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Abstract

One difficulty in treating some neurological disorders is that many pharmaceuticals
cannot cross the blood brain barrier to reach affected areas. Human and animal studies
have shown that bone marrow transplantation can result in the engraftment of donor-
derived cells in the central nervous system (CNS) under certain conditions.
Understanding these conditions will allow us to optimize recruitment of bone marrow-
derived cells (BMDCs) to the CNS and, in the future, use these cells as vehicles for gene
delivery. Using a triple transgenic mouse model of Alzheimer’s Disease (AD), | studied
accumulation of amyloid-3, a pathological characteristic of AD, and association of
BMDCs with amyloid-B. There were difficulties in maintaining chimerism after bone
marrow transplantation in these mice. Reconstitution was achieved by depleting natural

killer cell activity in the host, suggesting that hybrid resistance may be present.

Keywords: Alzheimer’s Disease; bone marrow transplant; triple transgenic mouse;
hybrid resistance; amyloid-3
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Introduction

Alzheimer’s Disease

Alzheimer's disease (AD) is a neurodegenerative disease affecting memory and
cognitive functions, where diagnosis is confirmed post mortem by the presence of two
histological findings. One is the accumulation of senile plaques of amyloid-beta (AB), a
protein generated through the processing of amyloid precursor protein (APP), and the
other consistent pathological findings are neurocfibrillary tangles (NFT) composed of
intracellular hyperphosphorylated tau, a protein which normally associates with tubulin,
and is involved in axonal transport(Rodriguez-Martin et. al. 2013). AD is the leading
cause of dementia in older adults, accounting for about 60% of patients with dementia.
Other causes for dementia such as fronto-temporal dementia, multi-infarct dementia, or
Huntington’s disease can be distinguished from AD neuropathologically and usually
clinically (Ihl et. al. 2011). In AD, there is a gradual onset of memory impairment and
cognitive dysfunction, and AD is generally fatal within 3 to 9 years after initial diagnosis.
The leading risk factor associated with AD is age, with incidence doubling for every 5
years past age 65 (Querfurth et. al. 2010). There are rare cases of early-onset
autosomal dominant familial AD (fAD), accounting for less than 1% of total AD incidence.
The majority of cases of AD are late onset and not heritable through autosomal
dominant transmission, though there are certain alleles which increase susceptibility to

AD (Querfurth et. al. 2010).



Amyloid-beta
APP is a transmembrane protein found in many tissues and is highly
concentrated at neuronal synapses (Priller et. al. 2006). The normal function of APP has

not been clarified; however, the proteolytic pathway leading to the formation of AB has

been studied extensively (Fig. 1).

Figure 1. Proteolytic pathway of amyloid precursor protein
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The nonamyloidogenic pathway (left side of figure) does not result in the formation of amyloid-
beta (AB) and begins with cleavage of APP by a-secretase. The amyloidogenic pathway (right
side of figure) begins with cleavage by p-secretase. Both pathways are then completed with
further cleavage by y-secretase. AICD, amyloid intracellular domain; sAPP, soluble amyloid
precursor protein.Adapted from Querfurth and LaFerla 2010.

In the healthy central nervous system (CNS), APP is processed by one of two
secretases, producing soluble fragments (Neugroschl and Sano 2010). The non-
amyloidogenic pathway (Fig. 1, left side of panel ‘nonamyloidogenic’) begins with
cleavage of APP by a-secretase to form soluble APPa and transmembrane C83. C83 is
then further cleaved by y-secretase giving a p3 fragment and the amyloid intracellular

domain (AICD). The amyloidogenic pathway (Fig.1, right side of panel ‘amyloidogenic’),
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which predominates in AD, begins with B-secretase (BACE) cleavage of APP. This
forms soluble APPf and a transmembrane C99 fragment. As in the non-amyloidogenic

pathway, y-secretase then cleaves C99 into AR and AICD (Neugroschl and Sano 2010).

Normal neuronal activity increases the production of Ap at synapses. This
finding has been hypothesized to dampen neuron excitation, preventing hyperactivity
(Kamenetz et. al. 2003). At the synapse, A is degraded by neprilysin and insulin-
degrading enzyme (IDE), which prevents accumulation and oligomerization (Querfurth
and LaFerla 2010). Clearance of AR, into circulation, can also occur via receptor-
mediated transport through endothelial cells expressing AB receptors (Deane et. al.
2004). The main receptor for AR removal from the CNS is the Low Density Lipoprotein
(LDL) receptor related protein 1 (LRP1), while the main receptor for AB influx to the CNS
is the receptor of advanced glycation end products (RAGE), which is expressed on
microglia, neurons and endothelial cells (Chen et. al. 2007). Normally, there is a balance
between AP influx and efflux; however, in the AD brain, there is an upregulation of RAGE
and downregulation of LRP1 (Chen et. al. 2007). Soluble AB is easily transported or
degraded; however, AB can begin to form oligomers if not cleared quickly. These
oligomers then accumulate intracellularly as well as extracellularly, and may be

necessary to seed accumulation of AB(Meyer-Luehmann et. al. 2006).

From C99, y-secretase can cleave in different locations, resulting in varying
lengths of AB peptides. Peptides range from 39 amino acids to 43 amino acids in length.
AB42 has been shown to oligomerize more rapidly than AB40 (Jarrett et. al. 1993), and
an increase in the ratio between AB42 and AB40, correlates with increased plaque
formation in mouse models of AD (Herzig et. al. 2004). Although AR plaques are a

characteristic of AD, the number of plaques does not correlate strongly with severity of



disease; instead, they seem to reach a high level early in disease, possibly before
symptoms develop (Ingelsson et. al. 2004). Though the trigger for sporadic AD is
unknown, one theory is referred to as ‘the amyloid cascade’ hypothesis (Hardy and
Higgins 1992). This hypothesis was first proposed by Hardy and Higgins in 1992 and
claims that as AB accumulates in the brain, due to decreased clearance or an increase
in production, it leads to deleterious effects on the neurons and glial cells of the brain,
causing neurodegeneration, vascular damage and dementia. It has been postulated that
there are phenotypic changes in microglia and astrocytes (Weitz and Town, 2012).
Microglia can no longer effectively clear A, and are activated to secrete pro-
inflammatory cytokines and neurotoxic molecules, such as reactive oxygen and nitrogen
species (Chiang et. al. 2008). Additional AB then accumulates as it is not cleared by
microglia, which leads to further activation and recruitment of microglia, and the

activated microglia may have a neurotoxic effect in areas of AB accumulation.

Hyperphosphorylated Tau

A second histological characteristic of AD are NFTs composed of
hyperphosphorylated tau. Tau is a soluble protein associated with microtubules in
neurons, which maintains the stability of microtubules, and promotes vesicle
transport(Querfurth and LaFerla 2010). Tau interacts with tubulin and can be
phosphorylated at many different sites. Hyperphosphorylation of tau leads to an
insoluble form of the protein, which lacks its normal affinity for tubulin, decreasing the
stability of microtubules and the transport capabilities within neurons. Insoluble,
hyperphosphorylated tau accumulates within neurons, forming the characteristic NFTs
(Santacruz et. al. 2005). Mutations in the tau gene in humans are associated with

frontotemporal dementia and not AD (Goedert and Jakes, 2005). Although there is a



correlation between the presence of NFTs and AD on pathological evaluation, the
association is not as strong as for neuron loss and does not closely correlate with
severity of the disease (Nelson et. al. 2012). There is also a higher level of
hyperphosphorylated tau in the cerebrospinal fluid (CSF) of AD patients than in healthy,
age-matched individuals; though, again, this does not correlate well with severity of

disease (Wallin et. al. 2006).

Synaptic loss and neurodegeneration

The best correlation with clinical measures of cognitive decline in AD is synaptic
loss, showing a greater proportional decrease than neuronal loss in AD (Terry et. al.
1991, Serrano-Pozo et. al. 2011). The mechanism behind synaptic loss remains to be
elucidated, though there are many theories as to how neurodegeneration and synaptic
loss occur in the AD brain. One such mechanism may be through the interaction
between oligomeric AB and the N-methyl-D-aspartate receptor (NMDAR). AP oligomers
bind to synapses and co-immunoprecipitate with the NR1 subunit of NMDAR in cultured
hippocampal neurons (De Felice et. al. 2007). This interaction leads to increased
production of reactive oxygen species (ROS) in the neuron, which can be blocked by the
addition of either anti-AB oligomer antibodies or NMDAR antagonists. The production of
ROS is mediated by an increased influx of Ca** via the NMDAR Ca** channel. Ca*
chelation also blocks the increased production of ROS caused by AB oligomers (De
Felice et. al. 2007). ROS are implicated in normal age-dependent decline in long term
potentiation (LTP; Serrano and Klann, 2004); thus, higher levels of ROS production may

play a role in memory impairment in AD.

A second proposed mechanism for neuronal dysfunction and neurodegeneration
in AD is through impaired fast axonal transport caused by A oligomers (Decker et. al.
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2010). As measured by live imaging of RFP-tagged brain derived neurotrophic factor
(BDNF) or YFP-tagged mitochondria, Ap oligomers decreased axonal transport in
cultured hippocampal neurons. Transport was restored with NMDAR antagonists or
glycogen synthase kinase-3p (GSK-3pB) inhibitors. The results suggest that AR
oligomers act on NMDARs where the effect of AB binding may be mediated in part by
GSK-3p to impair axonal transport. There were no observed changes in neuron
morphology or in microtubule integrity, as measured by the ratio of soluble tubulin to
polymerized tubulin. Impaired axonal transport in neurons may then decrease LTP and

eventually lead to synaptic loss and neurodegeneration (Decker et. al. 2010).

Inflammation in AD

The role that inflammation plays in AD is far from understood. It has been
hypothesized both that inflammation is a driving force in the pathology of AD and that
inflammatory responses in the brain are neuroprotective. There is little doubt that
neuroinflammation exists in AD, as shown by increased expression of inflammatory
molecules, such as interleukin (IL)-1a, IL-13, cyclooxygenase-2 (COX-2) and NF-kB, in
the brain of AD patients compared to age-matched controls as well as increased
microglia and astrocyte activation at autopsy (Akiyama et. al. 2000). However, it is
unclear whether this inflammation is a protective response to increased levels of AR
deposition in the brain, or if it is causative in the progression of the disease.
Epidemiological studies support a detrimental role for inflammation. Long-term non-
steroidal anti-inflammatory drug (NSAID) users, such as those with arthritis, show a
lower incidence of AD than the general population (Wyss-Coray 2006). Use of NSAIDs
in animal models of AD have been somewhat successful, reducing AB plaque numbers

and microglial activation in many cases (Lim et. al. 2000). However, clinical trials using



NSAIDs in humans have not been so successful, showing little effect on disease
progression when treatment begins after onset of symptoms (Hoozemans andO’Banion,

2005).

