificity (AB/Irrelevant) and antibody subclass (IgG1/IgG2a). This analysis
was performed using SPSS. The graphs were made in Graphpad prism and are presented with error

bars showing SD.
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6.3 Results

To investigate the role that FcyRs play in the clearance of AP and neuroinflammation associated with
immunotherapy, we produced the anti-Ap antibody mC2 on two different mouse IgG constant
regions-IgG1 and IgG2a. IgG2a is more pro-inflammatory because it can bind to the activating
receptors FcyRI and FcyRIV whilst IgG1 cannot (Bruhns, 2012). Mice were received 10mg/kg of each
antibody or isotype controls for a period of eight weeks. Twenty-four hours after the final dose the
memory of the mice was assessed in the fear conditioning paradigm. If neuroinflammation and
plaque clearance are reliant on FcyR engagement you would expect the mC2 Ig2a antibody to induce

more inflammation and clear more plaques than mC2 IgG1.

6.3.1 Behaviour

One of the first clinical features of Alzheimer’s disease is episodic memory loss followed by
progressive cognitive decline, and prevention of this decline is a common primary end point of
clinical trials for AD. Mice transgenic for human APP also exhibit a reduction in cognition and
memory, which can be reversed by treatment with anti- AP antibodies (Arendash et al., 2001; Morgan
et al., 2000; Shoji et al., 2003). To test if antibody effector function plays a role in reversing cognitive
deficits, we used the well characterised behaviour paradigm-contextual and cued fear conditioning.
Under stressful conditions when a mouse is highly anxious, its natural behaviour is to freeze in place,
an adaptation to reduce the likelihood of being seen by a predator. The fear conditioning assay
exploits this behaviour, by associating a noise or a particular environment with an aversive stimulus
(i.e. an electric shock). The amount of time that a mouse then spends freezing when exposed to the
same environment or noise, is dependent on the ability of the mouse to remember and associate the
environment/noise with the stimulus. During contextual fear conditioning, wild type mice on
average froze for longer than 50% of the total time, irrespective of the antibody subclass (Figure 6.2A).
Transgenic mice treated with irrelevant control antibodies spent less time freezing (IgG1=24% and
IgG2a=22%), indicating reduced memory compared to the wild type mice. Transgenic mice treated
with mC2 exhibited improved memory with increased freezing time but no differences were found
with regard to the subclass (mC2 IgG1=42%, mC2 IgG2a=37%). Data was analysed using 3-way
ANOVA with independent variables: genotype, antibody specificity (i.e. AP or irrelevant) and
antibody subclass (IgG1l or IgG2a). A significant interaction between genotype and antibody

specificity (p=0.015) was observed indicating that treatment of transgenic mice with mC2
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significantly increased the time spent freezing. There was however no additional effect of antibody
subclass (p=0.218). This shows that the antibody mC2 is able to reverse memory deficits in TG2576
mice, however the subclass of the antibody and therefore its effector function has no significant effect
on this improvement. During the cued fear conditioning test (Figure 6.2B), wild type mice froze for
significantly longer than transgenic mice (p=0.01). However, treatment with mC2 had no effect on

the length of time spent freezing.
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Figure 6. 2 The antibody mC2 is able to reverse cognitive deficits in mice, however there

is no effect of antibody subclass

The ability of the antibody mc2 to reverse cognitive deficits in the TG2576 model was investigated
using fear conditioning behaviour. 24 hours after the final dose of antibody, mice were assessed by
fear conditioning, with higher amounts of time spent freezing indicative of better memory. A. Wild
type mice in all groups spent on average above 50% of the test time freezing. Transgenic mice treated
with isotype control antibodies spent significantly less time freezing (IgG1=24% and IgG2a=22%)
indicating a deficit in memory. Treatment with mC2 IgG1l or IgG2a increased the time that
transgenic mice spent freezing (mC2 IgG1=42%, mC2 1gG2a=37%), indicating a recovery in
memory. The data was analysed by 3-way ANOVA with variables: genotype, isotype and antibody
specificity. A significant interaction was found between genotype and specificity (p=0.015) but not
between genotype specificity and isotype. This indicates that treatment with mC2 significantly
improves cognitive function of transgenic mice, independent of subclass. B. During cued fear
conditioning, transgenic mice froze significantly less than wild type mice (p=0.01), and this was

unaffected by treatment with any antibody.
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6.3.2 Target engagement and clearance of A3

Antibodies to AP have to cross the BBB upon systemic treatment, thus to check for the engagement
of plaques by mC2, tissue sections were stained for mouse immunoglobulin to detect if systemically
administered antibody bound to plaques (Figure 6.3). Supporting the in vitro findings described in
chapter 3, mC2 failed to bind to plaques. There was however co-localisation of mouse IgG and Af
species of smaller size (e.g. oligomers, soluble Ap) indicating the formation of immune complexes.
The clearance of AP was measured by two methods: a semi-quantitative immunofluorescence
technique detecting plaque load and a quantitative immune assay to detect AP peptide levels. One
hemi brain was cryo-sectioned at 10um and stained for AP. The other hemi brain from mice was
homogenised and two different fractions were isolated : triton soluble derived from smaller less
aggregated forms, and formic acid soluble derived from larger more insoluble forms of A (Sudduth
et al,, 2013).These different fractions were used to detect the levels of three different A peptides: 38,
40 and 42 by a multiplex immune assay (MSD). Figure 6.4 shows the plaque load in the hippocampus
and piriform cortex of antibody treated mice. Quantification shows there was no detectable clearance
of plaques by either mC2 IgG1 or mC2 IgG2a compared to irrelevant antibody controls. The A
peptide level in brain homogenate treatment with mC2 increases the levels of AP detected in brain
homogenate (figure 6.5). The levels of triton soluble AP42 and formic acid soluble AP42 were
increased after treatment with mC2 irrespective of subclass. Treatment with mC2 IgG2a resulted in

significantly higher levels of triton soluble Ap40.
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Figure 6. 3 There is no detectable IgG bound to plaques in mC2 treated animals,

however there is evidence of immune complex formation with Ap

To test for target engagement of mC2 IgG1 and IgG2a, sections were stained for mouse IgG to
detect mC2 binding to plaques. There was no detectable IgG coating plaques in any group (A),
suggesting no plaque engagement. Double staining of mouse IgG with AP confirmed that IgG was
not binding to plaques, however there was co-localisation of IgG with smaller AP deposits in mice
injected with mC2 IgG1 or IgG2a- AP (red), IgG (green) co-localisation (yellow). Images were
taken with a 5x objective and a 40x objective, scale bars are 500um and 72.5 um respectively

(representative of n=8-10).
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Figure 6. 4 Systemic treatment with mC2 IgG1 or IgGA does not decrease Af protein

load in TG2576 mice

Plaque clearance was assessed after eight weeks of treatment with 10mg/kg of mC2 IgG1, mC2 IgG2a
and isotype controls (n=8-10, 1 section used per mouse) by immunofluorescence. The images are
shown from two brain regions: the hippocampus and piriform cortex, images are taken with a 10x
objective and scale bars are 250um (A). The area above threshold of staining was quantified, and no

significant difference between treatment groups in either brain region (B).
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Figure 6. 5 AP protein concentration is increased after treatment with mC2 IgG1 or

IgG2a

AP protein concentration was measured in brain homogenate (containing both the hippocampus
and piriform cortex) after eight weeks of treatment with: mC2 IgG1 IgG2a or isotype controls (n=8-
10) using a multiplex immune assay (MSD). The levels of three different A peptides were measured
in two different fractions obtained from brain homogenate: triton soluble AB-derived from more
soluble AP, and formic acid soluble-derived from more insoluble deposits of AP. Treatment with
mQC2 resulted in the increased levels of triton soluble (p=0.008) and formic acid soluble (p=0.025)
Ap. Treatment with mC2 IgG2a resulted in higher triton soluble AB40 compared to mC2 IgGl
(p=0.03) and Irr. IgG2a (p=0.0003).
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6.3.3 Neuroinflammation

FcyR mediated inflammation is thought to contribute to damage to the cerebral vasculature following
passive immunisation. Therefore, we next investigated the effect of the antibody subclass of mC2 on
neuroinflammation after eight weeks of treatment, by assessing microglial phenotype and pro-
inflammatory cytokine levels. It has been previously shown that immune complex formation results
in increased levels of FcyRs and CD11b on microglia (Teeling et al., 2012; Wilcock et al., 2004b), and
that the marker CD68 is up-regulated in response to increased phagocytic activity. Systemic
treatment with mC2 significantly increased the expression of CD11b in the hippocampus of TG2576
mice (figure 6.6, p=0.039), but there was no difference between mC2 IgG1 and mC2 IgG2a antibodies
(p=0.5). No significant changes in expression of CD11b in the piriform cortex were found, and the
expression of CD68 in either the hippocampus or piriform cortex was comparable to irrelevant
control antibodies. There was detectable expression of: FcyRI, FcyRII/III and FcyRIII in all groups
of mice, but unlike previous studies we did not find an upregulation after systemic treatment with

mC2 (Figures 6.7).

A functional way to measure the inflammation, is to measure the concentration of cytokines in the
brain. When macrophages are activated through FcyRs they switch to an m2b phenotype, and this
has elements of both classically activated and wound healing macrophages, including the production
of pro-inflammatory cytokines (Mosser and Edwards, 2008). Figure 6.8 shows the levels of pro-
inflammatory cytokines in brain homogenate from TG2576 mice. Significantly higher levels of TNFa
(p=0.005), IL-1p (p=0.03), and KC (p=0.001) are observed in the brains of mice injected with mC2
compared to irrelevant control antibodies. There was no interaction between the subclass of the
antibody and the levels of cytokines, indicating that the subclass of mC2 had no effect on the levels
of cytokines. There was also significantly higher levels of IL-6 in the brains of mice injected with mC2
compared to control antibodies (p=0.026), in this case there was a trend towards an interaction with
subclass of mC2 (p=0.10), indicating that mC2 IgG2a induced the expression of more IL-6 than mC2
IgG1. To ensure the increase in cytokines was due to target engagement by mC2, not due to other
differences between mC2 and irrelevant antibodies, the levels of cytokines were measured in the
brains of wild type mice after immunotherapy. Wild type mice lack human APP, and therefore do
not accumulate AP in the brain. There were no signifticant changes in the levels of cytokines in the
brain of wild type mice treated with mC2 (fig.6.9). However there was a non-statistically significant

increase in TNFa in the brains of mice treated with mC2.
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In the previous chapter, 3D6 IgG2a induced higher brain IL-1f in TG2576 mice compared to
3D6IgG1 after intracranial injection. In this chapter I show that systemic treatment with mC2 IgG1
or IgG2a causes an increase in the levels of cytokines in the brain at two months, with no effect of
antibody subclass. To test whether the difference in cytokine response is due to the method of
administration or the antibody itself, 18 month TG2576 mice were intracranially injected with: mC2
IgG1, mC2 IgG2a or irr IgG2a. There were not sufficient numbers of aged mice to include an
irrelevant IgG1 group, limiting the conclusions that can be drawn from this data. However, there
were no significant differences in brain cytokine levels between mC2 IgG1 and mC2 IgG2a at seven
days post injection (fig. 6.11), showing that differences between 3D6 and mC2 were not due to the

method of injection.

175



CD11B

CD68

Irr. My2A

CD11BHC CD11BPC
o

4
] of
0
'\ 0‘1‘?.

‘.“0 ‘}‘} « \é ‘*‘g @d" « \‘

=)

% area above threshold
% area above threshold

|
"b
QG

CD68 HC CD68 PC

u iE]

\\-& 0"' ¢ \4‘

% area above threshold
(=] - L w -
-]
% area above threshold
L) -

Figure 6. 6 mC2 Treatment significantly increases the expression of CD11b in the

hippocampus, but does not alter the expression of CD68

Expression of microglial CD11b and CD68 after injection of anti-AP antibodies (n=8-10, 1 section
per mouse). Images are taken with a 5x objective and 20x objective, scale bars are 500pum and 125pm
respectively. CD11b expression is significantly up-regulated in mice injected with mC2 compared to
irrelevant controls (p=0.039). There was no difference between IgG1l and IgG2a. There was no

increase in the expression levels of CD68 after mC2 treatment.

176



FeyRII/NN

FcyRI

FcyRIHC FcyRIIAI HC FcyRIIl HC
% 10 % 5 % s
g g 5.
T 4 -
& £ &
® w
g s g g 2
|
I g 3
®° N ": S N =" > > a¥
& & & £ & &S
& & & AN & & AR
FcyRI PC FcyRIIAN PC FcyRIll PC
T 2 S
£ = £
g g 8 g e
S s 5
© o § o °
F £, :.
5
5 5 2 g 2
5 S s
20 N <0
N N N N N N
A \er Q@' 4 \Qc’ \Q‘?’ \g’ Q&v A Q‘gy. \& Qé‘y 4
“Pq' “‘b & \‘pq’ \‘0"' ¢ & & *0‘1} &

Figure 6. 7 Treatment did not affect the expression of FcyRs in the hippocampus or

piriform cortex
Expression of FcyRs after injection of anti-A antibodies (n=8-10, 1 section per mouse). Pictures are

taken with a 5x objective and 20x objective, scale bars are 500pum and 125um respectively. There was

no change in the expression of FcyRs after treatment with mC2.
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Figure 6. 8 Treatment with mC2 significantly increases the levels of: TNFa, IL-1p, KC

and IL-6 in comparison with irrelevant antibodies

Cytokine levels in brain homogenate following systemic treatment with MC2 or controls (n=8-10).
Treatment with mC2 leads to a significant increase in the levels of TNFa (p=0.005), IL-1p (p=0.03),
mKC/GRO (p=0.001) and IL-6 (p=0.025). There was no effect of mC2 subclass on the levels of TNFa,
IL-1B or mKC/GRO, however there was a trend towards increased IL-6 in mC2 IgG2a injected

animals in comparison to mC2 IgG1 (p=0.11).
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Figure 6. 9 Treatment with mC2 does not significantly increase cytokine levels in the
brains of wild type mice

Cytokine levels in brain homogenate of wild type mice were measured using a multiplex immune

assay, following systemic treatment with mC2 or controls for eight weeks(n=8-10). There were no

significant differences in brain cytokine levels between any groups, however there is a trend towards

increased TNFa in mice treated with mC2.
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Figure 6. 10 Intracranial injection of mC2 IgG1 and mC2 IgG2a
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Eighteen month old TG2576 mice were given intracranial injections of: mC2 IgG1, mC2 IgG2a or

an irrelevant IgG2a control (n=6/7). At seven days post injection, the cytokine levels were measured

in brain punches from the injected region. There were no significant increases in brain cytokines

following mC2 injection, however mC2 IgG2a significantly reduced the levels of IL-10 compared to

irrelevant control.
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6.4 Discussion

Neuro-inflammation is thought to contribute to the dose limiting vascular damage (ARIA) that is
associated with anti-Ap immunotherapy. It has been shown that reduction in the FcyR binding of
antibodies, for example by de-glycosylation can reduce the risk of causing vascular damage in animal
models (Carty et al., 2006; Freeman et al., 2012; Wilcock et al., 2006). In the previous chapter 3D6
IgG2a was shown to be better at clearing plaques than 3D6 IgG1, however it also increased the levels
of pro-inflammatory cytokine IL-1P. This can be explained by IgG2a’s higher affinity for activating
FcyRs in comparison to IgG1 (Bruhns, 2012), allowing better phagocytosis and activation of effector
cells. The aim of this chapter was to characterise the importance of FcyR binding on the efficacy of
an antibody after systemic treatment. To do this we generated the anti-Ap antibody mC2, the murine
version of clinical candidate Crenezumab, with both IgG1 and IgG2a constant regions. 18 month old
transgenic mice were treated for eight weeks with 10 mg/kg of either subclass of mC2 or irrelevant
control antibodies. The ability of each subclass to clear plaques, induce inflammation and reverse
cognitive deficits was tested in the TG2576 mouse model. Here we show that neither subclass of the
mC2 antibody was able to reduce plaque load or AP peptide levels by this time point. In spite of this,
both antibody subclasses were able to reverse cognitive deficits in this model, and increase the levels

of pro-inflammatory cytokines in the brain.

