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Abstract

With the increasing prevalence of Parkinson’s disease (PD), there is an immediate need to interdict 

disease signs and symptoms. In recent years this need was met through therapeutic approaches 

focused on regenerative stem cell replacement and alpha-synuclein clearance. However, neither 

have shown long-term clinical benefit. A novel therapeutic approach designed to affect disease is 

focused on transforming the brain’s immune microenvironment. As disordered innate and adaptive 

immune functions are primary components of neurodegenerative disease pathogenesis, this has 

emerged as a clear opportunity for therapeutic development. Interventions that immunologically 

restore the brain’s homeostatic environment can lead to neuroprotective outcomes. These have 

recently been demonstrated in both laboratory and early clinical investigations. To these ends, 

efforts to increase the numbers and function of regulatory T cells over dominant effector 

cells that exacerbate systemic inflammation and neurodegeneration have emerged as a primary 

research focus. These therapeutics show broad promise in affecting disease outcomes beyond 

PD, such as for Alzheimer’s disease, stroke and traumatic brain injuries, which share common 

neurodegenerative disease processes.
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1. Introduction

Parkinson’s disease (PD) is the most common movement disorder and second in prevalence 

only to Alzheimer’s disease (AD) as the most common neurodegenerative disorder. Ninety 

percent of cases are sporadic (Olanow et al., 2009; Tysnes and Storstein, 2017; Schulze 
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et al., 2018). Clinically, PD manifests with resting tremors, mask-like faces, bradykinesia, 

shuffling gait, and rigidity. Most clinical signs and symptoms are linked to the loss of the 

neurotransmitter dopamine with progressive degeneration of dopaminergic neurons in the 

substantia nigra pars compacta (SNc) and loss of their efferent presynaptic termini in the 

striatum (Dauer and Przedborski, 2003; Kalia and Lang, 2015). The natural history of the 

disease is insidiously progressive, and thus by the time symptoms present, PD patients have 

lost 50% or more of the SNc dopaminergic neurons and up to 80% of the efferent termini 

(Surmeier et al., 2017). The incidence and prevalence of PD parallel advancing age and 

affects up to 1% of the population above 60 years of age (de Lau and Breteler, 2006). By 

2016, PD prevalence had increased to 6.1 million people worldwide, up from 2.5 million 

people in 1990 (Dorsey et al., 2018a). This doubling in disease prevalence is attributable 

both to an increasing aged population (74% increase over the same period), but also 

due to reduced activities associated with neuroprotection, such as smoking, and increased 

exposure to industrial byproducts (Dorsey et al., 2018b). Even more disturbing is a predicted 

three-fold increase in PD to 17.5 million anticipated by 2040. With increased longevity 

and obvious continued environmental exposures affecting disease onset and progression, 

advancements in diagnosis and treatment are of immediate need.

While diminished dopamine is primarily due to lost pre-synaptic neurons, post-synaptic 

neurons also exhibit a general upregulation of dopamine receptors with corresponding 

increased sensitivities to dopaminergic ligands (Lee et al., 1978). Thus, current PD 

therapies primarily consist of dopamine replacement for neurotransmitter loss and dopamine 

agonists for upregulated dopamine receptors; both target disease symptoms, yet offer no 

curative outcomes. For curative outcomes, strategies that target replacement of lost or 

injured neurons through stem cell therapies, amelioration of neural injuries through growth 

factors, elimination of misfolded protein aggregates that contribute to neuronal injuries, or 

modulation of the diseased brain microenvironment will most likely be necessary (Jankovic 

and Aguilar, 2008). Underlying all these strategies are neuroinflammation and oxidative 

stress within the brain’s microenvironment that impede successful implementation. Indeed, 

neuroinflammation contributes to neurodegenerative processes and provides the driving 

force for much of the disease progression. Therefore, we posit that a positive outcome 

for any of these therapeutic pathways necessitates harnessing immune responses that are 

operative during ongoing disease.

Innate immune activation in PD is triggered by extracellular misfolded proteins released 

from dead or damaged neurons. These molecular aggregates incite microglial activation 

and the consequent release of pro-inflammatory immune factors that damage neighboring 

neurons and neuronal connections (Mosley et al., 2012). Adaptive immune responses by 

T cells or antibodies follow breaks or deviations in immune tolerance and the emergence 

of effector memory CD8+ or CD4+ T cells that can exacerbate microglial responses and 

neuronal vulnerability (Kannarkat et al., 2013; Allen Reish and Standaert, 2015). Recent 

research activities show direct links between both innate and adaptive immunity in PD 

pathobiology (Benner et al., 2004; Boska et al., 2005; Reynolds et al., 2007b; Benner et 

al., 2008; Brochard et al., 2009; Niwa et al., 2012; Saunders et al., 2012). Each is capable 

of affecting the brain microenvironment and, in specific instances of therapeutic immune 

modulation, can improve the overall disease course (Reynolds et al., 2007a; Reynolds et 
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al., 2007b; Reynolds et al., 2010; Mosley and Gendelman, 2017). Thus, with broad recent 

advancements in the understanding of neuroimmunity and the linkages to neuroimmune 

pharmacology, the prospect to harness peripheral immunity in slowing or even halting 

neurodegenerative activities are now within reach.

This possibility extends far beyond PD. The need to develop treatments for other 

neurodegenerative diseases, such as Alzheimer’s disease (AD), stroke, and traumatic brain 

injury (TBI), cannot be understated. As in PD, increased incidence observed due to our 

aging population can also be seen in AD. Between the years 2000 and 2014, AD-related 

death increased by 89% (Weller and Budson, 2018). Additionally, the annual cost of AD 

has grown to nearly $500 billion (Takizawa et al., 2015). The cost of TBI is around $60 

billion annually, affecting approximately 1.7 million people in the US alone and representing 

30% of injury-related deaths (Langlois et al., 2006; Roozenbeek et al., 2013; Nguyen 

et al., 2016). While stroke is a common leading cause of death, survivors will often 

experience long-term disability and cognitive impairment (Kalaria et al., 2016). Despite 

these statistics showing increased prevalence of neurological disease and injury, therapeutics 

for are mainly palliative and none successfully address the chronic neuroinflammation that 

allows neurodegenerative disease to progress.

It is our intent for this review to summarize the relationships among PD pathobiology, 

immunology, and neurodegeneration with a particular focus on the role of adaptive 

immunity in disease pathology and therapy. These relationships will then be further explored 

in other disease states that possess a similar neuroinflammatory pathology. In addition, 

we will discuss the current symptomatic therapies routinely administered to patients with 

PD and other neurodegenerative disorders to emphasize the need for curative interventions 

capable of targeting pervasive, chronic neuroinflammation. We posit that aggregated and 

misfolded proteins break immune tolerance, which leads to immune system activation 

and cellular imbalance perpetuating neurodegeneration. Our focus is therefore on the 

development of immunomodulatory agents to treat progressive neurodegenerative disorders 

such as PD and expand such therapy into other neurodegenerative diseases that share a 

similar neuroinflammatory phenotype.

2. Pathology of Parkinson’s disease

While the principal pathology of PD involves the loss of nigrostriatal dopaminergic 

neurons and their efferent termini, another pathological hallmark of PD is the misfolding, 

oligomerization, and accumulation of alpha-synuclein (α-syn) and other proteins within 

nigrostriatal neurons (Fig. 1A) (Goedert et al., 2013). Under homoeostatic conditions, 

misfolded proteins are ubiquitinated, directed to the proteasomes, and degraded for 

elimination or amino acid recycling. However, ubiquitin-proteasome processes fail during 

PD and allow α-syn misfolding, ubiquitination, and oligomerization without elimination. 

Subsequent accumulation of misfolded α-syn oligomers eventually leads to the formation of 

inclusions or Lewy bodies within affected dopaminergic neurons, which is an intracellular 

response thought to sequester proteins that cannot be otherwise eliminated (Holdorff, 

2002; Volpicelli-Daley et al., 2011; Dryanovski et al., 2013). However, the presence 

of misfolded and modified α-syn, caused by unknown disease processes, underlies the 
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neurological impairments associated with disease processes (Outeiro et al., 2019). While 

Lewy bodies themselves are considered to be relatively non-toxic, oligomerization of α­

syn species forms toxic fibril structures that eventually are inserted into neuronal plasma 

membranes leading to lipid bilayer penetration, pore formation, and neuronal injury due 

to perturbation of homeostatic calcium ion influx and oxidative stress (Conway et al., 

1998; Conway et al., 2000; Choi et al., 2012; Nakamura, 2013; Fusco et al., 2017). With 

increasing oxidative stress, post-translational modifications of α-syn become more prevalent 

leading to increased levels of misfolding and accumulation of α-syn and toxic fibril forms 

(Hashimoto et al., 1999; Souza et al., 2000; Scudamore and Ciossek, 2018). As membrane 

penetration of toxic fibrils increase with subsequent neuronal injury, membrane leakage and 

neuronal lysis follow with release of the misfolded, modified, and oligomerized α-syn into 

the brain parenchyma. Modified and misfolded α-syn species function as danger/damage­

associated molecular patterns (DAMPs) that activate myeloid phagocytes (e.g., microglia, 

macrophages, and dendritic cells) via pattern recognition receptors (PRRs) such as CD36, 

toll-like receptor 2 (TLR2), TLR4/CD14, and CD11b (Croisier et al., 2005; Reynolds et 

al., 2007a; Zhang et al., 2007; Benner et al., 2008; McGeer and McGeer, 2008; Su et al., 

2008; Fellner et al., 2013; Kim et al., 2013; Hou et al., 2018). Thus, PRR recognition of 

damage-associated signals may play a pivotal role in the establishment and perpetuation of 

oxidative stress and inflammation under the parkinsonian condition.

Additional factors affecting the vitality of dopaminergic neurons are the excessive 

production of reactive oxygen and nitrogen species (ROS and RNS) (Stone et al., 2009). 

In a healthy nervous system, a balance is maintained between reactive species production 

and clearance; however, in PD, an imbalance ensues whereby ROS/RNS production 

outweighs its clearance. The unpaired electrons in ROS make them highly reactive to 

the surrounding molecular milieu. For instance, as dopamine is a relatively unstable 

molecule and undergoes auto-oxidation, it is susceptible to ROS-mediated substitution with 

the formation of dopamine quinones that can form dopamine adducts with proteins and 

other biomolecules that affect structural proteins or enzyme functions (Hastings, 2009; 

Koppula et al., 2012). Notably, with increased oxidative stress and inflammation, excess 

production of oxygen radicals and nitric oxide reactants increases the intracellular formation 

of reactive peroxynitrite in dopaminergic neurons (Floor and Wetzel, 1998; Reiter et 

al., 2000; Ebadi and Sharma, 2003). Through reactions with peroxynitrite, tyrosine and 

cysteine moieties are readily nitrated or nitrosylated, respectively, on proteins, such as 

α-syn, parkin, DJ-1, and Pink1, leading to misfolding, loss of function, and neuronal 

injury with subsequent neuronal death (Viner et al., 1999; Reiter et al., 2000; Danielson 

and Andersen, 2008). Thus, ROS/RNS and peroxynitrite formation represent an integral 

component of oxidative stress and neurodegeneration in several models of PD (Gupta 

et al., 2014). For instance, in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) 

animal model of PD, 1-methyl-4-phenylpyridinium (MPP+) neurotoxin accumulates in the 

mitochondria of dopaminergic neurons where it binds and reduces the activity of complex 

I (Langston, 2017). Reduction of complex I activity decreases ATP synthesis and generates 

ROS, which is thought to be a first-hit in the neurodegenerative process (Koppula et al., 

2012; Langston, 2017). Additionally, MPP+ causes dopamine to be expelled from the 

intracellular vesicles to the cytoplasm, allowing auto-oxidation of dopamine into toxic ROS 
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with formation of dopamine-quinone, hydrogen peroxide, and superoxide radicals. These 

enable its metabolism into hydrogen peroxide by monoamine oxidase (MAO) (Lotharius and 

Brundin, 2002; Langston, 2017).

ROS/RNS also act as major regulators of neuroinflammation with excessive amounts leading 

to a proinflammatory and neurodestructive environment within the brain. Moreover, the 

SNc is particularly susceptible to ROS/RNS damage due, in part, to sparse antioxidant 

defenses in that area of the brain and decreased levels of glutathione (GSH), a necessary 

ROS/RNS scavenging agent (Smeyne and Smeyne, 2013). Interestingly, RNA signatures 

such as leucine-rich repeat kinase 2 (LRRK2) G2019S mutation predisposes to PD as do 

microRNA (miRNA) and piwi-interacting RNA (piRNA) alterations as observed in PD 

and AD patients (Qiu et al., 2014; Roy et al., 2017). Specifically, in midbrain neurons 

of PD patients, the pathway regulating peroxisome proliferator-activated receptor-gamma 

coactivator (PGC-1α), a transcriptional coactivator involved in mitochondrial processes, 

stress-induced apoptosis, and cAMP response element-binding protein (CREB) function, is 

inactivated, indicating mitochondrial dysfunction and another potential source of oxidative 

stress in PD (Liu and Lin, 2011; Schulze et al., 2018). In total, the initial neuronal damage 

and injury with ensuing release of misfolded and modified proteins play a principal role in 

the elicitation of proinflammatory responses mediated primarily by microglia in PD, which 

will be further explored in later sections (Tansey and Goldberg, 2010; Gelders et al., 2018).

