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Abstract

:

Neuroblastoma is an extracranial solid tumour of the developing sympathetic nervous system accounting for circa 15% of deaths due to cancer in paediatric patients. The clinical course of this cancer may be variable, ranging from aggressive progression to regression, while the amplification of MYCN in this cancer is linked to poor patient prognosis. Extracellular vesicles are a double membrane encapsulating various cellular components including proteins and nucleic acids and comprise exosomes, apoptotic bodies, and microvesicles. The former can act as mediators between cancer, stromal and immune cells and thereby influence the tumour microenvironment by the delivery of their molecular cargo. In this study, the contribution of extracellular vesicles including exosomes to the biology, prognosis, diagnosis and treatment of neuroblastoma was catalogued, summarised and discussed. The understanding of these processes may facilitate the in-depth dissection of the complexity of neuroblastoma biology, mechanisms of regression or progression, and potential diagnostic and treatment options for this paediatric cancer which will ultimately improve the quality of life of neuroblastoma patients.
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1. Introduction


Neuroblastoma (NB), is an aggressive paediatric malignancy leading to death in children of mainly preschool age and this cancer accounts for a large fraction (i.e., 15%) of cancer-related mortality in children [1]. The specific age groups at diagnosis will vary from 0–18 months (infants), 18 months–<12 years (children), and adolescents (≥12) [1]. This cancer develops due to the dysregulation of the sympathetic nervous system and its cell of origin is thought to be within the neural crest. The clinical course of this cancer can vary from regression to refraction and relapse despite substantial treatment [2]. The main sites of presentation of NB include the abdomen, pelvis, neck and chest [3], while upon diagnosis, circa 50% of patients may display metastasis to the bone, lymph nodes, liver and bone marrow, bearing dismal prognostic predictions [4]. This heterogeneity will reflect risk groups, prognosis and treatment options and accordingly the international neuroblastoma risk group (INRG) has established a consensus on pre-treatment risk stratification based on differentiation status, histological properties, MYCN status, ploidy, age, segmental chromosomal alterations and stage among other factors [5,6]. Based on these characteristics, NB patients can be stratified into risk groups, including low, intermediate and high. Consistently, circa 20–30% of all NB cases bear MYCN amplification, equating to 40–50% of all high-risk cases, while the amplification of MYCN is the greatest predictor of poor prognosis, since the status of this oncogene correlated with disease aggression and resistance to treatment [5,6]. In addition to MYCN amplification, high-risk NB may be categorised into two other distinct molecular subgroups that display either an alternating length of telomeres (ALT) phenotype (circa 24% of high-risk cases) or upstream rearrangements with respect to the telomere reverse transcriptase (TERT) gene (circa 23–31% of high-risk cases) [7,8,9]. Consistently, the latter subgroup includes the rearrangements of chromosome 5p15.33 leading to an enhanced expression of TERT due to the juxtaposition of a strong enhancer into the coding sequence of this gene [7,8,9]. Interestingly, the common feature of all three subgroups mentioned is altered telomere maintenance mechanisms (TMMs) since the MYCN amplified subgroup may display TERT upregulation, while each subgroup is also associated with poor patient outcomes [10]. Mechanistically, telomerase uses a human RNA telomerase component, hTR to synthesise telomere DNA, while ALT, largely based on non-canonical homologous recombination, is linked to somatic alterations in Alpha thalassemia mental retardation-X linked (ATRX) gene in NB [11,12].



Finally, NB patients can also be categorised based on the pre-operative international neuroblastoma risk group staging system (INRGSS) which is based on the presence of image-defined risk factors (IDRF) and include L1, L2, M and MS stages, while the international neuroblastoma staging system (INSS) is largely based on the potential for resection and is categorised into stages 1–4 and 4S (reviewed in [5,6]). Accordingly, L1 is mainly amenable to resection, L2 is more prone to initial biopsy, neoadjuvant therapy and surgery, and MS is specific to children under the age of 18 months with a localised disease representation along with bone marrow (except for the cortical bone), liver and skin metastasis, while M comprises distant metastasis. INSS stages, on the other hand, include stages 1 and 2 which are locally resectable, and partially resectable with potential lymph node involvement, respectively [5,6]. Stage 3 disease crosses the midline, is generally deemed unresectable, and has spread to the lymph nodes contralaterally, while stage 4 involves distant metastasis. 4S has an upper limit of 12 months of age, where the tumour is confined to the area in which it arose, but some cells have spread to the skin, liver, or bone marrow [5,6].



Cells can communicate via cell-to-cell contact, secretion of molecules and extracellular vesicles (EVs). The latter has been classified into apoptotic bodies, microvesicles, and exosomes [13,14]. This classification is based on biogenesis routes and size variations from 400–4000 nm, 100–1000 nm and 40–120 nm for each class mentioned, respectively, while the existence of exosome-like vesicles released from the mitochondria has also been reported [13,14]. The contents of these EVs differ based on the cellular state [15], for example, apoptotic bodies are generated from the blebbing of the plasma membrane of cells undergoing apoptosis. Accordingly, microvesicles, also known as microparticles, represent a more heterogeneous subgroup of EVs and are produced from the plasma membranes of, for example, endothelial cells, red blood cells, and platelets. They also express TSG101 and retain markers of the cell of origin [16]. Exosomes, the main focus of this study, form from the inward budding of endosomes and are usually smaller than microvesicles, while both microvesicles and exosomes may be released by normal and tumour cells [13,17,18]. Consistently, exosomes may stably encapsulate various molecular cargo including DNA, mRNAs, miRNAs or proteins to target recipient cells and play essential roles in cell-to-cell communications [19,20]. These exosomes usually express markers including TSG101, heat shock protein 70 (HSP70), Alix 1, Tetraspanins (e.g., CD9, CD63, CD81, and CD82) and fibronectin, and akin to microvesicles will also contain molecular signatures of their cell of origin [21]. Accordingly, exosomes derived from NB tumours have been shown to contain a tumour-specific signature, are detectable in patient biofluids, and have a much higher DNA content than exosomes isolated from stromal cells [22]. This DNA can be greater than 10kb in length and cover the genomic DNA of all chromosomes representing the tumour genome [22], and may also contribute to disease progression, migration, metastasis and survival of cancer cells [15,23]. Hence, understanding the contributions of exosomes derived from NB or other cells of the tumour microenvironment (TME) to the biology of this disease would be of significant scientific interest. Figure 1A displays the general properties of exosomes derived from NB.



Taking a step forward from understanding the characteristics of exosomes, it stands to reason that their prognostic, diagnostic and therapeutic potential would be of importance to the scientific community. This is due to the relative convenience of extracting exosomes from peripheral blood to establish tumour genetic alterations rendering them a feasible molecular diagnostic tool for personalised medicine. In line with this objective, the application of whole exome sequencing of exosomal double-stranded DNA from NB patients for the detection of somatic mutations was explored and “exo-DNA” was shown to display tumour-specific genetic alterations including but not limited to ALK, PHOX2B, TERT, PTPN11, SHANK2, KRAS, and FGFR1 [24] (Figure 1A). In addition, the authors also revealed that this DNA could be used to screen for acquired resistance to therapy including mutations in the RAS/MAPK pathways or alterations in ALK and TP53 [24], highlighting the prognostic and diagnostic potential of this tool. Further to the diagnostic potential of NB-derived exosomes, their role in targeted therapy may also be significant. Therapeutic modalities in NB include resection that may be combined with chemotherapy and/or radiotherapy [25] and it is plausible that exosomes may impact both treatment response and potential relapse [26]. Given this background, the roles exosomes play in the biology, diagnosis, and treatment of NB have been addressed in this review (Figure 1B).




