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Abstract

Toll-like receptors (TLRs) play essential roles in generating innate immune responses, and are 

evolutionarily conserved across species. In mammals, TLRs specifically recognize the conserved 

microbial structural motifs referred to as pathogen-associated molecular patterns (PAMPs). Ligand 

recognition by TLRs activates signaling cascades that culminate in proinflammatory cytokine 

production and eventual elimination of invading pathogens. Although TLRs in mammals are 

expressed predominantly in the immune system, certain TLRs with poorly characterized function 

are also found in neurons. We recently profiled TLR8 expression during mouse brain development 

and established its localization in neurons and axons. We uncovered a novel role for TLR8 as a 

suppressor of neurite outgrowth as well as an inducer of neuronal apoptosis, and found that TLR8 

functions in neurons through an NFκB-independent mechanism. These findings add a new layer of 

complexity for TLR signaling, and expand the realm of mammalian TLR function to the central 

nervous system (CNS) beyond the originally discovered immune context. Herein, we complement 

our earlier report with additional data, discuss their biological and mechanistic implications in 

CNS developmental and pathological processes, and thus further our perspective on TLR signaling 

and potential physiological roles in mammals.
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INTRODUCTION

Toll, a type-I transmemberane receptor in Drosophila melanogaster, was found in 1996 to 

be required for the adult fly to mount an effective immune response against fungal 

infection.1 Soon after this groundbreaking discovery, mammalian orthologues of Drosophila 

Toll were identified as Toll-like receptors (TLRs) with similar functions in innate immune 

responses.2,3 TLRs recognize conserved microbial structures referred to as PAMPs, and thus 
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activate intracellular signaling pathways that induce expression of a broad range of 

inflammatory cytokines including TNFα and IL-6.4 Several TLRs elicit antiviral responses 

through induction of type I interferon (IFN) genes.4 Beyond their primary roles in innate 

immunity, TLR activation modulates differentiation of dendritic cells (DCs) and their 

surface expression of co-stimulatory molecules, thus contributing to the induction of 

pathogen-specific adaptive immune responses.4 Recent evidence suggests that TLRs may 

have even broader roles in controlling immunity, including regulation of T cell responses, 

antibody production and class-switch recombination.5

Studies of mammalian TLRs have been focused almost exclusively on their roles in 

immunity. It is interesting to note, however, that Toll was originally identified in Drosophila 

for its role in establishing embryonic dorso-ventral polarity crucial to body axis specification 

and subsequent development.6 This role is conserved in a vertebrate model system—

Xenopus.7 A variety of additional developmental functions have been ascribed to the 

Drosophila Toll receptor, among them roles in synapse formation. Toll locally inhibits 

synaptic initiation of the Drosophila RP3 motoneuron growth cone.8 Misexpression of Toll 

in the fly musculature disrupted synaptic target recognition between muscles and 

motoneurons.9 Furthermore, Toll-mediated signaling was found to be critical for several 

non-neural developmental processes in Drosophila, including muscle development and 

larval hematopoiesis.10,11 In addition, TIR-1, a post-synaptic protein in C. elegans AWC 

olfactory neurons containing the Toll/interleukin receptor-I (TIR) homology domain 

controls asymmetric patterns of odorant receptor expression, called AWC (OFF) and AWC 

(ON).12 Collectively, these studies indicate that the function of the Toll receptor family is 

not confined to immunity.

Since the core signaling machinery of Toll pathway is largely conserved between vertebrates 

and invertebrates,13 one might predict that mammalian TLRs would have a role in 

embryonic development. Yet, no developmental defect to date has been observed by gross 

examination of knockout mice of any single TLR family member. Hence, it is generally 

believed that Toll-controlled establishment of the body axis during embryogenesis is 

restricted to invertebrates and simpler vertebrates, with mammals having adopted a different 

mechanism for embryonic patterning.14,15 However, it could be argued that the lack of a role 

in embryogenesis might reflect functional redundancy among TLRs, as the mammalian TLR 

family comprises at least 13 genes. The generation of TLR double knockout mice would 

allow this issue to be clarified, and reveal novel insights that might be masked by the 

deletion of each receptor individually. TLRs have been implicated in various other 

developmental processes in mammals. TLR expression and activation were demonstrated in 

human adipose tissue-derived mesenchymal progenitor cells,16 and during hematopoietic 

stem cell differentiation.17 Deficiency in myeloid differentiation factor 88 (MyD88), an 

adaptor protein essential to TLR intracellular signaling, impairs the ability of mesenchymal 

stem cells (MSCs) to differentiate into osteocytes and chondrocytes under conditions that 

permit differentiation of their normal counterparts, suggesting that TLR signaling may be 

required for acquisition of multipotency by MSCs.18 In the CNS, TLR activation was shown 

to promote cholinergic differentiation from neural progenitors in the developing rat basal 

forebrain.19 TLRs on neural progenitor cells (NPCs) were recently demonstrated to be 
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directly involved in regulating adult hippocampal neurogenesis.20 These observations have 

extended the function of TLRs in mammals from the realm of immunity to cellular 

development more generally. We are particularly interested in TLR roles in normal CNS 

development and disease.

