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Microglia play an important role in neurodegenerative disease [i.e., Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis (ALS)]. These diseases share some similar pathological changes and several microglia-associated processes, including immune response, neuroinflammation, phagocytosis, elimination of synapses et al. Microglia in the central nervous system (CNS) has been described as having both destructive and protective effects in neurological disorders. Besides, considerable evidence also indicates that microglia play a significant role in neurogenesis, neuronal cell death, and synaptic interactions. The communication between microglia and neurons is of vital role in regulating complex functions which are key to appropriate the activity of the brain. Accumulating studies have also demonstrated that exosomes with sizes ranging from 40–100 nm, released by microglia, could serve as key mediators in intercellular signaling. These exosomes, identified in terms of cellular origin in many kinds of biological fluids, exert their effects by delivering specific cargos such as proteins, microRNAs (miRNAs), and mRNAs. It was shown that microglial exosomes could transport to and be uptake by neurons, which may either be beneficial or instead, detrimental to CNS diseases. The focus of this review is to summarize the involvement of microglial exosomes in critical pathologies associated with neurodegenerative disease and how they contribute to these disorders, including PD, AD, and ALS. We also review the application of microglia exosomes as potential biomarkers in monitoring disease progression, as well as focusing on their roles as drug delivery vehicles in treating neurodegenerative disorders.
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BACKGROUND

The communication between diverse cellular populations is a characteristic of neurodegenerative disorders, with different ways including exocytosis, exosomes, tunneling nanotubes, and endocytosis (Fruhbeis et al., 2013; Peferoen et al., 2014; Valdinocci et al., 2017). Neurons, the effector cells in the brain, have interaction with microglia, astrocytes, oligodendrocytes, as well as the neurovascular system, supporting their metabolic requests and respond to pathological stimuli. Conversely, this kind of communication can also promote the progression of the neurodegenerative disease through spreading harmful agents such as cytokines and pathogenic proteins. One emerging model of propagating such cell-to-cell interplay is through the release of disease-related exosomes in neurodegenerative disorders (Rufino-Ramos et al., 2017; Yuyama and Igarashi, 2017). Once released by cells in the brain, exosomes can either target specific cell types or be released into the cerebrospinal fluid (CSF) and blood (Basso and Bonetto, 2016), as well as uptaken by neighboring cells. Indeed, exosomes were detected in the CSF of humans as well as model species such as mice and monkeys and cell culture medium (Basso and Bonetto, 2016), thus leading to the possibility that exosomes may be useful for early diagnosis in neurodegenerative diseases.



MICROGLIA IN NEURODEGENERATIVE DISEASES

As the principal immune-competent cells in the CNS, microglia play an active role in influencing the pathologic progression of AD, ALS, and PD, accompanied by altering their morphology, transcriptional profile, and functions when become activated (Brites and Vaz, 2014). Under homeostatic conditions, microglia exist in a resting state with thin processes spanning the brain where they survey for pathological or harmful proteins/molecules such as α-synuclein, tau, or Aβ, which may be free in the extracellular matrix or included in exosomes. Detection of these stimulating agents causes the motile microglia to change from a relative resting state to a phagocytic state, with a morphological transformation from a ramified form to an amoebic form (Gemma and Bachstetter, 2013). Activated microglia exert phagocytic capacity on free and exosome associated misfolding proteins or other harmful agents from neurons, astrocytes, or oligodendrocytes, exerting protective effects. In parallel, microglia are also capable of sensing molecular or cellular debris and then phagocyte and degrade them. Activated microglia exert different functions in different mouse disease models and humans. Microglia acquire alternate phenotypes, such as the M1 (inflammatory category) and M2 subtypes (pro-regenerative category), depending on the differing stimuli they are to respond to and the extent of the stimuli (Brites and Vaz, 2014). While distinguishing the function of microglia as either “protective” or “injury” is relatively difficult, because microglia are dynamically switching between these phenotypes and may exist in either M1, M2 or, intermediate states. Recently, the “disease-associated microglia” (DAM) is discovered in AD by comprehensive single-cell RNA analysis and later investigations also discovered DAM in ALS (Keren-Shaul et al., 2017; Olah et al., 2018). DAM refers to a subset of microglia with a unique transcriptional and functional feature, expressing typical microglial markers, such as Iba1 and Hexb, together with elevation of genes involved in lysosomal and phagocytic pathways, such as Apoe, Ctsd, and Trem2 (Lambert et al., 2013). DAM can be activated by various stimuli, including protein aggregates, myelin debris and cell debris, depending on TREM2–DAP12 pathway, and can participate in the clearance of apoptotic cells, myelin debris, Aβ and secrete inflammatory cytokines (Deczkowska et al., 2018). The focus of microglia is gradually shifted from the M1 and M2 paradigm to DAM associated with neurodegeneration.