3. Neurodegenerative disease pathology

AD is characterized and staged by levels of dementia and represents 80% of patients 

diagnosed with dementia (Crous-Bou et al., 2017). Similar to PD, AD is driven by a 

combination of both genetic and environmental factors (Lane et al., 2018). The most 

prominent pathological features of AD are neurofibrillary tangles (NFTs), amyloid plaques 

(Aβ), neuronal injury, and neurodegeneration (Fig. 1B) (Jack Jr. et al., 2018). Fibrillogenic 

species of Aβ are deposited in the neuron and membrane leading to Ca2+ influx and 

excitotoxicity, while hyperphosphorylation of tau protein leads to loss of microtubule 

binding capability with loss of microtubule stability and support, both combining to promote 

cell death (Pooler et al., 2013). The neurons then release their contents into the brain’s 

microenvironment. Similar to modified and misfolded α-syn, NFTs and Aβ proteins are 

recognized as foreign by PRRs that induce an immune response and activate microglia. This 

leads to the production of pro-inflammatory neurotoxins, excitotoxicity, and oxidative stress; 

all contributing to continued neurodegeneration (Gendelman and Mosley, 2015).

The pathology of TBI is complicated by the many permutations of multiple primary lesion 

types, such as intracranial hemorrhages, contusions, hematomas, and direct axonal damage 

(Maas et al., 2008) as well as secondary injuries, all of which can develop from minutes 

to months after the primary injury (Jassam et al., 2017). During and after formation of 

the primary lesion, pro-inflammatory signals are immediately released, causing microglia 

to become activated and proliferate as well as activate astrocytes which also secrete 

pro-inflammatory cytokines (Fig. 1C). Additionally, cellular debris, pro-inflammatory 

mediators, and DAMPs that are released within the brain parenchyma migrate to the 

peripheral circulation and secondary lymphoid tissues and elicit systemic inflammatory 
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responses (Jassam et al., 2017). Secondary injuries, mediated by excitotoxicity, free radical 

generation, and local and systemic pro-inflammatory activated immune cells, traffic back 

to encephalitogenic foci to permeate the parenchyma, perpetuate neuroinflammation, and 

subsequently lead to neurological impairment (Faden et al., 1989; Anthonymuthu et al., 

2016; Dorsett et al., 2017; Simon et al., 2017).

Strokes broadly consist of decreased blood supply to a specific brain region, where neurons 

are lost at the rate of 1.8 million per minute without treatment (Fig. 1D) (El-Koussy et 

al., 2014). This decrease in blood supply is due to arterial thrombosis, which blocks blood 

flow to the affected region known as an infarct, wherein damage is typically irreversible and 

anoxia is pervasive. The neurons surrounding the infarct make up the ischemic penumbra, 

otherwise known as tissue-at-risk (El-Koussy et al., 2014). The infarct can expand into 

this region given enough time, increasing the area of irreversible damage. Moreover, if a 

large enough vessel is blocked, patients are at risk for severe neurological deficits and poor 

prognosis without early treatment.

4. Peripheral immunity and brain homeostasis

Immune responses generated in either the CNS or periphery have historically been 

perceived as relatively distinct processes by virtue of anatomical barriers. However, 

immunological communication between the two compartments is allowed to the extent 

that CNS pathogens are encountered and eliminated, thus negating the concept of 

immunological privilege within the CNS. This is underscored in neuroinflammatory disease 

states, which implicate dysregulated communication accompanied by systemic immune 

responses from which activated immune cells can migrate to areas of inflammation in 

the brain (Fig. 2). We posit that the pathogenesis of PD involves cyclic phases of 

neurodegeneration and neuroinflammation, where the proteasome-ubiquitin system fails 

to clear excess α-syn. Subsequently, α-syn misfolds and accumulates in neurons in the 

SNc resulting in neurodegeneration. Neuronal degeneration leads to release of α-syn 

which is oxidatively modified, misfolded, and oligomerized, and triggers the activation 

of microglia (Lim and Tan, 2007; Thomas et al., 2007). This innate response shifts 

the microenvironment of the brain into a proinflammatory state, creating a cycle of 

neuroinflammation, protein misfolding, and neurodegeneration. As microglia are heavily 

concentrated in the SNc relative to other parts of the brain, the chronic activation of these 

CNS-resident immune cells has been implicated in the specific degeneration of localized 

dopaminergic neurons (Lawson et al., 1990; Kim et al., 2000; Bachiller et al., 2018). While 

activated microglia secrete a variety of pro-inflammatory factors, such as tumor necrosis 

factor-α (TNF-α), interleukin-1β (IL-1β), IL-6, IL-12, nitric oxide (NO), prostaglandin E2 

(PGE2), and superoxide radicals, they are also sensitive to gut-derived lipopolysaccharide 

(LPS), interferon-γ (IFN-γ), β-amyloid, CD40L, gangliosides, and various chemokines 

and neurotransmitters (Suzuki et al., 2005; Stone et al., 2009). Activation of microglia 

resulting from interactions with these substances can increase secretion of pro-inflammatory 

factors leading to upregulation of complement receptors and cell adhesion molecules that 

exacerbate dopaminergic-associated neurotoxicity (Kreutzberg, 1996).
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The resultant inflammation associated with microglial activation increases the permeability 

of the blood-brain barrier (BBB) and enables extravasation of adaptive immune cells due, 

in part to chemoattractant gradients generated from inflammatory foci within the brain 

(Garretti et al., 2019). This increase in BBB permeability, as well as T and B cell infiltration, 

has been noted in animal models of PD, such as 6-OHDA, MPTP, and AAV2-Syn models 

(Carvey et al., 2005; Theodore et al., 2008; Brochard et al., 2009; Reynolds et al., 2010; 

Zhang et al., 2017). These adaptive immune cells are located in higher numbers in the SN 

of people with PD compared to healthy controls, specifically near neuromelanin-containing 

dopaminergic neurons (McGeer et al., 1988; Brochard et al., 2009; Garretti et al., 2019). 

Additionally, Sulzer et al. (2017) reported that PD patients’ peripheral blood T cells 

recognized α-syn, with most secreting predominantly IL-5 and a small population secreting 

IFN-γ. The location of immune cells within the SNc and T cell recognition of α-syn­

derived epitopes suggest that adaptive immune cells may target dopaminergic cell-derived 

epitopes, thus implicating an autoimmune response mounted against α-syn (Mosley and 

Gendelman, 2017; Sulzer et al., 2017; Garretti et al., 2019). This immune cell infiltration 

propagates inflammation in other regions of the CNS and perpetuates a positive feedback 

loop of innate immune cell activation, protein misfolding, and neuronal death throughout 

the CNS (Kannarkat et al., 2013). Interestingly, this cycle is demonstrated in the α-syn 

overexpression mouse model where increased BBB permeability, adaptive immune cell 

infiltration, and microglial activation appear before neurodegeneration occurs, suggesting 

these play causal, rather than consequential roles in neurodegeneration (Theodore et al., 

2008; Garretti et al., 2019).

Post-translationally modified neuronal proteins from dying dopaminergic cells also 

influence disease progression. The pro-inflammatory influence of nitrated α-syn (N-α­

syn) is not restricted to innate immune activation or localized to the brain. Failure of 

ubiquitin-proteasome system to clear N-α-syn extends the formed aggregates beyond 

the CNS (Lim and Tan, 2007; Thomas et al., 2007). These aberrant forms of N-α-syn 

oligomers also traverse throughout the body as well. Antigen presentation of endocytosed 

modified self-protein components in the context of major histocompatibility complex 

class II (MHC-II) molecules by CNS resident microglia and/or infiltrating innate immune 

cells can act as a critical determinant of an adaptive immune response, initiating T cell­

mediated neurotoxicity. Notably, the dopaminergic neurons of MHC-II−/− mice in the 

AAV2-SYN overexpression model were spared, suggesting a necessary role of MHC-II 

in neurodegenerative diseases (Harms et al., 2013; Jimenez-Ferrer and Swanberg, 2018; 

Lindestam Arlehamn et al., 2019). Additionally, genome-wide association studies (GWAS) 

have associated sporadic PD with two HLA class II alleles, DRB1*15:01 and DRB5*01:01. 

For example, an increased expression of DRB1*15:01 could lead to an increase in HLAs 

with an increased specificity for α-syn or a general pro-inflammatory state in people with 

PD (Garretti et al., 2019).

Adaptive immune responses that are associated with the brains of PD patients are not 

restricted to the CNS and most likely are initiated in the periphery. For instance, N-α-syn 

and the proinflammatory milieu from the brain drain to cervical lymph nodes, where 

it initiates a peripheral, adaptive immune response (Benner et al., 2008; Stone et al., 

2009). Antigen-presenting cells (APCs), such as dendritic cells and macrophages, activated 
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by DAMPs and proinflammatory mediators, process N-α-syn and present the modified 

self-epitopes in the context of MHC-II molecules. Naïve T cells, via T cell receptors 

that recognize the modified self-epitope-MHC-II complex on APCs, initiate programs of 

differentiation that along with appropriate costimulatory molecules and secondary signals, 

differentiate into effector T cells (Teffs), which expand into programmed T cell subtypes 

characteristic of pro-inflammatory Teffs, such as Th1 and Th17 cells (Kannarkat et al., 

2013). Peripherally induced Teffs can then permeate the BBB and provoke inflammation 

along the nigrostriatal axis by recognition of their cognate modified self-antigens/MHC-II 

complex. When modified self-antigens such as N-α-syn are then presented by MHC on 

activated microglia or macrophages in the CNS, T cells are reactivated and expanded, 

and pro-inflammatory Teffs express a neurotoxic program. Th1-sourced IL-2, IFN-γ, and 

TNF-α exacerbate neurotoxicity by inducing microglia to release ROS and NO, while 

the production of IL-17A, IL-17F, IL-21, IL-22, and TNF-α by Th17 cells further the 

inflammatory environment in the CNS (Kosloski et al., 2010; Tansey and Goldberg, 

2010). While both Th1 and Th17 Teffs have been shown to exacerbate neuroinflammation 

and dopaminergic neurodegeneration, Th17 effectors yield significantly greater neurotoxic 

potential than Th1 Teffs (Reynolds et al., 2010). Additionally, Th17 cells have been 

shown to directly cause damage to dopaminergic neurons derived from human iPSC­

derived midbrain neurons (Sommer et al., 2018). Thus, this persistent inflammatory cycle 

perpetuates neurodegeneration and microglial activation towards a phenotype indicative of 

chronic inflammation.

The dynamics in immune responses between pro-inflammatory neurotoxic activities and 

regulatory neurotrophic CD4+ T cells determine disease progression. Over expression 

of neurotoxic activities and failures of neurotrophic molecules to regulate the cycle 

perpetuates inflammation-induced neurodegeneration and has recently been uncovered as 

a hallmark of human disease. Specifically, regulatory T cells (Tregs) capable of abrogating 

neuroinflammation and resultant dopaminergic neuron loss are functionally stunted in PD 

patients exhibiting decreased capability to suppress CD3/CD28-induced Teff proliferation 

(Saunders et al., 2012). Moreover, Teff numbers were increased in PD patients compared to 

controls and directly correlated with the severity of motor function, while Treg dysfunction 

was also linked with decreased motor function and increased disease severity. These data 

suggested that increased Teff function and/or corresponding decrease in Teff regulation 

by Tregs, accelerated or intensified disease progression as determined by clinical motor 

function scores. Understanding the mechanisms by which Tregs exercise suppressive effects 

is continually evolving. Tregs have been shown to suppress specific immune responses by 

induction and release of anti-inflammatory cytokines such as IL-10 and TGF-β, inhibition 

of antigen presentation, disruption of Teff induction and metabolism by suppressing antigen 

presentation, removing IL-2 from Teffs, Fas-FasL-mediated killing of pro-inflammatory 

Teffs and reactive microglia (Fig. 2) (Benner et al., 2004; Reynolds et al., 2007b; Reynolds 

et al., 2009; Stone et al., 2009). Moreover in the CNS, Tregs seemingly have the ability 

to induce astrocytes to produce neurotrophic factors. As intuitively hypothesized, adoptive 

transfer of Tregs elicits neuroprotection in animal models of PD, while transfer of Teffs 

exacerbates neurodegeneration (Benner et al., 2004; Reynolds et al., 2007b; Benner et al., 

2008; Brochard et al., 2009; Reynolds et al., 2010). Across studies, elevated levels of 
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pro-inflammatory cytokines such as IL-2, IL-6, IL-8, TNF-α, and IFN-γ have been reported 

in the blood of PD patients, with cytokine concentrations correlating with clinical stage 

and disease progression (Reale et al., 2009; Garretti et al., 2019). Together, these data 

indicate an imbalance in innate and/or T cell populations and functions among PD patients 

relative to healthy controls, and are congruent with increases in inflammatory helper T cell 

populations, specifically Th1 and Th17, within an environment of fewer naïve T cells and 

reduced anti-inflammatory capacities (Bas et al., 2001; Chen et al., 2015).

