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Bone is the most common site of cancer metastasis and the spread of cancer cells to the bone is associated with poor prognosis, pain, increased risk of fractures, and hypercalcemia. The bone marrow microenvironment is an attractive place for tumor dissemination, due to the dynamic network of non-malignant cells. In particular, the alteration of the bone homeostasis favors the tumor homing and the consequent osteolytic or osteoblastic lesions. Extracellular vesicles (EVs) are reported to be involved in the metastatic process, promoting tumor invasion, escape from immune surveillance, extravasation, extracellular matrix remodeling, and metastasis, but the role of EVs in bone metastases is still unclear. Current results suggest the ability of tumor derived EVs in promoting bone localization and metastasis formation, altering the physiological balance between bone destruction and new bone depositions. Moreover, EVs from the bone marrow niche may support the onset of tumor metastasis. This review summarizes recent findings on the role of EVs in the pathological alterations of homeostasis that occur during bone metastasis to show novel potential EV-based therapeutic options to inhibit metastasis formation.
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Introduction


Extracellular Vesicles: Biogenesis and Characteristics

Extracellular vesicles (EVs) are lipidic membrane-delimited nanoparticles released by all cell types. They are involved in physiologic and pathologic cellular communication. EVs represent a heterogeneous group of particles defined by size, shape, density, internal cargo, surface molecules, membrane components, cellular origin, and function (1).

According to their biogenesis and size, EVs are classified in exosomes (30–100 nm); microvesicles (MVs) (100–1000 nm), and apoptotic bodies (> 2000 nm) (1, 2).

The biogenesis of exosomes starts with the active process of endocytosis, followed by the formation of early endosomes and the maturation of late endosomes or multivesicular bodies (MVBs). Exosomes are derived from the invagination of the MVB membrane and the formation of intraluminal vesicles (ILVs) (3, 4). This process is regulated by the endosomal sorting complex required for transport (ESCRT) (4), although an ESCTR-independent process involving tetraspanins (5, 6) or sphingolipid ceramide (7) has been described. Mature MVBs can be directed to the degradation in lysosomes or fuse with the plasma membrane to release ILVs in the extracellular space as exosomes (4). The process of MVB fusion with the plasma membrane and exosome secretion requires the recruitment of soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs), synaptotagmin-7, Rabs, and other Ras GTPases (1, 8).

The biogenesis of MVs still requires better characterization. MVs are generated through the budding of the plasma membrane and their consequent release in the extracellular compartment (2). This event involves the redistribution of membrane proteins and lipids leading to changes in membrane stiffness and the final transfer of the molecular cargo in the MV lumen (9). MV biogenesis requires ESCRT along with Ras GTPase in addition to the ADP-ribosylation factor 6 (ARF6) (9). ARF6 is involved in MV key features, including the selective recruitment of MV cargo, and the remodeling of the actin cytoskeleton necessary for MV release (10).

EV membrane composition is important for internalization in receiving cells. Indeed, the uptake mechanism may depend on proteins and glycoproteins located at the surface of both vesicles and target cells (11). EV internalization requires clathrin-dependent endocytosis or clathrin-independent mechanisms including caveolin-mediated uptake, macropinocytosis, phagocytosis, and lipid raft-mediated internalization (11). EVs exploit these mechanisms to transfer molecular messengers such as proteins, metabolites, lipids, mRNAs, and microRNAs (miRNAs) to target cells (12), affecting the functions and phenotypes of recipient cells by altering gene expression or by activating various signaling pathways (2).



Bone Metastasis

Despite improvements in the treatment of primary tumors, patients often develop a metastatic disease that involves the bone. Bone is the most common site of metastasis (13, 14), and the site of disease that produces the greatest morbidity. Skeletal morbidity includes pain, that may require radiotherapy, hypercalcemia, pathologic fracture, and spinal cord or nerve root compression. It represents a complication mostly of solid tumors such as advanced breast, prostate, lung cancer, gastrointestinal, genitourinary, and thyroid carcinoma and, to a lesser extent, melanoma (15, 16). Moreover, the diffusion of skeletal lesions in multiple myeloma (MM) patients represents the formation of multiple bone metastases, too (17). MM, breast, and prostate cancer contributes to up to 70% of bone metastases cases (18). Approximately 70% of patients that die from breast and prostate cancers have bone metastases (14) and more than 80% of MM patients show skeletal lesions (19).

Bone is an attractive site for tumor dissemination due to the presence of the supportive and dynamic BM niche, composed of different interconnected hematopoietic and non-hematopoietic cell populations, which include immune cells, osteoclasts (OCLs), mesenchymal stromal cells (MSCs), osteoblasts (OBLs), adipocytes, chondrocytes, fibroblasts and endothelial cells (ECs) (20). These cell populations cooperate to sustain the normal bone homeostasis through a complex network of molecular signals including cytokines and growth factors or mediated by direct cell contact (21).

