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Abstract

Parkinson’s disease (PD) has classically been defined as a movement disorder, in which motor 

symptoms are explained by the aggregation of alpha-synuclein (α-syn) and subsequent death of 

dopaminergic neurons of the substantia nigra pars compacta (SNpc). More recently, the 

multisystem effects of the disease have been investigated, with the immune system being 

implicated in a number of these processes in the brain, the blood, and the gut. In this review, we 

highlight the dysfunctional immune system found in both human PD and animal models of the 

disease, and discuss how genetic risk factors and risk modifiers are associated with pro-

inflammatory immune responses. Finally, we emphasize evidence that the immune response drives 

the pathogenesis and progression of PD, and discuss key questions that remain to be investigated 

in order to identify immunomodulatory therapies in PD.
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1 Introduction

The involvement of the immune system in Parkinson’s disease has been postulated since its 

initial description by James Parkinson in 1817. In his “An Essay on the Shaking Palsy,” 

Parkinson suggests that attacks on the nervous system, “considered at the time merely as 

rheumatic affections, might lay the foundation of this lamentable disease, which might 

manifest itself at some distant period, when the circumstances in which it had originated, 

had, perhaps, almost escaped the memory” (Parkinson, 2002). Now, more than 200 years 

after Parkinson’s initial publication, the evidence has grown substantially to support the idea 

that inflammatory processes occur long before clinically apparent symptomatology, and 

initiate and/or drive the progression of PD.

Before addressing the research itself, it is helpful to clearly define what is meant by 

“inflammation,” as the meaning of this word has expanded greatly in recent years. 

Classically the process of inflammation can be separated into three different components: (i) 
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Responses from the host immune system that aid in the clearance of invading pathogens 

such as bacteria or viruses, (ii) responses to aid in the removal of dead or dying cells and 

wound repair, and (iii) responses that lead to excessive activation or misguided recognition 

of host antigens and which lead to damage of tissues. This review and others (Prinz and 

Priller, 2017) use a specific definition of inflammation encompassing all three of these 

responses. We consider inflammation to be a response that results in the infiltration of 

hematopoietic cells of a peripheral origin, such as monocytes, T cells, B cells, and 

neutrophils, into the affected tissue, along with the generation of cytokines and chemokines. 

Activation of only innate resident cells, such as microglia in “gliosis” or tissue resident 

macrophages in the absence of peripheral infiltration, should not be considered 

inflammation, even if this activation leads to cytokine production. While an innate response 

may result in the clearance of cellular debris, a true inflammatory response will engage the 

adaptive immune system for response escalation and resolution. Furthermore, the process of 

innate immune activation without adaptive involvement lacks specificity and memory. It is 

the interactions between innate (microglia, macrophages, neutrophils, monocytes, etc.) and 

adaptive cells (T and B cells) that carry out specific and targeted programs based upon the 

threat, and these interactions can occur at all sites throughout the body. It is with this 

definition that we propose Parkinson’s disease be considered an inflammatory condition, as 

there is evidence for both innate and adaptive involvement in the pathogenesis of disease.

Historically, studies of PD have focused on the basal ganglia, where the hallmarks of the 

disease, including the dramatic death of dopaminergic neurons, the presence of α-syn rich 

inclusions, and the associated motor circuit dysfunction are most prominent. However, there 

is long-standing evidence, as well as more recent findings, that highlight early and persistent 

dysfunction within multiple systems, both within and outside the CNS in patients with PD. 

These findings of multisystem dysfunction are coupled with a growing awareness of non-

motor dysfunction in patients with PD. This evidence supports the notion of PD as a 

systemic disease that involves multiple tissues and cell types, with the key players including 

the central nervous system (CNS), gastrointestinal tract, autonomic nervous system, and the 

innate and adaptive immune systems.

In this review of immune mechanisms in PD, we highlight evidence that the innate and 

adaptive responses to CNS antigens are involved in disease pathogenesis. We provide a basic 

overview of innate and adaptive immune system mechanisms, as well as an overview of the 

clinical and pathological manifestations of inflammation in PD, involving both the CNS and 

peripheral tissues. This is followed by an overview of the immune system’s role in animal 

models of the disease, and how these models have identified key immune related pathways 

in PD pathogenesis. We conclude by identifying and discussing several key questions that 

we believe will drive future research and therapeutic discovery.

2 PD as a systemic and heterogeneous disease

Parkinson’s disease has classically been considered a movement disorder, as the motor 

deficits are the most obvious symptoms of disease and are used in part for diagnosing the 

disease, although a definite diagnosis can only occur postmortem. Cardinal symptoms of PD 

include tremor, rigidity, akinesia or bradykinesia, and postural instability (Obeso et al., 
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2017). The symptoms themselves are associated with intraneuronal α-syn rich inclusions 

throughout the brain and the dramatic loss of dopamine-producing neurons in the substantia 

nigra pars compacta, leading to a deficit of dopaminergic signaling in the caudate and 

putamen within the basal ganglia (Obeso et al., 2017). Single-photon emission computerized 

tomography (SPECT) scans can be used to visualize this loss, through labeling of dopamine 

transporters (DAT) on the terminals of neurons projecting from the from the SNpc to the 

caudate and putamen (Benamer et al., 2000; Ichise et al., 1999) although this loss may not 

be a direct correlate of dopaminergic neuron loss (Honkanen et al., 2019). The loss of uptake 

is typically asymmetric (Benamer et al., 2000, Ichise et al., 1999), which is reflected in the 

asymmetric onset of the motor symptoms characteristic of PD.

A description of Parkinson’s disease would be remiss without a brief discussion on the role 

of α-syn in the disease process. α-syn is typically found at the presynaptic terminals in 

neurons, but in PD, α-syn rich aggregates are found within the cell soma (Lewy bodies) and 

within neuronal processes (Lewy neurites) (Burre, 2015;Spillantini et al., 1997; Sulzer and 

Edwards, 2019). The normal function of α-syn remains somewhat of a mystery, although it 

has been implicated in processes such as synaptic vesicle release and recycling (Burre, 2015; 

Sulzer and Edwards, 2019), acting as a molecular chaperone for SNARE complex formation 

(Burre, 2015; Chandra et al., 2005), binding of dopamine and serotonin transporters (Burre, 

2015), and regulating certain forms of synaptic plasticity (Sulzer and Edwards, 2019). 

Classically, the α-syn inclusions have been thought to be harmful, although there is more 

recent evidence that soluble, oligomeric forms of α-syn could be the more neurotoxic 

species (Cremades et al., 2012; Fusco et al., 2017; Luk et al., 2012). Regardless, α-syn 

pathology has been found throughout the brains of PD patients, and has been suggested to 

spread in a predictable prion-like manner between interconnected brain regions (Braak et al., 

2003). However, it appears that α-syn inclusions alone cannot be blamed for PD, as there are 

cases of healthy people with high Lewy body load but without symptoms (Bengoa-

Vergniory et al., 2017; Frigerio et al., 2011; Parkkinen et al., 2005) and Lewy body load 

does not necessarily correlate with the severity of symptoms (Bengoa-Vergniory et al., 

2017), suggesting that there may be other mechanisms at work that explain the pattern of 

motor and non-motor symptoms in patients.

James Parkinson himself described many non-motor symptoms of PD including sleep 

disturbances, autonomic symptoms, and constipation (Parkinson, 2002). 200 years later, we 

now recognize that PD is a heterogeneous disease with widespread dysfunction and the 

involvement of multiple systems throughout the body—a disease in which each case has 

unique aspects. Indeed, it may be best to view PD as a syndrome with some core features, 

rather than a single disease (De Pablo-Fernandez et al., 2019). Anosmia (loss of smell), 

constipation, and rapid eye movement (REM) sleep disorder often begin prior to the 

appearance of motor symptoms, and when present together are highly predictive of later 

development of PD (Doty, 2012; Postuma et al., 2015). Other non-motor features appear 

later in the disease: approximately 20–40% of patients experience depression; and 40–56% 

experience anxiety (Barone et al., 2009). An even larger portion (30–80%) of PD patients 

will develop dementia, with half of non-demented patients still displaying mild cognitive 

impairment and cognitive decline over time (Aarsland et al., 2017). A neural correlate to this 

symptom could be the finding that PD patients have decreased cortical thickness compared 
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to healthy controls (Deng et al., 2016; Sampedro et al., 2019; Uribe et al., 2018). Outside of 

the CNS, an exciting area of research is exploring the link between CNS and dysfunctions in 

the gastrointestinal tract, most notably preclinical constipation (Fasano et al., 2015) and 

associated intestinal inflammation in patients with PD (Devos et al., 2013). These motor and 

non-motor symptoms of PD and the associated pathology are indicative of a disease of 

global dysfunction.

3 Innate immune system

In order to understand inflammation as a process, it is important to distinguish between the 

two branches of the mammalian immune system. Most of our knowledge of the innate and 

adaptive immune systems comes from studies with mice, other mammals, or in vitro 
systems. The innate immune system is an ancient and highly conserved system that operates 

by nonspecific mechanisms and functions as a first line of defense that can later help to 

activate the adaptive system. Its purpose is to quickly resolve threats to the host, including 

clearance of invading pathogens such as bacteria or viruses, removal of dead/dying cells, and 

wound repair. However, under pathological conditions, the immune system can respond with 

excessive activation or misguided recognition of host antigens, leading to the damage of 

tissue.

The innate immune system is comprised of tissue resident macrophages that typically 

originate from the fetal yolk sac or fetal liver and self-renew (Goldmann et al., 2016; Hoeffel 

and Ginhoux, 2015), dendritic cells, neutrophils, circulating monocytes, granulocytes, and 

even some non-immune cells that adopt immunological functions as needed. The basic 

processes of innate immunity that will be discussed in this section are outlined in Fig. 1. 

Macrophages and dendritic cells, together referred to as antigen presenting cells (APCs), are 

thought to be the body’s main sensors of danger and initiator of an immune response; they 

constantly sample their environment, phagocytosing any debris, presenting findings on their 

surface via major histocompatibility complex (MHC) molecules, and sending out signals or 

interacting with other immune cells when they encounter danger. The MHC has two classes, 

MHC class I (MHCI) and MHC class II (MHCII). MHCI is expressed by all nucleated cells 

whereas MHCII is mainly expressed by the APCs described above. The ability of the innate 

immune system to present antigen is integral to mounting an effective immune response and 

communicating with other immune cells. It is important to note that macrophages are 

generally believed to be less competent at presenting antigens to T cells than dendritic cells, 

although both are capable of interacting with and activating T cells (Mildner and Jung, 

2014). It is generally thought that dendritic cells or macrophages begin any immune 

response, and lead to its amplification through the recruitment of other cells such as 

monocytes, granulocytes, and neutrophils.

