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I1. Abstract

Microglia are the key immune mediators of the CNS but, while astrocytes are primarily
involved in maintaining homeostasis, they also exhibit immune functions. Both microglial and
astrocytic activation is associated with autoimmune and neurodegenerative diseases such as
multiple sclerosis (MS), Parkinson’s disease and Alzheimer’s disease (AD). Activation by a
stimulus, such as a toll like receptor (TLR) agonist, or amyloid-beta (Ap) results in the rapid
production and secretion of pro-inflammatory cytokines and chemokines by these cells. However,
under normal conditions, microglia are maintained in a quiescent state by interaction with other
cells. Specifically, activation of the microglial receptor CD200R by its ligand, which is expressed
on many cells including neurons, is important in this role, and disruption of the CD200-CD200R
interaction results in increased microglial activation, neuroinflammation and autoimmune
inflammation.

In this study, glial activation was assessed in vitro and in vivo in wildtype and CD200
knockout (CD200’/') mice following treatment with a TLR2 agonist, Pam;Csky. It was found that
Pam;Csk, induced a significant increase in the expression of markers of glial activation and the
production of pro-inflammatory cytokines and chemokines in vitro and in vivo. Furthermore, the
loss of CD200 significantly enhanced cytokine and chemokine production in response to
Pam;Csk, in vitro and in vivo. In addition, it was found that TLR2 expression was increased on
microglia cultured from CD200™", compared with wildtype, mice suggesting a possible mechanism
for the exaggerated response seen in CD200™" mice.

There is evidence that AP induces some of its actions by interacting with TLR2 and the
data from this study revealed that AR mimicked many of the effects of Pam;Csk, Significantly,
incubation of cells in the presence of an anti-TLR2 antibody significantly attenuated AB-induced
cytokine and chemokine production by glia. These data provide evidence that activation of TLR2,
either by the commonly-used agonist, Pam;Csky or by AP triggered released of inflammatory
mediators from glia and, importantly, provided support for the hypothesis that Ap-induced changes
are TLR2-mediated.

Infiltration of T cells into the central nervous system (CNS) is believed to be involved in
the pathogenesis of MS and a number of studies have reported that T cells infiltrate the brains of
patients with AD. This is significant because T cells have been shown to interact with microglia
and modulate their function. In this study, Th1l, Th2 and Th17 cell lines were assessed for their
ability to modulate glial activation in vitro. It was found that Thl cells and Th17 cells increased
glial activation as measured by CD40 and CD86 expression and IL-6 and TNFa production. Th2
cells had no effect on glial activation.

Having established that Th1 cells and Th17 cells impacted on glial activation in vitro, this
was assessed in vivo. A transgenic mouse model of AD, which over-expresses amyloid precursor
protein (APP) and presenilin-1 (PS1) (APP/PS1 mice) was used to examine the effect of Thl and
Th17 cells in modulating microglial activation and amyloid deposition. The data shows that T cells
were present in greater numbers in the brains of APP/PS1 mice compared with wildtype mice and
these cells secreted interferon (IFN)-y and interleukin (IL)-17. Adoptive transfer of AB-specific
Th1 or Th17 cells into APP/PS1 mice increased microglial activation, as measured by CDI11b
immunoreactivity, while Th1 cells increased the number of AB-containing plaques in hippocampus
and cortex of APP/PS1.

In order to further examine the impact of Thl cells on microglial activation and Af
plaque burden, mice were injected with an anti-IFN-y antibody prior to, and on several days after,
injection of AB-specific Thl cells. The data show that treatment of mice with anti-IFN-y antibody
attenuated the Th1 cell-induced increase in microglial activation and Ap deposition.

The results reveal that microglial activation is modulated by several factors including
activation of CD200R and TLR2, as well as interaction with T cells. The evidence suggests that
glial activation induced by Thl cells in APP/PS1 mice is a result of release of IFN-y. It remains to
be established whether targeting T cell infiltration or IFN-y release or activation of IFN-y receptors
may be beneficial in limiting disease progression in APP/PS1 mice and ultimately be of benefit in
the treatment of AD.

~ 11 ~
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Chapter 1

1.1. The immune system

The immune system, an organism’s defence mechanisms against invading
or self pathogens, is fundamental to survival. It consists of a network of proteins,
cells, tissue and organs that respond to a given insult in a manner which preserves
homeostasis and prevents tissue damage. The immune system has evolved to
distinguish between host cells and pathogens and comprises a non-specific innate
immune system and a specific adaptive immune system. The innate immune
system is the first line of defence and consists of physical barriers and cells that
react if the physical barriers are breached. Although the innate immune system
responds rapidly following pathogen detection it is unable to generate
immunological memory as it is non-specific. Immunological memory is generated
by the adaptive immune system which requires antigen presentation for its
activation. While defined as separate systems, they are functionally intertwined

and the action of one system has a direct effect on the other (Becher ef al., 2000).

1.1.1. The innate immune system

The functions of the innate system include directly killing a pathogen with
its own cells or initiating an appropriate adaptive immune response that will clear
the pathogen (Medzhitov and Janeway, 1997). The cells involved are derived
from the myeloid lineage such as granuloctyes (neutrophils, basophils, eosinophils
and mast cells) and monocytes (dendritic cells and monocytes). These cells act as
antigen presenting cells (APCs) and phagocytes, and secrete cytokines to
communicate with other cells of the immune system (Becher et al., 2000). Once a
pathogen has breached the physical barriers, pathogen recognition receptors
(PRR) found on the cells of the innate immune system are required to identify
pathogens by their specific pathogen-associated molecular patterns (PAMPs)
(Medzhitov & Janeway, 1997). Recognition of PAMPs by immune cells results in
the activation of signalling pathways leading to antigen presentation, co-

stimulatory molecule upregulation and the release of cytokines and chemokines.
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The most-studied PRRs are the Toll-like receptors (TLRs) (Laflamme ef al., 2001;
Takeda & Akira, 2004).

LE L TERs

TLRs were first identified in Drosophila as receptors involved in dorso-
ventral patterning in embryos and, since then, evidence for a role in immunity was
provided by Hoffmann and colleagues in 1996 who found that Toll-mutant flies
were highly susceptible to fungal infection (Takeda & Akira, 2004). TLRs play a
pivotal role in identifying invading pathogens and producing the appropriate
immune response (Pandey & Agrawal, 2006). TLRs are expressed on a wide array
of immune cell types including B cells, T cells, macrophages, monocytes,
neutrophils, basophils, dendritic cells and natural killer cells (Hopkins and
Sriskandan, 2005). Furthermore, TLRs are expressed by cells of the central
nervous system (CNS) including microglia (Applequist et al, 2002) and
astrocytes (Bowman et al,, 2003). TLRs are expressed both on the cell surface
(TLRs 1, 2, 4, 5 and 6) and intracellularly (TLRs 3, 7, 8 and 9) (Pandey &
Agrawal, 2006). Although the activation of TLRs is crucial to mount an
appropriate immune response, their activation or dysregulation is also implicated
in the pathogenesis of autoimmune, chronic inflammatory and infectious diseases
including cancer, asthma, psoriasis, inflammatory bowel disease, Alzheimer’s
disease (AD) and multiple sclerosis (MS) (Chen ef al., 2007; O'Neill et al., 2009).
The activation of TLRs and their implication in the pathogenesis of diseases, be it
beneficial or detrimental, has lead to widespread research investigating the precise
role of individual TLRs in diverse diseases as they may be targets for therapeutic

intervention (Chen et al., 2007).

1.1.1.2.TLR structural characteristics and signalling pathways

TLRs are a family of type 1 integral membrane glycoproteins which
consist of an extracellular domain made up of leucine-rich repeats (LRR) in the
pathogen-binding ectodomains (ECD), and a cytoplasmic domain referred to as
Toll/IL-1R (TIR) domain as it shows striking similarity to the cytoplasmic domain
of the interleukin (IL)-1 receptor family (Takeda & Akira, 2004; Pandey &
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Agrawal, 2006). To date, thirteen mammalian TLRs (TLRI1-13) have been
identified, each with their own set of PAMPs and signalling pathways. TLR
signalling has been widely reviewed and it is known that TLRs may signal via the
myeloid differentiation factor 88 (MyD88)-dependent pathway (all TLRs) or via
the MyD88-independent pathway (selective for TLR3 and TLR4) (Takeda &
Akira, 2004; Pandey & Agrawal, 2006; Chen ef al., 2007). The TIR domain of the
TLRs acts as a scaffold for protein-protein interactions allowing for the activation
of signalling cascades including mitogen-activated protein kinases (MAPKSs),
phosphoinositide 3-kinase (P13K) and nuclear factor-kB (NF-xB) (Chen ef al.,
2007). These signalling pathways employ different adaptor proteins that are
recruited in different combinations to different TLRs allowing for individual
responses to diverse pathogens (O'Neill er al., 2009).

The MyD88-dependent pathway employs several molecules to initiate
downstream signalling including members of the IL-1R associated kinase (IRAK)
family and tumour necrosis factor (TNF) receptor associated factor (TRAF-6)
(Pandey & Agrawal, 2006). Furthermore, the linker molecules transforming
growth factor B-activated kinases (TAK-1) and TAK-binding protein (TAB)-1 and
-2 are recruited, which activate downstream IkB kinase kinases (IKK) (Pandey &
Agrawal, 2006). IKK is composed of IKKa, IKKf and NEMO which induce the
phosphorylation of the IxkB family proteins and nuclear translocation of NF-kB
enabling the upregulation of genes involved in pro-inflammatory cytokine and
chemokine production (Pandey & Agrawal, 2006; Chen et al., 2007). TAK-1 can
also activate the MAPK pathway such as c-Jun N-terminal kinases (JNK) thereby
inducing activating protein-1 (AP-1), resulting in similar upregulation of genes
encoding inflammatory cytokines (Takeda & Akira, 2004; Chen ef al., 2007).

The MyD88-independent pathway uses the TIR-domain containing
adaptor-inducing interferon-p (TRIF)-related adaptor molecule (TRAM) which
binds to TRIF which, in turn, mediates signalling in several ways including a
TRAF-6-dependent or —independent manner. The TRAF-6-independent pathway
is mediated through the kinase receptor-interacting protein (RIP)-1. TRIF also
binds with TRAF family member-associated NF-kB activator (TANK)-binding
kinase 1 (TBK-1) and inducible IKB kinase (IKK-g), which in turn,
phosphorylates interferon regulatory factor (IRF)-3 and IRF-7. Phosphorylation of

IRF-3 and IRF-7 allows for their nuclear translocation resulting in the
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upregulation of type 1 interferon (IFN) genes (Pandey & Agrawal, 2006). Figure
1.1 illustrates the essential components of TLR activation inducing the MyD88-

dependent and MyD88-indepentent signalling cascades.



Caspase
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Figure 1.1. TLR signalling via MyD88-dependent and MyD88-indepentent

signalling cascades.

TLRs mediate cytokine and chemokine production through MyD88-dependent
and MyD88-independent pathway. Theses pathway results in downstream
recruitment of signalling molecules with eventual translocation of NF-xB, AP-1
and IRF-3/7 to the nucleus and the upregulation of genes encoding cytokines and

chemokines.

Adapted from Pandey & Agrawal (2006)



1.1.1.3. TLR ligands

TLRs respond to numerous ligands (Pandey & Agrawal, 2006). It has been
suggested that TLR2 and TLR4 primarily recognise bacteria through differential
cell wall components (Chen et al., 2007), while TLR3, TLR7, TLR8 and TLR9
are endosomal and sense nucleic acid-based ligands, through their LRR domains
(O'Neill, 2008). TLR3, TLRS and TLR9 are involved in the recognition of
double-stranded ribonucleic acid (RNA), bacterial flagellin and bacterial CpG-
containing oligodeoxynucleotide (CpG) deoxyribonucleic acid (DNA),
respectively (Takeda ef al., 2002). TLR4 recognises a component of the cell wall
of gram-negative bacteria, lipopolysaccharide (LPS), and is critical for an LPS-
induced immune response as shown in studies in which TLR4 was absent
(Takeuchi et al., 1999). TLR2 recognises the widest array of PAMPs including
surface proteins on gram-negative and gram-positive bacteria, lipoteichoic acids,
peptidoglycans (PGN), mycoplasma, mycobacteria and zymosan (Kielian, 2006).
However, TLR2 has been shown to work as a heterodimer, with TLR1 and TLR®6,
to discriminate between lipopeptides (Ozinsky et al., 2000). MALP-2, a synthetic
mycoplasmal lipopetide, which contains a diacylated cysteine residue is
recognised by TLR2/TLR6 heterodimer while, Pam;CysSerLyss (Pam;Csky)
which contains a triacylated cysteine residue is recognised by TLR2/TLR1
heterodimer (Takeda er al., 2002). Triacylated lipopeptides interact with the
TLR2/TLRI1 heterodimer through the insertion of two ester-bound lipid chains
into a pocket in TLR2 and the insertion of an amide-bound lipid chain into the

hydrophobic channel in TLR1 (O'Neill, 2008).

1.1.2. The adaptive immune system

The adaptive immune system is more complex than the innate immune
system in that it involves antigen-specific responses and the development of
immunological memory for specific pathogens. Activation of the adaptive
immune system depends on cells of the lymphoid lineage namely B and T
progenitor cells. B cells develop in the foetal liver and later mature in the bone
marrow and are mainly involved in humoral responses whereas T cells mature in

the thymus and are responsible for cell-mediated immune responses.
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B cells require signalling from the B cell receptor (BCR) and an additional
signal from T helper (Th) cells to trigger their activation (Geisberger et al., 2006).
Once activated, they differentiate into either plasma cells or memory B cells.
Plasma cells are terminally-differentiated B cells that secrete five different
antibodies, including immunoglobulin (Ig) M, IgD, IgG, IgA, and IgE, which
provide immediate and long-term protection against pathogens (Hoyer et al.,
2005). Once these antibodies are secreted they bind to their specific antigen, in a
process called opsonisation, marking pathogens for phagocytosis.

T cells are involved in cell-mediated immune responses and are
subdivided into cluster of differentiation (CD)8" T cells or CD4" T cells. Naive
CDS8" T cells can be divided into cytotoxic effector CD8" cells or memory CD8" T
cells. CD8" T cells recognise endogenous antigens, mainly viral particles, through
major histocompatibility complex (MHC) class I allowing for the secretion of
perforin and granulysin which lyse infected cells. Similarly CD4" T cells can be
divided into effector or memory cells. Activation of naive CD4" cells into
appropriate effector cells requires two signals. The first signal is delivered through
interaction of MHC class I on cells of the innate immune system with their
specific T cell receptors (TCRs) (Sharpe & Freeman, 2002). This process is
accompanied by a secondary signal from co-stimulatory molecules CD80 and
CD86 on innate immune cells, to CD28 on T cells. Once both signals are present,
naive CD4" T cells will rapidly divide into a subpopulation of T cells with effector
functions (Sharpe & Freeman, 2002). In the absence of the second signal from co-
stimulatory molecules, on APCs, T cells fail to respond and are rendered anergic
or, if the secondary signal is a negative signal, T cell tolerance appears to be
induced (Sharpe & Freeman, 2002). The phenotype of the activated CD4" T cells
generated depends not only on the antigen presented but on the cytokine
environment present at the time of clonal expansion (Mosmann et al., 1986).
These CD4" T cells subpopulations include Thl, Th2, Th17 and regulatory T
(Treg) cells.



1.1.2.1. CD4" T cell subpopulation induction and cytokine secretion

The distinct CD4" T cell subtypes, termed Thl and Th2 cells, were first
discovered by Mosmann and colleagues (1986) and since then several other
subtypes have been discovered, including Treg and Th17 cells (Mills, 2008).

Th1 cells are derived from naive CD4" T in the presence of interleukin
(IL)-12, transforming growth factor-f (TGF-P) and interferon-y (IFN-y). IL-12 is
thought to be the main factor in directing Thl cell development and is produced
by macrophages in response to microbial products (O'Garra, 1998). Thl cells
secrete an array of cytokines which correlate well with their function including
IFN-y, IL-2 and lymphotoxin (LT). Thl cell cytokines are involved in
macrophage activation as well as cytotoxic and inflammatory functions leading to
the eradication of pathogens (Mosmann & Sad, 1996), however their
dysregulation is also involved in immunopathologies and autoimmune diseases
(O'Garra, 1998). Th2 cells divide in the presence of IL.-4 which is secreted by
mast cells and basophils (Constant & Bottomly, 1997). Th2 cells secrete cytokines
including IL-4, IL-6, IL-10 and IL-5 which, in turn, can activate eosinophils and
mast cells and induce B cells to produce IgE. Th2 cells are thought to control
parasitic infections and their dysregulation has been implicated in atopy and
allergic inflammation (O'Garra, 1998; Harrington et al., 2005). Th17 cells divide
in the presence of IL-1 and IL-23 and secrete 1L-17, IL-17A, IL-21, IL-22, TNFa
and IL-6. Th17 cells play an important role, through their secreted cytokines, in
anti-microbial immunity at epithelial and mucosal barriers. Th17 cells are also
involved in inflammation and autoimmunity (Mills, 2008).

Thl, Th2 and Th17 cells are able to regulate the induction of each other
through the secretion of their cytokines in that Thl cell-secreted [FN-y inhibits
Th2 cell development and humoral responses while, Th2 cell-secreted 1L-4 and
IL-10 inhibits Thl development and macrophage activation (O'Garra, 1998).
Similarly Th17 cells are regulated by Thl cells (Mills, 2008). Figure 1.2

illustrates CD4" clonal expansion.
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Figure 1.2. Naive CD4" T cell clonal expansion following antigen presentation

and co-stimulation.

Following antigen presentation and the interaction of MHC class II with the TCR
and co-stimulation from the CD28 and CD80/CD86 interaction naive CD4" T cell
will differentiate into different T cell subsets depending on the cytokine
environment present at the time of naive T cell activation. CD4" T cells activated
in the presence of IL-12 will divide into Th1 effector cells, whereas 1L-4 will shift
the immune response towards Th2 effector cells. While, IL-1, IL-23 and IL-6

allow for Th17 effector cell development.

Adapted from Mills (2008) and Benveniste et al., (2001)
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1.1.2.2. CD4" T cells and disease

Despite the role of T cells in host defence their dysregulation or unchecked
activation has been associated with a range of immune pathologies such as MS
and type II collagen-induced arthritis (Harrington et al., 2005). Knowledge of the
role of specific T cell subgroups in MS has come from studies in the animal
model experimental autoimmune encephalomyelitis (EAE) (Finsen & Owens,
2011). Originally studies in the EAE model suggested that Thl cells mediated
disease progression however more recently this view has been redefined (Becher
et al., 2006). This is based on the evidence from Billiau and colleagues (1987)
demonstrating that blocking IFN-y enhanced EAE and that mice deficient in IFN-
y or its receptor developed EAE (Chu e al., 2000). It is now thought that both
Thl and Th17 cells can induce EAE but the pathology induced by Thl cells
differs to that of Th17 cells. For example Thl cells have been found to facilitate
macrophage recruitment into the CNS while, Th17 cells facilitate neutrophil
recruitment (Kroenke ef al., 2008). Furthermore it has been shown that Th17 and
CD4" cells secreting both IFN-y and I1L-17 infiltrate the CNS of mice undergoing
EAE and exacerbate clinical symptoms accompanied by the activation of
microglia and the secretion of pro-inflammatory cytokines (Murphy et al., 2010).
A role for Th2 cells in EAE is more controversial. Lafaille and colleagues (1997)
suggest that Th2 cells can induce EAE in immuno-compromised RAG-1 knockout
mice, whereas others suggest an anti-inflammatory role for Th2 cells and that Th2

cells can reverse Thl cell-induced inflammatory changes (Gimsa et al., 2001).

