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Abstract

The recent discovery of the family of Toll-like receptors has vastly expanded our understanding of
the mechanisms by which the innate immune system recognizes and responds to a wide variety of
microbial and endogenous pathogens. Toll-like receptors are transmembrane proteins that upon
ligation with their cognate ligands trigger the production of cytokines, enzymes and other
inflammatory agents. In the CNS Toll-like receptors are expressed predominantly by glial cells. In

particular,

the vastly abundant astrocytes are likely to be the major contributors to inflammatory

responses within the CNS. Studies of the murine brain abscess model revealed that Toll-like receptor
2 plays a pivotal role in the generation of immune responses to Staphylococcus aureus. Although
Toll-like receptor signaling is essential in antimicrobial defense, it may also lead to bystander injury
of CNS tissue.
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TLRs are archetypal pattern recognition receptors (PRRs) of the innate immune system in the
vertebrate and invertebrate lineages. TLRs recognize a variety of highly conserved structural
motifs expressed by microbial pathogens, called pathogen-associated molecular patterns
(PAMPs) (Kopp and Medzhitov 1999, 2003; Akira 2001; Kaisho and Akira 2004).
Consequently, TLRs are the major sensors of invading pathogens. So far, 13 TLRs have been
identified in mice and 10 in humans. Molecular phylogenetic analysis revealed the existence
of six TLR families (Roach et al. 2005) with distinct specificities to recognize general classes
of PAMPs (Lien and Ingalls 2002). Thus, the TLR1 family comprises TLR1, TLR2, TLR6 and
TLR10, and recognizes bacterial lipoproteins. The TLR3, TLR4 and TLR5 families have only
one member each, and recognize double-stranded RNA (dsRNA), lipopolysaccharide (LPS)
and flagellin respectively. The TLR7 family consists of TLR7-9, and binds nucleic acids. The
TLR11 family includes TLR11-13; however, the cognate PAMPS are less characterized with
the exception of TLR11 that recognizes a profilin-like molecule (Yarovinsky et al. 2005). The
repertoire of TLR specificities is further extended by the formation of heterodimers (Ozinsky
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et al. 2000) and homodimers (Bell et al. 2005) with one another as well as by association with
accessory proteins (Miyake 2003). In addition to microbial PAMPSs, TLRs recognize a number
of host-derived molecules liberated from damaged tissues. For example, endogenous ligands
for TLR4 include heat-shock proteins (Vabulas et al. 2002; Palliser et al. 2004), hyaluronan
fragments (Termeer et al. 2002; Taylor et al. 2004), heparan sulfate (Johnson et al. 2002), B-
defensin 2 (Biragyn et al. 2002) and fibrinogen (Smiley et al. 2001). TLR2 recognizes necrotic
cells (Li et al. 2001; Paterson et al. 2003), and TLR3 may be stimulated by mammalian RNA
(Kariko et al. 2004). Therefore, TLRs may also mediate the general response of the innate
immune system to injury and auto-immunity.

TLRs are transmembrane proteins with a leucine-rich extracellular domain and a cytoplasmic
domain that contains a conserved region called the Toll/interleukin (IL)-1 receptor (TIR)
domain (Takeuchi and Akira 2001; Barton and Medzhitov 2003). Upon ligand binding TLRs
dimerize and undergo conformational changes that trigger a cascade of intracellular signaling
events (Akira et al. 2006) represented schematically in Fig. 1. This signaling results in the up-
regulation of numerous pro-inflammatory target genes encoding cytokines, chemokines,
enzymes, and other molecules essential for pathogen elimination (Takeuchi and Akira 2001;
Horng et al. 2002; Barton and Medzhitov 2003). In addition, TLR3 and TLR4 also mediate a
primary antiviral program by transactivating type | interferon (IFN) genes (Kawai et al.
2001; Doyle et al. 2002, 2003; Shinobu et al. 2002; Kawai and Akira 2004). The secretion of
IFN instigates an autocrine/paracrine loop resulting in the activation of secondary pro-
inflammatory genes (Kawai et al. 2001; Shinobu et al. 2002). Besides mounting the innate
immune response, TLR-induced signaling also governs the activity of the adaptive immune
system (Akira et al. 2001; Kaisho et al. 2002; Hoebe et al. 2004; Pasare and Medzhitov
2005).

The expression of TLRs together with the expression of a contingent of related signaling
proteins has been demonstrated in the CNS and in neural cell cultures (Kielian et al. 2002;
Bsibsi et al. 2002; Dalpke et al. 2002; Rasley et al. 2002a; Bowman et al. 2003; Esen et al.
2004; Olson and Miller 2004; Carpentier et al. 2005; Farina et al. 2005; Jack et al. 2005;
Nishimura and Naito 2005; Scumpia et al. 2005). All major glial cells including microglia,
astrocytes and oligodendrocytes have been shown to express TLRs. Neurons may also express
TLRs under certain pathological conditions (Maslinska et al. 2004). This review examines the
role of TLRs in the CNS response to microbial challenge.