TLRS IN CNS AND NEURONS

TLRs have been found to exist in a wide range of tissues outside the immune system, 

including the CNS. The profile of TLR expression in astrocytes is restricted, with human 

astrocytes preferentially expressing TLR3 upon stimulation.21 Microglia, as resident innate 

immune cells, are believed to be the principle source of TLR expression in the CNS,22 

where they provide an important defense against microbial infection.23 Furthermore, TLRs 

serve as a bridge linking innate immunity to CNS inflammation associated with various 

types of brain injury.22,24,25 For example, our previous work demonstrated that injury 

induced by lipopolysaccharide (LPS) on oligodendrocytes and neurons required the 

functional presence of TLR4 in microglia cells.26,27 More recently, we demonstrated that 

Group B Streptococcus induces neuronal apoptosis via microglial activation through a 

TLR2/MyD88-dependent pathway, illustrating a mechanism underlying neonatal meningitis 

and neurodegeneration.28 Perhaps the most intriguing observation about TLRs in the CNS is 

that they can be activated in the absence of microbial infection under conditions of stress, 

such as autoimmunity, traumatic injury, hypoxia, and neuro-degeneration.22 Such non-

infectious stimuli-induced TLR activation clearly links TLRs to the mechanisms underlying 

a variety of neurological diseases. For example, TLR2 activation in microglia promotes 

cellular uptake of amyloid β peptide (Aβ42) through enhancing the function of G-protein-

coupled receptor mFPR2, indicating that TLR2 may be involved in clearance of Aβ-deposits 

in the Alzheimer's disease (AD) brain.29 The role of TLR signaling in the pathogenesis of 

AD is also supported by the finding that mice harboring a Tlr4 mutation (Tlrlps-d) showed 

markedly increased diffuse and fibrillar Aβ-deposits in their brains, as in human AD.30 

Moreover, the importance of TLR signaling in driving disease development in multiple 

sclerosis (MS) was demonstrated by the observations that TLR3 stimulation suppressed 

relapsing demyelination in a murine experimental autoimmune encephalomyelitis (EAE) 

model,31 and that MyD88- or TLR9-deficiency conferred resistance to EAE induction in 

mice.32 Also, TLR-mediated microglial activation was shown to promote excess cholinergic 

differentiation in the developing forebrain, and was proposed to be a factor in 

neurodevelopmental disorders such as autism.19 These observations suggest that TLRs have 

both pathogen-dependent and -independent roles in the CNS, and are broadly involved in 

CNS homeostasis, development, and disease processes through glia-mediated 

mechanisms.22,25

In contrast to the mounting studies on TLR expression in glial cells and its implied broad 

involvement in CNS pathological processes, evidence on the expression and function of 

TLRs in neurons is scarce. Recent findings indicate that TLRs are involved in the control of 

neuronal proliferation and differentiation,20 and are pivotal to the neuronal responses to 

ischemic brain injury.33 However, little is known about how TLRs function in neurons. TLR 

expression has been recently documented in various types of neuronal cells. In fact, all 

TLRs are expressed in NPCs,20 and in cortical neurons.33 TLR2 expression was detected in 
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neurons and other cell types in postischemic brain tissue.34 TLR3 is expressed in human 

neurons,35 and in neuronal cell lines NT2-N and SH-SY5Y.36,37 TLR4 is expressed by a 

capsaicin-sensitive subclass of trigeminal sensory neurons,38 dorsal root ganglion (DRG) 

neurons,39 and neuroblastoma cells.40 MyD88 is present in hypothalamic neurons.41 

Particularly noteworthy is the expression of TLR3 in cerebellar Purkinje neurons in human 

brains affected by viral encephalitis, amyotrophic lateral sclerosis, stroke, and Alzheimer's 

disease.42 A suggestion that neurons are intrinsically capable of mounting an immune 

response against microbial challenges comes from data that stimulation in vitro of NT2-N 

neuronal cells, which express TLR3, with viral infection or a synthetic analogue of viral 

dsRNA, polyinosinic-polycytidylic acid (polyI:C), induces broad expression of 

inflammatory genes.37 PolyI:C treatment of human SH-SY5Y neuroblastoma cells induced 

the hyperphosphorylation of tau protein, a pathological hallmark of Alzheimer's disease.36 

Hence, it seems that TLR3 may be involved directly in controlling neuronal responses 

against viral infection and in the pathological processes of some neurodegenerative diseases. 

