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Parkinson’s disease is characterized neuropathologically by the degeneration of dopaminergic neurons in the ventral 
midbrain, the accumulation of α-synuclein (α-syn) aggregates in neurons and chronic neuroinflammation. In the past 
two decades, in vitro, ex vivo and in vivo studies have consistently shown the involvement of inflammatory responses 
mediated by microglia and astrocytes, which may be elicited by pathological α-syn or signals from affected neurons 
and other cell types, and are directly linked to neurodegeneration and disease development. Apart from the promin
ent immune alterations seen in the CNS, including the infiltration of T cells into the brain, more recent studies have 
demonstrated important changes in the peripheral immune profile within both the innate and adaptive compart
ments, particularly involving monocytes, CD4+ and CD8+ T cells.
This review aims to integrate the consolidated understanding of immune-related processes underlying the patho
genesis of Parkinson’s disease, focusing on both central and peripheral immune cells, neuron-glia crosstalk as well 
as the central-peripheral immune interaction during the development of Parkinson’s disease. Our analysis seeks 
to provide a comprehensive view of the emerging knowledge of the mechanisms of immunity in Parkinson’s disease 
and the implications of this for better understanding the overall pathogenesis of this disease.
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Introduction
Parkinson’s disease: clinical and pathological 
hallmarks

Parkinson’s disease (PD) is a chronic progressive neurodegenera
tive disease, whose main clinical diagnostic features are motor de
fects, which may be preceded by well-established non-motor 
symptoms by more than a decade.1 Advanced age is the main risk 
factor for developing PD, affecting nearly 1% of the population 
over age 60. The prevalence and incidence of PD is reported to 
peak after 80 years of age.2 Other risk factors include male sex, fam
ily history of PD, exposure to toxicants and genetic susceptibility.3,4

The core pathological feature of PD is the prominent and pro
gressive loss of dopaminergic neurons in the substantia nigra 
(SN) pars compacta.5 Other neuronal subtypes are also affected in 
PD, contributing to its heterogenous manifestations.6 Another key 
pathological hallmark of PD is the presence of Lewy bodies in neu
rons, consisting mainly of fibrillar aggregates of α-synuclein 
(α-syn).7 The exact cause of the α-syn misfolding and accumulation 
remains uncertain. Genetic mutations and post-translational mod
ifications may initiate misfolding, affecting cellular clearance 
systems like ubiquitin-proteasome and autophagy.8 α-syn accumu
lation is thought to be a primary driver of PD pathogenesis, impact
ing mitochondria, generating reactive oxygen species (ROS), 
activating immune cells and ultimately altering neuronal function. 
It is proposed that α-syn pathology propagates from cell to cell in a 
prion-like manner.9,10

Recently, significant attention has been drawn to the relevance 
of the immune response in the pathogenesis and prognosis of PD 
motivated by multiple lines of evidence from patients with PD 
and from PD preclinical models.11 Epidemiological studies revealed 
a higher PD risk in people with autoimmune disorders12 and a lower 
PD risk in people who have taken immunosuppressive therapies,13

and multiple animal studies support a driving role for inflamma
tion in the disease (see later). Based on this and because current 
PD therapies are symptomatic,14 immunomodulation has been pro
posed as a disease-modifying therapy. However, to achieve this a 
clear understanding of the immune response in PD is needed. 
This is a core aim of the European Cooperation of Science and 
Technology (COST) Action IMMUPARKNET, which all authors are 
members of (Supplementary material). Thus, in an attempt to re
flect the current consensus in the field, here we review the litera
ture so far regarding the immune system in PD and the relevance 

of this in the PD neurodegenerative process. We discuss and relate 
clinical and basic research findings, and we highlight some of those 
factors which remain unknown and questions yet to be addressed.

Genetic clues linking Parkinson’s disease with 
immune dysfunction

Currently, more than 20 causative genetic variants with high pene
trance such as mutations or copy number variations in SNCA, 
LRRK2, PRKN, PINK1, PARK7/DJ1 and VPS35 are associated with fa
milial PD, enlightening the multiple molecular pathways involved 
in PD pathogenesis.14 The LRRK2 gene is linked to both monogenic 
and sporadic PD with the most common pathological variant being 
G2019S.15 LRRK2 is highly expressed in myeloid-lineage peripheral 
cells and microglia16 and has been recently implicated in immune 
responses in PD17 (see later). Additionally, PINK1 and parkin have 
been associated with mitochondrial antigen presentation18 and 
other immune relevant processes (discussed later).

Genome-wide association studies (GWAS) have yielded more 
than 90 commonly occurring variants linked to PD risk. These in
clude variants within human leucocyte antigen (HLA), highlighting 
the relevance of the adaptive immune response in PD.19

Heterozygous variants in GBA (whose homozygous mutations 
cause the lysosomal storage disorder Gaucher’s disease) are the 
most common genetic risk factor for PD,20 with more than 350 
GBA1 variants that account for 5%–10% of PD cases.21 Lysosomal 
membrane dysfunction with associated immune abnormalities 
has been recently proposed as a critical pathological process in 
GBA-PD.22

Analysis of GWAS data supports common genetic pathways be
tween PD and autoimmune diseases,23 particularly inflammatory 
bowel disease.24 This supports the relevance of a gut-immune- 
brain interaction in PD, which is reinforced by the finding that func
tional variants of LRRK2 are associated both to risk of PD and to 
Crohn’s disease.25 Moreover, LRRK2 was upregulated in colonic bi
opsies obtained from people with PD and Crohn’s disease and cor
related with disease severity.26,27 Consistent with the overlapping 
risk susceptibility observed in humans, mice harbouring the 
LRRK2 G2019S variant treated with dextran sodium sulphate 
(DSS, used to model colitis) showed increased severity of inflamma
tory colitis, higher colonic expression of α-syn, as well as enhanced 
neuroinflammation, dopaminergic neurodegeneration and motor 
impairment compared to wild-type LRRK2 mice.28,29 Interestingly, 
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intestinal TNFα was also increased, and both PD- and 
colitis-associated symptomatology were alleviated, when treated 
with an anti-TNFα antibody.28 Moreover, wild-type bone marrow 
transplantation into LRRK2 G2019S mice alleviated the colitis 
symptomatology, indicating that the G2019S-driven pathogenicity 
is mediated at least in part by haematopoietic cells.29

Disruption of the gut–brain axis may also relate to gut dysbiosis, 
which has been well-described in persons with PD, and may ultim
ately modify the immune environment in the brain and promote 
disease.30,31 Changes in the gut microbiome can compromise gut 
barrier permeability, leading to a leaky gut32 and infiltration of bac
terial toxins into the gut mucosa and systemic circulation.33

Importantly, this could promote disease both through a local in
flammatory microenvironment leading to α-syn aggregation within 
enteric neurons and spreading via the vagus nerve,34 and a system
ic inflammatory response influencing central pathology via me
chanisms, which are further discussed later. Further discussion of 
the gut–brain axis and the role of microbiota in PD are beyond the 
scope of this review but we refer the reader to recently published 
articles elsewhere.35,36

CNS immunity and neuroinflammation 
in Parkinson’s disease
Clinical evidence

The cellular immune process in the brain involves 
microglia and infiltrating peripheral immune cells

The immune response in the brain of people with PD has been 
shown in multiple post-mortem studies, evidencing upregulation 
of immune relevant proteins such as HLA-DR, CD68 and TLR in 
microglia.37-42 Higher expression of these proteins suggest pro-in
flammatory activation, phagocytic activity, and activation of the 
adaptive immune system. A PD-related microglial signature has 
also been seen in more recent single cell-nucleus RNA sequencing 
studies (scRNAseq; reviewed by Badanjaket al.43), where elevated 
levels of IL-1β and GPNMB were described.44 It is expected that 
such studies will contribute to the definition of novel key molecular 
players in the immune response. Several studies describe activated 
microglia not only in SN or striatum but also in other areas where 
α-syn pathology occurs, such as the amygdala,45 supporting the 
capability of α-syn as an inflammogen (see later).

