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Gliomas are the most common and deadly types of brain tumors, known for their extensive genetic and epigenetic variability, which poses considerable challenges for pharmacological treatment. Glioma heterogeneity is also related to their intricate and dynamic tumor microenvironment (TME), which comprises a diverse array of cell types, including immune cells, vascular cells, glial cells, and neural precursors, collectively influencing tumor behavior and progression. A pivotal aspect of this intercellular communication relies on the exchange of extracellular vesicles (EVs), which contain and transfer complex molecular cargoes typical of their cells of origin, such as proteins, lipids, carbohydrates, metabolites, and non-coding RNAs (ncRNAs), that encompass microRNAs (miRNAs), long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs). Glioma cells actively release EVs loaded with specific ncRNAs that can target genes and other ncRNAs in recipient cells residing within the TME. Among these recipient cells, prominent players include tumor-associated macrophages and microglia (TAMs), non-neoplastic astrocytes and endothelial cells. The intricate interplay between EVs derived from glioma cells and these recipient cells significantly contributes to the establishment of a tumor-permissive microenvironment, promoting tumor cell proliferation, migration, angiogenesis, and invasion, by targeting various downstream pathways. This review critically examines the current understanding of the intricate interplay between glioma, exosomal ncRNAs, and various components of the glioma TME. By shedding light on the roles of ncRNAs in mediating intercellular communication, this review underscores their significance in orchestrating TME transformation and highlights their potential as novel therapeutic targets for effectively tackling glioma progression.
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1 INTRODUCTION
Gliomas are the most prevalent primary tumors of the CNS originating from glial cells, diagnosed and classified based on histopathology. Among them, glioblastoma multiforme (GBM) is the most common and aggressive primary malignant brain tumor (Taylor et al., 2019). In gliomas, cancerous cells continuously communicate with cells of the tumor microenvironment (TME), which comprises peripheral immune cells (macrophages and lymphocytes), vascular cells, glial cells, and neural precursors (NPCs), thus profoundly altering their physiological behavior. Tumor-associated macrophages and microglia (TAMs) that contribute up to 30%–40% of a brain tumor mass, are immune cells “reprogrammed” by the tumor, that release anti-inflammatory factors, promote angiogenesis and degradation of extracellular matrix, thus sustaining tumor progression, recurrence, and inhibiting response to therapy (Parmigiani et al., 2021). Non-neoplastic astrocytes can be converted into a reactive phenotype able to secrete several immunosuppressive factors, which influences tumor migration and growth (John Lin et al., 2017). In addition, once activated, astrocytes and microglia release cytokines that can boost each other’s activation. A recent analysis highlighted that alterations in oligodendrocytes and oligodendrocyte progenitor cells (OPCs) also represent an important feature of the TME. For example, in the proneural GBM subtype, characterized by high PDGFRα gene expression and frequent IDH1 mutation (Zhang et al., 2020), infiltrating oligodendrocytes that express high levels of PDGFα fuel tumor proliferation (Caruso et al., 2020). Lymphocytes, in particular T cells, play an important role in the antitumor immune response. Indeed, increased infiltration of T cells is associated with prolonged survival of GBM patients. However, factors from the TME drive T cell exhaustion and dysfunctional metabolic states (Wang et al., 2021), leading to the prevalence of immunosuppressive phenotypes (T-helper 2 and T-regs). Tumor vasculature nourishes glioma as well and provides a specialized niche for glioma cells, that, in response to environmental signals, become self-renewing glioma stem cells (GSCs), representing the key actors in glioma expansion and radioresistance (Ong et al., 2017). Differently from the other cells of the TME, NPCs are able to delay tumor growth by triggering cell death (Glass et al., 2005).