In physiological conditions, the balance between OCL-mediated bone degradation and bone mineralization carried out by OBLs is regulated by the bidirectional ephrin2-ephB4 signaling activated by direct cellular interaction (22). Moreover, OBLs can either stimulate, by cytokines such as receptor activator of nuclear factor k-B ligand (RANKL) and macrophage colony-stimulating factor (M-CSF), or inhibit by osteoprotegerin (OPG) or osteoclastogenesis inhibitory factor, OCL differentiation (23). In the regulation of bone remodeling, the endothelium plays a key role, too. Indeed, experiments using an EC specific, tamoxifen-inducible Cdh5(PAC)-CreERT2 and Rosa26-mT/mG Cre reporter transgenic mice indicated that vessels with high expression of CD31 and endomucin may support osteoprogenitors in the perivascular niche (24). In turn, an osteoporotic mouse model showed that during bone remodeling, pre-OCLs release factors able to induce vessel recruitment such as the platelet derived growth factor-BB (PDGF-BB) (25). Also, immune cells participate in bone homeostasis regulating bone formation or osteoclastogenesis (26). For instance, T cells inhibit osteoclastogenesis (27, 28), but in the presence of inflammatory stimuli, they release RANKL and tumor necrosis factors (TNFα), promoting bone resorption (29–31).

The formation of bone metastasis begins with the detachment of cancer cells from the primary tumor; the invasion of surrounding tissue and the intravasation in the circulating system (20). Bone localization is favored by the release of chemoattractants, among which the CX-Chemokine ligand 12 (CXCL12) is the most relevant signal present in the bone marrow (BM) stroma (32–34).

Circulating tumor cells that escape immune surveillance, may finally reach BM vessels, extravasate, and establish a favorable and supportive microenvironment that initially sustains micrometastasis onset and, later, their expansion to form macrometastasis and invade the surrounding tissue (35).

The alteration of normal bone homeostasis is crucial for metastasis engraftment and depending on the different types of tumor, results in osteolytic, osteoblastic, or mixed lesions. The outcome depends on the mechanism activated by tumor cells to interfere with normal bone remodeling, and may result in bone destruction, new bone formation, or both.

The osteolytic metastasic process is associated with two key events in metastasis formation, the organization of a hospitable premetastatic niche for cancer cell settlement and the subsequent micrometastasis expansion.

In the osteolytic metastatic process, the interaction between the tumor cells and the BM niche leads to a “vicious cycle” (36), where bone metastatic tumor cells produce cytokines and growth factors which stimulate directly OCL maturation or indirectly induce the release of IL-6 and RANKL by OBLs or BM stromal cells (BMSCs) (16, 37). The degraded bone matrix is a source of tumor growth factors that lead to tumor proliferation, survival, and invasion, creating an endless loop involved in the formation of osteolytic lesions (16, 20).

In osteoblastic metastasis, high levels of OBLs provide support to tumor cell proliferation and survival. The WNT signaling originated from tumor cells is essential to direct OBL differentiation by activating the transcription factor RUNT-related transcription factor 2 (RUNX2) (21). Other factors involved are fibroblast growth factor (FGF), bone morphogenetic proteins (BMPs), Insuline-like growth factor (IGF), endothelin-1, and transforming growth factor (TGF)-β (36).

The alteration of bone homeostasis results in clinical complications involving pathologic fractures, bone pain, hypercalcemia and, spinal cord compression (18, 38), which affect the patient’s quality of life and survival, hampering a successful therapeutic strategy.

Despite recent therapeutic improvements, bone metastases are still incurable and to find effective novel therapeutic targets is an urgent issue.


Bone Homeostasis Alteration in Metastasis: A New Role for EVs

In the alteration of bone homeostasis associated with the metastatic process, EVs are new emerging players. Here, we report current evidence regarding the role of EVs in BM homeostasis dysregulation, including, on one side, the promotion of key events in metastasis engraftment together with the migration of tumor cells to the bone, the preparation of the pre-metastatic niche, and the onset of the metastasis, and on the other, the role of EVs derived from the bone metastatic niche in supporting tumor cells growth and survival.


EVs Promote Tumor Cell Recruitment at the Metastatic Site and Premetastatic Niche Formation

EVs have been reported to support the dissemination of tumor cells to distant sites, promoting the migration and the alteration of the premetastatic niche (39).

Angiogenesis, extracellular matrix remodeling, and immunosuppression promote the formation of the premetastatic niche by preparing the microenvironment at distant sites for the colonization of circulating tumor cells. Depending on the type of primary cancer cells, primary tumors, and shed cancer EVs can reprogram or educate target cells, contributing to metastatic organotropism.