The observation of chronic inflammation in neurodegeneration is not exclusive to PD. 

In Alzheimer’s disease (AD), RORγ- or IL-17-expressing Th17 Teffs were significantly 

increased in AD patients with mild cognitive impairment (MCI) compared to control 

populations (Saresella et al., 2011; Oberstein et al., 2018). On the other hand, no significant 

differences in Treg populations were discerned among any AD group compared to controls, 

however peripheral blood Treg frequencies in AD patients positively correlated with 

CSF levels of total Tau, phosphorylated Tau, and Aβ40. Another study concluded that 

frequencies of Tregs and resting Tregs (CD45RA+/CD25dim) were diminished, while 

no differences were detected among activated (CD45RA−/CD25bright) and secreting 

(CD45RA-/CD25dim) Tregs (Ciccocioppo et al., 2019). However, none of these studies 

assessed the suppressive capacity of Tregs in AD. Together, these data suggest that in 

AD, altered Treg phenotypes and possibly function could contribute to neuroinflammation 

and disease progression. In ischemic stroke and TBI, adaptive immune responses also 

play a role in the pathophysiology. Injured brain tissues initiate an inflammatory cascade 

that upregulates Teffs and pro-inflammatory cytokines, both temporally and spatially 

proximal to injury, and eventually lead to microglial activation and neuroinflammation 

(Kelso and Gendelman, 2014; Picascia et al., 2015). Pathobiological commonalities 

associated with such degenerative and traumatic diseases of the CNS pave the way for 

therapeutic approaches that target inflammation by means of Treg induction. As the immune 

components in several of these neurodegenerative disorders become increasingly better 

defined, investigations seeking to elucidate broadly applicable immune-modulating therapies 

that target restoring regulatory capacity and restraining associated neurodegenerative 

processes are being explored.

5. Current clinical approaches

Current clinical interventions that are curative for neurodegenerative diseases are lacking 

as they fail to address causative aspects of the diseases. Most therapies are for the most 

part palliative in nature. For AD, the available therapies aim to enhance the quality of life 

of the patient, but do not alter disease progression or slow the rate of decline (Weller and 

Budson, 2018). One of the most prominent therapy includes is cholinesterase inhibitors, 

such as donepezil, rivastigmine, and galantamine and are indicated for mild, moderate, 

and severe AD, respectively (Howard et al., 2012). Memantine is indicated for patients 

with moderate to severe AD dementia for patients who experience attention and alertness 

difficulties (Grossberg et al., 2013) and acts as a non-competitive N-methyl-D-aspartate 

receptor antagonist as well as a D2 receptor agonist. Several therapeutic strategies target 

the production or clearance of Aβ plaques and NFTs, but these have not shown promising 
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results and many have been demonstrated to be ineffective (Doody et al., 2014; Salloway et 

al., 2014; Weller and Budson, 2018).

Stroke and TBI have even fewer options available. The gold standard for stroke treatment is 

tissue plasminogen activator (tPA), which is severely limited by a narrow therapeutic time 

window and adverse side effects (Knecht et al., 2017). Several pharmacological treatments 

attempted to address these two drawbacks of tPA, but medications aimed at restoring 

neurological functions have shown limited efficacy. Several medical interventions to address 

the anatomical damage of TBI have been attempted, but currently no effective treatments 

tackling the neuronal damage and chronic inflammation are available (Galgano et al., 2017). 

Ongoing experimental studies for pharmaceutical neuroprotective treatments have not yet 

been translated into clinical therapies, and those in clinical trials have not shown promising 

results. Due to the lack of availability and limited efficacy of current approaches, shifting 

focus to target the immune microenvironment of the brain could prove beneficial.

Currently, the majority of treatments available for patients with PD are entirely palliative 

and designed to either increase or replace dopamine. However, none of these symptomatic 

strategies slow or halt disease progression. The most widely used and effective of these 

medications is levodopa, a dopamine precursor that crosses the BBB and is converted to 

dopamine in the brain. While novel formulations have enabled optimal dose release, better 

brain-targeting delivery, and a reduction in side effects such as dyskinesia and nausea, 

continual treatment can reduce the stability of levodopa’s benefit (Dong et al., 2016). Even 

when paired with catechol O-methyltransferase (COMT) inhibitors to prolong levodopa in 

circulation, off-time is only just decreased, while both motor and non-motor symptoms 

inevitably return (Schrag, 2005; Ferreira et al., 2010).

Monoamine oxidase B (MAO-B) inhibitors have also proven efficacious in reducing 

symptoms associated with PD as an early stage monotherapy or in conjunction with 

levodopa. MAO-B inhibitors protect endogenous dopamine by preventing degradation by 

MAO-B, which metabolizes dopamine in the presynaptic neuron. Unfortunately, dangerous 

xenobiotic interactions are a potential issue if patients consume tyramine-rich foods or ingest 

drugs containing sympathomimetic or serotoninergic substances (Riederer and Laux, 2011). 

Inhibition of MAO-B in tyramine or serotonin metabolism would increase tyramine and 

serotonin levels leading to hypertenisive crisis or serotonin syndrome. Dopamine receptor 

agonists that target upregulated and sensitized post-synaptic receptors are indicated to 

improve motor fluctuations for PD patients. However, excessive receptor activation can lead 

to adverse symptomatic side effects such as hallucinations, low blood pressure, gambling 

addiction, compulsive spending, and hypersexuality (Moore et al., 2014). To correct 

the imbalance between dopamine and acetylcholine in the pathology of PD, muscarinic 

acetylcholine receptor antagonists have been included in symptomatic treatment regimens. 

Clinical use of anticholinergics, however, is sparse in PD. The potential for adverse events 

is currently high as anticholinergic application has been found to increase gait freezing, 

confusion, hallucinations, and the rate of falls in more elderly patients (Wawruch et al., 

2012).
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Recent advancements in scientific understanding and technological innovation have opened 

doors to new treatment strategies that are not solely symptomatic. As opposed to 

increasing dopamine and dopamine-associated signaling, current treatment strategies seek 

to regenerate dopaminergic neurons that are selectively lost in PD or elicit neuroprotection 

via immunotherapy to prevent dopaminergic neuronal death. While stem cell-based therapies 

for PD are nearing use in clinical trials, cell replacement therapy focused on rescuing striatal 

dopaminergic deficits raises concerns regarding variable clinical benefits and tolerability 

within a heterogeneous cohort of PD patients (Henchcliffe and Parmar, 2018). The surgical 

nature of the treatment and the current expense associated with such intensive therapy 

also complicate the current application of pluripotent stem cells in PD. Moreover, neuronal 

replacement therapy by stem cell transplantation does not entirely alleviate parkinsonian 

pathology. In PD patients transplanted with fetal stem cells, aberrant α-syn species, Lewy 

body pathology, and reactive microglia were associated with the donor stem cell-derived 

dopaminergic neurons obtained at post-mortem examination of the recipients years after 

transplantation (Kordower et al., 2008; Li et al., 2008; Mendez et al., 2008). Notably, 

further examination revealed that transplants with Lewy pathology and aggregated α-syn 

were associated with reactive microglia. This suggested that non-autonomous cell processes, 

including innate and/or adaptive cell-mediated immunity, contribute to neurodegenerative 

processes in PD (Dawson, 2008).

While the inflammatory brain microenvironment in PD exacerbates oxidative stress, protein 

misfolding, neurotoxicity, and neurodegeneration, Treg function has been shown to attenuate 

this neuroinflammatory cascade (Benner et al., 2004; Reynolds et al., 2007b; Reynolds 

et al., 2010; Kleinewietfeld and Hafler, 2014; Mosley and Gendelman, 2017; Keeler et 

al., 2018). As discovery of translatable Treg inducing agents expands, so does the list for 

testable therapies for neuroinflammatory diseases. Other Treg inducers that are currently 

being investigated for their therapeutic potential in PD are histone deacetylase (HDAC) 

inhibitors, glucocorticoids (GCs), anti-CD3 monoclonal antibodies (mAbs), retinoic acid 

(RA), granulocyte macrophage-colony stimulating factor (GM-CSF), rapamycin, and 

neuropeptides such as vasoactive intestinal peptide (VIP) (Benner et al., 2004; Battaglia 

et al., 2006; Reynolds et al., 2007b; Wang et al., 2009; Liao et al., 2010; Reynolds et 

al., 2010; Bach, 2011; Hall et al., 2011; Souza-Moreira et al., 2011; Zou et al., 2011; 

Kosloski et al., 2013; Olson et al., 2015; Gendelman et al., 2017). As Treg induction 

and adoptive transfer have been assessed for safety, feasibility, and therapeutic efficacy in 

solid organ transplantation, graft versus host disease (GvHD), autoimmunity, ALS, and PD 

(Desreumaux et al., 2012; Gendelman et al., 2017; Romano et al., 2017; Vaikunthanathan et 

al., 2017; Thonhoff et al., 2018), additional clinical investigations are necessary to further 

explore Treg-mediated modalities as efficacious immunotherapeutic strategies in PD and 

other neurodegenerative diseases that possess similar neuroinflammatory signatures, such as 

AD, TBI, and stroke

6. Immunotherapy

Immunotherapy is most commonly used in cancer treatment where an overall survival 

benefit has been demonstrated (Van Limbergen et al., 2017). Immunotherapeutic 

strategies in cancer enhance the immune system to mount a response against the 
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tumor, while minimizing immune suppression (Banerjee et al., 2018). In PD and 

other neuroinflammatory-based neurodegenerative disorders, the immune system is in 

an activated state that generally exacerbates neurotoxicity and neurodegeneration, thus 

immune suppression would confer potential therapeutic benefits. In the reverse manner, 

whereby immunotherapy is used to exacerbate the immune response, it can also quell the 

activated immune state in the CNS. Thus, the goal for immunotherapeutic intervention 

is to attenuate neuroinflammation and induce a neuroprotective environment within the 

CNS that prevents further neurodegeneration and diminishes disease progression and 

clinical symptoms. Whether neuroimmunotherapy contributes directly to processes that 

induce endogenous neuronal regeneration is contentious (Farzanehfar, 2018), however, 

such interventions will play a significant role in homeostatic maintenance and create a 

neuroprotective environment that is beneficial for neuronal replacement or regenerative 

therapy. One strategy to accomplish this is manipulating the patient’s immune system, 

subsequently altering the CNS microenvironment to provide greater anti-inflammatory and 

neuroprotective conditions. The pharmaceutical induction of Tregs with increased function 

impede the perpetual cycle of neurodegeneration and neuroinflammation (Fig. 2). This has 

been shown to provide neuroprotection to surviving dopaminergic neurons and improve 

clinical scores and outcomes beneficial to PD patients (Reynolds et al., 2007b; Reynolds et 

al., 2010; Mosley et al., 2012; Gendelman et al., 2017; Mosley and Gendelman, 2017). Such 

drugs are currently being studied in a variety of PD associated contexts.

We have evaluated the therapeutic potential of granulocyte macrophage-colony stimulating 

factor (GM-CSF) in animal models of PD, AD, and TBI (Kosloski et al., 2013; Kelso 

et al., 2015; Gendelman et al., 2017; Kiyota et al., 2018; Schutt et al., 2018) as well 

as in clinical trials in PD (Gendelman et al., 2017) (NCT03790670) and in AD by 

others (NCT01409915). GM-CSF is a cytokine known to act as pro-inflammatory and 

anti-inflammatory modulators, depending on the dose and regimen (Bhattacharya et al., 

2015). Anti-inflammatory effects of GM-CSF are due to induction of tolerogenic dendritic 

cells (DCs) which leads to Treg induction and T cell-mediated tolerance by preventing T 

cell activation (Fig. 3A) (Bhattacharya et al., 2015; Schutt et al., 2018; Lotfi et al., 2019). 

GM-CSF promotes the proliferation of both myeloid progenitors in the bone marrow and 

myeloid lineage cells (Martinez-Moczygemba and Huston, 2003). Bone-marrow derived 

dendritic cells that differentiate from this expanded progenitor population co-express OX40L 

and Jagged-1 (Jag-1) which expand natural Tregs and initiate Treg proliferation following 

interaction with their cognate receptors (OX40 and Notch3) on Treg cells (Bhattacharya 

et al., 2011; Schutt et al., 2018). Such tolerogenic dendritic cells derived from the bone 

marrow are also capable of secreting large quantities of TGF-β, which can induce Tregs 

from Teffs with adequate co-stimulation of the T cell receptor (Lotfi et al., 2019). In 

addition to mechanisms of Treg induction, GM-CSF promotes the differentiation of CD8a- 

dendritic cells capable of inducing Tregs from Teffs via antigen presentation (Ganesh et al., 

2009). In the MPTP mouse model, GM-CSF administration prior to intoxication or adoptive 

transfer of GM-CSF-induced Tregs after intoxication attenuated microglial inflammation 

and protected dopaminergic neurons in the SNc (Kosloski et al., 2013). Furthermore, GM­

CSF treatment results in increased frequencies of Tregs and Treg function suggesting that 

immune modulation with GM-CSF upregulates Treg-mediated immune regulation that is 
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significantly diminished in PD patients and provides an efficacious therapeutic strategy 

(Saunders et al., 2012; Gendelman et al., 2017).

