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Advances in our understanding of cancer biology have contributed to generating different treatments to improve the survival of cancer patients. However, although initially most of the therapies are effective, relapse and recurrence occur in a large percentage of these cases after the treatment, and patients then die subsequently due to the development of therapy resistance in residual cancer cells. A large spectrum of molecular and cellular mechanisms have been identified as important contributors to therapy resistance, and more recently the inflammatory tumor microenvironment (TME) has been ascribed an important function as a source of signals generated by the TME that modulate cellular processes in the tumor cells, such as to favor the acquisition of therapy resistance. Currently, extracellular vesicles (EVs) are considered one of the main means of communication between cells of the TME and have emerged as crucial modulators of cancer drug resistance. Important in this context is, also, the inflammatory TME that can be caused by several conditions, including hypoxia and following chemotherapy, among others. These inflammatory conditions modulate the release and composition of EVs within the TME, which in turn alters the responses of the tumor cells to cancer therapies. The TME has been ascribed an important function as a source of signals that modulate cellular processes in the tumor cells, such as to favor the acquisition of therapy resistance. Although generally the main cellular components considered to participate in generating a pro-inflammatory TME are from the immune system (for instance, macrophages), more recently other types of cells of the TME have also been shown to participate in this process, including adipocytes, cancer-associated fibroblasts, endothelial cells, cancer stem cells, as well as the tumor cells. In this review, we focus on summarizing available information relating to the impact of a pro-inflammatory tumor microenvironment on the release of EVs derived from both cancer cells and cells of the TME, and how these EVs contribute to resistance to cancer therapies.
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Introduction

Due to its high prevalence and mortality, cancer is now considered as the leading cause of death worldwide as defined by the World Health Organization (WHO) in 2019 (1). This multifactorial disease is characterized by the presence of cells that constantly proliferate in a rapid and uncontrolled manner (2). Currently, several methods exist for the treatment of cancer, including radiation therapy, surgery, immunotherapy, endocrine therapy, gene therapy and chemotherapy, the latter being the most commonly employed therapeutic approach (3).

While cancer treatments are initially quite successful, the long-term of success of such interventions is often limited by the development of drug resistance. As an example, in chemotherapy, 90% of cancer patient mortality is attributable to drug resistance (3). Processes leading to resistance can be segregated into two major categories, referred to as intrinsic or extrinsic, depending on whether the resistance was pre-existing in cancer cells, or subsequently acquired in response to treatment, respectively (4). Nevertheless, both types of resistance share common mechanisms that permit escaping cancer therapy, such as enhanced drug efflux, changes in drug targets, metabolic adaptations, dysregulation of the DNA damage repair machinery, defective apoptotic signaling, activation of pro-survival signaling, and other adaptive cellular responses (3, 5, 6).

Solid tumors display great cell heterogeneity and, together with non-cellular components, are referred to as the tumor microenvironment (TME) (7). The bidirectional communication between tumor cells and the surrounding stromal components plays a critical role in the regulation of tumor progression by favoring processes, such as metastasis and therapeutic resistance (8). The TME consists of non-cellular components, such as the extracellular matrix, and stromal cells, including cancer-associated fibroblasts (CAFs), mesenchymal cells, endothelial cells, adipocytes, and immune cells like the tumor associated macrophages (TAMs) (8). The TME is described as a pro-inflammatory microenvironment given that many of the cells present are inflammatory cells, and many cells of the TME have the ability to secrete pro-inflammatory molecules in response to different conditions including, but not limited to, hypoxia or chemotherapy (9–13). Pro-inflammatory processes also contribute to tumor progression, making the ability to suppress such events highly desirable for the successful outcome of treatments (9, 14). Thus, although cancer therapy has focused for many years primarily on tumor cells as the targets, the importance of the TME and interactions between tumor cells and the stromal components in promoting tumor development and progression, makes targeting these interactions an increasingly interesting option for cancer treatment (7, 15).

Intercellular communication in the TME is mediated by soluble factors such as cytokines, chemokines, growth factors, and extracellular vesicles (EVs) (16). EVs are a heterogeneous group of cell-derived membranous structures that are released to the extracellular space and are involved in multiple physiological and pathological processes, given that they represent vehicles for the transfer of a large variety of molecules to recipient cells, including DNAs, mRNAs, proteins, microRNAs (miRNA), long non-coding RNAs (LncRNAs), lipids, and metabolites. These days, the release and uptake of EVs is considered an important mechanism of intercellular communication and EVs are classified into two main groups according to their origin, namely exosomes that are of endosomal origin (30–150 nm in diameter), and microvesicles that are liberated directly from the plasma membrane (MVs, 50–500 nm in diameter), including apoptotic bodies (17). The content of the EVs is decisive in determining the phenotypic changes that may be triggered in recipient cells, and this in turn depends on the origin and the state of the cell when the vesicles are generated (18). For instance, EVs control several physiologically important functions such as immune surveillance, blood coagulation, stem cell maintenance and tissue repair. On the other hand, in some contexts, EVs have a pathological role. For example, EVs can favor the development of cancer, autoimmune diseases, prion diseases, neurodegeneration and HIV infection (19). Furthermore, EVs have been implicated in the acquisition of the hallmarks of cancer and driving tumor progression by promoting communication between cancer cells and the tumor microenvironment (20).

To contextualize the concept of EVs, the International Society for Extracellular Vesicles (ISEV) suggests minimal requirements to define vesicles as EVs (21). In general, EVs are structures with a lipid bilayer that are unable to replicate and lack a functional nucleus. In terms of specific markers, there is no consensus that permits clearly defining EVs of endosomal origin (exosomes) or those derived from the plasma membrane (ectosomes, microparticles, or microvesicles). Moreover, experimental limitations generally do not allow separating the different EV subpopulations. However, the ISEV recommends the use of size to define such subpopulations, and following those guidelines they can be separated into two main groups, small EVs (sEVs) (<200 nm in diameter, and medium/large EVs (m/lEVs) (>200 nm in diameter). Besides size, EVs also should be characterized by the presence of at least three positive protein markers of EVs and one negative marker to evaluate contamination by vesicles from other subcellular compartments. If an EV preparation does not meet these minimal requirements, the use of the term extracellular particles (EPs) is recommended. Therefore, the processing of samples, depending on the source of the EVs (conditioned medium or biological fluids), the experimental conditions (hypoxia or serum concentration for example), and the methods used to separate and concentrate the EVs (ultracentrifugation, size exclusion chromatography, among others) are crucial to achieve the minimal requirements to obtain vesicles considered as EVs. In this context, there are several methods to separate and concentrate EVs, but each one is different in terms of recovery and specificity. Therefore, to evaluate a biological effect of EVs, such as transfer of therapy resistance, it is important to consider which method is used. In this review, we summarize the main results of several articles which isolate, characterize and describe the role of vesicles in therapy resistance. In most, but not all cases these can be defined as EVs by the aforementioned criteria.

The important role of EVs in the communication between cancer cells and the TME, and their contribution to the development of different hallmarks that drive tumor progression is well established (20). Moreover, the biogenesis of EVs and their content are modulated by the different stimuli and conditions present in the TME. In this context of note is the ability of pro-inflammatory conditions to promote the release of EVs, which endow cancer cells with traits that permit developing resistance to anti-cancer therapies (22). With this in mind, we will focus in this review on summarizing how the pro-inflammatory tumor microenvironment and EVs generated in this milieu contribute to the acquisition of cancer therapy resistance.



EVs in Cancer Therapy Resistance Induced by Hypoxia and Glycolysis

Hypoxia generates a pro-inflammatory TME that promotes resistance to cancer therapy (23). Several cell types are affected by hypoxic conditions that promote tumor cell survival, migration, invasion, and metastasis (24). Glycolysis appears as an important mechanism in this context. Indeed, a well-established hallmark of cancer that enhances tumor cell aggressiveness is metabolic reprogramming (25). Cancer cells impair mitochondrial respiration and convert to a glycolytic metabolism to obtain energy and intermediate metabolites required for tumor growth and metastasis (26). Consistent with the relevance of this switch, some drugs that prevent hypoxia-induced therapy resistance, like dichloroacetate, wogonin and baicalein, also inhibit glycolytic enzymes such as HKII, PDHK1, and LDHA (27–29). Moreover, inhibiting glucose uptake or the glycolytic pathway prevents hypoxia-induced therapy resistance (27, 30) due to HIF-1α downregulation mediated by the PTEN/PI3K/Akt/mTOR signaling pathway (28, 29, 31).

On the other hand, there is evidence suggesting that hypoxia-induced therapy resistance is independent of HIF-1α (32). Indeed, STAT3, rather than HIF-1α, appears as a key regulator in this process (33, 34). Circular RNA AKT3 (CircAKT3) is upregulated in cancer and inhibits miR-516b-5p, an inhibitor of STAT3, thereby promoting STAT3 activation and therapy resistance (35). One of the effects of the STAT3 activation is the downregulation of PTEN (36). Indeed, some authors have observed that activation of STAT3/Akt/MAP2K and PKM2/glycolysis are relevant in drug-resistant cells (35, 37). In addition to these cell intrinsic pathways, it has more recently become clear that cell extrinsic events involving EVs are important in events leading to therapy resistance.

Since hypoxia promotes EV production, several studies suggest that the hypoxia-related effects may be dependent on the delivery of proteins and nucleic acids present in EVs, which induce therapy resistance in recipient cells. Indeed, therapy-resistant cells are known to deliver EVs to therapy-sensitive cells and induce therapy resistance under hypoxic conditions (Supplementary Table 1). For instance, ovarian cancer cells exposed to hypoxia increase EV release by upregulating Rab27a and downregulating Rab7, LAMP1/2 and NEU-1. In this way, cisplatin-resistant cells deliver EVs containing STAT3 and FAS to sensitive cells and promote invasion through MMP2 expression and chemotherapy resistance under hypoxic conditions (38). Another mechanism observed in cancer cells exposed to hypoxia is the release of PKM2-containing EVs, which promote therapy resistance by stimulating glycolysis, ROS production and inhibiting apoptosis (39). In addition, EVs from oxaliplatin-resistant cancer cells deliver circR-122 to drug-sensitive cells. Here, circR-122 acts as a sponge for miR-122, the inhibitor of PKM2, thereby promoting PKM2 expression, glycolysis, and therapy-resistance (40). Moreover, other glycolytic enzymes, such as ALDOA and ALDH3A1, are detected in EVs of radiation-resistant cells. The transfer of these enzymes promotes glycolysis and aggressiveness in recipient cells (41).

HSP70 and Osteopontin are stress proteins that participate in hypoxia-induced radio- and chemotherapy resistance. HSP70 is present at the plasma membrane and naturally released in EVs. As hypoxia stimulates EV production, an increment in HSP70 levels in plasma is observed that promotes therapy resistance. Osteopontin expression also increases under hypoxic conditions. In fact, increases in HSP70 and Osteopontin are associated with decreased overall patient survival (42). Furthermore, small EVs from adriamycin-resistant cells contain HSP70 which directly targets mitochondria in recipient cells. In this way, HSP70 impairs mitochondrial function, promotes glycolysis, and induces therapy resistance in recipient cells (43). Taken together, these data suggest that therapy-resistant cells release EVs which promote glycolysis and therapy resistance in therapy-sensitive cells under hypoxic conditions. In this way, controlling EV content and/or glycolysis may represent a possible novel approach to target resistant tumor cells.



EV Release in Response to Chemotherapy and Acquisition of Therapy Resistance

Chemotherapy is another factor that contributes to generating an inflammatory TME by increasing the production of inflammatory cytokines or modulating cellular components of the TME, including the immune system (12). To date, chemotherapy remains the most frequently employed treatment for cancer. However although initially effective in a large percentage of patients, relapse often occurs within a few years following the treatment and patients die due to the development of drug resistance (44). A wide range of molecular and cellular mechanisms have been identified as important in contributing to the development of chemoresistance: 1) increased rates of drug efflux; 2) activation of survival signaling and inactivation of death signaling pathways; 3) epigenetic changes and 4) effects of the local tumor microenvironment (6). In this context, inflammation of the TME enhanced by chemotherapy also can contribute to the failure of therapy (13). Moreover, this microenvironment can promote the release of EVs from tumor cells that contribute to therapy resistance. Indeed, several reports show that chemotherapeutic agents induce the biogenesis and release of EVs from tumor cells with pro-tumorigenic activity, including the ability to transfer chemoresistance (45–49).

