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Aletta D. Kraneveld’s research team focuses on the role of the gut-immune-brain-axis in chronic inflammatory and
neurological disorders combining expertises of immunology, pharmacology, microbiology and neuroscience. She has

Toll-like receptors (TLRs) are part of the innate immune system and can initiate an immune response upon exposure to harmful
microorganisms. Neuronal TLRs are considered to be part of an established framework of interactions between the immune system
and the nervous system, the major sensing systems in mammals. TLRs in the nervous system and neuronal TLRs are suspected
to be important during inflammation and neurodegenerative diseases. The aim of this review is to offer an overview of the current
knowledge about TLRs in neurodegenerative pathologies, with a focus on Parkinson’s disease. More research focusing on the role
of TLRs in health and disease of the nervous system is needed and remains to be explored.
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INTRODUCTION

Publications were first selected about toll-like
receptors (TLRs) on neurons, and on TLRs for which
functional information in neurons was available.
Publications were also selected for their focus on
neurodegenerative diseases. The last literature search
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was performed on April 14th 2015. This review aims
to offer an overview of the current knowledge about
TLRs in the nervous system and to show the relevance
of these receptors in neurodegenerative pathologies,
with a focus on Parkinson’s disease (PD).

TLRs are the mammalian orthologue of Drosophila
Melanogaster’s toll receptor discovered in 1988.!!
TLRs are part of the innate immune system and belong
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to the pattern recognition receptors [Figure 1]. They
can recognize both small molecular motifs conserved
across microbes (pathogen-associated molecular
pattern or PAMP) [Figure 2], and endogenous molecules
generated during inflammation or tissue damage
(damage associated molecular pattern or DAMP).>?
TLRs can initiate an acute inflammatory reaction
and subsequently can coordinate the activation of the
adaptive immune system. To date, thirteen TLRs are
known, of which ten (TLR1-10) have been described
in humans."® The cell surface TLRs recognize PAMPs
that are mainly constituent of the bacterial cell wall
or are expressed on the bacterial cell surface, such as
lipopeptides and peptidoglycal (TLR1/TLR2, TLR2/
TLR6, TLR2/TLR10), lipopolysaccharide (LPS) (TLR4)
and flagellin (TLR5). In contrast, the intracellular
TLRs mainly recognize microbial nucleic acid
including viral double-strand RNAs (TLR3), single-
strand RNAs (TLR7 and TLR8) and CpG ODN (TLR9)."!
TLRs can employ two second messenger pathways;
the myeloid differentiation primary response gene
88 (MyD88) pathway, activating nuclear factor k-light-
chain-enhancer of activated B cells (NF-kB), or the TIR-
domain-containing adapter-inducing interferon-f
(TRIF) pathway, activating interferon regulatory factor
3 (IRF3) [Figure 2]. NF-kB controls DNA transcription
resulting in the production of pro-inflammatory
cytokines such as tumor necrosis factor o (TNFa),
interleukin (IL)1B and IL6.7% IRF3 is an interferon
(IFN) regulatory factor leading to the production of
antiviral type I IFN.=7

