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Abstract

Inflammatory responses, including glial cell activation and peripheral immune cell
infiltration, are involved in the pathogenesis of Parkinson’s disease (PD). These
inflammatory responses appear to be closely related to the release of extracellular
vesicles, such as exosomes. However, the relationships among different forms of glial

cell activation, synuclein dysregulation, mitochondrial dysfunction, and exosomes are
complicated. This review discusses the multiple roles played by exosomes in PD-associated
inflammation and concludes that exosomes can transport toxic a-synuclein oligomers to
immature neurons and into the extracellular environment, inducing the oligomerization of
a-synuclein in normal neurons. Misfolded a-synuclein causes microglia and astrocytes to
activate and secrete exosomes. Glial cell-derived exosomes participate in communications
between glial cells and neurons, triggering anti-stress and anti-inflammatory responses,

in addition to axon growth. The production and release of mitochondrial vesicles and
exosomes establish a new mechanism for linking mitochondrial dysfunction to systemic
inflammation associated with PD. Given the relevance of exosomes as mediators of
neuron-glia communication in neuroinflammation and neuropathogenesis, new targeted
treatment strategies are currently being developed that use these types of extracellular
vesicles as drug carriers. Exosome-mediated inflammation may be a promising target for
intervention in PD patients.

Key Words: astrocytes; exosomes; inflammation; microglia; mitochondria;
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Introduction

Parkinson’s disease (PD) is the second most common degenerative
disease of the central nervous system after Alzheimer’s disease (AD)
(Qin et al., 2016). The neuropathological features of PD include the
degeneration of dopaminergic neurons in the substantia nigra and
the extensive misfolding and accumulation of a-synuclein, resulting in
the formation of Lewy bodies (Dickson, 2018). Misfolded a-synuclein
assembly begins in specific areas of the brain and spreads to other
regions, similar to the spread of misfolded prion proteins (Jucker and
Walker, 2013).

Inflammation, oxidative stress, infection, exposure to toxic
substances, and other exogenous factors are considered to be likely
contributors to nigral dopaminergic neurodegeneration (Arai et al.,
2006). Recent evidence from PD patient autopsies and PD animal
models has revealed that microglial activation, T cell infiltration,
and increased levels of inflammatory factors play important roles
in the degeneration of dopaminergic neurons (Whitton, 2007;
Wang et al., 2015; Sanjari Moghaddam et al., 2018). However, the
mechanisms underlying the initiation and spread of inflammation
and the methods through which pathogenic a-synuclein protein are
transported from affected cells to normal cells remain unclear.

Recently, a new mechanism of intercellular communication has
emerged in the form of small extracellular vesicles (EVs). EVs can
be divided into apoptotic bodies, microvesicles, and exosomes.
Apoptotic bodies are 1-5 um in diameter. Microvesicles, which range

in size from 50 to 1000 nm, are produced by the direct germination
and division of the plasma membrane into the extracellular space
(Chan et al., 2019; Yu et al., 2020). Exosomes are bilayer, phospholipid
membrane vesicles formed by the fusion of poly-vesicles and plasma
membranes, with a diameter of 30-100 nm, and appear as double
concave disc-shaped or cup-shaped vesicles when observed under
an electron microscope (EL Andaloussi et al., 2013; Kourembanas,
2015).

Exosome-mediated, neuron-to-neuron a-synuclein transport is
increasingly recognized as a potential cause of PD (Danzer et al.,
2012; Chan et al., 2019). The contributions of neurogenic exosomes
as active participants in the spread of neuroinflammation in
neurodegenerative diseases have been increasingly recognized
(Pascual et al., 2020). Neurons communicate with each other through
exosomes, which can also facilitate the spread of inflammatory
responses (Chan et al., 2019).

Exosome-mediated inflammatory processes are considered a
promising intervention target for the treatment of PD. In this review,
we discuss the role played by exosomes in mediating immune
and inflammatory responses in PD, in addition to their effects on
microglial activation, providing potential therapeutic strategies for
delaying the progression of PD pathogenesis.

Retrieval Strategy

A computer-based online search of the PubMed database was
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performed to retrieve articles published up to January 31, 2021. A
combination of the following text words (MeSH terms) was used to
maximize search specificity and sensitivity: “Parkinson’s disease”;

“inflammation”; “neuroinflammation”; “exosome”; “extracellular

vesicles”; “glial cells”; “neuroglia”; “synucleins”; and “mitochondria.”
The results were further screened by title and abstract, and only
those studies exploring the relationship between inflammation and
exosomes in PD were included to investigate the effects of exosomes
on inflammatory characteristics in PD. No language or study type
restrictions were applied. Articles involving only exosomes in PD

without also examining inflammation were excluded.

Biological Characteristics of Exosomes

Exosomes refer to a special subtype of nanoscale EVs that were
first discovered during the culturing and differentiation of sheep
reticulocytes in the late 1980s (Johnstone et al., 1987) and were first
detected in the blood of healthy people in 2005 (Ren et al., 2011).
Exosomes are secreted from the cytoplasmic membrane into the
extracellular environment due to the budding of the cytoplasmic
membrane. The formation of exosomes can be roughly divided into
three steps (Simons and Raposo, 2009; Bellingham et al., 2012;
Rufino-Ramos et al., 2017; Hessvik and Llorente, 2018; Ortega et al.,
2020), as shown in Figure 1.
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Figure 1 | Formation of exosomes.

The formation of exosomes can be roughly divided into three steps: @

The cell membrane invaginates to form an intracellular vesicle through
endocytosis, also known as an early endosome, which gradually transform
into late endosomes; @ MVBs are gradually formed through the entry

of some “cargo”; @ some MVBs fuse with lysosomes and are degraded,
whereas the remaining vesicles fuse with the cell membrane and are released
to the extracellular space in the form of exosomes. MVB: Multivesicular
bodies; ncRNA: noncoding RNA.