These results do not fit with published pre-clinical data for Crenezumab, which shows that systemic
treatment with Crenezumab is able to clear plaques from the brains of transgenic mice. However
there are a number of important points to consider when comparing these data sets. The most
important difference between the studies was the length of time the mice were treated with the
antibody. The main objective of this study was to investigate the effect of modifying the FcyR affinity
of mC2 on A clearance and neuroinflammation. The eight week treatment regimen was selected as
it has been previously shown systemic treatment with 10mg/kg of antibody 2H6 causes microglial
activation at two months, which is attenuated at three months (Wilcock et al., 2004b). The lack of
plaque clearance could be due to different binding kinetics of mC2 compared to antibodies like 2HS6,
and therefore if a later time point was chosen, there may have been a reduction in plaque load.
However, the most likely explanation for the lack of AP clearance by mC2 is the lack of plaque

engagement. There was no evidence of mC2 binding to plaques after eight weeks of treatment,
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however, there was co-localisation between IgG and Af in mice treated with either mC2 IgG1 or
IgG2a. This suggests that mC2 is binding to smaller soluble forms of AP such as oligomers. In chapter
3 I showed that mC2 does not bind strongly to aggregated AP, and requires formic acid antigenic
retrieval to bind to plaques in tissue sections explaining the lack of in vivo engagement of plaques.
This fits well with data from other antibodies that bind to the mid domain of AP such as M266 (the
murine version of Solanezumab), which also does not bind to or clear plaques in transgenic APP
mice (Dodart et al., 2002). This contradicts published data for Crenezumab, which claim that it binds

well to all forms of Ap.

Interestingly, treatment with mC2 actually increased the levels of AP42 in comparison to irrelevant
controls. The assay used to measure AP levels is a sandwich immune assay, and the presence of
immune complexes between mC2 and AP could interfere with detection, resulting in an increased
signal from unchanged AP levels. Furthermore, in the previous chapter, high levels of 3D6 after
intracranial injection did not result in increased A detected by this assay. Another explanation for
increased levels of AB42 is the increased neuro-inflammation after treatment with mC2 IgG1 or
IgG2a. It has been shown previously that inflammation can cause increased levels of Ap
production/accumulation (Lee et al., 2008; Sheng et al., 2003b). Therefore the prolonged neuro-
inflammation that follows treatment with mC2 could cause increased production and/or

accumulation of Ap in the brains of TG2576 mice.

It is interesting that in the absence of AP clearance, an improvement in memory is seen after mC2
treatment. This has previously been reported with antibodies such as Solanezumab, which is unable
to clear plaques but can reverse cognitive deficits in mouse models (Dodart et al., 2002). The reason
for this is thought to be because solanezumab can bind to soluble forms of A, encouraging clearance
from the brain or blocking the toxic effect of these species. AP is initially cleaved as a monomer, and
aggregates to form oligomers, proto-fibrils and insoluble plaques. Recently it has been suggested that
the plaques are actually inert, and that it is smaller oligomeric species which are the most toxic. These
oligomeric structures are highly promiscuous and binding to a range of neuronal receptors such as:
PrPc, FcyRIIb, and NMDA. Binding to these receptors induces neuronal dysfunction and/or death
(Chung et al., 2010; Kam et al., 2013; Lai and McLaurin, 2010). Therefore if an antibody binding to
these species could block these interactions, it can protect against neuronal dysfunction (Zago et al.,
2012). Due to mC2’s inability to bind to aggregated AP, and the absence of AP peptide clearance,

behavioural improvements are likely due to binding of soluble A and blocking synaptotoxicity. This

182



is supported by evidence of IgG and AP co-localisation in mice treated with mC2, indicating the

formation of IgG/Ap immune complexes.

If the reversal of cognitive deficits is due to blocking the interaction of AP with neurons, it is likely to
occur rapidly after treatment with mC2, and the effects would also reverse once treatment was
discontinued. Other studies have shown that the kinetics for clearance of Ap from the brain occurs
over a longer time scale (Bard et al., 2000; DeMattos et al., 2001; Wilcock et al., 2004¢; Zago et al.,
2013). The hypothesis that mC2 is acting by blocking the synaptotoxic effects of AB, could be tested
by giving a single bolus dose of mC2 to TG2576 mice, and then changing the length of time before
assessing behaviour. If the cognitive changes are due to blocking of this interaction you would expect
the cognitive improvement to be short lived and to reverse once the antibody titre in the blood/brain

decreases.

Both mC2 IgG1 and mC2 IgG2a significantly increase the levels of pro-inflammatory cytokines in
the brain in comparison to isotype control antibodies. This effect was due to target engagement of
the antibodies, because injection of the antibodies into wild type mice did not stimulate the same
response. This is with the caveat that there was a trend towards increased TNFa in wild type mice
injected with mC2, however there was no increase in the other cytokines that were up-regulated after
TG2576 mice are treated with mC2. This result could be explained by cross reaction of mC2 to mouse
AP, forming immune complexes and inducing inflammation in the brains of WT mice. Although
mC2 could not bind to plaques in TG2576 mice, there was evidence of immune complex formation
in the brain which could activate FcyRs and drive the increased cytokine production. There was a
strong trend towards increased IL-6 in mC2 IgG2a treated animals in comparison with mC2 IgGl,
however the levels of: TNFa, IL-13 and KC did not differ between subclasses. This is surprising as
the IgG2a constant region has higher affinity for activating receptors than IgG1, therefore you would
expect IgG2a to produce higher levels of cytokines. When compared to the results of the previous
chapter, this can give us some interesting clues to which FcyRs are involved in the induction of
inflammation after anti-AB immunotherapy. Mouse IgG1 is unable to bind to the high/medium
affinity receptors FcyRI and FcyRIV but IgG2a can, also IgGl is unable to fix complement but IgG2a
does. Because the inflammatory response after mC2 was the same irrespective of subclass, it is
unlikely that the inflammation was caused by FcyRI, FcyRIV or complement activation (Bruhns,
2012). The only activating receptor which both IgG1 and IgG2a subclasses are able to ligate is FcyRIII,
which is expressed by microglia in this model. It stands to reason that the immune complexes formed

when mice are treated with mC2, cause an increase in cytokine production by cross-linking of
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FcyRIIL. From this experiment it is not possible to tell if FcyR mediated removal of immune
complexes is required to reverse cognitive deficits of transgenic mice. The blocking of AP’s
interaction with neuronal receptors may be sufficient, and therefore antibody effector function may
not be required. To determine the importance of effector function in this model, and therefore

inform optimisation of therapeutic antibodies, more experiments are required.

The hypothesis of this experiment was that the ability of an anti-A antibody to clear plaques and to
cause a neuro-inflammatory response would be dependent on the ability of the antibody to ligate
FcyRs. Because mC2 did not bind to or clear plaques, it is not possible to make any conclusions about
the involvement of FcyRs in plaque clearance. However we have shown that mC2 is able to reverse
the pathology in these mice without clearing AP, and that both subclasses tested caused

neuroinflammation.
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Chapter 7: The role of
antibody binding
specificity in clearance of
amyloid-3 and the neuro-

inflammatory response



7.1 Introduction

Due to this success in experimental models, several monoclonal antibodies have reached clinical
trials for the treatment of AD, but excitement towards this approach has been tempered by a
number of high profile failures to deliver disease modifying effects. Bapineuzumab and
Solanezumab both failed in phase III, and a phase III trial for Gantenerumab was abandoned after a
futility analysis (Doody et al., 2014; Salloway et al., 2014). With more antibodies for AD entering
the clinic, including Aducanumab which has shown promising effects in Phase I, it is imperative to
learn from the first generation antibody therapies to inform the development of new and improved
clinical candidates. Bapineuzumab, a humanized IgG1, which recognised the N-terminus of AP
cleared plaques from the brains of patients in a phase II trial however it also caused oedema and
micro-haemorrhage of the cerebral vasculature (Rinne et al., 2010; Salloway et al., 2010). These side
effects limited the top dose in phase III trials, which potentially contributed to the lack of efficacy
(Salloway et al., 2014). These side effects have also been observed with Gantenerumab (hIgG1, N-
terminus conformational epitope). Pre-clinical studies have suggested that side effects could be due
to inflammation caused by Fc effector function of the therapeutic antibodies, as de-glycosylation
can prevent vascular damage in vivo (Carty et al., 2006; Freeman et al., 2012; Wilcock et al., 2006).
With this in mind, Crenezumab (hIgG4, mid-domain epitope) was generated with a human IgG4
constant region to modify Fc effector function and reduce vascular side effects (Adolfsson et al.,
2012). However, the efficacy to clear plaques and the potential to induce side effects is difficult to
predict due to inconsistent use of experimental models, epitope specificity (N, mid or C terminus)

or antibody subclass.

In this chapter I compared three antibodies which have been in phase III clinical trials for AD:
Crenezumab, Bapineuzumab and Gantenerumab. Bapineuzumab is a human IgG1 antibody, which
binds to the N-terminus of AP (AA 1-5), and can recognise both soluble and insoluble Af
(Salloway et al., 2014). Gantenerumab is also a human IgG1 antibody which recognises a
conformational epitope, making contact with the N-terminus and the mid domain of A,
reportedly binding more strongly to more aggregated forms compared to soluble AB (Bohrmann et
al., 2012). Crenezumab is a human IgG4 antibody which recognises a mid-domain epitope (AA 16-
24), and binds to all forms of AP (Adolfsson et al., 2012). In chapter 3 I described the production
and characterisation of murine versions of Crenezumab (mC2), Bapineuzumab (3D6) and a

mouse/human chimeric version of Gantenerumab (chGantenerumab) all with an IgG2a constant
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regions. These antibodies were directly injected in to the hippocampus of TG2576 mice, and the

ability of each antibody to clear plaques and induce neuro-inflammation were compared.
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7.2 Methods

7.2.1 Experimental design

They anti-Ap antibodies, mC2, 3D6 and chGantenerumab were produced recombinantly and
characterised as described in chapter 3 with a murine IgG2a constant region. Eighteen month old
female TG2576 mice (N=6/7) were bilaterally injected into the hippocampus with 2ug of: 3D6,
mC2, Gantenerumab or irrelevant control. One week following injection, the mice were culled and
the tissue was processed as previously described, taking one hemibrain for IHC and one hemibrain

for cytokine/AP measurement by mesoscale.
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7.3  Results

7.3.1 Clearance of A

We tested the ability of the anti-AP antibodies to clear AP in vivo by injecting 2ug of each antibody
into the hippocampus of 18 month old TG2576 mice. Clearance of Ap after intracerebral injection
of antibody into TG2576 mice was quantified by AP immuno-staining. Injection of 3D6
significantly reduced AP plaque load in comparison to chGantenerumab and mC2 (Figure 7.1a,
p=0.0013 and p=0.026 respectively). Due to the potential of antigenic masking by injected
antibodies, congo red staining was used to detect the clearance of congophilic deposits after
antibody injection. 3D6 significantly reduced the number of congo red positive plaques in the
hippocampus compare to Irrelevant I[gG2a and chGantenerumab injected animals (Figure 7.1b,
p=0.0265 and p=0.0178 respectively). The results were confirmed by measuring the levels Ap38,
AB40 and AP42 in brain homogenate. Diffuse (triton soluble) Af levels were not affected seven
days post-injection. Supporting the decreased immuno-staining, 3D6 significantly reduced the
amount of aggregated (formic acid soluble) AP38 compared to Gantenerumab or irrelevant IgG2a
injection (figure 7.2d, p=0.0168 and p=0.0073 respectively). 3D6 also significantly lowered the
amount of aggregated AP42 compared to irrelevant IgG2a (figure 7.2f, p=0.041), and cleared
aggregated AP40 in 50% of mice treated with this antibody (figure 7.2e). chGantenerumab and

mC2 did not induce significant changes to aggregated Ap levels.
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Figure 7. 1 Anti-Af immunohistochemistry and congo red stain

a. Tissue sections from TG2576 mice injected with antibodies were immuno-stained for A, and
the percentage staining area above threshold was measured. Data were analysed by Kruskal-wallis
and Dunn’s post hoc test and expressed as mean +/- SD (n=6/7). 3D6 significantly reduced Af load
compared to mC2 and chGantenerumab (p=0.0265 and p=0.0013 respectively). Images taken with a
x10 objective, scale bar =250um b. To test for clearance of congophilic plaques, brain sections from
were stained with congo red. The numbers of congophilic plaques were counted and normalised to
hippocampal area and expressed as congophilic plaques/mm?®. Data were analysed by one-way
ANOVA and Tukey post hoc test and expressed as mean +/-SD (n=6/7). 3D6 significantly reduced
the number of congophilic plaques compared to irrelevant IgG2a and chGantenerumab (p=0.0265
and p=0.0178 respectively). Images taken with a x10 objective, scale bar =250um
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Figure 7. 2 Soluble and insoluble A levels measured by ELISA

A-C show levels of triton soluble AP38, AP40 and AB42 respectively. Levels of triton soluble A are
not reduced at seven days post injection by any of the antibodies, however there is a trend towards
decreased AP42 in 3D6 injected animals. D-F show levels of formic acid soluble Ap38, AB40 and
AB42 respectively. 3D6 significantly reduced the levels of formic acid soluble Ap38, and Ap42

compared to control antibody (** p<0.01, *p<0.05). MC2 and chGantenerumab do not have a
significant effect compared to control.
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7.3.2 Inflammatory changes

Neuroinflammation is thought to be a cause of side effects in patients treated with anti-Ap
antibodies, therefore we compared the ability of each of the antibody to induce inflammation after
intracerebral injection. We first analysed changes in microglial phenotype by
immunohistochemistry. Injection of 3D6 induced a significant increase in the hippocampal
expression of microglial marker CD11b, compared to injection with mC2 and irrelevant IgG2a
(Figure 4a-h, p=0.0023 and p=0.0017 respectively). chGantenerumab also induced CD11b
upregulation in comparison to mC2 and irrelevant IgG2a (p=0.0093 and p=0.007 respectively). We
have previously shown CD11b to be up-regulated after IgG immune complex formation in the
brain (Teeling et al., 2012), suggesting that the increase in CD11b may be due to FcyR binding and
subsequent activation of microglia. To assess phagocytic activity we analysed expression levels of
CD68 and detected increased hippocampal CD68 expression on microglia in 3D6 injected animals,
but not in chGantenerumab injected animals, although the increase was not significantly different
(Figures 7.5, p=0.08). Sections were also stained for FcyRI expression following injection of
antibody (Figure 7.4q-x). Injection of mC2 significantly increases the expression of FcyRI in the
hippocampus in comparison to animals injected with chGantenerumab (Figure7.5, p=0.024).
Figure 4y-af show staining for mouse IgG, and there is evidence of target engagement by all three
anti-Ap antibodies following intracranial injection, as plaques are positive for IgG. Quantification
shows that chGantenerumab has significantly higher levels of IgG than control injected animals
(Figure 7.5 p=0.011). Unlike in vitro binding assays, there was no evidence of the chGantenerumab
binding to neurons. Also there were no significant changes in the expression of immune receptors

of IgG surrounding the pial membrane.