2. The Contribution of Exosomes to NB Biology and Management


2.1. Exosomes in NB Biology and Their Effect on the TME


2.1.1. Exosomes in NB Biology


The contribution of exosomes to the biology of NB may be understood better in light of the molecular content and secretion dynamics of these vesicles and how these may differ in NB tumours with aggressive phenotypes similar to that predicted for MYCN-amplified NB. For instance, Fonseka and colleagues have studied the proteomic profile of the proteins enclosed in exosomes derived from MYCN-amplified NB cells [27]. Using a nanoparticle tracking analysis (NTA) system, this study revealed that the isolated exosome from the NB cells was between 50–150 nm in diameter and that the MYCN-amplified NB cells generated much higher volumes of these exosomes compared to their non-MYCN amplified counterparts inclusive of SH-SY5Y [27]. Accordingly, 581 and 387 proteins were differentially present in exosomes derived from SK-N-BE2 and SH-SY5Y, respectively (a total of 968 proteins) [27]. For example, RAB proteins, involved in transport, were differentially present in exosomes isolated from these sources. Gene Ontology analysis revealed the enrichment of terms for transport, cell communication and signal transduction, as opposed to protein and nucleic acid metabolism and cell growth, for SK-N-BE2 and SH-SY5Y cells, respectively [27]. Interestingly, the treatment of SH-SY5Y cells with exosomes derived from SK-N-BE2 led to altered characteristics such as elevated colony formation potential, migration, and resistance to chemotherapy including Doxorubicin (Figure 2A). Inversely, the incubation of SH-SY5Y cells with exosomes derived from SK-N-BE2 with knocked-down MYCN reduced resistance to cell death by apoptosis [27]. Apart from revealing different molecular contents of MYCN-amplified and non-MYCN-amplified NB exosomes, this study suggested that MYCN-amplified NB-derived exosomes contain essential and transferable information that can instruct more aggressive behaviour in recipient non-MYCN-amplified NB cells. In our opinion, this is significant in outlining how cell-to-cell communications may alter cancer cell aggressiveness.



Given this interesting result, it was equally intriguing to understand if essential differences in the repertoire of exosomes also existed between primary and metastatic NB primary tissue. This question was answered by a study which profiled the proteomic signature of exosomes derived from primary NB and its bone marrow metastasis [28]. Accordingly, 15 and 6 proteins were found to be specific to primary and metastatic exosomes, respectively. From a functional viewpoint, the former group of proteins displayed roles in neuron development and extra-cellular matrix processes, compared to migration and mitochondrial activity for the latter group [28]. This study, therefore, revealed that the disease stage is reflected in exosome cargo, a significant finding for patient disease detection and progression screening. These two studies collectively conveyed the dynamic changes in the contents of these exosomes, which may reflect the relevant disease stage, and aggression, characteristics that seem, at least in part, transferable through these exosomes.



Stepping aside from the molecular contents of the exosomes and their implication in NB biology, exosomes may play an essential role in crucial cellular processes and functions including transcription factor occupancy and transcription elongation. For example, MYCN, a frequently amplified oncogene in NB, interacted with and recruited nuclear RNA exosomes (an exoribonuclease complex) to its target genes involved in cell-cycle processes such as S and G2 phase progression [29,30]. Consistently, MYCN, through these RNA exosomes, regulated the occupancy of RNA polymerase II by influencing “stalled RNA polymerase II at replication forks”, since the depletion of these exosomes led to both stalled forks and the slow RNA polymerase II elongation on cell cycle-associated genes, mainly MYCN targets [30]. Further, these exosomes prevented DNA damage namely double-strand breakage in MYCN-amplified NB cells. This was evident since the depletion of these exosomes led to the activation of ATM and BRCA1, dampening MYCN-related transcription through mRNA decapping mechanisms, and the activation of ATR leading to a defective replication-transcription process [30]. Hence, the RNA-enclosed exosomes were required for the MYCN-amplified NB cells, and NB cells depended on these exosomes to maintain elongation of transcription during the S and G2 phases and to avoid DNA damage, and defective transcription and replication processes [30] (Figure 2B). In conclusion, the exosomes recruited by MYCN served to advance the cell cycle-specific MYCN gene-regulatory programme; a significant finding concerning MYCN-amplified NB, a genetic alteration associated with poor patient outcomes [6,31,32]. In our opinion, perhaps the obvious step ahead may be formulating therapeutic strategies to specifically disrupt these exosomes and thereby break the link to MYCN-amplified NB progression.




2.1.2. The Effect of Exosomes on the TME


Tumour-derived exosomes may influence and prime stromal and immune cells within the TME to further tumour growth and progression. For example, mesenchymal stem cells (MSCs) can migrate to the TME and it is thought that the differentiation of MSCs to pericytes and cancer-associated fibroblasts (CAFs), can form a tumour-supportive environment [33]. In line with this, the effect of the NB-derived EVs and their influence on the TME and stromal cells including MSCs was investigated in a study [33]. Initially, SH-SY5Y cells were exposed to cytochalasin B which disrupted the actin cytoskeleton and increased the generation and release of microvesicles from NB cells and were referred to as Cytochalasin B-induced membrane vesicles (CIMVs) [33]. These CIMVs were isolated using centrifugation and were analysed by microscopy and flow cytometry, revealing a size distribution of 100–1000 nm pertinent to both microvesicles and exosomes, and the expression of CD63, HSP70, and CD81 markers [33]. The effect of these CIMVs on MSCs was established by labelling and exposing these CIMVs to MSCs and it was revealed that after 24 h of co-culture, a small fraction of MSCs contained a large number of CIMVs while almost half contained smaller numbers of CIMVs suggesting a disparity in CIMV uptake by MSCs. The effect of the co-culture included a dose-dependent reduction in the expression of MSC markers such as CD29, CD44, CD105, CD73, and CD90, suggesting that the treatment may have altered the identity of the MSCs and perhaps directed their differentiation towards pericytes and CAFs encouraging cancer progression [33] (Figure 2C), although this aspect was not investigated. In agreement with the influence of NB tumour-derived exosomes on the TME, a study showed that bone marrow metastasis-derived NB cell lines secreted exosomes enclosing miR-375, which influenced osteogenic transcription factors [34]. This led to the expression of genes involved in bone differentiation, forming a tumour-supportive environment. Interestingly, higher levels of miR-375 in patient circulating exosomes were linked to metastasis to the bone marrow and hence may be a useful biomarker for NB [34]. In our opinion, these were interesting findings since the exchange of vesicles between NB tumour cells and MSCs could have implications for tumour growth progression and the establishment of drug resistance, while it is equally plausible that vesicle-mediated cell-to-cell communications may be exploited for both diagnostic and therapeutic gain which will be addressed in the next sections.