Exosomes are highly rich in tetraspanins (CD9, CD63, CD37, CD81, or
CD82), a protein family located in microdomains of the membrane
that interacts with various transmembrane and cytoplasmic signaling
proteins (Caby et al., 2005; Simons and Raposo, 2009). Molecules
transported within exosomes, including proteins, lipids, DNA, mRNA,
and microRNAs (miRNAs), regulate the functions of recipient cells
by promoting or suppressing gene expression (Chan et al., 2019).
Vesicle-receptive cells can easily translate mRNA transcripts delivered
through exosomes into proteins (Pascual et al., 2020). Multivesicular
bodies (MVBs) are considered to serve as the aggregation site
for miRNA pathway components, mature miRNAs, and target
transcripts (Gibbings et al., 2009), which make MVBs candidates
for the packaging of these elements into exosomes. Yu et al. (2020)
reviewed the potential roles played by exosomes in the pathogenesis,
diagnosis, treatment, and prognosis of PD. Exosomes appear to
be involved in intercellular communications, antigen presentation,
pathogen transmission, the immune response, programmed cell
death, angiogenesis, the inflammatory response, and coagulation,

among other processes (Simons and Raposo, 2009; Bellingham et al.,
2012; Li et al., 2015; Zhang et al., 2015).

Exosomes have been proposed to serve as a new type of disease
marker that can transmit information between cells, contributing to
pathological mechanisms under different conditions (Danzer et al.,
2012). Several studies have confirmed that exosomes play various
roles in the pathogenesis of central nervous system diseases, such
as PD, AD, and prion disease (Ciregia et al., 2017; Chan et al., 2019;
Console et al., 2019). Exosomes in neurodegenerative diseases have
been hypothesized to act as “Trojan horses,” which suggests an
exosome-mediated mechanism for the transport of toxic substances
from one cell to another, leading to cell death (Ghidoni et al., 2008).
Several studies have proposed that exosomes may serve as potential
intercellular carriers of pathogenic proteins that can lead to impaired
neuronal function (Simons and Raposo, 2009; Bellingham et al., 2012).

Interestingly, several mutant genes associated with PD are also
involved in the endocytic pathway, such as leucine-rich repeat kinase
2 (LRRK2) and vacuolar protein sorting-associated protein 35 (VPS35),
further suggesting that exosomes play roles in the pathogenesis of
PD. LRRK2 mutations lead to an abnormal increase in the number of
MVBs, associated with varying morphologies, and the overexpression
of LRRK2 is related to the endocytosis of synaptic vesicles and the
inhibition of neuronal exocytosis (Connor-Robson et al., 2019).
Previous work (Barile and Vassalli, 2017; Longoni et al., 2019; Vilaga-
Faria et al., 2019; Leggio et al., 2020) summarized the roles played
by exosomes in the pathogenesis of PD and supported the potential
application of exosomes as biomarkers or drug carriers in PD.

Role of Exosomes in Neuroinflammation in

Parkinson’s Disease

The relationship between inflammation and PD

Low-grade, chronic, systemic inflammation is a sign of aging and
age-related diseases, such as neurodegenerative conditions (Giunta,
2006; Hou et al., 2019). The involvement of inflammatory responses
in PD was first demonstrated in the 1980s (McGeer et al., 1988).
Specific fluctuations in inflammatory components occur in both
sporadic and familial forms of PD (Collins et al., 2012; Deleidi and
Gasser, 2013; Qin et al., 2016). The autopsy results of PD patients
showed that several pro-inflammatory cytokines and chemokines,
including interleukin (IL)-1pB, IL-2, IL-6, tumor necrosis factor
(TNF)-a, interferon (IFN)-y, C-X-C motif ligand (CXCL)12, C-X-C motif
chemokine receptor (CXCR)4, and intracellular adhesion molecule
(ICAM)-1, are increased in the nigrostriatal system and other brain
regions (Boka et al., 1994; Mogi et al., 1994a, b; Shimoji et al.,
2009; Zhou et al., 2019). Elevated levels of nitric oxide synthase
(iNOS), nuclear factor (NF)-kB, cyclooxygenase (COX)-1, COX-2, and
prostaglandin E2 have also been found in the brains of PD patients
(Salvioli et al., 2006). Serum levels of NOD-, LRR- and pyrin domain-
containing protein 3 (NLRP3) and IL-1B were significantly increased in
PD patients, and NLRP3 levels are linearly correlated with a-synuclein
levels (Chatterjee et al., 2020). Elevated levels of serum inflammatory
biomarkers may indicate the progression of nonmotor impairments in
PD (Vesely et al., 2018). In addition, levodopa therapy in PD patients
may induce oxidative stress through various mechanisms, increasing
the level of inflammatory markers and leading to abnormal biological
mercaptan levels, apoptosis, or possible autophagy-mediated cell
death (Andican et al., 2012). Future studies should focus on oxidative
stress and microglial activation during dopamine metabolism in PD
patients treated with levodopa (Dorszewska et al., 2014).

Increased peripheral inflammation is also associated with PD.
Pro-inflammatory cytokine levels were found to be increased in
cerebrospinal fluid (CSF) and blood samples from PD patients
(Lindgvist et al., 2012; Dursun et al., 2015). A regulatory role for
intestinal microbiota in motor dysfunction and neuroinflammation
in PD models has been proposed (Sampson et al., 2016). The
pathological distribution of a-synuclein in the intestinal submucosal
nerve plexus and the mucosal nerve plexus from the esophagus
to the rectum has been shown in PD. Recent studies suggest that
the pathological distribution of a-synuclein in the gastrointestinal
tract can be activated by the intestinal microflora without the need
for pathogenic or environmental triggers (Caputi and Giron, 2018).
The overstimulation of the innate immune system in response to
intestinal biological dysregulation or the overgrowth of intestinal
bacteria may cause intestinal glial cell activation and local and
systemic inflammation, ultimately triggering the development of
a-synuclein pathology (Sampson et al., 2016). Relationships among
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PD, intestinal microbiota, and intestinal pathogenicity have suggested
that PD is associated with inflammation (Villaran et al., 2010; Prigent
et al., 2019; Qiao et al., 2020). During PD, systemic inflammation is
related to disease severity and rate of progression, and non-neuronal
changes occur even before neurodegeneration is detected (White et
al., 2018).

