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Abstract 
 

Innate and Adaptive Immune System Crosstalk in Parkinson’s Disease 
By Elizabeth Marie Kline  

 
Parkinson’s disease is a neurodegenerative movement disorder 

characterized by degeneration of dopaminergic neurons in the substantia nigra 
and aggregation of a-synuclein. The cause of Parkinson’s disease (PD) is 
unknown, although genetic and environmental risk factors have been identified. 
The signaling pathways downstream of antigen presentation and mixed lineage 
kinases regulate a multitude of neuronal and immune functions and are of 
interest in PD.  

Mixed lineage kinases (MLKs) are expressed by both neuronal and glial 
cells. Because they are upstream of cell death pathways, previous work focused 
on inhibition as a possible therapeutic strategy. In this work, a neuroprotection 
study is presented in which specific inhibition of mixed lineage kinase 3 was 
tested in a neurotoxin model of PD in mice. It was found that the mixed lineage 
kinase 3 (MLK3) inhibitor did not interfere with the neurotoxin, was able to cross 
the blood-brain barrier, and did inhibit phosphorylation of an MLK3 target 
(JNK). By targeting MLK3 with the inhibitor CLFB-1134, protection of 
dopaminergic cell bodies and terminals was achieved, although striatal levels of 
dopamine were not restored to the level observed in control animals.  

Antigen presentation via the protein major histocompatibility complex 
class II (MHCII) is suspected to contribute to PD pathology based on genome-
wide association studies, post-mortem histology, and evidence from animal 
models of PD. Here it is reported that mice with peripheral myeloid deletion of 
MHCII display changes in T cell frequencies and maintain tyrosine hydroxylase 
expression in the striatum following nigral human a-synuclein expression. The 
pesticide cypermethrin, a member of the pyrethroid family known to increase 
risk for PD in humans, did not robustly exacerbate the inflammation or 
degeneration caused by human a-synuclein expression. This work also describes 
an investigation of the effects of an MHCII single nucleotide polymorphism 
genotype on T cell subsets in PD patients.  

MLK3 kinase function and MHCII antigen presentation regulate key 
neuronal and immune functions that appear to influence the neurodegenerative 
process in PD. Anti-inflammatory therapeutic interventions that attempt to 
diminish MHCII expression and inhibition of MLK3 represent different 
approaches to preserve nigrostriatal dopamine and prevent the progression of 
degeneration.  
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CHAPTER 1. INTRODUCTION 

1.1 Genetic and environmental factors converge to disrupt immune 

function and increase risk for Parkinson’s disease.  

The goal of this introductory chapter is to describe Parkinson’s as a disease 

of neuroimmune dysfunction, arising, in part, from interactions between genetic 

factors and environmental exposures arbitrated by the immune system. While 

age is the greatest risk factor for Parkinson’s disease (PD), genetic and 

environmental factors contribute to risk as well, although mechanisms remain 

unclear. Despite awareness of PD for over two hundred years, no therapies 

capable of modifying disease progression exist. It may be the case that failure of 

experimental clinical interventions could be attributed to the categorization of PD 

patients as a relatively uniform group rather than subdividing patients based on 

genetic variations and environmental exposures. Enriching trials for subjects 

with specific genetic risk factors and/or specific environmental exposures may 

reveal contexts in which some therapeutic strategies can be successful.  The 

immune system mediates outcomes to environmental exposures based on specific 

heritable trains that influence immune function, and this will be the focus of the 

review, rather than the direct effects of environmental exposures on the neurons 

that degenerate in PD. By synthesizing the information in this way and focusing 

on the critical role of the immune system, we seek to further the development of 

immunomodulatory approaches to prevent or delay onset of PD and to push the 

field toward greater consideration of the gene-environment context of individual 

PD patients. In this way, PD patients may receive more precision medical care 

suitable for their specific genetics and environmental exposures.  
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1.1a) Parkinson’s disease background 

 In 1817, James Parkinson, a medical doctor, described a “shaking palsy”. 

The condition was detailed and named after Parkinson by the scientist Jean-

Martin Charcot in 1872. At that time, the pathology of the disease was unknown, 

but by 1893, a patient with a tumor in the substantia nigra was described in a 

case study by Paul Blocq and Georges Marinesco (Hostiuc et al., 2016). Because 

this patient had a resting tremor, like the patients described by Parkinson in his 

essay, the connection between the substantia nigra and parkinsonism emerged. 

Fritz Heinrich Lewy, writing in 1912, first published a characterization of the 

proteinaceous aggregates in PD brain, including areas outside the substantia 

nigra. The observation was corroborated by Konstantin Nikolaevich Tretiakoff in 

1919, and Tretiakoff named the structures “Lewy bodies” (LBs). Decades later, in 

the 1990s, the 140 amino acid protein a-synuclein was identified as a primary 

component of LBs in PD as well as dementia with LBs and the synucleinopathy 

multiple system atrophy. The field shifted significantly in how a-synuclein is 

regarded within the mechanism of PD pathogenesis in 1997 when a missense 

mutation in the gene for a-synuclein was identified in an Italian family with 

multiple cases of early onset PD (Polymeropoulos et al., 1997). Braak and 

colleagues, in 2003, published a staging system for idiopathic PD based on the 

localization of a-synuclein-containing LBs (Braak et al., 2003). The dorsal motor 

nucleus of the vagal nerve was identified as a possible point of origin for LB 

formation in the brain. Since then, genome wide association studies (GWASs) 

have shown that variations in SNCA are associated with increased risk for 
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idiopathic PD (Satake et al., 2009; Simon-Sanchez et al., 2009). In terms of the 

field’s awareness of PD as a neuroimmune dysfunction, activated microglia were 

first observed in post-mortem PD brain tissue in 1988 (McGeer et al., 1988b; 

McGeer et al., 1988a). This was followed by the measurement of inflammatory 

cytokines including IL-1b, IL-6, epidermal growth factor, and transforming 

growth factor-a in PD brain (Mogi et al., 1994b).  

Currently, PD is the most common neurodegenerative movement disorder, 

affecting approximately 10 million patients worldwide (Dorsey et al., 2007). 

There are approximately 50,000 new diagnoses of PD per year and the number of 

patients is expected to double by 2030 (Dorsey et al., 2007). PD is diagnosed in 

the clinic based on motor symptoms including resting tremor, gait abnormalities, 

postural instability, and bradykinesia (Poewe et al., 2017). These motor 

symptoms are brought on by deficiency in the neurotransmitter dopamine (DA) 

induced by degeneration of striatal dopaminergic terminals and death of neurons 

in the substantia nigra (SN), a midbrain nucleus, although this is not the only 

brain region affected by the disease. The other neuropathological hallmark of PD 

is the presence of proteinaceous aggregations called Lewy bodies (LBs), or, when 

present in neuronal processes, Lewy neurites. The protein a-synuclein is the 

main component of LBs (Ingelsson, 2016). In humans, non-human primates, and 

rodents, DA neurons in the SN project to the medium spiny neurons of the 

striatum, a brain region within a network known as the basal ganglia. Currently, 

the main treatment for PD is DA replacement by dosing with levodopa which can 

be converted to dopamine by DOPA decarboxylase. Deep brain stimulation (DBS) 

surgeries are offered to some PD patients whose symptoms are not successfully 
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managed by levodopa treatment. These interventions have existed for a relatively 

long time and can address motor symptoms, but do not modify the progression of 

dopamine loss (Birkmayer and Hornykiewicz, 1961; Benabid et al., 1987).  

Idiopathic PD likely originates from diverse underlying mechanisms, 

making assessment of risk, evaluation of prognosis, and design of treatment 

challenging. Because of the complex nature of neuroimmune interactions and 

differences between PD models and PD patients, there is no consensus in the 

field definitively establishing whether the various phases of the immune response 

in PD are adaptive and ought to be enhanced for therapeutic outcomes or are 

disease-promoting and should be inhibited. Here we review several 

inflammation-related phenomena in PD, the peripheral blood immunophenotype 

changes associated with PD, genetic and environmental factors known to engage 

the immune system in PD, and, finally, synergy between genetic and 

environmental factors that converge on the immune system and are likely to 

affect the progression of disease.  

1.1b) Brain inflammation in PD and animal models of PD 

Using positron-emission tomography (PET) imaging, radioligands that 

bind microglial surface markers such as 11C-PH1195, 11C-PBR, or 18F-FEPPA, can 

detect ongoing neuroinflammation in living PD patients (Banati et al., 1997; 

Papadopoulos et al., 2006). These studies reported that PD brains are 

characterized by increased microglial activation in the pons, basal ganglia, frontal 

and temporal cortex. Importantly, while the observed PET signal has been 

attributed to microglia, distinguishing between microglia and macrophage from 

the peripheral immune system has not been possible in these studies. The 
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importance of identifying cells in the brain as microglia or infiltrating peripheral 

immune cells will be discussed in later sections of this review. Regardless, the 

magnitude of PET ligand signal does not correlate with UPDRS score in all 

studies, but does in some (Ouchi et al., 2005). Thus, via PET, determining 

whether neuroinflammation is directly associated with degree of motor 

impairment is not currently possible in humans. PET studies of PD are limited by 

substantial inter-individual variability, and because fluctuations in microglial or 

macrophage phenotype throughout disease likely exist, studies have to control for 

factors such as age of onset and disease duration to more accurately interpret 

PET findings (Joers et al., 2017).  

Post-mortem comparisons of PD and age-matched healthy control brains 

describe the presence of cells positive for the antigen presentation protein major 

histocompatibility complex class II (MHCII) in the PD SN, indicating immune 

activation within an area of degeneration (McGeer et al., 1988a). MHC-II 

expression in PD brain has been shown to correlate with deposition of α-

synuclein (Croisier et al., 2005). Other specific indicators of immune activation in 

the PD brain include increased caspase activity and increased expression of 

tumor necrosis factor receptor 1 (TNFR1), p53 protein, interferon-g (IFNg), and 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) (Boka et 

al., 1994; Mogi et al., 2000; Mogi et al., 2007). In a case where humans 

unknowingly self-administered a synthetic analogue of meperidine, the 

neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) which is toxic 

to DA neurons, the SN was characterized by MHCII+ cells upon post-mortem 

examination (Langston et al., 1999). The evidence from Langston et al. and 
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McGeer et al. suggests that that DA degeneration arising from acute neurotoxin 

exposure or PD both can result in antigen presentation (McGeer et al., 1988b; 

Langston et al., 1999).  

Antigen presentation involves the uptake of pathogens, proteins, or 

cellular debris by antigen presenting cells (dendritic cells, macrophages, 

microglia, etc.) via phagocytosis or macropinocytosis. These internalized 

molecules are processed into peptides through endolysosomal pathways, 

resulting in peptide loading onto MHC complexes for presentation to naïve T 

cells (Roche and Furuta, 2015). In antigen presentation via MHCII, the peptide-

MHCII complex is recognized by the T cell receptors on CD4+ T cells.  

Structurally, MHCII molecules are heterodimeric, consisting of an a chain and a 

b chain (Trowsdale, 1993).  The genetic locus for MHCII codes for three a/b 

heterodimeric isotypes known as HLA-DR, -DQ, and DP (Trowsdale, 1993).  The 

type of antigen loaded into MHCII is dependent upon the MHCII isotype. T cells 

in turn bind the peptide-MHC complex via their clonotypic T cell receptor with 

support from coreceptors (Pennock et al., 2013). Cytolytic CD8+ T cells recognize 

antigenic peptides loaded onto MHCI and kill infected or marked target cells 

through direct cell-to-cell contact and cell lysis via release of granzyme B and 

other proteases. CD4+ T cells take on helper phenotypes and release a blend of 

cytokines that can act directly on cellular receptors to activate cell death 

pathways, recruit innate immune cells, and drive B cell activation (Pennock et al., 

2013).  

Identifying the antigen presenting cells observed in post-mortem PD 

tissue as immune cells that are brain resident (microglia) or infiltrators from the 
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peripheral immune system has been a challenge. Doing so remains an important 

goal because of the meaning for treatment; for example, it is useful to know 

whether a drug needs to cross the blood-brain barrier. Peripheral and brain-

resident immune cells are likely to be functionally distinct, having originated in 

developmentally separate tissues and matured in a different cellular 

neighborhood, and this must be taken into consideration in the identification of 

druggable targets.  While the cells of the peripheral immune system arise from 

and are renewed by a shared, pluripotent hematopoietic precursor cell population 

in the bone marrow, microglia are developmentally distinct, originating from 

progenitors in the yolk sac during embryogenesis (Alliot et al., 1999; Ginhoux et 

al., 2013). Surface protein and gene expression overlap between microglia and 

macrophages is extensive. However, in their responses to inflammatory signals 

such as IL-4, LPS, IFNg, and dexamethasone, microglia and macrophages exhibit 

major differences in protein upregulation and cytokine secretion (Michelucci et 

al., 2009). Even among microglia, there is regional heterogeneity in function, 

morphology, and cell density (Lawson et al., 1990; Mittelbronn et al., 2001; Kim 

et al., 2004), with a notable increase in microglia density in the SN and striatum 

(12% of total cells rather than 5% in other brain regions, (Lawson et al., 1990)). 

Microglia are not the only central nervous system (CNS) tissue macrophage. 

There also exists perivascular macrophages, meningeal macrophages, and 

choroid plexus macrophages, all of which have Iba-1, F4/80, and CX3CR1 

expression in common with microglia. Review of the innate immune cells present 

in or near the CNS can be found in (Ransohoff and Brown, 2012; Lopez-Atalaya 
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et al., 2018). Considering the role of each of these immune cell types in PD 

neuroinflammation is important.  

As the brain’s resident phagocytic immune cells, microglia are responsible 

for effective clearance of debris, including misfolded and aggregated α-synuclein 

(Hickman et al., 2018). In addition to DA neuron loss, formation of LBs that 

primarily consist of aggregated α-synuclein and Lewy neurites that form in the 

axons, are key neuropathological hallmarks of PD. A better understanding of the 

relationship between microglial antigen presentation and α-synuclein 

accumulation and formation of LBs will further our understanding of PD and could 

guide development of immunomodulatory treatments to prevent or delay this 

disease. Furthermore, increased microglial HLA-DR (a human MHCII molecule) 

expression occurs in many neurological diseases characterized by chronic 

neuroinflammation including Alzheimer’s, Huntington’s, and Pick’s disease, 

broadening the relevance of work on antigen presentation in the CNS (McGeer et 

al., 1988a).  

Lymphocyte presence in the CNS has been reported in PD (McGeer et al., 

1988a; Brochard et al., 2009). The precise function of T cells in the brain in PD is 

not fully understood, but their function has been implicated in learning and 

memory (Ziv et al., 2006; Kipnis et al., 2012; Radjavi et al., 2014) as well as 

neurodegeneration (reviewed in (Sommer et al., 2017)). In general, CD8+ T cells 

recognize and respond to antigen presented in complex with the MHC class I 

protein (MHCI), which can be expressed by all cells. CD8+ T cells can kill neurons 

by several different mechanisms including engagement of Fas and TNF signaling 

pathways, release of granzymes and perforins following recognition of their 
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cognate antigen-MHCI complex (Appel et al., 2010; Coque et al., 2019). Neurons 

in the SN and locus coeruleus (LC) are reported to up-regulate MHCI in an α-

synuclein overexpression model of PD neuropathology, flagging themselves for cell 

killing mediated by antigen-specific CD8+ T cells (Cebrian et al., 2014). Both CD8+ 

and CD4+ T cells are more abundant in the brains of PD patients and those of 

MPTP-intoxicated mice than controls, where the T cell infiltration is known to 

appear subsequent to gliosis and is evinced by the presence of  T cells proximal to 

blood vessels and melanized DA neurons (Brochard et al., 2009). How adaptive 

immune cells from the periphery gain access to the brain parenchyma is a matter 

of controversy. It may be the case that the fluid portion of the CSF drains into the 

blood via arachnoid granulations, a feature of the meninges localized along 

sinuses. In this model, immune cells and proteins in CSF could drain through dural 

lymphatics and into deep cervical lymph nodes, even in the absence of disease, but 

never enter the parenchyma. However, the presence of T cells within the brain 

parenchyma in studies of mouse and rat models of PD pathology and in post-

mortem PD tissue, contradicts this proposed structural separation (Theodore et 

al., 2008; Brochard et al., 2009; Sanchez-Guajardo et al., 2010).  

In animal models of PD and in in vitro systems, microglia can respond to 

overexpressed, misprocessed (nitrated), WT or mutant α-synuclein, and this 

reaction occurs prior to neuron death (Croisier et al., 2005; Klegeris et al., 2008; 

Theodore et al., 2008; Watson et al., 2012; Tansey and Romero-Ramos, 2019). 

There is evidence to suggest that prion-like, aggregated, or oxidized proteins 

including α-synuclein may act as immunogenic stimuli in PD, setting off a 

signaling cascade resulting in neurodegeneration. Pathogenic α-synuclein forms 
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appear to be permitted to accumulate and have been proposed to spread 

throughout the brain, based on experiments using rodents: rat- (Kirik et al., 

2002; Klein et al., 2002; Lo Bianco et al., 2002; Lauwers et al., 2003; Chung et 

al., 2009; Koprich et al., 2010), mouse- (Lauwers et al., 2003; Theodore et al., 

2008; Oliveras-Salva et al., 2013). Comparison of viral vector-mediated a-

synuclein expression in rat relative to the intra-striatal delivery of the chemical 

neurotoxin 6-OHDA model found that both the level of dopamine loss and motor 

deficits seen after a-synuclein overexpression are similar in extent to that seen 

after 6-OHDA, but the timing of degeneration and development of motor deficits 

were progressive, developing over the course of 8-16 weeks post AAV virus 

injection (Lindgren et al., 2012). Due to the more protracted nature of DA loss 

and neuron death in the a-synuclein model, viral vector-based models can be 

regarded as more closely representing the key aspects of PD than the 6-OHDA 

oxidative neurotoxin model. Importantly, PD is typically diagnosed in the clinic 

when 60% of SN neurons have been lost (Dauer and Przedborski, 2003), and 

viral vector mediated overexpression of WT a-synuclein has, at high titers in rats, 

been shown to produce similar degree of DA neuron loss (Fischer et al., 2016).  

High expression of human a-synuclein as compared to green fluorescent 

protein (GFP) in rodent brain produces notable upregulation of MHCII. In 

addition to their antigen presenting capacity, brain-resident and peripheral 

immune cells also release cytokines and chemokines that can not only 

communicate between immune cells, but can act directly on neurons, causing the 

activation of caspases and cell death pathways. In order to better understand the 
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role of different immune cells in an a-synuclein-based model of disease, an early 

study examined recombinant adeno-associated viral vector (rAAV2/5) to drive 

expression of human, wild-type (WT) a-synuclein in female rats (Sanchez-

Guajardo et al., 2010). By adjusting the viral titer, researchers were able to 

distinguish between ongoing neuron death- or non-death-associated 

inflammation. Transient increases in microglia cell number occurred in the 

presence of a-synuclein pathology, independent of cell death (Sanchez-Guajardo 

et al., 2010). This transient increase in microglia number was followed by long 

term induction of MHCII expression on Mac1+ cells (macrophages or microglia) 

(Sanchez-Guajardo et al., 2010). Interestingly, T cell infiltration was associated 

with the degree of neuron loss such that CD3+ cell counts in the SN were higher 

when neuron death occurred (Sanchez-Guajardo et al., 2010).    

T cell responses have been characterized in other animal models of PD-like 

degeneration as well. After dopaminergic degeneration induced by MPTP, T cells 

are present in the SN, specifically those with expression of the transcription 

factor RORgT, which is found in the CD4+ T cell subset known as Th17’s (Liu et 

al., 2017). Manipulation of T cell functionality, as in RAG1KO mice, can be 

protective in mice treated with MPTP (Benner et al., 2008). In a mouse model 

where the CSF1R-targeted compound PLX3397 was used to deplete microglia, 

increased leukocyte infiltration was observed in the brain following MPTP (Yang 

et al., 2018). This indicates that, in PD, microglia may act to limit the infiltration 

of T cells, B cells, and other peripheral immune cells into the brain parenchyma. 

Microglial depletion, and the associated increase in leukocyte infiltration, 
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exacerbated MPTP-induced DA neuron loss (Yang et al., 2018). It is conceivable, 

then, that in PD there is either microglial loss-of-function, creating an 

environment permissive of T cell infiltration, or a T cell migration/activation 

gain-of-function that supersedes the homeostatic “brakes” offered by microglia. 

The molecular mechanisms of such processes remain to be understood and future 

work should prioritize in vivo experimental systems where all of these cell types 

are represented, and their interactions can be studied accordingly.  

The results of studies that have examined brain inflammation and 

infiltration by peripheral immune cells suggest the following cascade of system 

level events possibly occurs in PD: a-synuclein burden in neurons increases in 

response to aging and/or some insult, creating a local environment of immune 

activation and inflammation. Microglia and peripheral immune cells that are 

present in the brain perivascular space or within the parenchyma itself release 

proinflammatory cytokines and chemokines and upregulate their antigen 

presentation proteins. Antigen presentation occurs followed by T cell activation 

and differentiation. T cells release inflammatory cytokines, entering into a 

positive feedback loop with innate immune cells. T cells are recruited to the brain 

perivascular space and potentially into the brain parenchyma. Neurons die, 

whether by direct mechanisms relating to a-synuclein burden and/or via the 

effects of downstream of inflammatory cytokine signaling/oxidative stress 

resulting from immune cell activation. The contribution of various immune cells 

to neuron dysfunction and, ultimately, death, indicates a complex web of neuron-

immune cell interactions.  As others have argued, we cannot assume the cascade 

of events performed by the immune system in response to age-related 
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neurological diseases has been optimized by evolution via natural selection and is 

thus, adaptive (Cookson, 2012). In summary, there is abundant evidence for 

innate and adaptive immune system changes in PD in the CNS.  

It is not clear whether the immune response in PD most closely resembles 

an autoimmune disease or the typical response to tissue injury, gone awry within 

the brain parenchyma. There have been reviews arguing that PD is not the result 

of an autoimmune response (Moller et al., 1989), but more recent reviews argue 

the opposite (Benkler et al., 2009; Benkler et al., 2012; De Virgilio et al., 2016; 

Garretti et al., 2019). That there is tissue injury in PD is not doubted, and acute 

head injuries increase risk for PD, although the majority of PD cases are not 

associated with head injury (Nicoletti et al., 2017). As stated above, the neuron 

death observed in idiopathic PD could be inflicted by immune cells gaining access 

to the other side of the BBB or immune cells secreting cytokines that 

maladaptively and continuously activate microglia, astrocytes, and neurons from 

afar. In animal models of the disease, immune activation can be observed prior to 

the death of SN DA neurons, thus suggesting that PD need not emerge from a 

neuron-autonomous process and could be, relatively purely, a result of chronic 

immune cell activation related to aging plus environmental triggers. The next 

section will review studies that have attempted to characterize the state of the 

immune system in PD patients.  

1.1c) PD immunophenotype 

PD, as a disease of aging, co-exists with the ongoing processes of 

inflammaging and immunosenescence. Inflammaging refers to the state of 

chronic, low-grade inflammation present with aging, thought to lead to an 
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immune system “primed” to strongly and rapidly respond to stimulation with 

previously-experienced antigens (Franceschi and Campisi, 2014). 

Immunosenescence is the immune system’s decline in naïve cells with age, 

leading to higher incidence of infections, dysregulated cell proliferation, and 

autoimmune disease (Aw et al., 2007; Gustafson et al., 2018). Specifically, the 

CD45RO+CD4+ population, a subset of T helper cells, increases with age (Douek 

et al., 1998). On top of these ongoing changes in the aging immune system, PD-

specific shifts have been identified in certain immune cell frequencies and 

functionalities, described below.  

The existence of inflammation-related differences between PD patients 

and controls in both the brain and peripheral immune system has been reviewed 

elsewhere (Deleidi and Gasser, 2013; Kannarkat et al., 2013; Su and Federoff, 

2014; Chen et al., 2016; Joshi and Singh, 2018). In studies of peripheral 

immunophenotype, there is great variability between groups, and specifically the 

directionality of changes in markers such as IFNg and TNF in cerebrospinal fluid 

(CSF, the filtrate of fenestrated blood vessels in the choroid plexus of the brain’s 

ventricles) and serum has varied enormously. Previously, our lab reported that 

the variability in human biofluid immune markers may be in part attributable to 

differences in protocols of biofluid collection and processing or patient disease 

severity and their comorbidities (Eidson et al., 2017). Our study established that, 

within an individual, serum IFNg, IL-8, neutrophil gelatinase-associated lipocalin 

(NGAL), and TNF as well as CSF IL-8, NGAL, and TNF were relatively stable 

throughout a day despite diurnal fluctuations in cortisol and other factors 

affecting inflammatory cytokine release (Eidson et al., 2017). Furthermore, in 
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comparing PD and age-matched healthy control serum, we observed that PD 

patients have increased NGAL and decreased IFNg and TNF relative to control 

subjects (Eidson et al., 2017). In the CSF, PD patients displayed greater 

fluctuation than controls in levels of the neurodegeneration/aggregation-

associated proteins a-synuclein, Ab40, and Ab42 throughout the day (Eidson et 

al., 2017). Most importantly, this study from our group demonstrated that serum 

TNF combined with CSF a-synuclein levels can correctly sort subjects into PD or 

control categories with high specificity and sensitivity, suggesting this 

combination, rather than each biomarker alone, could be used to better asses 

disease severity, monitor progression, and biofluid inflammation in PD. 

Changes in levels of inflammatory cytokines can affect immune cell 

frequencies in the blood. Comparisons between PD and age-matched control 

subject immune cell frequencies have revealed changes in T cells, identified by 

the surface marker CD3. T cells are often divided into two categories based on 

expression of either CD4 or CD8 coreceptor protein which stabilize the T cell 

receptor. As discussed above, CD4+ T cells recognize antigen in complex with 

MHCII, while CD8+ T cells recognize antigen on MHCI. MHCII expression is 

restricted to professional antigen presenting cells, while MHCI can be expressed 

by all cell types. CD4+ T cells are reduced relative to CD8+ T cells in PD patient 

blood (Bas et al., 2001; Baba et al., 2005; Stevens et al., 2012). Those CD4+ T 

cells that do persist in PD patient blood are more likely to secrete IFNg, rather 

than IL-4 (Baba et al., 2005; Stevens et al., 2012). PD subjects have an increase in 

effector memory (Tem) CD4+T cells that are CD45RO+Fas+ relative to control 



 
16   

subjects (Saunders et al., 2012). There is a moderate positive correlation between 

Unified Parkinson’s Disease Rating Scale III (UPDRSIII) and the frequency of 

CD45RO+CD4+ T cells (Saunders et al., 2012). A decrease in CD31+a4b7+ CD4+ 

T cells and diminished IL-9 and IL-6 mRNA in CD4+ T cells was also observed in 

immune cells isolated from PD patient blood (Saunders et al., 2012). These T cell 

surface markers have been associated with homing to gut associated lymphoid 

tissues, which is noteworthy given the gastrointestinal (GI) dysfunction and 

inflammation associated with PD (Houser and Tansey, 2017). There is also a 

functional association between DA receptor, specifically D3, expression on CD4+ 

T cells and neurodegeneration in that D3 knock-out was neuroprotective in an 

MPTP mouse model, but protection was lost with adoptive transfer of WT CD4+ 

T cells (Gonzalez et al., 2013; Elgueta et al., 2019). Some evidence suggests that 

signaling downstream of dopamine receptor D3 in CD4+ T cells is associated with 

differentiation into Th1-type effector cells (Contreras et al., 2016). Overall studies 

of PD T cells have suggested that the subset of T cells capable of rapidly 

responding to re-stimulation are more frequent in PD, making the specific 

identity of possible stimulating antigen(s) of great interest to the field.    