I showed that in vitro, all three AP antibodies engage FcyRs resulting in macrophage activation and
TNFa secretion. Therefore we next investigated the neuro-inflammatory potential in vivo.

Injection of 3D6 leads to significantly increased levels of pro-inflammatory cytokines TNFa and IL-
1B compared to IgG2a control (Figure 7.6a p=0.0042, 7.6b p=0.0262). Increased levels of KC/GRO
in 3D6 injected animals was observed, although this did not reach significance (Figure 7.6d
p=0.10). Injection of chGantenerumab also results in increased neuroinflammation, while mC2 did
not affect any cytokine levels measured. These observations suggest that high affinity IgG2a anti-AP

antibodies reduce AP load but this is associated with increased neuroinflammation.
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Figure 7. 3 Expression of microglial activation markers after antibody injection

Expression of microglial markers CD11b and CD68 and IgG distribution in the hippocampus seven
days after injection of anti-Ap antibodies. a-h. Representative images of CD11b expression. i-p.
Representative images of CD68. q-x Representative images of FcyRI expression. y-af. IgG
distribution following intracerebral injection of antibody. Pictures are taken with a 5x objective and
40x objective, scale bars are 100um and 800um respectively. Quantification of staining is shown in

figure 7.5
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Figure 7. 4 Quantification of Immunohistochemistry
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Four markers were quantified (for images see figure 7.4), in two separate brain regions: the

hippocampus and pial membrane. Images were taken with a 20x objective and staining was

quantified as percentage area above threshold using the freeware image]. Staining was quantified as

area above threshold of staining and analysed by one way ANOVA and Tukey post hoc test

(n=6/7). 3D6 induced a significant increase in the expression of CD11b, compared to injection with

mC2 and irrelevant IgG2a (Figure 4a-h, p=0.0023 and p=0.0017 respectively). chGantenerumab

also induced CD11b upregulation in comparison to mC2 and irrelevant IgG2a (p=0.0093 and

p=0.007 respectively). chGantenerumab has significantly higher levels of IgG than control injected

animals (p=0.011).
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Cytokine levels were measured in homogenate made from hippocampal punches taken from

TG2576 mice injected with antibodies. Peptide levels were measured by multiplex ELISA and

normalised to total protein concentration. a-f show cytokine levels in hippocampal punches

expressed as pg/mg total protein. Injection of 3D6 leads to significantly increased levels of pro-
inflammatory cytokines TNFa and IL-1f compared to IgG2a control (a p=0.0042, b p=0.0262).
Data were analysed by one-way ANOVA and Tukey post hoc test (n=6/7), and presented as mean

+/-SD.
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7.4 Discussion

There have been a number of high profile clinical disappointments for anti-AB immunotherapy,
with Bapineuzumab, Solanezumab, Crenezumab and Gantenerumab all failing to show disease
modifying effects in clinical trials. Differences in: epitope and affinities for AP, FcyR affinity and
the preclinical models used for characterisation make direct comparison difficult. Therefore, to
better understand the underlying biological mechanisms, we compared three highly characterised
clinical candidates, Bapineuzumab, Gantenerumab and Crenezumab for their ability to clear
plaques and induce neuroinflammation in an experimental model of Alzheimer’s disease (TG2576).
We generated murine, recombinant versions of Bapineuzumab (3D6), Crenezumab, (mC2) and a
mouse/human chimeric version of Gantenerumab (chGantenerumab).These antibodies were
produced using the same murine IgG2a constant regions, and were injected intra-cranially into 18
month TG2576 mice. The murine IgG2a constant region is most similar to human IgG1 and has a
strong ability to activate human FcyRs and induce inflammation (Bruhns, 2012). We are not aware
of previous studies that directly compare murinised versions of Bapineuzumab, Crenezumab and

Gantenerumab for their ability to clear plaques and induce inflammation.

In chapter 3 I showed that all IgG2a antibodies bind to recombinant immobilized peptide and
plaques present in the TG2576 brain tissue sections, with 3D6 displaying the highest relative
affinity to AP. The antibody chGantenerumab also bound with high affinity to immobilized Ap
peptide, but showed strong binding to neurons in cryo-sections of both transgenic and wild type
animals. mC2 was able to bind AP peptide in vitro and plaques in vivo, but the relative affinity was
100-fold weaker than for 3D6. These observations are relevant for biological function, as 3D6,
which had the strongest affinity for A plaques in our model, was the only antibody to significantly
reduce A levels in vivo. 3D6 injection also induced the activation of microglia as measured by their
increase in CD11b expression and increased levels of the pro-inflammatory cytokines, IL-1b and
TNFa. One of the mechanisms of antibody mediated plaque clearance is through activation of
microglia FcyRs and phagocytosis (Wilcock et al., 2003; Wilcock et al., 2004a). Cross linking of
FcyRs by immune complexes leads to switching to an “M2b” phenotype (Mosser and Edwards,
2008), characterised by the production of reactive oxygen species and pro-inflammatory cytokines.,
including IL-1 and TNFa. The antibody subclass we used for this experiment, mouse IgG2a, is a
potent inducer of inflammation due to its high affinity for activating receptors (Bruhns et al., 2009).

It has previously been shown that the IgG2a version of the anti-pyroglutamate mE8 is better at
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clearing plaques than an IgG1 version (with lower FcyR affinity), implying that FcyRs are involved
in the clearance of plaques (DeMattos et al., 2012). Gantenerumab did not significantly reduce the
levels of AP, but detection of mouse IgG bound to plaques provides clear evidence for target
engagement. Like 3D6, increased expression of CD11b was observed but minimal change in CD68
expression levels suggest less efficient phagocytosis following injection of chGantenerumab. As all
antibodies were generated as IgG2a isotypes, this lack of phagocytosis and plaque clearance is not
due to lack of effector function, but rather dependent on the affinity and/or epitope. 3D6 and
chGantenerumab both bind to residues in the N-terminus of Abeta however chGantenerumab has a
conformational epitope and also binds to residues in the mid domain. chGantenerumab has a lower
EC50 in our Ap40 binding ELISA, when compared to 3D6 (0.34 pM vs 0.17 pM, respectively) and
therefore, clearance of plaques may require more time- this is supported by the changes in
microglial phenotype and cytokine production. The antibody mC2 was unable to clear A plaques
seven days post injection, but unlike chGantenerumab, this antibody did not induce any detectable
changes in microglial phenotype or cytokine levels, despite having similar effector function.
Immunoreactivity for mouse IgG strongly implies that the lack of clearance is due to poor plaque
engagement, as IgG levels were not different from control IgG2a antibody. mC2 binds to a mid-
domain epitope (AA 16-24) and studies of other antibodies that bind this region such as, m266
(Solanezumab), suggest that this epitope is inaccessible when A is in aggregated forms and this
prevents antibodies like m266 from binding to and clearing plaques (Dodart et al., 2002). In fact
the CDR sequences of Solanezumab and Crenezumab are very similar, suggesting that their binding
to AP would be comparable (Watt et al., 2014). This is supported by binding to formic acid treated
sections, which shows that mC2 requires the solubilisation of plaques with formic acid to bind. Our

results demonstrate that targeting the N-terminus of Ap is more effective for plaque clearance.

AD patients treated with Bapineuzumab or Gantenerumab have developed dose limiting vascular
side effects (ARIAs), but the underlying mechanism are not completely understood. There is
evidence that activation of microglia, and/or perivascular macrophages through FcyRs and the
subsequent neuro-inflammation may be partly responsible for these side effects. It has been shown
that reduced binding to FcyR can decrease the incidence of vascular damage in mice (Carty et al.,
2006; Freeman et al., 2012; Wilcock et al., 2006). In this study we provide further experimental
evidence that antibody engagement with activating FcyRs generates a pro-inflammatory response
in the brain, as IgG2a versions of 3D6 and chGantenerumab both resulted in microglial activation

and elevated cytokine production. The clinical candidate Crenezumab is built on a hIgG4
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backbone, which has significantly reduced FcyR affinity compared to hIgG1. This was aimed to
reduce the inflammatory response to immunotherapy and therefore reduce the associated side
effects, and indeed ARIAs were not reported in patients treated with 10x the maximal dose of
Bapineuzumab (Adolfsson et al., 2012). Our study provides an alternative explanation for the lack
of side effects: the lack of plaque engagement by the antibody. We show that intracranial injection
of an IgG2a murine version of Crenezumab-mC2, failed to clear plaques or induce a pro-
inflammatory response. These observations suggest that inflammation related to immunotherapy is
not just dependent on the ability of the antibody to engage FcyRs but also on the epitope and ability

of the antibody to engage plaques.

The expression of the activating receptor FcyRI was also measured following intracerebral injection
of the antibodies. Interestingly the levels of FcyRI expression were significantly higher after mC2
injection than chGantenerumab. The levels of FcyRI were marginally but not significantly higher in
mC?2 injected compared to irrelevant IgG2a injected animals. Therefore the differential expression
of FcyRI could be due to an upregulation following phagocytosis of immune complexes of mC2 and
Ap. However, in most of the mice examined after chGantenerumab injection, the levels of FcyRI
expression in the hippocampus were much lower than you would expect based on data from
chapter 4. Therefore the difference in FcyRI detection could be due to reduced expression in the
chGantenerumab injected animals. The antibodies were all produced on an IgG2a constant domain,
which ligates FcyRI with high affinity (Bruhns, 2012). The chGantenerumab animals also had the
highest levels of IgG in the brain seven days after intracerebral injection. Therefore the reduced
detection of FcyRI after chGantenerumab injection could be due to the occupancy of FcyRI by

antibody bound to plaques, preventing the detection of FcyRI by immunohistochemistry.

3D6 and mC2 are not exactly the same as the final clinical candidates; Bapineuzumab and
Crenezumab. This could mean there are slight differences in the binding affinity which could
influence the rate of AP clearance and inflammation; therefore extrapolating these data should be
done with caution. However the clinical antibodies share the same epitope and are incredibly
similar in sequence, and therefore the response is likely to be similar. Intra-cranial injection is a
useful technique allowing rapid and cost efficient characterisation of the response to an antibody,
however there are some limitations to this approach. To limit injection mediated tissue damage, we
use pulled glass capillaries to inject into the brain. However, even with caution any injection will
cause some tissue damage, which may influence the subsequent immune response. Patients are not

injected intra-cranially with these antibodies, and therefore injecting directly into the brain is less

201



relevant to the clinic than giving a systemic dose of the antibodies. To fully characterise the
differences between these antibodies, a systemic trial is needed which would also allow the

measurement of cognitive changes.

Treatment with 3D6 is effective at clearing plaques, however part of this response causes increased
neuroinflammation. Optimized immunotherapy for AD ideally separates phagocytosis and
neuroinflammation, which would allow clearance of AP without the induction of detrimental pro-
inflammatory cytokine release. In order to achieve this, better understanding of the receptors
involved in this processes is essential. We know that a range of different FcyRs are expressed in the
brains of AD patients and mouse models (Cribbs et al., 2012; Fuller et al., 2014; Peress et al., 1993),
but the physiological role of these receptors in the brain and their relative contribution to
neuroinflammation and plaque clearance remains poorly understood. 3D6 has strong target
binding and a high risk of causing vascular side effects and inflammation, therefore to minimise
toxicity reduction of its effector function will likely be beneficial. In contrast, mC2 with lower target
binding, might need stronger FcyR binding to increase efficacy. Based on our results, we conclude
that reduction of the effector function of Crenezumab did not have the expected beneficial effects,
and the lack of clinical efficacy may be due to its lower plaque engagement, in fact the engagement
of AP by Crenezumab has been questioned previously (Watt et al., 2014). This is the first time to
our knowledge that three clinical candidates have been directly compared in vivo, finding that the
neuro-inflammatory response and ability to clear plaques are dependent on the specificity of

antibody variable regions.
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Chapter 8: The effect of
systemic infection with

Salmonella Typhimurium

on TG2576 mice.



8.1 Introduction

The concept of immune privilege describes the brain’s protection from the peripheral immune
system. This is due to the presence of a blood brain barrier (BBB), which tightly regulates the entry
of cells and proteins into the brain (Zlokovic, 2008). It was once thought that the brain was
completely isolated from peripheral immune responses, however it is now clear that the immune
system can communicate with the brain in a number of ways and that the brain plays an integral
role in the body’s response to infection. This is illustrated by changes in behaviour and physiology
that the brain orchestrates when you become ill. For example, after contracting an infection you feel
lethargic and anti-social and your core body temperature increases. These changes are collectively
termed sickness behaviours, which improve pathogen elimination and prevent the spread of illness
to other people (Hart, 1988). Whilst this is beneficial for healthy adults, in a diseased or ageing
brain the response to peripheral infection is exacerbated, which may affect the rate of cognitive
decline. AD patients with peripheral immune activation exhibit decreased cognition and
accelerated cognitive decline (Holmes et al., 2011; Holmes et al., 2009; Holmes et al., 2003). As well
as accelerating cognitive decline of AD, there is also a role for the immune system in the
development of disease, as a number of immune gene polymorphisms are associated with increased
risk of developing AD (Chen et al., 2012; Hollingworth, 2011; Lambert, 2013). It has also been
found that certain infections such as: chronic periodontitis or Chlamydia pneumoniae are

associated with AD (Hammond et al., 2010; Stein et al., 2012).

To understand the brain’s response to peripheral inflammation, mimetics of infections such as: LPS
(gram negative bacteria), zymosan (yeast) or poly I.C. (virus) have been used in rodent models.
Dosing mice with LPS leads to increased brain immune-receptor expression and cytokine levels,
which are accompanied with behavioural changes (Dantzer and Kelley, 2007). Our lab have shown
that microglia in the brains of mice with a neurodegenerative disease, are primed to respond to
LPS, and that this is associated with increased microglial FcyR expression (Lunnon et al., 2011).
Repeated dosing of LPS leads to the accumulation of AP in both wild type and transgenic APP mice
due to increased P-secretase activity (Lee et al., 2008; Sheng et al., 2003b), and LPS treatment of
mice transgenic for human tau results in the increased phosphorylation and accumulation of tau in
neurons (Kitazawa et al., 2005). Pre-natal challenge of wild type and APP transgenic mice with the
viral mimetic poly I.C. results in increased cytokine level, AB deposition and tau phosphorylation in

adult life upon re-stimulation with the viral mimetic (Krstic et al., 2012). These studies demonstrate
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that peripheral inflammation can promote two neuro-pathological hallmarks of AD, strengthening

the hypothesis that inflammation is involved in the underlying pathology.

Whilst LPS is a useful tool for measuring the acute responses to an immune stimulus, it does not
accurately model a real infection. Our lab have previously shown that infection with the attenuated
bacterium Salmonella typhimurium SL3261 (S. typhimurium) leads to a completely different neuro-
inflammatory and behavioural response compared to repeated injection of LPS (Puentener et al.,
2012). There is limited published work investigating the effect of real life infections on AD

pathology in the brain of mice. (Little et al., 2004; McManus et al., 2014).