Currently available evidence suggests that a persistent inflammatory
response, glial cell activation, and T cell infiltration play important
roles in dopaminergic neuronal degeneration in PD (Joshi and
Singh, 2018). The production of reactive oxygen species and pro-
inflammatory cytokines is considered to represent the primary cause
of dopaminergic cell death in PD (Ren et al., 2016). The increased
production of inflammatory cytokines and microglial activation
has been reported in brain tissues from PD patients. Peripheral
inflammation can also increase the inflammatory response in the
brain through a variety of mechanisms, which can trigger, promote,
or aggravate disease development (Liu et al., 2019). Central and
peripheral inflammation occurs during the prodromal phase of the
disease and persists throughout the disease.

Exosomes act as mediators of neuroinflammation in PD

Several studies have emphasized the important roles played by
exosomes in neuroinflammation and neurodegenerative diseases,
particularly in response to toxic or pathological insults in the
brain. Exosomes have potential diagnostic value as biomarkers in
PD, such as miRNA-containing exosomes (Cao et al., 2017). One
study demonstrated that new serum biomarkers could be used
to identify and distinguish PD patients from control individuals
using only a novel, multi-marker discovery approach (sequential
and orthogonalized covariance selection), which indicates that PD
patients present with unique inflammatory characteristics (Calvani et
al., 2020). Circulating exosomes can also migrate through the blood-
brain barrier (BBB) and produce biological effects on the neurons
that internalize those vesicles, resulting in the subsequent release of
exosomes in the central nervous system (Alvarez-Erviti et al., 2011).
Exosomes released from peripheral immune cells, such as activated
monocytes and macrophages, that cross the BBB can be internalized
by neurons and astrocytes, resulting in the functional transfer of
neurotoxic cargo and resulting in cell damage (Gupta and Pulliam,
2014). Inflammatory cytokines, such as IL-13 and TNF-a, can directly
induce the death of dopaminergic neurons.

One study (Han et al., 2019) detected a significant increase in the
inflammatory cytokines TNF-a and IL-1B in serum exosomes obtained
from PD patients. The intravenous or striatal injection of serum
exosomes derived from PD patients can cause protein accumulation,
dopaminergic neuronal degeneration, and microglial activation,
which provides evidence suggesting that the exosome-mediated
transport of inflammatory cytokines further damages dopaminergic
neurons. Exosomes purified from the serum of mice treated with
lipopolysaccharide (LPS) can induce systemic and central nervous
system inflammation (Li et al., 2018). One study purified small EVs/
exosomes from serum samples obtained from older PD patients
and used multiple immunoassays to identify the inflammatory
biomolecules that served as cargo; low-level fusion (multi-platform)
and partial least squares discriminant analysis was used to identify
molecular signatures that were associated with both EVs in PD
circulation and systemic inflammation (Picca et al., 2020). Published
studies exploring the role played by exosomes in the pathogenesis of
inflammation in PD are summarized in Table 1.

Evidence supports a relationship between exosomes, inflammation,
and the immune response. Proteins associated with PD, such as
a-synuclein, are transferred from one cell to another. a-Synuclein
is continuously released into the extracellular space, triggering
an inflammatory cascade (Carriere et al., 2016). Immune cells
can actively secrete exosomes after stimulation or in response to
exosome stimulation. The changes in exosome composition that
regulate gene expression and cell function are associated with the
physiological and pathological status of the cells from which they are
released (Chan et al., 2019); therefore, the exosomes in the blood
or CSF obtained from PD patients at different stages can serve as
potential biomarkers of disease progression.

Role of Exosomes in Neuron-Glia

Communications in Parkinson’s Disease

The role of glial cells in neuroinflammation in PD
Glial cells have long been considered the primary contributors of

cytokine and chemokine production and serve as the major cells
expressing immune receptors in the brain. Microglial cells are the
innate immune cells of the central nervous system (Kreutzberg,
1996), able to cause increased brain inflammation. Recently,
immunoexcitotoxicity induced by microglia has been suggested to
serve as the central mechanism underlying neurodegeneration in
PD pathology (Blaylock, 2017; Joshi and Singh, 2018). Filamentous
a-synuclein aggregates are widely deposited in astrocytes and
oligodendrocytes in PD (Wakabayashi et al., 2000; Braak et al., 2007).
Postmortem and in vivo positron emission tomography scans of PD
patients showed an increased inflammatory response, including
microglial activation (McGeer et al., 1988; Ouchi et al., 2005) and
increased levels of immune markers (Boka et al., 1994; Mogi et al.,
1994b, 1996).

Growing evidence indicates that neurons can also actively initiate
and maintain the innate immune response (Préhaud et al., 2005).
Even in the absence of immune cells, neurons appear capable of
sensing and responding to viral infections (Préhaud et al., 2005). The
interaction between neurons and microglia is bidirectional. Healthy
neurons support resting microglia through membrane-binding
signals, such as CD200 and CX3CL1, which promote the secretion of
neurotransmitters and neurotrophins (Raivich, 2005; Hanisch and
Kettenmann, 2007). Activated microglia can quickly change their
morphology/phenotype and migrate to injured cells, releasing a
large number of neurodegenerative and neuroprotective factors
(Halliday and Stevens, 2011; Yokoyama et al., 2011; Richardson and
Hossain, 2013). Activated microglia produce neurotoxic molecules,
including cytokines, chemokines, complement proteins, and nitric
oxide (NO) (Hanisch and Kettenmann, 2007). Human leukocyte
antigen DR subtype(HLA-DR) is the major histocompatibility complex
Il protein, which is the most widely used marker to describe the
activated microglia in the diseased brain. HLA-DR positive microglia
have a wide range of activation forms (Walker and Lue, 2015). One
study (McGeer et al., 1988) showed the presence of HLA-DR-positive
microglia and Lewy bodies in the substantia nigra of patients with PD.
An increase in the numbers of microglial cells was observed in the
substantia nigra, putamen, hippocampus, olfactory cortex, cingulate
cortex, and temporal lobe cortex of PD patients (Imamura et al.,
2003) relative to normal controls. Other studies have confirmed the
proliferation of activated and reactive astrocytes in PD (Imamura et
al., 2003; Miklossy et al., 2006).