Glioma and TME cells use different communication routes that facilitate tumor progression, including receptor-ligand interactions, release of soluble factors, such as cytokines, chemokines, and metabolites, and exchange of extracellular vesicles (EVs) (Sharma et al., 2023). Recently, EVs have drawn much attention due to their ability to carry various bioactive molecules not only in the tumor environs but also at distant sites (Figure 1), altering expression of tumor promoting and tumor suppressing genes in recipient cells (Chulpanova et al., 2022). EVs are lipid bound vesicles released by most cell types that, based on their biogenesis, can be broadly categorized in ectosomes (100–1,000 nm), exosomes (30–120 nm) and apoptotic bodies (50–5,000 nm) (Marangon et al., 2022; Jeppesen et al., 2023). Ectosomes originate from direct plasma membrane budding; their release requires the separation from the plasma membrane and mainly depends on the interaction between actin and myosin and adenosine triphosphate (ATP)-mediated energy supply. Instead, exosomes biogenesis starts from the formation of intraluminal vesicles in late endosomes/multivesicular bodies (MVBs). Then, MVBs fuse either with lysosomes to be degraded or with the plasma membrane to release exosomes into extracellular spaces. Upon reaching recipient cells, EVs can either fuse with the plasma membrane, or be internalized by target cells via endocytosis, phagocytosis, micropinocytosis, or lipid-raft-mediated endocytosis [for review, see: Gurung et al. (2021) and Liu and Wang (2023)]. EVs mediate the cell communication by transfering their content, which comprises a specific set of proteins, lipids, and nucleic acids, most of which non-coding RNAs (ncRNAs) (Huo et al., 2021), to recipient cells. NcRNAs, such as microRNAs, long non-coding RNAs (lncRNAs), and circular RNAs (circRNAs), are post-transcriptional regulators implied in a wide range of physiological and pathological processes, including glioma development (Rajabi et al., 2022). miRNAs are small RNA molecules that bind to the 3′UTR of their target transcripts, resulting in mRNA degradation or translational repression (Lecca et al., 2016; Marangon et al., 2021). LncRNAs, initially considered as “junk RNA,” can interact with DNA, RNA, and proteins, modulating chromatin structure and transcription, affecting RNA splicing, stability, and translation (Statello et al., 2021). CircRNAs are a class of covalently closed circular ncRNAs involved in complex biological processes, including regulation of pre-mRNA splicing, RNA binding protein sequestration, and IRES-mediated CAP-independent translation (Misir et al., 2022). Interestingly, both circRNAs and lncRNAs can bind miRNAs as competitive endogenous RNAs (ceRNAs) (Ma et al., 2023), leading to the generation of a complex network consisting of multiple circRNA/lncRNA-miRNA-mRNA axes, which could ultimately regulate hundreds of genes. During EV biogenesis, these multiple RNA species are packaged into different subclasses of EVs. Cytoplasmic localization, small size, high abundance, affinity for membranes and RNA-binding proteins (RBPs) favor the incorporation of a given RNA molecule into EVs. Of note, in mammalian cells, there are more than 500 RBPs, which represent about 25% of the total protein content of EVs (O'Brien et al., 2020). Different RBPs exhibit binding preferences for different RNA sequence motifs, but a full understanding of these binding interactions still has to be established (Fabbiano et al., 2020). Other sorting signals include RNA and/or RBP modifications, such as ubiquitylation, sumoylation, phosphorylation and uridylation. A growing number of studies have identified additional proteins involved in EV loading, such as KRAS, HuR, MEX3C, Ago2, and IGF2BP1 (Fabbiano et al., 2020).
[image: Figure 1]FIGURE 1 | Bidirectional EV-based communications in glioma and tumor microenvironment (TME) crosstalk. Schematic representation depicting the intricate exchange of molecular information between glioma cells and cells of the TME through the release and uptake of EVs. This dynamic interplay contributes to tumor progression, TME transformation, immune response modulation, and therapeutic resistance in glioma. Created with BioRender.com.
Recently, it has been shown that ncRNAs encapsulated in glioma-derived EVs (GDEVs) can drive mutations and epigenetic modifications in various pathological phases of glioma progression (Cheng et al., 2020) and in the transformation of the cells composing the TME. On the other hand, exosomal transfer of ncRNAs from both TAMs and reactive astrocytes to glioma cells can initially counteract tumor progression, but then it promotes tumor malignancy. In this review, we will describe the most recent evidence about the role of exosomal ncRNAs and their implications for tumorigenesis, and we will highlight the potential relevance of this communication in the pharmacological treatment for glioma.
2 EXOSOMAL NCRNAS FROM GLIOMA CELLS SUSTAIN GLIOMA PROGRESSION
The first level of communication takes place between cancer cells. In the T98G glioblastoma cell line, miR-148a, a miRNA found upregulated in serum exosomes from GBM patients compared to healthy volunteers (Cai et al., 2018), was described as an oncomiR, involved in cell proliferation, migration, and epithelial–mesenchymal transition (EMT). The pro-tumorigenic effects of miR-148a were shown to be mediated by its interaction with target transcripts encoding for CADM1, a protein involved in cell adhesion, and DLGAP1, a scaffolding protein involved in microtubule dynamics (Li Y. et al., 2019). These data suggest that GBM cells can utilize exosomes to promote cancer cell proliferation and metastasis through miR-148a.
The lncRNA LINC00470, overexpressed in several tumors, including gliomas (Wu et al., 2020), was pathologically overrepresented in GDEVs and was associated with disease severity and postoperative survival time of glioma patients. Infusion of GBM-derived exosomes worsened tumor progression in nude mice, inhibiting autophagy; this effect was rescued by silencing LINC00470. The proposed mechanism is the competitive binding of LINC00470 to miR-580-3p, a negative regulator of the WEE1 gene and of the PI3K/AKT/mTOR pathway, that enhances GBM proliferation (Ma et al., 2021). A similar “sponging” mechanism was described for ROR1-AS1, a lncRNA whose overexpression in glioma tissues was associated to poor prognosis (Chai et al., 2020). ROR1-AS1 was also identified in exosomes derived from glioma cells in vitro. Functional analysis showed that exosomal ROR1-AS1 promoted the progression of glioma cell lines SHG44 and U251, acting as a sponge of miR-4686, a potential tumor-suppressor, and inhibiting its activity. Tumorigenesis experiments in vivo have also confirmed that exosomes containing ROR1-AS1 promoted glioma development by blocking the miR-4686 axis.