The presence of TLRs on immune cells and epithelial
cellsiswell known, but theirexpressionisnotrestricted
to these cell types. Glial cells and neurons express
TLRs in both the peripheral nervous system (PNS) and
the central nervous system (CNS) [Figure 3], allowing
neurons to act as immune cells.**® More specifically,
in the CNS neurons, astrocytes and microglial cells
express TLR1-9, whereas oligodendrocytes express
only TLR2 and TLR3.!¢20 Peripheral neurons also
express TLR1-9 and enteric glial cell express TLR1-
5, TLR7 and TLR9.#142123 Neuronal TLR signaling
pathways do not necessarily employ NF-xB?428 and
may involve the glycogen synthase kinase 3 (GSK3p),
jun-N-terminal kinase (JNK) and phosphatidylinositol
3-kinase/protein kinase B (PI3K/AKT) pathways.*"
Interaction between neurons and the immune
system has already been reported, setting the scene
for neurons acting as immune cells.?*4 It has been
reported that neuronal TLRs are involved in the
development and homeostasis of the nervous system,
and notably in several neurodegenerative diseases.3¢!
Both TLR2 and TLR4 are involved in neuronal
apoptosis, development and survival in the context
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Figure 1: Toll like receptors are part of the innate immune system and belong
to the pattern recognition receptors
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Figure 2: Different pathogens activate different TLRs. TLRs signal through
two different pathways using myeloid differentiation primary response gene
88 (MyD88) and TIR-domain-containing adapter-inducing interferon B, leading
to activation of NF-kB and IRF respectively NF-kB leads to DNA transcription
and cytokine production, while IRF leads to interferon production. TLRs: toll
like receptors; NF-kB: nuclear factor «-light-chain-enhancer of activated B
cells; IRF: interferon regulatory factor
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Figure 3: TLRs are differentially expressed by neurons and glial cells of the
central, peripheral and enteric nervous system. TLRs: toll like receptors
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of opioids exposure, ischemia/stroke, viral infections
and Alzheimer’s disease (AD),?*293743 yia GSK3pB and
JNK.12629 TLR3 and TLR8 negatively regulate neuronal
development and axonal growth and are involved in
fighting viral infections,®16:2425.2744-461 through PI3K
pathway.””! Other information also indicates a role for
TLRs in the nervous system during disease. TLR1-5,
TLR8 and TLR9 are overexpreesed in PD and multiple
systems atrophy (MSA) patients and in animal models
of PD, AD, MSA and amyotrophic lateral sclerosis./ -
Of these receptors, TLR2 and TLR4 are of special
interest in PD, as will become clear in the sections
dedicated to these TLRs. The current knowledge
about TLR2 and TLR4 in PD has focused heavily
on microglia, and not so much on neuronal TLRs.
To better understand the potential importance of
neuronal TLRs in neurodegeneration and specifically
in PD, AD and stroke the current knowledge about the
function of neuronal TLRs in neuronal development
and neurodegenerative diseases will be discussed here.

NERVOUS SYSTEM TLR EXPRESSION

This section will cover the expression of TLRs on
neurons and glial cells [Figure 3]. To discuss the
function of TLRs on neurons it is important to know
whether neurons express TLRs. For the convenience
of the reader, the information about expression has
been organized based on location in the nervous
system, and stage of life. To discuss the function of
TLRs in the nervous system it is also necessary to first
address whether glial cells express TLRs, because of
their biological relevance for the functioning of the
CNS and PNS.

Neuronal TLR expression

TLR expression on primary neurons has been found in
several species, amongst which are humans,[10:12:13:15.16:45]
mice,'314:26.28,43,54.55] qnd rats.[102756571 Neuronal TLRs
are present in both parts of the nervous system;
the CNS['226281 and the PNS.[013.14435457 Expression
of TLRs by neurons has been confirmed at mRNA
level’[l4,21,24,28,43] and protein level.[10,13,24,26,28,43,54,57,58] Most
results on neuronal TLRs come from experiments in
embryonic neurons because these are easier to culture
than neurons from adult animals. Nonetheless,
neurons express TLRs throughout life, starting at
the embryonic stage,+2426:284358  followed by the
postnatal,®¥ and the young stages,['®5® and finally in
the adult stage of life.[01213:215855571 Taken together,
these data offer many opportunities to study neuronal
TLRs for a wide range of research questions, since
it is reported that TLRs are expressed throughout
the nervous system and throughout the lifespan of
animals.

TLR expression has also been found in several
neuronal cell lines. The teratocarcinoma derived
human post-mitotic dopaminergic neuronal cell line
NT2-N expresses TLR3.%%-61 TLR3 is also expressed
by human neuroblastoma cell lines (including
noradrenergic cell lines, CHP-212 and SK-NSH; a
noradrenergic and gamma-aminobutyric cell line, SH-
SY5Y; SH-SY5Y and a noradrenergic and dopaminergic
cell line, BE(2)-C) and primary human neuroblastic
cells.?7444559 The rat neuroblastoma cell line B103
expresses TLR2.5% The expression of TLR1-9 has been
reported in the human CHP-212 neuroblastoma cell
line.' Although cell lines are further removed from
their original biological environment than primary
cells, they do offer a more readily available source of
material for further research towards understanding
the functions of neuronal TLRs.