CHARACTERISTICS OF MICROGLIAL EXOSOMES

Intracellularly, microRNAs (miRNAs), messenger RNAs (mRNAs), proteins, and cytokines can be selectively incorporated into multivesicular bodies (MVBs) and then secreted from microglia encapsulated in exosomes. Exosomes are small vesicles (40–100 nm) generated from the intracellular endosomal system. The inward budding of the endocytic membrane forms MVBs and exosomes are secreted through exocytosis when MVBs fuse with plasma membranes (Prada et al., 2013). There are another set of extracellular vesicles from microglia called microvesicles (MV), which are relatively large vesicles (100–1,000 nm) that release from the directly budding of the plasma membrane (Turola et al., 2012). Comparisons between these two types of vesicles have found that exosomes are primarily enriched with receptors and kinases, indicating their function in cellular signaling. Whereas MVs are presented with mitochondrial, centrosomal, and ribosomal proteins, indicating their involvements in protein translation (Basso and Bonetto, 2016). In addition, another important difference is that microglial exosomes have been identified as having a unique role in antigen presentation, for instance, the transfer of antigens, implying that exosomes exert a functional role in immune response and are vital in managing the interaction between the brain and the immune system. To sum up, due to the unique features of exosomes in intercellular communications acting as vehicles, and promoting disease propagation as essential carriers of altered molecules, their functional roles in neurodegenerative disease are attracting more attention.

Exosomes are generated from the late endosome to form MVBs, where ESCRT protein complexes coordinate the cargo loading and vesicle release (Baietti et al., 2012). Although the mechanisms underlying the fusion of MVBs with the plasma membrane is still poorly understood, several Rab GTPases, such as the SNARE protein YKY6, and Rab11, 35, 27 have been shown to coordinate vesicle tethering and the fusion of MVBs to the plasma membrane (Chevallier et al., 2009; Gross et al., 2012; Shifrin et al., 2013; Binotti et al., 2016). The cargos of exosomes are known to comprise proteins, lipids, and RNAs, while the presence of DNA is highly contested. Exosomes themselves are lined by bi-lipid bilayers enriched in certain membrane proteins such as tetraspanins, cholesterol, and sphingomyelin. Exosomes have been found to enter recipient cells through endocytosis, ligand-receptor interaction (although identification of specific ligands and receptors has not yet been made), or fusion with the plasma membrane (Ratajczak et al., 2006).

Several factors have been proven to influence the release of exosomes from microglia. Microglial exosome secretion can be restrained with GW4869, an inhibitor of sphingomyelin-2 that targets neutral sphingomyelinase-2 (Yuyama et al., 2012). Upon ATP stimulation of P2X7 receptors, reactive microglia release exosomes rapidly (Gu et al., 2011). 5-HT can promote the release of microglial exosomes, which is mediated by cAMP-GEF1/2 in 5-HT4R signaling and involves the elevation of (Ca2+) levels (Glebov et al., 2015). It also has been reported that the release of microglial exosomes does not occur constitutively and the release is induced by Wnt3a, a cysteine-rich glycoprotein, which in turn be included in exosomes (Hooper et al., 2012).