1.2. The CNS

The brain has evolved to be one of the most sophisticated and complex
organs that nature has derived. Neurons roughly make up about 10% of the total
cell number whereas glia make up about 90% of the total cell number and provide
nutrients, support and defense for neurons but also interact with neurons in a
complex and intricate fashion, such that deficits in glial function profoundly
impact on neuronal function (Streit, 2005). Malfunction or disruption of this
mutually-beneficial interaction is implicated in every major neurodegenerative

disease (Moore & Thanos, 1996).
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1.2.1. CNS immunity and inflammation

The CNS has developed both physiologically and anatomically to protect
itself from damaging immune mediated inflammation (Aloisi, 2001). The
proposal that the brain was “immunologically privileged” isolated from the
periphery by the blood brain barrier (BBB) was supported with evidence from
several investigators demonstrating that tissue transplanted into the brain survived
for a longer period than tissue transplanted into the peripheral system (Medawar,
1948). The presence of the BBB, lack of lymphatic drainage and the lack of MHC
antigens added to the proposed “immunoprivileged” notion however, this concept
has now been revised. It is now accepted that the CNS can only employ a limited
array of immune-defence components and that peripheral immune cells can cross
the BBB and aid the resident immune cells in specific immune responses
(Ransohoff et al., 2003). These resident immune cells include astrocytes (Dong &
Benveniste, 2001) and microglia. Microglia are considered the chief resident
immunocompetent cells within the brain (Aloisi, 2001) and, as such assist in the
recruitment of peripheral immune cells; however both microglia and astrocytes
can upregulate the expression of adhesion molecules, as well as cytokines and
chemokines which orchestrate the invasion of peripheral immune cells into the
CNS through chemotaxis (Aloisi, 2001). Thus, regardless of the presence of the
BBB, the CNS can facilitate its own immune surveillance (Hickey, 2001).

1.2.2. The BBB

The BBB consists of brain microvascular endothelial cells, a basement
membrane, pericytes and glial cell elements, specifically astrocytic endfeet (Prat
et al., 2001). The specialized endothelial cells are linked together by tight
junctions which are comprised of adhesion molecules including cadherins,
occludin and claudins (Wilson ef al., 2010). These endothelial cells need constant
input from the other neuroglia cells to maintain their BBB related properties (Prat
et al., 2001). The BBB is designed to selectively minimize the trafficking of cells
and macromolecules into the CNS, however peripheral cells possess the ability to
cross the BBB in search of specific antigens (Hickey, 2001). It is thought that

leukocytes can migrate into the CNS through several routes including the choroid
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plexus, subarachnoid space and the parenchymal perivascular space (Wilson ef al.,
2010). Migration into the CNS is dependent on interacting pairs of selectins and
their ligands, integrins and adhesion molecules, and chemokines and chemokine
receptors (Ransohoff et al., 2003). Figure 1.3 illustrates this process of migration.
Several studies suggest that CNS inflammation can disrupt the BBB
integrity. Interestingly studies have found that both the expression of adhesion
molecules and chemokines are increased in normal ageing and in response to
cytokines which are released during CNS inflammation (Xu et al, 2010).
Furthermore, activation of endothelial cells and astrocytes during CNS injury can
reduce tight junction integrity and increase BBB permeability aiding in the
recruitment of peripheral cells (Wilson et al., 2010). For instance, animal models
of stroke exhibit decreased occludin expression following cerebral ischemia (Hua
et al., 2008). Previous studies from this laboratory have observed decreased
expression of the tight junction molecules, occludin and claudin, and increased
BBB permeability, measured by gadolinium extravasation, in APP/PS1 mice and
CD200 knockout (CD2007") mice, two mouse models which exhibit exacerbated
inflammation (Kelly et al, unpublished data). Importantly dysfunction of the
BBB integrity has been described in several pathologies including AD, MS and
vascular dementia (Campbell ef al., 2010), as well as in normal ageing (Farrall &

Wardlaw, 2009).
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Figure 1.3. Migration of leukocytes requires the upregulation of adhesion

molecules and signalling by chemokines and chemokine receptors.

Leukocyte extravasation into areas of inflammation has been separated into
several steps. The first step is referred to as tethering and requires contact between
the leukocyte and the endothelial cell followed by rolling. Both of these steps
require interaction of selectins with their ligands. The next step, activation,
requires the interaction of chemokines and their receptors which activate
integrins. Integrin interaction with cell adhesion molecules results in the flattening
of the leukocyte. The final stage is diapedesis which requires cytoskeletal

reorganization that requires signalling from chemokines through their receptors.

Adapted from Ransohoft et al., (2003)
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1.2.3. Astrocytes

Astrocytes belong to the family of macroglia and are the most abundant
glial cells within the CNS. Astrocytes are essential in development, maintaining
homeostasis, survival of neurons and efficient running of the CNS (Bowman et
al., 2003). However, there is now considerable evidence suggesting a role for
astrocytes in immune functions and inflammation (Dong & Benveniste, 2001).
These cells express several TLRs which are important in recognizing bacterial
products and mounting an effective immune response (Bowman et al., 2003;
Carpentier et al., 2005). Furthermore, studies have found that astrocytes can
produce chemokines (Babcock ef al., 2003; Dimitrijevic et al., 2006) as well as
cytokines which are integral to modulate immune responses. Astrocytes respond
to both innate immune signals (e.g. TLR agonists) and adaptive immune signals
(e.g. IFN-y); studies from Carpentier and colleagues (2005) observed increased
cytokine and chemokines secretion, as well as increased adhesion molecule,
antigen presentation machinery and co-stimulatory molecule expression following
stimulation with polyinosinic-polycytidylic acid (Poly I:C), LPS, IFN-a. and
TNFa. Additionally, both the secretion of TNFa and IL-6 by astrocytes can lead
to increased BBB permeability allowing for T cell entry (Carpentier et al., 2005),
and astrocytes have been shown to secrete 1L-12 which is an important cytokine
in T cell proliferation (Gurley et al., 2008). In turn, T cells by releasing their
cytokines can increase astrocyte activation (Giuliani ef al., 2003).

Evidence suggests that exacerbated astrocytic activation may have a role
in neurodegenerative disease; reactive astrocytes are observed in the AD brain and
are found in close association with amyloid (Af) deposits (Xia et al., 2000), while
it has been suggested that astrocytes respond more profoundly in the aged brain to
inflammatory insults due to an age-related increase in basal astrocytic activation

(Deng et al., 2006).

1.2.4. Microglia

Microglial cells are the principal resident immune cells of the brain that
were first described by Franz Nissl in the 1880s. As microglia are the resident

brain macrophages they exhibit many of the features of other tissue macrophages
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including phagocytosis, antigen presentation, production of chemokines and
cytokines, complement components and reactive oxygen species (Benveniste ef
al., 2001). They respond rapidly to endogenous insults (e.g. signals from stressed
or dying cells as well as immune signals like cytokines and T cells) and
exogenous insults such as those of pathogens (Aloisi, 2001). Under normal
conditions they demonstrate a downregulated immunophenotype tailored to the
specific microenvironment of the CNS. Interaction with neurons through ligand-
receptor interactions is believed to aid in the maintenance of a downregulated
phenotype. These ligand-receptor pairs include; CD200-CD200R, fractalkine-
fractalkine receptor and signal regulatory protein-a (SIRPa)-CD47 (Hanisch &
Kettenmann, 2007). However, microglia respond rapidly to a range of signalling
molecules suggesting that their apparent quiescence represents a state of vigilance
to disruptions in their extracellular surroundings (Kreutzberg, 1996).
Traditionally, it was thought that microglia possessed only two states of activation
a non-phagocytic phenotype and a phagocytic phenotype however, it is now
acknowledged that this is not the case and multiple activation states exist (Lynch,
2009). Indeed microglia are very plastic and their activation state depends on the
inflicted insult/pathology (Kreutzberg, 1996) and, more importantly, different
phenotypes means functional diversity (Hanisch & Kettenmann, 2007). The
transformation of microglia into an activated phenotype is characterized by
increased expression of cell surface markers including those involved in antigen
presentation and phagocytosis, and increased secretion of several inflammatory
mediators namely cytokines and chemokines (Gehrmann er al., 1995; Lynch,
2009).

Microglial activation is associated with an array of disease pathologies
including neurodegenerative diseases such as MS, AD and Parkinson’s disease
(PD). Furthermore, studies suggest that microglial activation increases with
ageing and this can be associated with an exacerbated response to an
inflammatory insult (Deng et al., 2006). Despite extensive research, the role of
microglia in neurodegenerative diseases still remains unclear and their activation
has been associated with both neuroprotective and neurotoxic effects (Hanisch &

Kettenmann, 2007).
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1.2.5. Markers of glial activation

Under resting conditions, glia express low basal levels of markers
including CD11b (microglia only), CD40, CD86, CD80, MHC class II and TLRs
however, CNS pathologies and systemic infections upregulates expression of
these markers (Frank ef al., 2007). Further it has been established that microglia
display different expression of these markers depending in the state of activation

(Lynch, 2009).
1.2.5.1. CDI1b

The integrin, CD11b, forms a heterodimer with CD18 to make up the
complement receptor-3 (CR3), also known as MAC-1 (Lynch, 2009). The extent
of CD11b expression is reported to correlate with the degree of microglial
activation (Roy et al., 2008). The CR3 receptor uses a lectin binding site to bind
to an array of microbial molecules and behaves as a powerful mediator of the
immune response particularly as it activates protein kinase cascades that are
crucial for leukocyte activation (Aloisi, 2001). Recent studies have reported that
CD11b is upregulated on microglia in response to an array of pro-inflammatory
cytokines including TNFa, IFNa, IL-1p and IL-6 and by fibronectin and
vitronectin, which are extracellular matrix substrates that are released during BBB
breakdown (Milner & Campbell, 2003). Consistently, LPS increases CD11b
expression on microglial cell lines and also in vivo in the striatum of mice injected
with LPS (Roy et al., 2008). In addition, microglia have been observed expressing
CD11b in close proximity to AB-plaques in a mouse model of AD (Bornemann et

al.,2001).
1.2.5.2. MHC class Il and co-stimulatory molecules CD80 and CD86

MHC class II expression is a hallmark of APCs and is expressed at low
levels on resting microglia however, its upregulation is an early consequence of
microglial activation that may even precede morphological changes (McGeer et
al., 1993). Although MHC class II expression is generally found on professional

APCs, such as microglia, it is also expressed on astrocytes although to a much
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lesser extent (Lynch, 2009). MHC class II interaction with the TCR, expressed on
CD4" T cells, in the presence of co-stimulatory molecules initiates the activation
of signalling cascades as well as the upregulation of CD40 and CD40L on their
respective cells (Dong & Benveniste, 2001). Several factors increase the
expression of MHC class II; IFN-y, the Thl cell secreted cytokine, is perhaps the
most potent inducer of MHC class II expression on microglia (Xu & Ling, 1995),
and astrocytes (Dong & Benveniste, 2001). Studies from Milner and Campbell
(2003) demonstrated that microglia expressed MHC class II following IFN-y
stimulation. Others have observed basal expression of MHC class II on ex vivo
human microglia and its upregulation following IFN-y and LPS stimulation
(Becher & Antel, 1996). MHC class II expression is enhanced in mixed glia
treated with both IFN-y and AP (McQuillan ef al., 2010). In addition, MHC class
[T expression is upregulated on microglia during ageing (Henry et al., 2009) and
following inescapable shock (Frank ef al., 2007).

The expression of MHC class II has been linked with neurodegenerative
diseases. Lopes and colleagues (2008) reported MHC class II-positive microglia
in close proximity to senile plaques in post-mortem tissue from AD patients.
Although aberrant expression of MHC class II is implicated in the pathogenesis of
autoimmune diseases its expression is also essential for normal immune function,
as seen in Bare Lymphocyte Syndrome, where these individuals have severe
immunodeficiency due to the lack of MHC class II (Benveniste et al., 2001).

CD80 (B7-1) and CD86 (B7-2) are transmembrane glycoproteins which
are expressed on APCs, including microglia and astrocytes, and signal via CD28
and cytotoxic T lymphocytes antigen 4 (CTLA-4) expressed on T cells (Lynch,
2009). CD80 and CD86 engagement along with MHC class II and TCR
engagement is essential for T cell proliferation. Several stimuli have been
observed to upregulate CD80 and CD86 expression. CD80 expression is
upregulated in human microglial cultures following IFN-y and LPS stimulation
(Becher & Antel, 1996) and in microglial cell lines following PGN stimulation
(Kielian et al., 2002). CD86 and CD80 expression are enhanced in murine mixed
glia following AP treatment (McQuillan ef al., 2010).
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1.2.5.3. CD40

CD40 is a member of the TNF-receptor family found on APCs and
interacts with its ligand (CD40L), also known as CD154, on activated T cells
(Aloisi, 2001; Benveniste et al., 2001) and astrocytes (Townsend et al., 2005).
Interaction between CD40-CD40L results in the upregulation of co-stimulatory
molecules (CD80 and CD86) and increased secretion of cytokines and
chemokines (Aloisi, 2001; Benveniste et al., 2001). CD40 is expressed at low
levels on microglia and its expression is greatly enhanced in response to several
stimuli including IFN-y (Benveniste ef al., 2001), LPS (Lyons et al., 2009a), and
AP (Tan et al., 1999).

The expression of CD40 has been linked with neurodegenerative diseases
including MS and AD. It has been found that engagement of CD40 on microglia
results in the production of IL-12, a cytokine involved with Thl cell development
(Aloisi et al., 2000b; Becher et al., 2000a). Increased CD40 expression has been
observed in MS lesions and it has been reported that blocking the CD40-CD40L
interaction significantly reduces disease severity in EAE, a mouse model of MS
(Gerritse et al., 1996). Similarly decreased microgliosis and astrocytosis has been
observed in an APP mouse model of AD with deficiencies in CD40L (Tan et al.,
2002). Townsend and colleagues (2005) demonstrated that CD40 shifted
microglia away from a phagocytic phenotype to an APC phenotype when
stimulated by AP. These studies found that, following CD40 ligation and the
presence of Thl cytokines, the expression of MHC class II was upregulated on
microglia and these microglia were found to be co-localized with AP

accumulations (Townsend ef al., 2005).

1.2.5.4. TLRs

TLRs are expressed on both microglia (Applequist et al., 2002) and
astrocytes (Bowman et al., 2003). Jack and colleagues (2005) observed the
expression of TLRI1-9 in human glial cells, and microglia had higher TLR
expression levels than that of astrocytes. Additionally, studies have shown the
expression of TLR co-receptor CD14 in microglial cell lines (Chen et al., 2006)

and in human microglial cultures (Becher & Antel, 1996). Comparable to other
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cell surface markers TLR expression is upregulated upon glial activation. TLR2
gene transcription is upregulated in several brain regions, including the
circumventricular organs, following stimulation with gram-negative and gram-
positive cell wall components (Laflamme er al., 2001). Zhou and colleagues
(2008) observed enhanced TLR2 expression accompanied by enhanced MHC
class II and co-stimulatory molecule expression, in both astrocytes and microglia,
following lymphocytic choriomeningitis virus infection (LCMV). There is an
extensive literature describing the impact of TLR activation on modulating the
production of cytokines and chemokines by glial cells. Stimulation of human glial
cultures with TLR agonists, LPS, Pam3;Csk4 and a synthetic dSRNA (PIC), results
in the secretion of pro-inflammatory cytokines IL-6 and TNFa as well as T cell
polarizing cytokines 1L-12 and IL-10 (Jack ef al., 2005). Stimulation of murine
microglial cultures with LPS and Pam;Csky results in the secretion of IL-6 and
TNFa (Shah et al., 2009), as well as the release of nitric oxide (NO) (Ebert et al.,
2005). Other studies have observed the secretion of chemokines in microglial
cultures following TLR stimulation with fibronectin and increased phagocytic
activity following co-stimulation of microglia with fibronectin and other TLR
agonists (Ribes et al., 2010). Murine astrocyte cultures stimulated with TLR
agonists secrete cytokines including IL-1B, TNFa, IL-6 and chemokines including
macrophage inflammatory protein (MIP)-1B, MIP-2 and monocyte chemotactic
protein (MCP)-1 (Esen et al., 2004).

Recent evidence suggests that chronic TLR expression, like other glial cell
markers, may have a role in neurodegenerative diseases. TLR expression is
increased in MS lesions and microglia isolated from MS patients express several
TLRs (Bsibsi et al., 2002). Furthermore studies in EAE have found that TLR1,
TLR2, TLR4, TLR6-9 expression is increased in the spinal cord of these animals
accompanied by an increase in MyD88 (Prinz et al., 2006). Expression of TLR2
and TLR4 is increased in the brains of AD patients (Walter et al., 2007), and
TLR2 and TLR7 expression (Letiembre ef al, 2009), as well as CD14
overexpression (Fassbender ef al., 2004) is observed in a mouse model of AD.
Additionally studies from Letiembre and colleagues (2007) show an age-related

increase in the expression of TLR1-7 and CD14 in mice.
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1.2.6. Cytokines

Cytokines are a family of pleiotropic proteins that are involved in cell-to-
cell communication and cellular activation. They have been described as
immunoregulatory and neuromodulators and are subdivided into anti- and pro-
inflammatory categories (Szelenyi, 2001). Cytokines are key regulators of innate
and adaptive immune responses (Aloisi, 2001), yet chronic cytokine elevation
leads to neuroinflammation and is a pathological feature of many
neurodegenerative diseases. Cytokines and their receptors are expressed at low
levels throughout the brain (Szelenyi, 2001) but are promptly upregulated in
response to various environmental stimuli as a consequence of astrocytic (Dong &
Benveniste, 2001; Carpentier ef al, 2005) and microglial (Aloisi, 2001)
activation, and infiltration of monocytes and activated lymphocytes (Ghirnikar ef

al., 1998).

1.2.6.1. TNFa

TNFa is a multipotent cytokine which is involved in the pathogenesis of
inflammatory and autoimmune diseases (Probert ef al., 2000). It is described as
one of the master pro-inflammatory cytokines and is secreted by microglia and
peripheral macrophages during CNS inflammation. TNFa binds to two receptors
the TNFRI and TNFRII (Aloisi, 2001). The role of TNFa in CNS inflammation is
compounded by its ability to induce cell adhesion molecules allowing for the
recruitment of peripheral immune cells; Milner and Campbell (2003) observed
that TNFa increased the expression of the integrins a4f3; and CD11b on microglia.
TNFa is secreted in vitro in response to an array of stimuli including LPS
(Szczepanik et al., 2001) and Pam;Csks (Jack et al., 2005; Shah et al., 2009).
TNFa has been shown to collaborate with IFN-y, a Thl cell cytokine, in the
induction of inducible NO synthase (iNOS) and NF-kB activation in astrocytes
(Falsig et al., 2004; Hsiao et al., 2007) and microglia (Mir et al., 2008).
Furthermore its secretion has been observed following AP treatment in mixed
glial cultures (McQuillan et al., 2010) and in human macrophages and murine

microglial cell lines (Szczepanik et al., 2001). Butovsky and colleagues (2005)
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observed upregulated TNFa in rodent organotypic hippocampal slice cultures in
response to both LPS and Ap.

