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1. ABSTRACT

Microglia are one of the resident mononuclear
phagocyte populations within the central nervous system
(CNS). These cells share many phenotypica and
functional characteristics with macrophages, suggesting
that microglia participate in innate immune responses in the
brain. Assuch, microgliaare uniquely poised to provide an
initial line of defense against invading pathogens into the
CNS prior to peripheral leukocyte infiltration. Numerous
studies have shown that microglia are capable of producing
awide array of chemokines that act to initiate or promote
inflammatory processes in the CNS through facilitating the
recruitment of peripheral immune cells into the CNS
parenchyma. In addition, microglia also express numerous
chemokine receptors that are involved in cell migration and
serve as co-receptors for human immunodeficiency virus-1
(HIV-1) infection. The findings obtained from studies of
chemokine expression in animal models of CNS infectious
diseases as well as from patient populations highlight a
marked promiscuity in cerebral chemokine expression
patterns with simultaneous expression of multiple
chemokines being the general rule. A detailed discussion
regarding the profiles and implications of chemokine and

732

chemokine receptor expression in the context of various
CNS infectious diseases including HIV-1 encephdlitis,
other viral encephalitides, bacterial meningitis, and brain
abscess is presented. Future studies dissecting the potential
roles of individual chemokines and their receptors in the
context of CNS infectious diseases may provide insights
into the complex regulatory network dictating
neuroinflammatory responses.

2. IMMUNE FUNCTIONS OF MICROGLIA

Microglia are one of the resident mononuclear
phagocyte populations within the central nervous system
(CNS), congtituting approximately 10 to 15% of the total
cell population in the parenchyma. These cells share many
phenotypical and functional characteristics with
macrophages, suggesting that microglia participate in
innate immune responses in the brain.  As such, microglia
are uniquely poised to provide an initial line of defense
against invading pathogens into the CNS prior to peripheral
leukocyte infiltration. Based upon morphological and
functional criteria in the norma and inflamed CNS,
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microglia have been categorized into various activation
states. Resting microglia are highly ramified cells present
in the normal adult CNS parenchyma that display a
immunologically quiescent phenotype characterized by the
lack of phagocytic activity and expression of membrane
receptors that are essentia for normal macrophage
functions. Subsequent to infection or trauma, ramified
microglia transform into activated microglia that exhibit a
rounded morphology and are highly phagocytic. At this
stage, activated microglia acquire the expression of
numerous receptors including major histocompatability
antigens (MHC Class | and Il), Fc receptors, complement
receptors, and co-stimulatory molecules (1). Activated
microglia have been shown to have numerous functions in
the CNS innate immune response, including the induction
of neuroinflammation, phagocytosis, cytotoxicity, and
regulation of T lymphocyte responses through antigen
presentation (1). To achieve these effector functions,
numerous studies have demonstrated that microglia are
capable of producing a wide array of proinflammatory
mediators that act to initiate or promote inflammatory
processes in the CNS (1, 2). However, in addition to the
beneficial effects microglia have in initiating protective
immune responses against CNS pathogens, when
chronically and/or pathologically activated, microglia have
been implicated in contributing to tissue damage. For
example, many reports demonstrate that microglia may
exacerbate Alzheimer's disease and multiple sclerosis
through secreting a battery of inflammatory cytokines and
cytotoxic agents, including TNF-a, IL-1b, and nitric oxide
(3-7). Therefore, the implications of microglia activation
in the context of CNS infectious diseases must be evaluated
by recognizing the relative contributions of beneficia
versus detrimental effector functions, which may have
important implications in therapeutic approaches to disease.

3. CHEMOKINES AND
RECEPTORS- A BRIEF REVIEW

CHEMOKINE

3.1. Chemokines

Chemokines are small molecular weight (8-14
kDa) chemotactic cytokines that are produced localy at
sites of inflammation and establish a concentration gradient
resulting in the active recruitment of target cell populations.
Chemokines are a structuraly and functionaly related
family of proteins subdivided into four groups based on the
relative position of conserved N-terminal cysteine residues
(8-10). In general, the chemokine subfamilies show
similar, often overlapping specificity with regards to the
movements of target cell populations they orchestrate.
Recently in an attempt to clarify the confusing and complex
nomenclature associated with the naming of individua
chemokines, a systematic nomenclature has been
established to parallel that of the straightforward receptor
nomenclature system (11, 12). Therefore, for the purposes
of this review when introducing a chemokine for the first
time, the traditional name will be provided along with the
systematic name. Subsequently, all chemokines will be
referred to according to their systematic name. The CXC
and CC chemokines represent the largest groups and
contain four conserved cysteines. In the CXC family, the
first two N-terminal cysteines are separated by one
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intervening amino acid denoted as “X”, whereas in the CC
family they are adjacent. Chemokines belonging to the
CXC family are further subdivided into those that contain a
conserved N-termina glutamic acid-leucine-arginine (ELR)
motif prior to the CXC domain and those that lack this
domain. Examples of ELR-containing CXC chemokines
include CXCL8/IL-8 in the human and its functional rodent
homologues macrophage-inflammatory protein-2
(CXCL2/MIP-2) and CXCL2/KC that are neutrophil-
specific chemoattractants and have also been demonstrated
to possess angiogenic activity (13-15). Thenon-ELR CXC
chemokines including interferon gamma-inducible protein
of 10 kDa (CXCL10/IP-10) and monokine-induced by
interferon gamma (CXCL9/MIG) are inert towards
neutrophils but are potent lymphocyte and monocyte
chemoattractants. Chemokines belonging to the CC family,
including monocyte chemoattactant protein-1 (CCL2/MCP-
1) and macrophage inflammatory protein-lalpha
(CCL3/MIP-1alpha), attract a wider array of leukocytes
including monocytes, T lymphocytes, basophils, and
eosinophils.  The CX3C subfamily only contains one
member at present, CX3CL L/fractalkine, where the first
two cysteines are separated by three intervening amino
acids. CX3CL1 is unique compared to other members of
the chemokine family in that it exists in both membrane-
bound and soluble forms that serve as chemoattractants for
microglia, macrophages, NK cells, and CD8-positive T
cells (16-20). Finally, C chemokines serve as lymphocyte
chemoattractants and are represented by two members,
XCLVlymphotactin-alpha and XCL2/lymphotactin-beta,
which contain only two of the four conserved N-terminal
cysteine residues.