Microglial activation in the brain of PD patients in vivo has been 
demonstrated in PET studies using ligands for the 18 kDa transloca
tor protein TSPO, which is upregulated in activated microglia (and 
astrocytes). Increased TSPO signal has been shown in multiple 
brain regions in PD46,47 and confirmed in a meta-analysis of 15 
studies.48 Remarkably, recent TSPO PET studies suggest increased 
microglial activation may already be present in prodromal stages 
of the disease, including in people with REM sleep behaviour dis
order (RBD), who are at high risk of converting to PD49 or non- 
manifested GBA-mutation carriers.50 However, more research is 
needed in prodromal disease to confirm the current findings (re
viewed by Terkelsen et al.51).

Supporting a peripheral immune component in PD, increased 
monocytes52 and T cells53 are found in the CSF. Infiltrating T cells 
have also been detected using immunohistochemical staining in 
the brain parenchyma in PD with both CD4+ and CD8+ T cells being 
implicated.45,54,55 Infiltration of peripheral monocytes into the 
brain has not yet been definitively proven in humans due to a 

lack of efficient markers to distinguish monocytes from microglia. 
Nevertheless, cells expressing CD163, considered a monocyte- 
specific protein, have been observed in PD brain.56 Moreover, sol
uble CD163, produced by monocytes/macrophages on activation, 
was found to be increased in CSF samples from people with PD. 
This elevation correlated with neurodegeneration markers such 
as α-syn and Tau, as well as with cognitive decline.57 Microglial ac
tivation in cognition-relevant brain areas has also been shown to be 
increased in PD dementia cases at post-mortem,45 and TSPO PET 
imaging studies have demonstrated an association between bind
ing in multiple cortical and subcortical regions and cognitive 
scores58,59 and with dementia risk.60 All of this supports a role for 
myeloid cells (microglia and macrophages) in the neurodegenera
tive process and particularly in the cognitive component of PD.

The ongoing brain inflammatory process in PD is supported by 
augmented levels of cytokines and chemokines in the brain45,61,62

and CSF (meta-analysis)63 in PD. TGF-β1, IL-6, and IL-1β have been 
consistently shown to be increased, supporting a pro-inflammatory 
neurotoxic environment and involvement of the inflammasome. It 
is unclear, however, which cells are the main contributors to this 
elevation: microglia, neurons, astroglia, CNS associated macro
phages (CAMs) or infiltrating peripheral immune cells.

In vitro and preclinical evidence

Neuroinflammation and neurodegeneration

During the past two decades, accumulated evidence from in vitro 
and in vivo studies has established neuroinflammation, mostly dri
ven by microglia and astrocytes, as a key contributor to PD patho
genesis.64 Seminal works in rodent models demonstrated that 
inducing microglia reactivity with brain-injected LPS or peripheral 
injections of neurotoxicants, rotenone and 1-methyl-4-phenyl- 
1,2,3,6-tetrahydropyridine (MPTP), contributes to dopaminergic 
neuronal death via the production and release of pro-inflammatory 
factors (e.g. TNFα, IL-1β, NO, ROS).65,66 In this process, toll-like 
receptor 4 (TLR4) seems to be crucial as MPTP-induced neuroin
flammation and neurodegeneration were suppressed in TLR4- 
knockout (KO) mice.67,68 Importantly, more recent studies based 
on chronic MPTP-mouse models, which compared to acute models 
may better reflect the pathology of human PD, have also shown 
early and progressive neuroinflammation.69,70

In vitro evidence supports a role for abnormal α-syn species in 
driving CNS immune responses in PD (Fig. 1).64 Exogenously added 
or endogenous α-syn released from neurons are internalized by 
neighbouring neuronal and glial cells71-73 and in vitro exposure of 
microglial cells to α-syn aggregates or to PD-linked α-syn variants 
leads to increased levels of pro-inflammatory cytokines, including 
IL-1β, TNFα, IL-6, chemokines and ROS production.74-77 Pioneering 
studies in vivo based on α-syn overexpression have shown early 
microglial activation and microglia-mediated neuroinflammation 
in rodents71,78,79 and in non-human primates.80 These findings, 
which demonstrate that altered α-syn can be a trigger of microglio
sis and neuroinflammation in vivo, have been reproduced when 
using other α-syn-based rodent models achieved by intracerebral 
injection of α-syn preformed fibrils (PFF)81,82 or infusion of α-syn oli
gomers.83 It is notable that the brain immune response in a number 
of α-syn-based in vivo studies preceded dopaminergic neuronal 
death,71,79,84 and has been associated to cognitive decline85 strongly 
suggesting that microglia-mediated neuroinflammation may play a 
driving role in PD pathogenesis.
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Microglia: mechanisms, receptors and signalling 
pathways

Microglia have been shown to take up extracellular α-syn via phago

cytosis in several studies in vitro and in in vivo in mouse models.74,86-88

A number of receptors in glia have been linked to α-syn recognition, 

transport into the cell and signalling activation, thereby triggering 

pro-inflammatory responses and ultimately leading to neurotoxicity. 

In particular, TLR4,89,90 TLR291-93 and the TLR2/1 heterodimer94-96

have been implicated and display concentration- and conformation- 

sensitive reactivity to α-syn. TLR2 recognizes α-syn aggregates 

released from neurons and fibrillar α-syn species92,96-98 but also 

monomeric α-syn92,99; whereas TLR2/1 and TLR4 have been shown 

to recognize α-syn and respond more strongly to oligomers and 

fibrils,95,96 likewise eliciting inflammatory responses. Interestingly, 

microglial TLR4 seems to also mediate α-syn clearance and to sup

press neurotoxicity in vitro, and in vivo. Accordingly, when using 

AAV-α-syn overexpression93 or α-syn PFF100 to model PD in 
TLR4-defficient mice, an increase in α-syn propagation and neurode
generation was observed, whereas the opposite effect was seen as a 
result of TLR4 stimulation.89,90 This duality in the impact of TLR4 in 
neuroinflammation and neurodegeneration may reflect different 
TLR4-mediated mechanisms involved at different stages of PD 
pathogenesis.