Astrocytes as sentinel cells for CNS pathogens

There is an increasing body of evidence that glial cells, particularly microglia and astrocytes,
are pivotal in providing the first line of defense against invading microbes. Microglia are
considered to be CNS-resident professional macrophages and sensor cells that function as the
principal innate immune effector cells. Upon recognition of pathogens, resting microglia
transform into activated microglia that migrate to and accumulate at sites of injury (Gonzalez-
Scarano and Baltuch 1999; Gonzalez-Scarano and Martin-Garcia 2005). Activated microglia
express a range of genes related to inflammation such as pro-inflammatory cytokines, pro-
inflammatory enzymes and pro-inflammatory adhesion molecules (Gonzalez-Scarano and
Baltuch 1999). The pattern of inflammatory molecule production is one that can initiate
leukocyte migration through the blood—brain barrier (Persidsky 1999) and promote effector
functions in these infiltrating cells. Recent studies have demonstrated the presence of mMRNA
and/or protein expression of TLR1 (Kielian et al. 2002), TLR2 (Kielian et al. 2002; Rasley et
al. 2002a), TLR6 (Kielian et al. 2002), TLR9 (Dalpke et al. 2002), TLR3, TLR4, TLR5, TLR7
and TLR8 (Olson and Miller 2004) and the co-receptor CD14 (Kielian et al. 2002; Rasley et
al. 2002b) in microglia, and have shown that such expression is increased following exposure
to bacterial pathogens (Kielian et al. 2002; Rasley et al. 2002a; Olson and Miller 2004). These
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findings are, perhaps, not surprising considering that microglia share the same myeloid lineage
as macrophages and dendritic cells — the quintessential sentinel cells.

Astrocytes are the major glial cell type in the brain and are well known to play essential roles
in the development, survival and functioning of CNS neurons. However, in addition to these
functions, this non-leukocytic cell type may have an additional role as an immune effector cell
(Dong and Benveniste 2001). Because astrocytes vastly outnumber microglia within the CNS
parenchyma, astrocytes are likely to be the major components of the CNS innate immune
system. Activated astrocytes have been demonstrated to express an array of inflammatory
cytokines and chemokines (Dong and Benveniste 2001). In addition to production of pro-
inflammatory mediators, the stimulation of cultured astrocytes or cell lines results in expression
of major histocompatibility complex (MHC) class Il molecules and co-stimulatory molecules
such as B7-1 and B7-2 (Soos et al. 1999). However, studies investigating the ability of
astrocytes to express MHC class Il following challenge in vivo have yielded equivocal results,
and the functional significance of astrocyte expression of MHC antigens and co-stimulatory
molecules remains controversial (Dong and Benveniste 2001). Importantly, astrocytes have
been shown to become activated following challenge with clinically relevant bacterial
pathogens. Borrelia burgdorferi, the Gram-negative organism responsible for Lyme
neuroborreliosis, has been shown to stimulate the production of matrix metalloproteinase 9 by
human and rat type | astrocytes (Perides et al. 1999), and we have recently demonstrated that
this spirochete stimulates the rapid production of the inflammatory cytokine IL-6 by primary
murine astrocytes (Rasley et al. 2002a). Similarly Neisseria meningitidis, an encapsulated
Gram-negative organism that is an important cause of bacterial meningitis, rapidly induces
IL-6 production by astrocytes (Rasley et al. 2006). Astrocytes are also highly responsive to
Gram-positive bacterial species and produce the signature inflammatory cytokines IL-1p,
tumor necrosis factor (TNF)-a, and IL-12 p40, following exposure to Staphylococcus aureus
(Esen et al. 2004; Kielian 2004), indicating that these resident CNS cells can play an important
role in the formation of brain abscess and associated damage to surrounding brain parenchyma.
To date, the signals required to initiate optimal induction of the immune functions of this
important glial cell type remain poorly understood and recent studies have focused on
identifying the mechanisms by which astrocytes perceive bacterial pathogens.

TLR expression and immune responses to bacterial components

There is a considerable amount of circumstantial evidence for the expression of TLRs by
astrocytes. LPS and Gram-positive bacterial cell wall antigens, ligands for TLR4 and TLR2
respectively (Ishii et al. 2005), have been reported to stimulate the activation of p38 mitogen-
activated protein kinase (MAPK) in astrocytes (Schumann et al. 1998). In addition, LPS or
bacterial DNA and synthetic oligonucleotides containing unmethylated CpG motifs (putative
ligands for TLR9) can cause cultured astrocytes to express IL-1f (Lieberman et al. 1989;
Gottschall et al. 1994; Kimberlin et al. 1995; Takeshita et al. 2001), TNF-a (Lieberman et
al. 1989; Gottschall et al. 1994; Forloni et al. 1997; Nakamura et al. 1998), IL-6 (Lieberman
et al. 1989; Benveniste et al. 1990; Gottschall et al. 1994; Nakamura et al. 1998; Takeshita et
al. 2001) and chemokines (Oh et al. 1999). Furthermore, although astrocytes appear to lack
membrane CD14 (Willis and Nisen 1996; Cauwels et al. 1999), these cells can respond to cell
wall components of Gram-positive bacteria if soluble CD14 is present in the culture medium
(Schumann et al. 1998). Taken together, these findings are consistent with the notion that
astrocyte immune responses to bacterial pathogens are initiated via members of the Toll-like
family of PRRs.