However, caution must accompany the interpretation with regard to how TLR3 exerts its 

function in neurons because dsRNA can be recognized by intracellular dsRNA-dependent 

serine/threonine protein kinase (PKR) and helicases (RIG-1 and Mda5) in addition to 

TLR3.43 Relevant to this issue, our recent work on TLR8 suggests that TLRs in neurons 

likely function through a mechanism distinct from the one established in immunity.44

We started our investigation by systematically profiling the expression of TLRs during 

mouse brain development. TLR8 became our focus because of its abundance and 

dynamically changing expression during development.44 Of note, TLR8 expression remains 

detectable in the adult mouse brain, though it is greatly diminished once brain development 

is completed,44 so that TLR8 is still available to participate in inflammatory processes in the 

adult brain under appropriate circumstances. The level of TLR8 expression in cultured 

cortical neurons was much higher than that in immune cells by Western-blot analysis,44 

further promoting our interest in TLR8 function within the CNS. Immunohistochemical 

analysis confirmed TLR8 expression and intracellular localization in neurons and axons 

(Fig. 1).

As TLR7 is highly homologous to TLR8, and with it forms a subgroup within the TLR 

superfamily,45 we also characterized the expression of TLR7 in the CNS. 

Immunohistochemical analysis revealed that TLR7 is selectively expressed in ependymal 

cells lining the ventricular walls in the developing and adult CNS (Fig. 2A–C). Consistent 

with our previous Western-blot result,44 double-immunostaining demonstrated that cultured 

cortical neurons do not express TLR7 (Fig. 2D). Thus, the expression pattern of TLR7 is 

distinct from that of TLR8, suggesting that TLR8 may have acquired neuron-specific 

functions in mice through evolutionary divergence. Importantly, the absence of TLR7 in 

neurons has allowed us to use resiquimod (R-848), a well-established TLR7/8 agonist,46 to 

investigate the effects of TLR8 activation in neurons.

IS MURINE TLR8 FUNCTIONAL?

TLR8, perhaps the least studied amongst TLRs, was thought to function in a species-specific 

manner and was considered previously to be non-functional in mice because HEK cells 
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transfected with human but not murine TLR8 were responsive to its agonist, R848,46 and 

Tlr8-deficient macrophages show unim-paired inflammatory gene expression in response to 

TLR8 agonists, including R-848 and single-stranded RNA (ssRNA).47 However, TLR8 

expression, either constitutively or in response to microbial infections, has been documented 

in a variety of murine cell types, including embryonic fibroblasts,48 dendritic cells 

(DCs),49,50 MSCs,18 glia,32,51,52 NPCs,20 cortical neurons,33,44 and granule neurons and 

axons.53 Further, humans and mice differ significantly in both innate and adaptive immunity 

mechanisms,54 and species variations in TLR expression between humans and mice with 

respect to both transcriptional regulation and cell-type specificity, are not uncommon.55 

Therefore, it may not be surprising that a given ligand may induce different responses 

through an orthologous receptor in the two species. For instance, human TLR2, known to be 

functional, does not efficiently recognize the tri-lauroylated lipopeptide analogue 

(Lau3CSK4), an effective agonist of murine TLR2.56

Notably, most early experiments on TLR8 function relied solely on monitoring NFκB 

transactivation and the subsequent induction of cytokine expression. Thus, the possibility 

that murine TLR8 activation induces NFκB-independent events may have been overlooked. 

There is evidence that murine TLR8 is functional: TLR8 expression is significantly 

increased in mouse CNS in response to microbial challenge,51,52 and during the progression 

of EAE.32 Also, R-848 induces secretion of cytokine IL-12p40 in a subset of murine 

intestinal dendritic cells (CD172a+iL-DCs) that express TLR8 but not TLR7.50

Because the Tlr8 locus in the chicken genome is disrupted by the insertion of chicken 

repeat-1 (CR1) retroviral-like elements and thus represents a pseudogene,57 we examined 

whether a similar gene defect might exist in murine Tlr8. On the contrary, the Tlr8 genomic 

locus is highly conserved between humans and mice. Mutational biases pattern analysis 

indicated that amongst TLR family members, TLR8 carries minimal variation in the TIR 

domain, known to be critical for TLR intracellular signaling, over the course of evolution.58 

Furthermore, our alignment analysis shows that the amino acid residues within the three 

motif boxes of the TIR domain are identical in human and murine TLR8 (Fig. 3). These 

observations suggest that the inability of murine TLR8 to induce NF-κB activation is not 

due to a structural defect in the TIR domain, a notion that is further supported by the 

observation that a chimeric molecule composed of murine TLR4 ectodomain and murine 

TLR8 intracellular domain does activate NFκB in response to LPS stimulation, indicating 

integrity of the murine TLR8 signaling capability.59 The physical associations between 

murine TLR7, 8, and 9, and the impact of their interactions on signaling by individual TLRs, 

have been recently demonstrated, revealing, among other results, that murine TLR8 can 

regulate TLR7 or TLR9 signaling.60 Direct evidence came from the demonstration that HEK 

cells transfected with murine TLR8 activated NFκB when stimulated with 

imidazoquinolines in combination with polyT oligodeoxynucleotides.61 Thus, murine TLR8 

appears to require additional ligands for robust NFκB activation. These observations argue 

that murine TLR8 is indeed functional, even in the context of NFκB activation.

