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A B S T R A C T   

In recent years progress in molecular biology and genetics have advanced our understanding of neurological 
disorders and highlighted synergistic relationships with inflammatory and age-related processes. Parkinson’s 
disease (PD) is a common neurodegenerative disorder that is characterized by loss of dopaminergic neurons in 
the substantia nigra pars compacta (SNpc). Increasing extensive evidence supports the contribution of genetic 
risk variants and inflammation in the pathobiology of this disease. Functional and genetic studies demonstrate an 
overlap between genes linked to increased risk for PD and autoimmune diseases. Variants identified in loci 
adjacent to LRRK2, GBA, and HLA establish a crosstalk between the pathobiologies of the two disease spectra. 
Furthermore, common signalling pathways associated with the pathogenesis of genetic PD are also relevant to 
inflammatory signaling include MAPK, NF-κB, Wnt and inflammasome signaling. Importantly, post-mortem 
analyses of brain and cerebrospinal fluid from PD patients show the accumulation of proinflammatory cyto
kines. In this review we will focus on the principal mechanisms of genetic, inflammatory and age-related risk that 
intersect in the pathogenesis of PD.   

1. Introduction 

Growing evidence from multidisciplinary studies suggest that Par
kinson’s disease (PD) is a multifactorial slow progressive condition that 
combines signalling changes caused by aging and genetic risk variants 
with environmental challenges including exposure to viruses, neuro
toxins and allergens. The long-standing view of PD as the archetypal 
non-genetic disorder caused solely by environmental factors was aban
doned with genetic studies discovering a heritable component of PD in 
several families where the disease was inherited in an autosomal 
dominant or recessive manner (Billingsley et al., 2018). Interestingly, 
family history of PD is found in approximately 15% of patients and 
5–10% of PD patients follow a classical Mendelian inheritance pattern 
(Bandres-Ciga et al., 2020; Lesage and Brice, 2009). In addition, a recent 
meta-analysis of several datasets from PD genome-wide association 
studies (GWAS) has revealed many additional PD risk loci, explaining 
16-36% of the heritable risk of PD and showing that a considerable 
genetic component of this disease remains unidentified (Nalls et al., 
2019; Nalls et al., 2014). Furthermore, pathway analysis established 

enrichment of the nominated candidate genes in previously highlighted 
PD pathways including autophagy, endocytosis, mitochondrial biology, 
immune response, and lysosomal function (Billingsley et al., 2018). In 
this review we will focus on convergent signalling pathways between 
innate immune responses and genetic forms of PD. 

Numerous genetic studies have linked mutations in immune- 
associated genes such as BST1 (bone marrow stromal cell antigen 1) 
and HLA (human leukocyte antigen) with PD risk (Lampe et al., 2003; 
Nalls et al., 2014; Satake et al., 2009; Wissemann et al., 2013). Studies of 
human immune cells and epidemiological research have further sup
ported the role of the immune system in PD. Pesticide exposure triggers 
an elevated immune response that contributes to PD in people with a 
genetic variation in HLA (Kannarkat et al., 2015; Kannarkat et al., 2013). 
Additionally, a critical role of inflammation in PD pathogenesis is sup
ported by the presence of activated microglia and infiltrated lympho
cytes in the areas of degeneration in postmortem PD brains and in mouse 
models (Brochard et al., 2009; Gelders et al., 2018; Krashia et al., 2019; 
Tansey and Goldberg, 2010). 

There might be different triggers of the underlying observed brain 
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inflammation in PD. These include head trauma, exposure to environ
mental toxins and microorganisms such as viruses and bacteria causing 
infections, as well as altered gut microbiota (Johnson et al., 2019; 
Smeyne et al., 2021; Tansey et al., 2022). Those triggers, although 
insufficient alone, might initiate the disease process in the brain and/or 
peripheral tissues and increase vulnerability to PD. 

Overall, the consensus on PD pathogenesis has changed from an 
idiopathic disease, potentially caused by environmental toxins, to a 
multifactorial slow progressive condition, combining signalling changes 
caused by aging and genetic risk variants with environmental challenges 
giving rise to inflammation. Various genetic and environmental factors 
contribute to the changes in immune status of the brain toward a chronic 
pro-inflammatory state, synergistically interacting with genetic risk 
variants. In this light, the status of the immune system becomes an 
important factor in modulating adequate response and keeping the brain 
homeostasis to support neuronal survival. Understanding the 
complexity of the neuroimmune interaction with PD genetic predispo
sition will bring scientific insights, identify new targets for disease 
modifying treatments, and thereby give hope to patients that currently 
only have symptomatic treatment available. 

2. Linking genetic forms of PD to immune responses 

Functional and genetic studies have highlighted overlap between 
loci that increase risk to autoimmune diseases and PD. In a recent study, 
the biological correlation between top GWAS loci was investigated by 
analysing protein-protein association and gene expression alterations 
(Witoelar et al., 2017). Using a conjunction false discovery rate 
approach, the authors identified 17 novel loci with overlap between PD 
and autoimmune diseases. Among these, variants in GAK, HLA-DRB5, 
LRRK2, and MAPT were also associated with rheumatoid arthritis, ul
cerative colitis and Crohn’s disease. Furthermore, protein interaction 
networks map out functional relationships between the protein products 
of genes associated with autoimmune diseases and those of genes asso
ciated with PD. Among the novel genes discovered, WNT3, KANSL1, 
CRHR1, BOLA2, and GUCY1A3 belong to a protein interaction network 
with known PD genes. Finally, a subset of novel loci was significantly 
associated with changes in methylation and expression levels of adjacent 
genes. These findings identify common genetic pathways between PD 
and autoimmune diseases and highlight the complexity in the way that 
individual genetic risk variants alter specific immune responses. 

2.1. PD-linked genes and immune response 

Since the mid 1990s, genetic studies have advanced our under
standing of PD etiology. A number of autosomal dominant or recessive 
genes and an array of risk variants that associate with PD have been 
identified by genetic studies. PD genetics paint a picture of a polygenic 
complex disease while highlighting possible common cellular pathways 
that may be impaired in pathogenesis as well as provide functional 
bridges to inflammatory mechanisms. Mutations in LRRK2 (encoding 
leucine-rich repeat kinase 2) and SNCA (encoding α-synuclein) have 
been linked to autosomal dominant PD, while risk variants for sporadic 
PD have also been identified around these genes. Furthermore, muta
tions that associate with early-onset recessive PD have been identified in 
genes encoding for Parkin, PINK1 and DJ-1. Here we will outline 
important genetic discoveries that link PD to immune response 
pathways. 

