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Abstract

Alzheimer’s disease (AD) is associated with a significant neuroinflammatory component.
Mononuclear phagocytes including monocytes and microglia are the principal cells involved, and
they accumulate at perivascular sites of B-amyloid (AB) deposition and in senile plagues. Recent
evidence suggests that mononuclear phagocyte accumulation in the AD brain is dependent on
chemokines. CCL2, a major monocyte chemokine, is upregulated in the AD brain. Interaction of
CCL2 with its receptor CCR2 regulates mononuclear phagocyte accumulation in a mouse model
of AD. CCR2 deficiency leads to lower mononuclear phagocyte accumulation and is associated
with higher brain Ap levels, specifically around blood vessels, suggesting that monocytes
accumulate at sites of AP deposition in an initial attempt to clear these deposits and stop or delay
their neurotoxic effects. Indeed, enhancing mononuclear phagocyte accumulation delays
progression of AD. Here we review the mechanisms of mononuclear phagocyte accumulation in
AD and discuss the potential roles of additional chemokines and their receptors in this process.
We also propose a multi-step model for recruitment of mononuclear phagocytes into the brain.
The first step involves egress of monocyte/microglial precursors from the bone marrow into the
blood. The second step is crossing the blood-brain barrier to the perivascular areas and into the
brain parenchyma. The final step includes movement of monocytes/microglia from areas of the
brain that lack any amyloid deposition to senile plaques. Understanding the mechanism of
recruitment of mononuclear phagocytes to the AD brain is necessary to further understand the role
of these cells in the pathogenesis of AD and to identify any potential therapeutic use of these cells
for the treatment of this disease.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by the
presence of B-amyloid (AB) deposits and neurofibrillary tangles in the brain [1, 2]. Various
brain cells are found associated with A deposits. These include neurons, astrocytes and
microglia, the mononuclear phagocytes of the brain [1, 3-5]. The development of mouse
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models of AD that reproduce the accumulation of AP and associated microgliosis as
observed in human disease led to an exponential increase in research investigating the roles
of these cells in the pathogenesis of AD. These investigations are beginning to elucidate the
functions of mononuclear phagocytes in AD and their mechanism(s) of recruitment and
accumulation in the brain. This review discusses recent advances in the field.

MONONUCLEAR PHAGOCYTES IN AD

Evidence for the presence of microglia in senile plaques derives from earlier
immunohistochemical studies that examined the brains of AD patients [6]. In normal brains,
resident microglia are distributed uniformly throughout the gray and white matter [6]. In
contrast, in human AD brains and in the brains of mouse models of AD, microglia are
clustered in and around A deposits [5]. The concentration of microglia increases in close
proximity to AP deposits and is 2-5 fold higher than in neighboring brain regions that do not
contain AB [7]. Microglia appear to interact with AB [8], and occasionally phagocytic
macrophages containing Ap were described in AD [9, 10] and in rare patients suffering from
stroke with AD [11], suggesting a possible role for these cells in the removal or processing
of AB. While it is tempting to conclude that microglia play a protective role in AD by
mediating Ap phagocytosis and clearance, the available data are far from conclusive.
Indeed, some investigators did not detect phagocytosing microglia in AD transgenic mice
[12]. Furthermore, it was not clear whether the cells containing intracellular Ap are resident
microglia or blood borne mononuclear phagocytes. More recently, published reports appear
to support a role for blood-borne mononuclear phagocytes in the clearance of Ap. A defect
in mononuclear phagocyte recruitment in transgenic Tg2576 AD mice deficient for the
chemokine receptor CCR2 was associated with higher perivascular Ap levels, suggesting
that early accumulation of mononuclear phagocytes in this AD model promotes A
clearance [13]. Furthermore, depletion of perivascular mononuclear phagocytes in the
TgCRND8 mouse AD model significantly increased the number of thioflavin S-positive
cortical blood vessels [14]. In support of this protective role, enhancing mononuclear
phagocyte accumulation delays progression of AD. AD mice that constitutively express
interleukin-1 in the brain [15], or that are deficient in peripheral transforming growth factor
B-SMAD?2/3 signaling [16], have increased mononuclear phagocyte recruitment and reduced
AD-like pathology. Based on these human and animal data, the accumulation of microglia/
mononuclear phagocytes at sites of Ap deposition appears to be an integral part of the
pathogenesis of AD. Understanding the mechanism(s) of their accumulation in AD is
necessary to fully understand the pathogenesis of this disease, and will certainly increase the
likelihood of identifying effective disease modifying therapies for AD.