The fact that stimulation of murine TLR8 by established agonists, including R-848 and 

ssRNA, is unable to induce effective NFκB activation has prompted us to speculate that: 

TLR8 might operate in a cell-type specific manner, and function in biological processes that 
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do not require NFκB activation. Cell-type specific signaling has been observed recently 

among TLRs. As an example, stimulation of TLR3 with its agonist, polyI:C, activated NFκB 

and MAPKs in human endothelial cells and synovial fibroblasts, but were unable to do so in 

dendritic cells and macrophages.62 In support of our hypothesis, we recently observed that 

TLR8 activation by R-848 in cultured mouse cortical neurons induced morphological 

responses but did not cause NFκB activation,44 as would have been expected based on the 

TLR signaling mechanism in immune cells. Specifically, TLR8 activation in neurons 

inhibited neurite outgrowth, and in a dissociable manner, triggered apoptosis, with no 

canonical TLR signaling events detected. We demonstrated the specificity of TLR8 

activation-induced effects on neurons through (1) stimulation of other PAMPs as controls 

and (2) specific antibody-mediated partial blockade of the neuronal responses. Our finding 

substantiated the hypothesis that TLR8 in mice may function in a specific major class of 

non-immune cells, namely neurons.

HOW DOES TLR8 SIGNAL IN NEURONS?

TLRs, except for TLR3, signal inflammation via a conserved canonical pathway initiated by 

the association of the adaptor protein MyD88 with TLR intracellular domains through a 

TIR-mediated interaction.63 Subsequently, IL-1R-associated kinase (IRAK)-1 and IRAK-4 

are recruited to the receptor complex. Upon phosphorylation, IRAKs dissociate from 

MyD88 and bind tumor necrosis receptor factor-associated factor 6 (TRAF6). TRAF6 forms 

a complex with ubiquitin-conjugating enzyme 13 (Ubc13) and ubiquitin-conjugating 

enzyme E2 variant 1 (Uev1A), which in turn activates a transforming growth factor-β 

activated kinase 1 (TAK1). TAK1 in combination with TAK-binding proteins (TABs) 

activates both MAPKs and IKKs. The IKK complex then catalyzes the phosphorylation of 

IκBα, leading to its ubiquitin-mediated degradation and the subsequent nuclear translocation 

of NFκB. In another branch, MAPKs activate the transcription factor AP1, a heterodimer 

formed by c-jun and c-fos. The transcription factors NFκB and AP-1 control the expression 

of a broad spectrum of cytokines critical to inflammatory responses.63

To gain molecular insights into how TLR8 functions in neurons, we explored whether TLR8 

signaling would activate the canonical TLR pathway. Contrary to our expectations, none of 

the characteristic hallmarks of TLR signaling were detected in neurons stimulated with the 

TLR8 agonist, R-848.44 We have now confirmed by ELISA analysis that neither NFκB nor 

AP-1 were activated in neurons treated with a TLR8 agonist (Fig. 4). Furthermore, 

application of a MAPKK inhibitor had no impact on R-848-induced effects on neurons, 

indicating that MAPK is not required in TLR8 signaling (Fig. 5). In addition, we conducted 

parallel experiments with neurons cultured from Myd88−/− mice, and found that MyD88 

deficiency, while slightly altering cell viability, did not confer resistance against R-848 

effects (Fig. 6). Thus, we conclude that TLR8 in neurons does not function through the 

canonical TLR signaling pathway. Intriguingly, a recent report found that oxygen 

deprivation in cultured cortical neurons induced cell apoptosis in a TLR2 and 4-dependent 

manner without causing NFκB activation.33 Therefore, it seems a universal feature that TLR 

signaling in neurons does not involve NFκB, at least in the context of cell apoptosis.
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A variety of stimuli, including β-amyloid, TNF-α, transforming growth factor (TGF-β), 

nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and Ca2+/

Calmodulin-dependent protein kinase II (CaMKII) can induce NFκB activation in 

neurons.64 However, it is also believed that the NFκB cascade is tightly regulated in this cell 

type, since many NFκB activators known to be potent in other cell types are unable to 

activate NFκB in neurons.65 The hyporesponsiveness of neurons to NFκB induction might 

represent a specialized adaptation to provide an immunoprivileged status to neurons, and 

thus contribute to neuroprotection in the brain.65 Hypotheses interpreting this phenomenon 

include the one that the signaling machinery responsible for NFκB activation may be 

uniquely regulated in neurons.65,66 In this context, we found that IRAK1, a critical 

component in the TLR signaling cascade, is not expressed in cortical neurons either under 

basal conditions or when stimulated with R-848, whereas IRAK1 is constitutively expressed 

in macrophages and rapidly degraded upon ligand stimulation (Fig. 7). By contrast, IRAK4, 

another IRAK family member, which lies upstream of IRAK1 in the TLR signaling cascade, 

is expressed in neurons but becomes degraded slowly upon R-848 stimulation.44 These data 

suggest the lack of IRAK1 expression by neurons may contribute to their recalcitrance of 