Studies have identified genes associated with immunity and
inflammation that are upregulated in PD, which can directly or
indirectly modulate various immunobiological processes, including
T cell activation, B cell response, and the innate immune response,
such as the activation of macrophages, microglia, and astrocytes
(Deleidi and Gasser, 2013). Studies have also shown that mutations
in Parkin or LRRK2, which are associated with familial PD, can
affect innate immunity (Huang and Halliday, 2012; Allen Reish and
Standaert, 2015; Lee et al., 2017). LRRK2 is highly expressed in
antigen-presenting cells, including microglia, monocytes, and B cells,
and participates in the immune response to pathogens (Miklossy
et al., 2006). Gaucher disease, which is caused by a homozygous
mutation in the GBA1 gene, is characterized by a persistent systemic
inflammatory response, increased levels of pro-inflammatory
molecules, and the loss of neurons, accompanied by the proliferation
of astrocytes and microglia (Mizukami et al., 2002). Furthermore,
LRRK2 and GBA not only affect the degradation of misfolded proteins
in neurons but also regulate phagocytosis and the subsequent
inflammatory response of microglia (Orenstein et al., 2013). Many
PD-associated genes are highly expressed in astrocytes, such as DJ-1
and a-syn, which encodes a-synuclein. DJ-1 regulates the production
of NO and pro-inflammatory cytokines, inhibiting the inflammatory
responses of astrocytes (Waak et al., 2009).

Microglia are considered to be the key regulatory cells of
neuroinflammation. M1 microglia activated in PD regulate pro-
inflammatory cytokines and induce the production of inducible nitric
oxide synthase (iNOS), reactive oxygen species (ROS), and reactive
nitrogen species (RNS) (Janda et al., 2018). Microglia activated by LPS
trigger the activation of Al astrocytes through TNF-a, IL-1a, and Clq
(Liddelow et al., 2017). Astrocytes are regulated by immune cells,
such as monocytes and T cells, which can release neurotoxic factors
and lead to neuronal degeneration in PD.

Microglia and astrocytes promote neuroinflammation in the
substantia nigra, resulting in the death of dopaminergic neurons in
PD. The process of neuroinflammation is associated with primary
immune cell infiltration and microglia, in addition to the activation
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Table 1 | Summaries of studies exploring the roles of exosomes in Parkinson’s disease (PD)-associated inflammation

Authors Country Study subjects

Main conclusions

Han et al., 2019 China 20 Sporadic mild-late-stage
PD patients without any
a-synuclein genetic variants
and 20 controls (sex-and age-

matched)

exosomes.

(1) Significant increases in TNF-a and IL-1p levels were detected in PD patient serum

(2) PD patient serum exosomes contained a higher density of oligomeric and monomeric
a-synuclein than those from controls.
(3) When PD exosomes were injected into the striatum of mice, the levels of IL-18,

a-synuclein, p-synuclein, and P62 increased.
(4) Mice injected with PD exosomes in the striatum showed ipsilateral rotation, and mice
injected with PD exosomes by intravenous injection showed obvious motor deficits.

Calvani et al., 2020 Italy 20 PD patients and 30 age-

matched controls

20 older adult PD patients
and 12 age- and sex-matched
controls

Microglial cells were primed
with LPS for 3 hours and then
treated with Mn for a further
24 hours and compared with
unstimulated or LPS-primed
microglial cells

Rat midbrain

patients.

Picca et al., 2020 Italy

Sarkar et al., 2019 USA

Tsutsumi et al., 2019  Japan

Higher levels of IL-8 and MIP-1B and lower levels of IL-9 and MIP-1a were detected in PD

(1) PD patients had more circulating exosomes than the control group, and the cell flux level
of MQC was severely impaired.
(2) CD9, CD63, ATPSA, NDUFS3, and SDHB levels were lower in PD patients.

(1) ASC loaded in the exosome can stimulate the activation of inflammatory bodies in
adjacent cells.

(2) Exosomes isolated from welder serum-stimulated the expression of NLRP3 and pro-IL-18,
further validating the role of exosomes in modulating inflammasome propagation.

Exosomes were involved in the effects of microglial activation on dopaminergic

neurodegeneration.

Harischandra et al., USA

2018

MNO9D-Syng cell line and
MNO9D-EV;, cell line (300 mM
MnCl, exposure for 24 h)

Picca et al., 2019 Italy

age-matched controls

(1) The miRNA released by the PD cell model involves a variety of biological processes, such
as mitochondrial function, inflammation, autophagy, and protein aggregation.
(2) MiR-125b (known pro-inflammatory miRNA) increases significantly.

20 PD patients and 20 sex- and Isolated sEVs were used to identify the mitochondrial components, in particular respiratory
chain complex subunits and mtDNA and MQC factors.

ASC: The NLRP3 inflammasome oligomeric complex is composed of an adapter protein ASC (apoptosis-associated speck-like protein containing a CARD); ATP5A:
adenosine triphosphate 5A; IL-8: interleukin-8; IL-9: interleukin-9; LPS: lipopolysaccharide; MIP-1a: macrophage inflammatory protein 1-a; MIP-1B: macrophage
inflammatory protein 1-3; MN9D-EVGFP: vector control of MN9D dopaminergic cell; MN9D-SynGFP: GFP-positive a-synuclein-expressing MN9D dopaminergic
cell; MQC: mitochondrial quality control; NDUFS3: NADH ubiquinone oxidoreductase subunit S3; NLRP3: nucleotide-binding and oligomerization domain-like
receptor family pyrin domain-containing 3; SDHB: succinate dehydrogenase complex iron-sulfur subunit B; TNF-a: tumor necrosis factor-a.

of reactive glial hyperplasia and neuronal death (Lee et al., 2019).
Glial cells activated under neuroinflammatory conditions release
pro-inflammatory and neurotoxic factors, leading to neuronal
damage and neurodegeneration. Glial cells play a dual role, providing
nutritional support to neurons and can provide neuroprotective
support for neurons under certain stress conditions. For example,
a-synuclein treatment trigger a defensive response by microglia to
protect neurons from damage; however, excessive or denatured
a-synuclein treatment can result in the overactivation of microglia,
and the deposition of a-synuclein in astrocytes can initiate the
release of damaging microglial factors that result in neuronal cell
death (Zhang et al., 2017).