Within the brain parenchyma itself, there are few, if any, dendritic cells. Most are found 

within the leptomeninges, though in very small populations (Mrdjen et al., 2018). Despite 

their relatively small numbers, their contribution to PD inflammation cannot be ruled out, as 

meningeal DCs are implicated in antigen presentation and subsequent neuroinflammation in 

models of multiple sclerosis (MS) (Mundt et al., 2019). However, the role of meningeal 

immunity and trafficking of immune cells in this space is poorly understood and remains 
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understudied in the context of PD. The largest population of immune cells in the healthy 

CNS is microglia, the main tissue resident macrophage of the brain (Mrdjen et al., 2018). 

These cells arise early in development from the fetal yolk sac, and self-renew throughout life 

without major contribution from peripheral hematopoietic sources (Ginhoux et al., 2010; 

Goldmann et al., 2016; Nayak et al., 2014). They are thought of as first responders to any 

injury, modulators of homeostasis, and mediators of neuroinflammation. In homeostatic 

conditions, microglia express low to undetectable levels of MHCII, and have a generally 

anti-inflammatory phenotype (Colonna and Butovsky, 2017; Mrdjen et al., 2018; Nayak et 

al., 2014). However, during inflammation, they can upregulate MHCII and produce 

cytokines and chemokines. Additionally, peripheral myeloid cells such as monocytes can be 

recruited to the parenchyma during CNS inflammation, and further contribute to the 

inflammatory processes (Prinz and Priller, 2017). Whether or not microglia are pathogenic 

or protective, promoting either damaging inflammation or resolution and tissue repair in 

disease states is hotly debated, and seems to depend on the exact immune stimulus (Colonna 

and Butovsky, 2017; Nayak et al., 2014). The differential role between microglia and 

infiltrating peripheral myeloid cells is also a current area of research; with some 

hypothesizing that infiltrating cells could prove to be the more pathogenic population.

APCs mount immune responses following the activation of pattern recognition receptors 

(PRRs) by pathogen associated molecular patterns (PAMPs) or damage associated molecular 

patterns (DAMPs), activation of the complement cascade, or through antigen presentation to 

T cells (Fig. 1). Examples of pattern molecules that activate PRRs in these cells are: 

lipopolysaccharide (LPS) activating toll-like receptor 4 (TLR4) (Qureshi et al., 1999) and 

UV damaged self-RNA activating TLR3 (Bernard et al., 2012). Recognition of these PAMPs 

or DAMPs leads to the induction of signaling pathways to produce antimicrobial genes and 

inflammatory cytokines, depending on the specific immunological challenge (Lamkanfi and 

Dixit, 2014). Furthermore, these processes can amplify the ability of innate cells to actively 

present antigen, the process by which peptides (from host cells or from microbes) are loaded 

and presented on the MHC and interrogated by T cells. Dendritic cells normally take this 

antigen and migrate to the lymph nodes, where they will then direct T cell activation. 

Macrophages, on the other hand, typically secrete cytokines and chemokines from their 

origin tissue to recruit other cells such as monocytes and T cells, to the site of damage (Fig. 

1). This initiates an immune response that will be further amplified and then resolved by 

incoming immune cells (Rankin and Artis, 2018). While innate immune responses are 

typically nonspecific, they are rapid and therefore key in determining the subsequent 

immunological response program that is initiated (Rivera et al., 2016). In many cases, the 

innate immune system alone can ward off pathogens and retain a rudimentary memory of the 

invader (Netea et al., 2016). However, without the other half of the system, true memory and 

robust inflammatory reactions would not occur.

4 Adaptive immune system

In contrast to the innate immune system, the adaptive immune system is highly specific and 

able to remember and effectively mount responses against previously encountered 

immunological threats. The specificity of the adaptive immune system is achieved due to the 

ability of T and B cells, collectively called lymphocytes, to rearrange their genomes and 

Schonhoff et al. Page 5

Prog Brain Res. Author manuscript; available in PMC 2020 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



create unique antigen specific receptors: T cell receptors (TCRs) and B cell receptors 

(BCRs) (Bassing et al., 2002). The number of possible unique TCRs or BCRs is estimated to 

be in the 1013 range (Calis and Rosenberg, 2014; Laydon et al., 2015) and allows 

recognition of a wide range of bacterial, viral, or fungal antigens in a highly specific manner. 

Accompanying this vast antigen detection capacity is the ability of a small subset of 

pathogen-responsive T and B cells to differentiate into a long-lived population that can 

rapidly respond to re-exposures to the initial pathogen, a process collectively referred to as 

“memory” (Vitetta et al., 1991). While both T and B cells possess these unique sensing and 

recall abilities, their downstream immune effector functions are markedly different. The 

basic processes of the adaptive immunity that will be discussed in this section are outlined in 

Fig. 2.

In a process similar to that in innate immune cells, B cells have the ability to sample soluble 

antigen directly via their BCR and can differentiate, proliferate, and secrete antibodies 

specific to that particular antigen (Fig. 2). B cells can also obtain help from T cells to 

produce high-affinity antibodies (also called immunoglobulins, Igs) that rapidly recognize 

and clear immunological threats (Chaplin, 2010). However, in the setting of autoimmunity 

(harmful immune reactions to the body’s own tissues), B cells produce autoantibodies to 

self-peptides that lead to tissue dysfunction and destruction by the body’s own immune 

system, such as in the disease systemic lupus erythematosus.

T cells, on the other hand, detect antigens that have been loaded onto the MHC of other cells 

via their TCR. The MHC has two separate classes that dictate the nature of the antigens as 

well as the subsequent T cell response. MHC class I is expressed by all nucleated cells in the 

mammalian body and is responsible for antigen sampling within the intracellular space. CD8 

T cells, often referred to as cytotoxic T cells (Tc), are one of the two major subsets of T cells 

and function mainly via their TCR in recognizing foreign antigens (e.g., viruses) on MHCI. 

When activated, they proliferate and release cytokines and lytic molecules (e.g., granzyme 

and perforin) that promote the lysis of the infected cell (Lieberman, 2003) (Fig. 2). In 

contrast, CD4 T cells recognize antigen-loaded onto MHC class II, which is expressed by 

antigen presenting cells like macrophages, monocytes, dendritic cells, and B cells. Upon 

TCR recognition of an MHC-bound antigen, CD4 T cells produce effector cytokines that 

“help” mediate pathogen clearance by boosting the function of the innate immune system 

and antibody-producing B cells (Fig. 2).

The cytokines produced by helper CD4 T cells (Th) are pathogen and tissue dependent, and 

have been generally categorized as having Th1, Th2, Th17, or T regulatory (Treg) type 

responses (Fig. 2) (Leung et al., 2010). Generally, Th1 immune responses are directed 

toward intracellular bacteria or viruses and they help clear these immunological threats in 

part by secreting the cytokine interferon gamma (IFN-γ) which serves to amplify the innate 

immune system’s antimicrobial and anti-viral capabilities (Leung et al., 2010; Zhu and Paul, 

2008) (Fig. 2). However, there are instances where autoimmune Th1 responses occur, as is 

the case in patients with MS (McFarland and Martin, 2007) or inflammatory bowel disease 

(IBD) (Neurath, 2014), where they can promote destructive tissue damage through excessive 

cytokine release and innate immune system activation. Th2 immune responses are typically 

directed toward extracellular parasites and promote clearance of these pathogens through the 
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secretion of the cytokine IL-4, which helps to support the humoral B cell response (Leung et 

al., 2010; Zhu and Paul, 2008) (Fig. 2). The overactive allergic responses observed in 

patients with asthma are an example of aberrant Th2 responses (Lambrecht and Hammad, 

2015). Th17 responses are critical in the response to extracellular pathogens such as fungi, in 

part through the secretion of IL-17a, a cytokine that enhances the effectiveness of the innate 

immune system— particularly neutrophils (Leung et al., 2010; Zhu and Paul, 2008) (Fig. 2). 

However, in some autoinflammatory contexts, Th17 responses can become aberrant and 

promote excessive inflammation and tissue damage, as is the case with rheumatoid arthritis 

(Leipe et al., 2010). Lastly, Tregs play a regulatory role that serves to facilitate the process of 

resolving inflammation during pro-inflammatory events as well as preventing misguided 

host-tissue reactions in part through the innate and adaptive modulating cytokine IL-10 

(Vignali et al., 2008). However, breakdowns in the function of Tregs can lead to the loss of 

regulation of pro-inflammatory immune reactions and can lead to damage of tissues. In fact, 

nearly all autoimmune diseases have evidence of dysfunctional Tregs that contribute to the 

break of tolerance and inability to resolve inflammatory events (Dominguez-Villar and 

Hafler, 2018; Leung et al., 2010) (Fig. 2).

Typically, the innate and adaptive arms of the immune system function in harmony, 

mounting and resolving effective and protective immune responses. However, as in the 

examples of autoimmunity cited above, these normal functions can turn aberrant and 

pathological, and become damaging toward a self-antigen, or something endogenously 

produced by the body. Typically, self-reactive T cells are deleted during development, but 

some escape and normally remain inert without the presence of additional signals 

(Bouneaud et al., 2000; Nemazee, 2017; Theofilopoulos et al., 2017). However, upon failure 

of central and peripheral tolerance of reactive T cells, an aberrant immune response may be 

mounted as T cells recognize self-antigens that are presented on MHC molecules of APCs. 

This response often fails to resolve itself, especially since IL-10 producing Tregs are 

impaired in either number or function in many autoimmune conditions (Dominguez-Villar 

and Hafler, 2018; Miyara et al., 2011). This could also be affected by the altered microbiome 

found in autoimmune diseases, as the gut microbiome strongly influences the development 

of Tregs (Honda and Littman, 2016; Theofilopoulos et al., 2017). Much of what we know of 

aberrant, harmful inflammatory processes comes from the study of autoimmune disease, and 

will likely inform future research in PD. Specifically, the role of APCs and T cells in the 

pathogenesis of PD should be investigated, as well as the target antigen of the inflammatory 

response observed.

