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Abstract

:

There remains a vital necessity for new therapeutic approaches to combat metastatic cancers, which cause globally over 8 million deaths per year. Mesenchymal stem cells (MSCs) display aptitude as new therapeutic choices for cancer treatment. Exosomes, the most important mediator of MSCs, regulate tumor progression. The potential of harnessing exosomes from MSCs (MSCs-Exo) in cancer therapy is now being documented. MSCs-Exo can promote tumor progression by affecting tumor growth, metastasis, immunity, angiogenesis, and drug resistance. However, contradictory evidence has suggested that MSCs-Exo suppress tumors through several mechanisms. Therefore, the exact association between MSCs-Exo and tumors remains controversial. Accordingly, the applications of MSCs-Exo as novel drug delivery systems and standalone therapeutics are being extensively explored. In addition, engineering MSCs-Exo for targeting tumor cells has opened a new avenue for improving the efficiency of antitumor therapy. However, effective implementation in the clinical trials will need the establishment of standards for MSCs-Exo isolation and characterization as well as loading and engineering methods. The studies outlined in this review highlight the pivotal roles of MSCs-Exo in tumor progression and the promising potential of MSCs-Exo as therapeutic drug delivery vehicles for cancer treatment.
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1. Introduction


Cancer, the second leading cause of mortality worldwide, is responsible for more than 80.2 million mortality annually [1]. The tumor microenvironment (TME) is heterogeneous regarding tumor and non-tumoral cells, as well as complex interactions within cells, making tumors resistant to conventional therapies [2]. Over the last few years, despite the extensive progress in therapeutic technology, the fundamental mechanisms driving tumors remain unwell understood. Many endeavors have been performed to overcome tumor metastasis and resistance. In this regard, stem cells display hopeful results as novel therapeutic tools for cancer therapy [3]. One promising stem cell is mesenchymal stem cells (MSCs), multifunctional stem cells with the ability to differentiate into several cells and can be found in several tissues such as fat, bone marrow, dental pulp, umbilical cord, and placenta [4]. These cells contribute to tissue regeneration; however, according to previous studies, they can regulate tumor cells and immune responses [5,6]. MSCs may participate in inhibiting or/and promoting tumor progress [7,8]. MSCs may target several aspects of TME, including immune cells, endothelial cells (ECs), and fibroblasts, regulating tumor development [9,10]. MSCs can secret various soluble factors, cytokines, and immunomodulatory factors that can affect tumor cells, the phenotype of cancer-associated fibroblasts (CAFs), Ref. [9] and immune cells [11], and thereby regulate tumor progress. In addition, MSCs can be dictated by tumor-associated MSCs (TA-MSCs) and transmuted into the tumor-supporting phenotype to promote tumor growth [12]. Common knowledge is that extracellular vesicles (EVs) are the main mediators of MSCs in regenerative medicine and cancer [13]. EVs are the heterogeneous population of cell-derived vesicles that contribute to cell-to-cell communication by transferring various biomolecules like signaling molecules, RNAs, proteins, DNA strands, carbohydrates, and lipids between cells [14,15]. These vesicles release out of cells and are usually present in urine, blood, tears, saliva, cerebrospinal fluid (CSF), milk, etc. [16,17]. Once reach target cells, EVs can regulate the function, shape, and fate of cells through various signaling pathways. According to ISEV, three subclasses of EVs can be identified based on their mechanism of generation and size, known exosomes (30–150 nm), microvesicles (100–1000 nm), and apoptotic bodies (1000–6000 nm) (Figure 1 and Table 1) [14,15]. Exosomes are generated within endosomal compartments named multivesicular bodies (MVBs) inside cells via a complex mechanism involving different proteins and interactions [18,19]. Following the fusion of MVBs with the plasma membrane, exosomes are released into the extracellular matrix for targeting cells located nearby or far from (Figure 1). Therefore, exosomes play pivotal roles in normal and pathological conditions [18,19,20,21]. The main class of EVs is exosomes, which are widely studied for their function in biomedical fields and drug delivery systems. Compared with conventional nanocarriers, exosomes offer several benefits due to their distinctive physicochemical properties [22]. Due to their natural origin, exosomes show high biocompatibility, low toxicity, and low immunogenicity [22]. They also are being examined in clinical trials. Following the COVID-19 pandemic, many researchers have examined the regenerative potential of exosomes of MSCs (MSCs-Exo) in clinical trials. MSCs-Exo has been shown to regulate tumor cell growth and metastasis. Beside cell-free therapies, MSCs-Exo has received much attention in the last years regarding its application as a novel drug delivery system [23]. This review aims to summarize the current literature on the role of MSCs-Exo in cancer progression, discussing their application in drug delivery systems.




2. The Roles of MSCs-Exo in Tumors


TME consists of many different cells, such as endothelial cells (ECs), tumor-associated MSCs (TA-MSCs), immune cells, myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs), creating highly complex environment [25,26]. This environment supports tumor cells in their growth and development. The main component of TME is exosomes that regulate interactions between cells resident in TME [27]. Exosomes derived from MSCs contain different miRNAs, proteins, and other biomolecules that can reprogram other cells, including tumor cells, ECs, immune cells, TAMs, MDSCs, and CAFs [7]. Previous studies report contradictory results on MSCs-Exo effects; some of them indicate these exosomes promote tumor development [28], but others show antitumor effects of them [29]. This discrepancy results may arise from the type of exosomes cargo and/or source of MSCs. For example, MSCs-Exo from bone marrow contains distinct miRNAs that could increase the proliferation of osteosarcoma cells and lung cancer [30,31]. However, He et al. showed that MSCs-Exo from a human umbilical cord source could deliver miRNA-375 to esophageal squamous cell carcinoma and decrease tumor cell progression [32]. In this section, we discuss the promoting function of MSCs-Exo in tumor development (Table 2) (Figure 2).



2.1. Promoting Function


2.1.1. Proliferation and Metastasis


The constant growth, distribution, and metastasis of tumor cells are governed by intercellular communication between cells located in TME. Metastasis is the movement of tumor cells from the original location (primary cancer) through the circulatory system to the secondary location and the construction of new tumors (metastatic tumors) [43]. This process is a vital property of malignant tumors that is accountable for more than 90% of cancer-related death [44]. Organotypic metastasis is a feature of primary tumors to dictate secondary tumors at the metastatic location in distinct organs and comprises a chain of cell-interaction procedures recognized together as the invasion-metastasis process [44,45]. Induction of epithelial-to-mesenchymal transition (EMT) is a hallmark of aggressive tumors; therefore, cells that acquired EMT are inclined to transfer and form colonies distant from the location of origin. MSCs-Exo has been known to play roles in cancer metastasis through different signaling pathways. Zhou et al. reported that MSCs-Exo from bone marrow could increase the proliferation of tumor cells in vivo by ERK1/2 signaling pathways [40]. It was demonstrated that MSCs-Exo contains vimentin and N-cadherin molecules that promote proliferation and EMT of nasopharyngeal carcinoma by initiating the FGF19/FGFR4-dependent ERK signaling pathways [37]. Gu et al. showed that MSCs-Exo could induce EMT in gastric cancer cells by activating the AKT signaling pathway [38]. In addition, MSC-Exo from bone marrow can increase the growth and invasion of human gastric cancer cells by delivering miRNA-221 to cells in vitro [46]. Li et al. found that exosomes from MSCs contain miR-222 that could reach CRC cells, target ATF3 binding, and inhibit the activity of AKT1, increasing tumor invasion and immunosuppression of colorectal cells [47]. Lin et al. showed that MSCs-Exo from human adipose tissue promoted breast cancer progression and metastasis through activating Wnt signaling [48]. These results indicate that MSCs-Exo can support tumor progression by inducing growth and metastasis.




2.1.2. Tumor Angiogenesis


Angiogenesis, raising new vessels from pre-existing vessels, is the hallmark of cancer that exosomes can regulate, participating in tumor progression [49,50]. This process is regulated by balancing pro and anti-angiogenesis factors with roles in pathological and physiological conditions [49,50]. Angiogenesis is an essential factor for tumor growth and metastasis. MSCs can release numerous growth factors and cytokines, such as VEGF, which may promote neovascularization and thus support tumor growth [51,52]. MSCs-Exo can deliver bioactive molecules to cancer cells, which induce expression of VEGF in cancer cells by activating the ERK1/2 signaling that promote tumor progression [40]. Exosomes from AT-MSCs contain platelet-derived growth factors that induce angiogenesis [39]. miRNA cargo of MSCs-Exo may participate in inducing angiogenesis. For example, exosomal miRNA-30b can promote angiogenesis in ECs [53]. In addition, MSCs-Exo has been shown to develop angiogenesis, probable through the AKT/eNOS pathway, by increasing the expression of miRNA-221-3p [54]. These findings show that MSCs-Exo contains cargo regulating angiogenesis in recipient cells.




2.1.3. Tumor Immune Responses


Immune cells are vital components of the TME, interacting with other cells resident in the TME. Previous studies have shown the interaction of MSCs-Exo with immune cells such as neutrophils, T cells, B cells, and macrophages, inhibiting immune responses against tumor cells [55,56]. MSCs-Exo can suppress T-cell activity by delivering soluble factors and regulating signaling [57]. It was shown that CD30 cargo of MSCs-Exo boosted immunosuppressive effects by promoting adenosine amassing [58]. MSCs-Exo can increase the expression of anti-inflammatory molecules such as TGFB1 and IL-10 and decrease the pro-inflammatory factors IL-6, IL-1B, IL-12P40, and TNFA by prompting polymyxin-resistant SEAP expression [59]. These actions promote immunosuppression and tumor progression. Under a hypoxic condition in vivo, Ren et al. showed that MSCs-Exo carries miRNA-21-5p that can induce M2 macrophage polarization by down-regulation of PTEN, consequently increasing lung cancer growth and metastasis [35]. As known, macrophages are central constituents of the immune system. Type M2 macrophages promote tumor development by employing anti-inflammatory storms. Generally, MSCs-Exo is more capable of suppressing immune response than stimulating it.