Glial cell-derived exosomes in PD-associated neuroinflammation
Microglia or macrophages in the central nervous system can clear
pathogens and regulate neuroinflammation (Franco and Fernandez-
Suarez, 2015). Glial cells secrete exosomes in response to different
stimuli, and these exosomes have both protective and toxic effects
on the nervous system. Glial cell-derived exosomes (GDEs) have
been proposed to mediate glial cell functions and are essential for
the interaction between neurons and glial cells (Fruhbeis et al.,
2012; Pascual et al., 2020). Exosome transfer to neurons is mediated
by oligodendrocytes, microglia cells, and astrocytes, which may be
involved in either supporting neurons or transmitting diseases (Brites
and Fernandes, 2015). GDEs can promote communications between
glial cells and neurons and mediate anti-stress and anti-inflammatory
responses and axon growth (Li et al., 2019). GDEs mediate the
functions of parental cells by transporting mutated genes, damaged
proteins, and pathogens to all cell types, which can lead to the
onset of PD. GDEs also regulate neuroinflammation by transporting
relevant proteins and miRNAs (Li et al., 2019). Simultaneously,
a-synuclein can induce microglia to produce exosomes that are
rich in major histocompatibility complex class Il (MHC-II) and pro-
inflammatory cytokines, such as TNF inducing neuronal apoptosis in
a TNF-dependent manner (Chang et al., 2013).

Compared with other types of neurons, dopaminergic neurons are
particularly vulnerable to inflammatory mediators, which may be
due to the fact that microglia, which are highly responsive to pro-
inflammatory stimuli, are enriched in areas containing dopaminergic
neurons (Lawson et al., 1990; Chistiakov and Chistiakov, 2017). Glial
exosomes containing inflammatory molecules can communicate
with neurons and promote the occurrence and development of PD
(Pascual et al., 2020). A previous study (Han et al., 2019) found that

the intravenous or striatal injection of serum exosomes derived from
PD patients to mice can cause protein aggregation, dopaminergic
neuronal degeneration, microglia activation, and motor deficits.

Oligodendrocytes release exosomes that contain myelin, glycolytic
enzymes, and typical exosome-associated proteins, among other
components, to maintain axonal integrity (Fruhbeis et al., 2013).
Astrocytes are involved in maintaining BBB integrity and regulating
synaptic function. Type Al reactive astrocytes lose their neurotrophic
capacity and upregulate pro-inflammatory pathways, with toxic
effects on synapses and neurons (Goetzl et al., 2018). Neurons
communicate with astrocytes by secreting exosomes, resulting in
neuron-dependent modifications of glutamate transporter expression
(Pascual et al., 2020). Astrocyte-derived exosomes can also transport
misfolded pathogenic proteins or abnormally expressed miRNAs to
neurons, where they act to initiate or spread neuroinflammation
(Gupta and Pulliam, 2014; Pascual et al., 2020).

GDEs are generally viewed to act as active participants in the spread
of PD-associated neuroinflammation. GDEs can transfer a-synuclein
between neurons and glial cells, promoting the transmission of PD.
GDEs can even contain immune receptors, such as Toll-like receptor 4
(TLR4) and NLRP3, which can respond to tissue damage by releasing
cytokines, chemokines, and inflammatory mediators. GDEs can
spread to other glial cells and neurons, resulting in gradual disease
progression.

Exosome-derived a-synuclein and microglia activation in PD

The role of exosome-derived a-synuclein in PD

The aggregation of neurotoxic a-synuclein in dopaminergic neurons
represents a pathological feature of PD (Rocha et al., 2018). A
presynaptic neuronal protein, a-synuclein, has been observed as
EV cargo (Vella et al., 2016). The vesicle-mediated exocytosis from
normal cells may be the primary source of extracellular a-synuclein.
The level of a-synuclein found in exosomes derived from the central
nervous system of patients with PD is significantly higher than that
from healthy controls and correlates with disease severity (Shi et al,,
2014).

The level of a-synuclein in plasma neuronal exosomes in PD patients
was also significantly higher than that in healthy controls (Niu et al,,
2020). The formation of large quantities of MVBs may lead to the
accumulation of exosomes rich in toxic forms of a-synuclein, which
can spread the pathological protein to neighboring cells, enhancing
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the disease process (Gupta and Pulliam, 2014; Brundin et al., 2016;
Riazifar et al., 2019). Exosomes catalyze the polymerization kinetics
and promote the aggregation of a-synuclein (Grey et al., 2015).
Compared with free a-synuclein monomers, a-synuclein oligomers
contained in exosomes are taken up more easily by target cells and
spread more efficiently. Previous work showed that exosomes could
efficiently transport a-synuclein oligomers between neurons and
induce the a-synuclein oligomerization in normal neurons, promoting
the transmission of pathological synuclein (Danzer et al., 2012).