Mouse models of AD also show characteristics of neuroinflammation, and so
have been used to manipulate components of inflammation in order to study effects of
increasing or decreasing inflammation on the progression of AD. IL-12 and IL-23 are
inflammatory cytokines and share a common subunit, p40. In a study by vom Berg et.
al.(2012), p40 knockout mice, which do not express either IL-12 or IL-23, had decreased
AB load, decreased astrocyte activation and a decreased number of microglia (vom Berg
et. al. 2012). The same effect was seen when using p40 neutralizing antibodies, though
to a lesser extent. These mice also showed improved cognitive functions compared to
age-matched AD mice. Humans with AD have increased levels of p40 in CSF and
binding of IL-12 to its receptor on astrocytes has been shown to decrease the astrocytes
ability to degrade ABin vitro, so this pathway may present a potential target for

therapeutics (vom Berg et. al. 2012).

Chronic exposure of AD mice to lipopolysaccharide (LPS), which elicits a strong
immune response, especially of microglia, increases numbers of AB plaques; however,
acute exposure can actually decrease AB load (Morgan et. al. 2005). This seemingly
contradictory evidence can be explained if it is a dysfunctional immune response that is
responsible for driving disease pathology. With chronic exposure to a stimulus, either
LPS or AB, microglial responses may no longer target only pathological substances, but
can begin to damage normal tissue as well (Wyss-Coray 2006). The fact that acutely
activated microglia can improve disease supports a beneficial role of the immune

response in AD. Further evidence comes from op/op mice, which have about two thirds



the number of microglia of wild-type mice because of a lack of macrophage colony-
stimulating factor (M-CSF). These mice spontaneously develop AB plaques in the brain,
without any AD related mutations, which will be discussed, again supporting the role of
normal microglia in AB clearance and a beneficial effect of the immune system in AD

(Kaku et. al. 2003).

Mouse Models of AD

Many mouse models have been developed to study AD. These models were
developed following the identification of genetic mutations linked to rare, fAD cases.
One such mutation is in the gene encoding APP, which is converted to A through two
sequential cleavages. Mutations that increase expression of APP in the CNS are
responsible for fAD cases, such as in the duplication of the APP locus on chromosome
21, detected in 5 families (Rovelet-Lecrux et. al. 2006). Missense mutations in the APP
gene can lead to over-expression of the APP protein resulting in overproduction and
accumulation of AB and the formation of senile plaques. One such mutation is the
Swedish double mutation (KM670/671NL) of APP found in members of a Swedish family
with a familial form of AD and which results in a 6 to 8 fold increase in AR production
(Citron et. al. 1992). Many other variations of mutant APP have been identified in

familial AD cases.

A second genetic link to fAD is through a mutation in presenilin-1 (PS1), a
component of y-secretase, which is involved in the processing of APP to AB. Mutations
in PS1 can result in the preferential cleavage of AR monomers which are more prone to
accumulating, such as AB42 (Kumar-Singh et. al. 2006). Mutations in PS1 alone, or
those found together with APP mutation in double transgenic mice both result in AD-like
accumulation of AB plaques, with the double mutant mice developing symptoms more

8



rapidly than mice with either the APP mutation or PS1 mutation alone (Radde et. al.

2006).

A triple transgenic model was created by Oddo et. al. (2003), which contains
human transgenes with mutations in APP, PS1 and tau (3x Tg mice). This is the first
model to develop both characteristics of AD, AB plaques and hyperphosphorylated tau
NFTs. These mice were developed by introducing transgenes of APP**¢ and tau”*'-
into embryos of PS1 mutant knock in mice (PS1"'*®%) on a hybrid 129/C57BL6
background. These mice were then bred until they were homozygous for all three
transgenes. Because offspring with genes cointegrated at the same site were used, the
genes are unlikely to independently assort, meaning all offspring express all three
transgenes, and genotyping of offspring is not necessary. These mice overexpress APP
and tau by 6 to 8 fold and show an increase in the ratio of AB42 to AB40. Extracellular
AB has been reported to begin accumulating at around 6 months of age, and to be
readily evident by 12 months. NFTs are seen in the hippocampus and cortex beginning
around 12 months (Oddo et. al. 2003). Overall, these mice appear normal with
transgenes not affecting fertility or weight and no significant decrease in lifespan, with
mice surviving beyond two years. These mice are homozygous for all 3 transgenes, so
there is complete penetrance of disease phenotype with the same characteristics in both

male and female mice, unlike in some other models of AD where differences between

genders can be observed.



Microglia
Origin

Microglia are widely believed to be of myelomonocytic origin, as evidenced by
the fact that mice deficient in PU.1, a transcription factor essential for the development of
myeloid and lymphoid cells, do not develop monocytes, tissue macrophages or
parenchymal microglia, though other glial cells and neuron numbers are not affected
(Beers et. al. 2006). Furthermore, CD45" (hematopoietic marker) CD11b* CX3CR1*
(microglia/macrophage markers) cells have been observed in the developing brain
starting at E9.5 in Cx3cr1™"* knock in mice, indicating that myeloid progenitors populate
the CNS early in embryonic development (Ginhoux et. al. 2010). These early yolk sac
cells have been characterized as F4/80°"" CD45" CD11b"" cells, and were shown to
develop independently of the hematopoietic stem cell (HSC) transcription factor Myb
(Schulz et. al. 2012). Using conditional deletion of Myb in adult mice through the Cre-
LoxP system, Schulz et. al. were able to ablate monocytes and granulocytes and replace
them with donor cells. Microglia, Langerhans cells and Kupffer cells were not replaced
by cells of donor origin, as identified by CD45.2. However, 10% of macrophages in the
pancreas and spleen and more in the kidneys and lungs were replaced by cells of donor

origin.

Function

Microglia are the resident immune cells of the CNS, surveying the healthy CNS
with motile processes. In response to damage, microglia have a role in synapse
removal, and possibly synaptogenesis, depending on the signals that are present,

showing a specific, graded activation in response to different stimuli (Graeber 2010).
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Microglia can be cytotoxic in response to pathogens in the CNS, by releasing pro-
inflammatory cytokines such as interferon y (IFN-y) and tumor necrosis factor a (TNFa)
as well as free oxygen radicals, nitric oxide (NO) and proteases, which can directly
damage cells. Microglia can also phagocytose both pathogens and debris through the
expression of surface receptors, such as Fc receptors and complement receptors
(Kreutzberg 1996). Activated microglia are not necessarily damaging to the CNS, but
can instead be neuroprotective, through the release of transforming growth factor g
(TGF-B) and the growth factors nerve growth factor (NGF) and basic fibroblast growth
factor (bFGF; Nakajima et. al. 1992). Activated microglia have been seen to interact
with neurons, without leading to synaptic loss or neurodegeneration in in vivo mouse
studies using transcranial, thin skull imaging and enhanced green fluorescence protein
(EGFP) expressed under control of the Iba-1 promoter (Wake et. al. 2009). Non-
functional microglia have also been implicated in some diseases. For example, Nasu-
Hakola disease, characterized by early onset cognitive dementia, is a recessive disease
caused by genetic mutations in microglial signaling proteins, leading to non-functional

microglia (Thrash et. al. 2009).

Role in AD

In the case of AD, some observations have suggested that activated microglia
are cytotoxic, leading to neurodegeneration; whereas other investigators have claimed
that dysfunctional microglia have a decreased ability to phagocytose A deposits, which,
might lead to neurodegeneration and synaptic loss (Chakrabarty et. al. 2010, Weitz et.
al. 2012). Cultured microglial cells stimulated with AR produce significant levels of
TNFa, and when co-incubated with IFN-y, produced NO,. When microglia were co-

cultured with neurons, and then stimulated with AB, significant neuronal death was seen
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as compared to controls (Meda et. al. 1995). Microglia are seen to associate closely
with AB plaques in AD mouse models, but the ability of endogenous microglia to
effectively phagocytose AB has been questioned. Stalder et. al. (2001) examined
microglia associated with AB plaques using electron microscopy to determine if A
oligomers were located within the cytoplasm or vesicles of the microglia. They found
that the AR was extracellular, and that the microglia contained no intracellular AB,
despite the close proximity and presence of typical phagocyte markers, such as Fc
receptors, on the microglia (Stalder et. al. 2001). Microglia are able to phagocytose AB in
vitro and in animal models after active or passive AB immunization with soluble AB or
antibodies against AB, respectively (Rogers and Lue, 2001). Monocytes collected from
peripheral blood of AD patients showed a decreased ability to phagocytose AP in vitro
when compared to monocytes obtained in the same way from healthy individuals (Fiala

et. al. 2005, Zaghi et. al. 2009).

Recently, Krabbe et. al. (2013) showed in vivo and in acute cerebral slices that
microglia of AD mice are less functional than microglia from an age-matched wild type
control. Using two-photon microscopy through a cranial window in a Cx3cr1¢®-AD
mouse model, microglia were seen to have impaired ability to extend processes towards
an area of acute injury introduced by irradiation with a laser. The AD microglia also
displayed a decreased ability to phagocytose fluorescently labeled microspheres in
areas of A plaque deposition in culture as well as in acute cerebral slices. When
compared to age matched wild-type controls, mice with APP/PS1 mutations showed
reduced phagocytosis, but only after the onset of AB plaque deposition, and only in
areas with AB plaques (Krabbe et. al. 2013). This evidence suggests that microglia

become dysfunctional in the presence of AR and can no longer effectively clear it. When
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AB plaque load was reduced in these mice using an AB antibody, the microglia regained
the ability to effectively phagocytose microspheres, showing that the dysfunction is

temporary and function can be restored (Krabbe et. al. 2013).