For example, cisplatin and paclitaxel based chemotherapy is widely used as first-line therapy in several cancers and leads to a significant reduction in the tumor size (50–52). However, the use of cisplatin for the treatment of ovarian cancer (OC) promotes the release of EVs that induce drug resistance in bystander cells by modulating the p38 and JNK signaling pathways to increase cisplatin resistance (53). Furthermore, EVs released from chemosensitive bladder cancer cells, in particular the non-stem cancer cell (NSCCs) population, in response to cisplatin or gemcitabine, another chemotherapeutic agent, also promote therapy resistance and additionally favor cancer stem cell (CSC) survival in response to chemotherapy (54). A proteomic analysis of the EV cargo implicated the transfer from NSCCs to CSCs present in the TME of protein synthesis/degradation machinery components, which are critical for CSC survival, maintenance, and plasticity. Even though, the large majority of NSCCs die in response to chemotherapy, they release EVs containing ribosomal proteins that are taken up by CSCs and induce protein synthesis, aiding CSCs in adapting to the post-therapy TME, ultimately resulting in resistance and disease (54).

Chemotherapy with paclitaxel also modulates EV biogenesis, thereby contributing to therapy resistance in recipient cells. In breast cancer cells, treatment with paclitaxel induces the release of exosomes highly enriched in the protein Survivin, a member of the inhibitor of apoptosis (IAP) protein family that blocks cell death (55), and the transfer of these exosomes to breast cancer cells promotes cell survival in a Survivin-dependent manner (56). Recent studies show that paclitaxel and doxorubicin chemotherapy increases the levels of miR-378a-3p and miR-378d, microRNAs associated with chemoresistance, in EVs derived from patients and preclinical models. The uptake of such EVs by recipient breast cancer cell promotes cancer stemness and chemoresistance via enhanced EZH2/STAT3 signaling (57). Paclitaxel and doxorubicin also promote the secretion of EVs from breast cancer cells, which contain several microRNAs that target the transcription factor One Cut Homeobox 2 (ONECUT2), a protein involved in the induction of CSC-like properties that allows cancer cells to survive in response to cytotoxic treatment and therefore contributes to chemoresistance (58). Doxorubicin also has been described to promote the release of EVs by another mechanism. Cancer cells treated with Doxorubicin stimulate the secretion of EVs enriched in the protein ATP-binding cassette sub-family B member 1 (ABCB1), a transporter involved in promoting the efflux of chemotherapeutic drugs (59), by the upregulation of Rab8B and downregulation of Rab5 proteins. Moreover, these EVs transfer ABCB1 to sensitive cancer cells and confer a transient drug-resistant phenotype by downregulation of Rab5 in the recipient cell (46).

In pancreatic cancer cells, following treatment with gemcitabine the acquisition of chemoresistance mediated by EVs has been described. In response to drug treatment, exosomes transfer to neighboring cells superoxide dismutase 2 (SOD2) and catalase (CAT) transcripts, which encode ROS-detoxifying enzymes, that improve cell viability in response to the chemotherapy (60). Furthermore, downregulation of the gemcitabine-metabolizing enzyme, deoxycytidine kinase (DCK) is in part responsible of chemoresistance acquisition via an indirect mechanism involving the transfer of its targeting miRNA (miR-155). Indeed, when pancreatic cells stimulated with the exosomes containing miR-155 were treated with anti-miR-155 to block the effect, the cells became more sensitive to gemcitabine. These findings show that DCK downregulation mediated by exosomes from gemcitabine treated cells provides a survival advantage to gemcitabine-treated pancreatic cells (60). Thus, chemotherapy has two major EV-related effects, on the one hand increasing EV production and on the other hand including pro-tumorigenic cargos, which when transferred to sensitive cells promote chemoresistance (Supplementary Table 2).



Macrophage-Derived Extracellular Vesicles in Cancer Drug Resistance

Tumor-associated macrophages (TAMs) are the major cellular component from the immune system in the TME (61) and key mediators of inflammation that contributes to many of the hallmarks of cancer (25). In fact, the high presence of TAMs in the tumor stroma is associated with tumor progression and poor prognosis, since they participate in tumor angiogenesis, matrix remodeling, invasion, metastasis, immunosuppression, and drug resistance (62–65).

As the main participants in the inflammatory response in the TME, macrophages mediate drug resistance in cancer cells through various molecular mechanisms. One of them involves the polarization of macrophages, whereby TAMs acquire characteristics similar to those of M2 macrophages. In breast cancer cells, SGLT1 overexpression drives glucose uptake and lactic acid secretion, which promotes macrophage polarization to M2-like TAMs that then activate the EGFR/PI3K/Akt/SGLT1 signaling pathway in the tumor cells to induce resistance to tamoxifen (66). Likewise, M2 macrophage polarization induces resistance to fluorouracil (5FU) treatment in gastric cancer cells by promoting cell survival via the PI3K/Akt/NF-κB pathway and inducing cell invasion through increasing the expression of integrin β3, FAK, and cofilin (67). Another report describes a similar mechanism whereby M2-polarized TAMs secrete CC chemokine ligand 2 [CCL2 also known as MCP-1)], which activates the PI3K/Akt/mTOR signaling pathway and promotes tamoxifen resistance in endocrine‐resistant breast cancer cells (68). Moreover, it has been observed that TAMs might be able to induce epithelial to mesenchymal transition (EMT) and consequently decrease sensitivity to the chemotherapeutic agent gemcitabine in pancreatic cancer cells (69). In addition, M2 macrophages induce the release of pyrimidine nucleosides, such as deoxycytidine, that confer resistance to gemcitabine in pancreatic cancer cells, by a mechanism of molecular competition at the level of drug uptake and metabolism (70).

However, the mechanisms responsible for cancer progression and drug resistance are currently being re-evaluated with the discovery of EVs as new players in this process. One of the principal mechanisms described is the exosomal transfer of miRNA from macrophages to tumor cells. For instance, it has been reported that TAM-derived EVs containing miR-365 induce resistance to gemcitabine in pancreatic adenocarcinoma cells, through a mechanism that involves an alteration in the metabolism of pyrimidine and an increase in cytidine-deaminase, the enzyme responsible for the inactivation of gemcitabine in humans (71). Similarly, EVs derived from a population of anti-inflammatory human macrophages contain proteins such as chitinase 3-like-1 and fibronectin, which decrease the sensitivity of pancreatic adenocarcinoma cells to gemcitabine by activating ERK (72). In oral squamous cell carcinoma (OSCC), EVs released by macrophages attenuate the susceptibility of cells to chemotherapeutic drugs, like 5-fluorouracil and cis-diaminedichloroplatinum, by activating the AKT/GSK−3β pathway (73). A similar mechanism has been reported in gastric cancer cells, where exosomal miR-21 is delivered by macrophages to cancer cells and prevents cisplatin-triggered apoptosis via inhibition of PTEN and subsequent activation of the PI3K/AKT pathway (74). Similarly, EVs shed from hypoxic macrophages transfer miR-223 to ovarian cancer cells to elicit a chemoresistant phenotype through the down-regulation of PTEN and activation of PI3K/AKT (75). Finally, crosstalk between neuroblastoma cells and human monocytes induces resistance to cisplatin through two exosomal signaling pathways involving the miR-21/TLR8-NF-кB and miR-155/TERF1 pathways (76).

Interestingly, the EV-mediated crosstalk between cancer cells and macrophages is bidirectional. EVs derived from ovarian cancer cells abundantly express exosomal miR-1246, which confers resistance to paclitaxel through inhibition of Caveolin-1 (CAV-1) and increased levels of multidrug resistance protein 1 (MDR1). Furthermore, ovarian cancer cells can also transfer their exosomal miR-1246 selectively to M2-type macrophages, which then produce lower CAV-1 mRNA levels. These results suggest that TAMs may indirectly play an important role in drug resistance mechanisms (77). Additionally, umbilical cord blood-derived M1 macrophage exosomes could be employed as vehicles for the administration of drugs in the treatment of platinum-resistant ovarian cancer cells (78). Taken together, these observations identify macrophages as important players in contributing to drug resistance. Furthermore, they uncover multiple signaling pathways involving the interaction between TAMs and cancer cells, whereby the pathway of choice appears to vary depending on the type of cancer cell and antitumor therapy (Supplementary Table 3). Importantly, they identify macrophage-derived EVs within the TME as promising molecular targets for restoring drug sensitivity, identifying potential drug response biomarkers and improving the efficacy of cancer therapies.



Adipocyte-Derived Extracellular Vesicles in Drug Resistance

Obesity-associated adipose tissue dysfunction is characterized by several local and systemic changes, such as elevated levels of pro-inflammatory factors, sex hormones, lipid metabolites and altered levels of adipokines, which are implicated in carcinogenesis, tumor progression, metastasis, and alterations in therapy responses (79).

Several studies have reported on the mechanisms by which adipocytes contribute to resistance to anticancer drugs. For instance, adipocytes induce FABP4 expression by promoting metastasis and mediating Carboplatin resistance in ovarian cancer cells. Alternatively, the inhibition of FABP4 leads to increased levels of DNA demethylation, impairs metastasis and sensitizes cancer cells to Carboplatin chemotherapy (80). Also, adipocyte-conditioned medium reduces the sensitivity of HER2+ breast cancer cells to the cytotoxic activity of Lapatinib and other tyrosine kinase inhibitors. Soluble factors released from adipocyte lipolysis are likely to be responsible for the reduced activity of Lapatinib on breast cancer cells exposed to the adipocyte-conditioned medium (81). Similarly, it has been reported that the conditioned media from adipocytes contribute to the resistance of melanoma cells to chemotherapeutic drugs (Cisplatin and Docetaxel) and therapeutic agents targeting the PI3K/Akt and MEK/ERK pathways (82). Along the same line, another study shows that adipocytes secrete soluble factors that increase resistance to chemotherapeutic drugs in ovarian cancer cells by activating the Akt pathway (83). Interestingly, adipocytes reportedly protect acute lymphoblastic leukemia (ALL) cells from chemotherapy drugs (84) and even sequester and metabolize Daunorubicin (DNR) to an inactive form, allowing nearby ALL cells to avoid DNR-induced cytotoxicity (85).

While the effects of adipocytes are well-documented, studies implicating adipocyte-derived EVs in drug resistance are limited. One study reported that EVs from cancer-associated adipocytes (CAAs) delivered the miR21 to ovarian cancer cells, where it suppresses apoptosis and induces Paclitaxel resistance, as well as an aggressive phenotype by binding directly to a novel target APAF1 (86). Also, crosstalk mediated by EVs between multiple myeloma (MM) cells and adipocytes has been described, whereby exosomal adipocyte LncRNAs contribute to MM therapy resistance and in turn, MM cells educate adipocytes through the EZH2/METTL7A/LncRNA axis (87). Finally, adipocytes confer a multidrug resistance phenotype to breast cancer cells by increasing the nuclear efflux of Doxorubicin (DOX) through a major vault protein (MVP)-dependent process and its expulsion from breast cancer cells via EVs (88). In summary (Supplementary Table 4), multiple mechanisms have been shown to be involved in adipocyte-mediated drug resistance in various cancers. However, less is known about the role of adipocyte-derived EVs in the mechanisms leading to drug resistance. One may anticipate that greater insight in this respect could contribute to the development of new strategies to prevent the development of drug resistance.



