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Parkinson’s disease (PD) is the most common neurodegenerative motor disorder characterized by selective degeneration

of dopaminergic neurons in the substantia nigra pars compacta (SNpc) of the midbrain, depletion of dopamine (DA), and

impaired nigrostriatal pathway. The pathological hallmark of PD includes the aggregation and accumulation α-synuclein

(α-SYN). Although the precise mechanisms underlying the pathogenesis of PD are still unknown, the activation of toll-like

receptors (TLRs), mainly TLR4 and subsequent neuroinflammatory immune response, seem to play a significant role.

Mounting evidence suggests that viral infection can concur in precipitation of PD or parkinsonism. The recently identified

coronavirus named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of ongoing

pandemic coronavirus disease 2019 (COVID-19), responsible for 160 million cases that led to the death of more than

three million individuals worldwide. Studies have reported that many patients with COVID-19 display several neurological

manifestations, including acute cerebrovascular diseases, conscious disturbance, and typical motor and non-motor

symptoms accompanying PD. The involvement of the TLR4 signaling pathway in mediating the virus entry, and the

consequent massive immune and inflammatory response in COVID-19 patients has been recently explored. The strong

binding of SARS-CoV-2 spike (S) protein to TLR4 and the possible interaction between SARS-CoV-2 and α-SYN suggest

a potential contribute to the acceleration of neuronal death.
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1. Introduction

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, and one of the most common causes of neurological

disability with a high social impact . Albeit a number of genetic and environmental risk factors have been characterized,

the cause(s) of PD are still unknown. A number of studies suggest that Toll-like receptors (TLRs), mainly TLR2 and 4,

participate in the pathogenesis of PD as promoters of immune/neuroinflammatory responses that precede both motor and

non-motor symptoms. The overexpression of TLR4 has been found in circulating monocytes of PD patients, in B cells, and

in the caudate/putamen . Studies in animal models of PD reported 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 .

Coronavirus disease (COVID-19) is an ongoing pandemic caused by a novel RNA (32 Kb genome) virus, namely, severe

acute respiratory syndrome coronavirus 2 (SARS-CoV-2), whose worldwide cases passed 160 million. SARS-CoV-2 acts

through the binding between the viral receptor S protein and different glycoprotein receptors on the cell surface.

Suspected intriguing link exists between SARS-CoV-2 infection, TLR 4 and PD. Although TLR4 signaling represents one

of a series of immune and inflammatory factors found activated during both PD and COVID 19, the strong interaction of

TLR4 with the SARS-CoV-2 S protein as well as the possible binding between SARS-CoV-2 and α-SYN suggest triggering

mechanisms of neurodegenerative processes underlying PD.

2. Toll-like receptors

TLRs are type I transmembrane glycoproteins with an extracellular leucine-rich repeat motif and a cytoplasmic Toll/IL-1

receptor (TIR) signaling domain, similar to the interleukin-1 receptor domain (IL-1R) . TLRs belong to the complex

pattern recognition receptors (PRRs) expressed in immune and non-immune cells, including neurons and glia, which are

involved in regulating the innate immune system and inflammatory response by producing inflammatory cytokines and

other mediators . These processes prime immediate host-defense responses crucial for the clearance of infecting

agents and following adaptive immune responses . TLRs are highly specialized in sensing invading bacteria, viruses,

parasites, and cell debris . The TLR family comprises 11 members (TLR1–TLR11) in human and 12 (TLR1–TLR9,

TLR11–TLR13) in mouse. They survey for the presence of structural motifs in a wide array of invading microorganisms,

named pathogen-associated molecular patterns (PAMPs), in the extracellular space and within endocytic compartments.
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TLRs also sense 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 . The activation of neuro-inflammatory

machinery starts with the binding between DAMPs/PAMPs and TLRs and advances with the dimerization of TLRs and

interaction with adaptor proteins such as Myeloid Differentiation Primary Response Gene 88 (MyD88) and Toll/interleukin-

1 receptor-like (TIR)-domain containing adapter-inducing interferon-β (TRIF) domain. This cascade of events leads to the

recruitment of others complexes, such as IL-1R-associated kinase (IRAK) and MAP kinases, and the nuclear

translocation/activation of transcription factors, including NF-kB, that ultimately trigger the downstream overexpression of

pro-inflammatory genes and cell degeneration . Among the 11 human TLRs members, TLR4 seems to play a critical

role in the development and progression of neurodegenerative diseases, including PD .

3. Toll-like receptor 4 and Parkinson’s disease

Analysis of transcriptomic data from human postmortem control brains reveals ubiquitous expression of TLR4 throughout

the brain, with their expression being higher in the SNpc and putamen. Increased TLR4 protein levels were found in

peripheral immune cells as well as in the SNpc and caudate/putamen of PD cases . Additional studies in experimental

models of PD and α-synucleinopathies demonstrated the important role of TLR4 and the constitutive expression in

microglia . 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 may contribute to the pathogenesis of PD . A large

number of molecules, including several species 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 comprised, this mechanism can lead to further inflammatory signals that

occur with the formation of aggregated forms of α-SYN in the Lewy bodies of SNpc.