BM Transplantation

Preconditioning

Bone marrow (BM) transplantation is a widely used treatment for many blood
malignancies including some leukemias and lymphomas (Duran-Struuck and Dysko,
2009). Itis necessary to give a preconditioning treatment to a BM transplant recipient in
order to ablate existing BM and create space for donor BM to engraft. This can be done
using either total body irradiation (TBI) or using chemotherapy employing a
myeloablative chemotherapeutic agent such as Busulfan (BU). Both of these protocols
work by destroying mitotically active cells through breakage (TBI) or cross-linking (BU) of
DNA leading to apoptosis or necrosis of the cell (Duran-Struuck and Dysko, 2009,
Iwamoto et. al. 2004). Irradiation is also immunosuppressive, destroying the host’s
immune cells, creating an environment for engraftment of allogeneic BM. However, BU
is not immunosuppressive, and thus is often paired with the immunosuppressant
Cyclophosphamide (CY) in allogeneic transplants to prevent graft rejection in the case of

incomplete MHC matching (Galambrun et. al. 2013).

Hybrid Resistance
Hybrid resistance is a phenomenon whereby F4 hybrid mice reject parental BM
transplants. This goes against conventional thinking where MHC compatibility is co-

dominantly inherited; meaning recipient F4 hybrid mice can accept BM from either
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parental strain, as neither would be recognized as foreign. Hybrid resistance was first
observed in 1971 (Cudkowicz and Bennett, 1971). It was originally believed to be
antibody mediated, where a radioresistant cell type bound Fc regions activating the cell
to kill the antibody bound target cell. However, observations of hybrid resistance in
SCID mice, which do not develop T or B cells, and thus no antibodies, demonstrated that
the rejection is not antibody mediated (Murphy et. al 1987). Murphy et. al. (1987)

determined that the resistance was instead mediated by natural killer (NK) cells.

NK cells were first characterized by their ability to kill certain tumor cells and later
discovered to be the same cells responsible for hybrid resistance (Herberman et. al.
1975). In both contexts, NK cell function can be explained by the “missing self’ theory
(Ljunggren and Karre 1985). NK cells express activating as well as inhibitory receptors
on their surface. There are two families of receptors, killer cell immunoglobulin-like
receptors (KIRs) and killer cell lectin-like receptors (KLRs), either of which can be
activating or inhibiting depending on motifs in the intracellular region (Barao and Murphy,
2003). While humans express both KIRs and KLRs, mice express only KLRs, relying
especially on the Ly49 receptors (Yokoyama et. al. 1991). Inhibitory receptors contain
an immunoreceptor tyrosine-based inhibition motif (ITIM), which, when phosphorylated,
blocks signaling of nearby molecules by localizing phosphatases to the cell membrane
(Mason et. al. 1997). Activating receptors associate with an intracellular adaptor protein,
such as DAP12, which contains an immunoreceptor tyrosine-based activation motifs

(ITAM), which can turn on signaling pathways when phosphorylated (Lanier et. al. 1998).

Activation of NK cells is not as clear as inhibition; however, some ligands
involved with cell activation have been identified. These include various adhesion

molecules which are upregulated due to inflammation such as ICAM-1, VCAM-1 and
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LFA-3 (Bakker et. al. 2000). NK cells also express Fc receptors and can be activated in
an antibody-dependent cell-mediated manner (Al-Adra et. al. 2011). Another activating
receptor on NK cells is 2B4 (CD244), which binds to CD48 expressed by leukocytes
(Bakker et. al. 2000). The CD48/2B4 interaction has been shown to modulate HSC
quiescence and, recently, CD48" mice have been seen to develop lymphoma with
tumors being capable of reconstituting non-irradiated recipients (Boles et. al. 2011). The
loss of CD48/2B4 signaling is associated with X-linked lymphoproliferative disease
(XLP), in which patients display defective antiviral and anti-tumor responses (Boles et.
al. 2011). These findings implicate NK cells in the destruction of infected or modified
blood cells, via CD48/2B4 signaling, in a non-MHC restricted manner, supporting their

role in hybrid resistance.

It is the balance between activation and inhibition that determines whether the
NK cell will release its perforin and granzyme containing granules, leading to apoptosis
of the target cell (Bakker et.al. 2000). NK inhibitory receptors bind MHC class |
molecules on the surface of cells. If the MHC | is recognized as self by the NK cell
receptor, the inhibitory receptor is activated and weakens signaling of activating
receptors, and the cell is not killed. However, if the MHC | is altered or expressed at
lower levels, there is decreased, or no inhibitory signaling. In this case, activating
signals predominate and the cell will be killed. In hybrid resistance, the host NK cells will
have two different sets of inhibitory receptors. The parental donor BM cells will only
have one set of MHC. Only half of the inhibitory receptors of the NK cells will recognize
the parental BM cells as self, so there will be a decrease in inhibitory signals, which will
no longer override the activating signals on the NK cells. As a result, the donor BM cells

will be killed by host NK cells leading to rejection of the BM transplant (Fig. 2).
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Figure 2. Incomplete set of self MHC in hybrid resistance
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(A) NK cells encounter host blood cells, inhibitory signals are sent from all MHC molecules and
the NK cell is not activated. (B) Only half of the MHC of donor cells produce inhibitory signals and
the NK cell is activated to kill the donor cell.

Conditions for BMDC accumulation in brain

Blood Brain Barrier

The blood brain barrier (BBB) refers to the physical separation between the
circulation and the CNS microenvironment (Fig.3). The BBB denies cells and large
molecules access to the parenchyma of the brain and spinal cord, allowing for the proper
functioning of neurons, which are very sensitive to changes in their environment (Mizuno
et. al. 2003). The BBB is composed of two layers. The first layer consists of endothelial
cells (ECs) joined by tight junctions comprising over 40 junctional proteins, which
maintain a tight seal between cells. Transport proteins and receptors are present on
ECs, to allow passage of necessary molecules, such as glucose, and removal of

metabolites (Sa-Pereira et. al. 2012).
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Figure 3. Components of the Blood Brain Barrier
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Endothelial cells (purple) form tight junctions to make up the first layer of the BBB. The second
layer, or glia limitans, is comprised of astrocytic endfeet (green) and a basement membrane
(black). Between the two layers is the perivascular space, containing perivascular macrophages
and pericytes.

The second layer of the BBB consists of the glia limitans, comprising astrocytic
endfeet and an associated basement membrane (labeled as ‘astrocyte’ in Fig. 3).
Astrocytes cover approximately 99% of the brain endothelium and are largely
responsible for the maintenance and properties of the BBB through secretion of growth
factors and extracellular matrix proteins (Abbott et. al. 2006). TGF-p, glial-derived
neurotrophic factor (GDNF), and bFGF promote the survival of ECs and the expression
of tight junction proteins, while the extracellular matrix proteins form the basement

membrane.
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The perivascular space lies between the endothelial cells and the glia limitans.
Pericytes and perivascular macrophages are located within the perivascular space.
Pericytes surround the brain pre-capillary arterioles, capillaries and post-capillary
venules. They have contractile, immunological, phagocytic, migratory and angiogeneic
functions, as well as maintaining the properties of the BBB (Sa-Pereira et. al. 2012).
Pericytes are essential in the development of tight junctions at the BBB, as evidenced by
the fact that mice with reduced numbers of pericytes show increased permeability of the
BBB via the accumulation of serum proteins in the brain, as well as a reduction in brain
capillary perfusion (Bell et. al. 2010). Perivascular macrophages are the link between
the CNS and the peripheral immune system. They have several functions including
antigen presentation, sensing neuronal death and causing phagocytosis within the
perivascular space (Williams et. al. 2001). The antigen presentation functions of
perivascular macrophages (also known as perivascular cells and perivascular microglia)
was shown by Hickey and Kimura(1988), using chimeric BN rats reconstituted with BM
from F1 Lewis x BN rats. These rats developed experimental autoimmune
encephalomyelitis (EAE) when injected with a Lewis rat T cell line reactive to myelin
basic protein. Only the donor-derived perivascular macrophages expressed the
appropriate MHC Il receptor, and thus, this cell type was implicated as an antigen

presenting cell in the CNS.

Accumulation of BMDCs in the CNS

Perivascular macrophages are more readily turned over and replaced by
myelomonocytic cells from the blood than are parenchymal microglia. Bechmann et. al.
(2001)used the phagocytic functions of these cells to show the rate of turnover of

perivascular cells. Rhodamine-coupled dextran amine was injected, followed by
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fluorescein-coupled dextran 4 weeks later. Perivascular macrophages phagocytosed
the dextran, and it was still present after 4 weeks. All cells that labeled with rhodamine,
also labeled with fluorescein; however, rhodamine negative, fluorescein positive cells
were also present, which were interpreted to be macrophages recruited between the two
injection time points. This recruitment was estimated at about 6.4% over 4 weeks,
suggesting a slow turnover of perivascular macrophages with time. Mildner et. al. (2007)
saw occasional engraftment of perivascular, Iba-1" macrophages in brain sections of
chimeric mice generated through shielding of the head during irradiation followed by BM
transplant, showing that BM derived precursors can be recruited to the perivascular
space; though, other studies have not seen this effect (Ajami et. al. 2007). The rate and
extent of perivascular macrophage turnover under physiological conditions remains

unclear.

It has become easier to follow the trafficking of BM derived cells (BMDCs)
through the generation of mice that ubiquitously express green fluorescence protein
(GFP) under the control of a B-actin promoter to use as BM donors (Okabe et. al. 1997).
By using GFP expressing donors, host cells and donor cells can easily be distinguished
without a dependence on immunohistochemical techniques. These donor mice have
been used in various protocols for the generation of chimeric mice to study the entry of

BMDCs into the CNS.

BM Transplantation Following Irradiation

In most BM transplantation experiments, an initial step is generally TBI of the
recipient, where the irradiation prevents the division of hematopoetic precursors in BM
and creates an open niche for donor cells to engraft. With the TBI protocol, many
studies have shown that donor cells do enter the CNS and appear to differentiate into
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microglia, expressing the microglial marker Iba-1, and taking on the characteristic
stellate morphology of microglia, both in AD model mice, as well as control mice, albeit
to a lesser extent in the control mice (Priller et. al. 2001, Hess et. al. 2004, Simard and
Rivest, 2004). Engraftment increased in injured or disease model mice, with greater
numbers of GFP" Iba-1" cells at the site of injury or the affected area, such as in the
ischemic cortex following transient focal cerebral ischemia by middle cerebral artery
occlusion (Priller et. al. 2001) or the cortex and hippocampus of a mouse model of AD
(Simard et. al. 2006). From this evidence, it was proposed that circulating BM-derived
progenitors contribute to the maintenance of the microglial population and are drawn to
an area of injury or disease. However, it was later proposed that the irradiation was
affecting the BBB, and that irradiation may affect engraftment of donor cells in the CNS
(Mildner et. al. 2007). Many studies have since shown that irradiation increases the
expression of pro-inflammatory cytokines, such as IL-1B, TNFa, IL-6 and IL-8, which will
in turn increase the expression of cell adhesion molecules (ICAM-1, VCAM-1) by
endothelial cells (Linard et. al. 2004, Wilson et. al. 2009). Adhesion molecules bind to
integrins on leukocytes, such as LFA-1 and VLA-4, and allow for extravasation of the

cells into the CNS.