5 CNS inflammation in human PD

5.1 CNS parenchyma

One of the first findings that connected the immune system to the pathobiology of PD was 

the observation of an increased number of reactive microglia, originally defined by 

morphology (Foix and Nicolesco, 1925) and later human leukocyte antigen-DR isotype 

(HLA-DR, a component of the human MHCII) expression, in the postmortem substantia 

nigra of PD patients (Mcgeer et al., 1988b). This microgliosis and other immune-PD 

phenotypes are summarized in Fig. 3. These activated microglia have been observed in direct 
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proximity to Lewy pathology and free melanin in the brain (Mcgeer et al., 1988b). However, 

that same study acknowledged that the assumption of a microglial identity for these cells 

was based off their shared reactive morphology to the glioma associated microglia originally 

described by Penfield (Penfield, 1925). The exact identity of these reactive “microglia” still 

remains to be determined, as it is possible that some may be peripherally derived 

macrophages of a monocyte lineage rather than true microglia (Hoeffel and Ginhoux, 2015) 

(Fig. 1). Regardless of their exact origin, multiple groups have provided further evidence of 

a pro-inflammatory phenotype (HLA-DR+, CD68+, ICAM-1+) or innate activation 

(increased TLR2 expression) through histological studies (Croisier et al., 2005; Dzamko et 

al., 2017; Imamura et al., 2003; Orr et al., 2005; Rozemuller et al., 2000), as well as through 

the use of positron emission tomography (PET) imaging studies (Gerhard et al., 2006; 

Iannaccone et al., 2013; Terada et al., 2016). In the PET studies, ligands are specific to the 

translocator protein, TSPO (previously referred to as the “peripheral benzodiazepine 

receptor”), a protein that is expressed on the mitochondrial membrane of activated myeloid 

cells and astrocytes (Cosenza-Nashat et al., 2009; Lavisse et al., 2012). Chronic, increased 

signal from the TSPO ligands were found in PD patients, suggesting a chronic 

neuroinflammatory condition of patients that had only previously been observed in 

postmortem tissue (Fig. 3). This use of noninvasive imaging to detect and track brain 

inflammation in PD patients could be very useful in determining the effectiveness of 

immunotherapies for the disease, however, early studies using this method to test anti-

inflammatory treatments on reducing TSPO binding (i.e., microglia inflammation) in PD 

patients have produced mixed results (Bartels et al., 2010; Jucaite et al., 2015). In addition to 

the evidence of cellular morphology indicative of inflammation in the brains of PD patients, 

there is also evidence of increased pro-inflammatory cytokine and chemokine molecules in 

the brain parenchyma. These findings include increased levels of both the pro-inflammatory 

cytokine tumor necrosis factor (TNF, previously TNF-α) and the T cell associated 

chemokine CXCL12 in the caudate, putamen, and substantia nigra of PD postmortem brain, 

respectively (Mogi et al., 1994; Shimoji et al., 2009).

While earlier findings suggested the presence of Tc (cytotoxic) CD8 T cells in the 

postmortem substantia nigra of PD patients (Mcgeer et al., 1988a), Brochard’s (Brochard et 

al., 2009) discovery of increased CD4+ and CD8+ T cells surrounding neuromelanin positive 

neurons in the PD postmortem brain provided more definitive evidence that the adaptive 

immune system was involved in disease and has been since replicated (Sommer et al., 2018). 

This finding is further supported by the observation that levels of CXCR4, a chemokine 

receptor expressed by T cells (Contento et al., 2008), and its reciprocal ligand CXCL12 are 

both increased in postmortem brains of PD patients compared to healthy controls (Shimoji et 

al., 2009) (Fig. 3). While B cells have never been reported to be within patient brain samples 

directly, there are increases in the number of IgG positive neurons (Orr et al., 2005) and 

complement positive Lewy bodies (Yamada et al., 1992) in the substantia nigra of patients 

with PD. These data would suggest that B cells may in fact contribute to the pathobiology of 

Parkinson’s disease, though likely from a primed secondary lymphoid organ. Taken together, 

there is a substantial amount of data to suggest that cells of both the innate (microglia or 

macrophages) and the adaptive immune system (T cells) are in close proximity to each other 

and neuromelanin containing neurons in the PD brain.
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5.2 Cerebrospinal fluid

Cytokine and chemokine molecules are crucial signal transducers in the recruitment, 

stimulation, and regulation of multiple cell types in an inflammatory response (Fig. 2). In 

PD, there is substantial evidence that signaling and effector molecules are secreted in both 

the brain and cerebrospinal fluid (CSF). One of the first results to substantiate this idea was 

the observation that protein levels of the cytokine TNF are increased in both the caudate and 

putamen as well as the CSF of PD patients compared to controls (Mogi et al., 1994). Other 

early observations in the CSF of PD patients showed increased levels of IL-1β, IL-2, IL-6, 

and IL-4 (Blum-Degen et al., 1995; Mogi et al., 1996; Qin et al., 2016). The combination of 

IL-1β, IL-2, and IL-6 suggests the presence of a pro-inflammatory process as all three 

cytokines have been shown to have detrimental effects on neurons and other vulnerable cell 

types in other inflammatory diseases (Filiano et al., 2017; Neurath, 2014). IL-4, however, 

has been linked with neuroprotective and neuroregenerative responses in the CNS (Filiano et 

al., 2017; Walsh et al., 2015) along with non-CNS allergic or autoimmune responses that 

have heavy humoral influence, such as asthma (Lambrecht and Hammad, 2015). Another 

more recent study has recapitulated these above findings but also found increased levels of 

TNF, IFN-γ, and IL-10 in the CSF of PD patients (Brodacki et al., 2008). The presence of 

TNF and IFN-γ provides further evidence of a pro-inflammatory process, as both are potent 

immune activators (O’Shea et al., 2002) and detrimental to neuron health (Cebrian et al., 

2014; Filiano et al., 2017). Interestingly, IL-10 is typically associated with the regulatory 

responses (Fig. 2) produced by Tregs to modulate the innate immune system. It is possible 

that a compensatory and regulatory process occurs alongside the pro-inflammatory response 

observed in PD.

6 Peripheral inflammation in PD

In addition to the evidence of an activated innate and adaptive immune response in the CNS 

of PD patients, there is also ample data supporting the idea that a similar inflammatory 

response occurs throughout the body. This peripheral PD immune phenotype is consistent 

with the overarching concept that Parkinson’s disease is a systemic, multisystem disease 

affecting the whole body, and is summarized in Fig. 3.

6.1 Blood

One possible mechanism that can connect the systemic inflammatory phenotypes observed 

in PD is the bloodstream, the major pathway for immune cell trafficking throughout the 

body. Furthermore, due to the challenge of detecting inflammation in the brains of living PD 

patients, the study of blood in individuals with PD has produced much of our understanding 

of immune responses in the disease. Higher levels of inflammatory cytokines and 

chemokines are found in the blood and CSF, including: TNF, IL-1β, IL-2, IL-6, IFN-γ, and 

CCL2 (Blum-Degen et al., 1995; Grozdanov et al., 2014; Mogi et al., 1994, 1996; Qin et al., 

2016). IL-17a and IL-10 are also elevated in the blood of PD patients (Brodacki et al., 2008; 

Sommer et al., 2018). One study correlated higher serum levels of TNF at the start of the 

study with faster decline of motor function over the following 3 years, and higher IL-1β and 

IL-2 with faster cognitive decline (Williams-Gray et al., 2016). However, these cytokine 

measurements are snapshots, taken at one time point, and it is therefore difficult to 

Schonhoff et al. Page 9

Prog Brain Res. Author manuscript; available in PMC 2020 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



determine if these inflammatory markers in the bloodstream remain stable over time. 

Regardless, these findings mirror both the pro-inflammatory and regulatory phenotypes that 

have been measured in patient brain, indicating that the inflammatory process is potentially 

one of global coordination and involvement.

Furthermore, there are changes in both the number and activation profiles of immune cells in 

PD blood. In general, classical monocytes (CD14+CD16−) are enriched in PD patients 

compared to controls and are hyper-reactive (Grozdanov et al., 2014). Specifically, 

monocytes derived from patients produce more IL-6 to an LPS stimulus compared to those 

from healthy controls, and this cytokine production is positively correlated with the Hoehn 

and Yahr stage of disease severity. Additionally, both healthy controls and PD patients that 

carry a single nucleotide polymorphism (SNP) in HLA-DR that confers a higher PD risk 

have higher baseline MHCII expression on blood B cells and monocytes (Kannarkat et al., 

2015), indicating that a SNP in HLA-DR could predispose individuals to a more 

inflammatory phenotype. This could indicate a lower threshold for activation, or a sensitized 

response to inflammatory stimuli that is present in PD immune cells and predisposes patients 

to stronger and more damaging immune reactions. PD patients also have lower lymphocyte 

numbers in their blood compared to controls, an effect which is mostly driven by a decrease 

in subsets of CD4+ T cells, specifically naı¨ve and memory subsets, whereas numbers of 

CD8 cytotoxic T cells are unchanged. Although naı¨ve and memory subsets decrease, there 

is an overall increase in the number of activated, antigen-experienced CD4+ T cells (CD4+ 

CD25+) (Bas et al., 2001) (Fig. 3). These findings indicate that there is an overall shift to an 

activated, antigen-experienced T cell phenotype in the blood. Additionally, one study found 

an increase in T regulatory cells in PD patients, while another reported decreased ability of 

PD Tregs to suppress the activity of effector T cells in vitro (Rosenkranz et al., 2007; 

Saunders et al., 2012). These data could be indicative of an attempt to regulate the 

inflammatory response, but a decreased ability to do so effectively. The idea of T cell driven 

neuroinflammation is further supported by evidence from (Sulzer et al., 2017), who exposed 

patient PBMCs to various α-syn peptides, and found cytokine responses from CD4 and CD8 

T cells. The predominant responses were IL-5 or IFN-γ, indicating CD4 Th2-MHCII and 

CD8-MHCI responses to α-syn, with the highest responses to two specific α-syn peptide 

sequences. One peptide included cleavage sites, and the other included the Ser129 region 

that is often phosphorylated (pSer129) in abnormal α-syn species. These data have been 

recapitulated in part by Lodygin et al. (2019), who found that blood circulating α-syn-

reactive CD4 T cells were expanded in PD patients. Further studies have implicated a role 

for Th17 cells in neuron death through IL-17/IL-17R signaling using PD T cells and human 

iPSC derived midbrain neurons (Sommer et al., 2018). These findings indicate the presence 

of systemic immune activation, possibly directed toward abnormal α-syn, in human PD.