2.1.4. Tumor Drug Resistance


The main challenge in cancer management is the therapy-resistant activity of tumor cell, which cause low tumor treatment outcomes. MSCs-Exo may contribute to drug resistance [60]. For example, a study showed that MSCs-Exo from bone marrow contains PSMA3 and PSMA3-AS1 that can cause resistance to proteasome inhibitors when co-cultured with multiple myeloma cells [33]. MSCs-Exo- containing miRNA-222/223 contribute to drug resistance in breast cancer [61]. Additionally, in breast cancer cells, miRNA-23b cargo of MSCs-Exo could induce resistance to the proteasome inhibitor docetaxel [62]. Exosomes derived from MSCs induce drug (fluorouracil) resistance in gastric cancer cells by promoting mRNA levels of MRP, LRP, and MDR through the activating of calcium/calmodulin-dependent protein kinases (CaM-Ks) and the Raf/MEK/ERK cascade [63].




2.1.5. TA-MSCs Derived Exosomes


While the exact function of normal MSCs on tumors remains debatable, the majority of studies on TA-MSCs suggest that they support tumor progress. Under the complex interaction within the TME, normal MSCs may acquire TA-MSCs that support tumor progression. This event can be induced by exosomes derived from tumor cells because exosomes contain pro-oncogenic factors that cause transcriptional and translational changes in normal MSCs [64]. These cells are immunosuppressive phenotypes that regulate signaling pathways that create a microenvironment favorable to tumor growth and invasion. Exosomes from TA-MSCs can regulate tumor development through different pathways and affecting on different cells in the TME [7]. For example, Yang et al. reported that TA-MSCs release exosomes that control cell migration in atypical teratoid rhabdoid tumors through the miR155/SMARCA4 pathway [65]. In breast cancer, exosomes produced by TA-MSCs transfer TGF-β, C1q, and semaphorins that can promote differentiation of myeloid cells into immunosuppressive M2-polarized macrophages by inducing PD-L1 overexpression, prompting tumor progression [36]. TA-MSCs-derived exosomes participate in the powerful immunomodulatory, which promotes tumor proliferation and invasion by producing growth factors and cytokines [66]. Moreover, exosomes from TA-MSCs deliver CCL2, CCR2, and CCL7 that can induce macrophage infiltration, increasing tumor progression [67]. These findings indicate that exosomes from TA-MSCs contribute to tumor progression.




2.1.6. MSCs-Exo Alter CAFs Phenotype


In TME, soluble factors produced by cells can also modify the CAF phenotype and further support tumor progression [68]. CAFs, the main cells of TME, contribute to making pre-tumor metastatic niches with other cancer cells and provide nutrients for tumor metastasis [68]. In breast cancer, CAFs can promote tumor growth and metastasis [69]. It was suggested that exosomes secreted by TA-MSCs could induce CAFs formation [70]. Interaction within TME is complex; however, a study has shown that exosomes from gastric cancer-promoted PKM2 trigger the constant activation of the NF-κB signaling in CAFs by mediating MSC-Exo, thus disturbing inflammatory pathway and metabolic homeostasis, which offers sustained support for tumor growth [71]. The evidence of CAFs-exosomes function is little. A study indicated that exosomes from CAFs could induce chemoresistance in gastric cancer cells by delivering different miRNAs [72].





2.2. Tumor Suppression


Increasing evidence supports the key role of MSCs-Exo in the suppression of tumors via their involvement in different aspects of tumor progression (Table 3) (Figure 3).



2.2.1. Proliferation and Metastasis


MSCs-Exo can suppress the proliferation and metastasis of tumors. For example, exosomes from human umbilical cord MSCs inhibit endometrial cancer cell proliferation and migration by transferring miRNA-302a and down-regulating cyclin D1 and the AKT signaling pathway [75]. Ono et al. showed that exosomes from MSCs can induce dormancy in breast cancer cells (MDA-MB-231) via transferring miRNA-23b and inhibition of MARCKS in cells, which led to the inhibition in cell cycling and migration in vitro [62]. Human umbilical cord-MSCs-Exo can reduce bladder carcinoma cell growth by inhibiting AKT phosphorylation and increasing the cleaved caspase-3 [78]. In hematological cancers, it was demonstrated that bone marrow-derived MSCs-Exo delivers miRNA-222-3p to THP-1 cells (leukemia cell), which target the IRF2 gene, consequently down-regulate the IRF2/INPP4B signaling, resulting in the inhibition of cell proliferation and the leukemia progression as well as the induction of apoptosis [73]. Yao et al. reported that bone marrow-derived-MSCs-Exo contain circ_0030167 molecules that decrease the proliferation, migration, invasion, and stemness of pancreatic tumor cells by cleaning miRNA-338-5p and consequently by targeting the Wif1/Wnt8/β-catenin signaling [79]. In glioma xenografts in the rat model, miRNA-146b cargo of MSCs-Exo decreased the growth of tumor mass; however, the detailed mechanism was not explained [80].




2.2.2. Tumor Angiogenesis


MSCs can decrease angiogenesis in cancer. For example, Lee et al. showed that murine MSCs-Exo could dose-dependently decrease the expression of VEGF in breast cancer cells, suppressing angiogenesis, which may facilitate by miRNA-16 [42]. In addition, MSCs-Exo could facilitate VEGF suppression and inhibit the growth of oral squamous cell carcinoma [81] and prostate cancer cells by preventing VEGF production and NF-κB signaling [82]. Pakravan et al. demonstrated that miRNA-100 transferred by MSCs-Exo could inhibit angiogenesis and breast cancer development, through the mTOR/HIF1A/VEGF signaling pathway [74]. The roles of MSCs-Exo in angiogenesis look to be conflicting, maybe due to the type of MSCs-Exo cargo that results in different tumor regulatory properties.




2.2.3. Tumor Immune Responses


The reported findings related to the role of MSCs-Exo in tumor progression show that these particles can regulate innate and adaptive immune responses. According to previous studies, comparatively few studies have examined the function of MSCs-Exo in immune stimulation, probably as MSCs-Exo mainly mediate the former rather than the latter. MSCs increase CD8+ and CD4+—T cell growth through a CCL2-related pathway [83]. Umbilical cord-MSCs-Exo can deliver miRNA-182 that can increase the death of cancer cells by increasing the proliferation of NK and T cells and by regulating the sensitivity of cancer cells to immune cells [84]. Zhou et al. engineered bone marrow-MSCs-Exo with galectin-9 siRNA and oxaliplatin and then exposed it to immune cells. Results showed that these exosomes induced antitumor immunity by suppressing Treg down-regulation, cytotoxic T lymphocyte enrolment, and macrophage polarization [85].




2.2.4. Tumor Drug Resistance


MSCs-Exo may exert different impacts on drug resistance in tumor cells due to heterogeneity in tumor nature. MiR-199a-overexpressing MSCs-Exo suppressed glioma development and higher sensitivity to temozolomide by inhibiting AGAP2 expression in vitro and in vivo [86]. A recent study confirmed that AT-MSCs-Exo delivers miRNA-199a and promotes the chemosensitivity of hepatocellular carcinoma cells by the mTOR pathway [77]. The authors concluded that miRNA-199a carried by AT-MSCs-Exo might open new avenues for increasing hepatocellular carcinoma cell chemosensitivity. In a similar study, Lou et al. showed that miRNA-122 from AT-MSCs-Exo expressively improved the antitumor efficiency of sorafenib in vivo by changing chemotherapeutic drug-sensitive expression genes in hepatocellular carcinoma cells [76]. These results demonstrate that AT-MSCs-Exo can increase chemosensitivity in hepatocellular carcinoma.






