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Abstract

Idiopathic Parkinson’s disease (iPD) is a movement disorder characterized by degeneration of 

dopaminergic neurons and aggregation of the protein α-synuclein. Patients with iPD vary in age of 

symptom onset, rate of progression, severity of motor and non-motor symptoms, and extent of 

central and peripheral inflammation. Genetic and environmental factors are believed to act 

synergistically in iPD pathogenesis. We propose that environmental factors (pesticides and 

infections) increase risk for iPD via the immune system and that the role of PD risk genes in 

immune cells is worthy of investigation. This review highlights the major PD-relevant genes 

expressed in immune cells and key environmental factors which activate immune cells and, alone 

or in combination with other factors, may contribute to iPD pathogenesis. By reviewing these 

interactions, we seek to enable future development of immunomodulatory approaches to prevent 

or delay onset of iPD.
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Introduction

Mutations in Parkinson’s disease- (PD-) linked genes account for 3-5% of PD occurrences, 

indicating that the majority of PD is the result of a multifactorial pathogenic process [1] . 

Within some loci, both rare (causative) and common (risk) variants associated with PD have 

been identified, including SNCA and LRRK2. Several of the genes associated with PD risk 

function in the immune system [2]. Peripheral immune activation as well as 

neuroinflammation in the brain have been documented in idiopathic PD (iPD) [3], and these 

are thought to contribute to neuropathology and ultimately neurodegeneration.

Sources of peripheral immune activation may include chemicals, viruses, and bacteria. 

Environmental factors may disrupt immune homeostasis via the process of molecular 

mimicry, by altering immune cell function, or by directly causing tissue damage that releases 

damage-associated molecular patterns (DAMPs) that are then recognized by immune cell 

pattern recognition receptors (Figure 1). Regardless of route, it is likely that the earliest 

pathology associated with iPD appears in the periphery, at least in some iPD patients. 

Specifically, a gut-driven model of iPD pathogenesis was first proposed by Braak and 

colleagues in 2003 where α-synuclein immunoreactivity was staged from the periphery to 

the brain [4]. This work has led to more in-depth hypotheses in which intestinal and 

systemic inflammation, alterations in the microbiota, gut and blood-brain barrier 

dysfunction, and impaired proteostasis may contribute to iPD pathogenesis. This highlights 

the importance of peripheral immune alterations in iPD due to environmental conditions [5].

Lack of appreciation for the complex mix of genetic variation and environmental exposures 

in each patient has resulted in the categorization of iPD patients as a uniform group, possibly 

contributing to the failure of all clinical interventions to modify disease progression to date. 

iPD patients are indeed a heterogenous group [6], and enriching trials for subjects with 

specific genetic risk factors and select environmental exposures could bolster the probability 

of identifying more successful disease-modifying therapies.

ALPHA-SYNUCLEIN

Intracellular aggregation of α-synuclein and loss of neuromelanin-containing neurons in the 

substantia nigra pars compacta are the defining histopathological hallmarks of PD. 

Duplications, triplications, and pathogenic missense variants of the gene for α-synuclein, 

SNCA, cause PD, while several common genetic variants in SNCA increase iPD risk [7].

ALPHA SYNUCLEIN IN IMMUNE CELLS AND INTESTINAL TISSUE

Although studies of α-synuclein in PD have largely focused on neurons, immune cells, 

specifically erythroid precursors and megakaryocytes in bone marrow and peripheral blood, 

express α-synuclein at high levels under basal conditions [8, 9]. While the precise function 

of α-synuclein in immune cells remains unclear, SNCA knockout mice have increased 

numbers of CD3+CD4−CD8− thymocytes and fewer single positive (CD4+ or CD8+) T 

cells [10]. Knockout of SNCA also affects IL-2 production by CD4+ T cells and the 

frequency of regulatory T cells (Tregs) [10]. These observations are consistent with the 
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hypothesis that α-synuclein affects the affinity of T cell receptors (TCRs) for major 

histocompatibility complex (MHC) proteins that have been loaded with antigen, as Treg 

development results from high-affinity peptide-antigen binding. In the mechanism mediating 

the TCR:peptide-MHC connection, α-synuclein appears to function as it does in neurons. 