According to studies in vitro and in vivo, engagement of both 
TLR489,90 and TLR291,92,98 in α-syn-elicited microglial responses 
has been linked to activation of NF-κB/p65 and p38 MAPK pathways. 
Moreover, α-syn overexpression in the vagus nerve was shown to 
induce prodromal features of PD via activation of TLR2/MyD88/ 
NF-κB signalling in Schwann cells in a rat model101; whereas the se
lective targeting of this pathway reduced α-syn spreading, NF-κB 
activation and neurodegeneration in vitro and in vivo in a PFF mouse 
PD model.102 Another receptor shown by in vitro and in vivo studies 
to participate in the uptake of extracellular α-syn species by 

Figure 1 Immune mechanisms in the CNS in Parkinson’s disease. During Parkinson’s disease (PD), α-synuclein (α-syn) undergoes post-translational 
modification and aggregation, forming oligomeric species and finally insoluble fibrils that accumulate within dopaminergic neurons in the Lewy bod
ies. As a result of cell death or exocytosis, abnormal α-syn species released from neurons activate microglia acting as a damage-associated molecular 
pattern (DAMP) via different cell receptors including TLRs and CD36. This results in activation of the NF-κB and NLRP3 pathways, leading to the release 
of pro-inflammatory cytokines and reactive oxygen species (ROS), which will further promote neurodegeneration by direct action towards neurons or 
indirectly by supporting neurotoxic astrocyte differentiation. Such reactive astrocytes favour the damage and permeabilization of the blood–brain bar
rier (BBB), which enables the infiltration of peripheral immune cells, particularly CD4+ and CD8+ T lymphocytes, into the CNS. Dysfunction in key cel
lular processes, such as autophagy, mitochondrial respiration and the response to oxidative stress may lead to abnormal immune responses in glial 
cells, in an α-syn-dependent or -independent manner. The intracellular degradation of pathological α-syn leads to α-syn antigen presentation, which 
activates CD8+ T cells (CTLs) via class-I MHC, and CD4+ (Th and Treg) cells via class-II MHC. Th1 and Th17 T cells typically potentiate pro-inflammatory 
and neurotoxic events, whereas Th2 and Treg T cells support the resolution of inflammation and neuroprotection.
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microglia is the class B scavenger receptor CD36,71,103,104 a fatty acid 
transporter that regulates immune cell responses, including activa
tion of the NOD-like receptor pyrin domain containing 3 (NLRP3) in
flammasome. Indeed, studies in vitro have identified NLRP3 
activation as a downstream effect of CD36 engagement104 and of 
TLR2-mediated microglial responses to α-syn species.98,99

Multiple recent studies in murine and human microglia as 
well as in mouse models have demonstrated α-syn-triggered 
activation of the NLRP3 inflammasome and caspase-1, leading to 
TNFα and IL-1β secretion, production of ROS and dopaminergic 
degeneration.92,99,105-107 In addition, (CX3CR1-mediated) micro
glia-specific expression of an active NLRP3 mutant exacerbated 
motor dysfunction and dopaminergic degeneration in the MPTP 
model in vivo.108 Importantly, inhibition of the NLRP3 or its down
stream mediators has been consistently shown to mitigate neu
roinflammation and neurodegeneration in PD rodent models.109-111

The triggering receptor expressed on myeloid cells 2 (TREM2), an 
immune membrane receptor with known relevance in Alzheimer’s 
disease, is upregulated in PD brain, including microglia.112,113

In vitro TREM2 supports anti-inflammatory responses by negatively 
regulating the MAPK and NF-κB pathways.114,115 Moreover, TREM2 
overexpression in the striatum of MPTP-treated mice attenuated 
neuroinflammation and neurodegeneration,114 whereas genetic 
deletion of TREM2 in the AAV-α-syn mouse PD model resulted in 
a shift from anti-inflammatory towards pro-inflammatory activa
tion of microglia and led to exacerbated dopaminergic loss.113

As mentioned, LRRK2 is highly expressed in immune cells such 
as microglia (and monocytes/macrophages) and is thought to play a 
key role in innate immunity by engaging in various cellular pro
cesses. LRRK2 has been implicated in phagocytosis through the au
tophagy/lysosomal degradation pathway, microglial motility, 
antigen presentation and in activation inflammatory pathways.116

Indeed, microglial cells from mice carrying the PD-linked LRRK2 
R1441G117 and LRRK2 G2019S118 mutations displayed increased in
flammatory and neurotoxic responses to LPS together with in
creased phagocytic capacity, respectively, whereas microglial 
cells from LRRK2-KO mice or LRRK2-KO human-derived monocytes 
showed impaired phagocytosis.118,119 In addition, LRRK2 deletion 
attenuated oxidative stress-related pathways triggered by expos
ure of primary microglia to α-syn fibrils,120 while pharmacological 
inhibition of LRRK2 diminished α-syn-mediated neuroinflamma
tion and microglial neurotoxicity in murine, rat and human cells 
in culture and in two α-synucleinopathy mouse models.121,122

In addition, microglial and peripheral immune responses in PD 
seem to be closely interconnected. For example, microglial MHCII 
has been found to mediate α-syn-induced activation and CD4+ 
T-cell proliferation, in vitro and in vivo123 (read further in the 
‘Evidence from in vitro and preclinical studies’ section). In view of 
the wealth of data supporting highly relevant roles played by 
microglia in multiple pathogenic mechanisms linked to PD, it 
seems clear that harnessing microglial function in a timely man
ner, could be of benefit in PD. It is however, to be determined at 
what stage and in which patients this will be most beneficial.

Astrocytes: role and mechanisms

There is growing evidence that astrocytes play an important role in 
the development and progression of PD (for an in-depth review, see 
Liddelow et al.124). Disease-affected areas of post-mortem PD brains 
show reactive astrocytes that have acquired a pro-inflammatory 
and neurotoxic phenotype,44,125 which might hinder their ability to 
maintain homeostasis. For example, the astrocytic uptake of 

glutamate—crucial to avoid excitotoxicity—seems compromised in 
PD as suggested by the downregulation of the astrocytic glutamate 
transporters observed in PD rodent models and LRRK2 G2019S PD 
patients.126-128

Astrocytes also play an important role in the clearance and 
phagocytosis of pathological α-syn species. In both animal PD mod
els and post-mortem PD brain tissue, astrocytes have been shown 
to internalize and accumulate α-syn within inclusions.129-132

Astrocytes might take up extracellular α-syn released by neu
rons,73,133 or that is transferred from microglia134 or from other as
trocytes133,135 via nanotunnels.135 As with microglia, extracellular 
α-syn can activate astrocytes via the TLR4 receptor, which in turn 
activates the NF-κB and p38 MAPK pathways,89,136,137 leading to 
the release of IL-1α, IL-1β, and IL-6 and increase in ROS production, 
resulting in non-cell autonomous death of dopaminergic neu
rons.89,138 However, internalization of α-syn can also occur via a 
TLR4-independent endocytosis pathway136 and it leads to the for
mation of lysosomal inclusions.73,89,133 On the other hand, 
α-syn-overexpression in cultured astrocytes (reflecting a scenario 
of persistent pathological α-syn accumulation) resulted in autop
hagy impairment and neuronal death.139 Consistent with those re
sults, astrocytic expression of PD-related α-syn variants led to 
neurodegeneration both in vitro and in vivo.140,141 Moreover, astro
cytes may also acquire a pro-inflammatory and neurotoxic reactive 
phenotype in response to activated microglia-secreted signals, e.g. 
IL-1α, TNFα and C1q,125 and administration of a GLP1R agonist could 
block this conversion, and was neuroprotective in both the PFF and 
A53Tα-syn transgenic mouse PD models.142

Disruption of blood–brain barrier (BBB) integrity has been de
monstrated both in animal models and in PD patients,143-145 while 
astrocytes have proven necessary to maintain BBB integrity and 
function.146 LRRK2 G2019S PD patient-derived astrocytes have al
tered angiogenetic and inflammatory profiles.147 Alterations in 
the BBB might provide peripheral immune cells, such as T cells 
and monocytes/macrophages, with the opportunity to infiltrate 
the brain,55,78,148-150 enabling interactions between infiltrating leu
cocytes and CNS cells. Moreover, astrocytes can function as 
antigen-presenting cells and MHC-II expressing astrocytes are in 
close proximity to CD4+ T cells in post-mortem PD brain tissue 
and in animal models.151,152 Furthermore, spatial proximity 
between ICAM-1+-reactive astrocytes and LFA-1+-infiltrating leuco
cytes was detected in the SN of MPTP intoxicated non-human pri
mates,153 suggesting a complex interplay between CNS-resident 
and infiltrating immune cells, which needs to be further explored.