T cell response to specific antigens is important for host defense but can 

drive tissue damage if sustained. Resolution of an inflammatory response is the 

function of regulatory T cells (Tregs). Tregs are an immunosuppressive T cell 

subset characterized by surface expression of the IL-2 receptor CD25 and 

intracellular expression of the transcription factor FOXP3. Tregs maintain self-

tolerance, prevent autoimmunity, and regulate inflammatory responses to injury 

and pathogens. These functions are accomplished through mechanisms including 
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anti-inflammatory (IL-35, IL-10, and TGF-b) cytokine release, suppression of 

CD8+ T cells’ granzyme functions, “absorbing” IL-2 in the extracellular milieu 

thereby preventing proliferation of other T cells in the area, and driving 

downregulation of CD80 and CD86 (co-stimulatory molecules on antigen 

presenting cells) via CTLA-4 action (reviewed in (Duffy et al., 2018b)). The 

suppressive functions of Tregs limit the proliferation and effector functions of 

CD4+ and CD8+ T cells and can inhibit antigen presenting cells as well 

(Sakaguchi et al., 2008).  Several animal studies with the neurotoxin MPTP have 

indicated that Tregs may play an important role in nigrostriatal dopaminergic 

neurodegeneration. Interventions that increase Treg frequency result in 

decreased infiltration of CD4+ T cells into the brain and improved SN DA neuron 

survival of MPTP treatment. Such treatments include adoptive transfer of Tregs 

and injection of a compound that promotes Treg proliferation into MPTP-treated 

mice (Reynolds et al., 2007). In a study where rats were immunized against a-

synuclein prior to viral vector-mediated overexpression of  a-synuclein, the 

vaccine’s protection against DA neuron loss was associated with increased 

presence of Tregs in the brain (Sanchez-Guajardo et al., 2013). A potential causal 

link between increased Tregs and DA neuron survival may be the ability of Tregs 

to decrease microglial metabolism, migration, protein transport, and redox 

functions, decreasing the neuroinflammatory damage microglia are capable of 

(Reynolds et al., 2009). Treg development is, interestingly, regulated to some 

extent by the PD-related gene PINK1 (Ellis et al., 2013). One study has reported 

that the Tregs of patients with PD are limited in their suppressive potential 

compared to control subjects’ Tregs (Chen et al., 2015). Enhancing Treg function 
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may be a therapeutic strategy employed to achieve neuroprotection in PD 

patients in the future. Administration of the cytokine granulocyte-macrophage 

colony-stimulating factor (GM-CSF) or adoptive transfer of Tregs from GM-CSF-

treated donor mice was used for this type of intervention in MPTP-intoxicated 

mice (Kosloski et al., 2013; Schutt et al., 2018). T cell subset frequency may serve 

as a biomarker of sorts, although the relationship between peripheral 

immunophenotype and central inflammation is not yet fully understood deserve 

further investigation.  

In 2017, a highly influential finding was published reporting that there 

exist T cells in the peripheral blood mononuclear cell (PBMC) population from 

PD patients that recognize a-synuclein-derived peptides (Sulzer et al., 2017). A 

major research question for PD researchers in the future will be understanding 

how such apparently auto-reactive T cells develop in PD. While there is still some 

uncertainty regarding precisely which antigens are immunogenic in PD, in vitro 

and in vivo studies have suggested that microglia have the capacity to 

phagocytose certain species of α-synuclein as well as debris released by 

degenerating DA neurons (Zhang et al., 2005; Park et al., 2008; Marinova-

Mutafchieva et al., 2009; Zhang et al., 2011). Intraneuronal inclusions (Lewy 

bodies and neurites) are comprised of possible immunogenic antigens that 

become extracellular as neurons die, and these could serve as the stimulus the T 

cells identified in (Sulzer et al., 2017). While a-synuclein is expressed beginning 

at least as early as embryonic day 9.5, it is possible that abnormal processing 

emerging later in life, such as phosphorylation, nitration, and aggregation, 

renders the protein “foreign” to the immune system (Zhong et al., 2010). 
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Alternatively, increases in BBB permeability with aging may give immune cells 

increased access to epitopes shielded earlier in life. Subsequently, a-synuclein-

derived epitopes would be loaded for antigen presentation into major 

histocompatibility complex proteins and presented to low affinity CD4+ T cells 

that evaded negative thymic selection, as has been hypothesized for other 

autoimmune disorders (Marrack and Kappler, 2012). Autoimmune reactions can 

emerge as a result of a) loss of tolerance to self-antigens due to a problem in the 

thymus’ process of T cell selection and the action of regulatory T cells; or b) 

immune cell receptors with increased sensitivity. It has been hypothesized that 

loss of self-tolerance can be triggered by environmental factors such as injury or 

infection (Croisier et al., 2005; Chervonsky, 2010).  Indeed, a recent GWAS 

suggested there are common genetic pathways shared by PD and autoimmune 

diseases (Witoelar et al., 2017).  

What cells could present the possible neoantigens derived from a-

synuclein or other neuronal components? Dendritic cells (DCs) are specialized 

antigen presenting cells that can be divided into two subsets: lymphoid and 

myeloid. The presence of DCs in the CNS is thought to be low under homeostatic 

conditions, but DCs are upregulated in the brain parenchyma under 

inflammatory conditions. It is not known whether the DCs present in inflamed 

CNS parenchyma arise from the periphery, from differentiated microglia or 

monocytes, or from immature DCs that normally reside in the meninges 

(Koutsilieri et al., 2013).  DCs have both tolerogenic (induction of T cell anergy, 

induction of regulatory T cells) and immunogenic functions (migration to lymph 

nodes, antigen presentation) depending on their stage of maturation. Once in the 
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CNS, DCs are capable of migrating to the periphery and presenting autoantigens 

from the CNS, thus priming naïve T cells against proteins in brain tissue (de Vos 

et al., 2002) (Karman et al., 2004) (Kivisakk et al., 2004). Specifically, 

neuromelanin has been proposed as a CNS antigen capable of inducing DC 

activation. Despite the fact that blood DC frequency is reduced in PD and that B 

cells are known to be reduced in PD patient blood, antibodies against melanin 

proteins have been identified in PD patients (Bas et al., 2001; Double et al., 

2009). In a study of post-mortem tissue from patients with idiopathic or 

dominantly-inherited PD, IgG binding was observed on DA neurons, and in 

particular Lewy bodies, and nearby microglia were positive for the IgG receptor 

FcgRIII (Croisier et al., 2005). Antibodies against a-synuclein and GM1 

ganglioside, also a neuronal protein, have been identified in other studies of PD 

post-mortem tissue (Zappia et al., 2002; Papachroni et al., 2007; Yanamandra et 

al., 2011). These findings suggest robust antigen presentation and the launching 

and sustaining of an adaptive immune response against neuronal components. 

One hypothesis put forth by Koutsilieri et al. states that DCs that have 

phagocytosed neuron-derived components such as a-synuclein or neuromelanin, 

migrate to the deep cervical lymph nodes where they can perform antigen 

presentation to the adaptive immune cells (Koutsilieri et al., 2013). In this way, T 

cells could be “instructed” to carry out clearance of DA neurons, and B cells could 

mature into plasma cells capable of producing antibodies directed against 

proteins derived from DA neurons. The labeling of SN DA neurons with these 

auto-antibodies could drive complement-mediated neuron destruction and 
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activation of microglial inflammatory functions (reviewed in (De Virgilio et al., 

2016).  

PD is associated with altered protein processing, creating an opportunity 

for neo-antigen production. The PD immunophenotype is characterized by 

changes in inflammatory cytokine levels and the types of T cells, especially CD4+ 

T cells circulating in the blood. Possible PD biomarkers may be identified by 

further investigation of immune cell frequencies in PD, particularly auto-reactive 

T cells. How early in disease progression such cells are present remains to be 

determined. Understanding when the autoimmune-like features of the immune 

system first emerge in PD progression will greatly inform the field’s 

understanding of the role of immune cells in PD pathogenesis.    

1.1d) PD genetic factors with known immune system effects  

Historically, PD was regarded as a disease without any significant genetic 

component, as multiple twin studies indicated no role for genetic risk (Duvoisin 

et al., 1981; Ward et al., 1983; Eldridge and Ince, 1984). The field’s focus on 

genetic factors shifted in 1997 with the identification of a rare, highly penetrant 

mutation that caused monogenic PD within a family (Polymeropoulos et al., 

1997). This mutation was identified in SNCA, the gene encoding a-synuclein. 

Subsequently, mutations in 15 different genes have been identified as monogenic 

causes of PD, including PARKIN, PINK1, and DJ1 (Kitada et al., 1998; Valente et 

al., 2001; Bonifati et al., 2003). In 3-5% of idiopathic or genetically complex cases 

of PD, a variation in one of those 15 genes is present (Billingsley et al., 2018). 

However, monogenic cases make up less than 10% of all PD cases (Ross, 2013). 

Current understanding of PD genetics proposes that there is a continuum from 
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monogenic disease to complex inheritance featuring combinations of risk factors 

(Billingsley et al., 2018). GWAS have so far indicated that the frequency of a 

genetic risk factor within the population is, in general, inversely correlated with 

the conferred risk of disease, and this appears to be the case for PD (McCarthy et 

al., 2008; Kumaran and Cookson, 2015). As reviewed in (Billingsley et al., 2018), 

PD may emerge in people carrying one of several rare variations that moderately 

increase risk; or it may be the case that PD occurs in people who possess 

multiple, common genetic variants, each independently conferring a small 

increase in risk that, together, have a significant cumulative effect. Within some 

loci, both rare and common variants associated with disease have been identified, 

including SNCA and LRRK2. We will focus the next portion of this review on the 

relationship between three genetic risk factors and their influence on immune 

function. These three genes were chosen because they are highly expressed within 

immune cells. The broader immunogenetics of PD are more thoroughly reviewed 

in (Jimenez-Ferrer and Swanberg, 2018).  

 

ALPHA-SYNUCLEIN 

SNCA duplications, triplications, mutations, and variations are all 

associated with PD. Variations in the SNCA gene have been described and are 

associated with “idiopathic or genetically complex PD (Simon-Sanchez et al., 

2009); (Consortium et al., 2011) (Lill et al., 2012) (Nalls et al., 2014) (Chang et 

al., 2017) are associated with “idiopathic” or genetically complex PD. The REP1 

263-base pair allele has been associated with PD, as have the single-nucleotide 

polymorphisms (SNPs) rs356219, rs356165, rs11931074, and rs7684318 (in 
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White and Asian populations) (Mizuta et al., 2006; Ross et al., 2007) 

(Maraganore et al., 2006; Myhre et al., 2008). An analysis of 36 articles in 2018 

found 7 SNPs in SNCA that significantly increase risk for PD in the overall 

population (Zhang et al., 2018). The specific effects of each of these variations on 

the immune system remains to be studied, but some general points of importance 

are reviewed here.  

SNCA encodes a-synuclein, an acidic, heat resistant, and unstructured 

protein made up of 140 amino acids (Ueda et al., 1993; Lavedan, 1998; Kahle et 

al., 2002). Highly expressed in brain tissue, a-synuclein can be localized at the 

pre-synaptic terminal. Structurally, the protein has 3 regions: the N terminal 

region (amino acids 1-60) containing KTKEGV repeats that form amphipathic 

alpha helices, similar to the lipid binding domains of apolipoproteins; the Central 

region (61-95 amino acids) containing a very hydrophobic non-amyloid-beta-

component of Alzheimer’s disease region; and finally the acidic C terminal region 

(96-140 amino acids). In humans with and without PD, a-synuclein can be found 

in the neuronal cytoplasm as well as in extracellular biofluids including 

cerebrospinal fluid (CSF) and blood plasma. In mice, transport of a-synuclein has 

been reported from blood to brain following injection of radiolabeled a-synuclein 

into the jugular vein, and from brain to blood following intracerebroventricular 

delivery (Sui et al., 2014). This suggests that, at least in mice, peripheral, 

extracellular a-synuclein could be dynamically related to central levels of the 

protein.  
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Importantly, the brain is not the only source of a-synuclein. In the 

intestinal tissue, mucosa of the appendix, and the cells of the enteric nervous 

system, a-synuclein can be detected in non-PD and PD cases (Bottner et al., 

2012; Gold et al., 2013; Gray et al., 2014). Multiple studies report levels of a-

synuclein in PD gut are higher than in controls (Forsyth et al., 2011; Shannon et 

al., 2012; Gold et al., 2013). In a mouse line where a-synuclein is overexpressed 

under the Thy1 promoter, blockage of the colon and severe distension was 

observed in 9-12 month-old mice, suggesting high a-synuclein expression 

impairs gut motility, consistent with the reports of frequent constipation in PD 

patients (Hallett et al., 2012). Interestingly, a-synuclein was localized specifically 

within the intra-lysosomal compartment of macrophages within the appendix, in 

one study, possibly suggesting homeostatic consumption of  a-synuclein by 

phagocytes in the gut, or lysosomal localization of a-synuclein (Gray et al., 2014).  

Immune cells elsewhere are known to express a-synuclein under basal 

conditions, specifically erythroid precursors and megakaryocytes in bone marrow 

and peripheral blood (Hashimoto et al., 1997; Nakai et al., 2007). Circulating 

human B, T, and NK cells as well as monocytes all express a-synuclein (Shin et 

al., 2000; Kim et al., 2004). In hematopoiesis and B cell lymphopoiesis, a-

synuclein plays a necessary role, as identified in a study on a-synuclein knock-out 

mice (Xiao et al., 2014). a-synuclein KO mice exhibit anemia and abnormal B cell 

development and synthesis of IgG, but not IgM (Xiao et al., 2014). Additionally, 

a-synuclein KO mice have increased numbers of CD3+ CD4-CD8- thymocytes 

and fewer single positive (CD4+ or CD8+) T cells (Shameli et al., 2016). Knock-



 
25   

out of a-synuclein was also found to affect IL-2 production of CD4+ T cells and 

the frequency of Tregs (Shameli et al., 2016). These observations are consistent 

with the hypothesis that a-synuclein affects the affinity of T cell receptors (TCRs) 

for peptide-MHC complexes, as Treg development is the result of high-affinity 

peptide-antigen binding. Furthermore, if a-synuclein function is lost in PD, due 

to aberrant post-translational modification, mis-localization, oligomerization, or 

aggregation, TCR:peptide-MHC interactions could be disrupted in a manner 

analogous to that of the a-synuclein KO mice.  

The mechanism mediating the TCR:peptide-MHC connection is similar to 

the function a-synuclein performs in neurons. There, a-synuclein is a chaperone 

for the soluble N-ethylmalemide-sensitive factor attachment protein receptor 

(SNARE) complex and contributes to assembly/disassembly of vesicle fusion with 

the plasma membrane (Bendor et al., 2013; Diao et al., 2013). Oligomerization of 

a-synuclein interrupts this process through binding with synaptobrevin-2 (Choi 

et al., 2013). Transgenic mice overexpressing human a-synuclein display 

decreased neurotransmitter release (Nemani et al., 2010). SNARE complexes are 

important in T cells as well. In T cells, SNARE complex is essential for localizing 

TCRs, proper formation of the “immunological synapse” with peptide-MHC 

complexes, and the exocytic release of lytic granules in CD8+T cells (and NK 

cells) (Das et al., 2004; Pattu et al., 2012). Thus, disruptions in the SNARE-

binding function of  a-synuclein could conceivably have extensive effects on T 

cells.   
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Despite the fact the a-synuclein is expressed throughout development, 

several forms of the protein or species derived from it have been observed to elicit 

an immune response, possibly giving rise to the autoreactive T cells specific for a-

synuclein discussed above. In murine primary cultures, the scavenger receptor 

CD36 contributes to a-synuclein-induced microglial activation (Su et al., 2008). 

In 2009, a specific amino acid sequence motif within the C terminal of a-

synuclein was found to elicit dose-dependent TNF secretion in a mouse 

macrophage cell line (Lee et al., 2009). This is further evidence for the existence 

of a cascade in which microglia recognize extracellular a-synuclein, resulting in 

release of inflammatory cytokines.  

Rodent models of PD pathology relying on viral vector-mediated a-

synuclein expression (WT or with the A53T mutation) or injection of pre-formed 

fibrils of a-synuclein in the SN have demonstrated that the immune system 

launches an innate and adaptive response to a-synuclein in its fibrilized or full-

length, monomeric forms (Sanchez-Guajardo et al., 2010; Barkholt et al., 2012; 

Nash et al., 2015; Thome et al., 2015; Harms et al., 2017; Duffy et al., 2018a; 

Olesen et al., 2018; Williams et al., 2018). Microglial morphology changes 

following experimental a-synuclein expression in animal models (Joers et al., 

2017). NFkB increases, upregulation of TLR2 and TLR3, and increased 

inflammatory cytokine production have been reported in various rodent studies 

(Theodore et al., 2008; Cao et al., 2010; Fellner et al., 2013; Allen Reish and 

Standaert, 2015; Duffy et al., 2018a; Jimenez-Ferrer and Swanberg, 2018; Wang 

et al., 2018; Williams et al., 2018). Toll-like receptors on microglia, especially 
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TLR2 and 4, have been associated with microglial response to a-synuclein 

(Fellner et al., 2013; Dzamko et al., 2017). The evidence from animal models 

conclusively demonstrates the capacity for a-synuclein, at high levels of 

expression or in WT form, to induce a robust innate and adaptive immune 

response.  

In peripheral blood of PD patients, T cells that recognize and respond to a-

synuclein were reported by Sulzer et al. as discussed above, corroborating the 

ample evidence from animal models that a-synuclein can act as an immune 

stimulus (Sulzer et al., 2017). This apparent autoimmune response, as in other 

autoimmune diseases, could result in diffuse inflammation, proliferation of 

antigen-specific T cells, and a B lymphocyte response with production of 

antibodies against autoantigens. Progress in our understanding of a-synuclein as 

an immunogenic protein and regulator of neuronal and immune cell function 

benefits not only PD patients with rare SNCA mutations or polymorphisms, but 

idiopathic PD patients as well, as they too present with abnormal expression and 

post-translational modification of a-synuclein.  

 

LEUCINE-RICH REPEAT KINASE 2 

While some cases of PD arise from known variations or mutations in the 

gene for Leucine-rich Repeat Kinase 2 (LRRK2), idiopathic cases exhibit changes 

in LRRK2 expression and function. Mutations in LRRK2 are the most common 

monogenic form of PD and are autosomal dominantly inherited (Paisan-Ruiz et 

al., 2004; Zimprich et al., 2004). The gene encodes a 286 kDa, 2527 amino acid 
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protein. LRRK2 has at least 7 functional domains including a ROC (Ras of 

complex) GTPase domain as well as a kinase domain. LRRK2 is thought to 

interact with many other proteins via its leucine rich repeat domain, C-terminal 

W40 repeat domain, and armadillo and ankyrin repeat domains. LRRK2 

structure and functional domains are detailed in (Mata et al., 2006).  

LRRK2 has been reported to regulate many cellular functions including 

vesicle trafficking (Migheli et al., 2013; Carrion et al., 2017; Choudhary et al., 

2017; Pan et al., 2017; Rassu et al., 2017), monocyte adhesion to endothelial cells 

(Hongge et al., 2015), ceramide metabolism (Ferrazza et al., 2016), autophagy 

(Plowey et al., 2008; Ramonet et al., 2011), macroautophagy (Manzoni, 2017), 

and lysosomal formation and acidification (Schapansky et al., 2015; Wallings et 

al., 2019).  LRRK2 is a negative regular of nuclear factor of activated T cells 

(NFAT), which functions in innate immune activation, T cell cytokine production, 

and neuronal differentiation (Rao et al., 1997; Graef et al., 2003; Gardet et al., 

2010; Greenblatt et al., 2010; Liu et al., 2011). Wnt and nuclear factor-kB cell 

signaling pathways also involve LRRK2, and LRRK2 negatively regulates protein 

kinase A (Parisiadou et al., 2014; Russo et al., 2015; Berwick et al., 2017). The 

gene LRRK2 is also known as Park8 and dardarin and is expressed in monocytes, 

dendritic cells, macrophages, B cells, and T cells in addition to neurons. Its 

expression in microglia at baseline and following inflammatory stimulation has 

been inconsistently reported (Moehle et al., 2012; Kozina et al., 2018). 

Expression in leukocytes was reported to be low at baseline, but inducible with 

IFNg, and, to some extent, IFNb, TNF or IL-6 (Gardet et al., 2010; Hakimi et al., 

2011; Thevenet et al., 2011). In macrophages, LRRK2’s upregulation in response 
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to inflammatory stimulus is mediated by JAK/STAT and ERK5 (Kuss et al., 

2014). It is important to consider, in targeting LRRK2 for PD treatment, that 

LRRK2’s function and responsiveness appears to be highly cell-type-dependent.  

Patients who carry the G2019S mutation in LRRK2 have increased 

inflammatory cytokines in the sera (Dzamko et al., 2016), specifically IL-1b. In 

rats with the G2019S LRRK2 mutation, increased inflammatory cytokine levels 

were observed ten months after intracortical delivery of the highly immunogenic 

compound lipopolysaccharide (LPS) (Schildt et al., 2019). Consistent with this 

observation, LRRK2 KO rats are resistant to a-synuclein or LPS-induced DA 

neurodegeneration, suggesting inhibiting LRRK2 function or expression may 

support DA neuron survival (Daher et al., 2014).  Inducing intestinal and 

systemic inflammation in G2019S rats elicits dampened CD4 helper responses, 

especially Th17 responses in the colon, brain, and blood (Park et al., 2017). This 

suggests that the increased kinase activity associated with the G2019S LRRK2 

mutation promotes the generation of more suppressive immune cells and a 

decreased frequency of Th17 T cells. In mice overexpressing the LRRK2 

mutations dosed with peripheral LPS, there was a shift in inflammatory cytokine 

production (Kozina et al., 2018). While WT mice experienced no nigral cell death 

following the LPS treatment, LRRK2 mutant mice did display DA neuron loss 

(Kozina et al., 2018). Thus, the G2019S LRRK2 mutation drives shifts in immune 

cell frequencies and function.  

B cells and T cells from PD patients have higher expression of LRRK2 than 

healthy controls, independent of any known LRRK2 variation or mutation. In 

previous work from our lab, peripheral blood mononuclear cells from human PD 
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patients and healthy controls were compared (Cook and Tansey, 2017). CD16+ 

non classical monocytes, also called alternatively activated or patrolling 

monocytes, displayed higher LRRK2 expression in PD patients than in controls 

(Cook and Tansey, 2017). Inflammatory cytokine secretion from monocytes was 

greater in PD patients than in controls and correlated with LRRK2 expression in 

T cells in PD patients (but not HCs) (Cook and Tansey, 2017). The work suggests 

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

considered in research regarding the role of LRRK2 in PD pathogenesis, along 

with the role of LRRK2 in DA neurons. For an in-depth review of LRRK2 function 

in immune cells see (Cook and Tansey, 2017).  

 

MAJOR HISTOCOMPATIBILITY COMPLEX CLASS II 

As discussed above, antigen presentation relies the MHC proteins, class I 

and II. MHC genes, called human leukocyte antigen (HLA) genes, are expressed in 

a coordinated fashion following induction by cytokines or other immune activation 

signals. The MHC locus, located on chromosome 6 in humans, is the most highly 

polymorphic gene cluster in the human genome and its expression is highly 

regulated by epigenetic mechanisms. The expression of all genes for MHCII are 

primarily controlled by a promoter proximal element called the W-X-Y box region. 

Constitutively expressed transcription factors bind the W-X-Y box region and form 

a scaffold for the master-regulator of MHCII expression called CIITA (class II 

transactivator) (Choi et al., 2011). CIITA expression is cytokine dependent, and 

MHCII protein levels are directly proportional to CIITA expression (Choi et al., 

2011). Thus the local concentration of cytokines will influence CIITA and MHCII 
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expression, making a cell’s antigen presentation capacity dynamic. MHCII is 

expressed as an a-b heterodimer. The a- and b- chain genes are encoded by HLA-

DR, -DP, and -DQ. The HLA-DRB1, HLA-DQA1, and HLA-DQB1 genes are among 

the most highly variable human genes, allowing for diversity in the human 

population’s antigen presenting capacity. 

In a healthy CNS, MHCII expression is difficult to detect. In PD brains, 

where inflammatory cytokines are abundant, there is expression of the human 

MHCII protein HLA-DR detectable by immunohistochemical stain (McGeer et al., 

1988b). One study in 2013 reported an association between PD and an MHCII 

haplotype present in 15% of the general population including MHCII gene alleles 

DRB5*01 and DRB1*15:01 (Wissemann et al., 2013). Several GWAS have identified 

single nucleotide polymorphisms in the MHC as variations associated with 

increased risk of PD (Hamza et al., 2010; Guo et al., 2011; Hill-Burns et al., 2011; 

International Parkinson Disease Genomics et al., 2011; Ahmed et al., 2012; Sun et 

al., 2012; Wissemann et al., 2013).  

Our group previously reported that the GG genotype at the single nucleotide 

polymorphism rs3129882 in the first intron of HLA-DRA is associated with PD 

and increased baseline expression in homozygous individuals regardless of disease 

and is also associated with greater inducibility of MHCII on B cells and monocytes 

in GG individuals with PD (Kannarkat et al., 2015). On the basis of these findings, 

we hypothesized that high expression of MHCII on brain myeloid cells is 

detrimental to DA neurons in the SN, while diminished antigen presentation 

capacity should be neuroprotective (Figure 1). Supporting this, in a study of 

MHCII KO mice, it was observed that DA neurons were less susceptible to a-
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synuclein-induced neuroinflammation and degeneration (Harms et al., 2013). 

Similarly, CIITA KO mice displayed the same attenuation of a-synuclein-induced 

lesion (Williams et al., 2018). In rats, increased numbers of MHCII+ cells in the 

SN following the overexpression of human a-synuclein was associated with greater 

DA neuron loss (Jimenez-Ferrer and Swanberg, 2018). Thus, increased antigen 

presentation via MHCII appears to promote PD pathology. Therefore, while there 

have been no reports of mutations in MHCII linked to monogenic forms of PD, 

several relatively common genetic variants in HLA genes increase risk for PD.  
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Figure 1. Working model of innate and adaptive immune crosstalk via 

MHCII in PD 
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1.1e) PD environmental risk factors with known immune system 

effects  

 While most cases of PD involve no clear heritable genetic cause, the 

contributions of genetic risk factors are significant and have enhanced our ability 

to model the disease and better understand the underlying biology. Genes, 

however, cannot be the complete story of PD pathogenesis. PD occurs in both 

members of a pair of dizygotic twins as often as it occurs in both members of a 

pair of monozygotic twins, indicating there exist non-genetic factors contributing 

to disease (Di Monte, 2003). Ideal therapeutic interventions for PD would 

compensate for functional changes induced by genetic risk factors, but with the 

exception of theoretical CRISPR or gene therapy technologies, altering genetic 

risk is not an option. Modifying environmental exposures is often, though not 

always, more feasible, and several environmental risk factors have been 

associated with PD.  

What constitutes an environmental factor is often unclear. Some clarity 

has been achieved through use of the term exposome, defined by Dr. Gary Miller 

as the “cumulative measure of environmental influences and associated biological 

processes” (Miller, 2014). The environment can include, but certainly is not 

limited to, chemicals we encounter, nutrients, physical activities, psychological 

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

from our race, gender, or socioeconomic status. As Dr. Miller’s definition 

emphasizes, it is crucial to consider the biological processes downstream of an 

exposure when considering disease risk assessment. In response to an exposure 

or experience, epigenetic regulation can occur and the resulting cell signaling 
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cascades could contribute to disease pathogenesis. Importantly, because neurons 

are long lived, environmental exposures throughout the lifespan may influence 

their health. In the immune system where there is ample cell turnover, early life 

exposures may still have long lasting effects as the phenomenon of 

immunological memory forms a record of epitopes that have activated innate and 

adaptive immune cells. It is also possible that the same factor encountered at 

different timepoints throughout the lifespan carries varying degrees of disease 

risk. Here we will specifically consider environmental exposures that elicit known 

processes within the immune system and are associated with PD, with the caveat 

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

Environmental factors may disrupt immune homeostasis by activating 

immune cells directly, causing tissue damage that releases DAMPs that are then 

recognized by PRRs, or via the process of molecular mimicry. Molecular mimicry 

occurs when a pathogen possesses components with similar amino acid 

sequences to a self-antigen. Any immune activation in response to such a 

pathogen spills over the organism’s own tissues and can lead to tissue damage, 

eliciting DAMP release and a persistence of immune activation. For some of the 

environmental risk factors discussed here, the association with PD has been 

established, but the field is still investigating the downstream biological processes 

following exposure.  