Exosome-derived circ-0001445 was shown to be taken up by glioma cells and to act as a sponge for miR-127-5p, thus upregulating the expression of sorting linker protein 5 (SNX5), which promotes glioma migration and invasion (Han et al., 2021). Similarly, circZNF652 is a circular RNA upregulated in human GBM tissues and abundantly stored in exosomes (Liu et al., 2022). Patients with high expression of circZNF652 showed worse prognosis and higher invasiveness. In vitro and in vivo analyses demonstrated that its action is mediated by a sponging effect on miR-486-5p that leads to abnormally high levels of SERPINE1, a fibrinolytic serine protease inhibitor associated with several malignancies (Liu et al., 2022).
High cellular heterogeneity due to continuous mutations inside the tumor stroma provides high adaptation to standard treatments over time, and highly aggressive recurrences located close the original lesion take place in almost all the patients (Buruiana et al., 2020). For this reason, the current clinical protocols for glioblastoma treatments, that require surgical resection followed by chemotherapy and radiotherapy, enhance the survival of only a few months (Stupp et al., 2005). The primary actors in radio- and chemo-resistance are GSCs, a small subpopulation of tumor cells within gliomas that exhibit stem cell–like properties. In a recent study, GSC-EVs derived from three different glioma patients were found to significantly enhance the radiation resistance of non-GSC glioma cells. GSC-EV characterization identified 25 highly expressed miRNAs in all three GSC lines and 8 of them (miR-320e, miR-520f-3p, miR-363-3p, miR-144-4p, miR-16-5p, miR-495-3p, miR-23a-3p, miR-155-5p) showed a seed sequence able to target the onco-suppressor PTEN, even if their role in the etiopathogenesis has not been fully evaluated (Ma et al., 2022). Another recent study identified four miRNAs (miR-1280, miR-1238, miR-938, and miR-423-5p) overexpressed in temozolomide (TMZ)-chemoresistant compared to TMZ-chemosensitive tissues. Among them, miR-1238 was found dramatically upregulated in recurrent GBM samples compared to primary GBM tissues, and in exosomes of TMZ-sensitive compared to resistant cells, where it correlated to TMZ resistance (Yin et al., 2019). Further molecular studies showed that exosomal transfer of miR-1238 from resistant to sensitive cells could confer chemoresistance by activating the EGFR-PI3K-AKT-mTOR pathway. Pharmacological strategies aimed at neutralizing the tumorigenic effects of these miRNAs could open new perspectives in advanced glioma therapy.
Accumulating evidence indicates that miRNA sponging by exosomal circRNAs and lncRNAs is a very common mechanism enhancing chemoresistance to TMZ in glioblastoma. Exosomes isolated from various TMZ-resistant GBM cells were shown to be enriched in circCABIN1 (Liu et al., 2023), circWDR62a (Geng et al., 2022), SBF2-AS1 (Zhang et al., 2019), and circ-METRN (Wang X. et al., 2021), which act respectively as ceRNA for miR-637, miR-370-3p, miR-151a-3p, and miR-4709-3p. MiRNA sponging leads to the disinhibition of their endogenous targets (OLFML3, MGMT, XRCC4, GRB14, respectively), which are involved in stemness reprogramming, proliferation and DNA double-strand break repair in cancer cells, thus contributing to spread TMZ resistance to chemoresponsive GBM cells.
Beyond their role in resistance to therapy, GSC-derived exosomal ncRNAs are able to trigger several pro-tumor processes, such as growth, invasion and angiogenesis. Recent studies have shown that GSC-derived exosomes are enriched in miR-155-5p and miR-26a, and that they can be horizontally transferred to surrounding glioma and brain microvascular endothelial cells (BMECs). miR-155-5p transfer to glioma cells markedly reduced the expression of acetyl-CoA thioesterase 12 (ACOT12), a tumor suppressor gene, and contributed to the promotion of mesenchymal transition (Bao et al., 2022). In BMECs, miR-26a overexpression contributed to enhanced proliferation, migration and tube formation by targeting PTEN (Wang et al., 2019).
Hypoxia, a typical feature of GBM, is known to deeply influence glioma progression malignancy, and resistance to therapy, and to alter the production and composition of GDEVs. A recent study demonstrated that hypoxic (H)-GDEVs promoted normoxic (N) glioma migration and invasion both in vitro and in vivo (Qian et al., 2022). This effect was partly mediated by miR-1246 and miR-10b-5p, enriched in H-GDEVs and whose expression in glioma patients was already correlated to poorer prognosis (Nix et al., 2021; Wang et al., 2021), by directly targeting FRK and TFAP2A, respectively. Interestingly, further studies have shown that hypoxia promoted the enrichment of miR-1246 in GDEVs by increasing its transcription and selective exosomal sorting through upregulation of two HIF-1α-dependent factors, namely, the POU class 5 homeobox 1 (POU5F1) and the heterogeneous nuclear ribonucleoprotein A1 (hnRNPA1) (Qiu et al., 2021). Another recent study has shown that exosomal miR-106a-5p derived from hypoxia glioma cells could reduce the sensitivity of glioma cells to TMZ through PTEN downregulation (Wu et al., 2022).
