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Extracellular vesicles (EVs) are small, membrane-bound vesicles released by cells as a means of intercellular communication. EVs transfer proteins, nucleic acids, and other biologically relevant molecules from one cell to another. In the context of viral infections, EVs can also contain viruses, viral proteins, and viral nucleic acids. While there is some evidence that the inclusion of viral components within EVs may be part of the host defense, much of the research in this field supports a pro-viral role for EVs. Packaging of viruses within EVs has repeatedly been shown to protect viruses from antibody neutralization while also allowing for their integration into cells otherwise impervious to the virus. EVs also bidirectionally cross the blood-brain barrier (BBB), providing a potential route for peripheral viruses to enter the brain while exiting EVs may serve as valuable biomarkers of neurological disease burden. Within the brain, EVs can alter glial activity, increase neuroinflammation, and induce neurotoxicity. The purpose of this mini-review is to summarize research related to viral manipulation of EV-mediated intercellular communication and how such manipulation may lead to infection of the central nervous system, chronic neuroinflammation, and neurodegeneration.
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INTRODUCTION

Originally thought to be used strictly as a waste removal system (Johnstone et al., 1991), extracellular vesicles (EVs) have since been shown to be involved in complex intercellular communication, transferring proteins, nucleic acids, and other biologically relevant molecules between cells. Within the central nervous system (CNS), EVs can even have neuroprotective effects. For example, oligodendrocytes support axonal transport and maintenance via EV secretion (Frühbeis et al., 2020), while neuron-derived EVs increase Aß uptake by microglia which may play a role in preventing the formation of amyloid plaques (Yuyama et al., 2012). EVs come in a range of types with different sizes and functions, with exosomes, microvesicles, and apoptotic bodies being the most commonly studied (for review see Yáñez-Mó et al., 2015). For the purposes of this mini-review, we will use the all-encompassing term EV to represent all types.

EVs have also been implicated in disease. Within the cancer field, EVs are associated with immune modulation and tumor progression (for review see Marar et al., 2021). EVs are also associated with various neurodegenerative diseases, including Alzheimer’s, Parkinson’s, and prion diseases (Thompson et al., 2016). EVs have also been implicated in latent viral infections. EVs from HIV-1 infected cells were capable of reactivating HIV-1 in latently infected cells, even when those EVs came from cells infected with defective HIV-1 (Arenaccio et al., 2015). This suggests a mechanism by which latent HIV-1 reservoirs could be reactivated in individuals receiving combined antiretroviral therapy. In a recent review of the role of EVs in Ebola virus infection, several Ebola viral proteins were present within EVs, suggesting a possible mechanism for viral latency seen in a portion of those infected (Pleet et al., 2019). However, most studies related to the role of EVs in viral infection to date have been done in the periphery, leaving many questions about the of role EVs in viral infections of the CNS left unanswered.



EVs AS A MEANS OF VIRAL IMMUNE EVASION

Numerous studies have shown that viruses or viral proteins can be packaged into EVs, allowing evasion of the immune response. JC polyomavirus (JCPyV), which is responsible for causing progressive multifocal leukoencephalopathy in immunocompromised individuals, is packaged into EVs and, when associated with EVs, able to evade neutralization by anti-JCPyV antisera (Morris-Love et al., 2019; O’Hara et al., 2020). Similar viral association with EVs and evasion of neutralization has been shown in herpes simplex virus 1 (Bello-Morales et al., 2018), hepatitis E virus (Nagashima et al., 2014), hepatitis C virus (Ramakrishnaiah et al., 2013), and enterovirus 71 (Mao et al., 2016; Too et al., 2016). Hepatitis A virus (HAV) was shown to rely on VPS4B and ALIX, components of the exosomal ESCRT pathway, to mediate envelopment in a membranous structure that resembled an EV (Feng et al., 2013). This process allowed HAV to resist antibody neutralization and may explain how the virus remains active in hosts with anti-HAV antibodies present in their serum. However, the fact that enveloped HAV did not depend on the entire ESCRT pathway suggests that HAV acquires a membranous envelope in a mechanism distinct from that of EVs.

Many viruses, including SARS-CoV-2, enter cells using the host cell endosomal pathway (Shang et al., 2020). Once inside the cells, the viruses can hijack this pathway, and exosomes can then include multiple viral components. While beyond the scope of this particular mini-review, several viral proteins upregulate components of the ESCRT machinery and CD63 leading to potentially increased numbers of EVs being released from the target cells. These EVs may contain miRNAs and trans-activation response (TAR) RNA that can inhibit particular anti-inflammatory responses (Pleet et al., 2016) and simultaneously increase cellular activation (Barclay et al., 2017) in immune cells, respectively. This was exquisitely reviewed in detail recently by Jia et al. (2021).

Beyond direct immune evasion, research shows that EVs from virus-infected cells are also capable of modifying the immune response. While some studies have shown that EVs from virus-infected cells can enhance the host’s immune response against the virus (Walker et al., 2009; Cypryk et al., 2017), most research suggests that EVs from virus-infected cells manipulate the immune response in favor of increased viral infection. For example, treatment of mice with EVs from cells infected with hepatitis B virus reduced the number of infiltrating mononuclear cells, suggesting EVs from infected cells can suppress the innate immune response (Kakizaki et al., 2020). Additionally, nasopharyngeal carcinoma cells, which are positive for Epstein-Barr virus (EBV), were found to release EVs containing galectin-9 and latent membrane protein-1, both of which have been associated with inhibition of T-cell proliferation (Keryer-Bibens et al., 2006). This suggests a mechanism by which EVs from EBV+ nasopharyngeal carcinoma cells suppress the immune response and may support tumor growth. Similarly, various cell types infected with EBV have been shown to release EVs that suppress T-cell function (Dukers et al., 2000; Flanagan et al., 2003).