Glial TLR expression

The importance of glial TLRs in neurodegeneration
is indisputable.'®#%536265 (Glial cells come in many
shapes and sizes, and have a critical role in the CNS
and PNS, such as immune surveillance, the regulation
of chemical environment and the production of
the myelin sheath, which makes them biologically
relevant to the functioning of neurons.

Glial cells are a heterogeneous group of cells all of
them expressing TLRs. Microglia act as immune
surveillance of the CNS and express TLR1-9 in
both humans and mice.’*?” Astrocytes regulate the
chemical environment of neurons, and they express
TLR1-9 in mice and TLR1, TLR3-5 and TLR9 in
humans, while TLR2 and TLR6-8 were not detected
in human astrocytes.'”*® QOligodendrocytes and
Schwann cells respectively produce the myelin sheath
around neuronal axons in the CNS and PNS. Schwann
cells express TLR1-9 in mice,'%! while only TLR2
has been studied and detected in humans,®” whereas
TLR4 has been studied and detected in rats.[5
Human oligodendrocytes only express TLR2 and
TLR3, while TLR1 and TLR4-9 were undetectable.’?”
In glial cells of the enteric nervous system TLR2 -9
have been found, while TLR1 is absent.['3-2270l

NEURONAL TLR FUNCTIONALITY

Here we provide a comprehensive overview of the
current knowledge about TLR functionality in the
nervous system in relation to neurodegeneration.
Specific information about neurons, microglia, and
other cell types is included when appropriate.

TLR2
TLR2 is a TLR family member that is able to recognize
bacterial lipopolypeptides and peptidoglycans.
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TLR2 forms heterodimers with TLR1 and TLR6 and
mediates the host response to Gram-positive bacteria
and yeast infections via stimulation of NF-kB signaling
pathway.”" Recently, it has been demonstrated that
TLR2 can also form a heterodimer with TLR10 acting
as an inhibitory receptor with immune suppressing
effects.l”

PD

Clinical studies have shown that TLR2 expression
is increased in PD. In particular, one study revealed
specific increase in microglial TLR2 in the substantia
nigra and the hippocampus in the early stages of
the disease, but not during the late stages,” while
another study showed an increase in TLR2 in the
striatum of advanced PD patients.”* These results
indicate that expression of TLR2 in either early or
advanced PD could be region-specific, and that TLR2
is not necessarily expressed in all regions at the
same time. The involvement of TLR2 in PD might be
two-dimensional: microglial activation of TLR2 can
induce neurotoxicity or TLR2 can be important for the
clearance of a-synuclein, thus being neuroprotective.

In support of this function is the evidence that
TLR2 polymorphism tends to be associated with an
increased risk of PD. This polymorphism results in
altered TLR2 promoter transcriptional activity leading
to lower expression of TLR2.7>7¢ Taken together, these
findings are indirect indications of a possible role of
TLR2 in the pathology of PD.

Overexpression of human o-synuclein in mice
resulted in microglial activation and an increase
in TLR2 expression.” Microglia seem to form a
crucial link between TLR2 and PD pathology; an
idea that is supported by results from cell culture
studies: exposure to a-synuclein activates cultured
microglia and increases their TLR2 expression;**7”]
it also changes the response of microglial cells to
TLR1/2 stimulation by increasing their inflammatory
response.?!

It can be speculated that o-synuclein triggers
neuroinflammation through microglial TLRZ2,
initiating a positive feedback loop by increasing
TLR2 expression on the microglia, resulting in
neurodegeneration and disease progression. However,
it is not yet clear why this process would be limited
to the early disease stage in the substantia nigra
and the hippocampus, while only occurring later in
the striatum, or whether and how neuronal TLR2
participates in this process.

AD
TLR2 expression was found on microglia surrounding

amyloid B (AP) plaques in post-mortem brain sections
and in an AD mouse model, raising the question
whether and how TLR2 might be involved in AD
pathology.l*”7 Injecting AP in the hippocampus of
wild type (WT) mice increases TLR2 expression
in microglia; AP protein was unable to induce a
microglia-dependent inflammatory response in the
cortex of TLR2 deficient mice.®®Y The interaction
between AP and TLR2 also affects behavior; TLR2
deficient mice showed more pronounced cognitive
impairments, which correlated with increased
levels of AP protein." It remains to be demonstrated
whether there is a direct binding between TLR2 and
the AP protein.

