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Abstract

Neuroinflammation occurs in Alzheimer’s disease (AD) brain, and plays a role in
neurodegeneration. The main aim of this study was to determine how treatments with exogenous
apolipoprotein E (ApoE2, E3 and E4 isoforms), a genetic risk factor for AD, affects the amyloid-
B (AB) induced inflammatory response in vitro in astrocytes. Recombinant, lipid-free ApoE4 was
found not to affect AB-induced inflammation in rat astrocytes, while ApoE2 showed a protective
effect. Mouse cells expressing human ApoE isoforms, which have similar lipidation and
modification to native human ApoE, showed ApoE4 promoting inflammation, and no ApoE2
protective effect upon AP treatment. A Protein/DNA array was used to screen 345 transcription
factors in rat astrocytes treated with Af and/or ApoE isoforms, in order to determine which
contribute to the observed ApoE2 protection. Some candidates were validated by Western Blot
or EMSA and/or by inhibition or activation. The findings suggest ApoE isoforms differentially

regulate AB-induced inflammation, and multiple signalling pathways are involved in the process.
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Introduction

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly and a
substantial burden on health-care systems worldwide. It is a neurodegenerative disease,
featuring progressive synaptic loss and neuronal death, which over time manifests in a loss of
memory and cognition. It can gradually build in severity until patients can no longer
recognize family members or perform basic day-to-day tasks, and may eventually result in a
loss of the ability to control basic bodily functions, potentially leading to death. The majority
of AD patients suffer from the late-onset form of the disease; familial and early-onset forms
exist as well, though at much lower prevalence. AD was initially described by Alois
Alzheimer in 1906, upon examining the brain of a 51-year-old woman who had died from
early-onset dementia. His examination revealed a pair of important features that are still the
primary basis for pathological diagnosis today: the build-up of intracellular neurofibrillary
tangles (aggregates of hyperphosphorylated tau protein) and the formation of extracellular
amyloid plaques [protein aggregates consisting principally of amyloid-beta (AB) peptides)]

(McKee et al., 1991).

1.1.Al zhei mer 6 sAbdi sease and

AB is a short peptide which comes in two common lengths: a more abundant 40-
amino acid peptide, APi-40, and a 42-amino acid form, AP1.42, Which is closely associated
with AD (Scheuner et al., 1996). A is produced through two-step cleavage of A precursor
protein (APP). This first step is mediated by a [3-secretase, beta-site APP cleaving enzyme 1
(BACEL), which creates a large soluble protein and a 99-amino acid, membrane-bound C-

terminal stub. This 99-amino acid fragment is then further processed by a y-secretase to



produce AP in either its 40 or 42-amino acid incarnations (Vassar et al., 1999). It is not
known what mechanism determines which length of AP is produced, but increases in the
ratio of AP;.42to AP1-40are associated with AD, as well as increased neurotoxicity and
memory deficits in some animal models (Pauwels et al., 2012).

The primary pathway of APP processing does not result in Ap production. Instead, an
a-secretase cleaves APP at a site within the AP sequence, producing a truncated A variant
(p3), which is not associated with AD, along with a soluble protein that has been suggested
to play a neuroprotective role (Vella & Cappai, 2012) (Figure 1). It is unclear what drives
APP processing down a particular pathway. Alpha-secretase activity is predominant in
physiological conditions, but B-secretase is also active, making it clear that AP production is
not purely a function of a disease state. The physiological role of APP and its products is not
yet known, but it has been suggested to be involved in synaptogenesis (Guo et al., 2012),
mediating cellular response to ischaemic conditions (Morley et al., 2010), or as an anti-
microbial peptide (Soscia et al., 2010). Within the central nervous system (CNS) APP is
primarily expressed in neurons, but is also produced and processed in astrocytes and
microglia (Li et al., 2011).

It is widely accepted that AP, beyond being a diagnostic hallmark, is a critical
component in the progression of AD. Its production within the brain is seen as a necessary
step in the development of neurodegeneration. The initial evidence came upon locating the
gene encoding APP on chromosome 21. Given that individuals with Down’s syndrome
(trisomy 21) almost universally develop dementia, and that forms of familial and early-onset
AD are linked to mutations in the APP gene, aberrant processing of APP was indicated as a

critical step in the pathology of AD. As this processing ends with production of Ap,
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Figure 1: Pathways of APP processing.

APP has two primary endogenous pathways of processing; the first is non-amyloidogenic, as
a-secretase cleavage produces the soluble APPsa fragment, and membrane-bound C83. C83
is then further cleaved by y-secretase, producing a non-pathogenic p3 peptide. The alternate
pathway is implicated in AD, with the first cleavage the action of -secretase BACEL,
producing soluble APPsP and C99. C99 is then cleaved by y-secretase, producing the AP
peptide. The mechanisms controlling how these pathways interact, and which is active at any
given time or tissue, are still not understood. The orange section represents the area of APP
corresponding to the AP peptide. This section can vary in length, but is most commonly 40
or 42 peptides long. The blue box represents the lipid membrane, with the majority of the

APP peptide located on the lumenal side.



amyloid plaques were proposed as primary causative factors in AD (Hardy & Selkoe, 2002).
Further evidence comes from the fact that some mutations in APP processing pathways are
sufficient to cause AD, and that transgenic mice expressing mutant human APP genes show
AP pathology and AD-like memory and behavioural deficits (Irvine et al., 2008). A recent
study showed that a particular APP mutation found in Icelanders, which leads to decreased
APP processing and AB production, provides protection against AD and decreases cognitive
decline (Jonsson et al., 2012).

Plaques were the first identified deposition of AP peptides, but the situation in the
AD brain is much more diverse; there are a wide variety of assemblages of AP, and it is not
well understood how they combine and interact to contribute to AD pathology. In fact, one
early criticism of the amyloid hypothesis was that plaque density did not correlate with
disease progression, calling into question AP’s causative role in AD (Aizenstein et al., 2008).
This was answered to some degree with the discovery of oligomeric species of Ap, which
self-associate from monomeric forms of the peptide and demonstrate significant
neurotoxicity and a clear association with cognitive decline (McLean et al., 1999; Walsh et
al., 2002). Plaque aggregation still appears to be an important step in AD development, as
evidence suggests that neurotoxic oligomers strongly associate with plaques, and may be
necessary for the seeding and development of new plaques (Gaspar et al., 2010). In addition,
the time frame of AP build-up relative to disease progression is an important factor to
consider. It is now suggested that AP levels may increase decades before any cognitive
deficit or plaque deposition can be observed, which would make therapeutic intervention

with anti-amyloid treatments very difficult to time correctly (Jack et al., 2010).



1.1.1. Amyloid-b as an i nducer of i nfl ammati on

One of the main pathological consequences of AP aggregation and plaque formation
is the development of neuroinflammation. AB peptides are associated with the activation of
microglia and astrocytes, which surround amyloid plaques and mediate the release of pro-
inflammatory signals (Kitazawa et al., 2004). Multiple studies have implicated members of
the toll-like receptor (TLR) family and CD14, membrane receptors responsible for
recognizing foreign substances and activating the immune system, in mediating the
inflammatory activation of astrocytes and microglia in response to Af. Groups have reported
that blockade of TLR2 or TLR4 with specific antibodies decreased the degree of microglial
activation upon A challenge (Jana et al., 2008; Udan et al., 2008). TLR2- and TLR4-
knockout microglia also showed decreased inflammatory response to Ap (Reed-Geaghan et
al., 2009; Walter et al., 2007). A recent study showed that expressing TLR2 in HEK293 cells
triggered an inflammatory response to AP that did not exist in unaltered cells (Liu et al.,
2012). Knockout of CD14, a co-receptor of TLRs 2 and 4, increased inflammatory
signalling, commensurate with its role as a repressor of TLR signalling (Reed-Geaghan et al.,
2010).

Astrocytes were classically considered to be primarily regulatory cells, serving as
cellular ‘janitors’, delivering necessary nutrients to neurons and maintaining balance of ions,
pH and neurotransmitters, along with taking up compounds released by neurons in signalling
and maintaining the status quo of the extracellular milieu. It is now understood that they play
an important active role as well, mediating the response of the brain to acute injury. This
activated state, when left unchecked in chronic forms of injury, ultimately becomes harmful,

contributing to neurodegeneration. The mechanisms which control the balance between

and
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astrocytes’ protective role and the long-term development of self-induced inflammatory
damage are critical to understanding their role in neurodegenerative diseases.

Activated astrocytes and microglia produce a number of neurotoxic molecules,
including reactive oxygen species (ROS) (Atamna & Boyle, 2006; Craft et al., 2006). Ap has
been shown to induce neuronal cell death through the activation of astrocytes with a potential
mechanism involving release of nitric oxide (NO) (Hu et al., 1997; Jana & Pahan, 2010).
Astrocytes also release a wide range of cytokines and chemokines, including interleukin-6
(IL-6), tumour necrosis factor-o. (TNF-a) and growth-related oncogene (GRO). These
cytokines serve to further promote the activation of astroglia, along with caspases, which
contribute to cell death (Garwood et al., 2011). Other evidence suggests that cytokines can
stimulate AP synthesis through modulating APP processing, and aid the oligomeric
association of AP by upregulating particular pro-oligomeric pathways (Blasko et al., 2004).
This could lead to a vicious cycle of inflammatory activation, with increased AP levels
triggering further inflammation, cytokine release and neuronal death.

The nature and extent of the link between neuroinflammation and cognitive
impairment in AD patients is not yet entirely clear, but multiple studies have shown that
inflammatory markers are associated with decline in cognitive function, both in transgenic
mouse models (Schwab et al., 2010) and in human patients (Parachikova et al., 2007),

making neuroinflammation a potentially attractive therapeutic target in AD patients.

1.2. Apolipoprotein E as an AD risk factor

One important protein in meditating this inflammatory response is apolipoprotein E
(ApoE). ApoE is one of the major human apolipoproteins, and plays an important role in

mediating lipid uptake into cells through the low-density lipoprotein (LDL) receptor, in order



to regulate intracellular cholesterol levels (Mahley, 1988). ApoE is highly expressed in both
the brain and liver, and is the major protein in the CNS mediating lipid transport and
distribution. Peripherally, ApoE combines with other apolipoproteins, phospholipids and
cholesterol in very low density lipoprotein (VLDL) particles, while in CNS, where VLDL is
not present, ApoE forms high density lipoprotein (HDL)-like lipid particles (Bu, 2009). The
three-dimensional structure of ApoE consists of two separately folded domains, divided by a
‘hinge’ region; the C-terminal domain is responsible for protein binding to lipids, while the
N-terminal region mediates binding to various ApoE receptors (Figure 2). There is no single
model which is accepted to describe the arrangement of protein and lipid in ApoE particles:
studies have suggested the formation of a ‘belt’ of protein wrapped around a discoid lipid
bilayer or a spheroidal hydrophobic lipid core, with surface ApoE proteins wrapping around
polar head groups (Hatters et al., 2006).

ApoE containing lipoproteins bind to a class of metabolic receptors known as low-
density lipoprotein receptors (LDLRS), primarily LDLR itself and the LDL receptor related
protein 1 (LRP1). This is a highly conserved family of transmembrane receptors that are
responsible for the uptake and clearance of lipoproteins in plasma and cerebrospinal fluid,
affecting energy usage and nutrient uptake and mediating a wide range of cell signalling
pathways (Dieckmann et al., 2010). Some of these pathways have been shown to prevent
neuronal cell death. This includes the N-methyl-d-aspartate receptor, which controls
intracellular calcium and cAMP response element-binding (Qiu et al., 2003), and reelin
signalling, which promotes synaptic plasticity and function, primarily through the actions of

LRP1 (Herz & Chen, 2006).
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Figure 2: Proposed structure for apolipoprotein E.
Adapted from Hatters et al., 2006. A proposed structure of lipid-free ApoE, featuring the

lipid binding region at the C-terminal end, and the receptor binding region in the N-terminus
of the protein. The two residues that change between isoforms are highlighted, 112 (Cys in
ApoE3, Arg in ApoE4) and 158 (Arg in ApoE3, Cys in ApoE2).

Lipoprotein particles containing ApoE secreted from astrocytes, the model cell type
for this research project, have approximately equal amounts of ApoE and cholesterol, and
make up virtually all the cholesterol secreted from astrocytes (DeMattos et al., 2001; Fagan
et al., 1999). Poorly lipidated ApoE has been shown to have decreased stability in CNS
(Wahrle et al., 2004), an altered conformation (Hauser et al., 2011), and changes in its
interaction with A (Jiang et al., 2008). ApoE must be appropriately lipidated to interact

normally with its receptors. Lipidation state also affects the self-association of ApoE; the



lipid-free form exists primarily in tetramer arrangement, while lipid-bound forms vary based
on the amount and type of lipid (Garai & Frieden, 2010).

ApoE lipidation occurs as a result of the activity of the ATP-binding cassette Al
(ABCAL1), a cholesterol efflux protein. ABCAL is necessary for proper lipidation of ApoE,
and in knockout models, ABCAL deficiency led to a decrease in overall levels of ApoE in
CNS (Krimbou et al., 2004; Wahrle et al., 2004). It is unclear whether ABCAL activity plays
any role in AD; knockout of ABCAL has been show to have no effect on AP levels in mouse
models (Hirsch-Reinshagen et al., 2005), and ABCA1 polymorphisms in human populations
were found not to correlate with the prevalence of AD (Wabhrle et al., 2007), though one
study found over-expression of ABCAL provided a level of protection against amyloid

deposition (Wahrle et al., 2008).

1.2.1. Differential AD risk between ApoE isoforms

ApoE has three common alleles, €2, €3 and 4. The €3 allele is the most prevalent,
occurring at a 77% frequency in the general population (Mahley, 1988). The €2 allele is the
least frequent of the three (8%), and is associated with some degree of neuro-protection from
AD, although it is also implicated in a form of hyperlipoproteinemia (Corder et al., 1994;
Genin et al., 2011). The €4 allele is a very strong risk factor for AD; an €3/e4 heterozygote
has a ~2-3 times greater risk for contracting AD, compared to an €3/e3 individual, while an
€4 homozygote has ~12 times the risk (Roses, 1996). As a consequence, the €4 allele is much
more common in AD populations. Its prevalence is ~15% in the general population, but ~30-
40% or higher in AD patients (Chuang et al., 2010; Corder et al., 1993). It is important to
note that despite its strong genetic association with AD, the &4 allele is neither necessary nor

sufficient in the development of AD (Patterson et al., 2008). Comparison of these human



alleles with other species suggest that ApoE4 is the ‘ancestral’ form, similar to that in mouse
and rat models, as well as closer primate relatives, with ApoE3 developing in human

populations relatively recently, in evolutionary terms (Hanlon & Rubinsztein, 1995).

