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Abstract

The key roles of toll-like receptors (TLRs) as mediators of the detection and responses of immune
cells to invading pathogens are well known. There are at least 13 mammalian TLRs which are integral
membrane proteins with a leucine-rich extracellular domain and a cytoplasmic domain similar to that
of the interleukin-1 receptor which initiates downstream signaling through kinases to activate
transcription factors such as AP-1 and NFxB. TLRs are activated in glial cells (microglia, astrocytes
and oligodendrocytes) and lymphocytes that infiltrate the nervous system in response to inflammation
caused by infectious agents, tissue injury or autoimmune conditions. By inducing the production of
pro-inflammatory cytokines and cell adhesion molecules in immune cells, TLRs may indirectly
damage neurons in conditions such as ischemic stroke and multiple sclerosis. Recent findings suggest
that neurons also express a subset of TLRs and that their activation promotes neuronal degeneration
in experimental models of stroke and Alzheimer’s disease. TLRs may also play roles in regulating
the processes of neurogenesis and neurite outgrowth, suggesting roles in neuronal plasticity. A better
understanding of the molecular and cellular biology of TLRs in the normal and diseases nervous
system, may lead to novel approaches for preventing neuronal degeneration and promoting recovery
of function in an array of neurodegenerative conditions.
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1. Introduction

Toll-like receptors (TLRs) are transmembrane pattern-recognition receptors (PRRs) that
initiate signals in response to diverse pathogen-associated molecular patterns (PAMPS) 1 The
involvement of Toll receptors in innate immunity was first described in Drosophila in 1988
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by Hashimoto and colleagues 2 Following the description of Drosophila Toll in host defense
against fungal infection, a mammalian homologue was identified 3 which recognizes
lipopolysaccharides (LPS), a major cell wall component of gram-negative bacteria 4,
Subsequently, a family of proteins structurally related to Drosophila Toll was identified,
collectively referred to as TLRs. Depending on their arrangement as either homo- or
heterodimers, each TLR complex recognizes distinct PAMPSs derlved from various
microorganisms, including bacteria, viruses, protozoa and fungl

TLRs are expressed in a variety of mammallan immune-related cell types such as B ceIIs
mast cells &, NK cells 7 recigulatory T cells 8 , macrophages, monocytes, dendritic cells 9
neutro hils 10 basophlls as well as non-immune cells such as epithelial 11 and endothellal
cells 12, TLRs are also present inthe bram where, until recently, their expression was believed
to be limited to microglia 13 astrocytes 4 and oll%odendrocytes 15 .Recentfindings, however,
suggest that neurons express at least some TLRs 6 While TLRs mediate immunity in
Drosoph|Ia17, they were initially identified based on their role in establishing embryonic
dorso-ventral polarity during body axis development 18 This implies a wider range of
functionality than purely innate immunity. Indeed, TLRs have been implicated in several non-
i2rT21mune processes, such as bone metabolism 19 neurogenesis 20 and brain development 21,

Until recently, TLRs have been examined predominantly for their contribution to immune-
related disorders. However, cumulative evidence suggests that TLRs not only contribute to
pathophysiology, but also play a vital role in facilitating neurodegenerative conditions. This
review summarizes our current knowledge of the role of TLRs in the pathogenesis of brain
disorders such as ischemic stroke, Alzheimer’s disease and multiple sclerosis, as well as the
therapeutic potential of TLR intervention in such diseases.

2. Toll-Like Receptors

TLRs are major PRRs that have a central role in the initiation of innate immunity against
invading microbial pathogens. These single membrane spanning proteins bear a leucine-rich
extracellular domain, through which they recognize PAMP, and a cytoplasmic Toll/IL-1
Receptor (TIR) domaln similar to that of the interleukin-1 receptor (IL-1R), which initiates
downstream S|gnaI|ng . Each TLR by itself or in combination with other TLRs recognize
distinct PAMPs that include lipids, lipoproteins, nucleic acids and proteins. TLRs are
ubiquitous, present both in immune and non-immune cells, and their expression is rapidly
altered in response to pathogens, cytokines and environmental stressors 23, Members of the
TLR family and its signaling pathway components are alternatively spliced, producing proteins
that have the potential to functionally alter inflammatory outcomes 24 Thus far alternative
splicing has been demonstrated only for TLR4, but it is plausible that other TLR family
members are alternatively expressed, as well as their signaling partners.

Thus far, 11 human and 13 mouse TLRs have been identified. TLRs rely on receptor
dimerization to achieve specificity in agonist recognition. Although most TLRs appear to form
homodimers, TLR2 only forms heterodimers with TLR1 and 6 as well as with CD36. TLRs
may be segregated into groups based on the specific PAMPs they recognize. For example,
TLR1, 2, 4 and 6 recognize lipids. TLR4 predominantly recognizes lipopolysaccharides (LPS)
from gram-negative bacteria. TLR2 dimerizes with TLR1 to recognize triacylated lipopeptides
from bacteria, such as Pam3Csk4, or with TLR6 to respond to a variety of PAMPs including
peptidoglycan, diacylated lipopeptides such as Pam2CSK4, lipopolysaccharides of gram
positive bacteria, fungal zymosan and mucoplasma lipopeptides. TLR10, expressed only in
humans is also thought to heterodimerize with TLR2 and TLR1 23 The second class of TLRs
includes TLR5 and TLR11, which are activated in response to protein ligation. TLR5 is mainly
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expressed in the intestine where it senses bacterial flagellin protein 25 TLR11 recognizes an
unknown ligand of uropatho%enic bacteria and a profiling-like molecule of the protozoan
parasite Toxoplasma Gondii 3. TLR3,7,8and 9 comprise the third group in the TLR family,
and are localized intracellularly, where they are ideally positioned for activation by nucleic
acids of bacterial and viral origin. TLR3 is activated in response to double stranded RNA
(dsRNA) of viral origin. Human TLR8 and its murine orthologue, TLR7, recognize
imidazoquinoline and viral sSSRNA. TLR9 recognizes unmethylated CpG dinucleotides found
in bacteria as well as viral genomes.