More recent work (Bsibsi et al. 2002; Bowman et al. 2003; Esen et al. 2004; Carpentier et
al. 2005; Jack et al. 2005) has provided direct evidence for the presence of TLRs in astrocytes.
Thus, cultured murine astrocytes constitutively express low levels of mMRNA encoding TLR2,
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TLR4, TLR5 and TLR9. However, the modest expression of each TLR homolog is rapidly up-
regulated following exposure to its specific bacterial ligand (Bowman et al. 2003; Carpentier
et al. 2005). Interestingly, some microbial components could also up-regulate the expression
of TLR homologs other than those thought to serve as their receptors (Bowman et al. 2003;
Jack et al. 2005; McKimmie and Fazakerley 2005). Although it is presently unclear what
mechanisms underlie such induction, it is possible that common signaling pathways control
TLR homolog expression in astrocytes. Alternatively, and perhaps more intriguingly, the
possibility exists that there is differential cross-talk between disparate PRR types in astrocytes.
Such specific cross-talk might explain the observation that Escherichia coli-derived LPS can
elicitincreases in mRNA encoding both TLR4 and TLR5 in astrocytes, but not those encoding
TLR2 or TLR9 (Bowman et al. 2003). Finally, it has been found that the inflammatory cytokine
TNF-o and the pivotal TH1 cytokine IFNy can also augment TLR expression in astrocytes
(Carpentier et al. 2005). An ability of soluble immune mediators to regulate the expression of
microbial PRRs might provide an explanation for the observation that astrocyte TLR2
expression is increased in patients with inflammatory CNS disorders including multiple
sclerosis (Bsibsi et al. 2002). Together, these data suggest that exposure to microbial motifs
and/or inflammatory immune mediators can potentially sensitize astrocytes by increasing
expression of PRRs and lead to enhanced immune responses of these cells following CNS
damage or infection.

Although an ability of microbial components to induce TLR mRNA levels implies that these
receptors are functionally expressed by astrocytes, this notion is supported by our
demonstration that bacterial ligands for each TLR homolog can induce the activation of nuclear
factor (NF)-xB in these cells (Bowman et al. 2003). Consistent with such an effect, we
demonstrated that specific TLR ligands subsequently elicit IL-6 production. This finding has
since been confirmed (Carpentier et al. 2005). The TLR4 ligand LPS has also been shown to
be a potent stimulus for the expression of inflammatory chemokines monocyte chemoattractant
protein (MCP)-1 and regulated upon activation, normal T-cell expressed and secreted
(RANTES) (Carpentier et al. 2005). Furthermore, the availability of specific antibodies to
TLR4 has enabled us to demonstrate that cell surface expression of this PRR is sensitive to
stimulation with LPS. We showed that LPS treatment decreased cell surface TLR4 expression
on astrocytes as determined by immunocytometry (Bowman et al. 2003) in a similar manner
to that reported in murine macrophages (Nomura et al. 2000). As such, these data support the
notion that astrocytes express functional Toll-like PRRs for bacterial motifs either
constitutively, or following microbial challenge.

In addition to results obtained utilizing bacterial LPS, commercial preparations of
peptidoglycan (PGN) have been reported to elicit cytokine and chemokine production by
astrocytes (Bowman et al. 2003; Esen et al. 2004) and experiments utilizing cells derived from
genetically deficient animals suggest that these effects are mediated by TLR2 (Esen et al.
2004). However, a recent study has suggested that TLR2-mediated immune cell responses by
other cell types may be the result of lipoprotein and/or lipoteichoic acid (LTA) contamination
of commercial PGN preparations (Travassos et al. 2004). Instead, these authors suggest that
responses to PGN are mediated via novel members of the nucleotide-binding oligomerization
domain (NOD) family of proteins. Although the assertion that TLR2 does not recognize PGN
appears to have been refuted by later studies utilizing highly purified preparations of this ligand
(Dziarski and Gupta 2005), the observation that maximal immune responses by PGN-
stimulated astrocytes are attenuated, but not abolished, in the absence of TLR2 (Esen et al.
2004) suggests that alternative receptors exist for the perception of this bacterial product.
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Cytoplasmic NOD proteins