 

PYRETHROID PESTICIDES 

Multiple epidemiological studies have reported a link between insecticide 

exposure and incidence of PD (Semchuk et al., 1992; Butterfield et al., 1993; 
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Gorell et al., 1998). The pesticide cypermethrin is, globally, one of the most 

commonly used agricultural and domestic insecticides (Crawford et al., 1981). A 

synthetic class II pyrethroid, cypermethrin has the chemical abstract name: 

(RS)-a-cyano-3-phenoxybenzyl(1RS,3RS; 1RS,3SR)-3-(2,2-dichlorovinyl)-2,2-

dimethylcyclopropanecarboxylate and the international union of pure and 

applied chemistry name (RS)-a-cyano-3-phenoxybenzyl (1RS)cis-trans-3-(2,2-

dichlorovinyl)-2,2-dimethyl-cyclopropane carboxylate. Used to control termite, 

cockroach, and other household and agricultural pests, cypermethrin is 

manufactured as an emulsifiable concentrate, powder, or ultra-low volume 

formulation for spray delivery. Because pesticides are most often formulated in 

mixtures of multiple classes of chemicals, establishing the specific health risks of 

individual components has been challenging for public health researchers. 

Nonetheless, cypermethrin has been identified as one of the important pesticide 

components that can be associated with health risks (Liao et al., 2011).  

Human are primarily exposed to pyrethroids via skin contact, but 

ingestion through food and water consumption is also possible. This emphasizes 

the point that exposures are not only a hazard for those employed in pest control 

professions. A 2017 study of French children found that pyrethroids are 

detectable in the urine following a meal of locally grown foods (Glorennec et al., 

2017). Pyrethroid residues in soil, water, and vegetables have been reported (Del 

Prado-Lu, 2015). The half-lives of various pyrethroids have been assessed in 

neuronal tissue (9-23 hours for permethrin I), plasma (11.5 hours for 

deltamethrin II), and fat (2.5 days for alpha-cypermethrin II). Metabolites are 

primarily excreted in urine and feces.  
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The mechanism of toxicity of cypermethrin and other pyrethroids in 

insects is to extend the opening of voltage-gated sodium channels, leading to 

depolarization of neurons and, thus, sustained excitation (Eells and Dubocovich, 

1988; Brown and Narahashi, 1992; Singh et al., 2012a). In dopaminergic 

neurons, cypermethrin can induce free radical production and oxidative damage 

(Singh et al., 2011b), and its neurotoxicity is reviewed in (Nasuti et al., 2013; 

Nasuti et al., 2014; Costa, 2015). Additionally, cypermethrin is thought to be able 

to engage multiple neurotransmitter systems. A study with the similar pyrethroid 

deltamethrin reported that the concentration of gamma aminobutyric acid 

(GABA) in the brain was significantly reduced following a single oral dose of 

150mg/kg in rats (Manna et al., 2006). Whether this reduction in GABA ought to 

be attributed to increases in GABA breakdown or decreased synthesis remains to 

be determined. Short term exposure to the pyrethroid cypermethrin was not 

reported to affect GABA and the long-term effects within the nigrostriatal tissues 

have not been examined (Singh et al., 2012b). The depletion of serotonin in the 

prefrontal cortex of rats has also been reported following cypermethrin treatment 

(Martinez-Larranaga et al., 2003). The developing brain seems to be particularly 

sensitive to cypermethrin exposures, and studies have been done comparing 

multiple dosing regimens in various rat strains. Effects range from no change to 

decreased dopamine levels and SN cell loss depending on dose, exposure 

duration, route of exposure, and strain (Malaviya et al., 1993; Gupta et al., 1999; 

Shafer et al., 2005; Tiwari et al., 2010; Singh et al., 2011b).  Adulthood responses 

to cypermethrin exposure are larger if animals were exposed during development 

(Tiwari et al., 2010; Singh et al., 2012a).   
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To what extent might cypermethrin and other pyrethroids act directly on 

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

channels to maintain and regulate their negative membrane potential and the 

influx of divalent ions that act as secondary messengers (Ca2+, Mg2+). Human T 

cells are not thought to express voltage-gated sodium channels (Nav) though 

some cell line research indicates Nav1.5 expression by CD4+ T cells may play a 

role in positive selection (Verheugen et al., 1994) (Lo et al., 2012; Feske et al., 

2015). Phagocytosis is regulated by Nav channels, specifically Nav1.5 and 1.6 in 

macrophages and 1.7 in human dendritic cells (Craner et al., 2005; Zsiros et al., 

2009).  Importantly, GABA receptors are expressed by immune cells as well, 

indicating another pathway by which pyrethroids could alter immune cell 

function. Several studies have reported immunotoxic effects of pyrethroids on 

mouse splenocytes, thymic immune cells, and rat neutrophils (Gabbianelli et al., 

2009; Kumar et al., 2015; Kumaran and Cookson, 2015). Female mice given 1 

dose of permethrin (1100 mg/kg, topically) exhibited a 32% decrease in spleen T 

cell and thymic cell proliferation relative to untreated mice (Chrustek et al., 

2018). Signs of apoptosis were observed in CD8+ and CD4-CD8- thymocytes 

following permethrin treatment (Chrustek et al., 2018). Oral administration of 

permethrin is associated with neutrophil abnormalities as well (Gabbianelli et al., 

2009). In mouse splenocytes or rat thymic cells, deltamethrin has been reported 

to induce apoptosis (Kumar et al., 2015; Kumar et al., 2016). Cypermethrin has 

been shown to decrease plasma IL-2, IL-8, IL-12, and IFNg (Costa et al., 2013). In 

humans exposed to cypermethrin via their employment, a lower CD4/CD8 ratio 

was reported, as well as changes in IL-12, p70, IL-2, IL-8, and IFNg (El Okda et 
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al., 2017). Pyrethroids readily cross the blood-brain barrier, are lipophilic, and 

are capable of disrupting microglial function (Anadon et al., 1996; Singh et al., 

2011a; Chrustek et al., 2018). Thus, in thinking about the mechanism by which 

pyrethroids increase risk for PD, considerations should not be limited to neurons. 

 

AIR POLLUTION 

While there have been somewhat conflicting results regarding air 

pollution’s association with PD, a general trend has been reported such that areas 

with higher pollution have more PD cases. Air pollution consists of a complex 

mixture of highly variable and dynamic combinations of factors. Determining 

which are associated with disease processes is an extremely challenging task. A 

study of victims of premature death in Mexico City reported olfactory bulb a-

synuclein aggregates, and an association between Mexico City’s high pollution 

level and olfactory bulb pathology was proposed (Calderon-Garciduenas et al., 

2018). Endothelial cell apoptosis and increased numbers of monocytes and T 

cells have been reported in association with fine particulate matter air pollution 

(Pope et al., 2016). Pollution from diesel exhaust, specifically, is known to act as 

an activator of the immune system and can contribute to neuroinflammation 

(Levesque et al., 2011a; Levesque et al., 2011b). In rats exposed to diesel exhaust 

via inhalation, many indicators of immune activation and inflammation were 

increased in the brain including IL-6, protein nitration, ionized calcium-binding 

adaptor molecule-1 (Iba-1), TNF, IL-1b, MIP-1a, and fractalkine, with the greatest 

increases observed in the midbrain (Levesque et al., 2011a). More work remains 



 
40   

to be done on the association between components of air pollution, immune 

activation, and PD risk.  

 

INFLUENZA VIRAL INFECTION 

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

stranded, RNA virus with a genome encoding 11 proteins (Bouvier and Palese, 

2008). Highly pathogenic strains of influenza have been associated with 

subsequent neurological complications, including neurodegeneration and 

neuroinflammation (Jang et al., 2009). Following the 1918 Spanish influenza 

pandemic, an outbreak of an encephalitic condition known as encephalitis 

lethargica (EL) occurred, causing high fever, mental confusion, lethargy, and 

vision problems in patients previously exposed to influenza (Henry et al., 2010). 

No clear biological mechanism has been identified as a causal connection 

between influenza and EL.  

In 80% of people who survived EL, secondary parkinsonism was later 

described (Henry et al., 2010), although, as with influenza and EL, no clear causal 

factor has been identified and the association is contested by some (Vilensky et 

al., 2010). One possibility is that some direct viral invasion of the central nervous 

system and/or a systemic cytokine storm caused by influenza virus predisposes 

death of midbrain DA neurons. Individuals who were young at the time of the 

Spanish flu pandemic and may have been exposed to highly pathogenic influenza 

are reported to have had a 2-3-fold higher risk of developing PD (Jang et al., 

2009).  
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In a study of C57/Bl6 mice, intranasal infection with the highly infectious 

and, in humans, fatal H5N1 influenza virus resulted in early infection of the 

enteric nervous system, the vagal nerve, and eventually widespread and 

persistent microgliosis in the brain and signs of neuron death (Jang et al., 2009). 

Interestingly, in every region where the H5N1 infection was detectable, there was 

upregulation of phosphorylated a-synuclein (Jang et al., 2009). Notably, the 

synuclein pathology reported in this study mirrors the progression of a-synuclein 

pathology hypothesized to occur in idiopathic PD (Braak et al., 2003). 

Intracerebral inoculation of mice with an influenza A virus known to be 

neurovirulent resulted in detection of viral antigens within the SN and 

hippocampus (Takahashi et al., 1995).  

Whether neurovirulence is strictly necessary for influenza virus exposure 

to increase risk for PD remains to be fully understood. The biological 

mechanisms that distinguish between secondary parkinsonism (no LB pathology) 

and PD are not fully understood, but the existence of infectious-disease-

associated degeneration of DA neurons in the SN suggests that infection, even 

non-neurotropic, can be an inflammatory hit to the CNS. For instance, the 1918 

influenza virus contained no known sequence indicative of neurotropic potential 

(Taubenberger and Morens, 2006). Viral activation of the immune system, an 

incredibly common environmental exposure, is, perhaps, sufficient to threaten 

the integrity of the DA system. As this statement logically predicts, antiviral 

interventions can eliminate virus-related neurodegeneration and act as 

neuroprotective agents (Sadasivan et al., 2017).  
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Infection with the flu or other pathogens may elicit an autoimmune 

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

through the production of cryptic antigens (antigens normally invisible to the 

immune system that become exposed due to disease processes). Also, differential 

processing of self-proteins by infection-related protease action could produce 

neoantigens potentially recognized by existing T cells. As proposed in (Delogu et 

al., 2011), various mechanisms for infection-induced autoimmunity exist and are 

not mutually exclusive: molecular mimicry and the adjuvant effects of infectious 

pathogens may function early in the development of an autoimmune reaction in 

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

as inflammation persists. Bystander action occurs when there is proliferation of a 

previously small population of activated, autoreactive T cells due to chronic 

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

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

directed against some portion of an antigen, shifts to include a different portion 

of the same protein or a different protein. If this new antigen is similar to a self-

protein, there can be cross recognition resulting in the destruction of self-tissue. 

It is possible of that the immune response to certain influenza strains in certain 

human populations could produce this type of induced autoimmunity, putting SN 

DA neurons at risk.  

 

MANGANESE  

Manganese (Mn) is a trace element in the human body and participates in 

enzymatic reactions as a cofactor. Protein and lipid synthesis require Mn. 
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Manganism is the accumulation of Mn in organs such as the kidney, liver, or 

brain, and this condition can be neurotoxic. South African mine workers 

chronically exposed to Mn developed a parkinsonism characterized by gait 

abnormalities and tremor (Gonzalez-Cuyar et al., 2014). Elevated manganese in 

the air has been associated with PD (Finkelstein and Jerrett, 2007).  

In mice, Mn stimulates activation of microglia, resulting in neuroinflammation 

and DA neuron loss. Interventions that quiet microglial response to Mn have 

been described as neuroprotective (Chen et al., 2018).  

1.1f) PD gene-environment interactions with known effects on the 

immune system  

MAJOR HISTOCOMPATIBILITY COMPLEX CLASS II AND PYRETHROIDS  

As mentioned above, a single nucleotide polymorphism (SNP) at 

rs31229882 within the gene for MHCII was reported to be associated with a 1.7 

fold increase in risk for PD, and the high-risk genotype (GG) at rs3129882 is over-

represented (46%) in patients with idiopathic PD compared to the age-matched 

healthy control population (40%) (Hamza et al., 2010). Functionally, our group 

demonstrated that GG homozygosity at this SNP is associated with greater baseline 

mRNA and surface MHCII protein expression in monocytes and B cells (Kannarkat 

et al., 2015). Monocytes and B cells from GG individuals with PD display 200-300 

greater inducibility of MHCII expression following inflammatory cytokine 

exposure compared to AA individuals with PD (Kannarkat et al., 2015). This is 

significant because expression of MHCII must be sufficient to activate T cells when 

needed, but levels above the homeostatic range are linked to autoimmune diseases 

and accompanied by abnormal ratios of T cell subsets (Nepom and Erlich, 1991).  
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The mechanism by which pyrethroid exposure enhances risk for PD is not 

yet understood. It may be the case that pyrethroids, through their action on voltage 

gated sodium channels or, in the case of type II pyrethroids, chloride ion channels 

as well, alter antigen presenting cells’ efficacy as activators of the adaptive immune 

system. Fully functional T cell activation requires that antigen presenting cells 

express, along with the peptide antigen-MHCII complex, costimulatory molecules 

that bind coreceptors on the CD4+ T cell (Tao et al., 1997). There is also a crucial 

contribution of cytokines secreted by antigen presenting cells that “instruct” the 

CD4+ T cells’ differentiation into a functionally specific T helper cell (Th1, Th2, 

Th17, Treg, etc.) (Luckheeram et al., 2012; Yamane and Paul, 2012). Work done in 

THP1 and Jurkat cell lines suggests that the pyrethroid permethrin can affect the 

rate of T cell proliferation (Kannarkat and Tansey, 2016). Possible routes by which 

pyrethroid exposure may augment PD risk resulting from rs3129882 genotype 

include further increasing MHCII expression, increasing costimulatory molecule 

expression, driving sustained cytokine secretion, or increasing the proliferation 

rate of T cells, perhaps those activated by a PD-related antigen such as a-synuclein. 

We do not yet know the biological connection between increased MHCII 

expression related to rs3129882 GG genotype and pyrethroid exposure. Future 

work should explore the extent to which human immune cells from patients with 

or without PD and with or without the high risk MHCII SNP genotype respond to 

pyrethroid exposure.  
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1.1g) Conclusion  

 The work that follows focuses on genetic variation in MHCII and exposure 

to cypermethrin (Chapter 3 and 4). As described in section 1.1f, previous work 

uncovered an increase in PD risk resulting from synergy between a G allele at 

rs3129882 and exposure to pyrethroids (Kannarkat et al., 2015). Because the G 

genotype at rs3129982 is associated with both increased baseline MHCII 

expression on monocytes and risk for PD, we predicted that deletion of MHCII on 

monocytes and other peripheral myeloid cells would be neuroprotective in a 

mouse model of PD pathology (Chapter 3). This prediction was based on the 

hypothesis that MHCII expression level will drive shifts in the frequencies of 

CD4+ T cell subsets. Depending on the direction of such shifts, we hypothesize an 

immune environment is created either permitting or preventing dopaminergic 

neurodegeneration. Others have tested similar hypotheses in the past by globally 

deleting or decreasing MHCII (Harms et al., 2013) (Williams et al., 2018); 

(Jimenez-Ferrer and Swanberg, 2018). The studies presented in Chapter 3 

advance the field in that we describe a mouse line in which the deletion of MHCII 

is peripheral myeloid-specific and does not blunt T cell development, as is the 

case in global MHCII KO. Previous work investigated the effect of MHCII 

deletion or decrease in viral-vector-mediated a-synuclein overexpression models. 

We combine the same type of synuclein overexpression with cypermethrin 

treatment, enabling the investigation of the mechanistic connection between PD-

relevant genetic and environmental factors. 

 Previous work by Kannarkat et al. examined the effects of rs3129882 

genotype on MHCII expression (Kannarkat et al., 2015). Because MHCII 
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mediates crosstalk between antigen presenting cells in the innate immune system 

and the activation and differentiation of CD4+ T cells, we set out to characterize 

the relationship between rs3129882 genotype and CD4+ T cell subset 

frequencies. We hypothesized that the increased MHCII expression in GG 

individuals and the dramatic increase in MHCII inducibility in PD GG individuals 

would dial up distinct types of CD4+ T cells. This hypothesis is tested in the 

studies presented in Chapter 4.    

 As the field moves forward investigating immunomodulatory therapeutic 

options, it is crucial to consider the patient subpopulations created by 

combinations of genetic variations and environmental exposures. Failure to do so 

could lead to findings of futility for treatments that could profoundly benefit a 

cluster of PD patients with a particular immunophenotype, inflammatory status, 

degree of autoimmunity, etc. To best design experiments so that true impacts of 

our interventions may be detected, we must be mindful of the exposome context 

each patient brings to a given PD therapy. It is likely that no single drug will be 

able to address the vast array of underlying pathologies involved in PD. It is also 

likely that it will be more feasible to prevent the degeneration of neurons rather 

than regenerate the SN and other affected nuclei. This requires a thorough 

understanding of the genetic and environmental factors converging on the 

immune system to increase risk for PD. 

1.2 Mixed lineage kinase 3  

 Mixed lineage kinase (MLK) proteins are part of the MAP kinase kinase 

kinase family (MAP3Ks). Phosphorylation of c-Jun amino terminal kinase (JNK) 

is reported to occur downstream of all known MLKs (Gallo and Johnson, 2002). 
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Apoptotic stimuli including TNF, DNA damage, heat shock, ischemia-

reperfusion, oxidative stress, hyperosmolarity, axonal injury, and trophic factor 

withdrawal can drive phosphorylation of JNK, potentially by MLKs (Xu et al., 

2001). In another MAPK phosphorelay module, MLK3 phosphorylates MKK3/6, 

which in turn phosphorylates p38 (Gallo and Johnson, 2002). JNK and p38 are 

components of cell stress pathways. MLKs role in cell stress pathways were first 

described in a series of experiments conducted with the antibiotic cycloheximide 

(reviewed in (Kyriakis and Avruch, 2001)). Subsequently it was observed that 

many cellular stimuli, including heat shock, inhibition of glycosylation, 

inflammatory cytokines, and ultraviolet radiation are all capable of initiating cell 

responses that converge on JNK and p38, making MLKs key regulators of a cell’s 

response to stress and potential for survival (Kyriakis and Avruch, 2001).  

MLKs phosphorylate their targets at serine and threonine residues. MLKs 

are evolutionarily conserved enzymes, and are present in Caenorhabditis elegans 

and Drosophila melanogaster, important model organisms in biological 

research. In terms of cellular and tissue localization, MLK1 is found in 

mammalian epithelial cells (Gallo and Johnson, 2002). MLK2 has been found in 

brain, skeleton muscles, and the testes, while MLK3 is expressed in many kinds 

of mammalian tissues (Gallo and Johnson, 2002). MLK3 overexpression in 

Jurkat cells (human leukemia T cell line) led to increased expression of IL2 and 

TNF (Hoffmeyer et al., 1998; Hoffmeyer et al., 1999). Overexpression of MLKs in 

a rat chromaffin cell line (PC12 cells) and primary sympathetic neurons was 

reported to drive apoptosis that can be blocked with CEP-1347, an inhibitor of 

several MLKs (Xu et al., 2001). These studies suggest that high levels of MLK 
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activity may be damaging in some tissues, creating interest in inhibition of MLK 

signaling as a therapeutic strategy.  

In 2005, the MLK inhibitor CEP-1347 was shown to mediate 

neuroprotection against methamphetamine-exposed human mesencephalic-

derived neurons, in vitro (Lotharius et al., 2005). CEP-1347 also prevented motor 

deficits and DA neuronal degeneration in a mouse 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) model of nigral degeneration (Hudkins et al., 2008). 

While results from these models were promising and CEP-1347 was found to be 

safe and well tolerated over 4 weeks in subjects with PD, clinical trials with CEP-

1347 failed in a Phase II trial of 806 PD patients due to futility (Parkinson Study 

Group, 2007). This raised questions about the CNS pharmacokinetic properties 

and target selectivity of CEP-1347. Specifically, CEP-1347 likely failed due to its 

poor brain penetrance (brain/plasma ratio < 0.2 in mice) (Parkinson Study 

Group, 2007). Furthermore, interpreting the efficacy of specific MLK inhibition 

as a therapeutic strategy was complicated by off-target effects of CEP-1347 (50% 

inhibition of 185 other kinases at 1uM) (Goodfellow et al., 2013).  

Later iterations of MLK inhibitors have shown somewhat more promise 

and efficacy in other disease models, and possibly mediate their neuroprotective 

effects via inhibition of MLKs in non-neuronal cell types. For example, MLK 

inhibition’s effects on microglia have been investigated. The broad-spectrum 

MLK inhibitor URMC-099 was reported to modulate activated microglia in the 

mouse experimental autoimmune encephalomyelitis (EAE) hippocampus 

(Bellizzi et al., 2018). While no changes in activated morphology of Iba-1+ cells 
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were induced by MLK inhibitor treatment, both URMC-099 and CLFB-1134, an 

MLK3-specific inhibitor, prevented increased CD68 expression (a lysosomal 

marker associated with phagocytosis) (Bellizzi et al., 2018). Furthermore, URMC-

099 decreased canonical markers associated with microglial activation: iNOS, 

immunoglobulin receptor FCgR1/CD64, and the co-stimulatory molecule CD86 

(Bellizzi et al., 2018). Overall the study suggests that MLK inhibition shifts brain 

microglia toward a less inflammatory and phagocytic phenotype, with broad-

spectrum MLK inhibition favoring synaptic preservation in EAE. The extent to 

which MLK inhibition is protective in a Parkinson’s disease model is the topic of 

Chapter 2.  
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CHAPTER 2. THE SECOND GENERATION MIXED-LINEAGE KINASE-

3 (MLK3) INHIBITOR CLFB-1134 PROTECTS AGAINST 

NEUROTOXIN-INDUCED NIGRAL DOPAMINERGIC NEURON LOSS  

This chapter contains previously published material (Kline et al., 2019).  

2.1 Introduction  

Depletion of striatal dopamine (DA) due to death of substantia nigra DA 

neurons has been known for decades to be the cause of Parkinson’s disease (PD) 

motor symptoms, yet no disease modifying therapies exist. The drivers of DA 

degeneration in PD are not fully understood, and many cellular processes have 

been implicated. Mixed lineage kinases (MLKs) in neurons are part of a signaling 

cascade thought to activate cell death machinery in PD. In PD, distinctions 

between apoptosis, necroptosis, and other forms of programmed cell death have 

been difficult to establish. Thus, while there is extensive death of DA and 

norepinephrine neurons in PD, the mechanistic interplay between programmed 

cell death pathways and cell-non-autonomous killing events remains to be fully 

elucidated. Molecular markers of apoptosis, such as increased expression of p53, 

CD95, caspases-3, -8 and -9, and activity of caspases-1 and -3 have been reported 

in human PD post-mortem brain (de la Monte et al., 1998; Hartmann et al., 

2000; Mogi et al., 2000; Andersen, 2001). The consensus is that there is a 

proapoptotic environment in the substantia nigra, as reviewed in (Lev et al., 

2003). In the MPTP mouse model of PD specifically, MPTP’s neurotoxic 

derivative MPP+ kills cells by mitochondrial complex I inhibition which initiates 

apoptosis (Fall and Bennett, 1999). MLKs belong to the mitogen-activated kinase 

kinase kinase (MAP3K) family of serine/threonine kinases. Phosphorylation of c-
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Jun N-terminal kinase (JNK), downstream of MLKs, activates the transcription 

factor c-Jun which regulates expression of cell death genes. Phosphorylated JNK 

(pJNK) inhibits pro-survival factors and activates Bad and Bim, apoptotic 

signaling molecules. In genetic and neurotoxin-based models of PD, JNK 

activation has been observed (Cha et al., 2005; Burke, 2007), and 

neuroprotection has been achieved with inhibition of JNK (Zhang et al., 2004).  

Furthermore, pJNK has been observed in cytoplasmic granules adjacent to 

intranuclear inclusions (Lewy bodies) in post-mortem PD brain (Ferrer et al., 

2001).  

Mixed-lineage kinase-3 (MLK3), encoded by the MAP3K11 gene, 

preferentially activates MAPK8/JNK and functions as a positive regulator of the 

JNK signaling pathway. MLK3 can directly phosphorylate and activate JNK and 

p38MAPK and is involved in the transcriptional activity of AP1 mediated by Rho 

family GTPases and Cdc42 (Kant et al., 2011). Though redundancy exists in MLK 

pathways, specific inhibition of MLK3 has been associated with neuronal health 

and protection in multiple in vitro and in vivo systems (Handley et al., 2007). 

MLK3 has been implicated in apoptosis after nerve growth factor withdrawal in 

rat sympathetic neurons (Mota et al., 2001).  

The objective of the current study was to test a more potent and highly 

selective MLK3 inhibitor called CLFB-1134 with improved pharmacokinetic 

properties (brain/plasma ratio ~1.0) in a sub-acute mouse model of MPTP 

intoxication that induces nigrostriatal dopaminergic pathology.  The structure of 

CLFB-1134 is presented in Figure 2. 
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2.2 Materials and Methods  

2.2a) Screening pharmacokinetics  in mice and rats  

Four mice or rats were used for each time point. Male C57/BL/6 mice or 

Sprague-Dawley rats were dosed IV (intravenously), PO (orally), and IP 

(intraperitoneally) at the doses indicated (Table 2A, B, C). Total concentrations 

of the compound were determined by liquid chromatography–tandem mass 

spectrometry (LC-MS/MS), following plasma protein precipitation with 

acetonitrile and injection of the supernatant onto the column (XTerra®MS C18, 

5 µm, 4.6 × 50 mm). The LC system comprised an Agilent (Agilent Technologies 

Inc., USA) 1100 series liquid chromatography equipped with G1379A degasser, 

G1311A Quantpump, G1313A autosampler and G1316A Column Oven. Mass 

spectrometric analysis was performed using an API4000 (triple-quadrupole) 

instrument from AB Inc. (Canada) with an ESI interface. Brains were collected at 

the time points indicated, rinsed with ice-cold saline, weighed, and stored at 

−80°C until analysis. For compound quantitation, brains were homogenized in 5 

volumes of water. The homogenates were extracted by protein precipitation with 

acetonitrile. LC-MS/MS analysis was conducted as described for the plasma. 

Brain homogenate concentrations were converted to brain concentrations for the 

calculations of brain to plasma ratios.  

 2.2b) 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine studies 

Eight-week old male C57BL/6J mice purchased from Charles River 

(Ashland, OH) were used in all studies. Mice were maintained on a 12:12 

light/dark cycle and standard rodent chow and tap water were available ad 

libitum. Animals were sacrificed by live decapitation. All procedures were 
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conducted in accordance with the Guide for Care and Use of Laboratory 

Animals (National Institutes of Health) and have been approved by the 

Institutional Animal Care and Use Committee at Emory University.  

CLFB-1134 was formulated in 5% DMSO, 40% PEG-400 at 2 mg/mL and 

administered intraperitoneally except where otherwise noted (pharmacokinetic 

study). 5% DMSO, 40% PEG-400 vehicle solution is referred to throughout as 

drug vehicle and was also administered intraperitoneally. MPTP was formulated 

in sterile saline and administered subcutaneously. Sterile saline is referred to 

throughout at neurotoxin vehicle and was also administered subcutaneously. 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was purchased from Sigma-

Aldrich (St. Louis, MO). CLFB-1134 was synthesized by Califia Bio, Inc. (Figure 

2).    

 In the target-engagement study, mice simultaneously treated with the 

neurotoxin vehicle and CLFB-1134 were compared to those treated with 

neurotoxin vehicle and drug vehicle. CLFB-1134 (30 mg/kg) or the drug vehicle 

was administered by intraperitoneal (i.p.) injection 30 minutes prior to 

subcutaneous (s.c.) neurotoxin vehicle injection.  