3.2. Chemokinereceptors

Chemokines exert their biological activities by
binding to cell surface receptors belonging to the
superfamily of seven transmembrane spanning G-protein
coupled receptors. Although within a subfamily,
chemokines can exhibit promiscuous binding to multiple
chemokine receptors, chemokine-chemokine receptor
interactions are normally restricted within a single subclass.
Therefore, the classification of chemokine receptor
nomenclature is based upon the chemokine subfamily
group to which their ligand(s) belong. To date, six CXC
chemokine receptors (CXCR1-6) and 10 CC chemokine
receptors (CCR1-10) have been identified based upon their
interactions with defined chemokine ligands (9, 10). TheC
and CX3C chemokine subfamilies only have one identified
receptor (XCR1 and CX3CR1, respectively).

The binding of a particular chemokine to its
receptor induces the subsequent release of intracellular
calcium and other second messengers in target cells. This
in turn, induces the expression of integrins required for cell
extravasation, reorganization of the actin cytoskeleton,
formation of focal adhesions, and pseudopod extension that
ultimately lead to cell migration. Indeed, arecent study has
revealed that CCL2, CCL3, regulated upon activation T cell
expressed and secreted (CCL5/RANTES), CXCL8, and
CXCL10 induce changes in the distribution of f-actin and
migration in adult rat microglia and the human microglial
cell line CHME3 invitro (21). In addition to orchestrating
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Table 1. Chemokines produced by microglia in response to infectious stimuli

Chemokine family Common name * Systematic name
- CXC
=ELR-containing IL-8 (human) CXCL8
MIP-2 (mouse) CXCL2
KC (mouse) CXCL2
=Non-ELR containing 1P-10 CXCL10
. CC TCA-3 CCL1
MCP-1 CCL2
MIP-1alpha CCL3
MIP-1beta CCL4
RANTES CCL5
*IL, interleukin; MIP, macrophage inflammatory protein; IP-10, interferon gamma-inducible protein of 10 kDa; MCP, monocyte

chemoattractant protein; RANTES, regulated upon activation T cell expressed and secreted.

cell movement, chemokine receptor engagement has also
been shown to induce the production of reactive oxygen
intermediates and matrix metalloproteinases in microglia
(22), the latter of which may have an important role in the
breakdown of the blood-brain barrier during the course of
neuroinflammation.

4. MICROGLIAL
CHEMOKINE RECEPTORS

CHEMOKINES AND

4.1. Chemokines Produced by Microglia

The recruitment of peripheral leukocytes into the
CNS is a critical step in the development of host defense
responses to neurotrophic pathogens. To achieve this,
chemokines produced locally within the CNS parenchyma
play an essential role.  Microglia are the resident
macrophage population in the CNS parenchyma and are
uniquely poised to serve as an initia line of defense against
invading pathogens and responses to injury and trauma.
Numerous studies have documented the ability of microglia
to produce chemokines following exposure to various
inflammatory stimuli including lipopolysaccharide from
gram-negative bacteria, gram-positive bacteria and their
cell wall products, and viral pathogens (see below; Table
1). Therefore, by virtue of their ability to secrete
chemokines upon exposure to infectious insults, microglia
play a pivotal role in the initiation and amplification of
pathogen-specific immune responses the recruitment of
peripheral immune cell populations into the CNS
parenchyma.

Gram-negative bacteria such as Niesseria
meningitidis, Escherichia coli, and Haemophilus influenzae
type b (Hib) are major meningeal pathogens in bacterial
meningitis, athough other organisms are capable of
causing disease, which appears to be age-related (23, 24).
The incidence of Hib meningitis has greatly declined in the
infant population in developed countries due to the
widespread use of the Hib vaccine; however, this pathogen
remains a leading cause of meningitis in non-developed
countries (23, 24). Lipopolysaccharide (LPS) is a major
product of the outer cell wall of gram-negative bacteria and
has been well documented as a potent immunostimulatory
agent for proinflammatory mediator release by numerous
cell types. With regards to CNS neuroinflammation, many
studies have demonstrated that LPS is capable of inducing
the expression of a wide array of chemokines in primary
rodent microglia, including CXCL2, CXCL10, CCL2,
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CCL3, CCL4, and CCL5 (25-34)(Table 1). Similarly,
primary human fetal microglia have been shown to produce
CXCL10, CCL2, CCL3, CCL4, and CCL5 in addition to
CXCLS8, a potent neutrophil chemoattractant (30, 31, 33,
35-39). Interestingly, exposure of primary human fetal
microglia to the anti-inflammatory cytokines IL-10 and
TGF-b led to the down-regulation of CCL5 and CXCL8
production, providing a mechanism by which microglia
chemokine release may be attenuated during the chronic
stages of CNS neuroinflammation (36, 38).

In addition to studies characterizing the profile of
chemokines released from L PS-stimulated microglia, recent
reports have revealed that products from gram-positive
bacteria, neurotrophic viruses, and bacterial DNA are aso
capable of inducing robust chemokine synthesis by
microglia.  Our laboratory has recently characterized
chemokine expression in primary mouse microglia
following exposure to heat-inactivated S. aureus or its cell
wall component peptidoglycan (PGN), one of the main
pathogenic agents of brain abscess in humans. Stimulation
with either S aureus or PGN led to the expression of
numerous chemokines in microgliaincluding CCL1, CCL2,
CCL3, CCL4, CCL5, and CXCL2 (40, 41), suggesting that
parenchymal microglia may play a role in the initia
recruitment of peripheral immune cells into brain
abscesses. Similarly, exposure of primary mouse microglia
to pneumococcal cell walls was found to induce the release
of CXCL2, CCL2, CCL3, and CCL5 that may be reflective
of responses observed during the course of acute bacterial
meningitis (34). Human cytomegaovirus (CMV), an
opportunistic pathogen prevalent during fetal development
and in patients with advanced AIDS, has been shown to
induce the expression of CCL4, CCL5, and CXCL10 (42).
Another CNS vira pathogen, Theiler's virus, leads to the
production of CXCL2, CXCL10, CCL2, CCL3, CCL4, and
CCL5 in primary mouse microgliawhich may play arolein
the recruitment of macrophages/microglia and lymphocytes
that mediate CNS tissue destruction and demyelination
(43). Finally, exposure of primary mouse microglia to
synthetic oligodeoxynucleotides (ODN) containing CpG
motifs that mimic the effects of bacterial DNA have been
reported to lead to the rapid induction of CCL3 and CCL4
expression (44). Overal, regardless of the nature of the
infectious insult, microglia serve as a major source of both
CC and CXC chemokines, although they produce a wider
array of the former. Collectively, these studies indicate that
subsequent to CNS infection, resident microglia have the
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Table 2. Chemokine receptors expressed by microglia in CNS infectious diseases

Chemokine receptor Ligands *
- CC family
= CCR2 CCL2/MCP-1, CCL7/MCP-3, CCL13/MCP-4
= CCR3 CCL5/RANTES, CCL7/MCP-3, CCL8/MCP-2, CCL11/eotaxin, CCL13/MCP-4
= CCR5 CCL3/MIP-lalpha, CCL4/MIP-1beta, CCL5/ RANTES, CCL8/MCP-2
- CXC family
» CXCR4 CXCL12/SDF-1
- CX3CR1 family
CX3CR1 CX3CL1/fractalkine

1 MCP, monocyte chemoattractant protein; RANTES, regulated upon activation T cell expressed and secreted; MIP, macrophage

inflammatory protein; SDF, stromal cell-derived factor.

potential to dictate the nature of the ensuing inflammatory
response by regulating the types of infiltrating peripheral
immune cells, which may influence disease outcome and
pathological tissue damage.