EVs From CAFs in Cancer Therapy Resistance

Cancer-associated fibroblasts (CAFs) are naturally resistant to cancer therapy. Moreover, CAFs contribute to therapy resistance through their crosstalk with cancer cells in several ways. Soluble compounds, such as cytokines and growth factors, have been implicated in this type of intercellular communication. For instance, therapy resistant CAFs produce and secrete IL-6, which has paracrine effects in cancer cells, thereby promoting chemotherapy resistance. Indeed, IL-6 upregulation is associated with poor prognosis in gastric cancer patients (89). IL-6 activates the JAK1/STAT3 signaling pathway in cancer cells (89, 90), and increases MDM2 expression, thereby promoting p53 polyubiquitination and degradation, which enhances cancer cell survival following drug treatment (91). In addition, IFN-β1 expression by CAFs is induced after the chemotherapy, leading to paracrine effects in breast cancer cells. The expression of IFN-β1 is related to reduce survival after chemotherapy (92). Furthermore, IL-1, in association with TGF-β1, induces the recruitment and transformation of normal fibroblasts to CAFs, which subsequently secrete pro-inflammatory factors that activate JAK/STAT and PI3K/Akt pathways in cancer cells, finally promoting therapy resistance (93). Moreover, patient-derived xenografts (PDX) resistant to cetuximab express higher levels of TGF-β1 in CAFs than xenografts sensitive to drug treatment (94). TGF-β1 secreted by CAFs upregulates the expression of ATF4 in cancer cells via the SMAD2/3 pathway. ATF4 promotes the expression of ABCC1 which favors the development of multiple drug resistance in cancer cells by extrusion of chemotherapy drugs (95). Also, CAFs secrete IGF-1 and HGF, as well as induce ANXA2 expression, which is required for CAF-induced EMT and therapy resistance (96). Also, CAFs secrete stromal cell-derived factor 1 (SDF-1 also known as CXCL12) which induces cancer cell drug resistance via a CXCR4, NF-κB and Bcl-xL-mediated signaling pathway (97). Finally, BDNF released from CAFs promotes therapy resistance via the TrkB/Keap1-Nrf2 pathway. Cancer cell-derived lactate upregulates BDNF expression in CAFs via the NF-κB pathway, thereby promoting a feedback amplification loop (98).

Soluble factors are however not the only components released by CAFs. Indeed, many molecules implicated in conferring drug resistance are transferred from CAFs to cancer cells in EVs. Moreover, there is strong evidence highlighting the relevance of EVs derived from CAFs in promoting cancer cell survival, proliferation, and subsequently drug resistance. Furthermore, the transfer of miRNAs in EVs from CAFs to cancer cells is commonly observed in connection with therapy resistance. Indeed, controlling the expression of pumilio homolog 2 protein (PUM2), an RNA-binding protein, appears to represent a novel mechanism to prevent therapy resistance. This protein is responsible for the packaging of miRNA-130a into exosomes, which are delivered from CAFs to lung cancer cells and promote cisplatin resistance (99). Another miRNA delivered by CAFs to cancer cells is miR-196a, which targets CDKN1B and ING5 in head and neck cancer cells and also confers cisplatin resistance (100). Moreover, gemcitabine resistant CAFs transfer miR-106b-containing EVs to pancreatic cancer cells, thereby promoting therapy resistance by targeting TP53INP1 (101), also known to be implicated in inducing drug-resistance in GC and BC (102, 103). In OC, paclitaxel-resistant CAFs transfer miR-21 containing EVs to cancer cells targeting APAF1 and apoptosis, thereby promoting therapy resistance (86). The latter mechanism has also been shown to be relevant in melanoma (104). Another miRNA delivered from CAFs to cancer cells related with paclitaxel resistance is miR-148b-3p, which induces the PTEN/Wnt/β-catenin pathway (105). This signaling pathway is also targeted by miR-92a-3p-containing EVs from CAFs in chemoresistant colorectal cancer cells (106). Also, miR-24-3p is transferred from CAFs to colon cancer cells targeting CDX2 and HEPH and promoting methotrexate resistance (107). Finally, prostate cancer cells acquire therapy resistance after miR-423-5p transfer in EVs from CAFs, which activates the TGF-β signaling pathway and controls Gremlin-2 expression (108).

However, miRNAs are not the only molecules relevant in therapy resistance delivered from CAFs to cancer cells. EVs containing Annexin-6 are transferred from CAFs to gastric cancer cells, thereby promoting therapy resistance though β1 Integrin/FAK-YAP activation (109). Moreover, lncRNA are delivered from CAFs to cancer cells. In fact, the lnc-RNA AFAP1-AS1 is present in CAF EVs and enhances the translation of ERBB2 mRNA by binding to AUF1, to induce the upregulation of HER-2 protein levels and subsequently trastuzumab resistance in breast cancer cells (110). Also, colorectal cancer associated lncRNA is transferred from CAFs to cancer cells through EVs and interacts with the mRNA stabilizing protein HuR (human antigen R) to increase β-catenin mRNA and protein levels, thereby promoting oxaliplatin resistance (111).

In summary (Supplementary Table 5), CAFs are resistant to therapy, and transfer proteins, miRNAs and lncRNAs in EVs to cancer cells. In doing so, CAFs induce therapy resistance. Thus, modulating either EV production by CAFs or their content could represent a novel therapeutic option for the treatment of non-sensitive tumors.



CSC-Derived EVs in Therapy Resistance

In the TME, there are different types of cells that contribute to tumor progression, and specifically within tumors there is a small population with referred to as cancer stem cells (CSCs), which display the capacity of self-renewal, the ability to differentiate to other cell types and thereby to initiate, as well as maintain tumor growth (112). These cells are held responsible for generating drug resistance in many types of tumors because they display several properties that permit escaping from the consequences of chemotherapy. Moreover, they also can convert into many cell types associated with drug resistance, as mentioned previously (6, 112–114). Consistent with the relevance of the TME, CSCs are considered a component of this pro-inflammatory network because CSCs express different cytokine receptors, which bind to inflammatory cytokines, such as interleukin (IL)-1, IL-6, and IL-8, present in the TME (115). Since drug resistance is one of the main properties of CSCs, EVs released by these cells can transfer therapy resistance to sensitive tumor cells by delivering specific molecules that activate a drug resistance phenotype in the recipient cells.

For example, in a hepatocellular carcinoma (HCC) model, CSCs were found to release larger amounts of exosomes, a sub-type of EVs, in comparison with the non-CSC population of the tumor cells, and the secretion was mediated by Rab27a (116). Interestingly, the exosomes derived from the CSCs upregulate the expression of Nanog in recipient tumor cells and the acquisition of regorafenib resistance (116). To identify cells with CSC properties in the TME, several markers have been identified. A protein typically identified in several types of cancers is the transmembrane glycoprotein CD133 (117). For instance, Kang et al. reported that colon cancer cells release EVs containing CD133 in response to epidermal growth factor (EGF). In addition to activating the NF-κB signaling pathway, these EVs transfer the oncogenic protein KRAS to the recipient cells, thereby promoting the development of resistance against anti-EGF receptor (EGFR) drugs (118).

The CSCs are commonly found in hypoxic niches in tumors and hypoxia promotes CSC survival (119). In this context, Yin and colleagues observed that EVs derived from hypoxic glioma stem cells (GSCs) transfer temozolomide resistance to glioblastoma cells by delivering the miR-30b-3p, which targets RHOB to avoid apoptosis induced by the drug (120). Another study suggested that exosomes secreted by hypoxic glioma cells, which are enriched in CSCs, transfer the miR-301a and activate the Wnt/β-catenin signaling pathway by targeting TCEAL7 in glioblastoma cells, thereby promoting radiotherapy resistance (121).

A study in pancreatic cancer (PC) identified another miRNA responsible for therapy resistance mediated by CSC-EVs. Yang et al. reported that exosomes derived from pancreatic CSCs, which are resistant to gemcitabine, have high levels of miR-210. Transfer of this miRNA in exosomes to sensitive cells activates the mammalian target of rapamycin (mTOR) signaling pathway conferring resistance to gemcitabine-sensitive pancreatic cancer cells (122). In addition, CSC-EVs derived from OSCC contain miR-21-5p, another microRNA that activates mTOR. Such EV-mediated delivery of miR-21-5p and activation of the PI3K/mTOR/STAT3 signaling pathway in OSCC cells, leads to cisplatin resistance, increased clonogenicity and tumor sphere formation potential (123).

Another mechanism favoring the development of tumor cell resistance to anti-cancer therapies is activation of the EMT, because cells which activate this process acquire CSC properties (124). In this context, the role of exosomes as regulators of EMT has been investigated in many studies (125). Thus, by triggering this mechanism in recipient tumor cells, CSC-EVs also could transfer resistance to therapy. For example, it has been reported that miR-155 is an important regulator of EMT (126). Therefore, horizontal transfer of this miRNA mediated by EVs could confer resistance to therapy. Santos et al. demonstrated that exosomes derived from breast CSCs contain high levels of miR-155, and transfer of this miRNA to sensitive breast cancer cells reduces c/EBP-β activity, downregulate TGF-β and targets directly FOXO3a genes, resulting in the activation of EMT and acquisition of a chemoresistance phenotype against doxorubicin- and paclitaxel (127). In glioblastoma there is subtype of GSC called proneural (PN)-GSC and a more aggressive subtype called mesenchymal (MES)-GSC which display increased radio and chemoresistance. EVs derived from such MES-GSC cells increase stemness of normal PN cells, as well as therapeutic resistance to temozolomide, by inducing EMT through activation of the NF-κB/STAT3 signaling axis (128). Another example in which EMT is triggered by exposure to CSC-EVs has been reported for colon CSC-derived exosomes. These EVs contain Claudin-7, which induces EMT in low metastatic recipient cells, and likely also therapy resistance (129). Like CD133 in pancreatic cancer, CD44v6 is a marker of CSCs that promotes EV secretion. The transfer of such exosomes promotes resistance to apoptosis, as well as EMT in recipient cells by G protein-coupled receptor (GPCR) and integrin activation, transcription of EMT factors, and reduction of miRNA which target mRNAs from genes that contribute to self-renewal potential and migratory activity (130).

Finally, therapy resistance can be promoted indirectly by modulating the TME (131). CSC-derived EVs potentially modify the phenotype of many different types of cells in the TME and contribute thereby to therapy resistance. For instance, EVs liberated by renal CSCs promote in vitro the formation of capillary-like structures in matrigel (a proxy for vasculogenesis) and prevent doxorubicin-induced apoptosis in endothelial cells, which are required for tumor growth (132). In summary (Supplementary Table 6), CSCs display intrinsic properties that permit escaping from different types of anti-cancer treatments. Moreover, and quite importantly, they can transfer these properties via EVs to different cells present in the TME, which thereby become therapy resistant and this contributes to tumor progression.



EVs in Antibody-Based Cancer Therapy Resistance

Several soluble pro-inflammatory factors released from cellular components of the TME activate signaling pathways in target cells that contribute to the tumor progression. Therefore, different therapies which block the interaction between such soluble factors and their receptors in cells have been developed. Antibody-based cancer therapy is one of the technologies used to block such interactions. The antibodies either bind specifically to the soluble factor neutralizing its effect or can target the surface receptor of the soluble factor and block its interaction with the ligand, therefore precluding triggering pro-tumorigenic signals (133). Among the different antibody-based cancer therapies, antibodies are commonly employed which block signaling pathways that promote development of the pro-inflammatory TME, such as those against vascular endothelial growth factor (VEGF), epidermal growth factor receptor (EGFR) or human epidermal growth factor receptor 2 (HER2) (134). Unfortunately, although antibody-based cancer therapy has proven to be successful, some patients also develop resistance to these types of treatment by different mechanisms (135, 136).

In this context, there is evidence demonstrating that EVs also participate in the development of resistance to antibody-based cancer therapy (Supplementary Table 7). One example is the antibody therapy against HER2, a receptor of the EGFR family, that promotes pro-tumorigenic properties by triggering different signaling pathways and is overexpressed in the 25-30% of BC (137, 138). HER2 triggers the IL-1α pro-inflammatory signaling pathway, which is important for maintenance of the CSC phenotype in HER2-positive breast cancers (139). Trastuzumab is a monoclonal antibody against HER2 which has yielded positive results in the treatment of metastatic breast cancer in patients with tumors overexpressing HER2 (140). Ciravolo et al. observed in the serum of HER2 breast cancer patients and in conditioned medium of HER2-overexpressing breast cancer cells the presence of exosomes containing functional HER2 protein. Importantly, release of these exosomes is modulated by the activation of HER2 in response to two different ligands (141). Moreover, these exosomes containing HER2 have the capability to bind trastuzumab in vitro, suggesting they act as antibody sponges and contributing therapy resistance by reducing trastuzumab availability for therapeutic purposes (141). Another way in which EVs can contribute to antibody-based cancer therapy resistance was observed using EGFR as a target. In cancer, EGFR activity drives tumorigenesis in different types of cancer since sustained activation triggers signaling pathways favoring cell survival, proliferation and migration that all contribute to tumor progression (142). Like HER2, the EGFR promotes CSC-like activity and tumor progression by activation of pro-inflammatory signaling (143). For this reason, the EGFR is considered a good candidate for targeted therapy. At least four EGFR-specific antibodies are used in clinical settings, namely cetuximab, panitumumab, nimotuzumab and necitumumab (144). Unfortunately, here too cases have been reported where cancer patients develop resistance to the treatments involving these antibodies (145, 146). For instance, OSCC is one of the cancers typically treated with the anti-EGFR antibody cetuximab; however resistance to this drug has been observed, since OSCC release EVs containing EGFR in response to EGF or cetuximab. These EVs can bind to and sequester cetuximab providing thereby a mechanism to explain how resistance against therapeutic anti-EGFR antibodies can develop (147).