TRAFFICKING OF MONONUCLEAR PHAGOCYTES INTO THE NORMAL

BRAIN

While the association of microglia with AD and other neurodegenerative diseases is widely
accepted based on a large number of studies, the origin of these cells remains a subject of
controversy in spite of decades of investigation. Earlier studies showed that peripheral
monocytes labeled with carbon particles and transferred into syngeneic rats migrated into
the brain in a model of stab wound injury where the blood brain-barrier (BBB) was
disrupted, and these migrating cells started to transform into amoeboid microglia after 5
days of transfer [17, 18]. In addition, incubation of blood monocytes and spleen
macrophages with astrocytes or astrocyte conditioned medium /7n vitro transformed these
cells phenotypically into microglia [19]. These studies suggested that microglia, like other
macrophages, can originate in the blood and migrate into the brain. More recent studies
suggest that this pathway may only be relevant in conditions where there is breakdown of
the BBB.
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Sources of Microglia and Mononuclear Phagocytes in the Normal Brain

The ability of bone marrow derived-cells to populate the brain after irradiation and bone
marrow transfer has been confirmed by several labs. Indeed, marrow-derived cells can be
detected in the brain as early as three days after transplantation, and their numbers in the
mouse brain continue to increase for several weeks afterwards [20]. These marrow-derived
cells migrate to the cortex and hippocampus and various other areas of the brain stem and
cerebellum [20-23]. We recently confirmed these findings and found that by 6 months post
irradiation and transplant, ~60% of CD11b positive cells (i.e. microglia/mononuclear
phagocytes) in the brain of mice that received bone marrow transplant were donor-derived
[24]. While the ability to populate the brain with marrow-derived cells that assume
microglial morphology and phenotype suggests that adult microglia can indeed be derived
from the bone marrow, all studies involving bone marrow transfer required irradiation of the
recipient mice before performing the transfer. To date, we could not find any published data
showing engraftment of marrow-derived mononuclear cells in the brain without ablation of
the recipient bone marrow by irradiation. Irradiation can alter the permeability of the BBB,
change the gene expression profile of endothelial cells, and upregulate chemokines such as
CCL2. For these reasons, it was suggested that irradiation by itself is sufficient to promote
the influx of bone marrow-derived cells [25, 26] and that the source of microglia in the
normal brain may not be the bone marrow. In addition, while proliferation of mononuclear
phagocytes in the brain is limited [13], local self renewal can still sustain a steady number of
mononuclear phagocytes under normal physiological conditions [25-27]. We propose that
the pool of microglia/mononuclear phagocytes in the brain at any given point is derived
from two sources: proliferation of resident cells, and recruitment of microglia/mononuclear
phagocyte precursors from the bone marrow. It is possible that each one of these two
sources contributes to a different subset of mononuclear cells in the brain. For example,
bone marrow-derived cells may contribute preferentially to perivascular macrophages, while
parenchymal microglia may be mostly derived from local proliferation. This possibility,
while appealing, is not definitively proven yet.

MONONUCLEAR PHAGOCYTE TRAFFICKING TO THE BRAIN IN
NEUROINFLAMMATORY CONDITIONS

There is increasing evidence that bone marrow-derived mononuclear phagocytes are
important components of the neuroinflammatory response associated with many
neurological disorders. Several infectious diseases of the central nervous system (CNS)
provide compelling examples that support a myeloid origin for mononuclear cells in the
brain. For example, early and rapid engraftment of bone marrow-derived IBA+ cells was
observed in Scrapie, an example of prion infection that affects sheep and can infect mice
[28]. Similarly, in a model of Streptococcus pneumoniae meningitis, recruited monocytes
accumulate in the post-acute period of the infection and contribute to the pool of microglia
[29]. In a model of infection with the pathogenic yeast Cryptococcus neoformans,
circulating monocytes carrying intracellular organisms can cross the BBB, thereby allowing
translocation of the yeast into the brain and facilitating intracerebral infection [30, 31]. In
mouse models of viral encephalitis such as west Nile virus infections, failure of homing of
peripheral mononuclear phagocytes into the brain and other organs was associated with
increased susceptibility to lethal west Nile virus encephalitis [32]. In addition to the various
infectious models mentioned, blood-borne monocytes can migrate into the CNS and initiate
primary demyelination [33] and contribute to the inflammatory response in the 1-methyl-4-
phenyl-1,2,5,6-tetrahydropyridine mouse model of Parkinson’s disease [34]. In AD, we and
others found that when bone marrow-derived green fluorescent protein-labeled myeloid cells
were transferred into irradiated AD mice, green fluorescent protein-labeled cells were found
associated with sites of AP deposition in the recipient mice [24, 35, 36]. Based on this
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discussion, we conclude that there is extensive published data supporting a myeloid origin
for mononuclear phagocytes including microglia in several important neuroinflammatory
conditions.