The specific cell type capable of entering the CNS has not been identified,
though certain cell surface proteins are necessary for entry of BMDCs into the CNS.
One such protein is chemokine receptor 2 (CCR2). Mildner et. al. (2011) showed that
when irradiated mice are transplanted with GFP*CCR2” BM cells there is significantly
reduced engraftment of GFP" cells in the brains of AD mice as compared to mice
injected with GFP*CCR2"* BM cells, though chimerism of the blood is established to the

same degree in both cases.
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BM Transplantation without Lethal Irradiation

Using parabiosis and targeted irradiation, it was shown that in the healthy adult,
BM-derived precursors do not contribute significantly to the microglial pool. The
microglial population is instead believed to be maintained through proliferation of existing
microglia (Ajami et. al. 2007, Mildner et. al. 2007). Mildner et. al. (2007) explored the
possibility that irradiation was permissive for cell entry during the earlier transplantation
experiments by localizing irradiation to the body by adjusting the field size to exclude the
head using a linear accelerator. These animals kept the fur colour on their head, while
losing it on the rest of the body, indicating that the irradiation had in fact been targeted.
It was found that GFP* cells could enter and engraft in the spinal cord, however, there
was no cell entry in the protected brain. Ajami et. al. (2007) created parabiotic pairs by
surgically attaching a wild type mouse to a partner which ubiquitously expressed GFP,
allowing for the identification of any cell in the CNS that arose from circulating
progenitors in the adult mouse. This technique eliminates the need for irradiation to
repopulate the bone marrow of the wild type mouse, and allows for studying of BM cell
trafficking without the confounding effects of irradiation. Ajami et. al. (2007) found that
there was no engraftment of GFP+ cells in the brain or spinal cord of healthy mice, mice
subject to facial nerve axotomy or mice over-expressing mutant SOD-1, a murine model
of amyotrophic lateral sclerosis. Chimerism was measured at around 50% in the
parabiotic pairs, indicating complete blood sharing between the GFP* and GFP-
parabionts. However, while BM derived macrophages were evident in the muscle, they
were not detected in the brain (Ajami et. al. 2007). To evaluate the role of irradiation in
this model, parabiotic animals were also irradiated, while the GFP* partner was shielded.
Reconstitution of BM was successful without injection of BM cells, where around 80% of

BM were GFP*. However, no GFP" cells were found in the CNS. Together, these

21



experiments suggest that BM derived cells enter the CNS only under certain conditions.
First, the BBB must be disrupted or activated in some way, such as through irradiation.
Second, cells that are capable of entering the CNS, presumably some type of progenitor
of the monocyte lineage, must be in the circulation. With the injection of BM cells during
transplant, these cells are temporarily circulating, which does not occur at significant

levels under physiological conditions.

Use of non-irradiative myeloablation with Busulfan

As an alternative method to achieve BM chimerism without TBI, we turned to
chemotherapeutic agents that are known to prevent hematopoetic cell division and so
create space in the BM for donor reconstitution. Busulfan (BU) (1,4-butanediol
dimethanesulfonate) is an alkylating agent which forms G-G bridges, cross-links DNA
and induces apoptosis by the production of H,O, (lwamoto et. al. 2004). The use of BU
in humans as a chemotherapeutic agent dates back to the 1950s, where it was found to
have a similar effect on BM cells as lethal irradiation (Talbot 1957). It is generally used
together with Cyclophosphamide (CY), an immunosuppressant, in human and rodent
BM transplants (Tutschka and Santon, 1977; Tutschka et. al. 1987). BU is
myeloablative, creating a niche for the donor BM, while CY is an immunosuppressant,
preventing rejection of the donor cells by the host immune system (Tutschka et. al.
1987). However, in mice where the donor and recipient have the same MHC haplotype,
it is possible to use BU alone, without CY (Barry 2003). Donor BM cells have been seen
to engraft in the CNS following Bu treatment and intravenous injection of GFP* donor
BM, without irradiation (Espejel et. al. 2009, Capotondo et. al. 2012, Lewis et. al. 2013).
This suggests that BU must have an effect on the BBB, somehow disrupting it and

allowing for the entry of BM cells. Recent work has suggested that resident microglia
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must be ablated to some extent in order for donor BMDCs to develop into long lasting
microglia-like cells in the CNS, and that BU can accomplish this ablation, since it has the
ability to cross the BBB (Capotondo et. al. 2012). However, another study did not see

BMDC entry to the CNS with similar doses of BU (Lampron et. al. 2012).

Aims

The aims of this work are as follows:

1. To establish a protocol by which high level chimerism can be maintained in 3x Tg AD
mice through non-irradiative means.
2. To analyze the accumulation of BMDCs in the brains of these mice.

3. To qualitatively characterize the histological features of the 3x Tg AD mouse model.

Since our lab has successfully used BU to develop high level chimerism in an
ALS mouse model (Lewis et. al. 2013),l aim to use a similar protocol in the AD mice to
establish and maintain chimerism after transplantation of GFP* BM cells. This will be
done using either BU or BU in conjunction with other therapeutics as necessary. If
chimerism is successfully established, | will then analyze the localization of BMDCs in

the brains of the transplanted mice.

There is literature on the histological characteristics of this mouse model, though
some findings are highly debated. Because of the inconsistences in the literature, |
expect to confirm the presence of AB plaques and hyperphosphorylated tau tangles in

the brains of these mice.
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Methods

Mice

B6;129-Psen1tm1Mpm Tg(APPSwe,tauP301L) 3x Tg mice were ordered from
Jackson Labs. Mice are homozygous for all three transgenes, and no genotyping is
necessary. To generate GFP* 129/B6 mice, GFP'C57BL/6 mice were crossed with 129
mice. These mice are phenotyped by viewing an ear punch with an epifluorescence

microscope.

Pretreatment and BM transplantation

Mice are given intraperitoneal injections of 20 mg/kg BU per day for 4 (80mg/kg)
or 5 (100 mg/kg) consecutive days. 24 hours after the last BU injection, BM is harvested
from the femurs and tibia of GFP* donor mice. Red blood cells are lysed and removed
with the supernatant after spinning the BM cells down at 1500 rpm for 5 min. BM is
filtered and resuspended in sterile PBS. 1.5 x10” BM cells in a total volume of 300 uL
are injected into each recipient mouse via the tail vein. For BU + CY treatments mice
are treated for 4 days with BU as above, followed by 2 days of 100 mg/kg CY for a total
of 200 mg/kg. BM transplant is performed as described above. For NK cell function
depletion 30 uL of anti-asialo ganglio-N-tetraosylceramide (ASGM-1) in 300 uL PBS was
injected intraperitoneal 2 hours before BM transplant and again on day 14 post-
transplant. Irradiated mice were exposed to 10 Gy of ionizing radiation at 2 months of

age and transplanted with 5 x 10° BM cells on the same day.
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Chimerism monitoring

Blood is drawn weekly from the saphenous vein to test for chimerism. The blood
sample is first lysed in 500uL lysis buffer on ice for 8.5 min. 1 ml FACS buffer (2mM
EDTA + 2% FBS in PBS) is added and the solution spun down for 5 min at 3000 rpm.
Lysis is repeated. After the second lysis, pellets are resuspended in 700 uL FACS buffer
and the solution is split into A (labeled for lymphocytes) and B (labeled for myeloid cells)
tubes. PE-Cy7 conjugated antibodies used are anti-B220 (1:200) and CD3 (1:200) for
lymphoid cells, and anti-Gr-1 (1:2000) and CD11b (1:2000), for myeloid cells. 150 pL of
the appropriate Ab solution is added to each tube and placed on ice for 25 min. Cells
are then rinsed in 1 mL FACS buffer, spun down for 5 min at 3000 rpm, supernatant
removed and rinsed again. Pellets are resuspended in 300 uL FACS buffer and

analyzed with a BD Aria FACS machine.

Tissue preparation

Mice are sacrificed with CO2, transcardially perfused with 30 mL PBS followed
by 30 mL of 4% paraformaldehyde (PFA). Skull, spine and spleen are removed and
fixed overnight in 4% PFA. Brain and spinal cord are dissected out, and left in a 20%
sucrose solution, along with the spleen, overnight. Tissue is then blocked in OCT and
stored at -80°C. Tissue is sliced at 30 um and placed in DeOlmos solution to be stored

at -20°C.

Immunohistochemistry

Free floating sections are rinsed 3 times for 10s each with PBST (0.3% PBS with
Triton-X100), followed by 3, 5 min rinses. Sections are incubated in 0.5 M glycine in
PBST for 1 hr and rinsed in PBST. Sections are blocked in 25% NDS + 5% BSA for 1

hr, then primary antibodies are added overnight (Iba-1 1:100; CD31 1:100; 6E10 1:1000;

25



11A1: 1:100). After rinsing, fluorescence conjugated antibodies are added for 2 hrs at
1:1000 (AF488, AF568 or AF647). Sections are mounted on slides and nuclei stained
with 4,6-diamidino-2-phenylindole (DAPI).Congo Red staining was performed by first

rinsing free floating brain sections in PBS, followed by 20 min incubation in alkali NaCl,

then 25 min in alkali Congo Red solution. Sections were again rinsed in PBS.

Sections were imaged using a Leica DM4000Bepifluorescence microscope, with
a 4x, 10x, 20x or 40x lens and Leica DFC350 FX digital camera. A Nikon Eclipse Ti

inverted confocal microscope was used for higher power images with 60x objective lens.