Emerging mechanisms in pathophysiology of glial 
responses

In addition to undergoing chronic activation and developing pro-in
flammatory phenotypes in the context of PD, glial cells may be af
fected by PD-associated mutations in genes which regulate key 
cellular processes in microglia and astrocytes. These include, 
among others, the antioxidant response, mitochondrial respiration 
and autophagy. For example, mutations in PARK7 lead to deficiency 
of DJ-1, a protein which protects cells against oxidative stress, reg
ulates mitochondrial function and autophagy, and has been related 
to innate and adaptive immunity.154 Accordingly, DJ-1-KO rodent 
microglia and astrocytes display constitutive cell activation and ex
acerbated pro-inflammatory responses in culture.155-157 In line with 
these findings, in vivo neurotoxicant- and LPS-induced dopamin
ergic loss are amplified in DJ-1 KO mice.157-159 These and other find
ings suggest that, even though lack of DJ-1 alone does not 
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recapitulate typical parkinsonian features in mice, people with 
DJ-1-associated PD may be more susceptible to neuroinflammation. 
In sporadic PD, on the other hand, DJ-1 is upregulated in reactive as
trocytes, presumably as a protective mechanism.160 Accordingly, 
astrocyte-specific overexpression of DJ-1 attenuates the 
neurotoxicant-induced neurodegeneration and inflammation in 
zebrafish and rats.161,162

Several recent studies have demonstrated a role for mitochondrial 
impairment in neurodegenerative disorders, via induction of NLRP3 
inflammasome-mediated neuroinflammation. Exposure of rodent 
and human astrocytes and microglia in culture to α-syn aggregates 
has been shown to induce mitochondrial dysfunction.104,107,132,163

Studies in vitro and in vivo have demonstrated that rotenone aggra
vates NLRP3 pro-inflammatory signalling and dopaminergic neuronal 
loss via mitochondrial damage in microglia.164 Moreover, MPTP— 
which induces mitochondrial damage—contributes to microglial 
NLRP3 inflammasome activation and neurodegeneration.108 Con
versely, pharmacological inhibition of mitochondrial damage could 
attenuate such effects.165 In addition, reduction of striatal dopamine 
levels may itself favour neuroinflammation by promoting changes 
in the type of dopamine receptors stimulated in microglia and 
astrocytes.166-168

The cyclic GMP-AMP synthase (cGAS)/stimulator of interferon 
genes (STING) pathway is the driver of type-I IFN immunity, which 
can be activated upon mitochondrial damage. This pathway has re
cently been implicated in exacerbated inflammation caused by 
loss-of-function mutations in PRKN (parkin) and PINK1.169 A role 
for this pathway in PD pathogenesis is further supported by three 
recent studies, one using mutant STING-overexpressing animals 
and two based on α-syn-PFF and MPTP models, which showed 
that cGAS/STING signalling promotes glial activation, microglia- 
mediated neuroinflammation, α-syn pathology, higher mitochon
drial ROS and degeneration of dopaminergic neurons.170-172

Remarkably, a study using microglial co-culture demonstrated 
that healthy microglia are able to transfer mitochondria to α-syn 
overloaded cells via direct intercellular contact to escape from 
ROS-induced cytotoxicity, and found that this mechanism is im
paired in microglia carrying the LRRK2 G2019S mutation.173

In recent years, various experimental models support a role for 
glial autophagy in maintenance of brain health and homeostasis in 
the context of PD.174 Studies in vitro and in α-syn-overexpression 
mouse models showed that microglia clear extracellular α-syn re
leased from neurons by p62- and TLR4-dependent selective autop
hagy, leading to neuroprotection.93 However, high concentrations 
of extracellular α-syn result in microglial autophagy impairment 
also via a p62- and TLR4-dependent mechanism, which led to dopa
minergic neuronal loss.175 Furthermore, microglia-specific overex
pression of α-syn resulted in α-syn intracellular accumulation and 
microglial reactivity with phagocytic exhaustion and impaired au
tophagy, leading to neuroinflammation and dopaminergic neuron
al degeneration in vitro and in vivo.176 A converging conclusion by 
several studies was that pharmacologic or genetic disruption of 
microglial autophagy in mice aggravates α-syn accumulation and 
neuroinflammatory responses and ultimately causes dopaminergic 
neurodegeneration.93,175,177,178

Neuron-glia crosstalk

In the past few years, major attention has been given to the role of 
α-syn in the neuron-glia crosstalk. In addition to free α-syn, neurons 
can release extracellular vesicles or exosomes, capable of transfer
ring α-syn to neighbouring neurons, where they can form 

aggregates and induce cell death.72,179-182 Other cell types in the 
CNS are also able to take up exosomal α-syn. Microglial cells ex
posed to α-syn-containing plasma exosomes derived from PD pa
tients became activated and displayed impaired autophagy flux, 
leading to the accumulation of intracellular α-syn and accelerated 
secretion of α-syn-containing exosomes.183,184 Intracerebral ad
ministration of microglia-released exosomes containing α-syn, en
hanced protein aggregation in recipient neurons, ultimately 
inducing motor impairment and dopaminergic neurodegeneration 
in mice.88,183,184 Conversely, suppressing microglia-mediated exo
somal α-syn communication or depletion of microglia ameliorated 
neuroinflammatory responses, dopaminergic degeneration and 
motor dysfunction.184 Recently, astrocytes-astrocytes, microglia- 
microglia, astrocytes-microglia and neuron–microglia communica
tion via tunnelling nanotube mechanisms,134,135,173,185 in addition 
to neuron–astrocyte intercellular crosstalk,133 were shown in cells 
and organotypic brain slices to enable distribution of α-syn cargo 
and to increase clearance of α-syn aggregates.

The CX3CR1-CX3CL1 and CD200-CD200R axes, which are crucial 
to maintain neuronal homeostasis and to prevent microglia re
activity, are also altered in PD. CX3CR1 and CD200R are expressed 
in microglia and their respective ligands CX3CL1 (fractalkine) and 
CD200 are produced in neurons, astrocytes, and oligodendrocytes. 
Excess of CX3CL1 using recombinant proteins or genetic models 
prevented dopaminergic neuronal loss and inhibited microglia re
activity induced by neurotoxins or α-syn.186-188 Along this line, a 
time-dependent downregulation of CX3CL1 was found in the serum 
of PD patients.189 However, the evidence about the role of the 
CX3CR1 receptor in PD is contradictory190,191 and needs further in
vestigation. Regarding the CD200-CD200R axis, it was found to be 
downregulated in PD models, whereas inducing CD200-CD200R 
genetic dysfunction exacerbated microglial activation and dopa
minergic neurodegeneration, thus supporting a neuroprotective 
and anti-inflammatory function.192-195

Astrocytes are able to boost dopaminergic neuronal survival by 
secreting neurotrophic molecules and extracellular vesicles.196,197