When soluble a-synuclein binds to microglial cell surface receptors,
such as TLR2 or TLR4, it may indirectly lead to an increase in oxidative
stress, activating inflammatory pathways involving NF-kB and
mitogen-activated protein kinase (MAPK) (Kim et al., 2016; Zhang et
al., 2017). The TLR2 subtype is considered to be highly specific for the
neuroinflammatory response of PD microglia. TLR4 not only senses
extracellular a-synuclein and induces the signaling cascade involved
in the inflammatory response but also promotes the clearance of
a-synuclein through microglial phagocytosis (Zhang et al., 2017).
The induction of NF-kB in microglia and other classical inflammatory
pathways is also associated with the activation of astrocytes, which
rapidly upregulate inflammatory signaling molecules, such as
iNOS, which produces NO (Bauernfeind et al., 2009; Rocha et al.,
2018). Treatment with a-synuclein does not result in NF-kB nuclear
translocation in TLR4-deficient microglia, and the release of pro-
inflammatory cytokine/chemokines was blocked, suggesting a role
for TLR4 in the mediation of the inflammatory response to a-synuclein
(Fellner et al., 2013). Exosomes from the CSF of PD patients can
induce the oligomerization of soluble a-synuclein in target cells,
further aggravating the disease (Stuendl et al., 2016). Additionally,
activated exosomes can increase apoptosis, further supporting the
hypothesis that exosomes can mediate neurodegeneration.

Exosomes are important mediators of the transmission of a-syn
between cells, and a-syn can be detected both inside the exosome
and on the surface of the exosomal membrane. The a-syn derived
from the central nervous system is secreted from cells through
exosomes in a calcium-dependent mechanism (Luo et al., 2016);
therefore, the plasma exosome a-syn may reflect the state of
the central nervous system. Toxic forms of aggregated a-syn and
inflammatory factors can be effectively packaged into exosomes,
activate the inflammatory cascade reaction, and induce the death
of healthy neurons (Xia et al., 2019). The injection of exosomes
containing antisense oligonucleotides 4 (Exo-ASO4) into the ventricle
of a-syn A53T transgenic PD mice significantly decreased the
expression of a-syn and reduced aggregation (Yang et al., 2021).

Microglia activation mediated by a-synuclein in PD
Current evidence suggests that aggregation and modification of
a-synuclein are the main primary inducers of microglial activation

(Lee, 2008), suggesting that a-synuclein is released during the early
disease stage as an endogenous disease-related signal that activates
microglia to release pro-inflammatory molecules (Chang et al.,
2013; Mosley et al., 2013). Consistent with this idea, extracellular
a-synuclein is absorbed by neurons and microglial cells in vitro. The
delivery of a-synuclein stored in exosomes to target cells can lead to
the accumulation of a-synuclein (Stuendl et al., 2016). Concentrated
toxic forms of a-synuclein are generally cleared by astrocytes and
microglia, but the excessive uptake of a-synuclein by glial cells can
result in the formation of glial inclusions, which further aggravate
the inflammatory response and lead to neurodegenerative changes
(Vekrellis et al., 2011).

Neurons and other types of cells, including astrocytes, can
internalize a-synuclein released by pathological neurons, resulting
in the formation of pathological inclusion bodies and subsequent
inflammation in the recipient cells (Lee et al., 2010). Under healthy
conditions, astrocytes express a-synuclein at low levels or not at
all (Lee et al., 2010). Misfolded a-synuclein causes microglia to
activate and release toxic cytokine factors, which can metabolize and
cleave natural a-synuclein, inducing misfolding and aggregation and
resulting in the formation of pathological inclusion bodies (Guo et
al., 2020). Misfolded synaptic proteins are released from cells and
can be ingested by microglia, which causes them to be activated by
the release of toxic cytokines, continuing a vicious circle. The release
of various toxic cytokines by microglia can lead to the misfolding of
a-synuclein in nearby cells, promoting the selective transmission and
reproduction of synuclein pathology in vulnerable cell populations
(Olanow et al., 2019) (Figure 2). In general, exosomes may be
involved in various stages of the inflammatory process, including
neuron-to-neuron communication, neuron-to-glia communication,
and glia-to-glia communication. Exosomes provide an environment
for a-syn aggregation and may promote the aggregation of a-syn
oligomers. a-Syn induces the activation of microglia and astrocytes,
and activated microglia, astrocytes, and T cells can interact to
increase the release of humoral and pro-inflammatory cytokines,
aggravate neuroinflammation and ROS production, and promote
neuronal death (Yu et al., 2020) in a vicious cycle that exacerbates PD
disease progression (Figure 2).

Other studies have found that a-synuclein can induce microglia to
secrete exosomes containing high levels of MHC and TNF-a (Chang
et al., 2013), indicating that activated microglial exosomes may play
important regulatory roles in a-synuclein-induced PD. Neuronal
exosomes transmit misfolded a-synuclein to healthy neurons
and astrocytes in PD, transport toxic a-synuclein oligomers to the
extracellular environment, and induce inflammation and cell death
(Lee et al., 2010). During sterile inflammation, molecules associated
with aging and neuronal death may activate TLRs in neurons and glial
cells to initiate a protective or harmful signaling cascade (Deleidi and
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Gasser, 2013). Pro-inflammatory and anti-inflammatory microglia
can coexist, and anti-inflammatory molecules have been found in
the CSF of PD patients, suggesting that microglial cells can play a
variety of functions throughout the disease course. Microglia can
both stimulate EVs to regulate synaptic transmission and enhance
excitatory nerve transmission (Paolicelli et al., 2019) and produce
immunomodulatory exosomes containing MHC-I, MHC-II, and
inflammation-related miRNAs (Pascual et al., 2020).

These findings suggest that a-syn can positively regulate the
inflammatory responses of microglia (Su et al., 2008). The
overexpression of synaptophysin leads to an increase in the number
of activated microglia found in the substantia nigra pars compacta,
resulting in dopaminergic neuronal loss (Ren et al., 2016). Activated
microglia act through different receptors to trigger different signaling
pathway cascades associated with various inflammatory responses,
such as NF-kB, phosphoinositide 3-phosphate (PI3K)/protein kinase
B (AKT), TLR4-myeloid differentiation factor 88 (MyD88), P38, and
extracellular signal-regulated kinase (ERK)1/2 MAPKs, which reduce
the a-synuclein clearance ability, promoting the accumulation and
transmission of a-syn and aggravating the loss of dopaminergic
neurons and chronic neurodegeneration in PD (Klegeris et al.,
2008; Prabhakaran et al., 2011; Cao et al., 2012; Su et al., 2014;
Kim et al., 2016). Although the differential effects associated with
monomeric and oligonucleotide synuclein interactions in microglia
remain controversial, TLR2, TLR4, and the NLRP3 inflammasome are
generally thought to be involved in the activation mechanisms of
microglia (Ren et al., 2016).