Based on the proteomic analysis of exosomes from N9 microglial cells (Potolicchio et al., 2005), the composition of typical microglial exosomes is illustrated in Figure 1. Microglia-derived exosomes contain proteins of the late endosomes and these proteins serve as specific markers of exosomes corroborating their organelle origin. Microglial exosomes also express major histocompatibility complexes (MHCs) class II molecules, yet the co-stimulatory molecules like CD80, CD86 are not found in the bilayers near MHC II, thus their roles in antigen presentation andtolerance inductionin the brain isremainedto be proven (Thomas et al., 2007). Tetraspanins are a family of transmembrane proteins that are integrated into the membrane of exosomes. CD9, CD81, and CD63 are tetraspanins that are particularly enriched in microglial exosomes and are usually used as exosomal markers. Flotillin 1, another commonly used exosomal marker, is a membrane-associated protein that is highly expressed in microglial exosomes. The monocyte/macrophage marker CD14 is also expressed in microglial exosomes and is regularly used to characterize exosomal preparations. The lactate transporter MCT-1 and the unique surface-bound aminopeptidase CD13 are also enriched in exosomes derived from microglia, which may participate in the energy substrate supply to neurons during synaptic activity. Interestingly, microglia-specific protein CD11 is also contained in exosomes. Extrusion of Na, K-ATPase is similarly frequent in microglial exosomes. Exosomes also contain the pro-inflammatory cytokines (e.g., TNF-α, IL-1b) and release them to extracellular space when MVB fused with the plasma membrane of the microglia upon ATP stimulation. Besides, exosomes carry a distinct group of proteins that are expressed as housekeeping proteins, such as GAPDH. Nevertheless, taking into consideration that the transcriptomic characterization of the N9 immortalized microglia cell line does not exactly line up with primary microglia, further studies are sufficiently needed to depict the proteomic composition of primary microglia-derived exosomes.


[image: image]

FIGURE 1. The composition of microglial exosomes. Different from the microvesicles that bus outward from the plasma membrane, exosomes are generated from the endocytic pathway and secretory pathway, hence exosomes carry multiple proteins, DNA, RNA, and lipids from the original cells. Microglial exosomes express endosomal proteins, cytoskeletal proteins, enzymes, and specific MHC II and CD11b. Depending on the status of microglia, exosomes can also have cytokines, signaling proteins, and disease proteins like α-syn and Aβ.
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FIGURE 2. Exosome formation and release. Endocytic pathway: Early endosomes are vesicles that originate by endocytosis at the plasma membrane. The membrane of the endosome then bud inwardly into the lumen of the endosome and form multivesicular bodies (MVBs). Secretory MVBs (sMVBs) are the cellular source of exosomes. sMVBs then fuse with the plasma membrane, releasing exosomes into the extracellular space. Secretory pathway: In the process of endosome and MVBs formation, the Golgi complex fuses with the membrane of endosome or MVBs and thus leading to the mixed membrane constituents of exosomes, including proteins from the plasma membrane or Golgi complex. Degradative MVBs (dMVBs) subsequently fuse with the lysosome, leading to MVBs content degradation, thus lysosome dysfunction directly influences the exosome release. Inhibiting E3 ubiquitin ligase Peli-1 or mitochondria fission protein Drp-1 in activated microglia might help to improve lysosome function and restore autophagy flux, hence regulating exosomes release. Other key targets to regulate exosome release include sphingomyelinase-2 (SMNase) and P2X7 receptors. SMNase is the receptor of small molecular GW4869 and the activation of which inhibits exosome release. P2X7 receptors can bind with ATP and promote the exosome release.


Studies have revealed that microglial exosomes carry the proteins related to neurodegenerative diseases. It was reported that activated microglia has a strong ability to release exosomes, containing misfolded proteins like α-synuclein, tau, Aβ (Kosaka et al., 2010; Shi et al., 2014; Asai et al., 2015; Sardar Sinha et al., 2018; Guo et al., 2020), and cytokines (Fernandes et al., 2018). They also carry the insulin-degrading enzyme (IDE), which can also degrade the Aβ peptide (Kosaka et al., 2010). An important feature of microglial cells is their high plasticity upon activation, allowing them to release exosomes which can spread to distal brain regions. Thus, activated microglia may mediate the spread of misfolded proteins either via exosomes or via membrane leakage after the death of the migrated cells, making microglia an effective transporter during disease (Turola et al., 2012). The connection of microglial exosomes to the pathogenesis and development of AD has raised a great deal of attention.



