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Abstract: Microglial cells are the neuroimmune competent cells of the central nervous system. In
the adult, microglia are responsible for screening the neuronal parenchyma searching for alterations
in homeostasis. Chronic neuroinflammation plays a role in neurodegenerative disease. Indeed,
microglia-mediated neuroinflammation is involved in the onset and progression of several disorders
in the brain and retina. Microglial cell reactivity occurs in an orchestrated manner and propagates
across the neural parenchyma spreading the neuroinflammatory signal from cell to cell. Extracellular
vesicles are important vehicles of intercellular communication and act as message carriers across
boundaries. Extracellular vesicles can be subdivided in several categories according to their cellular
origin (apoptotic bodies, microvesicles and exosomes), each presenting, different but sometimes over-
lapping functions in cell communication. Mounting evidence suggests a role for extracellular vesicles
in regulating microglial cell action. Herein, we explore the role of microglial extracellular vesicles
as vehicles for cell communication and the mechanisms that trigger their release. In this review we
covered the role of microglial extracellular vesicles, focusing on apoptotic bodies, microvesicles and
exosomes, in the context of neurodegeneration and the impact of these vesicles derived from other
cells in microglial cell reactivity.
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1. Introduction

Microglial cells are the main neuroimmune cells of the central nervous system (CNS)
that comprise 5-12% of the cells in brain [1] and 0.2% of total retinal cells [2]. In the adult
brain and retina, microglia have three main essential functions: (i) sentinel function that
involves a constant scanning of the environment with their highly dynamic processes,
(ii) physiological housekeeping function that includes synaptic remodeling and migration
to sites of neuronal death to phagocyte dead cells and (iii) protection against detrimental
agents (reviewed in [3]). Despite their role on the maintenance of homeostasis, microglia
are deeply involved in neuroinflammation, since a sustained response of microglia can
have deleterious effects. Upon activation, microglia become highly mobile, decrease in size,
retract their processes and release a plethora of factors that include inflammatory cytokines,
chemokines and reactive oxygen species [3-5]. Together with all these soluble factors
microglia also secrete extracellular vesicles (EVs) [6], which are involved in intercellular
communication. Small EVs are capable of transmitting signals across tissue boundaries
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and of specifically targeting different cell types. In addition, EVs derived from other cells
can also interact with microglial cells shaping their phenotype and function. Herein, we
explore the role of microvesicles and exosomes released by microglial cells in neurodegen-
eration and also how the EVs shed by other cells may influence microglial cell function
contributing to neurodegeneration. In this work, the distinction between microvesicles and
exosomes was made based on the isolation methods and identification described in the
original studies.

2. Contribution of Microglia to Neurodegeneration

In several neurodegenerative diseases, microglia become activated and change their
transcriptional profile, morphology and function (reviewed in [7]). These activated mi-
croglia can perform different functions and exert beneficial or detrimental actions. Acti-
vated microglial cells produce and release neuroprotective factors, drive the inflammatory
response in order to remove the damaged cells by phagocytosis and orchestrate neu-
rorestorative processes [8]. The involvement of microglia and EVs has been explored in the
context of several CNS disorders. Herein, we provide a comprehensive summary of the
contribution of microglial cells to the conditions where EVs were shown to play a role, like
traumatic brain injury, Alzheimer’s and Parkinson’s diseases, glaucoma and retinopathy of
prematurity.

In the context of Alzheimer’s disease (AD), activated microglia are found surrounding
pathological amyloid-f3 (AB) plaques [9], one of the major pathological hallmarks of this
condition [10]. In experimental models, microglia also cluster around plaques [10], and
the number and size of microglia increase in proportion to the size of the plaques [11,12].
The demonstration that microglia rapidly migrate toward new plaques [13,14] engulfing
Ap [14,15] suggests that activated microglia may be protective to some extent in the
setting of A} pathology [9,13-15]. Moreover, the fact that microglial processes wrap
around Af} plaques acting as a physical barrier and preventing the outward extension of
amyloid fibrils was identified as a protective function of microglia [16]. The gene TREM2
(triggering receptor expressed on myeloid cells 2) is highly expressed in microglia [17].
Several studies identified a mutation in TREM2 that is one of the genetic risk factors for
developing AD [18,19], providing a clear link between microglia dysfunction and AD. The
degree of neuronal loss in AD correlates with a downregulation of homeostatic microglial
genes [20]. This loss of homeostatic microglial genes has been also observed in multiple
sclerosis (MS) [21], which is a chronic inflammatory demyelinating disease of the CNS that
progresses to profound neurodegeneration in the brain and spinal cord [22].

Despite different triggering events, neuroinflammation mediated by microglia is
a common feature that drives progressive neuronal damage in multiple neurological
disorders [23,24]. Although the initial activation of microglia is beneficial for clearing toxic
AP from the brain in AD, over time the chronic stimulation of microglia by A may also be
deleterious and lead to prolonged inflammation, excessive A3 deposition and acceleration
of the neurodegenerative process [25].

Parkinson’s disease (PD) is characterized by a progressive dopaminergic neurodegen-
eration and Lewy bodies formation, which are formed by the aggregation of misfolded
a-synuclein in the substantia nigra [26]. It was demonstrated that x-synuclein triggers
microglial activation [27,28] and in vivo imaging and post-mortem immunohistochem-
ical studies revealed the presence of activated microglia in the substantia nigra of PD
patients [29-32]. Since several cytokines including interleukin (IL)-13, IL-2, IL-4, IL-6,
transforming growth factor-f3 and tumor necrosis factor (TNF) were found to be increased
in the brains of PD patients [33], inflammation was proposed as a hallmark of PD [34].
Additionally, interferon-y (IFN-y), another critical inflammatory cytokine, plays a crucial
role in microglial-mediated dopaminergic neurodegeneration [35]. Together these data
suggest an important role for microglia in the pathogenesis of PD. In fact, microglia ac-
tivation contributes to cognitive impairments in a rotenone-induced PD mouse model,
and the depletion of microglia using pexidartinib (PLX3397), a tyrosine kinase inhibitor
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of colony stimulating factor 1 receptor that hinders microglia survival, or inactivation
of reactive microglia with minocycline treatment ameliorates the cognitive deficits and
neuronal damage [36].