Clinical studies implementing pharmacological interventions that involve the administration 

of GM-CSF have been assessed or are ongoing. Recombinant human GM-CSF (rhGM-CSF, 

sargramostim, Leukine) has been tested in a clinical trial of Crohn’s disease and been shown 

to increase disease remission (Korzenik et al., 2005). Additionally, the benefits of GM-CSF 

have been demonstrated in AD models, acute myelogenous leukemia (AML), autologous 

bone marrow transplantation, and allogeneic bone marrow transplantation (Nemunaitis et 

al., 1991a; Nemunaitis et al., 1991b; Nemunaitis et al., 1995; Rowe et al., 1995; Kiyota et 

al., 2018). In a randomized, double-blind, placebo-control phase 1 clinical trial in PD, daily 

doses of sargramostim or placebo were administered for 8 weeks to PD patients (Gendelman 

et al., 2017). Sargramostim was safe and well-tolerated, and increased Treg frequencies and 

function without affecting Teff numbers. Moreover, clinical scores of disease severity were 

diminished in sargramostim-treated patients and signaling in cortical areas associated with 

motor function were improved as measured by magnetoencephalography and compared to 

pre-treatment baselines and placebo-treated controls. Currently, we are evaluating the safety 

and efficacy of sargramostim dosages and regimen duration in a Phase Ib trial in PD patients 

(NCT03790670).

In combination with our current clinical trial, we are pursuing additional avenues to enhance 

the therapeutic potential of GM-CSF. Due to the relatively short half-life of GM-CSF, 

frequent and high concentration dosing regimens have been required to maintain beneficial 

plasma concentrations (Cebon et al., 1990; Hovgaard et al., 1992). As a consequence, 

mild-to-moderate adverse events have been associated with daily administrations including 

increased WBC counts, injection site reactions, and bone pain (Korzenik et al., 2005; 

Gendelman et al., 2017). In an effort to diminish these adverse events, we are investigating 

the effects of a lipid nanoparticle-containing Csf2 (GM-CSF mRNA) and a long-acting 

GM-CSF in mouse and rat models of PD. Preliminary data indicate that these formulations 

increase Treg numbers and Treg function, decrease microgliosis, and increase survival 

of dopaminergic neurons, suggesting the beneficial utility of long-acting and clearance­

protected GM-CSF formulations as potential therapeutic modalities.

Anti-CD3 mAbs have been discovered to provide immunological tolerance by induction of 

Tregs and Treg function (Fig. 3B). Anti-CD3 mAbs function by binding to the CD3/TCR 

complex, which effectively eliminates the necessity of activation by cognate antigen such as 

N-α-syn, and triggers apoptosis or anergy in activated T cells and spares Tregs (Chatenoud 

et al., 1982; Smith et al., 1997; Penaranda et al., 2011). Concomitant with apoptosis, 

TGF-β is released into the microenvironment and induces FoxP3 expression in CD4+ 

T cells, transforming them to express an immunosuppressive functional Treg phenotype. 

Phagocytosis of the resulting apoptotic bodies by macrophages increases TGF-β levels, 

further inducing Treg and conferring a tolerogenic phenotype to dendritic cells (Perruche 

et al., 2008; You et al., 2008). This therapy is currently being tested in clinical trials to 

treat patients with type I diabetes, inflammatory bowel disease, and chronic hepatitis C 

infection. While some formulations have shown promising results, others have raised safety 
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concerns that include lymphopenia, cytokine release syndrome, increased rates of infection, 

and vascular and cardiac issues (Kuhn and Weiner, 2016).

Another promising immunomodulatory agent is the neuropeptide vasoactive intestinal 

peptide (VIP), a natural hormone that facilitates neuroprotection by increasing Treg 

number and function, suppressing microglial activation, and reducing neuronal degeneration 

(Delgado et al., 2005; Fernandez-Martin et al., 2006; Reynolds et al., 2010). Due to its 

rapid metabolism and clearance as well as dual recognition for binding VIP receptor 1 and 

2 (VIPR1 and VIPR2), we developed a selective VIPR2 agonist with increased protease 

resistance and half-life to address these issues. Treatment with the VIPR2 agonist, LBT36’ 

resulted in decreased microglial responses and augmented neuroprotection by creating an 

anti-inflammatory microenvironment, thus altering Th1/Th17 cytokine responses in the 

MPTP mouse model and in the α-syn overexpression model in rats (Reynolds et al., 2010; 

Olson et al., 2015; Olson et al., 2016; Mosley et al., 2019).

The influence of VIP is not solely limited to CD4+ CD25+ FoxP3+ Treg induction (Fig. 

3C). Tolerogenic dendritic cells differentiate from bone marrow progenitors following 

exposure to VIP (Chorny et al., 2005; Fernandez-Martin et al., 2006). These dendritic 

cells are not only capable of facilitating Treg expansion, but also the conversion of naïve 

T cells to T regulatory 1 (Tr1) cells, further reducing inflammation by means of TGF-β 
and IL-10 secretion (Varela et al., 2007). VIP also enables the differentiation of Th3 

cells from the CD4+ CD25− compartment further augmenting levels of TGF-β within the 

extracellular environment (Varela et al., 2007). Distinct from anti-CD3 mAbs, VIP is an 

immunotherapy that doesn’t exclusively target peripheral immune cells, but also biases bone 

marrow progenitor differentiation towards tolerogenic dendritic cells. Although selective 

VIP receptor agonists have not yet been tested in clinical cohorts of PD patients, further 

investigation is merited as VIP has been shown to shift systemic immunity towards a less 

reactive and more anti-inflammatory phenotype in animal models of PD.

7. Concluding remarks

PD and other neurodegenerative disorders and injuries are multi-faceted diseases that 

involve the CNS and interactions with both adaptive and innate branches of the immune 

system. In PD, after proteasome-ubiquitin system failure, misfolded α-syn accumulates and 

initiates an immune cascade that perpetuates neuroinflammation and neurodegeneration. 

Similarly in AD, fibrillogenic species of Aβ and hyperphoshorylated Tau with increased 

neurodegeneration of cholinergic neurons, induce neurotoxic microglia with an augmented 

capacity to drive aberrant Aβ and Tau processing and neuroinflammation. While no specific 

proteinaceous aberrations have been identified in stroke and TBI, DAMP signals from 

dead and damaged tissues and neurons initiate astrocytic responses and innate microglial 

clearance mechanisms. These processes add to the neuroinflammatory environment 

to facilitate debris clearance and remodeling. The innate pro-inflammatory processes 

and environment then predisposes the CNS to a wide repertoire of adaptive immune 

mechanisms. While under conditions of immune homeostasis, the immune system typically 

favors returning the balance to maintain immune homeostasis. But under conditions whereby 

immune homeostasis is tipped such that regulatory processes may be compromised, then 
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age, infection, diminished health, and existing proinflammatory conditions may predominate 

leading to increased injury, inflammation, and neurodegeneration. While current therapies 

may temporarily subdue some symptoms associated with PD and other neurodegenerative 

processes, neither neurodegeneration nor disease progression are effectively harnessed. 

Using immunotherapies, such as GM-CSF, anti-CD3 mAbs, and VIP to modulate the 

immune system, induce Tregs, and increase their function, neuroinflammation, protein 

misfolding, and excessive DAMP signaling will ultimately be controlled to better 

provide neuroprotection and therapeutic outcomes. Future studies to assess the potential 

translation of these immunomodulatory advancements into other diseases defined by a 

neurodegenerative disease pathology and chronic neuroinflammation should be prioritized.

Funding

This work was supported by the National Institutes of Health grants P01 DA028555, R01 NS36126, P01 NS31492, 
P01 MH64570, P01 NS43985, P30 MH062261, R01 AG043540, and 2R01 NS034239; the Frances and Louie 
Blumkin and Harriet Singer Research Foundations, the Carol Swarts, MD Emerging Neuroscience Research 
Laboratory; and the Margaret R. Larson Professorship.

References

Allen Reish HE, Standaert DG, 2015. Role of alpha-synuclein in inducing innate and adaptive 
immunity in Parkinson disease. J Parkinsons Dis. 5, 1–19. [PubMed: 25588354] 

Anthonymuthu TS, Kenny EM, Bayir H, 2016. Therapies targeting lipid peroxidation in traumatic 
brain injury. Brain Res. 1640, 57–76. [PubMed: 26872597] 

Bach JF, 2011. Anti-CD3 antibodies for type 1 diabetes: beyond expectations. Lancet. 378, 459–460. 
[PubMed: 21719098] 

Bachiller S, Jimenez-Ferrer I, Paulus A, Yang Y, Swanberg M, Deierborg T, Boza-Serrano A, 2018. 
Microglia in neurological diseases: a road map to brain-disease dependent-inflammatory response. 
Front Cell Neurosci. 12, 488. [PubMed: 30618635] 

Banerjee K, Kumar S, Ross KA, Gautam S, Poelaert B, Nasser MW, Aithal A, Bhatia R, 
Wannemuehler MJ, Narasimhan B, Solheim JC, Batra SK, Jain M, 2018. Emerging trends in the 
immunotherapy of pancreatic cancer. Cancer Lett. 417, 35–46. [PubMed: 29242097] 

Bas J, Calopa M, Mestre M, Mollevi DG, Cutillas B, Ambrosio S, Buendia E, 2001. Lymphocyte 
populations in Parkinson’s disease and in rat models of parkinsonism. J Neuroimmunol. 113, 146–
152. [PubMed: 11137586] 

Battaglia M, Stabilini A, Migliavacca B, Horejs-Hoeck J, Kaupper T, Roncarolo MG, 2006. 
Rapamycin promotes expansion of functional CD4+ CD25+ FOXP3+ regulatory T cells of both 
healthy subjects and type 1 diabetic patients. J Immunol. 177, 8338–8347. [PubMed: 17142730] 

Benner EJ, Mosley RL, Destache CJ, Lewis TB, Jackson-Lewis V, Gorantla S, Nemachek C, Green 
SR, Przedborski S, Gendelman HE, 2004. Therapeutic immunization protects dopaminergic neurons 
in a mouse model of Parkinson’s disease. Proc Natl Acad Sci U S A. 101, 9435–9440. [PubMed: 
15197276] 

Benner EJ, Banerjee R, Reynolds AD, Sherman S, Pisarev VM, Tsiperson V, Nemachek C, Ciborowski 
P, Przedborski S, Mosley RL, Gendelman HE, 2008. Nitrated alpha-synuclein immunity accelerates 
degeneration of nigral dopaminergic neurons. PLoS One. 3, e1376. [PubMed: 18167537] 

Bhattacharya P, Gopisetty A, Ganesh BB, Sheng JR, Prabhakar BS, 2011. GM-CSF-induced, bone­
marrow-derived dendritic cells can expand natural Tregs and induce adaptive Tregs by different 
mechanisms. J Leukoc Biol. 89, 235–249. [PubMed: 21048215] 

Bhattacharya P, Budnick I, Singh M, Thiruppathi M, Alharshawi K, Elshabrawy H, Holterman MJ, 
Prabhakar BS, 2015. Dual role of GM-CSF as a pro-inflammatory and a regulatory cytokine: 
Implications for immune therapy. J Interferon Cytokine Res. 35, 585–599. [PubMed: 25803788] 

Schwab et al. Page 15

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Boska MD, Lewis TB, Destache CJ, Benner EJ, Nelson JA, Uberti M, Mosley RL, Gendelman 
HE, 2005. Quantitative 1H magnetic resonance spectroscopic imaging determines therapeutic 
immunization efficacy in an animal model of Parkinson’s disease. J Neurosci. 25, 1691–1700. 
[PubMed: 15716405] 

Brochard V, Combadiere B, Prigent A, Laouar Y, Perrin A, Beray-Berthat V, Bonduelle O, Alvarez­
Fischer D, Callebert J, Launay JM, Duyckaerts C, Flavell RA, Hirsch EC, Hunot S, 2009. 
Infiltration of CD4+ lymphocytes into the brain contributes to neurodegeneration in a mouse 
model of Parkinson disease. J Clin Invest. 119, 182–192. [PubMed: 19104149] 

Carvey PM, Zhao CH, Hendey B, Lum H, Trachtenberg J, Desai BS, Snyder J, Zhu YG, Ling ZD, 
2005. 6-Hydroxydopamine-induced alterations in blood-brain barrier permeability. Eur J Neurosci. 
22, 1158–1168. [PubMed: 16176358] 

Cebon JS, Bury RW, Lieschke GJ, Morstyn G, 1990. The effects of dose and route of administration 
on the pharmacokinetics of granulocyte-macrophage colony-stimulating factor. Eur J Cancer. 26, 
1064–1069. [PubMed: 2148882] 