Another mechanism by which viruses may evade the immune response is through altering the content of EVs. In fact, several viral proteins have been found to do just that. For example, the HIV-1 protein Nef was shown to be released in EVs from HIV- and SIV-infected cells (McNamara et al., 2018). These Nef-containing EVs were able to transfer Nef to uninfected cells, providing a mechanism by which HIV/SIV infection may impact cells that are usually considered resistant to viral infection. Nef has also been shown to decrease the levels of CD4 in EVs secreted by HIV-infected CD4+ T cells (Carvalho et al., 2014). This decreased the ability of CD4+ T-cell EVs to inhibit HIV infection. In the context of EBV, the viral protein latent membrane protein-1 was shown to alter the protein and microRNA contents of EVs released from infected cells (Nkosi et al., 2020). Further, the altered EVs had an effect on several aspects of the target cells, including proliferation, adhesion, and migration. Together, the above evidence demonstrates various mechanisms by which viruses utilize the EV communication system to evade immune clearance and increase the viral spread.



EVs AS A MEANS FOR EXPANDED VIRAL TROPISM

In addition to EVs being a means to evade and alter the immune response, they can also increase the infectivity of naïve cells. EVs containing RNA from enterovirus 71 are capable of establishing infection in cells at comparable levels to free virus (Mao et al., 2016). Similarly, Zhou et al. (2018) show that Langat virus is released from tick embryonic ISE6 cells via EVs that are capable of transmitting the virus to human cells. Further, as previously noted, the Nef-induced decrease in CD4 content of EVs was associated with an increased rate of HIV-1 infection of CD4+ T cells (Carvalho et al., 2014). Similarly, EVs from HIV-1 infected dendritic cells were shown to increase the transmission of HIV-1 to T cells as compared to the free virus (Kulkarni and Prasad, 2017). Further, rotovirus was found to be released in EVs in stool which was shown to be more infectious than free virus both in vitro and in vivo, increasing the multiplicity of infection in the gastrointestinal tract five-fold in comparison to free virus (Santiana et al., 2018).

Viral association with EVs has also been shown to expand viral tropism. When JCPyV is packaged into EVs it is capable of transferring the infection to cells that are otherwise impervious to infection due to a lack of viral receptors (Morris-Love et al., 2019; O’Hara et al., 2020). The packaging of herpes simplex virus-1 into EVs also allows for infection of cells that are otherwise unreceptive to herpes simplex virus-1 infection (Bello-Morales et al., 2018). Similarly, Bukong et al. (2014) found hepatitis C viral RNA within EVs released from hepatitis C virus-infected cells and found that these EVs could confer active infection to hepatocytes in a receptor-independent fashion. Contrastingly, norovirus was released in EVs that were infectious, but the infectivity of these EVs was dependent on the murine norovirus-1 receptor (Santiana et al., 2018). Beyond EVs serving as a means to increase cellular tropism of viruses, they may also serve to increase tissue tropism, leading to infection of the CNS.



EVs AS A MEANS OF CNS INFECTION

In a study of EVs derived from seven human and three murine cell lines, Banks et al. (2020) found that all the EVs tested were capable of crossing the blood-brain barrier (BBB) of mice. Additionally, the olfactory bulb, cortex, and cerebellum appeared to have relatively equal uptake of EVs in most cases, with the olfactory bulb showing significantly higher uptake for four of the EV types tested. The mechanisms by which EVs crossed the BBB appeared to vary across cell types, suggesting multiple methods for EV entry into the CNS exist (Figure 1). In a separate study, it was shown that EVs isolated from the serum of lipopolysaccharide-treated or high-fat diet mice were able to activate microglia and astrocytes when injected peripherally in healthy mice, suggesting that these EVs not only cross the BBB but also impact resident cells (Li et al., 2018). Similarly, EVs isolated from the serum of two different models of peripheral inflammation were able to cross the BBB and induce neuroinflammation when injected intravenously into healthy rats (Fricke et al., 2020). Balusu et al. (2016) found that peripheral inflammation also increased the number of EVs released from choroid-plexus epithelium cells into the cerebrospinal fluid which were able to pass ependymal cells and be taken up by astrocytes and microglia causing an inflammatory response in the brain. They also found that peripheral inflammation-induced changes in the proteome and miRNA of choroid-plexus epithelium EVs that were associated with the response seen in glial cells, suggesting an additional mechanism by which peripheral inflammation or infection could induce inflammation in the CNS.
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FIGURE 1. Proposed mechanisms by which extracellular vesicles (EVs) cross the blood-brain barrier (BBB). EVs, or their contents, can enter or exit the brain through (1) receptor-mediated or adsorptive transcytosis, (2) breakdown of the BBB allowing for direct passage between endothelial cells, and (3) entry into endothelial cells and subsequent alteration of endothelial EVs. Figure created with BioRender.com.