4.2. Chemokinereceptors expressed by microglia

Increasing evidence suggests that chemokines
can also stimulate the migration of microglia to sites of
inflammation and injury. Microglia in the norma and
inflamed CNS have been reported to express numerous
chemokine receptors including, CCR2, the receptor for the
monocyte/lymphocyte chemoattractants CCL2, CCL7, and
CCL13 (45-47); CCRS, the receptor for CCL5, CCL7, and
CCL13 (48-51); CCRS5, the receptor for CCL3, CCL4, and
CCL5 (48, 49, 52); CXCR4, the receptor for CXCL12 (48,
50, 53); and CX3CR1, the receptor for CX3CL1 (54-58)
(Table 2). Unlike the mgority of other chemokines,
CX3CL1 is not produced by peripheral leukocytes but is
congtitutively expressed in the brain, kidney, heart, and
lung (16, 17). In the normal brain, the majority of studies
have identified neurons as the primary CNS cell type
responsible for CX3CL 1 production (57, 59, 60). CX3CL1
has been shown to serve as a potent chemoattractant for
microglia (18, 19) and can dso attract naturd killer cells and
CD8-pogitive T cdls (20). In microglia, ligation of CX3CR1
induces an intracelular cacium flux, kinase activation, and
actin rearrangement (19). Due to the fact that neurons
condtitutively express CX3CL1 and microglia conditutively
express CX3CRY, this suggests that this ligand-receptor pair
may influence neuronal-glia interactions in vivo, dthough this
remains speculative (61). Therefore, in addition to the ability
to produce various chemokines, microglia are poised to
respond to various chemokine products by virtue of their
expression of numerous chemokine receptors, which likely
play arolein their accumulation at sites of neuroinflammation
aswell as serving astargets for infection by HIV asdetailed in
thefollowing section.

5. MICROGLIA AND CHEMOKINES IN CNS
INFECTIOUSDISEASES

5.1. Human immunodeficiency virus (HIV) encephalitis
(HIVE)

CNS disease is usualy a late complication of
HIV-1 infection, although viral entry into the CNS is a
relatively early phenomenon (62-64), reveding a
considerable lag between the initial establishment of CNS
infection and the onset of clinically overt disease. Nearly
25% of HIV-1 infected persons develop cognitive,
behavioral, and/or motor abnormalities commonly referred
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to as HIV-1-associated dementia (HAD). HIV encephdlitis
(HIVE) is a common manifestation of HAD and is
characterized histologically by monocyte/macrophage
infiltration into the brain, microglial nodules, formation of
macrophage-derived multinucleated giant cells, and myelin
pallor (65). The magjor pathway for HIV entry into the CNS
is via infected monocytes/macrophages. Subsequent to
their penetration through the blood-brain barrier, the
principle targets of HIV-1 infection in the CNS are cells of
the mononuclear phagocyte lineage where viral RNA and
antigens have been demonstrated in association with
macrophages, ramified microglia and multinucleated giant
cells (66-69). Despite this infection pattern, the number of
HIV infected cells and the amount of viral antigen in the CNS
do not corrdate well with measures of cognitive deficits in
HAD (70, 71). Thisphenomenon coupled with thefinding that
the topographic distribution of apoptotic neuronsin the CNS of
HIV infected individuas is closely associated with markers of
macrophage/microglial  activation, suggests that factors
released from activated macrophages/microglia are the source
of neurotoxic compounds leading to neuronal dysfunction (72-
74). Indeed, severd reports have revealed that HIV-infected
macrophages/microglia express elevated levels of numerous
factors implicated in neurotoxicity including but not limited to,
proinflammatory cytokines (TNF-apha, IL-1beta, IL-6),
chemokines (CCL4, CCL5), nitric oxide (NO), and excitatory
amino acids (glutamate, L-cysteine) (73, 74). Therefore,
these findings suggest that HIV infection in the CNS
promotes neuronal injury and/or neurotoxicity through the

release of soluble factors produced by infected
macrophages/microglia.

In addition to HIV-1 infection triggering
inflammatory mediator release from

macrophages/microglia, there is evidence to suggest that
viral proteins either directly shed from the virus or released
from infected cells ae capable of inducing
macrophage/microglial  activation. For example,
recombinant HIV-1 proteins including Tat, Nef, and gp120
have been shown to induce neuropathology when directly
injected into the brain, providing further support for the
role of immune activation in the neurological dysfunction
of HAD (75-79). Recent studies have demonstrated that
the HIV-1 vira proteins Tat (46) and Vpr and Nef (80, 81)
are capable of inducing CC chemokine expression in
primary human fetal microglia and/or macrophages. In
addition, HIV-1 Tat protein was found to co-localize with
CCL3 and CCR5 expression in microglia nodules in
tissues from HIVE patients (82). Collectively, these studies
suggest that in addition to direct viral infection, HIV-1
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Table 3. Chemokines associated with infectious diseases of the CNS in human and animal models

Disease * Chemokine expression profiles References
- _HIVE, HAD CCL2, CCL3, CCL4, CCL5 50, 98-102
Other viral encephalitides

= CMV CXCL10, CCL2, CCL4, CCL5, CCL7 110, 115, 117

= HSV CXCL8, CXCL10, CCL2, CCL3, CCL5 113,121

= MHV CXCL9, CXCL10, CCL2, CCL4, CCL5, CCL7 127-129, 131, 132
- Brain Abscess CXCL2, CCL1, CCL2, CCL3, CCL4, CCL5 40, 138, 140
- Bacterial meningitis

= CSF of patients CXCL8, CCL2, CCL3, CCL4 146-151

= Listeria CXCL2, CCL3, CCL4 149, 152

= Haemophilus CXCL2, CCL2, CCL3, CCL5 153

= Strep. pneumoniae CXCL2, CXCL8 155, 156

= Other CNS infectious diseases

= Toxoplasmosis CXCL2, CXCL9, CXCL1l0, CCL2, CCL3, CCL4, CCL5, | 160-162

CCL7

THIVE, human immunodeficiency virus-1 (HIV-1) encephalitis; HAD, HIV-1-associated dementia; CMV, cytomegalovirus; HSV,
herpes simplex virus; MHV, mouse hepatitis virus, CSF, cerebrospinal fluid

proteins are capable of augmenting macrophage/microglia
activation and subsequent chemokine production providing
a potentiadl mechanism for amplifying the CNS
inflammatory response following HIV-1 infection.