There is a vast amount of literature implicating a role for TNFa in disease
pathology. TNFa is secreted by microglia and astrocytes in the AD brain (Lue et
al., 2001a). TNFa expression is elevated in the cerebrospinal fluid (CSF) of MS
patients (Sharief & Hentges, 1991), and is present in MS lesions as well as in
EAE (Probert et al., 2000). While, some studies have suggested that TNFa may
have a protective role in disease; Liu and colleagues (1998) observed that TNF”
mice developed a more severe disease progression following myelin

oligodendrocyte glycoprotein (MOG)-induced EAE.

1.2.6.2. IL-6

IL-6 is a pluripotent cytokine, with diverse biological function, that in
recent years has received attention for its involvement in regulating inflammation
and immunological responses. IL-6 has been found to be both beneficial and
destructive, within the CNS, as it protects neurons from ischemic damage yet
promotes astrocyte proliferation (Dong & Benveniste, 2001). IL-6 is expressed at
low levels within the CNS however in inflammation, infection and disease, 11.-6
levels become rapidly elevated (Van Wagoner & Benveniste, 1999). IL-6 binds to
its plasma membrane receptor IL-6R resulting in the activation of signalling
cascades JAK and MAPK (Heinrich et al., 2003). IL-6 is produced by glial cells
and neurons and its synthesis can be increased by other cytokines, namely IL-18
and TNFa (Gadient & Otten, 1997) and IL-17 (Ma et al., 2010). AP increases the
expression of IL-6 in murine mixed glia cultures (McQuillan et al., 2010) and in
murine microglia cell lines (Szczepanik et al., 2001). Additionally AP, linked with
advanced glycation endproducts (AGE), in combination with IFN-y and LPS
profoundly induces the secretion if IL-6 from murine microglia and to a far
greater extent than any of the stimuli alone (Gasic-Milenkovic et al., 2003).

Like most cytokines, IL-6 dysregulation and overexpression has been
implicated in several pathophysiological events (Gadient & Otten, 1997). IL-6
expression is elevated in the CSF of both patients with AD and PD (Blum-Degen
et al., 1995). IL-6 has also been shown to have a role in EAE; IL-6-deficient mice
are resistant to EAE (Eugster et al., 1998). Because of the dual effects of IL-6 it is
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unclear if IL-6 is causative in these neurodegenerative diseases or is merely a

reflection of the ongoing chronic inflammation as a result of progressive neuronal

damage (Gadient & Otten, 1997).

1.2.6.3. IL-1B

IL-1p was first described in the 1980s by several laboratories working on
inflammation. It has been described as a key mediator of immune responses and
has been found to affect most cell types within the body resulting in inflammation
(O'Neill, 2008). IL-1p belongs to the family of IL-1 which includes IL-1a. It binds
to its receptor IL-1 type I receptor (IL-1R1) expressed on an array of cells,
resulting in the release of other pro-inflammatory cytokines including IL-6 and
TNFa (Mills & Dunne, 2009). IL-1p is formed as pro-IL-f and then cleaved by
caspase-1 to produce the activated form of IL-1B (Mills & Dunne, 2009). IL-1p is
produced by neuronal and glial cells and is released after their stimulation due to
injury, insult or stress (Murray & Lynch, 1998). IL-1p can trigger neuronal cell
death and, interestingly, the presence of glial cells is required for IL-1B-induced
neuronal cell death (Thornton et al., 2006). Specifically Thornton and colleagues
(2006) observed that astrocytes were the primary mediators of IL-1B-induced
neuronal death through the release of free radicals and this effect was blocked by
IL-1RA the endogenous antagonist for the IL-1R1. IL-1B concentrations are
increased in both aged and stressed animals as well as animals treated with IL-1
itself (Murray & Lynch, 1998). In addition, an age-related increase in IL-1f
expression and concentration is associated with an age-related increase in caspase-
1 activity (Lynch et al., 2007). Furthermore, IL-1p expression is increased in the
response to LPS and is significantly exacerbated in aged animals in response to
LPS (Henry et al., 2009).

There is evidence implicating IL-1B in neurodegenerative diseases;
microglia expressing IL-1 are found in association with plaques in brain tissue and
this expression correlates with neuronal death (Mrak, 2012). IL-1 is increased in
the hippocampus of wildtype mice (Zaheer et al., 2008), and in murine microglial
cultures, following AP stimulation (Szczepanik e al., 2001). Studies in IL-1R1-
deficient mice suggest a role for IL-1 in mediating neurodegenerative autoimmune

diseases; it has been shown that IL-1p in combination with I1L-23 promotes Th17
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cell expansion, a T cell subtype involved in MS, and the secretion of IL-17

(Sutton et al., 2006).

1.2.7. Chemokines

The infiltration of leukocytes from the periphery into the CNS is crucial
for host defense responses as well as the initiation and maintenance of CNS
autoimmunity (Aloisi, 2001). Chemokines are 8-14 kDa plurifunctional secreted
proteins that are instrumental in this process of leukocyte trafficking (Cartier et
al., 2005). Currently there are more than 40 known human chemokines and 19
known G-protein coupled chemokine receptors. Chemokines are divided into 4
subfamilies (CXC, CC, C and CX3C) based on the sequence of their conserved
cysteine residue but are also classified into inflammatory or homeostatic
according to their function (Aloisi, 2001; Cartier et al., 2005). Inflammatory
chemokines are produced in response to cytokines and recruit monocytes,
granulocytes and T cells to sites of inflammation. Homeostatic chemokines are
expressed in discrete environments and recruit cells of the adaptive immune
system (Cartier et al., 2005). During CNS inflammation, several cell types are
known to produce chemokines including endothelial cells, astrocytes and
microglia (Aloisi, 2001). Chemokines play an important role in the development
of CNS pathologies; chemokines and chemokine receptor expression upregulated
in neurodegenerative diseases allowing for increased leukocyte infiltration and
enhanced inflammation (Cartier ef al., 2005). Our knowledge of chemokine
production by microglia and astrocytes has been greatly facilitated by studies in
MS and EAE (Owens et al., 2005). These studies have established that different
chemokines may have diverse roles in disease mechanisms (Tran et al., 2000a).
However it must be noted that chemokines also have neuroprotective effects, such

as fractalkine which inhibits microglial activation (Biber ez al., 2007).

1.2.7.1. IP-10

IP-10, also known as CXCL10, is secreted during inflammation by cells
such as monocytes, lymphocytes, neutrophils and endothelial cells (Xia et al.,

2000). IP-10 binds to its G coupled receptor, CXCR3, expressed on activated T



cells. Several stimuli increase its expression; IP-10 mRNA expression is
upregulated in response to IFN-y (Xia et al., 2000). Furthermore, AP treatment
significantly increases the expression of IP-10 hippocampal concentrations in
rodents (Clarke et al., 2007). IP-10 plays a significant role in the recruitment of T
cells to sites of inflammation and IP-10 expression correlates with T cell
infiltration into diseased tissue (Dufour ef al., 2002). It has been shown that IP-10
" mice, infected with hepatitis virus, have decreased cell infiltration into the CNS
associated with decreased IFN-y expression and levels of demylination (Dufour et
al., 2002).

Studies have suggested a significant role for IP-10 in neurodegenerative
diseases (Cartier ef al., 2005). Xia and colleagues (2000) observed an increase in
[P-10-positive astrocytes in post-mortem tissue from AD patients and a frequent
association of these IP-10-positive astrocytes with AP deposits. In MS, IP-10 is
significantly elevated in the CSF of MS patients (Sorensen et al., 1999), as well as
in the CNS of animal undergoing MOG-induced EAE (Tran et al., 2000a).

1.2.7.2. MCP-1

MCP-1, also known as CCL2, recruits monocytes, memory T cells and
dendritic cells to the site of injury. It binds to its receptor, CCR2, which is
expressed on active monocytes, endothelial cells and leukocytes. MCP-1 was one
of the first chemokines to be identified and associated with inflammation (Mahad
et al., 2006). Studies have implicated MCP-1 not only in leukocyte recruitment
but also in BBB disruption; MCP-1 binding to its receptor expressed on
endothelial cells, alters endothelial tight junction structure, resulting in increased
BBB permeability following ischemic inflammation (Dimitrijevic et al., 2006).
Microglia and astrocytes are prominent sources of MCP-1; glial cells produce
MCP-1 following axonal injury and this is associated with the infiltration of
leukocytes into the CNS (Babcock er al., 2003). Several different stimuli have
been shown to increase MCP-1 expression. MCP-1 expression is increased in
progenitor-derived astrocytes and neurons in response to the pro-inflammatory
cytokines IFN-y and TNFa (Lawrence et al., 2006). In addition MCP-1 has been
shown to be increased in rodent hippocampal tissue following

intracerebroventricular injection of AP (Clarke et al., 2007). Furthermore, it has
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been shown that AP can upregulate the expression of MCP-1 receptor on
endothelial cells and trigger T cell infiltration (L1i et al., 2009).

Evidence suggests that MCP-1 has a role in neurodegenerative diseases.
Acute and active MS lesions display MCP-1 and MCP-2 immunoreactivity in
post-mortem tissue from MS patients (McManus et al., 1998), and MCP-1 is
observed in the CNS of MOG-induced EAE (Tran ef al., 2000a). MCP-1 has been
reported in mature senile plaques (Ishizuka et al., 1997), and in CSF samples from

AD patients (Galimberti et al., 2003).
1.2.7.3. RANTES and MIP-1a

RANTES, also known as CCLS, is involved in the recruitment of
granulocytes, monocytes and effector T cells to sites of inflammation (Cartier et
al., 2005). Its receptor, CCRS, also acts as a receptor for MIP-1a, and is expressed
by activated/memory T cells and upregulated in inflammatory conditions; T cells
expression of CCRS is increased in rheumatoid synovial fluid (Qin er al., 1998).
Both astrocytes and microglia produce RANTES following LCMV infection
(Zhou et al.,, 2008). The expression of RANTES is increased following
entorhinodentate axotomy (Babcock et al., 2003), as well as traumatic brain injury
(Ghirnikar ef al., 1998).

Like MCP-1 and IP-10, both RANTES and MIP-1a are associated with
neurodegenerative diseases. RANTES is increased in the CSF of MS patients
(Tran et al., 2000a), and its receptor has been detected on lymphocytic cells,
macrophages and microglia in actively demyelinating MS lesions (Sorensen et al.,
1999). CCRS expression is increased on reactive microglia in AD and this is
associated with an increase in MIP-1a expression on reactive astrocytes which are
found in association with AP deposits (Cartier et al., 2005). Furthermore
microglia isolated from AD brain tissue treated with A increase the production of

MIP-1a (Lue et al., 2001a).
1.2.8. Modulators of microglial activation: Maintaining microglial quiescence

Many different factors, including secreted factors and cell surface

receptors, play a role in modulating the inflammatory and activated states of
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microglia. There is extensive literature reviewing the role that neurons play in
delivering “on” and “off” signals to microglia. For example CD200, fractalkine,
CD47 and high mobility group box 1 (HMGBI1) expressed on healthy neurons
antagonise the pro-inflammatory activity of microglia, while damaged or dying
neurons are thought to produce chemokines that activate microglia (Biber ef al.,

2007).

1.2.8.1. Fractalkine

Fractalkine, also known as CX3CL]1, is a chemokine which is expressed
on neurons and its receptor, CX3CR, which is expressed mainly on microglia
(Lynch, 2009). Fractalkine can exist as a membrane-bound and soluble form. The
membrane bound form displays adhesion properties while, the soluble form is
involved in chemotaxis (Gemma ef al., 2010). It has been shown that both the
soluble and the membrane form of fractalkine can attenuate LPS-induced
microglial activation (Lyons ef al., 2009a). These authors also demonstrated an
age-related decrease in fractalkine expression correlated with an upregulation in
CD40 and MHC class II expression and the production of IL-1p. Gemma and
colleagues (2010) proposed that decreased fractalkine with ageing results in
increased microglial activation and cognitive dysfunction. These authors found
that administering soluble fractalkine to 22 month-old rats resulted in decreased
MHC class II expression and increased neurogenesis in these animals.
Interestingly a decrease in plasma levels of fractalkine has been observed in
patients with AD (Kim et al., 2008), and APP transgenic mice display decreased

expression of neuronal fractalkine (Duan et al., 2008).

1.2.9. CD200

1.2.9.1. CD200 and CD200R

CD200, previously known as OX2, is a 41-47 kDa type-1 cell surface
glycoprotein with two immunoglobulin domains and looks like the TCR B sheet
chain or an Ig light chain with a membrane integration segment (Clark et al.,

1985). CD200 is unable to signal due to its short cytoplasmic tail and the absence
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of any known signalling motifs (Mukhopadhyay et al., 2010). The structure of
CD200 is closely related to the T cell co-stimulatory molecules CD80 and CD86
(Jenmalm et al., 2006). CD200 is widely expressed within the CNS including on
neurons, endothelial cells, activated T cells (Broderick et al., 2002; Jenmalm et
al., 2006) and astrocytes (Costello ef al., 2011). CD200 interacts with CD200R
expressed on cells of the myeloid lineage such as microglia and macrophages
(Meuth et al., 2008). The structure of CD200R is similar to that of CD200 but it
contains a larger cytoplasmic tail for signalling (Wright ef al., 2000). Currently
five CD200Rs have been reported in mice (CD200R1-5) (Gorczynski et al.,
2004). The CD200-CD200R interaction is believed to protect the CNS from
excessive inflammation by exerting an inhibitory signal suppressing IFN-y-
induced proliferation, activation and secretion of NO, IL-6 and IL-13 by cells
(Feuer, 2007; Meuth et al., 2008). Furthermore, it has been demonstrated that
disruption of this interaction between CD200-CD200R results in increased

microglial activation and neuroinflammation (Masocha, 2009).
1.2.9.2. CD200 signalling

CD200R signalling differs from that of most immune inhibitory receptors,
in that it lacks the cytoplasmic acid sequence termed immunoreceptor tyrosine-
based inhibitory motif (ITIM), and contains an NPxY sequence in its cytoplasmic
domain instead (Zhang et al., 2004). The CD200 signalling pathway has not yet
been fully elucidated, although it is proposed that the NPxY motifs interact with
adaptor molecules through their phosphotyrosine-binding (PTB) domains. The
NPxY motif contains three tyrosine residues as potential phosphorylation sites
following CD200-CD200R engagement (Snelgrove et al, 2008). Once
phosphorylated adaptor molecules downstream of tyrosine kinase (Dok) 1 and
Dok 2, are recruited and in turn are phosphorylated and associate with Ras
GTPase-activating protein (RasGAP) and scr homology 2 domain containing
phosphatases (SHIP) (Snelgrove et al., 2008). Dok2 primarily recruits RasGAP
and non-catalytic region of tyrosine kinase adaptor protein 1 (Nck) while, Dokl
preferentially recruits Crk-like protein (CrkL) (Mihrshahi & Brown, 2010). The
downstream signalling events result in the inhibition of the Ras/sMAPK pathway
including extracellular signal-regulated kinase (ERK), p38 MAPK and JNK
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(Zhang et al., 2004). Ultimately this inhibition of signalling cascades results in the
decrease in the production of inflammatory cytokines. Figurel.4 illustrates the
structure of CD200 and its receptor and the signalling cascade initiated following

CD200-CD200R interaction.
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Figure 1.4. The structure of CD200 and CD200R and the signalling pathway
initiated following CD200-CD200R interaction.

CD200 has a short cytoplasmic tail while the CD200R has a longer cytoplasmic
tail which contains 3 tyrosine residues which when phosphorylated recruit Dok 1

and Dok 2, in turn theses activate SHIP and RasGAP resulting in the inhibition of
MAP kinases and inhibition of cytokine production.

Adapted from Miller et al., (2011)
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1.2.9.3. CD200-CD200R interaction modulates inflammation

The hypothesis that CD200 binding CD200R induces immune suppression
was originally proposed by Hoek and colleagues (2000). Most of the studies
which have evaluated the role of CD200 have come from the deletion of the
CD200 gene in mice. These CD200”" mice have a normal lifespan and are grossly
normal in appearance but are more susceptible to autoimmune diseases (Hoek et
al., 2000). Some of the earliest studies demonstrated that microglia obtained from
CD2007" mice have increased activity compared to microglia obtained from
healthy wildtype animals. Hoek and colleagues (2000) used several different
models, including facial nerve transection model, EAE and collagen-induced
arthritis (CIA), to examine the effect of CD200 on disease progression; the data
showed that CD200”" mice had enhanced microglial responses and activation
levels compared with wildtype animals. It was hypothesized that the increase in
myeloid activation in CD200” animals was due to the lack of inhibitory signalling
through CD200R (Hoek et al., 2000).

It has been established that in vivo disruption of the CD200-CD200R
interaction aggravated the clinical course and outcome of EAE in rats (Meuth er
al., 2008). These authors reported that neutralizing the CD200-CD200R
interaction significantly amplify [FN-y-induced IL-6 response by macrophages.
Furthermore it was observed that disruption of the CD200-CD200R interaction
was accompanied by a significant increase in infiltrating immune cells into the
spinal cord of MOG-induced EAE animals (Meuth et al., 2008). While studies in
WId® mice, which exhibit unique protection against neurodegenerative conditions
like EAE, have been shown to overexpress CD200 possibly due to impaired
protein ubiquitination and degradation (Chitnis et al, 2007). Chitnis and
colleagues (2007) observed that increased CD200 expression was able to protect
neurons and axon, both in vitro and in vivo, from microglia-induced damage.

The importance of the CD200-CD200R interaction in maintaining
microglial quiescence has also been confirmed by the use of CD200R antibodies
and by CD200 fusion protein (CD200Fc). It was established that a rat anti-mouse
CD200R monoclonal antibody (DX109), which activated CD200 signalling,
suppressed experimental autoimmune uveoretinitis (EAU) progression while,

CD200™" mice displayed early onset EAU (Copland et al., 2007). These results
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were in consensus with an earlier report from Broderick and colleagues (2002)
who reported that CD200”" mice had accelerated onset of EAU associated with
increased microglial activation, and increased number of infiltrating cells resulting
in photoreceptor death. Similarly in CIA it was found that CD200Fc not only
suppressed CIA but also caused decreased levels of TNFa and IFN-y both of
which drive myeloid cell activation and CIA disease progression (Gorczynski et
al., 2002a). More recent evidence, using an influenza model, highlighted the use
of CD200Fc and an agonist antibody to CD200R as a method of resolving
inflammation in cases of extensive inflammation and myeloid activation
(Snelgrove et al, 2008). These authors reported that a nonlethal dose of the
influenza virus delivered to CD200™" mice resulted in death. Delivery of CD200Fc
- or OX110, an agonist monoclonal antibody to CD200R, to mice following
influenza infection did not compromise viral clearance but decreased the
expression of IFN-y and TNFa in the airways and lung tissue of these animals
(Snelgrove et al., 2008).

From the evidence published to date it is clear that the CD200-CD200R
interaction indeed plays a key role in immunoregulation. The presence of CD200
in immune-privileged sites and sites accessible to antigen challenge indicates that
the CD200-CD200R interaction is involved in anti-inflammatory responses at

these specific sites (Minas & Liversidge, 2006).