In this chapter I have characterised the response of TG2576 mice to infection with an attenuated
strain of the bacterium S. typhimurium (SL3261). Twelve month old transgenic mice and wild type
littermates, were infected with either 1x10° CFU of S. typhimurium or saline, and tissue was
collected at one and four weeks post infection. The hypothesis of this experiment is that TG2576
mice with pre-existing neuro-pathology will have an exacerbated neuro-inflammatory response to
infection compared to wild type littermates, and that this will worsen the Ap pathology in the brain.
If peripheral infection leads to the activation and/or priming of microglial cells, including the
increased expression of activating FcyRs, this could have implications for immunotherapy as this
could drive an exacerbated response to anti-Ap antibody therapy and increase the

severity/frequency of side effects.
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8.2 Methods

8.2.1 Study design

Twelve month old TG2576 mice and wild type littermates were randomly assigned to one of four
groups (n=8, 5 male, 3 female): saline one week, saline four weeks, S. typhimurium one week or S.
typhimurium four weeks. Due to space restrictions in the CL2 facility, the mice were split into two
separate cohorts, each with n=4 mice from each group. Each cohort was moved into the CL2 facility
24 hours before infection to acclimatise to the new environment. Mice were then injected I.P. with
saline or 1x 10° CFU/ml S. typhimurium. One day prior to sacrifice, mice were moved into a new
individual cage to assess nesting behaviour. On the day of sacrifice, the nesting building was
assessed by Mr Alexander Collcutt, who remained blinded to the treatment and genotype
throughout. The mice were given an overdose of avertin, the right atrium was pierced and 0.5ml of
blood was collected. The mice were then transcardially perfused and the brain, spleen and retinas
were harvested for biochemistry cytokine protein levels (mesoscale), AP load (mesoscale), and

immunohistochemistry.

8.2.2 Quantification of immunohistochemistry

With the exception of the number of CD3+T-cell number in the brain, immunohistochemistry was
analysed as described in chapter 2. To quantify T-cell entry into the brain, sections were stained for
the T-cell receptor (CD3) and the number of T-cells in the hippocampus were counted which was
normalised to hippocampal area. The quantification was performed by a summer student Miss

Sophie Thornton, who was blinded for the analysis.

8.2.3 Statistical analysis

For changes in: spleen weight, immune receptor expression, cytokine levels and nesting behaviour,
the normality of data sets was tested by calculating residuals and using the D’Agostino Pearson
omnibus test. Parametric data was then analysed using 2-way ANOVA and TUKEY post hoc
testing (corrected for multiple comparisons). Non parametric data was transformed using the
function Y=LogY and residuals were then tested for normality, if normally distributed the log

values were analysed in the way described. If the data set was still not normally distributed non
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parametric tests; Kruskal-Wallis and Dunn’s post hoc test were employed. Weight change data was
analysed using 3-way repeated measures ANOVA, using the Greenhouse-Geisser correction for
violation of sphericity. Finally, AB protein levels was analysed using either a two-tailed t test or
Mann Whitney U test depending on the normality of the data. Correlation analysis was performed
on pooled data from S. typhimurium infected animals from the one week time point. All statistics
were performed using Graphpad prism, with the exception of 3-way repeated measures ANOVA

which was done using SPSS.
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8.3 Results

8.3.1 Weight changes

An important part of our response to infection is to adapt behaviour to reduce the spread of
pathogens and enhance the immune system’s ability to fight infection. These behavioural changes
are termed “sickness behaviours”, which include loss of appetite (anorexia) causing weight loss
(Hart, 1988). Figure 1A shows the percentage weight change of 12 month old TG2576 mice and
wild type littermates after infection with S. typhimurium or injection with saline. At one day post
infection both TG2576 and wild type mice infected with S. typhimurium lose around 5% body
weight whereas saline injected controls do not. Body weight of TG2576 mice returns to baseline by
seven days post infection. In contrast, wild type mice infected with S. typhimurium do not fully re-
gain the weight lost over the entire 28 day time course. Statistical analysis demonstrates that
infection with S. typhimurium results in a significant weight change compared to saline injected
animals (p<0.0001). This analysis also reveals a significant interaction between S. typhimurium and
the genotype (p=0.039), indicating that TG2576 and wild type mice respond differently to infection.
It has been reported that triple transgenic mouse model of AD (APP/PS1/P301L htau), have a
greater food intake than wild type littermates and are more metabolically active. This results in
higher body weight in young triple transgenic mice compared to wild type, but lower body weight
in 18 month old triple transgenic mice (Knight et al., 2012). The differential effect of S.
typhimurium is not explained by different starting body weight; as figure 1B shows there is no
difference in initial weight when wild type and TG2576 mice are compared. We did not measure

food intake during this study.
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Figure 8. 1 Body weight change of TG2576 and wild type mice after infection with S.

Typhimurium, and starting body weight.

Mice were weighed daily after infection with S. typhimurium for one week, and then once weekly
thereafter. A. shows the average percentage of starting weight for 30 days after infection with S.
typhimurium or injection of saline, in wild type or TG2576 mice. The data was analysed using 3-
way ANOVA with repeated measures (n=8), and presented as mean and standard deviation. The
analysis shows that infection with S. typhimurium causes a significant reduction in body weight
(p<0.0001). There was also a significant interaction with genotype (p=0.039). B. Average starting
weight of TG2576 mice and wild type littermates. Data analysed by two tailed T-test (n=32), and

presented as mean and standard deviation.
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8.3.2 Peripheral immune response

S. typhimurium is an intracellular bacterium that primarily infects phagocytic cells such as
macrophages (Coburn et al., 2006). This infection of immune cells results in the colonisation of
immune tissue such as the spleen. The subsequent activation and proliferation of immune cells
results in the enlargement of the spleen (splenomegaly), aged TG2576 mice have enlarged spleens
compared to littermates, possibly indicating immune activation (unpublished observations). Figure
8.2 shows spleen weight of wild type and TG2576 mice at one and four weeks post infection. S.
typhimurium infection results in a significant increase in spleen weight at both one (p<0.0001) and
four weeks (p<0.0001) post infection when compared to saline injection, but no difference between

wild type and TG2576 mice was observed at either time point.

The peripheral immune response to S. typhimurium was also measured by serum cytokine levels at
one (figure 8.3) and four (figure 8.4) weeks. At one week post injection, S. typhimurium infection
increased serum levels of IFNy, IL-6 and TNFa (300 fold (p<0.0001), 400 fold (p<0.0001) and 100
fold (p<0.0001) respectively). Statistical analysis showed no effect of genotype on the serum
cytokine levels, and no statistical interaction with S.typhimurium. This demonstrates that the
peripheral immune response is similar in transgenic and wild type mice. At four weeks post
infection, the levels of most cytokines returned to baseline levels, however, IFNy, IL-1p, IL-6 and
IL-10 remain significantly elevated albeit at lower levels compared to the one week time point. No
significant effect of genotype on the serum cytokine levels at four weeks was found (figure 8.4). In
conclusion, S. typhimurium generates a strong inflammatory response in the periphery, the markers

measured were not affected by the genotype of the mouse.
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Figure 8. 2 Spleen weight at one and four weeks post infection with S. typhimurium

On the day of sacrifice, the spleens of mice infected with S. typhimurium or saline injected controls
were weighed. S. typhimurium infection caused a significant increase in spleen weight at both one
(p<0.0001) and four weeks (p<0.0001) post infection. Data was analysed by 2-way ANOVA and

Tukey post hoc test, and is displayed as mean and standard deviation (n=8).
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Figure 8. 3 Serum cytokine levels one week after infection with S. typhimurium

The levels of 10 cytokines were measured in the serum of TG2576 and wild type mice at one week
post infection with S. typhimurium or saline, using a multiplex immune assay (MSD). Data is

expressed as levels in pg/ml, and was analysed using 2-Way ANOVA, and Tukey post hoc test
(n=8). Graphs depict mean and standard deviation.
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Figure 8. 4 Serum cytokine levels four weeks after infection with S. typhimurium

The levels of 10 cytokines were measured in the serum of TG2576 and wild type mice at four weeks
post infection with S. typhimurium or saline using a multiplex immune assay (MSD), and are

expressed in pg/ml. Data sets were analysed using 2-way ANOVA, and Tukey post hoc test (n=8).
Graphs depict mean and standard deviation.
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8.3.3 The neuro-inflammatory response to S. typhimurium

8.3.3.1 Immune phenotype changes

To monitor neuro-inflammatory changes after S. typhimurium infection, immunohistochemistry
was used to measure changes in the expression of immune receptors in the brain. Infection with S.
typhimurium results in a significant up regulation of MHCII in the hippocampus on cells associated
with the cerebral vasculature, possibly brain endothelial cells, at one week (p<0.0001, fig 8.5), this
increased expression persists until four weeks post infection (p<0.0001, fig.8.6). Higher powered
images showing the morphology of cells expressing MHCII can be seen in figure 8.9B. S.
typhimurium did not significantly affect expression of the myeloid activation markers: CD11b and
CD68 at one or four weeks post infection. However, TG2576 mice had significantly higher
expression of CD68 than wild type mice (p=0.0268, fig.8.6). It has previously been shown that
peripheral inflammation can increase the expression of FcyRs in the brains of mice with a
neurodegenerative disease, here we also measured the expression levels of FcyRs after S.
typhimurium infection. At one week post infection S. typhimurium caused a significant increase in
the expression of FcyRI (p<0.01 fig. 8.7). Higher powered images of FcyRI expression can be seen
in figure 8.9A. Based on morphology, FcyRI is expressed on ramified microglia and perivascular
cells in wild type mice. Ramified microglia and perivascular cells also express FcyRI in TG2576
mice, but cells with a larger soma and that are less ramified are clustered together, likely around
plaques. There were also detectable levels of FcyRII/III and FcyRIII but S. typhimurium did not
affect their expression, and no detectable expression of FcyRIV in the parenchyma of any group. At
four weeks, S. typhimurium infected mice had non-significant increases in the expression of FcyRI
(p=0.07, fig. 8.8) and FcyRII/III (p=0.11), again there was no effect on FcyRIII expression and no

detectable FcyRIV in the parenchyma.
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Figure 8. 5 Expression of MHCII, CD11b and CD68 in the hippocampus one week after

S. typhimurium infection

The expression of: MHCII, CD11b and CD68 at one week post S. typhimurium infection(n=8, 1
section per mouse). Images are taken with a 5x objective and 20x objective, scale bars are 500um
and 125um respectively. S. typhimurium infection causes significant up-regulation of MHCII on
brain endothelial cells (p<0.0001). There were no detectable changes in the expression of microglial
markers CD11b or CD68. There were no significant differences between transgenic and wild type

mice. Data analysed by 2-way ANOVA and Tukey post hoc test (n=8), graphs depict mean and
standard deviation.
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Figure 8. 6 Expression of MHCII, CD11b and CD68 in the hippocampus four weeks

after S. typhimurium infection

The expression of: MHCII, CD11b and CD68 at one week post s.typhimurium infection. Pictures

are taken with a 5x objective and 20x objective, scale bars are 500pum and 125um respectively.

S.typhimurium infection causes significant up-regulation of MHCII on brain endothelial cells

(p<0.0001). There were no detectable changes in the expression of microglial markers CD11b or

CD68. There were no significant differences between transgenic and wild type mice. Data analysed

by 2-way ANOVA and Tukey post hoc test (n=8), graphs depict mean and standard deviation.

218




WT Saline TG Saline WT Salmonella

TG Salmonella
-1 £ ;
FcyRI = T
FeyRII/NI N
FcyRINI
”
FcyRIV

FcyRI FeyRINII FcyRIIl

=

- = 4
LU

%area above threshold
Om
33
%area above threshold
Om
03
Yoarea above threshold
Om
83

-
B

& Sl & 5 S N
& & & & & &
o o &

Figure 8. 7 Expression of FcyRs in the hippocampus at one week post infection with

S.typhimurium

Expression of FcyRs one week after S. typhimurium infection. Pictures are taken with a 5x objective
and 20x objective, scale bars are 500pm and 125pum respectively. S. typhimurium infection causes
significant up-regulation of FcyRI (p<0.01) there was no difference in the response of TG2576 and
WT animals. S. typhimurium did not affect the expression levels of FcyRII/III or FcyRIIL, and there

was no significant expression of FcyRIV in any group. Data analysed by 2-way ANOVA and Tukey
post hoc test (n=8), graphs depict mean and standard deviation.
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Figure 8. 8 Expression of FcyRs in the hippocampus at four weeks post infection with S.

typhimurium

Expression of FcyRs four weeks after S. typhimurium infection. Pictures are taken with a 5x
objective and 20x objective, scale bars are 500um and 125um respectively. The mean expression of
FcyRl is higher in S. typhimurium infected mice than in saline injected controls, but this response is
no statistically significant (p=0.07). There was also a non-significant increase in the expression of
FcyRII/II (p=0.11). S. typhimurium had no effect on the expression of FcyRIII or FcyRIV, and
there were no differences between TG2576 and WT mice for any of the FcyRs. Data analysed by 2-
way ANOVA and Tukey post hoc test (n=8), graphs depict mean and standard deviation.
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Figure 8. 9 High powered images of FcyRI and MHCII expression one week after S.
typhimurium infection
A. Representative images of FcyRI expression one week after infection with S. typhimurium or
saline. Images taken with a x20 or x100 objective (scale bars 100um and 20um respectively). B.

Representative images of MHCII expression one week after infection with S. typhimurium or saline.

Images taken with a x20 or x100 objective (scale bars 100um and 20pum respectively).
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8.3.3.2 Entry of plasma proteins and T-cells into the brain

S. typhimurium infection causes increased expression of MHCII on cells associated with the
vasculature, therefore functional changes to the BBB were investigated. At one week post infection
the levels of IgG in the brain were the same in all groups measured, however at four weeks S.
typhimurium infection resulted in a significant increase in IgG levels in the brain (p=0.0067 fig.
8.9). This can be seen as increased IgG staining surrounding blood vessels, which appears to be

leaking into the brain parenchyma.