2.2. LRRK2 

The PARK8 locus was initially identified in 2002 by linkage analysis 
of a family with autosomal dominant PD (Funayama et al., 2002). Mu
tations in LRRK2 were identified by two groups in 2004 as causative for 
PARK8 (Paisán-Ruíz et al., 2004; Zimprich et al., 2004). To date about 
100 missense variants have been identified spanning the whole protein 

(Nuytemans et al., 2010) and seven are considered causative of inherited 
PD: N1437H, R1441C, R1441G, R1441H, Y1699C, G2019S and I2020T. 
LRRK2 mutations are the most prevalent single genetic cause for PD, 
with mutation frequency varying between different ethnic groups. 
Furthermore, GWAS have identified common variation within the 
LRRK2 locus that increases risk of sporadic PD. Interestingly, GWAS 
have identified different genetic variants in the LRRK2 gene that confer 
risk of, or, protection from Crohn’s disease (Hui et al., 2018), while also 
affecting the kinase activity of the protein. Several epidemiological 
studies have shown that the overall risk of PD in Crohn’s disease and 
inflammatory bowel disease sufferers is increased, while these results 
were also validated in a recent meta-analysis (Zhu et al., 2019). LRRK2 
has been linked to inflammatory pathways through a number of in vivo 
and in vitro studies. LRRK2 is highly expressed in immune cells and 
upregulation of expression at the mRNA and protein level have been 
reported in different systems in response to pro-inflammatory stimuli. 
LRRK2 activity has been suggested to attenuate immune response in 
microglia (Moehle et al., 2012), while LRRK2 levels are reportedly 
higher in T-cell subsets in PD patients (Cook et al., 2017). Furthermore, 
studies implicate LRRK2 in regulating inflammation and pathogen de
fense. A recent meta-analysis of human gene expression identified 
LRRK2 as a highly significant differentially enriched gene in Mycobac
terium tuberculosis infection (Wang et al., 2018). A recent study 
demonstrated that LRRK2 expression can alter immune cell chemotaxis 
in vivo, and highlighted an effect of LRRK2 in the course of microbial 
infections by modulating inflammation in a manner dependent on the 
genotype and sex of the host as well as the type of pathogen 
(Shutinoski et al., 2019). A case-control study reported that regular 
nonsteroidal anti-inflammatory drug use may be associated with 
reduced penetrance in LRRK2-associated PD (San Luciano et al., 2020). 
Finally, LRRK2 has been implicated in phagocytosis and phagosome 
maturation by regulating Rab GTPase signaling that orchestrates im
mune cell homeostasis (Kim et al., 2018; Lee et al., 2020; Maekawa 
et al., 2016). 

2.3. SNCA 

Mutations in SNCA were the first Mendelian trait identified in PD 
(Polymeropoulos et al., 1996). Since then, missense mutations as well as 
gene duplications and triplications have been identified in several 
families, with disease severity correlating to SNCA allele number in a 
dose-effect fashion. Aggregated and post-translationally modified 
α-synuclein is present in Lewy bodies in both familial and idiopathic PD, 
while several in vivo over-expression models have described synuclein 
accumulation, dopaminergic neuron degeneration and glial activation 
(Decressac et al., 2012; Sanchez-Guajardo et al., 2010). Several lines of 
evidence link synuclein to the innate immune system. Synuclein 
expression is upregulated in human macrophages and cultured human 
astrocytes following LPS or IL1β stimulation (Tanji et al., 2002), while 
extracellular synuclein released from neurons functions as an endoge
nous agonist for TLR2 (Kim et al., 2013). Furthermore, microglia from 
α-synuclein deficient mice exhibit an augmented reactive phenotype 
after stimulation in terms of cytokine release and phenotypic response 
(Austin et al., 2006). Recent studies suggest that α-synuclein peptides 
can drive helper and cytotoxic T lymphocyte cell responses in PD pa
tients, highlighting an additional role in adaptive immunity 
(Sulzer et al., 2017). 

The spread of α-synuclein pathology throughout interconnected 
brain regions is important for PD progression and might partially be 
mediated by neuronal receptors. In this context the lymphocyte acti
vation gene 3 (LAG-3) has been investigated. LAG-3 is part of the 
immunoglobulin superfamily and preferentially expressed in peripheral 
immune cells including T cells. However, it was recently proposed as a 
selective receptor for the propagation of pathogenic forms of α-synuclein 
(Mao et al., 2016). Mao and colleagues further showed that animal 
models deficient of LAG-3 showed a delayed loss of dopaminergic 
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neurons as well as associated deficits when challenged with misfolded 
preformed α-synuclein fibrils. This work is important as it suggests 
specific LAG-3 inhibitors might slow the progression of PD in patients. 
Unfortunately, work trying to confirm LAG-3 as a therapeutic target for 
PD did not reproduce neuronal LAG-3 expression, showed only limited 
specificity of the described interaction of LAG-3 with pathogenic forms 
of α-synuclein and showed no correlation with the levels of LAG-3 
expression and α-synuclein related pathology (Emmenegger et al., 
2021). The opposing results are not easily reconciled by the differences 
in the used model systems or experimental designs and require further 
investigation to conclude with confidence if there is any role of LAG-3 in 
PD pathogenesis. However, the search for therapeutic targets affecting 
the propagation of α-synuclein is pivotal for finding disease modifying 
therapies that halt PD progression. 

2.4. PINK1/Parkin 

Mutations in PINK1 are found in up to 9% of patients with autosomal 
recessive early-onset PD and mutation frequency can vary between 
ethnic groups (Klein et al., 2005; Li et al., 2005; Rogaeva et al., 2004). 
More than 60 different missense and nonsense mutations have been 
identified in PINK1 while exon deletions are less frequent (Camargos 
et al., 2009; Hatano et al., 2004). The most frequent mutation, Q456X, 
results in decreased transcript levels and loss of protein function (Siuda 
et al., 2014). L347P substitution decreases protein stability (Beilina 
et al., 2005) while C1366T promotes transcript degradation by 
nonsense-mediated decay (Grünewald et al., 2007). PINK1 is a serine/ 
threonine kinase that can phosphorylate Parkin and ubiquitin (Kane 
et al., 2014), mediating mitochondria quality control (Buhlman et al., 
2014; Clark et al., 2006; Park et al., 2006). 

Parkin mutations were identified in families with cases of autosomal 
inherited young onset PD (Kitada et al., 1998; Matsumine et al., 1997). A 
large number of mutations are deletions or early termination mutations, 
suggesting that loss of function is the predominant mutation effect. 
Parkin is part of the E3 ubiquitin ligase complex, mediating protein 
degradation through the proteasome (Winklhofer, 2007). Under condi
tions of mitochondrial depolarization, Parkin is recruited to mitochon
dria where it mediates degradation of outer mitochondrial membrane 
proteins (Narendra et al., 2008). Mutations in Parkin impair its function 
in selective elimination of damaged mitochondria (Lee et al., 2010; 
Narendra et al., 2008; Rakovic et al., 2011). While mutations in PINK1 
and Parkin have been linked to impairment in mitophagy and early 
onset PD, PINK1 and Parkin deficient mice do not exhibit PD-relevant 
phenotypes and mitophagy is not well understood in in vivo models. 
Recently, the role of mitophagy on innate immunity was highlighted by 
a study reporting an inflammatory phenotype in both Parkin and Pink1 
deficient mice following exhaustive exercise as well as Parkin mutator 
mice, that express a proofreading-defective mtDNA polymerase (Sliter 
et al., 2018). Inflammation was rescued by concurrent loss of Stimulator 
of interferon genes (STING), which are important for protection against 
pathogens and central in stimulation of adaptive immunity (Barber, 
2015). DA neuron loss in Parkin mutator mice was also rescued by 
STING loss. This study supports a role for Pink1 and Parkin mediated 
mitophagy in preventing inflammation and neurodegeneration and 
proposes a new model for how mitophagy may mitigate PD (Sliter et al., 
2018). 