AD-related damage to neurons is at least partially
dependent on microglial TLR2, since the effects of
AP protein and TLR1/2 ligand on neuronal viability
are additive and dependent on microglia, and the
microglial inflammatory and phagocytic response
to AP protein is TLR2-dependent.%8281 AR protein-
and TLR1/2 ligand-induced microglial-mediated
neuronal death is likely conferred through the release
of inflammatory mediators.®¥ There is also indication
for the involvement of neuronal TLR2 in AD. Neuronal
TLR2 was upregulated when neuronal cultures were
exposed to hydroxynonenal (HNE), an AD-related
lipid peroxidation product, but not when exposed to Ap
protein.®” HNE exposure also resulted in an increase
in both phosphorylated JNK and cleaved caspase 3;
however these effects were abolished by TLR4 knock-
out. Therefore, the functional consequence of TLR2
upregulation in neurons by HNE is not yet known.

In summary, microglial TLR2 is key in the
neuroinflammatory response of AD pathology, but
is also responsible for the clearance of AB protein,
while neuronal TLR2 might also play a part in this
neuroinflammatory environment. So TLR2 can have
either a beneficial or detrimental role in AD.

Stroke

Neuronal TLR2 was studied in the cerebral ischemia/
reperfusion (I/R) animal model of stroke. Cortical and
hippocampal neurons of WT mice subjected to I/R
injury showed transient TLR2 protein upregulation,
although upregulation in the cortex may not have been
exclusively neuronal.?*%73* TLR2" mice exposed to I/R
showed less brain damage, smaller infarct volumes
and less neurological deficits than WT mice, and TLR2"
mice and mice treated with TLR2 antibody showed less
inflammatory cell accumulation and reduced neuronal
loss.[?%%942 From a treatment perspective it is interesting
that the anti-inflammatory agent baicalin, used for
the treatment of stroke, reduced TLR2 expression in
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hippocampal neurons after I/R injury.’””” However,
before suggesting a potential role of TLR2 in the
treatment of stroke, clinical studies are needed to
determine whether TLR2 is viable as a marker or target
for treatment in stroke.

Animal models show that TLR2 is relevant in
relation to stroke, however, they might obscure the
specific importance of neuronal TLR2 in the context
of glial cells. In order to isolate and study neuronal
TLR2 in a stroke model, cultured neurons were
exposed to glucose deprivation, a model of stroke.®
Increased cell death was found in WT neurons, while
TLR2" neurons were resistant to glucose deprivation
induced cell death. In a neuronal cell line oxygen-
glucose deprivation resulted in TLR2 upregulation
and in an increase of non-apoptotic cell death.®
These in vitro data confirm that stroke can result in
neurodegeneration through the activation of neuronal
TLR2, making neuronal TLR2 a potential player in
brain damage after I/R injury in mice, independent
from the influence of glial TLR2.

Information on TLR2 in the brain of patients with
stroke is sorely missing and should be sought in
future research, starting with investigating expression
patterns in different brain regions. Also, a major focus
of research should aim at distinguishing neuronal
TLR2 from glial TLR2.

TLR3

TLR3 recognizes double stranded RNA associated with
viral infection, and host RNA. Ligand binding induces
the production of anti-viral mediators like the type I
interferons (IFNs), such as IFN-a and -f production
by leukocytes. These IFNs stimulate macrophages and
natural killer cells to elicit an anti-viral response.®®

