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Synaptic activity and (neuro)inflammation in Alzheimer's disease: could exosomes be an additional link?
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Nanosized extracellular vesicles, known as exosomes, are produced by all cell types in mammalian organisms and have been recently involved in neurodegeneration. In the brain, both glia and neurons give rise to exosomes, which contribute to their intercellular communication.

In addition, brain-derived exosomes have a remarkable property to cross blood-brain-barrier bi-directionally. In this line, exosomes of central origin have been identified in peripheral circulation and already considered as putative blood biomarkers of neurodegenerative diseases, including Alzheimer's disease (AD). Moreover, tentative use of exosomes as vehicle for the clearance of brain-born toxic proteins or, conversely, neuroprotective drug delivery, was also envisaged. However, little is known about the precise role of exosomes in the control and regulation of neuronal functions. Based on the presence of subunits of glutamate receptors in neuron-derived exosomes on one hand, and complement proteins in astrocyte-derived exosomes on the other hand, we hypothesize that exosomes may participate in the control of neuronal excitability via inflammatory-like mechanisms both at the central level and from the periphery. In this review, we will focus on AD and discuss the mechanisms by which exosomes of neuronal, glial and/or peripheral origin could impact on neuronal excitability either directly or indirectly.

THE COMPLEXITY OF ALZHEIMER'S DISEASE

Alzheimer's disease (AD), an age-related neurodegenerative disease, is a major public health problem in developed countries with important social and economic outcomes. Cognitive impairments, including memory loss and mood disorders, are the main clinical symptoms.

Patients suffer further from language and psychiatric dysfunctions as well as subtle alterations of executive functions that inexorably progress leading to a complete loss of autonomy and dementia at advanced stages. AD is marked by a long pre-clinical asymptomatic stage ranging from 10 to 20 years, depending on the etiology (familial or sporadic) (see [START_REF] Selkoe | The amyloid hypothesis of Alzheimer's disease at 25 years[END_REF] and references cited therein).

Main hallmarks of pathogenesis

Genetic studies have identified mutations in the amyloid-b (Ab) precursor protein (AbPP), presenilin-1 and -2 (PS1, PS2) genes that cause the rare familial forms of AD (FAD). The proteolysis of AbPP by BACE (b-site AbPP cleaving enzyme) yields bCTF (b-secretase generated C-terminal fragment) which is followed by the PS-containing gamma-secretase complex cleavage of bCTF yielding Ab peptides of different sizes (i.e. composed of 38 to 42 amino acids: Ab1-38 to Ab1-42). The accumulation of monomeric and oligomeric forms, as well as conformational misfolding changes, leads to extracellular deposition of Ab peptides in insoluble amyloid plaques (Ab-plaques). The amyloid hypothesis [START_REF] Selkoe | The amyloid hypothesis of Alzheimer's disease at 25 years[END_REF] posits that Ab peptides play a pivotal role in AD pathogenesis by triggering the pathological "amyloid cascade" which consists in early synaptic dysfunction, microglial and astrocyte activation and hyperphosphorylation of Tau proteins. The intracellular accumulation of abnormally hyperphosphorylated Tau (pTau) triggers neurofibrillary tangles (NFTs) formation, and further contributes to synaptic and neuronal dysfunctions leading to neuronal loss and macroscopic atrophy, which culminates in extensive neurodegeneration. This hypothesis further posits that synaptic dysfunction precedes alterations in neurotransmitter release, and thus impairment of memory and cognitive functions [START_REF] Selkoe | The amyloid hypothesis of Alzheimer's disease at 25 years[END_REF].

The reasons for the latency between Aβ deposition (amyloidosis) and clinical symptom onset are currently unknown [START_REF] Krantic | Editorial: From Current Diagnostic Tools and Therapeutics for Alzheimer's Disease Towards Earlier Diagnostic Markers and Treatment Targets[END_REF]. Importantly, alterations of neuronal activity appear already during early stages of AD. For example, the risk of epileptic seizure is increased in sporadic AD and more than 40% of AD patients display subclinical epileptiform activity according to a recent clinical study [START_REF] Vossel | Incidence and Impact of Subclinical Epileptiform Activity in Alzheimer's Disease[END_REF]. This increased risk has been also reported in AD-like mouse models of amyloidosis during the pre-symptomatic stage (i.e. prior to Aβ-plaque deposition and cognitive impairment, reminiscent of the pre-clinical stage in humans). These seizureassociated phenomena might be due to the alteration of neuronal membrane properties by soluble Aβ, resulting in hyperexcitability of hippocampal pyramidal cells and subsequent epileptiform activity [START_REF] Palop | Amyloid-beta-induced neuronal dysfunction in Alzheimer's disease: from synapses toward neural networks[END_REF]. The latter may be further related to inhibition of long-term potentiation (LTP) [START_REF] Li | Soluble Aβ oligomers inhibit long-term potentiation through a mechanism involving excessive activation of extrasynaptic NR2B-containing NMDA receptors[END_REF], a form of synaptic plasticity required for learning and memory. Besides, the impact of Tau protein on synaptic activity has been studied much less than the impact of Aβ.

Nevertheless, the recent evidence strongly suggests that soluble forms of Tau alter neuronal (including synaptic) functions during the early stages of AD (reviewed [START_REF] Tracy | Tau-mediated synaptic and neuronal dysfunction in neurodegenerative disease[END_REF]). Other mechanisms can also contribute to early neuronal dysfunction including, for instance, high release of reactive oxygen species (ROS) known for their impact on neuronal excitability and synaptic activity [START_REF] Tönnies | Oxidative Stress, Synaptic Dysfunction, and Alzheimer's Disease[END_REF].

Diagnosis and factors of pathogenesis: focus on neuroinflammation

AD can be currently diagnosed earlier than in the past due to a specific phenotype as determined by neurocognitive testing combined with analysis of biomarkers [START_REF] Dubois | The Emergence of a New Conceptual Framework for Alzheimer's Disease[END_REF]. However, diagnosis is still made at the stage when neuronal lesions are already advanced, making the development of curative treatments highly challenging. In spite of the relatively late diagnosis, considerable progress has been made recently so that modification of biomarkers can be now detected at the stage of mild cognitive impairment (MCI), corresponding to the prodromal stage of AD, though before major cognitive and executive function disability occur [START_REF] Dubois | The Emergence of a New Conceptual Framework for Alzheimer's Disease[END_REF].

In addition to age, which is a major risk factor for developing AD, it is generally recognized that a complex interplay between genetic and environmental factors impact AD pathogenesis [START_REF] Lane | Alzheimer's disease[END_REF]. Among genetic factors, the expression of ε4 allele of apolipoprotein E (APOE4), which plays a crucial role in regulating cholesterol metabolism, severely increases the risk of AD.

Other significant genetic risk factors for AD are mutations in the Triggering Receptor Expressed on Myeloid cells 2 (TREM2), Complement Receptor-1 (CR1), CD33, among others, which are associated with microglia dystrophy, decreased phagocytosis, and an increased proinflammatory phenotype [START_REF] Lane | Alzheimer's disease[END_REF]. Most importantly, more than 2/3 of identified risk SNP (Single Nucleotide Polymorphism) mutations reported by genome-wide association studies (GWAS) are exclusively or mostly expressed by microglia. This strongly suggests that microglia, the major mediator of innate immunity in the brain, play a key role in AD pathogenesis which has been previously underestimated [START_REF] Mcquade | Microglia in Alzheimer's Disease: Exploring How Genetics and Phenotype Influence Risk[END_REF]. Overall, the majority of identified risk factors are related to inflammatory-, cholesterol metabolism-, and endosomal-vesicle recycling pathways.