CHEMOKINES AND ACCUMULATION OF MONONUCLEAR PHAGOCYTES

IN AD

Chemokines are chemotactic cytokines that form a large family (50 members) of secreted
and membrane-bound, 8-10 kDa proteins that induce the recruitment of leukocytes to sites
of acute and chronic inflammation [37]. Chemokines bind to specific G protein-coupled
seven-transmembrane cell surface receptors on target cells [37]. Chemokines are divided
into three subfamilies based on the relationship of conserved cysteine residues in their
sequences [37]. The a chemokines have the first two cysteine residues of the active protein
separated by one amino acid (CXC motif), while p chemokines have adjacent cysteine
residues (CC motif) [37]. Fractalkine, the only member of the CXXXC subfamily, has 3
amino acids between the first two cysteines residues and is also unusual in that it is a
transmembrane protein containing a chemokine domain attached to a mucin-like
transmembrane stalk. Chemokine receptors that bind CC chemokines have been named CC
chemokine receptors (CCR1-10), those that bind CXC chemokines have been named CXC
chemokine receptors (CXCR1-6), and the fractalkine receptor has been named CX3CR1. In
a manner analogous to the receptor nomenclature, chemokines have also been given
standardized names, such as CC chemokine ligand (CCL)1-28, CXC chemokine ligand
(CXCL)1-16, and CX3C chemokine ligand (CX3CL)1 [37]. Chemokines and their receptors
expressed on monocytes and microglia are summarized in Fig. (1). Of note, all the
chemokine receptors expressed on monocytes can also be found on microglia /n7 vitro and/or
in vivo (Fig. 1).

CCL2 is a Potent Monocyte Chemoattractant in Acute and Chronic
Inflammation

Binding of CCL2 to its receptor CCR2 stimulates production of reactive oxygen species
[38], up-regulates adhesion receptors [39], and induces monocyte arrest on endothelium
[37]. CCR2 deficiency led to decreased recruitment of monocytes into the peritoneum in a
model of acute inflammation [37], and reduced the size of atherosclerotic lesions in a mouse
model for atherosclerosis due to reduction in the number of lesional monocytes (a chronic
process) [40]. CCR2 was also critical for the recruitment of mononuclear phagocytes into
the CNS in experimental autoimmune encephalomyelitis, a murine model of multiple
sclerosis [41]. Interestingly, mice deficient in CCL2 also had reduced monocyte recruitment
into the CNS in experimental autoimmune encephalomyelitis [42], and into atherosclerotic
lesions in a mouse model of atherosclerosis [40]. Thus, CCL2 interaction with CCR2
regulates the recruitment and/or retention of mononuclear phagocytes in inflammation.

In addition to monocytes, CCL2 is expressed in reactive microglia in senile plaques and in
some neurons and astrocytes [43, 44]. Based on an immunohistochemical study of AD
brains, logistic linear regression modeling determined that CCL2 was the most reliable
predictor of disease [44]. CCL2 is also induced by AB in microglia and induces microglia
cell chemotaxis /n vitro. We and others showed that Ap induced monocytes and microglia to
secrete CCL2 [45]. Human astrocytoma cells also produce CCL2 upon stimulation with AB
[46]; however, we were not able to detect CCL2 or CCR2 RNA in astrocytes isolated from
the brains of mice with AD-like pathology by laser capture microdissection [13]. In addition,
we found that CCL2 is a potent chemoattractant for human fetal microglia, suggesting that
these cells express CCR2 [13, 45]. Based on the above, CCL2/CCR?2 interactions appear to
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play a key role in recruitment and/or activation of mononuclear phagocytes to sites of A
deposition in AD.

CCR2 Is Required for the Accumulation of Mononuclear Phagocytes in APP
Tg2576 Mice before Formation of Visible AB Deposits

To test the role of CCR2 in mononuclear phagocyte accumulation in an AD mouse model,
we bred CCR2 null mice with transgenic mice expressing the human amyloid precursor
protein (APP) with the Swedish mutation (APP Tg2576) and analyzed the resulting APP-
CCR2~~ mice for AD-like pathology [13]. We found that CCR2 deficiency significantly
reduced the number of CD11b positive cells that accumulated in the brains of APP mice
early in the disease process, before formation of senile plaques. CCR2 deficiency also
abolished the accumulation of mononuclear phagocytes at sites of intracerebral injection of
AB. Analysis of the phenotype of these recruited cells by flow cytometry showed that they
express high levels of CD45 in addition to CD11b, suggesting they are monocytes. This
reduction in the number of mononuclear phagocytes was associated with increased mortality
and higher A levels in the brain, suggesting that early mononuclear phagocyte
accumulation promotes the clearance of Ap and protects mice from Ap toxicity early in the
disease process. Our data indicate that CCR2 plays a non-redundant role in the pathogenesis
of AD and support the hypothesis that early accumulation of monocytes is protective and
promotes AP clearance.