MICROGLIA AND THEIR EXOSOMES IN AD

Alzheimer’s disease (AD) has been clinically characterized by progressive dementia with pathological deposition of neurofibrillary tangles (NFTs) and β-amyloid (Aβ) plaque. Decades before the occurrence of cognitive dysfunction, the hyperphosphorylated tau, combined with excessive aggregation of Aβ, have been identified as two of the most important hallmarks in AD brains. An array of studies have suggested the intricate and controversial role of exosomes in AD. And the exosomal communication between microglia and other cells has determined them as an appealing target for developing therapeutic approaches.

Exosome derived from the CNS has been found in many kinds of bodily fluids, including the cerebrospinal fluids (CSF). Despite the presence of tau trimers and monomers that have been identified in exosomes isolated from the CSF of both AD patients and control individuals, no difference has been observed between the two groups (Wang et al., 2017). In contrast, in vitro experiment has demonstrated that exosomes from hTau treated primary cultured murine microglia contained tau (Asai et al., 2015). In line with this, Asai et al. (2015) have revealed in their recent finding that tau is able to transfer from microglia to neurons through the exosome-synaptic pathway, as blocking the synthesis of exosomes or depleting microglia in mice mitigated the deposition of tau in the surrounding healthy cells. Furthermore, microglia-derived tau-containing exosomes were able to be taken up by neurons and triggered abnormal aggregation of tau, thus indicating a synergistic role between microglia and exosome in the pathological spread of tau (Asai et al., 2015).

Besides the mentioned roles, several lines of evidence are also available showing that inhibiting the secretion of exosomes in the 5XFA model of AD is capable of decreasing the amyloid plaque load in brains (Dinkins et al., 2014, 2015). It has also been proved that exosome-derived proteins are detectable in Aβ plaques of AD patients (Dinkins et al., 2014), indicating that exosomes act as potential carriers of the pathological proteins in deteriorating AD pathology. In addition, presenilin, APP, C-terminal fragments of APP (APP-CTFs), and several key proteases in Aβ production such as β-secretase (BACE1) and γ-secretase (presenilin subunits PS1 or PS2) are also found in exosomes isolated from AD brain tissues (Perez-Gonzalez et al., 2012). A recent study conducted by Sardar Sinha et al. (2018) revealed that exosomes could carry oligomeric Aβ and mediate the Aβ transmission to neighboring neurons, illustrating an exosome-mediated propagation of AD toxic species. In line with this, there are also studies demonstrating that MVs from microglia pre-exposed with 4 mM Aβ contain soluble Aβ (Shi et al., 2014), and primary microglia have a strong ability to internalize Aβ protofibrils and release MVs, which contain the transmissible Aβ peptides (Gouwens et al., 2018). Moreover, Joshi et al. (2014) have shown that microglia derived MVs could strongly increase Aβ neurotoxicity, which is due to the promotion of Aβ1–42 extracellular aggregates to form small soluble neurotoxic species by lipid components of MVs.

In addition to the above fact that microglial exosomes are able to carry tau and Aβ, evidence also showed that microglial exosomes act as negative regulators in AD pathogenesis in multiple ways. One possible aspect is that microglia-derived exosomes deliver proinflammatory signals. Verderio et al. (2012) have revealed in their study that MVs (mixed with exosomes) from LPS pre-activated microglia caused a dose-dependent activation of astrocytes and microglia. Besides, a recent study conducted by Fernandes has also reported that microglia were able to internalize exosomes released from APP-overexpressed SH-SY5Y cells, which subsequently induced microglia activation and pro-inflammatory cytokines release (Fernandes et al., 2018).