In agreement, AD has been associated with chronic innate inflammation in the central nervous system (CNS). Such neuroinflammation involves activated microglia and reactive astrocytes, increased production of cytokines, chemokines and other inflammatory factors, as well as infiltration of immune cells followed by secondary neurodegeneration [START_REF] Estes | Alterations in immune cells and mediators in the brain: it's not always neuroinflammation![END_REF].

Interestingly, peripheral T-cells in old subjects and AD patients display higher Aβ-reactivity than those coming from neurologically normal subjects [START_REF] Monsonego | Increased T cell reactivity to amyloid β protein in older humans and patients with Alzheimer disease[END_REF]. Enhanced T-cell infiltration was observed in the brain of APPPS1 mouse model, while peripheral modulation of T-cell subsets was reported to impact on local CNS innate neuroinflammatory responses [START_REF] Dansokho | Regulatory T cells delay disease progression in Alzheimer-like pathology[END_REF]. Systemic inflammatory factors have also been suggested to modulate AD-related neuroinflammation [START_REF] Perry | Microglial priming in neurodegenerative disease[END_REF], as well as peripheral innate immune cells such as neutrophils [START_REF] Zenaro | Neutrophils promote Alzheimer's disease-like pathology and cognitive decline via LFA-1 integrin[END_REF]. Altogether these data point to a key role of CNS innate neuroinflammatory responses in the pathophysiology of AD, as well as the complex interplay between local (innate) and peripheral (both innate and adaptive) immunity.

Importantly, recent clinical studies suggested that neuroinflammatory-like changes (i.e. glial activation, release of pro-inflammatory factors and neuronal damages) occur very early (i.e. from pre-clinical stages) in the course of AD progression [START_REF] Calsolaro | Neuroinflammation in Alzheimer's disease: Current evidence and future directions[END_REF]. These changes are associated with microglia activation and appear beneficial [START_REF] Hamelin | Early and protective microglial activation in Alzheimer's disease: a prospective study using 18F-DPA-714 PET imaging[END_REF], but microglia progressively switches from homeostatic to disease-associated microglia (DAM) phenotype [START_REF] Butovsky | Microglial signatures and their role in health and disease[END_REF]. Such ADrelated functional switch alters not only the phagocytic function of these cells and their ability to restrict cerebral Aβ accumulation, but also their steady-state surveying and regulatory functions including cytokine, chemokine and growth factor production [START_REF] Butovsky | Microglial signatures and their role in health and disease[END_REF]. Consistently, reduction of chronic neuroinflammation by decreasing the pro-inflammatory cytokine levels in APPPS1 mice improves cognitive performance both at the onset and in advanced stages of ADlike pathology [START_REF] Wagner | Immunoproteasome deficiency alters microglial cytokine response and improves cognitive deficits in Alzheimer's disease-like APPPS1 mice[END_REF]. Moreover, the synaptic hyperexcitability observed in early stages of AD pathogenesis [START_REF] Palop | Amyloid-beta-induced neuronal dysfunction in Alzheimer's disease: from synapses toward neural networks[END_REF] is related to the neuroinflammatory-like changes, such as TNFα induction [START_REF] Cavanagh | βCTF-correlated burst of hippocampal TNFα occurs at a very early, pre-plaque stage in the TgCRND8 mouse model of Alzheimer's disease[END_REF].

Most importantly, by using XPro1595 antagonist to block TNFα actions during the presymptomatic stages of AD, neuronal hyperexcitability, LTP and cognitive impairments were prevented at the later, advanced stages in TgCRND8 mice [START_REF] Cavanagh | Inhibiting tumor necrosis factor-α before amyloidosis prevents synaptic deficits in an Alzheimer's disease model[END_REF]. These data demonstrate the causal relationship between early pro-inflammatory cytokine production and cognitive dysfunctions.

Pathogenic spread of AD

A growing body of evidence suggests that AD, besides other neurodegenerative disorders, propagates in the brain via prion-like intercellular induction of protein misfolding. Neurotoxic proteins Aβ and pTau share properties with classical prions, including their ability to spread within the brain and the periphery [START_REF] Walker | Prion-like mechanisms in Alzheimer disease[END_REF]. This capacity is of fundamental importance since it corroborates the possibility that sporadic AD could be triggered in vulnerable brain regions by Aβ/pTau seed that may be imported, and not only by in situ production of these proteins. In the next two sections we will focus on Aβ since the prion-like mode of pTau spread, although convincingly demonstrated (for recent review, see [START_REF] Clavaguera | The Prion-Like Behavior of Assembled Tau in Transgenic Mice[END_REF]), is likely secondary to Aβ propagation because Aβ changes are detectable before those of Tau, at least in FAD ( [START_REF] Lemere | The E280A presenilin 1 Alzheimer mutation produces increased Aβ42 deposition and severe cerebellar pathology[END_REF][START_REF] Bateman | Dominantly Inherited Alzheimer Network (2012) Clinical and biomarker changes in dominantly inherited Alzheimer's disease[END_REF]; see also discussion in [START_REF] Selkoe | The amyloid hypothesis of Alzheimer's disease at 25 years[END_REF]).

Direct neuron-to-neuron transfer of soluble oligomeric Aβ has been also observed in primary cultures of hippocampal rat neurons [START_REF] Nath | Spreading of Neurodegenerative Pathology via Neuron-to-Neuron Transmission of β-Amyloid[END_REF]. Moreover, in vivo transfer of Aβ aggregates by passive, extracellular diffusion from neurons has been suggested (reviewed in [START_REF] Eisele | Propagation of Aß pathology: hypotheses, discoveries, and yet unresolved questions from experimental and human brain studies[END_REF]), pointing to their putative propagation along interconnected regions in the brain.

In addition to such neuron-mediated propagation, activated microglia and astrocytes may also be involved. Both types of glia cells are usually present near Aβ plaques and NFTs in the hippocampus of AD patients. The impaired clearance of Aβ deposits by glial cells contributes to their cerebral accumulation and subsequent spread in the brain, in line with the reported lowered clearance abilities of AD-associated microglia [START_REF] Bolós | Alzheimer's disease as an inflammatory disease[END_REF]. In addition, increase in Aβ is concomitant with microglia activation which is in turn accompanied with increased production of pro-inflammatory cytokines (TNFa, IL-1b, IL-6, IL-12…) [START_REF] Perry | Microglial priming in neurodegenerative disease[END_REF][START_REF] Bolós | Alzheimer's disease as an inflammatory disease[END_REF]. These brain-born cytokines may act synergistically with peripheral cytokines [START_REF] Bolós | Alzheimer's disease as an inflammatory disease[END_REF] to further impair the integrity of the blood-brain barrier (BBB) and thus implement a feed-forward vicious cycle of amplification in terms of production and propagation of cytotoxic proteins [START_REF] Calsolaro | Neuroinflammation in Alzheimer's disease: Current evidence and future directions[END_REF].