2.2. Exosome-Enclosed Cargo Can Be Utilised as NB Biomarkers and Diagnostic Tools


The standard procedure for the detection of NB MYCN amplification is tumour biopsies from the primary site of presentation or metastatic sites, including the bone marrow and subsequent fluorescence in situ hybridisation (FISH) [18]. In many ways, the process of MYCN amplification status determination may delay stratification and the initiation of treatment; hence the identification of robust methods to reliably establish this essential diagnostic module is vital [35]. In a study aimed at establishing the diagnostic potential of exosomes and microvesicles for MYCN status establishment, these EVs were isolated from SK-N-BE2 and SH-SY5Y cell culture supernatants and subjected to ultracentrifugation, chromatography, NTA and Western blotting. For example, EV markers including HSP70, Alix 1 and TSG101 in addition to endosome markers including calnexin were utilised to confirm the presence of these EV particles in the lysates. The particles displayed a size distribution of 150–168 (±1.4–2.3) nm and 115–118 (±1.3–2.6) nm, which largely represent microvesicles and exosomes, respectively. Further, the total RNA of each EV class was subjected to qPCR and the MYCN status of the microvesicles rather than the exosomes were verifiable in multiple NB cell lines (i.e., positive and negative MYCN amplification status for SK-N-BE2 and SH-SY5Y, respectively) [18]. The authors contributed this difference in detection capacity to the biogenesis pathways and isolation methods for microvesicles and exosomes [18]. This study subsequently focused on comparing cytoplasmic MYCN RNA with that of their corresponding microvesicles and concluded that high levels of MYCN presence in the cytoplasm could get transferred to the microvesicles and consequently become more easily detectable [18]. Moreover, testing for MYCN amplification status in patient bone marrow plasma samples was also promising and 5/6 MYCN-amplified samples displayed MYCN+ microvesicles, while all 4 MYCN non-amplified samples displayed MYCN− microvesicle status, bearing a significant diagnostic potential for MYCN status establishment in these children [18,35] (Figure 3).



Noteworthy that the detection of tumour-derived components in addition to using tumour-derived exosome-based methods, can also be achieved through the detection of circulating tumour cells (CTCs) and of circulating-free DNA or cell-free DNA (cfDNA) [36]. With respect to the latter, a large body of studies has focused on using cfDNA retrieved from minimally invasive liquid biopsies from the patient circulatory system to detect genetic alterations and inform targeted treatment [37]. Concerning NB, the detection of specific genetic alterations including MYCN and ALK copy number status and clinically actionable ALK mutations including ALK-F1174L and ALK-R1275Q has been extensively reported [37,38,39,40,41,42]. For example, Lodrini and colleagues reported the application of droplet digital PCR (ddPCR) for the detection of MYCN and ALK copy number status in NB patient samples [39]. As a proof of principle experiment, the authors first established the MYCN and ALK gene copy number status in a panel of NB cell lines including IMR-32 and SH-SY5Y. Subsequently, cfDNA from the culture media of respective cell lines was also detected. As expected, the authors subsequently shifted to an animal model and detected cfDNA in the plasma of immunodeficient mice models xenografted with NB patient tumours [39]. Finally, the study reported the detection of MYCN and ALK copy number status in the plasma samples of 10 NB patients [39]. Interestingly, in a follow-up study, this group focused on detecting the mentioned genetic alterations in refractory and relapsed NB patient liquid biopsies as a longitudinal surveillance modality to detect resistant subclones and minimal residual disease. Accordingly, cfDNA from liquid biopsies and DNA from matched tumour samples of high-risk NB patients were collected and used to detect MYCN amplification and actionable ALK genetic alterations [42]. The results suggested superior early relapse detection capacity of liquid biopsies compared to other methods of somatic alteration detection in 2 patients. In addition, heterogeneity in relation to MYCN amplification and actionable ALK genetic alterations were detected in cfDNA samples for which such alterations were not detectable in their matched tumour tissue counterparts, suggesting the promising potential of liquid biopsies in capturing the heterogeneity of the tumour and relapsed samples [42]. In our opinion, these studies outline the significance of using exosomes and cfDNA in NB diagnosis of primary tumours, potential relapse, refraction and minimal residual disease that will have a bearing on both disease stratification and relevant treatment options. It would be interesting to conduct studies that may assess and compare the diagnostic accuracy and concordance between genetic alterations detectable using NB-tumour-derived exosomes and cfDNA and to discern whether these methods can be used in parallel and may indeed provide unique tumour-specific information.




2.3. Exosome-Enclosed Cargo Can Be Utilised for NB Treatment


2.3.1. The Characteristics of Exosomes Used for NB Treatment


It has been reported that exosomes can effectively target cells by displaying peptides on their surface, with the caveat that these peptides may be degraded. For example, in a study, the N-terminus FLAG peptide fused to an exosome-associated protein, Lamp2b (i.e., FLAG-Lamp2b-HA) was shown to be enzymatically cleaved by endosomal proteases, and hence this N terminus FLAG tag could not be detected in the harvested cells or exosomes, while the CD63 protein associated with exosomes was detected [43,44]. Huang and colleagues conducted this study in the Neuro2a NB cell line and to further address the stability of the N terminus FLAG-Lamp2b, they engineered a GNSTM amino acid sequence to the N terminus of the FLAG-Lamp2b-HA construct (e.g., GNSTM-3gs-FLAG-3gs-Lamp2b-HA in which “gs” stands for linkers) and displayed it on the exosomes. In evidence, the NST sequence attracted glycosylation while the flanking M and G amino acids further increased glycosylation occurrence, stabilising and protecting the peptide from cleavage and degradation [44,45]. Further, the fusion of a targeting peptide, RVG, fused to the N-terminus of Lamp2b, in addition to GNSTM, which was also displayed on exosomes allowed for effective uptake by recipient cells [46]. Effectively, the resulting GNSTM-3gs-RVG-10gs-Lamp2b-HA construct increased the levels of exosomal uptake compared to the negative controls including GNSTM-FLAG-Lamp2b-HA, assayed by PKH67 dye levels [44]. In conclusion, the authors showed that glycosylation of these peptides in addition to the inclusion of specific trafficking signal peptides prevented degradation, improved stability and targeted delivery of the exosomes [44] (Figure 4A). In our opinion, this study displayed how modifications to target peptides could effectively improve exosome-based therapies, a critical aspect to consider for drug delivery purposes [44].




2.3.2. Viable Exosome-Based Treatment Options for NB


Differentiation induction is a viable treatment option for NB patients [47]. In a study, the role of HSP27 in regulating NB differentiation was investigated, whereby SH-SY5Y cell lines were exposed for 48 h to exosome-enclosed siRNAs targeting HSP27 and its effect on NB differentiation to neuron-like cells was established [48]. Accordingly, exosomes were characterised morphologically by electron microscopy and by the presence of CD63, while the uptake of the exosomes into the cells was monitored using immunofluorescence. Consistently, cell viability and clonogenic potential were assessed by MTT and colony-forming assays and NB differentiation was screened for using neural markers such as NeuN. Accordingly, viability, clonogenic, and differentiation potential were reduced due to the inhibition of HSP27 [48] (Figure 4B). This interesting study, in our opinion, revealed that exosome-based therapeutic molecule delivery is plausible and perhaps inducing HSP27 expression can encourage NB differentiation.