1.2.2 Structural and functional differences between ApoE isoforms

The three main human isoforms of ApoE differ as a result of a pair of single
nucleotide polymorphisms. ApoE3 features Cys112 and Arg158 residues, while ApoE2 has
Cys112 and Cys158, and ApoE4 has Argl112 and Argl158. The exact structural differences
propagated by these amino acid differences are not yet totally understood, especially in the
lipid-bound conformation of ApoE. One model, derived from x-ray crystallography of lipid-
free ApoE isoforms, suggests that the arginine at position 112 in ApoE4 has profound
structural effects on the protein’s arrangement, with the side chain of the arginine residue
interacting with the Glu255 residue (Hatters et al., 2006) (Figure 3a, left). As a result of
these changes, a ‘salt bridge’ forms between the C-terminal and N-terminal domains. This
domain interaction is believed to play a critical role in the functional differences seen in the
ApoE4 protein, relative to ApoE’s other isoforms (Morrow et al., 2002). In one
mitochondrial model of AD, relief of this domain interaction, either through mutation or
treatment with a small molecule, was able to restore normal function, suggesting that the
interaction may play an role in ApoE4’s deleterious effects (Chen et al., 2011). Another
recent model, based on nuclear magnetic resonance analysis of modified versions of human
ApoE isoforms suggests that the domain interaction may not be a critical difference between
the isoforms. Instead, it suggests Argl12, present in ApoE4, causes a shift in the a region
adjacent to the lipid binding domain through interaction with a nearby histidine residue

(Frieden & Garai, 2012) (Figure 3a, right).
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Figure 3: Proposed structural effects of ApoE polymorphisms.

Two proposed structural models representing the difference between ApoE4 and ApoES3.
Panel a): Left - Compared to ApoE3, above, the Arg112 in ApoE3 causes Arg61 to become
free for binding. As a result, it interacts with Glu255, normally found farther from the body
of the protein in the C-terminal section. This close interaction impinges upon the lipid-
binding region of the protein, preventing normal function. This is the so-called ‘domain
interaction’. Modified from Hatters et al., 2006. Right - The presence of Argl12 instead
shifts Argl14, interrupting an interaction with His140, on an adjacent helix. The shift then

propagates down the helix to the two areas of observed change, residues 5-21 and 271-279,
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the latter near the putative lipid binding region. Potential roles for the shift in the N-terminal
section of the protein are as of yet unclear. Modified from Frieden & Garai, 2012.

Panel b): The proposed structural changes between ApoE3 and ApoE2. The presence of
Cys158 prevents an interaction with Asp154, which then interacts with Arg150, normally a
part of the LDLR binding region. Modified from Hatters et al., 2006.

The functional change in ApoEZ2 is primarily due to conformational shifts at the
LDLR binding region, where loss of the arginine residue at position 158 reduces the positive
charge at the binding site. This explains why ApoE2 has significantly lower ability to interact
with LDLR, compared to the other isoforms, which is believed to contribute to the
hyperlipidemia mentioned above (Mahley et al., 2009) (Figure 4).

These changes between isoforms also result in altered cholesterol metabolism, with
ApoE2- and ApoE3-bound cholesterol taken up by neurons and astrocytes at a higher level
than ApoE4-bound cholesterol in one study (Rapp et al., 2006). Similar work has shown that
ApoE4 expressing individuals suffering from cognitive decline have an altered distribution
of lipids within the brain, relative to ApoE3 or ApoE2 carriers with similar cognitive levels

(Bandaru et al., 2009).

1.2.3. ApoE and Ab

While ApoE4’s status as an AD risk factor is very well characterized, the mechanism
behind the increased risk is still an open question. Much work has focused on ApoE’s
interaction with AP. Isoform-related differences have been found at a variety of steps in A

processing and deposition, in a number of model systems, which will be reviewed below.
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The conflicting evidence surrounding ApoE’s role in AP deposition is a good
example of the uncertainty in understanding the protein’s role in AD. In vitro studies have
shown human ApoE both promoting and inhibiting AP aggregation and the formation of
fibrils, depending on the particular conditions; different AP preparations have distinct
patterns of aggregation and deposition, and it is likely that they differentially respond to
ApoE. Studies have shown that ApoE isoforms produced in Escherichia coli (E.coli) are
capable of inhibiting fibrillar formation, regardless of isoform (Naiki et al., 1998; Wood et
al., 1996), while others found an increase in AP deposition and an isoform-specific
difference, with ApoE4 preferentially encouraging aggregation (Dafnis et al., 2010; Ma et
al., 1994; Wisniewski et al., 1994). In addition, the lipidation state of ApoE may have an
important effect on its role in AP fibril formation, with all three ApoE isoforms showing
decreased inhibition of A fibrillation upon lipidation in a cell-free model (Beffert & Poirier,
1998).

Knockout of apoE in mouse models with over-expression of human APP showed that
the presence of apoE seemed to promote AP} accumulation and plaque deposition (Bales et
al., 1999; Bales et al., 1997). Studies both in mice and in AD patients have shown an
isoform-specific effect, ApoE4 showing higher levels of Ap and more advanced and larger
amyloid plaques, relative to ApoE3, and ApoE2 showing even lower levels, commensurate
with its protective role (Bales et al., 2009; Bien-Ly et al., 2012; Castellano et al., 2011;
Fagan et al., 2002) . Increased ApoE4 gene dose contributes to increased levels of AB, with
€3/e4 carriers showing lower AP burden, relative to €4 homozygotes (Reiman et al., 2009).
ApoE has also been suggested as a modulator of APP processing, mediating A levels by
altering production of the peptide. As above, there have been clear differences between

studies, with some finding that ApoE had no effect on the production of A (Biere et al.,
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1995; Cedazo-Minguez et al., 2001), while others found that exogenous ApoE stimulated A
production in cell culture models (He et al., 2007; Ye et al., 2005) and yet others suggesting
ApoE discouraged the formation of AP, both in vitro and in transgenic mouse models
(Dodart et al., 2002; Hoe et al., 2006; Irizarry et al., 2004; Minami et al., 2010). Studies that
compared ApoE isoforms generally found differences, as ApoE4 was associated with higher
levels of AP production (Hoe et al., 2006; Huebbe et al., 2007). Other work suggests that
ApOE receptors, rather than ApoE itself, may be responsible for changes in APP processing
(Cam & Bu, 2006; Hoe & Rebeck, 2008).

ApoE’s role in mediating AB aggregation may be due to its ability to bind the
peptide, a characteristic that has been well documented. ApoE is known to associate with
amyloid plaques, and to form complexes with Ap itself, binding the peptide at the same
region that the protein uses to bind lipids (Liu et al., 2011; Naslund et al., 1995; Strittmatter
et al., 1993). This interaction is dependent on the arrangement of AP into a beta-sheet
conformation, which promotes the formation and aggregation of A fibres (Castano et al.,
1995; Golabek et al., 1996). ApoE4 has a decreased ability to bind AB, compared to the other
isoforms of ApoE, both as plagues and as neurotoxic oligomers (Petrlova et al., 2011;
Tokuda et al., 2000). AP binding is also known to inhibit ApoE’s ability to bind lipids,
possibly due to the A binding site’s overlap with the lipid binding domain, which may
contribute to general ApoE dysfunction (Tamamizu-Kato et al., 2008). Both in vitro and
transgenic mice models have suggested that disrupting the ApoE-Ap interaction leads to
decreased fibrillogensis and amyloid burden (Hao et al., 2010; Yang et al., 2011).

In addition to binding A, it is also known that ApoE is involved in clearance of A
across the blood-brain barrier (BBB), a process that takes place in both astrocytes and

microglia through interaction of AB-ApoE complexes with ApoE’s receptors, particularly
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LRP1 (Kang et al., 2000; Lee & Landreth, 2010; Shibata et al., 2000; Thal, 2012). Other
evidence suggests ApoE promotes the retention of AP within the CNS, as it substantially
slows the peptide’s clearance across the BBB. This change is mediated by the lipidation state
of ApoE (lipid-binding slows transport across the BBB), but is also affected by the ApoE
isoform (Bell et al., 2007). One study suggested that ApoE4-Ap complexes utilize the VLDL
receptor pathway, a slower method of clearance, while ApoE3 and ApoE2 complexes use
LRP1 (Deane et al., 2008). Additional work in transgenic mice confirms that ApoE4 is much
less efficient at clearing AP, compared to the other isoforms, though the mechanism is not
entirely clear (Castellano et al., 2011; Ji et al., 2001). It is possible that the observed increase
in plaque density in the presence of the ApoE4 allele is due, at least in part, to a diminution
of the amount and speed of AP clearance. ApoE also reduces the ability of peripheral tissues
to clear AP, though what impact, if any, this has on CNS A levels is still unknown (Hone et
al., 2003; Sharman et al., 2010).

The clearance of AP from the CNS also occurs through the degradation of the
peptide, both extracellularly, by insulin degrading enzyme (IDE), and within microglia and
astrocytes by neprilysin (Iwata et al., 2000; Koistinaho et al., 2004; Kurochkin & Goto,
1994). Some genetic association studies have indicated that IDE variants may be associated
with the risk of AD, suggesting that altering the degree of Ap degradation could substantially
affect the course of the disease (Carrasquillo et al., 2010; Mueller et al., 2007). ApoE has
been implicated in modulating this response, both in microglial degradation of Ap and
macrophage-mediated proteolysis (Jiang et al., 2008; Zhao et al., 2009). An isoform-specific
effect has also been seen with cells from mice expressing human ApoE isoforms, with
ApoE2 showing more robust extracellular degradation of exogenous A than ApoE3 or

ApoE4 (Zhao et al., 2009). Also, in ApoE knockout microglia incubated with human ApoE
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isoforms, ApoE2 showed the strongest positive effect on degradation, and ApoE4 the
weakest (Jiang et al., 2008). Other work has shown that ApoE4 down-regulates IDE
expression, which could contribute to differential levels of degradation, though the overall
importance of this down-regulation in terms of greater disease risk is not known (Du et al.,
2009).

Lipids seem to play a critical role in the process as well, as ABCAL knock-out
astrocytes showed a reduced ability to facilitate AP degradation (Jiang et al., 2008). A recent
study showed that lower microglial cholesterol levels, a result of ApoE activity, promoted
the degradation of AP in lysosomes (Lee et al., 2012a). There is still a question about just
how critical ApoE is in the degradation process, as there is evidence for an ApoE
independent degradation pathway, featuring LDLR directly interacting with AP peptides
(Basak et al., 2012).

Another important functional change observed with the ApoE4 isoform is an increase
in ApoE proteolysis and a decrease in stability, relative to other ApoE isoforms (Elliott et al.,
2011; Morrow et al., 2002). This change is thought to be a contributor to the lower levels of
ApoE protein found in the CNS of ApoE4 transgenic mice (Riddell et al., 2008). Given
ApoE’s role in AP clearance and degradation, it is possible that this decreased stability plays

a critical role in ApoE4’s status as an AD risk factor.
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processes, which ultimately lead to deposition, degradation or clearance of AP. The different
isoform specific roles in affecting these processes are believed to contribute to the peptide’s

overall role in AD.

1.2.4. Ap o0 E 6 s nedroirflanmation

ApoE has also been shown to be involved with the neuroinflammatory response,
including in the absence of AP, suggesting that it does play a native role in the inflammatory
pathway. As with other areas discussed thus far, ApoE can differentially affect inflammation,

depending on the conditions. One study found ApoE3 and ApoE4 repressed inflammatory
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signalling after challenge with AP, but in the absence of that challenge, actually promoted
inflammation (Guo et al., 2004). Overall, the consensus is that each ApoE isoform has an
anti-inflammatory effect, as exogenous addition of ApoE, or even ApoE mimetics, to
cultured cells has been shown to downregulate the activation of microglia and peripheral
macrophages (Baitsch et al., 2011; Laskowitz et al., 2006; Lynch et al., 2003). This is
confirmed by the fact that apoE knockout mice show higher systemic activation of
macrophages, along with increased circulating inflammatory markers (Grainger et al., 2004),
and apoE knockout glial cells show higher in vitro inflammatory response to AP (LaDu et
al., 2001).

Isoform specific differences also exist in this ApoE-mediated inflammatory response.
As expected, the ApoE4 isoform is associated with increased levels of inflammation. This
has been shown in a variety of cell types, and in response to a number of different
inflammatory triggers. In macrophages transfected with human ApoE, ApoE4 expressing
cells responded more strongly to lipopolysaccharide (LPS), a potent inflammatory activator,
compared to ApoE3 expressing cells (Jofre-Monseny et al., 2007). ApoE4 expressing
astrocytes also showed significant impairment in their ability to promote neuronal recovery
after inflammatory insult (Maezawa et al., 2006). A similar study examining Schwann cells
showed that ApoE3 expression led to decreased inflammatory markers, relative to both
ApoE4 and ApoE2 expressing cells, suggesting that despite its protective role, ApoE2 may
contribute to inflammatory dysfunction in some cell types (Zhang et al., 2011). In addition
to observing changes in inflammatory cytokines, studies have found that ApoE4
preferentially increases NO release in human-derived macrophages after LPS stimulation

(Colton et al., 2004), and increases oxidative stress in neuronal cultures (Huebbe et al.,
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2007). ApoE4 can also trigger activation of the pro-inflammatory complement system upon
AP challenge, which does not occur with ApoE3 or ApoE2 (McGeer et al., 1997).

Transgenic mouse models also provide evidence for this differential response
between isoforms. ApoE4 models show increased expression of inflammatory genes after
LPS treatment (Ophir et al., 2005) and increased inflammatory activation in hippocampal
areas, which are critical in AD neurodegeneration and in memory (Belinson & Michaelson,
2009). Interestingly, Vitek et al. (2009) found that mice expressing just one human €3 allele
(€3/0) had higher inflammatory response on LPS challenge than €3/e3 mice, but lower than
e4/e4 mice, suggesting that ApoE4 actively promotes a pro-inflammatory response.