2.5. HLA 

HLA is one of the most polymorphic regions in the human genome 
and has been the focus of research studying neurodegenerative diseases 
for decades. HLA genes code for cell-surface glycoproteins that mediate 
immune response to foreign antigens. Class I HLA genes encode for 
MHCI molecules that present intracellular foreign antigen peptides to 
CD8+ T-lymphocytes. Class II HLA genes encode for MHCII molecules 
that present peptides to CD4 receptors promoting antibody production. 

HLA alleles are associated with numerous disorders, including autoim
mune diabetes and rheumatoid arthritis. A recent study analyzed genetic 
risk variants conveying risk of both PD and autoimmune diseases to 
identify shared genetic variants and common biological pathways. This 
study investigated pleiotropy between PD and type 1 diabetes, Crohn 
disease, ulcerative colitis, rheumatoid arthritis, celiac disease, psoriasis, 
and multiple sclerosis and identified 17 shared loci (Witoelar et al., 
2017) including a number of PD risk loci adjacent to GAK, HLA-DRB5, 
LRRK2, and MAPT. Fine mapping of the HLA locus in PD patients and 
controls of European origin identified specific HLA-DRB1 variants that 
are associated with reduced risk of PD (Yu et al., 2021). Finally, a shared 
HLA allelic profile has been identified between dementia and PD high
lighting how common immunogenetic mechanisms can underlie mani
festation of different neurodegenerative pathologies (James and 
Georgopoulos, 2020). 

2.6. GBA 

The GBA gene encodes for glucocerebrosidase (GCase), a lysosomal 
enzyme that cleaves the β-glucosidic linkage of glucocerebroside, a 
plasma membrane component intermediate in glycolipid metabolism. 
Mutations in GBA have been linked to autosomal recessive Gaucher’s 
disease with more than 300 genetic variants associated with this disor
der that can present with systemic and neurological manifestation. 
Furthermore, GWAS have confirmed mutations in GBA as a major risk 
factor for PD. Heterozygous mutations in GBA occur in between 8% to 
12% of idiopathic PD patients. A number of studies highlight a link 
between GBA and inflammatory signaling in PD. Early studies identified 
increased plasma levels of inflammatory markers and cytokines, 
including IL-8 in GBA PD compared to idiopathic PD patients (Chahine 
et al., 2013). A recent study identified augmented neuroinflammation 
with microglial activation in brain regions susceptible to Lewy body 
pathology in GBA mutation carriers without PD (Mullin et al., 2021). 
Mouse models where GBA is deleted in hematopoietic cells exhibit 
impaired T-cell maturation and enhanced antigen presentation among 
other inflammatory phenotypes (Liu et al., 2012). Furthermore, mac
rophages from N370S homozygous Gaucher patients exhibit impaired 
lysosomal function and autophagy, and concomitant NLRP3 inflamma
some hypersensitivity, pointing to a fundamental role for GBA in im
mune regulation (Aflaki et al., 2016). Lastly, synuclein turnover and 
release is altered in fibroblasts from PD patients carrying GBA muta
tions, highlighting cellular phenotypes not restricted to immune cells 
(Cerri et al., 2021). 

2.7. Inflammatory triggers with importance for PD pathogenesis 

The original hypothesis suggesting the initiation of PD pathology in 
the olfactory epithelium and intestines was proposed by Braak et al. 
(Braak et al., 2003), supported by the observation that olfactory 
impairment and chronic constipation often precede the onset of motor 
symptoms. Pathological aggregates of α-synuclein were detected in 
those tissues at prodromal stages of PD. The hypothesis proposes that 
axonal transport of α-synuclein from the olfactory bulb and peripheral 
nerves of the gastrointestinal tract to the central nervous system (CNS) 
forms part of the underlying pathogenesis. 

Taking the above hypothesis further are observations of crosstalk 
between the gut and the brain with importance in modulating neuro
logical disorders. Recent findings have shown that gut microbiota 
composition affect motor deficits and neuroinflammation in a mouse 
model of PD, suggesting that alterations in the human microbiome might 
represent a risk factor for PD (Sampson et al., 2016). This data is sup
ported by recent findings of intestinal dysbiosis and gut inflammation in 
patients with PD that might contribute to PD pathology through release 
of higher levels of numerous inflammatory mediators (Tansey et al., 
2022). 

Various viral and bacterial infections functioning as environmental 

A. Mamais et al.                                                                                                                                                                                                                                



Neurobiology of Disease 169 (2022) 105721

4

stressors in combination with other factors such as aging, might also 
contribute to the increased risk of developing PD, although epidemio
logical evidence is not entirely consistent. 

A recent epidemiological study tested the “multiple microbe” hy
pothesis and suggested that PD risk was increased compared to healthy 
controls in individuals who were seropositive for five or six of the 
pathogens studied (CMV, EBV, HSV-1, B. burgdorferi, C. pneumoniae, 
and H. pylori) but not less (Patrick et al., 2019). In addition, an asso
ciation between prior diagnosis of Hepatitis C virus infection and an 
increased risk of subsequent PD has also been reported (Smeyne et al., 
2021). However, the most common virus associated with encephalitis 
with parkinsonian features despite the lack of direct interaction with the 
CNS is the influenza virus. Influenza is able to induce significantly high 
levels of cytokines and chemokines, overwhelming the body’s immune 
response and in some cases causing the induction of a so called “cytokine 
storm” (Ferrara et al., 1993, p. 1), that might also lead to an inflam
matory cascade in the brain (Smeyne et al., 2021). Interestingly, similar 
observations were made during the recent global Covid-19 pandemic, 
where the SARS-CoV-2 coronavirus induces a significant “cytokine 
storm” with impaired IFN response and hyperinflammation in Covid-19 
patients (Hadjadj et al., 2020; Lee and Shin, 2020). In addition, the 
central nervous system could also function as a SARS-CoV2 reservoir 
causing chronic inflammation and contributing to the development of 
neurodegenerative diseases (Gomez-Pinedo et al., 2020). This might 
suggest a potential risk for the development of neurological conditions 
within a genetically susceptible population, although epidemiological 
data are not yet available. 

Johnson et al., has suggested a three-step model in which triggers 
such as the microbial ones above first form the initial basis for the dis
ease process in the brain or peripheral tissues. Additional “facilitators” 
such as peripheral inflammation are then required for PD pathology to 
develop further. During the third stage cellular changes including 
impaired autophagy and cell-to-cell propagation of α-synuclein pathol
ogy further spur neurodegeneration (Johnson et al., 2019). In general, a 
combination of initial inflammatory triggers with multiple risk factors, 
including aging and genetic predisposition, as well as immune status 
might contribute to the development of PD. 

2.8. Common immune signalling pathways associated with the 
pathogenesis of genetic forms of PD 

2.8.1. NF-κB signalling 
The nuclear factor-kB (NF-κB) signalling pathway is one of the most 

studied mediators 
of inflammatory responses. NF-κB regulates the expression of pro- 

inflammatory genes, including those encoding cytokines and chemo
kines, while also modulating inflammasome activity. In PD, NF-κB 
signaling has been linked to neuroinflammation in brain regions affected 
by PD pathology while a number of PD genes have been placed in NF-κB 
cellular pathways (Fig. 1). For example, in cultured microglia, LRRK2 
deficiency or pharmacological inhibition results in increased phos
phorylation of the NF-κB p50 inhibitory subunit downregulating NF-κB 
signaling (Russo et al., 2015). This is in accordance with previous studies 
placing LRRK2 upstream of PKA signaling (Parisiadou et al., 2014). 
Similarly, transcriptomic profiling of microglia isolated from LRRK2 
deficient mice revealed an attenuated inflammatory response following 
stimulation by LPS and treatment with α-synuclein preformed fibrils 
compared to WT mice (Russo et al., 2019). In a separate study, LRRK2 
was shown to increase pro-inflammatory cytokine secretion by modu
lating activation of NF-κB signalling components TAK1 complex and 
TRAF6 (Takagawa et al., 2018). 