4. Neuroinvasive potential of SARS-CoV-2 and PD pathogenesis

The concept of “Neuro-COVID-19” is being mentioned increasingly, but whether neurological manifestations in patients

with COVID-19 are due to direct invasion of the virus or result from SARS-CoV-2-dependent neuroinflammatory response

remains speculative.The respiratory distress caused by SARS-CoV-2 infection that emerged in December 2019 occurs in

about 73% of COVID-19 hospitalized patients by a number of neurological signs associated with dysfunction of the central

nervous system , peripheral, and enteric  nervous systems. The symptoms include olfactory, gustatory, dizziness,

headache, confusion, encephalitis, stroke, anorexia, myalgias, and gastrointestinal disorders such as nausea and

vomiting. Severe COVID 19 patients under intensive treatment exhibit cerebrovascular disease, consciousness state, and

skeletal muscle injury . SARS-CoV-2 infects cells through the interaction between its S protein previously cleaved by

TMPRSS2 and ACE2. The neuroinvasive propensity of SARS-CoV-2 is probably facilitated by high expression levels of

ACE2 and TMPRSS2 in neurons, astrocytes, and oligodendrocytes that, together with TLR4 activation, can predispose

patients to α-SYN aggregation, neurodegeneration, and PD pathogenesis . As shown in the Allen Human Brain Atlas,

ACE2 mRNA is widely distributed throughout the brain with notable strong expression in areas such as the cortex,

striatum, hypothalamus, medulla, and substantia nigra . ACE2 receptors are expressed in neurons, astrocytes, and

oligodendrocytes in the SNpc and olfactory bulb . However, ACE2 may not be the only binding site involved in brain

uptake . SARS-CoV-2 can circumvent the host immune response and spread within the CNS directly through the

olfactory nerves  or similar to other viruses, can reach the brainstem through the vagus nerve, infect neurons of

different areas, and induce a marked systemic pro-inflammatory response associated with the overproduction of cytokines

. Using a human brain organoid model, Song et al.  showed that SARS-CoV-2 can infect cells of neural

origin and cause death of nearby cells. SARS-CoV-2 particles were also detected in the cortical neurons from postmortem

autopsies of patients who died from COVID-19 as well as in the cerebrospinal fluid of SAR-CoV-2-positive cases . The

impact that COVID-19 might have on PD pathogenesis is debated at present. PD is associated with changes in the CNS

immune response, microglia and oligodendroglial activation, upregulation of histocompatibility class II, and pro-

inflammatory cytokine overproduction. SARS-CoV-2 infection may be a predisposing factor for an abundant immune

response. The cytokine storm during COVID-19 can cause the breakdown of the BBB and lead to virus entry and immune

cell infiltration . This directly can cause neuronal death and escalation of patient care towards severe neurological

complications characterizing all synucleinopathies, including PD . The possible trans-synaptic spread via the

olfactory, lingual, and glossopharyngeal nerves of SARS-CoV-2 could explain the featured symptoms such as hyposmia

and ageusia in many COVID-19 patients . The presumed degeneration of dopaminergic nigrostriatal nerves could

derive from immune activation in the olfactory system (without direct virus entry) that, associated with other toxic stress

and the inability to activate neuroprotective responses, might promote α-synuclein misfolding, aggregation, and
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neurodegeneration. Similar to PD, increased levels of IL-6 have been also found in COVID-19 patients, indicating an

impact of inflammation on the progression of non-motor impairment . α-SYN is the most important protein

implicated in PD. Similar to West Nile virus and SAR-CoV-1, SARS-CoV-2 infection could lead to α-SYN upregulation in

attempts to prevent viral replication and neuroinvasion . However, abundant and protracted systemic inflammation

could disturb the host cell proteostasis and protein quality control system, contributing to the pathological modification of

α-SYN that can evolve with the formation of fibrillar structures. Although confirmation is needed, recent findings suggest

that the interaction between the SARS-CoV-2 N protein and α-SYN could accelerate the protein aggregation into amyloid

fibrils, leading to propagation and widespread neurodegeneration .

5. The Role of TLRs in inflammatory response induced by SARS-CoV-2
infection

Currently, the identification of the precise mechanism underlying the cytokine storm in hospitalized patients with severe

COVID-19 is essential. The severity of COVID-19 is associated with the excessive inflammatory innate response and

dysregulated adaptive host immune defense. In this context, TLRs can have a dual role. In fact, the activation of innate

immune system through TLRs can be the first line of defense against invading viruses and can support their elimination.