NFκB activation during TLR signaling. In support, recent studies revealed IRAK1c, a splice 

variant form of IRAK1 that lacks the intrinsic kinase activity and can potentially suppresses 

NFκB-inducing signals, exists as the predominant form of IRAK1 in the brain.67,68 Other 

mechanisms negatively regulating TLR signaling in neurons may also exist. We found 

IRAK-M, a negative regulator of TLR signaling,69 is also expressed in neurons and is 

slightly upregulated by R-848 (Fig. 7). Though further analysis is required to clarify whether 

introducing IRAK1 in neurons would restore responsiveness to NFκB-inducing signals, or 

whether inhibition by IRAK-M is sufficient to account for the neuronal lack of TLR-induced 

NFκB activation, the absence of IRAK1 in neurons strongly suggests that TLR8 must 

induce neuronal responses through a different signaling pathway.

How, then, are TLR8 signals transduced in neurons? Two components of the canonical TLR 

signaling pathway found to be degraded in response to neuronal stimulation by R-848 are 

IκBα and IRAK4.44 The timing of their degradation coincides with the onset of 

morphological changes in neurons, suggesting a possible link between these events.44 As no 

degradation of other TLR signaling machinery was observed, the downregulation of IκBα 

and IRAK4 likely resulted from a specific process rather than from some overall degradation 

caused by caspase activation. In fact, caspase family inhibitors were incapable of blocking 

the prolonged TLR stimulation-induced degradation of IRAK4 in macrophages,70 and 

should be tested also in neurons.

Of particular note, TLR8 stimulation in neurons causes phosphor-ylation (Ser32)-

independent IκBα degradation that does not lead to NFκB transactivation.44 Intriguingly, a 

similar phenomenon was recently noted in a report that LPS stimulation of TLR4-expressing 

neuroblastoma NB-1 cells induced a transient, partial degradation of IκBα, while NFκB 

activation was not detected.40 These findings invite the speculation that IκBα in neurons 

might be uniquely regulated in the context of TLR signaling. Emerging evidence indicates 

that IκBα may have broader roles other than inhibiting NFκB activation by blocking its 

nuclear translocation.71 IκBα can shuttle between cytoplasm and nucleus, and recruit 

through physical interactions nuclear corepressors (N-CoRs) or histone acetyltransferases 
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and deacetylases (HDACs) to the NFκB-dependent or -independent promoters of target 

genes.72,73 Hence, IκBα is able on its own to activate or repress gene transcription, or 

crosstalk with other signaling cascades such as the Notch pathway.72 Such IκBα-mediated 

gene regulation may be relevant to NFκB-independent TLR signaling. Application of the 

HDAC inhibitors increased the acetylation status at the IL-12p40 gene promoter and thus 

strongly inhibited TLR-induced expression of this cytokine.74 Also, TLR4 signaling was 

shown to control IL12p40 gene expression by inducing chromatin remodeling of its 

promoter, in a manner independent of NFκB induction.75 Based on these observations, it 

might be plausible that TLR8 signaling in neurons causes morphological responses through 

an NFκB-independent, IκBα-mediated transcriptional activation/ repression of as-yet 

unknown target genes. Future experiments using approaches such as chromatin 

immunoprecipitation (ChIP) to identify IκBα-regulated genes during TLR8 stimulation 

might provide insights on how TLR8 signaling translates into neuronal responses.

AN AXONAL VIEW

TLR activation has been implicated in pathological processes associated with axonal injury. 

Spinal nerve axotomy triggered TLR-mediated glia cell activation and subsequently led to 

pain hyper-sensitivity, and further analysis with TLR2- and TLR4-knockout mice confirmed 

that both receptors are critically involved in this neuropathic pain.76,77 In another model of 

axonal injury, stereotactic transection of axons in the entorhinal cortex led to upregulation of 

TLR2 by microglia in the denervated zones of the hippocampus.78 The damaged axons 

apparently induced cytokine production and inflammation by releasing undefined factors 

that caused TLR activation in microglia or astrocytes. The intensity and duration of such 

inflammatory responses correlated well with the extent of the axon injury, and in addition, 

TLR activation may cause injury of the axon itself. Microbial lipopeptides trigger Schwann 

cell apoptosis in vitro via TLR2, and expression of TLR2 in vivo was found to correlate with 

Schwann cell apoptosis in human leprosy lesions.79 These observations suggest that TLR 

activation and axonal injury may be closely linked, a role for which TLR8 appears well 

suited due to its distinct localization in axons.