1.2.9.4. The role of CD200 in neurodegeneration

Several lines of evidence now suggest that the loss of CD200 may
contribute to some of the microglial-induced inflammatory changes seen in
neurodegenerative diseases like MS and AD. Most neurodegenerative diseases are
characterized by an uncontrolled neuroinflammatory environment which has been
attributed largely to microglial activation. The majority of these
neurodegenerative disorders, but not all, are age-related diseases and evidence
suggests that CD200 expression is decreased with age; CD200 expression is
decreased in the hippocampus of aged rats accompanied by increased expression
of MHC class Il and IFN-y (Frank et al., 2006).

A role for CD200 has also been described in AD. Studies have found

decreased expression of CD200 and CD200R in post-mortem brain tissue from
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AD patients (Walker ef al., 2009). Specifically, these authors describe a deficit in
neuronal CD200 expression in brain areas affected by AD pathology. Though it is
possible that this is due to a decrease in viable neurons as a result of
neurodegeneration (Masocha, 2009). Furthermore, microglial activation in the
hippocampus of aged and A-treated rats correlates with a decrease in neuronal
CD200 expression (Lyons et al., 2007). These studies reported that CD200-
CD200R interaction decreased expression of MHC class II and the accompanied
production of pro-inflammatory cytokines by Ap-treated glia (Lyons et al., 2007).
These authors suggested that the expression of CD200 may be modulated by the
anti-inflammatory cytokine IL-4; it was found that IL-4 markedly increases
CD200 expression in vitro and that 1L-4” mice have exacerbated microglial
activation associated with a decrease in CD200 expression (Lyons ef al., 2007).
Studies in post-mortem brain tissue from MS patients have demonstrated
that both the expression of CD200 and its receptor could be found in peri-plaque
regions of human MS (Meuth et al., 2008). More importantly, it has been found
that the expression of both CD200 and CD47, another macrophage modulatory
protein, are downregulated in human MS lesions (Koning ef al., 2007). Together,
these findings have suggested that enhancing the CD200-CD200R interaction may

have therapeutic potential in neurodegenerative diseases such as AD and MS.
1.3. AD

AD is a devastating age-dependent neurodegenerative disease that is the
most frequent cause of dementia in the ageing population. The majority of AD
cases are sporadic with risk factors including head injury, stroke and even diet
although about 5% of all AD cases are familial (FAD). FAD cases have a rare
autosomal dominant mutation in genes that effect the expression levels of amyloid
precursor protein (APP), presenilin (PS) 1 and 2 genes (Wyss-Coray, 2006). AD
is characterised by progressive cognitive decline and memory loss associated with
dramatic neuronal death and loss of synapses particularly in brain regions critical
for learning and memory including the hippocampus, cerebral cortex and basal
forebrain (Nagele et al, 2004). The neuropathological hallmarks include
neurofibrillary tau tangles, neuritic plaques, reactive gliosis and inflammation

(Nagele et al., 2004). Neurofibrillary tau tangles are inclusions within neurons
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which consist of hyperphosphorylated tau, a protein associated with microtubules,
which assembles into paired helical filaments. Neuritic plaques are composed of a
dense core of AP fibrils, dystrophic neurons, microglia and astrocytes (Benveniste
et al.,2001; Nagele et al., 2004).

The identification of these features of AD lead to the development of
several hypotheses suggesting the mechanisms by which neurodegeneration
occurs in AD including the “Af hypothesis”. The “AB hypothesis™ suggests that
an imbalance between the production and clearance of AP in the brain gives rise
to the accumulation and the formation of A plaques, exacerbated glial activation,
prolonged inflammation and neuronal loss which ultimately causes cognitive
decline (Karran ef al., 2011). The basis of this hypothesis has greatly influenced
the research of current AD therapies especially investigating mechanisms which

may aid the removal of AP or inhibit its overproduction (Karran ez al., 2011).

1.3.1. AB; processing, production and overproduction

The fact that AB accumulates in the brain before disease onset, and that
Down syndrome patients that have tri-chromosome 21, suffer from AD suggests a
role for AP as a mediator of AD (Farfara et al., 2008). AP peptides are natural
occurring products of metabolism made up of 36-43 amino acids (Querfurth &
LaFerla, 2010). AB is a 4kD peptide which maps to chromosome 21 and is highly
expressed on neuronal cells (Farfara er al., 2008). It is generated from the type I
integral membrane protein, APP. APP is cleaved by a- and B-secretase (also
known as BACELI) to generate two C-terminal fragments a APP and BAPP which
become inserted into the membrane (Sastre et al., 2008). These fragments are
cleaved by the y-secretase complex (consisting of; PS1, nicastrin, anterior pharynx
defective 1 (APH-1) and presenilin enhancer 2 (PEN-2)) resulting in the release of
two peptides, P3 and AP (Walsh & Selkoe, 2007; Sastre et al., 2008). When BAPP
is cleaved by y-secretase at different points, three types of AP namely APi.3s, AB;-
40 and A4, are formed (Walsh & Selkoe, 2007). It is the overproduction of all
three AP peptides, or a bias towards production of AP.4, that is implicated in AD
(Walsh & Selkoe, 2007).

AP self-aggregates into several coexisting physical forms including

oligomers which can form into intermediate assemblies and fibrils, ultimately
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forming insoluble fibrils when arranged as -pleated sheets (Querfurth & LaFerla,
2010). It has been suggested that the assembly state of the AP peptide is central in
determining the microglial response induced; AP;.4» oligomers and fibrils are
actively taken up by microglia and induce neuronal toxicity while APj.4
oligomers are not taken up by microglia nor do they induce neuronal toxicity yet
they induce cytokine expression by microglia (Parvathy et al., 2009).

Overproduction of AP is attributed to altered activation of the enzymes
that process APP and several factors have been shown to be involved in altering
these enzymes. BACEI activity increases with age in both mouse models of AD
and non-transgenic mouse models (Fukumoto et al., 2004); knocking out BACE1
in APP transgenic mice reduces AP production (Ohno et al., 2004). Additionally,
factors associated with increased microglial activation alter BACEl; TNFa
upregulates BACE1 expression in cultured astrocytes and this effect can be
blocked by anti-TNFa antibodies (Yamamoto et al., 2007), while oxidative stress
alters PS1 and BACEI] activity (Tamagno ef al., 2008).

1.3.2. Role of the innate and adaptive immune system in AD

Neuroinflammatory changes are observed in both familial and sporadic
cases of AD (McGeer & McGeer, 2003). Persuasive evidence that the
inflammatory process plays an important role in AD comes from studies in which
patient populations, treated with non-steroidal anti-inflammatory drugs (NSAIDs),
have decreased incidence of AD (Bamberger & Landreth, 2001). Furthermore,
administration of NSAIDs to transgenic animal models of AD significantly
decreases the amount of reactive microglia in association with Af-plaques

(Bamberger & Landreth, 2001).

1.3.2.1. Role of Microglia in AD

Although microglia provide the first line of defense in acute situations the
function of microglia in the case of chronic situations like AD, is not clear (Streit,
2005). Microglial activation appears to occur in a very early stage of disease even
prior to cognitive decline (McGeer & McGeer, 2003). It has been suggested that

increased microglial activation, may be accounted for by an age-related decrease
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in the neuronal-glial interactions, which maintain microglia in a quiescent state
(Biber et al., 2007). One such interaction that may contribute to this is the CD200-
CD200R interaction which is altered with age (Lyons et al., 2007) and in AD
(Walker et al., 2009).

While activated microglia are found in close proximity to AB-plaques in
mouse models of AD (Bornemann et al., 2001) and in the brains of AD patients
(McGeer et al., 1993), one of the central paradoxes surrounding the role of
microglia in AD is their failure to phagocytose AP deposits (Bamberger &
Landreth, 2001). It has been proposed by Streit (2004) that, in the AD brain,
microglia are “dysfunctional” rather than activated and this results in decreased
plaque removal and increased production of inflammatory mediators. Thus it has
been suggested that activating microglia into a phagocytic phenotype may have
beneficial effects in plaque clearance; administration of anti-Af antibodies results
in decreased plaque load in Tg2576 mice (Wilcock er al., 2004). Similarly
following systemic LPS injection, increased microglial phagocytic activation and
an associated clearance of diffuse AP, but not that of fibrillar AP, has been
observed in Tg2576 mice (Herber et al., 2007). In contrast, decreased microglial
and astrocytic activity is associated with decreased plaque number, A
concentration and phosphorylated tau protein in APP transgenic iNOS™ mice
(Nathan et al., 2005).

There is extensive literature describing the effects of AP peptides in
modulating glial activation both in vivo and in vitro; AP induces the production of
cytokines, chemokines and the upregulation of APC molecules in vitro
(Szczepanik et al., 2001; Jana et al., 2008; McQuillan et al., 2010) and in vivo
(Clarke et al., 2007). The AB-induced effect on glial activation is even greater in
the presence of augmenting factors such as LPS and IFN-y (Gasic-Milenkovic et
al., 2003). Despite these studies, the mechanisms by which AB-induces microglial
activation are poorly understood. It has been suggested that Af mediates its
interaction with microglia through a receptor complex consisting of af}; integrin,
CD47, CD36 and the scavenger receptor A (Bamberger ef al., 2003). However,
another mechanism which is receiving recent consideration is the interaction of
TLRs with AB. There is a growing body of evidence suggesting that these innate

immune receptors, which have significant effects on tailoring glial activation
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(Jack et al., 2005), may play a critical role in the pathogenesis of AD (Liu et al.,
2012).

1.3.2.2. A role for TLRs in AD

Expression of TLRs and the TLR co-receptor CD14 (Fassbender ef al.,
2004) is increased in the brains of AD patients (Walter et al., 2007) and in animal
models of AD (Letiembre et al., 2009). Furthermore, increased expression of
CD14 in areas of the brain which are pathophysiolocally relevant to AD has been
observed (Liu et al., 2005). The increased expression of TLRs in AD places them
as prospective players in neurodegenerative mechanisms and disease progression
(Okun et al., 2009). However the role of TLRs in AD is unclear with reports
arguing both beneficial and destructive effects through their ability to tailor
microglial responses. Several recent reports have observed that TLR2, TLR4
(Udan et al., 2008), and CD14 deficiency significantly reduces Af-induced
microglial activation (Reed-Geaghan et al., 2009). Consistently AB.4> mediates
pro-inflammatory cytokine production by microglia and increased expression of
integrin markers through its interaction with TLR2 and this effect is blocked in
TLR2” mice (Jana et al., 2008). Liu and colleagues (2012) established that
microglia can interact with AP through TLR2/TLRI1 heterodimer to induce pro-
inflammatory cytokine production and that TLR2 deficiency shifts microglia
away from an inflammatory state to a phagocytic phenotype. In addition it has
been observed that AB-induced microglial activation via TLR2, TLR4 and CD14
initiates activation of MAP kinases and the induction of phagocytosis, reactive
oxygen species (ROS) and NF-kB (Reed-Geaghan et al., 2009). CD14 deficiency
or neutralization of CD14 with antibody significantly decreases Af-induced
microglial production of cytokines and nitric oxide (Fassbender et al., 2004). In
addition, TLR2-deficient APP/PS1 mice exhibit decreased plaque burden at 6
months of age although they have comparable plaque burden to wildtype animals
by 9 months of age (Richard et al., 2008).

In vitro studies suggest that activation of TLR2, TLR4 and TLR9 with
respective ligands PGN, LPS and CpG-ODN, increases the removal of AP from
cultures (Tahara er al., 2006). These authors also observed increased plaque

burden in TLR4 mutant APP/PS1 mice at 14-16 months of age. The current
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literature suggests that a better understanding of the interaction of innate immune
TLRs with AR in AD may be useful in establishing effective therapeutic

strategies.
1.3.2.3. A role for T cells in AD

While peripheral T cells were not traditionally associated with the
progression of AD, this view has changed following several observations. T cells
are present in the AD brain in a greater number than healthy individuals (Rogers
et al., 1988; Togo et al., 2002; Monsonego et al., 2003), particularly in areas of
the brain that are devastated during AD such as the hippocampus and limbic
structures (Togo et al., 2002). Furthermore, these studies have established that
these T cells are activated and in the process of becoming effector T cells (Togo et
al., 2002). However, the role of T cells in disease pathology is still unclear with
contradictory reports in the literature suggesting both beneficial and detrimental
effects by T cell subtypes (Thl, Th2 and Th17). The possibilty that T cell
activation is influenced by their interaction with glia, and vice versa, needs to be
explored.

A maladaptive role for T cells is mainly attributed to Thl1 cells and their
signature cytokine, IFN-y, as well as Th17 cells. Th1 cells interact with microglia
and upregulate the expression of antigen presentation machinery, co-stimulatory
molecules and adhesion molecules resulting in Thl cell activation (Aloisi et al.,
2000a). Similarly, studies from McQuillan and colleagues (2010) observed that
both AB-specific Thl and Th17 cells increased the expression of MHC class II
and co-stimulatory molecules and an associated increase in the release of pro-
inflammatory cytokine production. Supernatants from Thl cells upregulate a
similar pattern of antigen presentation molecules on microglia and the secretion of
cytokines and chemokines and these effects can be blocked by anti-IFN-y
treatment (Seguin ef al., 2003). In addition treatment of microglial cultures with
CDA40L and IFN-y increased chemokine secretion (D'Aversa ef al., 2002), as well
as inhibiting microglial uptake of AP;.42 (Townsend et al., 2005); interestingly the
effect of IFN-y and IL-17 on glial activation is greater in the presence of Af
(McQuillan et al., 2010) Furthermore, IFN-y deficient APP mice have

significantly reduced AP deposition in the cortex and hippocampus compared with
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controls and this correlated with decreased astrogliosis and microgliosis
(Yamamoto ef al., 2007).

T cells may have a beneficial effect through enhanced AP clearance and
decreased production of glial inflammatory mediators. /n vitro studies have
suggested that Th2 cells and Th2 cell-secreted cytokines fail to induce antigen
presentation machinery on microglia (Aloisi et al., 2000a; Seguin ef al., 2003) but
can enhance microglial uptake of AP;.42 (Townsend et al., 2005). IL-4 has been
shown to selectively inhibit the secretion of IL-1B and IL-6 from microglia
stimulated with AP or LPS (Szczepanik ef al., 2001). In addition Th2 cells can
attenuate Thl and Thl7-induced glial activation (McQuillan er al., 2010).
Moreover, APP/PS1 mice which received AB-stimulated T cells exhibit decreased
numbers of plaque-associated microglia and decreased cognitive decline, although
interestingly this effect was associated with Th2 cells, and not Thl cells,
suggesting that different T cell subsets mediate different functions in AD (Ethell
et al., 2006). Cao and colleagues (2009) observed decreased pro-inflammatory
cytokine production and plaque-associated microglia in APP/PS1 mice treated

with AB-specific Th2 cells.

1.3.3. Transgenic mouse models of AD

Transgenic mouse models that have behavioral and pathological aspects of
AD have enabled the generation and testing of therapies for AD (Gelinas et al.,
2004). The identification of genes that encode APP, PS1 and PS2 has
revolutionized the use of animal models of AD and lead to the generation of
several transgenic mouse models. However, these models only exhibit some of the
pathological features including AP deposition and progressive memory loss, but
they lack neurofibrillary tau tangles and neuronal loss (Ashe, 2001). Although it is
possible to generate mouse models with both amyloid plaques and neurofibrillary
tangles these animals are not suitable for investigating learning and memory as
they become paralyzed (Ashe, 2001). The transgenic models currently used are
based on mutations in APP, PS1 and PS2 resulting in a greater production and
aggregation of AP peptides. These genes include the “Swedish™ mutation which
occurs at the f-secretase site and increases the production of ABj.4 and A4z

through preferential cleavage of APP by B-secretase rather than a-secretase
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(Higgins & Jacobsen, 2003). Mutations in PS1 and PS2, which play a critical role
in y-secretase activity, also results in the overproduction of AB;.4, (Higgins &
Jacobsen, 2003).

The first transgenic model generated displaying neuritic AB-plaques was
the PDAPP mouse which overexpressed APP containing the V717F mutation.
These animals have accelerated production of AB;.49 and AP,.4; resulting in plaque
deposition, astrogliosis and microgliosis (Games et al., 1995). Several other
mouse models with mutations in APP exist including the Tg2576 model which
was first examined by Hsaio and colleagues (1996), and is one of the most
widely-studied mouse model of AD. The Tg2576 expresses the APP695 isoform
with the Swedish mutation under the control of the prion protein promoter
(Higgins & Jacobsen, 2003). These mice display increased AP production coupled
with cognitive impairment in spatial learning tasks (Hsiao et al., 1996). The
APP23 developed at Novartis expresses the APP751 isoform with the Swedish
mutation under the control of a Thyl promoter (Higgins & Jacobsen, 2003).
Sturchler-Pierrat and colleagues (1997), reported that these APP23 mice display
similar features to both the PDAPP and Tg2576 mouse model, including neuritic
plaque deposition, astrogliosis and microgliosis particularly in areas devastated in
AD including the hippocampus and neocortex.

Following on from these single transgenic models was the development of
double transgenic models. Duff and colleagues (1996) reported that mice
overexpressing a mutant PS1 gene had accelerated production of AB;.4. It was
found that crossing Tg2576 mice with mice that overexpressed mutant PS1
(PSAPP) had accelerated plaque development and substantial gliosis by 6 months
of age, far earlier than the single transgenic mice (Holcomb ef al., 1998). A more
recent double transgenic mouse model the APPswe/PS1dE9, and the model of
choice in this study, is perhaps the model of preference for AD. The
APPswe/PS1dE9 model is generated by co-injection of plasmid constructs
encoding the APP695 isoform and the Swedish mutation with exon-9 deleted into
pronuclei. These genes are driven by an independent prion protein promoter
(Jankowsky et al., 2001). These mice display enhanced AP;.4> production and
exacerbated plaque burden in the cortex and hippocampus by 6 months of age
(Garcia-Alloza et al., 2006). Garcia-Alloza and colleagues (2006) observed

increased ratio of insoluble AB;.42 /APi.40 as well as diffuse AP deposition around
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compact AB-plaques contributing to the increased size of plaques in mice by 8
months of age. Behavioral testing of these mice indicates significant deficits in
spatial memory as assessed by the water maze (Cao et al., 2007).

1.4. Study aims

The aims of this study were:

* To investigate the modulation of glial activation by CD200-CD200R

interaction following TLR stimulation in vitro and in vivo.

* To investigate if AB-induced glial activation could be modulated by TLR2.

* To investigate the interaction between T cells and glia in vitro and

establish if specific T cell subtypes could modulate glial activation.