Tumor progression depends on multiple cellular process, but angiogenesis is considered one of the most important due to its relevance in supplying the primary tumor with oxygen and nutrients that promote growth, facilitate the dissemination of tumor cells to generate metastasis, and contribute to inflammation in cancer (148, 149). Therefore pro-angiogenic factors are excellent therapeutic targets for antibody-based cancer therapy. Particularly VEGF and its receptor are the most common angiogenic signaling molecules used as targets in the treatment of several types of cancer (150). Again, although such antibody-based treatments have a favorable impact on cancer patient survival, the effects are not permanent due to the development of resistance (151). In this context, EVs also contribute to the acquisition of resistance to therapies that target VEGF signaling. Bevacizumab is a humanized monoclonal anti-VEGF antibody used to treat several solid tumors (152). In glioblastoma, bevacizumab is used as a therapeutic agent to block angiogenesis (153). However, glioblastoma cells have the ability to internalize and sort the antibody to the surface of the EVs produced by these cells, as well as change the proteome of the EVs released, which in combination is associated with therapeutic resistance (154). VEGF also can be sorted to the surface of tumor cell EVs. An isoform of VEGF (VEGF189) is preferentially found on the surface of the EVs, where in conjunction with heparin, it can sequester bevacizumab, thereby contributing to therapy resistance (155). Recently, other EV-specific mechanisms relating to anti-VEGF therapy resistance have been described. VEGF produced by tumor cells is captured by the protein CD63 present on the surface of EVs and packaged within the EVs in response to anti-VEGF therapy. This process reduces the accessibility of bevacizumab to the VEGF (156). On the other hand, the VEGF loaded inside the EVs can be internalized by endothelial cells where it triggers intracellular signaling events that promote angiogenesis and therefore generate resistance to the anti-VEGF therapy (156).



Conclusions

During the past decades our understanding of the mechanisms leading to therapy resistance has evolved from focusing exclusively on intrinsic properties of tumor cells to implicating also the inflammatory TME. Indeed, cells of the inflammatory TME are resistant to therapy and transfer this ability to tumor cells. EVs are relevant mediators of signaling between cells. In different contexts, EVs participate in physiological and pathological events. In cancer, EVs have been implicated in transformation, progression and metastasis, due to their ability to communicate between cancer cells and the tumor microenvironment. However, the role of EVs in transferring therapy resistance from stromal to tumor cells has only become apparent in more recent years. In this review, we summarized the studies describing the relevance of vesicles (generally defined as EVs following the ISEV guideline) in the development of therapy resistance following chemotherapy. In this context, EVs have been shown to transfer protein/miRNA/lncRNA cargos from the TME to tumor cells, to modulate survival, metabolism and EMT in these recipient cells (Figure 1).




Figure 1 | Role of Extracellular Vesicles in Cancer Therapy Resistance. The tumor microenvironment (TME) is involved in the initiation and maintenance of resistance to therapies by multiple molecular mechanisms. Specifically, extracellular vesicles derived from TME cells (e.g., cancer-associated fibroblasts, endothelial cells, cancer stem cells, immune cells, and adipocytes) transfer a variety of bioactive molecules, including mRNA, miR, lncRNA and proteins, which all play important roles in the communication between stromal components and tumor cells, activating in the latter signaling pathways that lead to cancer therapy resistance. In addition, resistance to therapy can be triggered by an inflammatory TME caused by conditions, such as hypoxia, or following chemotherapy, which modulate the content and release of EVs and alter the responses of tumor cells to cancer therapies. EVs also participate in resistance to antibody-based cancer therapy where cancer-derived extracellular vesicles package elevated amounts of validated targets for cancer treatment (e.g., VEGF, EGFR, and HER2), which are recognized by therapeutic antibodies and compromise the response of cancer cells to these therapies. TP53INP1: tumor protein p53 inducible nuclear protein 1; CDKN1B: cyclin-dependent kinase inhibitor 1B; ING5: inhibitor of growth family 5; FAK: focal adhesion kinase; YAP: yes-associated protein 1; PUM2: pumilio homolog 2 protein; AUF1: AU-binding factor 1; HER2: human epidermal growth factor receptor 2; CDX2: caudal‐related homeobox 2; HEPH: hephaestin; TGF-β: transforming growth factor β; GREM2: gremlin 2; APAF-1: apoptotic peptidase activator factor 1; RHOB: ras homolog family member B; TCEAL7: transcription elongation factor A-like 7; mTOR: mammalian target of rapamycin; PI3K: phosphoinositide-3-kinase; STAT3: signal transducer and activator of transcription 3; c/EBP-β: CCAAT enhancer binding protein-β; FOXO3a: forkhead box O3a; EMT: epithelial-mesenchymal transition; AFAP1-AS1: actin filament associated protein 1 antisense RNA 1; EZH2: enhancer of zeste homolog 2; METTL7A: methyltransferase like 7A; LncRNA: long noncoding RNA; SNHG1: small nucleolar RNA host gene 1; NTP: triphosphate-nucleotide; CDA: cytidine-deaminase; TERF: telomeric repeat-binding factor 1; GSK3β: glycogen synthase kinase 3 β; ROS: reactive oxygen species; FAS: fatty acid synthase; HSP70: heat shock 70 kDa protein; ONECUT2: factor One Cut Homeobox 2; ABCB1: ATP-binding cassette sub-family B member 1; CAT: catalase; SOD2: superoxide dismutase 2; DCK: deoxycytidine kinase; EGFR: epidermal growth factor receptor; VEGF: vascular endothelial growth factor; ALDH3A1: aldehyde dehydrogenase 3 family member A1; ALDOA: aldolase A; CHI3L1: chitinase 3-like-1. The figure was created with BioRender.com.



After cancer therapy, the resulting inflammatory microenvironment contains tumor-resistant cells, hypoxic cells, CSCs, macrophages, adipocytes, and fibroblasts, which transfer EVs to treatment-sensitive cells and promote therapy resistance. Several proteins (such as STAT3, fibronectin, Survivin), miRNAs (such as miR21, miR155, miR210), LncRNAs and circRNAs are common cargos of EVs involved in conveying resistance. These cargos activate signaling pathways (such as PI3K/Akt, ERK, RAS, FAK) in tumor cells, thereby inducing changes in metabolism, survival, metastatic potential, and subsequently therapy resistance. Moreover, another direct mechanism involved in therapy resistance is the transfer of the protein ABCB1 in EVs from therapy-resistant to sensitive cells. Uptake of ABCB1 by recipient cells enhances drug efflux and the acquisition of resistance to the cancer treatment. In addition, EVs can act as sponges that sequester antibodies used in antibody-based cancer therapy. An example here is the recruitment of trastuzumab which reduces its effects on cancer cells (Figure 1).

Taken together, this review highlights the relevance of EVs in the acquisition of therapy resistance after the development of an inflammatory tumor microenvironment following cancer treatment. By summarizing this literature, we hope to encourage the search for novel cancer treatments that also consider controlling EV production in the TME.



Author Contributions

LS, SS, BG-R, MV-G, and AQ organized the entire manuscript, wrote the draft, and revised the last version of the manuscript. Figure was designed by SS. All authors contributed to the article and approved the submitted version.



Funding

This research was funded by FONDECYT grants 1210644 (AQ) and 1190928 (MV-G), FONDAP grant 15130011 (AQ), ANID/BASAL/FB210008 (MV-G), ANID FONDECYT postdoctoral fellowship 3190330 (LS), ANID PhD fellowship 21211248 (SS).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.897205/full#supplementary-material



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA: Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Yip, HYK, and Papa, A. Signaling Pathways in Cancer: Therapeutic Targets, Combinatorial Treatments, and New Developments. Cells (2021) 10(3):659. doi: 10.3390/cells10030659

3. Bukowski, K, Kciuk, M, and Kontek, R. Mechanisms of Multidrug Resistance in Cancer Chemotherapy. Int J Mol Sci (2020) 21(9):3233. doi: 10.3390/ijms21093233

4. Mansoori, B, Mohammadi, A, Davudian, S, Shirjang, S, and Baradaran, B. The Different Mechanisms of Cancer Drug Resistance: A Brief Review. Advanced Pharm Bull (2017) 7(3):339–48. doi: 10.15171/apb.2017.041

5. Chern, YJ, and Tai, IT. Adaptive Response of Resistant Cancer Cells to Chemotherapy. Cancer Biol Med (2020) 17(4):842–63. doi: 10.20892/j.issn.2095-3941.2020.0005

6. Holohan, C, Van Schaeybroeck, S, Longley, DB, and Johnston, PG. Cancer Drug Resistance: An Evolving Paradigm. Nat Rev Cancer (2013) 13(10):714–26. doi: 10.1038/nrc3599

7. Belli, C, Trapani, D, Viale, G, D'Amico, P, Duso, BA, Della Vigna, P, et al. Targeting the Microenvironment in Solid Tumors. Cancer Treat Rev (2018) 65:22–32. doi: 10.1016/j.ctrv.2018.02.004

8. Quail, DF, and Joyce, JA. Microenvironmental Regulation of Tumor Progression and Metastasis. Nat Med (2013) 19(11):1423–37. doi: 10.1038/nm.3394

9. Zhao, H, Wu, L, Yan, G, Chen, Y, Zhou, M, Wu, Y, et al. Inflammation and Tumor Progression: Signaling Pathways and Targeted Intervention. Signal transduction targeted Ther (2021) 6(1):263. doi: 10.1038/s41392-021-00658-5

10. Triner, D, and Shah, YM. Hypoxia-Inducible Factors: A Central Link Between Inflammation and Cancer. J Clin Invest (2016) 126(10):3689–98. doi: 10.1172/JCI84430

11. D'Ignazio, L, Batie, M, and Rocha, S. Hypoxia and Inflammation in Cancer, Focus on HIF and NF-Kappab. Biomedicines (2017) 5(2):21. doi: 10.3390/biomedicines5020021

12. Edwardson, DW, Parissenti, AM, and Kovala, AT. Chemotherapy and Inflammatory Cytokine Signalling in Cancer Cells and the Tumour Microenvironment. Adv Exp Med Biol (2019) 1152:173–215. doi: 10.1007/978-3-030-20301-6_9

13. Vyas, D, Laput, G, and Vyas, AK. Chemotherapy-Enhanced Inflammation may Lead to the Failure of Therapy and Metastasis. OncoTargets Ther (2014) 7:1015–23. doi: 10.2147/OTT.S60114

14. Ritter, B, and Greten, FR. Modulating Inflammation for Cancer Therapy. J Exp Med (2019) 216(6):1234–43. doi: 10.1084/jem.20181739

15. Roma-Rodrigues, C, Mendes, R, Baptista, PV, and Fernandes, AR. Targeting Tumor Microenvironment for Cancer Therapy. Int J Mol Sci (2019) 20(4):840. doi: 10.3390/ijms20040840

16. Hou, PP, and Chen, HZ. Extracellular Vesicles in the Tumor Immune Microenvironment. Cancer Lett (2021) 516:48–56. doi: 10.1016/j.canlet.2021.05.032

17. van Niel, G, D'Angelo, G, and Raposo, G. Shedding Light on the Cell Biology of Extracellular Vesicles. Nat Rev Mol Cell Biol (2018) 19(4):213–28. doi: 10.1038/nrm.2017.125

18. Yanez-Mo, M, Siljander, PR, Andreu, Z, Zavec, AB, Borras, FE, Buzas, EI, et al. Biological Properties of Extracellular Vesicles and Their Physiological Functions. J extracellular vesicles (2015) 4:27066. doi: 10.3402/jev.v4.27066