6.2 Gastrointestinal tract, enteric nervous system, and the microbiome

It has been observed that constipation in PD patients begins long before the onset of motor 

symptoms, and that fewer bowel movements per day are associated with a higher risk for PD 

(Abbott et al., 2001). While α-syn pathology is typically discussed in relation to the CNS, 

inclusions are also found in the colon, in neurons of the enteric nervous system, and within 

the vagus nerve itself (Braak et al., 2006; Shannon et al., 2012). Additionally, a recent study 
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reported the appendix to be a rich source of α-syn pathology and found an association of 

reduced PD risk in individuals whose appendix was removed early in life (Killinger et al., 

2018). These findings of α-syn GI system are accompanied by increases in markers of 

inflammation, such as increased glial fibrillary acidic protein (GFAP) and increases in a 

number of pro-inflammatory cytokines including TNF, IFN-γ, IL-6, and IL-1β (Devos et al., 

2013). Interestingly, these cytokines in the gut are higher earlier in disease and decrease with 

time, perhaps indicating gut inflammation could be an early event in the pathogenesis of 

Parkinson’s disease. It is difficult to say whether gut inflammation directly contributes to 

disease pathogenesis, especially since a bona fide innate and adaptive immune response has 

not yet been reported in PD gut, and additionally it is not known if α-syn inclusions or gut 

inflammation occurs first. Nevertheless, this hypothesis is supported by findings that a 

diagnosis of inflammatory bowel disease, in particular Crohn’s disease, increases the risk of 

developing PD in certain populations (Lin et al., 2016).

Given the observations of both gastrointestinal dysfunction and inflammation in individuals 

with PD, it is logical to investigate changes in the gut microbiome of these individuals. Not 

only is the microbiome important in overall gut function, it is also now better appreciated for 

its role in shaping as well as being shaped by the host’s immune system (Hooper et al., 

2012). Therefore, it is not surprising that multiple studies have observed alterations in the 

microbiomes of diverse cohorts of people with PD across the world (Aho et al., 2019; 

Barichella et al., 2019; Hill-Burns et al., 2017; Li et al., 2017; Lin et al., 2019; Petrov et al., 

2017; Pietrucci et al., 2019; Scheperjans et al., 2015). More specifically, individual bacterial 

taxa have been implicated in the disease state from the aforementioned studies. Certain 

bacterial taxa associated with an “anti-inflammatory” environment have consistently found 

to be reduced in PD stool. These include the bacterial family Lachnospiraceae, and some of 

its genera Roseburia, Blautia, and Faecalibacterium. Roseburia spp. have been shown 

experimentally in vitro and in vivo to promote anti-inflammatory processes through a variety 

of potential mechanisms which include enhancement of gut lining health via increased 

expression of tight junction proteins (Tan et al., 2019) and modulation of immune responses 

via downregulation of pro-inflammatory cytokines (e.g., IL-17) (Zhu et al., 2018) and 

induction of anti-inflammatory cytokines (e.g., IL-10, TGFβ) (Patterson et al., 2017; Shen et 

al., 2018). Additionally, a species of Faecalibacterium and its cellular byproducts has been 

shown experimentally to reduce inflammation through multiple potential mechanisms 

including regulation of Th17 and Treg cell differentiation (Zhou et al., 2018), inhibition of 

pro-inflammatory pathways and cytokine production (Martin et al., 2014; Sokol et al., 

2008), induction of anti-inflammatory molecules (Breyner et al., 2017; Sokol et al., 2008), 

and promotion of gut barrier health (Carlsson et al., 2013; Martin et al., 2015). With 

decreased abundance of these species, it is possible that the gut becomes a site predisposed 

to inflammation.

Overall, the composition of the gut microbiota is clearly altered in PD, as this finding is 

replicated across numerous studies from multiple geographical populations. How this 

dysbiosis of the gut microbiota in PD relates to inflammation and immunity in PD is still 

under investigation. The picture should become clearer as additional research is conducted to 

investigate how changes in the gut microbiota, at the global and individual microorganisms 

level, influence, or are affected by, PD pathogenesis.
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7 The immuno-genetics of PD

Although a majority of Parkinson’s disease cases appear to be idiopathic, there are multiple 

gene mutations or SNPs (especially related to the α-syn locus) that can promote familial 

forms or significantly increase one’s risk to develop Parkinson’s disease. In this section, we 

will overview some of those PD genes and their links to the inflammatory immune response 

observed in PD.

7.1 SNCA

Since the initial discovery of genetic variations in SNCA, the gene encoding α-syn, as the 

cause of certain familial forms of PD (Polymeropoulos et al., 1997), years of research have 

only strengthened the findings that the hallmark PD protein and the genetic control of its 

expression are a major determining factor for the development of familial or idiopathic 

Parkinson’s disease (Chartier-Harlin et al., 2004; Edwards et al., 2010; Kruger et al., 1998; 

Singleton et al., 2003). These studies and others support the idea that high levels of α-syn 

can lead to the neurotoxic phenotype observed in human PD. The exact mechanism of how 

this increased expression leads to neurodegeneration is still unclear, but defects in 

autophagy, vesicle trafficking, and the generation of toxic, oligomerized species due to α-

syn accumulation have been proposed (Lashuel et al., 2013). Another possible mechanism, 

and one that involves the immune system, is that pathogenic forms of α-syn due to mutation, 

overaccumulation, or oligomerization can directly activate the immune system. This idea is 

supported by the finding that pathogenic forms of α-syn can directly induce toll-like 

receptor 4 (TLR4) mediated microglial cytokine production, ROS production, and 

phagocytic activity (Fellner et al., 2013). α-syn may also be capable of activating the 

adaptive immune system, as (Sulzer et al., 2017) identified two antigenic regions of α-syn 

capable of eliciting inflammatory IFN-γ and IL-5 cytokine responses from PD patient 

derived CD4 and CD8 T cells. The antigenic Y39 region identified is near several of the PD-

associated mutations (A30P, E46K, H50Q, G51D, A53E/T) (Hernandez et al., 2016), while 

the second antigenic region contains the Ser129 amino acid and requires it’s 

phosphorylation to activate T cells—further supporting the link of mutated, pathogenic 

forms of α-syn promoting the inflammatory phenotype observed in PD.

7.2 HLA

HLA is a large, highly polymorphic gene set located on human chromosome 6 and is 

subdivided into class I and class II regions (MHCI and MHCII, respectively) (Mosaad, 

2015). The control of these key immune system genes is essential to the selection of T cells, 

antigen sampling, and the induction of an immune response. In the context of disease, 

variations of certain alleles in the HLA region have been associated with the development of 

a wide range of diseases from rheumatoid arthritis (Stastny, 1978) to narcolepsy (Mignot et 

al., 1997) and PD (Hamza et al., 2010). The initial findings of (Hamza et al., 2010) which 

observed associations between SNPs in the HLA-DRA region with late-onset idiopathic 

Parkinson’s disease, have since been independently replicated (Guo et al., 2011; Kannarkat 

et al., 2015) and expanded to include the HLA-DRB5 and HLA-DRB1 gene loci as well 

(Ahmed et al., 2012; International Parkinson Disease Genomics Consortium et al., 2011). 

Interestingly, in the case of HLA-DRA PD-associated polymorphisms, there is evidence to 
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suggest that this risk may be mediated by higher baseline and induced levels of MHCII 

proteins on blood monocytes, B cells, and a skew of their phenotype toward inflammatory 

responses (Kannarkat et al., 2015). Most recently, a class I allele (HLA-A) has also been 

associated with PD and the IFN-γ response from blood derived CD8 T cells to α-syn 

(Sulzer et al., 2017), possibly providing an insight to their function in the brain parenchyma 

of patient. Overall, the exact mechanisms that underlie the PD-associated HLA alleles effect 

on disease pathology remain unclear, but the most straightforward implication is that they 

may potentiate the pro-inflammatory microglial and T cell responses observed in PD 

patients.

7.3 LRRK2

Mutations in leucine-rich repeat kinase (LRRK2) are a genetic cause of PD that appears to 

act in part by influencing the immune system (Zimprich et al., 2004). Mutations in LRRK2 
that cause PD are associated with increased kinase activity, and these increases are also 

observed in PD patients without a LRRK2 mutation (Di Maio et al., 2018; Ferreira and 

Massano, 2017). LRRK2 protein is thought to phosphorylate Rab GTPases (Steger et al., 

2016) and modulate intracellular vesicle trafficking. Though LRRK2’s expression is mainly 

thought of in the context of neurons, it is also found to be expressed in high levels by 

immune cells such as macrophages, monocytes, and B cells (Gardet et al., 2010; Hakimi et 

al., 2011), where Rab GTPase mediated vesicle trafficking is crucial to the initiation of their 

immune responses (Prashar et al., 2017). Moreover, LRRK2 alterations are consistently 

linked to other, classical inflammatory diseases such as leprosy and Crohn’s disease (Bae 

and Lee, 2015; Hui et al., 2018), and increased kinase activity could amplify the already pro-

inflammatory functions of LRRK2 in inflammasome activation (Liu et al., 2017) and nuclear 

factor of activated T cells (NFAT) activation (Liu et al., 2011). However, further study of 

LRRK2 and how it functions in the innate and adaptive immune compartments within the 

context of PD is required to better understand its contribution to potential disease driving 

neuroinflammation in PD.

7.4 PINK1 and Parkin

Mutations in the genes encoding PTEN-induced kinase 1 (PINK1) and E3 ubiquitin ligase 

(Parkin) can result in an early onset, slowly progressing, and L-DOPA responsive form of 

Parkinson’s disease (Farrer, 2006). Furthermore, SNPs in the promoter and coding regions 

of Parkin have been associated with the development of late-onset PD (Mata et al., 2004). 

The two proteins have recently been shown to play important roles in the process of 

mitophagy, or the removal of damaged mitochondria within the cell (Pickrell and Youle, 

2015), a process that is important in immune system responses.