Chatenoud L, Baudrihaye MF, Kreis H, Goldstein G, Schindler J, Bach JF, 1982. Human in vivo 
antigenic modulation induced by the anti-T cell OKT3 monoclonal antibody. Eur J Immunol. 12, 
979–982. [PubMed: 6759145] 

Chen Y, Qi B, Xu W, Ma B, Li L, Chen Q, Qian W, Liu X, Qu H, 2015. Clinical correlation of 
peripheral CD4+ cell subsets, their imbalance and Parkinson’s disease. Mol Med Rep. 12, 6105–
6111. [PubMed: 26239429] 

Choi DH, Cristovao AC, Guhathakurta S, Lee J, Joh TH, Beal MF, Kim YS, 2012. NADPH oxidase 
1-mediated oxidative stress leads to dopamine neuron death in Parkinson’s disease. Antioxid 
Redox Signal. 16, 1033–1045. [PubMed: 22098189] 

Chorny A, Gonzalez-Rey E, Fernandez-Martin A, Pozo D, Ganea D, Delgado M, 2005. Vasoactive 
intestinal peptide induces regulatory dendritic cells with therapeutic effects on autoimmune 
disorders. Proc Natl Acad Sci U S A. 102, 13562–13567. [PubMed: 16150720] 

Ciccocioppo F, Lanuti P, Pierdomenico L, Simeone P, Bologna G, Ercolino E, Buttari F, Fantozzi 
R, Thomas A, Onofrj M, Centonze D, Miscia S, Marchisio M, 2019. The characterization of 
regulatory t-cell profiles in alzheimer’s disease and multiple sclerosis. Sci Rep. 9, 8788. [PubMed: 
31217537] 

Conway KA, Harper JD, Lansbury PT, 1998. Accelerated in vitro fibril formation by a mutant alpha­
synuclein linked to early-onset Parkinson disease. Nat Med. 4, 1318–1320. [PubMed: 9809558] 

Conway KA, Lee SJ, Rochet JC, Ding TT, Williamson RE, Lansbury PT Jr., 2000. Acceleration of 
oligomerization, not fibrillization, is a shared property of both alpha-synuclein mutations linked to 
early-onset Parkinson’s disease: implications for pathogenesis and therapy. Proc Natl Acad Sci U 
S A. 97, 571–576. [PubMed: 10639120] 

Croisier E, Moran LB, Dexter DT, Pearce RK, Graeber MB, 2005. Microglial inflammation in the 
parkinsonian substantia nigra: relationship to alpha-synuclein deposition. J Neuroinflammation. 2, 
14. [PubMed: 15935098] 

Crous-Bou M, Minguillon C, Gramunt N, Molinuevo JL, 2017. Alzheimer’s disease prevention: from 
risk factors to early intervention. Alzheimers Res Ther. 9, 71. [PubMed: 28899416] 

Danielson SR, Andersen JK, 2008. Oxidative and nitrative protein modifications in Parkinson’s 
disease. Free Radic Biol Med. 44, 1787–1794. [PubMed: 18395015] 

Dauer W, Przedborski S, 2003. Parkinson’s disease: mechanisms and models. Neuron. 39, 889–909. 
[PubMed: 12971891] 

Dawson TM, 2008. Non-autonomous cell death in Parkinson’s disease. Lancet Neurol. 7, 474–475. 
[PubMed: 18485311] 

de Lau LM, Breteler MM, 2006. Epidemiology of Parkinson’s disease. Lancet Neurol. 5, 525–535. 
[PubMed: 16713924] 

Delgado M, Chorny A, Gonzalez-Rey E, Ganea D, 2005. Vasoactive intestinal peptide generates CD4+ 
CD25+ regulatory T cells in vivo. J Leukoc Biol. 78, 1327–1338. [PubMed: 16204628] 

Desreumaux P, Foussat A, Allez M, Beaugerie L, Hebuterne X, Bouhnik Y, Nachury M, Brun V, 
Bastian H, Belmonte N, Ticchioni M, Duchange A, Morel-Mandrino P, Neveu V, Clerget-Chossat 

Schwab et al. Page 16

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



N, Forte M, Colombel JF, 2012. Safety and efficacy of antigen-specific regulatory T-cell therapy 
for patients with refractory Crohn’s disease. Gastroenterology. 143 (1207–1217), e2.

Dong J, Cui Y, Li S, Le W, 2016. Current pharmaceutical treatments and alternative therapies of 
Parkinson’s disease. Curr Neuropharmacol. 14, 339–355. [PubMed: 26585523] 

Doody RS, Thomas RG, Farlow M, Iwatsubo T, Vellas B, Joffe S, Kieburtz K, Raman R, Sun X, 
Aisen PS, Siemers E, Liu-Seifert H, Mohs R, Alzheimer’s Disease Cooperative Study Steering, 
C, Solanezumab Study, G, 2014. Phase 3 trials of solanezumab for mild-to-moderate Alzheimer’s 
disease. N Engl J Med. 370, 311–321. [PubMed: 24450890] 

Dorsett CR, McGuire JL, DePasquale EA, Gardner AE, Floyd CL, McCullumsmith RE, 2017. 
Glutamate neurotransmission in rodent models of traumatic brain injury. J Neurotrauma. 34, 263–
272. [PubMed: 27256113] 

Dorsey ER, Elbaz A, Nichols E, Abd-Allah F, Abdelalim A, Adsuar JC, Ansha MG, Brayne C, 
Choi JJ, Collado-Mateo D, Dahodwala N, Do HP, Edessa D, Endres M, Fereshtehnejad SM, 
Foreman KJ, Gankpe FG, Gupta R, Hankey GJ, Hay SI, Hegazy MI, Hibstu DT, Kasaeian A, 
Khader Y, Khalil I, Khang YH, Kim YJ, Kokubo Y, Logroscino G, Massano J, Mohamed Ibrahim 
N, Mohammed MA, Mohammadi A, Moradi-Lakeh M, Naghavi M, 7guyen BT, Nirayo YL, 
Ogbo FA, Owolabi MO, Pereira DM, Postma MJ, Qorbani M, Rahman MA, Roba K, Safari 
H, Safiri S, Satpathy M, Sawhney M, Shafieesabet A, Shiferaw MS, Smith M, Szoeke CEI, 
Tabarés-Seisdedos R, Truong NT, Ukwaja KN, Venketasubramanian N, Villafaina S, Weldegwergs 
KG, Westerman R, Wijeratne T, Winkler AS, Xuan BT, Yonemoto N, Feigin VL, Vos T, Murray 
CJ, Parkinson’s Disease Collaborators, G.B.D., 2018a. Global, regional, and national burden of 
Parkinson’s disease, 1990–2016: a systematic analysis for the Global Burden of Disease Study 
2016. Lancet Neurol. 17, 939–953. [PubMed: 30287051] 

Dorsey ER, Sherer T, Okun MS, Bloem BR, 2018b. The emerging evidence of the parkinson 
pandemic. J Parkinsons Dis. 8, S3–s8. [PubMed: 30584159] 

Dryanovski DI, Guzman JN, Xie Z, Galteri DJ, Volpicelli-Daley LA, Lee VM, Miller RJ, 
Schumacker PT, Surmeier DJ, 2013. Calcium entry and alpha-synuclein inclusions elevate 
dendritic mitochondrial oxidant stress in dopaminergic neurons. J Neurosci. 33, 10154–10164. 
[PubMed: 23761910] 

Ebadi M, Sharma SK, 2003. Peroxynitrite and mitochondrial dysfunction in the pathogenesis of 
Parkinson’s disease. Antioxid Redox Signal. 5, 319–335. [PubMed: 12880486] 

El-Koussy M, Schroth G, Brekenfeld C, Arnold M, 2014. Imaging of acute ischemic stroke. Eur 
Neurol. 72, 309–316. [PubMed: 25323674] 

Faden AI, Demediuk P, Panter SS, Vink R, 1989. The role of excitatory amino acids and NMDA 
receptors in traumatic brain injury. Science. 244, 798–800. [PubMed: 2567056] 

Farzanehfar P, 2018. Comparative review of adult midbrain and striatum neurogenesis with classical 
neurogenesis. Neurosci Res. 134 (1–9).

Fellner L, Irschick R, Schanda K, Reindl M, Klimaschewski L, Poewe W, Wenning GK, Stefanova 
N, 2013. Toll-like receptor 4 is required for alpha-synuclein dependent activation of microglia and 
astroglia. Glia. 61, 349–360. [PubMed: 23108585] 

Fernandez-Martin A, Gonzalez-Rey E, Chorny A, Ganea D, Delgado M, 2006. Vasoactive intestinal 
peptide induces regulatory T cells during experimental autoimmune encephalomyelitis. Eur J 
Immunol. 36, 318–326. [PubMed: 16402407] 

Ferreira JJ, Rascol O, Poewe W, Sampaio C, Rocha JF, Nunes T, Almeida L, Soares-da-Silva P, 
Study Investigators BIA, 2010. A double-blind, randomized, placebo and active-controlled study 
of nebicapone for the treatment of motor fluctuations in Parkinson’s disease. CNS Neurosci Ther. 
16, 337–347. [PubMed: 20653695] 

Floor E, Wetzel MG, 1998. Increased protein oxidation in human substantia nigra pars 
compacta in comparison with basal ganglia and prefrontal cortex measured with an improved 
dinitrophenylhydrazine assay. J Neurochem. 70, 268–275. [PubMed: 9422371] 

Fusco G, Chen SW, Williamson PTF, Cascella R, Perni M, Jarvis JA, Cecchi C, Vendruscolo M, 
Chiti F, Cremades N, Ying L, Dobson CM, De Simone A, 2017. Structural basis of membrane 
disruption and cellular toxicity by alpha-synuclein oligomers. Science. 358, 1440–1443. [PubMed: 
29242346] 

Schwab et al. Page 17

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Galgano M, Toshkezi G, Qiu X, Russell T, Chin L, Zhao LR, 2017. Traumatic brain injury: current 
treatment strategies and future endeavors. Cell Transplant. 26, 1118–1130. [PubMed: 28933211] 

Ganesh BB, Cheatem DM, Sheng JR, Vasu C, Prabhakar BS, 2009. GM-CSF-induced CD11c+ CD8a–
dendritic cells facilitate Foxp3+ and IL-10+ regulatory T cell expansion resulting in suppression of 
autoimmune thyroiditis. Int Immunol. 21, 269–282. [PubMed: 19174473] 

Garretti F, Agalliu D, Lindestam Arlehamn CS, Sette A, Sulzer D, 2019. Autoimmunity in parkinson’s 
disease: the role of alpha-synuclein-specific T cells. Front Immunol. 10, 303. [PubMed: 30858851] 

Gelders G, Baekelandt V, Van der Perren A, 2018. Linking neuroinflammation and neurodegeneration 
in Parkinson’s disease. J Immunol Res. 2018, 4784268. [PubMed: 29850629] 

Gendelman HE, Mosley RL, 2015. A perspective on roles played by innate and adaptive immunity 
in the pathobiology of neurodegenerative disorders. J Neuroimmune Pharmacol. 10, 645–650. 
[PubMed: 26520433] 

Gendelman HE, Zhang Y, Santamaria P, Olson KE, Schutt CR, Bhatti D, Shetty BLD, Lu Y, Estes 
KA, Standaert DG, Heinrichs-Graham E, Larson L, Meza JL, Follett M, Forsberg E, Siuzdak 
G, Wilson TW, Peterson C, Mosley RL, 2017. Evaluation of the safety and immunomodulatory 
effects of sargramostim in a randomized, double-blind phase 1 clinical Parkinson’s disease trial. 
NPJ Parkinsons Dis. 3, 10. [PubMed: 28649610] 

Goedert M, Spillantini MG, Del Tredici K, Braak H, 2013. 100 years of Lewy pathology. Nat Rev 
Neurol. 9, 13–24. [PubMed: 23183883] 

Grossberg GT, Manes F, Allegri RF, Gutierrez-Robledo LM, Gloger S, Xie L, Jia XD, Pejovic V, 
Miller ML, Perhach JL, Graham SM, 2013. The safety, tolerability, and efficacy of once-daily 
memantine (28 mg): a multinational, randomized, double-blind, placebo-controlled trial in patients 
with moderate-to-severe Alzheimer’s disease taking cholinesterase inhibitors. CNS Drugs. 27, 
469–478. [PubMed: 23733403] 

Gupta SP, Yadav S, Singhal NK, Tiwari MN, Mishra SK, Singh MP, 2014. Does restraining nitric 
oxide biosynthesis rescue from toxins-induced parkinsonism and sporadic Parkinson’s disease? 
Mol Neurobiol. 49, 262–275. [PubMed: 23900742] 

Hall JA, Grainger JR, Spencer SP, Belkaid Y, 2011. The role of retinoic acid in tolerance and 
immunity. Immunity. 35, 13–22. [PubMed: 21777796] 