NOD genes encode cytoplasmic proteins with an architecture that resembles a subclass of plant
disease resistance (R) molecules (reviewed by Ting and Davis 2005). These proteins possess
a variable number of N-terminal domains followed by a nucleotide-binding domain and
leucine-rich repeats that are similar to those thought to be responsible for bacterial ligand
binding to TLRs. Insome family members, including NOD1 and NOD?2, the N-terminal domain
consists of caspase-recruitment domains (CARDs). NOD proteins have recently been identified
in both immune and non-immune cell types, and at least two members of this family of proteins
appear to serve as intracellular PRRs. Although NOD1 (also designated CARD4) was initially
thought to mediate LPS-induced cellular responses, it is now recognized that NOD1 detects a
diaminopimelate-containing N-acetylg-lucosamine-N-acetylmuramic acid (Glc-NAc-
MurNACc) tripeptide motif found in PGNs from Gram-negative bacteria (Chamaillard et al.
2003; Girardin et al. 2003a,b). In contrast, NOD2 (also desighated CARD15) has been
suggested to be a more general sensor of bacterial PGNs as it recognizes the minimal muramy!l
dipeptide (MDP) motif present in all PGNs (Girardin et al. 2003b, 2003c; Inohara et al.
2003). Both NOD1 and NOD?2 have been reported to associate with Rip2 kinase (also
designated RICK and CARDIAK) (Ogura et al. 2001; Chin et al. 2002; Kobayashi et al.
2002; Yoo et al. 2002) the activation of which ultimately results in the liberation of cytosolic
NF-kB and nuclear translocation (reviewed by Strober et al. 2006). Hence, activation of
sentinel cells via NOD receptors could underlie, at least in part, bacteria-induced immune
molecule production. Interestingly, extracellular application of ligands for these intracellular
receptors can initiate cellular responses (Pauleau and Murray 2003) despite the predicted
inability of these molecules to cross the plasma membrane. Although it is possible that
phagocytosis and/or pinocytosis/macropinocytosis could explain this effect, the precise
mechanisms responsible for this uptake have yet to be determined.

The similarities between TLR and NOD signal transduction pathways have led to the
suggestion that these PRRs could act in an additive or synergistic manner to evoke optimal
immune responses by leukocytes (reviewed by Strober et al. 2006). Indeed, a recent report by
Uehara et al. (2005) has demonstrated that NOD1- and NOD2-specific ligands can
synergistically increase inflammatory chemokine production by a monocytic cell line exposed
to TLR2, TLR4 or TLR9 agonists. Importantly, these investigators employed RNA interference
methods to knock down the expression of mMRNA encoding NOD1 and NOD2 to demonstrate
that these effects were, indeed, mediated via these novel PRRs (Uehara et al. 2005). These
findings are consistent with earlier studies in other cell types showing that MDP acts in a
synergistic manner with LPS to elicit inflammatory cytokine production (Ribi etal. 1979; Yang
et al. 2001; Wolfert et al. 2002; Li et al. 2004) and raise the intriguing possibility that NOD
molecules could mediate, at least in part, the inflammatory responses of glial cells following
exposure to bacterial CNS pathogens.

Astrocytes have previously been shown to express class Il transactivator, a potent
transcriptional activator that regulates the expression of critical genes for antigen presentation
and amember of the NOD protein family (reviewed by Ting and Davis 2005). We have recently
completed a series of investigations into whether these cells also express NOD1 and NOD2
(Sterkaetal. 2006). Our results indicate the presence of low levels of NOD2 mRNA and protein
in resting astrocytes, but these cells exhibit little or no NOD1 expression. Such a finding is
consistent with the apparently preferential expression of NOD2 by professional antigen-
presenting cells in contrast to the almost exclusive expression of NOD1 by most epithelial cells
(reviewed by Strober et al. 2006). Interestingly, we found that NOD2 expression was rapidly
up-regulated in astrocytes following exposure to the bacterial CNS pathogens B. burgdorferi
and N. meningitidis (Sterka et al. 2006). Furthermore, TLR ligands also proved to be potent
inducers of NOD2 expression, in agreement with the previously documented ability of LPS to
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induce NOD2 mRNA expression in monocytic cells (Iwanaga et al. 2003). The ability of
specific TLR ligands to modulate NOD molecule expression again supports the notion that
cross-talk exists between disparate PRRs in astrocytes.

Circumstantial evidence for the functional expression of NOD proteins in astrocytes comes
from the finding that these cells constitutively express Rip2 kinase, an important downstream
adaptor molecule for NOD-mediated activation of NF-xB (Ogura et al. 2001; Chin et al.
2002; Kobayashi et al. 2002; Yoo et al. 2002). Furthermore, levels of Rip2 kinase in astrocytes
are raised following exposure to B. burgdorferi or N. meningitidis (Sterka et al. 2006). More
direct evidence for the functional nature of NOD molecule expression in astrocytes comes from
the demonstration that extracellular application of the NOD2 ligand MDP induces modest but
significant production of IL-6 and TNF-a by these cells (Sterka et al. 2006). The limited ability
of MDP alone to elicit cytokine production by astrocytes is consistent with its previously
documented effects on macrophages (Pauleau and Murray 2003). However, the most
compelling evidence for an important role for NOD?2 in astrocyte-mediated immune responses
lies in the ability of MDP to significantly augment TLR ligand-induced cytokine production
in a manner that exceeds the sum of each stimulus (Sterka et al. 2006). These findings, together
with the previously documented ability of NOD proteins to act in a cooperative manner with
TLRs to induce immune molecule production by leukocytes (Uehara et al. 2005), leads us to
suggest that NOD molecules play an important role in bacteria-induced inflammatory
responses by this major CNS cell type.