A reverse relationship also exists; inflammatory activation has been shown to mediate
ApOE expression. A treatment of astrocytes induces the release of ApoE lipoproteins by a
mechanism believed to involve nuclear factor-xB (NF-kB) (Bales et al., 2000). However,
other work has shown that ApoE gene expression is decreased after inflammatory activation
in macrophages (Gafencu et al., 2007), and that inflammatory cytokines interleukin-1 (IL-1)
and TNF-a reduce astrocytic and glial release of ApoE, suggesting that these cytokines are

acting to suppress ApoE’s basal anti-inflammatory activity (Aleong et al., 2008).

1.3. Research Proposal

Neuroinflammation is an emerging area of study in AD research, and recent research
on the interaction of this response with cholesterol metabolism in the AD brain, as well as
with ApoE specifically, suggests that neuroinflammation could be a critical part of ApoE’s
role as a genetic risk factor for AD. Astroglial cells are the most abundant cells in the brain,
and are the major cell type involved in neuroinflammation. One of the major goals of this

research is to determine the expression pattern of a variety of astrocytic inflammatory
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mediators and signalling pathways upon AP treatment, and to determine how ApoE’s
isoforms differentially regulate this response. This will enhance our understanding of how
neuroinflammation is regulated in AD patients, and further highlight potential areas for
therapeutic intervention or ways to modify disease progression.

The main objective is to examine the involvement of ApoE isoforms on the
inflammatory response observed upon challenge with AB;.42. This will be initially
accomplished by measuring a range of inflammatory markers in astrocytes after treatment
with ApoE and Ap.42. Once this response is quantified, attempts will be made to identify
which signalling pathways are involved in this response. A wide ranging screen of
transcription factors (TFs) that are differentially regulated by ApoE isoforms should yield
clues to those pathways that influence the inflammatory response. Pathways that are
identified as being of interest from this screen will then be chemically manipulated, either
through activation or inhibition, in order to determine if these pathways are critical in the

APB-induced inflammatory response.

1.4. Hypothesis

The hypothesis is that ApoE isoforms differentially modify the AP peptide-induced
neuroinflammatory response via distinct signalling pathways in astrocytes. It is expected that
ApoE4 should potentiate AB-induced inflammation, relative to the other isoforms, while

ApoE2 should ameliorate this response.
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Materials and Methods

2.1. Chemical Reagents

Dulbecco’s modified Eagle’s medium (DMEM), Advanced DMEM, TRIzol,
geneticin, sodium pyruvate, dNTPs, 0.25% trypsin/EDTA and antibiotic/antimycotic
(amphotericin B, streptomycin, penicillin) were purchased from Life Technologies Inc.
(Burlington, ON). Fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT,
USA). HBSS was purchased from Wisent Multicell (St. Bruno, QC). Dimethyl sulfoxide
(DMSO0), S31-201 and 1a, 25-Dihydroxyvitamin D3 were purchased from Sigma (Oakville,
ON). BAY-11-7082 and MG-132 were purchased from EMD Millipore (Billerica, MA,
USA). Total c-Jun, phospho c-Jun ser-63 and 73, total p38 mitogen-activated protein kinase
(MAPK) and phospho-p38 MAPK antibodies were purchased from Cell Signalling
Technology (Danvers, MA, USA). Human recombinant ApoE isoforms were purchased from
Leinco (St. Louis, MO, USA). Shift antibodies for NF-«B, signal transducer and activator of
transcription-3 (STAT-3) and vitamin D receptor (VDR) were purchased from Santa Cruz
Biotechnologies (Santa Cruz, CA, USA). AB1.42 and a scrambled control, featuring the same
amino acids in a randomized order, were purchased from r-Peptide (Bogart, GA, USA).
Amino acids sequences of those peptides are presented below (Table 1). Polymerase chain
reaction (PCR) buffer and Tag DNA polymerase were purchased from Promega (Madison,

WI, USA).
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Tablel.Ami no aci d s e4punoenmlcaedscramibled peptities.
The scrambled peptide has the same amino acids, but in a random sequence, to serve as a

foreign peptide control.

Peptide Amino Acid Sequence
AR DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA
A R4, Scrambled | KVKGLIDGAHIGDLVYEFMDSNSAIFREGVGAGHVHVAQVEF

2.2. Cell Culture

An immortalized neonatal rat astrocyte (NRA) cell line was kindly provided by Dr.
D. Stanimirovic at the National Research Council’s Institute for Biological Sciences.
Astrocytes were harvested from the cortex of 4-8 day old Sprague-Dawley rats, and
immortalized using SV40 large T antigen. NRA cells were grown in DMEM with 10% FBS
and 1% antibiotic/antimycotic, with media change every other day, and passage once a week.
Cells were kept for 6-7 passages (initial plating starting at passage 77), before being
discarded. Immortalized mouse astrocytes expressing human ApoE isoforms were kindly
provided by Dr. D. Holtzman at the Washington University. These cells were generated and
immortalized as described by Morikawa et al. (2005). The mouse astrocytes were grown in
advanced DMEM containing 10% FBS and 200 pg/mL geneticin. Cells were kept for 8-10

passages before discarding.

2.3. Ab, ApoE and inhibitor treatments

APi-42 treatment of NRA and mouse ApoE astrocytes were done at a concentration of
5 uM for 6 hours. AP peptide and the scrambled control peptide were brought up in 0.25%

acetic acid, which served as the vehicle control for the experiments. Peptides were brought

22



up to 400uM and stored at -80 °C. The AP preparation contains a wide variety of forms of
APi-42, from small low-weight forms to more complex, higher-weight aggregates. Human
recombinant ApoE purified from bacteria was brought up according to manufacturer’s
instructions, in 20 mM sodium phosphate + 0.5 uM DTT. ApoE treatment of NRA cells was
done at 3uM, for a period of 24 hours. Several chemicals were also used to modify signalling
mechanisms in both NRA cells and mouse ApoE astrocytes. Based on literature, a number of
doses were chosen for each of these compounds, along with recommended time courses.
MG-132 was used at 25, 10, and 5 uM for 6 hours, Bay-11-7082 at 30, 15, 10 uM for 6
hours, S31-201 at 250, 100 and 50 uM for 6 hours and 1a, 25-Dihydroxyvitamin Ds was used
at 100, 50 and 25 nM, for 24 hrs. All four of these inhibitors were dissolved in 99% DMSO,

which served as the vehicle control.

2.4. RNA isolation, reverse-transcriptase (RT) and guantitative PCR

Total RNA was isolated from cells treated with AB, ApoE isoforms and/or chemical
modulators of signalling pathways using TRIzol reagent, a solution of phenol and guanidine
isothiocyanate, according to manufacturer’s instructions. The TRIzol reagent was used to
lyse cells, followed by collection into clean tubes and the addition of chloroform, at a ratio of
1:5 with TRIzol. The mixture was shaken for 15 seconds, allowed to settle for 2 minutes,
then spun at 14000 rpm for 15 minutes at 4°C. The clear aqueous phase was transferred to
new tubes, and was mixed at 1:1 with isopropanol. This mixture was again shaken, and left
for 30 minutes at -20°C, in order to precipitate the RNA. After this, the samples were left at
room temperature for 10 minutes, then spun at 14000 rpm for 10 minutes at 4°C, leaving a
small pellet. The isopropanol was decanted off, and the pellet washed by adding 1 mL of

70% ethanol in DNase/RNase free distilled water, vortexed strongly to ensure the pellet
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lifted off of the bottom of the tube, and spun at 10000 rpm for 5 minutes at 4°C. The ethanol
was then pipetted off, and the pellet left to dry for 30 minutes. After that wait, the pellets
were resuspended in DNase/RNase-free water, and heated at 55°C for 10 minutes.

For RNA samples processed by gPCR, the next step was the cleanup of genomic
DNA in the samples, done using Ambion DNA-free Kits (Life Technologies, Burlington,
ON). Recombinant DNase | enzyme (1 uL) and 0.1 volume of 10X DNase | buffer were
added to RNA samples, which were then incubated at 37°C for 30 minutes. After the
incubation, 0.1 volume of DNase Inactivation Reagent was added. This was mixed
thoroughly, and allowed to sit for 2 minutes. Samples were then spun at 10000 g for 90
seconds, and the supernatant, containing RNA free of any genomic DNA contamination, was
transferred to a new tube.

The concentration of RNA in the samples was then determined through measuring
the absorbance of the sample at 260nm with a NanoDrop 1000 UV-Vis Spectrophotometer
(Thermo Scientific Inc, Nepean, ON). The mMRNA was then transcribed into cDNA, using
iScript kits (BioRad, Berkeley, CA, USA). RNA (2ug) was combined with 5x iScript
reaction mix and 1x reverse transcriptase enzyme, and run for 5 minutes at 25°C, 30 minutes
at 42°C and 5 minutes at 85°C to produce cDNA.

For samples run on RT-PCR, a reaction mix of 1x commercial PCR buffer, 1.5 mM
MgCl,, 200 uM of ANTP mixture, 400 uM each of forward and reverse primers, and 0.625 U
of Tag DNA polymerase were used. Primers for the particular genes used were designed
using NCBI/Primer Blast, and ordered from AlphaDNA (Montreal, QC) (Table 2). Reaction
protocols for each pair of primers are also listed (Table 3). The reaction products were then
run on 1.5% agarose gels at 100 V for 1 hour, and the bands visualized with a Fluorchem E

imager (Proteinsimple, Santa Clara, CA, USA). Densitometry analysis of the bands was then
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performed using AlphaView SA (Cell Biosciences Inc., Santa Clara, CA, USA). The bands
for the inflammatory markers GRO and TNF-o were then normalized to the level of

expression of actin, and the fold change relative to control treatments was determined.

Table 2. RT-PCR primer sequences

Gene Sequences

GRO Forward [ 5-&GCGAGGCTTGCCTTGACCC-3 6
Reverse | 5 &€CGCCCTTCTTCCCGCTCAAC-3 6

TNE-U Forward 5 66CCACCACGCTCTTCTG-3 6

Reverse | 5-66GTGTGGGTGAGAGGAGCAC-3 6

Actin Forward 5 &6GCTACAGCTTCACCACCAC-3 6
Reverse 5-GACTTGCGCTCAGGAGGAGC-3 6

Table 3. RT-PCR reaction protocols

Gene GRO TNF Actin
95° - 3' - 95°-3' - 94° -1' -
95°-1' 95°-1' 94° - 30"
Protocol | 55° - 1 39x | 56°-1' 34x | 55° - 45" 29x
72° -1 72°-1 72° - 40"
72°-5' - 72°-5' - 72° -3 -

For gPCR reactions, the gene used as control was selected based on the results of a
Primerdesign Ltd. (Southampton, UK) geNorm™ reference gene selection kit. PrimerDesign
provided 12 primer pairs for a range of potential reference genes, and gPCR reactions were
performed with a mix of the primers, provided 2X Mastermix, and RNase/DNase free water.
15 randomly selected RNA samples were run with each primer pair, and data analyzed with

gbaseP-Y

software to determine which gene would serve as the best control.
For gPCR sample reactions, a mixture consisting of 0.5 uM of forward and reverse

primers, mixed with 2x SsoFast EvaGreen supermix (BioRad) and 2uL. of DNA sample was
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reacted using a CFX96 Real-time PCR detection system (BioRad). gPCR Primers were
ordered from IDT (Coralville, 1A, USA) (Table 4). Reactions were performed with the
following conditions: 98°C for 2 minutes, then 39 cycles of 98°C for 2 seconds and 55°C for
5 seconds (for TNF-a reactions, 60° for 5 seconds was used). Standard curves for each set of
primers were run using dilutions ranging from 1/10 to 1/10000. Based on C; values
calculated from these curves, dilution factors for each set of primers were chosen. CFX
Manager software (BioRad) was used to measure the fluorescence at each cycle of the
reaction, and baseline values, determined from the standard curves, were used to calculate C;

values.

Table 4. gPCR primer sequences

Gene Sequences
GAPDH (rat) Forward 5'-CACTGGCATGGCCTTCCGTGTT-3
Reverse 5-TACTTGGCAGGTTTCTCCAGGCGC-3'
GRO (rat) Forward 5'-GGTCGCGAGGCTTGCCTTGA-3'
Reverse 5-CAGACAGACGCCATCGGTGCA-3'
IL-6 (rat) Forward 5-TTGCCCGTGGAGCTTCCAGGAT-3'
Reverse 5-AGCAGGTCGTCATCATCCCACGA-3'
GAPDH Forward 5'-ACCCCAGCAAGGACACTGAGCAAG-3'
(mouse) Reverse 5'-GGGGTCTGGGATGGAAATTGTGAGG-3'
Forward 5-CGCACGTGTTGACGCTTCCC-3'
GRO (mouse)
Reverse 5'-TCCCGAGCGAGACGAGACCA-3'
Forward 5-CTGCAAGAGACTTCCATCCAGTT-3'
IL-6 (mouse)
Reverse 5'-AGGGAAGGCCGTGGTTGT-3'

2.5. Protein isolation and Enzyme-linked immunosorbent assay (ELISA)

Commercial kits were purchased from R&D Biosystems (IL-6; Minneapolis, MN,
USA) and Invitrogen (TNF-a; Life Technologies Inc., Burlington, ON). For both assays,
detected inflammatory protein levels were normalized to total protein, as measured by

BioRad protein assay. Samples or standards (3 puL) were mixed with BioRad AS buffer and
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BioRad B buffer, according to manufacturer’s specifications, then left to incubate at room
temperature for 15 minutes. The plate was then read at 750 nm by a Spectra MAX 340
spectrophotometer, using SoftMax PRO software. The resulting absorbance values were then
converted into protein concentrations, allowing the ELISA results to be normalized.

For the TNF-a assay, 100 uL of media samples harvested from cells treated with a
combination of AP and recombinant ApoE, as discussed above, was added to the provided
plates. Samples and standards were incubated for 2 hours and washed with provided wash
buffer. Biotin conjugate was then added to the plate and incubated for an hour, then washed
off, replaced by Streptadvidin-HRP working solution, which was incubated for an hour.
Following that, the solution was washed off and stabilized chromogen was added for 30
minutes, at which point stop solution was used to end the reaction. The plate was then read at
450 nm by a Spectra MAX 340 spectrophotometer, using SoftMax PRO software.