* To investigate the role of T cells in modulating microglial activation in a

mouse model of AD.
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Chapter 2

2.1. Preparation, treatment and harvesting of primary glia

2.1.1. Preparation of primary mixed glia

Primary glial cells were prepared from 1-day-old wildtype (C57BL/6) and
CD200™" mice (Bioresource Unit, Trinity College, Dublin 2, Ireland). Neonates
were sacrificed by decapitation and the brains were removed into a sterile petri-
dish (Fisher Scientific, UK). The tissue was bi-directionally chopped using a
sterile scalpel (Swann-Morton, UK) and transferred to 15 ml falcon tubes (Fisher
Scientific, UK) containing warm Dulbecco’s Modified Eagle Medium (DMEM; 2
ml; Gibco, UK) containing penicillin (100 pg/ml; Gibco, UK) and fetal bovine
serum (FBS; 10 % w/v; Gibco, UK). The tissue was incubated for 5 minutes in 5
% CO; at 37 °C in a Nuaire Flow CO, incubator (Jencons, UK). Using sterile
Pasteur pipettes the tissue was filtered through 50 pl sterile nylon mesh filters (BD
Bioscience, USA) into 50 ml falcon tubes (Fisher Scientific, UK). The tubes were
centrifuged at 1200 x g for 5 minutes at 20 °C, the supernatant was discarded, and
the remaining pellet reconstituted in warm DMEM (6 ml). The resuspended glia
were plated in 6-well plates (Fisher Scientific, UK) and incubated for 12-14 days
in 5 % CO; at 37 °C. DMEM was replaced with fresh media every 2-3 days until

the glia were ready for treatment.

2.1.2. Preparation of primary astrocytes and microglia

Primary glial cultures were prepared from 1-day-old wildtype mice as per
section 2.1.1 with the exception that the mixed glia were maintained in T25 flasks
(Fisher Scientific, UK). After 12 days glia were separated by shaking at 110 rpm
for 2 hours at room temperature (RT). Supernatants were removed to 50 ml falcon
tubes and centrifuged at 1200 x g for 5 minutes at 20 °C. The supernatant was
discarded and the remaining pellet was reconstituted in warm DMEM (1 ml) and
viable microglial cells were counted using trypan blue (Sigma-Aldrich, UK).
Microglia were plated in 24-well plates (1 x 10° cells/well: Fisher Scientific, UK)
and incubated for 24 hours in 5 % CO; at 37 °C before co-culture with specific T
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cells. Astrocytes were harvested by trypsinization (0.25% trypsin, 0.02%
ethylenediaminetetraacetic acid EDTA; Invitrogen, UK) for 5 minutes. DMEM
was then added to the flasks and supernatants were removed to 50 ml falcon tubes
and centrifuged at 1200 x g for 5 minutes at 20 °C. Viable astrocytes were counted
and plated in 6-well plates (3 x 10° cells/well) and incubated for 24 hours in 5 %

CO; at 37 °C prior to co-culture with specific T cells.

2.1.3. Treatment of mixed glia

After 14 days in culture cells prepared from wildtype and CD200”" mice
were treated. DMEM was removed from each well and replaced with fresh pre-
warmed DMEM (1 ml) before treatment. Each plate was divided into control or
treatment groups; controls received DMEM only. Cells were treated with
Pam;Csky (100 ng/ml; Invivogen, France) for 24 hours prior to harvest.

Cells prepared from wildtype mice for the anti-TLR2 study were prepared
for treatment as above. Cells were pre-treated with anti-TLR2 (2.5 pg/ml; Hycult
Biotech, Netherlands) for 2 hours prior to treatment with A.40/1.42 cocktail (10

uM; Invitrogen, US) for 24 hours. After 24 hours the cells were harvested.
2.1.4. Harvesting of mixed glia

Plates were removed from the incubator one at a time and placed on ice for
the duration of the harvest. Supernatants were removed through aspiration and
stored in 1.5 ml tubes (Sarstedt, Germany) at -80 °C for cytokine analysis. Each
well was washed with ice-cold phosphate-buffered saline (PBS; Sigma-Aldrich,
UK) and harvested for gene or protein analysis. RA1 buffer (Macherey-Nagel,
Germany) containing f-mercaptoethanol (1:100; Sigma-Aldrich, UK) was added
to each well (353.5 pl/well), cells were scraped and the buffer removed and stored
in sterile RNAse free tubes at -80 °C until required for gene analysis. For protein
analysis, cells were harvested for fluorescent activated cell sorter (FACS)
analysis. Cells were trypsinised (150 pl/well) for 5 minutes, FACS buffer (800
ul/well; PBS/FBS 2 %). was added, and cells were immediately transferred to

FACS tubes (BD Biosciences, UK) for cell marker expression analysis.
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2.2. Cell counts

Cell counts were performed by diluting cells (1:10) in Ethidium Bromide
Acridine Orange (EBAO) or trypan blue. The cell suspension (10 pl) was loaded
into a disposable haemocytometer (Hycor Biomedical, UK). Viable cells which
stained green (EBAO method) or did not stain (trypan blue method) were counted
under a fluorescent microscope (EBAO method) or light microscope (trypan blue

method).

2.3. Amyloid-beta (AB)

2.3.1. Preparation of AB;.42 and A4

APi.a240 (Invitrogen, US) was dissolved in high-performance liquid
chromatography-grade water and sterile PBS to generate a 1 mg/ml stock solution.
ABi.4> was allowed to aggregate for 48 hours at 37 °C and ABj.49 was allowed to
aggregate for 48 hours at RT. AP was used immediately or stored at -20 °C until

required.

2.3.2. Testing of AP aggregation by thioflavin T assay

The presence of fibrillar AP was assessed using a thioflavin T assay (ThT,
Sigma-Aldrich, UK). ThT stock (2 mM) was diluted (1:20) to give a working
concentration (100 pM). Aliquots of PBS, freshly-reconstituted AP and
aggregated AP were thawed on ice and samples (5 pl) were added in triplicate to a
black ELISA plate (Labsystems, Finland). Glycine (185 pl; 50 mM; Sigma-
Aldrich, UK) and ThT solution (10 pl) was added to each well and the plates were
read immediately at 435-485 nm using a 96-well plate reader (Biotek, Mason
Tecnology, Ireland). Aggregation of AP was measured by an increase in

fluorescence intensity.
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Figure 2.1. Measurement of AP aggregation by thioflavin T assay.
AP was aggregated as described in section 2.3.1 and aggregation was measured as
described in section 2.3.2, and the aggregation was expressed as units of

fluorescence intensity.
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2.4. Animals

Specific pathogen free C57BL/6 mice were obtained from Harlan UK Ltd.,
Bicester, UK and CD200”" mice were gifted from Jonathan D Sedgwick. APP/PS1
mice were obtained from the Jackson Laboratory, Maine, US, and subsequently
bred in a specific pathogen free units. All animals were housed and maintained
under the required guidelines of the Irish Department of Health including
veterinary supervision, light and temperature control (12 hour light-dark cycle and
22-23 °C); food and water were available ad libitum. All experiments on animals
were performed under a license granted by the Minister for Health and Children

(Ireland) under the Cruelty to Animals Act 1876.
2.5. Treatment of animals for Pam3;Csky study

Male and female wildtype and CD200”" mice (2-3 months old) were
randomly assigned to control or treatment groups (n=8). Mice were injected
intraperitoneally (i.p) with either saline or Pam3;Csks (100 pg/100 pl). Animals

were sacrificed 5 hours post treatment and tissue was harvested for analysis.
2.6. Genotyping of APP/PS1 mice
2.6.1. Isolation of genomic DNA

Tail snips were taken from APP/PS1 and littermate control mice and stored
at -20 °C until required. All solutions and reagents used to isolate genomic DNA
were from a DNeasy” blood and tissue kit (Qiagen, US). The buffers AW1, AW2
and AL were prepared by the addition of ethanol (96-100 %) and brought to RT
prior to use. Tail snips (0.5 cm) were placed in 1.5 ml microcentrifuge tubes and
brought to RT. Buffer ATL (180 pl) and Proteinase K (20 pl) were added and the
tubes were incubated overnight at 56 °C. Tubes were vortexed for approximately
15 seconds and buffer AL (200 pl) was added. Tubes were vortexed and ethanol
(200 pl, 96-100 %) was added to the tubes. The mixture was transferred to
DNeasy Mini spin columns in 2 ml collection tubes. Tubes were centrifuged at

8,000 rpm for 1 minute at RT. The flow-through was discarded and the column



placed in a new 2 ml collection tube. Buffer AW1 (500 pl) was added and tubes
were centrifuged at 8,000 rpm for 1 minute at RT. The column was placed in a
new 2 ml collection tube and buffer AW2 (500 pl) was added and tubes were
centrifuged at 14,000 rpm for 3 minutes at RT to dry the membrane. The column
was placed in a fresh 1.5 ml microcentrifuge tube and buffer AE (200 pl) was
added and incubated for 1 minute at RT. Tubes were centrifuged at 8,000 rpm for
1 minute at RT to elute the DNA and stored at 4 °C overnight to ensure that the
DNA was completely solubilised. DNA concentrations were quantified using a

NanoDrop Spectrophotometer (ND-1000 v3.5, NanoDrop Technologies Inc., US).

2.6.2. Polymerase chain reaction (PCR) for APPswe and PS1dE9 genes

The presence of APPswe and PS1dE9 mutations were assessed using PCR.
Mastermix was prepared by addition of DNase-free water, GoTaq® qPCR
mastermix (Promega, US) and sense and antisense primers (100 pM, MWG
Biotech, Germany) to a sterile tube. The mastermix for the PSIdE9 gene also
contained sense and anti-sense primers for the PrP genes as an internal control.
DNA and mastermix were added to fresh tubes, which were then placed in a
thermocycler (MJ Research Peltier Thermal Cycler-200, Biosciences, Ireland).
The amplification process consisted of an initial denaturing step at 94 °C for 30
seconds, an annealing step at 67 °C for 1 minute, and an extension step at 72 °C
for 1 minute. After 35 cycles of amplification, a final extension step at 72 °C for
10 minutes was applied to ensure complete extension of PCR products. Equal
volumes (10 pl) of each sample and a 100 base pair ladder (Promega, US) were
mixed with loading buffer (2 pl; Promega, US), and loaded onto a 1 % (w/v)
agarose gel containing gel red (1;10,000, Biotium, US). Samples were separated
by application of 90 volts for 120 minutes. PCR products were visualised under
an ultraviolet light and photographed using an ultraviolet transluminator
(Labworks, Ultra Violet, Bioimaging Systems, US). Table 2.1 summerises the

primers used for DNA amplification.
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Table 2.1. Primers used for DNA amplification.

Target Primer sequence Size (bp)
APPswe forward: | 5'-"AGGACTGACCACTCGACCAG-3' 377bp
APPswereverse: | o GGGGGTCTAGTTCTGCAT-3' S
PSEN forward: | 5-GCCATGAGGGCACTAATCAT-3' 608bp
PSEN reverse: | 5-GCCATGAGGGCACTAATCAT-3' g
Prion forward: | 5-CTAGGCCACAGAATTGAAAGATCT-3' 324§p
product

Prion reverse:

5'-GTAGGTGGAAATTCTAGCATCATCC-
3'
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2.7. T cell study protocols

2.7.1. Generation of T cell lines from APP/PS1 and littermate control mice

2.7.1.1. Preparation of spleen cell culture

APP/PS1 and littermate control mice (12-months-old) were sacrificed by
cervical dislocation and spleens were harvested to 50 ml falcon tubes containing
x-vivo media (2 ml; Lonza, Belgium) containing penicillin (100 pg/ml), L-
glutamine (100 mM; Gibco, UK) and B-mercaptoethanol (2 pl). Spleens were
homogenized and passed through 40 um sterile nylon mesh filters to obtain a
single cell suspension. Cells were centrifuged at 1,200 rpm for 5 minutes and
resuspended in x-vivo media (2 ml). The cell suspension was divided into two 50
ml falcon tubes allowing for the generation of non-specific T cells and AB-
specific T cells from each spleen. For the generation of specific T cells, x-vivo
media (9 ml) was added and cells were counted as per section 2.2. Cells were
centrifuged at 1,200 rpm for 5 minutes and supernatants removed. CD4" T cells
were isolated using a magnetic activated cell sorter (MACS) column (Miltenyi
Biotec, UK) and a CD4" T cell isolation kit (Miltenyi Biotec, UK). Cells were
resuspended in MACS buffer (40 pl/per 107 cells; PBS containing 0.5 % bovine
serum albumin (BSA) and 2 mM EDTA; Sigma-Aldrich, UK) and incubated in
antibody cocktail (10 pl/per 107 cells; Miltenyi Biotec, UK) for 10 minutes at 4
°C. Cells were flooded with MACS buffer (30 ul/per 10 cells) and incubated with
anti-biotin microbeads (20 ul/per 10 cells; Miltenyi Biotec, UK) for 15 minutes at
4 °C. Cells were flooded in MACS buffer (20 x volume of antibody added),
centrifuged at 1,200 rpm for 5 minutes and resuspended in MACS buffer (500 ul).
The MACS column was flooded with MACS buffer (3 ml) and cells were
transferred to the MACS column for magnetic sorting. T cells were centrifuged at
1,200 rpm for 5 minutes and resuspended in x-vivo media (2 ml). Cells were
counted and plated in 24-well plates (200 pl/well, 2 x 10° cells/ml).

For the generation of T cells that would later be stimulated into ApB-
specific T cell lines, red blood cells were lysed by the addition of ammonium
chloride solution (1 ml; 0.87 %) for 2-3 minutes at RT. Cells were flooded with x-

vivo media (30 ml) and centrifuged at 1,200 rpm for 5 minutes. Supernatants were

o Bfiae



removed and the cell pellet was resuspended in x-vivo media (10 ml). Cells were

counted and plated in 24-well plates (250 pl/well, 4 x 10° cells/ml).

2.7.1.2. Generation of non-specific Thl, Th2 and Thl7 cell lines

T cell lines were cultured for 5 days at 37 °C in a humidified 5 % CO,
environment. All T cell lines were developed in the presence of anti cluster of
differentiation 3/28 («CD3/CD28; 4 pg/ml, BD Biosciences, US) at the beginning
of the culture. Thl cell lines were developed in the presence of IL-12 (500 ng/ml,
R&D Systems), Th2 cell lines in the presence of IL-4 (10 ng/ml, R&D Systems)
and anti-IFN-y (5 pg/ml, BD Biosciences US) and Th17 cell lines in the presence
of IL-1B (25 ng/ml, R&D Systems), IL-23 (50 ng/ml), anti-IFN-y (5 pg/ml) and
TGFB (5 ng/ml, R&D Systems). On the 3 day of the culture media was changed
on the T cell lines and cytokines were added in fresh x-vivo media without

aCD3/CD28. T cell lines were harvested on the 5" day for co-culture with glia.
2.7.1.3. Generation of Ap-specific Thl, Th2 and Thl7 cell lines

AB-specific T cell lines were cultured as per section 2.7.1.2 with the
exception that A4 (15 pg/ml) was included in the culture media instead of
aCD3/CD28 at the beginning of the culture. On the 3™ day of the culture, media
was changed on the T cell lines and cytokines were added without AB;.42. T cell

lines were harvested on the 5" day for co-culture with glia.

2.7.2. Co-culture and treatment of specific T cell lines and glia

2.7.2.1. Non-specific T cell co-culture with glia

Supernatants were removed from T cell lines and stored at -20 °C for later
cytokine analysis. T cells were transferred from the 24-well plates to 50 ml falcon
tubes by pipetting up and down. Tubes were centrifuged at 1,200 rpm for 5
minutes and resuspended in DMEM (500 pl). Cells were counted and resuspended
in DMEM allowing for 1.5 x 10° cells/ml. T cells were cultured at a 1:2 ratio with
microglia (300 ul/well) and astrocytes (1000 ul/well) for 24 hours at 37 °C in a
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humidified 5 % CO, environment. Supernatants were removed for cytokine
analysis by enzyme linked immunosorbent assay (ELISA) and cells were

harvested for flow cytometry.

2.7.2.2. Ap-specific T cells co-culture with glia and incubation with Af.4>

Supernatants were removed from AB-specific T cell lines and stored at -20
°C for later cytokine analysis. T cells were removed from the 24-well plates, as
per section 2.7.2.1, and resuspended in x-vivo media (2 ml), counted, and CD4" T
cells were isolated using a MACS sort column and a CD4" T cell isolation kit as
per section 2.7.1.1. Following MACS sort AB-specific T cell lines were re-
counted and resuspended in DMEM allowing for 1.5 x 10° cells/ml. AB-specific T
cell lines were cultured at a 1:2 ratio with microglia (300 pl/well) and astrocytes
(1000 pl/well) in the presence of APj.42 (15 pg/ml) for 24 hours at 37 °C in a
humidified 5 % CO, environment. Supernatants were removed for cytokine
analysis by ELISA and cells were harvested for flow cytometry. Figure 2.2
summarises the generation of T cell lines from APP/PSI1 and littermate control

mice and co-culture with microglia and astrocytes.
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Figure 2.2. Timeline of generation of T cell lines from APP/PS1 and

littermate control mice and co-culture with microglia or astrocytes.
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2.7.3. Generation of Th1l and Th17 cell line from C57BL/6 mice and co-culture

with mixed glia

2.7.3.1. Generation of Thl and Thl7 cell lines

C57BL/6 mice (2 month-old) were sacrificed by cervical dislocation and
spleens were harvested for generation of T cell lines as per section 2.7.1.1. T cell
lines were cultured for 5 days at 37 °C in a humidified 5 % CO, environment and

generated in the presence of polarising cytokines as per section 2.7.1.2.

2.7.3.2. Co-culture and treatment of Thl and Thl7 cell lines with mixed glia

Supernatants were removed from T cell lines and cells were transferred to
50 ml falcon tubes and centrifuged at 1,200 rpm for 5 minutes. T cell lines were
resuspended in DMEM (500 pl), counted and resuspended in the appropriate
volume of DMEM allowing for 0.5 x 10° cells/ml. T cells were cultured at a ratio
of 1:2 with mixed glia (1x 10° cells/ml). Mixed glia were also treated in the
presence or absence of IFN-y (20 ng/ml; R&D Systems, US) or 1L-17 (20 ng/ml;
R&D Systems, US). After 1 hour, co-cultures were stimulated with AB;.4 (10
uM) for 24 hours at 37 °C in a humidified 5 % CO, environment. Supernatants
were removed for cytokine analysis by ELISA and cells were harvested for flow
cytometry. Table 2.2 summarises the co-culture of Th1/Th17 cells with mixed glia
and their treatment with either [FN-y/IL-17 and AB.42.

Table 2.2. Co-culture of Thl and Th17 cells with mixed glia and treatments.

Mixed glia co-culture with | Mixed glia co-culture with Th17
Th1 cells cells
Treatments | Control (+ ApB) Control (= AB)
Thicells (£ AB) Th17 cells (xAB)
IFN-y (= AB) IL-17 (= AB)
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2.7.4. Generation of T cells for adoptive transfer APP/PS1 in vivo study
2.7.4.1. Generation of AS-specific T cell lines

C57BL/6 mice received a footpad immunisation of AB (75 pg/mouse) and
CpG-containing oligodeoxynucleotide (CpG, 25 pg/mouse; Sigma-Aldrich, UK)
into each paw (25 pl/paw). After 21 days the mice were boosted with AP and
CpG. Mice were sacrificed 7 days after the booster injection and the spleens were
harvested. The spleens were restimulated ex vivo with AB (25 pg/ml) and an array
of cytokines and antibodies depending on the type of T cell line being developed.
At the beginning of the culture Thl cells were incubated with IL-12 (10 ng/ml),
Th2 cell lines with dexamethasone (1 x 10° M, Sigma-Aldrich, UK), IL-4 (10
ng/ml), and anti-IFN-y (5 pg/ml). Th17 cell lines were incubated with IL-1p (10
ng/ml), IL-23 (10 ng/ml), and anti-IFN-y. After 4 days of incubation, Th1 and Th2
cell cultures received IL-2 (5 ng/ml R&D Systems), while Th17 cell cultures
received Roswell Park memorial institute medium (RPMI; Gibco, US). After a
further 7 days of incubation, surviving T cells (1 x 10’ cells/ml) were restimulated
with irradiated APCs (2 x 10° cells/ml), generated from spleens irradiated at a
dose of 30 Gy in an irradiation chamber of a Nordian Gammcell 3000 irradiator,
and AP (25 pg/ml) for 4 days followed by 7 days of incubation with IL-2.