Harms AS, Cao S, Rowse AL, Thome AD, Li X, Mangieri LR, Cron RQ, Shacka JJ, Raman C, 
Standaert DG, 2013. MHCII is required for alpha-synuclein-induced activation of microglia, CD4 
T cell proliferation, and dopaminergic neurodegeneration. J Neurosci. 33, 9592–9600. [PubMed: 
23739956] 

Hashimoto M, Hsu LJ, Xia Y, Takeda A, Sisk A, Sundsmo M, Masliah E, 1999. Oxidative stress 
induces amyloid-like aggregate formation of NACP/alpha-synuclein in vitro. Neuroreport. 10, 
717–721. [PubMed: 10208537] 

Hastings TG, 2009. The role of dopamine oxidation in mitochondrial dysfunction: implications for 
Parkinson’s disease. J Bioenerg Biomembr. 41, 469–472. [PubMed: 19967436] 

Henchcliffe C, Parmar M, 2018. Repairing the brain: Cell Replacement using stem cell-based 
technologies. J Parkinsons Dis. 8, S131–S137. [PubMed: 30584166] 

Holdorff B, 2002. Friedrich Heinrich Lewy (1885–1950) and his work. J Hist Neurosci. 11, 19–28. 
[PubMed: 12012571] 

Hou L, Bao X, Zang C, Yang H, Sun F, Che Y, Wu X, Li S, Zhang D, Wang Q, 2018. Integrin 
CD11b mediates alpha-synuclein-induced activation of NADPH oxidase through a Rho-dependent 
pathway. Redox Biol. 14, 600–608. [PubMed: 29154191] 

Hovgaard D, Mortensen BT, Schifter S, Nissen NI, 1992. Clinical pharmacokinetic studies of a human 
haemopoietic growth factor, GM-CSF. Eur J Clin Invest. 22, 45–49. [PubMed: 1559542] 

Howard R, McShane R, Lindesay J, Ritchie C, Baldwin A, Barber R, Burns A, Dening T, Findlay 
D, Holmes C, Hughes A, Jacoby R, Jones R, Jones R, McKeith I, Macharouthu A, O’Brien J, 
Passmore P, Sheehan B, Juszczak E, Katona C, Hills R, Knapp M, Ballard C, Brown R, Banerjee 
S, Onions C, Griffin M, Adams J, Gray R, Johnson T, Bentham P, Phillips P, 2012. Donepezil and 
memantine for moderate-to-severe Alzheimer’s disease. N Engl J Med. 366, 893–903. [PubMed: 
22397651] 

Schwab et al. Page 18

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Jack CR Jr., Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB, Holtzman DM, Jagust W, 
Jessen F, Karlawish J, Liu E, Molinuevo JL, Montine T, Phelps C, Rankin KP, Rowe CC, Scheltens 
P, Siemers E, Snyder HM, Sperling R, et al. , 2018. NIA-AA Research Framework: Toward 
a biological definition of Alzheimer’s disease. Alzheimers Dement 14, 535–562. [PubMed: 
29653606] 

Jankovic J, Aguilar LG, 2008. Current approaches to the treatment of Parkinson’s disease. 
Neuropsychiatr Dis Treat. 4, 743–757. [PubMed: 19043519] 

Jassam YN, Izzy S, Whalen M, McGavern DB, El Khoury J, 2017. Neuroimmunology of traumatic 
brain injury: time for a paradigm shift. Neuron. 95, 1246–1265. [PubMed: 28910616] 

Jimenez-Ferrer I, Swanberg M, 2018. Immunogenetics of Parkinson’s disease. In: Stoker TB, 
Greenland JC (Eds.), Parkinson’s Disease: Pathogenesis and Clinical Aspects. Codon Publications 
Copyright: The Authors., Brisbane (AU).

Kalaria RN, Akinyemi R, Ihara M, 2016. Stroke injury, cognitive impairment and vascular dementia. 
Biochim Biophys Acta. 1862, 915–925. [PubMed: 26806700] 

Kalia LV, Lang AE, 2015. Parkinson’s disease. Lancet. 386, 896–912. [PubMed: 25904081] 

Kannarkat GT, Boss JM, Tansey MG, 2013. The role of innate and adaptive immunity in Parkinson’s 
disease. J Parkinsons Dis. 3, 493–514. [PubMed: 24275605] 

Keeler GD, Kumar S, Palaschak B, Silverberg EL, Markusic DM, Jones NT, Hoffman BE, 2018. Gene 
therapy-induced antigen-specific Tregs inhibit neuro-inflammation and reverse disease in a mouse 
model of multiple sclerosis. Mol Ther. 26, 173–183. [PubMed: 28943274] 

Kelso ML, Gendelman HE, 2014. Bridge between neuroimmunity and traumatic brain injury. Curr 
Pharm Des. 20, 4284–4298. [PubMed: 24025052] 

Kelso ML, Elliott BR, Haverland NA, Mosley RL, Gendelman HE, 2015. Granulocyte-macrophage 
colony stimulating factor exerts protective and immunomodulatory effects in cortical trauma. J 
Neuroimmunol. 278, 162–173. [PubMed: 25468272] 

Kim WG, Mohney RP, Wilson B, Jeohn GH, Liu B, Hong JS, 2000. Regional difference in 
susceptibility to lipopolysaccharide-induced neurotoxicity in the rat brain: role of microglia. J 
Neurosci. 20, 6309–6316. [PubMed: 10934283] 

Kim C, Ho DH, Suk JE, You S, Michael S, Kang J, Joong Lee S, Masliah E, Hwang D, Lee HJ, 
Lee SJ, 2013. Neuron-released oligomeric alpha-synuclein is an endogenous agonist of TLR2 for 
paracrine activation of microglia. Nat Commun. 4, 1562. [PubMed: 23463005] 

Kiyota T, Machhi J, Lu Y, Dyavarshetty B, Nemati M, Yokoyama I, Mosley RL, Gendelman HE, 
2018. Granulocyte-macrophage colony-stimulating factor neuroprotective activities in Alzheimer’s 
disease mice. J Neuroimmunol. 319, 80–92. [PubMed: 29573847] 

Kleinewietfeld M, Hafler DA, 2014. Regulatory T cells in autoimmune neuroinflammation. Immunol 
Rev. 259, 231–244. [PubMed: 24712469] 

Knecht T, Story J, Liu J, Davis W, Borlongan CV, Dela Pena IC, 2017. Adjunctive therapy approaches 
for ischemic stroke: innovations to expand time window of treatment. Int J Mol Sci. 18.

Koppula S, Kumar H, Kim IS, Choi DK, 2012. Reactive oxygen species and inhibitors of 
inflammatory enzymes, NADPH oxidase, and iNOS in experimental models of Parkinson’s 
disease. Mediators Inflamm. 2012, 823902. [PubMed: 22577256] 

Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow CW, 2008. Lewy body-like pathology in 
long-term embryonic nigral transplants in Parkinson’s disease. Nat Med. 14, 504–506. [PubMed: 
18391962] 

Korzenik JR, Dieckgraefe BK, Valentine JF, Hausman DF, Gilbert MJ, Sargramostim in Crohn’s 
Disease Study, G, 2005. Sargramostim for active Crohn’s disease. N Engl J Med. 352, 2193–2201. 
[PubMed: 15917384] 

Kosloski LM, Ha DM, Hutter JA, Stone DK, Pichler MR, Reynolds AD, Gendelman HE, Mosley 
RL, 2010. Adaptive immune regulation of glial homeostasis as an immunization strategy for 
neurodegenerative diseases. J Neurochem. 114, 1261–1276. [PubMed: 20524958] 

Kosloski LM, Kosmacek EA, Olson KE, Mosley RL, Gendelman HE, 2013. GM-CSF induces 
neuroprotective and anti-inflammatory responses in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
intoxicated mice. J Neuroimmunol. 265, 1–10. [PubMed: 24210793] 

Schwab et al. Page 19

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kreutzberg GW, 1996. Microglia: a sensor for pathological events in the CNS. Trends Neurosci. 19, 
312–318. [PubMed: 8843599] 

Kuhn C, Weiner HL, 2016. Therapeutic anti-CD3 monoclonal antibodies: from bench to bedside. 
Immunotherapy. 8, 889–906. [PubMed: 27161438] 

Lane CA, Hardy J, Schott JM, 2018. Alzheimer’s disease. Eur J Neurol. 25, 59–70. [PubMed: 
28872215] 

Langlois JA, Rutland-Brown W, Wald MM, 2006. The epidemiology and impact of traumatic brain 
injury: a brief overview. J Head Trauma Rehabil. 21, 375–378. [PubMed: 16983222] 

Langston JW, 2017. The MPTP Story. J Parkinsons Dis. 7, S11–S19. [PubMed: 28282815] 

Lawson LJ, Perry VH, Dri P, Gordon S, 1990. Heterogeneity in the distribution and morphology of 
microglia in the normal adult mouse brain. Neuroscience. 39, 151–170. [PubMed: 2089275] 

Lee T, Seeman P, Rajput A, Farley IJ, Hornykiewicz O, 1978. Receptor basis for dopaminergic 
supersensitivity in Parkinson’s disease. Nature. 273, 59–61. [PubMed: 692671] 

Li JY, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ, Lashley T, Quinn NP, Rehncrona S, 
Bjorklund A, Widner H, Revesz T, Lindvall O, Brundin P, 2008. Lewy bodies in grafted neurons 
in subjects with Parkinson’s disease suggest host-to-graft disease propagation. Nat Med. 14, 501–
503. [PubMed: 18391963] 

Liao G, Nayak S, Regueiro JR, Berger SB, Detre C, Romero X, de Waal Malefyt R, Chatila 
TA, Herzog RW, Terhorst C, 2010. GITR engagement preferentially enhances proliferation of 
functionally competent CD4+ CD25+ FoxP3+ regulatory T cells. Int Immunol. 22, 259–270. 
[PubMed: 20139172] 

Lim KL, Tan JM, 2007. Role of the ubiquitin proteasome system in Parkinson’s disease. BMC 
Biochem. 8 (Suppl. 1), S13. [PubMed: 18047737] 

Lindestam Arlehamn CS, Garretti F, Sulzer D, Sette A, 2019. Roles for the adaptive immune system in 
Parkinson’s and Alzheimer’s diseases. Curr Opin Immunol. 59, 115–120. [PubMed: 31430650] 

Liu C, Lin JD, 2011. PGC-1 coactivators in the control of energy metabolism. Acta Biochim Biophys 
Sin (Shanghai). 43, 248–257. [PubMed: 21325336] 

Lotfi N, Thome R, Rezaei N, Zhang GX, Rezaei A, Rostami A, Esmaeil N, 2019. Roles of GM-CSF 
in the pathogenesis of autoimmune diseases: an update. Front Immunol. 10, 1265. [PubMed: 
31275302] 

Lotharius J, Brundin P, 2002. Pathogenesis of Parkinson’s disease: dopamine, vesicles and alpha­
synuclein. Nat Rev Neurosci. 3, 932–942. [PubMed: 12461550] 

Maas AI, Stocchetti N, Bullock R, 2008. Moderate and severe traumatic brain injury in adults. Lancet 
Neurol. 7, 728–741. [PubMed: 18635021] 

Martinez-Moczygemba M, Huston DP, 2003. Biology of common beta receptor-signaling cytokines: 
IL-3, IL-5, and GM-CSF. J Allergy Clin Immunol. 112, 653–665 quiz 666. [PubMed: 14564341] 

McGeer PL, McGeer EG, 2008. Glial reactions in Parkinson’s disease. Mov Disord. 23, 474–483. 
[PubMed: 18044695] 

McGeer PL, Itagaki S, Akiyama H, McGeer EG, 1988. Rate of cell death in parkinsonism indicates 
active neuropathological process. Ann Neurol. 24, 574–576. [PubMed: 3239957] 

Mendez I, Vinuela A, Astradsson A, Mukhida K, Hallett P, Robertson H, Tierney T, Holness R, Dagher 
A, Trojanowski JQ, Isacson O, 2008. Dopamine neurons implanted into people with Parkinson’s 
disease survive without pathology for 14 years. Nat Med. 14, 507–509. [PubMed: 18391961] 

Moore TJ, Glenmullen J, Mattison DR, 2014. Reports of pathological gambling, hypersexuality, and 
compulsive shopping associated with dopamine receptor agonist drugs. JAMA Intern Med. 174, 
1930–1933. [PubMed: 25329919] 

Mosley RL, Gendelman HE, 2017. T cells and Parkinson’s disease. Lancet Neurol. 16, 769–771. 
[PubMed: 28807669] 

Mosley RL, Hutter-Saunders JA, Stone DK, Gendelman HE, 2012. Inflammation and adaptive 
immunity in Parkinson’s disease. Cold Spring Harb Perspect Med. 2, a009381. [PubMed: 
22315722] 

Mosley RL, Lu Y, Olson KE, Machhi J, Yan W, Namminga KL, Smith JR, Shandler SJ, Gendelman 
HE, 2019. A synthetic agonist to vasoactive intestinal peptide receptor-2 induces regulatory 

Schwab et al. Page 20

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



T cell neuroprotective activities in models of Parkinson’s disease. Frontiers in Cellular 
Neuroscience. 13.