TLR3 has not been studied in direct relationship
to neurodegenerative diseases, but work has been
performed on the effect of TLR3 in the development
of the nervous system. TLR3 expression decreases
in the embryonic CNS during neurogenesis.®®
Intrathecal injection of TLR3 agonist polyinosine:
polycytidylic acid in postnatal day 4 mice resulted
in sensory-motor deficits, neuroanatomical defects
and fewer axons in the spinal cord, which was
associated with neurodegeneration.?* The role for
TLR3 in this study was demonstrated by the fact that
no anatomical or behavioral problems were found in
TLR3” mice treated with polyinosine: polycytidylic
acid.”¥ It seems that TLR3 is involved in the proper
development of the CNS in early fetal life, because
the receptor is differentially expressed at different
embryonic stages. After birth, stimulation of TLR3
results in neurodegeneration. The decrease in

expression of TLR3 during neurogenesis, as found in
the embryonic brain, is also found in cultured neural
progenitor cells (NPCs), making NPCs more sensitive
to TLR3-mediated inhibition of proliferation than
mature neurons.’® Despite this reported decrease
in TLR3 expression during neurogenesis, neurons
do express functional TLR3.?¥ In primary neurons,
TLR3 stimulation inhibits neurite outgrowth and
causes irreversible growth cone collapse, without
affecting cell survival.* Different results were found
in the high TLR3-expressing neuroblastoma cell line
SK-N-AS, where exposure to a TLR3 ligand resulted
in growth inhibition and apoptosis.*¥ The difference
in results on cell viability could be due to the use of
different cell types (dorsal root ganglia,’** NPCs,® and
cell lines®*¥), thus revealing the limits of cell culture
as a model of biological processes.

Although all in vivo data are obtained from early
life studies and interpretation of these data in the
context of neurodegeneration must be done carefully,
extrapolating these results leads to the hypothesis that
stimulation of neuronal TLR3 could be detrimental in
neurodegenerative diseases, especially in the context
of viral infections. TLR3 is a viral sensing innate
immune receptor. It is known that viral infections like
influenza can cause neurodegeneration®! and that
viruses are linked to neurodegenerative diseases:®?
specifically hepatitis C virus, Eppstein-Barr virus
and human immunodeficiency virus (HIV) have been
associated with PD.*1! The involvement of neuronal
TLRs during viral infections is discussed in more
detail in a later part of this review.

TLR4

TLR4 detects LPS derived from Gram-negative bacteria
and host-derived signaling molecules such as heat
shock proteins, and extracellular matrix proteins,
after which the innate immune system is activated,
leading to an inflammatory response.#2-94

PD

The expression of TLR4 is increased in PD and MSA
post-mortem brain tissue, suggesting clinical relevance
to TLR4 in PD and neurodegeneration in general.’%74
Animal experiments have been used to further
elucidate therole of TLR4 in PD. TLR4" mice were more
vulnerable to dopaminergic neuronal loss and motor
problems induced by a-synuclein overexpression, but
less vulnerable to the induction of PD symptoms by
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
treatment.®®*%! Furthermore, TLR4 and a-synuclein
are both necessary for LPS-induced neurodegeneration
in mice.””*! Therefore, mouse models support the
importance of TLR4 in PD, but make no suggestion
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as to the impact of TLR4 on disease development,
since TLR4 was both protective and harmful in these
models. Since TLR4 is suggested to be protective in
the context of a-synuclein overexpression, TLR4
seems likely to be protective in the context of PD,
since a-synuclein misfolding and aggregation is a
hallmark of the disease. The harmful contribution
of TLR4 to MPTP-induced PD seems to suggest that
TLR4 might have a negative impact on the health
of a subgroup of PD patients who suffer from toxin-
induced PD (for instance after exposure to MPTP or
rotenone). Therefore, TLR4 appears mostly protective
in the context of PD, but it might be harmful in the
context of toxin-induced PD.

Similar to TLR2, microglia form a link between TLR4
and PD. Microglia are necessary for LPS-induced
degeneration of rat cortical neurons in cell culture
since these neurons themselves do not express
TLR4, and nitric oxide and superoxide seem to be
at least partially responsible for microglial-induced
neurodegeneration.’?¥! On the other hand, microglial
TLR4 is necessary for the neuroprotective endocytosis
of a-synuclein.” Microglia activated with a-synuclein
downregulate TLR4, disabling any neuroinflammatory
positive feedback loop, but also reducing the ability
of the microglia to take up a-synuclein from their
environment.””? These results are contradictive and
whether TLR4 is protective or injurious in PD is still a
matter of debate. The balance between the contribution
of microglial TLR4 to neuroinflammation and the
endocytosis of a-synuclein might eventually determine
whether this receptor is protective or harmful to the
surrounding neurons. TLR4 is a promising target
for future PD research. The role of TLR4 during PD
can be both beneficial and harmful, and the factors
determining the outcome need to be investigated
in more detail. It seems that neuronal TLR4 could
be protective, but the role of microglial TLR4 is still
not fully understood. Resolving this debate could
potentially lead to approaches aimed at turning
harmful TLR4 responses into protective ones.