Studies on the ability of EVs from virus-infected cells to cross the BBB are limited, however, Zhou et al. (2018) found that the Langat virus was secreted in arthropod EVs and able to infect human brain microvascular endothelial cells. Once infected, brain microvascular endothelial cells released EVs containing Langat virus RNA that were taken up by neurons leading to neuronal infection with the virus. Additionally, EVs from infected neurons were capable of transmitting infection to naïve neurons. This suggests EVs may be critical to viral transmission across the BBB and within the brain. Similarly, András et al. (2017) demonstrated that endothelial cells at the BBB released an increased number of EVs following exposure to HIV-1 and that those EVs were taken up by astrocytes once in the brain. In a follow-up study, they also found that exposure to HIV-1 altered the protein contents of EVs released from endothelial cells at the BBB, suggesting an additional mechanism by which the EVs may exert an effect on astrocytes or other cells of the CNS (András et al., 2020). While there is a need for further research, these studies demonstrate the potential of EVs to aid in viral infiltration of the CNS and subsequent alteration of glial phenotypes.



ABILITY OF EVs TO MANIPULATE GLIAL PHENOTYPES

Within the brain, EVs have been shown to alter glial phenotypes through a variety of mechanisms (Figure 2A). In the context of glioblastoma, EVs enhance podosome formation and degradation of the extracellular matrix (ECM) by normal astrocytes, allowing for the expansion of the tumor while also inducing a senescence-associated secretory phenotype in those astrocytes (Hallal et al., 2019). Additionally, EVs from glioblastoma cells contain miRNA-21, are readily taken up by microglia, and cause decreased expression of miRNA-21 target genes, including Btg2, and increased proliferation (Abels et al., 2019). Along similar lines, Maas et al. (2020) found that microglia containing EVs from glioblastoma cells had reduced expression of genes involved in the ability of microglia to sense changes in the environment, potentially making them less capable of detecting and eliminating tumor cells. Additionally, the same microglia had increased expression of phagocytic receptors and ECM degrading enzymes, which may increase the clearing of debris and ECM to allow for further tumor growth. Importantly, Maas et al. (2020) found this pattern of altered gene expression was not only seen in mice, but also in microglia isolated from the core of human glioblastomas, suggesting a conserved mechanism across species.
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FIGURE 2. EVs alter glial phenotypes and contribute to neurodegeneration. (A) EVs from virus-infected cells may contain competent virus, viral nucleic acids, viral proteins, or contents which have been altered by viral infection of the cell. These EVs are (1) taken up by microglia or astrocytes causing (2) those cells to take on a more proinflammatory phenotypes which can (3) cause the activation of other surrounding glia. (B) Microglia and astrocytes containing the contents of EVs from virus-infected cells release proinflammatory cytokines as well as increased volumes of EVs with altered contents, both of which have been shown to cause toxic effects in neurons. Figure created with BioRender.com.



The alteration of glial phenotypes by EVs has also been demonstrated in neuronal injury models. In a mouse model of traumatic brain injury, astrocytic EVs containing miR-873a-5p were shown to inhibit the phosphorylation of proinflammatory proteins within microglia, including NF-kB p65 and ERK, shifting the exposed microglia to a more anti-inflammatory phenotype (Long et al., 2020). Additionally, following spinal cord injury, Wang et al. (2018) found that peripheral injection of mesenchymal stem cells or EVs derived from mesenchymal stem cells were both capable of reducing the proportion of A1 astrocytes through inhibition of NF-kB activation, while also preventing the loss of synapses, myelin, and neurons. This suggests a potential anti-inflammatory therapeutic application of EVs in various neuroinflammatory conditions.

Within a viral context, it has been shown that EVs can transmit the viral infection to glial cells via a receptor-independent mechanism (O’Hara et al., 2020). Infection with free-virus alters glial phenotypes, suggesting that EVs from virus-infected cells may have similar effects. In support of this, Yang et al. (2018) found that microglial phenotypes were altered by interaction with EVs released from astrocytes that had been exposed to HIV. More specifically, after exposure to the HIV protein Tat, astrocyte-derived EVs containing increased miR-9 levels were taken up by microglia causing decreased expression of PTEN (involved in proliferation, migration, and cell-cycle regulation) within the microglia and increased microglial migration. This suggests a specific mechanism by which viral exposure of astrocytes can alter the behavior of microglia in an EV-dependent fashion. Similarly, dengue virus infected cells release miR-148a in EVs which induce expression of proinflammatory cytokines in microglia upon internalization (Mishra et al., 2020). While these studies provide evidence that viruses may alter glial phenotypes via EVs, additional research is needed to gain a broader understanding of the mechanisms involved and the potential impacts on neurodegeneration.