19. ELA, S, Mager, I, Breakefield, XO, and Wood, MJ. Extracellular Vesicles: Biology and Emerging Therapeutic Opportunities. Nat Rev Drug Discovery (2013) 12(5):347–57. doi: 10.1038/nrd3978

20. Kanada, M, Bachmann, MH, and Contag, CH. Signaling by Extracellular Vesicles Advances Cancer Hallmarks. Trends Cancer (2016) 2(2):84–94. doi: 10.1016/j.trecan.2015.12.005

21. Thery, C, Witwer, KW, Aikawa, E, Alcaraz, MJ, Anderson, JD, Andriantsitohaina, R, et al. Minimal Information for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position Statement of the International Society for Extracellular Vesicles and Update of the MISEV2014 Guidelines. J extracellular vesicles (2018) 7(1):1535750. doi: 10.1080/20013078.2018.1461450

22. Liu, C, and Su, C. Design Strategies and Application Progress of Therapeutic Exosomes. Theranostics (2019) 9(4):1015–28. doi: 10.7150/thno.30853

23. Jing, X, Yang, F, Shao, C, Wei, K, Xie, M, Shen, H, et al. Role of Hypoxia in Cancer Therapy by Regulating the Tumor Microenvironment. Mol Cancer (2019) 18(1):157. doi: 10.1186/s12943-019-1089-9

24. Zhang, Y, Coleman, M, and Brekken, RA. Perspectives on Hypoxia Signaling in Tumor Stroma. Cancers (2021) 13(12):3070. doi: 10.3390/cancers13123070

25. Hanahan, D, and Weinberg, RA. Hallmarks of Cancer: The Next Generation. Cell (2011) 144(5):646–74. doi: 10.1016/j.cell.2011.02.013

26. Warburg, O. On the Origin of Cancer Cells. Science (1956) 123(3191):309–14. doi: 10.1126/science.123.3191.309

27. Xuan, Y, Hur, H, Ham, IH, Yun, J, Lee, JY, Shim, W, et al. Dichloroacetate Attenuates Hypoxia-Induced Resistance to 5-Fluorouracil in Gastric Cancer Through the Regulation of Glucose Metabolism. Exp Cell Res (2014) 321(2):219–30. doi: 10.1016/j.yexcr.2013.12.009

28. Wang, H, Zhao, L, Zhu, LT, Wang, Y, Pan, D, Yao, J, et al. Wogonin Reverses Hypoxia Resistance of Human Colon Cancer HCT116 Cells via Downregulation of HIF-1alpha and Glycolysis, by Inhibiting PI3K/Akt Signaling Pathway. Mol carcinogenesis (2014) 53(Suppl 1):E107–18. doi: 10.1002/mc.22052

29. Chen, F, Zhuang, M, Zhong, C, Peng, J, Wang, X, Li, J, et al. Baicalein Reverses Hypoxia-Induced 5-FU Resistance in Gastric Cancer AGS Cells Through Suppression of Glycolysis and the PTEN/Akt/HIF-1alpha Signaling Pathway. Oncol Rep (2015) 33(1):457–63. doi: 10.3892/or.2014.3550

30. Cao, X, Fang, L, Gibbs, S, Huang, Y, Dai, Z, Wen, P, et al. Glucose Uptake Inhibitor Sensitizes Cancer Cells to Daunorubicin and Overcomes Drug Resistance in Hypoxia. Cancer chemotherapy Pharmacol (2007) 59(4):495–505. doi: 10.1007/s00280-006-0291-9

31. Gong, T, Cui, L, Wang, H, Wang, H, and Han, N. Knockdown of KLF5 Suppresses Hypoxia-Induced Resistance to Cisplatin in NSCLC Cells by Regulating HIF-1alpha-Dependent Glycolysis Through Inactivation of the PI3K/Akt/mTOR Pathway. J Trans Med (2018) 16(1):164. doi: 10.1186/s12967-018-1543-2

32. Adamski, J, Price, A, Dive, C, and Makin, G. Hypoxia-Induced Cytotoxic Drug Resistance in Osteosarcoma is Independent of HIF-1alpha. PloS One (2013) 8(6):e65304. doi: 10.1371/journal.pone.0065304

33. Selvendiran, K, Bratasz, A, Kuppusamy, ML, Tazi, MF, Rivera, BK, and Kuppusamy, P. Hypoxia Induces Chemoresistance in Ovarian Cancer Cells by Activation of Signal Transducer and Activator of Transcription 3. Int J Cancer (2009) 125(9):2198–204. doi: 10.1002/ijc.24601

34. Soleymani Abyaneh, H, Gupta, N, Radziwon-Balicka, A, Jurasz, P, Seubert, J, Lai, R, et al. STAT3 But Not HIF-1alpha Is Important in Mediating Hypoxia-Induced Chemoresistance in MDA-MB-231, a Triple Negative Breast Cancer Cell Line. Cancers (2017) 9(10):137. doi: 10.3390/cancers9100137

35. Xu, Y, Jiang, T, Wu, C, and Zhang, Y. CircAKT3 Inhibits Glycolysis Balance in Lung Cancer Cells by Regulating miR-516b-5p/STAT3 to Inhibit Cisplatin Sensitivity. Biotechnol Lett (2020) 42(7):1123–35. doi: 10.1007/s10529-020-02846-9

36. Aghazadeh, S, and Yazdanparast, R. Activation of STAT3/HIF-1alpha/Hes-1 Axis Promotes Trastuzumab Resistance in HER2-Overexpressing Breast Cancer Cells via Down-Regulation of PTEN. Biochim Biophys Acta Gen Subj (2017) 1861(8):1970–80. doi: 10.1016/j.bbagen.2017.05.009

37. Patel, SB, Nemkov, T, Stefanoni, D, Benavides, GA, Bassal, MA, Crown, BL, et al. Metabolic Alterations Mediated by STAT3 Promotes Drug Persistence in CML. Leukemia (2021) 35(12):3371–82. doi: 10.1038/s41375-021-01315-0

38. Dorayappan, KDP, Wanner, R, Wallbillich, JJ, Saini, U, Zingarelli, R, Suarez, AA, et al. Hypoxia-Induced Exosomes Contribute to a More Aggressive and Chemoresistant Ovarian Cancer Phenotype: A Novel Mechanism Linking STAT3/Rab Proteins. Oncogene (2018) 37(28):3806–21. doi: 10.1038/s41388-018-0189-0

39. Wang, D, Zhao, C, Xu, F, Zhang, A, Jin, M, Zhang, K, et al. Cisplatin-Resistant NSCLC Cells Induced by Hypoxia Transmit Resistance to Sensitive Cells Through Exosomal PKM2. Theranostics (2021) 11(6):2860–75. doi: 10.7150/thno.51797

40. Wang, X, Zhang, H, Yang, H, Bai, M, Ning, T, Deng, T, et al. Exosome-Delivered circRNA Promotes Glycolysis to Induce Chemoresistance Through the miR-122-PKM2 Axis in Colorectal Cancer. Mol Oncol (2020) 14(3):539–55. doi: 10.1002/1878-0261.12629

41. Wang, C, Xu, J, Yuan, D, Bai, Y, Pan, Y, Zhang, J, et al. Exosomes Carrying ALDOA and ALDH3A1 From Irradiated Lung Cancer Cells Enhance Migration and Invasion of Recipients by Accelerating Glycolysis. Mol Cell Biochem (2020) 469(1-2):77–87. doi: 10.1007/s11010-020-03729-3

42. Ostheimer, C, Gunther, S, Bache, M, Vordermark, D, and Multhoff, G. Dynamics of Heat Shock Protein 70 Serum Levels As a Predictor of Clinical Response in Non-Small-Cell Lung Cancer and Correlation With the Hypoxia-Related Marker Osteopontin. Front Immunol (2017) 8:1305. doi: 10.3389/fimmu.2017.01305

43. Hu, W, Xu, Z, Zhu, S, Sun, W, Wang, X, Tan, C, et al. Small Extracellular Vesicle-Mediated Hsp70 Intercellular Delivery Enhances Breast Cancer Adriamycin Resistance. Free Radical Biol Med (2021) 164:85–95. doi: 10.1016/j.freeradbiomed.2020.12.436

44. Agarwal, R, and Kaye, SB. Ovarian Cancer: Strategies for Overcoming Resistance to Chemotherapy. Nat Rev Cancer (2003) 3(7):502–16. doi: 10.1038/nrc1123

45. Aubertin, K, Silva, AK, Luciani, N, Espinosa, A, Djemat, A, Charue, D, et al. Massive Release of Extracellular Vesicles From Cancer Cells After Photodynamic Treatment or Chemotherapy. Sci Rep (2016) 6:35376. doi: 10.1038/srep35376

46. Wang, X, Qiao, D, Chen, L, Xu, M, Chen, S, Huang, L, et al. Chemotherapeutic Drugs Stimulate the Release and Recycling of Extracellular Vesicles to Assist Cancer Cells in Developing an Urgent Chemoresistance. Mol Cancer (2019) 18(1):182. doi: 10.1186/s12943-019-1114-z

47. Vera, N, Acuna-Gallardo, S, Grunenwald, F, Caceres-Verschae, A, Realini, O, Acuna, R, et al. Small Extracellular Vesicles Released From Ovarian Cancer Spheroids in Response to Cisplatin Promote the Pro-Tumorigenic Activity of Mesenchymal Stem Cells. Int J Mol Sci (2019) 20(20):4972. doi: 10.3390/ijms20204972

48. Andrade, LNS, Otake, AH, Cardim, SGB, da Silva, FI, Ikoma Sakamoto, MM, Furuya, TK, et al. Extracellular Vesicles Shedding Promotes Melanoma Growth in Response to Chemotherapy. Sci Rep (2019) 9(1):14482. doi: 10.1038/s41598-019-50848-z

49. Keklikoglou, I, Cianciaruso, C, Guc, E, Squadrito, ML, Spring, LM, Tazzyman, S, et al. Chemotherapy Elicits Pro-Metastatic Extracellular Vesicles in Breast Cancer Models. Nat Cell Biol (2019) 21(2):190–202. doi: 10.1038/s41556-018-0256-3

50. Chen, Y, Li, J, Chen, S, Zhang, Y, Hu, Y, Zhang, G, et al. Nab-Paclitaxel in Combination With Cisplatin Versus Docetaxel Plus Cisplatin as First-Line Therapy in Non-Small Cell Lung Cancer. Sci Rep (2017) 7(1):10760. doi: 10.1038/s41598-017-11404-9

51. Aravantinos, G, Fountzilas, G, Bamias, A, Grimani, I, Rizos, S, Kalofonos, HP, et al. Carboplatin and Paclitaxel Versus Cisplatin, Paclitaxel and Doxorubicin for First-Line Chemotherapy of Advanced Ovarian Cancer: A Hellenic Cooperative Oncology Group (HeCOG) Study. Eur J Cancer (2008) 44(15):2169–77. doi: 10.1016/j.ejca.2008.06.035

52. Miller, DS, Filiaci, VL, Mannel, RS, Cohn, DE, Matsumoto, T, Tewari, KS, et al. Carboplatin and Paclitaxel for Advanced Endometrial Cancer: Final Overall Survival and Adverse Event Analysis of a Phase III Trial (NRG Oncology/Gog0209). J Clin Oncol Off J Am Soc Clin Oncol (2020) 38(33):3841–50. doi: 10.1200/JCO.20.01076

53. Samuel, P, Mulcahy, LA, Furlong, F, McCarthy, HO, Brooks, SA, Fabbri, M, et al. Cisplatin Induces the Release of Extracellular Vesicles From Ovarian Cancer Cells That can Induce Invasiveness and Drug Resistance in Bystander Cells. Philos Trans R Soc London Ser B Biol Sci (2018) 373(1737):20170065. doi: 10.1098/rstb.2017.0065

54. Chung, WM, Molony, RD, and Lee, YF. Non-Stem Bladder Cancer Cell-Derived Extracellular Vesicles Promote Cancer Stem Cell Survival in Response to Chemotherapy. Stem Cell Res Ther (2021) 12(1):533. doi: 10.1186/s13287-021-02600-6

55. Garg, H, Suri, P, Gupta, JC, Talwar, GP, and Dubey, S. Survivin: A Unique Target for Tumor Therapy. Cancer Cell Int (2016) 16:49. doi: 10.1186/s12935-016-0326-1