Both chemokines and their receptors have been
implicated as playing key roles in HIV infection and
progression. The cellular tropism of HIV-1 is determined
by the interactions of the viral envelope glycoprotein gp120
with CD4 in conjunction with a particular chemokine co-
receptor(s). In general, macrophage-tropic (M-tropic)
strains of HIV-1 utilize CCR5 as a co-receptor, whereas T
cell-tropic viruses use CXCR4. Generaly speaking, HIV-1
viruses that infect the CNS are M-tropic. In addition, there
are other subsets of HIV-1 and HIV-2 that can utilize one
or more aternative chemokine receptors, making the
relationship between infection and co-receptor usage quite
complex. The expression of several chemokine receptors
has been found to be increased in patients with HAD
compared to non-demented HIV-positive or uninfected
controls including CCR1, CCR3, and CCR5, suggesting
that chemokine receptors are intimately linked to the
pathogenesis of HAD (50, 83). Indeed, macrophage-tropic
strains of HIV-1 utilize CD4 along with the chemokine
receptors CCR5 and CCRS3 for productive infection (84-
87). The first evidence that chemokine receptors serve as
co-receptors for HIV-1 entry in microglia originated from
studies demonstrating that the CC chemokines CCL4 and
CCL11, ligands for CCR5 and CCRS3, respectively, were
capable of inhibiting HIV infection in primary human glia
(48). Subsequent reports have confirmed the involvement
of CCR5 in mediating HIV entry in microglia (88-90),
however, another independent study found no evidence for
either CCR5 or CCR3 as co-receptors for HIV-1 infection
in primary human fetal microglia, suggesting the
involvement of additional chemokine receptors whose
usage is likely dependent on the viral variant (49, 91). The
reasons responsible for the disparity in chemokine co-
receptor usage reported in these studiesis not clear but may
be a result of differences in the purity and source of
primary microglia as well as variations in the strains of
HIV-1 evaluated. Although the chemokine receptors that
serve as potential co-receptors for the entry of neurotropic
HIV-1 drains have been characterized, the functional
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importance of these molecules in vivo remains elusive.
However, natural deletiongmutations in chemokine
receptor genes in the human population have provided
unique insights into the relative importance of various
receptors in HIV-1 infection. For example, individuals
homozygous for a 32-bp deletion in CCR5 are highly
resistant to HIV-1 infection and periphera blood
mononuclear cells isolated from these individuals fail to
support viral infection with M-tropic HIV-1 strains (92-96).
In addition, individuals heterozygous for the CCR5 allele
show slower progression to AIDS. Nonetheless, the
evidence to date supports a role for chemokine receptors in
the entry of HIV into macrophages/microglia.

Chemokine expression has also been postulated
to play an important role in HIV infection. In particular, the
production of CC chemokines in the infected CNS has been
implicated in the recruitment of new pools of peripheral blood
mononuclear cells that can serve as additiond targets for HIV-
linfection (97). Indeed, severa reports have reveded elevated
levels of the CC chemokines CCL2, CCL3, CCL4, and CCL5
in the CSF or brain tissue of HIVE patients (50, 98-102; Table
3). However, the relative contribution of microglia to
chemokine levels in HIVE remains unknown due to the
difficulties in definitively differentiating resident activated
microglia from infiltrating macrophages on the basis of
immunohistochemical criteria  Interestingly, HIV-1-infected
microglia have been shown to increase monocyte
transmigration through an artificia blood-brain barrier model
compared to uninfected cells, providing functiona evidence
that microglia serve as a potent source of CC chemokines
following HIV-1infection (103).

Interestingly, in addition to its tropism for
macrophages/microglia, HIV-1 has been shown to non-
productively infect astrocytes within the CNS (104-108).
A recent study revealed that although vira replication was
not sustained in HIV-1-infected primary human feta
astrocytes, treatment with IL-1lbeta or co-culture with
macrophages led to the recovery of infectious virus from
latentally infected astrocytes (108). These findings suggest
that astrocytes may serve as reservoirs of latent HIV-1 and
upon reactivation serve as a source to propagate the
infection to neighboring macrophages/microglia.
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The consequences of chemokine expression in
the pathogenesis of HIVE are currently not defined but can
be postulated to either favor or hinder infection, realizing
that the two possibilities may not necessarily be mutually
exclusive.  As previousy mentioned, numerous CC
chemokines are produced subsequent to HIV-1 infection of
primary macrophages/microglia and many of these same
chemokines are detected at significant levels in HIVE
patients (50, 98-102). The CC chemokines CCL3, CCL4,
and CCL5 have been reported to prevent the entry of HIV-1
into macrophages/microglia to variable extents (48, 84, 86,
89, 90), suggesting that chemokine release could be a
protective host response following infection to compete
with HIV-1 for co-receptor binding in an attempt to contain
the spread of virus within the CNS. Conversely, enhanced
CC chemokine production during the course of HIVE may
have deleterious consequences through the recruitment of
additional peripheral blood mononuclear cellsinto the CNS
that could serve as targets for new rounds of HIV-1
infection and replication (97). In addition, it isimportant to
acknowledge the potential contribution of the relatively
high mutation rate associated with the reverse transcriptase
activity of HIV-1 to influence chemokine co-receptor
usage. For example, over time the profile(s) of chemokine
co-receptor usage may be substantially different from that
utilized by the origina parental virus due to the emergence
of viral variants produced during the virus swarm stage of
acute infection. Therefore, the release of CC chemokines
by activated macrophages/microglia in the CNS may not
have any effect on the infectivity of target cells by new
viral variants. The overall consequences of CC chemokine
expression in the context of HIVE and progression to HAD
remain to be completely defined but may be dictated by
changes in vird phenotype and co-receptor usage
throughout the evolution of disease.

5.2. Viral encephalitis

CNS infection with a number of different classes
of viruses can provoke vigorous inflammatory responses
with subsequent recruitment of large numbers of
leukocytes.  In vira encephalitis, the inflammatory
response primarily involves activated T cells and
monocytes that are recruited into the subarachnoid space.
Chemokines produced locally within the CNS parenchyma
play an important role in initiating the extravasation of
responding leukocytes in viral encephditis (Table 3).
Indeed, CCL2 and CXCL10 have been identified as the
main chemokines whose expression is elevated in the CSF
of patients suffering from viral meningitis (109). Overall,
the findings obtained from studies of animal models of
vira encephalitides as well as from patient populations
highlight a marked promiscuity in cerebral chemokine
expression patterns with simultaneous expression of
multiple chemokines being the general rule (110).