2.8.2. MAPK signaling 
The MAP (mitogen-activated protein) kinase family is one of the 

most ubiquitously expressed and evolutionary conserved protein fam
ilies involved in signaling cascades that mediate physiological and 
pathophysiological cell responses. In mammalian cells there are four 
main groups of MAPKs: ERK1/2, ERK5, JNKs and p38 MAPKs. MAPKs 
regulate several key functions of immune responses with the production 
of immunomodulatory cytokines, such as TNFα and interleukins 
downstream of p38 MAPK, JNK, and ERK activation. Many lines of ev
idence link PD to MAPK signaling. JNKs can be activated by a number of 
factors associated with PD including misfolded proteins and toxins 
(Brown et al., 2016). Furthermore, in vivo studies have demonstrated 
that JNKs are activated in neurotoxin or inflammation-based animal PD 

Fig. 1. Immune signalling in genetic forms of PD. Depicted are MAPK, Wnt, NF-kB and inflammasome pathways modulated by the PD proteins LRRK2, α-synuclein 
and GBA, resulting in downstream target gene transcription and expression of proinflammatory cytokines in a representative innate immune cell. 
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models while JNK inhibition can attenuate dopaminergic neuron dam
age (Kulich and Chu, 2001; Pan et al., 2010; Pan et al., 2009). LRRK2 can 
reportedly bind and phosphorylate MAPK kinases 3, 4, 6 and 7 with PD- 
linked mutations conferring increased kinase activity towards these 
targets (Gloeckner et al., 2009; Hsu et al., 2010). LRRK2 activates the 
MAP kinase 4 JNK pathway and induces degeneration of SNpc dopa
minergic neurons in G2019S LRRK2 transgenic mice (Chen et al., 2012). 
Recently, it was demonstrated that Mn-induced production of ROS and 
TNF-α are attenuated in models of LRRK2 deficiency through modula
tion of p38 MAPK and ERK pathways in macrophages and microglia 
(Kim et al., 2019). Synuclein has also been implicated in MAPK path
ways in cellular and in vivo models. Synuclein overexpression in cells 
reduces the amount of available MAPK regulating MAPK downstream 
signaling (Iwata et al., 2001). In transgenic models, expression of A53T 
synuclein induces p38 MAPK activation leading to Parkin phosphory
lation and concomitant impairment of mitochondrial homeostasis (Chen 
et al., 2018). 

2.8.3. Wnt signalling 
Wnt signalling is less well studied in adult immune and CNS function 

than NF-κB and MAPK pathways. However, the importance of Wnt sig
nalling pathways for CNS homeostasis, affecting transcriptional activity 
and cytoskeletal function in neurons and glia, has become increasingly 
clear. In addition, Wnt signaling was shown to be dysregulated by ge
netic PD mutations in LRRK2 and PRKN, and WNT3 encoding the ca
nonical Wnt ligand Wnt3a was found in PD GWAS as a risk variant 
(Berwick et al., 2019; Berwick and Harvey, 2012; Harvey and Outeiro, 
2019; Law et al., 2014; Salašová et al., 2017; Sancho et al., 2009; 
Witoelar et al., 2017; Yan and Liu, 2017). Together with the down
regulation of Wnt signaling during aging, all of these factors are highly 
relevant for its role in late-onset neurodegeneration. Despite this 
increasingly recognized importance of Wnt signaling in the above 
mechanisms, it is often still understudied, and we will therefore focus 
more closely on this for genetic PD relevant pathway. 

Wnt signalling pathways are divided into canonical and non- 
canonical pathways. The canonical Wnt/β-catenin pathway is acti
vated by binding of Wnt ligands to Frizzled receptors and LRP5/6 co- 
receptors. This induces signalling pathway activation via dishevelled 
(DVL) proteins and results in inhibition of kinases in the β-catenin 
destruction complex including GSK3β. Removal of the suppressive effect 
of GSK3β-mediated phosphorylation allows accumulation of β-catenin in 
the nucleus and thereby transcription of canonical Wnt target genes but 
also affects the phosphorylation of other GSK3β targets including tau 
(Berwick and Harvey, 2012; Law et al., 2014). The non-canonical/PCP 
and Wnt/Ca2+ pathways are, similar to the canonical signalling 
pathway, activated by binding of Wnt ligands to Frizzled receptors and 
transduced through DVL proteins. However, co-receptors and signalling 
cascades are different to the canonical Wnt signalling pathway. In fact, 
in most circumstances canonical and non-canonical Wnt signalling 
pathways act antagonistically to each other. Activation of one main non- 
canonical PCP pathway leads to cytoskeletal changes through the acti
vation of small GTPases, whereas activation of the Wnt/Ca2+ pathway 
leads to an increase in intracellular Ca2+ levels and diacylglycerol 
resulting in the activation of NF-κB, NFAT and CREB-dependent tran
scription (Berwick and Harvey, 2012; Law et al., 2014). 

Wnt signalling is important in the interplay between the immune 
system and neurons (L’Episcopo et al., 2018). Microglia and peripheral 
macrophages express Wnt receptors and their ligands. This allows for 
autocrine and paracrine Wnt signalling regulation of central and pe
ripheral immune responses (Halleskog et al., 2012; Halleskog et al., 
2011; Halleskog and Schulte, 2013; Halleskog and Schulte, 2013; 
Kilander et al., 2011; L’Episcopo et al., 2018; Neumann et al., 2010; 
Pereira et al., 2009; Staal et al., 2008). Even though Wnt ligands can 
induce a pro-inflammatory response, these ligands exert a dose- 
dependent decrease in inflammatory microglia responses, especially 
after LPS treatment (Halleskog et al., 2012; Halleskog and Schulte, 2013; 

Hooper et al., 2012; Neumann et al., 2010; Pereira et al., 2009). 
Importantly, the canonical Wnt3a ligand activates immune responses in 
microglia without leading to neuronal toxicity, promotes the anti- 
inflammatory M2 phenotype and reduces exacerbated TNF-α levels 
through autoregulatory activation of canonical Wnt signaling, for 
example in mycobacterium infected macrophages (Schaale et al., 2011). 
It is important to note that harmful M1-like microglia can promote ca
nonical Wnt signalling in neurons and glia thereby alleviating neuro
toxicity (L’Episcopo et al., 2018). Overall, Wnt signaling plays a critical 
role in pro- and anti-inflammatory responses, resulting in the fine 
regulation of immune responses that provides neuroprotection in 
dopaminergic neurons. 