56. Kreger, BT, Johansen, ER, Cerione, RA, and Antonyak, MA. The Enrichment of Survivin in Exosomes From Breast Cancer Cells Treated With Paclitaxel Promotes Cell Survival and Chemoresistance. Cancers (2016) 8(12):111. doi: 10.3390/cancers8120111

57. Yang, Q, Zhao, S, Shi, Z, Cao, L, Liu, J, Pan, T, et al. Chemotherapy-Elicited Exosomal miR-378a-3p and miR-378d Promote Breast Cancer Stemness and Chemoresistance via the Activation of EZH2/STAT3 Signaling. J Exp Clin Cancer Res CR (2021) 40(1):120. doi: 10.1186/s13046-021-01901-1

58. Shen, M, Dong, C, Ruan, X, Yan, W, Cao, M, Pizzo, D, et al. Chemotherapy-Induced Extracellular Vesicle miRNAs Promote Breast Cancer Stemness by Targeting Onecut2. Cancer Res (2019) 79(14):3608–21. doi: 10.1158/0008-5472.CAN-18-4055

59. Robey, RW, Pluchino, KM, Hall, MD, Fojo, AT, Bates, SE, and Gottesman, MM. Revisiting the Role of ABC Transporters in Multidrug-Resistant Cancer. Nat Rev Cancer (2018) 18(7):452–64. doi: 10.1038/s41568-018-0005-8

60. Patel, GK, Khan, MA, Bhardwaj, A, Srivastava, SK, Zubair, H, Patton, MC, et al. Exosomes Confer Chemoresistance to Pancreatic Cancer Cells by Promoting ROS Detoxification and miR-155-Mediated Suppression of Key Gemcitabine-Metabolising Enzyme, DCK. Br J Cancer (2017) 116(5):609–19. doi: 10.1038/bjc.2017.18

61. Noy, R, and Pollard, JW. Tumor-Associated Macrophages: From Mechanisms to Therapy. Immunity (2014) 41(1):49–61. doi: 10.1016/j.immuni.2014.06.010

62. Qian, BZ, and Pollard, JW. Macrophage Diversity Enhances Tumor Progression and Metastasis. Cell (2010) 141(1):39–51. doi: 10.1016/j.cell.2010.03.014

63. Chen, P, and Bonaldo, P. Role of Macrophage Polarization in Tumor Angiogenesis and Vessel Normalization: Implications for New Anticancer Therapies. Int Rev Cell Mol Biol (2013) 301:1–35. doi: 10.1016/B978-0-12-407704-1.00001-4

64. Larionova, I, Cherdyntseva, N, Liu, T, Patysheva, M, Rakina, M, and Kzhyshkowska, J. Interaction of Tumor-Associated Macrophages and Cancer Chemotherapy. Oncoimmunology (2019) 8(7):1596004. doi: 10.1080/2162402X.2019.1596004

65. Tariq, M, Zhang, J, Liang, G, Ding, L, He, Q, and Yang, B. Macrophage Polarization: Anti-Cancer Strategies to Target Tumor-Associated Macrophage in Breast Cancer. J Cell Biochem (2017) 118(9):2484–501. doi: 10.1002/jcb.25895

66. Niu, X, Ma, J, Li, J, Gu, Y, Yin, L, Wang, Y, et al. Sodium/glucose Cotransporter 1-Dependent Metabolic Alterations Induce Tamoxifen Resistance in Breast Cancer by Promoting Macrophage M2 Polarization. Cell Death Dis (2021) 12(6):509. doi: 10.1038/s41419-021-03781-x

67. Ngabire, D, Niyonizigiye, I, Patil, MP, Seong, YA, Seo, YB, and Kim, GD. M2 Macrophages Mediate the Resistance of Gastric Adenocarcinoma Cells to 5-Fluorouracil Through the Expression of Integrin Beta3, Focal Adhesion Kinase, and Cofilin. J Immunol Res (2020) 2020:1731457. doi: 10.1155/2020/1731457

68. Li, D, Ji, H, Niu, X, Yin, L, Wang, Y, Gu, Y, et al. Tumor-Associated Macrophages Secrete CC-Chemokine Ligand 2 and Induce Tamoxifen Resistance by Activating PI3K/Akt/mTOR in Breast Cancer. Cancer Sci (2020) 111(1):47–58. doi: 10.1111/cas.14230

69. Kuwada, K, Kagawa, S, Yoshida, R, Sakamoto, S, Ito, A, Watanabe, M, et al. The Epithelial-to-Mesenchymal Transition Induced by Tumor-Associated Macrophages Confers Chemoresistance in Peritoneally Disseminated Pancreatic Cancer. J Exp Clin Cancer Res CR (2018) 37(1):307. doi: 10.1186/s13046-018-0981-2

70. Halbrook, CJ, Pontious, C, Kovalenko, I, Lapienyte, L, Dreyer, S, Lee, HJ, et al. Macrophage-Released Pyrimidines Inhibit Gemcitabine Therapy in Pancreatic Cancer. Cell Metab (2019) 29(6):1390–9.e6. doi: 10.1016/j.cmet.2019.02.001

71. Binenbaum, Y, Fridman, E, Yaari, Z, Milman, N, Schroeder, A, Ben David, G, et al. Transfer of miRNA in Macrophage-Derived Exosomes Induces Drug Resistance in Pancreatic Adenocarcinoma. Cancer Res (2018) 78(18):5287–99. doi: 10.1158/0008-5472.CAN-18-0124

72. Xavier, CPR, Castro, I, Caires, HR, Ferreira, D, Cavadas, B, Pereira, L, et al. Chitinase 3-Like-1 and Fibronectin in the Cargo of Extracellular Vesicles Shed by Human Macrophages Influence Pancreatic Cancer Cellular Response to Gemcitabine. Cancer Lett (2021) 501:210–23. doi: 10.1016/j.canlet.2020.11.013

73. Tomita, R, Sasabe, E, Tomomura, A, and Yamamoto, T. Macrophagederived Exosomes Attenuate the Susceptibility of Oral Squamous Cell Carcinoma Cells to Chemotherapeutic Drugs Through the AKT/GSK3beta Pathway. Oncol Rep (2020) 44(5):1905–16. doi: 10.3892/or.2020.7748

74. Zheng, P, Chen, L, Yuan, X, Luo, Q, Liu, Y, Xie, G, et al. Exosomal Transfer of Tumor-Associated Macrophage-Derived miR-21 Confers Cisplatin Resistance in Gastric Cancer Cells. J Exp Clin Cancer Res CR (2017) 36(1):53. doi: 10.1186/s13046-017-0528-y

75. Zhu, X, Shen, H, Yin, X, Yang, M, Wei, H, Chen, Q, et al. Macrophages Derived Exosomes Deliver miR-223 to Epithelial Ovarian Cancer Cells to Elicit a Chemoresistant Phenotype. J Exp Clin Cancer Res CR (2019) 38(1):81. doi: 10.1186/s13046-019-1095-1

76. Challagundla, KB, Wise, PM, Neviani, P, Chava, H, Murtadha, M, Xu, T, et al. Exosome-Mediated Transfer of microRNAs Within the Tumor Microenvironment and Neuroblastoma Resistance to Chemotherapy. J Natl Cancer Institute (2015) 107(7):djv135. doi: 10.1093/jnci/djv135

77. Kanlikilicer, P, Bayraktar, R, Denizli, M, Rashed, MH, Ivan, C, Aslan, B, et al. Corrigendum to 'Exosomal miRNA Confers Chemo Resistance via Targeting Cav1/p-Gp/M2-Type Macrophage Axis in Ovarian Cancer' [EBioMedicine 38 (2018) 100-112]. EBioMedicine (2020) 52:102630. doi: 10.1016/j.ebiom.2020.102630

78. Zhang, X, Liu, L, Tang, M, Li, H, Guo, X, and Yang, X. The Effects of Umbilical Cord-Derived Macrophage Exosomes Loaded With Cisplatin on the Growth and Drug Resistance of Ovarian Cancer Cells. Drug Dev Ind Pharm (2020) 46(7):1150–62. doi: 10.1080/03639045.2020.1776320

79. Iyengar, NM, Hudis, CA, and Dannenberg, AJ. Obesity and Cancer: Local and Systemic Mechanisms. Annu Rev Med (2015) 66:297–309. doi: 10.1146/annurev-med-050913-022228

80. Mukherjee, A, Chiang, CY, Daifotis, HA, Nieman, KM, Fahrmann, JF, Lastra, RR, et al. Adipocyte-Induced FABP4 Expression in Ovarian Cancer Cells Promotes Metastasis and Mediates Carboplatin Resistance. Cancer Res (2020) 80(8):1748–61. doi: 10.1158/0008-5472.CAN-19-1999

81. Geneste, A, Duong, MN, Molina, L, Conilh, L, Beaumel, S, Cleret, A, et al. Adipocyte-Conditioned Medium Induces Resistance of Breast Cancer Cells to Lapatinib. BMC Pharmacol Toxicol (2020) 21(1):61. doi: 10.1186/s40360-020-00436-z

82. Chi, M, Chen, J, Ye, Y, Tseng, HY, Lai, F, Tay, KH, et al. Adipocytes Contribute to Resistance of Human Melanoma Cells to Chemotherapy and Targeted Therapy. Curr medicinal Chem (2014) 21(10):1255–67. doi: 10.2174/0929867321666131129114742

83. Yang, J, Zaman, MM, Vlasakov, I, Roy, R, Huang, L, Martin, CR, et al. Adipocytes Promote Ovarian Cancer Chemoresistance. Sci Rep (2019) 9(1):13316. doi: 10.1038/s41598-019-49649-1

84. Sheng, X, Tucci, J, Parmentier, JH, Ji, L, Behan, JW, Heisterkamp, N, et al. Adipocytes Cause Leukemia Cell Resistance to Daunorubicin via Oxidative Stress Response. Oncotarget (2016) 7(45):73147–59. doi: 10.18632/oncotarget.12246

85. Sheng, X, Parmentier, JH, Tucci, J, Pei, H, Cortez-Toledo, O, Dieli-Conwright, CM, et al. Adipocytes Sequester and Metabolize the Chemotherapeutic Daunorubicin. Mol Cancer Res MCR (2017) 15(12):1704–13. doi: 10.1158/1541-7786.MCR-17-0338

86. Au Yeung, CL, Co, NN, Tsuruga, T, Yeung, TL, Kwan, SY, Leung, CS, et al. Exosomal Transfer of Stroma-Derived Mir21 Confers Paclitaxel Resistance in Ovarian Cancer Cells Through Targeting APAF1. Nat Commun (2016) 7:11150. doi: 10.1038/ncomms11150

87. Wang, Z, He, J, Bach, DH, Huang, YH, Li, Z, Liu, H, et al. Induction of M(6)A Methylation in Adipocyte Exosomal LncRNAs Mediates Myeloma Drug Resistance. J Exp Clin Cancer Res CR (2022) 41(1):4. doi: 10.1186/s13046-021-02209-w

88. Lehuede, C, Li, X, Dauvillier, S, Vaysse, C, Franchet, C, Clement, E, et al. Adipocytes Promote Breast Cancer Resistance to Chemotherapy, a Process Amplified by Obesity: Role of the Major Vault Protein (MVP). Breast Cancer Res BCR (2019) 21(1):7. doi: 10.1186/s13058-018-1088-6

89. Ham, IH, Oh, HJ, Jin, H, Bae, CA, Jeon, SM, Choi, KS, et al. Targeting Interleukin-6 as a Strategy to Overcome Stroma-Induced Resistance to Chemotherapy in Gastric Cancer. Mol Cancer (2019) 18(1):68. doi: 10.1186/s12943-019-0972-8

90. Shien, K, Papadimitrakopoulou, VA, Ruder, D, Behrens, C, Shen, L, Kalhor, N, et al. JAK1/STAT3 Activation Through a Proinflammatory Cytokine Pathway Leads to Resistance to Molecularly Targeted Therapy in Non-Small Cell Lung Cancer. Mol Cancer Ther (2017) 16(10):2234–45. doi: 10.1158/1535-7163.MCT-17-0148