5.2.1. Cytomegalovirus (CMV) encephalitis

CMV encephalitis occurs primarily during fetal
development and is a common opportunistic infection of
patients in the advanced stages of AIDS. There is a wide
range of complications associated with CMV encephalitis,
ranging from long-term cognitive deficits to death. The
pathologic manifestations of human CMV encephalitis
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include two main forms: micronodular encephalitis and
ventriculoencephditis (111). Micronodular encephalitis is
typified by diffuse microglial syncytia and astrocyte
aggregates. In contrast, ventriculoencephalitis is a
necrotizing infection of the ependyma and subependymal
layers athough occasionally the necrosis can extend deep
into the brain parenchyma. In vitro, CMV has been shown
to productively infect astrocytes but not mature neurons or
microglia (112, 113). Dueto strict viral host specificity, in
vivo studies with CMV have obvious limitations. However,
as is seen in human CMV disease, infection of mice with
lymphocyte chroriomeningitis virus (LCMV) develop an
acute monophasic disease in the meninges, choroid plexus,
and ependymal membranes leading to the development of
seizures and death within 6 to 8 days following infection
(114). The celular infiltrates associated with CMV
infection consist of predominantly macrophagesand T cells
which correlated with the production of numerous
chemokines including CXCL 10, CCL2, CCL4, CCL5, and
CCL7 (110, 115). Although they are not permissive for
CMV infection, microglia have been implicated in
orchestrating peripheral immune cell infiltration following
CMV stimulation as revealed by studies demonstrating that
primary human microglia express numerous chemokines
following exposure to CMV in vitro including CXCLS,
CXCL10, CCL2, CCL3, and CCL5 (42, 110, 113, 116). In
addition, enhanced levels of CCL2 have been detected in
the CSF of HIV-infected patients with CMV encephalitis
implicating CCL2 in macrophage/microglia recruitment
and providing a potential mechanism to augment HIV-1
replication in the CNS (117).

5.2.2. Herpessimplex virus (HSV) encephalitis

HSV causes a devastating CNS infection that
results in an acute focal necrotizing encephalitis with
severe neuroinflammation and edema (118, 119). The
mechanism(s) responsible for tissue damage following
infection appear to involve both direct virus-mediated
damage and indirect immune-mediated destruction of brain
parenchyma. Indeed, studies have demonstrated that long-
term neuroimmune activation and cytokine/chemokine
production persist following HSV infection (120). Primary
human astrocytes and neurons are permissive for CMV
infection but do not serve as a source of proinflammatory
cytokines or chemokines (121). In contrast, microglia do
not support extensive vira replication but non-permissive
CMYV infection leads to the induction of a wide array of
chemokine mediators including CXCL8, CXCL10, CCL3,
and CCL5 (113, 121). The exact brain-specific chemokine
events that regulate the course of HSV infection remain to
be elucidated; however, there is evidence to suggest an
important role for CCL2. CCL2 has been shown to play a
pivotal role during the chronic phase of HSV-2-induced
encephalomyelitis where its neutralization was found to
improve disease severity (122). In addition, elevated levels
of numerous chemokines including CCL2, CCL3, and
CCL5 have been detected in the CSF of patients presenting
with HSV-1 encephalitis and appear to correlate with
disease severity (123), suggesting they influence the course
of disease progression. Interestingly, recent evidence
suggests that chemokines such as CXCL10 are capable of
inhibiting HSV replication in primary neurons, providing



Chemokinesin CNS infectious diseases

an alternative mechanism for these mediators in addition to
their chemotactic properties (113, 121).

5.2.3. Mouse hepatitisvirus(MHV)

MHYV is a positive-strand RNA virus that infects
the CNS and results in an acute encephalomyelitis followed
by a chronic demyelinating disease that is similar in
pathology to multiple sclerosis. A robust CNS immune
response is elicited following MHV infection typified by
the infiltration of macrophages/monocytes and CD4 and
CD8 T cells (124), the latter of which are important for the
clearance of infectious virus from the brain during acute
disease (125-127). MHYV infection of the CNS resultsin an
orchestrated expression of the chemokines CXCLY,
CXCL10, CCL2, CCL4, CCL5, and CCL7 suggesting an
important role for these molecules in leukocyte recruitment
(128). Functional evidence to support the importance of
CC chemokines in the pathogenesis of MHV encephalitisis
provided by recent studies using chemokine and chemokine
receptor knockout mice. Infection of CCR5 KO mice with
MHYV, where CCR5 serves as the receptor for the CC
chemokines CCL3, CCL4, and CCLS5, resulted in defective
T cell recruitment into the CNS along with a concomitant
increase in viral burdens during the acute phase of disease
(129). However, at the later stages of infection, the degree
of lymphocytic infiltration and viral titers were similar
between CCR5 KO and WT mice, suggesting that CCR5
expression is not essential for host defense and revealing
the redundancy of chemokine receptors in leukocyte
recruitment. In addition, MHV-infected CCR5 KO mice
exhibited reduced macrophage/microglia infiltration that
was associated with a significant reduction in the severity
of demyedlination during the chronic stage of MHV
infection which has aso been reproduced following
neutralization of CCL5 in this model (127, 129). Studies
with CCR2 knockout mice revealed that this receptor also
playsacritical rolein the host immune response to MHV in
the CNS. An intracerebral inoculation of MHV in CCR2
KO mice resulted in increased mortality and vira burdens

that corrdlated with  impared T cel and
macrophage/microglial  infiltration into the brain
parenchyma (130).

Interestingly, although many of the chemokines
induced following MHV infection in the CNS exhibit
promiscuous receptor binding (i.e. CCL3, CCL4, and
CCL5 hinding to CCR5), studies using specific chemokine
knockout mice reveal an important role for individua
chemokines in the pathogenesis of MHV encephalitis. For
example, CCL3 knockout mice exhibited reduced numbers
of CD8-positive T céls in the CNS following MHV
infection that correlated with delayed viral clearance (131).
Furthermore, the absence of CCL3 led to a subsequent
impairment in cytokine production along with a significant
attenuation in macrophage influx into the infected CNS.
Neutralization of CCL5 activity was also found to inhibit
macrophage infiltration into the brain following MHV
infection, suggesting it aso influences the profile of
infiltrating leukocytes (127). Finally, a recent study has
revealed that CXCL10 is critical for the trafficking and
generation of effector T cells following MHV infection
(132). Caollectively, these studies suggest that although the
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chemokine-chemokine  receptor  families  exhibit
overlapping interactions, certain mediators appear more
critical than others in dictating the course of MHV disease
progression, reveadling that our understanding of the
complex interactions between chemokines-chemokine
receptors in the pathogenesis of CNS infectious diseases
remains to be completely defined.