To investigate the neuroprotective effect of MLK3 inhibition against 

MPTP-induced nigrostriatal pathology (Figures 4-6), mice were divided into the 

treatment groups described in Table 1, with the addition of untreated animals 

housed under identical conditions for the high performance liquid 

chromatography experiment described in the next section. CLFB-1134 was 

formulated as described above. CLFB-1134 or drug vehicle was administered via 

i.p. injection twice daily (8:00 am and 8:00 pm). MPTP or the neurotoxin vehicle 
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was administered via subcutaneous s.c. injection once per day (1:00 pm). Groups 

are summarized in Table 1.  
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Table 1. Experimental groups for MPTP studies.  

Group Treatment Description Figures 

MPTP + CLFB-
1134 (Co-dosed) 

Mice received 20mg/kg MPTP once per day 
(s.c.; 1:00pm) and 30mg/kg CLFB-1134 

twice per day (i.p.; 8:00 am and 8:00 pm) for 
5 consecutive days. Sacrifice was 3 hours 

after the final MPTP dose. 

Figure 1 

MPTP + drug 
vehicle (Co-

dosed) 

Mice received 20mg/kg MPTP once per day 
(s.c.; 1:00pm) and DMSO/PEG vehicle twice 

per day (i.p.; 8:00 am and 8:00 pm) for 5 
consecutive days. Sacrifice was 3 hours after 

the final MPTP dose. 

Figure 1 

Neurotoxin vehicle 
+ CLFB-1134 

Mice received a single i.p. injection of CLFB-
1134 and were given s.c. saline 30 minutes 

later.  
Figure 2 

Neurotoxin vehicle 
+ drug vehicle 

Mice received a single i.p. injection of 
DMSO/PEG vehicle and were given s.c. 

saline 30 minutes later.  
Figure 2 

MPTP + drug 
vehicle 

Mice received a single i.p. injection of 
DMSO/PEG vehicle and were given s.c. 

MPTP 30 minutes later.  
Figure 2 

MPTP + CLFB-
1134 

Mice received a single i.p. injection of CLFB-
1134 and were given s.c. MPTP 30 minutes 

later.  
Figure 2 

Neurotoxin vehicle 

Mice received a single daily injection of 
saline (s.c.) for 5 consecutive days. Mice 
were sacrificed 3 weeks following the last 

injection. 
Figures 3 and 4 

MPTP 

Mice received a single daily injection of 20 
mg/kg MPTP (s.c.) for 5 days in a row. Mice 
were sacrificed 3 weeks following the last 

injection. 
Figures 3, 4, and 5 

MPTP + CLFB-
1134 (Co-Dosed) 

Mice were treated with a single daily injection 
of 20 mg/kg MPTP (s.c.) and two daily 

injections of CLFB-1134 (i.p.) for 5 days. 
CLFB-1134 injections continued on the same 
schedule for 3 more weeks following MPTP 
completion. Mice were sacrificed following 

the last CLFB-1134 injection. 

Figures 3, 4, and 5 

MPTP + drug 
vehicle (Co-

dosed) 

Mice were concurrently treated with a single 
daily injection of 20 mg/kg MPTP (s.c.) and 

two daily injections of DMSO/PEG (i.p.) for 5 
days. DMSO/PEG injections continued on 
the same schedule for 3 more weeks. Mice 
were sacrificed following the last injection. 

Figures 3 and 4 

MPTP + CLFB-
1134 (Post MPTP) 

Mice received a single daily injection of 20 
mg/kg MPTP (s.c.) for 5 consecutive days. 
Mice then received two daily injections of 
CLFB-1134 (i.p.) for 3 weeks. Mice were 

sacrificed following the last injection.  

Figures 3, 4, and 5 
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2.2c) High performance liquid chromatography of striatal 

neurochemistry 

HPLC analysis of neurochemistry was performed as previously described 

(Caudle et al., 2007). Monoamine standards for DA, dihydroxyphenylacetic acid 

(DOPAC), homovanillic acid (HVA), and norepinephrine (NE) were purchased 

from Sigma-Aldrich (St. Louis, MO). Briefly, dissected striata were sonicated in 

0.1 M perchloric acid. Homogenates were centrifuged at 15,000×g and the 

supernatant filtered through a 0.22 µm filter by centrifugation at 15,000×g. The 

supernatants were analyzed for levels of DA, DOPAC, HVA, and NE. 

Quantification was made by reference to calibration curves made with individual 

standards. 

 MPP+ levels in the striatum were evaluated as previously described 

(Richardson et al., 2008). Mice were sacrificed 3 hours following the last dose of 

MPTP. Bilateral striata were sonicated in 5% trichloroacetic acid and centrifuged 

for 10 minutes at 14,000xg. MPP+ levels were determined in the supernatants by 

HPLC with UV detection at 290 nm using a reverse-phase Altima C18 column 

(Alltech Associates Inc., Deerfield, Illinois, USA) and a mobile phase consisting of 

89% 50 mM KH2PO4 and 11% acetonitrile. MPP+ was identified and quantified by 

comparison of retention time with known standards. 

2.2d) Phospho-JNK and total JNK immunoassay 

The levels of JNK phosphorylation at Thr183 and Tyr185 in midbrain 

tissue was measured using the Phospho-JNK (Thr183/Tyr185) whole cell lysate 

assay kit (Meso Scale Discovery, Gaithersburg, MD). The assay was performed 

according to the manufacturer’s instructions and all samples were analyzed in 
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duplicate. In brief, dissected mouse midbrain tissues were homogenized in 1X 

complete lysis buffer. Lysates were centrifuged at 10,000xg, at 4°C for 10 minutes 

and supernatant was collected. Total protein concentration in the lysate was 

determined using a BCA protein assay (Thermo Scientific). The Meso Scale 

Discovery plate was prepared according to the manufacturer’s protocol, using 

lysate at a concentration of 0.2 µg/µL. The Meso Scale Discovery plate was read 

on the SECTOR Imager 2400 instrument (Meso Scale Discovery). Data represent 

background-subtracted chemiluminescent signal units.  

2.2e) Western blot 

Western blots were used to quantify the expression of tyrosine hydroxylase 

(TH) present in samples of striatal tissue from treated and control mice. Analysis 

was performed as previously described (Caudle et al., 2006). Briefly, unilateral 

striatum samples were homogenized, a BCA protein assay kit from Pierce 

(Rockford, IL) was used, and 5 ug (in 5 uL) of striatal protein were subjected to 

polyacrylamide gel electrophoresis. Following electrophoretic transfer to 

polyvinylidene difluoride membranes, nonspecific sites were blocked in 7.5% 

nonfat dry milk in Tris-buffered saline. Membranes were incubated overnight in 

a polyclonal antibody to TH (Immunostar, Hudson, WI, 1:1000). TH antibody 

binding was detected using a goat anti-rabbit horseradish peroxidase secondary 

antibody (1:10,000) and enhanced chemiluminescence. The luminescence signal 

was captured on an Alpha Innotech Fluorochem imaging system and stored as a 

digital image. Membranes were stripped for 15 minutes at room temperature with 

Pierce Stripping Buffer and sequentially re-probed with β-actin (1:3,000) 

antibody. Immunoreactivity of TH was normalized to β-actin levels to ensure 
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equal protein loading across samples. Monoclonal mouse anti-β-actin antibodies 

were purchased from Sigma-Aldrich (St. Louis, MO). Secondary antibodies 

conjugated to horseradish peroxidase were obtained from Jackson 

Immunoresearch Laboratories (West Grove, PA). SuperSignal West Dura 

Extended duration substrate and stripping buffer were obtained from Pierce 

(Rockford, IL). 

2.2f) Histology and stereology  

Tissue staining and cell counts were performed as described previously 

(Caudle et al., 2007). Briefly, midbrain blocks from control and treated mice were 

immersion fixed in 4% paraformaldehyde for 24 h at 4°C and equilibrated in 30% 

sucrose in PBS at 4°C before being cryosectioned (40 µm, coronal slice). Sections 

were incubated with a polyclonal anti-TH antibody overnight (EMD Millipore, 

Billerica, MA). TH signal was amplified with an ABC Elite kit (Vector 

Laboratories, Burlingame, CA) and then sections were incubated in a biotinylated 

goat anti-rabbit secondary antibody for 1 hour at 4°C. Visualization was 

performed using 3,3’-diaminobenzedine with nickel enhancement (Sigma-

Aldrich, St. Louis, MO) for 3 minutes at room temperature. Sections were then 

incubated with monoclonal anti-NeuN antibody overnight (EMD Millipore, 

Billerica, MA). NeuN signal was amplified with ABC Elite kit (Vector 

Laboratories) and sections were incubated with biotinylated goat anti-mouse 

secondary antibody for 1 hour at 4°C. Visualization was performed using 3,3-

diaminobenzidine for 3 minutes at room temperature. For cresyl violet stained 

tissue, a 0.1% aqueous cresyl violet solution (from Poly Scientific R&D Corp, New 

York) was used followed by de-stain and dehydration in ethanol and xylenes.  
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Unbiased stereological estimates of TH+ and total (NeuN+ or cresyl violet) 

neurons were performed using the optical fractionator method in 

StereoInvestigator analysis software with sampling parameters chosen to 

maintain a coefficient of error under 0.12 (MicroBrightField, Williston, VT). The 

substantia nigra pars compacta (SNpc) was delineated using previously described 

criteria (West et al., 1991). After delineation at low magnification, every sixth 

section was sampled at 40x oil-immersion objective on a Nikon 90i microscope 

(Nikon Melville, NY).  

2.2g) Statistics  

GraphPad Prism (version 6) was used. When comparing only two groups, 

unpaired, two-tailed t-tests were used. Comparison across more than two 

treatment groups was carried out by one-way analysis of variance (ANOVA), 

followed by the multiple comparisons q (Newman-Keul's) test. Throughout 

analysis, p < 0.05 was considered statistically significant.  

2.3 Results  

2.3a) CLFB-1134 displays a favorable pharmacokinetic profile with 

high brain penetrance in rats and mice 

Studies were performed in mice and rats to determine the half-life (T ½) 

and brain penetrance of the drug when dosed intravenously (I.V.), orally (P.O.), 

or intraperitoneally (I.P.). Dosing orally in mice achieved a longer half-life 

compared to i.v. dosing. The brain:plasma ratio is slightly increased when dosed 

i.v., although both dosing routes gave ratios of nearly one (Table 2A). Acute or 

sub-chronic IP dosing in rats achieved similar half-lives as IV dosing in mice but 

much longer half-lives in brain compared to mice (Table 2B, C). Under all 
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dosing paradigms, the brain:plasma ratios were consistently greater than 1, 

indicating excellent brain penetrance.  An IP dosing paradigm was selected for 

the MPTP studies (Table 1).  

 

Table 2A. CLFB-1134 pharmacokinetic properties in C57BL/6J mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 IV Dose 10mg/kg PO Dose 30 mg/kg 
*30% solutol in saline 
 

PLASMA   
AUC 5575 7854 
T ½ (hr) 2.6 3.3 
V2 (mL/kg) 6745 1255 
CLZ (mL/hr/kg)  1793 2.0 
%F  47 
BRAIN   

AUC 7286 7185 
T ½ (hr) 1.4 3.3 
V2 (mL/kg) 2858 765 
CLZ (mL/hr/kg)  1372 2.0 
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Table 2B. CLFB-1134 (single dose) pharmacokinetic properties in 

Sprague-Dawley rats.  

 IP Dose 10mg/kg 
*30% solutol in saline 

PLASMA  
AUC 5630 
T ½ (hr) 2.5 
CLZ (mL/hr/kg)  1775 
Cmax 2135 
Tmax 0.25 
BRAIN  

AUC 2870 
T ½ (hr) 3.6 
Cmax 517 
Tmax  2 

 

CLFB-1134 displays a favorable pharmacokinetic profile in mice with high brain 

penetrance. CLFB-1134’s concentration in plasma and in brain following 

intravenous (IV), oral (PO), or intraperitoneal (IP) dosing, as indicated. 

AUC=area under curve, T ½ (hr) = half life time in hours. V2 = compartment 

volume. 

 

 

 

 

 

 

 

 



 
62   

Table 2C. CLFB-1134 chronic dosing pharmacokinetic properties in 

Sprague-Dawley rats.  

 

Male Day Plasma 
(ng/mL) 

Brain 
(ng/g) B / P  

7 Day 
10mg/kg 

Day 1 714 881 1.2 
Day 7 255 446 1.7 

% of Day 
1 35% 51%   

       

7 Day 
20mg/kg  

Day 1 1496 1695 1.1 
Day 7 453 543 1.2 

% of Day 
1 30% 32%   

       

35 Day 
20mg/kg 

Day 1 1496 1695 1.2 
Day 35 292 359 1.2 

% of Day 
1 20% 21%   

     

Female  Day Plasma 
(ng/mL) 

Brain 
(ng/g) B / P  

7 Day      
10 mg/kg  

Day 1 240 494 2 
Day 7 104 157 1.5 

% of Day 
1 43% 31%   

       

7 Day      
20 mg/kg 

Day 1 1051 640 0.61 
Day 7 234 441 1.9 

% of Day 
1 22% 68%   
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2.3b) MLK3 inhibition in vivo with CLFB-1134 does not interfere with 

MPTP metabolism to MPP+ 

The use of MPTP has long been the gold standard for generating a mouse 

model of the nigrostriatal dopaminergic pathway degeneration characteristic of 

parkinsonism. Critical to this process is the metabolism of MPTP to its neurotoxic 

metabolite, MPP+ by astrocytes (Javitch et al., 1985; Ransom et al., 1987) and the 

selective transport of MPP+ into the DA terminal by the DA transporter (DAT). 

Given these dynamics, it is imperative to ensure that any intervention, especially 

one that is viewed as neuroprotective, does not affect the processing of MPP+, 

leading to an artificial interpretation of neuroprotection. Striatal MPP+ levels 

were not different in mice concurrently dosed with MPTP + drug vehicle and 

those that received MPTP + CLFB-1134 (Figure 2). These data demonstrate that 

treatment with CLFB-1134 does not impair or enhance the metabolism of MPTP 

to MPP+, providing a reliable model to evaluate neuroprotection by MLK3 

inhibition.  
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Figure 2. CLFB-1134 does not interfere with MPTP metabolism. A. 

Structure of CLFB-1134. CLFB-1134 (Imidazo[1,2-b]pyridazine). IC50 = 42nM. 

B. CLFB-1134 does not interfere with MPTP metabolism. Following 5 

days of MPTP + CLFB-1134 or MPTP + drug vehicle treatment, striatal MPP+ 

levels were quantified using HPLC. MPP+ levels did not differ between mice 

concurrently dosed with MPTP + drug vehicle and those that received MPTP + 

CLFB-1134. MPTP + drug vehicle group mean ± SEM: 13.14ng/mg ± 0.6258, 

(n=9). MPTP + CLFB-1134 group mean ± SEM: 16.02 ± 1.175 (n=12). p=0.0648, 

by unpaired, two-tailed t test. 
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2.3c) In vivo administration of CLFB-1134 engages the target MLK3 

and results in attenuated JNK phosphorylation 

 Prior to embarking on neuroprotection experiments, we dosed two cohorts 

of mice with CLFB-1134 (or drug vehicle as a control) just prior to either an 

MPTP or neurotoxin vehicle injection as described in the Methods. As a 

downstream measure of target engagement, we measured pJNK at 

Thr183/Tyr185 by multiplexed immunoassay. While previous work has shown 

JNK phosphorylation following MPTP treatment in mice, in our hands, MPTP 

treatment did not increase pJNK relative to the other treatment groups (Tatton 

and Kish, 1997). The addition of CLFB-1134 produced a 13% reduction in the 

background-subtracted pJNK chemiluminescent signal relative to neurotoxin 

vehicle-treated animals that also received drug vehicle (Figure 3). 
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Figure 3. In vivo target engagement by CLFB-1134. As a measure of 

MLK3 inhibition, JNK phosphorylation was quantified in mouse brain tissue. 

CLFB-1134 treatment was associated with decreased pJNK signal relative to drug 

vehicle, although MPTP also was associated with decreased pJNK signal relative 

to the neurotoxin vehicle condition. Mean ±SEM in background-subtracted 

chemiluminescent units: Neurotoxin vehicle + drug vehicle: 3699±144.0 (n=7), 

Neurotoxin vehicle + CLFB-1134 group: 3234±93.2 (n=7), MPTP + drug vehicle 

group: 3378±87.82 (n=8), MPTP + CLFB-1134 group: 3179±93.78 (n=8). 

Different letters indicate that there is a statistically significant difference between 

groups.  
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2.3d) CLFB-1134 protects against MPTP-induced loss of striatal 

dopaminergic terminals 

 A hallmark pathological feature of PD is loss of markers of dopaminergic 

terminal integrity and function in the striatum. As previously published 

(Tillerson et al., 2002; Jackson-Lewis and Przedborski, 2007; Meredith et al., 

2008) exposure to 20 mg/kg MPTP for 5 days resulted in an approximately 50% 

reduction in striatal TH expression, compared with animals that received only 

neurotoxin vehicle or drug vehicle (Figure 4). A similar reduction was measured 

when MPTP was co-administered with the drug vehicle. These reductions were 

absent when CLFB-1134 was administered in vivo simultaneously with MPTP or 

following the MPTP regimen (Figure 4). 
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Figure 4. CLFB-1134 protects against MPTP-induced loss of striatal 

TH. Immunoblotting analysis of TH (and actin control) in striatum of mice that 

received MPTP and concurrent or delayed treatment with CLFB-1134. Order of 

samples in immunoblot matches the groups on the x axis of graph. Ordinary one-

way ANOVA with Newman-Keuls multiple comparisons test. Bars represent 

mean±SEM. Neurotoxin vehicle n=7. Drug vehicle n=6. MPTP + Co-CLFB-1134 

n=7. MPTP + CLFB-1134-Post n=10. MPTP + Co-Drug Vehicle n=5. MPTP n=5. 

Co- indicated co-dosing. Post- indicates CLFB-1134 dosing was initiated after 

MPTP dosing was completed. Different letters indicated statistically significant 

differences between groups. 
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2.3e) MLK3 inhibition in vivo with CLFB-1134 did not protect against 

MPTP-induced striatal DA depletion 

The classic motor deficits observed in PD are routinely attributed to a 

significant loss of DA in the striatum. MPTP treatment reliably mimics this 

dramatic DA depletion. Our treatment with MPTP induced an approximately 

50% reduction in striatal dopamine, compared with mice treated with neurotoxin 

vehicle or drug vehicle (Figure 5). Delayed treatment with CLFB-1134 following 

MPTP did not protect against loss of striatal DA relative to vehicle, and HVA and 

DOPAC levels were not restored to untreated levels.  

2.3f) MLK3 inhibition in vivo with CLFB-1134 protects against MPTP-

induced nigral dopaminergic degeneration 

 In addition to damage to terminals in the striatum, loss of dopaminergic 

neurons in the substantia nigra pars compacta (SNpc) is a classic feature of PD 

neuropathology. With our MPTP paradigm, we were able to demonstrate a 

dramatic reduction (approximately 84%) in the number of TH+ neurons in the 

SNpc of MPTP-treated mice, compared with neurotoxin vehicle or drug vehicle 

controls (Figure 6).  Consistent with the striatal TH analysis, unbiased 

stereological estimate of total neurons in the SNpc confirmed that reductions 

were a result of loss of TH+ neurons, rather than a reduction or masking of the 

TH epitope (Figure 6). In contrast, CLFB-1134 provided robust protection from 

MPTP-induced nigral dopaminergic cell loss. 
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Figure 5. CLFB-1134 does not protect against MPTP-induced striatal 

DA depletion. DA (dopamine), DOPAC (3,4-dihydroxy-phenylacetic acid), HVA 

(homovanillic acid), and NE (norepinephrine) were assessed by high 

performance liquid chromatography. For each analyte, an ordinary one-way 

ANOVA with Newman-Keuls multiple comparisons test was used for analysis. 

Bars represent mean±SEM. No treatment n=6. CLFB-1134 n=8. MPTP n=12. 

MPTP + Co-Drug Vehicle n=10. MPTP + Co-CLFB-1134 n=9. MPTP + CLFB-

1134-Post n=10. Different letters indicate that there is a statistically significant 

difference between groups.  
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Figure 6. CLFB-1134 protects against MPTP-induced nigral 

dopaminergic cell loss. Stereological counts of TH+ and NeuN+ (or cresyl 

violet for CLFB-1134 group) cells in the substantia nigra. Representative 

micrographs depict nigral sections double-stained for TH and NeuN (2x). A. 

Vehicle, B. MPTP + Co-CLFB-1134, C. MPTP, D. MPTP + CLFB-1134-Post. Scale 

bar = 300µm. Bars in graphs represent mean±SEM. Ordinary one-way ANOVA. 

Neurotoxin vehicle n=4. Drug vehicle n=4. CLFB-1134 n=3. MPTP + CLFB-1134 

n=5. MPTP n=3. Different letters indicate that there is a statistically significant 

different between groups.   
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2.4 Discussion  

It has long been known that dopaminergic neurodegeneration drives the 

motor phenotypes of PD. Because of the cell cycle, apoptotic signaling, and 

immune activation effects of MLK inhibition, several MLK inhibitors have been 

tested in models of dopaminergic degeneration and in PD patients (Saporito et 

al., 1999; Saporito et al., 2002; Mathiasen et al., 2004; Lotharius et al., 2005; 

Parkinson Study Group, 2007). Using a compound more specific for MLK3 and 

with better brain penetrance than the earlier inhibitor CEP-1347, we hoped to 

improve upon previous MLK inhibition work. We found that, indeed, CLFB-1134 

does cross the blood-brain barrier (BBB) and achieves physiologically relevant 

concentrations following oral, intravenous, or intraperitoneal dosing in mice and 

rats (Table 2). An IP dosing paradigm was selected for the MPTP/CLFB-1134 

studies.  

Dosing regimens used in previous work, including once daily dosing (i.p.) 

have been sufficient to achieve therapeutic effects in other studies with MLK 

inhibition (Dong et al., 2016; Gnanadhas et al., 2017; Tomita et al., 2017). We 

then verified that the neuroprotective capacity of CLFB-1134 can be tested in the 

MPTP-induced dopaminergic degeneration model because it does not interfere 

with the conversion of MPTP to MPP+ (Figure 3). While MPTP was not, at the 

timepoint selected, associated with increases in pJNK, CLFB-1134 was found to 

engage MLK3 and produce a 13% decrease in phosphorylation of JNK 

(comparing saline-treated groups, Figure 4). The lack of MPTP-induced pJNK 

increase could be due to the transience of MPTP-induced phosphorylation of 

JNK. The cascade engaging MLK3 and resulting in increased pJNK set off by 
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MPTP may, by time of sacrifice, have been erased by protein turnover and 

phosphatase activity altering JNK’s status. Nevertheless, CLFB-1134, prior to 

animal sacrifice, had the opportunity to interrupt the cascade and diminish 

pJNK. An earlier sacrifice, closer to MPTP treatment, may have revealed 

increased pJNK as in (Huang et al., 2016), where elevated pJNK following MPTP 

was reported at 6 hours post neurotoxin injection. 

Whether given simultaneously or after MPTP treatment, CLFB-1134 

preserves striatal dopaminergic terminals expressing TH as well as nigral TH+ 

soma (Figure 4, Figure 6). The modest decrease in JNK phosphorylation 

achieved by MLK3 inhibition is the simplest explanation for the preservation of 

TH nigral cell bodies following CLFB-1134 treatment. Because MLK3, a 

MAPKKK, is part of a signaling cascade, MLK3 inhibition has far reaching 

consequences as pJNK in turn acts on many transcription factors and other 

signaling molecules. Thus, a slight change in MLK3-associated phosphorylation 

can be amplified and, as we interpret in this case, elicit robust protection of nigral 

TH+ neurons, and this is similar to what has been previously published with 

MLK inhibition. Treatment with the broad spectrum MLK inhibitor, URMC-099, 

in mice was associated with a 21.5, 17.3, and 23.7% decrease in phosphorylation 

of p38, p46-JNK, and p54-JNK (Dong et al., 2016).  

By HPLC, our findings indicate that while there was a significantly greater 

amount of DA in MPTP + CLFB1134 POST animals than in MPTP + drug vehicle 

animals, there was no significant difference between concentrations of DA or its 

metabolites in MPTP, MPTP + Co CLFB1134 or MPTP + CLFB1134 POST groups 

(Figure 5). Achieving nigral neuroprotection in the absence of striatal DA 
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restoration has been reported in other studies using MPTP to model PD 

neuropathology. Others have proposed that the discrepancy between persistent 

neurotransmitter depletion and the complete preservation of terminals and soma 

is due to MPTP’s rapid effect on dopaminergic terminals and the more gradual, 

microglia-dependent action in the SNpc (Liberatore et al., 1999; Zhang et al., 

2004; Hu et al., 2008). Loss of DA from the striatum in our paradigm may be 

related to loss of mitochondrial energetics as induced by MPTP directly, rather 

than the downstream apoptotic and necroptotic signaling that damages terminals 

and cell bodies. Specifically, TH is activated by phosphorylation, an event which 

requires ATP (Daubner et al., 2011). The depletion of ATP achieved by MPTP may 

prevent activation of TH and thus block proper DA synthesis. Neuroprotective 

interventions given post-MPTP would thus have a greater chance of affecting the 

SNpc rather than DA synthesis in striatal terminals. Another possible explanation 

of the discrepancy between terminal rescue in the absence of neurochemical 

recovery may be that MPTP damages elements of DA synthesis that are not 

regulated by MLK/JNK signaling pathways and thus cannot be mitigated by MLK 

inhibition with CLFB-1134. For example, MPTP treatment decreases the activity 

of aromatic L-amino acid decarboxylase (King et al., 2011) and the activity of this 

enzyme may not recover following inhibition of MLK3.   

In our own work, Figure 4 suggests that at the height of MPTP toxicity, 

CLFB-1134 is capable of preserving the dopaminergic phenotype of the 

vulnerable nigrostriatal terminals. Preservation of tyrosine hydroxylase 

expression is necessary for DA production, so while DA and its metabolites were 

decreased in CLFB-1134-treated mice relative to untreated and CLFB-1134-alone 
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groups, the synthetic machinery (TH) necessary for neurotransmitter production 

remains expressed. Counts of dopaminergic cell bodies in the substantia nigra 

further support the conclusion that CLFB-1134 protects neuronal potential to 

produce dopamine, despite DA levels at the time of sacrifice appearing relatively 

depleted. The endpoint in this study was 3 weeks post-MPTP, and it is possible 

that more complete neurochemical recovery could have been observed given 

more time. However, because spontaneous recovery from MPTP has been 

observed given increased time post-toxin (Mitsumoto et al., 1998), our limited 

time course is most informative for specifically evaluating CLFB-1134’s 

neuroprotective capacity.  

 The early findings from pre-clinical models with first generation MLK 

inhibitors were promising, yet clinical trials with CEP-1347 failed in a Phase II 

trial for early PD due to futility (Parkinson Study Group, 2007). It was proposed 

that another way to improve upon the function of MLK3 inhibitors would be to 

provide additional support from neurotropic factors such as brain-derived 

neurotrophic factor (BDNF) signaling via tropomyosin receptor kinase B (TrkB) 

receptors (Wang and Johnson, 2008). This recommendation is based on the fact 

that MLK3 inhibition increases the expression of Trk receptors. For 

dopaminergic neurons in SNpc, the Trk receptors expressed are type B and 

cannot activate in the absence of their ligand. Once activated, as by BDNF, TrkB 

receptors lead to the activation of the PI3k signaling cascade, engaging Akt and, 

ultimately, inhibition of GSK3β. The efficacy of GSK3β inhibition alone as a 

neuroprotective treatment in an MPTP model of dopaminergic degeneration has 

been previously described, although the study was limited in translational 
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relevance as a pre-MPTP dosing schedule was used (Wang et al., 2007). 

Nonetheless, the GSK3β inhibitor did protect dopaminergic soma and terminals. 