Notably, extracellular vesicles derived from LRRK2 G2019S-mutant 
astrocytes failed to provide full neurotrophic support to dopamin
ergic neurons.197 Extracellular vesicles containing α-syn aggregates 
can also be transferred between neurons and astrocytes. Astrocytes 
and microglia are able to take up free or exosomal α-syn aggregates 
by endocytosis or phagocytosis for subsequent degradation and 
clearance of α-syn.73,133,198,199 Nevertheless, in vitro studies have 
also shown that prolonged exposure to α-syn aggregates can lead 
to accumulation and induction of inflammatory responses in astro
cytes73 and further transfer to dopaminergic neurons, thus propa
gating α-syn pathology and neuronal degeneration.198,200

Peripheral immunity in Parkinson’s 
disease
Evidence from clinical studies

Increased neutrophil to lymphocyte ratio

In addition to cellular immune activation within the brain, multiple 
studies have shown changes in peripheral immune cells in blood 
from people with PD. These include alterations in the frequency 
of immune cell subsets, as well as transcriptomic and functional 
changes. Simple measures of peripheral immune balance can be 
derived from the full blood count, a routine clinical blood test. 
Specifically, the neutrophil/lymphocyte ratio (NLR) provides an 
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indication of the balance between the innate and adaptive immune 
cells. There is consensus from several studies that higher NLR is as
sociated with increased PD risk. Importantly, the increase in NLR 
seems to occur many years before diagnosis, and while some stud
ies attribute this change to increased neutrophil numbers, others 
describe this as a result of decreased lymphocyte counts.201-203

NLR was found to correlate positively with disease duration204

and motor symptom severity205 and inversely with olfaction206 in 
PD, suggesting that it is disease-relevant. However, elevated NLR 
is not universal in PD and may be dependent on disease subtype. 
Two studies report that it was not increased in people with 
PD-mild cognitive impairment (PD-MCI), whom in fact showed a 
higher number of lymphocytes than those without cognitive pro
blems.207,208 Moreover, patients with tremor-dominant or mixed- 
type PD were reported to a lower NLR than those with the akinetic 
rigid type.206 To date, the underlying cause of changes in NLR in PD 
is unclear. One possibility is that it is driven by a decrease in 
lymphocytes numbers due to their migration to the diseased 
brain. On the other hand, a rise in neutrophils may occur due to 
systemic inflammation, in keeping with the observed rise in 
pro-inflammatory cytokines in the blood in PD (discussed later). 
Notably, research on the role of neutrophils in PD is lacking due 
to the standard approach of isolating peripheral blood mono
nuclear cells (PBMCs), which discards multinucleated cells. 
Therefore, the research community should assess the possibility 
of isolating granulocytes (including neutrophils) from blood to en
able a more comprehensive assessment of peripheral immune ef
fectors in PD.

Monocytes in Parkinson’s disease display altered 
expression of relevant proteins

Monocytes are divided into three subtypes: (i) classical monocytes 
(pro-inflammatory/highly phagocytic), which mature into (ii) inter
mediate monocytes (involved in antigen presentation/T cell activa
tion) and ultimately into (iii) non-classical monocytes (which patrol 
vascular endothelium and play a role in vascular and tissue re
pair).209 Studies measuring monocyte balance in PD are conflicting: 
whilst some observed no difference,53,210-214 several others have re
ported increased classical monocytes in early PD.215-217 This incon
sistency may reflect heterogeneity of cohorts, as changes in 
monocyte balance and activation may be dependent on disease 
type and stage. Increased intermediate monocytes have been re
ported at later disease stages218,219 and in people with higher PD se
verity,220 and increased C52 expression (monocyte activation 
marker) has been correlated with worse motor defects [Unified 
Parkinson’s Disease Rating Scale, (UPDRS)-III] in PD.221 In addition, 
monocyte activation has been reported to be more pronounced in 
early PD cases at higher risk of dementia (increased classical, re
duced non-classical, increased TLR4+ cells), compared to those at 
low dementia risk216 and changes in CCR2 and CD11b expression 
(markers of migratory capacity) have been found to be associated 
with cognitive impairment.219

Monocytes also show transcriptomic changes in PD222 which are 
different between males and females.223 Increased expression of 
proteins including TLR4, HLA-DR and CCR2216,218,219,224 suggest 
pro-inflammatory activation, increased antigen presentation and 
monocyte migration in PD. On the other hand, ex vivo functional ana
lysis of blood monocytes from people with PD has produced conflict
ing data, with studies showing increased,215 decreased217,225 or 
unchanged226 responses to different immune activators. This could 
be due to technical differences in the various in vitro approaches 

and/or the use of heterogenous cohorts that might include patients 
at different disease stages. Moreover, studies do not truly replicate 
the in vivo environment, as the use of autologous serum was seen 
to be crucial to show enhanced monocyte phagocytic activity in PD 
patients.226 Thus, ex vivo studies of immune cell responses should 
be interpreted with caution.

Increased levels of effector and inflammatory T cells

Lower T-cell numbers have been reported in the blood in PD and 
seem to mostly reflect reduction in the CD4+ cells, although de
creased CD8+ numbers have also been reported, particularly in later 
stages of the disease203,227 (meta-analysis228). There is limited evi
dence for association with disease severity/progression, but devi
ation from the reference range for CD8+ was reported to be 
associated with higher UPDRS-III scores203 and lymphocyte count 
was correlated negatively with Hoehn and Yahr scores.204

The T-cell compartment is also altered in terms of CD4+ and 
CD8+ subsets and effector status. Several studies have reported a di
minished immunoregulatory compartment in PD, and Treg cells 
with a lower regulatory/suppressive capacity, associated with an 
increase in pro-inflammatory effector T cells.210,220,229-233 In add
ition, a Th1/Th17 pro-inflammatory bias has been suggested.210,220

However, a parallel increase in both Th17 and also Th2 has been re
ported in de novo PD (<2 years).234 Changes in the differentiation 
status of both CD8 and CD4 have also been reported including de
creased naïve cells and increased memory cells, activated and/or 
terminally differentiated cells.234-238 In contrast, other studies 
have found evidence of reduced terminally differentiated CD8+ T 
cells and reduced immunosenescence markers in early PD.239-241

These inconsistencies in the literature may relate to differences 
in disease stage and clinical phenotype, which warrants further 
exploration.

A correlation between lower blood lymphocyte count and lower 
CSF total α-syn levels has been reported in PD, supporting a link be
tween peripheral lymphocyte changes and neurodegenerative 
α-syn pathology.204 In this regard, it has been proposed that α-syn 
has an autoantigenic ability: α-syn-specific CD4+ and CD8+ T cells 
have been identified to occur at higher frequency in early PD com
pared to controls.242,243 A recent scRNAseq T-cell receptor (TCR) 
study suggests that α-syn peptides could indeed be responsible 
for the clonal T-cell expansion seen in PD.238 However, 
α-syn-specific T-cell reactivity is not found in all PD patients, sug
gesting again a heterogeneity in the immune response.244 Further 
research addressing the relevance of α-syn specific T cells in differ
ent subtypes and across disease stages is needed.

B cells and humoral response: protective or deleterious?