There, α-synuclein is a chaperone for the soluble N-ethylmalemide-sensitive factor 

attachment protein receptor (SNARE) complex and contributes to vesicle fusion with the 

plasma membrane [11, 12]. SNARE complexes are important for localizing TCRs, proper 

formation of the “immunological synapse” with peptide-MHC complexes, and the exocytic 

release of lytic granules in CD8+ T cells [13, 14]. Thus, disruptions in the SNARE-binding 

function of α-synuclein in T cells could conceivably have extensive effects on adaptive 

immune system response.

In addition to its presence within immune cells, α-synuclein protein is present in intestinal 

tissue, mucosa of the appendix, and cells of the enteric nervous system in non-PD and PD 

cases [15-17]. Multiple studies report that levels of α-synuclein in PD gut are higher than in 

the gut of non-PD controls [15, 18, 19]. In vitro and in vivo studies have suggested that 

microglia have the capacity to phagocytose certain species of α-synuclein as well as debris 

released by degenerating dopamine neurons [20-23]. Intraneuronal inclusions (Lewy bodies 

and neurites) are comprised of possible immunogenic antigens derived from α-synuclein or 

neuromelanin that become extracellular as neurons die, and, particularly if encountered by 

immune cells in the context of DAMPs released by the damaged neurons, these could serve 

as a stimulus for autoimmunity.

ALPHA SYNUCLEIN-INDUCED IMMUNE RESPONSES

Despite the fact that α-synuclein is expressed during development and is abundant in blood 

and serum, several forms of the protein or species derived from it have been observed to 

elicit an immune response featuring inflammation. Recent studies link chronic inflammation 

with failure to resolve early inflammation, a process performed by specialized pro-resolving 

mediators, including resolvins. Interestingly, rats overexpressing human α-synuclein display 

microglia activation and perturbations of inflammatory and pro-resolving mediators, namely 

IFN-γ and resolvin D1, in addition to neurodegeneration [24]. Innate immune cell activation 

and inflammation induced by α-synuclein could give rise to autoreactive T cells specific for 

α-synuclein or post-translationally modified or aggregated forms of this protein. In response 

to exposure to microglia activated by α-synuclein, murine nigra dopamine neurons up-

regulate MHC class I, flagging themselves for cell killing mediated by antigen-specific 

CD8+ T cells [25]. If, as has been reported, human nigra neurons exprss MHC class I, it may 

be the case that α-synuclein can trigger a neuron auto-antigen presention [25].

In 2017, an initial report demonstrated that some T cells found in the peripheral blood 

mononuclear cell (PBMC) populations from iPD patients recognize α-synuclein-derived 

peptides [26]. Another study from the same group reported the presence of α-synuclein-

specific T cells in PD patients and identified that T cell inflammatory cytokine release in 

response to α-synuclein can occur early in disease, around the time of PD diagnosis [27]. A 

major question for PD researchers in the future is to understand how such apparently 

autoreactive T cells develop in iPD. While α-synuclein is expressed beginning at least as 
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early as embryonic day 9.5, it is possible that alterations in post-translational modifications 

with disease, such as phosphorylation, nitration, and/or aggregation may render the protein 

“foreign” to the immune system [28]. It has been hypothesized that loss of self-tolerance can 

be triggered by environmental factors such as injury or infection [29, 30] and loss of self-

tolerance also occurs as a function of age [31]. α-Synuclein levels in humans have also been 

shown to increase in response to certain infections [32-34], and it is possible that, over time, 

repeated exposure of immune cells to α-synuclein in the context of damage and infection 

may support the development of autoimmune responses to it. Furthermore, increases in 

blood-brain barrier permeability produced by ongoing systemic inflammation [35, 

{Varatharaj, 2017 #282] may give immune cells increased access to epitopes shielded earlier 

in life. Subsequently, α-synuclein-derived epitopes would be loaded for antigen presentation 

into MHC proteins and presented to low affinity CD4+ T cells that evaded negative thymic 

selection, as has been hypothesized for other autoimmune disorders [36].

An individual’s propensity for autoimmune responses, expression level of α-synuclein, and 

alterations in the access of peripheral immune cells to synuclein-derived antigens will 

influence the extent to which α-synuclein contributes to iPD pathogenesis. Furthermore, it 

remains to be determined whether an autoreaction to α-synuclein plays a causal role in iPD 

pathogenesis or is a consequence of degeneration and protein aggregation initiated due to 

other factors. Regardless, it is likely that not all patients with iPD will benefit from 

therapeutic strategies that manipulate the response of the immune system to α-synuclein. 