Traumatic brain injury (TBI) leads to chronic and progressive neurodegenerative
changes, being microglial-mediated neuroinflammation an important secondary injury
mechanism [37]. Chronic inflammatory response has a preponderant role in TBI, since
it was demonstrated that microglia activation can persist for months and years in exper-
imental models and in humans that experienced TBI [37-39]. It was demonstrated that
decreasing microglia activation, using pharmacologic or physical interventions, limits
progressive neurodegeneration and improves neurological recovery [40-42]. Moreover,
the depletion of microglia during the chronic phase of experimental TBI, with subsequent
repopulation of microglia, reduces chronic neuroinflammation, improves neurological
recovery (sensori-motor and cognitive function) and decreases neurodegeneration [43].

Microglia-mediated neuroinflammation also contributes to chronic and progressive
neuronal loss in retinal degenerative diseases [5]. Indeed, microglia reactivity has been asso-
ciated with the onset and progression of many ocular diseases like, glaucoma, retinopathy
of prematurity, diabetic retinopathy and age-related macular degeneration [5,44]. Although
with different etiologies, in all of these diseases microglial cells orchestrate a proinflamma-
tory response that culminates in the loss of retinal neurons and dysfunction of the visual
pathway [5,44,45]. Although microglia represent an important player in retinal diseases
the role of microglia EVs in the retina is still scarcely explored, with studies in glaucoma
and retinopathy of prematurity [46,47]. Glaucoma is currently largely recognized as a
neurodegenerative disease [48,49], and is characterized by loss of retinal ganglion cells
(RGCs), damage of their axons and optic nerve atrophy [50]. The immune system has
received increasing attention, having a pivotal role in the initiation and propagation of
the neurodegenerative process [5]. Microglia activation has a preponderant role in glau-
comatous damage [45], and the control of microglia-mediated neuroinflammation was
demonstrated to confer protection to RGCs [5,51,52]. The concept that microglia are central
players in the pathophysiology of glaucoma arises with the observation that microglia
activation occurs earlier than RGC loss and even before elevation of intraocular pressure,
the main risk factor for glaucoma onset and progression, in the DBA /2] mouse model of
glaucoma [53].

Retinopathy of prematurity is a neurovascular complication leading to childhood
blindness [54]. This disease is characterized by initial arrested retinal vascularization
followed by neovascularization and subsequent retinal detachment causing permanent
visual loss [55]. The complement system is implicated in the disease. Complement acti-
vation regulates microglia/macrophage activation in the retina and vitreous that creates
an imbalance in angiogenic and antiangiogenic factors [56]. The understanding of how
microglia communicate through EVs and the mechanisms that are able to control their
response is of the utmost importance to tackle neurodegenerative diseases.

3. Extracellular Vesicles

The maintenance of the homeostasis, integrity and proper function of an organism
or system relies in a fine-tuned communication between the different cells by which
it is composed. Among these conveyers of information are EVs, membrane-enclosed
nanoscale particles, released by virtually all prokaryotic and eukaryotic cells as part of
their normal physiology and in response to injury, being associated with tissue/organ
remodeling and implicated in pathology development. Although initially perceived as
innocuous packages of cell “trash”, in the last years EVs have gained particular attention
as players of a more orchestrated and comprehensive strategy of a cell response to internal
and external cues [57]. Indeed, EVs are now consistently considered as a way of the
cells producing them to modify their molecular landscape and get rid of unnecessary or
unwanted constituents. Production of EVs helps to maintain cellular homeostasis, and more
importantly, upon release EVs act as crucial vehicles for long distance information exchange
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between cells, thus assisting in tissues and organs crosstalk. EVs have been associated
with viral pathogenicity /spreading, immune responses, cancer progression, neuronal and
cardiovascular diseases [58-64]. Depending on their origin and mechanism of biogenesis,
EVs can carry multiple cell constituents, including nucleic acids namely mRNA, noncoding
RNA species and DNA, metabolites, proteins and lipids [65-67]. Moreover, the presence
in easily accessible biological fluids make EVs powerful clinical tools to help in disease
diagnosis and prognosis [68,69]. Since they can not only mirror the pathophysiological
state of disease-causing cells but also the general physiological state of the organisms. EVs
have also been considered as promising therapeutic vehicles for many diseases, including
cancer and neurodegenerative diseases [70,71].

Due to the difficulty in assigning an EV to a particular biogenesis pathway, mainly due
to the lack of specific markers of EV subtypes, the International Society for Extracellular
Vesicles (ISEV) has established guidelines to isolate and classify different types of EVs
and non-vesicular nanoparticles like exomeres [72]. Accordingly, it is suggested that EVs
should be referred using operational terms like descriptions of conditions or cell of origin,
biochemical composition or physical characteristics such as size [73]. However, in general
terms and according to their biogenesis, EVs can be divided into two main categories:
exosomes and ectosomes or shedding vesicles (Figure 1).
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Figure 1. Schematic representation of the mechanisms involved in EV biogenesis and release. Mi-
crovesicles are shed into the extracellular space by direct budding of the plasma membrane. Apoptotic
bodies are released by membrane blebbing of apoptotic cells upon cell disintegration. Exosomes are
small EVs derived from the endocytic pathway that are released into the extracellular milieu by the
fusion of the MVBs with the plasma membrane. During their formation MVBs can either release their
content into the extracellular space through exocytosis or alternatively fuse with lysosomes leading
to vesicle degradation.

Exosomes are small EVs, with a size range from approximately 40 to 160 nm in diam-
eter, formed by the inward budding of the endosomal membrane, which gives origin to
intraluminal vesicles (ILVs), during the maturation of the multivesicular bodies (MVBs),
and released upon fusion of the MVBs with the plasma membrane (Figure 1) [74]. Different
mechanisms and players have been implicated in exosomes biogenesis, namely Rab GT-
Pases, subunits of endosomal sorting complex required for transport (ESCRT), syntetin-1,
tumor susceptibility gene 101 (TSG101), apoptosis-linked gene 2-interacting protein X
(ALIX), ceramide, sphingomyelinases and tetraspanins including cluster of differentia-
tion (CD) 9, CD63 and CD81, which also regulate cargo sorting into the vesicles [75-78].
Exosome formation, either in an ESCRT-dependent or independent way, is a complex
process that varies according to the cell type and may be influenced by intracellular and
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extracellular signals, modulating final vesicle cargo and release, which ultimately impacts
intercellular communication.