Previous studies have reported increased numbers of T-cells entering the brain after infection with
Bordetella pertussis (McManus et al., 2014), to test whether S. typhimurium infection also increased
the numbers of T-cells in the brain, sections were stained for the T-cell receptor (CD3). The
number of CD3 positive cells in the hippocampus were counted and normalised to hippocampal
area. To find out if these T-cells were associated with blood vessels or had migrated into the brain
parenchyma, sections were double stained for CD3 and the endothelial marker CD31, and the
numbers of T-cells not associated with endothelial cells was counted. At one week post infection,
the number of hippocampal T-cells were the same in all groups and there were no T-cells detected
outside of blood vessels. At four post infection there were significantly more T-cells in the brains of
mice infected with S. typhimurium compared to saline (p<0.0001), and a trend towards increased
numbers in TG2576 mice infected with S. typhimurium compared to wild type (p=0.15). When the
numbers of T-cellss were counted outside of blood vessels, there were significantly more in the
parenchyma of TG2576 mice infected with S. typhimurium compared to TG2576 mice injected
with saline (p=0.003), and again a trend towards increased numbers in S. typhimurium infected

TG2576 compared to wild type (p=0.07).
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Figure 8. 10 Entry of IgG into the brain after infection with S. typhimurium

To detect changes in BBB permeability after S. typhimurium, brain sections were stained for mouse
IgG. The levels of IgG in the hippocampus was quantified as area above threshold, and data
analysed using 2-way ANOVA and Tukey post hoc test (n=8) and presented as mean and standard

deviation. Four weeks after infection with S. typhimurium a statistically significant increase in the
levels of IgG was observed in the brain (p=0.007).
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Figure 8. 11 T-cells in the brain one week after infection with S. typhimurium

To detect the number of T-cells in the brain parenchyma of TG2576 or WT mice one week after
infection, 10um brain sections were double immuno-stained for CD31 (endothelial cells) and CD3
(T-cells). The total number of CD3+ cells were counted and normalised to hippocampal area,
expressed as T-cells/mm?. Data were analysed by 2-way ANOV A and Tukey post hoc (n=8), and
presented as mean and standard deviation. To determine the fraction of T-cells in the brain
parenchyma, CD3+ cells that did not associate with endothelial cells (CD31), were counted and
expressed as a percentage of total T-cells. These data were analysed using Krukal-wallis and Dunn’s
post hoc (n=8), and presented as mean and standard deviation. No significant changes were
observed in the number of T-cells at one week post infection. This staining was performed by Miss

Sophie Thornton.
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Figure 8. 12 T-cells in the brain four weeks after infection with S. typhimurium

To detect the number of T-cells in the brain parenchyma of TG2576 or WT mice four weeks after
infection, 10um brain sections were double immuno-stained for CD31 (endothelial cells) and CD3
(T-cells). The total number of CD3+ cells were counted and normalised to hippocampal area,
expressed as T-cells/mm?®. Data were analysed by 2-way ANOV A and Tukey post hoc (n=8), and
presented as mean and standard deviation. Infection with S. typhimurium results in a significant
increase in the total number of T-cells in the brain (p<0.0001). To determine the fraction of T-cells
in the brain parenchyma, CD3+ cells that did not associate with endothelial cells (CD31), were
counted and expressed as a percentage of total T-cells. These data were analysed using Kruskal-
wallis and Dunns post hoc and presented as mean and standard deviation (n=8). S. typhimurium
results in a significant increase in the number of parenchymal T-cells in TG2576 mice. This

staining was performed by Miss Sophie Thornton.
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8.3.3.3  Brain cytokine levels

Mice infected with S. typhimurium have elevated cytokines in the brain at three weeks post
infection (Puentener et al., 2012). To characterise the neuro-inflammatory response of TG2576
mice to S. typhimurium, we measured the levels of cytokines in brain tissue. At one week post
infection, S. typhimurium causes increased levels of: IL-1p (p<0.001), IL-6 (p<0.001), KC (p<0.001)
and a non-significant increase in TNFa (p=0.06) compared to saline injected control animals.
Analysis indicates a significant interaction between genotype and S. typhimurium for the levels of
the chemokine KC; post hoc tests shows that TG2576 mice infected with S. typhimurium have
higher levels of KC compared to wild type littermates (p=0.027), there was also a non-significant
increase in IL-6 (p=0.15) in the brains of TG2576 mice compared to wild type. Cytokine levels
decrease in the brain at four weeks post infection, levels of IL-1p (p<0.0001), IL-6 (p=0.03) and
TNFa (p=0.028) remain increased as compared to saline treatment. Of these cytokines, IL-1f levels
were significantly elevated in S. typhimurium infected TG2576 mice compared to wild type
littermates (p=0.027). These results confirm that S. typhimurium infection results in prolonged or

exacerbated cytokine production in the brain of TG2576 mice compared to wild type mice.
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Figure 8. 13 Brain cytokine levels one week after S. typhimurium infection

The levels of cytokines were measured in the brain of TG2576 and wild type mice at one week post
infection with S. typhimurium or saline using a multiplex immune assay (Mesoscale discovery). The
levels of cytokines were normalised to total protein concentration, and expressed as pg/mg of total
protein. Data sets were analysed using 2-way ANOVA, and Tukey post hoc test (n=8). S.
typhimurium caused a significant increase in the levels of: IL-1P (p<0.001), IL-6 (p<0.001) and KC
(p<0.001), and a trend towards increased TNFa (p=0.06). TG2576 mice infected with S.
typhimurium had significantly higher levels of KC in their brain compared to S. typhimurium
infected wild-type mice ($*, p=0.0273).
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Figure 8. 14 Brain cytokine levels four weeks after infection with S. typhimurium

The levels of cytokines were measured in the brain of TG2576 and wild type mice at four weeks
week post infection with S. typhimurium or saline using a multiplex immune assay (Mesoscale
discovery). The levels of cytokines were normalised to total protein concentration, and expressed as
pg/mg of total protein. Data sets were analysed using 2-way ANOVA, and Tukey post hoc test
(n=8). S. typhimurium caused a significant increase in the levels of: IL-1p (p<0.001), IL-6 (p=0.03)
and TNFa (p=0.028). TG2576 mice infected S. typhimurium also had significantly higher levels of
IL-1p in their brain compared to S. typhimurium infected wild-type mice ($*, p=0.020).
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8.3.4 The effect of s typhimurium on AP load

Previous studies have shown that repeated LPS injection or infection with Bordetella pertussis can
lead to an increase in the levels of AP in the brains of transgenic APP mice (Lee et al., 2008;
McManus et al., 2014; Sheng et al., 2003a). To investigate whether S. typhimurium infection
induces a similar increase, the levels of AP were measured using a multiplex immune assay. Two
different fractions of protein were obtained from brain homogenate, as described previously,
gaining a triton soluble fraction and a formic acid soluble fraction. One week post infection, S.
typhimurium has no effect on the levels of triton soluble AB compared to saline injected controls
(figure 8.11). At four weeks, S. typhimurium infection caused a significant increase in the levels of
triton soluble AB38 (p=0.014) and AP40 (p=0.029), and a non-statistically significant increase in
AB42 (p=0.06). Conversely, at one week S. typhimurium infection caused a significant increase in
formic acid soluble AB40 (p=0.031, fig. 8.12) and Ap42 (p=0.0019) and a non-statistically
significant increase in formic acid soluble Ap38 (p=0.0502). These changes in formic acid soluble
AP are transient, as there is no difference between saline and S. typhimurium treated mice at four

weeks post infection.
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Figure 8. 15 S. typhimurium infection increases the levels of triton soluble Af at four

weeks post infection

The concentration of AP38, AP40 and AP42 were measured in triton soluble brain extracts from
TG2576 mice (n=8) injected with S. typhimurium or saline at one and four weeks post infection,
using a multiplex immune assay (MSD). Data analysed by two tailed T-test (except AB38 1 week-
Mann Whitney-U test) (n=8). Data presented as mean and standard deviation. The levels of Af38
(p=0.014) and AP40 (p=0.029) were significantly increased four weeks after infection with S.

typhimurium.
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Figure 8. 16 S. typhimurium infection increases the levels of Formic acid soluble Ap at 1

week post infection

The concentration of AP38, AB40 and AP42 were measured in formic acid soluble brain extracts
from TG2576 mice injected with S. typhimurium or saline at one and four weeks post infection,
using a multiplex immune assay (MSD). Data analysed by two tailed T test ( AB40 four weeks, AB42
one week, AB42 four weeks), or Mann Whitney U test (AB38 one week, AP38 four weeks, Af40 one
week) (n=8). Data presented as mean and standard deviation. The levels of Ap40 (p=0.031) and
AB40 (p=0.0019) were significantly increased one week after infection with S. typhimurium.
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8.3.5 Nesting behaviour

S. typhimurium infection leads to increased neuro-inflammation measured by phenotype changes
and increased cytokine concentration, and also is associated with increased concentration of Af
peptide in the brains of TG2576 mice. To investigate changes to brain function, we used the well
characterised nesting behaviour paradigm. Nesting is a normal behaviour of mice, essential for
thermoregulation and reproduction, and has previously been shown to be dependent on the
hippocampus. The ability of mice to build nests was scored on the morning of sacrifice. In spite of
changes in neuro-inflammation and AP pathology, there were no changes in the ability of mice to
build nests at one or four weeks post infection. All groups of mice scored an average of 4, which

represents a normal score for healthy C57/BL6 mice (Deacon, 2006a).
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Figure 8. 17 S. typhimurium infection has no effect on nesting behaviour at one or four

weeks

The night before sacrifice, mice infected with S. typhimurium or saline injected controls were tested
for changes in nesting behaviour. Infection with S. typhimurium has no effect on the nesting
behaviour score of mice at one or four weeks post infection. There was also no difference between
TG2576 and wild type controls. Data were analysed by 2-way ANOVA and Tukey post hoc test

(n=8), and presented as mean and standard deviation.
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8.3.6 The relationship between cytokine levels and

upregulation of immune receptors

Infection with S. typhimurium leads to a robust peripheral cytokine response including the 300-fold
upregulation of IFNy measured at one week post infection. The peripheral immune response is
accompanied by a neuro-inflammatory changes including the increased expression of MHCII on
cerebral vascular cells, increased expression of FcyRI on microglia and increased brain cytokine
levels, with IL-1p higher (or prolonged) in TG2576 mice compared to wild type. The mechanism by
which the peripheral inflammatory response is influencing brain immune receptor expression and
cytokine production is currently unclear, as it is difficult to assess which cells are producing
cytokines , or which are primed to respond in TG2576 mice compared to wild type. To understand
the relationship between peripheral and neuro inflammation, data obtained from S. typhimurium
infected mice were pooled (TG2576 and wild type) to allow correlation of systemic inflammation
with changes in the brain. The levels of IFNYy in the serum positively correlate with the expression
of MHCII on vascular cells in the brain (r*=0.694, p<0.0001). The expression of MHCII also
correlates with brain levels of IL-1 (r*=0.296, p<0.026) and KC (r’=0.291, p<0.031). Conversely,
there is no relationship between IFNYy levels in the periphery and FcyRI expression in the brain.

There is also no relationship between FcyRI expression and the levels of IL-1 and KC.
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Figure 8. 18 Correlation between peripheral IFNy and neuro-inflammatory changes

Data from S. typhimurium infected animals (n=16) (both TG2576 and WT) were pooled from the
one week time point to allow analysis of the relationship between the peripheral immune response
and neuro-inflammation. The peripheral concentration of IFNy correlated with the expression of
MHCII on endothelial cells (r*=0.694, p=0.0001), however the expression of FcyRI did not
(p=0.61). The expression levels of MHCII also correlated with the levels of brain IL-1p (r2= 0.296,
p=0.026) and KC (r2= 0.291, p=0.309), FcyRI did not correlate with either (p=0.23) (p=0.927)

respectively.
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8.4 Discussion

The brain is able to respond to inflammatory changes in the periphery by adapting behaviour to
prevent the spread of illness and enhance the body’s ability to clear away the pathogens (Hart,
1988). In the diseased or ageing brain this response to peripheral inflammation can be detrimental,
where an exacerbated response can cause enhanced cognitive decline (Holmes et al., 2009). There is
also evidence that peripheral inflammation is involved in the development of AD (Carter, 2011;
Hollingworth, 2011; Lambert et al., 2009; Stein et al., 2012; Stewart et al., 1997). The relationship
between peripheral inflammation and neuro-inflammation/neuro-degeneration has mainly been
studied using mimetics of infection such as LPS (Dantzer and Kelley, 2007). The response of
animals to LPS is very different to a real bacterial infection (Puentener et al., 2012), and there is
limited published work investigating the effect of real infections on the brain. In this chapter I have
characterised the peripheral and central response of TG2576 mice to infection with the attenuated
bacterium Salmonella typhimurium (SL3261) a close relative of the bacterium Salmonella typhii

which causes human typhoid fever.

The brain mediates a number of behavioural changes in response to infection, collectively termed
sickness behaviours, such as: feeling anti-social, lethargy or anorexia (Hart, 1988). S. typhimurium
infection causes significant weight loss compared to saline injection. Peripheral inflammation can
cause anorexia via a number of mechanisms: direct action of cytokines on the gastro-intestinal
system, promoting the release of anorexogenic factors (i.e. leptin) or by affecting the signalling of
neurons in the hypothalamus leading to central changes to appetite and metabolism(Plata-Salaman,
1998). Interestingly, the weight changes of TG2576 and wild type mice are significantly different.
Both genotypes lose around 5% of body weight at one day post infection; TG2676 mice then begin
to regain body weight after day two and return to starting body weight at seven days post infection.
In contrast, wild type mice continue to lose weight on day two, and then do not return to starting
body weight for the duration of the experiment. The response of the wild type mice is very similar
to previous experiments where eighteen month old mice were given S. typhimurium, and lost
weight for a pro-longed period of time compared to three month old mice (A. Hart unpublished
data). The difference in weight recovery may be due to a different peripheral or central cytokine
response to infection between TG2576 mice and WT, as cytokines are able to drive anorexia
through the mechanisms described previously. However, in this experiment there was no difference

in the peripheral cytokine response, and TG2576 mice presented with higher levels of cytokines in
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the brain when compared to wild type mice. Therefore it seems unlikely that the differential weight
recovery was due to different cytokine induced sickness behaviour. Another possibility is that
TG2576 mice are metabolically different to wild type littermates. It has previously been shown that
triple transgenic mice (APP/PS1/Tau) are metabolically different to their wild type littermates, and
that injection of AP into the brain of rats results in changes in appetite and metabolism (James et
al., 2014; Knight et al., 2012). Young triple transgenic mice have higher food intake than wild type,
which results in a higher body weight at three months old. This higher food intake continues into
adulthood, however due to their increased metabolism they weigh less than wild type mice by 12
months of age (Knight et al., 2012). The effect of AP on food intake and metabolism could explain
the difference in weight recovery, as TG2576 mice may have a higher food intake when compared
to wild type allowing a faster recovery of the lost weight. Unfortunately we did not measure food
intake in this experiment, but it would be interesting to investigate how AP affects appetite and
weight gain during infection. This is clinically relevant as patients with Alzheimer’s disease are

known to experience changes in metabolism and appetite (Cai et al., 2012).

Infection with S. typhimurium results in neuro-inflammation, measured by increased cytokine
levels in brain tissue, and the up-regulation of MHCII on endothelial cells and FcyRI on microglia.
The mechanism of this immune to brain communication is not clear, and it is not known what cell
types in the brain are responsible for the cytokine production. Peripheral inflammation can cause
changes in the brain through three known pathways: activation of the vagus nerve by increased
inflammation in peripheral tissue (Berthoud and Neuhuber, 2000), the passage of cells and
inflammatory mediators into the brain through circumventricular organs (Fry and Ferguson, 2007)
or through the production of inflammatory mediators in the brain and the de novo production of
pro-inflammatory mediators by the brain endothelium (Teeling et al., 2010). Up-regulation of
MHCII on cerebral vascular cells demonstrates that they are responsive to peripheral infection.
This is supported by the correlation between IFNYy levels in the serum and the expression levels of
MHCII on the brain endothelium. The expression of FcyRI on microglia, is not related to the levels
of circulating IFNy and S. typhimurium does not affect the expression levels of other microglial
markers, CD11b and CD68. These data suggest that microglial cells may not be responding directly
to peripheral inflammation, whereas brain endothelial cells are. This is supported by correlations
between MHCII expression and cytokine levels in the brain, whereas the expression of FcyRI has
no relationship with brain cytokines. This does not prove that endothelial cells are the cells

producing the cytokines, but gives strong evidence that they are involved in the neuro-
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inflammatory response to infection. Further experiments are required to tease apart the individual

roles of endothelial cells and microglia in response to peripheral infection.