Recent studies have shown that hypoxic conditions are able to influence exosomal abundance of specific lncRNAs and circRNAs. LncRNA sequencing analysis of exosomes derived from H-GSC and N-GSC identified the long intergenic nonprotein-coding RNA 1060 (Linc01060) as one of the most upregulated lncRNA (Li J. et al., 2021). Linc01060 expression was found inversely related to patient prognosis and, when transferred through exosomes, accelerated proliferation, migration, and invasion of tumor cells both in vitro and in vivo. Mechanistically, Linc01060 directly binds the myeloid zinc finger 1 (MZF1), preventing its ubiquitination-mediated degradation, accelerating its nuclear translocation, and promoting MZF1-mediated c-Myc transcriptional activities. Very recently, a circRNA microarray analysis allowed to identify circ101491 as one of the most expressed circRNAs in hypoxic GSC-secreted exosome (Zhang et al., 2023). Overexpression of circ101491 significantly increased, while its downregulation reduced viability, invasion, and migration of glioma cells. Further experiments revealed that circ101491 might upregulate oncogene EDN1 expression by sponging miR-125b-5p. In summary, glioma cell communication involves complex interactions driven by exosomal ncRNAs, which impacts on various aspects of tumor progression, making them potential therapeutic targets. A schematic representation of these interactions has been reported in Figure 2.
[image: Figure 2]FIGURE 2 | EV-mediated exchange of ncRNAs in glioma. Glioma cells release EVs (GDEVs) containing miRNAs, that target transcripts and downstream pathways in other glioma cells, affecting vital processes such as migration, invasion, proliferation, autophagy, and vitality. Long non-coding RNAs (lncRNAs) and circular RNAs (circRNAs) within the EV cargo act as intracellular microRNA sponges, forming a complex regulatory network that affects glioma growth. The figure represents some of the mechanisms described in the text. MVB, multivesicular bodies; EMT, epithelial-mesenchymal transition; Created with BioRender.com.
3 GLIOMA CELLS TRANSFORM THE TME THROUGH EXOSOMAL NCRNAS
Among the many cell types found in TME, TAMs play a significant role in glioma progression. Despite some studies suggested that microglia/macrophages have the potential to counteract glioma development, evidence have shown that their immune functions become pro-tumorigenic. Thus, after interacting with tumor cells, TAMs cannot engage an efficient immune response, and show M2-like phenotypic activation changes with increase in the release of anti-inflammatory cytokines, such as IL-10 and TGF–β, arginase-1 (Arg-1), and matrix metalloproteinases, thus supporting growth and invasion associated with tumor progression (Feng et al., 2022).
Both in vitro and in vivo experiments revealed that exosomes released by glioma cells can be avidly taken up by other cells and contribute to the malignant alteration of the TME. GDEVs carry high levels of miR-21, a crucial oncomiR that promotes invasion and cell survival in GBM cells, through the downregulation of the tumor suppressor gene IGFBP3 and the enhancement of metalloprotease activity (Yang et al., 2014). In vitro studies have shown that exposure of microglia/macrophages to GDEVs elevated the levels of miR-21 and decreased levels of a common mRNA target encoding c-Myc (van der Vos et al., 2016). In vivo experiments in miR-21-null mice, have shown that early after injection, resident microglia and macrophages efficiently internalized the vesicles and downregulated specific miR-21 target transcripts associated to proliferation (Abels et al., 2019). Exosomal miR-21 derived from GSCs could also promote the angiogenic ability of endothelial cells by stimulating the VEGF signalling pathway (Sun et al., 2017). Similarly, miR-148a-3p and miR-182-5p were found to be enriched in GDEVs and transferred to human umbilical vein endothelial cells (HUVECs), where they downregulate the expression of ERRFI1, KLF2 and 4, thus activating multiple signaling pathways promoting cell proliferation and angiogenesis (Li et al., 2020; Wang et al., 2020). Interestingly, GBM cells can modulate microglia activity also in response to radiotherapy. TME can be aberrantly altered by the exosomal transfer of circ_001381 from GBM cells to microglia and the activation of a circ_001381/miR340-5p/Arg1 axis (Zhang et al., 2022). These changes induce microglia to acquire a pro-tumoral phenotype, characterized by an increased expression of inflammatory mediators and a reduction of the phagocytic capability.