The exosomes released by metastatic cells can enhance the invasive capacity. The intravenous injection of CD105-positive renal cell carcinoma-derived EVs enhances the expression of pro-angiogenic factors such as vascular endothelial growth factor (VEGF), matrix metalloproteinase-2 (MMP-2), and MMP-9 and activates angiogenic phenotypes in normal human endothelial cells, stimulating their growth and vessel formation in SCID mice (40). EVs can enhance endothelial permeability and promote tumor cell trans-endothelial migration. Triple-negative breast cancer (TNBC) cell lines can release miR-939 in exosomes, downregulating VE-cadherin at the level of adherent junctions in endothelial cells HUVECs, thereby favoring tumor cell intravasation (41). Furthermore, EVs are capable of increasing the metastatic potential of tumor cells. The high miR-223 levels in platelet-secreted EVs from non-small-cell lung carcinoma (NSCLC) patients reduce the protein level of the tumor suppressor EPB41L3, promoting lung cancer cell invasion (42).

EVs may increase bone metastasis favoring primary tumor cells dissemination at this site. For instance, in vitro experiments have shown that bone-derived soluble factors not only elicited the chemotactic response of osteotropic melanoma cells, but promoted their ability to reprogram non-osteotropic melanoma cells to express CXCR7 and, consequently, acquire bone osteotropism mediated by the CXCL-12 chemotactic gradient (43).

Tumor-derived EVs can also induce microenvironment modification. The miRNA-940 delivered by prostate cancer cells-derived EVs or its overexpression in breast cancer cell-derived EVs can induce OBL differentiation, causing bone lesions (44, 45). Prostate cancer-derived exosomes mediate the transfer of pyruvate kinase M2 (PKM2) in BMSCs modulating their behavior. PKM2 acts as a co-activator of HIF-1α-mediated transcription, enhancing CXCL12 production, and increasing BMSC ability to recruit tumor cells by expressing the chemokine receptor CXCR4 (46). Furthermore, in vitro prostate cancer cells communicate with OBLs through EV-associated RNA cargo enhancing OBL viability and creating a supportive environment for prostate cancer progression (47). Similarly, exosomes from melanoma cells can reprogram BM progenitor cells, inducing them to exit the BM and migrate to subsequent metastatic sites, such as the lungs, conditioning the local site toward a pro-vasculogenic environment and thereby promoting the homing and out-growth of circulating melanoma cells (48). Furthermore, EVs can orchestrate an immunosuppressive microenvironment: gastric cancer cell-derived EVs induce programmed death-ligand 1 (PD-L1) expression on neutrophils, while metastatic melanoma-derived EVs carry it directly on their surface, suppressing the function of CD8+ T cells. In this way, cancer cells can evade immune surveillance and grow (49, 50).



Tumor-Derived Extracellular Vesicles Promote Bone Metastasis by Inducing Bone Destruction

The engraftment of micrometastasis requires space for cancer cells from the primary tumor to settle and subsequently expand. EVs derived from different tumor types may contribute to preparing the pre-metastatic niche, providing the space necessary for circulating cancer cells to settle due to their osteoclastogenic properties, which are often associated with the ability to inhibit bone deposition by OBLs.

This behavior is evident in multiple myeloma-derived EVs (MM-EVs), which play a key role in altering the homeostasis between OBLs and OCLs. MM-EVs can directly induce OCL differentiation and activation. Raimondi et al. reported that exosomes from the MM cell lines U266 and MM1.S increase the viability and migration of Raw264.7 OCL progenitors. Exosomes derived from the MM cell line or the BM aspirates of MM patients can also stimulate Raw264.7 cells and primary OCL precursors from a healthy donor to give origin to multinucleate OCLs. OCL differentiation is confirmed by the increased gene and protein expression of tartrate-resistant acid phosphatase (TRAP) and MMP-9 (51).

A novel mechanism by which MM-EVs induce the unbalance between OCL and OBL activity is based on the involvement of hepatocyte growth factor (HGF). HGF-positive EVs have been found in the BM of a subset of MM patients and a subset of cultured MM primary cells (52), and recently in vitro studies reported the delivery of HGF to OBLs, where it triggers the activation of its receptor Met, resulting in the inhibition of the osteogenic activity (52) and increased secretion IL-11 (53). This cytokine, in turn, stimulates osteoclastogenesis (54, 55) and inhibits new bone deposition (54, 56). Of note, IL-11 is also reported to stimulate a RANKL-independent activation of osteoclastogenesis via the activation of the JAK1/STAT3 pathway and the consequent c-Myc expression (57).