It has been shown that individuals with mono or biallelic mutations in parkin, regardless of 

PD status, have higher amounts of pro-inflammatory cytokines and chemokines (IL-6, 

IL-1β, CCL2, and CCL4) in their serum compared to controls (Sliter et al., 2018). PINK1 

and Parkin knockout mice display a similar inflammatory response in their serum. In both of 

these knockout mice, the inflammatory response is the result of an accumulation of 

mitochondrial DNA and its subsequent activation of the innate immune system’s type I 

interferon response through the stimulator of interferon genes (STING) pathway. 
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Additionally, two recent studies performed in mice reported activation of the adaptive 

immune system, through the induction of pro-inflammatory cytotoxic CD8 T cells targeting 

host mitochondrial antigens in PINK1 or Parkin deficient mice subjected to bacterial 

exposure (Matheoud et al., 2016, 2019). B cells may also play a role in disease as increased 

amounts of anti-nuclear/dsDNA antibodies can be detected in the serum of oxidatively 

stressed PINK1 or Parkin deficient mice (Sliter et al., 2018). Broadly, given that the 

dopamine neurons in the substantia nigra have been shown to have a higher basal rate in 

mitophagy than other dopamine producing neurons (Guzman et al., 2018), it is logical that a 

breakdown in the mitophagy machinery, either by dysfunction in PINK1, Parkin, or α-syn 

pathology could contribute to the neurodegeneration observed in PD. Interestingly, these 

findings suggest that one consequence of the breakdown of mitophagy machinery is the 

production of cytosolic DNA and mitochondrial damage that can lead to the activation of 

both the innate and adaptive immune systems to produce tissue destructive inflammation.

Taken together, there is ample evidence of multiple PD-associated genes having various 

effects on the immune system. These effects seem to promote a pro-inflammatory response, 

which coincides with what is observed globally in the immune systems of individuals with 

PD. Interestingly, this potential PD-variant genetic effect on immune cells may be more 

direct than we think as (Raj et al., 2014) observed an overrepresentation of immune-specific 

expression quantitative trait loci (eQTL) overlapping with PD susceptibility loci (e.g., 

SNCA, LRRK2) from blood monocytes of healthy controls. These data suggest there may be 

a cell-autonomous effect of PD-associated genes within immune cells themselves (especially 

innate immune cells) that could contribute to the pathobiology of PD (Harms and Standaert, 

2014). However, much more work is needed to better characterize these PD-gene and 

immune system interactions.

8 Immune modulation and risk of Parkinson’s disease

A number of population studies support the idea that the immune system has an important 

role in the development of PD. These studies found associations between the chronic use of 

anti-inflammatory drugs and reduced risk of developing Parkinson’s disease. Nonsteroidal 

anti-inflammatory drugs (NSAIDs) were originally found to be neuroprotective against 

dopamine cell loss in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse 

model of PD (reviewed in next section) (Aubin et al., 1998; Teismann and Ferger, 2001). 

Additionally, (Chen et al., 2003) observed that men and women who had reported regular 

NSAID use had a significantly lower risk of later developing Parkinson’s disease. These 

same general findings have been observed in subsequent studies using a variety of different 

cohorts (Chen et al., 2005; Gao et al., 2011; Hernan et al., 2002; Powers et al., 2008). The 

mechanism by which NSAIDs favor PD protection is unclear, but their ability to inhibit the 

aberrant COX-2 and NF-κB signaling observed in PD may be relevant (Asanuma and 

Miyazaki, 2007).

Another anti-inflammatory therapy that is associated with reduced PD risk is the use of anti-

TNF therapy (Peter et al., 2018). Inflammatory bowel disease (IBD) patients, a population 

who are at higher risk of developing PD (Lin et al., 2016; Peter et al., 2018), who were on 

anti-TNF treatments had a 78% reduction in their PD incidence rate compared to IBD 
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patients not on anti-TNF treatment. Elevated TNF levels in PD brain, CSF, and blood have 

been reported by several groups (Brodacki et al., 2008; Mogi et al., 1994; Qin et al., 2016), 

suggesting that TNF may have a key role in promoting the pathophysiology of PD.

9 Inflammation in murine models of PD

It is increasingly clear that findings in human PD have strongly implicated a pro-

inflammatory response in the pathogenesis of disease. It has also highlighted that PD is a 

systemic disease, in which symptoms are found in multiple organ systems. However, it is 

difficult to parse the initiating events or mechanistic processes in humans, and thus the field 

has turned to animal models. Models of PD have evolved rapidly over time, beginning with 

neurotoxin-based models that focused on neuronal death to models that highlight the 

importance of α-syn in disease processes. Here, we will summarize some of the evidence for 

inflammation in both neurotoxin and α-syn models of PD.

9.1 Neurotoxin-based animal models of PD

9.1.1 6-OHDA—The 6-hydroxy-dopamine (6-OHDA) model is a neurotoxin model of PD 

that has been widely used and characterized since its initial development for studying the 

death of monoamine neurons in the CNS of rats (Ungerstedt, 1968). The mechanism of 6-

OHDA’s neurotoxic effect is through the production of excessive reactive oxygen species in 

neurons after entering through their dopamine transporter (Soto-Otero et al., 2000). The 

universal features of the model include the loss of nigrostriatal neurons, the development of 

L-Dopa responsive bradykinetic motor symptoms, and the marked activation of the innate 

immune system in the CNS (Bove and Perier, 2012).

In this model, activation of the CNS innate immune system, first described by (Akiyama and 

Mcgeer, 1989), has been shown to precede overt neuron loss (Cicchetti et al., 2002; Depino 

et al., 2003; Marinova-Mutafchieva et al., 2009), suggesting that the priming of these 

inflammatory myeloid cells may help drive this neuron loss via phagocytosis or enhanced 

inflammatory cytokine production. This notion is supported by the fact that administration 

of CX3CL1 (a neuron-derived microglial suppressor molecule) (Pabon et al., 2011), iNOS 

inhibitors (Broom et al., 2011), or dominant negative anti-TNF therapy (Harms et al., 2011) 

are all neuroprotective in the 6-OHDA model. While the innate immune response in the 6-

OHDA model is thought to be neurotoxic, the role of the adaptive immune system is less 

studied and less clear. T (both CD4 and CD8) and B cells have been found to infiltrate the 

CNS after 6-OHDA administration at a similar time point as myeloid activation (Theodore 

and Maragos, 2015). However, these infiltrating lymphocytes may have a net positive 

neurotrophic effect as one study found that 6-OHDA treated athymic RNU−/− rats lacking T 

cells displayed exacerbated motor deficits compared to 6-OHDA treated controls (Wheeler 

et al., 2014). Perhaps the neuroregenerative anti-inflammatory effects of 6-OHDA 

responding Tregs outweighs any other pro-inflammatory cytokine producing T cells, but no 

follow-up experiments have been performed to support or reject this hypothesis.

9.1.2 MPTP—1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) readily crosses the 

blood brain barrier, where it is metabolized by glial cells to its final neurotoxic form of MPP
+ (Meredith and Rademacher, 2011), a potent mitochondrial complex I inhibitor that leads to 
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rapid dopaminergic neuron death and the development of Parkinsonian symptoms in humans 

(Langston et al., 1983), nonhuman primates (Tetrud and Langston, 1989), and mice 

(Sonsalla and Heikkila, 1986).

In mice and nonhuman primates, MPTP treatment leads to robust MHCII+ microglial 

activation (Czlonkowska et al., 1996; Kohutnicka et al., 1998; Mcgeer et al., 2003). Similar 

MHCII+ microglial activation has been found in human postmortem tissue of individuals 

who had been exposed to MPTP and developed Parkinsonism (Langston et al., 1999). 

Similar to the 6-OHDA model of PD, efforts to reduce microglial activation or associated 

downstream signaling effects (NF-κB, IL-1β, IL-6) via treatment with anti-inflammatory 

iNOS inhibitors (Du et al., 2001; Wu et al., 2002) or COX-1/2 inhibitors (Teismann and 

Ferger, 2001) have proven neuroprotective against the effects of MPTP in mice. 

Additionally, there is ample evidence of an adaptive immune response to MPTP. This 

includes the infiltration of CD4 and CD8 T cells (Benner et al., 2008; Brochard et al., 2009; 

Kurkowska-Jastrzebska et al., 1999; Reynolds et al., 2010) as well as B cell mediated IgG 

deposition (Benner et al., 2008). Additionally, Reynolds et al. (2010) showed that if MPTP 

intoxication is combined with nitrated α-syn immunizations, α-syn responding CD4 T cells 

produced multiple pro-inflammatory cytokines including IFN-γ, TNF, IL-17a, and IL-2. 

Moreover, Th1 (IFN-γ) and Th17 (IL-17a) polarized T cells adoptively transferred into 

MPTP intoxicated mice exacerbated SN TH+ neuron loss, while Th2 (IL-4), Treg (IL-10), 

and vasoactive intestinal peptide (VIP, a neuropeptide associated with Treg responses) 

treated mice did not. Further evidence of the inflammatory role of CD4 T cells in the MPTP 

model comes from the findings that SCID, Tcrb−/−, Cd4−/−, but not Cd8−/− mice 

administered MPTP are protected from neurodegeneration (Benner et al., 2008; Brochard et 

al., 2009). Taken together, these data support the hypothesis that MPTP induces an activation 

of both the innate and adaptive immune that promotes further pro-inflammatory and 

neurotoxic effects.

9.1.3 Rotenone and paraquat—Rotenone is a plant derived insecticide and pesticide 

whose mechanism of action is mainly through binding to complex I in the electron transport 

chain, and thus disrupting mitochondrial oxidative phosphorylation (Schuler and Casida, 

2001). On the other hand, paraquat, a popular herbicide, is thought to be deleterious through 

promoting excessive ROS production (Day et al., 1999). Similar to 6-OHDA and MPTP, 

both rotenone and paraquat disrupt mitochondria and promote oxidative stress in the cell.