EXOSOMES: NEW PLAYERS IN CELL-TO-CELL COMMUNICATION

From the data discussed in the previous section, it appears that, by analogy to cancer and autoimmune diseases, AD may be now considered as a pathology of cell-communication. The AD-related impairment of cell communication is likely triggered by the accumulation of toxic proteins and involves not only synaptic dysfunction as initially proposed by "amyloid cascade hypothesis" more than 25 years ago [START_REF] Selkoe | The amyloid hypothesis of Alzheimer's disease at 25 years[END_REF], but also the altered communication between glia cells and neurons, as well as impaired inter-glia cell communication. In this light, it is interesting to consider the possible involvement of exosomes, now recognized as important mediators in cellular communication and in the pathogenesis of AD.

Definition and general considerations

Extracellular vesicles (EVs) are nano-sized structures released by all mammalian cell types and found in different body fluids, including CSF and blood [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF]. EVs are surrounded by a lipid bilayer and comprise vesicles ranging from 30 to over 1,000 nm in size. They carry a complex cargo composed of specific proteins such as signaling molecules (integrins, cytokines...) and their receptors, bioactive lipids, nucleic acids including RNAs (mRNAs, miRNAs, small non coding RNAs) and DNAs [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF]. Nature of molecular species and their relative proportion in the cargo are highly diversified among EVs, likely reflecting heterogeneity of their cellular origin and microenvironment in which they are generated. The precise characteristics, as well as regulatory mechanisms of biogenesis, sorting and degradation or secretion of EVs are not completely understood so far.

EVs can be divided in two major families: i) microvesicles released by budding of the cellular membrane and ii) exosomes secreted via exocytosis from multivesicular bodies (MVBs) that are formed along the endocytic pathway [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF]. Currently, it remains difficult to discriminate between EVs and exosomes and there is no consensus about the specific markers allowing to distinguish between EV subtypes. The International Society for Extracellular Vesicles (ISEV) thus recommends to denote exosomes as "small EVs" based on their size (30-100 nm) [30]. For the purpose of this review, the terms "exosomes" and "EVs" are used as per publication to which each particular citation refers to. It should be however kept in mind that in majority of publications using term "exosome", this denomination is based mainly on the size criterion without demonstrating the presence of endosomal markers to confirm their endocytic origin.

All EVs contain different proteins involved in their transport and fusion during biogenesis [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF]. These proteins can be common to all EVs, comprising transmembrane proteins, tetraspanins, heat shock proteins, lipid-related proteins, and phospholipases. Alternatively, cargo proteins can be specific for a given class of exosomes depending on a donor cell in which they are generated [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF]. For example, miRNA-141 is specific for the cargo of exosomes derived from metastatic cells [START_REF] Milane | Exosome mediated communication within the tumor microenvironment[END_REF].

EVs are also characterized by specific surface marker proteins, such as CD9 and CD81 [START_REF] Kowal | Proteomic comparison defines novel markers to characterize heterogeneous populations of extracellular vesicle subtypes[END_REF] (Table 1). Exosomes, as a particular class of EVs and in relation to their endosomal origin, express the common markers as for instance CD81, ALIX (ALG-2 interacting protein), Tsg 101 (Tumor susceptibility gene 101) and tetraspanins [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF] (Table 1). The content of the cargo and the macromolecule composition differ depending on the physiological state of the donor cell, and can be altered in diseases [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF].

Biogenesis, sorting and degradation of exosomes has been extensively discussed in excellent recent reviews (e.g. [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF][START_REF] Mulcahy | Routes and mechanisms of extracellular vesicle uptake[END_REF]) and will not be detailed here. The exosome's life cycle can terminate by degradation of their components that may be used by the recipient cells for the biogenesis of their own constituents or in their intermediate metabolism [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF]. Even though, molecules contained in exosomes can also escape degradation and act as bioactive factors to regulate the cell target functions, including in different cell types in the nervous system [START_REF] Bavisotto | Extracellular Vesicle-Mediated Cell-Cell Communication in the Nervous System: Focus on Neurological Diseases[END_REF].

Physiological roles of exosomes in the brain

Classically, the exosome secretion is seen as an excretion of unnecessary or toxic molecules by donor cells [START_REF] Takahashi | Exosomes maintain cellular homeostasis by excreting harmful DNA from cells[END_REF]. However, as already discussed above, growing body of evidence suggests that exosomes play also a role in intercellular communication involving neighboring and distant cells in the same or different organs [START_REF] Van Niel | Shedding light on the cell biology of extracellular vesicles[END_REF][START_REF] Vlassov | Exosomes: current knowledge of their composition, biological functions, and diagnostic and therapeutic potentials[END_REF] (Figure 1).

In the brain, exosomes are produced by oligodendrocytes, neurons, astrocytes, microglia and Schwann cells, as well as by endothelial cells of the brain blood vessels [START_REF] Lee | Extracellular Vesicle as a Source of Alzheimer's Biomarkers: Opportunities and Challenges[END_REF]. Their role in reciprocal communication between neurons and glial cells, synaptic plasticity and neuronal activity has recently attracted much interest. For instance, delivery of exosomes carrying myelin-associated proteins derived from oligodendrocytes to neurons establishes communication between these cells, contributing to myelination and maintenance of neuronal integrity [START_REF] Trotta | Microglia-derived extracellular vesicles in Alzheimer's Disease: A double-edged sword[END_REF]. Additional physiological roles of exosomes in the control of neuron-glia interactions include microglia-mediated regulation of synaptic pruning [START_REF] Trotta | Microglia-derived extracellular vesicles in Alzheimer's Disease: A double-edged sword[END_REF]. Regarding the regulation of neuronal activity, exosomes have also been reported to deliver to neurons the enzymes involved in energy metabolism [START_REF] Trotta | Microglia-derived extracellular vesicles in Alzheimer's Disease: A double-edged sword[END_REF] (Fig 1).

In addition to the common canonical markers (Table 1), neuron-derived exosomes (NDE) contain the specific adhesion molecules NCAM (Neural Cell Adhesion Molecule) and CD171 or L1CAM (L1 Cell Adhesion Molecule), which were used initially by Dr Edward Goetzl' group to detect NDE in the plasma from a patient at the pre-clinical stage of AD ( [START_REF] Fiandaca | Identification of preclinical Alzheimer's disease by a profile of pathogenic proteins in neurally derived blood exosomes: A case-control study[END_REF]; for review, see [START_REF] Mustapic | Plasma Extracellular Vesicles Enriched for Neuronal Origin: A Potential Window into Brain Pathologic Processes[END_REF]; see also other contributions by Dr Goetzl and his team cited in this review).