MM-EVs have also been reported to alter bone homeostasis by inhibiting osteoblastic differentiation of MSC through the transfer of bioactive molecules. Li et al. showed that MM cell-derived exosome transfers the lncRNA RUNX2-AS1, which arises from the antisense strand of RUNX2 to MSCs decreasing their osteogenic potential (58). Moreover, MM-exosomes carry the growth factors amphiregulin (AREG), that affects bone homeostasis by triggering the epidermal growth factor receptor (EGFR) in MSCs. This results in inhibition of OBL differentiation, due to the increased release of the pro-osteoclastogenic cytokine IL-8 (59) and the decreased expression of the anti-osteoclastogenic OPG (59, 60). A similar effect is mediated by exosomes released from NSCLC, that, through their AREG cargo, activate EGFR phosphorylation which may induce the release of RANKL, the main osteoclastogenic factor (61).

Raimondo et al. also investigated the role of miRNA content of MM-exosome in osteoblastic differentiation (62). The analysis of miRNA content showed that the enrichment of Mir-1 29 hi5p in MM-EVs correlated with bone disease and disease progression from the premalignant form of smoldering myeloma to overt multiple myeloma. The effect of exosomal miR-129-5p in MSCs relies on its ability to inhibit the expression of the transcription factor Sp1 (63, 64) and the alkaline phosphatase (ALPL) required for OBL differentiation (65).

In breast cancer, recent in vitro studies reported the role of tumor derived EVs in promoting the formation of osteolytic lesions. Tiedemann et al. described the release of the cytosolic protein L-plastin from the breast cancer cell line MDA‐MB‐231-derived exosomes as a key event for OCL formation. According to the authors, L-plastin induces calcium oscillation and nuclear localization of the calcium-dependent nuclear factor of activated T-cells c1 (NFATc1), a key osteoclastogenic transcription factor (66), exploiting an L-plastin-based mechanism described also for other pro-osteoclastogenic factors produced by MDA-MB-231 cells (67). Interestingly, MDA-MB-231 cells deficient in L-plastin have a reduced capacity to stimulate osteolysis in vivo (66). Of note, MDA-MB-231 cells depleted of L-plastin and Peroxiredoxin 4 (PRDX4), another osteoclastogenic factor described also in prostate cancer cell PC3 (68), significantly reduced the osteolytic lesions in a murine model (66). Another study on MDA-MB-231 cells made it possible to identify another exosome-mediated mechanism based on miR-20a-5p, whose transfer induces primary murine BM pre-OCL differentiation. Osteoclastogenesis is confirmed by the upregulation of OCL-specific gene markers such as TRAP, calcitonin receptor, V-ATPase d2, and cathepsin K. The underlying molecular mechanisms involve the downregulation of a direct target of miR-20a-5p, the SRC kinase signaling inhibitor 1, SRCIN (69).

Additionally, breast cancer-derived exosomes inhibit OBL activity, as demonstrated by a recent in vitro study that reported that miR-218-5p inhibits the synthesis of collagen type I (which is essential for osseous matrix deposition), by directly downregulating COL1A1 expression in OBLs (70).

The role of EVs has also been reported in bone metastatic lung cancer. Exosomal miR-21 released by the lung adenocarcinoma cell line A549 induces osteoclastogenesis by activating activator protein 1 (AP-1) (71). Indeed, miR-21 targets the tumor suppressor Pdcd4, which downregulates the transcription factor AP-1 (72) involved in RANKL-induced osteoclastogenesis (73). Moreover, miR-21 is reported to induce OCL differentiation by targeting tumor suppressor phosphatase and tensin homolog (PTEN), which induces apoptosis through the inhibition of the PI3K/AKT pathway. Indeed, treatment with a miR-21 mimic increases the expression of p-AKT in the murine monocyte cell line Raw264.7 cells (74), which regulates the GSK3β/NFATc1 signaling inducing OCL differentiation (75) (Figure 1).




Figure 1 | EVs derived from Multiple Myeloma (MM), breast and lung tumor metastatic cells alter the bone homeostasis inducing the osteolytic lesions. 1) MM derived-extracellular vesicles (MM-EVs) increase the migration of osteoclast (OCL) precursors and induce the OCL differentiation, producing tartrate-resistant acid phosphatase (TRAP) and MMP-9 expression (51). 2) MM-EVs inhibit osteoblast (OBL) activity through the transfer of the hepatocyte growth factor (HGF) by activating Met receptor activity (52) and induce osteoclastogenesis and the inhibition of new bone deposition through the secretion of IL-11 by OBL (53–56). 3) MM cells decrease the osteogenic potential of mesenchymal stromal cells (MSC) through the exosomal transfer of lncRNA RUNX2-AS1, which arises from the antisense strand of RUNX2, the transcription factor RUNT-related transcription factor 2 (58), and the growth factor amphiregulin (AREG), which induces the secretion of the pro-osteoclastogenic cytokine IL-8 (59) and downregulates the anti-osteoclastogenic osteoprotegerin (OPG) (59, 60). MM-EVs transfer miR-129-5p to recipient OBL and inhibit their differentiation through the downregulation of transcription factor Sp1 and the alkaline phosphatase ALPL (63, 64). 4) Metastatic breast cancer cells induce the OCL differentiation through the exosomal transfer of cytosolic protein L-plastin and Peroxiredoxin 4 (PRDX4) (66), and miR-20a-5p, inducing the upregulation of OCL-specific gene markers such as TRAP, calcitonin receptor, V-ATPase d2, and cathepsin K (69). 5) Breast cancer cells-derived EVs inhibit the OBL activity through the transfer of miR-218-5p which targets the COL1A1 expression reducing the collagen type I synthesis (70). 6) Metastatic lung cancer cells induce osteoclastogenesis through the exosomal transfer of miR-21 (71), which may activate the transcription factor AP-1 (72) and increases the expression of p-AKT (74). 7) Lung cancer cell derived EVs inhibit the osteogenic potential of MSC, through the transfer of AREG, inducing the release of the osteogenic receptor activator of nuclear factor k-B ligand (RANKL) (61).