For the IL-6 ELISA, whole cell protein was harvested using RIPA buffer (1% NP40,
0.5% Deoxycholate, 0.1% SDS, 1X PBS). Ice cold buffer, along with a protease inhibitor
cocktail (Sigma), was added to cells, and the lysate collected and kept on ice for 30 minutes.
Samples were then spun at 12000 rpm for 10 minutes at 4°C. The supernatants were
transferred to new tubes and stored. As above, protein concentration was determined by
BioRad protein assay. For the ELISA reaction itself, Assay Diluent was added to each well
on the plate, followed by 50 uL of standard or sample. These were then incubated for two
hours, washed and replaced with conjugate solution, followed by another two hour
incubation and washing. Substrate solution was added to each well, and left to incubate for
30 minutes. At that point, stop solution was used to end the reaction, and absorbance of each
sample read at 450 nm by a Spectra MAX 340 spectrophotometer, using SoftMax PRO

software.
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2.6. Isolation of nuclear extract and Protein/DNA array

NRA cells were treated with combination treatments of Ap or scrambled control and
either recombinant ApoE2 or ApoE3, as described above. Nuclear material was then isolated,
using a kit purchased from Panomics Inc. Working reagents were created according to kit
specifications, combining DTT, protease inhibitor and two phosphatase inhibitors with
Panomics Buffer A or Buffer B, respectively. Cells were washed with 1X chilled PBS,
followed by adding Buffer A working reagent. The culture dishes were then shaken on ice
for 10 minutes, and the cells scraped off the bottom of the dish and transferred into clean
tubes. The samples were spun at 14000 g for 3 minutes at 4°C, after which the supernatant
was discarded, leaving a pellet. Buffer B working reagent was added to the pellet, and left on
ice for an hour. The samples were then spun at 14000 g for 5 minutes at 4°C, and the
supernatant, containing the nuclear extract, was transferred to a new tube. Protein
concentration of each sample extract was then determined by Bio-Rad protein assay
(described above).

The Protein/DNA Combo array was purchased from Panomics Inc. The initial step
was preparation of the array membranes. Membranes were placed in hybridization bottles,
along with pre-heated Panomics 1X Pre-Treatment Buffer I, and left to circulate in a
hybridization oven for 5 minutes at 45°C. This was followed by adding Pre-Treatment Buffer
I1, and incubating for a further 10 minutes, again at 45°C. After a through rinsing, pre-heated
Hybridization buffer was added to the bottles, and left overnight to incubate at 42°C.

The DNA probe mix provided by Panomics was mixed with RNase/DNase free water
and the nuclear extract samples, and left to sit for 30 minutes at 15°C, to allow Protein-DNA

complexes to form. The protein-bound probes were then isolated using spin columns. Each
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column was washed with incubation buffer, and spun at 10000 rpm for 30 seconds at 4°C.
Each sample probe mix was then mixed with incubation buffer, and added to the washed
columns. The columns sat on ice for 30 minutes, and then were spun at 7000 rpm for 30
seconds at 4°C. The flow-through was discarded, and the column was washed, by adding 1X
wash buffer then spinning at 7000 rpm for 30 seconds at 4°C. This washing was repeated
five times, and remaining wash buffer removed by a further spin at 20000 rpm for 30
seconds at 4°C. 1X elution buffer was then added to the spin column, and left for 5 minutes,
then spun for 1 minute at 20000 rpm, collecting the flow-through, consisting of the bound
DNA probes, in a clean tube.

The bound probes were then denatured by heating at 95°C for 3 minutes. After a
quick cooling, the probes were added to the buffer and membrane in the hybridization
bottles, and left at 42 °C overnight to hybridize. The next day, the hybridization mixture was
poured off, and the membranes washed, first left to incubate at 42°C for 20 minutes with
Wash Buffer I, and then repeated with Wash Buffer 11. After these wash steps, the
membranes were ready for detection and visualization.

Each membrane was placed in a container with provided 1X blocking buffer, and left
to shake for 15 minutes. Buffer (1 mL) was then removed from the container, mixed with 1X
Streptavidin-HRP conjugate, placed back in with the membrane and left to shake for a
further 15 minutes. The Blocking/Streptavidin solution was then decanted off, and each
membrane washed three times with Panomics wash buffer, for 8 minutes each wash.
Detection buffer was then added to each membrane and incubated for five minutes. Each blot
was then covered with Panomics Working substrate solution, left for five minutes, then
visualized using X-ray film. Blots were analyzed using UN-SCAN-IT gel software (Silk

Scientific, Inc, Orem, UT, USA).
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2.7. Whole cell protein isolation and Western Blotting

Protein was harvested from NRA cells treated with AP and ApoE isoforms, as above.
Cells were lysed with Western loading buffer (25% glycerol, 25% B-mercaptoethanol, 15%
SDS, 0.25% bromphenol blue, 50mM Tris-HCI). The samples were then boiled at 100°C for
10 minutes, cooled on ice for 5 minutes, and spun at 14000 rpm for 15 minutes. The protein-
containing supernatant was then transferred and stored. Total protein levels were determined
by tricholoracetic acid (TCA) assay. Samples and standards were mixed with 60% TCA, left
to incubate at 37°C for 15 minutes, and then read at 570 nm by a Spectra MAX 340
spectrophotometer, using SoftMax PRO software.

For Western blotting, 20-30 pg of the isolated protein was loaded onto 10% SDS-
PAGE gel, and run for one hour at 100 V. The proteins were then transferred onto PVDF
membrane overnight at 150mA. Blots were blocked for 1 hour at room temperature in
blocking buffer [5% skim milk powder in 1X Tris-buffered saline/Tween 20 (TBST)].
Primary antibody was then added to the blots. Antibodies used were Phospho-p38 MAPK
(Thr180/Tyr182), Phospho-c-Jun (Ser63), total p38 MAPK and total c-Jun, at dilution of
1:1000 in 1% skim milk powder in TBST. Blots were incubated at 4°C overnight, then
washed and incubated with secondary antibodies, diluted at 1:5000 in 1% skim milk powder
in TBST. Protein bands were then visualized with ECL Plus solution, and imaged on X-ray

film.
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2.8. Electrophoretic mobility shift assay (EMSA)

Table 5. DNA probe sequences for EMSA reactions

Target Sequences
NFKB Sense 5-TTTCGCGGGGACTTTCCCGCGC-3'
Anti-sense 5'-TTTGCGCGGGAAAGTCCCCGCG-3'
STAT-3 Sense 5'-GATCCTTCTGGGAATTCCTAGATC-3'

Anti-sense 5'-GATCTAGGAATTCCCAGAAGGATC-3'
Sense 5'-AGCTTCAGGTCAAGGAGGTCAGAGAGC-3'
Anti-sense | 5-GCTCTCTGACCTCCTTGACCTGAAGCT-3'

VDR

The initial step in performing EMSAs was to label the 3’ end of the oligonucleotide
DNA probes (Table 5). This was done using a Fisher Scientific kit, following manufacturers’
instructions. Labelling reactions, consisting of DNase/RNase free water, 1X TDT reaction
buffer, 100nM of DNA probes, 0.5 uM Biotin-11-UTP and 0.2 U/uL TdT, were incubated at
37°C for 30 minutes. The reactions were then stopped by adding 0.2M EDTA. A 1:1 ratio of
24:1 chloroform:isoamyl alcohol mixture was added and spun for 2 minutes at 14000 rpm.
The top layer, containing labelled probes, was removed. Complimentary pairs of labelled
probes were then mixed 1:1, denatured at 90°C for one minute, then left to gradually cool
down to room temperature over 60 minutes.

With the labelled probes prepared, the sample nuclear extracts were used for the
binding reactions. All components and protocols were as provided by Fisher Scientific Inc.
along with the EMSA protocol kit. DNase/RNase free water, 1x binding buffer, 0.1 ug poly
(dI-dC), 2.5% glycerol, 1 mM MgCl,, 0.2 mM EDTA, 20 fmol of labelled probe and 5 ug of
nuclear extract were combined in the binding reaction. Since the nuclear extracts were
dissolved in a high salt buffer (Buffer B from Section 2.6), an equal volume of nuclear

extract + Buffer B was added to each reaction, to ensure even salt levels in all reactions. The
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samples were then left at room temperature for 20 minutes. To generate the supershift
reactions, 2 pg of antibody was added to one of the reaction mixes, and left to sit an
additional 5 minutes. The samples were then mixed with 5X loading buffer, and run on 5%
native polyacrylamide gels for 75 minutes at 100 V at room temperature. These gels were
then transferred onto Thermo Scientific membranes, at 1 A of current for one hour. The
DNA/protein interactions were then cross-linked by exposing the membrane to a
transilluminator at 312 nm for 15 minutes.

To detect the bands on the cross-linked membranes, Thermo Scientific detection Kits
were used. Blots were placed in blocking buffer for 15 minutes, which was then removed and
replaced with blocking buffer containing a 1:300 dilution of stabilized streptavidin-HRP
conjugate, and left to shake for another 15 minutes. This buffer solution was then removed,
and the membranes washed five times with 1X wash buffer, each wash lasting 5 minutes.
The membranes were then incubated with substrate equilibration buffer for 5 minutes, and
then in a substrate working solution (1:1 mixture of luminol/enhancer and peroxide
solutions) for five minutes. Bands were then visualized on X-ray film at a variety of

exposure times.

2.9. Statistical analysis

Statistical analysis for all experiments was done using GraphPad Prism from
GraphPad Software (La Jolla, CA, USA). For comparisons between multiple treatments,
One-Way ANOVA was used, with post-hoc analysis using the Bonferroni method. For
comparisons between single treatments, Student’s t-test was used. In all cases, the threshold
for statistical significance was considered p<0.05. All experiments were repeated at least 3

times (n=3).
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Results

3.1. A Q.1 peptides induce an inflammatory response in NRA cells

3.1.. mMRNA |l evels of i nfl ammatory maymkasured

by RT-PCR and gPCR

NRA cells were treated with AP or scrambled A peptide at SuM for 6 hours, after
which total RNA was recovered from the cells, cleaned of genomic DNA and reverse-
transcribed to cDNA via the methods described above, and transcript levels of GRO and
TNF-a analyzed by RT-PCR. Expression of these markers was normalized to p-actin.
Analysis by one-way ANOVA showed a significant treatment effect on GRO expression and
significant increase upon A treatment, relative to both vehicle control and the scrambled Af
peptide (One-way ANOVA, Bonferroni post-hoc test, p<0.05, N=3). There was no
significant difference between the vehicle and scrambled peptide treatments (Figure 5 a & c).
TNF-o expression showed a similar trend of inflammatory response upon Af challenge, but
the results were not statistically significant (Figure 5 b & d; One-way ANOVA, Bonferroni
post-hoc test, N=3).

This showed that the NRA cells were, as expected, responding with increased
inflammatory activity in the presence of A peptide. This experiment served as a good test of
the NRA system as a model cell type, as astrocytes are known to be critical in the
neuroinflammatory response, and are also important in the uptake, processing and
degradation of AP within the CNS. Observing this response in the in vitro cell line allowed

progression into further experiments.
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gPCR measurement of inflammatory activation agreed with the RT-PCR gel results
above. Again, RNA was isolated from NRA cells treated with A, as described. The mRNA
expression of two inflammatory markers, GRO and IL-6, were measured, and normalized to
a control gene, GAPDH. Expression of both GRO and IL-6 was significantly higher upon A
challenge, relative to controls (Figure 5 e & f; One-way ANOVA, Bonferroni post-hoc,

p<0.05, N=3), consistent with the findings of the RT-PCR results.

3.2. ApoE isoforms differentially modulate t h-idudkdinflammatory response

3.2.1. mRNA expression of inflammatory markers changes upon treatment with exogenous

ApoEi n combi nation with AD

Once it was confirmed that AP activated inflammation in the test model system, the
effect of the various isoforms of ApoE on this response was examined. NRA cells were
treated concurrently with AB and the three isoforms of recombinant human ApoE at a
concentration of 3uM for 24 hours, then expression of inflammatory markers was measured.
As above, levels of GRO and TNF-a were assessed by RT-PCR and normalized to actin
expression. The ApoE2 + AP treatment showed significantly lower expression of both
markers, compared to ApoE4 + AB (GRO p<0.01; TNF-a p<0.05), ApoE3 + AP (p<0.05),
or, AP alone (One-way ANOVA, Bonferroni post-hoc, p<0.05, N=3). ApoE4 + AP
treatment trended to have higher expression than the ApoE3 + AP treatment, but this was not
significant for either gene (Figure 6, a & d).

These results agreed with g°PCR measurement of GRO and IL-6 expression,
normalized to GAPDH. ApoE2 + AP treatment showed significantly lower expression of
GRO, relative to ApoE3 + AP or to AP alone (One-way ANOVA, p<0.05 relative to

scrambled, Bonferroni post hoc; p<0.05 relative to AP, Two-tailed t-test, N=3), and
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significantly lower expression of IL-6, relative to the other AP treatments (One-way

ANOVA, p<0.05, Bonferroni post hoc, N=3) (Figure 6, e & f).
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Figure 5: The effect of Ab.4; peptides on inflammatory gene expression in NRA cells.
NRA cells were treated with ABi-42 at SuM for 6 hours. RNA was then isolated, and
expression of GRO (a, ¢) and TNF (b, d) were determined by RT-PCR. Actin levels were
used to normalize expression of the inflammatory markers. Later work was done to validate
the gel results by gPCR, measuring GRO (e) and IL-6 (f) expression, normalized to GAPDH.
(One-way ANOVA, Bonferroni post-hoc, *p<0.05, N=3).
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Figure 6: The effect of ApoE isoforms on inflammatory gene expression induced by
APi.42 peptides in NRA cells.