Recently, whole-transcriptome sequencing of extracellular vesicles derived from CSF of glioma patients performed in parallel to matched glioma tissues revealed that some high-abundant miRNAs, such as miR-1298-5p, miR-122-5p, miR-204-5p and miR-3184-3p (Xu et al., 2022), were almost exclusively secreted in exosomes, whereas some high-abundant tumor-promoting miRNAs, such as miR-9-5p, were mainly retained in tumor cells (Qi et al., 2022). miR-1298-5p and miR-3591-3p, enriched in CSF exosomes, were able to suppress glioma progression in vitro and vivo (Li et al., 2022; Qi et al., 2022), but also to exert an immunosuppressive activity (i.e., polarize toward the M2-like phenotype) on both macrophages and myeloid-derived suppressor cells (MDSCs), a population of immature myeloid cells that suppress the function of T cells. Conversely, miR-9-5p, retained in glioma cells, promoted migration, helped progression of tumor cells, and induced M1 polarization in transfected macrophages (Qi et al., 2022). Other miRNAs, such as miR-3184-3p and miR-1246, were found enriched in exosomes and upregulated in CSF and glioma tissues (Qiu et al., 2021; Xu et al., 2022). On the one hand, they can directly promote proliferation, migration, and invasion by inhibiting apoptosis in glioma cells. On the other hand, when transferred to macrophages, they can induce an M2-like phenotype, which further aggravates tumour progression. These examples suggests that exosomal release can have a double function; on one hand it sustains glioma progression creating the most suitable microenvironment instructing the surrounding cells not to hamper tumor proliferation, on the other hand it removes tumor suppressive elements from tumor cells, thus facilitating their invasiveness.
As mentioned above, hypoxia contributes to alter exosome production and composition. Of note, hypoxia-induced exosomal ncRNAs profoundly affect not only the behaviour of tumor cells, but also that of other cells in the TME. It has been shown that, compared to N-GDEVs, H-GDEVs contain higher levels of both IL-6 and miR-155-3p, and induce M2-like macrophage polarization via the IL-6-pSTAT3-miR-155-3p-autophagy-pSTAT3 positive feedback loop, promoting glioma progression (Xu et al., 2021). Another study identified 20 hypoxia-induced exosomal miRNAs. Of these, miR-10a, miR-21, miR-29a and miR-92a were able to induce myeloid cell differentiation and expansion by targeting the Rora/IκBα/NF-κB, Pten/PI3K/AKT, Hbp1/cell cycle and Prkar1a/PKA/p-STAT3 pathways, respectively, promoting their immunosuppressive functions in glioma-bearing mice (Guo et al., 2018; Guo et al., 2019). Of note, their inhibition in glioma cells attenuated myeloid cell expansion and differentiation in spleen and tumor tissues in vivo.
Although many lncRNAs were described overexpressed in GBM tumors, only a few of them were reported to be trafficked into GDEVs and to contribute to spread tumor to the surrounding cells. The long intergenic ncRNA CCAT2 (linc-CCAT2), overexpressed in glioma tissues, was demonstrated to contribute to promote angiogenesis via exosomal communication. U87-derived exosomes, enriched in linc-CCAT2, were shown to induce HUVEC migration, proliferation, tubular-like structure formation in vitro and arteriole formation in vivo through the activation of VEGFA and TGFβ, and inhibition of antiapoptotic players, such as Bax and caspase-3 (Lang et al., 2017). SNHG15, a lncRNA upregulated in GBM associated to poor prognosis and TMZ-resistance has been demonstrated to actively contribute to angiogenesis and immune inhibition in the TME (Li Z. et al., 2019). In vitro studies highlighted that SNHG15 silencing in GBM cells was able to significantly increase their sensitivity to TMZ treatment and to reduce their ability to promote M2-phenotype in microglial cells, raising the hypothesis that SNHG15 may be transferred to microglia through EVs or act as a ceRNA for exosomal miRNAs. Indeed, its tumorigenicity is mediated by the direct inhibition with miR-627-5p, a tumor suppressor that inhibits the cyclin dependent kinase CDK6. The pharmacological intervention in this SNHG15/miR-627-5p/CDK6 axis has been proposed for the treatment of TMZ-resistant GBM (Li Z. et al., 2019). Beyond their miRNA sponging activity, lncRNAs may also interact with RNA binding proteins and activate disease-relevant pathways. In this context, a recent study elucidated the role of the TMZ-associated lncRNA (lnc-TALC) in the promotion of GBM resistance to TMZ (Li Z. et al., 2021). Lnc-TALC can be incorporated into GDEVs and transmitted to TAMs, to promote immunosuppressive phenotype of microglial cells. This effect was found related to its interaction with ENO1, to the phosphorylation of p38 MAPK and to the secretion of the complement components C5/C5a, which promoted the repair of TMZ-induced DNA damage, leading to chemotherapy resistance. These studies suggest that combination therapy strategies targeting different lncRNAs might help to overcome TMZ resistance in GBM.
GDEVs are also able to activate surrounding astrocytes. EVs purified from two distinct human glioma cell lines were found enriched in the lncRNA activated by TGF-β (lncRNA-ATB). When incubated with NHA cells, a type of normal human brain astrocytes, GDEVs were efficiently delivered and lncRNA-ATB activated astrocytes through the suppression of miR-204-3p, thus stimulating the secretion of TGF-β and glioma cell migration and invasion (Bian et al., 2019).