5.2.4. Measesvirus(MV)

Recent studies using a transgenic mouse model of
neuron-restricted MV infection have reveded the
expression of numerous chemokines within the CNS
including CCL5 and CXCL10 (133, 134). Both CCL5 and
CXCL10 were found to co-localize with MV-infected
neurons in vivo with both chemokines aso produced by
primary hippocampal neurons from transgenic mice
following infection with MV in vitro (134). Therefore,
CCL5 and CXCL10 in the context of MV infection may
play a role in the resultant anti-viral immune response in
the CNS.

5.25.
viruses

Chemokine-chemokine receptor mimicry by

Many viruses, particularly those of the
herpesvirus and poxvirus families, encode chemokine and
chemokine receptor homologues that have been proposed
to interfere with the action of endogenous chemokines
and/or allow viruses to evade host defenses (135). For
example, the M3 gene of gamma herpesvirus 68 encodes
for a secreted protein that acts as a sink for endogenous CC
chemokines by preventing their ligation to host CC
receptors (136). This strategy may allow virus-infected
cells to evade the host immune response by effectively
reducing the number of effector leukocytes recruited into
infected tissues due to low levels of functional chemokine
expression. Studies with a M3 gamma herpesvirus mutant
identified M3 as an essential virulence factor in that
animals infected with mutant virus displayed lower vira
burdens in the brain (136). Interestingly, the presence or
absence of the vira M3 gene dictated the profile of the
ensuing leukocyte infiltrate into the infected brain. Mice
infected with the wild type M3 virus exhibited a
predominant neutrophil infiltrate likely due to the blockade
of endogenous CC chemokine gene expression by the M3
protein (136). In contrast, immune infiltrates in animals
receiving the M3 mutant virus were typified by the influx
of lymphocytes and macrophages due to the lack of
antagonism of endogenous CC chemokine activity. In
summary, it is clear from the experimental evidence that
different viral infections of the CNS result in the
simultaneous expression of multiple chemokine genes, the
patterns of which are qualitatively similar.

5.3. Experimental brain abscess

Brain abscesses represent a significant medical
problem, accounting for 1 in every 10,000 hospita
admissions in the United States, and remain a serious
situation despite recent advances made in detection and
therapy (137). In addition, the emergence of multi-drug
resistant strains of bacteria has become a confounding
factor that is magnified the inability of many antibiotics to
reach high therapeutic levels in brain tissue. In addition to
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infection containment, the immune response that is an
essential part of abscess formation aso destroys
surrounding norma  brain tissue, which can have
detrimental consequences. Indeed, some long-term effects
following brain abscess resolution include seizures, loss of
mental acuity, and focal neurological defects.  Our
laboratory has developed an experimental brain abscess
model in the mouse using S. aureus, one of the main
etiologic agents of brain abscess in humans (40, 138). The
mouse brain abscess model closely mimics human disease,
in that the abscess progresses through a series of well-
defined stages (40, 139). The early stage, or early
cerebritis, occurs from days 1 to 3 post-infection and is
typified by neutrophil accumulation, tissue necrosis, and
edema. Microglid and astrocyte activation are aso
hallmarks at this stage of disease and persist throughout the
evolution of the lesion. The intermediate, or |ate cerebritis
stage, occurs from days 4 to 9 and is associated with a
predominant macrophage and lymphocyte infiltrate. The
final, or capsule stage occurs from days 10 onward and is
associated with the formation of a well-vascularized
abscess wall, in effect sequestering the lesion and
protecting the surrounding normal brain parenchyma. We
have established that S aureus leads to the immediate
induction of proinflammatory cytokine and chemokine
expression within the CNS parenchyma within 1 to 6 h
following infection (40, 138, 140). Among the chemokines
produced upon S aureus infection include CXCL2, CCL1,
CCL2, CCL3, CCL4, and CCL5 (40; Table 3). The rapid
kinetics of chemokine induction following S aureus
infection implicated resident CNS cells as the initial source
since peripheral immune cells do not begin to accumulate
at significant levels until approximately 24 h following S
aureus exposure (40). In support of this hypothesis, we
have recently demonstrated that both primary microgliaand
astrocytes are capable of recognizing both S. aureus and its
cell wall product peptidoglycan (PGN), and respond by
elaborating a similar array of chemokines detected in brain
abscesses in vivo including CXCL2, CXCL10, CCL1,
CCL2, CCL3, CCL4, and CCL5, implicating these cellsin
the initial inflammatory response to bacteria in the brain
parenchyma (40, 41, 138). In addition to the direct damage
induced by pathogens, the host anti-bacteria response
elicited can be detrimenta to neurons and other gliain the
CNS due to the toxic effects of cytokines, chemokines,
proteolytic enzymes, and oxidants produced locally at the
site of infection. Indeed, we have recently demonstrated
that the expression of CXCL2, a potent neutrophil
chemokine, persists throughout the chronic stages of
experimental brain abscess development in the context of
relatively low bacterial burdens and correlated with the
continued influx of neutrophils into the infected CNS
(Baldwin and Kielian, manuscript submitted).  Since
neutrophils have been implicated in pathological tissue
destruction, the continued influx and activation of these
leukocytes may contribute to the extensive damage
characteristic of brain abscesses although this remains to be
determined.

Although we have characterized the profile of
chemokine gene expresson during the course of
experimental brain abscess development, relatively little is
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currently known regarding the functional importance of
these mediators in disease pathogenesis. Recently, our
laboratory has demonstrated the importance of CXCR2
ligands in the pathogenesis of experimental brain abscess
using CXCR2 knockout mice (40). Neutrophil infiltration
into brain abscesses was compromised in CXCR2 KO
animals, with a concomitant increase in bacterial burdens
observed during the later stages of infection. Strikingly, the
majority of neutrophils in CXCR2 KO mice were sequestered
within small blood vessals surrounding the lesion, most likely
due to their inability to respond to the CXCR2 ligands MIP-2
and KC (40). Thisfinding indicated that thereis either adefect
in tight adhesion or extravasation but not in the localization of
neutrophils to vascular endothelium in CXCR2 KO mice.
Interestingly, the levels of CXCL2 expression in brain
abscesses from CXCR2 KO mice were found to be devated
compared to WT animals, suggesting that the loss of CXCR2
may interfere with an autocrine negeative feedback loop(s)
designed to regulate chemokine expression in the infected
CNS. The relative paucity of neutrophils in the brains of
CXCR2 KO mice indicates that CXCR2 ligands are the major
chemotactic signals required for neutrophil influx into brain
abscesses and that their activity cannot be substituted for by
aternative chemotactic factors such as complement split
products (i.e. C3a, C5a), prostaglandins, leukotrienes, or other
chemokines. We are currently extending these studies to
investigate the potential functional importance of additional
chemokine mediators expressed during the course of
experimental brain abscess devel opment.