Differential roles for TLR2 in CNS bacterial infection and glial activation

TLR2 and S.

Brain abscess accounts for approximately one in 10 000 hospital admissions in the USA and
the leading etiologic agents of disease are the streptococcal strains and S. aureus (Mathisen
and Johnson 1997; Townsend and Scheld 1998). Based upon its prevalence in human CNS
infection, we have used S. aureus to establish an experimental brain abscess model in the mouse
that accurately reflects the course of disease progression in humans, providing an excellent
system with which to identify critical molecules responsible for the establishment of CNS
antibacterial immunity (Kielian et al. 2001; Baldwin and Kielian 2004; Kielian 2004).

One well characterized PAMP of S. aureus is PGN, a component of the outer bacterial cell
wall (Dziarski 2003; Weber et al. 2003), and a potent TLR2 agonist (Dziarski and Gupta
2005). With regard to brain abscess, PGN is released during normal bacterial growth as well
as from dying organisms within the necrotic environment that is typical of the infection. In
addition, many antibiotics that are used to treat CNS Gram-positive infections enhance PGN
release from the bacterial cell wall (van der Flier et al. 2003; Weber et al. 2003), liberating
additional antigen to engage PRRs such as TLR2. Collectively, these findings indicate that
PGN represents a PAMP of significant biological importance in brain abscess as well as other
CNS Gram-positive infections. Therefore, understanding the complex interactions between
various PRRs may lead to the identification of new therapeutic targets to modulate pathogenic
inflammation elicited by residual PGN subsequent to pathogen elimination in the CNS.

aureus-dependent glial activation

Microglia represent the innate immune effector cells of the CNS parenchyma that exhibit S.
aureus bactericidal activity (Kielian et al. 2002). With regard to brain abscess, we have recently
shown using primary microglia isolated from TLR2 knockout (KO) mice that TLR2 is
necessary for microglial recognition of PGN from the outer cell wall of S. aureus but plays a
relatively minor role in responses to intact bacteria (Kielian et al. 2005a). Specifically, the
production of several pro-inflammatory mediators, including IL-1B, TNF-B, IL-12 p40,
macrophage inflammatory protein (MIP)-2 and MCP-1, were significantly attenuated in PGN-
treated TLR2 KO microglia compared with wild-type (WT) cells (Kielian et al. 2005a). In
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contrast, although the loss of TLR2 did exert a minor effect on a select number of pro-
inflammatory mediators (i.e. IL-1p and MIP-2), overall TLR2 KO microglia were still capable
of responding to intact S. aureus at levels equivalent to those observed in WT cells (Kielian
et al. 2005a). Microglia also express CD14, another PRR that is important for mediating cell
activation in response to LPS; however, recent evidence also supports a role for CD14 in the
recognition of Gram-positive PAMPs such as PGN and LTA (Cleveland et al. 1996; Gupta et
al. 1996; Dziarski et al. 2000). Similar to our findings in TLR2 KO microglia, CD14
participates in PGN-dependent microglial activation whereas responses to intact S. aureus are
primarily CD14-independent (Esen and Kielian 2005). Therefore, based upon its ability to
augment TLR2-dependent signaling, CD14 may represent a member of a multireceptor
complex responsible for the establishment of immune responses to S. aureus in brain abscess.