EVs AS A SOURCE OF NEUROINFLAMMATION AND NEURODEGENERATION

Neuroinflammation and neurotoxicity have been associated with EVs in a variety of settings. EVs isolated from the serum of rats exposed to lipopolysaccharide or a partial hepatectomy were capable of inducing the release of proinflammatory cytokines in cerebrospinal fluid, both when administered intracerebroventricularly or peripherally to naïve rats (Fricke et al., 2020). This suggests EVs in the blood not only cross the BBB but also induce neuroinflammation once within the brain. Similarly, in a traumatic brain injury model, microglia released elevated levels of EVs that were capable of inducing neuroinflammation when administered to naïve animals (Kumar et al., 2017). When activated, microglia have also been shown to release increasing numbers of EVs (Bianco et al., 2005) which are capable of activating naïve glial cells (Verderio et al., 2012). Further, Beneventano et al. (2017) found that EVs from activated microglia had varying effects on neurotoxicity, depending on the source of microglial activation. In a study on the effects of alcoholism on the brain, ethanol was shown to increase the release of the miRNA let-7b and the TLR4 agonist high mobility group box-1 in microglia-derived EVs, both of which were associated with increased neurotoxicity (Coleman et al., 2017). Similar effects of EVs on neurodegeneration have also been demonstrated in the context of viral infections.

As neurons do not express the CD4 receptor for HIV-1, they are resistant to direct infection by the virus (González-Scarano and Martín-García, 2005), yet neuronal injury is a hallmark of HIV-associated dementia. Many mechanisms have been proposed for how this neuronal injury occurs, including via neuroinflammatory effects, via interaction with HIV-1 proteins released from other CNS cell types, or via uptake of EVs released from infected CNS cells. In support of the latter, Hu et al. (2012) found that exposure of astrocytes to the combination of HIV-1 protein Tat and morphine led to elevated levels of miR-29b in astrocyte-derived EVs which when taken up by neurons led to decreased viability. Additionally, when astrocytes were exposed to Tat alone, there was upregulated expression and release of miR-7 in EVs (Hu et al., 2020). The uptake of these EVs by neurons inhibited the expression of neuroligin 2 and increased synaptic loss. The HIV-1 protein Nef is also released in astrocyte-derived EVs and when taken up by neurons is correlated with several signs of neurotoxicity (Sami Saribas et al., 2018). Additionally, miR-21 is released in EVs from microglia and macrophages in the brains of SIV-infected non-human primates, and when these EVs were taken up by neurons they triggered necroptosis in a TLR7-dependent fashion (Yelamanchili et al., 2015). Another group found that glutaminase is released in macrophage and microglial EVs at elevated rates after HIV infection or lipopolysaccharide exposure (Wu et al., 2015). Importantly, the increased release of glutaminase in EVs was associated with neurotoxic effects, suggesting an additional EV-associated mechanism by which HIV infection may lead to neurotoxicity. Beyond HIV, viral effects on neurons via EVs have also been suggested in Zika virus (ZIKV) infections (Zhou et al., 2019), where infection of neurons with ZIKV in vitro was shown to increase the release of EVs that contained both viral RNA and proteins. These EVs were then capable of transmitting the active infection to naïve neurons. As active infection of neurons with ZIKV induces axonal degeneration and cell death, these findings suggest that EVs may contribute to the spread of neurodegeneration in ZIKV infections. Further, after infection with the Japanese encephalitis virus, expression of let-7a/b is increased in microglia, inducing an inflammatory phenotype and altering the content of EVs released from these cells to include let-7a/b (Mukherjee et al., 2019). When taken up by neurons, EVs containing let-7a/b subsequently cause neuronal damage through the activation of various caspases, indicating a specific mechanism by which viral infection may induce neurotoxicity via glial EVs (Figure 2B.



DISCUSSION

EVs are emerging as important players in various disorders of the CNS including glioblastoma, neuronal injury, and viral infection. Viruses and viral proteins have been found within EVs, allowing for evasion of the immune response and increased cellular tropism. EVs can also cross the BBB in a variety of ways (Figure 1), suggesting a mechanism for viruses to infiltrate the CNS. Within the brain, EVs from virus-infected cells can alter glial phenotypes and induce neurotoxic effects through the transfer of viruses, viral proteins, or altered miRNA or protein content (Figure 2). While much of the research related to viral manipulation of EVs within the CNS is limited to HIV, this research provides proof of concept and suggests a mechanism by which other viruses, including SARS-CoV-2, may alter glial and neuronal function leading to cognitive deficits. This is a promising area of research that is in need of additional exploration.

Another emerging area of research related to EVs is the potential for brain-derived EVs to serve as biomarkers of disease (Thompson et al., 2016). For instance, a correlation between the concentration of microglia/macrophage-derived EVs in the cerebrospinal fluid and severity of disease was shown in a mouse model of multiple sclerosis (Verderio et al., 2012). Similarly, an association was found between HIV infection and the abundance of brain-derived EVs in the serum of rats (Dagur et al., 2020) and in the cerebrospinal fluid of humans (Guha et al., 2019). As methods for isolating specific subsets of EVs continue to improve (McNamara and Dittmer, 2020), so too should the identification of specific biomarkers indicative of various neuronal and glial alterations (Pulliam et al., 2019). This could serve as a valuable, non-invasive tool for the diagnosis and monitoring of many neurological disorders that are otherwise difficult to track.

Overall, while EVs are valuable tools for intercellular communication in a healthy individual, their ability to be manipulated by viruses raises many questions about their role in viral infiltration of the CNS and subsequent alteration of resident brain cells. Current data support a pro-viral role of EVs in these processes leading to neuroinflammation and neurodegeneration, but much is yet to be uncovered.



AUTHOR CONTRIBUTIONS

MH and AM conceptualized the manuscript and figures. MH conducted the literature search and designed and drafted the manuscript and figures. AM critically revised and edited the manuscript and figures. All authors contributed to the article and approved the submitted version.