In addition, NDE contain lipid raft protein flotillin-2, sub-units of α-amino-3-hydroxy-5methyl-isoxazolepropionic acid receptors (AMPARs) of glutamate and Microtubule-Associated Protein 1B (MAP-1B). Their cargo typically contains proteins involved in synaptic neurotransmission like synaptogamin and synaptophysin, among others [START_REF] Mustapic | Plasma Extracellular Vesicles Enriched for Neuronal Origin: A Potential Window into Brain Pathologic Processes[END_REF][START_REF] Delpech | Neuroimmune Crosstalk through Extracellular Vesicles in Health and Disease[END_REF]. Interestingly, it has been recently demonstrated that exosomes released from cortical neurons upon activation of glutamatergic synapses bind selectively to other neurons instead of being internalized by glial cells [START_REF] Chivet | Exosomes secreted by cortical neurons upon glutamatergic synapse activation specifically interact with neurons[END_REF] thus underscoring the molecular substrate for neuron-to-neuron communication via exosomes.

Astrocyte-derived exosomes (ADE) cargo is enriched in GFAP (Glial Acidic Fibrillary

Protein), Glutamine Synthetase (GlySyn), FGF2 (Fibroblast Growth Factor-2), VEGF (Vascular Endothelial Growth Factor) and extracellular matrix protein endostatin. Synapsin-1 is also comprised in the ADE cargo reflecting the role of astrocytes in synaptic neurotransmission [START_REF] Delpech | Neuroimmune Crosstalk through Extracellular Vesicles in Health and Disease[END_REF]. In addition, the components of amyloidogenic pathway (AbPP, BACE1, γ-secretase) have recently been identified in ADE [START_REF] Goetzl | Cargo proteins of plasma astrocyte-derived exosomes in Alzheimer's disease[END_REF] thus suggesting that in pathological conditions, ADE can contribute to amyloidogenic pathway (see next Section:

Pathological role of exosomes in neurodegenerative diseases: focus on AD).

Oligodendrocytes-derived exosomes (ODE) carry the cargo containing myelin-associated proteins (proteolipids and glycoproteins) and oligodendrocyte-specific cyclic-nucleotide phosphodiesterase (CNP) [START_REF] Krämer-Albers | Oligodendrocytes secrete exosomes containing major myelin and stress-protective proteins: Trophic support for axons?[END_REF], required for the phospho-diester hydrolysis of the 2'3'-cyclic nucleotide to 2'-nucleotide during myelin biosynthesis. ODE play a major physiological role in neuron protection against the adverse effects of the transient increase in synaptic glutamate concentration in the course of neurotransmission. The evidence supporting such role of ODE comes from elegant studies using neuron/oligodendrocyte co-cultures allowing exclusively for exchange of the particles with a diameter lower than 1µm [START_REF] Frühbeis | Neurotransmitter-Triggered Transfer of Exosomes Mediates Oligodendrocyte-Neuron Communication[END_REF]. Furthermore, via their capacity to transfer super-oxide dismutase (SOD) and catalase to neurons, ODE participate in the control of neuronal oxidative stress [START_REF] Fröhlich | Multifaceted effects of oligodendroglial exosomes on neurons: impact on neuronal firing rate, signal transduction and gene regulation[END_REF].

In addition to the markers common to all exosomes (Table 1) and non-specific cargo proteins shared with dendritic cell-and B lymphocyte-derived exosomes (e.g. tetraspannins, chaperons...), the cargo of microglia-derived exosomes (MDE) contain some specific proteins such as aminopeptidase CD13 [START_REF] Potolicchio | Proteomic analysis of microglia-derived exosomes: metabolic role of the aminopeptidase CD13 in neuropeptide catabolism[END_REF]. Reminiscent of physiological roles of microglia, MDE are involved in the control of neurite outgrowth, coordination of the innate immune response in the brain and modulation of neuronal activity [START_REF] Trotta | Microglia-derived extracellular vesicles in Alzheimer's Disease: A double-edged sword[END_REF]. Regarding the modulation of neuronal activity, it has been demonstrated that MDE can increase miniature Excitatory Post-Synaptic Potential (mEPSP) via selective enhancing the sphingolipid metabolism to control synaptic release of neurotransmitter containing synaptic vesicles [START_REF] Antonucci | Microvesicles released from microglia stimulate synaptic activity via enhanced sphingolipid metabolism[END_REF].

PATHOLOGICAL ROLE OF EXOSOMES IN NEURODEGENERATIVE DISEASES: FOCUS ON AD

Understanding the role of exosomes in the pathophysiology of neurodegenerative diseases is only beginning to emerge. The study of the underlying mechanisms is complicated by the fact that exosomes may play a complex role in the pathogenesis of these diseases. It has thus been suggested that exosomes may play a dual role: i) beneficial by both promoting the clearance of toxic proteins from the cytoplasm of affected donor neurons and ii) deleterious by participating in spreading diseases via delivering these toxic proteins to the healthy recipient cells [START_REF] Trotta | Microglia-derived extracellular vesicles in Alzheimer's Disease: A double-edged sword[END_REF][START_REF] Delpech | Neuroimmune Crosstalk through Extracellular Vesicles in Health and Disease[END_REF][START_REF] Watson | Neuronally derived extracellular vesicles: an emerging tool for understanding Alzheimer's disease[END_REF][START_REF] Ferrara | Role of Extracellular Vesicles in Amyotrophic Lateral Sclerosis[END_REF]. Moreover, in the context of challenging conditions (e.g. oxidative stress and related ROS induction, hypoxia, hypoglycemia, that all appear as common denominator of neurodegenerative diseases), it is likely that the failure of the physiological functions of exosomes may be involved. Besides, frequent dysfunction of the pathways (e.g. ubiquitinproteasome, autophagy, lysosomes...) implicated in degradation of neurotoxic proteins led to a new hypothesis in which exosomes play a central role. According to this new hypothesis, accumulation of the neurotoxic proteins can be compensated by increased biogenesis and release of exosomes when other degradation pathways failed. The alteration in endo-lysosomal pathway which may precede the onset of neurodegenerative disease for years, is in line with this attractive hypothesis [START_REF] Watson | Neuronally derived extracellular vesicles: an emerging tool for understanding Alzheimer's disease[END_REF]. In the next section, we will focus on the relevant issues in this context concerning AD. Putative involvement of exosomes in other neurodegenerative disorders such as Parkinson disease, fronto-temporal lobe dementia, Huntington [START_REF] Delpech | Neuroimmune Crosstalk through Extracellular Vesicles in Health and Disease[END_REF][START_REF] Watson | Neuronally derived extracellular vesicles: an emerging tool for understanding Alzheimer's disease[END_REF] and Amyotrophic-Lateral Sclerosis [START_REF] Ferrara | Role of Extracellular Vesicles in Amyotrophic Lateral Sclerosis[END_REF] is beyond the scope of this review and was discussed in detail in indicated recent reports.

Exosomes in AD pathogenesis

Among the neurotoxic proteins involved in neurodegenerative diseases, the role of exosomes in clearance and spread of Aβ and Tau in AD has been extensively studied. Thus, it has been reported that the enlargement of exosomal compartment in pyramidal neurons of the neocortex and the presence of Aβ in NDE sorted from the plasma of AD patients could be detected up to 10 years before the onset of the clinical symptoms (for recent review, see [START_REF] Watson | Neuronally derived extracellular vesicles: an emerging tool for understanding Alzheimer's disease[END_REF]).