3. MSCs-Exo as a Drug Delivery System for Cancer


Previous studies indicated that MSCs-exosomes could deliver therapeutic agents to tumor cells like pancreatic ductal adenocarcinoma (PDAC), CRC, hepatocellular carcinoma, breast cancer, and glioma. Generally, two methods are used to load therapeutic agents into MSCs-exosomes (i) direct method, in which therapeutic agents are directly sorted into isolated exosomes by different loading methods; (ii) indirect method, where exosomes-producing cells (e.g., MSCs) are genetically manipulated to express distinct biomolecules (miRNAs, proteins) or co-cultured with therapeutic agents in which exosomes derived from them would be contained with therapeutic agents [16,87,88] (Figure 4). Approaches currently used for the direct loading of therapeutic agents (TA) into exosomes include electroporation, incubation, extrusion, sonication, saponin, and freeze-thaw cycles. Method incubation is the most frequently used because of its simplicity; however, this method has low encapsulation efficiency [89]. Though the TA loading efficacy of electroporation is better than that of incubation, using an electric field may induce protein or RNA clump that may interrupt exosome construction or decrease the efficiency of drug delivery [90]. Compared to other approaches, sonication shows the uppermost drug loading efficiency; nevertheless, ultrasound may also interrupt the structure of exosomes and induce protein aggregation [89]. Certainly, sonication is more damaging to exosome integrity than other physical methods [91]. Related to incubation, the extrusion method produces homogeneous exosomes and improves drug delivery productivity [92]. Nevertheless, inappropriate mechanical compression can disrupt exosomal structural integrity [93]. Even though freeze-thaw cycles display capacity for mass use in drug delivery systems, multiple rapid freeze-thaw cycles may disturb the physicochemical properties of exosome membranes, and it shows less efficiency than sonication for TA loading [92,94]. The saponin method does not disturb the exosome membrane and offers high loading efficiency and constant TA release [95], but the related drug delivery efficiency desires to be enhanced. Presently, incubation and electroporation are the most commonly used approaches. Based on the outstanding properties of MSCs-Exo [96], the policy of loading MSCs-Exo with TA for tumor management using methods has been extensively engaged. For example, electroporation was used to load MSCs-Exo with doxorubicin, which could inhibit colon cancer proliferation and showed considerably greater tumor amassing than free doxorubicin [97]. Melzer et al. used the extrusion method to load paclitaxel into MSCs-Exo to treat breast cancer [98]. MSCs-Exo were constructed by modifying surfaces and loaded with superparamagnetic iron oxide nanoparticles. Proteins of cell-penetrating peptides (CPP) and TNF-α (CTNF-α)-anchored were linked to EVs containing superparamagnetic iron oxide nanoparticles. These EVs showed a targeting antitumor role and considerably suppressed tumor cell growth by inducing apoptosis by the TNFR I pathway in both in vitro and in vivo mic melanoma subcutaneous cancer models [99]. Previous studies have shown that MSCs-Exo can successfully deliver chemotherapeutic drugs to cancer cells [98,100]. In a study, MSCs-Exo were loaded with honokiol by the sonication method and exposure to cancer cells. Results showed that these particles had superior cytotoxic effects than the free honokiol [101]. Pascucci et al. used mouse MSCs-Exo to load paclitaxel (PTX) through incubation of cells with PTX and found that MSCs produced exosomes containing a high amount of PTX, which inhibited pancreatic cancer cell growth [102].




4. Engineering MSCs-Exo for Targeting Tumor Cells


One reason for the poor therapeutic impact of chemotherapeutic drugs relates to their systemic and non-targeting effects. Even if exosomes are promising drug delivery carriers, their targeting effects need further development. Therefore, recent investigation efforts have focused on increasing the targeting capacity of exosomes to tumor cells rather than other cells, improving the efficiency of antitumor therapy (Figure 5). In this regard, engineering can increase the targeting ability of exosomes to tumor cells. The more extensively examined engineering approaches are chemical and physical modifications, like exosome surface and content modifications (for further study, see Refs. [103,104]). The surface modification comprises the application of approaches to connect protein-coding sequences or peptides into the exosome surface for improving their targeting capability [105]. Therefore, the researcher can modify/load engineered exosomes with TA and acquire smart carriers, which deliver TA into tumor cells. In a study, researchers genetically engineered MSCs to produce exosomes overexpressing miRNA-34a, which could increase the sensitivity to temozolomide, and inhibit the growth, migration, and invasion of glioblastoma cells by suppressing MYCN both in vitro and in vivo [106]. One of the approaches is the insertion of glycosyl phosphatidyl inositol (GPI) on the surface of the exosomes. GPI can attach to functional ligands like RNAs and antibodies [107,108]. It is an anchoring structure for functional ligands on the surface of the exosomes. It protects exosome surface proteins from hydrolytic degradation by proteases and directs exosomes to tumor cells. Another approach is engineering targeting peptide-Lamp2b fusion proteins for including a glycosylation motif at various sites, and these glycosylation-stabilized peptides improve the targeting ability of exosomes to tumor cells such as neuroblastoma cells [108]. In addition, the researcher introduced a method known as click chemistry, by which the ligands are attached to the exosome surface by covalent modification [109]. The benefits of chemical conjugation comprise compatibility and good chemical reaction speed; nevertheless, many factors, including pressure, temperature, and osmotic pressure, need to be carefully controlled during the modification procedure to prevent exosome rupture [109]. Therefore, these chemical approaches are highly hopeful but operationally multifaceted and need further investigation. Tian et al. conjugated the c(RGDyK) peptide to the surface of the exosomes by bio-orthogonal chemistry and formed the engineered c(RGDyK)-conjugated exosomes (cRGD-Exo), which successfully targeted injury areas of the brain in cerebral ischemia model [110]. Researchers have used a non-covalent modification to insert specific ligands or receptors on exosome surfaces [109]. For example, PEGylated liposomes were inserted into the surface of exosomes using hydrophobic interactions that considerably extended the circulation time of the exosomes and enhanced their targeting ability to murine neuroblastoma cells [111]. The targeting ability of exosomes may also be enhanced by loading targeted TAs, such as RNAs, viruses, and proteins, into the exosomes. For example, surface-modified MSCs-Exo loaded with galectin-9 siRNA showed considerably improved tumor-targeting efficacy and increased apoptosis in a pancreatic cancer model [85]. In another study, MSCs cells were modified to yield exosomes enriched with a new CFTR Zinc Finger Protein fusion and transcriptional activation elements to affect the CFTR promoter and stimulate transcription [112]. Another approach is targeting molecules highly expressed in tumor cells. For example, hyaluronic acid (HA), highly expressed in some malignancies, can target tumor cells. For example, Vogus et al. linked Hyaluronidase (HYAL) to MSCs-Exo containing gemcitabine and doxorubicin to form MSCs-Exo-HYAL. Authors reported that MSCs-Exo-HYAL targeted triple-negative breast cancer cells and significantly reduced tumor growth [113]. In addition, the folate receptor (FR), a glycoprotein, is anchored to the cell membrane by GPI. Folate is overexpressed in many tumor cells; however, its expression in normal cells is low [114]. Therefore, folate may be used as a targeting ligand for drug delivery. In this scenario, the enrichment of exosomes with FR or folate can serve as a smart carrier for finding and targeting tumor cells [115]. In a study, authors formed engineered exosomes containing FA from human umbilical cord MSCs and loaded them with erastin. These exosomes could successfully target triple-negative breast cancer cells and inhibit tumor proliferation [116]. Most recently, Feng et al. constructed Exo-PH20-FA by inserting FA into exosomes by genetic modification, which increased the efficacy of antitumor drug delivery [117]. Metalloproteinases (MMPs) also have the potential for application in tumor targeting. It was demonstrated that envelope-type mesoporous silica nanoparticles loaded with MMP substrate peptides can pretentiously target MMP-rich hepatocellular carcinoma cells [118]. Thus, overexpressed antigens or receptors on tumor cells are promising points for researchers to benefit from targeting tumor cells within tissues. Researchers can use this feature to load exosomes with drugs and direct them into tumors [103,119]. Of note, in this section, we focused on MSCs-Exo; however other exosomes or cells may be modified by targeting other molecules. This field is in its infancy, and further studies must confirm these findings for application in the clinic.




5. Opportunity and Challenges


Exosomes show many promising properties against artificial nanocarriers. For example, exosomes are natural vesicles produced by cells, have lower immunogenicity and long circulating half-life, superior biocompatibility, evading phagocytosis, greater modifying potential, and better targeting ability [120,121]. In addition, exosomes can cross many biological barriers and deeply penetrate tissue [122,123]. The application of exosomes as vehicles for drug delivery is presently the focus of deep research. As a drug delivery tool, MSCs-Exo has common exosomal individualities and distinctive advantages. It is important to mention that MSCs produce more exosomes compared with other cells [96] and their exosomes have robust tumor-targeting ability [124] and low immunogenicity [125]. The content and surface of MSCs-Exo can be covalently or genetically modified [109]. However, this field faces challenges, such as selecting an assured and suitable source of MSCs for delivering therapeutic agents is a serious step; consequently, various MSCs may yield different exosomes varied in size, cargo, and role [115]. Notably, some MSCs-Exo can help tumor development, emphasizing the essential of cautiously characterizing their cargo. Therefore, exosomes of MSCs with tumor-suppressive roles, like umbilical cord-derived-MSCs, are a drug delivery system for cancer therapy [60]. MSCs-Exo must be employed to Good Manufacture Practice (GMP) standards. This field is progressing and requires a profound understanding of exosome kinetics and advances in exosome modifying and loading methods to obtain well cancer treatment. The majority of studies were completed in labs, and the outcomes of clinical application of modified MSCs-Exo remain a problem; this field faces some challenges that are essential to be considered in clinical translation studies. The biology and role of exosomes are not fully revealed. Many questions are associated with exosome biogenesis pathway and uptake, characterizations, nomenclature, and purification, which affect methods and plans that deal with exosome modifying and loading approaches [126]. Mass production of exosomes is another challenge and requirements standardization for their isolation, purification, loading, and modification of exosomes. Mass production of exosomes, especially from MSCs, is very challenging since purification and incubation of human autologous MSCs are laborious and challenging in vitro in a short time. Similar to other exosomes, MSCs-Exo may be captured by the spleen, liver, and lungs following intravenous injection; therefore, exosomes cannot efficiently penetrate the target tissue [127].