Recruitment of Monocytes into the AD Brain is a Multistep Process

Studies on the accumulation of monocytes in atherosclerosis suggested that in addition to the
important role of CCL2 and CCR2, other monocyte chemokines and their receptors may be
involved. Indeed, CXCR2 and its ligand CXCL1 (KC), CX3CR1 and its ligand CX3CL1
(fractalkine), and CCR5 and its ligand CCL5 (RANTES) have all been implicated [47-51].
While it is possible that all these chemokines are acting in concert, these studies suggest that
they may be acting in series. Each individual chemokine/chemokine receptor pair may be
guiding the cells through a different tissue barrier and check point required to migrate from
the bone marrow into the blood, then from the blood into the tissue, and finally to find the
site of inflammation within a tissue [52, 53]. Indeed, initial observations suggested that the
CCL2/CCR2 pathway controlled monocyte trafficking from the blood into inflamed tissue.
However, recent studies evaluating monocyte trafficking in more detail have challenged this
initial assumption [52, 53]. In several models of inflammation such as sterile peritonitis,
atherosclerosis, and Listeria infection, it appears that the CCL2/CCR2 pathway controls
monocyte trafficking out of the bone marrow and into the blood, as opposed to a role in the
egress of monocytes out of the blood into the tissue. In contrast, the CX3CL1/CX3CR1
pathway appears to control monocyte capture and firm adhesion at the blood vessel to tissue
barrier [54, 55]. We propose that the same paradigm may also apply to monocyte trafficking
from the bone marrow into the senile plaque in the AD brain. While it is not known whether
the same chemokine/chemokine receptor pairs involved in atherogenesis are also involved in
AD, we hypothesize that the migration of monocytes from the bone marrow — blood —
brain — plaque is controlled by distinct chemokine-receptor pairs that act at one or more
steps in this multistep process (Fig. 2).

Additional Chemokines that may also Control Microglia Accumulation in
AD

Monocytes and microglia express a similar chemokine receptor profile (Fig. 1).
Furthermore, in addition to CCL2, other chemokines have been shown to be expressed in
AB-stimulated monocytes and microglia and in AD brains. Indeed, we have shown that AB-
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stimulated mouse macrophages and microglia upregulate their mRNA levels of macrophage
inflammatory protein (MIP)-1a/CCL3 and B/CCL4, IL-8/CXCL8 and RANTES/CCLS5 [45].
Similarly, adult human microglia isolated post-mortem and incubated with AB upregulate
CXCL8 and CCL2 and, to a lesser extent, CCL3 and CCL4 [56]. These chemokines induce
the chemotaxis of adult rat brain microglia and a human fetal microglia cell line in vitro
[57]. In support for a potential role for these chemokines in AD, CCL2 and CCL3 were
detected in microglia, while CCL4 and IP-10/CXCL10 were seen in reactive astrocytes in
AD brains [58]. Furthermore, microglia associated with senile plagues express CCR3,
CCR5, CX3CR1, CXCR2, and CXCR3. CX3CR1 is highly expressed on microglia, while its
ligand CX3CL1 is highly expressed on neurons [59]. The CX3CL1/CX3CR1 pathway has
recently been shown to play a role in microglia neurotoxicity /77 vivoin mouse models of
amyotrophic lateral sclerosis and Parkinson’s disease [59], raising the possibility that it may
play a role in regulating microglial functions in AD. We propose that in addition to CCL2/
CCR2, several additional chemokines/chemokine receptor pairs expressed on monocytes
and microglia and induced in AB-stimulated microglia may also contribute to mononuclear
phagocyte accumulation in AD.

In summary, understanding the mechanisms of mononuclear phagocyte accumulation in AD
is an emerging field, and several important questions remain unanswered. Our proposed
multistep model of mononuclear phagocyte accumulation in AD is attractive, but important
definitive experiments need to be performed to show directly and unequivocally that blood-
derived microglia are an important source of microglia in AD. Determining the exact
chemokines/chemokine receptors involved in this process and the site of action of these
chemokines/receptors will significantly enhance our understanding of the pathophysiology
of AD, and may lead to novel therapeutic strategies to stop or delay the progression of AD
by regulating the neuroinflammatory response that is characteristic of this disease.
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Chemokines and their receptors expressed on monocytes and microglia and their potential

role in Alzheimer’s disease.
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Fig. 2.

A proposed model for mononuclear phagocyte/microglia accumulation in Alzheimer’s
disease highlighting the multiple steps involved in this process. Several chemokines that can
recruit cells from the bone marrow — blood — brain — plaque may be involved. Distinct
subsets of these chemokines and their receptors may act at one or more steps in this
multistep process. The exact roles of these chemokines are only beginning to be elucidated.
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