Nakamura K, 2013. alpha-Synuclein and mitochondria: partners in crime? Neurotherapeutics. 10, 391–
399. [PubMed: 23512373] 

Nemunaitis J, Rabinowe SN, Singer JW, Bierman PJ, Vose JM, Freedman AS, Onetto N, Gillis S, 
Oette D, Gold M, et al. , 1991a. Recombinant granulocyte-macrophage colony-stimulating factor 
after autologous bone marrow transplantation for lymphoid cancer. N Engl J Med. 324, 1773–
1778. [PubMed: 1903847] 

Nemunaitis J, Singer JW, Buckner CD, Mori T, Laponi J, Hill R, Storb R, Sullivan KM, Hansen 
JA, Appelbaum FR, 1991b. Long-term follow-up of patients who received recombinant human 
granulocyte-macrophage colony stimulating factor after autologous bone marrow transplantation 
for lymphoid malignancy. Bone Marrow Transplant. 7, 49–52.

Nemunaitis J, Rosenfeld CS, Ash R, Freedman MH, Deeg HJ, Appelbaum F, Singer JW, Flomenberg 
N, Dalton W, Elfenbein GJ, et al. , 1995. Phase III randomized, double-blind placebo-controlled 
trial of rhGM-CSF following allogeneic bone marrow transplantation. Bone Marrow Transplant. 
15, 949–954. [PubMed: 7581096] 

Nguyen R, Fiest KM, McChesney J, Kwon CS, Jette N, Frolkis AD, Atta C, Mah S, Dhaliwal H, 
Reid A, Pringsheim T, Dykeman J, Gallagher C, 2016. The international incidence of traumatic 
brain injury: a systematic review and meta-analysis. Can J Neurol Sci. 43, 774–785. [PubMed: 
27670907] 

Niwa F, Kuriyama N, Nakagawa M, Imanishi J, 2012. Effects of peripheral lymphocyte subpopulations 
and the clinical correlation with Parkinson’s disease. Geriatr Gerontol Int. 12, 102–107. 
[PubMed: 21929737] 

Oberstein TJ, Taha L, Spitzer P, Hellstern J, Herrmann M, Kornhuber J, Maler JM, 2018. Imbalance 
of circulating Th17 and regulatory T cells in Alzheimer’s disease: a case control study. Front 
Immunol. 9, 1213. [PubMed: 29915582] 

Olanow CW, Stern MB, Sethi K, 2009. The scientific and clinical basis for the treatment of Parkinson 
disease (2009). Neurology. 72, S1–136.

Olson KE, Kosloski-Bilek LM, Anderson KM, Diggs BJ, Clark BE, Gledhill JM Jr., Shandler 
SJ, Mosley RL, Gendelman HE, 2015. Selective VIP receptor agonists facilitate immune 
transformation for dopaminergic neuroprotection in MPTP-intoxicated mice. J Neurosci. 35, 
16463–16478. [PubMed: 26674871] 

Olson KE, Bade AN, Schutt CR, Dong J, Shandler SJ, Boska MD, Mosley RL, Gendelman HE, Liu 
Y, 2016. Manganese-enhanced magnetic resonance imaging for detection of vasoactive intestinal 
peptide receptor 2 agonist therapy in a model of Parkinson’s disease. Neurotherapeutics. 13, 
635–646. [PubMed: 27329163] 

Outeiro TF, Koss DJ, Erskine D, Walker L, Kurzawa-Akanbi M, Burn D, Donaghy P, Morris C, Taylor 
JP, Thomas A, Attems J, McKeith I, 2019. Dementia with Lewy bodies: an update and outlook. 
Mol Neurodegener. 14, 5. [PubMed: 30665447] 

Penaranda C, Tang Q, Bluestone JA, 2011. Anti-CD3 therapy promotes tolerance by selectively 
depleting pathogenic cells while preserving regulatory T cells. J Immunol. 187, 2015–2022. 
[PubMed: 21742976] 

Perruche S, Zhang P, Liu Y, Saas P, Bluestone JA, Chen W, 2008. CD3-specific antibody-induced 
immune tolerance involves transforming growth factor-beta from phagocytes digesting apoptotic 
T cells. Nat Med. 14, 528–535. [PubMed: 18438416] 

Picascia A, Grimaldi V, Iannone C, Soricelli A, Napoli C, 2015. Innate and adaptive immune response 
in stroke: focus on epigenetic regulation. J Neuroimmunol. 289, 111–120. [PubMed: 26616880] 

Pooler AM, Polydoro M, Wegmann S, Nicholls SB, Spires-Jones TL, Hyman BT, 2013. Propagation of 
tau pathology in Alzheimer’s disease: identification of novel therapeutic targets. Alzheimers Res 
Ther. 5, 49. [PubMed: 24152385] 

Qiu L, Zhang W, Tan EK, Zeng L, 2014. Deciphering the function and regulation of microRNAs 
in Alzheimer’s disease and Parkinson’s disease. ACS Chem Neurosci. 5, 884–894. [PubMed: 
25210999] 

Schwab et al. Page 21

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Reale M, Iarlori C, Thomas A, Gambi D, Perfetti B, Di Nicola M, Onofrj M, 2009. Peripheral 
cytokines profile in Parkinson’s disease. Brain Behav Immun. 23, 55–63. [PubMed: 18678243] 

Reiter CD, Teng RJ, Beckman JS, 2000. Superoxide reacts with nitric oxide to nitrate tyrosine at 
physiological pH via peroxynitrite. J Biol Chem. 275, 32460–32466. [PubMed: 10906340] 

Reynolds A, Laurie C, Mosley RL, Gendelman HE, 2007a. Oxidative stress and the pathogenesis of 
neurodegenerative disorders. Int Rev Neurobiol. 82, 297–325. [PubMed: 17678968] 

Reynolds AD, Banerjee R, Liu J, Gendelman HE, Mosley RL, 2007b. Neuroprotective activities of 
CD4+ CD25+ regulatory T cells in an animal model of Parkinson’s disease. J Leukoc Biol. 82, 
1083–1094. [PubMed: 17675560] 

Reynolds AD, Stone DK, Mosley RL, Gendelman HE, 2009. Nitrated {alpha}-synuclein-induced 
alterations in microglial immunity are regulated by CD4+ T cell subsets. J Immunol. 182, 4137–
4149. [PubMed: 19299711] 

Reynolds AD, Stone DK, Hutter JA, Benner EJ, Mosley RL, Gendelman HE, 2010. Regulatory T 
cells attenuate Th17 cell-mediated nigrostriatal dopaminergic neurodegeneration in a model of 
Parkinson’s disease. J Immunol. 184, 2261–2271. [PubMed: 20118279] 

Riederer P, Laux G, 2011. MAO-inhibitors in Parkinson’s disease. Exp Neurobiol. 20 (1), 17.

Romano M, Tung SL, Smyth LA, Lombardi G, 2017. Treg therapy in transplantation: a general 
overview. Transpl Int. 30, 745–753. [PubMed: 28012226] 

Roozenbeek B, Maas AI, Menon DK, 2013. Changing patterns in the epidemiology of traumatic brain 
injury. Nat Rev Neurol. 9, 231–236. [PubMed: 23443846] 

Rowe JM, Andersen JW, Mazza JJ, Bennett JM, Paietta E, Hayes FA, Oette D, Cassileth PA, 
Stadtmauer EA, Wiernik PH, 1995. A randomized placebo-controlled phase III study of 
granulocyte-macrophage colony-stimulating factor in adult patients (> 55 to 70 years of age) 
with acute myelogenous leukemia: a study of the Eastern Cooperative Oncology Group (E1490). 
Blood. 86, 457–462. [PubMed: 7605984] 

Roy J, Sarkar A, Parida S, Ghosh Z, Mallick B, 2017. Small RNA sequencing revealed dysregulated 
piRNAs in Alzheimer’s disease and their probable role in pathogenesis. Mol Biosyst. 13, 565–
576. [PubMed: 28127595] 

Salloway S, Sperling R, Fox NC, Blennow K, Klunk W, Raskind M, Sabbagh M, Honig LS, 
Porsteinsson AP, Ferris S, Reichert M, Ketter N, Nejadnik B, Guenzler V, Miloslavsky M, Wang 
D, Lu Y, Lull J, Tudor IC, Liu E, Grundman M, Yuen E, Black R, Brashear HR, Bapineuzumab, 
Clinical Trial, I, 2014. Two phase 3 trials of bapineuzumab in mild-to-moderate Alzheimer’s 
disease. N Engl J Med. 370, 322–333. [PubMed: 24450891] 

Saresella M, Calabrese E, Marventano I, Piancone F, Gatti A, Alberoni M, Nemni R, Clerici M, 
2011. Increased activity of Th-17 and Th-9 lymphocytes and a skewing of the post-thymic 
differentiation pathway are seen in Alzheimer’s disease. Brain Behav Immun. 25, 539–547. 
[PubMed: 21167930] 

Saunders JA, Estes KA, Kosloski LM, Allen HE, Dempsey KM, Torres-Russotto DR, Meza JL, 
Santamaria PM, Bertoni JM, Murman DL, Ali HH, Standaert DG, Mosley RL, Gendelman 
HE, 2012. CD4+ regulatory and effector/memory T cell subsets profile motor dysfunction in 
Parkinson’s disease. J Neuroimmune Pharmacol. 7, 927–938. [PubMed: 23054369] 

Schrag A, 2005. Entacapone in the treatment of Parkinson’s disease. Lancet Neurol. 4, 366–370. 
[PubMed: 15907741] 

Schulze M, Sommer A, Plotz S, Farrell M, Winner B, Grosch J, Winkler J, Riemenschneider MJ, 
2018. Sporadic Parkinson’s disease derived neuronal cells show disease-specific mRNA and 
small RNA signatures with abundant deregulation of piRNAs. Acta Neuropathol Commun. 6, 58. 
[PubMed: 29986767] 

Schutt CR, Gendelman HE, Mosley RL, 2018. Tolerogenic bone marrow-derived dendritic cells induce 
neuroprotective regulatory T cells in a model of Parkinson’s disease. Mol Neurodegener. 13, 26. 
[PubMed: 29783988] 

Scudamore O, Ciossek T, 2018. Increased oxidative stress exacerbates alpha-synuclein aggregation in 
vivo. J Neuropathol Exp Neurol. 77, 443–453. [PubMed: 29718367] 

Schwab et al. Page 22

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Simon DW, McGeachy MJ, Bayir H, Clark RS, Loane DJ, Kochanek PM, 2017. The far-reaching 
scope of neuroinflammation after traumatic brain injury. Nat Rev Neurol. 13, 171–191. [PubMed: 
28186177] 

Smeyne M, Smeyne RJ, 2013. Glutathione metabolism and Parkinson’s disease. Free Radic Biol Med. 
62, 13–25. [PubMed: 23665395] 

Smith JA, Tso JY, Clark MR, Cole MS, Bluestone JA, 1997. Nonmitogenic anti-CD3 monoclonal 
antibodies deliver a partial T cell receptor signal and induce clonal anergy. J Exp Med. 185, 
1413–1422. [PubMed: 9126922] 

Sommer A, Marxreiter F, Krach F, Fadler T, Grosch J, Maroni M, Graef D, Eberhardt E, 
Riemenschneider MJ, Yeo GW, Kohl Z, Xiang W, Gage FH, Winkler J, Prots I, Winner B, 2018. 
Th17 lymphocytes induce neuronal cell death in a human iPSC-based model of Parkinson’s 
disease. Cell Stem Cell. 23 (123–131), e6.