In addition, exosomal markers were found to be enriched in Aβ-plaques of post-mortem AD brains [START_REF] Rajendran | Alzheimer's disease β-amyloid peptides are released in association with exosomes[END_REF]. Besides, exosome production decreases in old AD mice, further suggesting that downregulation of exosomes may be related to increased plaque deposition and AD pathogenesis [START_REF] Yuyama | A potential function for neuronal exosomes: sequestering intracerebral amyloid-β peptide[END_REF]. Interestingly, the presence of AD-related APOE isoform e4 compromises exosomal biogenesis and secretion [START_REF] Peng | Apolipoprotein E4 genotype compromises brain exosome production[END_REF], thus suggesting that the impairment of toxic protein clearance via exosomal route may indeed contribute to AD pathogenesis, in line with the recent hypothesis [START_REF] Fitzner | Selective transfer of exosomes from oligodendrocytes to microglia by macropinocytosis[END_REF]. The involvement of exosomes in the spread of Aβ and Tau proteins will be discussed in the next section because exosomes can indirectly control synaptic activity. Hence, by controlling the content of these proteins in the brain parenchyma, which in turn impacts the synaptic activity ( [START_REF] Tracy | Tau-mediated synaptic and neuronal dysfunction in neurodegenerative disease[END_REF][START_REF] Yuyama | A potential function for neuronal exosomes: sequestering intracerebral amyloid-β peptide[END_REF]; see also the end of subsection Main hallmarks of AD pathogenesis), exosomes can contribute to the regulation of synaptic and neuronal functions.

Role of exosomes in Aβ and Tau clearance and spread

Binding of Aβ to NDE through glycosphingolipid glycans or cellular prion protein (PrP C ) on the extracellular vesicle surface may serve to remove extracellular Aβ [START_REF] Watson | Neuronally derived extracellular vesicles: an emerging tool for understanding Alzheimer's disease[END_REF][START_REF] Sinha | Alzheimer's disease pathology propagation by exosomes containing toxic amyloid-beta oligomers[END_REF]. A recent study has explicitly demonstrated the association between Aβ and exosomes by identifying a fraction of Aβ + /CD68 + double-positive exosomes in AD plasma samples [START_REF] Lim | Subtyping of circulating exosomebound amyloid β reflects brain plaque deposition[END_REF]. Such capacity of exosomes to trap extracellular Aβ may promote its clearance by microglia. In agreement, exogenously added, labeled exosomes were found to colocalize with lysosomal/late endosomal markers (e.g. Lamp1) in the cytoplasm of the cultured microglia cells [START_REF] Fitzner | Selective transfer of exosomes from oligodendrocytes to microglia by macropinocytosis[END_REF]. Moreover, in addition to their capacity to directly promote Aβ clearance by uptake and subsequent lysosomal digestion, microglia can contribute to this process indirectly. Thus, adding mixture of NDE and Aβ to primary cultures of cortical neurons promotes formation of Aβ fibrils in the extracellular space at the expense of toxic soluble oligomers. The NDE-associated fibrillar Aβ is more prone to microglia uptake by a mechanism which depends on phospholipid expression and activity of sphingolipid-metabolizing enzymes on the surface of exosomes. This mode of exosomemediated uptake of fibrillar Aβ appears immunologically silent, in contrast to direct ingestion of Aβ by microglia [START_REF] Yuyama | Sphingolipid-modulated Exosome Secretion Promotes Clearance of Amyloid-β by Microglia[END_REF]. Of note, the lipid expression at the surface of exosomes may be crucial for Aβ clearance. Indeed, ADE express less glycosphingolipids than NDE and bind to Aβ with lower affinity than NDE [START_REF] Yuyama | A potential function for neuronal exosomes: sequestering intracerebral amyloid-β peptide[END_REF].

Besides Aβ, exosomes can carry AβPP and its metabolites, such as CTF fragments [START_REF] Miranda | Neuronal lysosomal dysfunction releases exosomes harboring APP C-terminal fragments and unique lipid signatures[END_REF]. In this light, AD-associated mutations in both AβPP and PS1 have been correlated with impairment of endo-lysosomal pathway. It has been though hypothesized that lysosomal dysfunction in neurons yields increase in AβPP-CTFs in their endosomal compartment, which in turn triggers endosomal-lysosomal dysfunctions yielding a vicious feed-forward loop of amplification [START_REF] Guix | The interplay between aging-associated loss of protein homeostasis and extracellular vesicles in neurodegeneration[END_REF].

As already discussed, NDE isolated from blood, CSF and culture medium of cellular lines overexpressing Aβ, all contain different (oligomeric and fibrillar) forms of Aβ (see [START_REF] Watson | Neuronally derived extracellular vesicles: an emerging tool for understanding Alzheimer's disease[END_REF] for review). In a recent elegant study, Sardar Sinha and colleagues demonstrated that exosomes isolated form human AD brain can be transferred from neuron-to-neuron in SH-SY5Y cell line and human induced pluripotent stem cells (iPSC). When biogenesis, secretion or uptake of NDE coming from AD patients was inhibited in cultured donor cells, the spread of Aβ oligomers and their toxicity in recipient cells were decreased too [START_REF] Sinha | Alzheimer's disease pathology propagation by exosomes containing toxic amyloid-beta oligomers[END_REF]. Interestingly, by using either coverslips (allowing for direct contact between neurites of donor and recipient cells) or transwell system (where no neuritic contact is possible) to grow recipient cells, these authors demonstrated that NDE-mediated Aβ transfer does not require direct neuritic contact, although the transfer is more efficient when such contact is possible [START_REF] Sinha | Alzheimer's disease pathology propagation by exosomes containing toxic amyloid-beta oligomers[END_REF].

The mechanisms behind Tau secretion and spread via exosomes have been less studied in the past than those relevant for Aβ. It is however known for a while that Tau can be secreted via exosomes from Tau-overexpressing neuronal cell lines (reviewed in [START_REF] Watson | Neuronally derived extracellular vesicles: an emerging tool for understanding Alzheimer's disease[END_REF]). Similar to Aβ, NDE from AD patients display up to 20-fold increase in pathology-related Tau phosphorylation at threonine-181 and serine-396, as compared to Tau in NDE isolated form neurologically normal, age-matched controls. In addition, the level of threonine 181-hyperphosphorylated Tau is higher in NDE isolated from AD patients at late stages of pathology than in prodromal MCI subjects, in agreement with the proposed causal role of exosomes in the onset and progression of neurodegenerative diseases, including AD [START_REF] Watson | Neuronally derived extracellular vesicles: an emerging tool for understanding Alzheimer's disease[END_REF][START_REF] Ferrara | Role of Extracellular Vesicles in Amyotrophic Lateral Sclerosis[END_REF].