Peripheral infection increases the levels of MHCII levels on cerebral vasculature, likely endothelial
cells, and there are also changes in the integrity of the BBB. Under normal conditions, the BBB
tightly regulates the entry of plasma proteins into the brain and therefore the levels of IgG are low
(Zlokovic, 2008). Four weeks after S. typhimurium infection, the levels of IgG increase in the brain
indicating a change in the permeability of the BBB. During infection there is also an increase in the
expression of the activating FcyRI on microglial cells. The increase in activating FcyR expression,
and increase in plasma protein entry into the brain could influence the response to anti-Ap
immunotherapy. AD patients treated with anti-AP immunotherapy experience cerebrovascular
damage characterised by ARIA-E (Salloway et al., 2010), which are thought to be caused by FcyR
mediated neuro-inflammation (Adolfsson et al., 2012; Wilcock et al., 2006). After S. typhimurium
infection, there are increased levels of IgG in the brain and increased numbers of lymphocytes,
indicating a loss of BBB integrity. If an AD patient were to contract a peripheral infection whilst
being treated with anti-A immunotherapy; the changes to BBB integrity caused by infection could
worsen ARIA-E. Furthermore, the increased entry of anti-Af antibodies into the brain, coupled
with increased FcyRI expression on effector cells, could drive an exacerbated inflammatory
response to immunotherapy resulting in increased neuro-inflammation and more severe vascular
damage. To test this hypothesis I would measure the neuro-inflammatory response of TG2576 mice
to the antibody 3D6 IgG2a after infection with S. typhimurium. If peripheral inflammation
increases the risk of inducing vascular side effects in patients, this should be considered when
selecting treatments. For example, if a patient contracts a peripheral infection during treatment
with anti-Ap immunotherapy, to reduce side effects treatment could be withdrawn or replaced with

an effector reduced antibody.

At one week post infection the levels of KC are significantly higher in TG2576 mice infected with S.
typhimurium than wild type, and at four weeks the levels of IL-1p are also significantly higher in
TG2576 mice. This response indicates that cells in the brain of TG2576 mice are primed to respond
to an inflammatory stimulus, leading to increased cytokine production. Previous work has shown
that microglia in the brains of mice with a neurodegenerative condition are primed to respond to a
second immune stimulus. In this case, if endothelial cells are producing cytokines; either the
endothelial cells are primed in the brains of TG2576 mice or the microglia are primed to respond to

inflammatory mediators produced by the endothelium. Priming of the brain resulting in enhanced
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cytokine production, in response to systemic inflammation, could explain the exacerbated sickness
behaviour and cognitive decline observed in AD patients after peripheral inflammation (Holmes et

al., 2009; Holmes et al., 2003).

Previous studies have shown that treatment with the bacterial mimetic LPS or Bordetella pertussis
infection can cause an increased production of Af in the brain of transgenic APP mice via
increased cleavage of APP by P-secretase (Lee et al., 2008; McManus et al., 2014; Sheng et al.,
2003a). Here we show that infection with S. typhimurium can also cause increased brain Ap;
strengthening the hypothesis that inflammation plays an integral role in the development of AD. It
is interesting to consider the possible reasons for increased AP levels in response to infection. Ap
has strong anti-microbial properties, and it has been proposed that in the event of infection
neurons increase the cleavage of APP to AP to aid in the innate immune response to infection
(Soscia et al., 2010). This is supported by studies showing that colonisation of the brain by
Chlamydia pneumoniae leads to increased production of AP and the formation of plaques, which
are also immuno-reactive for the bacterium (Little et al., 2004). Therefore, increased Ap levels could
form part of the brains natural protection from pathogens and this is why levels of AP increase in
response to inflammation. However, the increase in triton soluble AP at four weeks post infection,
also coincides with increased vascular permeability as measured by increased IgG. Therefore the
accumulation of triton soluble AP at four weeks could also be explained by changes to the BBB,
resulting in the dysfunction of AP clearance mechanisms. The low-density lipoprotein receptor
related protein 1 (LRP1), is expressed by brain endothelial cells and mediates the efflux of AP from
the brain (Deane et al., 2009; Jaeger et al., 2009a). Peripheral inflammation caused by LPS, results in
decreased AP efflux from the brain via an LRP1 dependent mechanism (Erickson et al., 2012; Jaeger
et al., 2009b). Therefore the increase in brain A at four weeks post infection with S. typhimurium
could be due to peripheral inflammation resulting in decreased LRP1 mediated AP efflux from the
brain. Vascular dysfunction, resulting in increased BBB permeability is one of the first changes to
occur in the prodromal stages of AD (MCI) (Montagne et al., 2015). Increased leakage of
hippocampal blood vessels is observed in the brains of MCI patients, and correlates with cognitive
decline. Therefore peripheral inflammation could result in increased brain Ap by two distinct
mechanisms: decreased LRP1 efflux of AP from the brain or increased production of A by -
secretase. It is likely that in a healthy brain, once peripheral inflammation has been resolved that Af
is cleared by normal mechanisms, for example LRP1 mediated efflux. However when a patient

experiences prolonged inflammation or has genetic and environmental factors which affect the
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clearance of AP from the brain (e.g. APOE4), this could lead to the pathological accumulation of

Ap and eventually lead to the development of other AD associated pathologies.

S. typhimurium infection causes increased neuro-inflammation and accumulation of A; previous
studies with LPS would suggest that this should cause measurable changes in behaviour (Dantzer
and Kelley, 2007). We did not find any differences in nesting building between any experimental
groups, which all scored an average of four representing healthy wild type mice. This can be
explained by the difference between S. typhimurium and LPS; S. typhimurium only causes
behavioural alterations ( i.e., burrowing) at one day post infection, which is coincidently when
there is highest serum LPS (Puentener et al., 2012). Another reason for the lack of behavioural
alterations is that the nesting behaviour paradigm may not be sensitive enough to detect subtle
changes in brain function. This is demonstrated by studies that show that lesions are required in
both the anterior and posterior hippocampus to detect robust changes in the ability of mice to build
nests (Deacon, 2006b). A more sensitive assay such as fear conditioning used in chapter 6 may be
able to pick up these subtle changes, however due to the limitations of the containment level 2

laboratory most behaviours analyses were not possible.

I propose that peripheral infection drives activation of the brain endothelium, leading to the up-
regulation of MHCII and a decrease in the integrity of the BBB. The activated endothelium then
produces inflammatory mediators such as: IL-1f, TNFa and KC. The decreased integrity of the
BBB allows increased plasma proteins and lymphocytes into the brain, which could alter the
microenvironment and augment the neuro-inflammatory response. AP levels in the brain are
increased by two potential mechanisms: increased 3-secretase cleavage of APP and/or decreased Af
efflux by LRP1. In a healthy brain, the AP is then cleared away by normal mechanisms of efflux.
However when a patient experiences chronic inflammation or has genetic or environmental risk
factors which affect the clearance of A, this could lead to AP accumulation. This accumulation
could act as the precipitating factor for AD, driving the hyper-phosphorylation of tau and synaptic
dysfunction. I also propose that changes in the BBB, and the increased expression of FcyRI on
effector cells could influence the response to immunotherapy. A reduction in BBB integrity could
exacerbate the vascular damage that patients experience during immunotherapy, and increased

expression of FcyRI could exacerbate the inflammatory response.
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Chapter 9: General

discussion
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AD is a chronic neurodegenerative condition that currently has no approved disease modifying
therapeutics. Although the pathogenesis of AD is not completely understood, the accumulation and
aggregation of the protein AP is thought to be important. As a result, the vast majority of drug
discovery in recent years has centred on the removal of accumulated Ap from the brain. One
approach is to treat patients with antibodies specific for AP, which clears deposits from the brain
and there is some evidence that this can improve cognition (Doody et al., 2014; Ostrowitzki et al.,
2012; Salloway et al., 2014). However, these antibodies also cause damage to the cerebral
vasculature, thought to be mediated by an inflammatory response to immunotherapy in the CNS
(Ostrowitzki et al., 2012; Rinne et al., 2010; Salloway et al., 2010). These side effects have hampered
clinical development of antibodies by limiting the top dose of antibody that can be safely
administered, which could explain the lack of efficacy in certain clinical trials. The main aim of this
thesis was to better understand the role of antibody effector function in the clearance of AP and the
neuro-inflammatory response after treatment with anti-Ap antibodies, enabling the development of
antibodies with optimised effector function to reduce side effects or boost efficacy. We now
propose a model with three factors that impact on the neuro-inflammatory response to anti-Ap
antibodies: antibody effector function, antibody specificity and the specific brain environment of

the patient.

9.1.1 Antibody effector function

Antibody effector function is the ability of an antibody to ligate cellular receptors or complement
proteins and to cause immune activation resulting in the clearance of an immune
complex/opsonised cell (Ravetch and Bolland, 2001). The cellular receptors which bind to IgG are
called FcyRs and are expressed by microglia and other cells in the brains of AD patients and
transgenic APP mice. One mechanism of AP clearance after treatment with an anti-Ap antibody is
FcyR mediated phagocytosis, however the importance of antibody effector function in this
clearance and the subsequent neuro-inflammatory response is not fully understood (Morgan,
2009). The response of effector cells to immune complexes is dependent on the type of FcyRs that
are expressed by effector cells (Nimmerjahn and Ravetch, 2008), but limited information on such
interactions in the brain is available in the literature. In Chapter 4 I showed that activating FcyRI

and FcyRIII were both expressed by microglia in the brains of 18 month old TG2576 mice,
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particularly surrounding A plaques; similar observations were made in the brains of AD patients,
validating our animal data. Expression of the inhibitory receptor FcyRIIIb and the activating
receptor FcyRIV was very low, almost undetectable, on microglial cells. Therefore, I conclude that
FcyRI or FcyRIII are most likely the receptors that mediate plaque clearance and pro-inflammatory

cytokine release after antibody treatment.

In Chapter 5, I compared IgG1 and IgG2a antibodies with identical target engagement for the
efficacy to clear AP and the associated neuro-inflammatory response to this treatment. Intracranial
injection with 3D6 IgG2a but not IgG1 led to plaque clearance and the release of the pro-
inflammatory cytokine IL-1p. This study demonstrated that differential effector function of
therapeutic antibodies resulted in a different neuro-inflammatory response and ability to clear
plaques, this provides proof of principle that therapeutic antibodies can be engineered to reduce the
inflammation or enhance plaque clearance. Both subclasses are able to ligate FcyRIII, but only
IgG2a is able to bind to FcyRI, therefore it is likely that this clearance and inflammation is due to,
or downstream of the engagement of FcyRI. This is a hypothesis that requires further testing to
confirm, which could be achieved by crossing mice deficient for FcyRI with TG2576 mice and
testing the efficacy to clear plaques following injection of 3D6 IgG2a. If the plaque clearance and
IL-1P production are dependent on FcyRI activation, a reduction in cytokine production and
plaque clearance would be observed. If FcyRI activation is important for clearance boosting the
affinity of the constant region for FcyRI or making a constant region that binds specifically to
FcyRI could improve efficacy of plaque clearance, however this may also worsen ARIA-E (Chan

and Carter, 2010).

Therapeutic antibodies are given by systemic administration rather than injection directly to the
brain, therefore in chapter 6 I compared the effect of IgG subclass following systemic treatment. In
contrast to intracranial injection of anti- A antibodies, where 3D6 IgG1 failed to induce neuro-
inflammation, peripheral treatment with both versions of mC2 resulted in the increased levels of
four cytokines: IL-1B, TNFa, KC and IL-6 with no difference between IgG subclass. Since the
response to mC2 IgG1 and mC2 IgG2a was similar, the increased cytokine production is unlikely to
result from FcyRI ligation, since IgG1 cannot ligate this receptor (Bruhns, 2012). Both antibodies
are able to ligate FcyRIII with comparable affinity, and based on these results I hypothesise that
mC2 IgG1 and IgG2a activate microglial cells through FcyRIII resulting in increased cytokine
production. Indeed, small immune complexes were formed in the brain parenchyma after systemic

administration of mC2, rather than binding to plaques. This hypothesis requires further testing,
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using FcyRIII knockout animals to determine the importance of FcyRIIIL Our lab previously
showed that reduced inflammation in the brain of FcyRIII deficient mice following experimental
immune complex formation (Carare et al., 2013), but this has not yet been shown for anti-Af
antibodies. It is also not clear whether FcyR mediated phagocytosis of immune complexes is
required for antibody efficacy as both subclasses were able to reverse behavioural deficits without
significant clearance of AP. It may be sufficient for an antibody to bind to toxic AP and block their
interactions with neuronal receptors-preventing synaptic dysfunction. In this case antibody effector

function could be unnecessary or even damaging.

These findings raise the interesting question: do 3D6 and mC2 promote cytokine release through
different FcyRs? The route of administration was different in these experiments, 3D6 was injected
directly into the hippocampus, whereas mC2 was given systemically. This could influence the
response to antibody treatment in a number of ways, which have been discussed in previous
chapters. FcyRI has high affinity for IgG, allowing it to ligate monomeric IgG whereas other FcyRs
require the enhanced avidity of immune complexes (Bruhns, 2012). This means that in the
periphery FcyRI is normally occupied by monomeric IgG preventing the ligation of immune
complexes (Allen and Seed, 1989; van der Poel et al., 2011). In spite of this, FcyRI plays a role in a
range of auto-immune conditions and in the effector function of therapeutic antibodies (Barnes et
al., 2002; Bevaart et al., 2006; Mancardi et al., 2013). This is achieved by the displacement of
monomeric IgG by immune complexes due to re-localisation of the receptor, and the increased
avidity of immune complexes allowing them to outcompete monomeric IgG for binding to FcyRI
(van der Poel et al., 2010). Even though IgG levels are lower in the CNS, some IgG still diffuses into
the brain. It is therefore likely that FcyRI expressed on microglia is at least partially occupied by
monomeric IgG. This could explain the apparent FcyRI dependent cytokine release after
intracranial injection, but not after systemic treatment. Intracranial injection of 3D6 results in a
high localised concentration of antibody. High 3D6 concentration would opsonise plaques with a
high density of IgG, this opsonised plaque would have high avidity and therefore could out-
compete the monomeric IgG bound to microglial FcyRI, causing the production of IL-1p. The BBB
tightly regulates the entry of IgG into the brain (Banks, 2012), and therefore the local concentration
of IgG after systemic treatment will be much lower than after intracranial administration. The
lower levels of IgG would reduce the density bound to deposits of AP, and therefore not engage

FcyRI as strongly. This cannot be proven with the comparison between mC2 and 3D6, as mC2 does
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not bind to plaques as strongly. To test this hypothesis systemic treatment with 3D6 is required, but

unfortunately this was not possible due to the limited production of this antibody.