Tumor-Derived Extracellular Vesicles Promote the Formation of Osteoblastic Bone Metastases

As osteoblastic bone lesions are particularly diffused in prostate cancer, it is not surprising that EVs are reported to play a key role in the bone lesions of advanced prostate cancer. In vitro and in vivo experiments indicate that exosomes isolated from the prostate cancer bone metastatic cell line, MDA PCa 2b, transfer miR-141-3p to OBLs. This micro-RNA downregulates the expression of its target gene DLC1 and activates the p38/MAPK signaling, which increases the expression of OPG and, consequently, unbalances OCL/OBL ratio in favor of the latter (76). Exosomes from another bone metastatic prostate cancer cell line, PC3, also displayed an inhibitory activity on osteoclastogenesis (77). A more recent in vitro study demonstrated that PC3 cell-derived EVs also enhance OBL viability by delivering several miRNAs and mRNAs. In turn, “educated” OBLs support prostate cancer cell growth in a co-culture system (47). The miRNA 21 was identified as the most abundant miRNA in EVs from prostate cancer cells involved in the viability of OBLs. Interestingly, prostate cancer-derived EVs transfer CSF-1, VEGFA, MCP1, RUNX2, and FGF2 transcripts within recipient OBLs, but only CSF-1 content is significantly increased in the recipient cells, suggesting a mechanism controlling the selective use of EVs-cargo molecules in recipient OBLs.

Another mechanism was recently reported, by which EVs derived from prostate cancer cells may favor osteoblastic bone lesions. They carry miR-940 which targets Rho GTPase Activating Protein 1 (ARHGAP1), Reticulophagy regulator 2, Family with sequence similarity 134 (FAM134A), member A, in mesenchymal cells and induces their differentiation in OBLs (44). ARHGAP1 is involved in the osteogenic differentiation of MSCs through the RhoA/ROCK pathway regulation (78); whereas the role of FAM134A is unclear (Figure 2).




Figure 2 | EVs derived from prostate metastatic cells induce osteoblastic lesions. 1) Bone metastatic prostate cancer cells transfer miR-141-3p into osteoblasts (OBL) via EVs, where it downregulates the expression of osteoprotegerin (OPG), altering the balance between OBL/OCL ratio, promoting OBL activity as a result (76). EVs from prostate cells enhance OBL viability by delivering miRNA 21 and CSF-1, VEGFA, MCP1, RUNX2, and FGF2 transcripts (47) 2) Prostate cancer cells may indirectly favor osteoblastic bone lesions transferring miR-940 via EVs, which target Rho GTPase Activating Protein 1 (ARHGAP1) and Reticulophagy regulator 2, Family with sequence similarity 134, member A (FAM134A) in mesenchymal stromal cells (MSCs) induce their differentiation in OBLs (44).





Bone Cell Populations May Release EVs to Support Metastatic Tumor Cell Growth

Once “educated”, cells of the bone microenvironment may support bone metastasis formation through exosome release. Here, we will report evidence involving the role of mesenchymal cells, including BM MSCs, OBLs, and OCLs.

The role of BM-MSCs derived EVs (MSC-EVs) in promoting bone metastases is extensively documented in MM. MSC-EVs create a supportive microenvironment for MM progression and drug resistance (79, 80). Roccaro et al. showed that the exosomes isolated from the BM-MSCs (MSC-exosomes) of MM patients induce MM cell proliferation in vitro and promote the dissemination and metastasis to different skeletal sites in vivo. This behavior is not observed with exosomes from the primary BM-MSCs of healthy donors (81). This evidence suggests that BM-MSC in the tumor microenvironment are educated in supporting bone colonization. The mechanism at the base of the MSC-exosome effect may rely on exosome content.