B-cell numbers are also consistently reported to be reduced in the 
blood in PD,236,245-247 with some studies reporting lower naïve B 
cells and increased memory B cells.234,248 Similar to T cells, a 
pro-inflammatory B-cell bias is also seen in PD with increased 
pro-inflammatory B cells and lower levels of regulatory and anti- 
inflammatory B cells.210,234,248,249 Furthermore, higher numbers of 
regulatory B cells have been found to correlate with better motor 
scores in PD, indicating that they may have a protective role.250,251

With respect to the humoral antibody response in PD, the data 
are conflicting, but meta-analysis indicates that α-syn antibodies 
in serum are elevated in early disease252 and are elevated in pa
tients with RBD.251 Similarly, antibodies against neuromelanin 
were found to be inversely correlated to disease progression, sug
gesting a higher relevance of the humoral response at early 
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stages.251,253 However, it remains unclear whether disease-specific 
antibodies are deleterious,254 or protective by supporting the clear
ance of pathogenic proteins, including α-syn. Studies measuring 
high-affinity anti-α-syn antibodies have reported that these are re
duced in PD even at prodromal stages, suggesting that there may be 
a decrease of putative protective antibodies prior to disease on
set.255,256 In keeping with this evidence, several pharma companies 
are pursuing development of α-syn antibodies as a therapy in PD.

Cytokines and chemokines analysis: pro-inflammatory 
and migratory environment

These described immune cellular changes in the periphery results 
in a pro-inflammatory landscape in the blood of people with PD as 
shown by the increase in IL-6, and IL-1β in addition to TNFα, IL-2, 
IL-10, CRP and RANTES/CCL5 (meta-analysis257). It has been sug
gested that the relevance of these cytokines is time/stage- 
dependent, with, for example, TNFα being more relevant at the on
set rather than at later disease stages.258 A more pro-inflammatory 
profile in the blood at time of diagnosis in PD was associated with a 
more rapid subsequent motor progression and worse cognitive 
function,259 and blood CRP has been shown to predict cognitive de
cline,260 supporting a deleterious role for the inflammation occur
ring in PD. Chemotaxis and migration of immune cells are also 
important in disease as chemokines CCL3 and CCL4—involved on 
immune cell recruitment—were reported to predict motor decline 
in a longitudinal study in PD.261 These changes might be due to 
the putative presence of oligomeric forms of α-syn in the blood 
that can induce pro-inflammatory activation of monocytes.262

Although the literature suggests an abnormal monocytic response 
to aggregated α-syn or LPS in PD, there is no consensus about this, 
nor on the cytokine profile of such response.225,263,264 Alternatively 
the cytokine response in PD may be a consequence of peripheral 
and/or central neuronal changes that may induce a cellular im
mune response through neuro-immune relevant signals (see 
review by Dantzer265).

Crosstalk between peripheral immune changes and central 
pathology

The infiltration of peripheral immune cells into the brain and CSF in 
PD (see the ‘The cellular immune process in the brain involves 
microglia and infiltrating peripheral immune cells’ section) pro
vides a mechanism of direct communication between peripheral 
and central immunity and neuronal processes ongoing in the brain. 
Cytokines generated systemically may also cross the BBB. Whilst 
correlation between blood and CSF cytokine levels is poor (likely re
flecting local cytokine production within the CNS), plasma IL-1β 
and IL-8 have been found to be associated with CSF tau levels, sug
gesting that peripherally generated cytokines may influence or be 
influenced by central neurodegenerative processes.266 On the other 
hand, drainage of brain derived antigen to lymph nodes can occur 
through meningeal lymphatic vessel, thus informing periphery 
on the events occurring in CNS.267 Notably, recent research has 
highlighted the relevance of immunological niches in choroid 
plexus, meninges, and skull bone marrow in brain immunity,268 al
though this remains practically unexplored in PD.

Recent studies show correlation between brain imaging mea
sures and peripheral immune markers. Although such data require 
confirmation, they support a coordinated brain-periphery re
sponse. For example in prodromal PD stages, monocyte markers 
correlated with increased inflammation (TSPO-PET) in brain and 
dopaminergic degeneration (F-DOPA-PET) in RBD patients.218 In de 

novo PD cases, regional increases in TSPO signal in brain were cor
related with cognitive scores and CCL22 (attractant for monocytes, 
and T cells) in CSF, and with eotaxin 3/CCL26 (attractant for baso
phils and eosinophils) in plasma.59 Another recent study in newly- 
diagnosed PD cases reported significant associations between cog
nitive performance and whole brain TSPO-PET signal and serum in
flammatory cytokines: IFNγ, IL-1β and IL-6.60 NLR was also found to 
be correlated with the TSPO binding in the SN,59 and with dopamin
ergic neurodegeneration [dopamine transporter (DAT) scans] in 
PD.205,269 Another study in de novo PD showed a paradoxical rela
tionship between higher number of (immunoregulatory/anti- 
inflammatory) Treg and Th2 cells and increased dopaminergic de
generation (FP-CIT SPECT).270 Clearly, more research of this type 
is needed to better comprehend the reciprocal influence between 
peripheral immune changes and central neuroinflammation and 
neurodegeneration in PD and how this might evolve over time 
across disease stages.

Evidence from in vitro and preclinical studies

Involvement of T cells

Several studies conducted by different laboratories in rodent PD 
models have consistently shown that CD4+ and CD8+ T cells infil
trate the brain during the disease development, including 
genetic-,149 toxicant-induced55 and virus-induced models (usually 
rAAV).271 Genetic deficiency of CD4+ T cells in the MPTP and the 
rAAV-hαSyn mouse models abrogated the development of neuro
degeneration, while CD8+ T-cell deficiency was negligible for the 
SN neurodegeneration.55,272 In keeping with this, α-syn upregulates 
MHCII in microglia/macrophages in vitro and in vivo, facilitating 
antigen presentation to CD4+ T cells.123,273 Nevertheless, several re
cent publications also support a role for CD8+ T-lymphocytes. 
Systemic depletion of either CD8+ or CD4+ T cells—using anti-CD8 
or anti-CD4 antibodies—significantly reduced the neurodegenera
tion and the motor impairment in the MPTP model.274 In the 
rAAV-A53T hαSyn mouse model, either CD4+ or CD8+ T cells infil
trating the SN play a detrimental non-redundant role by promoting 
neurodegeneration.275 Furthermore, a study addressing the role of 
gut inflammation in the loss of dopaminergic nigral neurons 
showed that the antibody-mediated depletion of CD8+ T cells abol
ished the potentiation of dopaminergic neurodegeneration in
duced by experimental colitis in mice.276 Altogether, these 
findings indicate that both CD4+ and CD8+ T cells play a relevant 
role by promoting nigral dopaminergic neurodegeneration in PD 
rodent models (Fig. 2).

Several studies have explored mechanisms by which CD4+ T 
cells influence neurodegeneration. When stimulated by microglia 
presenting α-syn-derived antigens on MHCII, CD4+ lymphocytes 
produce pro-inflammatory cytokines (i.e. IFNγ, TNFα, IL-17), which 
induce the production of high levels of neurotoxic factors by micro
glia, including ROS, glutamate and TNFα and consequent neuronal 
death.64,277,278 Involvement of CD8+ T cells and MHCI in PD was sug
gested many years ago,279 and upregulation of MHCI in neurons has 
been shown to be induced by conditioned media from microglia279

or by exposure to MPP+.280 Moreover, rAAV mediated MHCI knock
down significantly reduced the number of CD8+ T cells infiltrating 
the SN of the MPTP model.280 Importantly, Pink1 was found to re
press MHCI expression in neurons280 and Pink1-deficiency trig
gered the presentation of mitochondrial autoantigens on MHCI 
and the subsequent activation of autoreactive CD8+ T cells.281

Moreover, infection of Pink1-KO mice with gram-negative bacteria 
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promoted a CD8+ T cell-mediated autoimmune response to mito
chondrial antigens that resulted in dopaminergic neurodegenera
tion.281 Hence CD8+ T cell-mediated responses to mitochondrial 
autoantigens might be important in the pathogenesis of Pink1 asso
ciated PD, but the relevance of this to idiopathic PD is not known.