Additionally, α-synuclein may interact with other genetic factors discussed below, such as 

leucine-rich repeat kinase 2 (LRRK2) and MHCII, as well as pathogens. The combination of 

abundant α-synuclein-derived antigen, increased capacity for antigen presentation via 

MHCII, as well as an environmental exposure that increases α-synuclein expression and/or 

inflammatory cytokine secretion (see below) could create a state in which dopaminergic 

neurons are vulnerable to immune-driven stress.

LEUCINE-RICH REPEAT KINASE 2

Mutations in LRRK2 cause the most common known monogenic form of PD and are 

autosomal dominantly inherited [37, 38]. LRRK2 functions in innate immune activation and 

could mediate T cell cytokine production [39-43]. Expression in leukocytes can be detected 

after stimulation with IFN-γ, and, to some extent, IFN-β, TNF, or IL-6 [43-45]. In response 

to inflammatory stimuli, LRRK2 expression is upregulated via a pathway mediated by JAK/

STAT, ERK5, NFkB, and MAPK [46]. Peripheral monocytes and neutrophils express high 

levels of LRRK2 [47]. Recently, LRRK2 expression was shown to be strongly induced by 

immune signals, particularly IFN-γ, in human-derived induced pluripotent stem cell (iPSC) 

macrophages and microglia [48]. Importantly, LRRK2 is required for RAB8a and RAB10 

recruitment to phagosomes, implying that LRRK2 operates at the intersection between 

phagosome maturation and recycling pathways in these phagocytes. Increased LRRK2 

expression in peripheral blood immune cells of iPD subjects relative to controls has been 

reported [49], but the functional consequences of such increases are not known. B cells and 

T cells from iPD patients have higher expression of LRRK2 than healthy controls, 

independent of any known LRRK2 variation or mutation [50]. CD16+ non-classical 

monocytes, also called alternatively activated or patrolling monocytes, display higher 
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LRRK2 expression in iPD patients than in controls as well [49]. Inflammatory cytokine 

secretion from monocytes is greater in iPD patients than in controls and correlates with 

LRRK2 expression in T cells in iPD patients (but not controls) [49]. These findings suggest 

that the function of LRRK2 in immune cells is altered in iPD and should be considered in 

research regarding the role of LRRK2 in iPD pathogenesis (reviewed in [51]). Furthermore, 

when assessing therapies to target LRRK2, it is important to consider that the function of 

LRRK2 is highly cell type-dependent and poorly understood.

LRRK2 MUTATION

The immunological impact of LRRK2 is evident in studies of the G2019S LRRK2 mutation. 

Patients who carry the G2019S mutation in LRRK2 can have increased inflammatory 

cytokines in sera, specifically IL-1β [52]. Inducing intestinal and systemic inflammation in 

G2019S rats dampens CD4+ T cell responses, especially Th17 response in the colon, brain, 

and blood [53]. This suggests that the increased kinase activity associated with the G2019S 

LRRK2 mutation may contribute to shifts in immune cell population frequencies and 

function.

LRRK2 AND ALPHA SYNUCLEIN

Additionally, recent studies have investigated the interaction between LRRK2 and α-

synuclein, particularly in the context of clearance of α-synuclein by immune cells. LRRK2-

deficient microglia and macrogphages have dampened cytokine release after exposure to α-

synuclein fibrils, while LRRK2 knockout rats exhibit reduced activated microglia following 

viral vector-mediated α-synuclein expression in the substantia nigra [54, 55]. Furthermore, 

LRRK2-deficient cells more effectively internalize α-synuclein and in larger amounts 

relative to wildtype controls [56]. On the contrary, LRRK2 G2019S transgenic mice 

subjected to α-synuclein pre-formed fibril (PFF) injection in the striatum display increased 

α-synuclein aggregation, dopaminergic degeneration, and neuroinflammation relative to 

controls (non-transgenic mice injected with α-synuclein PFFs), indicating that the G2019S 

mutation has a functional impact distinct from LRRK2 deficiency [57]. G2019S knock-in 

mice expressing human A53T synuclein in the substantia nigra display significantly more 

dopaminergic loss and higher loads of pSer129 α-synuclein aggregates at 12 months of age 

relative to wildtype controls [56, 58]. It is hypothesized that LRRK2, via its kinase activity, 

alters the autophagy pathway, impairing degradation of α-synuclein and contributing to 

accumulation. More broadly, LRRK2 may shift phagocytic clearance associated with anti-

inflammatory responses to damaging pro-inflammatory responses associated with IFNγ 
pathways. Future investigations need to explore this hypothesis in the context of immune 

cells particularly in the gut and periphery as the role of LRRK2 is highly likely to be cell- 

and context-specific.