AD

One of the first lines of evidence suggesting that TLR4
might be involved in AD pathology comes from two
studies where a TLR4 polymorphism was found to
be protective against late onset Alzheimer’s disease
in the Italian population and glial cells surrounding
AP plaques showed increased TLR4 expression in
post mortem brain tissue.*1°! In a genetic AD mouse
model TLR4 knock-out reduced the expression of
TNFa and chemokine (C-C motif) ligand 4 (also known
as macrophage inflammatory protein-18) in cortex
homogenate, while increasing the amount of activated

microglia, activated astrocytes, and A protein in the
brain.!*102 Effects of TLR4 knock-out on behavior
or disease progression have not been reported. The
increase of AP protein in the brain of TLR4" animals
could be due to a lack of TLR4-mediated A clearance,
potentially by microglia.[02:103

Cell culture data support a pro-inflammatory role
for microglia, and implicate microglia-induced
inflammation in neuronal degeneration. Mouse
microglia initiate an inflammatory and phagocytic
response to aggregated AP through TLR4, resulting
in microglia-mediated neuronal death.®**® Microglia
need TLR4 to initiate LPS-stimulated AP uptake, in
fact they trigger a stronger inflammatory response to
AP in combination with LPS.[#*102

Neurons themselves respond to A and AD-related
peroxidation product HNE through TLR4, resulting
in apoptosis.*? Since little is known about the
role of neuronal TLR4 in AD, it is important to
start exploring the function of this receptor in
animal models and in patient tissue, in a way that
differentiates glial-mediated TLR4 responses from
neuronal responses, for instance by selective knock-
down of TLR4 in neurons in AD mouse models.
Collectively, it seems that TLR4 induces an immune
response in AD through pro-inflammatory cytokines,
aimed at the removal of AB by microglial uptake,
but also phagocytosis of neurons by microglia.
Insufficient removal of AB results in an increase of Ap
in the extracellular space, the subsequent activation
of microglia and astrocytes, and neuronal apoptosis.
In light of this hypothesis, it is also interesting to note
the similarity in the role of microglial TLR4 in AD and
PD, where this receptor is responsible for the uptake
of disease-specific aggregated protein and initiation of
neuroinflammation, possibly causing neuronal death.

Stroke

TLR4 has both beneficial and detrimental effects in
stroke models. Neurons of I/R treated mice show TLR4
upregulation, a first clue that TLR4 is involved in stroke-
induced brain damage.***” Paradoxically, mice treated
with low dose systemic LPS two days before I/R injury
had smaller infarct sizes and less neuroinflammation
in the brain, while TLR4” mice had less stroke-induced
brain damage and less neurological deficits after I/R
treatment.?*1°4 Although these results do not suggest a
beneficial or harmful role of TLR4 in stroke, the data are
not mutually exclusive. TLR4 stimulation before stroke
seems to be protective, while TLR4 stimulation during
stroke seems detrimental. This hypothesis is supported
by in vitro experiments. Increased TLR4 activity does
not increase neuronal death, and TLR4 stimulation
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can be beneficial to neuronal survival at low concentra
tions. 43105541061 Op the other hand, glucose deprivation
increased TLR4 expression and cell death in neuronal
cultures while TLR4” neurons were less susceptible to
glucose deprivation induced cell death.”**” In agreement
with the in vivo results, it seems that TLR4 stimulation
per se is not harmful to neurons and it might even be
beneficial. During stroke TLR4 has a negative impact
on neuronal survival, possibly in part through glucose
deprivation, but most likely also as the result of a more
profound inflammatory process.'” In relation to the
opposing effects of TLR4 in PD, it is curious that TLR4
can have either protective or detrimental effects in the
context of stroke.