Although the vast majority of studies indicate a detrimental role 
for T cells in PD, some evidence indicates that T-cell response might 
be beneficial under certain circumstances. The adoptive transfer of 
T cells specific to A53T-hαSyn, in the M83 A53T α-syn transgenic 
mouse injected with PFF α-syn in the leg muscle, ameliorated motor 
impairment, α-syn pathology, astrogliosis and microgliosis and 
prolonged the survival of mice.282 Moreover, the transfer of T cells 
into immunocompromised (NSG) mice decreased the phospho- 
S129-α-syn pathology in the intra-striatal PFF-PD model.283

Another study showed that genetic lymphocyte deficiency 
enhances the motor decline and the dopaminergic neurodegenera
tion induced by 6-OHDA in Rag1−/− mice.284 In addition, a number of 
studies have observed protective effects resulting from active 

immunization of rodents with α-syn. Immunization with low 
dose of α-syn in a mix with complete Freund’s adjuvant induced 
the generation of antigen-specific Treg and the reduction of the α- 
syn pathology in the rAAV-hαSyn-induced PD model.285 Direct im
munization of mice with α-syn in combination with the chaperone 
Grp94 redirected the peripheral T-cell response and suppressed 
microglial activation in the MPTP PD model.286 More recently, a 
combination of active α-syn immunization with rapamycin and 
an antigen-presenting cell-targeting glucan-microparticle vaccine 
delivery system, achieved a robust neuroprotection in the 
PDGF-α-syn transgenic mice that was associated with high number 
of Treg cells in brain and lower levels of TNF and IL6.287

Importantly, the AFFITOPE immunotherapy approach using α-syn 
peptides, which is currently in clinical trials,288 has been shown in 
vivo to decrease pathology and neurodegeneration in both the 
PLP- and PDGF-α-syn transgenic mice.289 Alternatively, DNA vac
cines targeting B-cell α-syn epitopes—which avoid harmful T-cell 
responses—have also been shown to be neuroprotective in the 

Figure 2 Putative mechanisms of peripheral T-lymphocyte involvement in Parkinson’s disease. Autoreactive T cells might be activated in the periph
ery and then infiltrate into the brain, a process supported by the interaction of LFA1 expressed on the T-cell surface with ICAM1 expressed on the sur
face of the blood–brain barrier (BBB) endothelial cells. CD8+ T cells (cytotoxic T lymphocytes; CTLs) infiltrating into the brain might recognize their 
cognate antigens (α-syn-derived or mitochondrial-derived antigens) on class-I MHC molecules expressed on the surface of dopaminergic neurons, trig
gering the direct killing of neurons by CTLs. CD4+ T cells infiltrating the brain are exposed to low dopamine levels, which promotes poor 
DRD2-signalling and strong DRD3-signalling, favouring the acquisition of a strong pro-inflammatory profile (Th1 and Th17). These autoreactive Th1 
and Th17 cells recognize α-syn-derived antigens presented on class-II MHC by microglia, leading to release of inflammatory cytokines directly onto 
microglia. In response to this, microglia produce high levels of neurotoxic factors, including TNFα, reactive oxygen species (ROS) and glutamate, 
thus inducing the killing of dopaminergic neurons by CTLs. TCR = T-cell receptor.

3314 | BRAIN 2024: 147; 3306–3324                                                                                                                       C. Roodveldt et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/147/10/3306/7687616 by guest on 06 M

arch 2025



PDGF-α-syn transgenic mice.290 This suggest that the protective 
capacity of the immune system can be harnessed to slow disease 
progression.

T-cell subsets involved in neurodegeneration

With regards to functional phenotypes relevant to the disease pro
cess, several studies in animal PD models have shown a higher fre
quency of Th1 and Th17 cells and lower levels of Treg.272,291-293

Importantly, the infiltration of IFN-γ-producing CD8+ T cells (cyto
toxic T lymphocytes, CTLs) into the brain has been described in 
the MPTP mouse model276 and in Pink1-deficient mice.281

Highlighting the relevance of the reduction of Treg frequency in 
the physiopathology of PD, Treg depletion (by an anti-CD25 anti
body) exacerbated neurodegeneration in the MPTP mouse 
model.294 Conversely, several approaches that increase the poly
clonal or the α-syn-induced Treg response show amelioration of 
neurodegeneration and motor defects in both neurotoxin and 
α-syn-based PD models (reviewed by Machhi et al.295). Similarly, 
the relevance of Th17 cells in PD has been suggested by evidence 
from animal studies. Indeed, pharmacological inhibition of RORγt 
(the transcription factor controlling the Th17 phenotype) amelio
rated the neurodegeneration and motor decline in MPTP-treated 
mice.292 Conversely, the adoptive transfer of Th17 cells from mice 
immunized with nitrated α-syn into MPTP-treated mice exacer
bated nigral dopaminergic neurodegeneration.296 Altogether, the 
current evidence points to the involvement of Th1, Th17 and 
CTLs in the autoimmune response in animal models of PD, and a 
therapeutic potential of Tregs. Several studies analysing how T 
cells infiltrate the CNS suggest that Th17 cells predominantly use 
the surface lymphocytic molecule LFA-1 which might bind to its 
endothelial ligand ICAM-1,78,274,293,297 but other mechanisms might 
also be involved.

Of note, the early aggregation of α-syn in SN neurons might im
pair the trafficking of presynaptic vesicles, thus reducing the levels 
of striatal dopamine even before neurodegeneration is estab
lished,298 which might affect T-cell behaviour since they express 
dopamine receptors. Addressing this issue, a group of studies has 
provided genetic and pharmacologic evidence indicating that 
stimulation of DRD2 (low-affinity; ≈1700 nM) induced by high dopa
mine levels exerts anti-inflammatory effects in T cells and reduces 
neurodegeneration in mice,291 while low dopamine levels stimulate 
DRD3 (high-affinity; ≈20 nM), selectively promoting inflammatory 
behaviour in T cells and favouring neuroinflammation and neuro
degeneration.299,300 Therefore, it is important to keep in mind 
that both reduced brain dopamine but also dopaminergic drugs 
might affect the local and peripheral immune response in PD.

Involvement of B cells

Most studies have found no changes in B-cell infiltration into the 
brain in rodent PD models.149,287,301,302 However, two studies by 
the same lab showed B-cell infiltration in both neurotoxicant and 
α-syn based models.78,303 In an effort to analyse the aetiological 
relevance of B cells, two studies from different authors and differ
ent experimental approaches evaluated the development of the 
PD-like neurodegeneration in B cell-deficient mice and found no 
change compared to control animals.275,283 However, another study 
in the 6-OHDA toxin model found that B-cell deficiency (μMT mice) 
or B-cell depletion (using CD20 antibodies) resulted in attenuated 
neurodegeneration, suggesting that B cells may play a protective 
role in early PD development.251 Further studies are needed to clar
ify the role of different B-cell subsets in α-syn based models.