Although T cells play an important role in the development and prognosis of GBM, the effects of GDEVs (and their RNA cargo) on the different subtypes of T cells are poorly known. In unfractionated peripheral blood mononuclear cells (PBMCs), GDEVs can inhibit T cell activation, proliferation and Th1 cytokine production and enhance proliferation of purified CD4+ T cells (Domenis et al., 2017). Importantly, the removal of MDSCs cell fraction from PBMCs restored T cell proliferation. In addition, it was recently shown that T cells do not internalize tumor-derived exosomes; consequently, exosomes could deliver signals to receptors on the cell surface, ultimately resulting in alterations of the mRNA profile (Muller et al., 2016).
As summarized in Table 1 and represented in Figure 3, these data have shown that glioma cells use EVs and ncRNA cargoes to change the reactivity of potentially harmful microglia, macrophages, and astrocytes, to efficiently expand in the surrounding area. Considering the key role of EV-based communication in glioma progression, a potential therapeutic strategy could be based on the suppression of such communication. Promising results have been obtained in cancer cell lines and xenograft models modulating the exosome release pathway (Kosaka et al., 2013; Messenger et al., 2018).
TABLE 1 | Summary of glioma EV-derived ncRNAs, their targets and effects on cells of the TME.
[image: Table 1][image: Figure 3]FIGURE 3 | EV-mediated exchange of ncRNAs among glioma and TME. GDEVs transfer ncRNAs also to microglia, macrophages, and astrocytes within the TME. These ncRNAs promote astrogliosis and the development of a tumor-supportive microglia phenotype, reducing phagocytosis and autophagy, thereby shaping a favorable environment for glioma progression. The figure represents some of the mechanisms described in the text. MVB, multivesicular bodies; TMZ, Temozolomide; Created with BioRender.com.
4 JANUS-FACED ROLE OF TME-DERIVED NCRNAS IN GLIOMA PROGRESSION
The communication between glioma and TME is bidirectional. As soon as the resident immune cells identify tumor cells, they contact them, activate pro-apoptotic pathways, release pro-inflammatory factors and EVs. Recent studies have shown that EVs released by healthy astrocytes are able to reduce glioma progression. A first study showed that miR-152-3p and miR-143-3p propagate from normal astrocytes to C6 glioma in a connexin 43-dependent and -independent manners, respectively (Fukuda et al., 2021). Although the expression of these miRNAs did not alter glioma cell proliferation, a significant reduction of cell migration and invasion was observed. Similarly, Serpe and colleagues showed that treatment of GL261 glioma cells with astrocyte-derived EVs (ADEVs) significantly reduced cell viability. In contrast, EVs isolated from astrocytes treated with the glioma-conditioned medium (GCM) increased GL261 cell viability, indicating that only EVs released by healthy astrocytes exert an antitumoral effect (Serpe et al., 2022). Likewise, treatment of glioma-bearing mice with ADEVs reduced, while treatment with GCM-ADEVs increased, tumor volume, tumor cell proliferation and invasion. One of the mechanisms responsible for these effects is the transfer of miR-124, a miRNA with a known tumor suppressor role, abundantly expressed in the CNS, and highly enriched in microglia-derived EVs. In this context, miR-124 reduced the expression of VRAC, one of the multiple regulators of cell shape and migration, and ultimately hindered glioma growth (Serpe et al., 2022).
Despite these data agree with the concept that astrocytes have the potential to acutely react to brain tumor promoting the restoration of brain functionality, several studies have documented that, after some time, astrocytes become the target of tumor-released factors, which modify them towards a pro-tumoral program (Henrik Heiland et al., 2019; Mega et al., 2020) and promote the release of EVs supporting tumor growth. In line with this, it has been shown that in vivo ADEVs mediate intercellular transfer of PTEN-targeting miRNAs to tumor cells, leading to reduction of PTEN expression and promotion of brain metastasis (Zhang et al., 2015). Five miRNAs in the miR-17–92 cluster (miR-17, miR-19a, miR-19b, miR-20a and miR-92) were previously demonstrated to target PTEN (Liu et al., 2014). Cell specific knockdown of the miR-17–92 cluster in astrocytes blocked PTEN downregulation in brain metastatic tumor cells in vivo and significantly suppressed brain metastasis growth. Interestingly, PTEN levels in PTEN-loss brain metastatic tumor cells were restored after exiting the brain microenvironment, confirming that tumor cells underwent non-autonomous PTEN downregulation by astrocyte-derived PTEN-targeting miRNAs. This adaptive PTEN loss in brain metastatic tumor cells led to an increased secretion of the chemokine CCL2, which recruits IBA1-expressing myeloid cells that reciprocally enhanced the outgrowth of brain metastatic tumor cells via enhanced proliferation and reduced apoptosis (Zhang et al., 2015).