Comparing the efficacy of the antibodies 3D6 and mC2 in the studies so far described is difficult
due to the difference in route of administration, however when mC2 was given by intracranial
injection described in chapter 6 confirmed there was no difference in cytokine levels between I1gG1
and IgG2a subclasses. A likely explanation for these differences is the antibody specificity, 3D6 can
bind plaques effectively whereas mC2 cannot. It is possible that dependent on the species of Af3
targeted, and therefore size of immune complex, different brain FcyRs are involved in the
production of pro-inflammatory cytokines. In vitro it has previously been shown that the size of
immune complex affects the affinity for different FcyRs (Lux et al., 2013). Based on these
observation, I predict that FcyRI is involved in the clearance of plaques, but not in the removal of
soluble immune complexes. These differences could again be explained by avidity. Plaques are large
insoluble deposits and therefore their opsonisation with IgG would result in a structure with higher
avidity for FcyRs than smaller soluble immune complexes. This high avidity could enable the
opsonised plaques to outcompete monomeric IgG already bound to microglial FcyRI. This explains
the enhanced ability of 3D6 IgG2a to clear AP plaques and the increased IL-1p production
compared to 3D6 IgG1 which cannot bind FcyRI. Small soluble immune complexes produced by
the binding of AP oligomers by mC2 after systemic treatment, may not be able to bind to occupied
FcyRI Instead these immune complexes ligate FcyRIII which is expressed by microglia (which is
not occupied by monomeric IgG), explaining the equivalent cytokine production after treatment
with mC2 IgG1 or IgG2a. Therefore depending on the target of the antibody developed, different

effector functions may be required. This hypothesis is outlined in figure 9.1.
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The high affinity FcyRI binds to monomeric IgG that diffuse into the
brain, this does not crosslink cytoplasmic gamma chains, but can
prevent binding to immune complexes

3D6 Treatment mC2 Treatment

ML-1B
High avidity of 3D6 opsonised Lower relative avidity of soluble
plaques displaces monomeric IgG | mc2/AB immune complexes does
bound to FcyRI causing gamma not displace monomeric IgG
chain cross linking and IL-18 bound to FcyRI
production

FcyRINI

The low affinity FcyRIll does not bind
to monomeric IgG, and thereforeis
available to bind immune complexes

mC2 Treatment

M IL-1B, IL-6, KC TNFa

soluble mC2/AB immune
complexes bind to FcyRIll causing
gamma chain cross linking and
cytokine production

Figure 9. 1 Proposed mechanism of differential FcyR activation by 3D6 and mC2

Hypothesised mechanism by which the specificity of anti-Ap antibodies could determine the FcyR

activated. FcyRI is a high affinity receptor that is able to bind to monomeric IgG, this does not

result in the cross-linking and activation of cytoplasmic gamma chains but can prevent ligation of

immune complexes. FcyRIII is a low affinity receptor that does not bind monomeric IgG, but can

ligate immune complexes. Treatment with the plaque binding antibody 3D6, results in the

opsonisation of plaques forming structures with high avidity for FcyRs. This high avidity causes the

displacement of monomeric IgG that is occupying FcyRI, resulting in the cross-linking of

cytoplasmic gamma chains and production of IL-1p/clearance of plaques. Treatment with an

antibody such as mC2 which binds to smaller soluble forms of A, results in the formation of

smaller immune complexes with lower avidity than 3D6 opsonised plaques. This prevents the

displacement of the monomeric IgG occupying FcyRI.However, FcyRIII is not occupied by

monomeric IgG and therefore soluble immune complexes are able to cross link gamma chains,

resulting in the production of pro-inflammatory cytokines.
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9.1.2 Antibody specificity

Anti-Ap antibodies have been developed which bind to: the N-terminus, mid domain or the C-
terminus (Fuller et al., 2014). Differences in subclass, pre-clinical model, time course or dose make
it difficult to compare previous pre-clinical studies and to determine the importance of antibody
epitope in the clearance of plaques and induction of a neuro-inflammatory response. In chapter 7
we compared three murine versions of antibodies which have all been tested in phase III clinical
trials for AD: Bapineuzumab, Crenezumab and Gantenerumab, importantly, all antibodies in my
study share the same IgG2a constant region. 3D6, the murine version of Bapineuzumab, recognises
the N-terminus of AP and binds strongly to plaques and recombinant A in vitro. This translated
into 3D6 clearing plaques effectively in vivo, but this was accompanied by increased neuro-
inflammation. Gantenerumab binds to an N-terminus conformation epitope, and was able to bind
to recombinant AP and plaques, but not as potently as 3D6. Gantenerumab was unable to clear
plaques at the time point measured, however there was clear evidence of plaque binding which was
accompanied by increased neuro-inflammation. The antibody mC2 is the murine version of
Crenezumab and recognises the mid domain of AP, in vitro mC2 was able to bind to recombinant
peptide but did not label plaques strongly without formic acid treatment. In vivo Crenezumab did
not clear plaques or cause neuroinflammation. Therefore, the strength of the neuro-inflammatory
response to antibody treatment seems to be dependent on the ability of an antibody to bind to

plaques.

Eight weeks of treatment with mC2 does not clear plaques from the brains of 18 month old TG2576
mice, but treatment does reverse cognitive deficits as measured by the well characterised fear
conditioning test. This raises the question-do we need to clear plaques to treat AD? I propose that
this is dependent on the stage of AD that is treated. It is thought that accumulation and aggregation
of AP are one of the first events that occurs in AD, and this process occurs many years before the
disease clinically manifests. This accumulation is then thought to ‘kick start” other pathologies such
as tau accumulation and spreading, and neuro-inflammation which then lead to cognitive decline
(Perrin et al., 2009). This theory is supported by data from the post mortem analysis of patients
immunised against A in the AN1792 trial. Patients with established AD that generated sufficient

titres of anti-A antibodies had widespread clearance of plaques from the brain (Nicoll et al., 2006).
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This clearance of plaques removed one element of tau pathology-dystrophic neurites and also
reduced the expression of immune receptors on microglial cells in regions of A clearance (Boche
et al,, 2010; Zotova et al., 2013; Zotova et al., 2011). This finding demonstrates a link between the
accumulation of AP and the accumulation of tau, and that clearance of AP may resolve
inflammation. In the same study it was found that other tau pathology such as tangles continued to
propagate in a normal fashion as described by Braak staging, demonstrating that once started some
tau pathology is independent from Ap. Therefore to treat a patient early in the pathology of the
disease, targeting plaques may be beneficial as this may prevent the development of other
pathologies. This is supported by data from the clinical trial for Aducanumab, an antibody which
specifically recognises aggregated AP, and is able to improve cognition in mild AD. However,
targeting plaques later on may be ineffectual or even dangerous as the vascular damage caused by
plaque binding antibodies Bapineuzumab and Gantenerumab suggest (Bohrmann et al., 2012;
Rinne et al., 2010). During the late stages of AD, the actual levels of AP in the brain remain fairly
unchanged, but as mentioned previously it is thought that certain species of Ap cause neuronal
dysfunction. Therefore to treat the disease at later stages, targeting these soluble oligomeric forms
could be beneficial in improving brain function. This is supported by data in this thesis but also by
clinical trials for Solanezumab, an antibody which targets soluble A, which is able to improve

cognition of AD patients without causing vascular damage (Doody et al., 2014).

9.1.3 Patient inflammatory state

The third factor important for the neuro-inflammatory response to anti-Ap immunotherapy is the
individual patient’s brain microenvironment at the time of therapy. It is well characterised that
microglia in the brain of mice with neurodegenerative disease are primed to respond to systemic
immune challenges (Combrinck et al., 2002; Cunningham et al., 2005; Lunnon et al., 2011).
Systemic infection can also prime the brain to respond to a second immune challenge (Puentener et
al., 2012). In Chapter 8 I show that cells in the brain of TG2576 mice are primed to respond to
systemic inflammation, shown by exacerbated cytokine production and increased AP load
compared to wild type mice following exposure to a real systemic infection. Similar observations
were made in studies using LPS, which mimics aspect of a bacterial infection (Jaeger et al., 2009b;
Lee et al., 2008; Sheng et al., 2003b). As a real infection activates a range of innate immune
receptors as well as an adaptive immune response, I believe this to be a more accurate model to test

the effect of systemic infection on the AD affected brain. One of the observations following
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systemic infection was the increased expression of FcyRI in the brains of TG2576 mice after
infection with S. typhimurium. Due to the predicted involvement of FcyRI on the detrimental
neuro-inflammatory response to 3D6 , we hypothesise that mice infected with S. typhimurium will
have an exacerbated neuro-inflammatory response to 3D6 IgG2a. This could have important
implications for patients treated with anti-Ap antibodies as systemic inflammation, a common risk
factor for AD progression, could increase the neuro-inflammation caused by immunotherapy,

which could increase the severity of ARIA-E.

The effector function of anti-Af antibodies could also be determined by the individual genetics of a
patient. There are several polymorphisms which have been identified in human FcyRs, changing
the affinity for IgG or their ability to function (Bournazos et al., 2009b). These polymorphisms not
only increase the risk of developing auto-immune disease, but can also change the response of a
patient to immunotherapy. Single nucleotide polymorphisms (SNPs) have been discovered in
FcyRIIa and FcyRIIIa have been found which increase their affinity for certain IgG subclasses, for
example the SNP V158F in FcyRIIIa increases the affinity of the receptor for human IgG1 and IgG3
(Koene et al., 1997). Patients with B-cell lymphoma who have this SNP, respond better to anti-
CD20 immunotherapy due to enhanced effector function which increases ADCC (Cartron, 2002).
This could have relevance to AD, as microglia in the brains of AD patients express FcyRIIIa, and
therefore AD patients possessing the V158F polymorphism could have a stronger neuro-
inflammatory response anti-AB immunotherapy. This could enable enhanced plaque clearance but

increased likelihood of developing ARIA-E.

9.1.4 How does neuro-inflammation induce vascular

dysfunction?

ARIA-E is the leakage of fluid and plasma proteins into the parenchyma due to dysfunction of the
BBB and although this is a well described side effect of immunotherapy, the exact mechanisms are
not fully understood. In vivo experimental studies have shown that anti-Ap immunotherapy causes
increased activity of MMPs 2 and 9, providing a potential mechanism for the side effects associated
with immunotherapy (Wilcock et al., 2011a). Research into the effect of inflammation on ischemic
stroke has shown that central or peripheral administered IL-1p can stimulate the release of MMP-9
from astrocytes or neutrophils. Neutrophils may adhere to activated endothelium and MMP-9

released by these cells cleaves the tight junction protein claudin-5 expressed by brain endothelial

249



cells, disrupting BBB integrity and increasing vascular permeability (McColl et al., 2008; Thornton
et al., 2008). This reduction in the integrity of the BBB could also explain the incidence of ARIA-E
after anti-Ap immunotherapy, where FcyR-mediated inflammation may lead to increased IL-1p,
and MMP-9 activity. A summary of this proposed mechanism is shown in figure 9.2A. Antibodies
that can bind to plaques, i.e. 3D6 and Gantenerumab, are associated with increased neuro-
inflammation compared to antibodies which do not bind to plaques i.e. mC2. If neuro-
inflammation is the driver of ARIA-E, treatment with a plaque binding antibody would induce
ARIA-E but treatment with an antibody targeting soluble forms would not. In support of this
hypothesis, the antibodies: Bapineuzumab, Gantenerumab and Aducanumab all bind to plaques
and have been shown to induce ARIA-E, but antibodies which cannot bind to plaques such as
Solanezumab and Crenezumab do not (Adolfsson et al., 2012; Doody et al., 2014; Ostrowitzki et al.,
2012; Rinne et al., 2010). In this thesis I show that Infection of TG2576 with S. typhimurium results
in increased brain IL-1P and KC, this is accompanied by increased vascular permeability and entry
of T-cells into the brain parenchyma. Studies investigating stroke, demonstrate that increased
vascular permeability after systemic inflammation is due to cleavage of the tight junction protein
claudin-5 by MMP-9, which is released after stimulation with IL-1 (McColl et al., 2008; Thornton
et al., 2008). The proposed mechanism for changes in vascular permeability and neuro-
inflammation after peripheral infection are shown in figure 9.2B. Therefore, peripheral
inflammation could increase the severity of ARIA-E through both FcyR dependent and
independent mechanisms. As previously discussed, increased FcyR expression of effector cells in
the brain could result in an exacerbated inflammatory response to immunotherapy causing
increased vascular permeability by the decrease of tight junction integrity. Systemic inflammation
could also mediate increased vascular permeability directly by the increased production of
cytokines by the activated endothelium/microglia, and therefore this could worsen ARIA-E by
independently increasing vascular permeability. The proposed mechanisms of ARIA-E

exacerbation by peripheral inflammation are shown in figure 9.2C.
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A. Anti-AB immunotherapy B. Systemic inflammation
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protein entry
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Figure 9. 2 Proposed mechanisms for ARIA-E and exacerbation by systemic

inflammation

A. Immunotherapy causes increased levels of the cytokine IL-1p by activation of microglial FcyRI.
IL-1p promotes the release of MMP-9 from astrocytes or other cell types, resulting in the cleavage
of tight junction proteins and ARIA-E. B. Systemic infection causes: the activation of endothelial
cells, the upregulation of FcyRI on microglia and the increased levels of IL-1p in the brain. This also
induces cleavage of tight junction proteins by MMPs and increased vascular permeability. C.
Systemic inflammation could exacerbate ARIA-E either by increasing FcyRI causing increased

cytokine release, or by independently increasing vascular permeability.
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Anti-Ap immunotherapy can cause damage to the cerebral vasculature, likely through FcyR
mediated inflammation. However, the effect of altered microenvironment, microglial priming,
increased neuro-inflammation and the influx of plasma on the function of neurons has not been
thoroughly discussed. It is well established that inflammation is a key neuropathological feature of
AD, and there is a growing body of evidence implicating FcyRs themselves in the pathology of
numerous neurodegenerative conditions (Fuller et al., 2014). Thus, it is important to consider the
consequences of altered FcyR expression and activation through immunotherapy and/or other
factors, such as systemic infections. We and others have now shown that inflammation driven by
infection or mimetics of infection, can lead to the increased accumulation of AP and tau (Kitazawa
et al., 2005; Lee et al., 2008; Sheng et al., 2003a). Therefore increasing the levels of inflammation in
the brain of AD patients could have deleterious effects. Soluble inflammatory mediators such as
TNFa and IL-1f have divergent roles within the CNS and regulate the function of neurons.
Intracranial administration of these mediators causes changes in neuronal function (Ross et al.,
2003; Stellwagen and Malenka, 2006), and therefore increased CNS levels of these cytokines as a
result of immunotherapy could further disrupt synaptic function in AD patients. Furthermore
plasma proteins such as IgG have been shown to be neurotoxic in a variety of disease models
(Fernandez-Vizarra et al., 2012). Arguably increased levels of neuro-inflammation and plasma
proteins after immunotherapy could lead to neuronal dysfunction or loss. Supporting this
hypothesis, AD patients treated with Bapineuzumab actually had decreased brain volume
compared to those given control antibody. This could suggest that the increased inflammation or
the breakdown of the BBB caused by Bapineuzumab, could result in the loss of neurons and

reduction in brain volume (Salloway et al., 2014).
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9.2 Future directions