Immunotherapy has also been viewed as a viable treatment option for NB [49]. Several studies have introduced the interaction of NB with NK on the level of exosomes they exchange and how this may impact therapy. In a study, exosomes containing miR-186 secreted by IL-15-activated natural killer (NK) cells were shown to induce cytotoxicity in MYCN-amplified NB cells, including LAN-5 and CHLA-136 [50]. In evidence, the low expression of miR-186 in NB cells correlated with poor patient prognosis based on RNA-sequencing evidence retrieved from 498 primary patient tissues in which this miRNA was significantly downregulated [50]. In addition, the high expression of miR-186 also correlated with the markers of activation of NK cells inclusive of NKG2D and DNAM-1, suggesting that perhaps higher expression of this miRNA may be linked to the presence of NK cells in the TME [50]. This group found that miR-186 directly targeted AURKA, MYCN and TGF-βR1 in NB cells, by binding to their 3′-UTR [50]. In addition, the ectopic expression of miR-186 reduced the proliferation of LAN-5 and CHLA-136 cells. Consistently, the targeted delivery of miR-186 reduced survival and migration in NB cells in mouse models. This was established using GD2/MYCN positive cell line CHLA-136 xenografted into the kidneys of the immunodeficient mouse model. Accordingly, miR-186-laden GD2 particles were successfully delivered to the tumour and this compound reduced tumour growth [50]. This group also tested the delivery of miR-186 to NK cells and found that nanoparticles coated with CD56 antibody (targeting NK cells) containing miR-186 prevented TGF-β-triggered inhibition of NK cells, hence miR-186 reversed the TGF-β-based inactivation of NK cells and immune escape [50] (Figure 4C). In our opinion, the formulation of miR-186 enclosed nanoparticles and exosomes could improve immunosurveillance of NB tumour cells and reduce tumour growth and proliferation [50].



Radiotherapy represents one of the important treatment modalities of NB patient treatment options [25]. Standard doses include 21 Gy at 1.5 Gy per day and 21.6 Gy at 1.8 Gy per day but in some NB tumours, radiation therapy can lead to cellular stress setting in motion the release of an increased number of EVs with an altered cargo [51]. Radiotherapy can also lead to the rise of secondary tumours elsewhere in the body and this may be partially accounted for by the transfer of vesicles bearing vital pro-survival signals to non-irradiated cells [25,26]. In a study aiming to characterise the vesicles secreted by X-ray irradiated SH-SY5Y cells that serve to instruct non-irradiated NB cells, the EVs generated by the former were isolated and characterised [26]. Accordingly, the supernatant of NB cell lines exposed to X-ray doses ranging from 0–10 Gy was collected 3 h post-irradiation and was subsequently used to induce other SH-SY5Y cells in this study. The dose of X-ray did not alter the average size of the particles with a maximum size smaller than 160 nm in most cases; however, the number of these EVs increased with higher irradiation doses [26]. Further, the uptake of these EVs labelled with fluorescent dyes by recipient SH-SY5Y cells was monitored by imaging, and as expected, uptake was a function of incubation time [26]. Furthermore, the effects of these vesicles on viability, migration and DNA damage were established in non-irradiated and irradiated SH-SY5Y cells. For example, it was shown that exposure to EVs increased cell viability in non-irradiated SH-SY5Y cells by 20%, while these cells also showed reduced and increased p21 and pAKT protein levels compared to control cells, respectively, indicating cell cycle progression [26]. Further, cells treated with these EVs expressed vimentin and N-cadherin, suggesting a migratory phenotype [26]. Concerning the DNA damage, as expected, irradiation increased DNA damage levels established by DNA breaks and comet assays; however, pre-treating irradiated cells with these EVs (the vesicles secreted by X-ray irradiated SH-SY5Y) led to reduced DNA damage levels (including ATM, p53, and BRCA1), that was inversely proportional to the irradiation dose given to the donor cells. EV-induced repair may have occurred due to the accumulation of these cells in the G2/M stage to allow for essential repairs to take place [26] (Figure 5). In conclusion, these EVs induced proliferation, migration, and DNA repair in recipient NB cells. In our opinion, this study reiterated the impact of stress-induced exosome content and how this may ironically induce further disease progression and radioresistance.






3. Discussion


NB is the most prevalent extracranial childhood cancer and although rare may account for close to 15% of paediatric deaths due to cancer [5,6,52]. High-risk cases of this disease have a dismal 5-year survival rate of less than 50%. Multiple genetic alterations have been identified in NB and these may include MYCN amplification, which is the strongest predictor of poor outcomes in these children [5,6,52]. Given the complexity and potential aggression of this paediatric cancer, understanding various aspects of NB biology, diagnostic biomarkers and treatment options are of significant importance to the NB scientific community. One such promising line of investigation in recent years has been exosomes. Exosomes are shed by all cells including cancer cells and can be isolated from various sources such as patient biofluids [19,20]. These particles carry vital cargo and thereby transfer information from one cell to the next, hence may influence shaping the TME, in addition to tumour, immune and stromal cells behaviour that inadvertently will impact disease course, diagnosis and treatment [19,20]. Given this background, in this study, the role of exosomes in NB pathophysiology, their characteristics and how these properties may implicate diagnosis and treatment were catalogued and discussed.



In this study, using multiple examples, the characteristics of NB-derived exosomes and their contribution to the biology of NB within the TME were discussed [27,28,53]. For example, typically the combination of filtration and ultracentrifugation was used to isolate exosomes from NB cell lines including IMR-32, SH-SY5Y and HTLA-230. Subsequently, these exosomes would be subjected to light scattering analysis, NTA, and electron microscopy to determine the size distribution of these particles ranging from 68.05–83.66 nm [53], while the stability of these particles would be determined using various methods including Zeta-potential. Furthermore, the proteomic content of these exosomes could be established by 2D chromatography and mass spectrometry and typically included tetraspanins, HSPs, fibronectin, CD9, CD63 and CD81, CD133, CD147 and CD276, suggesting that these vesicles may have roles in cell proliferation, differentiation, defence and other biological processes [53]. In our opinion, it is imperative to correctly isolate and characterise exosome populations before conducting further investigative endeavours. Further to understanding the properties of NB cell-derived exosomes, the contribution of these exosomes to the biology of NB may be understood. Accordingly, in a study, the effect of exosomal miR-17-5p secreted from MYCN-amplified NB cells including SK-N-BE2 when co-cultured with non-MYCN NB cell lines such as SH-SY5Y was investigated [54]. miR-17-5p was directly linked to MYCN since MYCN directly bound the miR-17-5p promoter and its expression was 16-fold greater in SK-N-BE2 compared to SH-SY5Y cell line [55], while the co-culture of SK-N-BE2-derived exosomes with SH-SY5Y cells led to increase levels of miR-17-5p expression in SH-SY5Y cells [54]. The upregulation of miR-17-5p also increased the proliferative and migratory capacity of SH-SY5Y cells. The underlying mechanism was revealed as the activation of the PI3K/AKT pathway by miR-17-5p through PTEN inhibition, bringing into focus the significance of the intercellular communications that may indeed change the course of NB and how prognosis may be impacted through exosomes [54]. In our opinion, these studies have put into context that exosomes can alter the vital biology of the recipient NB cells within the TME, including proliferation, aggression, and disease progression.