91. Cheteh, EH, Sarne, V, Ceder, S, Bianchi, J, Augsten, M, Rundqvist, H, et al. Interleukin-6 Derived From Cancer-Associated Fibroblasts Attenuates the P53 Response to Doxorubicin in Prostate Cancer Cells. Cell Death Discov (2020) 6:42. doi: 10.1038/s41420-020-0272-5

92. Broad, RV, Jones, SJ, Teske, MC, Wastall, LM, Hanby, AM, Thorne, JL, et al. Inhibition of Interferon-Signalling Halts Cancer-Associated Fibroblast-Dependent Protection of Breast Cancer Cells From Chemotherapy. Br J Cancer (2021) 124(6):1110–20. doi: 10.1038/s41416-020-01226-4

93. Guillen Diaz-Maroto, N, Sanz-Pamplona, R, Berdiel-Acer, M, Cimas, FJ, Garcia, E, Goncalves-Ribeiro, S, et al. Noncanonical TGFbeta Pathway Relieves the Blockade of IL1beta/TGFbeta-Mediated Crosstalk Between Tumor and Stroma: TGFBR1 and TAK1 Inhibition in Colorectal Cancer. Clin Cancer Res (2019) 25(14):4466–79. doi: 10.1158/1078-0432.CCR-18-3957

94. Yegodayev, KM, Novoplansky, O, Golden, A, Prasad, M, Levin, L, Jagadeeshan, S, et al. TGF-Beta-Activated Cancer-Associated Fibroblasts Limit Cetuximab Efficacy in Preclinical Models of Head and Neck Cancer. Cancers (2020) 12(2):339. doi: 10.3390/cancers12020339

95. Wei, L, Lin, Q, Lu, Y, Li, G, Huang, L, Fu, Z, et al. Cancer-Associated Fibroblasts-Mediated ATF4 Expression Promotes Malignancy and Gemcitabine Resistance in Pancreatic Cancer via the TGF-Beta1/SMAD2/3 Pathway and ABCC1 Transactivation. Cell Death Dis (2021) 12(4):334. doi: 10.1038/s41419-021-03574-2

96. Yi, Y, Zeng, S, Wang, Z, Wu, M, Ma, Y, Ye, X, et al. Cancer-Associated Fibroblasts Promote Epithelial-Mesenchymal Transition and EGFR-TKI Resistance of non-Small Cell Lung Cancers via HGF/IGF-1/ANXA2 Signaling. Biochim Biophys Acta Mol basis Dis (2018) 1864(3):793–803. doi: 10.1016/j.bbadis.2017.12.021

97. Li, J, Guan, J, Long, X, Wang, Y, and Xiang, X. Mir-1-Mediated Paracrine Effect of Cancer-Associated Fibroblasts on Lung Cancer Cell Proliferation and Chemoresistance. Oncol Rep (2016) 35(6):3523–31. doi: 10.3892/or.2016.4714

98. Jin, Z, Lu, Y, Wu, X, Pan, T, Yu, Z, Hou, J, et al. The Cross-Talk Between Tumor Cells and Activated Fibroblasts Mediated by Lactate/BDNF/TrkB Signaling Promotes Acquired Resistance to Anlotinib in Human Gastric Cancer. Redox Biol (2021) 46:102076. doi: 10.1016/j.redox.2021.102076

99. Zhang, T, Zhang, P, and Li, HX. CAFs-Derived Exosomal miRNA-130a Confers Cisplatin Resistance of NSCLC Cells Through PUM2-Dependent Packaging. Int J nanomedicine (2021) 16:561–77. doi: 10.2147/IJN.S271976

100. Qin, X, Guo, H, Wang, X, Zhu, X, Yan, M, Wang, X, et al. Exosomal miR-196a Derived From Cancer-Associated Fibroblasts Confers Cisplatin Resistance in Head and Neck Cancer Through Targeting CDKN1B and ING5. Genome Biol (2019) 20(1):12. doi: 10.1186/s13059-018-1604-0

101. Fang, Y, Zhou, W, Rong, Y, Kuang, T, Xu, X, Wu, W, et al. Exosomal miRNA-106b From Cancer-Associated Fibroblast Promotes Gemcitabine Resistance in Pancreatic Cancer. Exp Cell Res (2019) 383(1):111543. doi: 10.1016/j.yexcr.2019.111543

102. Wang, M, Qiu, R, Yu, S, Xu, X, Li, G, Gu, R, et al. Paclitaxelresistant Gastric Cancer MGC803 Cells Promote Epithelialtomesenchymal Transition and Chemoresistance in Paclitaxelsensitive Cells via Exosomal Delivery of Mir1555p. Int J Oncol (2019) 54(1):326–38. doi: 10.3892/ijo.2018.4601

103. Yu, SJ, Yang, L, Hong, Q, Kuang, XY, Di, GH, and Shao, ZM. MicroRNA-200a Confers Chemoresistance by Antagonizing TP53INP1 and YAP1 in Human Breast Cancer. BMC Cancer (2018) 18(1):74. doi: 10.1186/s12885-017-3930-0

104. Campioni, M, Santini, D, Tonini, G, Murace, R, Dragonetti, E, Spugnini, EP, et al. Role of Apaf-1, a Key Regulator of Apoptosis, in Melanoma Progression and Chemoresistance. Exp Dermatol (2005) 14(11):811–8. doi: 10.1111/j.1600-0625.2005.00360.x

105. Shan, G, Zhou, X, Gu, J, Zhou, D, Cheng, W, Wu, H, et al. Downregulated Exosomal microRNA-148b-3p in Cancer Associated Fibroblasts Enhance Chemosensitivity of Bladder Cancer Cells by Downregulating the Wnt/beta-Catenin Pathway and Upregulating PTEN. Cell Oncol (2021) 44(1):45–59. doi: 10.1007/s13402-020-00500-0

106. Hu, JL, Wang, W, Lan, XL, Zeng, ZC, Liang, YS, Yan, YR, et al. CAFs Secreted Exosomes Promote Metastasis and Chemotherapy Resistance by Enhancing Cell Stemness and Epithelial-Mesenchymal Transition in Colorectal Cancer. Mol Cancer (2019) 18(1):91. doi: 10.1186/s12943-019-1019-x

107. Zhang, HW, Shi, Y, Liu, JB, Wang, HM, Wang, PY, Wu, ZJ, et al. Cancer-Associated Fibroblast-Derived Exosomal microRNA-24-3p Enhances Colon Cancer Cell Resistance to MTX by Down-Regulating CDX2/HEPH Axis. J Cell Mol Med (2021) 25(8):3699–713. doi: 10.1111/jcmm.15765

108. Shan, G, Gu, J, Zhou, D, Li, L, Cheng, W, Wang, Y, et al. Cancer-Associated Fibroblast-Secreted Exosomal miR-423-5p Promotes Chemotherapy Resistance in Prostate Cancer by Targeting GREM2 Through the TGF-Beta Signaling Pathway. Exp Mol Med (2020) 52(11):1809–22. doi: 10.1038/s12276-020-0431-z

109. Uchihara, T, Miyake, K, Yonemura, A, Komohara, Y, Itoyama, R, Koiwa, M, et al. Extracellular Vesicles From Cancer-Associated Fibroblasts Containing Annexin A6 Induces FAK-YAP Activation by Stabilizing Beta1 Integrin, Enhancing Drug Resistance. Cancer Res (2020) 80(16):3222–35. doi: 10.1158/0008-5472.CAN-19-3803

110. Han, M, Gu, Y, Lu, P, Li, J, Cao, H, Li, X, et al. Exosome-Mediated lncRNA AFAP1-AS1 Promotes Trastuzumab Resistance Through Binding With AUF1 and Activating ERBB2 Translation. Mol Cancer (2020) 19(1):26. doi: 10.1186/s12943-020-1145-5

111. Deng, X, Ruan, H, Zhang, X, Xu, X, Zhu, Y, Peng, H, et al. Long Noncoding RNA CCAL Transferred From Fibroblasts by Exosomes Promotes Chemoresistance of Colorectal Cancer Cells. Int J Cancer (2020) 146(6):1700–16. doi: 10.1002/ijc.32608

112. Valent, P, Bonnet, D, De Maria, R, Lapidot, T, Copland, M, Melo, JV, et al. Cancer Stem Cell Definitions and Terminology: The Devil is in the Details. Nat Rev Cancer (2012) 12(11):767–75. doi: 10.1038/nrc3368

113. Dean, M, Fojo, T, and Bates, S. Tumour Stem Cells and Drug Resistance. Nat Rev Cancer (2005) 5(4):275–84. doi: 10.1038/nrc1590

114. Wang, Y, Cardenas, H, Fang, F, Condello, S, Taverna, P, Segar, M, et al. Epigenetic Targeting of Ovarian Cancer Stem Cells. Cancer Res (2014) 74(17):4922–36. doi: 10.1158/0008-5472.CAN-14-1022

115. Korkaya, H, Liu, S, and Wicha, MS. Regulation of Cancer Stem Cells by Cytokine Networks: Attacking Cancer's Inflammatory Roots. Clin Cancer Res (2011) 17(19):6125–9. doi: 10.1158/1078-0432.CCR-10-2743

116. Huang, H, Hou, J, Liu, K, Liu, Q, Shen, L, Liu, B, et al. RAB27A-Dependent Release of Exosomes by Liver Cancer Stem Cells Induces Nanog Expression in Their Differentiated Progenies and Confers Regorafenib Resistance. J Gastroenterol Hepatol (2021) 36(12):3429–37. doi: 10.1111/jgh.15619

117. Medema, JP. Cancer Stem Cells: The Challenges Ahead. Nat Cell Biol (2013) 15(4):338–44. doi: 10.1038/ncb2717

118. Kang, M, Kim, S, and Ko, J. Roles of CD133 in Microvesicle Formation and Oncoprotein Trafficking in Colon Cancer. FASEB J Off Publ Fed Am Societies Exp Biol (2019) 33(3):4248–60. doi: 10.1096/fj.201802018R

119. Plaks, V, Kong, N, and Werb, Z. The Cancer Stem Cell Niche: How Essential is the Niche in Regulating Stemness of Tumor Cells? Cell Stem Cell (2015) 16(3):225–38. doi: 10.1016/j.stem.2015.02.015

120. Yin, J, Ge, X, Shi, Z, Yu, C, Lu, C, Wei, Y, et al. Extracellular Vesicles Derived From Hypoxic Glioma Stem-Like Cells Confer Temozolomide Resistance on Glioblastoma by Delivering miR-30b-3p. Theranostics (2021) 11(4):1763–79. doi: 10.7150/thno.47057

121. Yue, X, Lan, F, and Xia, T. Hypoxic Glioma Cell-Secreted Exosomal miR-301a Activates Wnt/beta-Catenin Signaling and Promotes Radiation Resistance by Targeting Tceal7. Mol Ther J Am Soc Gene Ther (2019) 27(11):1939–49. doi: 10.1016/j.ymthe.2019.07.011

122. Yang, Z, Zhao, N, Cui, J, Wu, H, Xiong, J, and Peng, T. Exosomes Derived From Cancer Stem Cells of Gemcitabine-Resistant Pancreatic Cancer Cells Enhance Drug Resistance by Delivering miR-210. Cell Oncol (2020) 43(1):123–36. doi: 10.1007/s13402-019-00476-6

123. Chen, JH, Wu, ATH, Bamodu, OA, Yadav, VK, Chao, TY, Tzeng, YM, et al. Ovatodiolide Suppresses Oral Cancer Malignancy by Down-Regulating Exosomal Mir-21/STAT3/beta-Catenin Cargo and Preventing Oncogenic Transformation of Normal Gingival Fibroblasts. Cancers (2019) 12(1):56. doi: 10.3390/cancers12010056

124. Shibue, T, and Weinberg, RA. EMT, CSCs, and Drug Resistance: The Mechanistic Link and Clinical Implications. Nat Rev Clin Oncol (2017) 14(10):611–29. doi: 10.1038/nrclinonc.2017.44

125. Kim, H, Lee, S, Shin, E, Seong, KM, Jin, YW, Youn, H, et al. The Emerging Roles of Exosomes as EMT Regulators in Cancer. Cells (2020) 9(4):861. doi: 10.3390/cells9040861

126. Kong, X, Liu, F, and Gao, J. MiR-155 Promotes Epithelial-Mesenchymal Transition in Hepatocellular Carcinoma Cells Through the Activation of PI3K/SGK3/beta-Catenin Signaling Pathways. Oncotarget (2016) 7(40):66051–60. doi: 10.18632/oncotarget.11800