Canonical and non-canonical Wnt signalling pathways also play a 
role in peripheral macrophage responses for example though GSK3β and 
Wnt5a respectively. Non-canonical Wnt5a ligand and DVL3 mRNA 
expression were shown to be upregulated in primary human macro
phages mediated by a NF-κB pathway following LPS and mycobacteria 
challenge though TLR-2 and TLR-4 respectively. These microbial- 
induced increases in Wnt5a expression further stimulated macrophage 
IL-12 expression inducing IFN-γ release from T lymphocytes (Blumen
thal et al., 2006). GSK3β, a key negative regulator of canonical Wnt 
signalling has also been reported to play a critical part in TLR-2 medi
ated bacterial macrophage responses, inducing pro-inflammatory IL-6, 
IL-12p40 and TNF-α, and decreasing anti-inflammatory IL-10 through 
NF-κB and CREB signalling. In addition, IFN-γ was shown to induce 
GSK3β expression further. In line with these observations, inhibition of 
GSK3β with lithium increased survival of mice compared to an untreated 
infection group (Zhang et al., 2009). 

The importance of Wnt signalling for mucosa repair in inflammatory 
bowel disease via M2 macrophages expressing Wnt ligands is also 
important to mention considering the relation between inflammatory 
bowel disease and PD. Results in an inflammatory bowel disease STAT6 
knockout model demonstrated a STAT6 dependent M2 macrophage 
repair mechanism through activation of canonical Wnt signalling via 
Wnt2b, Wnt7b, and Wnt10a ligands, nuclear β-catenin, and Lgr5 and c- 
Myc Wnt target gene expression promoting mucosal repair and regen
eration in inflammatory bowel disease (Cosín-Roger et al., 2016). In 
summary, the involvement of Wnt signalling in glia and macrophage 
biological functions is evident, and contributes to mediating inflam
matory and immune response as well as tissue healing and regenerative 
processes in the CNS and periphery. 

2.8.4. Inflammasome 
Accumulating evidence has shown inflammasomes activation as a 

critical component of the innate immune system, playing an important 
role in the pathogenesis of various neuroinflammatory and neurological 
disorders including PD (Duan et al., 2020; Heneka et al., 2018). 
Inflammasomes are intracellular multiprotein complexes that assemble 
in response to pathogens and tissue damage through activation of 
different pattern recognition receptors (PRRs) that are expressed on 
innate immune cells. PRRs include TLRs, C-type lectine receptors, RIG-1 
like receptors, and nucleotide-binding oligomerization domain-like re
ceptors (NLRs). Assembled inflammasomes trigger maturation and 
secretion of pro-inflammatory cytokines such as IL-1β and IL-18 through 
caspase-1 activation. Currently, there are five members of PRRs 
confirmed to form inflammasomes (Duan et al., 2020; Tan et al., 2020). 
Specifically, the most studied activated microglial NLR family pyrin 
domain containing 3 (NLRP3) inflammasome serves as a source of sus
tained neuroinflammation that can contribute to progressive loss of 
dopaminergic neurons in animal models of PD (Tan et al., 2020). In 
human post-mortem brain from PD cases, NLRP3 expression is elevated 
in mesencephalic neurons (Holbrook et al., 2021). Activation of 
microglial inflammasome NLRP3 includes the priming signal that 
upregulates pro-IL-1β through the NF-kB mediated signaling pathway 
and a second stimuli such as ATP, pore-forming bacterial toxins and 
particulate matter (Duan et al., 2020). Results from genetic studies also 
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support the role of variants from NLRP3 inflammasome associated genes 
as susceptible candidates for different inflammatory diseases by influ
encing the balance of immune response (Holbrook et al., 2021). Analysis 
of exome sequencing data for genetic variation of NLRP3 identified 
multiple single-nucleotide polymorphisms (SNPs) including rs7525979 
that was associated with downregulation of NLRP3 activity and reduced 
risk of developing PD (von Herrmann et al., 2018). Q705K is a gain-of- 
function, low penetrant polymorphism of the NLRP3 gene associated 
with several inflammatory diseases, leading to an overactive NLRP3 
inflammasome and somewhat counterintuitively was found to confer a 
protective effect on AD, while several other genetic NLRP3 variants were 
found to be associated with increased risk of late-onset AD (Paramel 
et al., 2015; Verma et al., 2021). Future genetic studies are needed to 
confirm and explore the role of NLRP3 variants in the susceptibility of 
PD and other neurodegenerative disorders in more detail. 

3. Signalling pathways dysregulated during aging 

During aging several cell biological mechanisms important for 
neuronal maintenance and immune responses including autophagy and 
lysosomal, proteasomal and mitochondrial function are altered 
contributing to the pathogenesis of late onset neurodegeneration 
including PD. Cell signalling mechanisms are at the centre of these 
functions with overall immune response and associated signalling 
pathway function decreasing with age. However, lifelong immune 
challenge is likely to keep innate immune cells at an overall higher basal 
activation state. Some response mechanisms are increased often leading 
to a chronic low-grade inflammation with increased production of 
proinflammatory mediators including pro-inflammatory cytokines such 
as IL-6 (Bandaranayake and Shaw, 2016; Fortin et al., 2006; Fülöp et al., 
2019; Larbi et al., 2008; Sauce et al., 2017). The underlying mechanisms 
of this ‘immunosenescence’ might result from a combination of age- 
related cellular and signalling changes together with continuous adap
tation to pathogen exposure leading to so called ‘inflammaging’ 
(Chandran et al., 2019; Fortin et al., 2006; Franceschi et al., 2000). The 
number of upstream receptors in immune cells such as receptors for Fc 
and C3b, and TLRs, NLRPs, and RIG-like receptors (RLRs) might change 
during aging (Bailey et al., 2019; De Maeyer and Chambers, 2021; Shaw 
et al., 2013; Solana et al., 2012; Thomas and Schroder, 2013). By 
contrast, functional alterations affecting chemotaxis, free radical and 
chemokine production decrease with age (Bandaranayake and Shaw, 
2016; Fortin et al., 2008; Goldberg et al., 2020; Gupta, 2014; Hazeldine 
and Lord, 2015; Khanfer et al., 2012; Müller et al., 2019). These ob
servations speak for changes in associated signalling pathways such as 
MAPK, phosphatidylinositol-4,5-bisphosphate 3 kinase (PI3K) and pro
tein kinase B (Akt) in innate immune cells downstream of membrane 
receptors affecting signalosome formation (Fortin et al., 2008; Larbi 
et al., 2005). This complex age-related dysregulation of innate immune 
responses together with life-long pathogen, allergen, and toxin exposure 
in context of genetic changes affects the individual risk of developing 
PD. We will focus here on some important examples of the emerging 
evidence for an interplay between central and peripheral innate immune 
function, genetic risk and aging affected by related cell signalling 
dysfunction. 