Remarkably, using neuronally-differentiated human iPSC, it has been demonstrated that exosomes containing AD-related pTau remain aggregation-competent after transfer into the recipient neuron-differentiated iPSC [START_REF] Guix | Detection of Aggregation-Competent Tau in Neuron-Derived Extracellular Vesicles[END_REF]. In an analogous approach, neuronally-differentiated human iPSC, further engineered to express repeat domain of Tau P301L and V337M mutations, were used to generate NDE. After subsequently transferring these NDE into the hippocampus of the wild-type mice, Winston and collaborators reported Tau inclusions, increase in pTau and extensive neurite degeneration in the recipient brain [START_REF] Winston | Neuronal Exosome-Derived Human Tau is Toxic to Recipient Mouse Neurons in vivo[END_REF] thus explicitly demonstrating spread of Tau pathology via EVs. Most importantly, EVs secreted by neuronally-differentiated human iPSC coming from a patient with FAD and harboring an A246E mutations in PS1 encoding gene, triggered increased Tau expression and aberrant phosphorylation in vivo after intrahippocampal injection in wild-type mice [START_REF] Aulston | Extracellular Vesicles Isolated from Familial Alzheimer's Disease Neuronal Cultures Induce Aberrant Tau Phosphorylation in the Wild-Type Mouse Brain[END_REF]. In addition to providing further evidence for the seeding capacity of AD brain-derived EVs, this study brought the first in vivo demonstration of the possible link between amyloid and Tau pathology in which EVs may play a critical role [START_REF] Aulston | Extracellular Vesicles Isolated from Familial Alzheimer's Disease Neuronal Cultures Induce Aberrant Tau Phosphorylation in the Wild-Type Mouse Brain[END_REF].

Altogether, these recent studies suggest that exosomes might be among key mediators of pathogenic progression related to Aβ and Tau spread in AD (Figure 1).

Putative role of exosomes in the control of synaptic activity

There are currently only a few published studies in which the role of exosomes in the control of synaptic activity has been assessed directly. Indeed, the majority of studies in this context assessed the content of pre-and post-synaptic proteins in the cargo of NDE sorted from plasma of AD patients. These studies are concordant in terms of reporting the presence of synaptic proteins in NDE that probably reflects the synaptic loss. For instance, Goetzl and collaborators reported that the NDE content of pre-synaptic proteins pentraxin-2 and neurexin 2a and their post-synaptic ligands glutamate receptor AMPA4 and neuroligin-1, respectively, decreases progressively with advancement of AD pathology [START_REF] Goetzl | Declining levels of functionally specialized synaptic proteins in plasma neuronal exosomes with progression of Alzheimer's disease[END_REF]. Because these two ligand-receptor pairs are expressed specifically at excitatory synapses, and, given that the observed decline in the level of AMPA4 in NDE was further positively correlated with cognitive dysfunction [START_REF] Goetzl | Declining levels of functionally specialized synaptic proteins in plasma neuronal exosomes with progression of Alzheimer's disease[END_REF], it is likely that NDE containing excitatory synapse-specific receptors (i.e. AMPA4) may be associated with the regulation of the relevant synaptic activity, even if in fine, they reflect the failure of this regulation yielding synaptic loss.

In a more direct approach, intra-cerebroventricular infusion of exosomes derived from either neuroblastoma cell line N2a or human CSF from healthy donors, could counteracts LTP impairment induced by subsequent infusion of soluble Aβ species (obtained either by oligomerization of synthetic Aβ or purified from human AD brain) [START_REF] An | Exosomes neutralize synaptic-plasticity-disrupting activity of Aβ assemblies in vivo[END_REF]. The observed protective effect of exosomes against synaptic toxicity of Aβ was attributed to the sequestering and immobilization of Aβ on the surface of exosomes [START_REF] An | Exosomes neutralize synaptic-plasticity-disrupting activity of Aβ assemblies in vivo[END_REF].

Regarding the modulation of synaptic activity, it has been furthermore demonstrated that MDE can increase mEPSP via selectively enhancing the sphingolipid metabolism to control synaptic release of neurotransmitter-containing synaptic vesicles [START_REF] Antonucci | Microvesicles released from microglia stimulate synaptic activity via enhanced sphingolipid metabolism[END_REF]. These data point to an additional, exosome-dependent mechanism for regulation of neuronal activity by microglia.

Interestingly, a recent study reported that EV derived from the bone marrow Mesenchymal Stem Cells (MSCs) exert protective effects on cultured primary hippocampal neurons exposed to Aβ-induced synaptic damage [START_REF] De Godoy | Mesenchymal stem cells and cell-derived extracellular vesicles protect hippocampal neurons from oxidative stress and synapse damage induced by amyloid-β oligomers[END_REF]. Besides, the protective effect of MSC-derived EVs encompassed also Aβ-induced oxidative stress via EV-mediated catalase delivery to the recipient neurons. MSC-mediated rescue from Aβ-triggered decrease in post-synaptic density protein 95 (PSD95) and pre-synaptic marker synaptophysin was explicitly demonstrated by coculturing primary hippocampal neurons and MSCs in the transwell system which allows for inter-cellular communication exclusively by soluble factors [START_REF] De Godoy | Mesenchymal stem cells and cell-derived extracellular vesicles protect hippocampal neurons from oxidative stress and synapse damage induced by amyloid-β oligomers[END_REF]. These findings were further extended by demonstrating that in vitro beneficial effects of MSC-derived EVs involve also inhibition of nitrosative stress by preventing Aβ-induced iNOS induction [START_REF] Wang | Mesenchymal Stem Cell-Derived Extracellular Vesicles Suppresses iNOS Expression and Ameliorates Neural Impairment in Alzheimer's Disease Mice[END_REF]. Such beneficial effects of MSC-derived EVs were in addition confirmed in vivo, by intra-cerebroventricular injection of MSC-derived EVs in APP/PS1 mouse model. This manipulation could efficiently alleviate the impairment of both Aβ-related pre-synaptic function, as attested by rescue of EPSP, and memory-related LTP which was further correlated with improvement of cognitive performance in new-object recognition and Morris water-maze tests [START_REF] Wang | Mesenchymal Stem Cell-Derived Extracellular Vesicles Suppresses iNOS Expression and Ameliorates Neural Impairment in Alzheimer's Disease Mice[END_REF].

In addition to the above discussed in situ impact of EVs (including exosomes) generated by the cells of the CNS (neurons and microglia, but also astrocytes) or provided exogenously by intracerebral injection, the peripheral-born EVs may hypothetically also contribute to the control of synaptic activity. This hypothesis is based on the analogy to EVs derived in the peripheral circulation from immune cells that are known to vehicle immunoregulatory molecules [START_REF] Cypryk | From Inflammasome to Exosome-Does Extracellular Vesicle Secretion Constitute an Inflammasome-Dependent Immune Response?[END_REF]. Thus, EVs secreted during peripheral inflammatory responses are thought to promote inflammation in endothelial cells, neutrophils, hepatocytes, macrophages, and monocytes via different mechanisms. These mechanisms include delivery of inflammasome's component neprylisine (e.g. NLRP3), pro-inflammatory cytokines (IL-1b, TNFα, IL-6, IL-8, INF-γ...) and chemokines [START_REF] Chen | Chemokine-Containing Exosomes Are Released from Heat-Stressed Tumor Cells via Lipid Raft-Dependent Pathway and Act as Efficient Tumor Vaccine[END_REF], induction of prostaglandins or lipid-inflammatory mediators, to name a few [START_REF] Cypryk | From Inflammasome to Exosome-Does Extracellular Vesicle Secretion Constitute an Inflammasome-Dependent Immune Response?[END_REF]. As BBB is permeable to EVs, they may penetrate the brain and contribute to impairment of synaptic activity by triggering neuroinflammation. The latter could be in turn related to the cross-talk between systemic and CNS inflammation which is currently well recognized, although the underlying mechanisms remain poorly understood [START_REF] Paouri | Systemic and CNS Inflammation Crosstalk: Implications for Alzheimer's Disease[END_REF]. Of note, recent evidence suggests that circulating peripheral EVs may be underlying this cross-talk [START_REF] Ridder | Extracellular Vesicle-Mediated Transfer of Genetic Information between the Hematopoietic System and the Brain in Response to Inflammation[END_REF].