5.4. Bacterial meningitis

Bacterial meningitis is one of the top ten
infectious causes of death worldwide, and approximately
one-half of patients surviving the infection have
neurological deficits and other sequelae of the disease (24,
141). To establish infection, the pathogen must gain access
to the bloodstream, penetrate the blood-brain barrier
(BBB), and replicate in the subarachnoid space. The major
meningeal  bacterial  pathogens are  Streptococcus
pneumoniae, Neisseria meningitidis, and Hemophilus
influenzae, although other organisms are capable of causing
disease which appears to be age-related (24, 137). The
pathological changes that occur during meningitis include
intense brain edema, impairments in cerebrospinal fluid
(CSF) flow, increased intracranial pressure, seizures, and
alterations in cerebral blood flow that may lead to foca
areas of ischemia and necrosis. Peripheral immune cells
are attracted into the infected subarachnoid space by
inflammatory mediators that are initially produced by
meningeal macrophages, ependymal cells, and choroid
plexus epithelium, and later also by recently emigrated
leukocytes and local microglia (142-144). In addition to
the direct damage induced by pathogens during bacterial
meningitis, the host anti-bacterial response elicited can be
detrimental to neurons and other gliain the CNS due to the
toxic effects of cytokines, chemokines, proteolytic
enzymes, and oxidants produced locally at the site of
infection (23, 24, 145).

Neutrophils represent the main leukocyte
infiltrate associated with bacterial meningitis. Accordingly,
CXCLS8 is one of the predominant chemokines detected in
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the CSF of patients with bacterial meningitis (146-150).
However, in addition to CXCLS8, the CSF of patients with
bacterial meningitis have been shown to contain high levels
of numerous CC chemokines including CCL2, CCL3, and
CCL4 (147-151; Table 3). This finding is intriguing since
mononuclear cells are not the predominant cell type
observed in the CSF during the acute phase of bacterial
meningitis.

5.4.1. Listeria monocytogenes (LM) and Haemophilus
influenzae meningitis

LM is another causative agent of bacteria
meningitis in humans. Within 24 h following intracerebral
LM infection in an experimental mouse model, more than
80% of the invading cells were neutrophils whereas
monocytes consisted of approximately 50% of the cellular
infiltrate after 72 h. These infiltrates were associated with
the production of the CXC and CC chemokines CXCL2,
and CCL3 and CCL4, respectively (149, 152). Similar
findings were obtained with a neonata rat mode of
Haemaphilus influenzae meningitis where infection led to an
increase in CXCL2, CCL2, CCL3, and CCL5 expression
within 24 to 48 h that correlated with the influx of neutrophils
and macrophages into the meninges (153). The cdlular
localization of CCL5 expresson in the Haemaophilus
meningitis model was identified as resident microglia and
astrocytes whereas CCL2 was detected in astrocytes and
infiltrating neutrophils and macrophages. The functiona
importance of CXCL2, CCL2, and CCL3 in inflammatory cell
recruitment in the Haemophilus meningitis model has been
demongtrated using neutralizing antibody studies. As
expected, neutrdization of CCL2 dgnificantly decreased
macrophage infiltration into the meninges, however,
unexpectedly, treatment of infected neonatal rats with either
antibodies againgt CXCL2 or CCL3 led to a diminution in
neutrophil infiltrates (153). The latter is particularly intriguing
since CCL3, a known CC chemokine, is not capable of
inducing neutrophil chemotaxis in vitro. A separate study
examining the effects of systemic LPS on immune cdl influx
into the lung has aso implicated CCL3 in neutrophil
recruitment invivo (154). Itisnot clear whether these findings
represent a direct action of CCL3 on neutrophils in vivo, or if
CCL3 induces the subsequent expression of aternative CXC
chemokines leading to neutrophil infiltration.

5.4.2. Streptococcus pneumoniae meningitis

To date, the majority of experimental meningitis
models have utilized a direct intracerebral route of
pathogen inoculation to evaluate the course of disease
progression. A recent report has established an intranasal
model of experimental pneumococcal meningitis in the
mouse using Streptococcus pneumoniae to more accurately
mimic the route of natural infection in humans (155). As
has been observed in other meningitis models, intranasal
delivery of Streptococcus pneumoniae led to the expression
of the neutrophil chemokine CXCL 2, the murine functional
homologue of human CXCL8. Other studies using
experimental meningitis models have sought to determine
the functional contribution of CXCL8 in the pathogenesis
of disease and have revealed an intriguing relationship
between the route of chemokine neutralization and the
resultant effect on neutrophil influx into the CNS. In a

rabbit model of Sreptococcus pneumoniae-induced
meningitis, intravenous treatment with CXCL8 neutralizing
antibodies significantly attenuated leukocyte influx into the
CSF whereas intracisternal delivery had no effect on
cellular infiltration (156). Similar findings were obtained
in a rabbit model of experimental LPS-induced meningitis
(157), collectively arguing that the functional activity of
CXCL8 in mediating leukocyte entry into the CSF appears
to be located on the bloodstream side of the microvascular
endothelium of the blood-brain barrier. In summary, a
much broader array of chemokines are expressed in
bacterial meningitis compared to viral meningitis and the
former is typified by quantitatively higher levels of
chemokine expression in the CSF (149). This may be the
result of higher levels of immunostimulatory products
associated with bacterial infections such as cell wall
products and/or secreted virulence factors inducing
maximal chemokine expression in the CNS. However,
additional studies are needed to ascertain the relative
importance and redundancy of individual chemokine
mediators in the context of bacteria meningitis and
whether effective therapeutic approaches can stem from
manipulation of the chemokine milieu following infection.

5.5. Other CNSinfectious diseases

Severa studies have examined the profile of
chemokine expression following exposure to numerous
other CNS pathogens including Toxoplasma gondii, mouse
adenovirus-type 1, Cryptococcus neoformans, and prions,
each revealing the importance of chemokine induction in
peripheral immune cell recruitment into the CNS (Table 3).