Similar to our own results, the DA concentration in the striatum remained low 

relative to the control condition, despite the anatomical preservation achieved by 

GSK3β inhibition. This suggests that targeting the signaling cascade downstream 

of TrkB may not restore DA levels beyond what was achieved with MLK3 

inhibition. Thus, MLK3 inhibition, even on its own, warrants further 

investigation.  

Here, we demonstrated that CLFB-1134 has a favorable brain penetrance 

and, as evinced from our studies, penetrates the BBB sufficiently to engage its 

target and dampen the downstream pJNK signal that can be measured by 

immunoassay in brain lysates from mice treated with drug in vivo. This target 

engagement is then the basis for the robust protection of striatal TH terminals 

and DA neurons in the SNpc from MPTP-induced damage.  
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CHAPTER 3. PERIPHERAL MYELOID CELL MHCII EXPRESSION IN 

MICE AFFECTS IMMUNOPHENOTYPE AND RESPONSE TO HUMAN 

WT a-SYNUCLEIN 

Technical assistance with qPCR, Western blots, and Mesoscale Discovery 

multiplex enzyme linked immunosorbent assays provided by Sean Kelly, Mary K. 

Herrick (rAAV2/9 study only), and Jianjun Chang respectively.  Stereotaxic 

surgeries, cypermethrin treatment, flow cytometry, histology, and all analyses 

performed by Elizabeth Marie Kline.  

3.1 Introduction  

Evidence from multiple studies suggests an association between changes in 

the immune system and the hallmark neuropathologies of Parkinson’s disease 

(PD), specifically age-related dopaminergic degeneration and α-synuclein 

aggregation. The brain’s resident immune cells, microglia, are activated in rodent 

models of transgene- and viral-vector-mediated α-synuclein overexpression (Su et 

al., 2008; Theodore et al., 2008; Su et al., 2009; Sanchez-Guajardo et al., 2010; 

Watson et al., 2012), as well as in the post-mortem (McGeer et al., 1988c; McGeer 

et al., 1988b; Banati et al., 1998; Imamura et al., 2003) and living brains of PD 

patients (Gerhard et al., 2006). Cytokines such as IL-1β, TNF, and IL-6 are 

secreted by activated microglia and promote an inflammatory environment in the 

brain, as seen in PD substantia nigra pars compacta (SN, locus of 

neurodegeneration), and striatum (Mogi et al., 1994b; Mogi et al., 1994a). Adaptive 

immune system alterations have also been identified in PD, including extensive 

infiltration of CD4+ and CD8+ T cells into the central nervous system in human 

patients and rodent models (Baba et al., 2005; Brochard et al., 2009). 
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Autoantibodies against dopaminergic (DA) neuron proteins in PD patient serum 

and cerebrospinal fluid have also been observed (Defazio et al., 1994), as have T 

cells capable of recognizing synuclein-derived antigens (Sulzer et al., 2017). 

Despite what we have learned about the state of the immune system in PD, the 

mechanism by which immune system function influences risk for PD remains 

unclear.  

One key immune system function of interest in PD is the process of antigen 

presentation, which is the nexus between the innate and adaptive immune 

systems. The way in which antigen presentation regulates the status of the immune 

system specifically in PD is not yet fully understood. Antigen presentation relies 

on major histocompatibility complex proteins (MHC) proteins which display 

antigen peptides to T cells, prompting T cell activation and differentiation. 

Differentiated T cells promote pathogen clearance and the formation of 

immunological memory. Microglia and other specialized antigen presenting cells 

display peptides derived from engulfed pathogens and intracellular debris using 

MHC class II (MHCII), recognized by CD4+ T cells. In in vitro and in vivo studies, 

microglia have been shown to have the capacity to phagocytose certain species of 

α-synuclein as well as debris released by degenerating DA neurons (Zhang et al., 

2005; Park et al., 2008; Marinova-Mutafchieva et al., 2009; Zhang et al., 2011). 

Coupled with the observation that MHCII expression in PD brain correlates with 

deposition of α-synuclein (Croisier et al., 2005) and is increased relative to control 

brains (McGeer et al., 1988b), the current evidence suggests the possibility that 

immune cells phagocytose and present α-synuclein-derived peptides or antigens 

from α-synuclein-burdened, degenerating neurons to CD4+ T cells in PD. While 
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the precise location of such antigen presentation (within the brain parenchyma, in 

the perivascular space, or more distant from the central nervous system) is a 

subject of debate, the fact that antigen presentation is an important process in PD 

is accepted.  

Consistent with post-mortem observations and studies with animal models 

of PD in which MHCII is upregulated in the brain, a single nucleotide 

polymorphism (SNP), rs3129882, within the gene for MHCII was reported to be 

associated with a 1.7-fold increase in risk for PD (Hamza et al., 2010). The high-

risk genotype (GG) at rs3129882 is over-represented (46%) in patients with 

idiopathic PD compared to its frequency in an age-matched healthy control 

population (40%). Functionally, our group demonstrated that GG homozygosity at 

this SNP is associated with greater baseline mRNA and surface MHCII protein 

expression in monocytes and B cells (see Figure 1). This suggests that the high-

risk genotype may also be associated with increased antigen presentation 

throughout the lifespan, increasing risk for PD as antigenic load increases with age 

(De Martinis et al., 2005). It may be the case that genotype differences rs3129882 

may also be associated with differences in T cell activation and differentiation. 

Because immune activation, including upregulation of MHCII, is associated 

with neurodegeneration, there has been interest in targeting MHCII for PD 

treatment, with the goal of blocking antigen presentation to prevent 

neurodegeneration. Indeed, while some expression of MHCII is necessary to 

activate T cells when needed to fight an infection, for example, levels above the 

homeostatic range are linked to autoimmune diseases and accompanied by 

abnormal ratios of T cell subsets (Nepom and Erlich, 1991). The work presented 
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here was done in an effort to determine the extent to which deletion of MHCII on 

peripheral myeloid cells alters T cell frequencies and, thus, impacts dopamine (DA) 

neuron integrity. Towards this effort, we used a model of PD pathology in which a 

recombinant adeno-associated viral vector drives human a-synuclein expression 

in mouse SN. To understand the contributions of peripheral myeloid cell MHCII-

mediated antigen presentation to a-synuclein-induced inflammation and 

degeneration, mice with peripheral myeloid deletion of MHCII (LysMCre+I-Abfl/fl) 

were used in these experiments.  

Insertion of Cre recombinase into the endogenous M lysozyme locus has 

previously been used to create myeloid-specific gene recombination (Clausen et 

al., 1999). In the original study, deletion efficiency in mature macrophages was 83-

98% and nearly 100% in granulocytes, with 16% deletion in splenic CD11c+ 

dendritic cells (Clausen et al., 1999). LysM is found in a subset of lymphoid and 

erythroid cells, but no significant deletion was observed in B or T lymphocytes 

(Clausen et al., 1999). In LysMCre mice, Cre is expressed under the control of the 

endogenous Lyz2 promoter/enhancer elements. Lyz2 encodes lysozyme, an 

enzyme which cleaves peptidoglycans of the bacterial cell wall (Cross et al., 1988). 

Expression of Lyz2 varies among cell types and with immune activation. Microglia 

do not express Lyz2 at baseline (Wohleb et al., 2013; Zeisel et al., 2015); thus, 

recombination in microglia is not efficient in LysMCre mice. The LysMCre mouse 

line crossed with I-Abfl/fl mice was provided to the Tansey lab by Dr. Tim Denning. 

In our work, deletion of MHCII under the LysM promoter was first confirmed in 

naïve LysMCre+I-Abfl/fl animals relative to LysMCre-I-Abfl/fl mice. Based on a 

study of tdTomato expression under LysM, the LysMCre mouse line is expected to 
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drive gene deletion in (at least half of) peripheral myeloid cells, with the possibility 

of some deletion occurring under inflammatory conditions in microglia as well 

(Orthgiess et al., 2016). 

In what is referred to throughout as the higher-titer rAAV2/9 experiment, 

rAAV2/9 human WT a-synuclein was delivered to the left SN of LysMCre+ and 

Cre- I-Abfl/fl mice to assess the effects of peripheral myeloid cell MHCII expression 

on a-synuclein-induced degeneration and inflammation. We describe here the DA 

terminal damage produced by rAAV2/9 human WT a-synuclein and characterize 

the immune reaction in the striatum. The immunophenotypic differences between 

LysMCre+ and Cre-I-Abfl/fl mice are also reported. In order to understand the 

interactions between a-synuclein, variations in MHCII expression, and a PD-

relevant environmental exposure, the second experiment presented in this chapter 

describes a “double-hit” model in which LysMCre- and Cre+I-Abfl/fl mice were 

given rAAV2/5 human WT a-synuclein (left SN) followed by a brief treatment with 

the pyrethroid pesticide cypermethrin. This study is referred to throughout as the 

rAAV 2/5 experiment.  

The combination of varying MHCII expression (normal in Cre- animals, 

deleted in some cell types in Cre+ animals) and exposure to a pyrethroid allowed 

us to investigate the mechanism behind the observation reported in (Kannarkat et 

al., 2015). Specifically, the high-risk rs3129882 genotype was associated with 

increased risk for PD in humans who had also been exposed to 1 or more 

pyrethroids (Kannarkat et al., 2015). Humans with the high-risk single nucleotide 

polymorphism (SNP) genotype (GG) at rs3129882 in the first intron of the human 
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MHCII gene HLA-DRA have high expression of MHCII on monocytes and B cells 

relative to those with the low risk SNP genotype (Kannarkat et al., 2015). While we 

did not take the approach of mimicking the increase in MHCII expression observed 

in high-risk genotype individuals, we can compare the conditions in mice with 

relative higher (Cre-) MHCII levels to those with the cell-specific deletion. 

Immunomodulatory PD treatments aimed at decreasing MHCII expression have 

been proposed (Williams et al., 2018), suggesting our comparison is translationally 

relevant.  

3.2 Materials and Methods  

3.2a) Mice  

 Male LysMCre+I-Abfl/fl and control LysMCre-I-Abfl/fl mice were used in 

this study.  Mice were housed in the facilities in the Whitehead Biomedical 

Research building in the Division of Animal Resources at Emory University with 

ad libitum access to food and water. The animal facility is on a 12-hour light/dark 

cycle. Experimental procedures were approved by the Institutional Animal Care 

and Use Committee of Emory University and performed in compliance with the 

National Institutes of Health guide for the care and use of laboratory animals. 

Mice that received stereotaxic injection were 2-3 months old (young adult) at the 

time of stereotaxic injection. Mice were euthanized by intraperitoneal Euthasol 

(Virbac Animal Health, Fort Worth, TX) for the rAAV2/5 and higher titer rAAV9 

studies. Mice were euthanized by isoflurane-anesthetized cervical dislocation for 

the verification of MHCII deletion experiment.  

 For the rAAV2/5 study, cypermethrin (CHEM SERVICE, Inc. N-11545-

100mg, lot 6593600, certified on 11.10/2015) was formulated in sterile corn oil 
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(Mazola, ACH Food Companies, Inc. Oakbrook Terrace, IL) at 5mg/mL in a light 

safe vial. Dosing began 8-9 months following stereotaxic surgery with rAAV2/5 

human WT a-synuclein and was carried out twice per week for three weeks (6 

total injections, intraperitoneal). The solution of cypermethrin and the vehicle 

were vortexed prior to drawing up solution for each injection. Animals were 

sacrificed within 1 week following the final injection. Animals treated with 

cypermethrin or vehicle were co-housed to avoid confounding cage effects.  

 The verification of MHCII deletion in peripheral myeloid cell experiment 

included n=3 LysMCre+I-Abfl/fl mice and n=3 LysMCre-I-Abfl/fl mice. The rAAV9 

higher titer experiment included n=16 LysMCre-I-Abfl/fl  and n= 11 LysMCre+I-

Abfl/fl . The rAAV2/5 double hit experiment with cypermethrin treatment included 

all male mice, LysMCre+I-Abfl/fl + vehicle n=6, LysMCre+I-Abfl/fl + cypermethrin 

n=8, LysMCre-I-Abfl/fl + vehicle n=9, LysMCre-I-Abfl/fl + cypermethrin n=9. The 

rAAV9 higher-titer study included all male mice, LysMCre-I-Abfl/fl n=16. 

LysMCre+I-Abfl/fl n=11.  

3.2b) Virus and stereotaxic injection 

Viruses were generously provided by Dr. Frederic Manfredsson at Michigan 

State University (Stock Titer: rAAV9 2.1x1012, rAAV2/5 2.9x1011). Mice were 

unilaterally injected (2µL) under stereotaxic guidance to the left SN as in 

(Theodore et al., 2008). Surgery was performed under 1-2% isoflurane anesthesia. 

Mice were placed into stereotaxic frame and injection coordinates for the SN were 

determined relative to bregma: AP -3.2mm, ML +1.2mm, DV -4.6mm from dura. 

The virus was delivered via handmade glass microcapillary pipette affixed to an 

80000 Hamilton syringe (Hamilton Company, Reno, Nevada) coated in Sigmacote 
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(Millipore Sigma, Darmstadt, Germany). Post-operative pain relief was provided 

using buprenorphine (Reckitt Benckiser, NDC 12496-0757-1, 0.1mg/kg, 

intraperitoneal). 

3.2c) Immunofluorescence  

 For rAAV2/5 and higher titer rAAV2/9 studies, following Euthasol 

injection, mice were saline perfused for five minutes. Brains were extracted and 

the caudle portion of the brain (posterior of striatum) was placed in 4% 

paraformaldehyde at 4°C for 24 hours. Tissue was transferred to a 30% sucrose 

solution in phosphate buffered saline (PBS) and stored until sliced. Sectioning 

was performed on a freezing stage microtome (Leica SM 2010R, Leica Biosystems 

Inc., Buffalo Grove IL) and 40µm coronal slices were stored in 0.1% PBS with 

sodium azide at 4°C until stained. Free floating staining of SN brain sections was 

performed as follows. Slices were washed in Tris buffered saline (TBS) and 

incubated in a solution of 4% normal goat serum and 0.25% Triton-x-100 in TBS 

for 60 min at room temperature to block non-specific labeling. Sections 

incubated with primary antibody for 24 hours in TBS with 0.25% Triton-X-100 

and 2% normal goat serum. For primary and secondary antibody concentrations, 

staining conditions, and catalog numbers, see antibody table. Following TBS 

wash, secondary antibody incubations were carried out at room temp for 2.5 

hours with normal goat serum (2%).  Secondary-only controls were used to 

confirm the specificity of the staining. Images of co-labeling of tyrosine 

hydroxylase and a-synuclein were captured using 4x-20x objective lenses on a 

Nikon 90i fluorescence microscope and the Nikon Elements 5 software (Nikon, 
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Melville, NY) for the rAAV2/5 study. Images for the higher tier rAAV9 study were 

captured on a Keyence BZ-X700.   

3.2d) Western blot 

 Following Euthasol injection and saline perfusion, brains were extracted, 

and the left and right striatum were dissected and flash frozen in liquid nitrogen 

for the rAAV2/5 and the higher-titer rAAV9 studies. Tissue was stored at -80°C 

until processed for Western blot. Tissue was homogenized using a pestle motor 

mixer in RIPA buffer with protease and phosphatase inhibitors. Following a 

bicinchoninic acid protein assay, samples were diluted in water and 2x Laemmli 

buffer. Samples were boiled for 5min and run immediately for Western blot. Pre-

cast, 15-well 10% mini-PROTEANâ TGXTM polyacrylamide gels from Bio-Rad 

were loaded with 10µg of protein from each sample. Gel electrophoresis was 

performed at 100V for 110 min. Methanol-activated PVDF membranes were used 

for protein transfer via the Trans-Blot Turbo System (Bio-Rad). The high 

molecular weight, 10 min setting was used to transfer protein. REVERT stain (LI-

COR Biosciences) for detection of total protein was performed and membranes 

were imaged in the 700 channel, 30 second exposure. The membrane was then 

blocked in 5% Triton-X-100 in TBS with milk for 1 hour at room temperature. 

Primary antibodies against mouse dopamine transporter (DAT), and TH were 

used at the concentrations indicated in the antibody table. Blots were incubated 

in 5% Triton-X-100 in TBS with milk at 4°C overnight. Blots were then washed 

and incubated with secondary antibodies at room temperature for 1 hour. 

Following additional washes in TBS with Triton-X-100 and TBS, blots were 
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developed using West Pico Chemiluminescent Substrate or SuperSignal West 

Femto Chemiluminescent Substrate (Thermo Scientific, Waltham, MA). Band 

intensity was measured using an Azure c400 (Azure Biosystems, Dublin, CA) and 

analysis was performed using ImageStudio Software (Li-Cor Biosciences, Lincoln 

NE).     

3.2e) Immune cell isolation and flow cytometry 

 In order to assess the extent of MHCII deletion in the peripheral myeloid 

cells of LysMCre+I-Abfl/fl relative to LysMCre-I-Abfl/fl mice, splenocytes, 

peritoneal macrophages from naïve animals and prepared for flow cytometry. 

Spleens were placed in 1xHBSS and passed through a 40µm cell strainer to create 

a single cell suspension. Following centrifugation and removal of supernatant, 

red blood cells were lysed using ACK buffer. RPMI media was used to wash away 

ACK buffer, and splenocytes were counted using a hemacytometer and Trypan 

blue exclusion. Splenocytes were loaded into the autoMACS Pro Separator 

(Miltenyi Biotec, Bergisch Gladbach, Germany) for CD11b+ cell selection.  

Peritoneal macrophages were harvested by following a protocol similar to the one 

published in (Ray and Dittel, 2010). Briefly, peritoneal lavage was performed 

using an 18g needle and 5mL of RPMI 1640. Cells were recovered, counted, and 

went through the autoMACS CD11b+ isolation described for spleen. Cells were 

stained for flow cytometry using Panel 1 for splenocytes and Panel 2 for 

peritoneal macrophage (see antibody table). For both panels, cells were incubated 

with Live/Dead Fixable Red (1:2000, Thermo Fischer L34971) and anti-mouse Fc 

block (CD16/CD32) (1:100, 14-0161085 eBioscience) along with cell surface 

markers in PBS. Samples were run on an LSRII (BD Bioscience) and analyzed 
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using FlowJo_V10. The gating strategies for Panels 1 and 2 are presented in 

Figures 7. 

 As part of the low titer rAAV2/5 and higher-titer rAAV2/9 studies, the 

following procedure was used to assess circulating immune cells in mouse blood 

and the immune cells within the deep cervical lymph nodes. Approximately 

200µL of whole blood was collected from cheek bleeds prior to Euthasol 

injection. Blood was collected in EDTA coated tubes (Coidien 8881311248) and 

100µL was treated with Biolegend 1x red blood cell lysis buffer (420301) in order 

to isolate peripheral blood mononuclear cells (PBMCs). The remaining 100µL of 

blood was centrifuged for plasma collection. Plasma was flash frozen in liquid 

nitrogen and then stored at -80°C until processing. The right and left deep 

cervical lymph nodes (DCLNs) were removed each mouse and placed into 

1xHanks Balanced Salt Solution with 5% fetal bovine serum. A single cell 

suspension was made by grinding the tissue through a 70µm filter. All cells 

isolated from DCLNs were plated and stained as follows for multi-color flow 

cytometry using the mouse T cell subset panel (Panel 3, see antibody table). 

PBMCs were divided into two wells. One well was stained using the mouse T cell 

subset panel and the other was stained using the mouse immunophenotyping 

panel (Panel 4, see antibody table). For both panels, cells were incubated with 

Live/Dead Fixable Aqua (1:2000, L34957 Invitrogen) and anti-mouse Fc block 

(CD16/CD32) (1:100, 14-0161085 eBioscience) in PBS. Following incubation with 

surface markers, intracellular staining was performed for the mouse T cell subset 

panel samples. To fix and permeablize, the Invitrogen intracellular staining kit 
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was used as per the manufacturer’s protocol (00-5223-56, 00-5123-43), 00-

8333-56). Spherobeads (BD Biosciences) and OneComp beads (eBiosciences) 

were used to set voltages on the cytometer and compensation settings and to 

standardize the 4 cohorts within the rAAV2/5 study and 3 cohorts in the 

rAAV2/9 study (animals staggered based on breeding). Samples were 

immediately run on an LSRII (BD Bioscience) following staining. FlowJo_V10 

was used for analysis. The gating strategy for each panel is depicted in Figure 9. 

 In the samples, 10µL of counting beads were added prior to running on the 

cytometer (AccuCheck Counting Beads, Invitrogen, PCB100). The counts of each 

population of interest were calculated using FlowJo. To determine the counts of a 

certain cell type in a particular tissue, the following calculation was performed: 

((population count from FlowJo / bead count from FlowJo) x ((bead 

concentration x bead volume) / flow sample volume) x tissue volume.  

3.2f) Mesoscale Discovery multiplex enzyme linked immunosorbent 

assay 

 Plasma samples were run on a multiplexed immunoassay according to the 

manufacturers protocol in order to detect TNF, CXCL1, IL-6, IL-5, IL-4, IL-2, IL-

1, IL-12, IL-10, and IFNg (Meso Scale Discovery, Gaithersburg, MD). Samples 

were run in duplicate (10µL each) by an experimentalist blinded to mouse 

genotype and treatment. Meso Scale Discovery integrated data analysis software 

was used to convert data into pg/mL. The following mice were included in the 

multiplexed immune assay from the lower titer rAAV2/5 study: LysMCre-I-Abfl/fl 

vehicle-treated n=4, cypermethrin treated n=3; LysMCre+I-Abf/f/ vehicle treated 

n=4, cypermethrin treated n=3, randomly selected. For the higher titer rAAV2/9 
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study, n=6 LysMCre-I-Abfl/fl and n=8 LysMCre+I-Abfl/fl mice were used, 

randomly selected.    

3.2g) Quantitative real time polymerase chain reaction 

 In the higher titer rAAV9 experiment, to complement our understanding 

of protein level changes to the nigrostriatal DA system following viral vector-

mediated expression of human a-synuclein, RNA was isolated from the same left 

and right striatal samples used for Western blots. RNA was isolated using 

TRIzolTM reagent according to the manufacturer’s protocol (15596018, 

ThermoFischer Scientific). Reverse transcription was performed to make cDNA 

as published (Kannarkat et al., 2015). cDNA was used with the primer sets in 

Table 3 for qPCR (GAPDH used as housekeeping control for normalization).  

 

Table 3.   

Gene Forward 5'-3' Reverse 5'-3' 
Human  a-
synuclein CAG GAA GGA ATT CTG GAA GAT TAG TCT TGA TAC CCT TCC TCA 

Mouse CD4 GTG AGC TGG AGA ACA GGA AAG AG GGC TGG TAC CCG GAC TGA 
Mouse TNF CTG AGG TCA ATC TGC CCA AGT AC CTT CAC AGA GCA ATG ACT CCA AAG 

Mouse 
CD68 GGA CTA CAT GGC GGT GGA ATA GAT GAA TTC TGC GCC ATG AA 

Mouse CCL2 CTT CCT CCA CCA CCA TGC A CCA GCC GGC AAC TGT GA 
Mouse iNOS CAG GAG GAG AGA GAT CCG ATT TA GCA TTA GCA TGG AAG CAA AGA 

Mouse 
MHCII (I-

Ab) 
CAG GAG TCA GAA AGG ACC TC AGT CTG AGA CAG TCA ACT GAG 

Mouse IL-
1beta CAA CCA ACA AGT GAT ATT CTC CAT G GAT CCA CAC TCT CCA GCT GCA 

Mouse IL-6 CAC AAG TCG GAG GCT TAA T AAT TGC CAT TGC ACA ACT C 
Mouse 

MHCI (H2-
Ab1) 

TGC TAC TTC ACC AAC GGG AC CAC AGT GAT GGG GCT CTT CA 

Mouse 
GAPDH CAA GGT CAT CCA TGA CAA CTT TG GGC CAT CCA CAG TCT TCT GG 
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3.2h) Statistics  

 In the rAAV2/5 study, values were compared across genotypes (LysMCre+ 

and Cre– I-Abfl/fl) and treatment conditions (cypermethrin or vehicle) using 

ordinary two-way ANOVA with Sidak’s multiple comparison’s test. In the higher-

titer rAAV2/9 study, values were compared between genotypes using normal, 2 

tailed Student’s t test. To compare left and right brain hemispheres (a-synuclein 

virus-injected and uninjected sides, respectively) as well as the two genotypes, 

ordinary two-way ANOVA was performed. When post-hoc analyses were 

performed, the Sidak’s multiple comparison’s test was used. GraphPad Prism 6 

software was used for all statistical analysis, with the exception of Grubbs’ test to 

detect outliers, which was performed using the calculator at 

https://www.graphpad.com/quickcalcs/grubbs1/. Significance for all 

comparisons was set at p£0.05. Data is presented throughout as mean±SEM.  

3.3 Results  

3.3a) Verification of MHCII deletion in peripheral myeloid cells in 

LysMCre+ I-Abfl/fl mice  

Studies were performed in naïve (no stereotaxic surgery) LysMCre+I-Abfl/fl 

and LysMCre-I-Abfl/f mice to determine the extent to which Cre expression under 

the LysM promoter affected MHCII protein expression on CD11b+ cells, 

positively selected using the autoMACS Pro Separator. Cells from spleen and the 

peritoneal cavity were assessed. The frequency of MHCII+ cells in the LD-

CD11b+CD45+CD3-Ly6G-CD11c+ and in the LD-CD11b+CD45+CD3-Ly6G-

CD11c- populations was statistically significantly decreased in the LysMCre+I-

Abfl/fl mice relative to LysMCre-I-Abfl/fl (Figure 8.A and B). In CD11b+ 
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peritoneal immune cells (positively selected using autoMACS), LysMCre+I-Abfl/fl 

mice similarly displayed a decrease in the frequency of MHCII+ cells in both 

CD11b MID and HI populations, regardless of Ly6C expression (Figure 8.C-F). 

LysMCre genotype did not affect the frequency or counts of cells within any other 

gate. These data indicate that LysMCre+I-Abfl/fl have a deletion of MHCII+ 

myeloid (CD11b+) cells in peripheral tissues.  
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Figure 7A. Flow cytometry gating strategies for mouse splenocytes, 

Panel 1. Live cell population was identified as LD-. The myeloid immune cell 

population (CD11b+CD45+) was then identified and gated on CD3 (T cells) and 

CD19 (B cells) to further purify the myeloid population. Ly6G+ gate was used to 

identify neutrophils. Ly6G- cells were gated on CD11c as a marker of a subset of 

dendritic cells. CD11c+ and CD11c- populations were both gated on MHCII (vs 

CD11b for clarify) to determine the frequency of MHCII+ cells.  
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Figure 7B. Flow cytometry gating strategies for mouse peritoneal 

immune cells, Panel 2.  Live cell population was identified as LD-. The CD45+ 

population (plotted versus FSC-H for clarity) was gated on CD11b (versus FSC-A 

for clarity), and CD11b HI (large peritoneal macrophage) and CD11b MID (small 

peritoneal macrophage) populations were identified. Within both the CD11bHI 

and MID populations, cells were gated on Ly6C to identify infiltrating (Ly6C+) 

and circulating (Ly6C-) cells, and both Ly6C+ and Ly6C- populations were then 

gated on MHCII. For both A. and B., standardization and  

compensation with Sphero beads and OneComp beads was performed, and gates 

were drawn based on isotype antibody controls.  
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Figure 8. MHCII deletion in peripheral myeloid cells of naïve 

LysMCre+I-Abfl/fl mice. Gating strategy presented in Figure 7. The frequency 

of MHCII+ cells was measured by surface staining for flow cytometry on CD11b+ 

positively selected cells from (A and B) the spleen and the peritoneal 

macrophages (C-F) of naïve LysMCre- (CRE-, filled circles) and LysMCre+ 

(CRE+, open circles) I-Abfl/fl mice. Data are plotted as mean +/- standard error of 

the mean (SEM). P-values are indicated for two-tailed t-test: ****p<0.0001, 

**p<0.01, *p<0.05. See Panels 1 and 2.  
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Figure 9A. Flow cytometry gating strategies for mouse PBMC general 

immune cell types, Panel 4. Live immune cells (LD-CD45+) were gated on 

CD3 versus CD19 to identify the T cell (CD3+CD19-), B cell (CD3-CD19+), and 

non-T cell, non-B cell populations (CD3-CD19-). The non-T non-B population 

was gated on Ly6G versus CD11b to identify neutrophils (Ly6G+CD11b+) and 

non-neutrophils (Ly6G-CD11b+). Non-neutrophils were then gated on Ly6C 

versus MHCII to identify the MHCII+ infiltrating (Ly6C+) or circulating (Ly6C-) 

cells. For both A. and B., standardization and compensation with Sphero beads 

and OneComp beads was performed, and gates were drawn based on isotype 

antibody controls.  
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Figure 9B. Flow cytometry gating strategies for mouse PBMC and 

DCLN T cell subsets, Panel 3. The live T cell population was identified as LD- 

CD3+. Live T cells were then gated on CD4 and CD8. CD8+ cells were then gated 

on CD44 versus CD62L to identify naïve CD8 (CD44-CD62L+), central memory 

CD8 (CD44+CD62L+), and effector memory CD8 (CD44+CD62L-) populations. 

