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Toll-like receptors (TLRs) are type I transmembrane glycoproteins belonging to the complex pattern recognition receptors

(PRRs) expressed in immune and non-immune cells, including neurons and glia, which are involved in the regulation of

innate immune and inflammatory responses. The TLR family comprises 11 members (TLR1–TLR11) in human and 12

(TLR1–TLR9, TLR11–TLR13) in mouse. TLR4 is one of the best characterized TLRs that surveys for the presence of

structural motifs in a wide array of invading microorganisms, named pathogen-associated molecular patterns (PAMPs),

and endogenous damage or danger molecular patterns (DAMPs), also known as alarmins, released by damaged cells

and injured tissues or derived from apoptotic and necrotic cells. Activation of TLR4 induces the downstream start of

inflammasome pathways which results in the release of a plethora of pro-inflammatory cytokines, Type I interferons (IFNs)

and other inflammatory mediators.

Keywords: Toll-like receptor 4 ; Neuroinflammation ; Parkinson's disease ; Microglia ; alpha-synuclein

1. Introduction

TLR4 can recognize a wide array of DAMPs or PAMPs including invading bacteria, viruses, parasites, and cell debris .

In particular, TLR4 is highly specialized in sensing lipopolysaccharide (LPS) from Gram-negative. The formation of the

complex TLR4-myelod differentiation 2 (MD2) on the cell surface, as well as the presence of LPS-binding proteins and

cluster of differentiation 14 (CD14), is required for the recognition of ligands and the activation of intracellular pathways.

The dimerization of TLR4-MD2 induces conformational changes that endorse the recruitment of adaptor proteins

containing Toll/interleukin-1 receptor-like (TIR) domains. This is essential to start two possible intracellular signaling

pathways: the MyD88-dependent pathway that leads to the release of proinflammatory cytokines, and the MyD88-

independent pathway that causes the production of the type I interferons . The engagement of MyD88 and MyD88-

adaptor-like (MAL) protein induces a cascade of downstream events including the phosphorylation of IL-1R-associated

kinases (IRAKs), the association of TNF-receptor-associated factor 6 (TRAF6), and the activation of transforming growth

factor β-activated kinase 1 (TAK1). Many other adaptor proteins are involved and include TAK1-binding protein 2 (TAB2)

and TAK1-binding protein 3 (TAB3). TAK1, in turn, activates two different kinase types: the mitogen-activated protein

kinases (MAPKs), which comprise JUN N-terminal kinase (JNK), p38, extracellular signal-regulated kinases (ERK1/2),

and the IkB kinase complex (IKK). The final response is the activation of nuclear factor kappa-light-chain-enhancer of

activated B cells (NF-kB) and activator protein-1 (AP1) and the abundant secretion of proinflammatory cytokines 

Instead, the activation of the MyD88-independent pathway is started by internalization of the TLR4-MD2 complex by

CD14 and the recruitment/activation of adaptor proteins TRIF, TRIF-related adaptor molecule (TRAM), and TRAF3

followed by IFN regulatory factor 3 (IRF3) nuclear translocations. These events culminate with the production of type I

IFNs . Sustained activation of these signals attracts macrophages, natural killer, and other cells and may result in the

toxic accumulation of ROS and RNS and cell death 

2. The Role of TLR4 in neuroinflammation and Parkinson’s disease

According to the World Health Organization (WHO), Parkinson’s disease (PD) is the second most common

neurodegenerative disease in the world, after Alzheimer’s disease (AD), and one of the most common causes of

neurological disability with a high social impact . The prevalence of PD is about 10 million people worldwide, and it is

estimated that there will be about 13 million people with PD by 2040 . PD is a chronic, progressive, age-related

neurodegenerative disease clinically characterized by motor symptoms, such as bradykinesia, rigidity, tremor at rest, slow

movements, and postural instability . Motor symptoms are the consequence of the progressive loss of neuromelanin-

containing neurons, especially dopaminergic neurons (DA) in the substantia nigra pars compacta (SNpc) and dopamine

depletion in the striatum, as confirmed by post-mortem study of clinically diagnosed PD patients . The pathological

hallmark of PD is represented by the accumulation of cytoplasmic inclusions such as Lewy bodies (LB) and Lewy neurites

rich in α-synuclein (α-SYN) .
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Neuroinflammation is a complex process able to activate the innate immune response in the central nervous system

(CNS), associated with neurodegenerative diseases. For a long time, the CNS has been considered an immunologically

privileged site because the lack of cells capable of presenting the antigen in the brain parenchyma, the absence of

lymphatic drainage, and the presence of blood brain barrier (BBB). Over the last 30 years, this concept has been

challenged, and many reports show active cooperation between the CNS and immune system despite the physical barrier

. A growing body of evidence indicates that neuroinflammation is involved in the pathogenesis of several

neurodegenerative diseases including PD , Alzheimer’s disease (AD) , amyotrophic lateral sclerosis , and

Huntington’s disease . Neuroinflammation implicates the recruitment of immune and non-immune cells at the site of

injury or infection, such as resident macrophages, i.e., microglia, aside from astrocytes, endothelial cells, infiltrating T-

lymphocytes, α-SYN reactive T-lymphocytes, and major histocompatibility complex (MHC) class II-positive microglia 

. Microglia are the most abundant populations in the brain parenchyma and represent the major cell type involved in

neuroinflammation. However, sophisticated neuron–microglia–astrocyte crosstalk also plays a critical role in the immune

response . Although no standardized morphological classification exists, the mature brain microglial cells are

generally quiescent or “resting” and exhibit a ramified shape with fine extending protrusions. They also are equipped with

a wide range of receptors, comprising colony-stimulating factor 1 receptors that continuously scan the surrounding

environment and control important functions such as synaptic activity, clearance of cell debris, and cerebral homeostasis

. Whether neuroinflammation is a consequence or a cause of nigral cell loss in PD is still unclear. Certainly, PD

is known to impact the switch of microglia from the neuroprotective to the neurotoxic phenotype . Sustained

gliosis appears to be the prominent pathological feature of PD that is associated with loss of dopaminergic neurons in the

SNpc  [Figure 1].