As indicated above, evidence for an importance of the PD kinase 
LRRK2 in peripheral innate immune function is accumulating with a role 
for LRRK2 in bacterial and autoimmune diseases. LRRK2 is highly 
expressed in peripheral innate immune cells with accumulating evi
dence suggesting higher expression levels in people harbouring genetic 
pathogenic mutations linked to inflammatory bowel disease and PD 
(Bliederhaeuser et al., 2016; Cook et al., 2017; Gardet et al., 2010). 
LRRK2 expression was shown to be further increased during innate 
immune cell signalling stimulation following TLR4 receptor activation 
with LPS and stimulation with INFγ, likely regulating expression 
through a LRRK2 promoter binding site (Gardet et al., 2010). Whereas 
exact LRRK2 mediated signalling regulation in innate immune cells 

seems to depend on the context of cell type, immune challenge, and 
genetic background, changes in several pathways leading to NFkB and 
NFAT signalling pathway activation have been suggested. These include 
TLR, C-type lectin receptors (CLRs) and inflammasome regulated path
ways. Even though mostly investigated in other cell types, in vivo or in 
post-mortem tissue, other LRRK2 signalling pathways such as receptor 
interacting protein kinase (RIPK) and Wnt signalling with importance in 
innate immune response pathways and aging are likely to be important, 
as well (Royce et al., 2019). LRRK2 has been shown to physically 
interact with components of both these pathways with clear indications 
for signalling activation (Berwick et al., 2019; Berwick and Harvey, 
2012; Harvey and Outeiro, 2019; Law et al., 2014; Salašová et al., 2017; 
Sancho et al., 2009; Yan and Liu, 2017). 

3.1. Wnt signalling in aging 

Canonical Wnt signalling has a positive effect in preventing neuro
degeneration in PD and AD partly by affecting peripheral and central 
immune responses including glia responses in the subventricular zone 
maintaining striatal plasticity. During aging Wnt signalling is increas
ingly downregulated and less effective in promoting neuronal regener
ation mediated by an interplay between astrocytes and microglia. 
Consequently, aged microglia are less effective in augmenting toxic in
sults and inducing neurogenesis. Instead, they are increasingly harmful 
(Bayod et al., 2015; Cho et al., 2019; Kase et al., 2019; Marchetti et al., 
2020). Other insults including genetic factors such as LRRK2 and PRKN 
mutations, that have been linked to dysregulated Wnt signalling, are 
likely to further accelerate this age dependent process during PD path
ogenesis (Berwick and Harvey, 2014; Berwick and Harvey, 2012). 

3.2. TLR responses in aging 

TLR responses in innate immune cells are not just affected by aging 
but also impaired in PD (da Silva et al., 2016; Shaw et al., 2013). TLR 
expression might be affected by aging depending on the investigated 
species but pathway function seems more consistently downregulated 
leading to a decrease in TLR-induced TNF and IL-6 production (Asquith 
et al., 2012; Boehmer et al., 2005; Boehmer et al., 2004; Boyd et al., 
2012; Renshaw et al., 2002; van Duin et al., 2007). For example, human 
monocytes from aged individuals were shown to have a decreased TNF 
and IL-6 expression in response to TLR1/TLR2 stimulation. In addition, 
an associated decrease in MAPK signalling was demonstrated (Nyugen 
et al., 2010; van Duin et al., 2007). Impaired STAT1-dependent down
regulation of TLR3 responses were further shown in virus exposed aged 
macrophages leading to continuous detrimental TLR3 activation (Kong 
et al., 2008). In summary, complex immune signalling pathways dys
regulation caused by changes in PD associated genetic variation are 
further exacerbated during aging contributing to the pathogenesis of the 
disease. 

4. Therapeutic strategies modulating neuroinflammation 

As outlined above, neuroinflammation is considered a phenomenon 
dramatically affecting PD progression and therefore a target for neuro
protective or disease-modifying therapies. The ultimate goal and a 
challenge is to develop compounds that will halt the detrimental effects 
of neuroinflammation and restore a balanced microenvironment in the 
brain. 

Multiple studies have detected elevated levels of proinflammatory 
cytokines such as IL-1β, IL-6, TNFα and IFNγ in brain parenchyma, ce
rebrospinal fluid (CSF) and peripheral blood mononuclear cells (PBMC) 
of PD patients (Reale et al., 2009; Tan et al., 2020). Moreover, several 
polymorphisms in cytokine-coding genes have been reported and might 
increase the probability of developing PD. For example, IL-1β at amino 
acid position 511, IL-6 polymorphism at position 174 and TNF-α poly
morphism at position 308 are more common in PD patients than in 
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healthy controls (Arman et al., 2010; Bachiller et al., 2018; Håkansson 
et al., 2005; Krüger et al., 2000).These cytokines and chemokines are 
released by innate immune cells including activated microglia and play 
an important role as molecular modulators of inflammation. They form a 
cytokine network, controlled partially by NF-kB, which is also reported 
to be activated in PD brain (Hunot et al., 1997; Mattson and Camandola, 
2001; Mogi et al., 2007). Activation of microglia leads to upregulation of 
complement receptors that exacerbate dopaminergic-associated neuro
toxicity (Schwab et al., 2020). In addition, the local brain inflammation 
increases the permeability of the blood-brain barrier (BBB) causing the 
infiltration of adaptive immune cells, including macrophages, as well as 
T and B cells (Garretti et al., 2019). Both local innate and infiltrated 
adaptive immune components participate in the clearance of neuron- 
released α-synuclein. As this complex multifactorial process fails with 
aging or due to PD-mutations, the total balance is shifting toward a 
proinflammatory state and increased oxidative stress damaging sus
ceptible dopaminergic neurons. 

In addition to increased levels of specific proinflammatory cytokines 
in the brain of PD patients, altered infiltrated T cell populations can also 
contribute to the neuroinflammatory microenvironment through mod
ulation of the microglial reactivity (Garretti et al., 2019). Specifically, 
it’s been suggested that the number and proportion of brain infiltrated T 
effector (Teff) and T regulatory (Treg) cells might interact with micro
glia and either cause the secretion of proinflammatory cytokines such as 
IL-17,TNFα, IFNγ or have the capacity to harness microglia by secreting 
immune suppressive factors including IL-4, IL-10, TNFβ and attenuate 
inflammation respectively (Olson and Gendelman, 2016; Schwab et al., 
2020). 

It’s been proposed that an initial role of the activated microglia 
seems to be beneficial at the early stages of PD. However, with disease 
progression the activated microglia begin to exert a neurotoxic effect 
(Yan et al., 2014). Overall, the possible therapeutic strategies, which 
may downregulate inflammatory processes, could be important as well 
as an optimal timing of intervention. To these ends, the chronic use of 
non-steroidal anti-inflammatory drugs (NSAIDs) has been suggested to 
reduce the risk of developing PD (Gelders et al., 2018). Although 
different studies have presented conflicting data and this question re
mains to be investigated, the growing evidence supports a fundamental 
role of brain and systemic inflammation as a therapeutic target in PD 
risk and progression (Cardinale et al., 2021; Gao et al., 2011; Man
thripragada et al., 2011; Wahner et al., 2007). 

Some additional therapeutic strategies, which may influence the 
brain’s microenvironment toward a less inflammatory state, might 
include regulation of cytokines levels directly through immunosup
pressive drugs or through modulation of the microglial receptors or by 
changes in specific T cells populations (Harms et al., 2021; Tan et al., 
2020). In this context, the NF-kB pathway is among the main pathways 
involved in the inflammatory process in PD and accompanied by cyto
kine production (Bachiller et al., 2018). NF-kB inhibition has been 
shown to reduce microglial activation and mRNA levels of TNF-α, IL-1β 
and iNOS in the SNpc, preventing dopaminergic neuronal loss and 
improving motor ability in mice exposed to MPTP (Ghosh et al., 2007). 
Direct inhibition of microglial activation or IL1 and TNF-neutralizing 
antibodies (already approved by the FDA) could prevent an acquisi
tion of the reactive astrocytic phenotype, which is involved in PD. It’s 
been reported that anti-TNF therapy, tested in patients suffering from 
inflammatory bowel disease, was associated with substantially reduced 
PD incidence (Pajares et al., 2020). Numerous studies have shown an 
elevated level of another critical inflammatory cytokine, IFN-γ, in sub
stantia nigra of PD patients (Yan et al., 2014). Immunomodulation of 
IFN-γ activity, produced by microglia and T lymphocytes, could have 
some protective effect for dopaminergic neurons. The importance of 
IFN-γ in the death of dopaminergic neurons induced by MPTP (in vivo) 
and rotenone (in vitro) has been reported (Mount et al., 2007). 