Souza JM, Giasson BI, Chen Q, Lee VM, Ischiropoulos H, 2000. Dityrosine cross-linking promotes 
formation of stable alpha -synuclein polymers. Implication of nitrative and oxidative stress 
in the pathogenesis of neurodegenerative synucleinopathies. J Biol Chem. 275, 18344–18349. 
[PubMed: 10747881] 

Souza-Moreira L, Campos-Salinas J, Caro M, Gonzalez-Rey E, 2011. Neuropeptides as pleiotropic 
modulators of the immune response. Neuroendocrinology. 94, 89–100. [PubMed: 21734355] 

Stone DK, Reynolds AD, Mosley RL, Gendelman HE, 2009. Innate and adaptive immunity for 
the pathobiology of Parkinson’s disease. Antioxid Redox Signal. 11, 2151–2166. [PubMed: 
19243239] 

Su X, Maguire-Zeiss KA, Giuliano R, Prifti L, Venkatesh K, Federoff HJ, 2008. Synuclein activates 
microglia in a model of Parkinson’s disease. Neurobiol Aging. 29, 1690–1701. [PubMed: 
17537546] 

Sulzer D, Alcalay RN, Garretti F, Cote L, Kanter E, Agin-Liebes J, Liong C, McMurtrey C, 
Hildebrand WH, Mao X, Dawson VL, Dawson TM, Oseroff C, Pham J, Sidney J, Dillon MB, 
Carpenter C, Weiskopf D, Phillips E, Mallal S, Peters B, Frazier A, Lindestam Arlehamn CS, 
Sette A, 2017. T cells from patients with Parkinson’s disease recognize alpha-synuclein peptides. 
Nature. 546, 656–661. [PubMed: 28636593] 

Surmeier DJ, Obeso JA, Halliday GM, 2017. Selective neuronal vulnerability in Parkinson disease. Nat 
Rev Neurosci. 18, 101–113. [PubMed: 28104909] 

Suzuki Y, Claflin J, Wang X, Lengi A, Kikuchi T, 2005. Microglia and macrophages as innate 
producers of interferon-gamma in the brain following infection with Toxoplasma gondii. Int J 
Parasitol. 35, 83–90. [PubMed: 15619519] 

Takizawa C, Thompson PL, van Walsem A, Faure C, Maier WC, 2015. Epidemiological and economic 
burden of Alzheimer’s disease: a systematic literature review of data across Europe and the 
United States of America. J Alzheimers Dis. 43, 1271–1284. [PubMed: 25159675] 

Tansey MG, Goldberg MS, 2010. Neuroinflammation in Parkinson’s disease: its role in neuronal death 
and implications for therapeutic intervention. Neurobiol Dis. 37, 510–518. [PubMed: 19913097] 

Theodore S, Cao S, McLean PJ, Standaert DG, 2008. Targeted overexpression of human alpha­
synuclein triggers microglial activation and an adaptive immune response in a mouse model 
of Parkinson disease. J Neuropathol Exp Neurol. 67, 1149–1158. [PubMed: 19018246] 

Thomas MP, Chartrand K, Reynolds A, Vitvitsky V, Banerjee R, Gendelman HE, 2007. Ion channel 
blockade attenuates aggregated alpha synuclein induction of microglial reactive oxygen species: 
relevance for the pathogenesis of Parkinson’s disease. J Neurochem. 100, 503–519. [PubMed: 
17241161] 

Thonhoff JR, Beers DR, Zhao W, Pleitez M, Simpson EP, Berry JD, Cudkowicz ME, Appel SH, 2018. 
Expanded autologous regulatory T-lymphocyte infusions in ALS: A phase I, first-in-human study. 
Neurol Neuroimmunol Neuroinflamm. 5, e465. [PubMed: 29845093] 

Tysnes OB, Storstein A, 2017. Epidemiology of Parkinson’s disease. J Neural Transm (Vienna). 124, 
901–905. [PubMed: 28150045] 

Vaikunthanathan T, Safinia N, Boardman D, Lechler RI, Lombardi G, 2017. Regulatory T cells: 
tolerance induction in solid organ transplantation. Clin Exp Immunol. 189, 197–210. [PubMed: 
28422316] 

Schwab et al. Page 23

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Van Limbergen EJ, De Ruysscher DK, Olivo Pimentel V, Marcus D, Berbee M, Hoeben A, Rekers N, 
Theys J, Yaromina A, Dubois LJ, Lambin P, 2017. Combining radiotherapy with immunotherapy: 
the past, the present and the future. Br J Radiol. 90, 20170157. [PubMed: 28541096] 

Varela N, Chorny A, Gonzalez-Rey E, Delgado M, 2007. Tuning inflammation with anti-inflammatory 
neuropeptides. Expert Opin Biol Ther. 7, 461–478. [PubMed: 17373898] 

Viner RI, Williams TD, Schoneich C, 1999. Peroxynitrite modification of protein thiols: oxidation, 
nitrosylation, and S-glutathiolation of functionally important cysteine residue(s) in the 
sarcoplasmic reticulum Ca-ATPase. Biochemistry. 38, 12408–12415. [PubMed: 10493809] 

Volpicelli-Daley LA, Luk KC, Patel TP, Tanik SA, Riddle DM, Stieber A, Meaney DF, Trojanowski 
JQ, Lee VM, 2011. Exogenous alpha-synuclein fibrils induce Lewy body pathology leading to 
synaptic dysfunction and neuron death. Neuron. 72, 57–71. [PubMed: 21982369] 

Wang L, de Zoeten EF, Greene MI, Hancock WW, 2009. Immunomodulatory effects of deacetylase 
inhibitors: therapeutic targeting of FOXP3+ regulatory T cells. Nat Rev Drug Discov. 8, 969–
981. [PubMed: 19855427] 

Wawruch M, Macugova A, Kostkova L, Luha J, Dukat A, Murin J, Drobna V, Wilton L, Kuzelova 
M, 2012. The use of medications with anticholinergic properties and risk factors for their use in 
hospitalised elderly patients. Pharmacoepidemiol Drug Saf. 21, 170–176. [PubMed: 21671440] 

Weller J, Budson A, 2018. Current understanding of Alzheimer’s disease diagnosis and treatment. 
F1000Res. 7.

You S, Candon S, Kuhn C, Bach JF, Chatenoud L, 2008. CD3 antibodies as unique tools to restore 
self-tolerance in established autoimmunity their mode of action and clinical application in type 1 
diabetes. Adv Immunol. 100, 13–37. [PubMed: 19111162] 

Zhang W, Dallas S, Zhang D, Guo JP, Pang H, Wilson B, Miller DS, Chen B, Zhang W, McGeer 
PL, Hong JS, Zhang J, 2007. Microglial PHOX and Mac-1 are essential to the enhanced 
dopaminergic neurodegeneration elicited by A30P and A53T mutant alpha-synuclein. Glia. 55, 
1178–1188. [PubMed: 17600340] 

Zhang QS, Heng Y, Mou Z, Huang JY, Yuan YH, Chen NH, 2017. Reassessment of subacute MPTP­
treated mice as animal model of Parkinson’s disease. Acta Pharmacol Sin. 38, 1317–1328. 
[PubMed: 28649132] 

Zou T, Satake A, Ojha P, Kambayashi T, 2011. Cellular therapies supplement: the role of granulocyte 
macrophage colony-stimulating factor and dendritic cells in regulatory T-cell homeostasis and 
expansion. Transfusion. 51 (Suppl. 4), 160S–168S. [PubMed: 22074627] 

Schwab et al. Page 24

Neurobiol Dis. Author manuscript; available in PMC 2021 March 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Immunity and neurodegenerative disease pathogenesis. Neurodegenerative processes often 

involve interactions between infiltrating effector T cells (Teffs) and microglia to affect 

the progression of neurodegenerative disease either due to aberrant protein processing 

or danger/damage signaling due to neuronal injury and death. Microglia respond to 

a reactive phenotype during cell-cell interactions with Teffs after migrating across the 

blood brain barrier (BBB). While the pathological consequences and origins of such 

neuroinflammation varies across disease states, the inflammatory signature shared by the 

represented neurodegenerative diseases identifies a common target for disease therapy. (A) 

In Parkinson’s disease, α-syn is modified, misfolded, oligomerized, and released into the 

extracellular environment following neuronal injury. Misfolded and oxidatively modified 

α-syn aggregates and elicits microglial activation that perpetuates neuronal damage within 

the substantia nigra pars compacta (SNc). Modified self-proteins, such as aggregated 

N-α-syn with proinflammatory milieu, initiate a systemic, adaptive immune response 

following their drainage to secondary lymphoid tissues. Increased BBB permeability and 

Teff influx exacerbate neuroinflammation and neurodegeneration upon recognition in the 

CNS through the secretion of inflammatory mediators that shift the brain microenvironment 

towards a pro-inflammatory phenotype. (B) In Alzheimer’s disease, inflammation-associated 

neuronal death results in the release of amyloid-β (Aβ) plaques and neurofibrillary tangles 

(NFTs) into the extracellular environment which induce inflammation and subsequent 

neural death. Increased inflammation augments aberrant amyloid protein processing, Aβ 
accumulation, and hyperphosphorylation of Tau. (C) In TBI, trauma to the brain causes 

tissue damage, which in turn activates microglia and induces Teff influx. Microglia 

shift from a homeostatic to a reactive phenotype with secretion of proinflammatory 

factors leading to increased overall cytotoxicity that propagates neuroinflammation and 

neurodegeneration. (D) Following an ischemic stroke, tissue damage and BBB injury initiate 

microglial activation and influx of pro-inflammatory immune cells. Teffs infiltrating the 

brain, secrete neurotoxic and inflammatory mediators alongside reactive microglia resulting 

in penumbric spreading of neuronal death and astroglial scarring.
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Fig. 2. 
Therapeutic transformation of the brain’s microenvironment in neurodegenerative 

disease. A neuroinflammatory microenvironment heralds the onset and progression of 

neurodegenerative disease. Inflammation perpetuates microglial activation and subsequent 

neurodegeneration and is pivotal in the progression of Parkinson’s disease, Alzheimer’s 

disease, stroke, and traumatic brain injury. In most neurodegenerative disorders, aberrant 

protein modifications and misfolding allow fibrillogenic and aggregated forms to be 

released into the extracellular environment. Similarly in TBI and stroke, damage/danger 

signals from tissues and neurons are also produced and released upon injury. Modified 

proteins and DAMPs initiate the activation of microglia with the production and release 

of inflammatory mediators and cytokines as well as reactive oxygen and nitrogen species. 

These prove to be neurotoxic with the ability to damage surrounding neurons. Additionally, 

the proinflammatory milieu drains to secondary lymphoid tissues where it activates antigen 
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presenting cells (APCs) to present modified self-antigens such as nitrated α-synuclein. 

Under the influence of proinflammatory co-stimulatory signals, naïve T cells initiate 

programs to differentiate and expand into pro-inflammatory effector T cells (Teffs) 

such as Th1 and Th17 cells. These Teffs extravasate across the blood brain barrier at 

inflammatory foci whereby Teffs are reactivated by microglia or macrophages which 

exacerbate neuroinflammation and neurodegeneration through the secretion of inflammatory 

mediators. Overall, Teff-microglia interactions shift the brain microenvironment towards a 

pro-inflammatory neurotoxic environment that hastens disease progression. On the other 

hand, regulatory T cells (Tregs) have the capacity to harness microglial and APC activation, 

attenuate inflammation, inhibit Teff induction, and induce astrocytic neurotrophins, thus 

effectively transforming a neurotoxic environment to a neurotrophic state. In chronic 

neurodegenerative disorders and acute CNS damage, Treg processes are often overwhelmed 

due to their low numbers or dysfunction. Therefore immune modulating agents, such as 

anti-CD3 mAbs, vasoactive intestinal peptide (VIP), or granulocyte macrophage colony 

stimulating factor (GM-CSF) are utilized to increase Treg number and function which also 

can extravasate at sites of neuroinflammation and execute Treg processes to rebalance the 

neurotoxic state to one of neuroprotection.
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Fig. 3. 
Mechanisms underlying Treg expansion. The growing body of research that implicates 

immunological dysfunction in the pathology of Parkinson’s disease and other 

neurodegenerative disorders has shed light on new pharmacological targets capable of 

addressing more causal aspects of the neurodegenerative disease. Specifically, Treg 

inducing agents capable of shifting the immune environment towards an anti-inflammatory, 

neuroprotective state are being explored for future clinical application. (A) GM-CSF 

acts as a Treg inducing agent by initially facilitating the differentiation of bone marrow 

progenitor cells into tolerogenic dendritic cells (DCs). These dendritic cells express the 

surface markers OX40L and Jagged-1 (Jag-1) which induce and expand natural Treg 

and induce Treg proliferation following interactions with their cognate receptors. TGF-β 
secreted by the BMDCs enable the conversion of Teffs into Tregs in the presence of 

co-stimulatory molecules. A specific population of tolerogenic DCs that are CD8α- are 
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remarkably responsive to GM-CSF as they expand in both number and function and directly 

transform Teffs to Tregs. (B) In contrast to other immunomodulating therapies, anti-CD3 

monoclonal antibodies (mAbs) directly affect peripheral T cells. Upon anti-CD3 mAb 

binding the CD3/TCR complex of a naïve T cell, it is capable of shedding or internalizing 

the receptor/antibody complex or propagating a signaling cascade. This signaling can result 

in either induction of an anergic program capable of transient immune suppression, or an 

apoptotic program by the activated cell. Apoptosis causes the release of apoptotic bodies 

which secrete TGF-β into the environment or are phagocytosed by macrophages which then 

releases TGF-β into the extracellular space. TGF-β shifts DCs into a tolerogenic state or acts 

on naïve T cells to induce Tregs. (C) VIP generates tolerogenic DCs from myeloid specific 

bone marrow progenitors. VIP-differentiated tolerogenic DCs induce T regulatory 1 (Tr1) 

cells from CD4+ CD25− naïve T cells which secrete anti-inflammatory cytokines such as 

TGF-β and IL-10. Within an environment associated with factors such as IL-10, TGF-β, 

and INF-α, VIP facilitates the differentiation of naïve T cells into Tregs with high levels 

of CTLA-4 on the cell surface. In the presence of VIP, Th3 cells are also induced from the 

CD4+ CD25− compartment, furthering the anti-inflammatory shift in the microenvironment 

via the secretion of TGF-β.
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