In addition to the numerous exogenous ligands that activate the different TLRs, endogenous
TLR ligands have been identified in recent years. Endogenous TLR ligands include low
molecular weight hyaluronic acid (HA), fibrinogen, fibronectin, beta defensins and heparin
sulphate proteoglycans 26, During tissue injury or proteolysis, extracellular matrix components
undergo cleavage, gaining the ability to act as TLR ligands, thus initiating TLR signaling. For
example, high molecular weight HA is cleaved to low molecular weight HA, which
subsequently binds TLR2 or 4 and activates TLR signaling cascades. Heat shock proteins,
released from stressed cells, may also activate TLR4 27 1n this way innate immune
inflammatory responses may be activated without the presence of invading pathogens 28,

3. Toll-Like Receptor Signaling

Functional TLR signal transduction is complex and relies on receptor dimerization as well as
the presence of accessory proteins and co-receptors, which regulate the signaling pathways
initiated by each receptor. After recognition of PAMPs, TLRs activate the signaling
components which results in appropriate immune responses required for host defense. The
cytoplasmic region of TLRs shares a stretch of Toll/IL-1 receptor (TIR) domain, which
mediates homo- and heterophilic interactions between TLRs and TIR-containing adapters.
TLRs recruit a set of adaptor proteins with TIR domains by homophilic interaction of their TIR
domains. The signaling pathways activated by TLRs are broadly classified into myeloid
differentiation factor 88 (MyD88)-dependent and independent pathways as MyD88 is the
universal adapter protein recruited by all TLRs except TLR3 1

Upon receptor activation and interaction with MyD88, one or more TIR-containing adapter
proteins TIRAP/Mal (TIR-domain-containing adapter/MyD88 adaptor-like), TICAM1/TRIF
(TIR-domain-containing adaptor molecule 1/TIR-domain-containing adaptor-inducing
interferon-y) and TRAM (TRIF-related adaptor molecule) are recruited along with IL-1R-
associated kinases (IRAK)-1, 2, 3, 4 or (M) (see figure 1). Once phosphorylated, IRAKS
dissociate from MyD88 and interact with TNF receptor-associated factor 6 (TRAF6). TRAF6
forms a complex with Ubc13 and Uev1A to promote the synthesis of lysine 63-linked
polyubiquitin chains, which in turn activate transforming growth factor p activated kinase 1
(TAK1), a mitogen-activated protein kinase kinase kinase (MAPKKK) 9 TAKL, in
combination with an activator subunit TAB1, TAB2 or TAB3, activates two downstream
pathways involving the IKK complex and the MAPK family (ERK, JNK or p38). The IKK
complex, composed of the catalytic subunits IKKa and IKKp and a regulatory subunit IKKy,
catalyzes the phosphorylation of IxB proteins 30, This phosphorylation leads to the degradation
of IkBs and the subsequent nuclear translocation of the transcription factor nuclear factor kappa
B (NFxB). Members of the MAPK family phosphorylate and activate the transcription factor
activator protein 1 (AP-1). Activation of the transcription factors NFkB and AP-1 results in
expression of pro-inflammatory cytokines such as interleukin (IL)-6, IL-1 and tumor necrosis
factor (TNF)-o.

Most of the TLRs seem to be absolutely dependent on the expression of MyD88 for all of their
functions, whereas TLR3 and TLR4 are capable of signaling through a MyD88-independent
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pathway (see figure 1). Both TLR3 and TLR4 are unique from other TLRs by their ability to
activate Interferon Regulatory Factor 3 (IRF3). Following TLR4 activation, a MyD88-
independent pathway can be activated when TRIF is recruited in concert with TRAM. This
culminates in MAPK signaling, activation of the transcription factors NFkB and IRF3 and
production of type-I interferon (IFN) production. TRIF-dependent signaling following TLR3
activation acts through recruitment of the IKKs TBK1 and IKKe which activate IRF3 31
Alternatively, TLR3 may activate IRF2 through TRIF-dependent activation of
phosphatidylinositol 3-kinase and AKT 32, Exceptionally, MyD88-dependent signaling of
TLR7, TLR8, and TLR9 can also induce type | IFN production 1

4. Toll-Like Receptors in the Nervous System

Microglia

TLRs have traditionally been considered receptors expressed solely on antigen presenting cells
of the immune system such as B cells, dendritic cells, monocytes and macrophages, where they
mediate innate immunity. It is increasingly clear, however, that nearly all cells within the body
express TLRs, including those within the CNS. This section will focus on the role of TLRs in
different brain cell types such as microglial cells, astrocytes, oligodendrocytes and neurons.

Microglial cells are bone marrow-derived macrophage-like cells that are resident within the
CNS. Constituting about 10% of the adult CNS, they mediate neuronal immune interactions
under both physiological and pathological conditions 3.A large body of evidence concluded
that microglial cells express a wide repertoire of TLRs in addition to their adapter proteins,
required for functional downstream TLR signaling. Microglia express a wide array of TLR
MRNA in both mice 13 and humans 13, A recent study by Jack and colleagues showed that
TLR1-9 are expressed in microglia, whereas TLR10 is not 34 Assimilar pattern of expression
was shown by Bsibsi and colleagues. 15 Interestingl¥, a large variation in expression of TLRs
2, 3 and 4 is noted between different human donors 1°. Upon activation, TLR mRNA and
protein expression is increased in microglia. For example, Kielian and colleagues 35 showed
that upon stimulation with TLR ligands such as LPS, peptidoglycan (PGN) or the gram-
negative bacteria S. aureus, the expression of TLR2 mRNA and protein and MyD88 protein
levels were elevated. Microglial cells are the key defense against invading pathogens within
the CNS, and it is not surprising, therefore, that activation of these cells, either by a single type
of ligand or a combination of ligands, leads to secretion of a milieu of cytokines and
chemokines. For example, TLR4 stimulation on human microglia with LPS results in secretion
of the proinflammatory cytokines TNF-o and IL-6 36, 37 a5 well as the anti-inflammatory
cytokine IL-10 38, Further, human microglia are stimulated in response to the TLR 3 ligand
poly I:C to produce IL-12, TNFa, IL-6, chemokine (C-X-C motif) ligand 10 (CXCL-10), IL-10
and IFNB 34,39 stimulation of TLR2 results predominantly in the secretion of IL-6 and IL-10
j’j In addition, stress conditions such as hypoxia enhance TLR expression in microglia 40,

Although there is convergence in the signaling cascades initiated by different TLRs, there exists
large diversity in the functional responses to TLR activation. In a recent study, Zuiderwijk-
Sick and colleagues 42 found that microglia differentiated with macrophage colony stimulating
factor express higher amounts of TLR8 encoding mRNA and protein compared to cells
differentiated with granulocyte macrophage colony stimulating factor. As a result, these cells
secrete higher amounts of proinflammatory cytokines in response to TLR8 activation. This
opens the possibility that in response to different stimuli, microglial cells are capable of
pathogen-specific responses. A similar phenomenon occurs following microglial activation of
CD4 T cells #3. TLR3-activated glial cells induce TH1 polarization and IFNy secretion of CD4
T cells without affecting their proliferation. In-contrast, TLR2 and 4 activated glial cells
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decrease glial Major Histocompatibility complex class 11 expression and depress CD4 T-Cell
proliferation.