6. Conclusions


MSCs-Exo are intercellular communication mediators with roles in tumorigenesis and are now the topic of intensive research. A growing body of evidence suggests that MSCs-Exo can support tumor proliferation, metastasis, angiogenesis, immune responses, and drug resistance through different signaling pathways. However, conflicting results have demonstrated that MSCs-Exo may also suppress tumors through several mechanisms. Therefore, the exact role of MSCs-Exo in tumor progression remains controversial; the proposal depends on the source of MSCs, tumor type, and tumor progressive stage. Despite this controversy, it is undeniable that MSCs-Exo has promising potential as a carrier for the delivery of therapeutic agents. MSCs-Exo can be modified on surface and content to improve their tumor-targeting ability. However, the study of MSCs-Exo is still in its infancy, and many problems remain to be dissolved. Clinical translation of MSCs-Exo needs more studies regarding their mass production, isolation, loading, and modification.







Author Contributions


Conceptualization, J.R. and M.A.; Data Curation, M.M.; Writing—Original Draft Preparation, M.A. and F.N.-K.; Writing—Review & Editing, J.R., M.S. and M.M.; Visualization, M.S.; Supervision, J.R. All authors made a substantial, direct and intellectual contribution to the review. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors have declared that no competing interest exists.




References


	



Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [Google Scholar] [CrossRef] [PubMed]

	



Hass, R.; von der Ohe, J.; Ungefroren, H. Impact of the Tumor Microenvironment on Tumor Heterogeneity and Consequences for Cancer Cell Plasticity and Stemness. Cancers 2020, 12, 3716. [Google Scholar] [CrossRef] [PubMed]

	



Chu, D.-T.; Nguyen, T.T.; Tien, N.L.B.; Tran, D.-K.; Jeong, J.-H.; Anh, P.G.; Thanh, V.V.; Truong, D.T.; Dinh, T.C. Recent progress of stem cell therapy in cancer treatment: Molecular mechanisms and potential applications. Cells 2020, 9, 563. [Google Scholar] [CrossRef] [PubMed]

	



Squillaro, T.; Peluso, G.; Galderisi, U. Clinical trials with mesenchymal stem cells: An update. Cell Transplant. 2016, 25, 829–848. [Google Scholar] [CrossRef] [PubMed]

	



Galipeau, J.; Sensébé, L. Mesenchymal stromal cells: Clinical challenges and therapeutic opportunities. Cell Stem Cell 2018, 22, 824–833. [Google Scholar] [CrossRef] [PubMed]

	



Poggi, A.; Giuliani, M. Mesenchymal stromal cells can regulate the immune response in the tumor microenvironment. Vaccines 2016, 4, 41. [Google Scholar] [CrossRef]

	



Whiteside, T.L. Exosome and mesenchymal stem cell cross-talk in the tumor microenvironment. Semin. Immunol. 2018, 35, 69–79. [Google Scholar] [CrossRef]

	



Hidalgo-Garcia, L.; Galvez, J.; Rodriguez-Cabezas, M.E.; Anderson, P.O. Can a conversation between mesenchymal stromal cells and macrophages solve the crisis in the inflamed intestine? Front. Pharmacol. 2018, 9, 179. [Google Scholar] [CrossRef]

	



Zhou, Y.; Yamamoto, Y.; Xiao, Z.; Ochiya, T. The immunomodulatory functions of mesenchymal stromal/stem cells mediated via paracrine activity. J. Clin. Med. 2019, 8, 1025. [Google Scholar] [CrossRef]

	



Ridge, S.M.; Sullivan, F.J.; Glynn, S.A. Mesenchymal stem cells: Key players in cancer progression. Mol. Cancer 2017, 16, 31. [Google Scholar] [CrossRef]

	



Cao, X.; Han, Z.-B.; Zhao, H.; Liu, Q. Transplantation of mesenchymal stem cells recruits trophic macrophages to induce pancreatic beta cell regeneration in diabetic mice. Int. J. Biochem. Cell Biol. 2014, 53, 372–379. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y.; Du, L.; Lin, L.; Wang, Y. Tumour-associated mesenchymal stem/stromal cells: Emerging therapeutic targets. Nat. Rev. Drug Discov. 2017, 16, 35–52. [Google Scholar] [CrossRef] [PubMed]

	



Keshtkar, S.; Azarpira, N.; Ghahremani, M.H. Mesenchymal stem cell-derived extracellular vesicles: Novel frontiers in regenerative medicine. Stem Cell Res. Ther. 2018, 9, 63. [Google Scholar] [CrossRef]

	



Rezaie, J.; Ahmadi, M.; Ravanbakhsh, R.; Mojarad, B.; Mahbubfam, S.; Shaban, S.A.; Shadi, K.; Berenjabad, N.J.; Etemadi, T. Tumor-derived extracellular vesicles: The metastatic organotropism drivers. Life Sci. 2021, 289, 120216. [Google Scholar] [CrossRef] [PubMed]

	



Soraya, H.; Sani, N.A.; Jabbari, N.; Rezaie, J. Metformin increases exosome biogenesis and secretion in U87 MG human glioblastoma cells: A possible mechanism of therapeutic resistance. Arch. Med. Res. 2021, 52, 151–162. [Google Scholar] [CrossRef]

	



Vahabi, A.; Rezaie, J.; Hassanpour, M.; Panahi, Y.; Nemati, M.; Rasmi, Y.; Nemati, M. Tumor Cells-derived Exosomal CircRNAs: Novel cancer drivers, molecular mechanisms, and clinical opportunities. Biochem. Pharmacol. 2022, 200, 115038. [Google Scholar] [CrossRef]

	



Aslani, M.R.; Ghobadi, H.; Panahpour, H.; Ahmadi, M.; Khaksar, M.; Heidarzadeh, M. Modification of lung endoplasmic reticulum genes expression and NF-kB protein levels in obese ovalbumin-sensitized male and female rats. Life Sci. 2020, 247, 117446. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, Y.; Liu, H.; Tang, W.H. Exosomes: Biogenesis, biologic function and clinical potential. Cell Biosci. 2019, 9, 19. [Google Scholar] [CrossRef]

	



Jadli, A.S.; Ballasy, N.; Edalat, P.; Patel, V.B. Inside (sight) of tiny communicator: Exosome biogenesis, secretion, and uptake. Mol. Cell. Biochem. 2020, 467, 77–94. [Google Scholar] [CrossRef]

	



Oskuye, Z.Z.; Bavil, F.M.; Hamidian, G.R.; Mehri, K.; Qadiri, A.; Ahmadi, M.; Oghbaei, H.; Vatankhah, A.M.; Keyhanmanesh, R. Troxerutin affects the male fertility in prepubertal type 1 diabetic male rats. Iran. J. Basic Med. Sci. 2019, 22, 197. [Google Scholar]

	



Shaban, S.A.; Rezaie, J.; Nejati, V. Exosomes Derived from Senescent Endothelial Cells Contain Distinct Pro-angiogenic miRNAs and Proteins. Cardiovasc. Toxicol. 2022, 22, 592–601. [Google Scholar] [CrossRef]

	



Yong, T.; Wang, D.; Li, X.; Yan, Y.; Hu, J.; Gan, L.; Yang, X. Extracellular vesicles for tumor targeting delivery based on five features principle. J. Control. Release 2020, 322, 555–565. [Google Scholar] [CrossRef] [PubMed]

	



Weng, Z.; Zhang, B.; Wu, C.; Yu, F.; Han, B.; Li, B.; Li, L. Therapeutic roles of mesenchymal stem cell-derived extracellular vesicles in cancer. J. Hematol. Oncol. 2021, 14, 136. [Google Scholar] [CrossRef]

	



Ahmadi, M.; Rezaie, J. Tumor cells derived-exosomes as angiogenenic agents: Possible therapeutic implications. J. Transl. Med. 2020, 18, 249. [Google Scholar] [CrossRef] [PubMed]

	



Heidarzadeh, M.; Roodbari, F.; Hassanpour, M.; Ahmadi, M.; Saberianpour, S.; Rahbarghazi, R. Toll-like receptor bioactivity in endothelial progenitor cells. Cell Tissue Res. 2020, 379, 223–230. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, N.M.; Simon, M.C. The tumor microenvironment. Curr. Biol. 2020, 30, R921–R925. [Google Scholar] [CrossRef]

	



Li, I.; Nabet, B.Y. Exosomes in the tumor microenvironment as mediators of cancer therapy resistance. Mol. Cancer 2019, 18, 32. [Google Scholar] [CrossRef] [PubMed]

	



Roccaro, A.M.; Sacco, A.; Maiso, P.; Azab, A.K.; Tai, Y.-T.; Reagan, M.; Azab, F.; Flores, L.M.; Campigotto, F.; Weller, E. BM mesenchymal stromal cell–derived exosomes facilitate multiple myeloma progression. J. Clin. Investig. 2013, 123, 1542–1555. [Google Scholar] [CrossRef]

	



Fonsato, V.; Collino, F.; Herrera, M.B.; Cavallari, C.; Deregibus, M.C.; Cisterna, B.; Bruno, S.; Romagnoli, R.; Salizzoni, M.; Tetta, C. Human liver stem cell-derived microvesicles inhibit hepatoma growth in SCID mice by delivering antitumor microRNAs. Stem Cells 2012, 30, 1985–1998. [Google Scholar] [CrossRef]

	



Zhang, X.; Sai, B.; Wang, F.; Wang, L.; Wang, Y.; Zheng, L.; Li, G.; Tang, J.; Xiang, J. Hypoxic BMSC-derived exosomal miRNAs promote metastasis of lung cancer cells via STAT3-induced EMT. Mol. Cancer 2019, 18, 40. [Google Scholar] [CrossRef] [PubMed]

	



Qin, F.; Tang, H.; Zhang, Y.; Zhang, Z.; Huang, P.; Zhu, J. Bone marrow-derived mesenchymal stem cell-derived exosomal microRNA-208a promotes osteosarcoma cell proliferation, migration, and invasion. J. Cell. Physiol. 2020, 235, 4734–4745. [Google Scholar] [CrossRef] [PubMed]