The expression of AP induced expression of inflammatory genes in NRA cells was
determined by RT-PCR. Panel a): RT-PCR measurement of GRO expression, normalized to
B-actin. ApoE4+Ap treatment showed significantly higher expression, relative to ApoE2 +
AP (One-way ANOVA, Bonferroni post-hoc, **p<0.01, N=4). ApoE2 + A treatment
showed significantly lower expression, relative to ApoE3 + AP or to AP alone (One-way
ANOVA, Bonferroni post-hoc, *p<0.05, N = 3). Panel b): RT-PCR measurement of TNF-a
expression, normalized to -actin (N = 3). The level of TNF-a in NRA cells treated with

ApoE2 + AP was significantly lower than that of the cells treated with ApoE4+Ap, ApoE3 +
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AP or Ap alone (One-way ANOVA, Bonferroni post-hoc, *p<0.05, N = 3). Panels ¢ & d):
Typical RT-PCR result for GRO and TNF-a, respectively, for the three isoform + Af
treatments; Actin is pictured as a positive control. Panel e): g°PCR measurement of GRO
expression, normalized to GAPDH (N = 3). ApoE2 + A treatment showed significantly
lower expression, relative to ApoE3 + AP or to Ap alone. (One-way ANOVA, Bonferroni
post hoc, *p<0.05 relative to scrambled; Two-tailed t-test, + p<0.05 relative to AP, N=3).
Panel f): gqPCR measurement of IL-6 expression, normalized to actin. The level of 1L-6
expression upon ApoE2 + AP treatment was significantly lower than the other A treatments.
(One-way ANOVA, Bonferroni post hoc, *p<0.05 relative to scrambled; Two-tailed t-test, +
p<0.05 relative to AB, N = 3).

322.Tr eat ment with exogenous ApoE i sofor ms

inflammatory gene expression

One possible explanation for the changes in inflammatory gene expression observed
above is a differential effect on signalling between the ApoE isoforms, independent of
inflammatory activation with AP. This effect has been previously shown in cultured rat
microglia (Guo et al., 2004). In order to test this, inflammatory markers were measured both
by RT-PCR and qPCR, as described above. There was no significant difference between the
ApoE isoform treatments and vehicle control in expression of any of the inflammatory
markers, suggesting that the ApoE dependent changes observed above are related to the Ap-

induced response, rather than a general ApoE effect on inflammatory mediators (Figure 7).
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Figure 7: The effect of human ApoE isoforms on the expression of inflammatory
markers in the absence of Ab challenge.
The expression of inflammatory genes was measured in NRA cells treated with human ApoE
isoform. Panels a & b): RT-PCR measurement of GRO and TNF-a expression did not
change significantly between the ApoE isoform treatments and the AP vehicle alone. Human
ApoE isoforms also did not differentially affect TNF-a. Panels ¢ & d): gPCR measurement
of GRO and IL-6 expression. There was no significant difference between the A scrambled
control treatment with or without the three human ApoE isoforms.
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3.2.3. Inflammatory protein levels change along with mRNA expression

Media (for TNF-a assay) and whole cell protein (for IL-6 assay) were isolated from
cells treated with human ApoE isoforms for 24 hours and Ap for 6 hours, and protein levels
of inflammatory markers quantified through colourimetric assay. TNF-a levels in media
collected from cells treated with ApoE2+ A were significantly lower, compared to the
ApoE4+ AP treatment (One-way ANOVA, Bonferroni post-hoc, p<0.05), or the AB
treatment alone (two-tailed t-test, p<0.05, N=3). IL-6 levels in whole cell lysate were not
significantly different between ApoE2+ AP and AP alone, but were significantly lower in the
ApoE2 + AP treatment than the ApoE3 and ApoE4 + AP treatments (One-way ANOVA,
Bonferroni post-hoc, p<0.05, N=3) (Figure 8). This confirms that the changes in
inflammatory gene expression in response to different ApoE isoforms are not exclusively an

RNA effect, but results in actual changes in protein levels of these cytokines.
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Figure8: Changes in protein |levels of inflammat
differentially modulated by human ApoE isoforms.

Panel a): ELISA measurement of IL-6 levels, normalized to total cellular protein, shown as

pg/ug protein. The ApoE2 + A combination treatment had significantly lower levels of IL-6

than ApoE3 or ApoE4 + AP treatments (One-way ANOVA, Bonferroni post-hoc, *p<0.05

relative to ApoE2 + AB, N=3). Panel b): The ApoE2 + AP combination had significantly

lower protein levels than ApoE4 + AB or AB alone. ELISA measurement of TNF-a levels,

normalized to total cellular protein, shown as ng/ug protein (One-way ANOVA, Bonferroni

post-hoc, *p<0.05 relative to ApoE4 + AB; Two-tailed t-test, + p<0.05 relative to AB, N=3).
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3.3. A Protein/DNA array identifies a wide number of signalling pathways that are

differentially activated by Ap o E i sof or ms and Ab combinati on

3.3.1. Identification and screening of TFs changing between treatments

NRA cells were treated with 3uM human ApoE isoforms for 24 h, then with 5uM
APs-42 or scrambled AP control for 6 h. Nuclear contents were then extracted, pooled (N = 3),
and run on Protein/DNA Combo TF arrays. Densitometry analysis determined the levels of
activation of each of the TFs on the blot for each treatment (Figure 9). Three levels of
filtering were used to identify the final list of TFs of interest. The initial analysis identified
the spots that changed (at least 2-fold change in intensity) between ApoE2 + AP and ApoE3
+ AP treatments. The second level identified only those hits that also did not change between
the ApoE2 + A scrambled and ApoE3 + A scrambled treatments yielding 81 hits. Finally,
of that subgroup, only those spots that also showed two-fold change between the AB alone
treatment and the scrambled alone treatment were considered. This yielded 8 TFs that were
upregulated in ApoE2 + AP treatment, compared to ApoE3 + A, while also being
downregulated in A alone, relative to scrambled control, and not changing between ApoE2
alone and ApoE3 alone controls. Thirty-six TFs showed the inverse relationship (down
regulation in ApoE2 + AP, compared to ApoE3 + A) (Table 6 & 7). This final list of TF
array hits was then profiled for involvement in AD and/or inflammatory signalling. Of these,
11 were found to have literature associations with AD, and 14 (the vast majority
overlapping) with the activation of inflammatory signalling (Table 8). Of these, some of the
higher interest pathways were selected for validation with both EMSA confirmation of

activation and chemical inhibition/activation of the pathway.
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Figure 9: Protein/DNA arrays to identify TFs activated in treated NRA cells.

Panel a): Array for cells treated with ApoE2 + Ap. Panel b): Array for cells treated with
ApoE3+ AP. Densitometry analysis of the arrays yielded 8 spots that were upregulated in
ApoE2 + AP treatment (at-least 2-fold change in intensity, compared to ApoE3 + Ap), while
also being down-regulated in Ap alone, relative to scrambled control, and not changing
between ApoE2 alone and ApoE3 alone controls (Example in red). Thirty-six spots yielded
the inverse relationship (downregulation in ApoE2 combo, compared to ApoE3) (Example in
blue). See Tables 6-8, below, for the lists of TFs.

Table 6. TFs found to increaseinthe Ap o E 2 treatrAeffit, relative to the ApoE3 +
A btreatment, as determined by Protein/DNA arrays

TFs increased in ApoE2+AB
treatment compared to ApoE3+AB
TF Fold Change
VDR/DR-3 68.7
RXR/DR-1 32.9
SIE 24.6
SMAD-3/4 16.9
Stat-1 12.8
ERE 2.1
NF-E1/YY1 2.1
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Table 7. TFs found to decrease inthe A p o E 2 treatnderfit, relative to the ApoE3 +
Protei

Ab treatment, as determined by
TFs decreased in ApoE2+AB
treatment compared to ApoE3+AB
TF Fold Change TF Fold Change

CP1/CTF/CBTF -2.1 HOX4C -87.589

PU.1 2.1 p53 -98
TFE-3L -2.3 X2 BP -111.08
PPAR -2.5 GATA-1 -150.8
E12/E47 -3.5 NFkB -159.08
AFP-1 -4.9 c-Fos BP -159.3
TEF-1/AP-5 -8.6 Tat -171.4
LH2/Lim-1 -10.3 CP-1B -175.4
PAX-6 -20.5 COUP-TF -195.3
PAX-5 -20.8 Mfh-1 -199.16
TIF-1 -23.1 PTF-1 -216.16
CP-1 -23.2 NF-1/L -238.362
TTF-1 -31.7 TFE3 -262.843
IL-6-RE-BP -42.1 msx-1/2/3 -375.7
CREB-2 -44.7 SIF-2 -412.47
Stat-3(1) -50.4 XBP-1 X2 BP -522.9
AIC/CBF -61.5 PUR -713.5
OCT -82.001 MAZ -1006.25

Table 8. TFs found to change between ApoE3 + A b
have links to AD/inflammation after literature search

TF Fold Change
VDR/DR-3 68.7
RXR/DR-1 32.9
SMAD-3/4 16.9

ERE 2.1
NF-E1/YY1 2.1
PPAR -2.5
IL-6-RE-BP -42.1
Stat-3 -50.4
AIC/CBF -61.5
p53 -98
NFkB -159.08
XBP-1 X2 BP -522.9
PUR -713.5
MAZ -1006.25
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3.3.2. Validation of protein/DNA array results by Western blot

The results of the Protein/DNA array suggested that two potential pathways of
interest, c-Jun and p38 MAPK, did not have different levels of activation between the ApoE3
+ AP and ApoE2 + AP treatments. Western blotting was used to validate this finding. Whole
cell lysate was obtained from treated NRA cells, and then assayed for total protein content
using TCA assay.

C-Jun was initially identified by our lab as playing a role in AB-mediated
inflammatory signalling, and a number of other studies have shown that c-Jun signalling
potentially interacts with ApoE. The degree of activation of c-Jun was determined by
Western blots for phospho-c-Jun Ser63, as well as total c-Jun. The level of phosphorylated c-
Jun detected was normalized to the total amount, with the fold-change in activation relative
to control treatments then used to quantify the densitometry results.

C-Jun was found to be activated by AP signalling, which was confirmed by Western
blotting, as A treatment had significantly higher phosphorylation than controls (One-way
ANOVA p<0.05, Bonferroni post-hoc, N=3). However, there was no significant difference
between ApoE isoform treatments upon Af challenge. In particular, the observed decrease in
inflammatory activity in the ApoE2 + Ap combination treatment was not matched by a
change in c-Jun activation. ApoE4 + AP did show significantly greater c-Jun
phosphorylation, relative to vehicle + Ap (One-way ANOVA p<0.05, Bonferroni post-hoc,
N=3) (Figure 10, a-b).

A similar finding occurred for p38 MAPK signalling, another signalling pathway
purported to be involved in the ApoE/A interaction. p38 MAPK activation, as measured by
phospho-MAPK-180/182 levels, normalized to total p38 MAPK levels, showed A treatment

increased p38 MAPK phosphorylation, relative to control treatments. (One-way ANOVA,
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p<0.05, Bonferroni post-hoc, N=2). Similar to the c-Jun results above, there was no
significant difference in p38 MAPK activation between ApoE isoforms (Figure 10, c-d). This

result also agreed with the Protein/DNA array findings.

3.3.3. Validation of identified signalling pathways by EMSA

In addition to the Western blots above, the Protein/DNA array results were validated
by EMSA, which allows a more precise determination of the level of binding between
selected TFs and nuclear DNA. In order to confirm that the identified bands were the
expected target, an antibody supershift assay was used. While none of the TFs profiled
showed a shift, all showed decreased signal in the presence of antibody, indicating
competition and confirming the band analyzed was the correct TF. The three TFs chosen to
be validated by EMSA were hits from the array that have previously been shown to be
involved in AD. NF-xB and STAT-3, which had increased activation in the ApoE3 + A
treatment, relative to ApoE2 + AP, and VDR, which showed the opposite relationship.

The NF-xB EMSAs confirmed that the signalling pathway was activated by APi-42, as
expected from the Protein/DNA array result, and also confirmed the observed difference
between the ApoE isoforms, as the ApoE2 + AP treatment showed significantly lower DNA
binding than AP alone, or ApoE3 + AP (Two-tailed t-test, *p<0.05, N=3), as did the

scrambled control (Two-tailed t-test, p<0.05) (Figure 11).
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Figure 10: Validation of Protein/DNA array results through Western blot detection of
phosphorylatyed c-Jun and p38 MAPK.

Panel a): Western blot measurement of c-Jun activation, as assessed by phosphorylation at
serine-63, normalized to total c-Jun. Ap treatment increased c-Jun phosphorylation, relative
to control treatments (One-way ANOVA, Bonferroni post-hoc, *p<0.05, N=3). Panel b):
There was no significant difference between ApoE isoform treatments upon A challenge.
ApoE4+AP showed significantly greater c-Jun phosphorylation, relative to vehicle (One-way
ANOVA, Bonferroni post-hoc, *p<0.05, N=3). Panel c): Western blot measurement of p38
MAPK activation, as assessed by phosphorylation at threonine-180/tyrosine-182, normalized
to total p38 MAPK. Ap treatment increased p38 MAPK phosphorylation, relative to control
treatments (One-way ANOVA, Bonferroni post-hoc, *p<0.05, N=2). Panel d): There was no

significant difference between ApoE isoform treatments upon A challenge (N=2).
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VDR activation was also confirmed by EMSAS, using the VDRE probe sequence. As
described above, VDR was more highly activated in less inflammatory conditions; this was
reflected in the EMSA, with AP alone treatment showing significantly lower binding than the
scrambled control (Two-tailed t-test, *p<0.05, N=3). While there was not a significant
difference between ApoE2 + AP and ApoE3 + AP treatments, there was a clear trend that
agreed with the array results, with the ApoE2 treatment showing higher activation (Figure
12).

In contrast, the STAT-3 EMSAs differed from the results observed on the arrays; Ap
showed a trend of increased activation, relative to scrambled control, but the result was not
significant. There was no significant difference in STAT-3 activation between ApoE2 + AP
treatment and ApoE3 + AP treatment (Figure 13).

Overall, of the five TFs which were validated by Western blot or EMSA, four agreed
with the results from the Protein/DNA arrays, with only STAT-3 not showing the same
relationship. This suggests that the majority of the hits identified from the arrays are likely
correct, and while validation of any hits not covered here should occur in further study, we
can be reasonably comfortable that the TFs found to change are indeed potential candidates

to be involved in the AB-ApoE response.
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Figure 11: EMSA validationof NF-e B act i vati on.

Panel a): ApoE2 + A showed significantly lower DNA binding than A alone, or ApoE3 +
AP (Two-tailed t-test, *p<0.05, N=3), as did the scrambled control (Two-tailed t-test,
+p<0.05). This is consistent with the result from the DNA/protein array. Panel b): Example
blot, with lane labelled “Ap + antibody” and lane labelled “AB” loaded with the same
sample, with and without the antibody. No shift was observed, but there was competition,

indicating the band is NF-«B.
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Figure 12: EMSA validation of VDR activation.