MM MSC-exosomes are characterized by higher levels of miRNAs and oncogenic proteins compared to MSC-exosomes from healthy subjects (81) and display other relevant differences. For instance, MM MSC-exosomes have an increased content of IL-6, CCL2, junction plakoglobin, or fibronectin (81), already known to be involved in MM progression (82, 83). Additionally, MM MSC-exosomes are characterized by a lower level of miR-15a; this microRNA is associated with suppression of tumor proliferation (81). Consistently, MM MSC-exosomes deficient for miR-15a promotes MM cell dissemination to different skeletal sites in vivo (81).

According to Ho et al., MSC-exosome quantity and quality are positively regulated by the histone deacetylase 3 (HDAC3), which is overexpressed in MM MSCs compared to the MSCs of a healthy population (84). The inhibition of HDAC3 gene and protein expression in vitro and in vivo affected not only the proliferation of MM cells co-cultured with MSCs but also the production of MSC-exosomes. Inhibitory experiments demonstrated that HDAC3 plays its regulative role in MSCs by stimulating the expression of a specific ESCRT complex component, Tumor Susceptibility Gene 101 (TSG101), and increasing the MSC-exosome content of miR380 and miR382 (84). miR382 is overexpressed in MM patients and targets tumor suppressor genes involved in tumor proliferation and survival (85), while miR380 is reported to attenuate p53 signaling in neuroblastoma (86).

Although the role of OBL- and OCL-derived EVs in bone metastasis is less investigated, several pieces of evidence suggest that they contribute to altering the bone homeostasis, possibly also activating positive feedback in osteoblastic or osteolytic metastatic lesions. In particular, OBL-derived exosomes carry different mRNAs and proteins depending on the OBL differentiation stage, i.e., immature proliferative cells versus mature mineralizing OBLs (87–89). Mineralizing OBLs can enhance osteogenesis, transferring exosomes that can regulate microRNA expression in BM MSCs, and thereby promoting their differentiation into OBLs through the activation of the WNT, insulin, and TGF‐β signaling pathways, as well as the mineralizing activity by activating the calcium signaling pathway (90). Interestingly, a recent study suggests that OBL increase in the context of bone osteoblastic lesions might favor tumor growth via a pro-tumor communication mediated by EVs. The exosomes (87) and EVs released by mineralizing OBLs induce PC3 prostate cancer cell growth in vitro (89).

As expected, OCL-derived EVs play the opposite role and could amplify the bone destructive effect of osteolytic metastatic lesions. In particular, an in vitro and in vivo study reported that OCLs secrete miR-214-enriched exosomes that specifically target OBLs through the interaction between ephrinA2 and ephrin type-A receptor 2 (EphA2). The OCL exosome-mediated transfer of miR-214 into OBLs finally results in the inhibition of OBL activity.




Potential of EV-Based Anti-Metastatic Therapeutic Approaches

The possible therapeutic role of EVs has been recently recognized in a position paper by the International Society of extracellular vesicles (91). The crucial role played by EVs in the pathological communication between cancer and bone cell populations during bone metastasis formation suggests that EVs and their content could be a target of novel therapeutic approaches to restore bone homeostasis to prevent the formation of widespread metastasis.

Since the EVs secreted by tumor cells are pivotal players in the metastasis process, several strategies were developed to neutralize the effects. These include impairing biogenesis and the release of EVs by cancer cells, inhibiting their uptake by recipient cells, and removing them from circulation. Recently the inhibition of EVs release has been reported as a promising approach in the different types of tumors that develop bone metastasis, including breast, lung, and liver cancer, as well as MM.

Administration of sulfisoxazole (SFX), an FDA approved antibiotic, inhibits the biogenesis of EVs from breast cancer cells and prevents EV secretion via downregulation of the components of the ESCRT-dependent machine, such as CD63, RAB27, and RAB7 (92). SFX administration results in the suppression of breast cancer cell growth and metastasis. Although the work was focused on lung and liver metastasis, it is reasonably conceivable that a similar suppressive effect may be extended also to bone metastasis (92). The authors clarified the underlying molecular mechanism by demonstrating that SFX targeted endothelin receptor A associated with EV secretion by breast cancer cells, thereby reducing the number of released EVs and their protein cargo (92). The key role of RAB proteins in EV secretion was also reported by Bobrie et al., who demonstrated that RAB27b knockdown interfered with EV secretion and resulted in decreased tumor growth and lung metastasis of 4T1 breast cancer cells in vivo (93).

EV secretion blockage was also obtained through the use of the sphingomyelinase inhibitor GW4869, which specifically inhibits exosome secretion (94). Fabbri et al. observed that mice treated with GW4869 formed a significantly lower number of lung metastasis when injected with lung cancer cells LLC. The inhibitory effect could be rescued if GW4869-bearing mice were injected with EVs derived from LLC cells (95). Faict et al. showed that blocking EVs secretion with GW4869 in an in vivo model of MM interfered with osteolysis and augmented cortical bone volume (96), demonstrating that GW4869 may restore the bone homeostasis altered by metastatic cancer cells. Interestingly, GW4869 displays a further important outcome since it diminishes the resistance to bortezomib eliciting a strong anti-tumor response when administered in combination with this drug (96). A similar effect on chemoresistance was also reported in doxorubicin (Dox) resistant tumors, one of the challenges of cancer chemotherapy. Khan et al. demonstrated that Dox resistance can be overcome by blocking EV secretion with ketotifen (97). Ketotifen’s ability to sensitize different cell tumor lines – including HeLa (cervix carcinoma cells), MCF7, and BT549 (breast cancer cells) - to Dox was proportional to its effect on exosomes release (97).