TLR signaling in microglia may have a role in cell death and survival following inflammatory
activation. TLR4, but not TLR2, ligation sensitizes microglia to apoptosis via autocrine/
paracrine IFNP production 44 1n addition, Lehnardt and colleagues 45 recently described a
cooperation between TLR2 and caspase-8 in group B streptococcus (GBS) induced apoptosis.
GBS overactivation of microglia cells induced apoptosis that was TLR2-MyD88 but not nitric
oxide (NO) or caspase-3 mediated. In a similar manner, Arvalli and colleagues 46 showed that
inhibition of TLR2 signaling blocked apoptosis of microglial cells incubated with herpes-
simplex virus (HSV)-1. These studies suggest a paradigm in which auto-regulation of the innate
immune system exists in the CNS which helps to prevent excessive inflammation during
pathogen infection. In contrast, a recent study suggested a possible neuroprotective role for
TLR4 signaling in microglia, as LPS was shown be responsible for induction of NFkB
independent/ INK-mediated GDNF gene expression 47,

Similar to microglial cells astrocytes exhibit a wide expression of these receptors. mMRNAs for
TLRs 1-7,9and 10, are detectable in human primary astrocytes cultures shown to be microglia-
free using astrocyte-specific GFAP staining.34 Murine astrocytes express TLR1-6 mRNA, and
produce pro-inflammatory cytokines when stimulated by their respective Iigamds.14 However,
these data still require further confirmation using single-cell PCR to exclude contaminating
microglia as a source of TLR mRNA.

Several cytokines and chemokines are reportedly produced following TLR activation in
astrocytes. Both cytokines and TLR agonists induce expression of chemokine (C-C motif)
ligands (CCL)2, CCL3, CCL5, ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1). In
addition, LPS as well as Poly I:C induce stronger expression of TLRs 4 and 3 respectively.
Moreover, LPS and Poly I:C induce production of IL-6, TNF-a, IFN- o4, IFN-B and iNOS that
is even stronger than induced by cytokine activated astrocytes 48, Poly I:C activation also
induces production of CXCL-10 34 When astrocytes are activated with dsRNA and LPS in
parallel, they secrete IL-1a, IL-1B, IL-6, TNF-0, GM-CSF, LTP and TGF-B3 cytokines while
MIF secretion is inhibited. This type of activation has no effect on IL-2, IL-3, IL-4, IL-5, IL-10,
TGF-B1, TGF-B2, TNFB and IFN-y secretion 49, However, this study did not exclude the
possibility of microglial contamination of the cultures, implying that at least some of these
cytokines may be microglial derived. Recently, statins were found to be involved in enhancing
TLR4-mediated ce)/tokine expression; Rho proteins mediate negative feedback inhibition of
TLR4 signaling S0, Endogenous ligands are also responsible for TLR activation in astrocytes.
TLR2 activation with soluble CD14 results in CXCLS8, IL-6 and IL-12p40 cytokine production.
Interestingly, in contrast to LPS-treated astrocytes, this type of activation does not induce
secretion of the pro-inflammatory cytokines TNF-a and IL-1p 51

Human astrocytes constitutively express high levels of TLR3 and TLR adaptor molecules such
as MyD88, TIRAP/Mal and TICAM-1/TRIF 52, although the TRIF branch of TLR4 signaling
is inactive 49. Consistent with this, stimulation of human astrocytes with pro-inflammatory
cytokines or TLR agonists induces a selective Lgaregulation of TLR3, implicating a key role
for MyD88-independent signaling in astrocytes 3 Further, upon TLR3 activation, a collection
of mediators produced by astrocytes themselves contribute to astrocyte growth inhibition,
endothelial cell growth inhibition and survival of neurons in organotypic brain slice cultures
53 This suggests that astrocytes express TLR3 in response to neuroinflammation, which may
mediate neuroprotection when activated.
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While TLR expression and signaling in astrocytes has been reported by several labs, potential
microglial contamination of astrocytic cultures can taint these results. Indeed, some labs have
been unable to show TLR mRNA expression in human astrocytes. 54 |tis therefore a necessity
to provide stronger evidence for specificity in astrocyte responses to TLR activation. Since
even 1% of contaminating glial cells can affect results obtained by PCR, this can be achieved
by using single-cell PCR or alternatively through separation of astrocytes using magnetic beads
followed by measurement of protein levels.

Oligodendrocytes

Neurons

Compared to other cell types, very little is known regarding the expression and function of
TLRsin oligodendrocytes. The first report on TLRs in these cells was made by Bsibi and
colleagues > showing the predominant expression of TLR2 and 3. Evidence for TLR2
expression on oligodendrocytes was confirmed by Lehnardt and colleagues 55 While the exact
role of TLR2 in oligodendrocytes is unknown, evidence suggests that activation of this receptor
is involved in CNS repair. Oligodendrocyte precursor cells transplanted into adult rat retina
and activated with the TLR2 ligand zymosan induce inflammation-mediated remyelination
56 This provides a possible neuroprotective role for TLR2 mediated signaling by
oligodendrocytes by enhancing myelination of neurons in the CNS. Another report indicated
the involvement of TLR signaling in oligodendrocytes during damage repair after spinal cord
injury 57 TLR2 knock-out mice or mice with a loss of function mutation on TLR4 exhibit
reduced myelination following spinal cord injury, suggesting that the presence of these
receptors is necessary for proper remyelination. In contrast, a recent study revealed differential
effects of intraspinal microinjection of TLR4 (LPS) and TLR2 (zymosan) ligands, and
suggested that TLR2 activation is not always neuroprotective 58, Following LPS injection,
oligodendrocyte progenitor cell (OPC) proliferation was significantly augmented, even
exceeding lysolethicin, a positive regulator of OPC proliferation. In contrast, zymosan injection
induced complete oligodendrocyte loss without OPC proliferation. In this model, zymosan also
evoked delayed lesion expansion and demyelination of intact myelinated axons around the
lesions. The seeming contradiction between the effects of LPS and zymosan on
oligodendrocytes in different models is yet to be settled, and more research is necessary on the
expression and functionality of TLRs in oligodendrocytes.

During the past 4 years, evidence for the neuronal expression of TLRs has increased, suggesting
a role for this receptor family in neurons during physiological as well as pathological
conditions. Human NTera2 (NT-2) cells, a transformed teratoma forming cell line with a
neuronal-like phenotype, express mRNA for TLR1, 2, 3, and 4 59, We have recently shown
the expression of the mRNA for TLRs1-9 as well as protein levels of TLR 2, 3 and 4 in rat
primary neuronal cultures 16 Another recent report showed TLR1-8 mMRNA expression in
neurons in vivo©0. In addition, TLR2 and 6 proteins were shown to be expressed in murine
neurons in vivo under physiological conditions. TLR 2, 4, 6, 7 and 8 protein expression is
induced following infection in a parasitic model of neurocysticercosis 60 \Wadachi and
colleagues found that both human and rat sensory nociceptive neurons co-express TLR4 and
CD14, sugforting the hypothesis that LPS might activate these neurons via TLR4/CD14
complex °+. Another recent study provided evidence that neurons from both the central and
peripheral nervous systems express TLR3 and that it is concentrated at the growth cones of
neurons °<,