Statistics
Two-sided Student’s t-tests were used to compare chimerism levels in the
peripheral blood between NK cell depleted mice and non-NK cell depleted mice using

Microsoft Excel.
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Results

Triple transgenic AD mice express intracellular AB, extracellular
AB plaques and hyperphosphorylated tau

Triple transgenic (3x Tg) mice were sacrificed at 6, 12 or 15 months of age in
order to characterize the pathological features of this mouse model of AD.
Immunohistochemical labeling was performed on coronal brain sections showing both
hippocampus and cortex. Labeling with the 6E10 antibody against amino acids 1-16 of
AB revealedimmunoreactivityin deep layers of the cerebral cortex at 6, 12 and 15 months
of age (Fig. 4). The immunoreactive material has a clearly delineated border and shows
nuclear sparing, which suggests that it is intracellular. Immunolabeling can also be
visualized within long, thin axons of these cells, which suggests it is intraneuronal (Fig.
5). In the 3x Tg mice, intracellular AR immunoreactive material can be seen within the
cell bodies and axons of neurons in the hippocampus and cortex of 12 month old 3x Tg
mice (Fig. 5). No extracellular AB plaques are visible at 6 months of age as revealed by
Congo Red staining or immunohistochemistry with the 6E10 antibody (Fig. 4A). Congo
Red is a diazo dye, which changes absorbance spectrum upon binding to the B-sheet
fibrils of amyloid proteins. Since the cells are not permeabilized during the Congo Red
staining protocol,only extracellular AR can be seen with an epifluorescence microscope
(Klunk et. al. 1999). By 12 months of age, small numbers of plaques become apparent
with 3-4 plaques per section (Fig. 4B; arrows); however, not all sections contain plaques
as the total number of plaques is quite small. Extracellular AB plaques are defined as

either Congo Red positive or diffuse 6E10 positive deposits without clearly delineated
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borders or nuclear sparing in sections where Congo Red was not used. At 15 months of
age, extracellular AB plaques were not seen; but, intracellular AB labeling was abundant
(Fig. 4). In control B6 tissue, A was notdetected either intracellularly or extracellularly

(Fig. 4D).

Figure 4. Amyloid B immunoreactivity with age

A

(A) 6 month old 3x Tg mice show significant levels of intracellular A with no visible extracellular
plaques. (B) 12 month old 3x Tg mice still display high levels of intracellular AR and begin to show
extracellular plaques (arrows). (C) 15 month old 3x Tg mice again show intracellular AB, but
extracellular plaques were not visible. (D) control 12 month old B6 mice show no intracellular or
extracellular AB. Schematic inset in (B) shows area imaged. Immunolabeling of 6E10 is shown in
red and DAPI is shown in blue
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Figure 5. 6E10 immunoreactivity in cerebral cortex

6E10 antibody shows immunoreactivity of neurons and axons in the cortex of 6 month old 3x Tg
mice. Immunolabeling of 6E10 is shown in red and DAPI is shown in blue

To further evaluate thelabeling characteristics of extracellular AR plaques in aged
mice, | used tissue from a different mouse model of AD expressing mutations in APP
and PS1 as a positive control and this tissue was prepared in an identical manner as the
3x Tgbrain tissue. These APP/PS1 mutant mice have been previously reported to
demonstrate significant levels of extracellular AB plaques at 1 year of age (Choi et. al.
2007).Figure 6 shows that Congo Red staining is seen in the APP/PS1 brain tissue (Fig.
6A; AB plagues shown by arrows), but that no Congo Red staining is evident in the

brains of 3x Tg miceat 15 months of age (Fig. 6B).
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Figure 6. Congo Red staining in APP/PS1 and 3x Tg brain

(A) 1 year APP/PS1 brain has significant extracellular AR plaque load (arrows) as assessed by
Congo Red staining. (B) No extracellular AB plaques in 15 month 3x Tg brain. Schematic inset in
(B) shows area imaged.

The 6E10 ABantibody binds to amino acids 1-16 of AR, which is also present in
APP. Since APP is overexpressed within neurons of these mice, it is possible that the
staining pattern is labeling APP and/or AB. To clarify whether the 6E10 immunoreactivity
is directed against APP or AB, | employed a second A antibody (11A1), which is
specific for a B-turn at positions 22 and 23 of AR (Murakami et. al. 2010). This 11A1
antibody binds specifically to AR oligomers as the AB species with this B-turn rapidly
form oligomers and has been identified as a more toxic form of AR (Murakami et. al.
2010). Figure 7 shows immunolabeling with both the 6E10 and 11A1 antibodies in
neurons of the cerebral cortex in 12 month old 3x Tg mice. At this magnification, in
general, there was a similar pattern of immunolabeling using both antibodies, with many
cortical neurons demonstrating immunoreactivity against 6E10 and 11A1 (Fig. 7C;
merge, yellow). Using confocal microscopy, and higher power magnification the 11A1
antibody demonstrates punctuate labeling in the cell body. The immunolabeling extends

into the proximal dendrites of the labeled neurons. Immunoreactivity against 6E10 was
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also evident within the cell body, but often more limited in extent than for 11A1

immunolabeling (Fig. 8).

Figure 7.  Similar staining pattern of 6E10 and 11A1 at low power magnification

Merge

(A) 6E10 binds amino acids 1-16 of A and shows intracellular AB in cortex of 12 month 3x Tg
mouse brain.(B) 11A1 immunolabeling in cortex reveals cellular labeling similar to A. (C) Merge of
immunoreactivity to the two antibodies shows similar labeling, with many cells showing co-
labeling (yellow) at 20x magnification.
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Figure 8.  High power image of intracellular AB

Oligomeric AB antibody (11A1; green) shows diffuse labeling of the cell body and axons. 6E10
antibody (red) labels more distinct regions in the neuronal cell body. Cell nuclei are labeled with
DAPI (blue)

An antibody specific to tau phosphorylated at serine 396 (pS396) shows that
phosphorylated tau is apparent in the 3x Tg mice at 12 months of agebut not in wild-type
B6 mice (Fig 9). Phosphorylated tau can be seen mainly in neurons of the
hippocampus but not at significant levels in the cortex at 12 months of age, which is

consistent with data reported in the literature (Oddo et. al. 2003).
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Figure 9. Phosphorylated tau in neurons of the hippocampus

200 pm

100 pm

100 pm
(A) 1 year old 3x Tg mouse hippocampus showing phosphorylated tau. (B) 1 year old B6 mouse
hippocampus without phosphorylated tau. Schematic inset in (B) shows area imaged.
Microglia accumulate around AB plaques

Endogenous microglia in the cortex of 3x Tg mice do not show overt signs of
activation in relation to intracellular AB (Fig. 10). The microglia maintain a normal
morphology with small cell bodies and branching processes, with a regular distribution
throughout the brain. However, microglia closely associated with extracellular Ap
plaques differ slightly in appearance, having larger cell bodies and shorter processes
(Fig. 11). There is also a higher density of microglia surrounding AB plaques, indicating

that there is likely some signal attracting them to the plaques.
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Figure 10. Microglia associated with AB

500 pm

(A) 1 year old 3x Tg shows no morphological signs of activation of microglia associated with
intracellular AB load. (B) 1 year old B6 has no intracellular AR and no microgliosis.

Figure 11. Microglia associated with AB plaque

100 pm

Microglia (red) closely associate with AB deposits (green) in brain of 1 year old 3x Tg mice.
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Bone marrow-derived cells accumulate in brain of AD mouse
following irradiation

3x Tg mice (n=3) were exposed to 10 Gy radiation at 2 months of age and
transplanted with 5x10°GFP* bone marrow cells from a C57BL/6 mouse ubiquitously
expressing GFP on a 3-actin promotor. A C57BL/6 mouse was transplanted in the same
way to be used as a control; however, the transplant was not successful and it did not
survive. Levels of GFP" cells in the blood were monitored by FACS until high level
chimerism (>80%) persisted. This was established by 3 weeks post-transplant. These
mice were sacrificed at 12 months of age and brain sections examined for distribution of
GFP" cells. BMDCs can be seen throughout the brain with significant accumulation in
the meninges and brainstem. BMDCs are also found in the cortex and hippocampus,

which are areas of pathology in AD (Fig. 12).

Since the C57BL/6 irradiated control did not survive, | used C57BL/6 mice that
were treated with 80 mg/kg BU and 200 mg/kg CY before transplanting with 1.5 x
10’GFP* BM cells, as controls for the irradiated 3x Tg mice. Irradiated mice were not
used as controls as there was evidence that irradiation might modify the properties of
microglia independently of disease and as we believed that the BU treatment would be
less stressful for the mice. However, we ran into difficulties with rejection of donor BM in
BU treated 3x Tg mice and so have nothing to compare directly to these BU treated
C57BL/6 mice. Wildtype transplanted mice did not have a large number of GFP* cells in
the brain 8 months after transplant. As with the irradiated 3x Tg mice, the majority of
GFP? cells in the BU + CY treated 3x Tg mice were in the meninges. There were a few
GFP" cells in the cortex and hippocampus, but not to the extend as in the irradiated 3x
Tg mice. The C57BL/6 BU treated mice are not ideal controls since irradiated mice have

higher numbers of GFP" cells infiltrating the CNS than mice that are myeloablated with
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BU (Lewis et. al. 2013, Kierdorf et. al. 2013); however these BU treated C57BL/6 mice

were also used as controlsfor experiments employing BU treated 3x Tg mice.

Figure 12. Bone marrow derived cell accumulation after irradiation

Bone marrow derived cell (GFP") accumulation in 1 year old irradiated 3x Tg mouse. GFP" cells
are seen throughout the brain including the cortex and hippocampus.

In the 3x Tg mice, many of the donor derived cells are closely associated with
platelet endothelial cell adhesion molecule-1 (PECAM-1) labeled blood vessels,
indicating they are likely perivascular cells instead of cells that have crossed the BBB to
penetrate the parenchyma. However, GFP" cells can also be observed further removed
from blood vessels, presumably within the parenchyma (Fig. 13b). Both the blood
vessel-associated GFP” cells and the parenchymal GFP* cells co-label with Iba-1, a

microglia/macrophage marker (Fig. 13c,d).
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Figure 13. GFP" cell engraftment in brain of irradiated and transplanted AD mice
at 1 year of age

Cortex

Hippocampus

(A) Schematic of mouse brain outlining hippocampus, cortex and imaging field for B.(B) BMDCs
(green) largely accumulate in the meninges or associate with CD31" blood vessels (red) (C)
Representative section showing Iba-1 (red) and GFP (green). (D) Higher power image of boxed
area in (C).

Bone marrow-derived cells associate with extracellular AB
plaques

It was observed that endogenous microglia accumulate around AR plaques.
BMDCs can also been seen aggregated around extracellular AB plaques along with
endogenous microglia (Fig. 14). The BMDCs co-label with Iba-1 and display a ramified
morphology with processes extending into the AB plaques. BMDCs had a less

‘activated’ appearance than host microglia associated with AR plaques, which had larger

37



cell bodies and retracted processes (Fig. 14 box). This suggests that they may be better
able to degrade extracellular AB as they have not converted to a more inflammatory

phenotype, which can be linked to CNS damage in neurological diseases.