CD4+ Cells were gated on FoxP3 versus Tbet to identify Th1’s (Tbet+, FoxP3-) 

and regulatory T cells (Tregs, Tbet-, FoxP3+).   
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3.3b) Immunophenotyping of LysMCre±I-Abfl/fl mouse peripheral 

blood mononuclear cells 

 In mice that had received unilateral nigral rAAV2/9 human WT a-

synuclein, to investigate whether peripheral myeloid deletion of MHCII alters 

general immunophenotype, we analyzed the frequencies and counts of immune 

cell subsets in the peripheral blood. The frequency of B cells (Figure 10.A), T 

cells (Figure 10.B), neutrophils (Figure 10.C), and non-neutrophil CD11b+ 

cells (Figure 10.D) did not differ between LysMCre- and LysMCre+I-Abfl/fl mice, 

nor did the number of each subset. There was a significant decrease in the 

frequency and number of Ly6C-MHCII+ and Ly6C+MHCII cells in LysMCre+I-

Abfl/fl mice relative to Cre- (Figure 10.E-F). Thus, as in the spleen and 

peritoneal immune cell population, the LysMCre genotype properly deletes 

MHCII in peripheral myeloid cells. Ly6C+ is a surface marker of immune cells 

that will migrate to areas of inflammation, such as the brain during an ongoing a-

synuclein burden. The results of this experiment indicate that, in LysMCre+I-

Abfl/fl mice, we have deleted MHCII in peripheral myeloid cells without disrupting 

the overall frequency or number of T and B cells.  
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Figure 10.A-C. MHCII deletion in LysMCre+I-Abfl/fl PBMCs. Peripheral blood 

mononuclear cells were isolated from LysMCre- I-Abfl/fl (CRE-, filled circles) and 

LysMCre+ I-Abfl/fl (CRE+, open circles) mice 4 months after stereotaxic injection of 

rAAV2/9 human WT a-synuclein to the SN. Gating strategy presented in Figure 9.A. 

Data are plotted as mean +/- standard error of the mean (SEM).  
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Figure 10.D-F. MHCII deletion in LysMCre+I-Abfl/fl PBMCs. Peripheral blood 

mononuclear cells were isolated from LysMCre- I-Abfl/fl (CRE-, filled circles) and 

LysMCre+ I-Abfl/fl (CRE+, open circles) mice 4 months after stereotaxic injection of 

rAAV2/9 human WT a-synuclein to the SN. Gating strategy presented in Figure 9.A. The 

frequency and count of MHCII+ cells were measured by surface staining for flow 

cytometry (see Panel 4). Data are plotted as mean +/- standard error of the mean 

(SEM). P-values are indicated for two-tailed t-test: **p<0.01, ***p<0.001.  
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3.3c) Immunophenotyping of LysMCre±I-Abfl/fl following 3 weeks of 

cypermethrin treatment 

In mice that had received unilateral rAAV2/5 human WT a-synuclein, to 

investigate whether peripheral myeloid deletion of MHCII in the presence or 

absence of cypermethrin treatment alters general immunophenotype, we 

analyzed the frequencies and counts of immune cell subsets in the peripheral 

blood. The frequency of B cells (Figure 11.A), T cells (Figure 11.B), neutrophils 

(Figure 11.C), and non-neutrophil CD11b+ cells (Figure 11.D) did not differ 

between LysMCre- and LysMCre+I-Abfl/fl mice, nor did the cell count for each 

subset. There was no significant difference in the frequency and number of Ly6C-

MHCII+ and Ly6C+MHCII cells in LysMCre+I-Abfl/fl mice relative to Cre- 

(Figure 11.E-F). Injection of the vehicle (corn oil) and cypermethrin treatment 

affected the frequency and counts of MHCII+ cells such that the ablation of 

MHCII protein expression observed in the untreated animals (no cypermethrin 

or vehicle, Figure 10), was not detected. Without additional markers, it cannot 

be confirmed whether this is due to expansion of a CD19-CD3- CD11b+Ly6G- cell 

subset that expresses MHCII but not LysM, but this conclusion is supported by 

the fact that the average frequencies of Ly6C-MHCII+ and Ly6C+MHCII+ cells 

for both LysMCre- and LysMCre+I-Abfl/fl animals were increased in this 

experiment relative to the rAAV9 higher-titer experiment.  
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Figure 11.A-C. No difference in MHCII+ cell frequency or number 

between LysMCre-I-Abfl/fl and LysMCre+I-Abfl/fl PBMCs following 3 

weeks of cypermethrin or vehicle treatment. Peripheral blood 

mononuclear cells were isolated from LysMCre- I-Abfl/fl (CRE-, filled triangles 

and circles) and LysMCre+ I-Abfl/fl (CRE+, open triangles and circles)  mice 8-9 

months after stereotaxic injection of rAAV2/5 human WT a-synuclein to the SN, 

following 3 weeks of twice-weekly cypermethrin (circles) or vehicle (triangles) 

treatment. Gating strategy presented in Figure 9.B. Data are plotted as mean +/- 

standard error of the mean (SEM).  
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Figure 11.D-F. No difference in MHCII+ cell frequency or number 

between LysMCre-I-Abfl/fl and LysMCre+I-Abfl/fl PBMCs following 3 

weeks of cypermethrin or vehicle treatment. Peripheral blood 

mononuclear cells were isolated from LysMCre- I-Abfl/fl (CRE-, filled triangles 

and circles) and LysMCre+ I-Abfl/fl (CRE+, open triangles and circles)  mice 8-9 

months after stereotaxic injection of rAAV2/5 human WT a-synuclein to the SN, 

following 3 weeks of twice-weekly cypermethrin (circles) or vehicle (triangles) 

treatment. Gating strategy presented in Figure 9.B. The frequency and count of 

MHCII+ cells were measured by surface staining for flow cytometry (see Panel 

4). Data are plotted as mean +/- standard error of the mean (SEM).  
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3.3d) T cell subsets in the peripheral blood and deep cervical lymph 

nodes of LysMCre±I-Abfl/fl mice 

 In an effort to determine the effect of peripheral myeloid MHCII deletion 

on T cell subset frequency, PBMCs were isolated from LysMCre- and LysMCre+I-

Abfl/fl four months after stereotaxic injection with higher tier rAAV9 human WT  

a-synuclein to the SN. T cell subsets were identified as described in Figure 9.B. 

We observed a statistically significant decrease in the frequency of Tregs 

(CD4+Tbet-FoxP3+) in LysMCre+I-Abfl/fl mice (Figure 12.D), which is 

consistent with the decreases in MHCII expression reported in Figure 10.E-F, 

given that CD4+ T cell activation and differentiation is dependent on antigen 

presentation via MHCII. Similarly, the statistically significant decreases in the 

frequencies of effector memory (chronically activated, CD4+CD44+CD62L-) and 

central memory (CD4+CD44+CD62L+) and increased naïve CD4+ T cell 

frequency (CD4+CD44-CD62L+) is consistent with the decreased MHCII 

expression on LysMCre+I-Abfl/fl myeloid subsets.  

The deep cervical lymph nodes are the central nervous system-draining 

lymph nodes. In immune cells isolated from these small structures, we report a 

decreased frequency of CD4+ effector memory (CD4+ Cd44+CD62L-, Figure 

13.F). The CD4+ T cell population shifts present in LysMCre+I-Abfl/fl PBCMs but 

not deep cervical lymph nodes suggest peripheral myeloid deletion of MHCII has 

a tissue-dependent effect on CD4 T cell frequencies.  
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Figure 12.A-C. CD4+ T cell subsets are affected by LysMCre-mediated 

deletion of MHCII. Peripheral blood mononuclear cells were isolated from 

LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl (CRE+, open) mice 4 

months after stereotaxic injection of rAAV2/9 human WT a-synuclein to the SN. 

Gating strategy presented in Figure 9B. The frequency and count of T cell subsets 

were measured by surface staining for flow cytometry using the markers listed in 

Panel 3. Data are plotted as mean +/- standard error of the mean (SEM).  

 

A. CD3

C. D.

H.

F.

J.

K.

CD4

CD8

Effector Memory
CD4

Central Memory
CD4

B.

E.

Central Memory
CD8

Naïve CD4G.

I.

Treg

Th1

CRE-
CRE+

0

20

40

60

FR
EQ

 IN
 S

IN
G

LE
 

CRE-
CRE+

0

20

40

60

FR
EQ

 IN
 C

D
3+

CRE-
CRE+

40

45

50

55

60

FR
EQ

 IN
 C

D
3+

CRE-
CRE+

0

20

40

60

80

100

FR
EQ

 IN
 C

D
8+

CRE-
CRE+

0

10

20

30

40

FR
EQ

 IN
 C

D
8+

CRE-
CRE+

0

20

40

60

80

100

FR
EQ

 IN
 C

D
4+

Naïve CD8

CRE-
CRE+

0

5

10

15

20

FR
EQ

 IN
 C

D
4+

*

CRE-
CRE+

0

2

4

6

8

10

FR
EQ

 IN
 C

D
4+

CRE-
CRE+

0

5

10

15

20

25

FR
EQ

 IN
 C

D
4+

**

***

CRE-
CRE+

0

5

10

15

20

25

FR
EQ

 IN
 C

D
4+

*

CR
E-

CR
E+

0

20000

40000

60000

80000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

20000

C
O
U
N
T

CR
E-

CR
E+

0

10000

20000

30000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

C
O
U
N
T

CR
E-

CR
E+

0

100

200

300

400

C
O
U
N
T

CR
E-

CR
E+

0

500

1000

1500

2000

C
O
U
N
T

CRE-
CRE+

0

5

10

15

FR
EQ

 IN
 C

D
8+

Effector Memory
CD8

CR
E-

CR
E+

0

200

400

600

800

1000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

C
O
U
N
T

CR
E-

CR
E+

0

200

400

600

800

C
O
U
N
T

CR
E-

CR
E+

0

100

200

300

400

500

C
O
U
N
T

CR
E-

CR
E+

0

200

400

600

800

C
O
U
N
T

A. CD3

C. D.

H.

F.

J.

K.

CD4

CD8

Effector Memory
CD4

Central Memory
CD4

B.

E.

Central Memory
CD8

Naïve CD4G.

I.

Treg

Th1

CRE-
CRE+

0

20

40

60

FR
EQ

 IN
 S

IN
G

LE
 

CRE-
CRE+

0

20

40

60

FR
EQ

 IN
 C

D
3+

CRE-
CRE+

40

45

50

55

60

FR
EQ

 IN
 C

D
3+

CRE-
CRE+

0

20

40

60

80

100

FR
EQ

 IN
 C

D
8+

CRE-
CRE+

0

10

20

30

40

FR
EQ

 IN
 C

D
8+

CRE-
CRE+

0

20

40

60

80

100

FR
EQ

 IN
 C

D
4+

Naïve CD8

CRE-
CRE+

0

5

10

15

20

FR
EQ

 IN
 C

D
4+

*

CRE-
CRE+

0

2

4

6

8

10

FR
EQ

 IN
 C

D
4+

CRE-
CRE+

0

5

10

15

20

25

FR
EQ

 IN
 C

D
4+

**

***

CRE-
CRE+

0

5

10

15

20

25

FR
EQ

 IN
 C

D
4+

*

CR
E-

CR
E+

0

20000

40000

60000

80000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

20000

C
O
U
N
T

CR
E-

CR
E+

0

10000

20000

30000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

C
O
U
N
T

CR
E-

CR
E+

0

100

200

300

400

C
O
U
N
T

CR
E-

CR
E+

0

500

1000

1500

2000

C
O
U
N
T

CRE-
CRE+

0

5

10

15

FR
EQ

 IN
 C

D
8+

Effector Memory
CD8

CR
E-

CR
E+

0

200

400

600

800

1000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

C
O
U
N
T

CR
E-

CR
E+

0

200

400

600

800

C
O
U
N
T

CR
E-

CR
E+

0

100

200

300

400

500

C
O
U
N
T

CR
E-

CR
E+

0

200

400

600

800

C
O
U
N
T

A. CD3

C. D.

H.

F.

J.

K.

CD4

CD8

Effector Memory
CD4

Central Memory
CD4

B.

E.

Central Memory
CD8

Naïve CD4G.

I.

Treg

Th1

CRE-
CRE+

0

20

40

60

FR
EQ

 IN
 S

IN
G

LE
 

CRE-
CRE+

0

20

40

60

FR
EQ

 IN
 C

D
3+

CRE-
CRE+

40

45

50

55

60

FR
EQ

 IN
 C

D
3+

CRE-
CRE+

0

20

40

60

80

100

FR
EQ

 IN
 C

D
8+

CRE-
CRE+

0

10

20

30

40

FR
EQ

 IN
 C

D
8+

CRE-
CRE+

0

20

40

60

80

100

FR
EQ

 IN
 C

D
4+

Naïve CD8

CRE-
CRE+

0

5

10

15

20

FR
EQ

 IN
 C

D
4+

*

CRE-
CRE+

0

2

4

6

8

10

FR
EQ

 IN
 C

D
4+

CRE-
CRE+

0

5

10

15

20

25

FR
EQ

 IN
 C

D
4+

**

***

CRE-
CRE+

0

5

10

15

20

25

FR
EQ

 IN
 C

D
4+

*

CR
E-

CR
E+

0

20000

40000

60000

80000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

20000

C
O
U
N
T

CR
E-

CR
E+

0

10000

20000

30000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

C
O
U
N
T

CR
E-

CR
E+

0

100

200

300

400

C
O
U
N
T

CR
E-

CR
E+

0

500

1000

1500

2000

C
O
U
N
T

CRE-
CRE+

0

5

10

15

FR
EQ

 IN
 C

D
8+

Effector Memory
CD8

CR
E-

CR
E+

0

200

400

600

800

1000

C
O
U
N
T

CR
E-

CR
E+

0

5000

10000

15000

C
O
U
N
T

CR
E-

CR
E+

0

200

400

600

800

C
O
U
N
T

CR
E-

CR
E+

0

100

200

300

400

500

C
O
U
N
T

CR
E-

CR
E+

0

200

400

600

800

C
O
U
N
T



 
105   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.D-F. CD4+ T cell subsets are affected by LysMCre-mediated 

deletion of MHCII. Peripheral blood mononuclear cells were isolated from 

LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl (CRE+, open) mice 4 

months after stereotaxic injection of rAAV2/9 human WT a-synuclein to the SN. 

Gating strategy presented in Figure 9B. The frequency and count of T cell subsets 

were measured by surface staining for flow cytometry using the markers listed in 

Panel 3. Data are plotted as mean +/- standard error of the mean (SEM). P-

values are indicated for two-tailed t-test: *p<0.05, **p<0.01, ***p<0.001. 
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Figure 12.G-I. CD4+ T cell subsets are affected by LysMCre-mediated 

deletion of MHCII. Peripheral blood mononuclear cells were isolated from 

LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl (CRE+, open) mice 4 

months after stereotaxic injection of rAAV2/9 human WT a-synuclein to the SN. 

Gating strategy presented in Figure 9B. The frequency and count of T cell subsets 

were measured by surface staining for flow cytometry using the markers listed in 

Panel 3. Data are plotted as mean +/- standard error of the mean (SEM). P-

values are indicated for two-tailed t-test: *p<0.05, **p<0.01, ***p<0.001. 
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Figure 12.J-K. CD4+ T cell subsets are affected by LysMCre-mediated 

deletion of MHCII. Peripheral blood mononuclear cells were isolated from 

LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl (CRE+, open) mice 4 

months after stereotaxic injection of rAAV2/9 human WT a-synuclein to the SN. 

Gating strategy presented in Figure 9B. The frequency and count of T cell subsets 

were measured by surface staining for flow cytometry using the markers listed in 

Panel 3. Data are plotted as mean +/- standard error of the mean (SEM). P-

values are indicated for two-tailed t-test: *p<0.05, **p<0.01, ***p<0.001. 
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Figure 13.A-D The frequency of effector memory CD4+ T cells in 

mouse deep cervical lymph nodes is affected by LysMCre-mediated 

deletion of MHCII. Immune cells from the left and right deep cervical lymph 

nodes were isolated from LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl 

(CRE+, open) mice 4 months after stereotaxic injection of rAAV2/9 human WT 

a-synuclein to the SN. Gating strategy presented in Figure 9B. The frequency and 

count of T cell subsets were measured by surface staining for flow cytometry 

using the markers listed in Panel 3. Data are plotted as mean +/- standard error 

of the mean (SEM). P-values are indicated for two-tailed t-test: *p<0.05. 
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Figure 13.E-H. The frequency of effector memory CD4+ T cells in 

mouse deep cervical lymph nodes is affected by LysMCre-mediated 

deletion of MHCII. Immune cells from the left and right deep cervical lymph 

nodes were isolated from LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl 

(CRE+, open) mice 4 months after stereotaxic injection of rAAV2/9 human WT 

a-synuclein to the SN. Gating strategy presented in Figure 8A. The frequency and 

count of T cell subsets were measured by surface staining for flow cytometry 

using the markers listed in Panel 3. Data are plotted as mean +/- standard error 

of the mean (SEM). P-values are indicated for two-tailed t-test: *p<0.05. 
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Figure 13.I-K The frequency of effector memory CD4+ T cells in 

mouse deep cervical lymph nodes is affected by LysMCre-mediated 

deletion of MHCII. Immune cells from the left and right deep cervical lymph 

nodes were isolated from LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl 

(CRE+, open) mice 4 months after stereotaxic injection of rAAV2/9 human WT 

a-synuclein to the SN. Gating strategy presented in Figure 8A. The frequency and 

count of T cell subsets were measured by surface staining for flow cytometry 

using the markers listed in Panel 3. Data are plotted as mean +/- standard error 

of the mean (SEM). P-values are indicated for two-tailed t-test: *p<0.05. 
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3.3e) T cell subsets of LysMCre±I-Abfl/flmice following 3 weeks of 

cypermethrin treatment  

 The pyrethroid cypermethrin is a commonly used household pesticide. 

Because pyrethroid exposure is known to compromise DA neuron health (Singh 

et al., 2012a) and exposure synergizes as an environmental risk factor with a 

common variant in the gene for MHCII (Kannarkat et al., 2015), we set out to 

determine the immunological impact of cypermethrin treatment on mouse 

immune cells in vivo, within the context of an ongoing a-synuclein burden. T cell 

subsets were identified as described in Figure 8.A. In the PBMC samples, we 

observed a statistically significant effect interaction between genotype and 

cypermethrin treatment on the frequency of CD3+ T cells, as well as specifically 

in the Treg population (CD4+Tbet-FoxP3, Figure 14.D). Cypermethrin 

treatment, regardless of genotype, was associated with a decreased frequency of 

effector memory CD4+ T cells (CD4+ Cd44+CD62L-, Figure 14.F) The 

LysMCre+I-Abfl/fl genotype was associated with an increased frequency of naïve 

CD4+ T cells (CD4+CD44-CD62L+), matching what was observed in the absence 

of cypermethrin or vehicle treatment in the rAAV2/9 higher titer study (Figure 

12.H).  

In the deep cervical lymph nodes, we report a decreased frequency of 

CD3+ T cells in LysMCre+I-Abfl/fl mice (Figure 15.A). There was also a 

statistically significant interaction between LysMCre genotype and exposure to 

cypermethrin affecting the frequency of central memory CD4+ T cells in the deep 

cervical lymph nodes (Figure 15.G).  



 
112   

 

 

 

 

Figure 14A-D. Cypermethrin and LysMCre genotype affect PBMC T 

cell frequencies. Peripheral blood mononuclear cells were isolated from 

LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl (CRE+, open) mice 8-9 

months after stereotaxic injection of rAAV2/5 human WT a-synuclein to the SN. 

Gating strategy presented in Figure 8.A. The frequency and count of T cell 

subsets was measured by surface staining for flow cytometry with intracellular 

staining for FoxP3 (see Panel 3). Data are plotted as mean +/- standard error of 

the mean (SEM). P-values are indicated above applicable graphs.  
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Figure 14E-H. Cypermethrin and LysMCre genotype affect PBMC T 

cell frequencies. Peripheral blood mononuclear cells were isolated from 

LysMCre- I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl (CRE+, open) mice 8-9 

months after stereotaxic injection of rAAV2/5 human WT a-synuclein to the SN. 

Gating strategy presented in Figure 8.A. The frequency and count of T cell 

subsets was measured by surface staining for flow cytometry with intracellular 

staining for FoxP3 (see Panel 3). Data are plotted as mean +/- standard error of 

the mean (SEM). P-values are indicated above applicable graphs.  
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Figure 15.A-D. Cypermethrin and LysMCre genotype affect the 

frequency of total T cells and central memory CD4s in the deep 

cervical lymph nodes. Immune cells were isolated from the deep cervical 

lymph nodes of LysMCre-I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl (CRE+, 

open) mice 8-9 months after stereotaxic injection of rAAV2/5 human WT a-

synuclein to the SN. Gating strategy presented in Figure 8.A. The frequency and 

count of T cell subsets was measured by surface staining for flow cytometry with 

intracellular staining for FoxP3 (see Panel 3). Data are plotted as mean +/- 

standard error of the mean (SEM). P-values are indicated above applicable 

graphs.  
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Figure 15.E-F. Cypermethrin and LysMCre genotype affect the 

frequency of total T cells and central memory CD4s in the deep 

cervical lymph nodes. Immune cells were isolated from the deep cervical 

lymph nodes of LysMCre-I-Abfl/fl (CRE-, filled) and LysMCre+ I-Abfl/fl (CRE+, 

open) mice 8-9 months after stereotaxic injection of rAAV2/5 human WT a-

synuclein to the SN. Gating strategy presented in Figure 8.A. The frequency and 

count of T cell subsets was measured by surface staining for flow cytometry with 

intracellular staining for FoxP3 (see Panel 3). Data are plotted as mean +/- 

standard error of the mean (SEM). P-values are indicated above applicable 

graphs.  
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3.3f) LysMCre±I-Abfl/fl mice do not differ in plasma levels of 

inflammatory cytokines 4 months post-rAAV2/9 human WT a-

synuclein injection.  

 We investigated the circulating levels of cytokines and chemokines in 

order to determine whether there are any effects of peripheral myeloid MHCII 

deletion on systemic inflammation. The levels of immunomodulatory cytokines 

and chemokines were assessed via multiplexed chemiluminescent immunoassay 

(Figure 16). LysMCre- and LysMCre+I-Abfl/fl did not differ in their plasma levels 

of IFNg, IL-10, IL-1b, IL-2, IL-5, IL-6, CXCL1, and TNF.  
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Figure 16. A-D. Plasma cytokine and chemokine levels do not differ 

between LysMCre- and LysMCre+I-Abfl/fl mice. Mesoscale Discovery 

(MSD) Multi-Array immunoassay technology measured the levels of the indicated 

cytokines and CXCL1 in plasma. Data are plotted as mean +/- standard error of 

the mean (SEM).   
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Figure 16. E-F. Plasma cytokine and chemokine levels do not differ 

between LysMCre- and LysMCre+I-Abfl/fl mice. Mesoscale Discovery 

(MSD) Multi-Array immunoassay technology measured the levels of the indicated 

cytokines and CXCL1 in plasma. Data are plotted as mean +/- standard error of 

the mean (SEM).   
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TNF, but there was an interaction between genotype and treatment affecting IL-

1b (Figure 17.C). 

 

Figure 17.A-D. Plasma IL-1b levels increase with cypermethrin 

treatment in LysMCre+I-Abfl/fl mice. Mesoscale Discovery (MSD) Multi-

Array immunoassay technology measured the levels of the indicated cytokines 

and CXCL1 in plasma isolated from LysMCre- (closed triangles and circles) and 

LysmCre+ (open triangles and circles) I-Abfl/fl mice. Treatment with corn oil 

vehicle (triangles) or cypermethrin (circles) interacted with LysMCre genotype, 

affecting IL-1b levels. Data are plotted as mean +/- standard error of the mean 

(SEM). P-values are indicated above applicable graph.  
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Figure 17.E-H. Plasma IL-1b levels increase with cypermethrin 

treatment in LysMCre+I-Abfl/fl mice. Mesoscale Discovery (MSD) Multi-

Array immunoassay technology measured the levels of the indicated cytokines 

and CXCL1 in plasma isolated from LysMCre- (closed triangles and circles) and 

LysmCre+ (open triangles and circles) I-Abfl/fl mice. Treatment with corn oil 

vehicle (triangles) or cypermethrin (circles) interacted with LysMCre genotype, 

affecting IL-1b levels. Data are plotted as mean +/- standard error of the mean 

(SEM). P-values are indicated above applicable graph.  
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3.3h) Demonstration of human a-synuclein expression in the SN 

following viral vector injection 

 Unilateral intranigral injection of higher titer rAAV2/9 human WT a-

synuclein or rAAV2/5 human WT a-synuclein was performed in young adult 

male LysMCre- and LysMCre+I-Abfl/fl mice. Immunofluorescent staining was 

performed to confirm the proper targeting and expression of human a-synuclein 

to the left SN. Representative images illustrate the presence of a-synuclein within 

and adjacent to TH-immunoreactive neurons. For both rAAV2/9 and rAAV2/5, 

the absence of human a-synuclein immunoreactivity on the uninjected side 

suggests virus did not cross midline.  
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Figure 18. Targeting of rAAV2/9 human WT a-synuclein to the mouse 

substantia nigra. Human WT a-synuclein (ASYN, red) is expressed in the 

substantia nigra 4 months after unilateral rAAV2/9-human WT a-synuclein 

injection. Immunofluorescent staining of a-synuclein, tyrosine hydroxylase (TH, 

green), and DAPI (blue). Images of LysMcre-I-Abfl/fl  (CRE-, top) and LysMCre+I-

Abfl/fl (CRE+, bottom) 40µm-thick slices were taken at 20x. Scale bar = 100µm.  
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Figure 19. Targeting of rAAV2/5 human WT a-synuclein to the mouse 

substantia nigra. Human WT a-synuclein (ASYN, red) is expressed in the 

substantia nigra 8 months after unilateral rAAV2/9-human WT a-synuclein 

injection in a Cre- mouse. Immunofluorescent staining of a-synuclein, tyrosine 

hydroxylase (TH, green). 40µm-thick slices were taken at 4x (top) and 10x 

(bottom row). Scale bar=0.25mm top right, 30µm bottom left.  

 

 

 

 

 

 

ASYN

rAAV2/5 HWTASYN

MERGE

TH

ASYN

UNINJECTED

THrA
AV

2/
5 

H
W

TA
SY

N



 
124   

3.3i) Inflammatory gene expression in the striatum 4 months after 

nigral rAAV2/9 human WT a-synuclein injection 

 Having confirmed expression of human WT a-synuclein via 

immunofluorescent staining in DA neuron soma, we then investigated the 

transcriptional levels of several immune markers in order to characterize the 

inflammatory status of the striatum, where nigral DA neurons terminate. RT-

PCR was performed to detect transcript levels of human a-synuclein, surface 

makers of immune cells (CD4, MHCII, MHCI), intracellular markers (iNOS, 

CD68), and the immune signals TNF, CCL2, IFNg, IL-6, and IL-1b. In both 

LysMCre- and LysMCre+I-Abfl/fl, we observed a positive fold change for human 

a-synuclein mRNA for all animals (striatum ipsilateral to nigral injection divided 

by contralateral striatum), indicating a-synuclein mRNA from the rAAV2/9 virus 

was present in the striatum. There were no statistically significant effects of 

either the viral injection or LysMCre genotype on CD4, TNF, CCL2, MHCII, 

MHCI, and IL-1b mRNA level. The striatum ipsilateral to the rAAV2/9 human 

WT a-synuclein injection had increased CD68 (lysosomal marker) gene 

expression in both LysMCre- and LysMCre+I-Abfl/fl mice (Figure 20.F), 

suggesting an increase in phagocytosis in the presence of human WT a-synuclein. 