Mitochondrial-Derived Vesicles and

Inflammation

Mitochondrial dysfunction is related to PD, and increased oxidative
stress promotes the abnormal folding and aggregation of proteins
such as a-synuclein (Bouvier-Muller and Duconge, 2018). One
study (Picca et al., 2019) identified specific inflammatory factors in
mitochondria-derived exosomes obtained from blood samples from
older PD patients. Mitochondrial DNA causes a series of inflammatory
reactions through exosomes or other pathways, which participate
in neuroimmunological disorders and lead to the spread of disease
(Gambardella et al., 2019). Mildly damaged mitochondria can be
activated by phosphatase and tensin homolog (PTEN)-induced kinase
(PINK1) and Parkin to produce mitochondrial-derived vesicles (MDVs)
(Mouton-Liger et al., 2017). MDVs form MVBs, which fuse with the
plasma membrane and release exosomes that cause inflammation.

Current research regarding the mitochondrial indicators associated
with PD exosomes has focused on mitochondrial DNA (mtDNA)
and mitochondrial quality control (MQC) mechanisms (Franco-
Iborra et al., 2018). In addition to the mitochondria-lysosomal axis,
EV transport is considered to be an additional dimension of MQC.
Proper MQC processes (i.e., mitochondrial protein stability, dynamics,
and autophagy) can ensure the dynamic balance of organelles.
New evidence suggests that circulating cell-free mtDNA serves as
a damage-related molecular pattern (DAMP), which represents
a functional link between mitochondrial damage and systemic
inflammation (West et al., 2015; Picca et al., 2017). As a consequence
of failed MQC, mitochondria release DAMPs that trigger inflammation
by interacting with receptors involved in pathogen-related responses
(Picca et al., 2019). Although the release of MDVs can trigger the
clearance of dysfunctional organelles and avoids the transient
release of intracellular toxic substances, aseptic and inflammatory
immune responses may be induced through the activation of pattern
recognition receptors on the cell membrane or in the cytoplasm
(Picca et al., 2018). Extracellular vesicle transport also removes
damaged organelles by producing MDVs, participating in MQC.
The trafficking of EVs may also link inflammation to mitochondrial
dysfunction. Extracellular mtDNA can trigger inflammatory responses
by activating binding sites for the hypomethylated CpG motif, which
resemble those found in bacterial DNA (Picca et al., 2019). Bacterial
DNA that contains unmethylated CpG motif activates the release of
pro-inflammatory cytokines by immune cells. These regions bind and
activate membrane or cytoplasmic pattern recognition receptors,
such as TLRs and nucleotide-binding oligomerization domain (NOD)
-like receptors (Collins et al., 2004). Furthermore, the dysfunction
of these mtDNA subunits may be related to insufficient protein
clearance due to reduced secretion of MDVs in PD (Bouvier-Muller
and Duconge, 2018). MDVs and the production and release of
exosomes link PINK1 and Parkin signals to mitochondrial dysfunction
and inflammation in PD (Matheoud et al., 2016; Picca et al., 2019).

These observations have established a new mechanism linking
mitochondrial dysfunction to systemic inflammation associated with
PD.

Recent evidence supports that EV transport is related to inflammation
and mitochondrial dysfunction. The identification of mitochondrial
characteristics has indicated the presence of MDVs among EVs.
The reduced secretion of MDVs was detected in PD, indicating
impaired MQC flux. One consequence of a failed MQC is the release
of mitochondrial-derived DAMPs, which can induce caspase-1
activation and the release of pro-inflammatory cytokines (Krysko et
al., 2011). Mitochondrial-induced damage, especially the presence
of cell-free mtDNA, has recently been thought to be associated with
chronic inflammation (Picca et al., 2018). Cell-free mtDNA has been
identified in exosomal-released molecules, and damaged mtDNA
can trigger inflammation through three different signaling pathways,
including TLR signaling, NLRP3 inflammasomes, and cytosolic cyclic
GMP-AMP synthase (cGAS)-stimulator of interferon genes (STING),
which is a DNA sensing system-mediated pathway (Picca et al., 2018).
However, changes in MQC and the release of MDV may represent
signs of mitochondrial dysfunction, triggering systemic inflammation
in PD. More research and exploration remain necessary.

Treatment of Parkinson’s Disease-Related

Inflammation Based on Exosomes

Peripheral inflammation can be targeted, and neurodegeneration
can be prevented without affecting the host’s immune system
(Deleidi and Gasser, 2013). The long-term use of non-steroidal anti-
inflammatory drugs (NSAIDs) has been suggested to reduce the risk
of developing sporadic PD and may delay or prevent the occurrence
of PD (Bornebroek et al., 2007; Esposito et al., 2007; Rees et al.,
2011). However, a meta-analysis concluded that NSAIDs did not
affect the risk of PD at the population level (Poly et al., 2019). The
effects and protective mechanisms of NSAIDs on the risk of PD
remain controversial; therefore, new anti-inflammatory strategies
should be explored.

At present, one of the most serious clinical problems is the lack of
an optimized drug delivery system that will enable drugs to cross
the BBB for the treatment of PD and has the ability to target specific
tissues for the delivery of therapeutic doses to target regions without
inducing immune responses and toxicity (van den Boorn et al., 2011).
Although the viral-mediated delivery of therapeutic agents has been
proposed for PD treatment, virus particles can be removed from
the body by antibodies, or they may activate the immune response,
making repeated administration challenging (Waehler et al., 2007).