Inadditionto itsrole in brain diseases (see below), it is now known that neuronal TLR activation
plays a role in development. The TLR3 ligand Poly I:C induces collapse of growth cones and
irreversibly inhibits neurite extension of cortical and hippocampal neurons following their

extraction from E14 embryos, independently of NFkB, an effect not apparent in TLR3 knock
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out mice. Our recent study found that treatment of cultured embryonic cortical neurospheres
with a TLR3 ligand significantly reduced proliferating (BrdU-labeled) cells and neurosphere
formation, whereas NPC from TLR3-deficient embryos formed greater numbers of
neurospheres compared to neurospheres from wild-type embryos. Numbers of proliferating
cells, as assessed by phospho histone H3 (PH3) and proliferating cell nuclear antigen (PCNA)
labeling, were also increased in the developing cortex of TLR3-deficient mice compared to
wild-type mice in vivo. Our findings revealed a novel role for TLR3 in the negative regulation
of NPC proliferation in the developing brain (Lathia et al., 2008, submitted). Similarly, the
TLR8 agonist, R848, inhibits neurite outgrowth and induces neuronal apoptosis in mouse
cortical cultures 22. A distinct difference is apparent between the effects of TLR activation in
differentiated neurons and neuronal progenitor cells. Recently published work by Rolls and
colleagues described the effects of TLR2 and 4 on neuronal differentiation 20 Both TLR2 and
TLR4 are expressed on adult neural stem/progenitor cells; however a dichotomy exists between
TLR2 and 4 in regard to neuronal differentiation. While TLR2 deficiency impairs hippocampal
neurogenesis, the absence of TLR4 results in enhanced proliferation and neuronal
differentiation [44]. In addition, TLR2 and TLR4 both were shown to modulate the self renewal
and cell fate of neuronal progenitors. These processes are mediated by MyD88 and NF«kB
signaling pathways. However, TLR signaling through NF«B is specific to neuronal progenitor
cells, and the signaling mediators of TLR activity in differentiated neurons remain unknown.
An issue disregarded by many groups studying neuronal damage in neurodegenerative
disorders is the effect of different TLR ligands on neurons both in vitro and in vivo. The inability
of neurons to respond to the classical TLR ligands such as LPS (TLR4) or Pam3CSK4 (TLR2),
questions the functionality of TLRs in these cells. It is possible that neuronal TLRs respond to
endogenous ligands but not pathogen-derived ligands. Structural studies of different neuronal
TLRs may provide an answer for this question.

5. Toll-Like Receptors in Neurodegeneration

Although TLRs are traditionally considered to respond to invading pathogens, they can be
activated in the absence of microbial infection ©3 and regulate neurogenesis <V. Studies
examining inflammatory markers in normal brain aging have also suggested a dynamic
regulation of TLRs with advancing age. Aging is associated with increased secretion of pro-
inflammatory cytokines, whereas levels of the anti-inflammatory cytokines decrease 64,65,
Further, aged human brains exhibit upregulated transcription of pro-inflammatory genes 66,
Perhaps not surprisingly, TLR gene transcription also changes profoundly with age 67
suggesting these receptors may participate in both normal aging and age-related disease. In
this section we discuss the role of TLRs in brain diseases such as ischemic stroke, Alzheimer’s
disease, multiple sclerosis and in other neurodegenerative conditions.

5.1 Role of TLRs in ischemic stroke

The ability of TLRs to mediate inflammatory responses in immune cells suggests their
involvement in inflammatory responses and ischemia-induced neuronal damage. Expression
studies confirm that cerebral ischemia results in the upregulation of mMRNA for TLR2, TLR4
and TLR9 in mouse CNS 68, Further, mice lacking TLR2 or TLR4 exhibit reduced infarct size
compared to wild-type mice following cerebral focal ischemia injury 68, 69, Inflammatory
responses play a crucial role in cerebral ischemic injuries; however the complex array of
mechanisms and the precise role of TLRs in mediating neuronal damage remain vague.

The first direct study identifying a role for TLR4 in ischemia/reperfusion injury following
middle cerebral artery occlusion (MCAO) utilized TLR4 mutant mice 69 In these mice, the
intracellular region of TLR4 bears a point mutation rendering it unresponsive to LPS 70 TLR4
mutant mice exhibit improved neurological behavior and reduced edema as well as reduced
levels of pro-inflammatory cytokine secretion to the serum such as TNF-o and IL-6 following
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MCAO. Similar results were reported in a model of global cerebral ischemia/reperfusion (I/R)
model and using TLR4 mutant mice 71 Global cerebral I/R elevated TLR4 expression,
resulting in activation of NF-xB pathway and release of the pro-inflammatory cytokines TNF-
a and IL-6. TLR4 mutant mice, however, exhibited decreased neuronal damage and apoptosis
and a concomitant reduced secretion of pro-inflammatory cytokines. Further, instead of NF-
kB, the AKT-GSK3-p survival pathway is activated in TLR4 mutant mice, suggesting its
possible role in the beneficial outcome following ischemic stroke in TLR4 deficient animals.
Likewise, a TLR4 mutation confers protection against MCAO and retinal ganglion cell
axotomy 2, Following MCAO, loss of TLR4 function is associated with reduced expression
of p38, INK and ERK1/2 and iNOS in damaged neurons, suggesting the necessity of TLR4 in
MCAOQ injury.

Another recent study by Caso and colleagues 73 showed that TLR4-deficient mice had lower
infarct volumes and better outcomes in neurological and behavioral tests. Mice that lacked
TLR4 had minor expression of stroke-induced IRF-1, inducible nitric oxide synthase, and
cyclooxygenase-2 (COX-2), mediators implicated in brain damage. The levels of IFN-B and
of the lipid peroxidation marker malondialdehyde were also lower in brains from TLR4-
deficient mice than in those from control mice. In addition, Caso and colleagues found that the
expression of matrix metalloproteinase-9, which is induced and mediates brain damage, was
also reduced in TLR4 deficient mice after experimental stroke Caso et al., 2007. Similar to
these studies in TLR4 deficient mice, Lehnardt and colleagues 45, 74 found that TLR2 deficient
mice develop a decreased CNS injury compared to wild type mice in a model of focal cerebral
ischemia. TLR2 mRNA is up-regulated in wild type mice during cerebral ischemia and they
found that in ischemic brains, TLR2 protein is expressed in infiltrating lesion-associated
microglia 24 to 72 hours post inchemia. Lehnardt and colleagues concluded that TLR2 in
microglia propagates stroke-induced CNS injury 45,74 n addition to inducing cytokine
production by intrinsic glial cells, recent findings suggest that following a stroke TLRs
upregulates the expression of adhesion molecules that facilitate the infiltration of lymphocytes
into the ischemic brain region which likely contributes to neuronal damage 16 Taken together,
these studies indicate TLR4 signaling modulates the severity of ischemia-induced neuronal
damage and suggests TLR4 as a target of stroke therapy.