	



He, Z.; Li, W.; Zheng, T.; Liu, D.; Zhao, S. Human umbilical cord mesenchymal stem cells-derived exosomes deliver microRNA-375 to downregulate ENAH and thus retard esophageal squamous cell carcinoma progression. J. Exp. Clin. Cancer Res. 2020, 39, 140. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Han, H.; Song, S.; Yi, N.; Qian, C.a.; Qiu, Y.; Zhou, W.; Hong, Y.; Zhuang, W.; Li, Z. Exosome-Transmitted PSMA3 and PSMA3-AS1 Promote Proteasome Inhibitor Resistance in Multiple MyelomaExosomal PSMA3 and PSMA3-AS1 in PI Resistance. Clin. Cancer Res. 2019, 25, 1923–1935. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Hendrix, A.; Hernot, S.; Lemaire, M.; De Bruyne, E.; Van Valckenborgh, E.; Lahoutte, T.; De Wever, O.; Vanderkerken, K.; Menu, E. Bone marrow stromal cell–derived exosomes as communicators in drug resistance in multiple myeloma cells. Blood J. Am. Soc. Hematol. 2014, 124, 555–566. [Google Scholar] [CrossRef]

	



Ren, W.; Hou, J.; Yang, C.; Wang, H.; Wu, S.; Wu, Y.; Zhao, X.; Lu, C. Extracellular vesicles secreted by hypoxia pre-challenged mesenchymal stem cells promote non-small cell lung cancer cell growth and mobility as well as macrophage M2 polarization via miR-21-5p delivery. J. Exp. Clin. Cancer Res. 2019, 38, 62. [Google Scholar] [CrossRef]

	



Biswas, S.; Mandal, G.; Chowdhury, S.R.; Purohit, S.; Payne, K.K.; Anadon, C.; Gupta, A.; Swanson, P.; Yu, X.; Conejo-Garcia, J.R. Exosomes produced by mesenchymal stem cells drive differentiation of myeloid cells into immunosuppressive M2-polarized macrophages in breast cancer. J. Immunol. 2019, 203, 3447–3460. [Google Scholar] [CrossRef] [PubMed]

	



Shi, S.; Zhang, Q.; Xia, Y.; You, B.; Shan, Y.; Bao, L.; Li, L.; You, Y.; Gu, Z. Mesenchymal stem cell-derived exosomes facilitate nasopharyngeal carcinoma progression. Am. J. Cancer Res. 2016, 6, 459. [Google Scholar]

	



Gu, H.; Ji, R.; Zhang, X.; Wang, M.; Zhu, W.; Qian, H.; Chen, Y.; Jiang, P.; Xu, W. Exosomes derived from human mesenchymal stem cells promote gastric cancer cell growth and migration via the activation of the Akt pathway. Mol. Med. Rep. 2016, 14, 3452–3458. [Google Scholar] [CrossRef] [PubMed]

	



Lopatina, T.; Bruno, S.; Tetta, C.; Kalinina, N.; Porta, M.; Camussi, G. Platelet-derived growth factor regulates the secretion of extracellular vesicles by adipose mesenchymal stem cells and enhances their angiogenic potential. Cell Commun. Signal. 2014, 12, 26. [Google Scholar] [CrossRef]

	



Zhu, W.; Huang, L.; Li, Y.; Zhang, X.; Gu, J.; Yan, Y.; Xu, X.; Wang, M.; Qian, H.; Xu, W. Exosomes derived from human bone marrow mesenchymal stem cells promote tumor growth in vivo. Cancer Lett. 2012, 315, 28–37. [Google Scholar] [CrossRef]

	



Chen, B.; Cai, T.; Huang, C.; Zang, X.; Sun, L.; Guo, S.; Wang, Q.; Chen, Z.; Zhao, Y.; Han, Z. G6PD-NF-κB-HGF signal in gastric cancer-associated mesenchymal stem cells promotes the proliferation and metastasis of gastric cancer cells by upregulating the expression of HK2. Front. Oncol. 2021, 11, 648706. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.-K.; Park, S.-R.; Jung, B.-K.; Jeon, Y.-K.; Lee, Y.-S.; Kim, M.-K.; Kim, Y.-G.; Jang, J.-Y.; Kim, C.-W. Exosomes derived from mesenchymal stem cells suppress angiogenesis by down-regulating VEGF expression in breast cancer cells. PLoS ONE 2013, 8, e84256. [Google Scholar] [CrossRef] [PubMed]

	



Michor, F.; Nowak, M.A.; Iwasa, Y. Stochastic dynamics of metastasis formation. J. Theor. Biol. 2006, 240, 521–530. [Google Scholar] [CrossRef] [PubMed]

	



Valastyan, S.; Weinberg, R.A. Tumor metastasis: Molecular insights and evolving paradigms. Cell 2011, 147, 275–292. [Google Scholar] [CrossRef]

	



Spennati, G.; Horowitz, L.F.; McGarry, D.J.; Rudzka, D.A.; Armstrong, G.; Olson, M.F.; Folch, A.; Yin, H. Organotypic platform for studying cancer cell metastasis. Exp. Cell Res. 2021, 401, 112527. [Google Scholar] [CrossRef]

	



Wang, M.; Zhao, C.; Shi, H.; Zhang, B.; Zhang, L.; Zhang, X.; Wang, S.; Wu, X.; Yang, T.; Huang, F. Deregulated microRNAs in gastric cancer tissue-derived mesenchymal stem cells: Novel biomarkers and a mechanism for gastric cancer. Br. J. Cancer 2014, 110, 1199–1210. [Google Scholar] [CrossRef]

	



Li, S.; Yan, G.; Yue, M.; Wang, L. Extracellular vesicles-derived microRNA-222 promotes immune escape via interacting with ATF3 to regulate AKT1 transcription in colorectal cancer. BMC Cancer 2021, 21, 349. [Google Scholar] [CrossRef]

	



Lin, R.; Wang, S.; Zhao, R.C. Exosomes from human adipose-derived mesenchymal stem cells promote migration through Wnt signaling pathway in a breast cancer cell model. Mol. Cell. Biochem. 2013, 383, 13–20. [Google Scholar] [CrossRef]

	



Lugano, R.; Ramachandran, M.; Dimberg, A. Tumor angiogenesis: Causes, consequences, challenges and opportunities. Cell. Mol. Life Sci. 2020, 77, 1745–1770. [Google Scholar] [CrossRef]

	



Feghhi, M.; Rezaie, J.; Akbari, A.; Jabbari, N.; Jafari, H.; Seidi, F.; Szafert, S. Effect of multi-functional polyhydroxylated polyhedral oligomeric silsesquioxane (POSS) nanoparticles on the angiogenesis and exosome biogenesis in human umbilical vein endothelial cells (HUVECs). Mater. Des. 2021, 197, 109227. [Google Scholar] [CrossRef]

	



Linero, I.; Chaparro, O. Paracrine effect of mesenchymal stem cells derived from human adipose tissue in bone regeneration. PLoS ONE 2014, 9, e107001. [Google Scholar] [CrossRef] [PubMed]

	



Maacha, S.; Sidahmed, H.; Jacob, S.; Gentilcore, G.; Calzone, R.; Grivel, J.-C.; Cugno, C. Paracrine mechanisms of mesenchymal stromal cells in angiogenesis. Stem Cells Int. 2020, 2020, 4356359. [Google Scholar] [CrossRef] [PubMed]

	



Gong, M.; Yu, B.; Wang, J.; Wang, Y.; Liu, M.; Paul, C.; Millard, R.W.; Xiao, D.-S.; Ashraf, M.; Xu, M. Mesenchymal stem cells release exosomes that transfer miRNAs to endothelial cells and promote angiogenesis. Oncotarget 2017, 8, 45200. [Google Scholar] [CrossRef] [PubMed]

	



Yu, M.; Liu, W.; Li, J.; Lu, J.; Lu, H.; Jia, W.; Liu, F. Exosomes derived from atorvastatin-pretreated MSC accelerate diabetic wound repair by enhancing angiogenesis via AKT/eNOS pathway. Stem Cell Res. Ther. 2020, 11, 350. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.-g.; Feng, X.-m.; Abbott, J.; Fang, X.-h.; Hao, Q.; Monsel, A.; Qu, J.-m.; Matthay, M.A.; Lee, J.W. Human mesenchymal stem cell microvesicles for treatment of Escherichia coli endotoxin-induced acute lung injury in mice. Stem Cells 2014, 32, 116–125. [Google Scholar] [CrossRef]

	



Ti, D.; Hao, H.; Tong, C.; Liu, J.; Dong, L.; Zheng, J.; Zhao, Y.; Liu, H.; Fu, X.; Han, W. LPS-preconditioned mesenchymal stromal cells modify macrophage polarization for resolution of chronic inflammation via exosome-shuttled let-7b. J. Transl. Med. 2015, 13, 308. [Google Scholar] [CrossRef]

	



Chen, W.; Huang, Y.; Han, J.; Yu, L.; Li, Y.; Lu, Z.; Li, H.; Liu, Z.; Shi, C.; Duan, F. Immunomodulatory effects of mesenchymal stromal cells-derived exosome. Immunol. Res. 2016, 64, 831–840. [Google Scholar] [CrossRef]

	