In cultured cortical neurons, TLR8 is highly enriched in growth cones, and is also 

distributed as punctuate structures throughout the soma and cell processes (Fig. 1). In the 

embryonic mouse brain TLR8 expression is restricted largely to the axonal fiber tracts, and 

is absent in dendrites (Fig. 8A–I).44 In the adult CNS TLR8 expression becomes diffuse and 

diminished,44 but such an axon-specific expression pattern remains characteristic in some 

areas, including the striatal bundles in the forebrain and tracts in the dorsal spinal cord (Fig. 

8J–O). This predilection for localization to axons might indicate that TLR8 is a regulator of 

axonal dynamics during CNS development, and in pathological processes. With regard to 

the latter, TLR8 expression was distinctively upregulated in axons of cerebellar granule cell 

neurons in a mouse model of parasitic neurocysticercosis.53 Of note, the TLR8-positive 

axons appeared in close contact with CD11c-positive dendritic/microglial cells, suggesting 

that TLR8 may mediate interactions between axons and immune cells in a CNS 

inflammatory process.53 It would be particularly interesting to examine whether TLR8 

activation is involved in pathological processes featuring both axonal injury and 

inflammation, such as multiple sclerosis.80
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ISSUES AND CHALLENGES

Our data uncovered novel functions for TLR8 in neurons, but also raise new questions. 

Might TLR8 have a neurodevelopmental role? TLR8 is expressed in the CNS prominently in 

embryonic axons, is developmentally regulated, and is capable upon activation of inhibiting 

neurite outgrowth and trigger neuronal apoptosis. As an innate immune receptor, might 

TLR8 participate in CNS inflammatory processes? Since TLR8 expression in the adult brain 

is sharply diminished but not absent, we speculate that a role switch from development to 

inflammation might occur as mice mature. The latent expression of TLR8 in the adult CNS 

suggests that an innate immunity function of TLR8 may be quiescent under normal 

conditions, in keeping with the immune-privileged status of the brain, but that TLR8 might 

spring into action by directly mediating neuronal or axonal responses to endogenous stimuli 

such as traumatic and hypoxic tissue injury, or exogenous stimuli such as viral infection. 

This idea is considered further below.

What are the mediators and effectors of TLR8 signaling in neurons? How does TLR8 

activation in neurons translate into two independent processes-neurite outgrowth 

suppression and apoptosis? Although the TLR8 signaling cascade in neurons remains largely 

undefined, some clues are emerging. Our data indicate that both IκBα and IRAK4 probably 

mediate TLR8 signaling in neurons, even though it remains to be solved how R-848 triggers 

IκBα- and IRAK4-downregulation. IRAK4 is a central mediator of the canonical TLR 

signaling pathway,81 and it has a role in cell apoptosis, at least with respect to human cancer 

cells.82 Also, mice deficient in IRAK4 were protected against hyperoxia-induced neuronal 

death.83 Thus, it is plausible that IRAK4 is involved in the process leading to neuronal 

apoptosis. However, other mediators might exist, among which Bim, a Bcl-2 homology 

domain 3-only protein, is an attractive candidate. Bim is a known key mediator of neuronal 

apoptosis whose expression in neurons is increased in certain neurodegenerative 

disease.84,85 Intriguingly, TLR activation can upregulate the expression of Bim in 

macrophages, and is required for Bim-triggered cell apoptosis.86 It remains to be examined 

whether TLR8 activation induces apoptosis in neurons by upregulating their expression of 

Bim.

TLR activation in neurons also induces suppression of neurite outgrowth, probably through 

cytoskeletal mechanisms. It was previously demonstrated that TLR activation induced actin 

reorganization in dendritic cells and macrophages.87,88 A particularly relevant candidate 

might be the small GTPase Rab7, for a proteome analysis revealed that R-848 stimulation 

significantly increased the expression of Rab7 in macrophages.89 Rab7 in neurons mediates 

endosomal trafficking of TrkA,90 a process crucial to NGF-induced neurite outgrowth.91 It 

is tempting to speculate that TLR8 signaling leads to the upregulation of Rab7 expression in 

neurons, which in turn would disrupt TrkA trafficking and thus suppress NGF-mediated 

neurite outgrowth. A further issue would be whether Rab7 is one of the target genes 

regulated by IκBα in the context of TLR8 activation in neurons.