LRRK2 IN IMMUNE CELL FUNCTION

LRRK2 has been linked to several infections by epidemiological studies and in animal and 

cellular models. Analysis of gene expression from tuberculosis infections identified LRRK2 

as significantly enriched during active infections [59]. LRRK2 knockout mice show 

decreased Mycobacterium tuberculosis burden early in infection due to mitochondrial stress 

in macrophages [60, 61]. Phagosome maturation and bacterial control increases in human 
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and mouse macrophages treated with LRRK2 kinase inhibitors, suggesting that dampened 

LRRK2 kinase activity is protective against MTB [60]. On the other hand, LRRK2 knockout 

mice infected with Salmonella typhimurium exhibit impaired clearance of pathogens due to 

inflammasome activation in macrophages [62]. A recent study suggested that wildtype 

LRRK2 is protective from S. typhimurium and reovirus infection in a sex-dependent manner 

with females exhibiting impaired ability to control infection [63]. These studies suggest 

LRRK2 expression changes in response to infection; however, future studies are needed to 

explore this relationship in humans as most of these studies have been conducted in rodent 

or cell models with sometimes conflicting results and interpretations. Activation of LRRK2 

in the periphery, particularly in the gut, by infection or dysbiosis could contribute to PD 

pathogenesis.

LRRK2 AND SYSTEMIC INFLAMMATION

Inflammatory bowel disease (IBD) has been associated via several GWAS with the LRRK2 
gene [64-69]. Specifically, the M2397T LRRK2 mutation has been associated with increased 

incidence of Crohn’s disease (CD) [70]. The newly identified N2081D variant in the LRRK2 
gene has been shown to be associated with increased risk for both CD and PD while the 

N551K variant is associated with reduced risk for both diseases [64]. Studies in IBD mouse 

models based on dextran-sulfate administration have been difficult to interpret, with the 

LRRK2 knockout initially more susceptible to damage with involvement of the NFAT 

pathway [39], and in more recent studies, overexpression of LRRK2 was associated with 

more severe colitis [71]. Furthermore, LRRK2 mRNA is upregulated in inflamed CD tissue, 

in particular in the lamina propria, relative to uninflamed tissue from the same patient [43]. 

These associations and studies suggest that LRRK2 in immune cells in the gut may play a 

role in PD pathogenesis and need to be further investigated in iPD patients.

Given the hypothesis that iPD may begin in the periphery, the knowledge that LRRK2 

expression is substantially higher in peripheral tissues than in the brain, and the observation 

that expression levels are increased in iPD patients, ongoing studies are currently targeting 

LRRK2 as a potential therapeutic agent. However, caution should be exercised in applying 

LRRK2 therapeutic interventions, as targeting LRRK2 may not be effective for all iPD 

patient subsets. Future investigations should examine LRRK2 expression in LRRK2 
mutation carriers to identify whether expression is increased in PD patients independent of 

genotype. LRRK2 levels can also be assessed for correlation with disease progression, 

inflammatory perturbations (recent infections, etc.) and Unified Parkinson’s Disease Rating 

Scale scores to optimize potential therapeutic windows to delay or mitigate PD 

pathogenesis.