The specific role of neuronal TLRs during and following ischemic stroke recently began to
unravel when Tang and colleagues 16 showed the pivotal role of TLR2 and 4 in ischemic brain
injury. Neurons were found to express a broad range of TLRs (1-9) under physiological
conditions. However, as early as one hour after initiation of I/R in vivo, neurons induce a high
expression of TLR2 and 4. This suggests that neurons are the first cells to respond to ischemia
by expressing TLR2 and 4, while 24 to 72 hours following ischemic injury, the expression of
TLR2 is shifted to infiltrating microglia 16,74, Importantly, cortical neuronal cultures from
TLR2 and 4 deficient mice show increased survival after glucose deprivation. This suggests
that the mechanisms mediating ischemic damage, and its prevention in TLR2 and 4 mutant
mice, are not only facilitated by inflammation induced by astrocytes, microglia, macrophages
or infiltrating immune cells, but also by the early activation of TLRs in neurons themselves.

Currently, relatively little is known about the mechanisms of TLRs in brain stroke, and many
basic questions must be answered before a broad picture will emerge. Thus far, studieson TLRs
in ischemic brain stroke have mainly focused on ischemic damage in TLR4 and to a lesser
extent, TLR2, mutant mice. While this approach has provided a first glimpse into the relevance
of TLR signaling in ischemic brain stroke, it has not enabled an understanding of the role of
TLR signaling in specific cell types. This issue is of high importance due to the involvement
of many different cells in the pathology of ischemic brain stroke, e.g: neurons, astrocytes,
microglial, endothelial cells and invading immune cells (see figure 2). One potential strategy
to approach the issue of neuronal TLR signaling is through knocking down neuronal TLRs by
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using a neuron-specific promoter. This is likely to provide a clearer answer to the question
whether TLR signaling in the neurons themselves plays a detrimental role in neuronal damage
following ischemic brain stroke.

5.2 TLRs in Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by gradual
onset and advancement of memory loss and other cognitive deficits. Definitive diagnosis of
AD is based on the presence of extracellular amyloid plagques comprised of neurotoxic amyloid
B-peptide (AB) which is generated by proteolysis of the B-amyloid precursor protein (APP),
and intracellular neurofibrillary tangles composed of hyperphosphorylated insoluble forms of
tau protein 75 Genetic factors that either cause or predispose to AD include mutation in APP
and presenilins 1 and 2 (which cause early-onset autosomal dominant inherited AD) and
polymorphisms in apolipoprotein E (ApoE4 increases the risk of AD). Activation of the innate
immune response by reactive glia is a consistent pathological event in AD. Neuroinflammation
in AD brain is concentrated at sites of AB plaques, which exhibit increased levels of pro-
inflammatory cytokines, complement components and proteases 76,717, AP plaques are
surrounded and infiltrated by activated astrocytes and microglia, which are believed to be the
major source of local inflammatory components )

Neuroinflammation is proposed to play a major role AD pathogenesis, as long term treatment
with non-steroidal anti-inflammatory drugs reduces AD risk and may delay disease progression
78,79, Further, TLR expression is upregulated in the AD brain. A screening of TLRs in murine
models of AD revealed an upregulation of TLR2 and TLR7 transcription levels compared to
wild-type controls 80 TLR2 and 4 expression is increased in the brain of AD patients 81,
Further, multiple TLR genes (1-8) are expressed in microglia in postmortem tissue from AD
patients, with varying levels of expression +2. The increased expression of TLRs in AD
positions them as potential players in neurodegenerative mechanisms and disease progression.

The TLR4 gene has emerged as a candidate susceptibility gene for AD. A common missense
polymorphism occurs at the TLR4 gene locus resulting from an adenine to guanine substitution
896 nucleotides downstream of the transcription start site. This substitution causes the
replacement of glycine for aspartic acid at amino acid 299 (Asp299Gly), and alters the structure
of the extracellular domain of TLR4. This mutation attenuates TLR4 signaling in response to
LPS and diminishes the ability to induce inflammation 82, Accordingly, this polymorphism is
associated with decreased cardiovascular disease and successful aging 83 The Asp299Gly
polymorphism was associated with a decreased risk of late-onset AD in an Italian population
cohort, independent of the susceptibility gene APOE ¢4 84, However, the exact mechanism by
which the Asp299Gly polymorphism mediates neuroprotection and decreases risk for late-
onset AD remains to be elucidated.

In AD brain, activated glia expressing high levels of TLR4 and TLR2 surround A plaques
67,81 The close association between AP plaques and reactive astrocytes and microglia has
led to the assertion that these cells contribute to plague formation 85 APP transgenic mice,
which progressively accumulate Af deposits, exhibit significant increases in TLR4 mRNA
expression compared to wildtype littermates 81, Young APP transgenic mice treated for 12
weeks with LPS (a TLR4 ligand) exhibit high numbers of activated microglia and astrocytes
throughout the neocortex and hippocampus. Further, following LPS treatment there was
significant accumulation of intraneuronal Ap, and these cells were in close proximity to
activated microglia 86,

We have examined the role of TLR4 in AD using primary neuronal cultures from TLR4 mutant
mice 87. AP damages neurons by causing membrane-associated oxidative stress and the
production of the lipid peroxidation product 4-hydroxynonenal (HNE). We found that TLR4

Brain Res Rev. Author manuscript; available in PMC 2010 March 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Okun et al.

Page 10

expression increases during exposure to Ap and the lipid peroxidation product HNE. Further,
JNK and caspase-3 activity levels are augmented in neurons exposed to A and HNE. Selective
elimination of TLR4 function significantly suppresses the abilities of AB and HNE to induce
activation of JNK and caspase-3 87 suggesting that TLR4 expression increases neuronal
vulnerability to Ap-induced damage. Consistent with this, we found that levels of TLR4 are
decreased in AD brain tissue samples compared to control subjects. Taken together, this
suggests that neurons expressing TLR4 have increased sensitivity to Af and are vulnerable to
degeneration in AD.

In addition to epidemiological studies that suggest mutations in TLR4 decrease susceptibility
to neurodegeneration, other data indicate that activation of TLR4 is required for clearance of
AB in AD. For example, DiCarlo and colleagues 88 showed that in both young and old APP/
presenilin-1 double mutant transgenic mice, an acute intrahippocampal injection of LPS
significantly decreases AB deposition, dependent upon microglial activation 89 Mice carrying
double mutations in mouse APP and human PS1 with exon 9 deletion, as well as a point
mutation in TLR4, exhibit augmented ApB deposition in both the neocortex and hippocampus
90, cultured microglial cells from these mice were unresponsive to TLR4 ligands, while
activation of TLR4 in cultured microglial cells from wild type littermates induces phagocytosis
of AB 90_ In addition to TLR4, activation of other TLRs may also contribute to AP clearance.
Activation of TLR2 by peptidoglycan (PGN) initiates AB uptake by the microglial cell line,
BV-2 90,91 TLR 9 activation by CpG also results in significant clearance of A from cultured
mouse microglia 90, 92