Figure 14. GFP cells associated with AB plaques

GFP+ cells, along with endogenous microglia (blue) associate with extracellular AB deposits
(pink) and co-label with the microglial marker Iba-1. Donor cells display a less activated
phenotype with smaller cell bodies and longer, more ramified processes (box).

Busulfan alone is not sufficient to promote sustained chimerism
in 129/B6 hybrid AD mice

Having observed that pretreatment of BM transplant recipient mice with 80 mg/kg
BU successfully established >90% chimerism in C57BL/6 mice transplanted with GFP*

C57BL/6 BM, we attempted the same protocol in the 3x TgAD mice. This resulted in the
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initial presence of GFP™ cells in the peripheral blood of the 3x TgAD mice, which quickly

declined by 3 weeks post-transplant (n=2).

A second set of mice (n=3), were pretreated with 100 mg/kg BU followed by tail
vein injection of C57BL/6 BM with the rationale that increasing the degree of
myeloablation with the higher BU dose would enhance engraftment. Under these
conditions, there was the presence of GFP” cells in peripheral blood which comprised
around 33% of total cells at 2 weeks post-transplant. Chimerism declined steadily until 4

weeks post-transplant, when there was essentially no GFP" cells detected in blood (Fig.

15).

Figure 15. Chimerism after 100 mg/kg BU pretreatment
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Representative histograms from 3x TgAD mice transplanted with B6 BM after 100 mg/kg BU
pretreatment. At 2 weeks post-transplant peripheral blood is 33% GFP"; at 3 weeks it is 12%
GFP" and at 4 weeks has declined to 2% GFP".

With the hypothesis that the unsustained chimerism was due to rejection of donor
BM, | next treated the 3x TgAD mice (n=3) with 80 mg/kg BU and transplanted with

GFP* BM from the F1 generation of a C57BL/6 x 129 cross to improve histocompatibility.
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These mice had limited amounts of GFP* cells in peripheral blood at 2 weeks post-

transplant, and no GFP” cells by 3 weeks (Fig. 16).

Figure 16. Chimerism after 80 mg/kg BU pretreatment and 129/B6 BM transplant
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Representative FACS histograms from 3x TgAD mice transplanted with 129/B6 BM after 80

mg/kg BU pretreatment. 5% of peripheral blood is GFP" at 2 weeks post-transplant and 0% at 3
weeks.

Busulfan and Cyclophosphamide together give initial but
temporary engraftment of GFP* BM

In attempts to prevent rejection of the bone marrow, 3x Tg AD and control B6
mice were treated with the immunosuppressant CY along with myeloablative BU (n=5
per group). Mice treated with 80mg/kg BU and 200 mg/kg CY were transplanted with B6
BM and peripheral blood was monitored for GFP* cells. Two weeks post-transplant 3x
Tg AD mice averaged 28% * 18% GFP+ peripheral blood, while B6 mice averaged 67%

1 8% chimerism. In the 3x Tg AD mice, the chimerism dropped to 13% % 11% by week
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3 and to 4% + 2% by week 4. Chimerism in the B6 mice increased to 87% + 4% in week

3 and 88% + 3% in week 4 (Fig. 17).

Figure 17. Average chimerism following BU and CY pretreatment in 3x Tg AD
and B6 mice
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Graph of average percentage of GFP" cells in peripheral blood of 3x TgAD and B6 mice following
BU and CY pretreatment and injection of GFP+ B6 BM. Chimerism in B6 started higher than in 3x
Tg AD mice and increased to week 4 post-transplant. In 3x TgAD mice, chimerism was initially
lower and dropped quickly through 4 weeks post-transplant.

To ensure that GFP* cells were populating the recipients BM and not just seen in
the blood early after transplant, | treated 3x Tg AD and B6 mice with 80 mg/kg BU and
200 mg/kg CY and analyzed peripheral blood and BM at 1 and 2 weeks post-transplant
(n=3 per group). There was a great deal of variation in percentage of GFP" cells in the

BM and blood; however, both 3x Tg AD and B6 mice showed levels of GFP" cells in the
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BM ranging from 8-58% with no difference between the AD and B6 mice. A similar
effect was seen in the blood, with values ranging from 4-87% and no difference between
3x TgAD and B6 mice. This was seen again at 2 weeks, large variation in BM (17-93%)
and blood (18-88%) with no difference between 3x TgAD and B6 groups in either BM or
blood (Fig. 18).

Figure 18. Average chimerism in blood and BM of AD and B6 mice following BU
and CY pretreatment
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GFP" cells in BM and blood of 3x TgAD and B6 mice 1 and 2 weeks post-transplant. Values were
highly variable, with no significant differences seen between AD and B6 mice in either BM or
blood.

Depletion of NK cell activity in the host allows for sustained
peripheral blood chimerism

Having observed that donor GFP* cells are present in the bone marrow following
BU pretreatment and transplantation, it would appear that the donor cells are able to

migrate to the BM, but are later destroyed by the host’s cells. Under the hypothesis that
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the rejection of the donor BM is due to hybrid resistance, | treated the 3x Tg mice with 80
mg/kg BU and an antibody against ASGM-1, to inhibit host NK cell function (n=11). Of
the 11 mice treated with BU and anti-ASGM-1, 7 were seen to have chimerism over 60%
at 2 weeks post-transplant. Of these 7 mice, chimerism dropped below 20% in 2 and
remained above 70% in the other 5 at 3 weeks post-transplant. Chimerism in one of the
5 mice dropped to 21% at week 4; however the remaining 4 mice have shown sustained
chimerism above 80% up to week 11 post-transplant (Fig. 19). Measurements have not
been taken at later time points, but at this time chimerism is usually stable and

essentially complete (Lewis et al. 2013).

Figure 19. Average chimerism following BU and NK cell activity depletion
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Fig. 19. Average %GFP" cells in peripheral bloodof3x Tg mice with sustained chimerism (n=4)
following BU and anti-ASGM-1 treatment and GFP* BM transplant. Chimerism reached 80%
within 2 weeks after injection and maintained this high level of chimerism.
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Chimerism was measured for all mice treated with BU alone or with BU and CY
in combination, and this was compared to mice treated with BU and anti-ASGM-1 to
determine if there was a significant difference in levels of GFP” cells in the peripheral
blood (Fig. 20).The mice in the non-NK cell depleted group were not treated in an
identical manner as mice from different trials were pooled. This non- NK cell depleted
group comprised mice treated with 80 mg/kg BU andC57BL/6 GFP* BM (n = 2), 100
mg/kg BU and C57BL/6 GFP* BM (n = 2), 80 mg/kg BU and C57BL/6x129 GFP* BM (n
= 4) and 80 mg/kg BU + 200 mg/kg CY and C57BL/6 GFP* BM (n = 5). The NK cell
depleted group was treated with 80 mg/kg BU and anti-ASGM-1 antibody and
transplanted with C57BL/6 GFP* BM (n = 11). At 2 weeks post-transplant, no significant
difference was found between the mean chimerism of the two groups, with the non-NK
cell depleted group having a mean chimerism of 35%8% compared to the NK cell
depleted group at 56%+9% (p > 05). At 3 and 4 weeks post-transplant, a significant
difference was observed between the non-NK cell depleted group and the NK cell
depleted group at 13%+4% vs. 42%+12% (3 weeks; p < 0.05) and 5%+1% vs 36%+13%

(4 weeks; p < 0.05; Fig. 20).
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Figure 20. Chimerism in NK cell depleted mice vs. non-NK cell depleted mice
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Fig. 20. Average % GFP” cells in peripheral blood of 3x Tg mice myeloablated with BU or BU and
CY (blue line) compared to 3x Tg mice myeloablated with BU and treated with NK cell activity
depleting anti-ASGM-1 antibody (red line). At 2 weeks post-transplant, there was no significant
difference in mean chimerism. At 3 and 4 weeks post-transplant, chimerism was significantly
higher in the NK cell depleted mice (Anti-ASGM-1; p>0.05).
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Discussion

Use of the 3x Tg Model of AD

The aim of this work was to evaluate the distribution of BMDC in the CNS in a
murine model of AD. As indicated above, there are a number of murine models of AD.
From my preliminary reading, it appeared that the 3xTg mouse would be a good animal
model of AD. The strengths of this model are that it develops both AB plaques and
hyperphosphorylated tau NFTs, the mutant genes are co-integrated at the same site so
that all offspring express all three transgenes, and genotyping of offspring is not
necessary, as well as similar disease in both genders (Oddo et al. 2003). However, in
my results | did not observe many AR plaques, even at 15 months of age. Based on the
literature, we were expecting to see more plaques (Oddo et. al. 2003, Billings et. al.
2005), which would then be used to quantify BMDCs accumulation around the plaques.
However, this was not the case, and experiments would need to be extended to later
time points, or performed in a different mouse model with more rapid disease
progression to study the relation between BMDC migrationwith disease. From my work,
there appears to be a limited amount of extracellular AR in the 3x Tg mouse in the first
year of disease. There does seem to be intracellular AB, likely intraneuronal in
distribution, by 6 months of age, though whether this is intracellular AR or APP is not

entirely clear.

The literature has been slow to accept the presence of intracellular A in AD
even though there have been reports of intracellular AB identificationusing

immunohistochemistry as early as the 1980s (Grundke-lgbal et. al. 1989). One factorthat
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contributes to the lack of acceptance of intracellular AB in these murine models of AD is
the technical issue of whether AB antibodies would cross-react with APP or fragments of
APP, such as sAPP, or the C83 and C99 fragments of APP, since they share the same
amino acid sequence and many of the same epitopes. In order to unambiguously
classify intracellular AB-immunoreactive material as AR, it is necessary to use multiple
antibodies to both N and C terminal epitopes exposed through cleavage of APP

(Takahashi et. al. 2002).