9.2.1 Systemic treatment with a plaque binding antibody

The results in this thesis show that intracranial administration of 3D6 IgG2a is associated with
increased IL-1p compared to 3D6 IgG1 or isotype controls. Comparison with data from mC2
treatment, lead to the conclusion that IgG2a antibodies that target plaques, cause increased neuro-
inflammation likely through activation of FcyRI. Unfortunately, due to the low antibody expression
of recombinant 3D6 it was not possible to produce sufficient antibody to compare and confirm
these findings after systemic treatment. It is therefore possible that this result was due to the
administration route rather than the antibody specificity. To test the role of effector function after
systemic treatment with a plaque binding antibody, I would treat TG2576 mice with IgG1 and
IgG2a versions of a plaque binding antibody, for example Gantenerumab, which produced well
after transfection. Alternatively, to circumvent the problems with expression levels of 3D6, I would
produce a chimeric version of Bapineuzumab, the clinical candidate derived from 3D6, using the
variable domains from Bapineuzumab and mouse constant regions. This strategy worked well in
the production of Gantenerumab, which had a yield 300-fold higher than 3D6. If chimeric
Bapineuzumab also does not produce at a sufficient level in our expression system, I would instead
produce a chimeric version of the fully human antibody, Aducanumab, which specifically
recognises aggregated AP and therefore plaques. I would hypothesise that treatment with the IgG2a
version would clear plaques more effectively and cause more neuro-inflammation than the IgG1. It
would be interesting to compare the ability of an antibody like 3D6 to reverse cognitive deficits
directly with mC2. This would give insight into which species of Ap should be targeted in clinical

trials.
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9.2.2 Elucidating the specific FcyRs involved in anti-Af
antibody effector function and optimisation of the

antibody Fc region

Although experiments in this thesis provide indications of the FcyRs that are likely to be involved
in the effector function of anti-Af antibodies, further experiments are required to confirm these
hypotheses. To test the importance of individual FcyRs in the effector function of anti-Af
antibodies, I would cross TG2576 mice with mice deficient for either FcyRI or FcyRIII. This would
produce a mouse model which accumulates AP but lacks the expression of either FcyRI or FcyRIII.
It would first be necessary to characterise the pathology in the new strains of mice to ensure that the
accumulation of AP, or the cognitive deficits associated with this model are not altered by FcyR
deficiency. The data from this thesis suggest that dependent of the species of Ap targeted,
antibodies may require different effector functions. I hypothesise that FcyRI is responsible for
plaque clearance and neuro-inflammation after treatment with 3D6 IgG2a. To test this I would
repeat intracranial injections of the antibody 3D6 IgG2a into WT TG2576 and FcyRI deficient
TG2576, measuring cytokine levels and Ap clearance. If FcyRI mediates the effector function of
3D6, the clearance of plaques and release of IL-1p would be reduced in the FcyRI deficient mice.
This information could inform the Fc engineering of therapeutic antibodies to reduce neuro-

inflammation or increase plaque clearance.

My data suggest that FcyRIII mediates neuro-inflammation after systemic antibody treatment,
however it is unclear whether FcyRs are required to reverse cognitive deficits. To determine the
importance of effector function in the reversal of cognitive deficits by mC2 treatment, I would
generate mC2 IgG2a with the amino acid substitution D265A which reduces binding to all mouse
FcyRs (Baudino et al., 2008). I would repeat systemic treatment of TG2576 mice and FcyRIII
deficient TG2576 mice with either mC2 IgG2a or mC2 IgG2apass4, measuring cognitive deficit and
brain cytokine levels. If the FcyRIII is not important for the reversal of cognitive deficits in TG2576
after mC2 treatment, FcyRIII deficient mice treated with mC2 IgG2a or TG2576 mice treated with
IgG2apassa would both show the same improvement in cognition as WT TG2576 mice treated with
mC2IgG2a. If the neuro-inflammation after treatment with mC2 is mediated through FcyRIII,

FcyRIII deficient mice treated with mC2 IgG2a or TG2576 mice treated with IgG2ap,ssa would have
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reduced cytokine levels compared to WT TG2576 mice treated with mC2IgG2a. This information
could inform the engineering of Fc regions for clinical trials of antibodies such as Solanezumab

which bind to soluble forms of AP (Doody et al., 2014).

Previous studies have shown that the removal of A by immunotherapy is partially dependent on
FcRn mediated efflux from the brain, which is expressed by brain endothelial cells (Deane et al.,
2005). Fc regions of therapeutic antibodies have been mutated to increase their affinity for FcRn,
resulting in increased serum half-life of therapeutic antibodies and therefore reduces the length of
time needed between doses (Ghetie et al., 1997). These mutants could be of interest for the
optimisation of anti-Af antibodies, as they would not only increase the serum persistence but could
also enhance FcRn mediated efflux from the brain. I hypothesise that the increased affinity for FcRn
would enhance FcRn mediated efflux, and therefore improve Ap elimination from the brain. To test
this hypothesis I would generate 3D6 IgG2a with mutations associated with increased or loss of
FcRn binding affinity, and inject directly into the hippocampus of 18 month old TG2576 mice and

measure Ap clearance from the brain.

9.2.3 Determining the levels of functional IL-1f and its effect

on neuronal function

Treatment with anti-Ap antibodies or infection with S. typhimurium results in the increased
production of central IL-1p. This cytokine is reported to be up-regulated in a number of models of
disease, and induces the release of MMPs from astrocytes or neutrophils in the brain (McColl et al.,
2008; Thornton et al., 2008). This could have important consequences for BBB permeability,
particularly in the context of ARIA-E after immunotherapy. However, IL-1f is expressed as a pro-
form and requires post-translational cleavage to produce mature and active IL-1p (Netea et al.,
2015). To determine whether the IL-1p measured has been cleaved to form mature IL-1p I would
use western blotting in brain homogenate of animals injected with 3D6 IgG2a. Western blotting is
able to distinguish the larger pro-IL-1p from the mature and smaller IL-1 by size, and this would
give a better indication of the potential of IL-1P production to alter brain function. The IL-1
receptor is expressed by neurons, and IL-1P can modify neuronal function (Bellinger et al., 1993;

Katsuki et al., 1990). This is illustrated by the induction of sickness behaviours after intracranial
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injection (Dantzer and Kelley, 2007). I hypothesise that the increased levels of IL-1{ after treatment
with 3D6 IgG2a could cause changes in the function of neurons. Testing this hypothesis is
technically challenging, and would require a combination of behavioural assessment and direct
measurement of neuronal function. I would use a behaviour that has previously been shown to be
sensitive to cytokine induced sickness behaviour, such as the burrowing assay (Dantzer and Kelley,
2007). Seven days after intracranial injection with 3D6 IgG1 and I1gG2a or isotype controls I would
measure changes in burrowing activity. I would hypothesise that the increased levels of IL-1f in the
brains of mice injected with 3D6 IgG2a would lead to a decrease in burrowing activity compared to
3D6 IgG1 injected mice, but this effect may be difficult to separate from the benefit of clearing Ap.
To measure direct changes in neuronal function I would use in vivo electrophysiology, a technique
which can measure synaptic activity in the hippocampus in live anaesthetised mice. For both of

these experiments, intracranial IL-1p injection would serve as a good positive control.

9.2.4 Characterisation of ARIA-E, and exacerbation mediated

by peripheral inflammation

ARIA-E remains a problem for current antibodies in clinical trials, and is thought to be caused by
neuro-inflammation resulting in a reduction of BBB integrity. A limitation of this thesis is the lack
of a reliable method to detect this BBB dysfunction after immunotherapy, linking the neuro-
inflammation seen after antibody treatment with actual BBB changes. Previous studies in vivo have
shown that immunotherapy can cause the release of MMP-9, which could in turn cause ARIA-E by
cleavage of tight junction proteins (Wilcock et al., 2011a). In the general discussion I proposed
three factors important for the level of neuro-inflammation after anti-A immunotherapy. I
hypothesise that antibodies with stronger effector function associated with a stronger neuro-
inflammatory response in vivo, would also cause increased MMP activity. To test this hypothesis, I
would repeat intracranial injections of 3D6 IgG1 and IgG2a into 18 month old TG2576 mice,
taking tissue for IHC and for homogenate. In brain sections I would stain for the expression of tight
junction proteins, such as claudin-5, measuring the integrity of tight junctions. In the homogenate I
would measure the activity of MMPs by zymography. These experiments could provide evidence of
a link between the effector function of antibodies and the likelihood of inducing ARIA-E in

patients.
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I hypothesise that infection with S. typhimurium could lead to the exacerbation of neuro-
inflammation and BBB dysfunction after antibody treatment via FcyR dependent and independent
mechanisms. To test this hypothesis I would infect TG2576 mice with S. typhimurium or inject with
saline. Then at one or four weeks post infection I would inject 3D6 IgG2a or IgG2a isotype control
into the hippocampus. To test exacerbation of inflammation I would then measure the levels of
pro-inflammatory cytokines a week after injection with 3D6, and again measure the activity of
MMPs and tight junction integrity to test for increased BBB dysfunction. These mechanisms could
be important for other conditions that result in increased expression of FcyRs in the brain and
disruption of the BBB, for example obesity. Mice given a high fat diet exhibit: increased activating
FcyR expression in the brain, decreased expression of tight junction proteins and increased
parenchymal IgG (Tucsek et al., 2014). Therefore obesity could worsen the side effects of anti-Af
immunotherapy through the same mechanisms as systemic infection. If S.typhimurium does cause
an exacerbated neuro-inflammatory response to immunotherapy and increased BBB dysfunction, I
would test this hypothesis by giving TG2576 mice a high fat diet before treatment with 3D6 IgG2a
and measure the same read outs as previously described. It would also be interesting to investigate
the effects of peripheral inflammation on the response of AD patients to anti-A immunotherapy.
Patients with higher levels of serum cytokines may be at greater risk of developing ARIA-E. FcyR
polymorphisms could also affect the neuro-inflammatory response to immunotherapy, and it
would therefore be interesting to compare FcyR polymorphisms with the clearance of AB and the
development of ARIA-E after immunotherapy. The enhanced affinity of the FcyRIIlyisse
polymorphism for example, could enhance the ability of microglia to clear plaques but also increase

the risk of causing ARIA-E (Bournazos et al., 2009b).

9.2.5 Tau as a target for immunotherapy, and combination

trials

Neurodegenerative diseases are almost all associated with the accumulation of a misfolded protein
in a specific area of the CNS. Antibodies are in development for the treatment of other misfolded
proteins for the treatment of neurodegenerative disease, for example the second pathological
hallmark of AD-tau. Mice transgenic for human tau, with mutations associated with tauopathies,
accumulate tau in the brain causing neuronal dysfunction and cognitive deficits (SantaCruz et al.,

2005). Immunisation against tau can clear deposits and reverse cognitive deficits in transgenic tau
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models (Boutajangout et al., 2010). Recently it has been shown that tau immunotherapy is
dependent on the FcyRs expressed on microglia and on neurons (Congdon et al., 2013; Luo et al.,
2015). To optimise immunotherapy for the treatment of tau I would first characterise the FcyRs
important for the removal of tau and reversal of cognitive deficits. I would do this as previously
described for transgenic APP mice, by breeding transgenic tau mice with mice deficient for

individual FcyRs.

AD is a complex disease that develops over decades, and is associated with numerous
neuropathological changes. It has already been shown that complete clearance AP from the brains
of AD patients late in the disease is unable to affect some tau pathology(Boche et al., 2010).
Therefore patients could benefit from combination treatment with both anti-Af and anti-tau
antibodies. Preclinical testing of combination therapies is challenging due to a lack of models fully
recapitulating AD pathology. However, the 3xTG model is transgenic for both human Af and
human tau. I would treat these mice systemically with anti-Ap and anti-tau antibodies, measuring

the clearance of both peptides and improvements in cognition.
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9.3 Summary

Immunotherapy is a promising strategy for the treatment of AD, anti-Ap antibodies are able to
clear AP deposits and reverse cognitive decline in AD patients. The development of these
antibodies has been hampered by side effects, thought to be caused by a pro-inflammatory response
to antibody coated plaques. In this thesis we provide the first proof of principle evidence that
engineering the Fc region of therapeutic anti-Ap antibodies can modify the neuro-inflammatory
response in vivo. We also provide evidence that neuro-inflammation is dependent on the species of
Ap targeted. Finally we propose systemic inflammation may contribute to side effect severity
through FcyR dependent and independent mechanisms. Therefore, during the development of new
clinical candidate antibodies the effector function should be designed based on the species of AP
targeted, and the function the antibody is required to perform. To fully optimise immunotherapy
for AD further research is required to understand the specific FcyRs that are involved in neuro-

inflammation and plaque clearance.
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Appendix A

Appendix A

Avertin for terminal anaethesia

250ml 0.9% saline (autoclaved)
20ml analytical grade absolute alcohol (Fisher, Loughborough, UK)
5ml avertin concentrate (25g tri bromo-ethanol+ 15.5ml tertiary amy alcohol)

Sterile filtered

Congo red

Staining solution:

0.3g Congo red (Sigma, Dorset, UK)
0.3g NaCl

80ml Ethanol

20ml dH,O

1ml 1% NaOH

Destain:

50ml Ethanol

50ml dH,O

2ml 1% NaOH

Phosphate Buffer saline

NaCl 8g
KC10.2g

KH2P04 0.24g
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Appendix A
N32PO4 1.44

Up to 1 litre in distilled water

Elisa coating buffer

0.1M carbonate/bicarbonate buffer
5.3g Na,CO;

4.2g NaHCO:s

0.2g NaN;

Up to 1 litre in distilled water

Elisa Wash Buffer

1 Litre PBS

0.5ml Tween 20 (sigma, Poole, Dorset)

Elisa substrate buffer 1

9ml 0.05M phosphate-citrate buffer (Sigma, Dorset, UK)
1 TMB tablet (Sigma, Dorset, UK) dissolved in 1ml DMSO (Fisher, Loughborough, UK)

2 pl of Hydrogen peroxide added at the last minute

TAE (50x stock)

242g Tris Base
57.1ml Acetic acid
100ml 0.5M EDTA

Up to 1 litre in distilled water
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APS coated slides

Wash slides in 10% Decon 90 for 1 hour. Wash slides under tap water, and two rinses in distilled
water. Dry slides overnight in 60°C oven. Place in 2% APS(Sigma, 3-Aminopropyltriethoxy-silane)
in methanol for 15 seconds, then rinse in methanol. Wash slides in distilled water and allow to dry
overnight.

3,3 Di-amino Benzidine (DAB) substrate solution

5ml 2.5% DAB (Sigma, Dorset, UK)
125ml phosphate buffer
125ml distilled water

125pul 30% H202 (Sigma, Dorset, UK)

Glycine

2.5M Glycine adjusted to pH3

TRIS pHS

1 Litre sterile endotoxin free water
11.7g NaCl

4.84g TRIS

0.75g EDTA

4ml 5M HCL
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Appendix B

Gamma

FcyRI

FcyRlIlb

FcyRII/I

FcyRlIll

Appendix B

Figure Appendix 1 Validation of in house FcyR antibodies in wild type and gamma

chain KO spleen

Antibodies which have been generated in house for the detection of mouse FcyRs were validated by

staining spleen sections from wild type and gamma chain KO animals.
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Appendix B

Citrate EDTA
No Citrate EDTA Pressure Pressure

Retrieval Microwave Microwave cooker cooker

CD16A

CD32A|

CD32B

Figure Appendix 2 Optimisation of anti human FcyR antibodies in human tonsil

Antibodies against: CD16A, CD32A and Cd32B were optimised in human tonsil tissue. Two
different antigenic retrieval methods and two different buffers were tried in combination: Citrate or

EDTA and pressure cooker or microwave.
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