Amarnath, S.; Foley, J.E.; Farthing, D.E.; Gress, R.E.; Laurence, A.; Eckhaus, M.A.; Métais, J.-Y.; Rose, J.J.; Hakim, F.T.; Felizardo, T.C. Bone marrow-derived mesenchymal stromal cells harness purinergenic signaling to tolerize human Th1 cells in vivo. Stem Cells 2015, 33, 1200–1212. [Google Scholar] [CrossRef]

	



Zhang, B.; Yin, Y.; Lai, R.C.; Tan, S.S.; Choo, A.B.H.; Lim, S.K. Mesenchymal stem cells secrete immunologically active exosomes. Stem Cells Dev. 2014, 23, 1233–1244. [Google Scholar] [CrossRef]

	



Christodoulou, I.; Goulielmaki, M.; Devetzi, M.; Panagiotidis, M.; Koliakos, G.; Zoumpourlis, V. Mesenchymal stem cells in preclinical cancer cytotherapy: A systematic review. Stem Cell Res. Ther. 2018, 9, 336. [Google Scholar] [CrossRef]

	



Bliss, S.A.; Sinha, G.; Sandiford, O.A.; Williams, L.M.; Engelberth, D.J.; Guiro, K.; Isenalumhe, L.L.; Greco, S.J.; Ayer, S.; Bryan, M. Mesenchymal stem cell–derived exosomes stimulate cycling quiescence and early breast cancer dormancy in bone marrow. Cancer Res. 2016, 76, 5832–5844. [Google Scholar] [CrossRef] [PubMed]

	



Ono, M.; Kosaka, N.; Tominaga, N.; Yoshioka, Y.; Takeshita, F.; Takahashi, R.-u.; Yoshida, M.; Tsuda, H.; Tamura, K.; Ochiya, T. Exosomes from bone marrow mesenchymal stem cells contain a microRNA that promotes dormancy in metastatic breast cancer cells. Sci. Signal. 2014, 7, ra63. [Google Scholar] [CrossRef]

	



Ji, R.; Zhang, B.; Zhang, X.; Xue, J.; Yuan, X.; Yan, Y.; Wang, M.; Zhu, W.; Qian, H.; Xu, W. Exosomes derived from human mesenchymal stem cells confer drug resistance in gastric cancer. Cell Cycle 2015, 14, 2473–2483. [Google Scholar] [CrossRef] [PubMed]

	



Blache, U.; Horton, E.R.; Xia, T.; Schoof, E.M.; Blicher, L.H.; Schönenberger, A.; Snedeker, J.G.; Martin, I.; Erler, J.T.; Ehrbar, M. Mesenchymal stromal cell activation by breast cancer secretomes in bioengineered 3D microenvironments. Life Sci. Alliance 2019, 2, e201900304. [Google Scholar] [CrossRef] [PubMed]

	



Yang, Y.-P.; Nguyen, P.N.N.; Ma, H.-I.; Ho, W.-J.; Chen, Y.-W.; Chien, Y.; Yarmishyn, A.A.; Huang, P.-I.; Lo, W.-L.; Wang, C.-Y. Tumor mesenchymal stromal cells regulate cell migration of atypical teratoid rhabdoid tumor through exosome-mediated miR155/SMARCA4 pathway. Cancers 2019, 11, 720. [Google Scholar] [CrossRef]

	



Raghavan, S.; Snyder, C.S.; Wang, A.; McLean, K.; Zamarin, D.; Buckanovich, R.J.; Mehta, G. Carcinoma-associated mesenchymal stem cells promote chemoresistance in ovarian cancer stem cells via PDGF signaling. Cancers 2020, 12, 2063. [Google Scholar] [CrossRef]

	



Lin, L.; Du, L.; Cao, K.; Huang, Y.; Yu, P.; Zhang, L.; Li, F.; Wang, Y.; Shi, Y. Tumour cell-derived exosomes endow mesenchymal stromal cells with tumour-promotion capabilities. Oncogene 2016, 35, 6038–6042. [Google Scholar] [CrossRef]

	



Yeon, J.H.; Jeong, H.E.; Seo, H.; Cho, S.; Kim, K.; Na, D.; Chung, S.; Park, J.; Choi, N.; Kang, J.Y. Cancer-derived exosomes trigger endothelial to mesenchymal transition followed by the induction of cancer-associated fibroblasts. Acta Biomater. 2018, 76, 146–153. [Google Scholar] [CrossRef]

	



Donnarumma, E.; Fiore, D.; Nappa, M.; Roscigno, G.; Adamo, A.; Iaboni, M.; Russo, V.; Affinito, A.; Puoti, I.; Quintavalle, C. Cancer-associated fibroblasts release exosomal microRNAs that dictate an aggressive phenotype in breast cancer. Oncotarget 2017, 8, 19592–19608. [Google Scholar] [CrossRef]

	



Gu, J.; Qian, H.; Shen, L.; Zhang, X.; Zhu, W.; Huang, L.; Yan, Y.; Mao, F.; Zhao, C.; Shi, Y. Gastric cancer exosomes trigger differentiation of umbilical cord derived mesenchymal stem cells to carcinoma-associated fibroblasts through TGF-β/Smad pathway. PLoS ONE 2012, 7, e52465. [Google Scholar] [CrossRef]

	



Gu, J.; Li, X.; Zhao, L.; Yang, Y.; Xue, C.; Gao, Y.; Li, J.; Han, Q.; Sun, Z.; Bai, C. The role of PKM2 nuclear translocation in the constant activation of the NF-κB signaling pathway in cancer-associated fibroblasts. Cell Death Dis. 2021, 12, 291. [Google Scholar] [CrossRef]

	



Ham, I.-H.; Lee, D.; Hur, H. Cancer-associated fibroblast-induced resistance to chemotherapy and radiotherapy in gastrointestinal cancers. Cancers 2021, 13, 1172. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, F.; Lu, Y.; Wang, M.; Zhu, J.; Li, J.; Zhang, P.; Yuan, Y.; Zhu, F. Exosomes derived from human bone marrow mesenchymal stem cells transfer miR-222-3p to suppress acute myeloid leukemia cell proliferation by targeting IRF2/INPP4B. Mol. Cell. Probes 2020, 51, 101513. [Google Scholar] [CrossRef] [PubMed]

	



Pakravan, K.; Babashah, S.; Sadeghizadeh, M.; Mowla, S.J.; Mossahebi-Mohammadi, M.; Ataei, F.; Dana, N.; Javan, M. MicroRNA-100 shuttled by mesenchymal stem cell-derived exosomes suppresses in vitro angiogenesis through modulating the mTOR/HIF-1α/VEGF signaling axis in breast cancer cells. Cell. Oncol. 2017, 40, 457–470. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Wang, K.; Ai, H. Human umbilical cord mesenchymal stem cell-derived extracellular vesicles inhibit endometrial cancer cell proliferation and migration through delivery of exogenous miR-302a. Stem Cells Int. 2019, 2019, 8108576. [Google Scholar] [CrossRef]

	



Lou, G.; Song, X.; Yang, F.; Wu, S.; Wang, J.; Chen, Z.; Liu, Y. Exosomes derived from miR-122-modified adipose tissue-derived MSCs increase chemosensitivity of hepatocellular carcinoma. J. Hematol. Oncol. 2015, 8, 122. [Google Scholar] [CrossRef] [PubMed]

	



Lou, G.; Chen, L.; Xia, C.; Wang, W.; Qi, J.; Li, A.; Zhao, L.; Chen, Z.; Zheng, M.; Liu, Y. MiR-199a-modified exosomes from adipose tissue-derived mesenchymal stem cells improve hepatocellular carcinoma chemosensitivity through mTOR pathway. J. Exp. Clin. Cancer Res. 2020, 39, 4. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Ju, G.-Q.; Du, T.; Zhu, Y.-J.; Liu, G.-H. Microvesicles derived from human umbilical cord Wharton’s jelly mesenchymal stem cells attenuate bladder tumor cell growth in vitro and in vivo. PLoS ONE 2013, 8, e61366. [Google Scholar] [CrossRef]

	



Yao, X.; Mao, Y.; Wu, D.; Zhu, Y.; Lu, J.; Huang, Y.; Guo, Y.; Wang, Z.; Zhu, S.; Li, X. Exosomal circ_0030167 derived from BM-MSCs inhibits the invasion, migration, proliferation and stemness of pancreatic cancer cells by sponging miR-338-5p and targeting the Wif1/Wnt8/β-catenin axis. Cancer Lett. 2021, 512, 38–50. [Google Scholar] [CrossRef]

	



Katakowski, M.; Buller, B.; Zheng, X.; Lu, Y.; Rogers, T.; Osobamiro, O.; Shu, W.; Jiang, F.; Chopp, M. Exosomes from marrow stromal cells expressing miR-146b inhibit glioma growth. Cancer Lett. 2013, 335, 201–204. [Google Scholar] [CrossRef]

	



Rosenberger, L.; Ezquer, M.; Lillo-Vera, F.; Pedraza, P.L.; Ortúzar, M.I.; González, P.L.; Figueroa-Valdés, A.I.; Cuenca, J.; Ezquer, F.; Khoury, M. Stem cell exosomes inhibit angiogenesis and tumor growth of oral squamous cell carcinoma. Sci. Rep. 2019, 9, 663. [Google Scholar] [CrossRef] [PubMed]

	