PINK1 and PARKIN

While LRRK2 is one of the major genetic contributors to autosomal dominant PD, PINK1 

and Parkin contribute to autosomal recessive PD. PINK1 and Parkin protect cells against 

mitochondrial stress by regulating mitophagy. PINK1 is a kinase stabilized at the surface of 

damaged mitochondria where it phosphorylates both ubiquitin and Parkin, promoting the 

recruitment of mitophagy receptors to degrade dysfunctional mitochondria [72, 73]. 
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Importantly, in the absence of Parkin or PINK1, high levels of mitochondrial antigens are 

presented on MHC class I molecules in both macrophages and dendritic cells by a vacuolar 

pathway distinct from mitophagy [74]. Mitochondrial antigen presentation (MitAP) is driven 

by the formation of mitochondria-derived vesicles (MDVs), a quality control mechanism 

allowing the shuttle of specific mitochondrial cargos to late endosomes [75]. PINK1 and 

Parkin actively inhibit MDV formation and MitAP, providing a link between mitochondrial 

dynamics and the potential engagement of autoimmune mechanisms in the etiology of PD.

Another study supports a role for PINK1- and parkin-mediated mitophagy in restraining 

innate immunity. Acute and chronic in-vivo mitochondrial stress were found to lead to a 

stimulator of interferon genes (STING)-meditated type I interferon response in mice in the 

absence of parkin or PINK1 [76]. Mitochondrial stress can lead to the release of DAMPs 

that can activate innate immunity, suggesting that mitophagy may mitigate inflammation. 

Loss of dopaminergic neurons and motor defects are rescued by loss of STING, suggesting 

that inflammation facilitates this phenotype [76]. Importantly, increased cytokine levels in 

serum of biallelic Parkin mutation carriers was found [76] and confirmed in both Parkin and 

PINK1 mutation carriers in larger patient cohorts (Borsche et al., Brain, in press). Therefore, 

it is hypothesized that parkin and PINK1 may protect against inflammation and 

neurodegeneration by clearing damaged mitochondria. Therapeutic interventions that 

enhance mitophagy, potentially via parkin and PINK1, may regulate inflammation in iPD. 

Although iPD has not yet been investigated in depth in terms of cellular immune 

mechanisms, recent findings through genome-wide association studies (GWAS) suggest PD-

linked genetic targets implicated in immune response networks.

PD RISK GENES IMPLICATED IN IMMUNE FUNCTION

GWAS in PD have enhanced biological knowledge about the disease. In a recent meta-

analysis of 17 datasets, a total of 90 independent genome-wide significant risk signals were 

identified across 78 genomic regions [7]. Implicating immune response in PD by GWAS, a 

previously reported association was found between PD and an MHCII haplotype present in 

15% of the general population [78].

MAJOR HISTOCOMPATIBILITY COMPLEX CLASS II

Antigen presentation relies on MHC proteins class I and II. MHC proteins, encoded by 

human leukocyte antigen (HLA) genes, are expressed in a coordinated fashion following 

induction by cytokines or other immune activation signals. Several GWAS have identified 

single nucleotide polymorphisms (SNPs) in HLA genes as associated with incidence of PD, 

both variants protective from PD and those associated with susceptibility [78-84].

For example, it has been reported that, in some populations, the GG genotype at the SNP 

rs3129882 in the first intron of HLA-DRA is associated with increased risk of PD. It is not 

thought that this specific SNP directly drives the increase in MHCII expression and risk for 

PD, rather that the SNP is linked to a regulatory event or element(s) that controls MHCII 

expression at a long distance. The GG genotype at rs3129882 is associated with increased 

baseline expression of MHCII regardless of disease, as well as greater inducibility of MHCII 

on B cells and monocytes in PD [85]. On the basis of these findings and this interpretation, it 
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was hypothesized that high expression of MHCII on brain myeloid cells is detrimental to 

dopamine neurons in the substantia nigra while diminished antigen presentation capacity 

should be neuroprotective. Consistent with this hypothesis, a study of globally MHCII-

deficient mice reported that dopamine neurons are less susceptible to α-synuclein-induced 

neuroinflammation and degeneration [86]. In rats, increased numbers of MHCII+ cells in the 

substantia nigra following the overexpression of human α-synuclein is associated with 

greater dopamine neuron loss [2]. Thus, increased MHCII-dependent antigen presentation 

may promote PD pathology.