There are many different antibodies for AB in use, specific to different regions of
the AB protein. One popular antibody is the 6E10 antibody which has been reported to
be specific to residues 1-16 of AR (McLean et. al. 2012). However, this antigenic
sequence is present in APP as well and it has been claimed that cleavage of APP is not
required to expose the antigenic site, in which case this antibody would label both AB
and APP (Winton et. al. 2011). There are some antibodies that have been reported to
be specific to neo-epitopes, which are not present in APP, but only in AB after being
cleaved by y-secretase and a conformational change having occurred due to the
cleavage. Some examples of these antibodies are BA27, specific to A ending at
residue 40, and BCO05, specific to AR ending at residue 42 (lwatsubo et. al. 1994). Using
these antibodies, along with others specific to AR sequences accessible in APP or to full-
length APP, Winton et. al. (2011) attempted to determinewhether intracellular Ap
accumulates in the 3x Tg mice. Using this panel of antibodies and others, this group
claimed that immunoreactivity is associated with APP accumulation rather than the
presence of intracellular AB. This observation would be consistent with the APP
overexpression in these mice (Oddo et. al. 2003). While the experiments are seemingly

straightforward, there has been controversy over this issue. Some points of debate
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around the experiments conducted by Winton et. al.(2011) concern the antigen retrieval
methods, fixation and the lack of a positive control for the AB specific antibodies.
Intracellular AB can be difficult to detect, requiring optimization of antigen retrieval
techniques. Fixation methods are also important as paraffin embedded sections also
seem to be less sensitive than fixed frozen sections for detection of intracellular AB.
Winton et. al. (2011) used either paraffin embedded sections, or 10% PFA-fixed tissue, a
much higher concentration of PFA than is usually used, which also reduces antigen
sensitivity (D’Amico et. al. 2009). Finally, Winton et. al.(2011) did not employ positive
controls showing that the supposedly AB-specific antibodies are in fact specific to ApB.
Given that this group presented largely negative results to prove that there is no
intracellular AR accumulation in the 3x Tg mice, it would be necessary to present a

positive control showing that the lack of detection of ABis not a methodological problem.

| have used two different antibodies against different regions of the AB protein, to
show that there is intracellular AB accumulation in neurons in AD. The 6E10 antibody
binds to amino acids 1-16 of AB, which is present in APP as well, and seems to be in the
same conformation. Because of this, 6E10 immunoreactivity occurs both with Ap and
APP. The second antibody | used was the 11A1 antibody, which binds to a neoepitope
exposed with cleavage of APP. This neoepitope is a 3-turn at amino acids 22 and 23
and AR proteins with this turn have been shown to quickly form oligomers (Murakami et.
al. 2010). Immunoreactivty with the 11A1 antibody, combined with clear delineation of
immunoreactive material and nuclear sparing is evidence that the labeled material is
intracellular AB. This immunoreactivity could be shown to be specifically within neurons

by co-staining with the neuronal nuclear antibody NeuN.
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This putative intracellular AR has been documented in the brains of AD patients
post-mortem; however, intracellular Ap has also been seen in normal age-matched
controls, as well as in children and infants using several different antibodies including
6E10, 4G8 (residues17-24 of AB) among others (Wegiel et. al. 2007). This intracellular
AB is not localized to structures affected in AD, but is instead distributed diffusely
throughout the brain, and varies between individuals. Intracellular AR is more readily
seen in mouse models of AD than in humans. This observation may be due to
mutations in APP and PS1 in these mice, which alters the metabolism of Af leading to
more intracellular accumulation than is usual in mice or humans (Martin et. al. 1995). It
has been hypothesized that intracellular AR accumulation might precede extracellular AR
plague formation, and that intracellular AB load decreases as plaque load increases
(Oddo et. al. 2006). Since human brains are generally not available for analysis until
late in disease, it is possible that the intracellular AB has already decreased and that A

is observed as extracellular plagues during histological analysis.

There are two possible routes by which AB could accumulate within neurons.
First, AB could be cleaved from APP at the cell membrane and released extracellularly.
From there AB could be endocytosed by neurons through a number of receptors
including LRP and RAGE receptors or via internalization of other receptors after A
binding. Evidence for this route is seen in vitro as well as in vivo. AP binds to the a7
nicotinic acetylcholine receptor (a7nAChR), which results in internalization of the
receptor as well as the bound A (Nagele et. al. 2002). In the same study, it was seen
that 3xTg AD mice had lower levels of a7nAChR on neurons in areas of intracellular A

accumulation. Decreased membrane expression of AB binding receptors LRP and
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RAGE has also been seen in areas of intracellular AR accumulation (Bu et. al. 2006,

Iribarren et. al. 2005).

A second possibility is that AB is produced intracellularly and does not need to be
taken up from the extracellular space. APP for the most part localizes to the plasma
membrane; however, it has also been detected in the membranes of the endoplasmic
reticulum, Golgi network, mitochondria, endosomes and lysosomes (Mizuguchi et. al.
1992). If cleavage of APP occurs at these other locations, AB can be liberated into the
cytosol instead of being secreted to the extracellular space. Evidence for this possible
mechanism comes from in vitro studies using wild-type APP or mutant APP (APPg,.)
expressing NT2N neuron cells (Martin et. al. 1995). Martin et. al. found that mutant
neurons produced intracellular Af whereas wild-type neurons did not. The mutation in
APP may lead to differential localization of APP or altered processing of APP, which
gives rise to intracellular AB. Intracellular accumulation of AR can also be seen with
duplication of the APP gene (Rovelet-Lecrux et. al. 2006). Together these studies
suggest that altered expression, or mutation of APP may cause it to be localized to
membranes within the cell leading to intracellular accumulation of AB. This may be one
explanation as to why intracellular AB is seen more in AD mice than in humans with
sporadic AD. Many mouse models of AD have mutations in APP or overexpress APP,
whereas humans who develop sporadic AD do not have alterations in the APP gene and
so localization may be maintained at the plasma membrane decreasing the amount of

AB released within neurons.

While it is generally accepted that extracellular AB plaques play a role in the
pathology of AD, the effect of intracellular AB is not as clearly understood or accepted.

Intracellular AR has been shown to lead to muscle cell death in inclusion body myositis
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(IBM), a muscle degeneration disease (Sugarman et. al. 2002). IBM patients display AR
aggregation within muscle fibres leading to degeneration of muscle. Mice which
overexpress the APPswe mutation under the control of the muscle creatine kinase gene
promoter develop intracellular AB and muscle degeneration similar to IBM patients
(Sugarman et. al. 2002). While there are several theories as to how intracellular AR
accumulation can lead to neurodegeneration or synaptic loss, it is evident that clearance
of intracellular AR can improve cognitive function in 3xTg AD mice (Billings et. al. 2005).
Billings et. al. injected an anti-Af antibody into the third ventricle of 3xTg AD mice at 4
months of age, after intracellular AB begins to accumulate, but before plaque formation.
The treated mice showed decreased levels of intracellular AR as well as improved

cognitive function through water maze testing compared to untreated AD mice.

There is a directrelationship between intracellular and extracellular AB. From
mouse models, it has been seen that intracellular ApB precedes extracellular AR plaques
and that by removing AB through immunotherapy, extracellular A is cleared first
followed by intracellular AB. When A is allowed to build back up, intracellular AB
accumulation again precedes formation of extracellular AR plaques (Oddo et.al. 2006).
Whether it is intracellular or extracellular AB that is causing the damage in AD, the
relationship between the two is promising for my work. BMDCs in the AD brain could
potentially clear extracellular AB, as seen in the study by Oddo et. al. This could then
lead to decreases in intracellular AB as well, and its potentially detrimental effects on

neurons.

Quantification of AB and BMDC Association
Quantification of AR is an important measure of effectiveness of treatments of AD
in mouse models. This quantification can be done in a few ways depending on whether
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intracellular or extracellular AB is of interest. Intracellular AR can be quantified using
imaging software, such as Scion Image system or Image Pro Plus, by maintaining a
constant threshold intensity, and counting the number of pixels stained with an A3
antibody over a constant area of the brain sections (Oddo et. al. 2006, Nagele et. al.
2002). This is assuming that the antibody is labeling intracellular A, which may or may
not be the case. Extracellular AB plaques can be counted manually from IHC labeled
brain sections (Oddo et. al. 2006) or can be expressed as a proportion of the total area
of the region of interest using imaging software and labeling technique that does not
show intracellular AB (Krabbe et. al. 2013). Extracellular plaques have also been
classified according to size and manually counted within different size categories

(Mildner et. al. 2011).

I have not quantified intracellular ABas it does not play a role in the main aim of
this thesis; but is more an interesting, and somewhat unexpected observation. If
BMDCs are seen to accumulate around intracellular AB, implicating intracellular Ap as a
signal for BMDCs, quantification may be necessary in the future. Extracellular AR
plagues were not quantified simply because of the lack of plaques in the 3x Tg mice.
Small numbers of plaques (3-4 per section) were observed in some 12 month old mice;
however, plaques have not been observed in the 15 month old mice, which we had
expected to see by this age.Hyperphosphorylated tau could be quantified in the same
way as intracellular AB. | have not done this since NFT load does not play a pivotal role

in this work.

One aim of this thesis was to quantify BMDC accumulation around extracellular
AB plaques. BMDC association with AB plaques has been presented in several different

ways. It can be expressed as a percentage of AB plaques with GFP™ cells touching
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them (Mildner et. al. 2011), differentiating morphology of GFP" cells associated with AR
plaques (Stadler et. al. 2005), or expressing number of GFP* cells associated with each
plaque, with plaques being categorized based on size (Mildner et. al. 2011) to give a few
examples. The exact criteria for a GFP+ cell to be considered associated with an A
plaque is not always clear; however, has been defined as the cell body of the BMDC is
in contact with the core of a Congo Red plaque (Simard et. al. 2006). Whether this

definition is used by other groups is unclear.

Given the difficulty in establishing persistent chimerism in the 3x Tg mice, as well
as the small numbers of extracellular plaques present, this quantification has not been
performed. Now that we can establish chimerism in the mice using BU and NK cell
depletion, these studies can be carried out, and time frames may need to be extended to

ensure significant levels of extracellular AB plaques.

Busulfan versus Irradiation

BM transplantation often employs total body irradiation (TBI) as an initial step to
open the BM niche for donor cells to repopulate. However, there are side effects from
irradiation preconditioning treatment, which come with a risk of mortality in patients due
to non-disease or transplant-related complications. In people undergoing BM
transplantation, non-infectious transplant-related complications account for 50% of
mortality (Andersen et. al. 2006). The high mortality rate is likely due to a cytokine storm
induced by irradiation, which can then lead to veno-occlusive disease, idiopathic
pneumonia, or multi-organ dysfunction (Hill et. al. 1997). Andersen et. al. (2009)
showed that patients treated with TBI before transplantation showed higher levels of
soluble TNF-a receptor 1 (STNFR1), as well as other inflammatory cytokines, in blood
compared to those treated with BU and CY, indicating a greater damaging effect of
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irradiation. BU is not free of side effects however; as high dose BU is associated with
seizures and veno-occlusive disease (Jones et. al. 1987). However, veno-occlusive
disease can be milder with BU than with TBI, especially with the lower doses of BU used
in reduced-intensity conditioning (RIC) regimens, which are not completely
myeloablative and most often indicated in very young or old populations (Fadilah and
Agilah, 2012). The reason RIC is not used in all BM transplants is that there is a higher
occurrence of relapse when treating hematopoietic malignancies, as there is incomplete
ablation of the malignancy (Fadilah and Agilah, 2012). In the case where a mixed
chimerism is sufficient, and there is no malignancy to ablate, RIC should be sufficient in

any population, not just in the more at risk populations.