On the other hand, ectosomes are vesicles that originate from the outward budding
of the plasma membrane, with a size range from 50 nm to 1 pm in diameter and include
microvesicles and apoptotic bodies among others (Figure 1). The mechanisms and players
that regulate microvesicles released by healthy cells have just started to be unraveled.
However, similarly to exosomes, the formation of microvesicles partially depends on ESCRT
proteins and the generation of ceramide by sphingomyelinase. Additionally, microvesicles
biogenesis requires reorganization within the plasma membrane of protein and lipid
components, including flipping of phosphatidylserine from the inner leaflet to the cell
surface with consequent physical bending of the membrane and reorganization of actin
cytoskeleton, culminating in membrane budding and vesicle release [74,79].

It is worth mentioning that the content profile (proteins, nucleic acids and lipids) of
EVs does not merely directly reflects the changes in the cells of origin. Supporting the idea
that EVs content is selectively sorted, a process that is influenced by external conditions
affecting the producing cell. This will induce specific responses on recipient cells and
participate in the regulation of processes like receptor-ligand signaling, immune response
and regulation of central and peripheral immunity, angiogenesis, cellular differentiation
and neoplasia and metabolic reprogramming, among others [67,80,81].

Once into the extracellular space, EVs can reach recipient cells and potentially promote
a cellular response according to their cargo landscape. After docking to the recipient cell,
EVs can remain bound to the surface and trigger intracellular signaling pathways through
the activation of receptors on the recipient cell, or be internalized [76]. EVs internalization
can occur by different mechanisms, including clathrin-mediated or clathrin-independent
endocytosis (macropinocytosis and phagocytosis), caveolae and lipid raft-mediated endo-
cytosis. After uptake by different mechanisms, EVs follow the endocytic pathway, and if
not targeted and consequently degraded by the lysosome, they release their content into
the cytoplasm [82-84]. Additionally, EVs can also fuse directly with the plasma membrane
or endocytic membrane (post internalization) of recipient cells, enabling the exchange of
transmembrane proteins and lipids, and delivering the EVs cargo, including mRNA and
miRNAs, into the target cell, regulating gene expression and triggering a cell response,
changing cell phenotype and modifying its biological function [85]. Alternatively, vesicles
can return to the extracellular space (transcytosis) by endosome fusion with the plasma
membrane [57]. More recently, a landmark study showed that connexin 43 (Cx43), a gap
junction protein, can mediate the release of EVs content into recipient cells [86]. However,
the mechanisms that facilitate vesicle interaction with the target cell, thus conferring cell or
organ tropism to EVs remain largely elusive [87-90]. A clarification of these mechanisms,
combined with intrinsic properties of EVs as regulators of intracellular pathways and the
possibility to engineer them to deliver diverse agents, foresees an important role for EVs as
therapeutic agents in a near future [91-97]. Moreover, their presence in biological fluids
and easy accessibility may aid in diagnosis and monitoring of disease progression and
confirming response to therapy.

3.1. Apoptotic Bodies

Apoptosis is a highly regulated form of cell death that occurs as part of development,
physiological tissue remodeling and function or as a consequence of cell damage [98]. There
are many signals involved in the triggering of apoptotic cell death that may vary from
cell to cell [98,99]. Apoptotic bodies are released by cells undergoing apoptosis, formed
by membrane enclosed vesicles that contain cellular cargo from disintegrating cells (see
Figure 1). Programmed cell death or apoptosis is mediated by the activation of caspases,
proteolytic enzymes that exist in every cell in its inactive form called procaspases [99].
Upon activation, caspases signal to downstream effectors that will degrade intracellular
compartments in an organized manner [99]. The formation of apoptotic bodies is initiated
by generation of membrane blebs through the coordinated action of several protein kinases
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namely caspase-activated Rho-associated kinase 1 (ROCK1) [100-102]. These blebs then
extend radially forming long protrusions with engulfed cellular components. The bleb
elongation process is regulated by other caspase-activated proteins, caspase-activated
membrane channel pannexin 1 (PANX1) that negatively regulates bleb formation or in
some cell types caspase-cleaved membrane receptor plexin B2 (PLXB2) that favors bleb
elongation [103,104]. The disassembly of PANX1 promotes the release of apoptotic bodies
from the dying cell through the fragmentation of the cellular structure [105]. Apoptotic
bodies present a variable composition and can encompass a variety of cellular structures
like, micronuclei, chromatin residues, portions of the cytosol, protein aggregates, DNA
fragments or even organelles [99,106]. The loading of apoptotic vesicles was thought to be a
dysregulated process occurring in a fortuitous manner [99]. Nevertheless, the recent finding
that these vesicles are selectively endowed with either RNA or DNA may suggest other-
wise, posing that apoptotic bodies may present different functional properties [107]. These
vesicles are limited by a lipidic bilayer, where phosphatidylserine residues are exposed at
the outer leaflet, acting as a “eat me” signal for phagocytic cells [99]. This conveys a “clean”
cell death process where cell debris are efficiently cleared from the parenchyma without
eliciting an inflammatory response or major alterations in homeostasis [99]. Although
apoptotic bodies may be regarded as waste containers some important functions have been
attributed to these vesicles [108]. As other EVs, apoptotic bodies were shown to mediate
cell communication by transferring biomolecules between cells that are capable of modu-
lating recipient cell function. For instance, apoptotic bodies facilitate the horizontal gene
transfer between neighboring cells, by encapsulating genomic DNA fragments [109,110].
Furthermore, these vesicles were shown to be involved in endothelial cell communication,
transferring miR-126 to healthy endothelial cells and altering their function, inducing a
feedback loop that allowed the recruitment of progenitor cells hindering disease progres-
sion [111]. Apoptotic bodies also play a central role in immune regulation, by transferring
autoantigens and proinflammatory molecules [99]. Neuronal apoptosis is a hallmark of
several CNS disorders, rendering signaling disfunction and accumulation of apoptotic
material [112]. Microglia were shown to actively clear cellular debris upon cell death,
namely apoptotic bodies (reviewed in [113,114]). The role of apoptotic bodies in mediating
microglial cell function is still scarcely explored. In most circumstances microglial cells
efficiently degrade apoptotic bodies, being their effects mediated by upstream signaling
occurring prior vesicle engulfment [115]. Indeed, microglial cells respond to a multitude of
signals emitted by distressed cells that allow their recognition [116,117]. This clearing task
of microglial cells is modulated by specific residues presented at the surface of apoptotic
bodies, like phosphatidyl serine, that are recognized by receptors present in microglial
cells [118,119]. The engulfment of apoptotic material by microglia is usually inert or even
protective [117,120], although the accumulation of undigested vesicles may lead to cell
dysfunction and proinflammatory signaling [115]. On the other hand, overactivation of
microglia leads to microglia apoptosis [121]. This was proposed to occur in an attempt to
self-limit a proinflammatory deleterious response [121].