Neuron-microglia communication is a bi-direction way. Combining with the fact that exosomes derived from microglia play a role in tau and Aβ transmission in the brain as a delivery cargo, conversely, neuronal exosomes have similar effects on microglia. Wang et al. have demonstrated in their researches that microglia themselves could uptake neuronal exosomes, which containing intact and hypophosphorylated tau or Aβ, allowing them to play a scavenging role (Prada et al., 2013; Wang et al., 2017). Besides, Chang et al. (2013) have also revealed that intracerebroventricularly injection of exosomes derived from N2a cells in APP overexpression model of AD reduced Aβ levels, amyloid peptides deposition, as well as the Aβ-mediated synaptotoxicity in the hippocampus. This beneficial effect is further proved to be correlated with the internalization of glycosphingolipid-enriched N2a exosomes into microglia, as N2a cell-derived exosomes can act on extracellular Aβ, drive conformational changes of Aβ to form nontoxic amyloid fibrils, and promote uptake of Aβ by microglia (Yuyama et al., 2014). The internalized Aβ along with exosomes themselves were further transported to lysosomes for degradation (Brites and Vaz, 2014). These findings illustrate a coordinated mechanism by which neurons and neighboring microglia work together to clear Aβ peptides via exosomes. However, considering that not all evidence is supportive of the protective role of microglia in taking up neuronal exosomes, further researches are supposed to gain more insights into the protective roles as well as the pathogenic effects of microglial exosomes in neurodegenerative diseases.



MICROGLIA AND THEIR EXOSOMES IN PD

Parkinson’s disease is the most prevalent movement disorder, affecting about 1% of the population aged over 60 years old in the world (Samii et al., 2004). Along with physical traits like rigidity, bradykinesia, rest tremor, and postural instability, pathologically PD is characterized by greatly diminished dopaminergic neurons in the substantia nigra as well as the presence of Lewy bodies in the remaining neurons. α-synuclein (α-syn) is the major component of Lewy bodies and is prone to misfold to form fibrillar aggregation and propagate by shipping toxic agents between cell to cell (Ghidoni et al., 2008). Recent studies have focused on the exosomal transmission of α-syn, and α-syn in CNS-derived exosomes have been detected to be elevated in the plasma of PD patients (Shi et al., 2014; Kadam and Chuan, 2016).

Oligomeric α-syn can serve as the toxic seed for α-syn propagation. Recent evidence has indicated increased toxicity of exosomal α-syn oligomers, and they can be preferentially internalized by neurons (Danzer et al., 2012). Besides, it has been demonstrated the lipid component of the exosome can accelerate the deposition of α-syn (Grey et al., 2015). Evidence is also available showing that α-syn can induce an increased secretion of α-syn containing exosome by microglia (Chang et al., 2013). Our recent study systematically investigated the role of exosomes in mediating α-syn transmission, mainly focusing on the transmission from microglia to neurons (Guo et al., 2020). We found that when treated with human α-syn pre-formed fibrils (PFF), microglia were activated and secreted more exosomes. These exosomes contain α-syn monomer and oligomer, but no fibril and phosphorylated α-syn, and are fully capable of being uptaken by neurons and inducing α-syn protein aggregation in the recipient neurons. The function of microglia-derived exosomes in mediating α-syn transmission was further verified by inhibiting exosome secretion by GW4869, which leads to reduced neuronal uptake and reduced α-syn aggregation in neurons. In addition, stereotaxic injection of exosomes isolated from PFF treated microglia into the mouse striatum induces phosphorylated α-syn aggregation in different brain regions, such as cortex, hippocampus, cerebellum, and substantia nigra, confirming the ability of α-syn carrying exosomes from microglia in α-syn spreading in vivo. These animals exhibit dopaminergic neuron loss in the nigrostriatal pathway, which occurred in a time-dependent manner, accompanied by movement disorder at 180 days post-injection. These findings demonstrate that microglial exosomes can serve as potential intervention targets to limit α-syn transmission between cells in the brain.