Does TLR8 have an endogenous ligand in mice? A variety of host-derived molecules, 

usually released from damaged cells or degraded upon tissue injury, have been proposed as 

endogenous ligands for various TLRs, including fibronectin, hyaluronan, biglycan, uric acid, 
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heat-shock proteins HSP60, HSP70, and GP96, high mobility group box1 (HMGB1), 

eosinophil-derived neurotoxin (EDN), mammalian DNA and various RNA species, and 

small nuclear ribonucleoprotein particles (snRNPs).92,93 What does murine TLR8 

recognize? We initially pursued this question with an expression cloning approach, a 

classical methodology to identify ligands.94 We constructed two different versions of 

recombinant protein encoding the ectodomain or the entire non-TIR region of murine TLR8 

fused in their C-terminals with the reporter gene alkaline phosphatase. However, these 

recombinant proteins, though correctly expressed, lacked enzymatic activity and thus did not 

serve our goal. Still, we are persuaded to continue seeking an endogenous ligand for TLR8.

The idea that TLR8 might have an endogenous ligand in mice stems from the observation 

that murine TLR8 differs from its human homologue in its ability to activate NFκB in 

response to R-848 or ssRNA.46,47 Because the intracellular TIR domain in both murine and 

human TLR8 possesses intact signaling capacity,59 the difference might be attributed to 

structural variations in the leucine-rich repeats (LRRs) of their ectodomains. The LRR 

domains of TLRs form a horseshoe structure thought to be directly involved in recognition 

of specific PAMPs.63 Murine and human TLR8 have substantial variations in LRR 

organization, which likely impacts the efficiency or even the specificity of ligand 

recognition.95 Thus, it might explain why R-848 can effectively induce NFκB activation 

through human but not murine TLR8. The evolutionary variations in TLR8 ectodo-main 

structure might represent a response to a changing microbial environment that allowed 

human TLR8 better to recognize PAMPs, and in turn to eliminate more efficiently invading 

pathogens through a robust induction of NFκB-dependent immune responses. Yet, the 

inefficiency of murine TLR8 in inducing NFκB activation begs the question why TLR8 is 

still expressed and tightly controlled in a variety of mouse cell types including 

neurons.18,20,32,33,48-53 From the CNS perspective, the speculation raised in the opening 

paragraph of this section is pertinent, that TLR8 in adult mouse brain, albeit expressed, 

remains quiescent under normal conditions due to its limited efficiency in inducing NFκB-

controlled inflammatory responses. TLR8, however, might retain the potential to engage in 

CNS innate immunity when appropriate stimuli are present. The observation favoring this 

idea is that R-848 combined with polyT oligodeoxynucleotides can induce robust NFκB 

activation via murine TLR8.61 An alternative hypothesis is that an endogenous ligand able 

to activate TLR8 in a biological process not involving NFκB might exist in neurons of 

developing brains where TLR8 is abundantly expressed. Adding to the plausibility of this 

idea is our evidence that TLR8 functions in neurite outgrowth and neuronal apoptosis 

though an NFκB-independent mechanism.44 The putative endogenous ligand, likely a 

protein, would not necessarily bind to the same site in the TLR8 ectodomain as R-848. The 

LRR motif of the TLR ectodomain provides a particularly suitable molecular framework for 

protein interactions,96 and has been found in a large number of mammalian proteins with 

diverse functions, including neuronal differentiation, migration and axonal guidance.97 In 

this context, studies from the fruit fly give the clue that a proteolytically-processed 

polypeptide named Spätzle directly binds to the Toll ectodomain, which in turn induces Toll 

homodimerization and subsequent activation.98 Spätzle, however, has no mammalian 

counterpart, and was shown not to bind to the immobilized human TLR2 ectodomain in a 

Biacore sensor chip experiment.15 Nonetheless, the C-terminal domain of Spätzle is 
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structurally similar to a cystine-knot cytokine superfamily in mammals, which includes 

NGF, platelet-derived growth factor (PDGF) and TGF-β.99 It appears reasonable to ask 

whether a mammalian cystine-knot cytokine-like protein might activate TLR8.

In sum, while many questions remain unanswered, particularly how TLR8 is activated in 

neurons and how the intracellular signaling transduced, our finding suggests an emerging 

role for TLR8 in bridging development, inflammation, and axonal injury in the murine CNS.
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Figure 1. 
TLR8 expression and localization in cultured cortical neurons. (A) TLR8 (red) is expressed 

intracellularly in cultured neurons and is enriched in their growth cones (arrowheads). (B) 

TLR8 (green)- positive punctuate staining is distributed along axons (neurofilament 200 

KD, red) and is concentrated in growth cones (arrowheads). Cortical neurons are cultured 

from embryonic day 17 (E17) mice, fixed at day-in-vitro (DIV) 3 with methanol at -20°C for 

10 minutes, followed by staining with anti-TLR8 polyclonal antibody alone (A), or together 

with anti-neurofilament 200 KD monoclonal antibody (B).
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Figure 2. 
Neurons do not express TLR7. (A-B) Immunostaining with anti-TLR7 polyclonal antibody 

on sagittal sections of E18 brain shows that TLR7 (red) is expressed only in the choroid 

plexus (arrowheads) and ependymal cells in the lateral ventricle (A) and fourth ventricle (B). 