Whereas TLRs are activated by exogenous pathogens, mounting evidence indicates that Ap
itself activates TLRs and mediates microglial activation. AB stimulates microglia, as assessed
by nitric oxide and TNF-a production, at similar levels to LPS (TLR4), Pam (TLR2) and CpG
(TLR9) 93, Walter and colleagues recently showed that in mouse microglial cultures
aggregated Ap stimulates production of nitrite and TNF-a. However, AB stimulation of
microglial cultures from mice bearing a point mutation in TLR4 was significantly diminished,
suggesting that microglial activation by AP at least in part requires functional TLR4 81,
Consistent with this, TLR4 mutant AD mice also exhibit diminished TNF-a, IL-1beta, IL-10
and IL-7 compared to TLR4 wildtype AD mice, suggesting that the upregulation of these
cytokines by activated microglia in AD is dependent upon TLR4 signaling 94 AR sensitizes
microglia to stimulation by LPS 95 and administration of Ap together with LPS increases
activation of TLR4, leading to increased release of nitric oxide and TNF-a 93, Costimulation
of TLRs with Ap and Pam3Cys enhances TLR2 stimulation. However, the enhancement of
TLR signaling by A is not homogenous, as AB depresses TLR9 activation by CpG 93, This
may be due to the location of the TLR9 receptor in the endoplasmic reticulum and/or different
signaling mechanisms of TLR receptors 96,97 Further, activation of TLR9 by CpG can have
anti-inflammatory activities 98

The mechanism by which TLR activation results in A clearance is unclear. The human G-
protein-coupled formgl peptide receptor-like 1 (FPRL1) is essential for human macrophage
phagocytosis of Ap 92 Its mouse homologue, mFPR2, has recently been identified as important
in microglial clearance of Ap following TLR activation in murine models of Alzheimer’s
disease. The phagocytosis of Ap protein by both TLR2 and TLR9 is dependent upon activation
of mFPR2 in cultured mouse microglia. Activation of both TLR2 and TLR initiates p38
MAPK signaling, expression of mFPR2 and subsequent A internalization 91,92 consistent
with this, Ap clearance following TLR4 activation is blocked by the G-protein inhibitor
pertussis toxin 9% suggesting that TLR4-induced AP phagocytosis occurs through a similar
signaling pathway and requires mFPR2. Therefore, cell surface expression of mFPR2 may
serve as a “sensor” of Ap in TLR-activated microglia 91,92,
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At present, it still remains to be determined if the activation of TLRs by A contributes to and/
or inhibits AD progression. Contrasting data exist. on the precise role of TLRs in Ap deposition.
Therefore there may be a balance of TLR activation in which mild activation is beneficial,
promoting AP uptake and breakdown. However, excessive activation of TLRs on microglia
may lead to the accumulation of cytotoxic compounds such as reactive oxygen species,
cytokines, complements and proteases causing damage and eventual neuronal loss 76 TLR
signaling pathways are a potential therapeutic target in AD; however more work remains to
delineate the complex interaction of TLRs in Ap deposition and clearance and its precise role
in AD development.

5.3 TLRs in Multiple sclerosis

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disease of the CNS. It is
characterized by recurrent neurological dysfunction, interrupted with periods of functional
recovery. Pathologically, MS is characterized by multiple demyelinating lesions within the
CNS which frequently demonstrate axonal transection 99 The etiology of MS is unknown,
although it is hypothesized to be an immune-mediated disease where autoreactive T cells enter
the CNS and drive a proinflammatory reaction resulting in tissue injury, possibly subsequent
to infection 100, 101 Ms lesions within the CNS are associated with neuroinflammation and
are surrounded by infiltrating T-lymphocytes, monocytes and macrophages, as well as
activated microglia and reactive astrocytes 02 The most common mouse model of MS,
Experimental Autoimmune Encephalomyelitis (EAE), is induced by immunizing mice with
adjuvant and myelin components of the CNS, such as myelin basic protein, proteolipid protein
or myelin oligodendrocyte glycoprotein. Development of EAE is dependent upon activation
of pro-inflammatory CD4 Th1 cells by antigen presenting cells, resulting in leukocyte
infiltration into the CNS, expression of inflammatory genes, microglial activation, astrogliosis
and demyelinating lesions 103-10

There is a marked increase in TLR expression in MS lesions. Microglial cells from MS patients
express TLRs 1-8, as detected by PCR 15, Moreover, while healthy white matter from MS
patients does not contain TLRs, active lesions are associated with high expression of TLR3
and TLR4 on microglia and astrocytes. Examination of TLR3 and TLR4 localization revealed
that early active MS lesions are associated with vesicular localization of TLR3 and TLR4 within
microglia, located near blood vessels at the outer edges of lesions. In contrast, late active lesions
also contain astrocytes bearing surface TLR3 and TLR4 15 This suggests that early lesions
are characterized by microglia infiltration, while astrocytes are also active in later MS lesions.
However, the precise role of TLR3 and TLR4 activation in these lesions is unknown.

Similar to human lesions, TLR expression is upregulated in the brain and spinal cord in animal
models of MS. In EAE, TLR2 gene expression is increased within the barrier microvasculature
and circumventricular organs within the brain as early as 10 days following myelin
oligodendrocyte glycoprotein administration 105 Moreover, a striking upregulation of TLR2
MRNA is observed 3 weeks post immunization, during the symptomatic stages of disease. At
this time, TLR2 mRNA is localized to microglia throughout the brain and spinal cord, but is
absent from reactive astrocytes. Concurrent with TLR2 mRNA upregulation throughout the
brain and spinal cord, there is also upregulation of NFkB, TNF-o. and MCP-1 in TLR2
expressing regions. However, TLR2 deficient mice remain susceptible to EAE, suggesting that
while TLR2 transcription is regulated during EAE progression, it is not required for disease
development 106, prinz and colleagues 106 recently expanded on this study to examine the
expression of a wide range of TLRs within EAE spinal cord. At the initial stages of EAE,
simultaneous with leukocyte infiltration of the CNS, there isanincrease in TLR1, TLR2, TLR4,
TLR6, TLR7, TLR8, TLR9 as well as MyD88 within the spinal cord. At late stages of EAE,
TLR7 and TLR9 mRNA expression was further increased, suggesting signaling through these
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receptors is involved in late active lesions. Consistent with this, the spinal cord of TLR9
deficient mice exhibited smaller white matter lesions and the number of infiltrating leukocytes
was depresseleG. Therefore, TLR9 activation may be more significant in altering EAE
progression than TLR2.

Murine models of MS confirm the necessity of select TLR signaling in lesion development.
Mice deficient in MyD88, an adaptor molecule required for TLR signaling, are not susceptible
to EAE following immunization with myelin oligodendrocyte glycoprotein 107, suggesting
that MyD88-dependent pathways are essential for development of EAE. In contrast, the
absence of TLR4 exacerbates EAE symptoms, concurrent with augmented proinflammatory
cytokine expression in dendritic cells and serums, suggesting these receptors regulate disease
progression 107, Although augmented peripheral immune proinflammatory cytokine
production following EAE induction in TLR9 deficient mice suggests it also modulates disease
severity 107, spinal cord white matter lesions in these mice are smaller and the number of
infiltrating leukocytes is depressed 106, The seeming disparity in these data may result from
differences in the immunization method used to induce EAE. While a detrimental effect of
TLR activation is implied by these studies, Touil and colleagues 108 recently raised the
possibility of TLRs as neuroprotective in EAE. Stimulation of TLR3 with poly I:C suppresses
relapsing demyelination in EAE, associated with increased IFN-B production and CCL2 108,
This suggests that while MyD88-dependent signaling through TLR4 and TLR9 may mediate
disease progression, TLR3 activation may protect from disease.