Exosomes mediated α-syn protein transmission is closely related to autophagy, as the endosome pathway and autophagy pathway interact with each other in the clearance of α-syn protein (Alvarez-Erviti et al., 2011; Poehler et al., 2014). Autophagosomes have been proved to affect exosomes because autophagosomes can fuse with MVBs and then promotes exosomes secretion (Minakaki et al., 2018). Lysosome dysfunction inhibits autophagy but promotes the exosome-mediated protein spreading, for example, prions and α-syn (Vella et al., 2007; Fan et al., 2019). α-syn can impair autophagy in microglia, which is also confirmed in our recent work reporting that PFF treatment impaired autophagy flux in microglia (Fan et al., 2019; Guo et al., 2020). In PFF activated microglia, high expressed Peli-1 (pellino-1), an E3 ubiquitin ligase, induces lysosome breakdown and autophagy inhibition through degrading LAMP2, which promotes the secretion of α-syn carrying exosomes. Inhibiting Peli-1 in microglia restores lysosome function and reduces α-syn transmission via exosomes (Guo et al., 2020). We also found that inhibition of dynamin-related protein (Drp-1), a protein known for its function in mitochondrial fission, could enhance autophagy flux and inhibit α-syn carrying exosomes release, thus reducing microglia to neuron transmission and α-syn aggregation in neurons (Fan et al., 2019). These works support that targeting microglial exosomes is a potential therapeutic application in regulating the α-syn pathology in PD.

Although PD-associated inflammation induced by α-syn is well established, the effects and mechanisms of exosomes in regulating or propagating inflammation between microglia and neurons are still not clear. Little data is available regarding the exosome related inflammatory response. Previous studies found that MHC II and membrane TNF (mTNF-α) are enriched in exosomes from α-syn treated BV-2 cells, while the levels of TNF-converting enzyme (TACE), the transformation from mTNF-α to secretory TNF-α (sTNF-α), was unchanged, therefore, leading to enhanced cytotoxicity and eventually, increased neuronal apoptosis (Chang et al., 2013). Our recent work showed that when combined with microglial proinflammatory cytokines, oligomer carrying exosomes derived from primary microglia further increased α-syn protein aggregation in neurons, indicating the interaction of cytokines and exosomes (Guo et al., 2020). How microglial exosomes interact with inflammatory factors in α-syn pathology need to be further elucidated.

Studies showed that exosomes exist in CSF of PD patients, and these exosomes contain α-syn (Stuendl et al., 2016; Ngolab et al., 2017; Minakaki et al., 2018; Guo et al., 2020). In addition, it was reported that total exosomes from CSF of PD patients could induce α-syn aggregation, showing infectious abilities. For example, injection of CSF-derived exosomes from patients with dementia with Lewy bodies (DLB) and PD can induce the soluble α-syn accumulation to oligomer in recipient neurons as well as the mouse brain, located surrounding the injected site (Stuendl et al., 2016; Ngolab et al., 2017; Minakaki et al., 2018). However, the cellular sources of CSF-derived exosomes were not identified and mixed exosomes were used in these studies. Total exosomes in CSF including those from neurons, glia, and endothelial, and different cell-derived exosomes have different functions and properties (Budnik et al., 2016). In our study we used CD11b+ coated beads to purify microglia/macrophage-derived exosomes (CD11b+) and found that CD11b+ exosomes were present in the CSF of PD patients, comprising about 4–12% of the total exosomes. When cultured with neurons, these CD11b+ exosomes are able to infect neurons, functioning as seeds to induce the oligomerization of endogenous soluble α-syn inside neurons (Guo et al., 2020). This observation is particularly interesting when considering the possibility that peripherally activated macrophages and exosomes can invade the brain and thus massively impact microglia phenotype and CNS inflammation (Hawkes and McLaurin, 2009; Kierdorf et al., 2019). Macrophages exist at the CNS interfaces like dural, leptomeningeal, choroid plexus, and perivascular but not in the parenchyma in normal condition, while these macrophages can participate in pro-inflammatory response and disease-related α-syn spreading during PD (Thomas et al., 2007; Kovacs et al., 2014). Besides, exosomes from activated macrophages can invade the brain and modulate the M1–M2 phenotype of microglia and thus regulating inflammation response in the ischemic stroke model (Zheng et al., 2019). However, the function of macrophages and their exosomes in neurodegenerative disease still needs to be further investigated.