127. Santos, JC, Lima, NDS, Sarian, LO, Matheu, A, Ribeiro, ML, and Derchain, SFM. Exosome-Mediated Breast Cancer Chemoresistance via miR-155 Transfer. Sci Rep (2018) 8(1):829. doi: 10.1038/s41598-018-19339-5

128. Schweiger, MW, Li, M, Giovanazzi, A, Fleming, RL, Tabet, EI, Nakano, I, et al. Extracellular Vesicles Induce Mesenchymal Transition and Therapeutic Resistance in Glioblastomas Through NF-Kappab/STAT3 Signaling. Advanced Biosyst (2020) 4(12):e1900312. doi: 10.1002/adbi.201900312

129. Philip, R, Heiler, S, Mu, W, Buchler, MW, Zoller, M, and Thuma, F. Claudin-7 Promotes the Epithelial-Mesenchymal Transition in Human Colorectal Cancer. Oncotarget (2015) 6(4):2046–63. doi: 10.18632/oncotarget.2858

130. Wang, Z, Sun, H, Provaznik, J, Hackert, T, and Zoller, M. Pancreatic Cancer-Initiating Cell Exosome Message Transfer Into Noncancer-Initiating Cells: The Importance of CD44v6 in Reprogramming. J Exp Clin Cancer Res CR (2019) 38(1):132. doi: 10.1186/s13046-019-1129-8

131. Sun, Y. Tumor Microenvironment and Cancer Therapy Resistance. Cancer Lett (2016) 380(1):205–15. doi: 10.1016/j.canlet.2015.07.044

132. Grange, C, Tapparo, M, Collino, F, Vitillo, L, Damasco, C, Deregibus, MC, et al. Microvesicles Released From Human Renal Cancer Stem Cells Stimulate Angiogenesis and Formation of Lung Premetastatic Niche. Cancer Res (2011) 71(15):5346–56. doi: 10.1158/0008-5472.CAN-11-0241

133. Scott, AM, Wolchok, JD, and Old, LJ. Antibody Therapy of Cancer. Nat Rev Cancer (2012) 12(4):278–87. doi: 10.1038/nrc3236

134. Zahavi, D, and Weiner, L. Monoclonal Antibodies in Cancer Therapy. Antibodies (2020) 9(3):34. doi: 10.3390/antib9030034

135. Reslan, L, Dalle, S, and Dumontet, C. Understanding and Circumventing Resistance to Anticancer Monoclonal Antibodies. mAbs (2009) 1(3):222–9. doi: 10.4161/mabs.1.3.8292

136. Redman, JM, Hill, EM, AlDeghaither, D, and Weiner, LM. Mechanisms of Action of Therapeutic Antibodies for Cancer. Mol Immunol (2015) 67(2 Pt A):28–45. doi: 10.1016/j.molimm.2015.04.002

137. Moasser, MM. The Oncogene HER2: Its Signaling and Transforming Functions and its Role in Human Cancer Pathogenesis. Oncogene (2007) 26(45):6469–87. doi: 10.1038/sj.onc.1210477

138. Carlsson, J, Nordgren, H, Sjostrom, J, Wester, K, Villman, K, Bengtsson, NO, et al. HER2 Expression in Breast Cancer Primary Tumours and Corresponding Metastases. Original Data and Literature Review. Br J Cancer (2004) 90(12):2344–8. doi: 10.1038/sj.bjc.6601881

139. Liu, S, Lee, JS, Jie, C, Park, MH, Iwakura, Y, Patel, Y, et al. HER2 Overexpression Triggers an IL1alpha Proinflammatory Circuit to Drive Tumorigenesis and Promote Chemotherapy Resistance. Cancer Res (2018) 78(8):2040–51. doi: 10.1158/0008-5472.CAN-17-2761

140. Albanell, J, and Baselga, J. Trastuzumab, a Humanized Anti-HER2 Monoclonal Antibody, for the Treatment of Breast Cancer. Drugs Today (1999) 35(12):931–46. doi: 10.1358/dot.1999.35.12.564040

141. Ciravolo, V, Huber, V, Ghedini, GC, Venturelli, E, Bianchi, F, Campiglio, M, et al. Potential Role of HER2-Overexpressing Exosomes in Countering Trastuzumab-Based Therapy. J Cell Physiol (2012) 227(2):658–67. doi: 10.1002/jcp.22773

142. Sigismund, S, Avanzato, D, and Lanzetti, L. Emerging Functions of the EGFR in Cancer. Mol Oncol (2018) 12(1):3–20. doi: 10.1002/1878-0261.12155

143. Wang, X, Reyes, ME, Zhang, D, Funakoshi, Y, Trape, AP, Gong, Y, et al. EGFR Signaling Promotes Inflammation and Cancer Stem-Like Activity in Inflammatory Breast Cancer. Oncotarget (2017) 8(40):67904–17. doi: 10.18632/oncotarget.18958

144. Cai, WQ, Zeng, LS, Wang, LF, Wang, YY, Cheng, JT, Zhang, Y, et al. The Latest Battles Between EGFR Monoclonal Antibodies and Resistant Tumor Cells. Front Oncol (2020) 10:1249. doi: 10.3389/fonc.2020.01249

145. Pietrantonio, F, Vernieri, C, Siravegna, G, Mennitto, A, Berenato, R, Perrone, F, et al. Heterogeneity of Acquired Resistance to Anti-EGFR Monoclonal Antibodies in Patients With Metastatic Colorectal Cancer. Clin Cancer Res (2017) 23(10):2414–22. doi: 10.1158/1078-0432.CCR-16-1863

146. Woolston, A, Barber, LJ, Griffiths, B, Pich, O, Lopez-Bigas, N, Matthews, N, et al. Mutational Signatures Impact the Evolution of Anti-EGFR Antibody Resistance in Colorectal Cancer. Nat Ecol Evol (2021) 5(7):1024–32. doi: 10.1038/s41559-021-01470-8

147. Fujiwara, T, Eguchi, T, Sogawa, C, Ono, K, Murakami, J, Ibaragi, S, et al. Anti-EGFR Antibody Cetuximab is Secreted by Oral Squamous Cell Carcinoma and Alters EGF-Driven Mesenchymal Transition. Biochem Biophys Res Commun (2018) 503(3):1267–72. doi: 10.1016/j.bbrc.2018.07.035

148. Folkman, J. Role of Angiogenesis in Tumor Growth and Metastasis. Semin Oncol (2002) 29(6 Suppl 16):15–8. doi: 10.1053/sonc.2002.37263

149. Aguilar-Cazares, D, Chavez-Dominguez, R, Carlos-Reyes, A, Lopez-Camarillo, C, Hernadez de la Cruz, ON, and Lopez-Gonzalez, JS. Contribution of Angiogenesis to Inflammation and Cancer. Front Oncol (2019) 9:1399. doi: 10.3389/fonc.2019.01399

150. Sullivan, LA, and Brekken, RA. The VEGF Family in Cancer and Antibody-Based Strategies for Their Inhibition. mAbs (2010) 2(2):165–75. doi: 10.4161/mabs.2.2.11360

151. Haibe, Y, Kreidieh, M, El Hajj, H, Khalifeh, I, Mukherji, D, Temraz, S, et al. Resistance Mechanisms to Anti-Angiogenic Therapies in Cancer. Front Oncol (2020) 10:221. doi: 10.3389/fonc.2020.00221

152. Kazazi-Hyseni, F, Beijnen, JH, and Schellens, JH. Bevacizumab. oncologist (2010) 15(8):819–25. doi: 10.1634/theoncologist.2009-0317

153. Lyon, KA, and Huang, JH. Bevacizumab as an Adjuvant Therapy for Glioblastoma in Elderly Patients: The Facts. Trans Cancer Res (2018) 7(Suppl 7):S802–S5. doi: 10.21037/tcr.2018.08.19

154. Simon, T, Pinioti, S, Schellenberger, P, Rajeeve, V, Wendler, F, Cutillas, PR, et al. Shedding of Bevacizumab in Tumour Cells-Derived Extracellular Vesicles as a New Therapeutic Escape Mechanism in Glioblastoma. Mol Cancer (2018) 17(1):132. doi: 10.1186/s12943-018-0878-x

155. Ko, SY, Lee, W, Kenny, HA, Dang, LH, Ellis, LM, Jonasch, E, et al. Cancer-Derived Small Extracellular Vesicles Promote Angiogenesis by Heparin-Bound, Bevacizumab-Insensitive VEGF, Independent of Vesicle Uptake. Commun Biol (2019) 2:386. doi: 10.1038/s42003-019-0609-x

156. Ma, S, Mangala, LS, Hu, W, Bayaktar, E, Yokoi, A, Hu, W, et al. CD63-Mediated Cloaking of VEGF in Small Extracellular Vesicles Contributes to Anti-VEGF Therapy Resistance. Cell Rep (2021) 36(7):109549. doi: 10.1016/j.celrep.2021.109549




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


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Simón, Sanhueza, Gaete-Ramírez, Varas-Godoy and Quest. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fonc-12-897205-g001.jpg
T TP53INP1

I CDKN1B, ING5

T B1 Integrin/FAK-YAP
! APAF1

PUM2

AUF1, ERBB2/ T HER2

T PTEN/Wnt/B-catenin
CDX2/THEPH

T TGF-B, GREM2

" LAPAF1

CANCER-ASSOCIATED EZH2/METTL7A/ t LncRNA
FIBROBLASTS (LOC606724 y SNHG7)
ADIPOCYTES
1 KRAS
LRHOB |
TCEAL7-Wnt/B-catenin miR21_g@-,
TmTOR
1 PI3K/mTOR/STAT3

! c/EBP-B, TGF-B, FOX03a =EMT
T NF-kB/STAT3 -EMT

m|R21

INcRNA A AP1 -AS1
Annexm 6| miR-92a-3p
miR- 1308 mlR 196a
miR-24- 3p m|R1 60b

CANCER STEM ;
CELL miR-30b-3p €133 /" cHizLq MR 155 TNTP/ t CDA
< mir210 o . Ll PTEN/ 1 PI3K/AKT
o® o @ mir- @ ir223 1 ERK
miR-155 —_— miR-21-5p ° Chemokllnes L TERF
i d Fibronectin 1 AKT/GSK3B

circR-122

TUMOR-ASSOCIATED

@ ALDH3A1 MACROPHAGES
HSP70 . 0 ALDOA
FAS \
STAT3
PKM2
miR-9-53 @  miR-195-5p
miR-155 @ miR-210
miR-203a-3p @ .Sumvm
CATO® © ‘ miR-378a-3p
sop2 @9 Gnirs7sd
ANTIBODY-BASED ABCB1 { HYPOXIC CELL
CANCER THERAPY
T Glycolysis
Antibody binding to EVs i; Rc??osis
CD63 —Cloaking VEGF in EVs e /{)TBP e
Evading recognition by antibodies 1 HSP'70/ T'Osteopontin
Metabolic reprogramming
CHEMOTHERAPY
Tp38, TJINK
T Cell Survival
TEZH2/STAT3
J ONECUT2
Dysregulation of Rab8B and Rab5
T CAT/SOD2 - L ROS

miR-155 —» | DCK





OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Role of the Pro-Inflammatory Tumor Microenvironment in Extracellular Vesicle-Mediated Transfer of Therapy Resistance

      

        		

          Introduction

        



        		

          EVs in Cancer Therapy Resistance Induced by Hypoxia and Glycolysis

        



        		

          EV Release in Response to Chemotherapy and Acquisition of Therapy Resistance

        



        		

          Macrophage-Derived Extracellular Vesicles in Cancer Drug Resistance

        



        		

          Adipocyte-Derived Extracellular Vesicles in Drug Resistance

        



        		

          EVs From CAFs in Cancer Therapy Resistance

        



        		

          CSC-Derived EVs in Therapy Resistance

        



        		

          EVs in Antibody-Based Cancer Therapy Resistance

        



        		

          Conclusions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc.2022.897205_cover.jpg
, frontiers ‘ Frontiers in Oncology

Role of the Pro-Inflammatory Tumor
Microenvironment in Extracellular
Vesicle-Mediated Transfer of
Therapy Resistance





OEBPS/Images/crossmark.jpg
©

2

i

|