(C) In the adult mouse spinal cord, TLR7 (red) is specifically expressed in ependymal cells 

(arrowheads) of the central canal. (D) Immunostaining of cortical neuron cultures from E18 

mouse confirms that TLR7 is absent in neurons (MAP2, green; cell nuclei DAPI-stained, 

blue) but rather expressed in a few non-neuronal cells (red).
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Figure 3. 
The amino acid sequences of the TIR domains of human TLR8, murine TLR8, and murine 

MyD88. The sequences were identified with the SMART (simple modular architecture 

research tool) program (smart.embl-heidelberg.de/); and the alignment analysis was 

performed with the MegAlign program (DNASTAR, Inc.) using the ClustalW method. Box 

1, Box 2 along with the BB loop, and Box 3 are framed, and residues of the BB loop are 

shown in red. The residues within the three boxes of human and murine TLR8 are shown in 

bold. βA, B, C, D, E and αA, B, C, D, E at the top indicate five β-strands and α-helices, 

respectively, of the secondary structure of the TIR domain. The Genbank accession numbers 

assigned to the sequences are NP_057694 for human TLR8, NP_573475 for murine TLR8, 

and NP_034981 for murine MyD88.
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Figure 4. 
TLR8 stimulation in neurons activates neither the transcription factor NFκB (A) nor AP-1 

(B). ELISA assays for NFκB (p65) and AP-1 (phospho-c-Jun) transactivation using nuclear 

extracts from the cortical neurons treated with 100 μM R-848, 500 μM loxoribine, 10 ng/ml 

TNFα for the indicated times. Note the robust activation of both NFκB and AP-1 detected in 

macrophages in response to R-848 stimulation. Data is presented as the mean ± SEM (n = 

3). *p < 0.05, Student's t-Test.
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Figure 5. 
R-848 effects on neurons do not require MAP kinase activity. (A) Representative 

micrographs of cortical neurons that were untreated (control, left column) or treated with 

100 μM R-848 for 24 hours (right column), in the presence of vehicle control (DMSO, upper 

row) or a MAPKK inhibitor (50 μM PD98059, lower row). (B and C) Quantitative analyses 

of neurite length (B) and percent of the cleaved caspase3-positive cells (C) show that 

blocking MAPKK did not prevent the R-848-induced neurite outgrowth suppression and cell 

apoptosis. Data are presented as the mean ± SEM (n = 12 fields). **p < 0.01, Student's t-

Test.
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Figure 6. 
R-848 effects on neurons are independent of MyD88. Cortical neurons cultured from E17 

Myd88−/− and wild-type littermate (WT) embryos were treated with PBS (control) or 100 

μM R-848 for 24 hours. Quantitative analyses reveal that deficiency of MyD88 does not 

confer resistance to the R-848-induced inhibition of neurite outgrowth (A) and cell apoptosis 

(B). Data are presented as the mean ± SEM (n = 12 fields). **p < 0.01, Student's t-Test.
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Figure 7. 
Cortical neurons lack IRAK1 expression. Neurons cultured from E17 mouse and Raw264.7 

macrophages were treated with 100 μM R-848 for the indicated times. Equal amounts of 

protein lysates were subjected to Western blotting using anti-IRAK1 and anti-IRAK-M 

polyclonal antibodies. β-actin serves as the loading control.
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Figure 8. 
TLR8 is expressed in developing and adult axons. (A–F) Dual-immunolabeling of TLR8 

(green) and the neuronal/axonal marker βIII-tubulin (red) on sagittal sections of E18 mouse 

cortex. Note that TLR8 is specifically expressed in the cortical intermediate zone (IMZ) 

where thalamocortical and corticofugal axons are enriched. Additional zones shown in (C) 

include marginal zone (MZ), cortical plate (CP), ventricular zone (VZ), and lateral ventricle 

(V). (D–F) Corresponding higher magnification views of the IMZ regions of (A-C). (G-I) 

Dual-immunolabeling of TLR8 (red) and the axonal marker growth-associated protein 43 
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(GAP43, green) on coronal sections of E18 mouse brain. Arrowheads indicate the IMZ and 

arrows point to the fimbra (an axonal bundle) of the hippocampus. (J-L) Dual-

immunolabeling of TLR8 (red) and the neuronal dendrite marker microtubule-associated 

protein 2 (MAP2, green) on sagittal sections of three-month-old mouse brain caudae/

putamen, showing striatal axonal bundles, with arrowheads pointing to individual axons. 

Asterisks indicate neuronal somas co-stained with TLR8 and MAP2. (M-O) Dual-

immunolabeling of TLR8 (red) and βIII-tubulin (green) on three-month-old mouse spinal 

cord sections. Note that TLR8 is highly expressed in the axons in the dorsal funiculus 

(arrows) and the dorsal column (asterisk).
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