Further to the impact of NB-derived exosomes on other NB cells, they can also impact other cells of the TME such as MSCs. We reviewed the CIMVs secreted from SH-SY5Y cells treated with Cytochalasin B led to the altered identity of MSCs to favour a tumour-friendly environment [33]. Interestingly, a similar premise applied to exosomes enclosing miR-375 within the bone marrow NB metastasis, which changed the TME in a similar fashion [34], highlighting the impact of the exosomes derived from NB on manipulating the TME to more tumour-friendly environments.



Exosomes can also impact NB prognosis, diagnosis, and treatment. Concerning the prognostic value of exosomes, studies have revealed that it is possible to conduct genomic profiling of plasma-derived exosomal DNA using whole-exosome sequencing and microarray analysis of tumour tissue DNA, to predict progression from 4S to 4 stages in NB patient samples [56]. These data were sufficient to identify somatic genetic alterations accounting for NB tumour aggression including the loss of KLRB1, MAPK3 and FANCA at the time of progression from 4S to 4, a determinantal switch in the patient’s prognosis [56]. From a diagnostic viewpoint, it has been shown that NB-derived exosomes expressed GD2 (ganglioside (disialoganglioside)) which is a significant biomarker of NB [53], suggesting the value of these particles to NB diagnosis. We also put into context the utility of tumour-derived exosomes and cfDNA for detecting crucial alterations to ALK and MYCN genes in NB patient primary and relapse samples [18,39,42], while comparative studies of the diagnostic accuracy of tumour-derived exosomes and cfDNA are still largely lacking.



Finally, we focused on the contribution of exosomes to NB treatment and their interaction with NK cells and the TME was reiterated [50]. Interestingly, exosomes derived from NK cells previously exposed to NB cells were shown to be greater in number than the exosomes produced by NK cells that were NB-naive [57]. Consistently, the former group of NK cells produced exosomes that displayed NK-specific receptors including NKG2D, CD56, and KIR2DL2 and were used to train naïve NK cells that then subsequently showed cytotoxicity towards NB cells assayed through both in vitro and in vivo systems [57]. This experiment has significant implications for priming NK cells and their exosomes to train naïve NK cells to enhance their anti-NB tumour reactivity and therefore can be exploited for tumour immunotherapy.



In conclusion, this study discussed the role of exosomes in contributing to NB biology, reshaping the TME, diagnosis and treatment that may indeed have a promising potential for the NB diagnostics and therapeutics field and ultimately improve the quality of life of NB sufferers.
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Abbreviations




	ALT
	Alternating length of telomeres



	ATRX
	Alpha Thalassemia mental Retardation-X linked



	CAFs
	Cancer-associated fibroblasts



	CIMVs
	Cytochalasin B-induced membrane vesicles



	cfDNA
	Circulating-free DNA or cell-free DNA



	ddPCR
	Droplet digital PCR



	EVs
	Extracellular vesicles



	FISH
	fluorescent in situ hybridisation



	GD2
	Ganglioside (disialoganglioside)



	HSP70
	Heat shock protein 70



	IDRF
	Image-defined risk factors



	INSS
	International neuroblastoma staging system



	INRG
	International neuroblastoma risk group



	INRGSS
	Neuroblastoma risk group staging system



	MSCs
	Mesenchymal stem cells



	NB
	Neuroblastoma



	NTA
	Nanoparticle tracking analysis



	TERT
	Telomere reverse transcriptase



	TME
	Tumour microenvironment



	TMM
	Telomere maintenance mechanisms



	3′-UTR
	3′-untranslated region







References


	



Maris, J.M.; Hogarty, M.D.; Bagatell, R.; Cohn, S.L. Neuroblastoma. Lancet 2007, 369, 2106–2120. [Google Scholar] [CrossRef]

	



Brodeur, G.M. Neuroblastoma: Biological insights into a clinical enigma. Nat. Rev. Cancer. 2003, 3, 203–216. [Google Scholar] [CrossRef] [PubMed]

	



Maris, J.M. Recent advances in neuroblastoma. N. Engl. J. Med. 2010, 362, 2202–2211. [Google Scholar] [CrossRef] [PubMed]

	



London, W.B.; Castel, V.; Monclair, T.; Ambros, P.F.; Pearson, A.D.J.; Cohn, S.L.; Berthold, F.; Nakagawara, A.; Ladenstein, R.L.; Iehara, T.; et al. Clinical and Biologic Features Predictive of Survival After Relapse of Neuroblastoma: A Report From the International Neuroblastoma Risk Group Project. J. Clin. Oncol. 2011, 29, 3286–3292. [Google Scholar] [CrossRef]

	



Castleberry, R.P.; Pritchard, J.; Ambros, P.; Berthold, F.; Brodeur, G.M.; Castel, V.; Cohn, S.L.; De Bernardi, B.; Dicks-Mireaux, C.; Frappaz, D.; et al. The International Neuroblastoma Risk Groups (INRG): A preliminary report. Eur. J. Cancer 1997, 33, 2113–2116. [Google Scholar] [CrossRef]

	



Cohn, S.L.; Pearson, A.D.J.; London, W.B.; Monclair, T.; Ambros, P.F.; Brodeur, G.M.; Faldum, A.; Hero, B.; Iehara, T.; Machin, D.; et al. The International Neuroblastoma Risk Group (INRG) classification system: An INRG Task Force report. J. Clin. Oncol. 2009, 27, 289–297. [Google Scholar] [CrossRef]

	



Peifer, M.; Hertwig, F.; Roels, F.; Dreidax, D.; Gartlgruber, M.; Menon, R.; Krämer, A.; Roncaioli, J.L.; Sand, F.; Heuckmann, J.M.; et al. Telomerase activation by genomic rearrangements in high-risk neuroblastoma. Nature 2015, 526, 700–704. [Google Scholar] [CrossRef]

	



Valentijn, L.J.; Koster, J.; Zwijnenburg, D.A.; Hasselt, N.E.; van Sluis, P.; Volckmann, R.; van Noesel, M.M.; George, R.E.; Tytgat, G.A.M.; Molenaar, J.J.; et al. TERT rearrangements are frequent in neuroblastoma and identify aggressive tumors. Nat. Genet. 2015, 47, 1411–1414. [Google Scholar] [CrossRef]

	



Dagg, R.A.; Pickett, H.A.; Neumann, A.A.; Napier, C.E.; Henson, J.D.; Teber, E.T.; Arthur, J.W.; Reynolds, C.P.; Murray, J.; Haber, M.; et al. Extensive Proliferation of Human Cancer Cells with Ever-Shorter Telomeres. Cell Rep. 2017, 19, 2544–2556. [Google Scholar] [CrossRef]

	