TLR8

In innate
endosomal receptor that recognizes viral single-
stranded RNA. Stimulation of TLR8 induces the
activation of the My88 signaling pathway leading to
an anti-viral response.[*

immune cells TLR8 functions as an

The role of TLR8 in PD and AD has not yet been studied
in detail, and is therefore unknown. In stroke patients a
higher level of TLR8 mRNA expression in whole blood
sample was positively correlated with poor patient
outcome after three months, larger infarct volume
and greater inflammatory response.'*” Similar results
were found in a mouse stroke model: diseased animals
had increased TLR8 mRNA expression in their brain
and systemic administration of a TLR8 agonist before
ischemic insult increased infarct size and neurological
problems."®! The neuronal damage in stroke patients
and mice could be mediated by neuronal TLRS8, since
TLR8 stimulation of neuronsresultsin fewerand shorter
neurites and apoptosis and slightly but significantly
increases oxygen-glucose deprivation induced cell
death, while TLR8 silencing reduced oxygen-glucose
deprivation induced cell death.?0% Interestingly,
neurodevelopmental research has shown that TLRS8
is differentially expressed in the embryonic and
postnatal brain in mice.*>?! In the mouse brain TLR8
expression increases between embryonic day 12 and
postnatal day 1, and decreases between postnatal day 7
and adulthood.?® During early embryonic development
TLR8 expression is high in postmitotic migrating
cells, but not in the periventricular proliferative
area.” During late embryonic development, TLRS8
was restricted to axonal tracts (including the olfactory
nerve fiber layer, cortical intermediate zone, internal
capsule, anterior commissure, fimbria of hippocampus
and optic chiasm).?® Postnatal expression is diffuse
throughout the brain and located in soma.?® This
indicates a potential role of TLR8 in brain development.
Considering how little is known about its function in

the nervous system, specifically on neurons, both the
fields of neurodevelopment and neurodegeneration
have much to explore with regards to TLR8. This TLR
could be considered critical to study the role of TLRs
on neurons in neurodegeneration, and PD in particular.

NEURONAL TLRS AND VIRAL INFECTIONS

In the previous sections we have discussed that
TLRs play an important role in microglial-mediated
neuroinflammation of neurodegenerative diseases.
In this context it is extremely relevant to investigate
further the TLR-induced immune-like functions of
neurons and to understand the role of neurons in
neuroinflammation. Viral infections offer useful
conditions to study TLR-mediated neuronal immune
functions, because neurons respond to viral infections
by upregulating TLR and secreting IFN.

Neurons upregulate TLR3 and TLR4 mRNA in
response to HIV and adenovirus infection, they also
upregulate IFN-B mRNA in response to Sendai virus,
and increase IFN production after TLR3 and TLR8
stimulation.!¢#745111 TL,R3 and TLR8 are virus-sensing
receptors and virus-infected cells use IFNs to signals
to the neighboring cells that an infection is ongoing
and to induce an immune response from nearby
immune cells (or glial cells). All together, such findings
suggest that neurons can act as immune cells. These
neuronal TLR-mediated immune responses seem to be
protective to the neurons themselves. Stimulation of
TLR3 on neuronal cell lines inhibits HIV replication
through IFN-), and TLR3 and TLR8 stimulation of
a neuronal cell line results in lower susceptibility to
herpes simplex virus-1 potentially through IFN-o.
Moreover, TLR3" primary neurons showed increased
infection when exposed to West Nile virus compared to
WT neurons which was not due to changes in IFN-a of
IFN-B production.l'®#>48 The protective effect of TLR3
during viral infection of the CNS has been confirmed
in mice: infection of TLR3” mice with West Nile virus
resulted in a higher viral burden in neurons and
increased mortality compared to WT mice.* The viral-
sensing receptors TLR3 and TLR8 are able to initiate a
protective immune-like response in neurons upon viral
challenge. Unfortunately, it is not clear whether TLR2
or TLR4 have a similar potential to protect neurons
against pathogenic (bacterial) attack, and what the
resulting immune response would be. Therefore, it
is interesting to investigate a wide range of possible
immune-like responses in neuronal cultures exposed
to endogenous and exogenous TLR2 and TLR4 stimuli.