3.2. Microvesicles

Microvesicles are EVs commonly released by cells, formed by the outward budding of
the plasma membrane. The precise mechanisms of microvesicle formation are still poorly
understood, however there is consensus in the field that their formation and release are
highly regulated processes involving the selective loading of cargo [122]. The biogenesis
of microvesicles requires localized molecular changes within the plasma membrane that
decrease rigidity and allow the curvature of the membrane, achieved through phospholipid
and cytoskeletal protein rearrangement [123]. This process is initiated by the formation of
membrane microdomains by lipids and membrane associated proteins, and the recruitment
of ESCRT-I that selects cellular components, like proteins and RNA, to be released in mi-
crovesicles [74,122]. Following this step, the translocation of phosphatidylserine residues
to the outer leaflet of the plasma membrane initiates the formation of a membrane bleb by
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promoting the physical bending of the plasma membrane and restructuring of the actin
cytoskeleton [74]. This is achieved through the action of aminophospholipid translocases
(flippases and floppases), scramblases and calpain, proteins that promote the switching of
phospholipids from the outer to the inner leaflet of the plasma membrane [74,124]. How-
ever, studies conducted in endothelial cells and platelets demonstrated that in the absence
of phosphatidylserine translocation and with the integrity of the plasma membrane main-
tained, microvesicles are still shed [125,126]. This finding suggests that other mechanisms
might be involved in microvesicles formation. Alterations in cholesterol composition of
the plasma membrane that promote membrane fluidity were also proposed to contribute
to microvesicles biogenesis. Indeed, it was shown that the depletion of cholesterol from
neutrophils hinders microvesicle formation, showing its central role in the formation of
membrane microdomains [127]. Following budding formation microvesicles are released
into the extracellular space by alterations in the cytoskeleton that actively pinch the newly
formed bleb out of the cell. The restructuring of the cell cytoskeleton is caused by actin—
myosin interactions. Myosin contracts due to its phosphorylation by activated GTPase
adenosine diphosphate (ADP)-ribosylation factors (ARF6 and ARF1), which leads to the
budding of the microvesicle [79,122]. The released microvesicles may vary in size from 50
to 1000 nm, while larger microvesicles have also been detected. After release, microvesicles
can bind to recipient cells through receptor interaction, fusion or be endocytosed. Similar
to what was described for apoptotic bodies, exposed phosphatidylserine residues in the
outer membrane of microvesicles are recognized by receptors for phosphatidylserine and
can shift recipient cells response following internalization via fusion or endocytosis [128].

3.3. Exosomes

The biogenesis of exosomes is dependent of diverse mechanisms and players. Con-
sidering that these vesicles originate in the endolysosomal pathway, its dependence on
ESCRT machinery is not surprising. The ESCRT machinery is composed by multiprotein
complexes and additional associated proteins, like ALIX and vacuolar protein 4 (Vps4),
which associate in a stepwise manner at the endosome membrane, regulating the cargo
selection on microdomains (ESCRT-0 and -I) and the formation of ILVs by budding and
fission of this microdomains (ESCRT-II and -III). This complex machinery recognizes the
pattern of ubiquitinated proteins in the cell using the ESCRT-0, initiating the MVB pathway.
Following this, ESCRT-0 recruits ESCRT-I through the connection of HRS (hepatocyte
growth factor-regulated tyrosine kinase substrate) PSAP domains to the TSG101 subunit,
helping to recognize targeted proteins [77]. Impairment of ESCRT-0 or -I by depletion of
complexes that recognize ubiquitin patterns like HRS, STAM1 (signal transducing adapter
molecule 1) or TSG101 results in a decreased secretion of exosomes [77,129]. Following the
recognition of ubiquitinated proteins ESCRT-I promotes ESCRT-II activity that is involved
in the formation of a nucleation point, and the subsequent recruitment and activation of the
ESCRT-III protein complex, lastly promoting vesicle budding [77]. The formation of vesicles
is stabilized by the adaptor protein ALIX. Indeed, syntetin bound to syndecan endosomal
microdomains, whose formation is facilitated by heparanases, recruits the ESCRT adaptor
protein ALIX and consequently ESCRT-III machinery, supporting membrane budding and
leading to ILV formation [78,130]. The end of the MVB pathway is determined by the
disconnection and recycling of the ESCRT-III complex from the endosomal membrane,
promoted by the ATPase Vps4 complex [131,132]. The MVBs can then fuse with the plasma
membrane or with the lysosome for degradation.

Alternatively, MVB biogenesis and consequent exosome formation can also occur
through ESCRT-independent processes [133]. Within distinct small subdomains on the
endosomal membrane, sphingolipids namely sphingomyelin, are converted by neutral
sphingomyelinases, to phosphorylcholine and ceramide. The presence of ceramide, a
cone-shaped rigid lipid, induces coalescence of these subdomains into larger domains
promoting budding and ILV formation [134-136]. Tetraspanins are four-transmembrane
domain proteins that were described to select cargo for ILVs in a mechanism independent
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of ESCRT and ceramide. In addition, heat shock proteins (HSP), such as the chaperone
HSP70 were found to recognize specific motifs in cytosolic proteins recruiting them to
ILVs [137]. It is unknown whether a MVB is produced by a single mechanism or if the
accumulation of ILVs can be afforded by different machinery, promoting heterogeneity in
the exosomes released. The different mechanisms involved in exosome biogenesis may
differ according to the cell type, stimulus or the cargo, reinforcing the idea that cells secrete
a heterogeneous population of vesicles that reflect different types of MVBs or different
pathways of ILV formation within the same organelle.