Ackermann, S.; Cartolano, M.; Hero, B.; Welte, A.; Kahlert, Y.; Roderwieser, A.; Bartenhagen, C.; Walter, E.; Gecht, J.; Kerschke, L.; et al. A mechanistic classification of clinical phenotypes in neuroblastoma. Science 2018, 362, 1165–1170. [Google Scholar] [CrossRef]

	



Barthel, F.P.; Wei, W.; Tang, M.; Martinez-Ledesma, E.; Hu, X.; Amin, S.B.; Akdemir, K.C.; Seth, S.; Song, X.; Wang, Q.; et al. Systematic analysis of telomere length and somatic alterations in 31 cancer types. Nat. Genet. 2017, 49, 349–357. [Google Scholar] [CrossRef]

	



O’Sullivan, R.J.; Arnoult, N.; Lackner, D.H.; Oganesian, L.; Haggblom, C.; Corpet, A.; Almouzni, G.; Karlseder, J. Rapid induction of alternative lengthening of telomeres by depletion of the histone chaperone ASF1. Nat. Struct. Mol. Biol. 2014, 21, 167–174. [Google Scholar] [CrossRef] [PubMed]

	



Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K.; et al. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [Google Scholar] [CrossRef] [PubMed]

	



Srivastava, A.; Amreddy, N.; Pareek, V.; Chinnappan, M.; Ahmed, R.; Mehta, M.; Razaq, M.; Munshi, A.; Ramesh, R. Progress in extracellular vesicle biology and their application in cancer medicine. Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2020, 12, e1621. [Google Scholar] [CrossRef] [PubMed]

	



McAndrews, K.M.; Kalluri, R. Mechanisms associated with biogenesis of exosomes in cancer. Mol. Cancer 2019, 18, 52. [Google Scholar] [CrossRef]

	



Tricarico, C.; Clancy, J.; D’Souza-Schorey, C. Biology and biogenesis of shed microvesicles. Small GTPases 2017, 8, 220–232. [Google Scholar] [CrossRef]

	



Chiangjong, W.; Netsirisawan, P.; Hongeng, S.; Chutipongtanate, S. Red Blood Cell Extracellular Vesicle-Based Drug Delivery: Challenges and Opportunities. Front. Med. 2021, 8, 761362. [Google Scholar] [CrossRef]

	



Panachan, J.; Rojsirikulchai, N.; Pongsakul, N.; Khowawisetsut, L.; Pongphitcha, P.; Siriboonpiputtana, T.; Chareonsirisuthigul, T.; Phornsarayuth, P.; Klinkulab, N.; Jinawath, N.; et al. Extracellular Vesicle-Based Method for Detecting MYCN Amplification Status of Pediatric Neuroblastoma. Cancers 2022, 14, 2627. [Google Scholar] [CrossRef]

	



El Andaloussi, S.; Mäger, I.; Breakefield, X.O.; Wood, M.J.A. Extracellular vesicles: Biology and emerging therapeutic opportunities. Nat. Rev. Drug Discov. 2013, 12, 347–357. [Google Scholar] [CrossRef]

	



Harding, C.; Heuser, J.; Stahl, P. Receptor-mediated endocytosis of transferrin and recycling of the transferrin receptor in rat reticulocytes. J. Cell Biol. 1983, 97, 329–339. [Google Scholar] [CrossRef]

	



Lee, S.-S.; Won, J.-H.; Lim, G.J.; Han, J.; Lee, J.Y.; Cho, K.-O.; Bae, Y.-K. A novel population of extracellular vesicles smaller than exosomes promotes cell proliferation. Cell Commun. Signal. 2019, 17, 95. [Google Scholar] [CrossRef] [PubMed]

	



Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, A.; Brazier, H.; Xiang, J.; et al. Double-stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 2014, 24, 766–769. [Google Scholar] [CrossRef] [PubMed]

	



Rodrigues, G.; Hoshino, A.; Kenific, C.M.; Matei, I.R.; Steiner, L.; Freitas, D.; Kim, H.S.; Oxley, P.R.; Scandariato, I.; Casanova-Salas, I.; et al. Tumour exosomal CEMIP protein promotes cancer cell colonization in brain metastasis. Nat. Cell Biol. 2019, 21, 1403–1412. [Google Scholar] [CrossRef]

	



Degli Esposti, C.; Iadarola, B.; Maestri, S.; Beltrami, C.; Lavezzari, D.; Morini, M.; De Marco, P.; Erminio, G.; Garaventa, A.; Zara, F.; et al. Exosomes from Plasma of Neuroblastoma Patients Contain Doublestranded DNA Reflecting the Mutational Status of Parental Tumor Cells. Int. J. Mol. Sci. 2021, 22, 3667. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Q.; Liu, Y.; Zhang, Y.; Meng, L.; Wei, J.; Wang, B.; Wang, H.; Xin, Y.; Dong, L.; Jiang, X. Role and toxicity of radiation therapy in neuroblastoma patients: A literature review. Crit. Rev. Oncol. Hematol. 2020, 149, 102924. [Google Scholar] [CrossRef] [PubMed]

	



Tortolici, F.; Vumbaca, S.; Incocciati, B.; Dayal, R.; Aquilano, K.; Giovanetti, A.; Rufini, S. Ionizing Radiation-Induced Extracellular Vesicle Release Promotes AKT-Associated Survival Response in SH-SY5Y Neuroblastoma Cells. Cells 2021, 10, 107. [Google Scholar] [CrossRef]

	



Fonseka, P.; Liem, M.; Ozcitti, C.; Adda, C.G.; Ang, C.-S.; Mathivanan, S. Exosomes from N-Myc amplified neuroblastoma cells induce migration and confer chemoresistance to non-N-Myc amplified cells: Implications of intra-tumour heterogeneity. J. Extracell. Vesicles 2019, 8, 1597614. [Google Scholar] [CrossRef]

	



Colletti, M.; Petretto, A.; Galardi, A.; Di Paolo, V.; Tomao, L.; Lavarello, C.; Inglese, E.; Bruschi, M.; Lopez, A.A.; Pascucci, L.; et al. Proteomic Analysis of Neuroblastoma-Derived Exosomes: New Insights into a Metastatic Signature. Proteomics 2017, 17, 1600430. [Google Scholar] [CrossRef]

	



Baluapuri, A.; Hofstetter, J.; Stankovic, N.D.; Endres, T.; Bhandare, P.; Vos, S.M.; Adhikari, B.; Schwarz, J.D.; Narain, A.; Vogt, M.; et al. MYC Recruits SPT5 to RNA Polymerase II to Promote Processive Transcription Elongation. Mol. Cell 2019, 74, 674–687.e11. [Google Scholar] [CrossRef]

	



Papadopoulos, D.; Solvie, D.; Baluapuri, A.; Endres, T.; Ha, S.A.; Herold, S.; Kalb, J.; Giansanti, C.; Schülein-Völk, C.; Ade, C.P.; et al. MYCN recruits the nuclear exosome complex to RNA polymerase II to prevent transcription-replication conflicts. Mol. Cell 2022, 82, 159–176.e12. [Google Scholar] [CrossRef]

	