However, prolonged and dysregulated activation may contribute to the onset of the hyperinflammation and poor outcome

of clinical manifestations of COVID-19 . Systemic inflammation in patients with COVID-19 has been associated with

elevated serum levels of pro-inflammatory cytokines and chemokines such as IL-2, IL-7, IL-8, IL-10, IP-10 (interferon-γ-

inducible protein), MCP-1 (monocyte chemoattractant protein), MIP-1α (macrophage inflammatory protein 1 alpha), and

TNFα . Additionally, high levels of IgG and a high neutrophil-to-lymphocyte ratio have been found. TLRs signaling

pathways have been recognized as accessory factors that may occur with the COVID-19 pathogenesis. The main

members include TLR2, TLR3, TLR4, TLR6, TLR7, TLR8, and TLR9, with beneficial and harmful effects towards SARS-

CoV-2 infection. The activation of TLR7/8 has been found to evoke a strong pro-inflammatory response during acute lung

injury . Furthermore, the binding of SARS-CoV-2 PAMPs to the extracellular domain of human TLR1, TLR4, and TLR6

seems to be crucial for COVID-19 immuno-pathogenesis [55,56]. The interaction between the SARS-CoV-2 S protein and

cell surface TLRs has been investigated by molecular docking studies. The results have demonstrated a significant

binding of the S protein to TLR1, TLR4, and TLR6, especially TLR-4, suggesting a potential mechanism of the cytokine

cascade .

6. Possible link between Sars-Cov-2 and PD: role of TLR4

Although the host genetic background powerfully influences the requirement for TLR4-mediated signals during SARS-

CoV-2 infection, TLR4 activation seems to represent one of the critical steps for host–virus general interaction. It has been

demonstrated that TLR4 deficiency can induce resistance to acute manifestations that accompany the viral attack,

suggesting an important role of TLR4 signaling in the profuse pro-inflammatory cytokine storm . Structural analysis

by molecular docking revealed the strongest binding between the native spike glycoprotein and human TLR4 compared

with other TLRs present in the human cells . The spike protein is a surface-exposed homo-trimeric transmembrane,

heavily glycosylated complex with high binding affinity for the ACE2 receptor of human host cells 32. Another recent study

found an interaction between the S protein and Escherichia coli LPS, the well-known activator of TLR4 . A robust

binding was also observed with the TLR4 accessory proteins CD14 and MD-2 that are overexpressed in inflammatory

circumstances . Interestingly, multi-epitopic regions of the SARS-CoV-2 S protein have been found to interact with the

TLR4/MD2 complex. Therefore, it could act as a potent peptide vaccine candidate against COVID-19. Studies using

surface plasmon resonance confirm the direct binding between the SARS-CoV-2 trimer and TLR4 in THP-1 cell lines,

neutrophils, primary bone marrow-derived macrophages, and peritoneal macrophages . Ziegler et al.  showed that

the interaction between the S protein and TLR4 induced the overexpression of interferon-stimulated genes, which in turn

provoked the upregulation of ACE2. By this ingenious strategy, the viral entry is facilitated. Although requiring

confirmation, hydrogen bonds and hydrophobic interactions seem to assist the formation of the TLR4-spike complex.

Together with ACE2, this event may be crucial for the activation of TLR4 signaling, NF-kB translocation, and

hyperinflammation accompanied by the release of the TNF-α, IL-6 cytokines and more robustly IL1β . Further studies

are necessary to identify the specific TLR4 motifs involved. No interaction was observed by using the N-terminal or the

receptor-binding domains of the spike protein  (Figure 1).
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Figure 1. Toll-like receptor 4 (TLR4) signaling cascade resulting from the interaction between TLR4 and SARS-CoV-2 S

protein. (a). Schematic diagram of the primary structural proteins of SARS-CoV-2.(b). The interaction between TLR4 and

the SARS-CoV-2 S protein can trigger an intracellular TLR4 signaling cascade that can be one of the factors leading to

the cytokine storm and neuroinflammation in severe COVID-19 patients. SARS-CoV-2: Severe Acute Respiratory

Syndrome Coronavirus 2; Coronavirus disease. CD14: cluster of differentiation 14; MD2: myeloid differential protein-2;

MyD88: myeloid differentiating primary response gene 88; NF-kB: nuclear factor kappa-light-chain-enhancer of activated

B cells; IRAK: interleukin-1 receptor-associated kinases; TRIF: TIR-domain containing adapter inducing interferon β;

TRAM: TRIF-related adaptor molecule; TRAF: tumor necrosis factor receptor-associated factor; IFN: interferon.

In conclusion, the prolonged and dysregulated activation of TLR4 signaling, aside from the possible direct interaction

between the SARS-CoV-2 N protein and α-SYN, may impair the protein quality control machinery and host cell

proteostasis. The acceleration of the α-SYN aggregation into pathological multimeric protein species increases the

vulnerability of nigrostriatal dopaminergic neurons, contributing to widespread neurodegeneration. Certainly, the long-term

link between SARS-CoV-2 infection and PD will be demonstrated when a number of postmortem studies are performed.

Moreover, future follow-up of large cohorts of patients with COVID-19 and COVID-19 survivors will be useful to clarify the

impact on PD onset and other neurodegenerative disorders.
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