Irradiation also has an effect on the BBB, increasing permeability and activating
endothelial cells to increase expression of adhesion molecules. This has been deemed
at least partially responsible for the entry and engraftment of BMDCs in the CNS of mice
following BM transplantation, as shown through previously discussed parabiosis and
head shielded irradiation experiments (Ajami et. al. 2007, Mildner et. al. 2007). Given
that the BBB can already be affected in AD, it would not be ideal to incorporate a
treatment strategy that causes more damage to the BBB. BU could be a less toxic
pretreatment option than TBI as it seems to have less of an effect on BBB permeability
than irradiation (Kierdorf et. al. 2013). Experiments by Kierdorf et. al. (2013) showed a
decreased presence of albumin in the brains of mice pre-treated with BU as opposed to
those pre-treated with irradiation, indicating decreased permeability of the BBB following

BU.

BU does have some effect on the BBB and has been shown to promote

engraftment of BMDCs in the CNS, though this occurrence is much more debated than
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with the use of irradiation as preconditioning (Capotondo et. al. 2012, Lampron et. al.
2012, Lewis et. al. 2013, Kierdorf et. al. 2013). BU has the ability to cross the BBB
(Hassan et. al. 1992) and so could, like irradiation, affect the CNS microenvironment.
Capotondo et. al. (2013) have recently suggested that both irradiation and BU cause
apoptosis of endogenous microglia in the brain. This partial clearing of the niche is
necessary for donor-derived cells to accumulate and expand within the CNS,
repopulating the space left by the death of the host microglia. The problem with the
study by Capotondo et. al. is that all analysis of cell counts was done through FACS, and
there is no way to be certain that the cells were in the brain parenchyma, as opposed to
perivascular spaces or meninges. Further, data from both diseased mice as well as wild
type controls were pooled together, even though there was a significant difference in

numbers of cells in the brains in each case.

Recent work in our lab has shown that donor derived cells in the CNS following
BM transplantation, using BU as the preconditioning treatment, are more ramified in
morphology, with less engraftment of ameboidshaped cells in the spinal cord of ALS
mouse models (Lewis et. al. 2013). The ameboidshaped cells that predominate in
irradiated mice show immunophenotype and morphology consistent with activated
microglial cells (Vallieres and Sawchenko, 2003) and may be more damaging than
beneficial in the case of CNS disease compared to stellate-shaped cells, which closely

resemble resident microglia.

As might be expected from the effect of irradiation on the body, irradiation also
has lasting effects on the brain (Mildner et. al. 2011). In mice transplanted with GFP*
BM cells following either TBI (unprotected) or with head shielding (protected),

endogenous microglia show altered morphology even 7 months post-transplant as a
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result of the irradiation. In the unprotected animals, endogenous microglia were not as
closely associated with AB plaques and showed signs of activation, namely retraction of
cellular processes and rounding of somata, as well as increased expression of CXCL10,
CCL2 and TNFa. In the protected animals, microglia were much more tightly associated
with AB plaques, with microglial cellular processes reaching the core of A plaques
(Mildner et. al. 2011). Whether the activating effect of irradiation can be ameliorated with
the use of BU instead of irradiation is an important question requiring further exploration.
As inflammation is a major player in AD pathology, it would be beneficial to limit the
induction of further inflammation in the CNS. Furthermore, the more stellate shaped
cells accumulating in the CNS following BU pretreatment (Lewis et. al. 2013) may be
better able to phagocytose AR than the activated ameboid-shaped cells accumulating

following irradiation.

Another advantage of using BU over irradiation is that while irradiation is
immunosuppressive, BU is only myeloablative, leaving the host’s adaptive immune
system intact (Tutschka and Santos, 1977). Immunosuppression can be critical in the
case of allogeneic BM transplant in preventing rejection of the donor cells. However,
with autologous transplant, immunosuppression becomes unnecessary and puts the
host at risk of opportunistic infection. For the use of BMDCs as gene delivery vehicles,
autologous transplant of transfected cells would be ideal since a supply of cells would be
readily available through mobilization of the hosts BM and the risks of transplant
complications decrease because transplanted cells are immunologically identical to the

host.
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Hybrid Resistance

Given the above benefits of a less intensive chemotherapeutic pre-treatment
regimen, | examined donor cell engraftment in the brains of AD mice using a BU
conditioning treatment instead of irradiation. There were substantial difficulties in
employing this treatment, which appeared to be related to the hybrid background of the
3x Tg mice used. The rejection observed in the 3x Tg mice could be due to the
phenomenon of hybrid resistance. One potential approach to minimize hybrid resistance
is by treating mice with anti-ASGM-1 antibodies on the day of BM transplant and again
at 2 weeks post-transplant. This treatment neutralizes NK cell function in the host
preventing the killing of donor cells and allowing them a chance to engraft and establish
persistent high-level chimerism.Using this modification | was able to achieve a
sustained, high level of chimerism in many of the 3 xTg mice. These levels of chimerism

were comparable to those seen with irradiation.

It has been shown that B6 mice and 129 mice express different Ly49 genes with
differing specificities and affinities for MHC | alleles (Makrigiannis et. al. 2001). These
differences could explain the rejection of B6 BM by the 129/B6 3x Tg mice. There may
be a difference in the activating and inhibitory signals received by host NK cells, in this
case favouring activation of these cells and resulting in the lysis of donor BM cells by
host NK cells. Though very similar, there are differences between the MHC haplotype of
B6 and 129 mice as well. B6 mice are H-2° haplotypes whereas 129 mice are H-2
haplotypes, indicating a difference in the T region of the MHC I locus (Table 1).
Specifically, the difference is seen at TL, an MHC class Ib locus, where B6 mice have a

b allele and 129 mice have an f allele (Fischer-Lindahl 1997). This slight difference
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could have accounted for the rejection of BM transplantation; however, this is unlikely as

the BM was from a parental strain, which the recipient would presumably be tolerant of.

Table 1. MHC haplotype of 129 and C57BL/6 mice

129/- b b b nul | b k a b 2 2 2 2 f
C57BL/ b b b nul | b | null a b 2 2 2 2 b
6

Table 1.MHC haplotype of 129 and C57BL/6 mice, differing only at Tla locus

Some of the 3x Tg mice that | treated with BU and anti-ASGM-1 have developed
sustained, high-level chimerism whereas all of the 3 xTg mice that were treated with BU
or BU and CY, did not develop chimerism. There was a significant difference in
chimersim between the NK cell depleted mice and the non-NK cell depleted mice when
the mice from the different treatment protocols were pooled together. All C57BL/6 mice
transplanted with syngeneic BM developed high level chimerism even with BU alone.
This is evidence that the rejection was due to hybrid resistance. With NK cell depletion,
experiments looking at accumulation of BMDCs in the brain of the 3x Tg AD mice can be
performed with BU instead of irradiation. We can use this to explore association of
BMDCs with AB as well as morphology and activation of BMDCs accumulating around

extracellular AB plaques with BU versus irradiation pretreatment.

BBB in AD
It has been reported that the BBB is compromised in AD. Most studies showing

increased BBB permeability in AD patients use a CSF/serum albumin ratio as an
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indication of leakage of blood proteins to the CNS (Farrall and Wardlaw, 2009). Farrall
and Wardlaw (2009) analyzed data from a large number of studies of AD patients
compared to age-matched, healthy controls as well as in young health people compared
to older, healthy people. Overall, they found that the majority of studies reported an
increase in CSF/serum albumin ratio with age in the healthy population, along with a
greater increase in AD patients compared to healthy age-matched controls (Farrall and
Wardlaw, 2009). Similar results have been seen in mouse models of AD, both in single
transgenic APP mutants as well as APP/PS1 double transgenic mice, using Evans Blue

as an indicator of BBB permeability (Donahue and Johanson, 2008).

The mechanism behind the increased permeability is not clearly defined;
however, several theories exist. AB may be toxic to tight junction proteins of endothelial
cells, as seen with decreased expression of zona occluden-2 and occludin in rat brain
microvessels exposed to AR (Donahue and Johanson, 2008). Donahue and Johanson
(2008) also saw that in AD brain tissue, compared to healthy age-matched controls,
there was thinning and fragmentation of the extracellular matrix protein agrin, which is
important in the maintenance of the basement membranes forming part of the BBB. The
thinning and fragmentation was often closely associated with areas of AB deposition

suggesting a negative effect of AR on agrin.

While there is an apparent increase in BBB permeability in AD according to these
studies, an important question is whether there is an accompanying increase in the
immune cell infiltration of the brain. The BM cells that might engraft in the CNS are
much larger than the proteins that have been previously shown to pass through the BBB
in AD; so, infiltration of cells will not necessarily increase as well as proteins. It seems

that activation of the BBB is required to increase immune cell infiltration and not just an
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increase in BBB permeability (Larochelle et. al. 2011). Li et. al. (2009) showed that AB
can increase expression of CCR5 on endothelial cells of the BBB. CCR5 can bind MIP-
1a and increase extravasation of T cells across the BBB in vitro (Li et. al. 2009). This
could explain why more T cells are found in the post mortem brains of AD patients when
compared to age matched controls (Togo et. al. 2002). Monocytes, as well as most
hematopoietic cells express MIP-1q, a ligand for CCR5, so there may also be increased
migration of other hematopoietic cells into the brain of AD patients (Menten et. al. 2002).
MIP-1a expression is enhanced in monocytes in the presence of inflammatory cytokines
IFN-y and IL-1B as well as LPS (Menten et. al. 2002). If there is an increased influx of a
microglial precursor cell from circulation there would be increased engraftment of donor
cells in the brain following BM transplantation, which might be beneficial for clearance of

AB or potentially for delivery of therapeutics to diseased areas of the brain.
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