Matthay, K.K.; Maris, J.M.; Schleiermacher, G.; Nakagawara, A.; Mackall, C.L.; Diller, L.; Weiss, W.A. Neuroblastoma. Nat. Rev. Dis. Prim. 2016, 2, 16078. [Google Scholar] [CrossRef] [PubMed]

	



Jahangiri, L.; Pucci, P.; Ishola, T.; Trigg, R.M.; Williams, J.A.; Pereira, J.; Cavanagh, M.L.; Turner, S.D.; Gkoutos, G.V.; Tsaprouni, L. The Contribution of Autophagy and LncRNAs to MYC-Driven Gene Regulatory Networks in Cancers. Int. J. Mol. Sci. 2021, 22, 8527. [Google Scholar] [CrossRef] [PubMed]

	



Solovyeva, V.V.; Kitaeva, K.V.; Chulpanova, D.S.; Arkhipova, S.S.; Filin, I.Y.; Rizvanov, A.A. Analysis of the Interaction of Human Neuroblastoma Cell-Derived Cytochalasin B Induced Membrane Vesicles with Mesenchymal Stem Cells Using Imaging Flow Cytometry. Bionanoscience 2022, 12, 293–301. [Google Scholar] [CrossRef]

	



Colletti, M.; Tomao, L.; Galardi, A.; Paolini, A.; Di Paolo, V.; De Stefanis, C.; Mascio, P.; Nazio, F.; Petrini, S.; Castellano, A.; et al. Neuroblastoma-secreted exosomes carrying miR-375 promote osteogenic differentiation of bone-marrow mesenchymal stromal cells. J. Extracell. Vesicles 2020, 9, 1774144. [Google Scholar] [CrossRef] [PubMed]

	



Trigg, R.M.; Turner, S.D.; Shaw, J.A.; Jahangiri, L. Diagnostic accuracy of circulating-free DNA for the determination of MYCN amplification status in advanced-stage neuroblastoma: A systematic review and meta-analysis. Br. J. Cancer 2020, 122, 1077–1084. [Google Scholar] [CrossRef]

	



Yu, W.; Hurley, J.; Roberts, D.; Chakrabortty, S.K.; Enderle, D.; Noerholm, M.; Breakefield, X.O.; Skog, J.K. Exosome-based liquid biopsies in cancer: Opportunities and challenges. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2021, 32, 466–477. [Google Scholar] [CrossRef] [PubMed]

	



Volik, S.; Alcaide, M.; Morin, R.D.; Collins, C. Cell-free DNA (cfDNA): Clinical Significance and Utility in Cancer Shaped by Emerging Technologies. Mol. Cancer Res. 2016, 14, 898–908. [Google Scholar] [CrossRef] [PubMed]

	



Jahangiri, L.; Hurst, T. Assessing the Concordance of Genomic Alterations between Circulating-Free DNA and Tumour Tissue in Cancer Patients. Cancers 2019, 11, 1938. [Google Scholar] [CrossRef]

	



Lodrini, M.; Sprüssel, A.; Astrahantseff, K.; Tiburtius, D.; Konschak, R.; Lode, H.N.; Fischer, M.; Keilholz, U.; Eggert, A.; Deubzer, H.E. Using droplet digital PCR to analyze MYCN and ALK copy number in plasma from patients with neuroblastoma. Oncotarget 2017, 8, 85234–85251. [Google Scholar] [CrossRef]

	



Combaret, V.; Hogarty, M.D.; London, W.B.; McGrady, P.; Iacono, I.; Brejon, S.; Swerts, K.; Noguera, R.; Gross, N.; Rousseau, R.; et al. Influence of neuroblastoma stage on serum-based detection of MYCN amplification. Pediatr. Blood Cancer 2009, 53, 329–331. [Google Scholar] [CrossRef]

	



Combaret, V.; Iacono, I.; Bellini, A.; Bréjon, S.; Bernard, V.; Marabelle, A.; Coze, C.; Pierron, G.; Lapouble, E.; Schleiermacher, G.; et al. Detection of tumor ALK status in neuroblastoma patients using peripheral blood. Cancer Med. 2015, 4, 540–550. [Google Scholar] [CrossRef]

	



Lodrini, M.; Graef, J.; Thole-Kliesch, T.M.; Astrahantseff, K.; Sprüssel, A.; Grimaldi, M.; Peitz, C.; Linke, R.B.; Hollander, J.F.; Lankes, E.; et al. Targeted Analysis of Cell-free Circulating Tumor DNA is Suitable for Early Relapse and Actionable Target Detection in Patients with Neuroblastoma. Clin. Cancer Res. 2022, 28, 1809–1820. [Google Scholar] [CrossRef] [PubMed]

	



Kundra, R.; Kornfeld, S. Asparagine-linked oligosaccharides protect Lamp-1 and Lamp-2 from intracellular proteolysis. J. Biol. Chem. 1999, 274, 31039–31046. [Google Scholar] [CrossRef] [PubMed]

	



Hung, M.E.; Leonard, J.N. Stabilization of exosome-targeting peptides via engineered glycosylation. J. Biol. Chem. 2015, 290, 8166–8172. [Google Scholar] [CrossRef] [PubMed]

	



Bañó-Polo, M.; Baldin, F.; Tamborero, S.; Marti-Renom, M.A.; Mingarro, I. N-glycosylation efficiency is determined by the distance to the C-terminus and the amino acid preceding an Asn-Ser-Thr sequon. Protein Sci. 2011, 20, 179–186. [Google Scholar] [CrossRef] [PubMed]

	



Alvarez-Erviti, L.; Seow, Y.; Yin, H.; Betts, C.; Lakhal, S.; Wood, M.J.A. Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nat. Biotechnol. 2011, 29, 341–345. [Google Scholar] [CrossRef] [PubMed]

	



Qiao, J.; Paul, P.; Lee, S.; Qiao, L.; Josifi, E.; Tiao, J.R.; Chung, D.H. PI3K/AKT and ERK regulate retinoic acid-induced neuroblastoma cellular differentiation. Biochem. Biophys. Res. Commun. 2012, 424, 412–416. [Google Scholar] [CrossRef]

	



Shokrollahi, E.; Nourazarian, A.; Rahbarghazi, R.; Salimi, L.; Karbasforush, S.; Khaksar, M.; Salarinasab, S.; Abhari, A.; Heidarzadeh, M. Treatment of human neuroblastoma cell line SH-SY5Y with HSP27 siRNA tagged-exosomes decreased differentiation rate into mature neurons. J. Cell Physiol. 2019, 234, 21005–21013. [Google Scholar] [CrossRef]

	



Kholodenko, I.V.; Kalinovsky, D.V.; Doronin, I.I.; Deyev, S.M.; Kholodenko, R. V Neuroblastoma Origin and Therapeutic Targets for Immunotherapy. J. Immunol. Res. 2018, 2018, 7394268. [Google Scholar] [CrossRef]

	



Neviani, P.; Wise, P.M.; Murtadha, M.; Liu, C.W.; Wu, C.-H.; Jong, A.Y.; Seeger, R.C.; Fabbri, M. Natural Killer-Derived Exosomal miR-186 Inhibits Neuroblastoma Growth and Immune Escape Mechanisms. Cancer Res. 2019, 79, 1151–1164. [Google Scholar] [CrossRef]