Both mouse and rat rotenone models of PD display loss of dopaminergic neurons, α-syn 

pathology, and motor deficits (Bove and Perier, 2012). In one study, rotenone administration 

in rats recapitulated the hallmark microgliosis that is observed in human PD (Sherer et al., 

2003). Another study showed that rotenone administration induced the production of 

multiple pro-inflammatory signaling mediators including IL-1β, TNF, IL-6, NF-κB, and that 

these inflammatory molecules, as well as iNOS, could be attenuated with treatment of a heat 

shock protein inducer (Thakur and Nehru, 2015). However, while there is evidence of an 

innate response to the rotenone model of PD, to date there is no clear evidence of a role for 

the adaptive immune system. This absence of data on the adaptive immune system’s role in 

rotenone models appears to be due to lack of direct study as opposed to any evidence that 

the PD pathologies produced by the model to be independent of T or B cell responses. 
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Similar to the rotenone model, the paraquat mouse model of PD recapitulates the human 

hallmarks of disease, including the loss of dopamine neurons in the SN (<25%) (Bove and 

Perier, 2012) and the presence of α-syn pathology (Manning-Bog et al., 2002). In this 

model, microglia become activated (Peng et al., 2009; Purisai et al., 2007) and are thought to 

be crucial in mediating ROS-induced neurodegeneration. Like the rotenone model, there is a 

clear role for the CNS innate immune system in the paraquat model, but no clear evidence of 

the involvement of the adaptive arm. Again, this is most likely due to the lack of studies as 

opposed to the adaptive immune system playing no role in the pathophysiology of the 

paraquat model.

9.2 α-syn based animal models of PD

9.2.1 Human α-syn transgenics—As previously mentioned, mutations in the α-syn 

gene (SNCA), or polymorphisms increasing or enhancing α-syn expression in human PD 

are associated with increased risk for PD (Fuchs et al., 2008; Maraganore et al., 2006). 

Numerous animal models have been created that express either normal or familial mutations 

of α-syn. There are many non-murine models that utilize human α-syn, but other reviews 

have covered this topic extensively (Maulik et al., 2017; Vanhauwaert and Verstreken, 2015; 

Visanji et al., 2016), and only murine models will be discussed here. Mice that overexpress 

full length human α-syn under the Thy1, PDGF-β, or even the rat TH promoters develop 

intracellular inclusions (Fleming et al., 2004, 2011; Masliah et al., 2000; Rockenstein et al., 

2002), and some develop decreases in striatal dopamine levels (Lam et al., 2011; Masliah et 

al., 2000). It should be noted that these models do not present with overt neurodegeneration, 

and thus often do not display motor deficits (Antony et al., 2011) with the exception of the 

PDGF-β α-syn mice at 12 months (Masliah et al., 2000) and the Thy1 α-syn mice. Thy1 α-

syn mice develop progressive α-syn inclusions, loss of striatal dopamine, and notably, mild 

motor deficits in the absence of overt cell loss (Chesselet et al., 2012). These mice have been 

the most extensively characterized α-syn based transgenic model with regards to 

inflammation. Thy1-α-syn mice develop increased expression of TLR 1, 2, 4, and 8 in the 

substantia nigra with age, and TNF mRNA increases in both the striatum and substantia 

nigra (Watson et al., 2012). Furthermore, these same mice have increased nigral MHCII 

expression at 14 months, and increased CD4 and CD8 T cells in the blood at 22 months. 

This suggests that the increasing α-syn burden found with age could be related to 

progressive innate and adaptive immune system involvement in these mice.

Two autosomal dominant mutations, the A53T (Polymeropoulos et al., 1997) that results in 

an alanine to threonine substitution and A30P (Kruger et al., 1998) that results in an alanine 

to proline substitution, have been identified in multiple human cohorts. While many of these 

mutated forms have been made into mouse models, most research has not investigated 

inflammation. The few studies that have will be discussed here. Mice overexpressing a 

double mutated form of α-syn at A53T and A30P from the rat TH promoter develop 

increased ionized calcium binding adaptor molecule 1 (IBA1, which increases on myeloid 

cells during inflammation) immunostaining in the substantia nigra and striatum, increased 

numbers of IBA1+ cells (which could represent microglia or infiltrating myeloid cells), 

increased levels of TNF in both the substantia nigra and striatum, increased cytokine and 

ROS production, as well as decreased IL-10 levels (Su et al., 2009). The mouse model with 
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PrP (mouse prion protein) driven A53T expression has decreased stool frequency and gastric 

emptying, although no pure inflammatory markers have been reported (Vidal-Martinez et al., 

2016). However, the administration of a drug targeting sphingosine-1-phosphate receptor 

(fingolimod) attenuates the problems with gut motility, decreases both gut and CNS α-syn 

pathology, and is neuroprotective (Vidal-Martinez et al., 2016). This is especially interesting, 

as it strengthens the argument that gut pathology and possibly inflammation contribute to 

disease progression. Thus, it could be the case that a predisposition to abnormal α-syn, 

combined with inflammatory processes, leads to further immune system involvement and 

disease.

9.2.2 Viral mediated α-syn expression—Some PD models utilize adeno-associated 

viral vectors (AAVs) to induce overexpression of normal or familial forms of mutated 

human α-syn in neurons. These models are helpful in studying the effect of excess α-syn in 

neurons of specific brain regions, as they are temporally and spatially restricted depending 

on where the viral vector is injected. AAVs also preferentially infect postmitotic cells, a 

mostly neuronal population in the brain, although the type of neuron varies depending on 

viral serotype. AAV serotype 2 (AAV2) seems to infect dopaminergic neurons of the 

substantia nigra most effectively, and is used either alone or as a hybrid vector to express α-

syn in neurons. These models are especially useful, as they can be used in any transgenic 

mouse and allow the study of non-cell-autonomous mechanisms of neurodegeneration.

Numerous AAV serotypes have been used to induce human α-syn expression, and lead to 

intraneuronal α-syn pathology (Lindgren et al., 2012; Volpicelli-Daley, 2017). Just as the 

case with other α-syn based models of PD, the inflammatory response has not been 

investigated in depth in a majority of the AAV models. Two exceptions are the AAV2/5 

model and AAV2 models. AAV2/5 is used in rats and leads to increased expression of 

MHCII and CD68, and infiltration CD4 and CD8 T cells in the midbrain (Sanchez-Guajardo 

et al., 2010). AAV2 based overexpression of human α-syn results in production of pSer129+ 

intraneuronal α-syn inclusions and death of ~30% of dopaminergic neurons (Harms et al., 

2013; Theodore et al., 2008). This model is especially interesting in the context of 

inflammation, as neuroinflammation is a driving force in the observed neurodegeneration 

rather than just an effect of the disease process (Harms et al., 2013, 2018; Theodore et al., 

2008; Thome et al., 2016; Williams et al., 2018). The neuroinflammatory responses reported 

in the aforementioned AAV2 studies include: microglial upregulation of MHCII, infiltration 

of inflammatory monocytes, infiltration of T cells, deposition of IgG in the midbrain, and 

the production of inflammatory cytokines and chemokines (i.e., IL-6, TNF, and iNOS at 

early time points). Disruption of many of these processes, such as MHCII knockout (Harms 

et al., 2013), targeted CIITA (the transcriptional coactivator for inducible MHCII 

expression) knockdown (Williams et al., 2018), or CCR2 knockout (Harms et al., 2018), 

which prevents CCR2+ inflammatory monocyte migration to tissues, are protective against 

neurodegeneration. Additionally, as only a portion of microglia begin expressing MHCII, 

this could indicate the presence of a group of disease associated microglia (DAMs), as has 

been identified in other neurodegenerative diseases such as Alzheimer’s disease. 

Furthermore, increased levels of B cells infiltrate in response to α-syn, and FcyR knockout 

mice are protected from inflammation and neurodegeneration as well (Cao et al., 2010; 
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Theodore et al., 2008). Viral models have been crucial in delineating the role of an immune 

response mouse models of PD, and have highlighted a role for inflammation in driving α-

syn induced neurodegeneration.

9.2.3 α-syn fibrils—Pathological α-syn can corrupt endogenous protein and lead to the 

further spread of pathological species (Luk et al., 2009, 2012), a finding that has led to the 

development of a model of α-syn propagation: the pre-formed fibril (PFF) model. This 

model uses human or mouse α-syn monomer, which alone is non-pathological (Volpicelli-

Daley et al., 2011), to create small fibrils. These fibrils are injected into the brain, and 

pSer129 positive inclusions appear throughout interconnected regions, depending on the 

location of injection, and are comprised of both injected and endogenous α-syn protein. In 

rats and mice, motor deficits appear over time (Luk et al., 2012; Paumier et al., 2015). In 
vitro, these fibrils are neurotoxic, pro-inflammatory and can activate cultured microglia 

inducing MHCII and iNOS expression (Cremades et al., 2012; Harms et al., 2013; Williams 

et al., 2018). Human PFFs injected into M20 human α-syn-expressing mice leads to 

increased GFAP and IBA1 immunostaining, indicative of astrocytosis and a myeloid 

response (Sacino et al., 2014; Sorrentino et al., 2017). Additionally, injection of mouse PFFs 

into WT Sprague Dawley rats led to increased MHCII and IBA1 expression in the midbrain, 

accompanied by the infiltration of peripheral myeloid cells and CD4 T cells prior to 

measurable neurodegeneration (Duffy et al., 2018; Harms et al., 2017). However, while there 

are no reports to date of peripheral cell infiltration in mice given PFFs, robust astrocytosis 

has been reported. Specifically, the emergence of A1 astrocytes (nomenclature mirrors the 

M1/M2 phenotypes of macrophages), or astrocytes that are associated with disease states 

and have a pro-inflammatory skew are found in the fibril model (Yun et al., 2018). However, 

our picture of the contribution of inflammation to this model remains incomplete, as 

manipulations aimed at halting an inflammatory response to fibrillar α-syn have not been 

performed in vivo.