MHCII expression has been shown to synergize with certain environmental exposures, 

constituting a true gene-by-environment interaction that increases risk for PD. The 

rs3129882 GG genotype is associated with increased risk of PD in individuals who also have 

an exposure to pyrethroid pesticides [85]. Because both the GG SNP genotype and exposure 

to pyrethroids are common, these factors and their potential interactions may affect PD 

pathogenesis in a relatively large patient subpopulation. The mechanism by which 

pyrethroid exposure enhances risk for PD is not yet understood. Possible routes by which 

pyrethroid exposure may augment PD risk resulting from rs3129882 genotype include 

further increasing MHCII expression, increasing costimulatory molecule expression, driving 

sustained cytokine secretion, or increasing the proliferation rate of T cells, perhaps those 

activated by a PD-related antigen such as α-synuclein. Future work should explore the 

extent to which human immune cells from patients with or without PD and with or without 

the high risk MHCII SNP genotype respond to pyrethroid exposure.

Gene-environment interactions in PD have recently been reviewed elsewhere [87]. Genetic 

risk factors for PD may have different effects on the immune system depending on an 

individual’s environmental exposures. Figure 1 represents how the disruption of immune 

homeostasis through bacterial or viral infections or exposure to chemicals such as pyrethroid 

pesticides may change gene expression in immune cells and/or alter the type and amount of 

antigen in circulation. The effect of PD-related genes on immune system function has been 

reviewed above. We next discuss these environmental factors’ influence on the immune 

system.

ENVIRONMENTAL RISK FACTORS

Several environmental risk factors have been associated with PD. The environment can 

include, but certainly is not limited to, chemicals we encounter, nutrients, physical activities, 

psychological factors such as stress, infectious agents, the climate, and experiences 

emerging from our race, gender, or socioeconomic status. It is crucial to consider the 

biological processes downstream of an exposure when considering disease risk assessment. 

In response to an exposure or experience, physiological and epigenetic regulation can occur, 

and the resulting cell signaling cascades could influence disease pathogenesis [88]. 

Importantly, because neurons are long-lived, environmental exposures throughout the 

lifespan may influence their health. In the immune system, where there is ample cell 

turnover, early life exposures may still have long-lasting effects as the phenomenon of 

immunological memory forms a record of epitopes that have activated immune cells. It is 

also possible that the same factor encountered at different timepoints throughout the lifespan 
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carries varying degrees of disease risk. Here we will specifically consider environmental 

exposures that elicit known processes within the immune system and are associated with PD, 

with the caveat that there surely exist many other factors yet to be identified.

PYRETHROID PESTICIDES

Epidemiological studies report a link between insecticide exposure and incidence of PD 

[89-91] . The pesticide cypermethrin is, globally, among the most commonly used 

agricultural and domestic insecticides, replacing insecticides such as organophosphates [92, 

93]. Cypermethrin is a synthetic class II pyrethroid. Humans are primarily exposed to 

pyrethroids via skin contact, but ingestion through food and water consumption is also 

possible. This emphasizes the point that exposures are not only a hazard for those employed 

in pest control professions.

PYRETHROID TOXICITY

The mechanism of toxicity of cypermethrin and other pyrethroids in insects is to extend the 

opening of voltage-gated sodium channels, leading to depolarization of neurons and, thus, 

sustained excitation [94-96]. To what extent might cypermethrin and other pyrethroids act 

directly on immune cells via sodium ion channels? Immune cells express a variety of ion 

channels to maintain and regulate their negative membrane potential and the influx of 

divalent ions that act as second messengers (Ca2+, Mg2+). Human T cells are not widely 

thought to express voltage-gated sodium channels (Nav), though some cell line research 

suggests Nav1.5 expression by CD4+ T cells may play a role in positive selection [97-99]. 

Phagocytosis is regulated by Nav channels, specifically Nav1.5 and 1.6 in macrophages and 

1.7 in human dendritic cells [100, 101].

Several studies have reported immunotoxic effects of pyrethroids on mouse splenocytes, 

thymic immune cells, and rat neutrophils [102-104]. Female mice given 1 dose of 

permethrin (1100 mg/kg, topically) exhibit a 32% decrease in spleen T cell and thymic cell 

proliferation relative to untreated mice [105]. Signs of apoptosis are detectable in CD8+ and 

CD4−CD8− thymocytes following permethrin treatment [105]. Oral administration of 

permethrin is associated with neutrophil abnormalities as well [104]. In mouse splenocytes 

or rat thymic cells, deltamethrin induces apoptosis [102, 106]. Cypermethrin has been shown 

to decrease plasma IL-2, IL-8, IL-12, and IFNγ [107]. Humans exposed to cypermethrin via 

their employment have a lower CD4/CD8 ratio, as well as changes in IL-12, p70, IL-2, IL-8, 

and IFNγ [108]. Thus, in thinking about the mechanism by which pyrethroids increase risk 

for PD, considerations should not be limited to neurons.