CONCLUSION

This review summarizes the relevance of TLRs in the
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nervous system, and especially in neurodegenerative
pathologies. Current literature shows that several
neuronal TLRs are involved in the development of the
nervous system and in neurodegenerative diseases.
Neuronal TLRs are important for NPC proliferation,
axonal growth, cell survival and in defense against
viral infections. The capacity of TLR-stimulated
neurons to respond as immune-like cells (production
of cytokines and induction of apoptosis) is of special
interest for neurodegenerative diseases, since
microglial-mediated neuroinflammation is a feature
of neurodegenerative diseases. These results raise
the question whether neurons are active contributing
to neuroinflammatory degenerative process such as
PD. TLR2, TLR3, TLR4 and TLR8 are all important
for neuronal function and are implicated in PD, AD
and stroke. This suggests that these TLRs should be
investigated further in PD and other diseases as the
first innate immune receptors on neurons.

Neuronal TLR2 has divergent functions in the nervous
system. It responds to tissue damage during stroke, and
allows neurons to respond to the neuroinflammatory
environment of AD pathology. It is interesting
to analyze the involvement of neuronal TLR2 in
neurodegenerative diseases other than stroke and AD.
Elucidating the role of neuronal TLR2 in PD is very
attractive, since microglial TLR2 has already been
described in PD pathology.l*7377781 We hypothesize
that a-synuclein triggers neuroinflammation through
microglial TLR2, initiating a positive feedback loop by
increasing TLR2 expression on the microglia, resulting
in neurodegeneration and disease progression. The
contribution of neuronal TLR2 in this process is yet
unknown, and could be evaluated by studying PD
mouse models with a specific knock-out of TLR2 in
neurons, and by studying the immune response of
neurons activated with TLR2 stimuli in culture.

Neuronal TLR3 regulates cortical development
and neurogenesis and is able to initiate immune-
like responses in response to viral infections. This
provides an interesting perspective to explore the
function of neuronal TLR3 in neurodegenerative
diseases, since we hypothesize that neuronal TLR3
will be detrimental in this context, and because viral
infections could cause PD through the development
of encephalopathy.""® Expression patterns of TLR3
in brain tissue of early and late PD would shed light
on whether TLR3 is indeed an interesting candidate
for future PD research, and what role neuronal TLR3
might play in disease development.

TLR4 is a very promising target for future PD research.
The effect of TLR4 during PD can be both beneficial and

harmful, but the factors determining the outcome are yet
unknown. It is conceivable that neuronal TLR4 could
be protective, but the role of microglial TLR4 is still in
uncertain. One explanation for the confounding function
of TLR4 in PD needs to be sought in the interaction
between TLR4 stimulation and the stimulation of
other receptors. Such interactions are known to occur
for TLR4, in fact neuronal TLR4 interacts with the
transient receptor potential cation channel V1 receptor
to transduce itch signals and possibly to transduce pain
caused by bacterial infections.*>"¥ These data open up
a new scenario of research in PD, particularly using
specific neuronal TLR4 deficient animals, especially if
this knock-out can be initiated before, during and after
PD initiation, since the beneficial or detrimental effects
of TLR4 in stroke seem to be dependent on the timing of
TLR4 stimulation in relation to stroke. Similarly, the study
of the effects of TLR4 stimulation in neuronal cultures in
combination with (microglial) immune signals known
to be important in PD pathology represents also another
research direction.

TLR8 influences neuronal growth and survival and
is also important for the initiation of the immune
response during neuronal viral infections. The
implications for neurodegenerative diseases are
manifold, since viral infections have been linked to
PD and a better understanding of the mechanisms
underlying neuronal survival could help to reduce
neuronal death."? Since so little is known about TLRS,
further investigation about the role of this receptor
represents an opportunity for future PD research.
Neuronal TLRs are an emerging research area, which
will have implications for neurodevelopmental,
neurodegenerative and neuroinflammatory research. To
date neuronal TLR2-4 and neuronal TLR8 are known to
be promising candidates for future studies. Elucidation
of the function of other neuronal TLRs requires further
research that would lead to a better understanding of the
interaction between the nervous system and the immune
system.
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