Following generation of AB-specific T cell lines, AB-specific Thl, Th2,
and Th17 cells (15 x 10° cells/mouse), cells were washed and injected
intravenously (i.v.) (15 x 10° cells/mouse in 300 pl serum-free medium) into 6-7
month-old APP/PS1 mice. Control animals received 300 pl serum-free medium
alone. After 2 weeks APP/PS1 mice were anaesthetised with sodium pentobarbital
(40 pl; Euthatal, Merial Animal Health, UK) and perfused intracardially with ice-
cold PBS (20 ml). The brains were rapidly removed, bisected and snap-frozen for

later analysis by multi-spot ELISA and immunohistochemisty

2.7.4.2. Intravenous injection of Thi cells for anti-IFN-y study

APP/PS1 and littermate control mice received an i.p. injection of either
anti-IFN-y (600 pg/mouse) or a control antibody (B-galactosidase: 600 pg/mouse,
R&D Systems, US). Twenty four hours later, Thl cells (15 x 10° cells/mouse) in
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serum-free RPMI were injected (300 pl) into the lateral tail vein of the mice.
Serum-free RPMI was injected into the tail vein of mice from other groups as a
control. Anti-IFN-y or B-galactosidase antibody injections were repeated on days
3,7,10, 14, 17, 21, 24, 28 and 31 after T cell transfer, in order to ensure that no
IFN-y was present in these animals. Mice were killed 34 days after T cell transfer
by cervical dislocation and tissue was taken for analysis. The procedure described
above was carried out by Dr Keith Mc Quillan. The tissue was gifted to me for

analysis described hereafter.

2.8. Mononuclear cell isolation from CNS tissue

Animals were anaesthetised with sodium pentobarbital (40 pl) and
perfused intracardially with sterile ice-cold PBS (20 ml). The brain was removed
and placed into a 50 ml falcon tube containing Hank’s buffered saline solution (2
ml) containing 3 % FBS (HBSS/FBS; Sigma-Aldich, UK). Tissue was dissociated
through a sterile 70 pm nylon mesh filter, washed with HBSS/FBS and
centrifuged at 170 x g for 10 minutes at RT. The supernatant was removed and the
remaining pellet resuspended in HBSS/FBS (2 ml) containing collagenase D (1
mg/ml, Roche, Ireland) and DNAse I (10 pg/ml, Sigma-Aldrich, UK), and
incubated for 1 hour at 37 °C. Cells were washed in HBSS/FBS and centrifuged at
1,200 rpm for 5 minutes. Supernatants were removed and cells were resuspended
in 1.088 g/ml Percoll (9 ml; Sigma-Aldrich, UK). This was underlayed with 1.122
g/ml Percoll (5 ml), and overlayed with 1.072 g/ml Percoll (9 ml) followed by
1.030 g/ml Percoll (9 ml), and finally PBS (9 ml). Percoll gradients were
centrifuged at 1,250 x g for 45 minutes at 18 °C. Mononuclear cells were removed
from between the 1.088:1.072 and 1.072:1.030 g/ml interfaces and placed in 50
ml falcon tubes. Cells were washed twice in HBSS/FBS and counted to obtain
absolute numbers before being transferred to FACS tubes for assessment by flow
cytometry. Figure 2.3 illustrates the Percoll separation method and isolation of

mononuclear cells.
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Figure 2.3. Diagram of Percoll separation used to isolate mononuclear cells

from the CNS.

Diagram illustrating Percoll separation of cells, Red blood cell and dead cells are
found at the 1.123:1.088 g/ml interface. Myelin debris is found at the 1.030
g/ml:PBS interface. Mononuclear cells are found at the 1.088:1.072 and
1.072:1.030 g/ml interfaces.

-



2.9. Flow cytometry
2.9.1. Flow cytometry of T cells and glia

Expression of cell surface markers was assessed on T cells and glial cells
from in vitro and in vivo studies by flow cytometry using a DAKO CyAN app flow
cytometer, calibrated using Flow-Check Fluorospheres (Beckman Coulter,
Ireland). T cells were removed from glia by pipetting up and down several times
and transferred to respective FACS tubes. Mixed glia, microglia and astrocytes
were harvested by addition of Trypsin-EDTA (150-300 pl/well) to the wells, and
incubated for 5 minutes. Cells were transferred to respective FACS tubes and
centrifuged at 1,200 rpm for 5 minutes and resuspended in FACS buffer (100 pl).
Cells were blocked by incubating with anti-CD16/CD32 FcyRIII block (1:100;
BD Biosciences, US) for 15 minutes at RT. Cells were incubated with the
appropriate FACS antibodies or isotype control antibodies (see Table 2.3 for
details) for 30 minutes at RT in the dark. Cells were then washed with FACS
buffer to remove excess antibody, centrifuged at 1,200 rpm for 5 minutes between
washes, resuspended in FACS buffer (400 ml) and analysed using Summit

software and FlowJo software.

2.9.2. Flow cytometry of mononuclear cells

Mononuclear cells prepared from CNS tissue were prepared - for
intracellular staining using a cell permeabilisation kit (Dako, Denmark). Cells
were centrifuged at 1,200 rpm for 5 minutes before stimulation with x-vivo media
(200 pl) containing phorbol myristate acetate (PMA; 10 ng/ml; Sigma-Aldrich,
US), Ionomycin (1 pg/ml; Sigma-Aldrich, US) and brefeldin A (BFA; 5 pg/ml;
Sigma-Aldrich, US) for 4/5 hours. Following stimulation, cells were centrifuged
at 1,200 rpm for 5 minutes and resuspended. Low-affinity IgG receptors (FcyRIII)
were blocked by incubating cells in FACS buffer (50 pl/sample) containing anti-
CD16/CD32 FcyRIII (1:100) for 10 minutes at RT. Cells were then incubated in
50 pl/sample FACS buffer containing the appropriate FACS antibodies (see Table
2.3 for details) for 15 minutes at RT, and fixed in IntraStain Reagent A (50
ul/sample; Dako, Denmark) for 15 minutes at RT. Cells were washed twice with

FACS buffer, centrifuged at 1,200 rpm for 5 minutes, and permeabilised with
5o B



IntraStain Reagent B (50 pl/sample; Dako, Denmark) plus intracellular antibodies

(see Table 2.3 for details) for 15 minutes at RT in the dark. Cells were washed

twice

in FACS buffer and centrifuged at

1,200 rpm for 5 minutes.

Immunofluorescence analysis was performed using Summit software (Dako,

Denmark) and the results analysed using FlowJo software (Tree Star, US).

Table 2.3. Antibodies used in flow cytometry.

Surface Marker

Fluorescent Label

Dilution Factor

Supplier

CD11b
CD3
CD4
CDS8
CD40
MHCII
CD86

IFN-y
JIsEe
TLR2

CD45

Live Dead
marker

APC/PeCy7
V500/APC/A780
FITC/V450/PeCy7
A780

FITC/PE
PE/PeCyS5
PerCPcy5.5/FITC

PerCPey5.5/FITC
V450/PE

FITC
PeCy7
APCcy7

1/100
1/100-200
1/100-200
1/50
1/100
1/100
1/100

1/100
1/100

1/100
1/100
1/500

BD Biosciences
eBioscience

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences /
Biolegend

BD Biosciences
BD Biosciences

BD Biosciences
BD Biosciences
Biolegend

~ 590 ~




2.10. Protein quantification

Protein quantification was assessed using the bicinchoninic acid (BCA)
assay. Protein standards were prepared from a stock solution of 2000 pg/ml BSA.
A range of standards (0 to 2000 pg/ml) was generated by diluting the stock
solution in sample buffer. Standards and samples (25 pl) were added to a 96-well
plate in triplicate (Sarstedt, Ireland). BCA reagent was added and the samples
were incubated at 37 °C for 30 minutes and absorbance assessed at 562 nm using
a 96-well plate reader (Biotek, Mason Technology, Ireland). A regression line
was plotted (GraphPad Prism, USA) to enable determination of the protein

concentration.

2.11. Quantitative Polymerase Chain Reaction (QPCR)

2.11.1. RNA extraction

Messenger RNA (mRNA) was extracted from snap-frozen brain tissue
from the in vivo studies and from cells from the in vitro studies. Tissue from the in
vivo studies was homogenised in cell lysis mastermix (350 pl; Nucleospin RNA
II, Macherey-Nagel, Germany) using a Polytron homogenizer (Kinematica,
Switzerland). Cells from in vitro studies were harvested in lysis buffer as per
section 2.1.4. The lysate from both in vitro and in vivo studies was filtered
through a Nucleospin filter (Macherey-Nagel, Germany), and centrifuged at
11,000 x g for 1 minute. Lysates were mixed with ethanol (350 pl; 70 %) and
loaded onto Nucleospin RNA II columns (Macherey-Nagel, Germany). Samples
were centrifuged at 8,000 x g for 30 seconds allowing the RNA to bind to the
columns. The silica membrane was desalted with membrane desalting buffer (350
ul; Macherey-Nagel, Germany) and centrifuged at 11,000 x g for 1 minute to dry
the membrane. DNase reaction mixture (95 ul) was added directly onto the centre
of the silica membrane column and incubated for 15 minutes at RT. The silica
membrane was washed and dried 3 times. In the first wash, RA2 buffer (200 pl;
Macherey-Nagel, Germany) was added to the Nucleospin RNA II column and
centrifuged at 8,000 x g for 30 seconds. For the second wash, RA3 buffer (600 pl;
Macherey-Nagel, Germany) was added to the Nucleospin RNA II column and
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centrifuged at 8,000 x g for 30 seconds. In the final wash, RA3 buffer (250 pl)
was added to the Nucleospin RNA II column and centrifuged at 11,000 x g for 2
minutes to dry the membrane completely. The RNA was eluted in nuclease-free
water (60 pl; Macherey-Nagel, Germany) and centrifuged at 11,000 x g for 1
minute. The RNA concentration was quantified using a NanoDrop

Spectrophotometer.

2.11.2. cDNA synthesis

Extracted mRNA was reverse-transcribed into complementary DNA
(cDNA) using the high capacity cDNA reverse transcription kit (Applied
Biosystems, Germany). RNA was equalised with nuclease-free water, the sample
was vortex-mixed and stored on ice. A 2X mastermix was prepared containing the
appropriate volumes of 10X RT buffer, 25X dNTPs, 10X random primers,
multiscribe reverse transcriptase (50 U/ul) and nuclease-free water and kept on
ice. Mastermix (25-30 pl) was added to equalised RNA samples (25-30 pl) to
make a total volume of 50-60 ul. Samples were incubated for 10 minutes at 25 °C
followed by 120 minutes at 37 °C on a thermocycler (PTC-200, Peltier Thermal
Cycler, MJ Research, Biosciences Ireland). cDNA was stored at -20 °C until

analysis.

2,11.3. QPCR

QPCR primers and probes were delivered as “TagMan® Gene Expression
Assays” (see Table 2.4 for details; Applied Biosystems, Germany). Quantitative
Real-time PCR was performed on Applied Biosystems ABI Prism 7300 Sequence
Detection System v1.3.1 in 96 well format where there was 25 pl reaction volume
per well (3 pl ¢cDNA and 22 pl PCR mastermix). The cDNA was mixed with
Tagman universal PCR mastermix (Applied Biosystems, Germany) and the
respective gene target assay. Mouse B-actin RNA primers (Applied Biosystems,
Germany) were added as the reference guide. Each sample was measured in
duplicate in a single RT-PCR run. Forty cycles were allowed run under the
following conditions: 2 minutes at 50 °C, 10 minutes at 95 °C, and for denaturing

15 seconds at 95 °C and 1 minute at 60 °C for transcription. Analysis of the gene
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expression values was carried out using the efficiency-corrected comparative CT
method determining target gene expression relative to the B-actin endogenous

control expression and relative to a control samples.
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Table 2.4. QPCR primers gene expression assay numbers.

Gene name Gene Description Tagman Gene expression
Assay number
TNFa Tumour Necrosis Factor alpha Mm00443258 ml
CD68 Cluster of Differentiation 68 Mm03047340 ml
CD200R Cluster of Differentiation 200 receptor MmO00491164 ml
cCL2 Chemokine Ligand 2 MmO00441242 ml
CXCL10 C-X-C motif Chemokine 10 MmO00445235 m1l
[FN-y Interferon-gamma MmO00801778 m1
CD11b Cluster of Differentiation 11b MmO01271265 ml
ICAM-1 Inter-Cellular-Adhesion-Molecule-1 Mm00516027 gl
IL-4 Interleukin-4 Mm00445259 ml
IL-6 Interleukin-6 Mm00446190 ml
IL-1B Interleukin-1 beta Mm00434228 ml
CD200L Cluster of Differentiation 200 ligand MmO00487740 m1
TLR2 Toll-like receptor 2 Mm00442336 ml
TLR1 Toll-like receptor 1 | Mm00446095 m1
TLR4 Toll-like receptor 4 MmO00445273 ml
CCL3 Chemokine ligand 3 Mm00441259 gl
CD40 Cluster of Differentiation 40 Mm00441891 ml
CD86 Cluster of Differentiation 86 MmO01344638 m1
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2.12. Analysis of cytokine and chemokine expression by ELISA

The concentrations of the cytokines TNFa, IL-1, IL-6, IL-17, IFN-y and
chemokines MCP-1, RANTES, MIP-la and IP-10 were measured using
commercially available ELISA kits (See Table 2.5 for details; R&D Systems,
UK). Plates (Nunc-Immuno plate, Thermo Fisher Scientific, UK) were coated
with 100 pl/well of rat anti-mouse TNFa (0.8 pg/ml), IL-1B (4 pg/ml), IL-6 (2
pg/ml), 1L-17 (2 pg/ml), IFN-y (4 pg/ml), MCP-1 (0.2 pg/ml), RANTES (2
pg/ml), MIP-1a (0.4 pg/ml) and IP-10 (2 pg/ml) capture antibody in PBS, and
incubated at 4 °C overnight. Plates were washed several times with PBS
containing 0.05 % Tween-20 (PBS-T), blocked for a minimum of 1 hour at RT
with diluent (200 pl/well; 0.1 M PBS, pH 7.3, with 1 % BSA), and washed several
times with PBS-T. Plates were incubated with 100 ul/well of recombinant mouse
TNFa (0-2000 pg/ml), IL-1B (0-1000 pg/ml), IL-6 (0-5000 pg/ml), IL-17 (0-1000
pg/ml), IFN-y (0-2000 pg/ml), MCP-1 (0-250 pg/ml), RANTES (0-2000 pg/ml),
MIP-1a (0-500 pg/ml) and IP-10 (0-4000 pg/ml) in 1 % BSA/PBS or sample for 2
hours at RT. Plates were washed three times with PBS-T and incubated with 100
ul/well of secondary antibody, biotinylated goat anti-mouse, TNFa (200 ng/ml),
IL-1B8 (100 ng/ml), IL-6 (200 ng/ml), IL-17 (400 ng/ml), IFN-y (100 ng/ml),
MCP-1 (50 ng/ml), RANTES (400 ng/ml), MIP-1a (100 ng/ml) and IP-10 (50
ng/ml) in 1 % BSA for 2 hours at RT. Plates were washed three times in PBS-T,
incubated with horse radish peroxidase (HRP)-conjugated streptavidin (100
ul/well; 1:200 in 1 % BSA; R&D Systems, UK) for 20 minutes in the dark at RT,
washed three times in PBS-T and substrate solution (100 pl/well; R&D Systems,
UK) was then added to the plates. The reaction was stopped with 1 M H,SO4 (50
wl/well). Absorbance was read at 420 nm within 30 minutes of stopping the
reaction. A standard curve was generated by plotting the standards and their
absorbance values and the concentrations were corrected allowing for protein
concentrations. Protein concentrations from tissue were expressed as pg/mg and

for supernatants as pg/ml (GraphPad Prism v 4.0; GraphPad Software, US).
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Table 2.5. Origin and specificities of antibodies for ELISA.

Antibody specificity

Catalogue number

Supplier

Mouse IL-6
Mouse IL-18
Mouse TNFa
Mouse MCP-1
Mouse IP-10
Mouse RANTES
Mouse MIP-1a
Mouse IFN-y
Mouse IL-17

DY406
DY401
DY410
DY479
DY466
DY478
DY450
DY485
DY421

R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
R&D Systems
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2.13. Determination of AP concentrations in tissue samples using multi-spot

ELISA

2.13.1. Extraction of soluble and insoluble AB from brain tissue

Snap-frozen cortical tissue from wildtype and APP/PS1 mice were
homogenised in 5 volumes (w/v) of homogenising buffer (SDS/NaCl in dH,0O
with proteases). The samples were centrifuged at 15,000 rpm for 40 minutes at 4
°C. The supernatant samples were removed to extract SDS-soluble AB and the
pellets were kept for extraction of insoluble Ap.

Supernatants were equalised (3 mg/ml) with homogenising buffer using a
BCA protein assay as per section 2.10. Equalised supernatant samples were
neutralised by the addition of 10 % (w/v) 0.5 M Tris-HCl (pH 6.8). Samples were
stored at -20 °C for later detection of soluble Ap.

Pellets were incubated in guanidine buffer (50 pul; 5 M guanidine-HC1/50
mM Tris-HCL, pH 8, Sigma-Aldrich, UK) for 4 hours on ice, and centrifuged at
15,000 rpm for 30 minutes at 4 °C. Supernatant samples were equalised (0.3
mg/ml) with guanidine buffer and stored at -20 °C for later detection of insoluble

AB.