FUNDING

This work supported by National Heart, Lung, and Blood Institute; National Institute of Mental Health; National Institute of Neurological Disorders and Stroke; NIH Office of the Director; Grant Nos. P51 OD11104, R01 HL152804, R01 NS104016, R21 MH113517.



REFERENCES

Abels, E. R., Maas, S. L. N., Nieland, L., Wei, Z., Cheah, P. S., Tai, E., et al. (2019). Glioblastoma-associated microglia reprogramming is mediated by functional transfer of extracellular miR-21. Cell Rep. 28, 3105–3119.e7. doi: 10.1016/j.celrep.2019.08.036

András, I. E., Leda, A., Contreras, M. G., Bertrand, L., Park, M., Skowronska, M., et al. (2017). Extracellular vesicles of the blood-brain barrier: role in the HIV-1 associated amyloid beta pathology. Mol. Cell Neurosci. 79, 12–22. doi: 10.1016/j.mcn.2016.12.006

András, I. E., Sewell, B. B., and Toborek, M. (2020). HIV-1 and amyloid beta remodel proteome of brain endothelial extracellular vesicles. Int. J. Mol. Sci. 21:2741. doi: 10.3390/ijms21082741

Arenaccio, C., Anticoli, S., Manfredi, F., Chiozzini, C., Olivetta, E., and Federico, M. (2015). Latent HIV-1 is activated by exosomes from cells infected with either replication-competent or defective HIV-1. Retrovirology 12:87. doi: 10.1186/s12977-015-0216-y

Balusu, S., Van Wonterghem, E., De Rycke, R., Raemdonck, K., Stremersch, S., Gevaert, K., et al. (2016). Identification of a novel mechanism of blood-brain communication during peripheral inflammation via choroid plexus-derived extracellular vesicles. EMBO Mol. Med. 8, 1162–1183. doi: 10.15252/emmm.201606271

Banks, W. A., Sharma, P., Bullock, K. M., Hansen, K. M., Ludwig, N., and Whiteside, T. L. (2020). Transport of extracellular vesicles across the blood-brain barrier: brain pharmacokinetics and effects of inflammation. Int. J. Mol. Sci. 21:4407. doi: 10.3390/ijms21124407

Barclay, R. A., Schwab, A., DeMarino, C., Akpamagbo, Y., Lepene, B., Kassaye, S., et al. (2017). Exosomes from uninfected cells activate transcription of latent HIV-1. J. Biol. Chem. 292, 11682–11701. doi: 10.1074/jbc.M117.793521

Bello-Morales, R., Praena, B., Nuez, C. D. L., Rejas, M. T., Guerra, M., Galán-Ganga, M., et al (2018). Role of microvesicles in the spread of herpes simplex virus 1 in oligodendrocytic cells. J. Virol. 92:e00088-18. doi: 10.1128/JVI.00088-18

Beneventano, M., Spampinato, S. F., Merlo, S., Chisari, M., Platania, P., Ragusa, M., et al. (2017). Shedding of microvesicles from microglia contributes to the effects induced by metabotropic glutamate receptor 5 activation on neuronal death. Front. Pharmacol. 8:812. doi: 10.3389/fphar.2017.00812

Bianco, F., Pravettoni, E., Colombo, A., Schenk, U., Möller, T., Matteoli, M., et al. (2005). Astrocyte-derived ATP induces vesicle shedding and IL-1β release from microglia. J. Immunol. 174, 7268–7277. doi: 10.4049/jimmunol.174.11.7268

Bukong, T. N., Momen-Heravi, F., Kodys, K., Bala, S., and Szabo, G. (2014). Exosomes from hepatitis c infected patients transmit HCV infection and contain replication competent viral RNA in complex with Ago2-miR122-HSP90. PLoS Pathog. 10:e1004424. doi: 10.1371/journal.ppat.1004424

Carvalho, J. V. de, Castro, R. O. de, Silva, E. Z. M. da, Silveira, P. P., Silva-Januário, M. E. da, Arruda, E., et al. (2014). Nef neutralizes the ability of exosomes from CD4+ T cells to act as decoys during HIV-1 infection. PLoS One 9:e113691. doi: 10.1371/journal.pone.0113691

Coleman, L. G., Zou, J., and Crews, F. T. (2017). Microglial-derived miRNA let-7 and HMGB1 contribute to ethanol-induced neurotoxicity via TLR7. J. Neuroinflammation 14:22. doi: 10.1186/s12974-017-0799-4

Cypryk, W., Lorey, M., Puustinen, A., Nyman, T. A., and Matikainen, S. (2017). Proteomic and bioinformatic characterization of extracellular vesicles released from human macrophages upon influenza a virus infection. J. Proteome Res. 16, 217–227. doi: 10.1021/acs.jproteome.6b00596

Dagur, R. S., Liao, K., Sil, S., Niu, F., Sun, Z., Lyubchenko, Y. L., et al. (2020). Neuronal-derived extracellular vesicles are enriched in the brain and serum of HIV-1 transgenic rats. J. Extracell. Vesicles 9:1703249. doi: 10.1080/20013078.2019.1703249

Dukers, D. F., Meij, P., Vervoort, M. B. H. J., Vos, W., Scheper, R. J., Meijer, C. J. L. M., et al. (2000). Direct immunosuppressive effects of EBV-encoded latent membrane protein 1. J. Immunol. 165, 663–670. doi: 10.4049/jimmunol.165.2.663