While TLRs may contribute to the development of MS, exactly how they may modify the
disease process within the CNS is unknown. One hypothesis asserts that in response to
proinflammatory cytokines, microglia are capable of servian as antigen-presenting cells which
can activate CD4+ T cells and facilitate neuroinflammation 109, Consistent with this, activation
of both TLR3 and TLR4 in human microglia and astrocytes evokes the release of CXCL-10,
which is an important chemoattractant for CD4+ T cells 34,110, Therefore, TLR activation
may be an essential step in converting microglia to antigen presenting cells and facilitate T cell
infiltration of MS lesions. Alternatively, TLRs may induce production of proinflammatory
cytokines and thereby inflict damage. In mixed glial cultures, activation of microglial TLR4
by LPS results in damage and death of both oligodendrocytes 111 and neurons 112, Moreover,
intracerebral injection of LPS, a TLR4 agonist, in neonatal rats induces oligodendrocyte loss
and hypomyelination, mediated in fart by the proinflammatory cytokine IL-1 111,113,

4, Recently, Li and colleagues 114 showed that the proinflammatory cytokine, I1L-23p19 is
expressed in macrophages and microglia in human MS white matter lesions, and that its
expression in human microglia is induced following activation of TLR2 and TLR4. Taken
together, this suggests a role for microglia in mediating CNS damage through cytokine
production.

Although TLRs are traditionally thought to solely recognize pathogen-associated molecular
patterns and thereby protect the body from invasion of microbial pathogens, the expression of
TLRs within MS suggests novel roles for these receptors in mediating neurological disorders.
However more work remains to be done to delineate the precise roles and mechanisms by
which TLRs contribute to MS lesion development, particularly in differentiating the
contribution of microglia and astrocytes to progression and/or protection of neuronal damage.
The severity of white matter lesions in MS may be modulated in part by the balance of specific
TLR signaling in microglia and astrocytes. Moreover, the potential roles of TLR signaling in
neurons to the neurodegenerative component of MS remains to be elucidated. Human MS tissue
exhibits TLR expression in both microglia and astrocytes, and a similar pathology is induced
in EAE. It is important to note, however, that EAE is induced with adjuvant containing TLR
ligands, therefore complicating the interpretation of results indicating an involvement of TLRs
in disease progression. Therefore, these data must be considered carefully, and the proposed
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mechanisms must be confirmed in studies on human MS tissue. Clearly, more work remains
to delineate the potential mechanisms by which TLR signaling modulates disease progression
and, further, how activation of multiple pathways alters neuroinflammation and CNS damage.

5.4 TLRs in other neurodegenerative disorders

Despite the emerging role of TLRs in stoke, AD and MS, very little is known regarding the
function of these receptors in other neurodegenerative disorders. A recent screening of murine
models of AD, Parkinson’s disease and amyotrophic lateral sclerosis (ALS) revealed dynamic
changes in TLR expression 80, Expression levels for TLR2, TLR5 and CD14 are increased in
Parkinson’s disease mice, and expression levels for TLR1, TLR 2, TLR 7, TLR 9 and CD14
are increased in ALS transgenic mice. In addition, upregulation of TLR3 is reported in ALS
cerebellar Purkinje neurons and Bergmann glia 115, Upregulation of TLR mRNA is also
observed in primary mixed glial cultures from Pick’s disease and olivopontocerebellar atrophy
patients 15 The availability of mouse models of Parkinson’s disease and ALS offer the
opportunity to critically evaluate the roles of TLRs in the disease processes.

6. Therapeutic approaches

Evidence is emerging that TLRs are not only activated in response to microbial infection, but
are critically involved in mediating neurological dysfunction. The extensive involvement of
TLRs in neurodegenerative disorders provides ample opportunity for promoting and/or
inhibiting their signaling to intervene in disease progression. However, it may prove
exceedingly difficult to achieve the correct balance and appropriate timing of such
interventions. Proper targeting of TLRs will require extensive understanding of the pathways
activated, cell-specific responses, and at what time during disease progression TLRs are active.

The targeting of TLR-regulated pathways will require therapies that are intricately tailored for
individual neurodegenerative conditions. While some TLR-related neuronal damage is similar
across neurological disorders, TLR expression modifications are varied across different
disorders, and moreover, often there exists variability within patients of the same disease 15,
80 The Asp299Gly polymorphism is linked to late-onset AD 84 and this is supported by
studies implicating TLR4 activation in Ap plague clearance 90 In contrast, while TLR4
signaling may contribute to MS development, this mutation does not appear to alter
susceptibility to MS 116, 117 Therefore, targeted TLR-based therapies will require an
understanding of both the contribution of TLRs to genetic predisposition as well as involvement
in sporadic development.

Both human and animal studies implicating TLRs in neural degeneration suggest direct
modulation of TLR signaling as an ideal therapy. For example, stimulation of TLR2, TLR4 or
TLR9 on microglia increases A clearance in AD models 84: stimulation of these TLRs in AD
patients may reduce Ap plaque load and increase survival. Inhibition of MyD88 and/or
stimulation of TLR4 or TLR9 may slow disease progression in MS 106, 107 However, many
of the current TLR agonists/antagonists are high molecular weight compounds that may not
cross the blood-brain barrier. Therefore specific strategies are necessary to circumvent this
barrier and allow administration of TLR treatments to the CNS. During ischemic stroke,
however, the blood-brain barrier is not a limiting factor. If treatment can be given within the
correct time, this breakdown may be taken advantage of and TLR2 or TLR4 antagonists may
be applied to the CNS without limiting factors. Consistent with this, TLR2 and 4 knock out
mice were shown to be more protected against ischemic brain stroke. In contrast to this, it was
recently shown that activation of NFkB is directly related to h}/ oxia-inducible factor 1-o
(HIF1-0) induction, which is implicated in a better outcome 118 Therefore, activating NFxB
through TLR signaling may increase stroke survival and functional recovery.
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A unique therapy for combating the detrimental effects of TLR activation may be through TLR-
induced TLR-suppression. Tasaki and colleagues were the first to demonstrate that low dose
systemic administration of LPS (TLR4 ligand) prevents ischemic brain damage following
MCAO in spontaneously hypertensive rats 119 Lps pretreatment also successfully blocks
MCAO-induced brain damage in a mouse stroke model 120 This TLR-induced tolerance is
dependent upon a small inflammatory response prior to ischemic damage, and inhibits
inflammatory reactions subsequent to MCAO, particularly suppression of the TNFa pathway,
thereby conferring neuroprotection 120,121 | ps pretreatment-induced neuroprotection may
be mediated by a shift in TLR4-signaling from a MyD88-dependent to —independent pathway.
Instead of producing the prototypical TNFa in response to LPS, LPS-tolerant macrophages
produce IFNR, a downstream product of the MyD88-independent pathway 122 Therefore,
TLR4 agonist pretreatment may change the TLR4 signaling pathway and therefore provide an
ideal target for stroke therapy in at-risk patient populations.