FUTURE DIRECTIONS IN PYRETHROID iPD STUDIES

Pyrethroid exposure has been shown to synergize with rs3129882 SNP genotype to increase 

risk for iPD, as discussed above. The extent to which pyrethroid exposure synergizes with 

other genetic risk factors remains to be investigated. Pyrethroids are rapidly metabolized, 

although there is evidence that exposure to pyrethroids during early development can create 

long-term neurological change [91, 109]. However, the mechanism by which they may 
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produce long-lasting immune effects are yet to be fully elucidated, as are the consequences 

of exposures later in life.

VIRAL AND BACTERIAL INFECTIONS

Braak and colleagues proposed that infectious agents targeting the gut and olfactory bulbs 

may be the initial trigger for PD pathogenesis [110]. Although it is clear that a single 

organism is not consistently associated with PD, a PD-like combination of motor-symptoms 

known as parkinsonism has been observed in the aftermath of infections. Influenza is 

highlighted here as example case of environment-by-immune interactions that may affect 

risk of iPD and/or PD-like syndromes.

INFLUENZA AND PARKINSONISM

A member of the Orthomyxoviridae family, the influenza virus is a single-stranded, RNA 

virus with a genome encoding 11 proteins [111]. Highly pathogenic strains of influenza have 

been associated with subsequent neurological complications, including neurodegeneration 

and neuroinflammation [112]. Following the 1918 Spanish influenza pandemic, an outbreak 

of an encephalitic condition known as encephalitis lethargica (EL) occurred, causing high 

fever, mental confusion, lethargy, and vision problems in patients previously exposed to 

influenza [113]. No clear biological mechanism has been identified as a causal connection 

between influenza and EL.

In 80% of people who survived EL, secondary parkinsonism was later described [113], 

although, as with influenza and EL, no clear causal factor has been identified, and the 

association is contested by some [114]. Nonetheless, it has been reported that individuals 

who were young at the time of the Spanish flu pandemic and may have been exposed to 

highly pathogenic influenza had a 2-3-fold higher risk of developing parkinsonism [112]. 

Similarly, parkinsonism subsequent to neurotropic alpha virus infection has been reported 

and can be reproduced in mouse models [115]. How might viral infection give rise to 

dopamine depletion? One possibility is that some direct viral invasion of the central nervous 

system and/or a systemic cytokine storm caused by a virus predisposes death of midbrain 

dopamine neurons. Whether neurovirulence is strictly necessary for influenza virus exposure 

to increase risk for parkinsonism remains to be fully understood. Neuroinflammatory 

response is observed independent of neurotropism, at least in mouse models [116] 

suggesting that peripheral immune activation, an incredibly common environmental 

exposure, can be sufficient to disrupt dopamine neuron health. It is thus possible that 

antiviral interventions can mitigate virus-related neurodegeneration and act as 

neuroprotective agents [116]. It may be the case that a subpopulation of people could benefit 

from treatments during or after viral infection to prevent later development of parkinsonism 

or iPD, but it remains to be determined who would fall into such a group. Factors such as 

age at time of infection, severity of viral infection, repeat infection, cytokine storm, fever, 

etc. could all influence whether a viral infection increases risk for iPD.
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INFLUENZA AS AUTOIMMUNE TRIGGER

Infection with the flu or other pathogens also has the potential to elicit an autoimmune 

reaction resulting in immune system-driven neurodegeneration. This could occur through the 

production of cryptic antigens (antigens normally invisible to the immune system that 

become exposed due to disease processes). Also, differential processing of self-proteins by 

infection-related protease action could produce neoantigens potentially recognized by 

existing T cells. As proposed in [117], various mechanisms for infection-induced 

autoimmunity exist and are not mutually exclusive: molecular mimicry and the adjuvant 

effects of infectious pathogens may function early in the development of an autoimmune 

reaction in the pathogenesis of PD, followed by bystander activation and epitope spreading 

as inflammation persists. Indeed, humoral cross-reactivity has been identified between α-

synuclein and herpes simplex-1 [118]. Bystander activation occurs when there is 

proliferation of a previously small population of activated, autoreactive T cells due to 

chronic inflammation triggered by a pathogen or tissue damage. Epitope spreading is 

defined as the case in which a healthy, effective immune response, initially directed against 

some portion of an antigen, shifts to include a different portion of the same protein or a 

different protein. If this new antigen is similar to a self-protein, there can be cross 

recognition resulting in the destruction of self-tissue. It is possible that the immune response 

to certain influenza strains in certain human populations could produce this type of induced 

autoimmunity, putting substantia nigra dopamine neurons at risk.