Feng, Z., Hensley, L., McKnight, K. L., Hu, F., Madden, V., Ping, L., et al. (2013). A pathogenic picornavirus acquires an envelope by hijacking cellular membranes. Nature 496, 367–371. doi: 10.1038/nature12029

Flanagan, J., Middeldorp, J., and Sculley, T. (2003). Localization of the Epstein-Barr virus protein LMP 1 to exosomes. J. Gen. Virol. 84, 1871–1879. doi: 10.1099/vir.0.18944-0

Fricke, F., Gebert, J., Kopitz, J., and Plaschke, K. (2020). Proinflammatory extracellular vesicle-mediated signaling contributes to the induction of neuroinflammation in animal models of endotoxemia and peripheral surgical stress. Cell Mol. Neurobiol. doi: 10.1007/s10571-020-00905-3

Frühbeis, C., Kuo-Elsner, W. P., Müller, C., Barth, K., Peris, L., Tenzer, S., et al. (2020). Oligodendrocytes support axonal transport and maintenance via exosome secretion. PLoS Biol. 18:e3000621. doi: 10.1371/journal.pbio.3000621

González-Scarano, F., and Martín-García, J. (2005). The neuropathogenesis of AIDS. Nat. Rev. Immunol. 5, 69–81. doi: 10.1038/nri1527

Guha, D., Lorenz, D. R., Misra, V., Chettimada, S., Morgello, S., and Gabuzda, D. (2019). Proteomic analysis of cerebrospinal fluid extracellular vesicles reveals synaptic injury, inflammation and stress response markers in HIV patients with cognitive impairment. J. Neuroinflammation 16:254. doi: 10.1186/s12974-019-1617-y

Hallal, S., Mallawaaratchy, D. M., Wei, H., Ebrahimkhani, S., Stringer, B. W., Day, B. W., et al. (2019). Extracellular vesicles released by glioblastoma cells stimulate normal astrocytes to acquire a tumor-supportive phenotype via p53 and MYC signaling pathways. Mol. Neurobiol. 56, 4566–4581. doi: 10.1007/s12035-018-1385-1

Hu, G., Niu, F., Liao, K., Periyasamy, P., Sil, S., Liu, J., et al. (2020). HIV-1 Tat-induced astrocytic extracellular vesicle miR-7 impairs synaptic architecture. J. Neuroimmune Pharmacol. 15, 538–553. doi: 10.1007/s11481-019-09869-8

Hu, G., Yao, H., Chaudhuri, A. D., Duan, M., Yelamanchili, S. V., Wen, H., et al. (2012). Exosome-mediated shuttling of microRNA-29 regulates HIV Tat and morphine-mediated Neuronal dysfunction. Cell Death Dis. 3:e381. doi: 10.1038/cddis.2012.114

Jia, X., Yin, Y., Chen, Y., and Mao, L. (2021). The role of viral proteins in the regulation of exosomes biogenesis. Front. Cell. Infect. Microbiol. 11:671625. doi: 10.3389/fcimb.2021.671625

Johnstone, R. M., Mathew, A., Mason, A. B., and Teng, K. (1991). Exosome formation during maturation of mammalian and avian reticulocytes: Evidence that exosome release is a major route for externalization of obsolete membrane proteins. J. Cell Physiol. 147, 27–36. doi: 10.1002/jcp.1041470105

Kakizaki, M., Yamamoto, Y., Otsuka, M., Kitamura, K., Ito, M., Kawai, H. D., et al. (2020). Extracellular vesicles secreted by HBV-infected cells modulate HBV persistence in hydrodynamic HBV transfection mouse model. J. Biol. Chem. 295, 12449–12460. doi: 10.1074/jbc.RA120.014317

Keryer-Bibens, C., Pioche-Durieu, C., Villemant, C., Souquère, S., Nishi, N., Hirashima, M., et al. (2006). Exosomes released by EBV-infected nasopharyngeal carcinoma cells convey the viral Latent Membrane Protein 1 and the immunomodulatory protein galectin 9. BMC Cancer 6:283. doi: 10.1186/1471-2407-6-283

Kulkarni, R., and Prasad, A. (2017). Exosomes Derived from HIV-1 infected dcs mediate viral trans-infection via fibronectin and galectin-3. Sci. Rep. 7:14787. doi: 10.1038/s41598-017-14817-8

Kumar, A., Stoica, B. A., Loane, D. J., Yang, M., Abulwerdi, G., Khan, N., et al. (2017). Microglial-derived microparticles mediate neuroinflammation after traumatic brain injury. J. Neuroinflammation 14:47. doi: 10.1186/s12974-017-0819-4

Li, J. J., Wang, B., Kodali, M. C., Chen, C., Kim, E., Patters, B. J., et al. (2018). In vivo evidence for the contribution of peripheral circulating inflammatory exosomes to neuroinflammation. J. Neuroinflammation 15:8. doi: 10.1186/s12974-017-1038-8

Long, X., Yao, X., Jiang, Q., Yang, Y., He, X., Tian, W., et al. (2020). Astrocyte-derived exosomes enriched with miR-873a-5p inhibit neuroinflammation via microglia phenotype modulation after traumatic brain injury. J. Neuroinflammation 17:89. doi: 10.1186/s12974-020-01761-0