Another way to neutralize the EV-mediated promotion of metastasis is to remove them from circulation. In xenograft breast cancer model mice, circulating EVs derived from tumor cells were captured by anti-human CD9 and anti-human CD63 antibodies stimulating EV removal by macrophages internalization, associated with a decreased metastasis formation into the lungs, lymph nodes, and thoracic cavity (98). Neutralization of EVs circulation by monoclonal antibodies has been proposed for a primary bone cancer such as osteosarcoma. Baglio et al. provided evidence that osteosarcoma-derived EV are enriched with a membrane-bound form of TGFβ, which induces human MSCs to produce IL6 stimulating osteosarcoma growth and lung metastasis formation in an orthotopic xenograft model (99). The authors demonstrated that the inhibition of IL6R signaling by tocilizumab prevented osteosarcoma metastasis formation and suggested that TGFβ-blocking agents could be tested as new therapeutic options for osteosarcoma patients (99).

Blocking EV uptake can also interfere with the preparation of a pre-metastatic niche by EVs. Hoshino et al. showed that targeting the distinct integrins on EVs by integrin-blocking decoy peptides ablated lung and liver-metastatic EV uptake in an integrin-specific and organ-specific manner, reducing the formation of metastasis in these organs (100).

The ability of EVs to efficiently transport molecules into targeted cells makes them optimal drug delivery carriers. Different from artificial nanoparticles, EVs can overcome limitations such as toxicity and low half-life. Syngenic EVs cannot be rejected by the immune system and their protein cargo is protected, thus conferring it a longer half-life. Moreover, the organ tropism of EVs makes them suitable vehicles for transporting drugs and nucleic acids to specific metastatic sites (100).

EV-based strategies use both unmodified and engineered EVs loaded with different molecules and compounds.

Naïve EVs derived from MSCs can be used in the tissue repair of skeletal lesions arising from osteolytic metastasis. The role of BM mesenchymal stem cells in repairing damaged organs and tissue is well documented (101). Recent evidence reports that EVs produced by these cells display great potential in bone regeneration due to EV content enriched with several signaling molecules that can promote tissue bone repair. Qin et al. demonstrated that the EVs derived from BM mesenchymal stem cells could be uptaken by OBLs and deliver osteogenic miR-196a regulating osteogenic gene expression and osteoblastic differentiation (102). The same type of EVs stimulated bone regeneration in Sprague Dawley rats with calvarial defects (102) as well as osteogenic differentiation through the activation of the PI3/AKT pathway, which promoted bone formation and neovascularization indicating potential in bone repair (103).

Several therapeutic applications have been proposed for EVs loaded with therapeutic molecules or siRNAs/miRNAs or for EVs modified to improve their efficacy.

Some chemotherapeutic agents, such as Dox and paclitaxel (PTX), have been delivered through EVs to target tumor cells. Tian et al. obtained engineered EVs derived from mouse immature dendritic cells, expressing the exosomal membrane protein Lamp2b fused to the αv integrin-specific iRGD peptide (104). These EVs, loaded with Dox and injected in a breast tumor mouse model, were able to specifically deliver the drug leading to the inhibition of tumor growth without overt toxicity (104).

Another study revealed that MSCs exposed to 2000 ng/ml PTX were able to package and deliver the active drug into EVs that showed a strong anti-proliferative activity on the human pancreatic cell line CFPAC-1 (105). The group of Batrakova showed that both naïve EVs from macrophage loaded directly with PTX or EVs modified with PEG-AA vector moiety to improve their circulation and loaded with PTX could accumulate in cancer cells and target and reduce pulmonary metastases in a model of murine Lewis lung carcinoma (106, 107).