 

Figure 1. Schematic representation of TLR4 activation in microglia and consequent dopaminergic neuronal damage in the

substantia nigra. A number of pro-inflammatory stimuli can promote the activation of the intracellular TLR4 signaling

pathway in microglia. Upon brain injury, DAMPs or PAMPs released in the extracellular milieu via exocytosis from

neighboring neurons are sensed by microglial TLR4 for degradation and clearance. If compromised or if prolonged, this

process can lead to further inflammatory signaling in which the engagement of myeloid differentiating primary response

gene 88 (MyD88) or TIR-domain containing adapter inducing interferon β (TRIF) provokes the activation of downstream

signaling cascades that lead to the proteasomal degradation of kB inhibitors (IkB), release, and nuclear translocation of

the NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) transcription factor. The transcriptional

activation of specific genes induces the release of proinflammatory cytokines, that in turn can cause neuronal damage,

pathological modification of α-SYN (monomers, oligomers, and fibrils, truncated and phosphorylated forms), and

aggregation in Lewy and neurites bodies—the pathological hallmarks of degenerating neurons in Parkinson’s disease.

Endosomal TLRs sense bacterial or viral nucleic acids.

Therefore, immunological and inflammatory stimuli can promote phenotype switching between a highly ramified

morphology and a large ameboid-like shape with short branches typical of activated microglia . This switching

triggers a complex cascade of events whose magnitude depends on the intensity and duration of the stimulation .
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While the acute insults evoke protection of brain tissue, chronic stimulation causes a sustained inflammatory response

which can cause the acquisition of a number of functions accompanied by the upregulation of a large number of receptor

types, such as cytokine receptors, TLRs or cell adhesion molecules. Notably, the degeneration of the dopaminergic

neurons can be caused not only by glial response but also by the loss of supporting role by resting microglia following

switching to an activated status. Neuroinflammation in PD is also accompanied by microglia uptake and phagocytosis of

neuromelanin released by degenerated DA neurons into the extracellular compartment that contribute to the acceleration

of the neurodegenerative process. A number of studies suggest that TLRs, mainly TLR2 and 4 participate as promoters of

immune/neuroinflammatory responses that precede both motor and non-motor symptoms.

In 1988, McGeer et al.  showed the presence of reactive microglia in the SNpc of human post-mortem brain tissues.

High levels of interleukin-1β (IL1-β), IL-6, TNFα, interferon γ (IFNγ), cyclooxygenase type 2 (Cox-2), nitric oxide synthase

(NOS), infiltrating peripheral immune cells, and ROS were found in brain tissues as well as in cerebrospinal fluids of PD

patients. Moreover, a recent postmortem study on demented PD cases revealed a critical role of upregulation of

neuroinflammatory markers, α-SYN pathology, and microglia . Analysis of transcriptomic data from human

postmortem brains showed the ubiquitous expression of TLR4. The expression of TLR4 was found higher in substantia
nigra and putamen, in the circulating monocytes, and in the B cells of PD patients  Genetic studies show that

TLR4 polymorphism is related to an increased risk of PD . Also, increased TLR4 protein levels were detected in the

peripheral immune cells, substantia nigra, and caudate/putamen of PD cases . Studies in animal models of PD

suggested the potential role of TLR4 in mediating biochemical changes as well as dopaminergic cell death and α-

synuclein accumulation in the midbrain . Moreover, TLR4 has been found to play a critical role as a mediator of the

neurotoxicity induced by α-synuclein oligomers . Additional studies in experimental models of PD and α-

synucleinopathies showed the relevant involvement of TLR4  TLR4 is expressed by two types of non-

neuronal supportive cells: CNS residential macrophages or microglia and astrocytes. In the brain, TLR4-mediated

signaling pathways have been implicated in the pathogenesis of PD . Its stimulation causes the production of elevated

levels of neurotoxic inflammatory cytokines that damage nigral dopaminergic neuron .

Drouin-Ouellet and co-workers  showed that the overexpression of α-SYN induced a critical modulation of TLR4

signaling in the blood and brain of both experimental models and PD patients. This triggers an immune/inflammatory

response that culminates with neuronal death and negatively impacts motor symptoms. However, a study supported a role

for TLR4 in mediating the clearance of α-SYN, suggesting an innate neuroprotective mechanism . Therefore, both

neuroprotective and detrimental roles of TLR4 in PD have been suggested: acute stimuli such as posttranslational

modification of α-SYN can be a trigger for TLR4 microglial activation and protein clearance. Conversely, chronic

inflammation, from inside or outside the nervous system, may promote the imbalanced activation of TLR4 signaling and

escalation of inflammatory response which further contribute to the pathogenesis of PD . A large number of

molecules, as well as the several forms of α-SYN (monomer, oligomers, and fibrils, truncated and phosphorylated),

released from neighboring neurons in the extracellular milieu, act as ligands for TLR4 and undergo phagocytosis,

degradation and clearance. If compromised, this mechanism lead to further inflammatory signals responsible for the

formation of α-SYN aggregated in the Lewy bodies of substantia nigra. In summary, it can be concluded that PD is the

result of a-synuclein pathology and increased neuroinflammation in the nigro-striatal tract. In this context, TLR4 activation

can play both neuroprotective and detrimental roles. Further studies are needed to investigate the clinical efficacy of

targeting the TLR4 receptor for the management of PD.
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