Maas, S. L. N., Abels, E. R., Haar, L. L. V. D., Zhang, X., Morsett, L., Sil, S., et al. (2020). Glioblastoma hijacks microglial gene expression to support tumor growth. J. Neuroinflammation 17:120. doi: 10.1186/s12974-020-01797-2

Mao, L., Wu, J., Shen, L., Yang, J., Chen, J., and Xu, H. (2016). Enterovirus 71 transmission by exosomes establishes a productive infection in human neuroblastoma cells. Virus Gen. 52, 189–194. doi: 10.1007/s11262-016-1292-3

Marar, C., Starich, B., and Wirtz, D. (2021). Extracellular vesicles in immunomodulation and tumor progression. Nat. Immunol. 22, 560–570. doi: 10.1038/s41590-021-00899-0

McNamara, R. P., and Dittmer, D. P. (2020). Modern techniques for the isolation of extracellular vesicles and viruses. J. Neuroimmune. Pharm. 15, 459–472. doi: 10.1007/s11481-019-09874-x

McNamara, R. P., Costantini, L. M., Myers, T. A., Schouest, B., Maness, N. J., Griffith, J. D., et al. (2018). Nef secretion into extracellular vesicles or exosomes is conserved across human and simian immunodeficiency viruses. mBio 9:e02344-17. doi: 10.1128/mBio.02344-17

Mishra, R., Lahon, A., and Banerjea, A. C. (2020). Dengue virus degrades USP33-ATF3 axis via extracellular vesicles to activate human microglial cells. J. Immunol. 205, 1787–1798. doi: 10.4049/jimmunol.2000411

Morris-Love, J., Gee, G. V., O’Hara, B. A., Assetta, B., Atkinson, A. L., Dugan, A. S., et al. (2019). JC polyomavirus uses extracellular vesicles to infect target cells. mBio 10:e00379-19. doi: 10.1128/mBio.00379-19

Mukherjee, S., Akbar, I., Kumari, B., Vrati, S., Basu, A., and Banerjee, A. (2019). Japanese encephalitis virus-induced let-7a/b interacted with the NOTCH-TLR7 pathway in microglia and facilitated neuronal death via caspase activation. J. Neurochem. 149, 518–534. doi: 10.1111/jnc.14645

Nagashima, S., Jirintai, S., Takahashi, M., Kobayashi, T., and Tanggis Nishizawa, T. (2014). Hepatitis E virus egress depends on the exosomal pathway, with secretory exosomes derived from multivesicular bodies. J. Gen. Virol. 95, 2166–2175. doi: 10.1099/vir.0.066910-0

Nkosi, D., Sun, L., Duke, L. C., and Jr, D. G. M. (2020). Epstein-Barr virus LMP1 manipulates the content and functions of extracellular vesicles to enhance metastatic potential of recipient cells. PLoS Pathog. 16:e1009023. doi: 10.1371/journal.ppat.1009023

O’Hara, B. A., Morris-Love, J., Gee, G. V., Haley, S. A., and Atwood, W. J. (2020). JC Virus infected choroid plexus epithelial cells produce extracellular vesicles that infect glial cells independently of the virus attachment receptor. PLoS Pathog. 16:e1008371. doi: 10.1371/journal.ppat.1008371

Pleet, M. L., DeMarino, C., Stonier, S. W., Dye, J. M., Jacobson, S., Aman, M. J., et al. (2019). Extracellular vesicles and ebola virus: a new mechanism of immune evasion. Viruses 11:410. doi: 10.3390/v11050410

Pleet, M. L., Mathiesen, A., DeMarino, C., Akpamagbo, Y. A., Barclay, R. A., Schwab, A., et al. (2016). Ebola VP40 in exosomes can cause immune cell dysfunction. Front. Microbiol. 7:1765. doi: 10.3389/fmicb.2016.01765

Pulliam, L., Sun, B., Mustapic, M., Chawla, S., and Kapogiannis, D. (2019). Plasma neuronal exosomes serve as biomarkers of cognitive impairment in HIV infection and Alzheimer’s disease. J. Neurovirol. 25, 702–709. doi: 10.1007/s13365-018-0695-4

Ramakrishnaiah, V., Thumann, C., Fofana, I., Habersetzer, F., Pan, Q., Ruiter, P. E. D., et al. (2013). Exosome-mediated transmission of hepatitis C virus between human hepatoma Huh7.5 cells. Proc. Natl. Acad. Sci. U S A 110, 13109–13113. doi: 10.1073/pnas.1221899110

Sami Saribas, A., Cicalese, S., Ahooyi, T. M., Khalili, K., Amini, S., and Sariyer, I. K. (2018). HIV-1 Nef is released in extracellular vesicles derived from astrocytes: Evidence for Nef-mediated neurotoxicity. Cell Death Dis. 8:e2542. doi: 10.1038/cddis.2016.467

Santiana, M., Ghosh, S., Ho, B. A., Rajasekaran, V., Du, W.-L., Mutsafi, Y., et al. (2018). Vesicle-cloaked virus clusters are optimal units for inter-organismal viral transmission. Cell Host Microbe 24, 208–220.e8. doi: 10.1016/j.chom.2018.07.006

Shang, J., Wan, Y., Luo, C., Ye, G., Geng, Q., Auerbach, A., et al. (2020). Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. U S A 117, 11727–11734. doi: 10.1073/pnas.2003138117