Although TLR2 and CD14 contribute to S. aureus-dependent microglial activation to a limited
extent, collectively these findings indicate that microglia utilize additional PRRs for
recognizing intact bacteria. Two potential candidates include the phagocytic scavenger
receptors macrophage scavenger receptor type Al/All (MSR) and lectin-like oxidized low-
density lipoprotein receptor (LOX)-1, whose expression is significantly increased in microglia
following S. aureus exposure in vitro and in brain abscesses in vivo (Kielian et al. 2005a;b).
Scavenger receptors encompass a broad range of molecules involved in the non-opsonic
receptor-mediated phagocytosis of selected polyanionic acids such as PGN and LTA of S.
aureus in addition to intact bacteria, and are expressed on activated microglia (Husemann et
al. 2002; Peiser et al. 2002). Evidence to suggest that microglia may utilize scavenger receptors
for pathogen internalization is provided by our findings that bacterial phagocytosis is opsonin-
independent and does not require TLRs, because microglia lacking the central adapter molecule
MyD88 were still capable of phagocytizing S. aureus (T. Kielian, unpublished results).
However, recent evidence suggests that TLRs may regulate phagosome formation and
maturation as well as modulate the transcription of some phagocytic receptors, whereas
signaling via phagocytic receptors can also influence TLR signaling, revealing the existence
of receptor cross-talk between TLRs and phagocytic PRRs (Underhill and Gantner 2004). This
interaction is reflected in a recent report establishing the functional cooperation between TLR2
and LOX-1 in eliciting maximal macrophage activation in response to outer membrane protein
A from the cell wall of Klebsiella pneumoniae, providing evidence to support the concept that
these PRRs collaborate (Jeannin et al. 2005). In addition, our recent studies have revealed that
TLR2-dependent signals regulate microglial LOX-1 expression in response to S. aureus
(Kielian et al. 2005a). Collectively, the cross-talk between TLR2/CD14-dependent signaling
of pro-inflammatory mediators coupled with bacterial phagocytosis via MSR and/or LOX-1
would ensure the establishment of maximal antibacterial immune responses aimed at pathogen
elimination from the CNS.

Astrocytes play a pivotal role in the type and extent of CNS inflammatory responses. These
cells probably play an important role in the initial recruitment and activation of peripheral
immune cells into the CNS during neuroinflammation through the production of several
cytokines and chemokines (Benveniste 1997; Dong and Benveniste 2001). Astrocytes have
recently been shown to express TLR2 (Bsibsi et al. 2002; Bowman et al. 2003; Esen et al.
2004; Carpentier et al. 2005) and, although these cells are capable of responding to the well
characterized TLR2 ligand PGN (Bowman et al. 2003; Esen et al. 2004), the functional
significance of this receptor was not directly demonstrated until recently. Using primary
astrocytes from TLR2 KO and WT mice, we have shown that TLR2 plays a pivotal role in the
recognition of S. aureus and PGN, and in subsequent cytokine and chemokine expression by
astrocytes (Esen et al. 2004). Interestingly, the production of these pro-inflammatory mediators
was only partially attenuated in TLR2 KO astrocytes, suggesting that, similar to microglia,
alternative receptors are also involved in bacterial recognition.
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The implications of TLR2-dependent glial cell activation in the context of brain abscess are
probably several-fold. First, parenchymal microglia and astrocytes may be involved in the
initial recruitment of professional bactericidal phagocytes, such as neutrophils and
macrophages, into the CNS through their elaboration of chemokines and pro-inflammatory
cytokines. Second, activated microglia have the potential to influence the type and extent of
antibacterial adaptive immune responses through their up-regulation of MHC class Il and co-
stimulatory molecule expression. Third, if glial activation persists, the continued release of
pro-inflammatory mediators could damage surrounding normal brain parenchyma through
bystander injury mechanism (see below). The continued use of various PRR transgenic and
KO mice for in vivo studies should facilitate our understanding of immune mechanisms
contributing to brain abscess pathogenesis.

Role of TLR2 in S. aureus-induced brain abscess

TLR2 has been shown to play an important role in the host immune response to Gram-positive
bacterial infections in the periphery (Takeuchi et al. 2000) and, to some extent, this receptor
dictates the ensuing host antibacterial response in Streptococcus pneumoniae meningitis
(Echchannaoui et al. 2002; Koedel et al. 2003). However, before our studies the functional
role of TLR2 in the context of a CNS parenchymal infection, such as brain abscess, had not
been examined and may differ from that of meningitis based upon the highly focal nature of
lesions in the former. Therefore, we evaluated the expression of numerous pro-inflammatory
mediators previously determined to be pivotal for the host immune response during the acute
phase of brain abscess development to ascertain whether defects in CNS bacterial recognition
were evident in TLR2-deficient animals (Kielian et al. 2001, 2004). The kinetics of pro-
inflammatory mediator production, including TNF-a, IL-1f3, MIP-2 and inducible nitric oxide
synthase, was delayed in TLR2 KO mice compared with WT animals, with lower levels of
mediators in the KO mice during the acute stage of disease (Kielian et al. 2005b). Despite these
differences, TLR2 did not play a significant role in controlling the extent of infection in brain
abscess, with similar bacterial titers observed between TLR2 KO and WT animals, suggesting
receptor redundancy for S. aureus neutralization in the CNS (Kielian et al. 2005b).
Interestingly, the inflammatory phenotype detected in TLR2 KO mice was nearly identical to
that observed in CD14 KO animals (T. Kielian, unpublished observation), strongly suggesting
that these two receptors may cooperate in a multireceptor complex to facilitate pathogen
recognition and the subsequent shaping of the inflammatory milieu during the acute stage of
infection.