Depending on the state of the cell of origin, macrophage/microglia-derived EVs can either spread pro-inflammatory stimuli, as shown in Alzheimer’s disease and ischemia (Gabrielli et al., 2022; Marangon et al., 2022), or mediate immunosuppressive functions, as happens in GBM (Wang et al., 2022). Despite these cells have the potential to exert an antitumorigenic role, whether they actually counteract glioma growth in the very early stage of development still needs to be clearly demonstrated. A recent paper evaluated the role of M1-derived exosomal ncRNAs by performing a circRNA microarray analysis of exosomes derived from macrophages overexpressing the recombination signal binding protein-Jκ (RBP-J), a transcriptional regulator promoting classical M1 macrophage polarization activated by Notch signalling. Among the differentially expressed circRNAs, circBTG2 was found particularly enriched in exosomes and upregulated in exosomes derived from RBP-J overexpressing compared to wild type macrophages (Shi et al., 2022). Further studies showed that exosomal circBGT2 was able to suppress glioma cell proliferation and invasion via the miR-25-3p/PTEN pathway, suggesting that it may represent a new potential target for glioma therapy.
Microglia EVs uptake observed in astrocytes and glioma cells led to reduction of both astrogliosis and release of pro-tumoral factors by glioma (Serpe et al., 2021). As previously mentioned, microglia EVs are enriched in miR-124, suggesting its involvement in their anti/pro-tumorigenic effect and that modulation of miR-124 levels could represent a promising therapeutic approach to hamper glioma progression. This hypothesis has been confirmed by two different experimental approach. In the former, the authors took advantage of a miR-124 inhibitor, that specifically binds and inhibits the endogenous miR-124 activity and showed that EVs derived from anti-miR-124-transfected microglial cells failed to reduce glioma growth (Serpe et al., 2021). In the latter, the authors have produced miR-124-enriched EVs and have used them to treat a 3D microfluidic glioblastoma microenvironment composed by GBM cells, microglia and natural killer (NK) cells, showing that miR-124 EVs reduced tumor cell migration, ameliorated the profile of cytokines and chemokines secreted, and enhanced NK cell intratumoral infiltration (Hong et al., 2021).
Once reprogrammed by the TME, TAMs start to release EVs that contribute to immune suppression, thus favoring GBM immune escape (Catalano et al., 2022). In this context, a recent paper has shown that the exposure of glioma cells to M2 microglial EVs enhanced their growth, migration, and invasion capabilities, by affecting the expression of circadian genes, such as Bmal1 and Clock. Further investigations revealed that miR-7239-3p, upregulated in M2 microglial EVs, enters glioma cells and is responsible for Bmal1 gene downregulation (Li X. et al., 2021). Selective inhibition of miR-7239-3p reverted the tumor-promoting effect of M2 microglial EVs, confirming the key role of miR-7239-3p in glioma progression. EVs released by TAMs can contribute to glioma progression not only because of their enrichment in pro-tumoral effectors, but also because they lack factors that counteract glioma growth and invasion. This is the case of EVs derived from M2-polarized macrophages, which were found depleted in miR-15a and miR-92a compared to unstimulated macrophages (Yao et al., 2021). Interestingly, EVs derived from M2 macrophages transfected with miR-15a and miR-92a mimics failed to promote migration and invasion of glioma cell lines compared to EVs derived from control M2 macrophages. The same study has also shown that the anti-tumoral effects of miR-15a and miR-92a are mediated by the downregulation of their direct targets Ccnd1 and Rap1b, respectively, thereby blocking the PI3K/AKT/mTOR signaling pathway, known to promote glioma invasion and migration (Yao et al., 2021). Taken together, these results indicate that restoring the proper miRNA levels in TAMs could be considered as a promising therapeutic approach to limit glioma progression.
Proliferation and clonogenic potential of GSCs are influenced by EVs released by another stromal component of glioblastoma, namely, the glioma-associated human mesenchymal stem cells (GA-hMSCs). This was demonstrated in vitro on GA-hMSCs and GSCs obtained by surgical specimens, and in vivo, implanting GSCs pre-treated with GA-hMSC–derived exosomes in the frontal lobe of nude mice. A significant increase in tumor volume and reduction in survival were found in the group with pre-treated GSCs. Analysis of the exosomal content identified miR-1587 as the responsible of these effects on GSCs, in part through the downregulation of the tumor-suppressive nuclear receptor corepressor NCOR1 (Figueroa et al., 2017).
The crosstalk between glioma cells and oligodendrocytes has been demonstrated by the observation that tumor cells use white matter tracts to disseminate into the brain and escape radiotherapy, precluding a complete tumor eradication (Parmigiani et al., 2021). Moreover, after complete removal of the tumor mass, recurrences commonly occur in the white matter around the tumor removal cavity. At this site, called “border niche,” oligodendrocytes and OPCs tend to accumulate, promoting stemness and chemo-radioresistance of GBM cells (Hide et al., 2018). In addition to OPC recruitment, also axonal degeneration, demyelination and microglia activation were described (Brooks et al., 2021), similarly to pathogenetic events occurring in demyelinated lesions (Angelini et al., 2021). Treatment of glioma cells with OPC-derived conditioned medium significantly increased the expression of typical stemness genes (e.g., Nanog, Sox2, Oct3/4, and Bmi1), sphere-forming ability, and cell viability of glioma cells and promoted chemo-radioresistance (Hide et al., 2018). Although the role of soluble factors, such as FGF1 and EGF, has been shown, the contribution of OPC-derived EVs and their RNA content is totally unknown. Interestingly, a miRNome analysis comparing the border niche to both tumor and more distal areas showed that the miRNAs with the highest levels of expression in the border niche (i.e., miR-219-5p, miR-219-2-3p, and miR-338-3p) were related to oligodendrocyte differentiation (Hide et al., 2018), suggesting that their transfer could be involved in the supportive role of oligodendrocytes towards tumor growth.