10 Conclusions and key questions

Taken together, the data presented in this chapter indicate that the immune system plays a 

driving role in both the pathogenesis and progression of PD. As reviewed earlier, these 

findings harken back to the original description of inflammation in the disease by James 

Parkinson. The evidence consists of multiple observations of an abnormal innate and 

adaptive immune system in the blood, gut, and CNS of patients with PD, as well as several 

genetic and environmental associations linking the immune system and PD risk. This idea 

has been supported by numerous findings in both humans and animal models. Both genetic 

familial forms of the disease and genetic risk factors, such as HLA and SNCA, are 

associated with immune dysfunction. Additionally, PD patients display signatures of global 

inflammation in the blood, gut, and CNS. This includes elevated blood and CSF cytokine 

levels, infiltration of peripheral immune cells into the CNS, hyperreactive circulating 

immune cells, and a dysregulated gut microbiome. There is also evidence that blocking 

inflammatory events leads to a reduced risk for later developing PD. While there is no 

evidence to conclude that inflammation alone causes PD itself, many studies in animal 

models suggest that interrupting the inflammatory response, such as blocking T cell 

Schonhoff et al. Page 19

Prog Brain Res. Author manuscript; available in PMC 2020 April 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



responses, MHCII signaling, CCR2 signaling, use of iNOS inhibitors, or anti-TNF therapy is 

a neuroprotective strategy, leading us to believe that inflammation is a main driver of disease 

pathogenesis. Based on the data discussed here, we hypothesize that PD begins and 

progresses in an autoinflammatory manner, where abnormal α-syn and genetic/

environmental risks together lead to disease, as outlined in Fig. 4.

While recent research has identified roles for the innate and adaptive immune systems in 

human disease and animal models, much more work is needed to integrate these findings 

into a mechanistic understanding of the disease process. Here, we have highlighted four key 

questions that, if addressed, would provide a clearer picture of how the immune system 

contributes to the progression of PD (identified in Fig. 4).

10.1 Key question 1: What is the role of α-syn in activating the immune system?

There is ample evidence for immune activation within the CNS in human PD (Fig. 3), 

although the signal initiating the inflammatory response remains unknown. One likely 

candidate is the neuronal postsynaptic protein α-syn. α-syn inclusions are found throughout 

the brain, and are theorized to spread in a prion-like manner through retrograde transport 

(Henderson et al., 2019; Ma et al., 2019), although this is currently a hotly debated topic. 

Much of the research on α-syn propagation comes from in vitro experiments, where only 

monosynaptic transfer is demonstrated (Grozdanov and Danzer, 2018; Mao et al., 2016), or 

from in vivo models where the extent of spread, and whether it is across only one synapse or 

multiple, even spreading to neuroanatomical regions that are not directly connected, has 

been a source of much disagreement within the field (Grozdanov and Danzer, 2018; Kim et 

al., 2019; Sorrentino et al., 2017). However, in humans, brain derived exosomes have been 

found to contain elevated levels of α-syn that correlate with disease severity (more α-syn 

correlated with worse disease measures) (Shi et al., 2014). Therefore, there is evidence of α-

syn release from the CNS in human disease, and this α-syn is found throughout the body. 

The enteric nervous system actually expresses high levels of α-syn as well, and α-syn 

pathology can be found throughout the enteric neurons in PD (Braak et al., 2006; Shannon et 

al., 2012). Widespread α-syn pathology, if it is indeed an autoantigen, could help to explain 

the global symptoms exhibited by PD patients.

Although α-syn pathology is widespread, this does not directly implicate α-syn as an 

antigen. Multiple experiments have demonstrated that α-syn is able to activate myeloid cells 

and cultured microglia. Particularly, toll-like receptors on microglia can be activated by α-

syn, similar to a PAMP or DAMP (Daniele et al., 2015; Fellner et al., 2013; Kim et al., 2013, 

2016; Sanchez-Guajardo et al., 2015; Yun et al., 2018). Interestingly, TLR2 expression is 

increased in postmortem tissue of PD patients on both neurons and IBA1+ cells, which could 

represent microglia or other infiltrating myeloid cells (Dzamko et al., 2017). When 

investigated closely in vitro, neurons secrete oligomeric α-syn, which then activates 

microglia via TLR2 signaling (Kim et al., 2013, 2016). The secretion of α-syn from neurons 

has been proposed to occur through the release of exosomes as a way to rid the cell of excess 

protein (Stefanis et al., 2019). While it is controversial whether neurons in vivo can secrete 

α-syn, the external application of α-syn seems to reliably activate microglia through TLR1/2 

heterodimers, TLR2, or TLR4 (Daniele et al., 2015; Fellner et al., 2013; Kim et al., 2013). In 
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Thy1-asyn mice, TLR 1, 2, 4, and 8 are increased in the substantia nigra, indicating that this 

process may also occur in vivo (Watson et al., 2012). Activation of TLRs by α-syn can also 

lead to the production of pro-inflammatory cytokines and chemokines, such as TNF, IL-1β, 

IL-6, Cox2, IL-1α, and iNOS and reactive oxygen species (Fellner et al., 2013; Russo et al., 

2019; Sanchez-Guajardo et al., 2015; Yun et al., 2018). Therefore, in these ways, α-syn acts 

similar to a foreign antigen, PAMP, or DAMP that would typically activate an APC.

There is also evidence that some T cells in PD patients may be particularly reactive to 

specific fragments of α-syn. T cells isolated from PD patients contain TCRs that respond to 

native, fibrillar, and antigenic peptides of α-syn. Additionally, specific alleles of HLA (part 

of the MHCII complex) bind these peptides with a much higher affinity (Sulzer et al., 2017). 

It has also been shown in both the pre-formed fibril model in rats and the AAV2 model in 

mice that abnormal α-syn in the brain can lead to MHCII expression and T cell infiltration 

(see Sections 9.2.2 and 9.2.3). As α-syn is the common denominator and single 

manipulation here, it is logical that this response would be directed against some form of α-

syn.

This idea of α-syn as the antigen begs the question of: what form of α-syn could be 

antigenic? There has been much speculation on which form is toxic to neurons (nitrated, 

phosphorylated, fibrillar, etc.), but much less speculation on which of these species could be 

antigenic. Proteins present in homeostasis can become post-translationally modified under 

conditions of cellular stress or inflammation, leading to their recognition by autoreactive T 

cells that were not deleted in the thymus (Doyle and Mamula, 2012). In the case of α-syn, it 

seems as if overabundance of α-syn is enough to lead to hyperphosphorylation, 

ubiquitylation, and aggregation (Chesselet et al., 2012; Fleming et al., 2004; Masliah et al., 

2000). As stated above, PD patients have autoreactive T cells to specific fragments of α-syn, 

including at pSer129, a site that becomes phosphorylated in overabundance and fibril models 

of PD. Therefore, it could be that cellular stress or genetic predispositions could lead to the 

generation and recognition of antigenic forms of α-syn, which then lead to inflammation 

and neurodegeneration. However the question of how native α-syn becomes modified in the 

first place remains unanswered.

Additionally, there remains the possibility that there is a yet unidentified antigen in disease, 

as other autoimmune diseases such as multiple sclerosis and rheumatoid arthritis have 

multiple known autoantigens. It is also possible that α-syn becomes recognized through 

epitope spreading or molecular mimicry—where a different, but similarly structured antigen 

becomes recognized first, followed by the recognition of α-syn. α-syn is widespread 

throughout the body, and this provides many opportunities for interaction with the immune 

system.

10.2 Key question 2: Is Parkinson’s disease caused by an immune response that 
originates in the gut?

Gastrointestinal dysfunction was initially remarked upon in the original “An Essay on the 

Shaking Palsy” and has continued to be an important disease symptom, as most patients with 

PD suffer from constipation (Fasano et al., 2015). Furthermore, there is evidence of 

increased intestinal epithelial barrier permeability (Forsyth et al., 2011) and pro-
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inflammatory cytokines in the GI tract of PD patients (Devos et al., 2013). Abnormal α-syn 

species have also been detected throughout the whole GI tract, including in the 

submandibular gland, the colon and the innervating enteric nervous system (Fasano et al., 

2015). Braak’s hypothesis attempts to tie these two phenotypes together by suggesting that a 

pathogen could pass through the leaky intestinal wall of presymptomatic PD patients and 

promote the formation of abnormal α-syn species across the GI tract and enteric nervous 

system—a hypothesis that has only grown more feasible with the discovery of direct 

connections between gut epithelial and vagal neurons (Kaelberer et al., 2018). This 

reinforces the Braak hypothesis, in which α-syn could be a prion, with the initial seeding 

event occurring in the enteric nervous system and then propagating up the vagus nerve into 

the CNS proper. Now, with the better understanding and appreciation of the gut-immune-

brain axis (Fung et al., 2017), the evidence of an abnormal microbiota signature in PD 

patients, and the consistent findings of an overactive immune system in PD, it may be time 

to update Braak’s hypothesis to reflect this.

The immune system is crucial in directing the composition and location of microbiota in 

mammals, while microbiota are simultaneously critical in the development and future 

responses of the immune system in both health and disease (Hooper et al., 2012). In the case 

of PD, there is ample evidence that the gut microbiota is altered in PD patients, which 

includes the loss of anti-inflammatory bacteria that could be important in controlling GI 

inflammation (see Section 6.2). Additionally, there is evidence of innate and adaptive 

immune activation in the gut, periphery, and central nervous system associated with PD (Fig. 

3). Braak initially suggested that a pathogen could be involved in PD, and perhaps the 

pathogen(s) are particular gut bacteria that elicit damaging, pro-inflammatory responses 

from the innate and adaptive immune systems, including the production of reactive oxygen 

species.

It is known that one of the primary biological tools of the inflammatory immune response is 

the production of ROS to diminish bacterial or viral survival as well as mediate several 

signaling pathways including the activation of the inflammasome pathway (Yang et al., 

2013) which is upregulated in PD (Gordon et al., 2018). Oxidative stress has been shown in 

multiple PD models to promote the oligomerization and pathogenicity of α-syn (Dias et al., 

2013). It is possible then that this pro-inflammatory, ROS rich environment produced by the 

microbiota and immune system could lead to the formation or propagation of pathogenic α-

syn species in the gut and the innervating nervous system. These pathogenic α-syn species, 

now residing in an inflammatory environment, may also serve as a new target for the 

immune reaction in the gut, which would help explain the evidence of a α-syn specific 

cytokine recall response in PD patient derived T cells (Sulzer et al., 2017). Following this, it 

is possible that the resident and circulating immune system could react to the CNS α-syn 

pathology in a similar way that it may have in the gut. Whatever the exact mechanisms may 

be, the idea that the initiation of the pathobiology of PD could be initiated in the gut due to a 

combination of abnormal bacteria, an overactive immune system, and the propensity of α-

syn to oligomerize in oxidative stress conditions is one that warrants consideration in the 

field of PD.
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10.3 Key question 3: What is the role of microglia in Parkinson’s disease?