4. Microglial Microvesicles in Neurodegeneration

Microvesicles may be an important route of glial communication (Figure 2). Indeed,
when subjected to mechanical stress, astrocytes release large amounts of adenosine triphos-
phate (ATP) that influence microglia function [138], inducing the shed of microvesicles in
microglia, dependent on the activation of purinoreceptors like P2X7 receptors (P2X7R) [138].
These microvesicles are endowed with caspase-1 (both proenzyme and active forms) and
IL-1B, suggesting that microvesicles may host enzymatic activity to deliver the active
form of IL-1f3 [138]. Microvesicles released upon ATP stimulation also contain P2X7R,
which might serve as a protective mechanism against apoptosis, avoiding the deleterious
stimulation by ATP [138]. Microvesicle shedding may account for an important pathway
for IL-1§3 secretion by microglial cells, allowing long-distance effects in receptor cells [138].
Indeed, it was described that upon spinal nerve ligation microglia release microvesicles
enriched in IL-1f through the activation of the P2X7R-p38 pathway [139]. These vesicles
were shown to contribute to neuropathic pain by decreasing paw withdrawal threshold and
paw withdrawal latency [139]. Microglia express the transient receptor potential vanilloid
type 1 channel (TRPV1) [140] that is associated with neuropathic pain [141]. The activation
of this receptor with capsaicin was shown to cause microglia activation and microvesicle
shedding that enhanced neuronal glutamatergic transmission [141], indicating that this
may represent another pathway in the communication between microglia and neurons.

Gl “A \. Neurons
LPS / N\

TRPV1 activation ( Pro-inflammatory mediators \, Mndt‘.llatmn of excitat.o.ry tr‘ansm'\ssicm
Ly N\ 2 IL-1B N Impairment of dendritic spines

MS G L\ \‘\ Spre’ading of AB toxicity
y P ° @ ° miRNA NCS
e e miR-155 4y
D ®e @°

AD
miR-146-5P

4 : 7O Microvesicles
’ — M Others
. . AB . .
Microglia P2XTR Microglia

Caspase

Pro-inflammatory profile

Figure 2. Scheme summarizing the role of microglial microvesicles in neurodegeneration.

Microglia isolated from TBI mice were shown to release microvesicles that can in-
duce microglia reactivity in vitro [142]. When microglial cells in culture are exposed
to lipopolysaccharide (LPS) the release of microvesicles enriched in IL-1p and miR-155
increases [142], providing hints for the mechanism responsible for the progression of neu-
roinflammation. Furthermore, the cortical injection of microvesicles derived from microglia
isolated from the cortex of mice subjected to TBI or treated with LPS leads to the activation
of microglia in the brain of naive animals [142]. These observations suggest a mechanism of
autologous communication between microglia through microvesicles, that upon a deleteri-
ous stimulus can further contribute to the dispersion of the neuroinflammatory signal [142].
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Interestingly, the activation of microglia with LPS seems to increase not only the number
but also the size of the shed vesicles [143].

Microglia release microvesicles that can be detected in the cerebrospinal fluid (CSF)
of healthy controls and seem to be increased in patients with multiple sclerosis [144].
In a mouse model of multiple sclerosis (experimental autoimmune encephalomyelitis),
microvesicles originated from microglia/macrophages were reported to spread the inflam-
matory environment, while the impairment of vesicle shedding was protective [144]. To
reinforce the role of microvesicles in disease progression, the administration of FTY720,
a drug that was shown to be beneficial in multiple sclerosis, decreases the presence of
microvesicles in the CSF of mice with experimental autoimmune encephalomyelitis [144].

Microglia microvesicles were found to be increased in the CSF of patients with mild
cognitive impairment and AD [145,146]. These vesicles were toxic to neurons following
in vitro exposure [145] and were also found to be detrimental in patients being myelinotoxic
and neurotoxic in the presence of A3 [146]. The soluble form of prefibrillar A} species is
the most toxic form of AP [147]. The authors describe that the neurotoxicity induced by
microglia microvesicles is due to the increased solubility of A3 peptides when associated
with vesicle lipids and to the spreading of A3 promoted by microvesicles [145]. In addition,
it was described that the levels of microglial microvesicles present in the CSF correlate with
the atrophy of the hippocampus in AD and with white matter tract alterations detected by
MRI in patients with mild cognitive impairment [146].

Proinflammatory microglia release microvesicles enriched in miRNAs that control
the expression of synaptic proteins [148]. One relevant miRNA that was identified was
miR-146a-5p, a miRNA specific of microglial cells (not expressed by neurons), that is trans-
ferred by microglial microvesicles and decreases excitatory synapses due to its detrimental
effect in dendritic spines [148]. miR-146a-5p suppresses presynaptic synaptotagmin-1 and
postsynaptic neuroligin-1, proteins that play a crucial role in dendritic spine stability [148].
Inhibiting the contact of microvesicles with recipient neurons by cloaking phosphatidylser-
ine residues or depleting miR-146a-5p from the vesicles among other strategies that im-
paired the miRNA transfer, sustains the function of neuronal synapses [148]. In addition,
microglia shed microvesicles that are able to increase neuronal excitatory transmission
by promoting the production of ceramide and sphingosine, increasing synaptic vesicle
release by the facilitation of SNARE (soluble NSF (N-ethylmaleimide-sensitive factor))
complex formation [149]. Microglia microvesicles were shown to induce glutamate release
and promoting a dose dependent increase in miniature excitatory postsynaptic current
frequency and an increase in the amplitude of evoked visual field potentials in the vi-
sual cortex [149]. Microglial cells were also shown to modulate presynaptic transmission
through the modulation of the endocannabinoid system by releasing microvesicles contain-
ing endocannabinoid N-arachidonoylethanolamine on their surface [150]. These vesicles
can activate type-1 cannabinoid receptors in GABAergic neurons inhibiting presynaptic
transmission [150].

5. Microglial Exosomes in Neurodegeneration

The release of exosomes by microglial cells can be stimulated by various signals
besides the constitutive release occurring in homeostasis (Figure 3).
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Figure 3. Diagram depicting the contribution of microglial exosomes to neurodegeneration.