Innate and adaptive immunity are linked and recent evidence demonstrates that TLR-dependent
signaling leads to the initiation of adaptive immune responses (Hoebe et al. 2004; Pasare and
Medzhitov 2005). Of particular interest in our brain abscess studies with TLR2 KO mice was
the significant induction of the T cell-derived cytokine IL-17 in brain abscesses of KO mice
compared with WT animals (Kielian et al. 2005b). Because we detected elevated IL-17 levels
in TLR2 KO mice during the early stages of primary infection, attributing cytokine production
to memory T cells appears unusual as animals had not been previously infected with S.
aureus. It is intriguing to speculate that increased IL-17 production in TLR2 KO animals
represents a compensatory mechanism to counteract the observed delay in the production of
neutrophil-attracting chemokines, because IL-17 is a potent stimulus for the production of these
chemoattractants (Witowski et al. 2000; Maertzdorf et al. 2002; Ruddy et al. 2004). In addition,
IL-17 has been shown to be pivotal in the establishment of antimicrobial immunity because
IL-17 KO mice are more susceptible to systemic bacterial infections (Ye et al. 2001; Chung
et al. 2002, 2003). Currently, the biological implications of raised IL-17 levels in brain
abscesses of TLR2 KO mice and how the loss of TLR2 leads to increased cytokine expression
are not known, but these issues represent an area of active investigation in our laboratory.
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Based upon the work presented here, in conjunction with recent studies revealing that the
responses of CD14-deficient mice are nearly identical to those observed in TLR2 KO animals
(T. Kielian, unpublished results), we propose that these two PRRs are involved in a
multireceptor complex that regulates pro-inflammatory mediator release during the acute stage
of brain abscess. However, our findings also revealed that additional PRRs are responsible for
bacterial containment because S. aureus burdens were not affected in TLR2 KO mice. Logical
candidates include the phagocytic PRRs MSR and LOX-1, which have recently been shown
to collaborate with TLR2 to regulate innate immune responses to various pathogens (Underhill
and Gantner 2004; Jeannin et al. 2005). Interestingly, similar to our findings in S. aureus-
activated microglia, we have found that TLR2-dependent signals influence the extent of LOX-1
induction in the brain abscess model, suggesting possible receptor cross-talk (Kielian et al.
2005b). In addition, CD14 also regulates LOX-1 and MSR levels in brain abscesses, suggestive
of TLR2-CD14 interactions (T. Kielian, unpublished observations). Collectively, these studies
have highlighted an important point, namely that the development of antibacterial immune
responses in the CNS parenchyma cannot be accounted for by the activity of a single receptor,
a concept that has emerged over recent years (Henneke et al. 2001, 2002; Koedel et al. 2003;
Mukhopadhyay et al. 2004).

TLR signaling in bystander CNS Injury

Although the innate immune defense mechanisms are critical for recovery from CNS
infections, these very mechanisms may also extend tissue damage by so-called bystander or
collateral injury. Bystander injury is mediated by inflammatory factors that either are
themselves neurotoxic, or promote the infiltration of leukocytes into the affected area and, in
turn, propagate detrimental inflammatory milieu. Consequently, the ultimate outcome of an
infectious insult is determined by a dynamic balance between accelerated pathogen elimination
and augmented injury of CNS tissue.

As already mentioned in the previous section, bystander injury may be an important event in
the pathology of brain abscesses. For example, cell wall fragments such as PGN and LTA, as
well as bacterial DNA released from dead/dying organisms within the necrotic abscess,
probably persist long after the elimination of viable bacteria. These PAMPs can serve as
agonists for TLR2- and TLR9-mediated activation of resident glia, i.e. microglia and
astrocytes, as well as infiltrating leukocytes. In essence, the continued presence of S. aureus
PAMPswould lead the CNS innate immune cells to perceive the presence of an active infection,
resulting in the persistent production of pro-inflammatory mediators that are capable of
exerting neurotoxic effects in chronic brain abscesses.