2.13.2. Detection of soluble and insoluble AP concentrations in cortical tissue by

multi-spot ELISA

Concentrations of soluble and insoluble AP were determined using
“MSD® 96-well multi-spot 4G8 AP triple ultra-sensitive assay” kits (Meso Scale
Discovery, USA). All solutions and reagents used were supplied by Meso Scale
Discovery. Multi-spot AP 3-plex plates were blocked with 1 % Blocker A (150
ul/well; 50 ml 1 X Tris wash buffer: 0.5 g Blocker A) for 1 hour at RT with
vigorous shaking (300-1000 rpm). Plates were washed 3 times in 1 X Tris wash
buffer (TWB) and detection antibody solution (25 pl/well; 60 pl 50 X SULFO-
TAG 4G8 detection antibody, 30 pul 100 X Blocker G in 2910 pl 1 % Blocker A
solution) was added. SDS-solubilised samples were diluted in Blocker A (200
pg/ml) plus protease inhibitors (1: 100) and guanidine-treated samples were

diluted in Blocker A (0.3 pg/ml) solution. Standards were prepared by serial
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dilutions of recombinant human Af;.3s (0-3,000 pg/ml), AB;.40 (0-10,000 pg/ml)
and A2 (0-3,000 pg/ml) in 1% Blocker A. Samples and standards (25 pl/well)
were added in duplicate to the appropriate wells of the 96-well plates which were
incubated for 2 hours at RT with vigorous shaking (300-1000 rpm). Plates were
washed in wash buffer and 2 X MSD read buffer (150 pl/well; 10 ml dH,O: 10 ml
4 X MSD read buffer) was added. Plates were read immediately using a Sector
Imager plate reader (Meso Scale Discovery, US) and AP concentrations in test

samples were evaluated with reference to the standard curve prepared using AP;.3s

(0-3,000 pg/ml), ABi-40(0-10,000 pg/ml) and A;.42 (0-3,000 pg/ml).
2.14. Immunohistochemical analysis
2.14.1. Subbing of slides

Glass slides were coated in a subbing solution prior to sectioning of tissue
to ensure adhesion of the tissue to the slide. Gelatine (2.5g; Fluka, Switzerland)
and chromium potassium sulphate (0.25g; Sigma-Aldrich, UK) was dissolved in
500 ml dH,O and heated to 60 °C. Subbing solution was filtered through
Whatman filter paper (Whatman International, UK) and clean glass slides (Fluka,
Switzerland) were submerged into the solution for 1 minute. Slides were removed

and allowed to dry overnight.
2.14.2. Preparation of tissue sections for immunohistochemistry

Sections were prepared from tissue obtained from wildtype mice and
APP/PS1 mice treated with Th1, Th17, Thl and anti-IFN-y or anti-IFN-y. The left
hemisphere of each brain was placed onto cork discs and coated with optimum
cooling temperature compound (OCT; Sakura Tissue-Tek, Netherlands), snap
frozen in pre-chilled isopropanol and stored at -80 °C. Before sectioning the tissue
was allowed to equilibrate to -20 °C for 30 minutes. Sagittal sections (10 um
thick) were cut using a cryostat (Leica, Meyer, UK), mounted on gelatine-coated
glass slides, allowed to dry for 20 minutes and stored at -20 °C for later

immunohistochemical analysis.
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2.14.3. Immunohistochemical staining for CD11b

Frozen brain section from wildtype and APP/PS1 mice were thawed and
brought to RT for approximately 30 minutes. Individual brain sections were
surrounded in a hydrophobic well using a cytomation pen (Dako, Denmark).
Sections were fixed in an acetone and ethanol mixture (1:1, Sigma-Aldrich, US)
for 5-10 minutes and endogenous peroxidase activity was blocked with 0.3 %
H,0; (Sigma-Aldrich, US) in PBS for 5 minutes. Sections were washed with PBS
(2 x 10 minute washes), and 10 % normal rabbit serum was added to block non-
specific binding (NRS; Vector Laboratories, UK). Sections were incubated with
rat anti-CD11b (1:100; clone 5C6, AbD Serotec, UK) in 5 % NRS in PBS
overnight at RT. Negative controls were incubated in 5 % NRS in PBS. Sections
were washed in PBS (2 x 10 minute washes) and incubated in secondary antibody,
biotinylated rabbit anti-rat 1gG (1:200; Vector, US) in 5 % NRS in PBS for 2
hours at RT. Sections were washed again and incubated with Vectostain Elite
ABC reagent (2 drops of A/B in 5 ml PBS, Vector Laboratories, US) for 1 hour at
RT. Sections were re-washed to remove excess ABC with PBS and developed
using the substrate 3, 3 diaminobenzidine (DAB) enhanced liquid substrate
system tetrahydrochloride (1 drop of solution B in 1 ml of solution A, Sigma-
Aldrich, US) for approximately 10 minutes until the colour developed. Sections
were immediately counterstained with 1 % methyl green (w/v, Sigma-Aldrich,
UK) for 10 minutes and dehydrated by dipping for 5 seconds in 70 %, 80 %, 95 %
and 2 minutes in 100 % ethanol followed by 2 x 4 minute incubations in xylene
(VWR  International Ltd., UK). Sections were mounted with Xxylene-based
mountant dibutyl phthalate (DPX; VWR International Itd., UK) and allowed to
dry overnight in the fume hood. The sections were stored at RT until analysis.
Sections were examined and analysed using a light microscope. The areas
assessed for evidence of microglial activation were the dentate gyrus of the
hippocampus and the cortex. The slides were visualized with an Olympus | x 51
light microscope (Tokyo, Japan) and micrographs were taken using an Olympus

UCMAD3 (Japan) at 40 x magnification.
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2.14.5. Quantification of CD11b immunohistochemical analysis using Image J

CDI11b positive immunoreactivity was analysed using Image J software.
Micrographs of cortical and hippocampal sections were converted to Tiff-tag
images and opened in the Image J software. Images were then converted to 8 bit
and the threshold adjusted. CD11b positive cells were then identified using the
analyze particles tool. All images were analysed at the same threshold, cell

circularity and pixel size.

2.14.6. Immunohistochemical staining for AP plaques using Congo red

Congo red solution was made by adding Congo red powder (0.1 g; Sigma-
Aldrich, US) to saturated sodium chloride (NaCl; 500 ml; 50 grams in 80 %
ethanol, Sigma-Aldrich, UK) and the solution was stirred overnight before use.
Frozen brain sections from wildtype and APP/PS1 mice were stained for A
plaques using congo red. Sections were thawed and brought to RT for 30 minutes.
Individual brain sections were surrounded in a hydrophobic well using a
cytomation pen. The brain sections were fixed using ice-cold ethanol and washed
3 x 5 minutes in PBS. During the washes, sodium hydroxide (NaOH 1M; 2 ml,
Sigma-Aldrich, UK) was added to saturated NaCl (200 ml) to produce an alkaline
solution. Sections were incubated for 20 minutes at RT in the alkaline solution.
During the incubation, Congo red solution (200 ml) was filtered through a 50 ml
syringe using a cellulose acetate membrane filter (0.2 pM Supor membrane
Acrodisc syringe filters, Pall Corporation, US). The filtered Congo red solution
(200 ml) was added to 1 M NaOH (2 ml) to generate an alkaline solution. The
sections were incubated in the Congo red solution for 30 minutes at RT. Sections
were rinsed in dH,0 to remove excess Congo red stain and sections were
counterstained in 1 % methyl green solution for 10 minutes. Sections were
dehydrated by dipping 5/6 times in 80 %, 95 %, 100 % and 100 % ethanol and 3 x
5 minute incubations in xylene. Slides were mounted in DPX and allowed to dry
in the fume hood overnight. The slides were visualized with an Olympus 1 x 51
light microscope (Tokyo, Japan) and micrographs were taken using an Olympus
UCMAD3 (Japan) at 40 x magnification. Positively-stained AP plaques were

counted in representative sections from each animal under the same light and
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magnification settings and results were expressed as the average number of

plaques per sections.

2.14.7. Double-immunofluorescence staining for A and CD11b

Frozen brain section from wildtype and APP/PS1 mice were thawed and
brought to RT for approximately 30 minutes. Individual brain sections were
surrounded with a cytomation pen and fixed in ice-cold methanol for 10 minutes
followed by 3 x 1 minute washes in PHEM (HEPES sodium salt 25 mM; EGTA
10 mM; PIPES 60 mM; MgCl, 2 mM; pH6.9; Sigma-Aldrich, UK). Sections were
permeabilized in 0.1 % Trition (Sigma-Aldrich, UK) in PHEM for 10 minutes
followed by 3 x 1 minute washes in PHEM. Non-specific binding was blocked by
incubating sections in 10 % normal goat serum (NGS) for 2 hours at RT. Sections
were incubated overnight with primary antibodies: Pan AP (1:1000, Calbiochem,
US) and rat anti-CD11b (1:100, clone 5C6, AbD, Serotec, UK) in 5 % NGS in
PHEM. Sections were washed 3 x 1 minute washes in PHEM and incubated in
secondary antibody ALEXA 488 (1:4000, Invitrogen, US) and ALEXA 546
(1:1000, Invitrogen, US) in 5 % NGS for 90 minutes at RT. Sections were washed
every 10 minutes for 90 minutes, mounted with dapi-containing mounting
medium (Vector Labs, US) and analysed using a confocal microscope (Axioplan

2, Zeiss, Germany).
2.15. Statistical analysis

Statistical analysis was performed using GraphPad Prism. Data were
analysed using student’s ¢ test, two-way ANOVA or one-way ANOVA followed

by Newman-Keuls post-hoc test. Data are expressed as means with standard errors

(SEM) and deemed statistically significant when p<0.05.
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Chapter 3

3.1. Introduction

The immune system is crucial for the maintenance of tissue homeostasis,
clearing pathogens and responding to injury. It has been well documented that
microglia are the major resident CNS immune cell, constantly surveying their
microenvironment and participating in innate and adaptive responses resulting in
the release of pro-inflammatory cytokines and chemokines, phagocytosis and the
regulation of T cell responses (Aloisi, 2001). Astrocytes have also been
implicated in immune functions and the development of CNS inflammation (Dong
& Benveniste, 2001). There is extensive literature describing the phenotypical
transformation of ‘resting’ microglia into ‘activated’ microglia. These
phenotypical changes include the upregulation of various cells surface markers
including CD11b (Roy et al., 2008), CD40 and MHC class Il (Benveniste ef al.,
2001). Furthermore, Cytokines become promptly unregulated as a consequence of
microglial (Aloisi, 2001) and astrocytic activation (Dong & Benveniste, 2001;
Carpentier et al., 2005), which in turn is associated with the expression of
inflammatory chemokines.

It is imperative that activated microglia ultimately return to an inactivated
state, when the insult is cleared to prevent unwanted tissue damage. In the normal
brain, interaction of microglia with other glia and neurons can act to suppress
‘activation” and dampen the pro-inflammatory response (Colton, 2009). The
interaction of receptor-ligand pairs such as CD200, expressed on neurons and
astrocytes, and CD200R, expressed on microglia, acts to inhibit the production of
pro-inflammatory mediators by microglia (Lyons ef al., 2007; Meuth ef al., 2008;
Masocha, 2009; Walker et al., 2009). The importance of the CD200-CD200R
interaction has been demonstrated in several different models including the facial
nerve transaction model, EAE and CIA (Hoek et al., 2000). The use of CD200
fusion protein (Gorezynski et al., 2002b) and CD200 antibodies (Copland et al.,
2007) have confirmed the anti-inflammatory potential of CD200-CD200R
interaction. Interestingly, both CD200 and CD200R levels are decreased in brain
tissue of AD patients (Walker et al., 2009).
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Microglia possess a number of receptors involved in immune function,
most notably the TLRs, which allow them to rapidly detect pathogens and prevent
unwanted tissue damage (Palm & Medzhitov, 2009). Similarly, astrocytes have
also been found to express TLRs (Bowman et al, 2003). To date, thirteen
mammalian TLRs (TLR1-13) have been identified, each with their own set of
PAMPs and signalling pathways. The pattern of TLRs expressed by glial cells and
the signalling pathways employed play a significant role in determining the
inflammatory response occurring within the CNS (Jack et al., 2005). This study
focuses on TLR2, which recognises the largest array of PAMPs including
lipoteichoic acids, PGN, surface proteins on both gram-negative and gram-
positive bacteria, mycobacteria and zymosan (Kielian, 2006). Previous studies
have found that TLR2 works as a heterodimer with TLR1 and TLR6 to
discriminate between lipopeptides (Ozinsky et al., 2000). Studies using TLR1 and
TLR6 knockout animals have demonstrated that TLR2 uses TLR1 to recognise
triacyl lipopeptides such as Pam;CysSerLyss (Pam3;Csks) a TLR2 agonist (Takeda
et al., 2002). Further investigations of the TLR2/TLR1 relationship, using
Pam;Csky, established that Pam;Csky was needed to bridge the two TLRs together
thus aiding in the formation of the heterodimer facilitating downstream signalling
activation (O'Neill et al., 2009).

Although the activation of TLRs is crucial to mount an appropriate
immune response, their activation comes at a cost and this is implicated in the
pathogenesis of autoimmune, chronic inflammatory and infectious diseases (Chen
et al., 2007; O'Neill et al., 2009) and in the pathogenesis of neurodegenerative
diseases (Cameron & Landreth, 2010). There is a growing body of evidence
suggesting that TLRs namely TLR2 and TLR4 and the TLR co-receptor, CD14,
participate in microglial responses to AB. It is now understood that TLRs can
regulate microglial phenotypes and responses in the AD brain (Landreth & Reed-
Geaghan, 2009). Recognition of AP} through TLRs and other cell surface receptors
results in the production and secretion of pro-inflammatory cytokines (Cameron &
Landreth, 2010). Several studies have found increased expression of TLR2 and
TLR4 in mouse models of AD and the AD brain (Fassbender et al., 2004; Walter
et al., 2007, Letiembre et al., 2009), furthermore plaque-associated microglia
have increased expression of TLRs (Frank er al, 2009). Previous studies

emphasise the role of TLR2 in Ap-induced microglial activation. It has been
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found that blocking TLR2 through neutralising antibodies or siRNA knockdown
prevents AB-induced secretion of cytokines I1L-6 and TNFa (Jana et al., 2008;
Udan et al., 2008).

The aims of this study were to:

* Investigate in vitro the role of CD200 on microglial activation following

stimulation with a TLR2 agonist Pam;Csky.

* Investigate in vitro the effect of AP on microglial activation and to
establish whether AB-induced changes are dependent on activation of

TLR2.
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3.2. Methods

Mixed glia were prepared from neonatal C57BL/6 wildtype and CD200™
mice and cultured for 14 days before incubation with Pam;Csks (100 ng/ml) for
24 hours (see section 2.1. for details). Similarly, mixed glia were prepared from
neonatal C57BL/6 mice and cultured for 14 days before incubation with AB;.40/1-42
(10 uM, 24 hours) or pre-incubation with anti-TLR2 (2.5 pg/ml), for 2 hours, and
APi-40/1-42 for 24 hours (see section 2.1.3 for details). Supernatant samples were
taken to determine cytokine and chemokine concentrations by ELISA and cells
were taken to determine mRNA expression of surface proteins by QPCR (see
sections 2.11 and 2.12 for details). Data are expressed as means + SEM. ANOVA
and student’s t-test were performed to determine whether significant differences
existed between treatment groups and Bonferroni post-hoc test was applied where

appropriate.
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3.3. Results

3.3.1. Pam;Csky increased CD11b and CD40 and decreased CD68 mRNA

expression in mixed glia prepared from wildtype and CD200”" mice.

TLRs are expressed on cells of the immune system and play a critical role
in pathogen recognition and tailoring of the adaptive immune response
(Medzhitov & Janeway, 1997). Microglia and astrocytes are capable of
recognising a wide array of pathogens through TLRs. Ligation of TLRs allows for
the progressive transformation of glia into a more “activated” phenotype which is
measured here by assessing expression of markers of activation. Pam3;Csky, a
synthetic TLR2 agonist, induced a significant increase in mRNA expression of
CD11b and CD40 in mixed glia prepared from wildtype and CD200” mice
(""p<0.001, ANOVA; Figures 3.1A and B). There was no genotype effect
observed as the effect of Pam3;Csksy was similar in mixed glia prepared from
wildtype and CD200”" mice. Basal mRNA expression of CD40 was significantly
increased in glia prepared from CD2007", compared with wildtype, mice ('p<0.05,
student’s ¢ test; Figure 3.1b).

Pam;Csk,s induced a significant decrease in the mRNA expression of
CD68 in mixed glia prepared from wildtype and CD200” mice ( p<0.001,
ANOVA; Figure 3.2). While no significant genotype effect was observed, there
was a trend towards an increase in basal mRNA expression of CD68 in glia

prepared from CD2007", compared with wildtype, mice.

3.3.2. Pam3Csky increased TNFa and IL-6 in mixed glia prepared from
wildtype and CD200™ mice.

TLR activation, through interaction with different pathogen-associated
molecules, results in activation of signalling cascades resulting in the production
of pro-inflammatory cytokines tailored to the activating stimulus (Jack et al.,
2005). Previously Pam;Csks has been found to increase pro-inflammatory
cytokine production by microglia including TNFa and IL-6 (Ebert et al., 2005;
Jack et al, 2005; Shah et al., 2009). The present data show that Pam;Csky

significantly increased mRNA expression of TNFa and supernatant
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concentrations of TNFa in mixed glia prepared from wildtype and CD200™ mice
(""p<0.001, ANOVA; Figure 3.3A and B) and significantly enhanced TNFa
supernatant concentration obtained from mixed glia prepared from CD2007,
compared with wildtype, mice (" p<0.001, ANOVA; Figure 3.3B).

Pam;Csky also induced a significant increase in mRNA expression of [L-6
and supernatant concentrations of IL-6 in mixed glia prepared from wildtype and
CD200™" mice (" p<0.001, ANOVA; Figure 3.4A and 3.4B). Both were further
increased in mixed glia prepared from CD200™, compared with wildtype, mice

("p<0.01, "p<0.001, ANOVA; Figure 3.4A and B).

3.3.3. Pam;Csky significantly increased MCP-1 and IP-10 in mixed glia
prepared from wildtype and CD200” mice.

Expression and supernatant concentrations of the chemokines MCP-1 and
IP-10, were assessed in mixed glia following Pam;Csks incubation. Pam3;Csky4
significantly increased mRNA expression of MCP-1 and IP-10 ("p<0.001,
ANOVA; Figure 3.5A and 3.6A) and supernatant concentrations of MCP-1 and
IP-10 in mixed glia prepared from wildtype and CD200” mice (" p<0.001,
ANOVA; Figure 3.5B and 3.6B). The data show that the effect of Pam3;Csk4 on
the mRNA expression of MCP-1 and supernatant concentration was significantly
greater in mixed glia prepared from CD200”, compared with wildtype, mice
("p<0.01, "p<0.001, ANOVA; Figure 3.5A and B). The effect of Pam;Csk4 on
supernatant concentrations of IP-10 was significantly greater in cells prepared

from CD200”", compared with wildtype, mice ('p<0.05, ANOVA; Figure 3.6B).

3.3.4. Pam;Csky increased TLR mRNA expression in mixed glia prepared
from wildtype and CD200” mice.

A previous study demonstrated that TLR2 works in conjunction with
TLRI1 to recognise triacylated lipoproteins (Takeuchi et al., 1999). In this study, it
was found that Pam3;Csky significantly increased both mRNA expression of TLR2
and TLR1 in mixed glia prepared from wildtype and CD200”" mice (* p<0.001,
ANOVA; Figure 3.7A and B). No genotype effect on mRNA expression of TLR2

was observed following Pam3;Csk4 incubation. Basal mRNA expression of TLR2
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was greater in mixed glia prepared from CD2007", compared with wildtype, mice
but the difference was not statistically significant (Figure 3.7A). To further assess
whether expression of TLR2 on microglia was altered, FACS analysis was
performed on mixed glia. The data, (kindly donated by Dr Anthony Lyons),
revealed that expression of TLR2 on CD11b" cells was significantly increased in
cells prepared from CD200”", compared with wildtype, mice ("'p<0.01, student’s
t-test; Figure 3.8). Table 3.1 summarises the mRNA expression results and

supernatant concentration results.

3.3.5. Ap-induced mRNA expression of markers of microglial activation were

attenuated by anti-TLR2.