5.5.1. Toxoplasma gondii

Toxoplasmosis caused by theintracellular protozoan
Toxoplasma gondii is a widespread paragitic infection
affecting both humans and animals. Natural infection with T.
gondii results from the ingestion of cysts or oocytes found in
infected anima meat or feline feces. Once ingested, the
parasite matures into a tachyzoite, invades the intestines and
disseminates to most organsincluding the CNS (158, 159). T.
gondii infection induces a srong cel-mediated immune
response that leads to the transformation of tachyzoites into
dormant cysts, resulting in a chronic, asymptometic infection.
In the brain, T. gondii infection has been shown to induce the
widespread expression of numerous chemokines including
CXCL2, CXCL9, CXCL10, CCL2, CCL3, CCL4, CCL5, and
CCL7 that corrdlated with the coordinate recruitment of
leukocytes into the CNS (160-162). Microglia were found to
be the source of CCL5 and CXCL9 expression following T.
gondii infection in the CNS, whereas astrocytes were the major
producers of CXCL10 and CCL2 (161, 162). The functional
importance of CXCL10 in T. gondii infection has been
demongtrated by antibody neutrdization studies in mice.
Administration of anti-CXCL10 led to increases in mortality
and enhanced parasite burdens in the brain tissue of T. gondii
infected animals, suggesting that CXCL 10 plays a criticd role
in the anti-paraditic immune response in the CNS (160).
Likewise, CCR1 and CXCR2 have been reported to influence
the pathogenesis of Toxoplasma infection as evident by
enhanced parasite burdens in the brains of both CCR1 and
CXCR2 knockout mice compared to wild type littermates
(163, 164).
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5.5.2. Mouse adenovirustypel (MAV-1)

MAV-1 infection leads to a fatal hemorrhagic
encephalopathy in susceptible strains of mice, where
pathology is induced by the productive infection of cerebral
vascular endothelial cells resulting in necrosis of the
vasculature and subsequent infarction and hemorrhage
(165, 166). MAV-1 infection leads to the induction of
numerous chemokines and chemokine receptorsin the CNS
including CXCL10, CCL2, CCL3, CCL4, CCL5, and
CCR1-5, suggesting an important role for these
chemokines-chemokine receptors in disease progression
(167).

5.5.3. Cryptococcus neoformans

Cryptococcus neoformans is a common
opportunistic infection of AIDS patients with infection being
acquired viathe respiratory tract and disseminating to the CNS
(168, 169). Immunity against disseminated C. neoformans is
mediated primarily by macrophagesand T cells, suggesting the
importance of CNS-derived chemokines in the effective
recruitment of these effector cell typesto containinfection. An
important role for CCR5 in controlling the dissemination and
growth of C. neoformansin the brain was recently established
using CCR5 knockout mice. Interestingly, although CCR5
KO animas had no observable defects in leukocyte
extravasation into the lungs, mononuclear cell infiltrates were
significantly reduced in the brains of KO mice that correlated
with the development of clinica signs of cryptococcal
meningitis, a finding that was not manifested in wild type
animas (170). In addition, CCL3 has been shown to be
another critical chemokine in CNS cryptococca  infection,
where CCL3 KO mice were found to exhibit decreased
leukocyte recruitment and cryptococca clearance from the
brain compared to wild type animals (171).

5.5.4. Prion model of neurodegeneration

Finaly, in a prion mode of chronic
neurodegeneration, the expression of CX3CL1 was found
to be increased in astrocytes while its receptor CX3CR1
was augmented in microglia suggesting that interactions
between this chemokine-chemokine receptor pair may
influence the nature of the local cytokine milieu during
chronic inflammation in the CNS (57).

6. CONCLUSIONS AND PERSPECTIVES

Several divergent CNS pathogens lead to the
systematic induction of numerous chemokines and regulate
chemokine receptor expression. The use of chemokine and
chemokine receptor knockout mice has begun to alow for
the identification of key mediators involved in various CNS
infectious diseases; however, much remains to be learned
regarding the complex interactions between chemokines
and chemokine receptors in vivo. Remarkably, athough
many CNS infections are typified by the simultaneous
induction of numerous chemokine mediators, many with
redundant activities, studies using knockout mice have
revealed important roles for individual chemokines. This
finding raises the possibility of aternative functions for
chemokines in the context of CNS infectious diseases that
have not yet been appreciated.
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Microglia are a major source of both CC and
CXC chemokines in the inflamed CNS. Indeed, activated
microglia are thought not only to participate in the
generation of protective pathogen-specific immune
responses, but under certain circumstances can contribute
to excessive CNS tissue damage through the dysregulated
release of proinflammatory cytokines and chemokines. For
example, the production of CC chemokines by activated
macrophages/microglia during HIV-1 encephalitis may
inadvertently facilitate ongoing CNS infection through the
recruitment of mononuclear cells that can serve as targets
for new rounds of virus replication.

A relatively new approach available to
discriminate between the actions of various chemokines
and chemokine receptors in the context of CNS infectious
diseases will be through the use of newly designed small
molecule inhibitors or agonists of chemokine receptors.
Alternatively, inhibition of microglia activation by classes
of structurally distinct anti-inflammatory compounds
known to attenuate glia cytokine and chemokine
expression, such as minocycline and peroxisome
proliferator-activated receptor agonists (PPARsS) may be
capable of modulating periphera immune cell infiltrates
into the CNS and infectious disease progression (172-176).
However, issues related to the timing and dose of drug
administration will be important to consider since quelling
the CNS immune response prior to effective pathogen
neutralization in the brain will likely have undesirable
consequences. Importantly, in addition to their effects on
resident microglia, minocycline and PPAR-gamma agonists
may aso influence the responses of peripheral immune
cells recruited into the infected CNS. Finally, another
intriguing issue to consider regarding the role of microglia
in infectious diseases of the CNS relates to the functional
heterogeneity of microglia in various CNS compartments.
Although regional variation in microglial responses has
been proposed for quite some time, evidence in the past
few years has provided functional proof that microglial
activation may be dictated, in part, by the CNS
microenvironment (177-179).  Therefore, it will be
important to investigate whether the production of
chemokines by activated microglia differs in various brain
regions in the context of CNS infectious diseases and
whether functional differences can be linked to pathology.

In summary, the findings obtained from studies
of anima models of CNS infectious diseases as well as
from patient populations highlight a marked promiscuity in
cerebral chemokine expression patterns with simultaneous
expression of multiple chemokines being the general rule.
Microglia serve as a major source of many of these
chemokines suggesting they play an important role in
orchestrating the ensuing immune response to CNS
pathogens. In addition, microglia express severa
chemokine receptors that are likely involved in their
recruitment and activation during the acute stages of
infection, effectively alowing for the amplification of
pathogen-specific immune responses.  Future studies
dissecting the potential roles of individual chemokines and
their receptors in the context of CNS infectious diseases
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may provide insights into the complex regulatory network
dictating neuroinflammatory responses.
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