Under physiological conditions the release of serotonin by neurons induces the release
of exosomes by microglial cells through the activation of 5-HT2a,b and 5-HT4 serotonin
receptors, due to an increase in intracellular calcium levels that promote the fusion of the
MVBs with the plasma membrane [151]. Other studies reflect the content of constitutively
released microglia exosomes. The protein content of these vesicles seems to reflect that
of the parental cells, enriched in microglia-specific proteins, such as proteins responsi-
ble for maintaining microglia quiescent state, synaptic pruning and anti-inflammatory
molecules [152]. In addition, it was suggested that microglial exosomes can actively move
without the need for extrinsic transport or fluidic movement as they contain several pro-
teins, like Slingshot protein phosphatase 3, Coronin-1A, Cofilin-1, Plectin, Tropomodulin
2 and WAS/WASL-interacting protein family member 1, that control the reorganization
and dynamics of actin filaments [151,152]. Exosomes released from microglial cells were
shown to selectively express complement component 1q (C1q) subunits [152], CD13 and
lactate transporter monocarboxylate transporter 1, since these proteins were not previously
described in EVs [153]. These proteins identified in microglial exosomes might be useful to
distinguish this population from other vesicles. Exosomes derived from microglia upon
toxic exposure to alcohol promote C1q mediated neuronal cell death [154]. Interestingly, a
recent report demonstrated that the glia—neuron communication mediated by EVs is main-
tained even between species [155]. The authors isolated exosomes from leach microglial
cells and observed an increase in neurite outgrowth in rat primary neurons [155].

Several reports demonstrate increased production and release of exosomes upon
stimuli, such as an increase in extracellular ATP, IFN-y or exposure to LPS [152,156,157].
Exposure of microglia to ATP induces the release of exosomes enriched in proteins involved
in cellular metabolism, in the autophagy-lysosomal pathway, cell adhesion and extracellular
matrix organization [152]. These exosomes do not necessarily induce a negative response
in astrocytes since an increase in proinflammatory IL-6 but also anti-inflammatory IL-10
expression occurs [152]. In addition, exosomes derived from ATP stimulated microglia are
enriched in proteins that promote neurite outgrowth and synaptogenesis and others that
negatively regulate neuronal apoptosis, suggesting that these exosomes have the potential
to protect neurons [152]. On the other hand, exosomes released by microglia that were
exposed to ATP seem to reflect the activation state of the parental cells and contribute
to spread the inflammatory milieu, by activating astrocytes [152]. Similar to what was
demonstrated for microvesicles, the activation of P2X7R in microglial cells leads to the
release of exosomes [158,159]. Indeed, the oral administration of an inhibitor of P2X7R in a
mouse model of AD promoted an improvement in working and contextual memory, while
increasing the accumulation of exosomal proteins in microglial cells [158]. This suggests
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that hindering exosome release triggered by the activation of P2Y7R in microglial cells
could afford protection against tauopathy, as confirmed by in vitro experiments [158].

When microglial cells are exposed to LPS, the number of secreted vesicles and the
levels of proinflammatory cytokines, like TNF and IL-6, increase [143]. Indeed, the inhibi-
tion of TNF with etanercept is capable of decreasing the release of vesicles by microglia
and also modify their content [143]. Proteome analysis of microglia EVs after exposure
to LPS reveals an increase in proteins associated with translation and transcription, with
a notorious difference for the proteome of control microglia exosomes in the presence of
inflammatory mediators [143].

After priming with LPS, microglia respond to alterations in extracellular ATP through
the activation of P2X7R and secretion of exosomes containing glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), which might be involved in the regulation of neuroinflammation
and neurite formation in the brain [157]. Incubation of midbrain slice cultures with IFN-y
and LPS promotes the activation of microglia and an increase in the release of exosomes
that induce dopaminergic degeneration [156]. The authors suggested that this pathway for
neuronal degeneration may resemble those of PD where there is a progressive degeneration
of dopamine neurons mainly mediated by microglia activation [156]. In addition, the
exposure of microglia to a-synuclein promotes microglia activation and an increased
release of exosomes with high levels of major histocompatibility complex class Il and TNEF,
inducing neuronal cell death [160].

Several reports have associated exosomes to the spreading of neurodegeneration
in models of AD [161-166] and PD [167-169]. Although, with different etiologies, both
diseases share some similarities, as abnormal deposition of proteins that form aggregates
that hinder normal neuronal function [170]. Protein aggregates of Af3, tau and x-synuclein
were identified in exosomes isolated from the CSF of patients with AD and PD [171].
Microglial cells phagocyte a-synuclein aggregates leading to the incorporation of fibrils
into exosomes [172]. These vesicles, accompanied by a neuroinflammatory environment
induce protein aggregation in recipient neurons [172]. The stereotaxic injection of microglial
exosomes containing «-synuclein, promote the spreading of aggregates along several
brain regions [172]. The depletion of resident microglia decreases the transmission of
a-synuclein [172], indicating the critical contribution of microglia and microglia-derived
exosomes in the pathology. In this report, exosomes containing CD11b and «-synuclein
were detected in the CSF of PD patients, probably derived from microglial cells [172].