Viral infections of the CNS pose the serious risk of neural tissue damage and consequently to
devastating neurological dysfunction. It is highly probable that bystander injury mediated
through TLRs and/or other PRRs plays a decisive role in many, if not all, of these conditions.
A potential mechanism entails the shedding of viral components from infected target cells. The
viral components are recognized by neighboring glial cells and trigger focal inflammatory
reactions that damage neural tissue. Such a mechanism has been proposed for the pathology
of human immunodeficiency virus (HIV)-1-associated neurological dysfunction (neuro-AIDS)
(Nathanson et al. 1994; Haughey and Mattson 2003). In this condition invading macrophages
and resident microglia are the principal cells infected with HIV-1, but their number is relatively
low compared with the extent of inflammation and neurodegeneration (Kure et al. 1990; Budka
1991). Moreover, neuronal loss results from bystander injury by a host of neurotoxic agents
generated by glial cells (Lipton 1991; Genis et al. 1992; Wesselingh et al. 1993). Consequently,
the likely scenario features the amplification of pro-inflammatory reactions by glial cells in
response to viral components released from infected macrophages/microglia.
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Double-stranded RNA is of a particular interest as a putative pro-inflammatory viral
component, because most viruses either contain dsSRNA structures within their genomes or
generate dsRNA during their replication cycle (Jacobs and Langland 1996), and because
dsRNA is a potent stimulant of innate immunity (Kopp and Medzhitov 1999; Akira et al.
2001). Once released, the extracellular dSRNA exerts its pro-inflammatory action through the
engagement of TLR3 (Alexopoulou et al. 2001). The ligand-receptor binding triggers the up-
regulation of pro-inflammatory cytokines as well as antiviral and secondary pro-inflammatory
genes (Kawai et al. 2001; Doyle et al. 2002). TLR3 is expressed by microglia and astrocytes
in the brain (Bsibsi et al. 2002) and in culture (Olson and Miller 2004; Carpentier et al.
2005; Farina et al. 2005; Scumpia et al. 2005). Interestingly, cultured human fetal astrocytes
feature preferential expression of TLR3 over other TLRs (Farina et al. 2005). The expression
of TLR3 is also profoundly up-regulated within multiple sclerosis lesions (Bsibsi et al. 2002)
strongly buttressing the role of TLR3 in the pathology of this neurodegenerative disease that
is believed to feature viral etiology (Fazakerley and Walker 2003; Scarisbrick and Rodriguez
2003). In the experimental setting, intraventricular administration of dsSRNA induces chronic
activation of glia in rat brain characterized by the expression of MHC class 11 in microglia, and
the expression of pro-inflammatory IL-1p in astrocytes (Melton et al. 2003). Moreover,
stimulation of glial cells with dsSRNA up-regulates the expression of several cytokines,
chemokines and co-stimulatory molecules, and the generation of nitric oxide (Olson and Miller
2004; Carpentier et al. 2005; Konat et al. 2005; Scumpia et al. 2005). In addition, secondary
structures of cellular RNA are also potent activators of TLR3 (Kariko et al. 2004).
Consequently, cellular RNA released from cells damaged in the course of microbial infection
may be an ancillary agent to further promote bystander injury.

Conclusions

The presence of an array of TLRs and other PRRs in astrocytes provides a mechanism by which
this major glial cell type can respond to disparate microbial pathogens and promote
inflammation within the CNS. Furthermore, the ability of microbial motifs and/or
inflammatory mediators to induce a broad up-regulation in the expression of multiple PRR
types and to elicit synergistic immune responses has important implications. A scenario might
be envisioned in which exposure of an astrocyte to microbial products or an inflammatory
environment sensitizes that cell to further assault and enhances its ability to mount an immune
response. As such, initiation of astrocyte immune functions via these PRR receptors is likely
to be an important component of the pathologies of inflammatory CNS disorders such as
meningitis and central nervous complications of sepsis. The studies performed to date in the
mouse experimental brain abscess model have begun to elucidate the roles of TLR2 and
alternative PRRs in disease pathogenesis and their effects on cytokines, which play a pivotal
role in the generation of CNS antibacterial immune responses. However, there are numerous
issues that remain to be resolved regarding the role of PRRs in the evolution of brain abscess.
For example, the formation of a multireceptor PRR complex to facilitate efficient recognition
of S. aureus in the brain has yet to be demonstrated directly. In addition, the mechanism(s) by
which TLR2 influences the initiation of antibacterial adaptive immune responses in brain
abscesses remain to be elucidated. Moreover, one should also be aware that PAMPs released
during various stages of infection may augment inflammatory reactions and further extend
CNS tissue damage through bystander injury mechanisms. Therefore, an understanding of
mechanisms that govern TLR signaling in glial cells will undoubtedly facilitate the design of
effective therapeutic regimens for CNS infections that would be capable of pathogen
elimination without the destruction of surrounding brain parenchyma.
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Fig. 1.

Two branches of TLR downstream signaling. All TLRs with the exception of TLR3 signal
through the myeloid differentiation factor 88 (MyD88)-dependent pathway (red arrows). Upon
ligand binding the cytoplasmic domain of TLRs, called the TIR domain, associates with an
adaptor molecule, MyD88. The complex recruits IL-1 receptor-associated kinase (IRAK) that
undergoes autophosphorylation, dissociates from the TLR signaling complex, and associates
with TNF receptor-associated factor 6 (TRAF6). This association leads to the activation of NF-
«B and MAPK that, in turn, up-regulate the expression of a core set of pro-inflammatory
cytokine genes. In addition to this MyD88-dependent pathway, TLR3 and TLR4 signal in a
MyD88-independent manner (blue arrows) through the recruitment of another adapter
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molecule, the TIR domain-containing adaptor inducing IFNB (TRIF). TRIF activates the
interferon regulatory factor (IRF)-3 that up-regulates the expression of the IFNp gene. TRIF
also interacts with TRAF6 leading to the activation of NF-kB and MAPK, and consequently
to up-regulated expression of cytokine genes.
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