As aging is the most significant risk factor for PD, which is supported by both epidemiological studies and animal models of PD (Phinney et al., 2006). Consistent with this, Bliederhaeuser et al. (2016) have revealed in their study that microglia isolated from adult mice, rather than microglia from young mice, displayed deficits in the phagocytosis of both free and exosome-associated α-syn oligomers, combined with enhanced secretion of TNFα. Besides, by comparing monocytes from the elderly donors to young people, they also demonstrated impaired phagocytosis of α-syn in the periphery (Bliederhaeuser et al., 2016). Thus there is also a need to investigate the difference between young and aged microglia in PD, especially the ability in exosome release, misfolded protein phagocytosis, inflammatory response, cytokines release, and communication with neuronal cells. Fully understand this difference may help to reveal the more accurate roles of microglia and their exosomes in the pathology of PD.



MICROGLIA AND THEIR EXOSOMES IN ALS

Amyotrophic lateral sclerosis, characterized by progressive muscular paralysis, is a fatal neuromuscular degenerative disorder. Studies have found that in familial ALS (fALS), exosomes can mediate the spreading of misfolded or mutant copper-zinc superoxide dismutase one (mSOD1) between cells (Silverman et al., 2016). N9 microglial cells demonstrated a significant reduction in phagocytic ability when incubated with mSOD1 carrying exosomes. Besides, it induced M1 polarization in the early stage and mixed M1 and M2 subpopulations in the late stage in those exosome-treated N9 cells (Pinto et al., 2017). Nevertheless, TDP-43, the pathological hallmark of ALS, was detected in secreted exosomes from neuronal cells like N2a cells and primary neurons, yet not from glial cells like astrocytes or microglia (Iguchi et al., 2016). Moreover, Zondler et al. (2017) have demonstrated that exosomal TDP-43 can lead to the activation of peripheral monocyte and impaired the monocytic pro-inflammatory cytokine secretion. Till now, not much evidence of microglial exosomes in ALS has been reported, leaving a lot of unknowns.



CONCLUSION AND FUTURE DIRECTIONS

Exosomes are promising therapeutic applications that offer a wide range of opportunities for neurodegenerative diseases. Exosomes can be exploited as unmodified exosomes as well as being specifically loaded with cargos such as drugs, proteins, or nuclei, making them promising therapeutic carriers (Rufino-Ramos et al., 2017). Modification of microglial exosomes can be achieved by reforming the exosome-derived cells or through direct loaded. Direct loading of exosomes is achieved after exosomes are isolated. Therapeutic molecules such as RNAs, drugs, proteins, can be loaded into exosomes through passive incubation, as well as active methods, for example, freeze-thaw cycles, electroporation, sonication, and saponin treatment (Kosaka et al., 2010; Zhuang et al., 2011; Tang et al., 2012; Ingato et al., 2016). Manipulating of microglia can be achieved by the incubation with stimulating molecules to induce certain cell type, like M1 or M2 phenotype, as well as by transduction or transfection with expression vectors which lead to the secretion of exosomes containing specific molecules such as viral proteins, receptors, nucleic acids or RNA interacting proteins.

The therapeutic use of microglial EVs has been described in multiple neurodegenerative disorders. For instance, a reduction in EV release could be attributed to Aβ aggregation and AD pathogenesis exacerbation. In line with this, it has been shown that uptake of neuroblastoma-derived EVs in the brain could mediate Aβ clearance in the AD mouse model, as EVs functioned in transporting Aβ peptides and presenting them to microglia for degradation (Yuyama et al., 2014, 2015). For now, little is known about using microglial exosomes themselves or modified exosomes as therapeutic applications. Given that microglia can polarize to multiple phenotypes, for example, satellite microglia, KSPG-microglia, CD11c-microglia, Hox8b-microglia, and dark microglia, and their protein expression varied significantly (Stratoulias et al., 2019). Hence, the exosome from different subtypes might have distinct functions and contents, which give directions to future researches.

Activation of microglia has been indicated in neurodegenerative disease and activated microglia play an important role in both direct and indirect ways. The uptake of microglial exosomes by other cells and microglia phagocytosis exosomes from other cells mediate the indirect mechanisms, functioning in a cell-to-cell communication manner. This communication is important in the progression of the disease, whereas limited knowledge has been obtained from current studies. More research is needed to understand the mechanisms of microglial exosomes in neurodegenerative disease, and exploring the potential clinical usage of them in the future.
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