AD is characterized by the presence of neurofibrillary tangles formed by abnormally
phosphorylated tau protein [173]. This altered tau protein was shown to work as a prion-
like identity being able to recruit native tau into the formation of fibrillary aggregates [174].
The transmission of these aggregates between cells was proposed to be an attempt for
cells to efficiently eliminate them upon an overwhelming of the proteostasis endogenous
system [175,176]. The release of neurotoxic proteins in exosomes would allow cells to
shuttle the protein aggregates to other cells with a possible better degradation capacity.
Indeed, into a limited extension microglia were shown to degrade phagocyted aggregates
through the action of lysosomes [87]. Furthermore, tau lacks a known secretory pathway,
the established route for tau pathology spread was due to cell death that spreads tau
protein through cell disintegration [174,177]. Exosomes have recently arisen as a vehicle
for tau propagation [178]. Exosomes containing tau and bridging integrator 1 (BIN1)
were identified in the CSF of patients with AD [179]. The overexpression of BIN1 was
associated with the release of exosomes containing tau by microglia and a worsening of
the disease in a mouse model of AD [179]. Interestingly, this effect was blocked, mainly
in males, by genetic deletion of BIN1 that promoted a reduction in the expression of
HSPs involved in tau proteostasis [179]. This suggests a sex-specific role for BIN1 in
the regulation of tau proteostasis and secretion through exosomes in microglia [179].
Indeed, microglia were shown to selectively uptake tau and to release and spread the
neurotoxic stimulus by incorporation tau protein in exosomes and transmitting it across
the brain parenchyma [161]. In line with these findings, it was demonstrated that either the
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inhibition of exosome synthesis [161] or the depletion of microglia was able to decrease tau
propagation in the brain of a mouse model of AD [161]. A recent study further supported
the role of microglia in the spreading of tau in a humanized amyloid precursor protein
mouse model, by uncovering that microglia hypersecrete EVs that contribute to plaque
deposition, while depleting microglia halted this effect [180]. In accordance, the decrease
in exosome secretion through the inhibition of neutral sphingomyelinase-2, decreases Af3
plaque formation in a mouse model of AD [181]. Interestingly, microglia were shown
to release exosomes containing a zinc metallopeptidase, known as the insulin degrading
enzyme, which efficiently degrades A [182]. The secretion of exosomes enriched in the
insulin degrading enzyme is highly induced by statins, a class of drugs that decreases
the risk of developing AD [182], suggesting that modifying the content of microglial
exosomes may confer protection. Several reports show that an increase in exosomal release
is accompanied by microglia reactivity [6,143,160]. Opposing to this it was shown that the
exposure of microglia to Wnt3a, member of a family of cysteine rich glycoproteins that
are implicated in the pathogenesis of AD, stimulates the release of exosomes by microglia
without inducing a proinflammatory or neurotoxic profile in these cells [183]. The exosomes
released by microglia exposed to Wnt3a were mainly enriched in proteins essential for
structure, metabolism and proteostasis, and those include 3-actin, GAPDH, ribosomal
subunits and ubiquitin [183]. Overall, the data gathered showed a common mechanism
for neurodegenerative disorders propagation, involving the spreading of dysfunctional
proteins by microglial cells through exosomes. The impairment of exosome secretion might
provide a new therapeutic approach to halt the degenerative process and ameliorate patient
outcome.

Previous reports determined an increase in the levels of glutaminase 1 in chronic CNS
pathologies and in acute brain injury [184-187]. This mitochondrial enzyme is involved
in the synthesis of glutamate through the hydrolysis of glutamine [188]. The exposure
of microglia to elevated levels of glutaminase 1 increase the release of exosomes that are
enriched in proinflammatory miRNAs (namely miR-23b, miR-130, miR-145a and miR-
146a) [184]. Recently, in an in vitro model of ischemic stroke, microglial cells were shown to
release exosomes enriched in miR-424-5p [189]. These vesicles further aggravate microvas-
cular endothelial cell dysfunction upon oxygen-glucose deprivation, by regulating the
FGF2/STAT3 pathway [189]. Using a mouse model of middle cerebral artery occlusion, the
authors revealed that the inhibition of miR-424-5p reduced neurological and endothelial
dysfunction [189], suggesting a role for microglial exosomes in stroke pathology.

Despite cumulating evidence for the role of microglial exosomes in the brain little is
known regarding the exosomes derived from microglial cells in the retina. In a model of
retinopathy of prematurity microglial exosomes were shown to confer protection against
disease progression by decreasing pathological neovascularization and photoreceptor cell
death [47]. Recently we demonstrated that retinal microglia release exosomes that con-
tribute to amplify retinal neuroinflammation [46]. In glaucoma, a major cause of blindness
worldwide and characterized by loss of retinal ganglion cells [190], it is widely recognized
the contribution of microglia to glaucomatous neurodegeneration [5]. When microglial cells
are challenged with elevated hydrostatic pressure (EHP), to mimic ocular hypertension [52],
the cells become reactive and release proinflammatory mediators [5,51,52,191,192]. More-
over, these reactive microglia release exosomes that code for an inflammatory response [46].
These vesicles cause additional microglial reactivity, as determined by increased migration
and phagocytosis, and trigger the release of proinflammatory cytokines that culminate
in retinal cell death [46]. The exosomes derived from reactive microglia may be seen as a
mechanism to spread the inflammatory signal between microglia or with other cell types,
orchestrating the death of RGCs.
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6. Extracellular Vesicles Derived from Other Cells and Their Role in
Microglia-Mediated Neurodegeneration

As mentioned above, putatively all cells have the capacity to release EVs. Therefore,
besides the effects of microglial cell EVs on other cells, the EVs found in the parenchyma
released by other cells also shape the phenotype of microglial cells.

Microglial cells, as main phagocytes of the brain parenchyma, actively phagocyte
Ap and exosomes released by neuronal cells enriched in Af [163,193]. Both the expo-
sure of mixed brain cultures and the intracerebrally injection of exosomes showed that
these vesicles are preferentially uptaken by microglia [87,194], most likely due to the
presence of phosphatidylserine in the membrane of exosomes that is recognized by phos-
phatidylserine receptors present at the microglia, commonly associated with the recognition
of dead cells [193,195]. However, it is still under discussion whether the expression of
phosphatidylserine residues in the membrane of exosomes would not lead to their quick
degradation [196]. The uptake of neuronal exosomes containing A{3 promotes a shift in
microglial cell response and as mentioned above contributes to the spreading of neurode-
generation. In addition, exosomes seem to influence the progression of motor neuron
diseases by shifting microglial cells phenotype [197]. The expression of mutant copper-
zinc superoxide dismutase 1 in motor neurons (mSOD1) (G93A) promotes the release
of exosomes enriched in miR-124 [198]. These vesicles are uptaken by microglia and
severely compromise their function by decreasing their phagocytic capacity and inducing
an orchestrated inflammatory response [198].

Furthermore, exosomes have been described as important vehicles for neuron—glia com-
munication. Indeed, it was found that cortical neurons release exosomes upon potassium-
induced depolarization by an increased calcium influx that promotes the fusion of the MVB
with the plasma membrane [199]. These exosomes were proposed to have a regulatory func-
tion of synapses allowing cell-to-cell exchange of proteins like adhesion molecules, prion
proteins and subunits of glutamate receptors [199]. Following depolarization, neuronal
exosomes were shown to induce synaptic pruning through the upregulation of complement
molecule C3 in microglial cells [200]. Microglia receive oligodendrocytes exosomes through
micropinocytosis and physiologically degrade the transferred material by trafficking it to
the lysosomes [87]. This seems to be an efficient way to degrade oligodendrocyte mem-
branes without inducing an immunological response, since these exosomes do not change
microglia profile by inducing cell motility or cytokine secretion [87].