In many pathologies, exosomes have been shown to improve
diagnosis and disease surveillance, and exosomes have emerged
as potential carriers for the targeted delivery of pharmacological
compounds and gene therapy (Haney et al., 2015; Barile and Vassalli,
2017). After central nervous system injury, exosomes can cross the
cell membrane and the BBB and transfer brain antigens to peripheral
tissues, activating the innate immune response (de Rivero Vaccari et
al., 2016). Exosomes are considered an ideal choice for drug delivery
because of their low immunogenicity, their prion-like activity, their
ability to transport molecules and interact with target cells, and
the ease of manipulation for the administration of personalized
drugs (Brites and Fernandes, 2015). The use of exosomes can evade
immune activation, encourage uptake by target cells, and solve many
other problems in the field of drug delivery, as well as prevent the
degradation of cargos.

Exosome-based drug delivery systems were initially applied to AD
a decade ago (Alvarez-Erviti et al., 2011). The intravenous injection
of exosomes loaded with anti-BACE1 small interfering RNA targeted
neurons, microglia, and oligodendrocytes into the brains of mice
induced the downregulation of BACE1 expression (Alvarez-Erviti et
al., 2011). One study (Sun et al., 2010) proposed the encapsulation
of anti-inflammatory agents, such as curcumin, within exosomes to
treat inflammation, and a subsequent study showed that curcumin
loaded into exosomes and administered through the nose reduced
inflammation in the brains of mice (Zhuang et al., 2011). Strategies
for loading contents into exosomes continue to be optimized (Porro
et al., 2019). A specific mRNA packaging device and a cytoplasmic
delivery assist device have been successfully developed to
significantly increase cell-to-cell communication without the need
to concentrate exosomes (Kojima et al., 2018). Haney et al. (2011,
2013) also developed an exosomal-based antioxidant catalase
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delivery system and demonstrated that ROS levels were significantly
reduced compared to non-exosome exposed macrophages. Exosome-
delivered catalase has been shown to reduce neurotoxicity and
neuroinflammation in both in vitro and in vivo models of PD (Haney
et al., 2015; Kojima et al., 2018). One study demonstrated significant
therapeutic effects by loading exosomes with dopamine in in vitro
and in vivo models of PD, which significantly reduced the systemic
toxicity associated with free dopamine (Qu et al., 2018).

The roles played by exosomes secreted by monocytes and
macrophages in neuroinflammation provide an unprecedented
opportunity for the treatment of PD, providing a mechanism that
would avoid interference from mononuclear phagocytes and
promoting the delivery of drugs to targeted cells. Furthermore,
a method for the isolation of exosomes from bone marrow
mesenchymal stem cell (MSC)-conditioned medium has been
widely developed (Kourembanas, 2015). MSC-derived secretions
or exosomes have been successfully used as a potential therapy to
combat the progression of PD and improve symptoms, resulting
in similar therapeutic effects as MSC transplantation, including
reduced neuroinflammation, enhanced antioxidant capacity, and
the increased expression of neurotrophic factors (Chen et al., 2020;
d’Angelo et al., 2020). Exosomes carrying miRNAs or other molecules
can improve the therapeutic efficacy of MSC transplantation (Porro et
al., 2019). miRNA-7 targets the NLRP3 inflammasome and suppresses
nigrostriatal a-syn to modulate neuroinflammation during the
pathogenesis of PD (Zhou et al., 2016). Antago-miR-155 also reduced
microglial activation and neuroinflammation (Thome et al., 2016).

In summary, exosomes are becoming a promising tool for PD
inflammation therapy (Wani et al., 2020). The selected components
of naturally secreted exosomes can be combined into nanoparticles
or liposomes to enhance stability, immunogenicity, targeting, and
uptake (Barile and Vassalli, 2017). Exosomes can regulate the
immune system as a carrier of antigen presentation molecules but
also act as an immunosuppressive factor to prevent inflammation (Fu
et al., 2020; Lindenbergh et al., 2020). Future efforts should focus on
improving the manufacturing process, properties, and safety issues
associated with exosomes to move these therapies closer to clinical
practice.

Conclusions

Exosomes have been proposed to serve as possible biomarkers and
pluripotent therapeutic delivery systems for PD. Exosomes participate
in the inflammatory response of PD, which involves glial cell activation
and infiltration by peripheral immune cells. The relationships linking
different forms of glial cell activation, a-synuclein, and exosomes
are complex. Exosomes can induce both pro-inflammatory and anti-
inflammatory effects and can be used as therapeutic agents. The
neuroinflammatory response is regulated by immune cells (such as
microglia, astrocytes, and peripheral immune cells), cytokines, and
chemokines (Pascual et al., 2020). The blockade of Al astrocyte
transformation through M1 microglial activation has been proposed
to serve as a protective mechanism for dopaminergic neurons in a
PD disease model (Yun et al., 2018). A better understanding of how
to induce different astrocytic phenotypes in a controlled manner may
help control harmful neuroinflammatory responses and facilitate the
development of new therapies for neuronal repair in PD.

Although changes in MQC and the release of MDVs may indicate
the presence of systemic inflammation caused by mitochondrial
dysfunction in PD, whether and how mitochondrial DAMPs are
involved in the inflammatory response remain unclear. Although
a considerable number of analytes have been detected, which
may provide more insights into the relationship between EVs
transport, inflammation, and mitochondrial dysfunction in PD,
the causal relationship between these various mediators and
the pathophysiology of PD has not yet been determined. Further
exploration of exosomes containing specific genes or expressed
proteins for use as potential biological markers remains necessary.
How to accurately judge disease progression and how to ensure the
specificity and stability of disease markers based on the detection
of specific factors in exosomes remain goals of research efforts.
GDEs have shown potential for triggering regeneration, in addition
to pro- or anti-inflammatory and anti-stress effects for treating PD,
which merits further exploration. Furthermore, how to make full
use of exosomes derived from MSC, how to further enhance the
therapeutic effects of exosomes, how to improve the drug loading
of exosomes, and how to achieve accurate treatment remain future
research directions.
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