Alcayaga-Miranda, F.; González, P.L.; Lopez-Verrilli, A.; Varas-Godoy, M.; Aguila-Díaz, C.; Contreras, L.; Khoury, M. Prostate tumor-induced angiogenesis is blocked by exosomes derived from menstrual stem cells through the inhibition of reactive oxygen species. Oncotarget 2016, 7, 44462. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Y.; Day, A.; Haykal, S.; Keating, A.; Waddell, T.K. Mesenchymal stromal cells augment CD4+ and CD8+ T-cell proliferation through a CCL2 pathway. Cytotherapy 2013, 15, 1195–1207. [Google Scholar] [CrossRef] [PubMed]

	



Li, D.; Lin, F.; Li, G.; Zeng, F. Exosomes derived from mesenchymal stem cells curbs the progression of clear cell renal cell carcinoma through T-cell immune response. Cytotechnology 2021, 73, 593–604. [Google Scholar] [CrossRef]

	



Zhou, W.; Zhou, Y.; Chen, X.; Ning, T.; Chen, H.; Guo, Q.; Zhang, Y.; Liu, P.; Zhang, Y.; Li, C. Pancreatic cancer-targeting exosomes for enhancing immunotherapy and reprogramming tumor microenvironment. Biomaterials 2021, 268, 120546. [Google Scholar] [CrossRef]

	



Yu, L.; Gui, S.; Liu, Y.; Qiu, X.; Zhang, G.; Zhang, X.a.; Pan, J.; Fan, J.; Qi, S.; Qiu, B. Exosomes derived from microRNA-199a-overexpressing mesenchymal stem cells inhibit glioma progression by down-regulating AGAP2. Aging (Albany NY) 2019, 11, 5300. [Google Scholar] [CrossRef]

	



Tukmechi, A.; Rezaee, J.; Nejati, V.; Sheikhzadeh, N. Effect of acute and chronic toxicity of paraquat on immune system and growth performance in rainbow trout, O ncorhynchus mykiss. Aquac. Res. 2014, 45, 1737–1743. [Google Scholar]

	



Patil, S.M.; Sawant, S.S.; Kunda, N.K. Exosomes as drug delivery systems: A brief overview and progress update. Eur. J. Pharm. Biopharm. 2020, 154, 259–269. [Google Scholar] [CrossRef]

	



Haney, M.J.; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z.; Patel, T.; Piroyan, A.; Sokolsky, M.; Kabanov, A.V. Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release 2015, 207, 18–30. [Google Scholar] [CrossRef]

	



Kooijmans, S.A.; Stremersch, S.; Braeckmans, K.; de Smedt, S.C.; Hendrix, A.; Wood, M.J.; Schiffelers, R.M.; Raemdonck, K.; Vader, P. Electroporation-induced siRNA precipitation obscures the efficiency of siRNA loading into extracellular vesicles. J. Control. Release 2013, 172, 229–238. [Google Scholar] [CrossRef]

	



Jafari, D.; Shajari, S.; Jafari, R.; Mardi, N.; Gomari, H.; Ganji, F.; Forouzandeh Moghadam, M.; Samadikuchaksaraei, A. Designer exosomes: A new platform for biotechnology therapeutics. BioDrugs 2020, 34, 567–586. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.S.; Haney, M.J.; Zhao, Y.; Mahajan, V.; Deygen, I.; Klyachko, N.L.; Inskoe, E.; Piroyan, A.; Sokolsky, M.; Okolie, O. Development of exosome-encapsulated paclitaxel to overcome MDR in cancer cells. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 655–664. [Google Scholar] [CrossRef] [PubMed]

	



Le Saux, S.; Aarrass, H.; Lai-Kee-Him, J.; Bron, P.; Armengaud, J.; Miotello, G.; Bertrand-Michel, J.; Dubois, E.; George, S.; Faklaris, O. Post-production modifications of murine mesenchymal stem cell (mMSC) derived extracellular vesicles (EVs) and impact on their cellular interaction. Biomaterials 2020, 231, 119675. [Google Scholar] [CrossRef] [PubMed]

	



Bosch, S.; de Beaurepaire, L.; Allard, M.; Mosser, M.; Heichette, C.; Chrétien, D.; Jegou, D.; Bach, J.-M. Trehalose prevents aggregation of exosomes and cryodamage. Sci. Rep. 2016, 6, 36162. [Google Scholar] [CrossRef]

	



Le Saux, S.; Aubert-Pouëssel, A.; Mohamed, K.E.; Martineau, P.; Guglielmi, L.; Devoisselle, J.-M.; Legrand, P.; Chopineau, J.; Morille, M. Interest of extracellular vesicles in regards to lipid nanoparticle based systems for intracellular protein delivery. Adv. Drug Deliv. Rev. 2021, 176, 113837. [Google Scholar] [CrossRef]

	



Yeo, R.W.Y.; Lai, R.C.; Zhang, B.; Tan, S.S.; Yin, Y.; Teh, B.J.; Lim, S.K. Mesenchymal stem cell: An efficient mass producer of exosomes for drug delivery. Adv. Drug Deliv. Rev. 2013, 65, 336–341. [Google Scholar] [CrossRef]

	



Bagheri, E.; Abnous, K.; Farzad, S.A.; Taghdisi, S.M.; Ramezani, M.; Alibolandi, M. Targeted doxorubicin-loaded mesenchymal stem cells-derived exosomes as a versatile platform for fighting against colorectal cancer. Life Sci. 2020, 261, 118369. [Google Scholar] [CrossRef]

	



Melzer, C.; Rehn, V.; Yang, Y.; Bähre, H.; von der Ohe, J.; Hass, R. Taxol-loaded MSC-derived exosomes provide a therapeutic vehicle to target metastatic breast cancer and other carcinoma cells. Cancers 2019, 11, 798. [Google Scholar] [CrossRef]

	



Zhuang, M.; Chen, X.; Du, D.; Shi, J.; Deng, M.; Long, Q.; Yin, X.; Wang, Y.; Rao, L. SPION decorated exosome delivery of TNF-α to cancer cell membranes through magnetism. Nanoscale 2020, 12, 173–188. [Google Scholar] [CrossRef]

	



Wei, H.; Chen, J.; Wang, S.; Fu, F.; Zhu, X.; Wu, C.; Liu, Z.; Zhong, G.; Lin, J. A nanodrug consisting of doxorubicin and exosome derived from mesenchymal stem cells for osteosarcoma treatment in vitro. Int. J. Nanomed. 2019, 14, 8603. [Google Scholar] [CrossRef]

	



Kanchanapally, R.; Khan, M.A.; Deshmukh, S.K.; Srivastava, S.K.; Khushman, M.d.; Singh, S.; Singh, A.P. Exosomal formulation escalates cellular uptake of honokiol leading to the enhancement of its antitumor efficacy. ACS Omega 2020, 5, 23299–23307. [Google Scholar] [CrossRef] [PubMed]

	



Pascucci, L.; Coccè, V.; Bonomi, A.; Ami, D.; Ceccarelli, P.; Ciusani, E.; Viganò, L.; Locatelli, A.; Sisto, F.; Doglia, S.M. Paclitaxel is incorporated by mesenchymal stromal cells and released in exosomes that inhibit in vitro tumor growth: A new approach for drug delivery. J. Control. Release 2014, 192, 262–270. [Google Scholar] [CrossRef] [PubMed]

	



Ahmadi, M.; Hassanpour, M.; Rezaie, J. Engineered extracellular vesicles: A novel platform for cancer combination therapy and cancer immunotherapy. Life Sci. 2022, 308, 120935. [Google Scholar] [CrossRef] [PubMed]

	



Armstrong, J.P.; Holme, M.N.; Stevens, M.M. Re-engineering extracellular vesicles as smart nanoscale therapeutics. ACS Nano 2017, 11, 69–83. [Google Scholar] [CrossRef]

	



Zhao, C.; Busch, D.J.; Vershel, C.P.; Stachowiak, J.C. Multifunctional Transmembrane Protein Ligands for Cell-Specific Targeting of Plasma Membrane-Derived Vesicles. Small 2016, 12, 3837–3848. [Google Scholar] [CrossRef]

	



Wang, B.; Wu, Z.-H.; Lou, P.-Y.; Chai, C.; Han, S.-Y.; Ning, J.-F.; Li, M. RETRACTED ARTICLE: Human bone marrow-derived mesenchymal stem cell-secreted exosomes overexpressing microRNA-34a ameliorate glioblastoma development via down-regulating MYCN. Cell. Oncol. 2019, 42, 783–799. [Google Scholar] [CrossRef]

	



Vidal, M. Exosomes and GPI-anchored proteins: Judicious pairs for investigating biomarkers from body fluids. Adv. Drug Deliv. Rev. 2020, 161, 110–123. [Google Scholar] [CrossRef]

	



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

	



Salunkhe, S.; Basak, M.; Chitkara, D.; Mittal, A. Surface functionalization of exosomes for target-specific delivery and in vivo imaging & tracking: Strategies and significance. J. Control. Release 2020, 326, 599–614. [Google Scholar]

	



Tian, T.; Zhang, H.-X.; He, C.-P.; Fan, S.; Zhu, Y.-L.; Qi, C.; Huang, N.-P.; Xiao, Z.-D.; Lu, Z.-H.; Tannous, B.A. Surface functionalized exosomes as targeted drug delivery vehicles for cerebral ischemia therapy. Biomaterials 2018, 150, 137–149. [Google Scholar] [CrossRef]

	



Kooijmans, S.; Fliervoet, L.; Van Der Meel, R.; Fens, M.; Heijnen, H.; en Henegouwen, P.v.B.; Vader, P.; Schiffelers, R. PEGylated and targeted extracellular vesicles display enhanced cell specificity and circulation time. J. Control. Release 2016, 224, 77–85. [Google Scholar] [CrossRef] [PubMed]