Besides their constitutive function, EVs also participate in the formation of metastatic
niches and favor tumor growth and formation [201,202]. In the brain, glioblastoma EVs
were shown to modulate microglia cell function to favor tumor development by enhancing
the production of membrane type 1-matrix metalloproteinase by these cells [203]. In
addition, in vivo experiments provided evidence that microglia uptake glioblastoma EVs,
which are enriched in miR-451 and miR-21 that effectively downregulate the expression of
their target c-Myc in microglia [204]. EVs may function as a mechanism for intercellular
communication favoring tumor formation and spreading along distant brain regions by
modulating a local immune response.

Protective roles of EVs have also been described, acting namely through the modula-
tion of microglial cell response. Indeed, exosomes derived from hypoxia-preconditioned
mesenchymal stromal cells can rescue cognitive decline in a mouse model of AD. These
exosomes interact with microglial cells and regulate miR-21 ameliorating synaptic func-
tion, decreasing A3 accumulation and inflammatory response [205]. Furthermore, in a
model of TBI, the administration of exosomes from human stem cells of odontogenic ori-
gin was shown to decrease neuroinflammation in vivo and to prevent microglia response
in vitro [206].

Opposite to what was described above for microvesicles derived from microglia
isolated from TBI brains, exposure of microglial cells to neuronal extracts from TBI brains
lead to the release of anti-inflammatory and neurotrophic exosomes enriched in miR-124-3p,
from microglia in vitro promoting neurite outgrowth [207].
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Peripheral inflammation can also reach the CNS through exosomes. After the in-
traperitoneal injection of LPS, serum exosomes enriched in miR-15a, miR-15b, miR-21 and
miR-155, cross the blood brain-barrier and induce microgliosis, with increased levels of
miR-155 and proinflammatory cytokines (TNF and IL-6) [208]. Interestingly upon periph-
eral inflammation, there was an increase in the presence of MVBs in the epithelium of
the choroid plexus, which was accompanied by an increase in the presence of EVs in the
CSF [209]. These vesicles were enriched in proinflammatory miRNAs like, miR-146a and
miR-155 [209]. In vitro experiments using choroid plexus epithelium showed that upon
LPS stimulation these cells release EVs that after injection into the lateral ventricles of naive
mice are taken up by brain cells, namely by astrocytes and microglia eliciting a proinflam-
matory response [209]. Furthermore, the authors showed that blocking the secretion of EVs
could decrease inflammation [209]. Additional studies further demonstrated a potential
route of communication between the periphery and the brain parenchyma through EVs.
Indeed, plasma exosomes were preferentially taken up by microglia after direct injection
into the hippocampus [210]. In the AD mouse model, the uptake of plasma exosomes by
microglia was reduced with accumulation around A3 plaques that are then phagocyted by
responsive microglia [210]. Exosomes derived from plasma samples isolated from children
with autism spectrum disorder promoted human microglia reactivity in vitro, increasing
IL-1p secretion [211].

In the retina studies addressing the impact of EVs on microglia are still scarce al-
though a recent report shows that the subretinal administration of exosomes derived from
neural progenitor cells could decrease photoreceptor loss in a model of retinal degen-
eration through the modulation of microglial cell response [212]. The authors demon-
strated that these exosomes were selectively incorporated by retinal microglia and suppress
the inflammatory signal through the delivery of 17 miRNA targeting TNF, IL-13 and
cyclooxygenase-2 [212].

7. Conclusions

Since their discovery, the role of EVs in diseases onset and progression and their
potential as therapeutic agents has been extensively explored. In the beginning regarded
as cell waste materials, EVs were later viewed as a mirror of the cell status, but more
recently evidence demonstrate that cargo is selectively loaded into EVs, acting as message
carriers [213]. These small vesicles were shown to have an enormous potential as disease
biomarkers and therapeutic agents [68,69,71,214]. Several studies explored the application
EVs to halt disease progression or even engineered them to act as reservoirs for therapeutic
agents [215]. Although substantial breakthroughs were made in the field, several draw-
backs remain to be surpassed. The different isolation techniques lead to a heterogeneity
in EVs populations even when collecting from the same cellular source [214,216]. Indeed,
recently the combined use of several techniques to increase EVs purity was proposed [217].
In addition, attempts to purify a specific type of EVs are often unsuccessful, either with a
very low yield or presence of contaminants [216]. Recently guidelines for the identification
and isolation of EVs have been developed in an attempt to unify the classification of EVs
and apply minimal standards for study reporting [73].

Mounting evidence suggests that EVs are of the highest importance in microglial cell
function. EVs act as a spreader of information and help orchestrate the response of the
cells, functioning as a specific communication strategy either between microglial cells, with
the other cells in the parenchyma or even at long distance. Microglia were also found
to act as a hub for EVs, shifting their response and signaling to other cells. Despite the
promising data compiled herein, more studies performed in vivo and in animal models
on the role of microglia EVs are still needed, since most studies were performed in vitro,
discarding the contribution of the complex living organism. However, pioneering studies
in the field are beginning to explore the use of neuronal EVs as biomarkers for cognitive
decline, as reported recently in [218]. EVs isolated from AD patients were shown to induce
tau misfolding in interneurons upon brain injection [219]. This may envisage that, in a near
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future, similar studies could be conducted in other neurodegenerative disorders aiming
at exploring alterations in microglial EVs in early disease. Therefore, new strategies that
modulate the biogenesis of these vesicles may provide a scientific innovation in diagnostic
and therapeutics. Furthermore, new information should be gathered regarding the cargo
selection of microglial EVs. Substantial breakthroughs in this field could be achieved by
the clear identification of the content of microglial EVs and how it can change in specific
pathologies. Indeed, there is no doubt that the modulation of microglia EVs may offer the
potential for the design of better and targeted therapies for neurodegenerative disorders.
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