Panel a): AP alone showed significantly lower binding than the scrambled control (Two-
tailed t-test, *p<0.05, N=3). There was a clear trend showing that ApoE2 + Ap had higher
binding than ApoE3 + AP, but this was not significant. These results are consistent with the

Protein/DNA array. Panel b): Example blot, with lane labelled “ApoE3 + Sc + antibody” and
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lane labelled “ApoE3 + Sc” the same sample, with and without the antibody. No shift was
observed, but there was competition, indicating the band is indeed the Vitamin D receptor.
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Figure 13: EMSA validation of STAT-3 activation.

Panel a): There was no significant difference between ApoE2 + AP treatment and ApoE3 +
AP treatment in terms of binding to the probes. AP alone showed higher binding, but the
difference was not significant (N=3). Panel b): Example blot, with lane 7 (AP + antibody)
and lane 5 (AP) the same sample, with and without the antibody. No shift was observed, but

there was competition, indicating the band is the STAT-3 complex.
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3.4. The effects of signalling modulation on A Binduced inflammatory response

3.4.1. Inhibitionof NF-e B wi t h a gener al(MGAR)ptod esnd mea tiersh it th

induced inflammatory response

The next step was to determine whether chemical manipulation of the identified
signalling pathways would affect the inflammatory response. The same three pathways
examined by EMSA (NF-xB, STAT-3 and VDR) were chosen for chemical manipulation.
The initial attempts to decrease signalling of NF-xB used MG-132, a reversible proteosome
inhibitor, which prevents the degradation of the inhibitor of kB (IxB) chaperone protein, but
also is known to affect other signalling pathways (Li et al., 2007). These additional effects
may have contributed to an increase in inflammatory signalling, as MG-132 treatment at a
range of concentrations potentiated both GRO and IL-6 RNA levels measured by qPCR.

The AB-induced inflammatory response was still present in the vehicle control, as
well as in the MG-132 treated cells, the former with both GRO and IL-6 and the latter only
with GRO (One-way ANOVA p<0.05, Bonferroni post hoc, N=3; Figure 14), but at all
concentrations of MG-132 there was significantly greater response to AP than with controls
alone. This may be due to secondary effects of the compound, which also activates AP-1, a
signalling pathway that leads to increased levels of inflammation. There was no significant
difference in GRO expression between ApoE2 + AP and ApoE3 + AP treatments at all
concentrations except 25 uM, where the ApoE2 + AP combination showed a significant
decrease (Two-tailed t-test, p<0.05, N=3). IL-6 did not significantly differ between the
ApoE2 + AP and ApoE3 + AP treatments. While this suggests that NF-kB signalling may
play a role in the ApoE isoform specific response, the fact that MG-132 seemed to promote
AB-induced inflammatory signalling so strongly, rather than inhibiting it, made further

investigation with another NF-«B inhibitor prudent.
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Figure 14: qPCR measurement of inflammatory gene expression, normalized to

GAPDH, wupon chall enge with AB2 and pr ot eos ome
All concentrations of MG-312 increased inflammatory gene expression, and potentiated the

AB-induced inflammatory response. Panel a): Ap induced GRO expression at all

concentrations of MG-132 used (One-way ANOVA, Bonferroni post hoc, *p<0.05, N=3).

There was no significant difference between ApoE2 + AB and ApoE3 + A treatments at all

concentrations, except 25 uM, where the ApoE2 + A} combination showed a significant

decrease (Two-tailed t-test, +p<0.05, N=3). Panel b): AP treatment significantly increased

IL-6 expression, relative to scrambled controls (One-way ANOVA, Bonferroni post hoc,

*p<0.05, N=3).
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3.4.2. Inhibitionof NF-e B wi t h a s p e c¢lil-7082alteredthe ApoH idoform-

speci fi c -irddcefl ieflanimatiomat oe Boncentration

To more specifically inhibit NF-kB, another compound, Bay-11-7082, was used.
Bay-11-7082 acts to block NF-kB activation through decreasing phosphorylation of the IxB
kinase (IKK) protein, which itself acts to phosphorylate the IxB repressor. There is some
evidence that the primary target of Bay-11-7082 is upstream of IKK, though a particular
candidate has not been identified (Lee et al., 2012b).

Bay-11-7082 was administered to NRA cells at three different concentrations, along
with AP and ApoE isoforms. Bay-11-7082 did not affect the AP alone treatment at any
concentration, for either measured gene (N=3; Figure 15). This suggests that while NF-xB
may be activated in the AB-induced inflammatory response, it is likely not a critical point in
the inflammatory pathway, but probably lies of other mediators.

All concentrations of Bay-11-7082 abolished the difference in GRO expression
between ApoE3 + AP and ApoE2 + AP treatments, as well as eliminating that same
difference in IL-6 expression at 10uM (Two-tailed t-test, p<0.05, N=3). This inhibition
suggests that NF-«xB signalling could play an important role in regulating the ApoE2
protective response, which would not be surprising, given that NF-«xB activation is known to

differ between ApoE isoforms in inflammatory conditions (Ophir et al., 2005).
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Figure 15: qPCR measurement of inflammatory gene expression, normalized to
GAPDH, wupon chall ecaBei whti bBlL-B®&r aBdy NF
Panel a): A treatment induced GRO expression at all concentrations of Bay-11-7082 (One-
way ANOVA, Bonferroni post-hoc, *p<0.05, N=3). As shown previously, ApoE2 + A3
treatment had significantly lower expression of GRO than A alone in the absence of the
inhibitor, but this relationship disappeared at 10 and 15 uM levels (Two-tailed t-test,
+p<0.05, N=3). Panel b): As with GRO, AP significantly induced IL-6 expression, regardless
of the presence of Bay-11-7082 (One-way ANOVA, Bonferroni post-hoc, *p<0.05, N=3).
ApoE2 + AP treatment showed significantly lower expression than A alone at 15 uM (Two-
tailed t-test, +p<0.05, N=3), and significantly lower than ApoE3 + Ap at 30, 15 and 0 uM
(Two-tailed t-test, ~p<0.05, N=3), but there was no significant difference at 10 uM.
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Since VDR was identified as having higher DNA binding in lower inflammatory
conditions, activation of the receptor was proposed as a potential way to decrease
inflammatory signalling upon AP treatment. For this, four concentrations of the biologically
active form of Vitamin D, l1a, 25-Dihydroxyvitamin D3 were used. However, none of the
concentrations of VDR significantly affected the AB-induced up-regulation of both GRO and
IL-6 (One-way ANOVA, Bonferroni post-hoc, p<0.05; Figure 16).

There was no significant decrease in IL-6 expression between ApoE2 + AP treatment
and AP alone for at any concentration of 1a, 25-Dihydroxyvitamin D3, and a decrease in
GRO expression between these treatments was only observed at 25 nM (Two-tailed t-test,
p<0.05), suggesting VDR activation actually impairs the ApoE2 protective effect, contrary to
expectations.

At the 50nM and 100nM concentrations, GRO expression was clearly lower in the
ApoE3 + AP treatment, compared to ApoE2 + A, including a significant difference at 50nM
(Two-tailed t-test, p<0.05). IL-6 expression showed a similar trend. This may suggest some
interaction between VDR and ApoE3, with VDR activation potentially increasing ApoE3’s
anti-inflammatory activity. While VDR activation itself was not sufficient to significantly
mitigate the AB-induced inflammatory response, it did differentially affect the isoform-

specific effect.
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Figure 16: qPCR measurement of inflammatory gene expression, normalized to

GAPDH, wupon chall enge wi t-DihydwbxyvdkamohDV DR agoni ¢
Panel a): AP treatment induced expression of GRO at all concentrations of Vitamin D (One-

way ANOVA, *p<0.05, Bonferroni post-hoc). ApoE2 + A treatment had significantly lower

expression than A alone at 25 nM, but not at other concentrations (Two-tailed t-test,

+p<0.05). N=3. Panel b): A treatment showed significantly higher levels of IL-6 expression

at 100, 50 and 25 nM of Vitamin D. (One-way ANOVA, p<0.05, Bonferroni post-hoc, N=3).
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3.4.4. Inhibition of STAT-3 with a specific inhibitor (S31-201)

The third pathway examined through chemical inhibition was STAT-3. S31-201, the
chosen inhibitor, is specific for STAT-3, with relatively little effect on other STAT family
proteins. STAT proteins depend on homodimerization to activate, and S31-201°s inhibitory
activity has been shown to be mediated by disruption of this dimerization (Siddiquee et al.,
2007).

Inhibition of the STAT-3 pathway did not significantly affect the Ap-induced
inflammatory response at any of the three tested concentrations (One-way ANOVA,
Bonferroni post-hoc, p<0.05, N=3; Figure 17). ApoE2 + AP treatment had significantly
lower IL-6 expression than A alone at 100 and 50 uM concentrations of inhibitor, (two-
tailed t-test, p<0.05, N=3), and significantly lower GRO expression at 100uM. STAT-3
inhibition did not alter the ApoE2 protective effect, suggesting that it does not play an
important role in mediating the ApoE isoform specific effect, agreeing with the EMSA
results, which suggested its expression did not significantly change between ApoE2 and

ApoE3 treatments.
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Figure 17: qPCR measurement of inflammatory gene expression, normalized to
GAPDH, wupon chal |l en@mhibitors3h208b and STAT
Panel a): Increasing concentrations of S31-201 did not significantly alter AB-induced
expression of GRO. AP significantly increased inflammatory expression across all
concentrations of S31-201 treatment (One-way ANOVA, Bonferroni post-hoc, *p<0.05
relative to Scrambled control, N=3). ApoE2 + AP treatment trended lower than ApoE3 + Af
at all concentrations, but not to significance. Only one concentration, 100 uM, showed a
significant difference between ApoE2 + AP treatment and A alone (two-tailed t-test,
+p<0.05 relative to AP, N=3). Panel b): Increasing concentrations of S31-201 did not
significantly alter AB-induced expression of IL-6. Unlike GRO expression, AP significantly
increased inflammatory expression across all concentrations of S31-201 treatment. ApoE2 +
AP treatment trended lower than ApoE3 + AP at all concentrations (One-way ANOVA,
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Bonferroni post-hoc, *p<0.05 relative to Scrambled control, N=3). ApoE2 + A treatment
showed significantly lower inflammatory expression than AP alone at three lowest
concentrations, while ApoE3 + A showed only one significant difference (two-tailed t-test,
+p<0.05 relative to Ap, N=3).

35,Ab treatment of mouse aApdErisofarmst es expr essin

351.Ab i nduces i mrdciteserpmsgingihuman Agolch a s

A draw-back of the studies above is the use of exogenous recombinant ApoE,
produced in E.coli. This form of the protein does not have the same lipidation or post-
translational modifications that are observed in human ApoE, and, as discussed above, these
effects may significantly impact the function of ApoE. Immortalized mouse astrocytes, with
native murine apoE knocked-out and human ApoE isoforms knocked-in, were used to test if
the observed ApoE isoform specific effect on AB-induced inflammation exists with a version
of ApoE more analogous to what is seen natively.

The mouse ApoE expressing astrocytes were challenged with AP under the same
conditions used for NRA cells in this study, at 5uM for 6 hrs. Each of three cell lines showed
increases in GRO and IL-6 expression after AP treatment. In ApoE4- and ApoE3-expressing
cells, the increase upon AP was significant for both markers (Two-tailed t-test, p<0.05),
while in the ApoE2 cells, AP treatment led to a significant increase in IL-6 expression, and a
clear trend of increased GRO expression, relative to scrambled control (Figure 18).

However, while the mouse astrocytes behaved similarly to NRA cells in response to
AB, the relationship of this response between isoforms differed significantly. Unlike the
NRA cells, ApoE4 cells showed significantly higher GRO and IL-6 expression after A

challenge, compared to ApoE3 or ApoE2 + AB (One-Way ANOVA, Bonferroni post-hoc,
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p<0.05). This finding is in line with the original expectations of the study, as well as
ApoE4’s status as an AD risk factor. The inflammatory increase in the ApoE4 cell line was
at much greater level than seen in the NRA cells treated with AP, suggesting that the
lipidated ApoE4 is in fact potentiating inflammatory activation, relative to the recombinant
lipid-poor proteins. In addition, there was no significant difference between the ApoE3 and
ApoE2 cell lines’ response to AP, again in contrast to data from the NRAs. Both lipid-poor
and lipidated ApoE proteins are present in human cells and tissues. The observed effects of
recombinant lipid-poor ApoE and lipidated ApoE proteins could be both true on AB-induced

inflammatory response.
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Figure 18: Measurement of inflammatory markers in mouse apoE knock-out, human
ApoE knock-in astrocytes upon challenge with A f.4,.

Panel a): ApoE4 and ApoE3 expressing cell lines showed significant increases in GRO
expression upon AP treatment, compared scrambled controls (One-way ANOVA, Bonferroni
post-hoc, p<0.05, N=3). ApoE2 expressing cells showed a trend of higher expression, but
this was not significant. ApoE4 cells + AP had significantly higher expression than either
ApoE3 cells + AP or ApoE2 cells + AP, while there was no difference between the latter two
treatments (Two-tailed t-test, *p<0.05, N=3).

Panel b): All three cell lines showed significantly higher expression of IL-6 in the presence
of AP, relative to scrambled controls (Two-tailed t-test, p<0.05, N=3). ApoE4 cells + AP also
had significantly higher expression, compared to ApoE3 and ApoE2 cell lines (Two-tailed t-
test, *p<0.05, N=3)

3.5.2. The effect of signalling pathway modulation on A Binduced inflammation in ApoE

expressing mouse astrocytes

Two of the inhibitors used on NRA cells above, BAY-11-7082 and 1a, 25-
Dihydroxyvitamin D3 (Section 3.4.2 & 3.4.3) were also used to treat immortalized ApoE-

expressing mouse astrocytes. Activation of VDR caused a significant reduction of the Ap-
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induced up-regulation of GRO and IL-6 observed in the ApoE4 expressing cell line (One-
way ANOVA, Bonferroni post-hoc, p<0.05; Figure 19). There was no significant difference
in either marker upon 1a, 25-Dihydroxyvitamin D3 treatment of the other cell lines, or in
combination with the AP scrambled control, though there was a trend towards reducing the
inflammatory activation caused by A in the ApoE3 expressing cells. Given that the ApoE4
mouse astrocyte line showed a much higher response to A than the other cell lines or the
NRA cells, it is not surprising that only it showed a significant response to VDR activation.
Perhaps only at these high levels of inflammation are the protective effects of Vitamin D
activation significant enough to be observed.