Microglia and astrocytes are capable of responding to AP through TLRs
resulting in an inflammatory immune response (Landreth & Reed-Geaghan,
2009). Previously it has been found that A4, increases the expression of TLR2
in microglial cultures (Jana et al., 2008). Here the effect of ABj.40/1-42 on mRNA
expression of TLRs in mixed glia, prepared from neonatal C57BL/6 mice, was
investigated. It was found that incubation of mixed glia in the presence of AB;.40/1-
4 significantly increased mRNA expression of TLR2 in mixed glia ('p<0.05,
student’s ¢ test; Figure 3.9A). However mRNA expression of neither TLRI
(Figure 3.9B) nor TLR4 (Figure 3.9C) were affected by A 1-40/1-42.

Studies by Jana and colleagues (2008) found that increased TLR2
expression was accompanied by increased production of pro-inflammatory
markers and that knockdown of TLR2 suppressed the induction of these pro-
inflammatory molecules and expression of integrin markers on microglia. In this
study, several markers of microglial activation were investigated. Incubation of
mixed glia in the presence of APj.40/1-42 significantly increased mRNA expression
of CD86 and CD40 ('p<0.05, “p<0.01, ANOVA; Figure 3.10A and B) and pre-
incubation of mixed glia with anti-TLR2 significantly attenuated the AB-induced
increase in mRNA expression of CD86 and CD40 ('p<0.05, "'p<0.01, ANOVA;
Figure 3.10A and B). Incubation of mixed glia in the presence of APi-s0/1-42
significantly decreased mRNA expression of CD11b but had no effect on CD68
("'p<0.01, ANOVA; Figure 3.11A and B). No significant effect of anti-TLR2 was
observed in either CD11b or CD68 (Figure 3.11A and B).
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3.3.6. AB-induced production of pro-inflammatory cytokines and chemokines

was attenuated by anti-TLR2.

Data from several studies have demonstrated that TLR2 deficiency or
knockdown decreases the production of AB-induced pro-inflammatory cytokines
and chemokines by microglia (Udan ef al., 2008; Liu et al., 2012). Here the
production of cytokines and chemokine by mixed glia was assessed and the role
of TLR2 in their production was investigated. Incubation of mixed glia in the
presence of Aj.40/142 significantly increased mRNA expression of TNFa and IL-6
(""p<0.001, "p<0.05, ANOVA; Figure 3.12 and 3.13A). Incubation of mixed glia
with anti-TLR2 significantly decreased mRNA expression of TNFa and IL-6 in
mixed glia (7 'p<0.001, 'p<0.05, ANOVA; Figure 3.12 and 3.13A). APi.40142
incubation significantly increased supernatant concentrations of IL-6 in mixed
glia (""p<0.01, ANOVA; Figure 3.13B) and this AB-induced increase was
attenuated by pre-incubation with anti-TLR2 ("'p<0.01, ANOVA; Figure 3.14B).
Supernatant concentrations of TNFa were not detectable.

Incubation of mixed glia in the presence of APj.40/1.42 significantly
increased mRNA expression of IP-10, MCP-1, MIP-1a. and RANTES ("p<0.01,
"p<0.001; ANOVA; Figures 3.15A-3.17A). The Ap-induced increases in mRNA
expression of IP-10, MCP-1, MIP-1a and RANTES were significantly attenuated
by pre-incubation with anti-TLR2 ("p<0.05, “~'p<0.01, "'p<0.001, ANOVA;
Figures 3.14A-3.17A). APi.40/1-42 incubation significantly increased supernatant
concentrations of MCP-1 and RANTES in mixed glia (* p<0.001, ~p<0.01,
ANOVA; Figure 3.15B and 3.17B). Incubation with anti-TLR2 significantly
decreased supernatant concentrations of MCP-1 and RANTES ('p<0.05,
ANOVA; Figure 3.15B and 3.17B). Supernatant concentrations of IP-10 and
MIP-1a were not significantly changed by Apj.40/1-42 incubation or anti-TLR2 pre-
incubation (Figure 3.14A and 3.16A).

3.3.7. AB- and anti-TLR2-treatment induced different mRNA expression of

immunosuppressant receptors and ligands on glia.

Several receptors expressed on neurons and astrocytes play an important

role in suppressing microglial activation. Interaction of fractalkine and CD200
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with their respective ligands plays an important role in dampening the pro-
inflammatory response (Cameron & Landreth, 2010). In this study, both CD200
receptor and fractalkine receptor-ligand interactions were investigated. It was
found that incubation of mixed glia in the presence of AB;.40/1-42 increases mRNA
expression of CD200R (*p<0.05, student’s t-test; Figure 3.18a) but not that of
CD200L (Figure 3.18B). Incubation of mixed glia with anti-TLR2 had no
significant effect on mRNA expression of CD200R (Figure 3.18A). CD200L
mRNA expression was significantly increased in mixed glia incubated with anti-
TLR2 ("'p<0.01, ANOVA; Figure 3.18B) and this effect was attenuated in cells
which were incubated in the presence of APj.4142 and anti-TLR2 ("'p<0.01,
ANOVA; Figure 3.18B).

Incubation of mixed glia in the presence of APj.40/1-42 significantly
decreased mRNA expression of fractalkine receptor ("*p<0.001, ANOVA; Figure
3.19A), whereas anti-TLR2-incubation significantly increased mRNA expression
of fractalkine receptor in mixed glia ("p<0.05, ANOVA; Figure 3.19A).
Incubation of mixed glia in the presence of APj.4o/1.42 significantly increased
mRNA expression of fractalkine (" p<0.001, ANOVA; Figure 3.20B), whereas
anti-TLR2-incubation significantly decreased mRNA expression of fractalkine in
mixed glia (" 'p<0.001, ANOVA; Figure 3.19B).

Table 3.2 summarises the mRNA expression results and Table 3.3

summerises the supernatant concentration results.
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Figure 3.1. Pam3Csky increased CD11b and CD40 mRNA expression.

Pam;Csky (100 ng/ml; 24 hours) significantly increased CD11b (A) and CD40 (B)
mRNA expression in mixed glia prepared from wildtype and CD200”" mice
(""p<0.001, ANOVA). Basal CD40 mRNA expression was significantly
increased in CD200™", compared with wildtype, mice (b) (‘p<0.05, student’s r-
test). Values are expressed as means £ SEM (n=3-5).

(A) 2-way ANOVA: Pam;CsKy efrect F (1,13) = 15.25; p<0.0001, Genotype et F (1,13) = 2.059;
p=0.175, Interaction e F (1,13) = 0.7202; p=0.414

(B) 2-way ANOVA: Pam;Csky freet F (1,10) = 114.7; p<0.0001, Genotype et F (1,10) =
0.02292; p= 0.8827, Interaction g F (1,10) = 0.01606; p=0.9017

(b) "p=0.0384; 0.8208 + 0.1215; n=4 versus 1.447 + 0.2037; n=4
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Figure 3.2. Pam3;Csk, decreased CD68 mRNA expression.

Pam;Csky (100 ng/ml; 24 hours) significantly decreased CD68 mRNA expression
in mixed glia prepared from wildtype and CD200™ mice ("~ p<0.001, ANOVA).
Values are expressed as means =+ SEM (n=4).

2-way ANOVA: Pam;CskKy efrect F (1,11) = 23.91; p=0.0005, Genotype et F (1,11) = 1.874; p=
0.1983, Interaction e F (1,11) = 3.708; p=0.0804
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Figure 3.3. Pam3;Csky increased production of TNFa.

Pam;Csky (100 ng/ml; 24 hours) caused a significant increase in TNFa mRNA
expression (A) and supernatant concentration (B) in mixed glia prepared from
wildtype and CD200” mice ( p<0.001, ANOVA). There was a significant
increase in supernatant concentration (B) of TNFa in mixed glia prepared from
CD200™"", compared with wildtype, mice (""p<0.001, ANOVA), and a significant
interaction between Pam;Csks and genotype was observed (B) (7 'p<0.01,
ANOVA). Values are expressed as means = SEM (n=3-4).

(A) 2-way ANOVA: Pam;Csky efrect F (1,9) = 297.2; p<0.0001, Genotype et F (1,9) = 1.072;
p=0.3275, Interaction e F (1,9) = 0.1757; p=0.6850

(B) 2-way ANOVA: Pam3Csky efrect F (1,10) = 123.25 p<0.0001, Genotype et F (1,10) = 33.70;
p=0.0002, Interaction e F (1,10) = 33.29; p=0.0002
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Figure 3.4. Pam3;Csky increased production of IL-6.

Pam;Csky (100 ng/ml; 24 hours) caused a significant increase in IL-6 mRNA
expression (A) and su})ernatant**c*oncentration (B) in mixed glia prepared from
wildtype and CD200™ mice ( p<0.001, ANOVA). There was a significant
increase in IL-6 mRNA expression (A) and supernatant concentration (B) in
mixed glia prepared from CD200”, compared with wildtype, mice (*'p<0.01,
"p<0.001, ANOVA). A significant interaction between Pam;Csk4 and genotype
was observed (A and B) ("p<0.01, " p<0.001, ANOVA). Values are expressed

as means £ SEM (n=3-4).

(A) 2-way ANOVA: Pam;CskKy efrect F (1,7) = 85.78; p<0.001, Genotype et F (1,7) = 26.47; p=
0.0013, Interaction gt F (1,7) = 26.47; p=0.0013

(B) 2-way ANOVA: Pam3Csky ¢frect F (1,10) = 236.4; p<0.0001, Genotype et F (1,10) =26.20;
p=0.0005, Interaction e F (1,10) = 55.12; p=0.0005
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Figure 3.5. Pam3;Csk, increased production of MCP-1.

Pam;Csky (100 ng/ml; 24 hours) caused a significant increase in MCP-1 mRNA
expression (A) and supernatant concentration (B) in mixed glia prepared from
wildtype and CD200" mice (" p<0.001, ANOVA). There was a significant
increase in MCP-1 mRNA expression (A) and supernatant concentration (B) in
mixed glia prepared from CD200”, compared with wildtype, mice (p<0.01,
""p<0.001, ANOVA). A significant interaction between Pam3;Csk4 and genotype
was observed (A and B) ("p<0.05, "p<0.01, ANOVA). Values are expressed as

means £ SEM (n=3-6).

(A) 2-way ANOVA: Pam;Csky efreet F (1,9) = 109.7; p<0.0001, Genotype efrece F (1,9) = 15.92;
p=0.0032, Interaction e F (1,9) = 15.70; p=0.0033

(B) 2-way ANOVA: Pam;CsKy efrect F (1,17) = 1281; p<0.0001, Genotype et F (1,17) = 21.33;
p=0.0002, Interaction e F (1,17) = 5.752; p=0.0282
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Figure 3.6. Pam3;Csk; increased production of IP-10.

Pam;Csks (100 ng/ml; 24 hours) caused a significant increase in IP-10 mRNA
expression (A) and su})ernatant**c*oncentration (B) in mixed glia prepared from
wildtype and CD200™ mice ( p<0.001, ANOVA). There was a significant
increase in IP-10 supernatant concentration (B) in mixed glia prepared from
CD2007, compared with wildtype, mice ('p<0.05, ANOVA). A significant
interaction between Pam3Csk; and genotype was observed (B) ('p<0.05,
ANOVA). Values are expressed as means + SEM (n=4-5).

(A) 2-way ANOVA: Pam;Csky efrect F (1,12) = 47.56; p<0.0001, Genotype et F (1,12) = 1.355;
p=0.2671, Interaction e F (1,12) = 1.181; p=0.2985

(B) 2-way ANOVA: Pam;Csky efrect F (1,15) = 134.8; p<0.0001, Genotype e F (1,15) = 5.280;
p=0.0364, Interaction e F (1,15) = 4.703; p=0.0466
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Figure 3.7. Pam3;Csk, increased TLR mRNA expression.

Pam;Csk, (100 ng/ml; 24 hours) significantly increased TLR2 (A) and TLR1 (B)
mRNA expression in mixed glia prepared from wildtype and CD200”" mice
("p<0.001, ANOVA). Values are expressed as + SEM (n=4-5).

(A) 2-way ANOVA: Pam;Csky efrect F (1,12) = 68.61; p<0.0001, Genotype et F (1,12) = 1.530;
p=0.2397, Interaction et F (1,12) = 0.5228; p=0.4835

(B) 2-way ANOVA: Pam;Csky efrect F (1,13) = 208.6; p<0.0001, Genotype et F (1,13) = 2.118;
p=0.1693, Interaction ¢t F (1,13) =2.854; p=0.115
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Figure 3.8. Increased number of TLR2 expressing CD11b" cells in CD2007"",
compared with wildtype, mice.

There was a significant increase in TLR2 expression on C]?*l 1b" cells in mixed
glia prepared from CD200™, compared with wildtype, mice (" p<0.01, student’s 7-
test). Values are expressed as + SEM (n=3-5).

* %

p=0.006; 7.676 £+ 1.634; n=5 versus 23.58 + 4.318; n=4
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Figure 3.9. TLR2 mRNA expression was increased by ABi.40/1-42.

APBi-40/1-42 (10 pM; 24 hours) significantly increased TLR2 mRNA expression (A)
in mixed glia prepared from neonatal C57BL/6 mice ('p<0.05, student’s r-test).
TLRI1 (B) and TLR4 (C) mRNA expression was not affected by AB.40/1-42. Values
are expressed as means £ SEM (n=6).

(A) *p=0.0320; 1.281 + 0.1333; n=6 versus 2.154 + 0.3242; n=6
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Figure 3.10. The AB-induced increase in CD86 and CD40 mRNA expression
was attenuated by anti-TLR2.

Incubation of mixed glia in the presence of APi4o1-42 (10 uM; 24 hours)
significantly increased CD86 and CD40 mRNA expression (A and B) ('p<0.05,
“p<0.01, ANOVA). Incubation of mixed glia with anti-TLR2 (2.5 pug/ml; 2 hours)
significantly decreased CD40 mRNA expression (B) ("'p<0.01, ANOVA). A
significant interaction between APj.401.42 and anti-TLR2 pre-incubation was
observed (A and B) (‘'p<0.05, " p<0.01, ANOVA). Values are expressed as means
+ SEM (n=5-6).

(A) 2-way ANOVA: AB erect F (1,16) = 5.191; p=0.0368, anti-TLR2 .t F (1,16) = 1.641; p=
0.2184, Interaction e F (1,16) = 12.77; p=0.0025

(B) 2-way ANOVA: AB esrect F (1,20) = 10.95; p=0.0035, anti-TLR2 g F (1,20) = 9.241; p=
0.0065, Interaction e F (1,20) = 5.892; p=0.0248
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Figure 3.11. CD11b and CD68 mRNA expression was unaffected by ABi-40/1-42
or anti-TLR2.

Incubation of mixed glia in the presence of Aj.4o142 (10 uM; 24 hours)
significantly decreased CD11b mRNA expression (A) ( p<0.01, ANOVA)
whereas CD68 mRNA expression was unaffected (B). Anti-TLR2 incubation (2.5
pg/ml; 2 hours) had no significant effect on the mRNA expression of either
CD11b or CD68 (A and B). Values are expressed as means = SEM (n=5-6).

(A) 2-way ANOVA: AP cfreet F (1,120) = 14.19; p=0.0012, anti-TLR2 e F (1,20) = 1.574; p=
0.2240, Interaction et F (1,19) =2.878; p=0.1053

(B) 2-way ANOVA: AP e F (1,17) = 2.108; p=0.1648, anti-TLR2 e F (1,17) =0.5450;
p=0.4704, Interaction erec; F (1,17) = 1.104; p=0.3081
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Figure 3.12. The AB-induced increase in TNFa mRNA expression was
attenuated by anti-TLR2.

Incubation of mixed glia in the presence of APj.4o142 (10 pM; 24 hours)
significantly increased TNFa mRNA expression ( p<0.001, ANOVA).
Incubation of mixed glia with anti-TLR2 (2.5 pg/ml; 2 hours) significantly
decreased TNFa mRNA expression (" p<0.001, ANOVA). Values are expressed
as means = SEM (n=6).

2-way ANOVA: AB creet F (1,20) = 16.63; p=0.0006, anti-TLR2 .« F (1,20) = 45.58; p<
0.0001, Interaction e F (1,20) = 3.155; p=0.0909
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Figure 3.13. The Ap-induced increase in IL-6 production was attenuated by
anti-TLR2.

Incubation of mixed glia in the presence of APjs0142 (10 uM; 24 hours)
significantly increased IL-6 mRNA expression (A) and supernatant concentration
(B) ('p<0.05, p<0.01, ANOVA). Incubation of mixed glia with anti-TLR2 (2.5
pg/ml; 2 hours) significantly decreased IL-6 mRNA expression (A) and
supernatant concentration (B) ('p<0.05, ""'p<0.001, ANOVA). A significant
interaction between Afj.40/1-42 and anti-TLR2 pre-incubation on IL-6 supernatant
concentrations was observed (B) ("'p<0.01, ANOVA). Values are expressed as

means + SEM (n=4-6).

(A) 2-way ANOVA: AP efrect F (1,19) = 5.462; p=0.0305, anti-TLR2 .t F (1,19) = 4.846; p=
0.0403, Interaction g F (1,19) = 3.400; p=0.0809

(B) 2-way ANOVA: AP et F (1,12) = 17.62; p=0.0012, anti-TLR2 g« F (1,12) =30.38;
p=0.0001, Interaction g F (1,12) =9.540; p=0.0094
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Figure 3.14. The Ap-induced increase in IP-10 mRNA expression was
attenuated by anti-TLR2.

Incubation of mixed glia in the presence of ABj.40142 (10 uM; 24 hours)
significantly increased IP-10 mRNA expression (A) (~ p<0.01, ANOVA).
Incubation of mixed glia with anti-TLR2 (2.5 pg/ml; 2 hours) significantly
decreased IP-10 mRNA expression (A) ("p<0.05, ANOVA), and a significant
interaction between APj.40/1.42 and anti-TLR2 pre-incubation was observed (A)
(‘'p<0.05, ANOVA). IP-10 supernatant concentrations (B) were unaltered
following incubation of mixed glia in the presence of APi.40/1-42 With or without
anti-TLR2 pre-incubation. Values are expressed as means + SEM (n=3-6).

(A) 2-way ANOVA: AP efrect F (1,19) = 7.384; p=0.0014, anti-TLR2 ¢ F (1,19) = 5.975; p=
0.0244, Interaction et F (1,19) = 13.90; p=0.0137

(B) 2-way ANOVA: AP «ree F (1,9) = 2.855; p=0.1254, anti-TLR2 .o F (1,9) =1.055;
p=0.3311, Interaction e F (1,9) = 1.941; p=0.1970
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Figure 3.15. The AB-induced increase in MCP-1 production was attenuated
by anti-TLR2.

Incubation of mixed glia in the presence of APj.40142 (10 pM; 24 hours)
significantly increased MCP-1 mRNA expression (A) and supernatant
concentration (B) (* p<0.001, ANOVA). Incubation of mixed glia with anti-
TLR2 (2.5 pg/ml; 2 hours) significantly decreased MCP-1 mRNA expression (A)
and supernatant concentration (B) (‘' p<0.01, "p<0.05, ANOVA). A significant
interaction between APj.40/1-42 and anti-TLR2 pre-incubation on MCP-1 mRNA
expression was observed (A) ("'p<0.01, ANOVA). Values are expressed as means
+ SEM (n=4-6).

(A) 2-way ANOVA: AB efrect F (1,19) = 22.59; p=0.0001, anti-TLR2 . F (1,19) = 14.28; p=
0.0013, Interaction e F (1,19) = 13.02; p=0.0019

(B) 2-way ANOVA: AP cfrece F (1,12) = 19.16; p=0.0<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>