In agreement with this hypothesis, a pioneer study by Li and colleagues demonstrated last year that exosomes isolated from the serum of endotoxin-treated mice and transferred to naive recipient mice by i.v. injection, induce dramatic microglia and moderate astrocyte activation which was accompanied by the induction of TNFα and IL-6 transcripts, and pro-inflammatory microRNAs including miR-155, in both blood and brain [START_REF] Li | In vivo evidence for the contribution of peripheral circulating inflammatory exosomes to neuroinflammation[END_REF]. Relevantly, the capacity of proinflammatory cytokines to regulate synaptic and neuronal functions is currently well recognized [START_REF] Prieto | Cytokines and cytokine networks target neurons to modulate long-term potentiation[END_REF].

Indirect, neuroinflammation-mediated, contribution of exosomes to the control of synaptic activity

As already discussed in the section dealing with Complexity of AD, microglia play a central role in neuroinflammation based on their capacity to produce immunomodulatory cytokines/chemokines [START_REF] Perry | Microglial priming in neurodegenerative disease[END_REF] to subsequently impact neuronal activity [START_REF] Prieto | Cytokines and cytokine networks target neurons to modulate long-term potentiation[END_REF], but also by sensing the neuronal activity in response to these immune mediators. Among the most studied underlying neuron-microglia interactions, there is the binding of ligands CD200, fractalkine (CX3CL1) and CCL2 expressed by neurons with their cognate microglia receptors CD200R, CXCL1R and CCL2R, respectively. Of note, CD200, CCL2 and CX3CL1 were identified respectively in neuroblastoma-, MSC-and fibroblast-derived EVs, thus strongly suggesting that the interaction of these ligands carried by EVs may impact neuron-microglia interactions. Such impact could translate into release from the inhibitory tonus that neurons exert on microglia to keep it in a homeostatic state (reviewed in [START_REF] Delpech | Neuroimmune Crosstalk through Extracellular Vesicles in Health and Disease[END_REF]). In this light, identification of TGF-b in neuroblastoma-derived EVs [START_REF] Matias | Microglia/Astrocytes-Glioblastoma Crosstalk: Crucial Molecular Mechanisms and Microenvironmental Factors[END_REF] is of particular importance, given that this growth factor plays a central role in the control of homeostatic phenotype of microglia [START_REF] Butovsky | Microglial signatures and their role in health and disease[END_REF].

Besides, EVs derived from microglia in inflammatory environment display cargo content which is distinct from the one in EVs derived from homeostatic microglia. Thus, it has been reported that EVs generated in the inflammatory conditions contain pro-inflammatory cytokines TNFa, IL-1b and IL6 as well as miRNA (e.g. miR-155) (for recent review, see [START_REF] Paolicelli | Cell-to-cell Communication by Extracellular Vesicles: Focus on Microglia[END_REF]).

In particular, miRNAs in EVs shaded from inflammatory microglia may impact the expression of synaptic proteins in recipient neurons yielding synaptic dysfunction and loss [START_REF] Prada | Glia-to-neuron transfer of miRNAs via extracellular vesicles: a new mechanism underlying inflammation-induced synaptic alterations[END_REF] thus pointing to putative role of MDE in the control of synaptic activity. Most importantly, such MDE coming from the inflammatory environment may further trigger activation of additional microglia and astrocytes, and though contribute to implementing neuroinflammation [START_REF] Delpech | Neuroimmune Crosstalk through Extracellular Vesicles in Health and Disease[END_REF].

Moreover, the expression of pro-inflammatory cytokines TNFa, IL-1b and IL6 is higher in ADE coming from AD than age-matched neurologically normal subjects [START_REF] Goetzl | High complement levels in astrocyte-derived exosomes of Alzheimer disease[END_REF]. Glia EVs containing cytokines appear particularly important in terms of the role that cytokines exert in the control of synaptic activity via, for instance, synaptic up-scaling [START_REF] Prieto | Cytokines and cytokine networks target neurons to modulate long-term potentiation[END_REF][START_REF] Stellwagen | Synaptic scaling mediated by glial TNF-alpha[END_REF][START_REF] Zhang | Inhibition of NMDA-induced outward currents by interleukin-1β in hippocampal neurons[END_REF].

Moreover, ADE obtained from plasma of AD patients contain higher level of complement proteins, including C3. Given that: i) genetic inhibition of C3 rescues the age-related decline in synaptic function as assessed by EPSP recording and quantification of pre-and post-synaptic proteins expression [START_REF] Shi | Complement C3-Deficient Mice Fail to Display Age-Related Hippocampal Decline[END_REF] and ii) reported capacity of Aβ to trigger C3 production by astrocytes [START_REF] Lian | Astrocyte-Microglia Cross Talk through Complement Activation Modulates Amyloid Pathology in Mouse Models of Alzheimer's Disease[END_REF], it is plausible that Aβ sequestration and secretion via ADE could corroborate further impairment Aβ-mediated synaptic dysfunction.

Circulating exosomes: diagnostic markers and read-out for monitoring of AD progression and treatment?

From the evidence discussed in the previous sections it clearly appears that plasma EVs may become useful diagnostic markers for AD. Indeed, EVs (including exosomes) carry toxic proteins (e.g. Ab, Tau... [START_REF] Rajendran | Alzheimer's disease β-amyloid peptides are released in association with exosomes[END_REF][START_REF] Guix | Detection of Aggregation-Competent Tau in Neuron-Derived Extracellular Vesicles[END_REF]) or intracellular components (e.g. lysosomal proteins, HSP70, ubiquitinylated proteins) whose levels differ between patients and control subjects [START_REF] Goetzl | Altered lysosomal proteins in neural-derived plasma exosomes in preclinical Alzheimer disease[END_REF]). These alterations are detectable in plasma up to 10 years before the clinical onset of the disease [START_REF] Goetzl | Altered lysosomal proteins in neural-derived plasma exosomes in preclinical Alzheimer disease[END_REF], thus pointing to EVs as attractive candidates for early and more reliable AD diagnosis. In agreement, the level of specific proteins such as Advanced Glycation End product (AGE) in the plasma exosomes was successfully used to differentiate early from moderate stage of AD [START_REF] Haddad | Circulating and Extracellular Vesicles Levels of N-(1-Carboxymethyl)-L-Lysine (CML) Differentiate Early to Moderate Alzheimer's Disease[END_REF].