LysMCre+I-Abfl/fl animals displayed increased iNOS levels in both striatal 

hemispheres relative to LysMCre-I-Abfl/fl mice, suggesting peripheral myeloid 

MHCII deletion has an effect on immune nitrosative stress-related gene 

expression in the brain.   
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Figure 20.A-D Inflammatory gene expression in the striatum 4 

months after nigral rAAV2/9 human WT a-synuclein injection. RNA 

isolated from striatum. Gene expression was quantified relative to GAPDH with 

RT-PCR. P-values indicated above applicable graphs.  
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Figure 20.E-H Inflammatory gene expression in the striatum 4 

months after nigral rAAV2/9 human WT a-synuclein injection. RNA 

isolated from striatum. Gene expression was quantified relative to GAPDH with 

RT-PCR. P-values indicated above applicable graphs.  
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Figure 20.I-L Inflammatory gene expression in the striatum 4 months 

after nigral rAAV2/9 human WT a-synuclein injection. RNA isolated 

from striatum. Gene expression was quantified relative to GAPDH with RT-PCR. 

P-values indicated above applicable graphs.  
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3.3j) Assessment of striatal dopaminergic terminals 4 months after 

rAAV2/9 human WT a-synuclein injection 

 The loss of tyrosine hydroxylase expression in the striatum following 

nigral rAAV2/9 human WT a-synuclein in mice has been reported elsewhere 

(Castro-Sanchez et al., 2018). Here, we confirmed that in our hands, at a titer of 

2.1x1012, DA neuron phenotype of the striatum was compromised, as indicated by 

a significant decrease in dopamine transporter (DAT) protein expression (Figure 

21.B) in both LysMCre-I-Abfl/fl mice. While DAT protein indicates a lesion was 

produced by the virus, the expression of tyrosine hydroxylase (TH) is informative 

as well as it catalyzes the rate-limiting step of dopamine neurotransmitter 

synthesis. TH protein expression was significantly decreased by rAAV2/9 human 

WT a-synuclein in LysMCre- but not LysMCre+I-Abfl/fl mice. These data suggest 

deletion of peripheral myeloid MHCII deletion is associated with maintenance of 

DA neuron phenotype (DAT and TH expression, capacity to synthesize 

dopamine) despite ongoing a-synuclein burden in mice with peripheral myeloid 

deletion of MHCII.  
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Figure 21.A. Tyrosine hydroxylase protein expression is decreased 

ipsilateral to rAAV2/9 human WT a-synuclein injection in LysMCre-I-

Abfl/fl striatum. Soluble protein lysates from the left (RAAV9 HWTASYN, 

squares) and right (UNINJECTED, circles) striatal tissues LysMCre- and 

LysMCre+I-Abfl/fl (filled and open shapes, respectively) were analyzed for protein 

levels of TH (A), normalized to total protein identified by REVERT stain. Data 

are plotted to show the paired striatal samples for each animal. P-values for post-

hoc comparisons are indicated (**p<0.01).  
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Figure 21.B. Dopamine transporter protein expression is decreased 

ipsilateral to rAAV2/9 human WT a-synuclein injection in LysMCre-I-

Abfl/fl striatum. Soluble protein lysates from the left (RAAV9 HWTASYN, 

squares) and right (UNINJECTED, circles) striatal tissues LysMCre- and 

LysMCre+I-Abfl/fl (filled and open shapes, respectively) were analyzed for protein 

levels of DAT (B), normalized to total protein identified by REVERT stain. Data 

are plotted to show the paired striatal samples for each animal. P-values for post-

hoc comparisons are indicated (***p<0.001).  
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3.3k) Short-term cypermethrin exposure does not decrease tyrosine 

hydroxylase or dopamine transporter protein expression, even in 

the presence of human WT a-synuclein  

The loss of tyrosine hydroxylase expression in the striatum following 

nigral rAAV2/5 human WT a-synuclein in mice has been reported elsewhere in 

rats (Gorbatyuk et al., 2008; Febbraro et al., 2013; Gombash et al., 2013). Here, 

we found that, at a titer of 2.9x1011, DA neuron phenotype of the striatum was not 

affected by human WT a-synuclein at the ~10month post-injection time point 

(Figure 22) in both LysMCre- and LysMCre+I-Abfl/fl mice. While DAT protein 

indicates a lesion was produced by the virus, the expression of tyrosine 

hydroxylase (TH) is informative as well as it catalyzes the rate-limiting step of 

dopamine neurotransmitter synthesis. TH protein expression was significantly 

decreased by rAAV9 human WT a-synuclein in LysMCre- but not LysMCre+I-

Abfl/fl mice. These data suggest deletion of peripheral myeloid MHCII is 

associated with maintenance of DA neuron phenotype (TH expression, capacity 

to synthesize dopamine) despite ongoing a-synuclein burden.  
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Figure 22. Short-term cypermethrin exposure does not decrease 

tyrosine hydroxylase or dopamine transporter protein expression, 

even in the presence of human WT a-synuclein. Soluble protein lysates 

from the left (RAAV2/5 HWTASYN, squares) and right (UNINJECTED, circles) 

striatal tissues LysMCre- and LysMCre+I-Abfl/fl (filled and open shapes, 

respectively) were analyzed for protein levels of TH (A) and DAT (B), normalized 
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to total protein identified by REVERT stain. Data are plotted to show the paired 

striatal samples for each animal. P-values are indicated above relevant graphs.  

3.4 Discussion 

This work was motivated by the observation that a common variation in 

the gene for MHCII is associated with increased risk for PD and our group’s 

observation that individuals with the high-risk genotype at rs312988 displayed 

monocytes in blood with higher surface MHCII protein expression and hyper-

responsiveness to an immune challenge in conjunction with PD status 

(Kannarkat et al., 2015). Therefore, we set out to investigate the role of MHCII 

protein expression in a mouse model of PD-like pathology. Previous work using 

an a-synuclein nigral overexpression mouse model reported that MHCII was 

necessary for a-synuclein-induced dopaminergic degeneration (Harms et al., 

2013; Williams et al., 2018). While these studies were informative, they examined 

the immune response in a context in which CD4 T cells were not able to develop 

normally (global MHCII KO), complicating interpretation of results. Previous 

work was not designed to address different contributions to antigen presentation 

by peripheral versus brain-resident immune cells. This is of critical importance 

and translational relevance when one considers the challenges of developing 

therapeutics to prevent or treat PD that have minimal penetrance across the 

blood-brain barrier; yet, if they can be shown to engage the peripheral immune 

system, they may still have protective and therapeutic effect. Based on the data 

reported in (Kannarkat et al., 2015), we hypothesized that decreased MHCII 

expression in peripheral immune cells would be beneficial to the health of 

dopaminergic neurons, specifically by decreasing effector CD4+ T cell frequency 
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of cells that may traffic to the brain, thereby protecting dopaminergic neurons 

from an adaptive immune response directed against a-synuclein or other 

immunogenic neuron-derived antigens.  

We investigated the role of peripheral myeloid cell MHCII in a viral-

vector-mediated a-synuclein overexpression model of PD pathology because 

rAAV models allow for targeting a-synuclein to neurons known to degenerate 

and express LBs in PD. Viral vector models similar to the ones used in our studies 

have shown an increase in a-synuclein expression of around 2-4 times 

endogenous levels following SN injection, and the transduction of SN neurons 

can be long-lasting (Kirik et al., 2002; Klein et al., 2002).  

To test our hypothesis that diminished antigen presentation capacity on 

peripheral immune cells can protect dopaminergic neurons by preventing CD4 T 

cell-mediated inflammatory immune responses, we performed our experiments 

using LysmCre- and LysMCre+I-Abfl/fl mice. We first assessed the extent of 

MHCII deletion in LysMCre+I-Abfl/fl mice. We demonstrated that LysMCre+I-

Abfl/fl have deletion of MHCII on peritoneal macrophages, spleen-derived myeloid 

cells, and PBMC CD11b+Ly6G- cells (Figure 9, Figure 10.I-L). There were no 

statistically significant differences in the frequency or number of B cells, T cells, 

neutrophils, or Ly6G-CD11b+ cells (non-neutrophils) between LysMCre- and 

LysMCre+I-Abfl/fl mice in the peripheral blood (Figure 10.A-H).  

In previous work from our lab, it was observed that the high-risk SNP 

genotype at rs3129882 synergizes with exposure to pyrethroid pesticides to 

increase risk for PD (Kannarkat et al., 2015). To investigate the interaction 
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between MHCII expression and the pyrethroid cypermethrin, we treated 

LysMCre±I-Abfl/fl mice with cypermethrin or vehicle for 3 weeks, beginning 8-9 

months after rAAV2/5 injection. As in the rAAV2/9 study, the B cells, T cells, 

neutrophils, and non-neutrophil population were not affected by LysMCre 

genotype. However, unexpectedly, following vehicle or cypermethrin treatment 

twice per week for three weeks, the deletion of MHCII observed in LysMCre+I-

Abfl/fl PBMCs from the rAAV2/9 study was not reproduced. One possible 

explanation for this observation is that the vehicle impairs the health of 

peripheral immune cells and causes downregulation of homeostatic genes, 

including LysM. Myeloid immune cells in the blood have a relatively short 

lifespan. Monocytes for example have a half-life of 22h (van Furth and Cohn, 

1968). Throughout our short-term treatment, there may be a failure to express 

Cre under LysM, and, thus, we detected MHCII expression in CD11b+Ly6G- cells 

in LysMCre+I-Abfl/fl mice. We could test this possibility in the future by staining 

for lysozyme M or Cre and performing RT-PCR for LysM on PBMCs isolated 

from mice treated with vehicle or cypermethrin. We observed an increase in the 

frequency of naïve CD4+ T cells in LysMCre+I-Abfl/fl mice in the rAAV2.5 study, 

which is consistent with the idea of pre-treatment deletion of MHCII (Figure 

14.H).  It is possible that in our mice, prior to treatment, Cre under the control of 

LysM blocked the contributions of peripheral myeloid cell antigen presentation 

to the immune response to the human WT a-synuclein driven by rAAV2/5 in the 

SN. Future work should assess MHCII expression before and after vehicle or 

cypermethrin exposure. 
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 In the rAAV2/9 study, we tested whether peripheral myeloid MHCII 

deletion affected the frequency of Th1s, Tregs, central memory, effector memory, 

and naïve CD4+ T cells. We observed a decrease in the frequency of Tregs in 

LysMCre+I-Abfl/fl mice (Figure 12.D). Tregs suppress inflammation 

(Luckheeram et al., 2012), suggesting inflammatory immune responses in 

LysMCre+I-Abfl/fl mice may last longer and/or involve increased levels of 

cytokine release relative to LysMCre-I-Abfl/fl controls. Because we did not collect 

blood samples throughout the post-injection period, only at the time of sacrifice, 

we cannot assess the effect altered Treg frequency had on the acute inflammatory 

response to human a-synuclein in the nigra, but future work could be done to 

assess the presence of CD4 T cells, even Tregs specifically, in the brain by flow 

cytometry at time points closer to the onset of a-synuclein expression. In 

addition to the shift in Treg frequency, LysMCre+I-Abfl/fl mice have decreased 

frequencies of effector memory and central memory CD4+ T cells and an increase 

in the frequency of naïve CD4+ T cells (Figure 12.F-H). PD patients are known 

to have increased frequency of CD45RO+ T cells (marker of memory subsets) 

(Fuzzati-Armentero et al., 2019). If we assume the T cell frequencies of a PD 

patient are disease-promoting or at least permissive, our data indicate that the 

deletion of MHCII on peripheral myeloid cells is beneficial, in that it promotes 

the development of a T cell compartment lacking the characteristics seen in PD. 

In Figure 13, we showed that, similar to PBMCs, the frequency of effector 

memory CD4+ T cells in mouse deep cervical lymph nodes is decreased in 

LysMCre+I-Abfl/fl mice. These observations are consistent our finding that MHCII 
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is deleted on peripheral myeloid cells and provide confirmation that the deletion 

in LysM-expressing cells is sufficient to affect CD4+ T cells. 

Following 3 weeks of cypermethrin treatment in mice that had received 

rAAV2/5 human WT a-synuclein, we observed an effect of treatment 

(cypermethrin versus vehicle) x genotype (LysMCre±I-Abfl/fl) interaction such that 

cypermethrin decreased CD3+ T cell frequency in LysMCre-, but increased in 

LysMCre+I-Abfl/fl mice (Figure 14.A). This suggests the possibility that 

cypermethrin has a toxic effect on T cells that is mitigated in LysMCre+I-Abfl/fl 

mice. We cannot attribute this observation to the absence of MHCII in peripheral 

myeloid cells, however, because, at the time of the experiment, as discussed above, 

the LysMCre+I-Abfl/fl mice showed no MHCII deletion. There is previous research 

showing immunotoxicity of pyrethroid pesticides. In female mice treated with the 

pyrethroid permethrin, a 32% decrease in spleen T cell proliferation was observed 

(Chrustek et al., 2018). In mouse splenocytes and rat thymic cells, another 

pyrethroid, deltamethrin, has been reported to induce apoptosis (Kumar et al., 

2015; Chauhan et al., 2016). Future work could assess apoptotic marker expression 

in T cells isolated from cypermethrin treated mice to further compare the 

compound’s immunotoxicity between LysMCre+ and LysMCre-I-Abfl/fl mice. A 

treatment x genotype interaction also influenced Treg frequency such that 

cypermethrin-treated LysMCre-I-Abfl/fl mice showed an increased frequency of 

Tregs, while LysMCre+I-Abfl/fl mice showed the opposite (Figure 14.D). The 

results could be explained by an immune response in LysMCre-I-Abfl/fl mice that 

differentially affects some CD4+ T cells subsets so that the relative frequency of 

Tregs increases. This is consistent with the data in Figure 14.F where we showed 
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that cypermethrin decreases the frequency of effector memory CD4+ T cells, a cell 

type associated with chronic immune activation. The mechanism behind how 

cypermethrin interacts with T cells remains to be investigated. Work done in THP1 

and Jurkat cell lines suggests that the pyrethroid permethrin increases the rate of 

T cell proliferation, but this may not be the case uniformly across all T cell subsets 

(Kannarkat and Tansey, 2016). Future work should investigate the extent to which 

cypermethrin can increase the proliferation rate of autoreactive T cells i.e. those 

specific for a PD-related antigen such as a-synuclein. 

The deep cervical lymph nodes drain the meningeal lymphatic vessels 

(Louveau et al., 2018). We were interested in sampling the deep cervical lymph 

nodes as a read-out of the CNS adaptive immune response. Cypermethrin and 

LysMCre genotype affected the frequencies of T cell subsets within the deep 

cervical lymph nodes as well (Figure 15). Specifically, we observed a decrease in 

CD3+ T cells in LysMCre+I-Abfl/fl mice (Figure 15.A), and a treatment x genotype 

interaction affecting the frequency of central memory CD4+ T cells such that 

cypermethrin increased central memory frequency in the LysMCre-I-Abfl/fl mice 

(Figure 15.G). Conversely, in the LysMCre+I-Abfl/fl animals, cypermethrin 

decreased central memory CD4+ frequency. This suggests that MHCII expression 

level and cypermethrin exposure could interact to influence T cells. The frequency 

of some CD4 T cell subsets has been shown to vary over time in other models of 

dopaminergic degeneration in rats, suggesting that future work interested in 

elucidating the role of CD4+ T cells in pathogenesis should consider collecting 

tissue at multiple timepoints (Ambrosi et al., 2017).  
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In order to determine the molecular mediators involved in the immune 

response to LysMCre-mediated MHCII deletion or, in the rAAV2/5 study, 

cypermethrin, we assessed plasma cytokine and chemokine levels at the time of 

sacrifice. No differences were observed in any of the assayed plasma markers in 

the rAAV2/9 higher titer study (Figure 16), suggesting that deletion of peripheral 

myeloid MHCII alone does not alter cytokine secretion. In the presence of 

cypermethrin, however, we found that IL-1b was affected by a treatment x 

genotype interaction such that LysMCre+I-Abfl/fl mice treated with cypermethrin 

have increased plasma IL-1b (Figure 17.C). Shifts in IL-1b  are interesting given 

that PD patient blood and brain contains increased IL-1b relative to controls, 

among other cytokine increases (Fuzzati-Armentero et al., 2019). However, in 

previous work characterizing the effect of rs3129882 genotype on the immune 

system, no difference in IL-1b was observed (only in MIP-1a in PD GG individuals, 

(Kannarkat et al., 2015)). More work is needed to thoroughly interrogate the 

relationship between altered antigen presentation, pyrethroid exposures, and 

cytokine release.  

Having assessed peripheral immune cell frequencies and secreted factors, 

we next characterized the nigrostriatal systems in our LysMCre±I-Abfl/fl mice 

following rAAV-mediated human WT a-synuclein expression. In Figures 18 and 

19 we present double labeling of the mouse SN for TH and human a-synuclein. 

Four months post-rAAV2/9 and 8-9 months post-rAAV2/5, we were able to detect 

expression of the virus within the nigra and did not observe contralateral 

expression. In other studies with rAAV-a-synuclein, progressive loss of 
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dopaminergic neurons in the nigra and the TH+ terminals in the striatum have 

been reported (Koprich et al., 2010; Lundblad et al., 2012). In previous work 

specifically with rAAV2/9 human WT a-synuclein in mice, approximately 50% of 

TH+ cells were lost in the SN, and 20% of the TH in the striatal terminals was lost 

on the injected side 1 month after surgery (Castro-Sanchez et al., 2018). In that 

study, microgliosis as evinced by increased SN Iba-1-immunoreactive cell number, 

Iba-1 and GFAP mRNA, as well as mRNA levels of IL-1b and TNF. For this study, 

we characterized the striatal inflammatory environment by Western blot and qRT-

PCR. We found that four months after rAAV2/9 human WT a-synuclein, there is 

an upregulation of CD68 mRNA in the striatal hemisphere ipsilateral to stereotaxic 

injection (Figure 20.D). CD68 is a lysosomal marker known to be expressed in 

monocytes and macrophages (Pulford et al., 1990). LysMCre genotype did not 

affect CD68 upregulation. Treatment of primary microglia with a-synuclein fibrils 

has been shown to increase expression of iNOS, which can be prevented with global 

CIITA KO (Williams et al., 2018). Deletion of MHCII would, thus, be expected to 

similarly decrease a-synuclein-related iNOS expression; however, we observed the 

opposite. In Figure 20.F, the data show an effect of genotype on iNOS mRNA 

level. One possible explanation for this observation is microglial-specific 

upregulation of iNOS in LysMCre+I-Abfl/fl , There was an rAAV2/9 x genotype 

interaction that significantly affected IL-6 mRNA levels (Figure 20.J). In 

LysMCre-I-Abfl/fl mice, rAAV2/9 human WT a-synuclein drove increased IL-6 

levels, while LysMCre+I-Abl/fl mice displayed a decrease. Because IL-6 is an 

inflammatory cytokine increased in the blood of PD patients relative to controls 
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(Fuzzati-Armentero et al., 2019), its decrease in LysMCre+I-Abfl/fl mice suggests a 

some aspects of neuroinflammation may be mitigated by peripheral myeloid 

MHCII deletion.  

We also examined protein markers of nigrostriatal axon terminals by 

Western blot (Figures 21 and 22). Neither short-term cypermethrin treatment 

nor lower-titer human WT a-synuclein affected TH or DAT expression, with the 

exception of an effect of interaction in vehicle treated animals (Figure 22.A).  

Following rAAV2/5 and cypermethrin treatment, we observed an effect of 

genotype x rAAV2/5 interaction on TH protein expression in vehicle-treated 

animals. Because LysMCre+I-Abfl/fl deletion of MHCII has been called into 

question following cypermethrin or vehicle treatment (Figure 11.I-L), and due to 

the variability in TH levels in our samples, the meaning of this result is difficult to 

ascertain. Results of the rAAC2/9 study’s Western blots were more 

straightforward. Following rAAV2/9, we observed a statistically significant 

decrease in DAT and TH in LysMCre-I-Abfl/fl mice on the injected side. No such 

decrease was observed in LysMCre+I-Abfl/fl mice. This suggests that peripheral 

myeloid MHCII deletion protected dopaminergic terminals, sparing them from 

human a-synuclein-induced lesion. Overall, the data from the rAAV2/9 higher-tier 

study suggests there may be some benefit, in terms of neuroinflammation and 

maintenance of dopaminergic phenotype, to minimizing MHCII expression on 

peripheral myeloid cells.  

In this chapter, we report our efforts to understand the biological 

mechanisms driving the synergy between MHCII expression in an a-synuclein 
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lesion, and exposure to the pyrethroid pesticide cypermethrin. While our findings 

yielded important insights, they also motivate additional experiments. First, 

characterization of the synuclein-induced lesion at the level of the nigra should be 

performed to determine the extent of nigral dopaminergic neuron loss. The 

striatum is a large and heterogenous structure, and the quantification of TH+ soma 

in the nigra will more precisely inform us regarding the extent of synuclein-

induced lesion with each of the serotypes. Therefore, we will be able to determine 

whether the maintenance of TH protein content in the striatum in LysMCre+I-

Abfl/fl is accompanied by increased nigral neuron survival. Next, more chronic 

dosing of cypermethrin would be of interest, and a dosing route that is more 

translationally relevant than intraperitoneal injection. It would also be beneficial 

to perform experiments similar to those presented here in animals with 

upregulation of MHCII, mimicking the immune systems of humans with the high-

risk rs3129882 genotype. Antigen presentation capacity is dynamic, and likely 

interacts with other environmental factors beyond pyrethroid exposure. More 

work remains to be done on this promising target for future immunomodulatory 

interventions to treat PD.  
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CHAPTER 4. CHARACTERIZATION OF T CELL SUBSETS 

ASSOCIATED WITH rs3129882 GENOTYPE IN PARKINSON’S 

DISEASE PATIENTS AND CONTROLS  

Saliva and blood samples collected by collaborators at the University of Florida. 

Peripheral blood mononuclear cell isolation and cryopreservation performed by 

the McFarland lab at the University of Florida. DNA extraction was performed by 

Yuan Yang. Flow cytometry and analysis performed by Elizabeth Marie Kline.  

4.1 Introduction 

Several studies have linked single nucleotide polymorphisms (SNPs) in the 

gene for major histocompatibility complex class II (MHCII) to risk for the 

neurodegenerative disease Parkinson’s disease (PD) (Hamza et al., 2010; 

International Parkinson Disease Genomics et al., 2011; Ahmed et al., 2012; Nalls 

et al., 2014). One SNP, rs3129882, has been of particular interest to our lab. A G 

allele at rs3129882 is associated with a 1.7-fold increase in risk for PD. Previous 

work from the Tansey lab reported that the high-risk genotype for this SNP (GG) 

synergizes with exposure to pyrethroid pesticides to increase risk for PD 

(Kannarkat et al., 2015). Furthermore, GG individuals were found to have 

increased MHCII expression on monocytes and B cells (see Figure 1) 

(Kannarkat et al., 2015).  

Understanding the functional implications of an association between 

MHCII and PD requires an appreciation for the normal functions of the immune 

system and its interaction with the central nervous system (CNS). In order to 

clear pathogens, immune cells secrete inflammatory cytokines, upregulate 

surface activation markers, perform antigen presentation, migrate, proliferate, 
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and perform a variety of other immune processes depending on the specific cell 

type. To maintain homeostasis, eventually, the immune system’s tone shifts 

towards the resolution of inflammation and tissue repair, which is, in part, 

regulated by the effector functions regulatory T cells (Tregs). During the process 

of pathogen clearance and resolution of inflammation, the effects of the immune 

system on the nervous system may be indirect, via secreted factors for which 

neurons have receptors, or more direct. For example, CD8+ T cells can directly 

kill neurons through engagement of Fas and TNF signaling pathways (Coque et 

al., 2019).  

There is ample evidence for the involvement of the adaptive immune 

system in the pathophysiology of PD. Studies of human post-mortem tissue 

demonstrated CD4+ and CD8+ T cells within the brain parenchyma, specifically 

in the SN, in PD patients, but not healthy controls (McGeer et al., 1988b; Croisier 

et al., 2005; Orr et al., 2005; Miklossy et al., 2006). CD4+ T cells are associated 

with dopaminergic (DA) neuron loss in that CD4-/- mice are protected in an 

MPTP model of degeneration (Brochard et al., 2009). CD4+ and CD8+ T cells 

within PD brains are found in close contact with blood vessels or melanized 

dopamine (DA) neurons (Brochard et al., 2009) (Campos-Acuna et al., 2019; 

Garretti et al., 2019). Removal of CD4+ but not CD8+ T cells can significantly 

reduce the DA degeneration induced by MPTP intoxication. Overall the existing 

evidence suggests that the nature of the adaptive immune system, specifically in 

the presences of certain T cells, can influence DA neuron health.  

Exposure to the neuronal protein, a-synuclein, although it is normally 

expressed throughout development, can elicit an innate and adaptive immune 
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response. Section 1.1d reviews the immunogenic nature of a-synuclein in more 

detail. Neurons are reported to up-regulate the antigen presentation molecule 

major histocompatibility class I (MHCI) in an α-synuclein overexpression model 

of PD neuropathology, emphasizing the importance of antigen presentation and 

its effect on T cell recruitment to the brain (Cebrian et al., 2014). Neuronal MHCI 

has also been observed in human PD SN and locus coeruleus (Cebrian et al., 

2014).  

Peripheral dysregulation of the adaptive immune system has been 

characterized in flow cytometry studies where PBMCs were isolated from PD 

patients (see section 1.1c). Within the PBMC population, some studies report 

that PD patients have an increased frequency of CD8 T cells and decreased 

frequency of CD4 T cells  (Bas et al., 2001; Baba et al., 2005; Stevens et al., 2012). 

Specific decreases in the frequency and suppressive abilities of Tregs has been 

associated with PD (Saunders et al., 2012; Chen et al., 2015). T cell-driven 

inflammation of the gut mucosa is involved in inflammatory bowel diseases, 

which have been positively correlated with PD (Campos-Acuna et al., 2019). In 

line with this observation, shifting inflammatory factors secreted by T cells has 

been considered as an approach for the treatment of PD (Hirsch and Hunot, 

2009; Mosley et al., 2012). In PD, there has been increasing evidence that Th17’s, 

another CD4+ T cell subset, may play an important role (Bolte and Lukens, 2018; 

Storelli et al., 2019). Th17’s are distinguishable by their expression of CCR6 and 

the transcription factor RORgT. Th17s are known for their role in autoimmunity, 

making their function in PD particularly interesting given the evidence for a-

synuclein and neuromelanin as putative auto-antigens (Garretti et al., 2019). 
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Th17s and the other CD4+ T cell subtypes recognize antigen presented via the 

antigen presentation protein MHCII, connecting them to the observation that 

rs3129882 genotype affects MHCII expression. We and others have hypothesized 

that PD may feature excessive killer T cell function and/or failure of regulatory T 

cells to arrest inflammation and auto-reactivity. 

Because of the connection between innate and adaptive immunity via 

antigen presentation, we hypothesized that antigen presentation via MHCII 

impacts dopamine neurons by skewing T cell frequency and function. We set out 

to determine the extent to which individuals with the high- versus low-risk allele 

at rs3129882 with, or without, PD display differences in T cell subset frequency, 

predicting that high MHCII expression would be associated with increased 

frequencies of inflammatory CD4+ T cells relative to those with the low-risk SNP 

genotype and lower MHCII protein expression and transcript levels. 