EVs loaded with PTX are used also in combination with other agents. Systemic administration of EV formulations with oncolytic virus in combination with PTX improved tumor-selective delivery, peritumoral immune-response associated with the targeted delivery of the virus, enhanced immunogenicity and infiltration of CD4+ and CD8+ T-cells in a lung cancer mouse model, indicating the possible application of these EVs in treating primary and metastatic cancers (108). The effect of EVs isolated from proliferating MSCs after taxol treatment was studied on different tumors in vitro and in vivo (109). EVs loaded with taxol exhibited cancer cell cytotoxicity similarly to the administration of free taxol in three different tumor cell types including lung, ovarian, and breast cancer. The tumor therapeutic effect of the EVs in a mouse breast cancer model displayed a significant reduction of tumor size and metastasis formation in lungs, liver, spleen but not in BM (109). Reports concerning the potential of EVs as a carrier for anti-tumor agents suggest that this is a promising approach that needs to be coupled with a specific delivery in the BM microenvironment. Thus, EVs from BM mesenchymal stem cells were used as carriers to load Dox for osteosarcoma treatment (110). These Dox-loaded EVs exhibited a high level of uptake and displayed strong antitumor effects on osteosarcoma cells while no cytotoxicity for myocardial cell lines was observed. Interestingly, a recent report suggests that EVs can be delivered to the specific cellular targets relevant for bone metastasis formation. Specifically, OBL-derived EVs can be used for carrying pharmacological molecules including anti‐osteoclastic agents, such as dasatinib and zoledronate, which are very effective in inhibiting OCL activity in vitro and in vivo (111).

The ability of EVs to carry small RNAs, such as siRNA and miRNA, was exploited in therapeutic approaches to counteract tumor growth and metastasis formation. Techniques to encapsulate siRNAs and miRNAs were developed to ensure successful delivery to receiving cells (112). The group of Wood engineered dendritic cells to express Lamp2b, an exosomal membrane protein, which fused to the neuron-specific RVG peptide. To verify the specificity of delivery, GAPDH siRNA was loaded on these EVs, which were injected into mice and specifically delivered to neurons, microglia, and oligodendrocytes in the brain, resulting in the specific knockdown of GAPDH gene expression (113). Another example of the successful delivery of exosomal siRNA was reported by Wang et al., which showed that EVs loaded with transient receptor potential polycystic 2 (TRPP2) siRNA were able to reduce epithelial mesenchymal transition by suppressing TRPP2 expression in a cell line of human pharyngeal squamous cell carcinoma (114).

Since miRNAs play a documented role in bone metastasis (115), EVs carrying miRNAs might be used not only as biomarkers but for therapeutic purposes. The delivery of exosomal miRNAs into tumor cells was demonstrated by Katakowski et al. They found that EVs derived from miR-146b-expressing BM MSCs and injected in a rat model of primary brain tumor, significantly reduced glioma xenograft growth (116).

Few studies have described the treatment of bone metastasis using EVs loaded with miRNAs. Research by Valencia et al. indicated that the bone colonization and osteolytic lesions induced by lung cancer can be deranged in vivo by preconditioning the bone environment with EVs, isolated from the human metastatic non-small cell lung cancer cell line A549 overexpressing miR-192. Micro-RNA 192-enriched EVs reduce the expression of key angiogenic factors such as IL-8, ICAM1, and CXCL1 in endothelial precursor cells, preventing tumor‐induced angiogenic switch and, consequently, reducing bone colonization and metastatic burden (117). Another miRNA, let-7, was shown to be involved in supporting OBL function. The let-7 enriched exosomes produced by OBLs enhance osteogenesis by regulating high‐mobility group AT‐hook 2 (HMGA2) and AXIN2 (118), suggesting that an approach based on Let‐7 loaded vesicles could be helpful to inhibit osteolytic bone lesions. Khani et al. demonstrated that an in vivo treatment with tumor EVs loaded with exogenous Let-7 could increase the survival rate of breast cancer-bearing mice and induced a reduction in tumor growth (119). Moreover, Ohno et al. reported that the EVs produced by cells engineered to express the transmembrane domain of the PDGF receptor fused to the GE11 peptide that binds specifically to EGFR were able to efficiently deliver let-7a to EGFR-expressing breast cancer cells. GE11-positive exosomes containing let-7 were demonstrated to inhibit tumor development in vivo (120).

An approach that uses natural EVs to deliver specific anti-tumor molecules should also take into account the necessity of reducing or avoiding the delivery of pro-tumor molecules, especially when EVs are produced by cancer cells. For instance, Hong and colleagues (121) set up a cell-free tumor vaccine using tumor-derived exosomes carrying tumor associated antigens but had to deplete the exosomes of TGF-β1 to avoid the immunosuppressive effect. This issue should be considered given the possible use of EVs to inhibit bone metastasis. Indeed, TGF-β1 is a key cytokine in osteolytic bone lesions and its presence in breast cancer-derived EVs has been shown to increase the accumulation and function of immature myeloid cells and boost osteoclastic bone resorption (122).

In conclusion, emerging evidence shows that counteracting the function of tumor-derived EVs in the metastatic process may be a novel successful strategy. Further research is needed to investigate the function and modalities of therapeutic EV-based applications including research targeting bone metastasis, which may involve either the inhibition of EV secretion and the uptake by recipient BM cells or their circulation, as well as the appropriate modification of EV cargo with molecules capable of interfering with bone metastasis.
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