Thompson, A. G., Gray, E., Heman-Ackah, S. M., Mäger, I., Talbot, K., Andaloussi, S. E., et al. (2016). Extracellular vesicles in neurodegenerative disease—pathogenesis to biomarkers. Nat. Rev. Neurol. 12, 346–357. doi: 10.1038/nrneurol.2016.68

Too, I. H. K., Yeo, H., Sessions, O. M., Yan, B., Libau, E. A., Howe, J. L. C., et al. (2016). Enterovirus 71 infection of motor neuron-like NSC-34 cells undergoes a non-lytic exit pathway. Sci. Rep. 6:36983. doi: 10.1038/srep36983

Verderio, C., Muzio, L., Turola, E., Bergami, A., Novellino, L., Ruffini, F., et al. (2012). Myeloid microvesicles are a marker and therapeutic target for neuroinflammation. Ann. Neurol. 72, 610–624. doi: 10.1002/ana.23627

Walker, J. D., Maier, C. L., and Pober, J. S. (2009). Cytomegalovirus-infected human endothelial cells can stimulate allogeneic CD4+ memory T cells by releasing antigenic exosomes. J. Immunol. 182, 1548–1559. doi: 10.4049/jimmunol.182.3.1548

Wang, L., Pei, S., Han, L., Guo, B., Li, Y., Duan, R., et al. (2018). Mesenchymal stem cell-derived exosomes reduce A1 astrocytes via downregulation of phosphorylated NFκB p65 subunit in spinal cord injury. Cell. Physiol. Biochem. 50, 1535–1559. doi: 10.1159/000494652

Wu, B., Huang, Y., Braun, A. L., Tong, Z., Zhao, R., Li, Y., et al. (2015). Glutaminase-containing microvesicles from HIV-1-infected macrophages and immune-activated microglia induce neurotoxicity. Mol. Neurodegener. 10:61. doi: 10.1186/s13024-015-0058-z

Yáñez-Mó, M., Siljander, P. R.-M., Andreu, Z., Zavec, A. B., Borràs, F. E., Buzas, E. I., et al. (2015). Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 4:27066. doi: 10.3402/jev.v4.27066

Yang, L., Niu, F., Yao, H., Liao, K., Chen, X., Kook, Y., et al. (2018). Exosomal miR-9 released from HIV Tat stimulated astrocytes mediates microglial migration. J. Neuroimmune Pharmacol. 13, 330–344. doi: 10.1007/s11481-018-9779-4

Yelamanchili, S. V., Lamberty, B. G., Rennard, D. A., Morsey, B. M., Hochfelder, C. G., Meays, B. M., et al. (2015). MiR-21 in extracellular vesicles leads to neurotoxicity via TLR7 signaling in SIV neurological disease. PLoS Pathog. 11:e1005032. doi: 10.1371/journal.ppat.1005032

Yuyama, K., Sun, H., Mitsutake, S., and Igarashi, Y. (2012). Sphingolipid-modulated exosome secretion promotes clearance of amyloid-β by microglia. J. Biol. Chem. 287, 10977–10989. doi: 10.1074/jbc.M111.324616

Zhou, W., Woodson, M., Neupane, B., Bai, F., Sherman, M. B., Choi, K. H., et al. (2018). Exosomes serve as novel modes of tick-borne flavivirus transmission from arthropod to human cells and facilitates dissemination of viral RNA and proteins to the vertebrate neuronal cells. PLoS Pathog. 14:e1006764. doi: 10.1371/journal.ppat.1006764

Zhou, W., Woodson, M., Sherman, M. B., Neelakanta, G., and Sultana, H. (2019). Exosomes mediate Zika virus transmission through SMPD3 neutral Sphingomyelinase in cortical neurons. Emerg. Microbes Infect. 8, 307–326. doi: 10.1080/22221751.2019.1578188

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Horn and MacLean. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fncel-15-695899-g002.gif
A
® "
Viral
® nuc_lgic
acids
[
(¢}
©
®
EVs from
virus-infected

cells Altered proteins,

miRNAs, etc.

@ Astrocyte

Microglia
*, ~

®

&

Microglia

Glia
containing
contents of

EVs

Release of
proinflammatory  *
cytokines ool @®

Release of
altered EVs






OPS/xhtml/Nav.xhtml


Contents





		Cover



		Extracellular Vesicles as a Means of Viral Immune Evasion, CNS Invasion, and Glia-Induced Neurodegeneration



		Introduction



		Evs As A Means Of Viral Immune Evasion



		Evs As A Means For Expanded Viral Tropism



		Evs As A Means Of Cns Infection



		Ability Of Evs To Manipulate Glial Phenotypes



		Evs As A Source Of Neuroinflammation And Neurodegeneration



		Discussion



		Author Contributions



		Funding

















OPS/images/crossmark.jpg





OPS/images/fncel-15-695899-g001.gif
Peripheral EVs ®

Endothelial

°® © eeo Microglia EVs
EVs
@
Astrocyte
EV:






OPS/images/cover.jpg
’ frontiers

in Cellular Neuroscience

Extracellular Vesicles as a Means of
Viral Immune Evasion, CNS
Invasion, and Glia-Induced

Neurodegeneration









OPS/images/logo.jpg
’ frontiers
in Cellular Neuroscience