Treatment of the ApoE-expressing mouse astrocytes with BAY-11-7082 did not
significantly affect the Ap-induced inflammatory response, though it did tend to lower
expression of both GRO and IL-6 when added to the ApoE4 + AP treatment (One-way
ANOVA, Bonferroni-post hoc; N=3; Figure 19). This was not a general trend, however, as
BAY-11-7082 tended to increase expression of both markers in the scrambled control
treatments, and in the ApoE2 + AP treatment. This suggests that NF«kB blockade alone is not

enough to affect Ap-induced inflammation in these cells.
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Figure 19: Effect of VDR agonist 1 U , -Dildy8roxyvitamin D; and NF-7 B inhibitor
BAY-11-7082 on the expression of inflammatory markers in mouse apoE knockout,
human ApoE knock-in astrocytes upon challenge with A f.4,.

Panels a & c¢): Expression of GRO, as measured by gPCR, normalized to GAPDH. The
increase in inflammatory expression in the ApoE4 cells + AP treatment, as described above,
was significantly reduced by treatment with 100 nM of 1a, 25-Dihydroxyvitamin D; for 24
hours (One-way ANOVA, Bonferroni post-hoc, *p<0.05, N=3). There was no significant
difference in any of the treatments upon addition of 15uM BAY-11-7082 for 6 hours, though
it did tend to decrease the inflammatory response to A in ApoE4 expressing cells, and to
increase. Panels b & d): Expression of IL-6, as measured by qPCR, normalized to GAPDH.
la, 25- Dihydroxyvitamin D3 treatment significantly decreased I1L-6 expression upon AB1-42
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treatment of ApoE4 expressing astrocytes (One-way ANOVA, Bonferroni post-hoc,
*p<0.001, N=3). BAY-11-7082 treatment did not significantly alter IL-6 expression for any
of the AP + ApoE combination treatments, though it did tend to reduce the inflammatory

response of the AB + ApoE4 treatment.
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Discussion

The €4 allele of ApoE has been identified as a major risk factor for AD, and while
many studies have proposed mechanisms to explain this effect, the allele’s role in AD
progression is still unclear. A growing area of interest in AD study and treatment is
neuroinflammation, as inflammatory activation is known to contribute to a number of
degenerative disorders. Since AP has been shown to stimulate inflammatory responses,
activation of inflammatory pathways has been proposed as one of the key events in AD.
Some studies have shown an interaction between ApoE isoforms and inflammatory

activation (Jofre-Monseny et al., 2007; Zhang et al., 2011), but before this work there had

been no examination of how each isoform affected AB-stimulated inflammation in particular.

Two astrocyte models, NRAs and mouse cells expressing human ApoE isoforms, were used
in this study to determine how ApoE affected the inflammatory response. This study also
profiled a number of TFs to determine which signalling pathways are involved in the AB-
ApoOE response. After the initial screening to determine TFs of interest, certain pathways
were validated by Western Blot or EMSA, and chemical inhibition was used to try and alter
the AB-induced inflammatory response. The difference in inflammatory markers between
E.coli produced, lipid-poor, recombinant ApoE and lipidated, mammalian ApoE produced in

mouse cells after challenge with A was also examined.

41 ApoE i sof or ms di f-inducedinflanmnatbry nespoast ih MRAL

cells

In contrast to expectations, treatment with recombinant ApoE4 did not significantly

affect the Ap-induced inflammatory response in an NRA cell model. Instead, an anti-
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inflammatory effect of ApoE2 was observed, as ApoE2 + AP treatment showed significantly
decreased gene expression and protein levels of inflammatory markers, compared to A
alone.

That ApoE4 +Ap treatment did not differ from AB-alone treatment in terms of
inflammatory activation contrasted with previous studies, which found that various
preparations of ApoE4 increased levels of inflammatory markers, in vitro in mouse and
human macrophages (Chen et al., 2005; Colton et al., 2004; Jofre-Monseny et al., 2007).
This includes both mouse cells expressing human isoforms of ApoE and exogenous
treatment using ApoE isoforms. However, these previous studies did not examine the
inflammatory response in astrocytes. While astrocytes are not the primary cell type in
inflammatory processes, they are the main site of ApoE production and deposition (Bu,
2009), and it is expected that they would be a site in which ApoE isoform specific
differences would manifest. One study did find that ApoE4, relative to mouse apoE or
ApoE3, had a significantly impaired ability to mediate the short-term activation of astrocytes
upon intracerebroventricular (i.c.v.) LPS injection (Ophir et al., 2003). However, a recent
study contradicted this result, showing mice expressing ApoE4 had higher levels of
astrogliosis upon similar treatment (Zhu et al., 2012). It is likely that differences in
transgenic mouse models, the time-frame of LPS treatment and the measures chosen to
assess activation, account for some of the variation.

These studies also highlight the importance of the wider cellular context. Astrocytic
activation does not happen in isolation, but is accompanied by activation of other glial cells,
and the release of a wide range of paracrine factors. One possible explanation as to why
ApoE4 did not have the expected effect in this cell model is that ApoE’s role in the

inflammatory response may depend on interaction with other neighbouring cell types. For
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example, it is possible that the increased inflammation occurs through activation of
macrophages, and that the initial step may be ApoE4’s ability to promote activation of the
complement pathway and other innate immune systems. In that case, ApoE4 treatment of
astrocytes alone, as done in this study, may not be sufficient to cause substantial changes in
inflammatory activation after Ap treatment.

An alternative explanation to the question of ApoE4’s lack of pro-inflammatory
activity was provided by AP treatment of astrocytes expressing human ApoE isoform. It is
possible that the lipidation state and post-translational modification of the protein had a
substantial effect on its activity, as discussed below.

As described above, ApoE2 is known to be genetically associated with a degree of
neuro-protection, but little research had been done into determining what mechanisms might
be involved. Based on this finding, it seems possible that ApoE2’s ability to prevent
inflammatory activation is one of the critical steps in decreasing risk of degeneration in the
AD brain. Recent work by Zhu et al. (2012) in brains of transgenic human ApoE isoform
mice upon LPS administration showed that while ApoE2 did not significantly reduce
markers of inflammatory activation, there were clear trends of a decrease in activation
observed. In concert with the findings from this study’s treatment of NRA cells, it is
reasonable to think that ApoE2’s protective role involves some degree of inflammatory
protection, as demonstrated in this work. This protection could couple with other ApoE2
effects on AP clearance and degradation, for example (Section 1.2.4.), to provide neuro-
protection. Understanding which pathways and mechanisms ApoE2 utilizes may provide
insights into how we can clinically provide similar protection to individuals who do not carry

the €2 allele. Alternatively, it is possible that while ApoE2 is protective against inflammation
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in astrocytes alone, there is not a strong enough protective effect in other cell types to have

an overall CNS effect.

4.2 Effectof Ab _on ApoE i soform expressing murine a:

AP treatment of human ApoE-expressing mouse astrocytes yielded different results
than treatment of NRAs with recombinant ApoE proteins. The ApoE4 astrocyte line showed
the response initially expected, showing significantly greater levels of inflammatory
cytokines after AP treatment, compared to ApoE3- and ApoE2-expressing astrocytes. In
addition, there was no ApoE2 protective effect observed, as there was no significant
difference in inflammatory expression between the ApoE3 and ApoE2 cell lines upon AP
challenge. The ApoE4 cell line result agreed with work from another group, which found
that ApoE4 expressing macrophages had increased inflammatory response to LPS, though
that group also found an increased response in ApoE2 cells which was not observed here
(Tsoi et al., 2007). This could potentially agree with the suggestion above that an ApoE2
protective effect may be specific to astrocytes.

Of note, the 3-dimensional structure of the ApoE produced from mouse astrocytes
differed from recombinant human ApoE protein, due to its partial lipidation, and post-
translational modifications (Morikawa et al., 2005). As mentioned above (Section 1.2.),
lipidation state can substantially affect ApoE’s activity, and the difference in the pro-
inflammatory activity of ApoE4 between the two cell model systems in this study may
depend on the lipidation state of the ApoE proteins. Typically, studies that assess the effect
of lipidation state on the activity of ApoE utilize knockout of ABCAL, a lipid transporter
responsible for the efflux of lipids that make up HDL particles. ABCA1 deficiency typically

results in lower levels of ApoE in mouse brain, and decreased lipidation of the ApoE-
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containing lipoproteins that are present (Hirsch-Reinshagen et al., 2004; Wahrle et al., 2004).
Delipidation of ApoE has also been shown to promote the formation of AP plaques in a
variety of models (Hirsch-Reinshagen et al., 2005; Koldamova et al., 2005; Wahrle et al.,
2005). Upregulation of ABCAL1 through liver X receptor agonist activation shows the
opposite effect, decreasing AP levels (Riddell et al., 2008). All of this evidence suggests that
lipidation state, beyond its overall role affecting on levels of ApoE, may play a critical role
in AD progression. No study has yet examined whether CNS inflammatory activity is
directly impacted by changes in ApoE lipidation. The increase in AB plaques in ABCAL1
knockout animals does not necessarily depend on changes in ApoE, as ABCA1 may interact
with the AP production and processing in other ways. ABCAL knockout animals have also
been shown to have increased inflammatory responses in peripheral tissues, but ApoE’s
importance, if any, in this response is not known (Yvan-Charvet et al., 2010; Zhu et al.,
2008). Still, based on these studies, it is possible that ApoE lipidation state plays a role in
mediating the protein’s ability to affect the inflammatory response. In addition, it is known
that ApoE is present in both lipidated & unlipidated forms intracellularly, meaning that the
effect observed using the recombinant protein may still be relevant in a clinical context. This
difference could serve to explain the discrepancy between the recombinant and mammalian
ApoE observed in this study, and suggests that further study into the role of lipidation in the

AD inflammatory response is warranted.

43Si gnalling pat hway sindudedanflammétiont o medi at e AD

One of the objectives of this study was to identify signalling pathways of importance
in the ApoE/Ap inflammatory response in NRAs. All data was based on 24 hour treatment of

NRA cells with recombinant ApoE isoforms, along with a 6 hour challenge with Ap. Several
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pathways of interest were identified as having at least a 2-fold increase in activity in ApoE3
+ AP treatment, which represented higher inflammatory levels, compared to ApoE2 + Ap.
Some pathways were shown to have increased activity (again at least 2-fold) in less
inflammatory conditions, while others which were expected to change did not differentially
respond (Table 8). While some of these pathways are quite well-known in the field of AD
research, many have not been substantially studied in an AD context. The sections below
provide more detail on these identified pathways. Brief descriptions of some pathways are

also included in Table 9.

4.3.1 Signalling pathways found to be activated in higher inflammatory conditions

431.1NF-s B

NF-kB is a heterodimeric protein complex, consisting of a p50 subunit and a Rel
subunit. It is constitutively expressed in many cell types, though in most conditions it is
sequestered in the cytosol through its binding with an IxB protein. When a cell is exposed to
inflammatory stimuli, cell surface receptors recruit and activate an IKK complex. This
complex phosphorylates the IkB protein, causing it to dissociate from NF-kB. The IkB
protein is then degraded, while NF-kB migrates to the nucleus to bind and regulate target
genes (Gilmore, 2006).

Multiple studies have suggested that the NF-«xB signalling pathway is associated with
increased inflammatory response in mouse models, both upon inflammatory stimulation with
LPS (Ophir et al., 2005), and in transgenic models of AD (Bales et al., 2000; Ophir et al.,
2005). NF-«B is important in inflammatory signalling, as a wide range of inflammatory

cytokine genes display NF-kB binding sites in their promoter regions, including IL-1 and
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TNF-a. Recent work in our lab, however, demonstrated that post-mortem AD brains did not

show any increased activation of NF-xB, and instead implicated the c-Jun/AP-1 signalling

pathway (Vukic et al., 2009).

Table 9. Summary of other AD related

ApoE2 +

TFs

Ab.treat ment s
This table summarizes the role in AD of these TFs, identified as changing in the data from

the Protein/DNA arrays. Fold change represents the expression after ApoE2 + A treatment
of NRA cells, relative to ApoE3 + AP treatment. Negative fold change thus indicates higher
expression in more inflammatory conditions.

found to

change

Fold

TF Change Description Role in AD
ApoA-I gene A regulatory element that Overe_xpre53|_0n prowae_s
oromoter 62 controls protection against cognitive
C region the expression of ApoA-I decline in AD models
(Lefterov et al., 2010)
Mothers against TGF-p mediated AP uptake by
decapentaplegic 17 Receptor activated TGF-f microglia is dependent on
homolog family TF Smad-3 expression (Tichauer
(Smad)-3 & von Bernhardi, 2012)
Regulates expression of
NF-E1/Yin 21 Zinc finger DNA binding BACEI to affect AP
Yang 1 ' protein production (Nowak et al.,
2006)
Upregulated in AD brain, and
053 .08 Cell cycle regulator promotes neuronal death
involved in apoptosis (Behrens et al., 2009; Hooper
et al., 2007)
Highly expressed in
PUR-1/ Myc- TF highly expressed in hippocampus of AD patients,
associated zinc | -10006 brain, activated after colocalizes with AP plaques
finger protein inflammatory stimulation (Gomez Ravetti et al., 2010;
Jordan-Sciutto et al., 2000)
. Overexpression decreases Af-
X-box binding 593 geﬁgg\aﬁ)ﬁ ?:lr]‘?zfntrirzi?ry induced cell death in rat and fly
protein 1 cell lines (Casas-Tinto et al.,

activation

2011)
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The Protein/DNA array performed in this study, using the NRA cell model, indicated
that NF-kB was more highly activated in ApoE3 + AP treated cells than ApoE2 + AP treated
cells, a finding that was confirmed by EMSA (Figure 11). This is in agreement with those
studies which have found a link between increased inflammation and NF-kB activation.