It has been shown that TLR 2 and 4 that recognize different forms of 
α-synuclein are upregulated in microglia and monocytes in PD patients. 

While both receptors are initiating an inflammatory response upon 
interaction with α-synuclein, TLR2 activation further results in neuronal 
degeneration and death, while TLR4 also promotes the clearance of a- 
synuclein supporting some protective role (Harms et al., 2021). It has 
been suggested that blocking TLR2 with anti-TLR2-antibody could be 
neuroprotective, while activation or overexpression of TLR4 might have 
a protective effect in rodent models of a-synucleinopathies (Kim et al., 
2018; Venezia et al., 2017). 

Since various types of T cells have been implicated in PD patho
genesis they could also represent a therapeutic target (Tan et al., 2020). 
For example, the pharmaceutical induction of Treg numbers and func
tion with recombinant human granulocyte macrophage-colony stimu
lating factor (rhGM-CSF, sargramostim) has been shown to attenuate 
neuroinflammation, decrease microgliosis and increase survival of 
dopaminergic neurons in mouse and rat models of PD. Sargamostim was 
well-tolerated in a phase 1 clinical trial in PD patients and increased 
Tregs without affecting Teff numbers (Gendelman et al., 2017). Addi
tional promising immunomodulatory agents such as Anti-CD3 mAbs and 
the neuropeptide vasoactive intestinal peptide (VIP) also have shown to 
suppress microglial activation and reduce neuronal degeneration in 
animal models of PD by increasing Treg number and function (Schwab 
et al., 2020). 

NLRP3 inflammasome also represents a potential target for modu
lation of immune responses. Several preclinical studies have presented 
evidence that numerous plant-derived chemicals might have inhibitory 
functions on NLRP3 inflammasome assembly and activation. Lee and 
colleagues summarized that several single compounds derived from 
natural extraction and herbal medicines could modulate the intracel
lular signaling cascade of the NLRP3 inflammasome/caspase-1/IL-1β 
axis, suppressing NLRP3 inflammasome activation in microglia (Lee 
et al., 2021). Accumulating evidence suggests that specific modulation 
of the NLRP3 inflammasome may be a promising therapeutic target in 
PD (Holbrook et al., 2021). There are several therapies that have shown 
their efficacies in treating autoinflammatory diseases through targeting 
the inflammasome effector IL-1β. Those include IL-1 receptor antagonist 
(anakinra), IL-1β neutralizing antibody (canakinumab) and soluble 
decoy receptor for IL-1β and IL-1α (rilonacept). Currently those are not 
used in clinical trials of PD probably due to their poor penetration of the 
blood-brain barrier (Duan et al., 2020). In animal models of PD, the 
NLRP3 inhibitor MCC950 has been shown to block activation of 
microglial inflammasome and effectively mitigate motor deficits and 
nigrostriatal dopaminergic degeneration (Gordon et al., 2018). Future 
research is needed to identify pharmacological mechanisms and develop 
therapeutic compounds that will serve as NLRP3 modulators with the 
goal of prevention and treatment of neurodegenerative disorders 
through neuroinflammatory regulation. In summary, different immu
nomodulatory therapies targeting the components of the innate as well 
as adaptive immune system may reduce the production of factors that 
contribute to neurotoxicity and might be beneficial for patients with PD. 

5. Conclusions 

A central role of inflammation in neurodegenerative diseases has 
become increasingly documented in the literature. The study of genetic 
causes of PD has in particular identified multiple cell biological and 
signalling pathways that affect immune signalling further compromised 
during aging (Fig. 1). These pathways are all potential targets for disease 
modifying treatment with the caveat that a balance between immune 
stimulation and immunosuppression needs to be maintained during a 
potentially long-term PD therapeutic intervention. However, therapeu
tic advances combining new target identification with increasingly 
specific biological therapies hold promise for the future. 
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Downregulation of canonical Wnt signaling in hippocampus of SAMP8 mice. 
Neurobiol. Aging 36, 720–729. https://doi.org/10.1016/j. 
neurobiolaging.2014.09.017. 

Beilina, A., Van Der Brug, M., Ahmad, R., Kesavapany, S., Miller, D.W., Petsko, G.A., 
Cookson, M.R., 2005. Mutations in PTEN-induced putative kinase 1 associated with 
recessive parkinsonism have differential effects on protein stability. Proc. Natl. Acad. 
Sci. U. S. A. 102, 5703–5708. https://doi.org/10.1073/pnas.0500617102. 

Berwick, D.C., Harvey, K., 2012. The importance of Wnt signalling for 
neurodegeneration in Parkinson’s disease. Biochem. Soc. Trans. 40, 1123–1128. 
https://doi.org/10.1042/BST20120122. 

Berwick, D.C., Harvey, K., 2014. The regulation and deregulation of Wnt signaling by 
PARK genes in health and disease. J. Mol. Cell Biol. 6, 3–12. https://doi.org/ 
10.1093/jmcb/mjt037. 

Berwick, D.C., Heaton, G.R., Azeggagh, S., Harvey, K., 2019. LRRK2 Biology from 
structure to dysfunction: research progresses, but the themes remain the same. Mol. 
Neurodegener. 14, 49. https://doi.org/10.1186/s13024-019-0344-2. 

Billingsley, K.J., Bandres-Ciga, S., Saez-Atienzar, S., Singleton, A.B., 2018. Genetic risk 
factors in Parkinson’s disease. Cell Tissue Res. 373, 9–20. https://doi.org/10.1007/ 
s00441-018-2817-y. 

Bliederhaeuser, C., Zondler, L., Grozdanov, V., Ruf, W.P., Brenner, D., Melrose, H.L., 
Bauer, P., Ludolph, A.C., Gillardon, F., Kassubek, J., Weishaupt, J.H., Danzer, K.M., 
2016. LRRK2 contributes to monocyte dysregulation in Parkinson’s disease. Acta 
Neuropathol. Commun. 4, 123. https://doi.org/10.1186/s40478-016-0396-2. 

Blumenthal, A., Ehlers, S., Lauber, J., Buer, J., Lange, C., Goldmann, T., Heine, H., 
Brandt, E., Reiling, N., 2006. The Wingless homolog WNT5A and its receptor 
Frizzled-5 regulate inflammatory responses of human mononuclear cells induced by 
microbial stimulation. Blood 108, 965–973. https://doi.org/10.1182/blood-2005- 
12-5046. 

Boehmer, E.D., Goral, J., Faunce, D.E., Kovacs, E.J., 2004. Age-dependent decrease in 
Toll-like receptor 4-mediated proinflammatory cytokine production and mitogen- 
activated protein kinase expression. J. Leukoc. Biol. 75, 342–349. https://doi.org/ 
10.1189/jlb.0803389. 