	



Beer, L.; Zimmermann, M.; Mitterbauer, A.; Ellinger, A.; Gruber, F.; Narzt, M.-S.; Zellner, M.; Gyöngyösi, M.; Madlener, S.; Simader, E.; et al. Analysis of the Secretome of Apoptotic Peripheral Blood Mononuclear Cells: Impact of Released Proteins and Exosomes for Tissue Regeneration. Sci. Rep. 2015, 5, 16662. [Google Scholar] [CrossRef] [PubMed]

	



Brodeur, G.M.; Maris, J.M.; Yamashiro, D.J.; Hogarty, M.D.; White, P.S. Biology and genetics of human neuroblastomas. J. Pediatr. Hematol. Oncol. 1997, 19, 93–101. [Google Scholar] [CrossRef] [PubMed]

	



Marimpietri, D.; Petretto, A.; Raffaghello, L.; Pezzolo, A.; Gagliani, C.; Tacchetti, C.; Mauri, P.; Melioli, G.; Pistoia, V. Proteome profiling of neuroblastoma-derived exosomes reveal the expression of proteins potentially involved in tumor progression. PLoS ONE 2013, 8, e75054. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Hao, X.; Yang, B.; Zhang, Y.; Sun, L.; Hua, Y.; Yang, L.; Yu, J.; Zhao, J.; Hou, L.; et al. MYCN-amplified neuroblastoma cell-derived exosomal miR-17-5p promotes proliferation and migration of non-MYCN amplified cells. Mol. Med. Rep. 2021, 23, 245. [Google Scholar] [CrossRef]

	



Schulte, J.H.; Horn, S.; Otto, T.; Samans, B.; Heukamp, L.C.; Eilers, U.-C.; Krause, M.; Astrahantseff, K.; Klein-Hitpass, L.; Buettner, R.; et al. MYCN regulates oncogenic MicroRNAs in neuroblastoma. Int. J. Cancer 2008, 122, 699–704. [Google Scholar] [CrossRef]

	



Ognibene, M.; De Marco, P.; Parodi, S.; Meli, M.; Di Cataldo, A.; Zara, F.; Pezzolo, A. Genomic Analysis Made It Possible to Identify Gene-Driver Alterations Covering the Time Window between Diagnosis of Neuroblastoma 4S and the Progression to Stage 4. Int. J. Mol. Sci. 2022, 23, 6513. [Google Scholar] [CrossRef]

	



Shoae-Hassani, A.; Hamidieh, A.A.; Behfar, M.; Mohseni, R.; Mortazavi-Tabatabaei, S.A.; Asgharzadeh, S. NK Cell-derived Exosomes From NK Cells Previously Exposed to Neuroblastoma Cells Augment the Antitumor Activity of Cytokine-activated NK Cells. J. Immunother. 2017, 40, 265–276. [Google Scholar] [CrossRef]








[image: Life 12 01714 g001 550] 





Figure 1. The general characteristics of exosomes derived from NB tumour cells and the objectives of this study. (A) Exosomes express markers including TSG101, HSP70, Alix 1, CD9, CD63, CD81, and CD82 and encapsulate molecular cargo including proteins, DNA, miRNA and mRNA among other molecules. Exo-DNA may represent an NB-tumour signature, cover a wide range of chromosomal DNA and can be used to screen for genetic alterations including ALK, PHOX2B, TERT, PTPN11, SHANK2, KRAS and FGFR1. (B) The objective of this study is to discuss the contribution of exosomes to NB biology, TME, prognosis, diagnosis and treatment. 
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Figure 2. Exosomes affect NB biology and TME. (A) Exposing the SH-SY5Y cell line to exosomes derived from SK-N-BE2 led to elevated colony formation, migration, and resistance to chemotherapy-induced apoptosis. (B) MYCN recruited exoribonuclease-enclosed exosomes to the promoters of its targets involved in the cell cycle, thereby regulating the occupancy and elongation activity of RNA polymerase II. The depletion of these exosomes led to stalled replication forks and the activation of ATM and ATR, leading to the recruitment of BRCA1 and defective replication-transcription processes, respectively. (C) Cytochalasin B-induced membrane vesicles (CIMVs) released from SH-SY5Y cells treated with cytochalasin B were exposed to mesenchymal stem cells (MSCs) and this led to the reduced expression of MSC markers including CD29, CD44, CD105, CD73, and CD90. It is plausible that MSCs differentiated into pericytes and cancer-associated fibroblasts (CAFs) perhaps encouraging cancer progression. 
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Figure 3. Diagnostic value of exosomes and microvesicles for NB patients for MYCN amplification status determination. EVs inclusive of exosomes and microvesicles (with diameters in the range of 115–168 and 150–168 nm, respectively) were isolated from SK-N-BE2 and SH-SY5Y cell culture supernatant and subjected to qPCR to detect MYCN amplification status, revealing that microvesicles yielded higher accuracy than exosomes presumably due to easier isolation and different biogenesis pathways. Concerning NB patient primary tissue samples, the standard diagnostic technique comprises tumour biopsy and detection of MYCN amplification by fluorescent in situ hybridisation (FISH), while it is possible to isolate microvesicles from the bone marrow plasma of patients to establish MYCN amplification status and this may yield largely accurate results. 
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Figure 4. The stability of exosome peptides and exosome-based therapeutics. (A) Lamp2b, an exosome-associated protein fused to a FLAG tag (i.e., FLAG-Lamp2b-HA) was shown to be enzymatically cleaved by endosomal proteases; hence these peptides could not be detected in the recipient cells. The GNSTM tag was engineered to the N-terminus and displayed on exosomes which increased glycosylation, stabilising, and protecting the peptide from degradation. Further, the RVG tag in GNSTM-3gs-RVG-10gs-Lamp2b-HA construct displayed on exosomes was effectively received by recipient cells. (B) The siRNA-mediated knockdown of HSP27 in the SH-SY5Y cell line led to reduced viability, colony-forming, and differentiation potential. (C) Natural killer (NK) cells activated by IL-15 secreting exosomes containing miR-186 were shown to induce cytotoxicity in MYCN-amplified NB cells, including LAN-5 and CHLA-136. miR-186 directly targeted AURKA, MYCN, and TGF-βR1 in NB cells, by binding to their 3′ untranslated region (3′-UTR). miR-186 enclosed nanoparticles coated with CD56 antibody prevented TGF-β-triggered inhibition of NK cells, hence lowering immune escape and enhancing NK cell activation. The abbreviation “gs” stands for linkers. 
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Figure 5. The characterisations of vesicles secreted by X-ray irradiated SH-SY5Y cells. SH-SY5Y cells were exposed to X-ray doses ranging from 0–10 Gy and secreted EVs were collected. These EVs were exposed to non-irradiated and irradiated SH-SY5Y cells. Non-irradiated SH-SY5Y cells exposed to these EVs displayed higher viability and increased motility evidenced by increased vimentin and N-cadherin levels. In irradiated cells treated with these EVs, the levels of DNA damage markers including ATM, p53 and BRCA1 were reduced and this reduction was inversely proportional to the irradiation dose given in the EV production experiment. 
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