4.2 Materials and Methods  

4.2a) Cohort and subject recruitment and genotyping 

 PD patients and healthy control subjects were recruited through a 

collaboration with Dr. Nicholas McFarland at the University of Florida through a 

protocol approved by the IRB’s of Emory University and the University of 

Florida. All participants were of white, European background. No participants 

listed Jewish religious or ethnic background. Some but not all of the control 

subjects were spouses of PD participants. To identify the rs3129882 genotype of 

all participants, saliva was collected using Oragene DNA OG-500 kit and DNA 

isolated according to the manufacturers protocol (DNA genotek). Taqman SNP 

Genotyping Assay (Life Technologies) was used to determine genotype. Subjects 
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provided an approximately 40mL blood sample. A questionnaire was 

administered at the time of blood collection to assess disease status, medication 

use, demographic background, family history, and any inflammation-related 

exposures. Caffeine, NSAID, and nicotine use data was collected as well.  

4.2b) Peripheral blood mononuclear cell isolation, cryopreservation, 

and thaw 

 Blood was drawn via venipuncture from participants at the University of 

Florida into BD Vacutainer Cell Preparation Tubes (CPT) with sodium heparin 

from BD Biosciences (362761). Following density centrifugation, the plasma layer 

was removed and frozen in liquid nitrogen. PBMCs were cryopreserved in 90% 

heat-inactivated fetal bovine serum (FBS, Sigma) in 10% DMSO at a 

concentration of 10x106 cells per 1mL. Cryovials of 1mL were frozen down in a 

room temperature Mr. FrostyTM (ThermoFischer Scientific) placed in a -80°C 

freezer for 24 hours and then shipped on dry ice to Emory University where vials 

were stored in liquid nitrogen until time of experiment. To thaw, 1 cryovial per 

participant was placed in a water bath (37°C) and just prior to full thaw, 1mL of 

10% FBS in RPMI-1640 (Corning) was added. The diluted, thawed cell solution 

was then transferred into 30mL of 10%FBS in RPMI and centrifuged for 10 

minutes at 400rcf. The pellet was resuspended in RPMI sith 10% FBS and cells 

were counted. For flow cytometry, 250000 cells were plated per subject in a 96-

well V-bottom plate.  

4.2c) Flow cytometry         

 To stain for flow cytometry, cells were incubated in PBS with Live-Dead 

stain, Fc block, and anti-CD25 antibody in phosphate buffered saline on ice for 
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30 minutes. Following a wash step, cells were incubated with anti-CCR7 antibody 

in FACS buffer (1% bovine serum albumin, 0.1% sodium azide, 1mM EDTA) for 

15 minutes at 37°C. Following another wash step, cells were incubated with 

antibodies against all other surface makers in FACS buffer on ice for 25 minutes. 

Cells were washed with FACS, fixed with 0.1% paraformaldehyde, washed again, 

and then transferred into FACS tubes and stored at 4°C until run on the LSRII 

flow cytometer within 48 hours (BD Biosciences). Antibody details are listed in 

the antibody table. Data analysis was performed using FlowJo v10.  

4.2d) Study approval 

 Informed consent was received in writing from all participants prior to 

inclusion in the study. Procedures were approved by the Institutional Review 

Boards of Emory University in Atlanta, Georgia and the University of Florida in 

Gainesville, Florida.  

4.2e) Statistics 

 Comparison among the four groups (Control AA, Control AG/GG, PD AA, 

PD AG/GG) was analyzed by two-way ANOVA followed by Sidak’s post-hoc 

multiple comparison’s test for p values. GraphPad Prism v6 was used for analysis. 

Data is reported in table and figure as mean ± SEM.  

4.3 Results 

4.3a) Characteristics of study population 

  Subjects were sorted into Control AA, Control AG/GG, PD AA, and PD 

AG/GG groups in order to assess the effect of one or more copies of the high-risk 

SNP allele (G) relative to those with only the A allele. The general characteristics 

of the study participants are presented in Table 4. Because brain injury is a risk 
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factor for PD (Taylor et al., 2016) (reviewed in (Tansey et al., 2007)), subjects 

were asked whether they had ever had a head injury that caused loss of 

consciousness or required medical care. In the PD group, a total of 9 head 

injuries were reported (14 total participants), while only 3 head injuries were 

reported in the control group (11 total participants). There were no statistically 

significant differences between controls and PD subjects in age (unpaired two-

tailed Student’s t test). PD AA and AG/GG subjects did not differ in age of onset 

or number of years since diagnosis (unpaired two-tailed Student’s t test).  The 

control group included more females than the PD group. 

 

Table 4.  

 

 

 

 

 

 

 

 

 

 

 

A.

B.

Age at time 
of study 
(years)

Range 
(years)

Total 
number of 

head 
injuries

Number of 
males, 

females

Control 
(n=11) 66.36 ± 2.064 55-76 3 3, 8

AA (n=6) 64 ± 2.582 55-71 0 1,5

AG/GG 
(n=5) 69.2 ± 3.121 58-74 3 2, 3

Age at time 
of study 
(years)

Range 
(years)

Age at 
diagnosis 

(years)

Years since 
diagnosis

Total 
number of 

head 
injuries

Number 
of males, 
females

PD 
(n=14) 70.21 ± 2.22 46-79 60.65 ±  

2.567 8.13 ± 1.715 9 11, 3

AA (n=5) 70 ±  1.643 66-75 64.6 ±  
2.657 5.4 ± 2.015 4 4, 1

AG/GG 
(n=9) 70.33 ±  3.424 46-79 58.19 ±  

3.684 10.07 ± 2.406 5 7, 2
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4.3b) High-risk rs3129882 genotype is associated with decreased 

numbers of Tregs, and interactions between SNP and PD affect 

effector memory subset counts 

 To assess the effect of rs3129882 on T cell subset frequency, PBMCs from 

PD and healthy control subjects were prepared for flow cytometry. We 

hypothesized that, due to increased expression of MHCII on monocytes and B 

cells in GG individuals, there would be alterations in CD4+ T cell subsets in the 

AG/GG group relative to the AA group.  Furthermore, we predicted interactions 

between genotype and treatment, given that mRNA level of MHCII was affected 

by an interaction between genotype and disease status (Kannarkat et al., 2015). 

We observed no differences in overall frequencies of total T cells, CD4+ T cells, or 

CD8+ T cells among our four groups (Figure 24.A-C). We observed that PD 

participants had an increase in Treg frequency, while the GG rs3129882 genotype 

significantly decreased the number of Tregs and increased CD4 and CD8 effector 

memory T cells (Figure 24.D, H, L).   
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Figure 23. Human T cell subset gating strategy. Cryopreserved PBMCs 

were stained for flow cytometry and analyzed on an LSRII after standardization 

and compensation with Sphero beads and OneComp beads. Gates were placed 

based on staining with fluorescence-minus-one and isotype control antibodies. 

Analysis was performed and plots were generated using FlowJo software. Live T 

cells were identified as LD-CD3+, and then gated on CD4 versus CD8. CD4+ live 

T cells were then gated on 1. CCR7 versus CD45RA and 2. CD25 versus CCR4. 

Naïve CD4 T cells: CCR7+CD45RA+. Central memory CD4 T cells: 

CCR7+CD45RA-. Effector CD4 T cells: CCR7-CD45RA+. Effector memory CD4 T 

cells: CCR7-CD45RA-. Tregs: CD25+CCR4+. Non-Tregs were gated on CCR6. 

Th17: CCR6+. Th1 or Th2: CCR6-. The same memory marker combinations were 

used to identify subsets of CD8+ T cells. Surface markers were chosen based on 

the recommendations of the Human Immunology Project (Maecker et al., 2012).  
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Figure 24.A-B. High-risk rs3129882 genotype is associated with 

decreased number of Tregs, and interactions between SNP genotype 

and PD affect effector memory subset counts. Flow cytometry staining 

was used to determine frequencies and counts of T cells in cryopreserved PBMC 

samples. Two-way ANOVA was used to test for significant differences between 

control (triangles) AA, p values are indicated above applicable graphs.  
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Figure 24.C-D. High-risk rs3129882 genotype is associated with 

decreased number of Tregs, and interactions between SNP genotype 

and PD affect effector memory subset counts. Flow cytometry staining 

was used to determine frequencies and counts of T cells in cryopreserved PBMC 

samples. Two-way ANOVA was used to test for significant differences between 

control (triangles) AA, p values are indicated above applicable graphs.  
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Figure 24.E-F. High-risk rs3129882 genotype is associated with 

decreased number of Tregs, and interactions between SNP genotype 

and PD affect effector memory subset counts. Flow cytometry staining 

was used to determine frequencies and counts of T cells in cryopreserved PBMC 

samples. Two-way ANOVA was used to test for significant differences between 

control (triangles) AA, p values are indicated above applicable graphs.  
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Figure 24.G-H. High-risk rs3129882 genotype is associated with 

decreased number of Tregs, and interactions between SNP genotype 

and PD affect effector memory subset counts. Flow cytometry staining 

was used to determine frequencies and counts of T cells in cryopreserved PBMC 

samples. Two-way ANOVA was used to test for significant differences between 

control (triangles) AA, p values are indicated above applicable graphs.  
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Figure 24.I-J. High-risk rs3129882 genotype is associated with 

decreased number of Tregs, and interactions between SNP genotype 

and PD affect effector memory subset counts. Flow cytometry staining 

was used to determine frequencies and counts of T cells in cryopreserved PBMC 

samples. Two-way ANOVA was used to test for significant differences between 

control (triangles) AA, p values are indicated above applicable graphs.  
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 Figure 24.K-L. High-risk rs3129882 genotype is associated with 

decreased number of Tregs, and interactions between SNP genotype 

and PD affect effector memory subset counts. Flow cytometry staining 

was used to determine frequencies and counts of T cells in cryopreserved PBMC 

samples. Two-way ANOVA was used to test for significant differences between 

control (triangles) AA, p values are indicated above applicable graphs.  
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Figure 24.M-N. High-risk rs3129882 genotype is associated with 

decreased number of Tregs, and interactions between SNP genotype 

and PD affect effector memory subset counts. Flow cytometry staining 

was used to determine frequencies and counts of T cells in cryopreserved PBMC 

samples. Two-way ANOVA was used to test for significant differences between 

control (triangles) AA, p values are indicated above applicable graphs.  
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4.4 Discussion 

 In a population of PD and control participants recruited from the 

University of Florida, we report that the high-risk rs3129882 genotype is 

associated with decreased number of Tregs (Figure 24.D). Tregs are an 

immunosuppressive T cell subset which maintain self-tolerance, prevent 

autoimmunity, and regulate inflammatory responses to injury and pathogens. 

Individuals with 1 or more G alleles at rs3129882 showed decreased number of 

Tregs.  Interestingly, in our study PD was associated with an increased frequency 

of Tregs, in contrast to previous reports (Saunders et al., 2012; Chen et al., 2015). 

This could be due to a number of different possibilities including age and ethnic 

differences and/or the effects of medications (Figure 24.D).  Treg functions 

include anti-inflammatory (IL-35, IL-10, and TGF-b) cytokine release, 

suppression of CD8+ T cells’ granzyme functions, “absorbing” IL-2 in the 

extracellular milieu thereby preventing proliferation of other T cells in the area, 

and driving downregulation of CD80 and CD86 (co-stimulatory molecules on 

antigen presenting cells) via CTLA-4 action (reviewed in (Duffy et al., 2018b)). 

The suppressive functions of Tregs limit the proliferation and effector functions 

of CD4+ and CD8+ T cells and can inhibit antigen presenting cells as well 

(Sakaguchi et al., 2008). Decreased number of Tregs, then, could create an 

immune environment permissive of the runaway inflammation thought to 

promote neurodegeneration.  

We also observed an interaction between SNP genotype and PD affecting 

effector memory subset counts (Figure 24.H and L).  In controls, having one or 

more G allele was associated with decreased number of effector memory CD4+ or 
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effector memory CD8+ T cells. Conversely, in PD cases, AG/GG individuals 

displayed increased counts of effector memory CD4+ and CD8+ T cells. One 

possible explanation for this finding may be that in controls, other compensatory 

mechanisms prevent high MHCII expression related to a high-risk rs3129882 

genotype from driving increases in effector memory subset numbers. This is 

consistent with the observation that PD GG, but not control GG individuals had 

increased inducibility of MHCII (Kannarkat et al., 2015). Environmental 

exposures or other genetic factors may account for this difference.  

As discussed in Chapter 1, there exist T cells in the peripheral blood 

mononuclear cell (PBMC) population from PD patients that recognize a-

synuclein-derived peptides (Sulzer et al., 2017). As the study population expands 

and recruitment continues, increases in the frequency or number of Th17 in the 

AG/GG population are predicted to be identified. In addition to changes in T 

helper cells, shifts in memory cell frequency may also play an important role in 

PD risk or progression. Historically memory T cells have been divided into 

subsets on the basis of surface marker expression, as was done in the work 

presented below. Doing so implies that phenotypic differences between the 

defined subsets are cleanly associated with distinct immune functions. The 

appeal of such divisions of cell subsets is that shifts in one or the other can be 

quantified and associated with a disease state or genotype of interest. 

Nevertheless, the field of T cell memory research is shifting toward regarding T 

cells on a continuum, rather than as members of discrete types (Jameson and 

Masopust, 2018). This is an important caveat that must be kept in mind when 

interpreting the work presented here and future experiments on memory subsets. 
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Functions of memory T cells may vary within populations with matching surface 

markers. For example the trafficking, durability, and effector functions of 

CD8+CD62L- T cells, traditionally classified as effector memory CD8 T cells, may 

be heterogeneous as many cells within that population will actually be resident, 

non-circulating memory T cells (Sathaliyawala et al., 2013). The extent to which 

the perivascular space in the brain or the parenchyma itself has such a population 

of resident memory T cells remains to be investigated, and will be critical for our 

understanding of the adaptive immune systems contributions to PD.  

In conclusion, these data point towards an association between rs3129882 

genotype and the frequencies of CD4+ T cells subsets; however, more research is 

needed in a larger cohort. It remains to be investigated by what mechanism the 

rs3129882 SNP, in a non-coding region of the HLA-DR locus, increases MHCII 

expression, and future studies will address the hypothesis that rs3129882 is linked 

to a cis-regulatory element. The cis-regulatory element could directly regulate 

MHC-II gene expression or an epigenetic state controlling the expression of genes 

within the HLA locus. Future studies should also investigate whether the groups 

included in the work presented here are characterized by differences in the 

frequencies of certain antigen-specific T cells. By continuing this line of research, 

future studies will push the field toward a more complete understanding of the 

pathogenesis of PD and new therapeutic strategies may emerge that engage the 

immune system to prevent or slow the progression of PD.  
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CHAPTER 5. CONCLUSIONS 

 Parkinson’s disease is a neurodegenerative movement disorder 

characterized by degeneration of dopaminergic neurons in the substantia nigra 

and aggregation of a-synuclein. Currently, no disease-modifying therapies exist 

for this progressive disorder. The cause of Parkinson’s disease (PD) is unknown, 

although genetic and environmental risk factors have been identified and are 

reviewed in detail in Chapter 1. The signaling pathways downstream of mixed 

lineage kinases and antigen presentation regulate a multitude of neuronal and 

immune functions and are of interest in PD.  

In Chapter 2, we presented a series of experiments testing an inhibitor of 

mixed lineage kinase 3 in a neurotoxin model of PD. Mixed lineage kinases 

(MLKs) are upstream of cell death pathways, and previous work focused on 

inhibition as a possible neuroprotective strategy, potentially blocking apoptotic 

cascades. The studies presented were motivated by the observation that the MLK 

inhibitor CEP-1347 mediates neuroprotection against methamphetamine in 

human mesencephalic-derived neurons (Lotharius et al., 2005). CEP-1347 also 

prevented motor deficits and DA neuronal degeneration in a mouse 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of nigral degeneration 

(Hudkins et al., 2008). While results from these models were promising and 

CEP-1347 was found to be safe and well tolerated over 4 weeks in subjects with 

PD, clinical trials with CEP-1347 failed in a Phase II trial of 806 PD patients due 

to futility (Parkinson Study Group, 2007). The failure of CEP-1347 to have 

beneficial effect in PD patients was attributed to poor brain penetrance 

(brain/plasma ratio < 0.2 in mice) and off-target effects  (Parkinson Study 
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Group, 2007) (Goodfellow et al., 2013).  We hypothesized that a more specific 

MLK inhibitor with greater brain penetrance may be more effective than CEP-

1347. While this hypothesis will ultimately need to be tested in human PD 

patients and compared to healthy controls, we initiated investigation in a mouse 

MPTP model to assess the protective capacity of the mixed lineage kinase 3 

(MLK3) inhibitor CLFB-1134. We found that CLFB-1134 protected dopaminergic 

cell bodies and terminals against MPTP (Figure 4 and 6). However, striatal 

levels of dopamine were not restored to the level observed in control animals 

(Figure 5). As discussed in section 2.4, the presence of neuroprotection without 

restoring dopamine levels to those seen in controls has been observed in other 

MPTP models (Liberatore et al., 1999; Zhang et al., 2004; Hu et al., 2008). As a 

complex-I inhibitor, MPTP effects mitochondrial energetics and, by depleting 

ATP, may prevent the activation of dopamine-synthesizing enzymes (tyrosine 

hydroxylase). Another possible explanation of our observation may be the effects 

of MPTP on pathways other than those regulated by MLK3.  

Future expansion of this work should investigate the effect of CLFB-1134 

on microglia, brain-infiltrating peripheral immune cells, and astrocytes, as these 

cell types express MLK3. This may provide insight into the role of MLK3 in 

neuroinflammation and neurodegeneration. Supporting this idea, URMC-099, 

another MLK3 inhibitor, has been shown to successfully inhibit 

lipopolysaccharide induction of tumor necrosis factor release from microglia and 

facilitates microglial clearance of amyloid beta ex vivo (Dong et al., 2016). Thus, 

in addition to direct neuronal action, the capacity for MLK inhibition to engage 
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glia may contribute to the neuroprotective effect observed in our studies with 

CLFB-1134.  

In Chapter 3, we investigated the role of peripheral myeloid cell antigen 

presentation in a mouse model of human a-synuclein expression. Antigen 

presentation via the protein major histocompatibility complex class II (MHCII) is 

suspected to contribute to PD pathology based on genome-wide association 

studies, post-mortem histology, and evidence from animal models of PD. 

Previous work showed that global deletion of MHCII or CIITA was protective in a 

mouse model of PD pathology in which human a-synuclein is expressed in the SN 

(Harms et al., 2013; Williams et al., 2018). Importantly, full deletion of MHCII 

prevents normal T cell development. Therefore, the neuroprotection observed in 

Harms et al. and Williams et al. is achieved by preventing antigen presentation in 

combination with blunted adaptive immune system function (Harms et al., 

2013); (Williams et al., 2018). Because work from Kannarkat et al. demonstrated 

an association between PD risk and increased baseline MHCII expression on 

monocytes in the peripheral blood, we wanted to know whether specific MHCII 

deletion on peripheral myeloid cells is sufficient to achieve neuroprotection 

against a nigral a-synuclein lesion (Kannarkat et al., 2015). Through the work 

presented in Chapter 3, we advanced the field by demonstrating that mice with 

peripheral myeloid deletion of MHCII maintain dopaminergic terminals to a 

greater extent than animals with intact MHCII in an rAAV2/9 human WT a-

synuclein model (Figure 21). This suggests that manipulating MHCII on 
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peripheral myeloid cells in PD patients may be sufficient to slow the progression 

of dopaminergic neuron loss.  

The common genetic variation in HLA-DRA, rs3129882, synergizes with 

exposure to pyrethroid pesticides to increase risk for PD (Kannarkat et al., 2015). 

To characterize the effect of the pyrethroid cypermethrin on the immune system 

and its influence on the toxicity of a-synuclein, we performed a “double-hit” 

study, described in Chapter 3. Mice were given a unilateral injection of rAAV2/5 

human WT a-synuclein as well as treatment with cypermethrin twice weekly for 3 

weeks.  The high-risk rs3129882 genotype is associated with increased baseline 

MHCII expression, suggesting the combination of high MHCII and pyrethroid 

exposure produce increased risk for PD. We predicted that in the absence of 

peripheral myeloid MHCII, any inflammatory or neurotoxic effects of 

cypermethrin would be lessened. We found, however, that this level of 

cypermethrin exposure did not exacerbate inflammation or degeneration driven 

by human a-synuclein in the mouse nigra. Therefore, no clear relationship 

between cypermethrin and MHCII expression level could be discerned.  

Overall, the data reported in Chapter 3 motivate additional experiments. 

First, characterization of the synuclein-induced lesion at the level of the nigra 

should be performed. The striatum is a large and internally variable structure, 

and the quantification of nigral TH+ soma will more precisely inform us 

regarding the extent of synuclein-induced lesion. Furthermore, we will be able to 

determine whether the maintenance of dopaminergic phenotype in the striatum 

in LysMCre+I-Abfl/fl mice in the rAAV2/9 study is accompanied by increased 

nigral neuron survival. Next, more chronic dosing of cypermethrin would be of 
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interest. A dosing route that is more translationally relevant than intraperitoneal 

injection could be utilized. It would also be beneficial to perform experiments 

similar to those presented here in animals with upregulation of MHCII, 

mimicking the immune systems of humans with the high-risk rs3129882 

genotype.  

While previous work indicated that deletion of MHCII is neuroprotective, 

those observations occurred in the context of arrested T cell development (Harms 

et al., 2013; Williams et al., 2018). Work from Jimenez-Ferrer et al. addressed 

global MHCII decrease, but not total ablation (Jimenez-Ferrer and Swanberg, 

2018). Rats in this study are hypothesized to have relatively normal T cells, but 

lower expression of MHCII on monocytes, macrophages, dendritic cells, and 

microglia. The global decrease in MHCII was associated with more severe 

synuclein-induced degeneration and motor behavioral impairments (Jimenez-

Ferrer and Swanberg, 2018). It may be the case that antigen presentation by 

microglia has a different functional outcome than antigen presentation by 

peripheral immune cells. This would account for the deleterious effects of global 

MHCII decrease and the striatal terminal protection we observed in mice with 

peripheral myeloid MHCII deletion.  

In the study by Kannarkat et al., the effects of rs3129882 were only assessed 

on monocytes and B cells. Because MHCII mediates innate and adaptive immune 

system crosstalk, we were interested in the relationship between rs3129882-

related MHCII expression levels and the types of CD4+ T cell subsets in circulation. 

Chapter 4 presented work in its early stages on human PD patients and healthy 

controls. The data generated suggest that there may be an association between 
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rs3129882 genotype and the frequencies of certain CD4+ T cells subsets (Tregs, 

effector and central memory T cells, Figure 24). More research is needed in a 

larger cohort. Due to the abovementioned synergy between pyrethroid exposure 

and rs3129882 genotype, the environmental exposure history of our cohort should 

be interrogated to determine if the association with pyrethroid exposure replicates 

in our study population. Future studies should also investigate whether the groups 

included in the work presented here are characterized by differences in the 

frequencies of certain antigen-specific T cells. This recommendation is based on 

the fact that T cells specific for a-synuclein-derived peptide have been identified in 

PD patients (Sulzer et al., 2017). The abundance of such antigen-specific T cells 

may be greater in individuals with greater antigen presentation capacity (GG 

individuals).  

MHCII antigen presentation and MLK3 kinase function regulate key 

immune and neuronal functions that appear to influence the neurodegenerative 

process in PD. Anti-inflammatory therapeutic interventions that attempt to 

diminish MHCII expression and inhibition of MLK3 represent different 

approaches to preserve nigrostriatal dopamine and prevent the progression of 

degeneration in PD.  
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Appendix 1. Antibodies used in Chapters 2-4. 

 

 

 

 

 

Antibody Manufacturer Catalog Number Dilution
Rb anti-tyrosine hyrdoxylase Millipore AB152 1:500 IF, 1:1500 WB

Ms anti-alpha-synuclein BioLegend 807801 1:500 IF
Ms anti-alpha-synuclein ThermoFischer Scientific 32-8100 1:1000 WB

Rt anti-dopamine transporter Millipore MAB369 1:5000 WB
Gt anti-Ms IgG-HRP BioLegend 405306 1:2000 WB
Gt anti-Rt IgG-HRP Jackson ImmunoResearch 112-035-006 1:2000 WB 
Gt anti-Rb IgG-HRP Jackson ImmunoResearch 111-035-144 1:2000 WB
Gt anti-Ms IgG-594 Invitrogen A11020 1:1000 IF
Gt anti-Rb IgG-488 Invitrogen A11070 1:1000 IF

Rt anti-Ly6C-FITC BioLegend 53-5932-82 1:100 Flow
Rt anti-CD45-PerCp-Cy5.5 eBioscience 45-0451-80 1:100 Flow

Rt anti-CD11b-Pe-Cy7 BioLegend 101215 1:200 Flow
Rt anti-Ly6G-AF700 eBioscience 56-5931-80 1:100 Flow

Arm Ham anti-CD11c-BV711 BioLegend 117349 1:100 Flow
Rt anti-MHCII-APC Cy7 BioLegend 107627 1:200 Flow 

Rt anti-CD3-BV421 BioLegend 100227 1:50 Flow
Rat anti-CD19-BV650 BioLegend 115541 1:100 Flow

Live/Dead Fixable Red PE 610 Life Technologies/Invitrogen Corp. L23102_3625538389 1:2000 Flow

Rt anti-CD45-PerCp-Cy5.5 eBioscience 45-0451-80 1:100 Flow
Rt anti-CD11b-PE-Cy7 BioLegend 101215 1:200 Flow 

Rt anti-Ly6C-BV785 BioLegend 128041 1:100 Flow
Rt anti-Ly6G-AF700 eBioscience 56-5931-80 1:100 Flow

Arm Ham anti-CD11c-BV711 BioLegend 117349 1:100 Flow
Rt anti-MHCII-APC Cy7 BioLegend 107627 1:200 Flow 

Live/Dead Fixable Red PE 610 Life Technologies/Invitrogen Corp. L23102_3625538389 1:2000 Flow

Arm Ham anti-CD3-PE610 eBioscience 61-0031 1:100 Flow
Rt anti-CD4-FITC eBioscience 53-0041 1:100 Flow

Rt anti-CD8b-APC-e780 eBioscience 47-0083-82 1:100 Flow
Rt-anti-CD62L-Pe-Cy7 eBioscience 25-0621-81 1:200 Flow
Rt anti-CD44-AF700 BioLegend 103026 1:100 Flow
Rt anti-FoxP3-APC eBioscience 17-5773 1:20 Flow

Ms anti-Tbet-PerCp-Cy5.5 BioLegend 644805 1:20 Flow
Live/Dead Fixable Aqua AmCyan Molecular Probes L34957 1:2000 Flow

Rt anti-CD11b-FITC eBioscience 11-0112 1:50 Flow
Rt anti-CD19-PE eBioscience 12-0193-81 1:500 Flow

Rt anti-CD45-PerCp-Cy5.5 eBioscience 45-0451-80 1:100 Flow
Rt anti-MHCII-PE-Cy7 eBIoscience 25-5321-80 1:500 Flow

Arm Ham anti-CD3-APC eBioscience 17-0031-81 1:100 Flow
Rt anti-Ly6C-APC Cy7 BioLegend 128026 1:100 Flow

Rt anti-Ly6G-v450 BioLegend 127611 1:50 Flow
Live/Dead Fixable Aqua AmCyan Molecular Probes L34957 1:2000 Flow

Ms anti-CD3-v450 BioLegend 560365 1:20 Flow
Ms anti-CD4-PerCp-Cy5.5 BioLegend 317428 1:100 Flow

Ms anti-CD8-APCH7 BD Biosciences 560179 1:50 Flow
Ms anti-CD45RA-Pe-Cy7 BioLegend 304126 1:100 Flow

anti-CD25-FITC BioLegend 302604 1:20 Flow
Ms anti-CCR7-PE BioLegend 353204 1:100 Flow

Ms anti-CCR4-BV605 BD Biosciences 564906 1:50 Flow
Ms anti-CCR6-APC BioLegend 353416 1:20 Flow

Live/Dead Fixable Red PE 610 Life Technologies/Invitrogen Corp. L23102_3625538389 1:2000 Flow
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