Involvement of other peripheral innate immune cells

Studies conducted in PFF-injected mice,304 6-OHDA rats,150 MPTP 
mice305 and rAAV-hαSyn mice306 have all shown that peripheral 
monocytes infiltrate the striatum through a mechanism involving 
the recruitment of CCR2+ monocytes by CCL2 produced in astro
cytes. Genetic Ccr2 deficiency abrogated neuroinflammation and 
neurodegeneration in rAAV-hαSyn mice306 but not in MPTP 
mice,305,307 indicating this mechanism may be most relevant in 
α-syn-mediated neurodegeneration. Besides astrocytic CCL2, 
Th1-mediated responses can also promote the recruitment of per
ipheral monocytes. Furthermore, when restimulated by MHCII 
antigen-presentation, Th1 cells release IFN-γ, further exacerbating 
the local inflammatory response. Interestingly, using the 
rAAV-hαSyn mouse model, a recent study analysing the relative 
relevance of tissue resident macrophages (microglia and CAMs) 
found that CAMs, but not microglia, were essential for restimula
tion of CD4+ T cells in the brain.308 Still, these recent findings should 
be confirmed by further studies.

On the other hand, Th17-mediated responses are known to re
cruit peripheral blood neutrophils into the target tissue to promote 
inflammation. Despite some studies having confirmed an associ
ation between neuroinflammation and neutrophils in animal mod
els of PD,272,309 there is no causal evidence indicating a significant 
role of these leucocytes in the development of neuroinflammation. 
Regarding the role of natural killer (NK) cells, a number of studies 
have shown higher percentage of CD56+ NK cells in people with 
PD (reviewed by Menees and Lee310). In the α-syn PFF mouse model, 
NK cell antibody-mediated depletion resulted in exacerbated motor 
impairment and enhanced deposition of α-syn aggregates.311

Moreover, using human NK cells in vitro, they provided evidence 
suggesting that the beneficial effects exerted by NK cells were 
mediated by the uptake and degradation of α-syn aggregates.311

Altogether, these studies suggest the relevance of peripheral innate 
immune cells in the PD pathophysiology. However, the research in 
this area is still incipient and needs further exploration.

Conclusion
In conclusion, a wealth of data from human and animal studies 
strongly support the relevance of the immune system in PD. It is 
now accepted that microglia respond early during disease, and 
while these cells can remove toxic molecules such as misfolded 
α-syn, based on the results from studies in rodents, microglia might 
later acquire a pro-inflammatory status that promotes neuronal 
death. Accumulated evidence suggests that α-syn plays a central 
role by initiating such inflammatory processes through interaction 
with immune receptors and subsequent activation of the NF-κB 
pathway and NLRP3 inflammasome. Other molecular pathways 
such as the STING related pathway have also recently been impli
cated. In addition to microglia-mediated inflammation in the brain, 
immune cells are also altered in the peripheral blood in PD, with 
changes in both the innate and adaptive immune compartments, 
and infiltration of peripheral immune cells into the CNS. 
However, changes in peripheral immune cell subsets are somewhat 
inconsistent across studies, possibly due to differences in clinical 
phenotype and disease stage. Further longitudinal studies in larger 
patient cohorts are needed to establish changes throughout the dis
ease course and their relevance to disease progression. Whilst 
there are inconsistencies in human studies, animal research 
strongly supports a significant role for peripheral immune cells in 
the neuronal death associated with PD. While lymphocytes and 
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monocytes might infiltrate the brain and modify the local immune 
response, it is unclear how much influence they can exert from the 
periphery. The possibility of modifying immune cells in blood and 
in turn modulating the immune environment in the brain holds a 
very attractive potential, and indeed this is already being explored 
in clinical trials (ISRCTN14616801312). However, more evidence is 
needed from human studies regarding which immune cell types 
and mechanisms are most relevant, and at what stage of the dis
ease, in order to better understand when, and how, to modulate 
the immune response in a targeted way to achieve neuroprotection 
without unwanted off-target effects.

Funding
This publication is based upon work from COST Action 
IMMUPARKNET, CA21117, supported by COST (European 
Cooperation in Science and Technology, www.cost.eu). We acknow
ledge financial support: from the Spanish Ministry of Science and 
Innovation (PID2022-140838OB-I00), Fundación Ramón Areces 
(CIVP19A5938) and the Ministerio de Universidades (Spanish 
Ministry of Universities) with the European Union (Programa de 
Recualificación, Id. 22345) to C.R. From ‘Financiamiento Basal para 
Centros Científicos y Tecnológicos de Excelencia’ Centro Ciencia & 
Vida [FB210008], Agencia Nacional de Investigación y Desarrollo de 
Chile (ANID) (FONDECYT-1210013 & FONDEF ID22I10070) and from 
the Michael J. Fox Foundation for Parkinson’s Research 
[MJFF-021112] to R.P. From the Bjarne Saxhof Fund administered 
through the Danish Parkinson’s Foundation, the Novo Nordisk 
Foundation (NNF22OC0079455) and the Lundbeck Foundation 
(R396-2022-376) to M.R.R. From Foundation for Science and 
Technology (2023.00453.BD) to C.P. From Advokat Rolf Sandberg 
Rebergs og Ellen Marie Rebergs Foundation to K.E.F. From ‘Fonds 
Rahier’, University of Liège and Fonds de la Recherche Scientifique 
(F.R.S.-FNRS) de Belgique to G.G. From the Medical Research Council 
(MR/W029235/1) and the National Institute for Health and Care 
Research (NIHR) Cambridge Biomedical Research Centre 
(NIHR203312) to C.H.W.G. The views expressed are those of the 
authors and not necessarily those of the NHS, the NIHR or the 
Department of Health. For the purpose of open access, the authors 
have applied a CC BY public copyright license to any Author 
Accepted Manuscript version arising from this submission.

Competing interests
The authors report no competing interests.

Supplementary material
Supplementary material is available at Brain online.

References
1. Postuma RB, Berg D, Stern M, et al. MDS clinical diagnostic cri

teria for Parkinson’s disease. Mov Disord. 2015;30:1591-1601.
2. Hirsch L, Jette N, Frolkis A, Steeves T, Pringsheim T. The inci

dence of Parkinson’s disease: A systematic review and 
meta-analysis. Neuroepidemiology. 2016;46:292-300.

3. Ascherio A, Schwarzschild MA. The epidemiology of 
Parkinson’s disease: Risk factors and prevention. Lancet 
Neurol. 2016;15:1257-1272.

4. Ye H, Robak LA, Yu M, Cykowski M, Shulman JM. Genetics and 
pathogenesis of Parkinson’s syndrome. Annu Rev Pathol. 2023; 
18:95-121.

5. Kordower JH, Olanow CW, Dodiya HB, et al. Disease duration 
and the integrity of the nigrostriatal system in Parkinson’s dis
ease. Brain. 2013;136(Pt 8):2419-2431.

6. Titova N, Padmakumar C, Lewis SJG, Chaudhuri KR. 
Parkinson’s: A syndrome rather than a disease? J Neural 
Transm (Vienna). 2017;124:907-914.

7. Jankovic J, Tan EK. Parkinson’s disease: Etiopathogenesis and 
treatment. J Neurol Neurosurg Psychiatry. 2020;91:795-808.

8. Cardinale A, Calabrese V. The intricate debate on neurodegen
eration and neuroinflammation in Parkinson’s disease: Which 
came first? Neural Regen Res. 2023;18:125-126.

9. Brundin P, Melki R. Prying into the prion hypothesis for 
Parkinson’s disease. J Neurosci. 2017;37:9808-9818.
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