Boehmer, E.D., Meehan, M.J., Cutro, B.T., Kovacs, E.J., 2005. Aging negatively skews 
macrophage TLR2- and TLR4-mediated pro-inflammatory responses without 
affecting the IL-2-stimulated pathway. Mech. Ageing Dev. 126, 1305–1313. https:// 
doi.org/10.1016/j.mad.2005.07.009. 

Boyd, A.R., Shivshankar, P., Jiang, S., Berton, M.T., Orihuela, C.J., 2012. Age-related 
defects in TLR2 signaling diminish the cytokine response by alveolar macrophages 
during murine pneumococcal pneumonia. Exp. Gerontol. 47, 507–518. https://doi. 
org/10.1016/j.exger.2012.04.004. 

Braak, H., Del Tredici, K., Rüb, U., de Vos, R.A.I., Jansen Steur, E.N.H., Braak, E., 2003. 
Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiol. Aging 
24, 197–211. https://doi.org/10.1016/s0197-4580(02)00065-9. 

Brochard, V., Combadière, B., Prigent, A., Laouar, Y., Perrin, A., Beray-Berthat, V., 
Bonduelle, O., Alvarez-Fischer, D., Callebert, J., Launay, J.-M., Duyckaerts, C., 
Flavell, R.A., Hirsch, E.C., Hunot, S., 2009. Infiltration of CD4+ lymphocytes into the 
brain contributes to neurodegeneration in a mouse model of Parkinson disease. 
J. Clin. Invest. 119, 182–192. https://doi.org/10.1172/JCI36470. 

Brown, M., Strudwick, N., Suwara, M., Sutcliffe, L.K., Mihai, A.D., Ali, A.A., Watson, J.N., 
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interferon activity and inflammatory responses in severe COVID-19 patients. Science 
369, 718–724. https://doi.org/10.1126/science.abc6027. 

Håkansson, A., Westberg, L., Nilsson, S., Buervenich, S., Carmine, A., Holmberg, B., 
Sydow, O., Olson, L., Johnels, B., Eriksson, E., Nissbrandt, H., 2005. Interaction of 
polymorphisms in the genes encoding interleukin-6 and estrogen receptor beta on 
the susceptibility to Parkinson’s disease. Am. J. Med. Genet. B Neuropsychiatr. 
Genet. 133B, 88–92. https://doi.org/10.1002/ajmg.b.30136. 

Halleskog, C., Schulte, G., 2013. Pertussis toxin-sensitive heterotrimeric G(αi/o) proteins 
mediate WNT/β-catenin and WNT/ERK1/2 signaling in mouse primary microglia 
stimulated with purified WNT-3A. Cell. Signal. 25, 822–828. https://doi.org/ 
10.1016/j.cellsig.2012.12.006. 

Halleskog, C., Mulder, J., Dahlström, J., Mackie, K., Hortobágyi, T., Tanila, H., Kumar 
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Pajares, M., Rojo, I., Manda, G., Boscá, L., Cuadrado, A., 2020. Inflammation in 
Parkinson’s Disease: Mechanisms and Therapeutic Implications. Cells 9, 1687. 
https://doi.org/10.3390/cells9071687. 

Pan, J., Xiao, Q., Sheng, C.-Y., Hong, Z., Yang, H.-Q., Wang, G., Ding, J.-Q., Chen, S.-D., 
2009. Blockade of the translocation and activation of c-Jun N-terminal kinase 3 
(JNK3) attenuates dopaminergic neuronal damage in mouse model of Parkinson’s 
disease. Neurochem. Int. 54, 418–425. https://doi.org/10.1016/j. 
neuint.2009.01.013. 

Pan, J., Qian, J., Zhang, Y., Ma, J., Wang, G., Xiao, Q., Chen, S., Ding, J., 2010. Small 
peptide inhibitor of JNKs protects against MPTP-induced nigral dopaminergic injury 

A. Mamais et al.                                                                                                                                                                                                                                

https://doi.org/10.1128/JVI.00618-08
https://doi.org/10.1128/JVI.00618-08
https://doi.org/10.1038/s41467-019-11928-w
https://doi.org/10.1038/s41467-019-11928-w
https://doi.org/10.1007/s007020070078
https://doi.org/10.1007/s007020070078
https://doi.org/10.1046/j.1471-4159.2001.00304.x
https://doi.org/10.3389/fnagi.2018.00012
https://doi.org/10.3389/fnagi.2018.00012
https://doi.org/10.1159/000072500
https://doi.org/10.1186/1742-4933-2-6
https://doi.org/10.1007/978-0-387-09789-3_21
https://doi.org/10.1007/978-0-387-09789-3_21
https://doi.org/10.1074/jbc.M113.507913
https://doi.org/10.1074/jbc.M113.507913
https://doi.org/10.1038/s41577-020-00429-3
https://doi.org/10.1038/s41577-020-00429-3
https://doi.org/10.1083/jcb.201001039
https://doi.org/10.1016/j.stemcr.2020.04.001
https://doi.org/10.1016/j.stemcr.2020.04.001
https://doi.org/10.3390/ijms22031324
https://doi.org/10.1093/hmg/ddp012
https://doi.org/10.1093/hmg/ddp012
https://doi.org/10.1212/01.WNL.0000164009.36740.4E
https://doi.org/10.1212/01.WNL.0000164009.36740.4E
https://doi.org/10.1073/pnas.1200941109
https://doi.org/10.1073/pnas.1200941109
https://doi.org/10.1186/s12868-016-0315-2
https://doi.org/10.1159/000325653
https://doi.org/10.1126/science.aah3374
https://doi.org/10.1111/acel.13101
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0540
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0540
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0540
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0540
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0540
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0540
https://doi.org/10.1172/JCI11916
https://doi.org/10.1523/JNEUROSCI.5601-11.2012
https://doi.org/10.1523/JNEUROSCI.5601-11.2012
https://doi.org/10.1016/j.neulet.2006.12.003
https://doi.org/10.1523/JNEUROSCI.5321-06.2007
https://doi.org/10.1523/JNEUROSCI.5321-06.2007
https://doi.org/10.1007/978-981-13-3681-2_2
https://doi.org/10.1007/978-981-13-3681-2_2
https://doi.org/10.1002/mds.28375
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
http://refhub.elsevier.com/S0969-9961(22)00113-9/rf0575
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1016/S1474-4422(19)30320-5
https://doi.org/10.1083/jcb.200809125
https://doi.org/10.1096/fj.10-160994
https://doi.org/10.1002/humu.21277
https://doi.org/10.1002/humu.21277
https://doi.org/10.1007/s10875-010-9448-8
https://doi.org/10.1016/j.coph.2015.10.006
https://doi.org/10.1016/j.neuron.2004.10.023
https://doi.org/10.1016/j.neuron.2004.10.023
https://doi.org/10.3390/cells9071687
https://doi.org/10.1016/j.neuint.2009.01.013
https://doi.org/10.1016/j.neuint.2009.01.013


Neurobiology of Disease 169 (2022) 105721

11

via inhibiting the JNK-signaling pathway. Lab. Investig. 90, 156–167. https://doi. 
org/10.1038/labinvest.2009.124. 
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