EVs could also be used as targets for development of new therapeutic approaches aimed on neuroprotection by, for instance, boosting the microglia capacity to generate EVs involved in clearance of Ab and Tau [START_REF] Trotta | Microglia-derived extracellular vesicles in Alzheimer's Disease: A double-edged sword[END_REF] or by providing healthy EVs to locally alleviate neurodegeneration by stimulating neurogenesis [START_REF] Guix | The interplay between aging-associated loss of protein homeostasis and extracellular vesicles in neurodegeneration[END_REF]. In this regard, use of MSC-derived EVs may turn to be particularly promising. In the work published in 2017, Cui and coworkers reported that EVs coming from MSCs and i.v. injected bimonthly for 4 months to 7 months-old APP/PS1 mice reduced plaque deposition and cerebral Ab load, microglia and astrocyte activation and pro-inflammatory cytokines TNFa and IL-1b. These alterations were concomitant with increase in anti-inflammatory cytokines IL-4 and IL-10 and improved cognitive performance. Interestingly, all these beneficial effects were increased if EVs were derived from MSCs cultured in hypoxia conditions [START_REF] Cui | Exosomes derived from hypoxia-preconditioned mesenchymal stromal cells ameliorate cognitive decline by rescuing synaptic dysfunction and regulating inflammatory responses in APP/PS1 mice[END_REF]. These data are of paramount importance since they bring the pre-clinical proof of concept for the efficacy of using EVs for the treatment of AD-like pathology in mice at the overt stage of the disease.

CONCLUSIONS

In spite of the great progress made during the recent years to diagnose AD earlier and more accurately, diagnosis is still disclosed relatively late. Identification of new biomarkers, notably those that might be detectable during the stage preceding the MCI, i.e. Subjective Cognitive Impairment (SCI), is urgently needed (SCI in contrast to MCI, which is considered as prodromal stage of AD [START_REF] Tönnies | Oxidative Stress, Synaptic Dysfunction, and Alzheimer's Disease[END_REF], corresponds to pre-clinical stage of AD). In this review, we discussed the recent knowledge indicating that exosome hold the potential to become such early diagnostic markers for at least two main reasons. First, brain-derived exosomes are accessible non-invasively from peripheral circulation since they can cross the BBB. Second, exosomes reflect the function of neurons and glia and their communication, and more specifically the impairment of synaptic transmission. This property of exosomes is crucial considering synaptic dysfunctions as the earliest correlates of AD-related cognitive impairment [START_REF] Palop | Amyloid-beta-induced neuronal dysfunction in Alzheimer's disease: from synapses toward neural networks[END_REF]. Of utmost importance, there is currently no available method to directly assess the synaptic dysfunction in humans. The latter is further strengthening the need for future research allowing for clinical translation of the pre-clinical proof-of-concept for use of exosomes as early diagnostic tool.

In addition to their potential interest for early diagnosis, exosomes, and more precisely the content of their cargo, may be useful to discriminate between different stages of AD [START_REF] Haddad | Circulating and Extracellular Vesicles Levels of N-(1-Carboxymethyl)-L-Lysine (CML) Differentiate Early to Moderate Alzheimer's Disease[END_REF].

According to the current state-of-the-art, it appears that exosomes' involvement in clearance of neurotoxic proteins such as Ab and pTau (e.g. [START_REF] Rajendran | Alzheimer's disease β-amyloid peptides are released in association with exosomes[END_REF][START_REF] Guix | Detection of Aggregation-Competent Tau in Neuron-Derived Extracellular Vesicles[END_REF]), may be exploited as a strategy to delay the onset and progression of AD. Obviously, many challenges remain to be solved prior to such new therapeutic approaches. For instance, how to ascertain that exosomes loaded with the neurotoxic proteins would enter degradation pathways, rather than escape and serve as vectors for spreading these proteins? But maybe the most promising perspective in this new field of exosomal biology consists in using these small vesicles to rescue the AD-related impairments of synaptic activity and subsequent cognitive impairment [START_REF] De Godoy | Mesenchymal stem cells and cell-derived extracellular vesicles protect hippocampal neurons from oxidative stress and synapse damage induced by amyloid-β oligomers[END_REF][START_REF] Wang | Mesenchymal Stem Cell-Derived Extracellular Vesicles Suppresses iNOS Expression and Ameliorates Neural Impairment in Alzheimer's Disease Mice[END_REF]. The small size, capacity to cross the BBB and the fact that exosomes are recognized by the immune system as "self" provide the interesting properties for such therapeutic purposes. Encouraging results, obtained in pre-clinical setting by using exosomes obtained from the healthy donor cells prepared in basal [START_REF] Guix | The interplay between aging-associated loss of protein homeostasis and extracellular vesicles in neurodegeneration[END_REF] or challenging (e.g. hypoxia) [START_REF] Cui | Exosomes derived from hypoxia-preconditioned mesenchymal stromal cells ameliorate cognitive decline by rescuing synaptic dysfunction and regulating inflammatory responses in APP/PS1 mice[END_REF] conditions, provide an exciting perspective. Indeed, these recent data suggest that exosomes maybe modified for therapeutic purposes and that such "augmented" exosomes maybe then targeted to the cells expressing the receptors for the ligands that they bear at their surface. Even more, the expression of the ligands on the surface of exosomes maybe engineered to fit the expression of the receptors on the cells that are to be targeted. This approach may open the interesting avenues for the treatment of AD, that combined with putative new exosomes-based diagnostic biomarkers should significantly help advancing the perspective of personalized medicine for earlier diagnosis and more efficient treatments of AD. ISEV recommends characterizing EV/exosomes with three protein markers of EVs/exosomes, including at least: i) one transmembrane/lipid-bound protein, ii) one cytosolic protein and iii) at least one negative protein marker [START_REF] Mulcahy | Routes and mechanisms of extracellular vesicle uptake[END_REF]. AMPAR subtypes [START_REF] Delpech | Neuroimmune Crosstalk through Extracellular Vesicles in Health and Disease[END_REF] Abbreviations: AbPP: AbPrecursor Protein; ALIX: ALG-2-interacting protein X; AMPAR: hydroxy-5-methy-4isoxazolepropionic acid receptor; CD: Common Determinant; ERK: extracellular signal-regulated kinase; FasL: Fas ligand; FGF: fibroblast growth factor; HSP: heat shock proteins; HSPG: heparan sulfate proteoglycan; Lamp: lysosomal-associated membrane protein; LBPA: lysobisphosphatidic acid; LFA1: lymphocyte function-associated antigen-1; MHC: major histocompatibility complex; miR: microRNA; PLD: phospholipase D; PMEL: premelanosome protein; PrP: prion protein; Rab: Ras superfamily of GTPases; TCR: T-cell receptor; TFR: transferrin recetor; TSG: tumor necrosis factor-stimulated gene-6; TSPAN8: tetraspanin 8; VPS: vacuolar protein sorting; WNT: wingless.

FIGURE LEGEND

Markers

Figure 1 :

 1 Figure 1: Hypothetical involvement of the cross-talk between peripheral and brain-

Table 1 : Tentative classification of extracellular vesicles (EVs) and exosomal markers.

 1 

ACKNOWLEDGMENTS

We thank Drs Guillaume Dorothée (INSERM, U938, Paris, France), Charles Ramassamy (INRS, Institut Armand-Frappier, Laval, QC, Canada) and Isabelle Aubert (University of Toronto, Toronto, ON, Canada) for constructive suggestions. We would also like to acknowledge the institutional support from Centre de Recherche Scientifique (CNRS) to SK and Centre de Recherche St. Antoine (CRSA) to HC.

CONFLICT OF INTEREST

The authors have no conflict of interest to report.