In contrast to most TLRs, TLR3 signals through the MyD88-independent pathway, and may
provide a unique therapeutic target for neurological disease. Cultured adult human astrocytes
predominantly express TLR4, however stimulation with the pro-inflammatory cytokines TNF-
a, IL-1B, IFN-g, IL-12, IL-4 or IL-6 results in significant expression of TLR3 mRNA 53, Gene
expression profiling of these cells indicates that in response to TLR3 activation, the expression
of neuroprotective mediators is induced. Among these are TGF-B2, which protects against
demyelination from viral infection 123 ciliary neurotrophic factor and leukemia inhibitory
factor, both of which support remyelination 124, 125 55 well as several anti-inflammatory
cytokines such as IL-9, IL-10 and IL-11. In addition, media from TLR3-activated astrocytes
promotes neuronal survival in organotypic brain slices. Consistent with this, TLR3 stimulation
suppresses relapsing demyelination in EAE 108, These data suggest astrocytic TLR3
expression promotes neuronal survival and protection against demyelination, and combined
with their presence in late active lesions 15 implicate TLR3 bearing astrocytes as a
neuroprotective and repair response to neuronal damage in MS. Therefore, stimulation of TLR3
may reduce neuronal damage in MS; however further studies delineating the exact role of TLR3
in actual multiple sclerosis models, such as EAE, are necessary.

Targeting TLRs in neurological disease will not be without difficulties. One potential obstacle
to targeting TLR signaling in disease is that virtually all cells in the body express TLRs. If
chronic administration of TLR agonists is necessary, overstimulation of the immune system
may occur, which limits dosage capability as well as frequency of application 126 cNs-
specific isoforms of TLR agonists which possess high selectivity could prevent such
overstimulation of peripheral immune responses. In addition, partial agonists may be useful in
preventing overstimulation of TLRs in the same tissues. Another potential hurdle to TLR-
directed therapeutics is cross-talk between receptor subtypes. TLR agonists that activate the
MyD88-dependent pathway can induce upregulation of effectors shared by other TLRs,
evoking a higher efficacy of receptor activation. Alternatively, activation of one TLR pathway
can induce tolerance to stimulation of other TLRs sharing that pathway 127, Therefore, the
consequences of targeted TLR stimulation on similar signaling pathways must be carefully
considered. In this regard, an indirect but perhaps more specific targeting scheme may be to
direct antagonism to the adaptor, accessory and/or negative regulatory molecules exclusive to
individual TLRs.

7. Conclusion

It has become evident in recent years that TLR expression and functionality extends well

beyond the boundaries of immune cells, as increasing numbers of cells appear to express and
respond to TLRs and their ligands. Among the most interesting non-immune tissues that appear
to express TLRs are cells within the CNS. All types of CNS residing cells, namely astrocytes,
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microglia, oligodendrocytes and neurons, express different subsets of TLRs in both murine
models and human cells. It is not surprising, therefore, that TLRs play such important and
central roles in neurodegenerative processes.

TLRs are intimately involved in several neurodegenerative disorders including AD, MS and
ischemic brain stroke, which imply a broad functionality of these receptors in neurological
disease. Thus far, the majority of studies performed on these pathologies have either correlated
TLR expression with disease progression and pathology, or used transgenic murine models to
counteract the pathological effect of the disease. However, one outstanding question that
remains to be answered is the role of neuronal TLR signaling. There exist two main approaches
have not been extensively undertaken, but may provide crucial answers to the question of TLRs
in neuronal tissue. (1) Cell specific knock-down of specific TLRs, or (2) the effect of specific
TLR ligands on neurons both in vitro and in vivo These approaches would allow the role of
TLRs as well as the signaling pathways initiated by TLR activation to be elucidated. For
example, since TLR 2 and 4 KO mice show beneficial outcome following ischemic brain stroke,
follow-up studies with knock-down of TLR4 in neurons will provide an excellent answer for
the role of TLR 4 in neurons during ischemic stroke. In addition, no apparent effect of TLR
ligands for TLRs 2-9 is observed on neuronal morphology or viability in post-mitotic cortical
neurons (following 9 days in culture) (E. Okun, unpublished observations). The only exception
is R848, which induces neuronal toxicity at high doses (100 uM) through TLR7 22 Further,
unlike other CNS-resident cells, TLR activation in neurons does not lead to NF-«B activation.
Therefore, two interesting possibilities emerge: (1) Neuronal TLRs are expressed as different
splice variants that perhaps block signaling or (2) non-canonical, e.g.: non-NFkB signaling
occurs through them. Both possibilities are interesting and much more research is yet to be
done in this field. We believe that TLRs, one of the ancient defense systems of our cells, will
soon emerge as an outstanding target for intervention in our relentless efforts in finding cures
for neurodegenerative disorders.
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Figure 1.

TLR mediated signaling. (a) The Myd88 mediated pathway is shared by all the TLRs with the
exception of TLR3. MyD88 recruits TRAF6 and members of the IRAK family. TRAF6, along
with Uev1A and Ubc13 activates the TAK1 complex by a K63 linked ubiquitination. The
TAK1 complex then activates the IKK complex that consists of IKKa, IKKf and IKKy, that
further catalyzes IxB proteins phosphorylation. This in turn facilitates IxB proteins degradation
by a proteasome-dependent manner, which allows NF«kB translocation to the nucleus. In
parallel to activating the IKK complex, TAK1 activates the MAPK pathway which culminates
in AP-1 activation. The combination of AP-1 and NF«B controls inflammatory responses
mediated by inflammatory cytokines. (b) The MyD88 independent pathway initiates when
TRIF associates with TRAF3 which binds to TBK1 and IKKe. This binding culminates in IRF3
phosphorylation that facilitates IRF3 dimerization and translocation into the nucleus and
transcription regulation. TRIF can also interact with TRAF6 which along with RIP1 mediates
NF«B activation. TRIF can also induce IRF2 translocation to the nucleus and transcription
through the PI3K-AKT pathway.
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Figure 2.

Theroles of TLR signaling in glial cells, endothelial cells, leukocytes and neuronal cells during
the pathogenesis of ischemic stroke. During ischemic stroke, TLRs are activated and induce
NF«B activation in glial cells, endothelial cells and infiltrating lymphocytes. In neurons, the
JNK/AP-1 pathway is activated. This culminates in proinflammatory cytokines and
chemokines secretion, nitric oxide synthase and cox-2 expression induction. Endothelial cells
dysfunction causes blood-brain-barrier permeability which promotes further lipid
peroxidation, apoptosis of neurons, infarct and neurological deficits as the final outcome.
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