Microglia have long been the scapegoat for neuroinflammation. They are the tissue resident 

macrophages of the CNS parenchyma, and are thought of as first responders to any injury, 

modulators of homeostasis, and mediators of neuroinflammation. Across neurodegenerative 

diseases, however, there is an ongoing debate of whether the activity of microglia can be 

harmful or helpful, promoting either damaging inflammation or resolution and tissue repair.

There is extensive data demonstrating that microglia react to abnormal α-syn, as discussed 

in the Section 9.2 and Key Question 1. These phenotypic changes may be similar to what is 

seen in other models of neurodegeneration, and microglia may in fact exhibit a mixed 

phenotype, with signatures characteristic of both damaging inflammation and resolution. 

There is evidence from models of acute neuron death demonstrating that microglia expand 

clonally (Tay et al., 2017), suggesting that specific subsets of microglia respondto cell death 

and general threats to the environment. Recent studies have also identified a subset of 

disease associated macrophages (DAMs) that contribute to neuroinflammation and cell death 

(Keren-Shaul et al., 2017). In fact, these DAMs have been found to be consistently present 

across many models of neurodegeneration, including models of Alzheimer’s disease, ALS, 

and multiple sclerosis (Song and Colonna, 2018). While no studies have yet investigated 

whether DAMs are present in models of PD, it is likely that they play a role, as the 

phenotype can be induced with aging, neurodegeneration, or through acute models that lead 

to apoptosis and cell death. Interestingly, DAMs express both pro- and anti-inflammatory 

molecules, making their exact effect on the inflammatory process unclear (Keren-Shaul et 

al., 2017; Song and Colonna, 2018). Upon exposure to abnormal α-syn, or any robust 

inflammatory stimulus, a portion of the microglia begins to upregulate MHCII on their 

surface and become activated. This has been found in the AAV2 overexpression mouse 

model (Harms et al., 2013, 2018), an α-syn fibril rat model (Harms et al., 2017), as well as 

neurotoxin models such as paraquat (Peng et al., 2009; Purisai et al., 2007). This would 

seem to indicate that the portion of microglia upregulating MHCII may indeed be involved 

in antigen presentation to CD4 T cells and act as DAMs sensing alterations in the local 

environment. Media analyzed from co-culture of microglia and CD4 T cells exposed to α-

syn shows increases in both pro- and anti-inflammatory cytokines, such as TNF, IFN-γ, and 

Il-10 (Harms et al., 2013). While this is by no means conclusive, it demonstrates that 

microglia in models of PD may adopt a mixed, DAM-like phenotype.

One caveat to these findings is the issue that, until recently, it has been incredibly difficult to 

differentiate between infiltrating monocytes and macrophages and tissue resident microglia 

due to overlap in surface markers between the two populations. Most in vivo studies report 

all IBA1+ cells as microglia, although many different cell types express this marker 

promiscuously. This is also a key issue with the TSPO based PET scanning, as this ligand is 

not specific to microglia or even immune cells—indeed it has been shown to bind to 

astrocytes (Kuhlmann and Guilarte, 2000; Pannell et al., 2019). In other disease models, 

such as stroke, it has been shown that infiltrating monocytes are actually protective, and 

dampen a harmful microglial response (Greenhalgh et al., 2018), and it is therefore integral 

that the two populations be studied independently. However, based on the current available 
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data, it is clear that there is an inflammatory response ongoing in the brains of mouse models 

and humans, even if we do not yet know the involved cell types.

10.4 Key question 4: How do t cells contribute to the pathobiology of Parkinson’s 
disease?

Interaction between antigen presenting cells (whether MHCI or MHCII) and T cells likely 

accounts for the elevated levels of T cell associated cytokines in the brain, CSF, and blood of 

PD patients. Sulzer et al. (2017) proposed that “altered degradation of proteins including α-

syn could produce antigenic epitopes that trigger immune reactions during aging and 

Parkinson’s disease.” How exactly are these T cell derived pro-inflammatory cytokines 

contributing to the α-syn pathology and overt neurodegeneration seen in Parkinson’s 

disease? Activation of T cells via their TCR can directly lead to the robust production of 

ROS as well as T cell derived cytokines such as IFN-γ promoting further ROS signaling in 

macrophages and monocytes (Yang et al., 2013). Additionally, the pro-inflammatory 

cytokines associated with PD have been shown to be able to skew microglia to be more 

phagocytic, which could be detrimental to neuron survival (Merson et al., 2010). Another 

potential mechanism for T cell driven neurodegeneration in PD is through the direct 

interaction of T cell derived cytokines and their cognate receptors on neurons. It has been 

recently demonstrated in an iPSC based preclinical model of PD that the Th17 associated 

cytokine IL-17a could bind to the IL-17R on PD derived midbrain neurons and lead to their 

apoptosis (Sommer et al., 2018). Lastly, in another preclinical model, it has been suggested 

that CD8 cytotoxic T cells could directly induce neuronal apoptosis via their TCR 

interaction with MHCI on dopaminergic neurons in PD (Cebrian et al., 2014). It is likely that 

a combination of these proposed mechanisms including excess ROS production from the 

innate and adaptive immune system, direct cytokine signaling on neuronal populations, and 

T cell directed phagocytosis are contributing to the Parkinson’s disease state (Fig. 4).

10.5 Conclusion

In conclusion, human PD and rodent models of the disease are consistently associated with a 

pro-inflammatory innate and adaptive immune phenotype. Work in several animal models of 

the disease have demonstrated the effectiveness of targeting the innate and adaptive immune 

compartments as a neuroprotective strategy. As the field continues to elucidate the origin and 

the exact nature of these potentially disease driving immune responses, it will be important 

to translate these findings into creating and employing much needed disease-modifying 

immunotherapies.
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FIG. 1. 
Overview of Innate Immune Responses. General innate immune responses typically involve 

antigen presenting cell (APC) recognition of pathogen associated molecular patterns 

(PAMPs, yellow squares) or danger associated molecular patterns (DAMPs) by a pattern 

recognition receptor (PRR, purple receptor). Upon recognition, the APC will undergo 

transcription for inflammatory pathways, which will lead to secretion of cytokines and 

chemokines (purple circles) to recruit more immune cells to the site, and upregulation of 

surface molecules involved in antigen presentation (MHC and costimulatory molecules, blue 

receptor). APCs can also phagocytose cellular debris and pathogens, process them, and load 

the antigenic peptides onto an MHC to be presented to T cells. Macrophages (green) 

typically carry out these functions within a tissue, whereas dendritic cells (blue) are usually 

found at tissue boundaries, and may migrate to a lymph node upon antigen uptake. In the 

CNS, the predominant APCs are microglia (green), although dendritic cells (blue) are found 

in the leptomeninges. Antigen uptake, pattern recognition, and cytokine secretion are 

thought to occur similar to general innate responses. Microglia also have tissue-specific 

homeostatic functions, such as synapse pruning and support of neuronal (blue) health. 

Infiltrating cells such as monocytes (red) and T cells (yellow), however, can be 

neuroprotective or neurotoxic, depending on the inflammatory stimulus. While there is some 

evidence that monocyte-derived macrophages (red) can play a role in antigen presentation 

during an inflammatory response, there is little known of their longevity in the parenchyma 

after resolution of the immune response.
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FIG. 2. 
Overview of Adaptive Immune Responses. CD4 T cells (yellow) interact with antigen 

presenting cells (APCs, green) via an antigen-loaded MHCII molecule, and costimulatory 

molecules (not shown). Upon antigen recognition by their T cell receptor (TCR), a CD4 T 

cell can differentiate into a Treg, Th1, Th2, or Th17 cell type, which have different roles in 

inflammation and produce signature cytokines. A CD8 T cell (maroon) interacts with 

antigen-loaded onto an MHCI molecule, which can be displayed on the surface of any cell, 

including neurons (blue). Upon antigen recognition by the TCR, a CD8 T cell will 

differentiate and produce inflammatory cytokines and lytic molecules. B cells (dark green) 

can act with or without the help of T cells. The B cell receptor (BCR) can recognize 

extracellular pathogens (purple), leading to the production and secretion of antibodies 

targeted toward that pathogen. A B cell can also recognize a pathogen via its BCR, process 

it, and load an antigenic peptide onto an MHCII molecule, which can then interact with the 

TCR of a CD4 T cell (yellow). This results in the production of high affinity antibodies 

targeted toward the pathogen that will promote that pathogen’s clearance.
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FIG. 3. 
The Immune System in Human PD. PD is a disease of global dysfunction, with 

inflammation found in multiple tissues. Risk is conferred by specific genes, and modulated 

by certain anti-inflammatory treatments. Notable inflammatory markers are found 

throughout the brain, CSF, blood, gut, enteric nervous system, and microbiome.
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FIG. 4. 
Proposed Mechanism of Immune Involvement in PD and Key Questions. We hypothesize 

that PD begins due to genetic predispositions, alterations in the gut microbiome, and the 

influence of external, environmental factors. It is possible that a CNS antigen drains to the 

lymph node (bottom left), where a dendritic cell (blue) can present it to a CD4 T cell 

(yellow), priming the T cell for an inflammatory response. Within the CNS, we believe that 

normal α-syn (brown) becomes misfolded, and begins to propagate and aggregate in neurons 

(blue). This can lead to the release of toxic α-syn species from neurons, and neuronal 

presentation of antigen to CD8 T cells (maroon) via MHCI. Microglia take up CNS antigen 

and present this on their MHCII to CD4 T cells, leading to T cell differentiation and 

cytokine release. The MHCII-TCR interaction and subsequent cytokines can amplify 

microglial activation, leading to further production of cytokines and chemokines. Peripheral 

immune cells, such as monocytes (red) and additional T cells will home to the site of 

chemokine production, and extravagate from the vasculature or meningeal lymphatics (not 

shown), and cause further inflammation and neuronal damage in the CNS. As much of this 

is speculative, and ties together many disparate pieces of data, several key questions remain. 

These include: #1 “What is the role of α-syn in activating the immune system?” (top middle) 

#2 “Is Parkinson disease caused by an immune response that originates in the gut?” (left) #3 

“What is the role of microglia in Parkinson’s disease?” (bottom right) and #4 “How do T 

cells contribute to the pathobiology of Parkinson disease?” (bottom right).
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