	



Hung, M.E.; Leonard, J.N. A platform for actively loading cargo RNA to elucidate limiting steps in EV-mediated delivery. J. Extracell. Vesicles 2016, 5, 31027. [Google Scholar] [CrossRef] [PubMed]

	



Vogus, D.R.; Evans, M.A.; Pusuluri, A.; Barajas, A.; Zhang, M.; Krishnan, V.; Nowak, M.; Menegatti, S.; Helgeson, M.E.; Squires, T.M. A hyaluronic acid conjugate engineered to synergistically and sequentially deliver gemcitabine and doxorubicin to treat triple negative breast cancer. J. Control. Release 2017, 267, 191–202. [Google Scholar] [CrossRef] [PubMed]

	



Shen, J.; Hu, Y.; Putt, K.S.; Singhal, S.; Han, H.; Visscher, D.W.; Murphy, L.M.; Low, P.S. Assessment of folate receptor alpha and beta expression in selection of lung and pancreatic cancer patients for receptor targeted therapies. Oncotarget 2018, 9, 4485. [Google Scholar] [CrossRef] [PubMed]

	



Rosenblum, D.; Joshi, N.; Tao, W.; Karp, J.M.; Peer, D. Progress and challenges towards targeted delivery of cancer therapeutics. Nat. Commun. 2018, 9, 1410. [Google Scholar] [CrossRef]

	



Yu, M.; Gai, C.; Li, Z.; Ding, D.; Zheng, J.; Zhang, W.; Lv, S.; Li, W. Targeted exosome-encapsulated erastin induced ferroptosis in triple negative breast cancer cells. Cancer Sci. 2019, 110, 3173–3182. [Google Scholar] [CrossRef]

	



Feng, C.; Xiong, Z.; Wang, C.; Xiao, W.; Xiao, H.; Xie, K.; Chen, K.; Liang, H.; Zhang, X.; Yang, H. Folic acid-modified Exosome-PH20 enhances the efficiency of therapy via modulation of the tumor microenvironment and directly inhibits tumor cell metastasis. Bioact. Mater. 2021, 6, 963–974. [Google Scholar] [CrossRef]

	



Zhang, J.; Yuan, Z.-F.; Wang, Y.; Chen, W.-H.; Luo, G.-F.; Cheng, S.-X.; Zhuo, R.-X.; Zhang, X.-Z. Multifunctional envelope-type mesoporous silica nanoparticles for tumor-triggered targeting drug delivery. J. Am. Chem. Soc. 2013, 135, 5068–5073. [Google Scholar] [CrossRef]

	



Piperigkou, Z.; Kyriakopoulou, K.; Koutsakis, C.; Mastronikolis, S.; Karamanos, N.K. Key matrix remodeling enzymes: Functions and targeting in cancer. Cancers 2021, 13, 1441. [Google Scholar] [CrossRef]

	



Shao, J.; Zaro, J.; Shen, Y. Advances in exosome-based drug delivery and tumor targeting: From tissue distribution to intracellular fate. Int. J. Nanomed. 2020, 15, 9355. [Google Scholar] [CrossRef]

	



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

	



Harrell, C.R.; Jovicic, N.; Djonov, V.; Arsenijevic, N.; Volarevic, V. Mesenchymal stem cell-derived exosomes and other extracellular vesicles as new remedies in the therapy of inflammatory diseases. Cells 2019, 8, 1605. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Li, G.; Tu, C.; Chen, X.; Yang, B.; Huo, Y.; Li, Y.; Chen, A.-Z.; Lan, P.; Zhang, Y.S. High-throughput single-cell analysis of exosome mediated dual drug delivery, in vivo fate and synergistic tumor therapy. Nanoscale 2020, 12, 13742–13756. [Google Scholar] [CrossRef] [PubMed]

	



Yang, N.; Ding, Y.; Zhang, Y.; Wang, B.; Zhao, X.; Cheng, K.; Huang, Y.; Taleb, M.; Zhao, J.; Dong, W.-F. Surface functionalization of polymeric nanoparticles with umbilical cord-derived mesenchymal stem cell membrane for tumor-targeted therapy. ACS Appl. Mater. Interfaces 2018, 10, 22963–22973. [Google Scholar] [CrossRef]

	



Ankrum, J.A.; Ong, J.F.; Karp, J.M. Mesenchymal stem cells: Immune evasive, not immune privileged. Nat. Biotechnol. 2014, 32, 252–260. [Google Scholar] [CrossRef]

	



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. 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]

	



Rani, S.; Ryan, A.E.; Griffin, M.D.; Ritter, T. Mesenchymal stem cell-derived extracellular vesicles: Toward cell-free therapeutic applications. Mol. Ther. 2015, 23, 812–823. [Google Scholar] [CrossRef]








[image: Ijms 23 13974 g001 550] 





Figure 1. Biogenesis of extracellular vesicles (EVs) from cells. Exosome biogenesis is complex; different molecules contribute to biogenesis, trafficking, and section of exosomes (I). Exosomes are formed within multivesicular bodies (MVBs) located inside cells. MVBs may fuse with the plasma membrane (A), back-fuse with the plasma membrane (B), and fuse with lysosomes (C). Rabs participate in intracellular trafficking MVBs. Microvesicles are originated from the plasma membrane (II), and apoptotic bodies are formed from apoptotic cells (III). EVs can target cells in three possible ways: internalization, fusion, and receptor-ligand interaction. This figure is reused from our published article [24], under the article’s Creative Commons license. The Creative Commons CC BY license permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/ (accessed on 4 November 2022). 
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Figure 2. Role of exosomes from MSCs (MSCs-Exo) in promoting tumor. 
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Figure 3. Role of exosomes from MSCs (MSCs-Exo) in inhibiting tumor. 
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Figure 4. Exosomes from MSCs (MSCs-Exo) can be used as a drug delivery system. Commonly two methods are used to produce exosomes containing therapeutic agents known: the direct method and the indirect method. In direct method: MSCs-Exo are isolated and then loaded with therapeutic agents. In the indirect method: MSCs cells are modified to produce optional exosomes. Loading methods, including overexpression, transfection, electroporation, and incubation, are commonly used to load therapeutic agents. 
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Figure 5. Improving the tumor-targeting ability of exosomes from MSCs (MSCs-Exo). In this theme, MSCs-Exo are modified in their content and surface to increase therapeutic efficiency. Molecules such as galectin-9 siRNA, hyaluronic acid, folate receptor, erastin, and metalloproteinases (MMPs) are used to engineer MSCs-Exo. These exosomes can be named engineered exosomes which can smartly deliver the therapeutic agent to tumor cells. 
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Table 1. Types of extracellular vesicles.
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	Extracellular Vesicles
	Size
	Markers
	Mechanism of Generation





	Exosomes
	30–150 nm
	CD9, CD63, CD81, Tsg101
	Generated from MVBs through ESCRT-dependent or/and ESCRT-independent mechanism and secreted out of cells upon fusion of MVBs with the plasma membrane



	Microvesicles
	100–1000 nm
	Annexin A1, ARF6
	Pocketing from membrane protrusions/the plasma membrane detaching



	Apoptotic bodies
	1000–6000 nm
	Phosphatidylserine
	Produced from apoptotic cells
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Table 2. Promoting function of MSCs-Exo.
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	MSCs Source
	Targeted Tumor
	Exosomes Cargo
	Function
	Ref.





	Bone marrow
	Multiple myeloma
	PSMA3 and PSMA3-AS1
	Promote tumor drug resistance
	[33]



	Mouse bone marrow
	Multiple myeloma
	Cytokines
	Promote the proliferation and migration/drug resistance of tumor cells
	[34]



	Human bone marrow
	Lung cancer
	miRNA-21-5p
	Promote the growth and migration of tumor cells
	[35]



	Human bone marrow
	Breast cancer
	TGF-β, C1q, and semaphorins
	Accelerating breast cancer metastasis
	[36]



	Human bone marrow
	Nasopharyngeal carcinoma
	FGF19
	Induce nasopharyngeal carcinoma growth
	[37]



	Human umbilical cord
	Gastric cancer
	-
	Promote invasive and EMT ability of tumor cells
	[38]



	Human umbilical cord
	Breast cancer
	Platelet-derived growth factor
	Promote the angiogenic potential
	[39]



	Human umbilical cord
	Breast cancer
	-
	Promote the angiogenic potential
	[40]



	Tumor associated MSCs
	Gastric cancer
	G6PD-NF-κB-HGF
	Promote tumor cell proliferation
	[41]



	Mouse bone marrow
	Breast cancer
	miRNA-16
	Promote the angiogenic potential
	[42]
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Table 3. Suppression function of MSCs-Exo.
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	MSCs Source
	Targeted Tumor
	Exosomes Cargo
	Function
	Ref.





	Human bone marrow
	Leukemia
	miRNA-223-3p
	Suppress leukemia cell proliferation and induce apoptosis
	[73]



	Human bone marrow
	Breast cancer
	miRNA-100
	Inhibit tumor cell progression
	[74]



	Human umbilical cord
	Endometrial cancer
	miRNA-302a
	Suppress the proliferation and migration of tumor cells
	[75]



	Adipose tissue
	Hepatocellular carcinoma
	miRNA-122
	Promote the antihepatocellular carcinoma influence of sorafenib
	[76]



	Adipose tissue
	Hepatocellular carcinoma
	miRNA-199a
	Increase HCC chemosensitivity
	[77]
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