BACTERIA AND iPD RISK

In addition to viral infection, exposre to certain bacteria may also influence iPD risk. As 

mentioned above, expression of the PD-related gene LRRK2 is enriched during an active 

tuberculosis infection [61]. In some populations, tuberculosis exposure itself increases risk 

for iPD [119]. Beyond infection, the activity of gastrointestinal microbes is increasingly 

being investigated in relation to PD pathology. Long before the compositional differences in 

the gut bacterial communities of PD patients were identified (recently reviewed by [120]), 

the involvement of species of Helicobacter, a bacterium that colonizes the stomach and can 

cause gastric ulceration and ultimately gastric cancer, in PD was proposed. In 1999, Charlett 

et al. reported that PD patients as well as their siblings exhibit greater frequency of 

Helicobacter pylori (H. pylori) seropositivity [121], and a 2013 study reported greater 

incidence of H. suis in gastric biopsies from iPD patients compared to healthy controls 

[122]. Another study in the same year, however, found no differences in frequencies of H. 
pylori infection in PD patients and controls [123]. Most studies report Helicobacter infection 

in roughly a third of PD patients [122-124], and while Helicobacter infection has been 

associated with a 23-45% enhanced risk for PD development [125], a meta-analysis found 

that Helicobacter infection frequency in PD did not differ significantly from the general 

population [126]. The mechanisms by which these bacterial exposures may alter the 

functioning of specific immune cells and create an iPD-permissive or -prone state remains to 

be elucidated.
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Conclusion

Therapeutic strategies may involve both unspecific anti-inflammatory treatment as well as 

drugs interfering with specific known pathways, such as, for example, compounds affecting 

the STING pathway in the case of well-defined (genetic) subtypes of PD. Although many 

drugs are available and therapeutic targets continue to emerge, randomized, placebo-

controlled clinical trials are urgently needed to evaluate the potential efficacy of these 

biologically plausible and readily available agents. As the field moves forward investigating 

immunomodulatory therapeutic options, it is crucial to consider the patient subpopulations 

created by combinations of genetic variations and environmental exposures. We have 

highlighted here α-synuclein, LRRK2, PINK1 and Parkin, and MHCII, as these proteins are 

all found in immune cells. Further work is needed to understand their function, interactions 

with one another, and how their expression is influenced by environmental exposures. The 

immune system’s response to pyrethroids, viruses, and bacteria may depend on SNCA, 
LRRK2, PINK1, and MHCII genetic variations or mutations. There is a gene-by-

environment-by-immune-system triangle in PD pathogenesis, and failure to appreciate this 

triad in PD clinical trials could lead to findings of futility for treatments that could 

profoundly benefit a cluster of PD patients with a particular immunophenotype, infection 

history, degree of autoimmunity, etc. We must be mindful of the context produced by genetic 

and environmental factors contributing to each patient’s risk of PD. There may be protection 

and risk conferred by an individual’s genes and exposures, and this will likely influence 

immune system tone throughout the lifespan as well as responsiveness to treatment. It is 

likely that no single drug will be able to address the vast array of underlying pathologies 

involved in PD. It is also likely that it will be more feasible to prevent the degeneration of 

neurons rather than regenerate the substantia nigra and other affected nuclei. This requires a 

thorough understanding of the genetic and environmental factors converging on the immune 

system to increase risk for PD.
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Figure 1. Environmental factors disrupt immune homeostasis to increase risk for iPD.
Infections and pesticides are examples of environmental factors that can influence immune 

system function by altering immune cell gene expression and cytokine release. 

Environmental factors may drive autoreactive adaptive immune activation via molecular 

mimicry which could promote iPD pathogenesis. Environmental factors are also capable of 

directly damaging tissues. Created with BioRender.com.
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