Inhibition of this pathway with a specific inhibitor (BAY-11-7082) was able to
eliminate this difference in NRA cells, at least at one concentration (Figure 15). This is a
critical finding, suggesting that the inflammatory difference observed between ApoE2 and
ApoE3 treated NRA cells is dependent on an effect on NF-kB signalling. This suggests that
ApoE2’s protective effect could involve repression of the NF-kB signalling pathway, in
order to reduce inflammatory activation. NF-kB inhibition did not have a significant effect
on the A alone treatment, however. This indicates that NF-kB activation is not a necessary
step in Ap-induced inflammation in this cell model. It is likely that there are many pro-
inflammatory pathways activated in concert upon AP treatment, and it is possible that NF-xB
inhibition may not be sufficient to provide a clear degree of protection.

In mouse astrocytes, NF-«kB inhibition did not alter the response to Ap in ApoE2 or
ApoE3 cell lines, but decreased the AB-induced inflammatory response in the ApoE4 cell
line (Figure 19). This would also agree with findings of Ophir et al. (2005), in which ApoE4-
expressing mice, which are susceptible to neuroinflammation, were shown to have higher
NF-xB activation than ApoE3 mice. It is possible that a similar mechanism occurs in the

mouse astrocytes, and inhibition of NF-kB serves to prevent the inflammatory activation.
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This study provides further evidence that NF-«B is one of a number of pathways
involved in inflammatory activation in astrocytes. It also suggests that beyond having a role
in ApoE2 protection, NF-kB may be important in ApoE4’s role as an AD risk factor, through
promoting activation of inflammatory signalling.

These results, combined with the fact that NF-xB activation occurs upstream of other
pro-inflammatory signalling pathways make it clear that the pathway is a promising target

for therapeutic intervention.

4.3.1.2 Peroxisome proliferator-activated receptor (PPAR)

The PPAR family of proteins are nuclear receptors, binding effectors in the
cytoplasm, then translocating to the nucleus and complexing with retinoid X receptor
proteins to activate target genes. These PPAR targets include several genes that play an
important role in the regulation of cholesterol and lipid levels. There are three main classes
of PPAR receptors, a, p and y. PPARY has been identified as a potential therapeutic target in
AD, as it shows increased expression in AD patients. Activation of PPARy has been shown
to decrease ApB-triggered activation of microglia, and to promote AP clearance from CNS
(Combs et al., 2000; Heneka et al., 2011). This activation also decreases the inflammatory
activation of astrocytes in an in vitro, LPS-stimulated model (Xu et al., 2006). Furthermore,
PPAR agonists have shown promise in mouse models of AD, reducing inflammatory
activation and plaque formation in mouse brain (Heneka et al., 2005), as well as leading to an
improvement in behavioural studies and memory ability (Pedersen et al., 2006). PPAR
activation also promotes astrocyte-mediated AP degredation (Mandrekar-Colucci et al.,

2012). This body of evidence suggests that PPAR plays roles in a number of AD related
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pathways, and makes it a critical area for further research. This study found that PPAR
activity was increased by 2.5-fold in the more inflammatory, ApoE3 + AP treatment. This
finding is in agreement with studies finding that PPAR serves as a neuroprotective pathway
in the presence of AP. Based on this, it seems that PPAR may be activated as a compensatory
mechanism, to rescue the increased inflammation present in AD. This would agree with its
well-attested protective role, and suggest that PPAR activation could indeed be a good

therapeutic approach in AD.

4.3.2 Signalling pathways found to be activated in lesser inflammatory conditions

4.3.2.1VDR

Vitamin D is a steroid hormone produced endogenously as a result of exposure to
UVB radiation. Its primary method of altering gene transcription is through the VDR, which
is phosphorylated and translocates to the nucleus upon ligand binding. There, like other
steroid hormone receptors, it recruits a retinoid X receptor, forming a hetero-dimeric
complex that then binds DNA at sites known as Vitamin D response elements (VDRE),
further recruiting transcriptional co-activators or co-repressors. Thousands of these VDREs
exist in the human genome, affecting hundreds of genes with a wide range of functions
(Wang et al., 2005). Many of these VDR targets are expressed in the CNS, and have been
shown to have neuroprotective effects. This includes within astrocytes, through affecting the
expression of nitric oxide synthase (Garcion et al., 1998). VDR activation also has critical
effects on immune cells, decreasing release of pro-inflammatory cytokines from Th1 cells, as
well having a protective role in a number of immune-related diseases (Fernandes de Abreu et

al., 2009). Some preliminary evidence has also suggested that polymorphisms in the VDR
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gene may increase risk for AD, further pointing to a role for this pathway in AD pathology
(Lehmann et al., 2011).

VDR was found to be more activated in ApoE2 + AP treated NRA cells by ~70 fold
on the Protein/DNA array, relative to ApoE3 + AB, a find validated by EMSA (Figure 12).
Activation of the pathway with the native agonist did not have a significant effect on the
expression of inflammatory cytokines, in NRA cells (Figure 16). However, in mouse ApoE
knock-in cells, VDR activation significantly reduced the level of inflammatory activation in
the ApoE4 cell line after AP treatment, but did not affect the ApoE3 or ApoE2 cell lines
(Figure 19). Since the ApoE4 cell line showed much higher inflammatory response to A
than the other cell lines, it is possible that VDR’s effect was only observable in these highly
inflammatory conditions. Since VDR is proposed to be downstream of NF-kB, chemical
activation of the pathway may not be a critical point in the inflammatory response in NRA
cells or in the ApoE3 or ApoE2 expressing mouse astrocyte lines. However, VDR activation
could still be a potential AD therapeutic approach as a part of a wider attempt to affect a

number of inflammatory pathways.

4.3.2.2 Estrogen receptor (ER)

The estrogen receptor is a classical nuclear steroid receptor; upon binding to the
hormone, the protein moves to the nucleus, co-dimerizes with another ER, and binds
estrogen response elements (ERES). Alternate pathways of activation do exist, including
through activation of MAPK signalling, and through interaction with other TFs in larger

complexes (McDevitt et al., 2008).
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There is a strong base of evidence linking ER signalling to neuro-protection in AD
and to ApoE isoform specific effects. One critical manifestation of the protection in AD is
the prevention of neuronal death from AB-induced toxicity. This may be due to interference
with the ability of AB to form oligomers (Morinaga et al., 2011), blockade of pro-apoptotic
signalling (Pike et al., 2009) and/or decreasing the production of ROS in mitochondria, as
shown in AD brain (Long et al., 2012; Razmara et al., 2007). Another mechanism that could
be involved is neprylisin-mediated Ap degradation. The neprylisin gene contains ERES in its
promoter region, and estrogen treatment increases its activity, along with increasing A
degradation in one in vitro model (Liang et al., 2010). ER’s positive role in neuronal
regeneration has been shown to depend on ApoE, and ER is capable of regulating ApoE
expression, which may provide a framework for the link between ER activation and the
isoform-specific response to AP (Struble et al., 2007). ApoE genotypes have also been
shown to alter the estrogen response in microglia, with ApoE4 expressing mice showing a
decreased anti-inflammatory effect upon estrogen treatment, relative to ApoE3 (Brown et al.,
2008). In this study, ER was found to be increased two-fold in ApoE2 + AP treatment,
relative to ApoE3 + AP. This confirms its role as a neuroprotective pathway, and suggests
that ApoE2’s decreased levels of inflammation may be due to increased activation of ER,

making it an interesting area for further study.

4.3.3 Signalling pathways unchanged between ApoE2+ Ab and ApoE3 +

4.3.3.1 Signal transducer and activator of transcription-3

STAT-3 is primarily involved in the Janus kinase (JAK)/STAT tyrosine kinase

signalling pathway. STAT-3 is activated by JAK2, through phosphorylation at two sites
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(Levy & Darnell, 2002). Upon binding of certain cytokines, including IL-6 and other pro-
inflammatory mediators, JAK2 phosphorylates those residues, causing the STAT-3 proteins
to dimerize and translocate to the nucleus, where they bind target DNA sequences to affect
transcription.

There has been conflicting evidence involving STAT-3 in AD. Previous work in our
lab has shown increased activation in post-mortem AD brains with cerebral amyloid
angiopathy, but decreased signalling in cell models (Unpublished). Similarly, another group
found STAT-3 signalling was increased in post-mortem AD brains, and that transgenic APP
mice also exhibited higher STAT-3 phosphorylation. In addition, they found that A
treatment in cultured rat neurons increased STAT-3 activation (Wan et al., 2010). Another
group found the opposite, that in AD patients STAT-3 was inactivated, and that i.c.v.
injection of AP into mice led to decreased STAT-3 signalling (Chiba et al., 2009). STAT-3
was found to be activated ~50 fold in pro-inflammatory conditions by the protein/DNA
array, but this result was not confirmed by EMSA (Figure 13), which found no difference in
activation between ApoE3 + A and ApoE2 + A treatments. STAT-3 does seem to play a
role in AD, but the nature of that role seems poised to remain an open question for the time

being.

4.3.3.2 c-Jun/Activator protein-1

The activator protein-1 (AP-1) proteins are a family of dimeric complexes, made up
of homodimers of Jun or ATF proteins, or heterodimers of Jun, ATF or Fos proteins. In
response to certain stimuli, such as cytokines or stress, MAPK kinases (MAPKKS) are

activated. These MAPKKSs then phosphorylate and activate MAPKSs, including c-Jun N-
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terminal kinases (JNKs). These bind and phosphorylate c-Jun, which triggers synthesis of
Jun and Fos proteins, and the formation of AP-1 complexes. These complexes are also
phosphorylated, which triggers their activation (Eferl & Wagner, 2003). Once activated, AP-
1 upregulates a number of inflammatory mediators, such as TNF-a, as well as cytokines
which contribute to the activation of the inflammatory response (Johnson & Nakamura,
2007).

It has been shown that inflammatory challenge with LPS down-regulates ApoE
expression and that this repression is removed upon inhibition of JINK (Gafencu et al., 2007;
Pocivavsek & Rebeck, 2009). This repression was linked to binding of activated c-Jun to a
repressor site at the ApoE promoter, making it clear that AP-1 affects the ApoE’s role in the
inflammatory response. There is also some evidence to support the reverse relationship,
ApoE altering c-Jun signalling. One group has shown that ApoE acts through activation of
LDLR in microglia to trigger the activation of JNK kinase (Pocivavsek et al., 2009a;
Pocivavsek et al., 2009b), while another showed that ApoE mediated the c-Jun response
through toll-like receptors (Zhu et al., 2010). None of these studies, however, compared the
response between the various ApoE isoforms, nor did they examine whether AB-induced
inflammation is governed by these same mechanisms. In this study, AP-1 was, contrary to
expectations, not found to change between the ApoE2 + AB and ApoE3 + AP treatments,
either on the Protein/DNA array or by Western blotting. Thus, while it is an important
pathway to study in AD pathology, it does not seem to contribute to the observed ApoE2
protective effect. If c-Jun’s effects depend on modifying the expression of ApoE, as some
studies suggest, that was likely not detectable in this study, in which exogenous treatment of

ApoE was used.
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4.3.3.3 p38 MAPK

The p38 MAPK pathway, like the AP-1 pathway above, is activated by
phosphorylation by upstream kinases, which respond to a number of physiological stimuli,
including cytokines IL-1 and TNF-a. These kinases phosphorylate p38 MAPK at two sites to
trigger its activation. The primary activity of p38 MAPK proteins is not directly binding
DNA, but increasing signalling of a wide range of downstream TFs such as p53 and STAT-1.
One of the primary results of this is further activation and release of cytokines, potentiating
inflammatory activation (Cuenda & Rousseau, 2007).

Beyond its role in mediating inflammation, there has been some indication of a
potential interaction between p38 MAPK signalling and AD. It has been shown that p38
signalling is increased in early stages of AD (Sun et al., 2003), and in one transgenic mouse
model hippocampal astrocytes have significantly higher p38 MAPK activation (Giovannini
et al., 2008). P38 MAPK inhibition has also been proposed as a potential therapeutic
approach, with a group showing that one particular compound decreased inflammatory
activation in AD model mice (Munoz et al., 2007). Despite this evidence, p38 MAPK was
not found to change between higher and lower inflammatory conditions in this study, either
by the Protein/DNA array or Western blotting. It is possible that p38 MAPK is not important

enough to inflammatory activation to significantly change in these conditions.

4.4 Conclusion

This study set out to examine out how ApoE isoforms affect the Ap-induced
inflammatory response in two model systems of astrocytes, NRA cells and mouse cells

knocked in with human ApoE isoforms. It seemed that the relationship was dependent upon
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the ApoE preparation used. NRA cells treated with recombinant, lipid-poor proteins showed
a protective effect of ApoE2, as challenge with AP induced significantly lower gene and
protein levels of inflammatory cytokines, compared to the other ApoE isoforms. This could
contribute to ApoE2’s overall neuroprotective role, as identified from genetic studies. Also, a
wide range of TFs were profiled in AP and ApoE-treated NRA cells to determine their role,
if any, in this response. The results suggested roles for some well-attested pathways (NF-xB,
VDR, PPAR), as well as identifying a number of candidates which have not been thoroughly
studied in the context of AD. In addition, STAT-3 and AP-1, which have been previously
shown be involved in the AD inflammatory response, were not found to respond upon
ApoE2 treatment. This suggests that their role in inflammation of the AD brain is not
necessarily critical in the ApoE2-mediated anti-inflammatory response.

Human ApoE expressing mouse astrocyte cell lines, which produce lipidated ApoE
similar in structure to that seen in human brain (Morikawa et al., 2005), did not show the
ApoE2 protective effect. Instead, the results showed that ApoE4 cells were had much higher
inflammatory response to challenge with AB. This fits with previous expectations, and
suggests that ApoE4’s role in promoting inflammation is likely through a loss of some
nascent anti-inflammatory activity of ApoE2 and ApoE3. This increased inflammation likely
contributes to its status as the primary AD genetic risk factor.

Two major future areas of study are highlighted by this work. The first is to examine
those signalling pathways that have limited known involvement in AD, but were found to be
candidates in this study; perhaps some of these play crucial roles in inflammation and
neurodegeneration. The second is to examine the role of ApoE’s interaction with lipids and
to determine whether the lipidation state of the protein defines the difference between the

results in the NRA cell line and the ApoE mouse cell lines. Altogether, this study sheds some
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light into the mechanism of neuroinflammation in AD, a growing area of interest as effective

clinical treatments remain elusive.
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