NPCs, proposed as candidate cell-of-origin of gliomas, have also shown the ability to migrate into hypoxic areas of tumors, thus emerging as attractive cellular targets for glioma treatment. In this context, Adamus et al. (2022) tested exosomes derived from NPCs (NPDEs) as vehicles for the delivery of oligonucleotide therapeutics into the TME. In this study NPDEs were loaded with CpG-STAT3ASO, a synthetic antisense oligonucleotide that inhibit STAT3 expression. Compared to native NPDEs, the CpG-STAT3ASO-loaded exosomes potently stimulated immune activity of dendritic cells and macrophages, promoting NF-κB signaling and interleukin-12 production, and inhibited subcutaneous tumor growth more effectively than the equivalent amount of oligonucleotide alone. NPDEs have also been utilized to deliver miR-124-3p to glioma cells in vitro and in vivo (Qian et al., 2022). NPDE loaded with miR-124-3p significantly inhibited glioma cell proliferation, invasion and migration, by inhibiting the Flot2/Akt pathway. These results indicate that NPCs and NPDEs could represent a clinically relevant strategy to improve delivery and safety of RNA therapeutics for glioma treatment.
Altogether, these data (summarized in Table 2) indicate that EV-mediated interactions between cells of the TME and glioma influence various aspects of tumor behavior, including migration, invasion, proliferation, autophagy, vitality, and immune modulation, through the transfer of ncRNAs. These EV-mediated communications can be exploited for developing targeted interventions on specific ncRNAs aimed at disrupting this complex crosstalk and potentially halting glioma progression (Figure 4).
TABLE 2 | Summary of TME-derived exosomal ncRNAs, their targets and effects on glioma cells.
[image: Table 2][image: Figure 4]FIGURE 4 | Potential contribution of ncRNAs in different aspects of glioma biology. Exosomal ncRNAs released from glioma cells and cells of the TME contribute to glioma progression by increasing growth, migration and invasiveness, inducing resistance to therapy and immunosuppressive functions in cells of the TME. However, modulation of specific exosomal ncRNAs or administration of exogenous ncRNAs can be exploited to hinder glioma progression.
5 CONCLUSION
In this review, we have highlighted the role of ncRNAs in the pathogenesis of glioma. In cancer, miRNAs have been described as either oncomiR or tumor suppressors, and in several cases, they have shown both effects; this paradoxical behavior is due to their ability to bind and inhibit hundreds of different target transcripts. The finding that miRNAs can be released in EVs, reach other cells, and modulate their gene expression widens their role in tumor progression, invasiveness, immune escape, angiogenesis, and resistance to drugs. We have described that, while glioma uses this communication route to make the TME more compliant to its survival and development, immune cells may use the same weapon to counteract glioma spreading; the unbalance between these forces determines the clinical outcome. LncRNAs or circRNAs, analogously stored in EVs, can modulate miRNAs functions in a paracrine fashion, acting as molecular sponges. This underlines the importance of post-transcriptional regulators as complex miRNA-lncRNA-transcript multidirectional networks, in which both the well-known immune cells of the TME, and progenitor cells, such as OPCs, play important roles. Immunotherapy is a clear example of treatment that targets the TME instead of cancer cells (Murciano-Goroff et al., 2020). The increasing advances in gene therapy and RNA technologies are likely to further revolutionize the current therapeutic approach to glioma. We have reported several studies in which ncRNAs have been used as pharmacological agents and have been shown to rescue specific mechanisms of glioma progression also acting on the TME. To translate these findings into RNA-based therapeutics, several challenges still have to be addressed, starting from their delivery into the glioma, considering that brain is not an easily accessible organ. In this context, tropism of NPCs and their exosomes for hypoxic tumor areas provides a new opportunity for glioma therapy. In addition to nano-drug delivery platforms that use polymers or liposome-based formulations, both natural and engineered EVs have been developed and they are increasingly improving, with better biocompatibility, prolonged blood circulation life span, lower immunogenicity and systemic toxicity (Liu and Su, 2019; Cabeza et al., 2020). Cultured cells can be genetically modified to produce exosomes that express surface proteins with increased BBB permeability or enhanced glioma tropism (Basu and Ghosh, 2019). Recently, engineered exosome producer cells implanted in a mouse model of Parkinson disease successfully prevented 6-OHDA-induced cell death by efficient production and delivery of exosomes containing catalase mRNA into the brain, opening the door for new ways to achieve therapeutic effects.
A number of therapeutic approaches utilizing EVs have already been tested for the treatment of diseases including solid tumors and neurodegenerative disorders (Rezaie et al., 2022). In the near future, we expect that mimicking or counteracting EV-based communication will become a concrete therapeutic means for glioma patients.
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