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Over the years, there has been a high demand for developing new safe and effective drug carriers for cancer therapy. Emerging studies have indicated that exosomes can serve as potent therapeutic carriers since they offer low immunogenicity, high stability, innate and acquired targetability, and the stimulation of anti-cancer immune responses. Yet, the development of exosome-based drug delivery systems remains challenging due to their heterogeneity, low yield, and limited drug loading efficiency. Herein, we summarized the current application of exosomes derived from different cells as drug carriers in anti-cancer therapy in vitro and in vivo. We also discussed the challenges and prospects of exosome-based drug delivery systems in cancer therapy.
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1 INTRODUCTION
Cancer is a major public health problem and a leading cause of death worldwide. In 2020, 19.3 million new cancer cases and approximately 10.0 million cancer-related deaths were reported (Sung et al., 2021). Surgery is still considered the golden approach for patients with early-stage cancer, while chemotherapy, radiotherapy, and targeted drug therapy are commonly used to treat advanced-stage cancer patients. Yet, these therapies have certain limitations. For example, conventional chemotherapy and radiotherapy lead to side effects such as vomiting reaction, myelosuppression, radiation dermatitis, and radiation pneumonitis. Other limitations of chemotherapy are poor bioavailability, high-dose requirements, low therapeutic indices, development of multiple drug resistance, and non-specific targeting. On the other hand, targeted drugs such as gefitinib, osimertinib, and sorafenib have been shown to have high selectivity and low cytotoxicity; however, they may lead to drug resistance over time. Hence, the exploration of new and revolutionary therapeutic agents is urgently needed.
Recently, immunotherapy has become very popular in the treatment of cancer therapy. Immune checkpoint blockade (ICB), such as antibodies against programmed death receptor (PD)-1, PD ligand (PD-L)-1, and cytotoxic T-lymphocyte antigen 4 (CTLA-4), has shown to be very promising in treating cancer patients. However, immune checkpoint inhibitors fail to control tumor progression in many patients due to the immunosuppressive microenvironment in tumor tissues induced by cancer cells, immune cells, and tumor-associated stromal cells (Chabanon et al., 2016; Maleki Vareki et al., 2017). Thus, new anti-cancer therapeutic strategies should increase targetability, overcome drug resistance and/or improve immunosuppressive tumor microenvironment.
Over the past decade, numerous synthetic drug carriers, such as liposomes and nanoparticles, have been developed to cure cancer (Perez-Herrero and Fernandez-Medarde, 2015). These carries can either passively or actively target cancerous cells, reducing adverse side effects and improving therapeutic efficacy. For example, Ghassami et al. designed polymeric nanoparticles combined with an aptamer specifically recognizing human epidermal growth factor receptor 2 (Her 2), which could directly deliver docetaxel to cancer cells ovexxpressing Her 2 in vitro and in vivo (Kronschnabl et al., 2020). In addition, Eskiler et al. demonstrated that, compared to free talazoparib, encapsulating talazoparib with solid lipid nanoparticles could enhance the stability and bioavailability of talazoparib, thereby increasing the cytotoxic effect to multidrug-resistant breast cancer cells (Pu et al., 2019). Moreover, Xiang et al. showed that melittin-lipid nanoparticles promote tumor antigen release in situ and activate antigen-presenting cells in lymph nodes, leading to a 3.6-fold enhancement of antigen-specific CD8+T cell responses (Yu et al., 2020).
Despite the aforementioned advantages, liposomes and nanoparticles still have a few shortcomings, which limit their application in clinical practice. For example, overcoming the reticuloendothelial system has long been a vital challenge to liposomes and nanoparticles as drug carriers (Tang et al., 2019). Additionally, biological barriers reduce their bioavailability and limit therapeutic efficacy (Arrighetti et al., 2019). In addition, nanoparticles have been associated with certain adverse effects in vivo, such as cardiovascular toxicity, mitochondrial dysfunction, and platelet aggregation (De Jong and Borm, 2008).
Exosomes are natural nanoscale vesicles secreted by almost all living cells. They are cell-derived membranous structures capable of transporting various active biomolecules from host cells to recipient cells. Recently, exosomes have been proposed as new biological drug carriers. Compared to liposomes and nanoparticles, exosomes have the following advantages: 1) low immunogenicity; 2) low clearance of reticuloendothelial system in vivo; 3) higher bioavailability (can easily pass through biological barriers, including intestinal barrier, blood-brain barrier, and placental barrier); 4) low accumulative toxicity in normal tissues; 5) selectively delivering anti-cancer drugs into cancer cells via ligand-receptor interaction or endocytosis to overcome drug resistance mediated by P-glycoprotein or other multidrug resistance-associated proteins (Kim et al., 2016); 6) the plasticity of acquired targetability to cancer cells; 7) the stimulation of anti-tumor immune responses.
This review discussed the application, challenges, and prospects of exosome-based drug delivery systems in cancer therapy.
2 CHARACTERISTICS AND FUNCTION OF EXOSOMES
2.1 Exosomes Characteristics
Exosomes were first reported by Johnstone in 1987, who discovered a vesicle formation during the maturation process of reticulocytes (Harding et al., 1983; Pan et al., 1985). A few years later, several other groups revealed that the biogenesis of exosomes begins with the internal budding of endosomes, which then forms intraluminal vesicles (ILVs) and further matures into late endosomes, namely multivesicular bodies (MVBs). MVBs eventually merge with the plasma membrane and release ILVs into the extracellular space as exosomes. Exosomes are typical “cup-like” structure vesicles with a diameter of 30–150 nm. The main molecular components of exosomes are cell-derived lipids, glycoconjugates, proteins, and nucleic acids (lncRNA, microRNA, and DNA). Due to an evolutionarily conserved set of proteins present in exosomes, such as fusion and transferring proteins (Rab2, Rab7, flotillin, and annexin), heat shock proteins (HSP70, HSP90), integrins, tetraspanins (CD63, CD81, and CD82), cytoskeleton proteins (β-actin and tubulin), synthesis proteins (Alix and Tsg101), part of which are considered as special markers used for identification of exosomes (Figure 1) (Mashouri et al., 2019).
[image: Figure 1]FIGURE 1 | Typical characteristic of exosomes.
2.2 Functions of Exosomes
Exosomes have pivotal functions in intercellular communication through delivering their internal components, such as mRNAs, miRNAs, and proteins. They regulate various normal physiological activities and may participate in the initiation and progression of tumors. Sun et al. demonstrated that glioblastoma stem cell-derived exosomes enhance the self-renewal ability of glioma cells in vitro and in vivo (Sun et al., 2020). Moreover, Hu et al. revealed that cancer-associated fibroblasts secrete exosomes, which promote metastasis and chemoresistance of colorectal cancer (Hu et al., 2019). In addition, our team also revealed that lung cancer stem cell-derived exosomes promoted the migration and invasion of lung cancer cells (Wang et al., 2020). Considering that exosomes are packed with different proteins and RNAs, recent studies suggested that exosomes could be used as reliable clinical diagnostic and prognostic biomarkers for certain diseases, including cancer. For instance, the HOXA transcript at the distal tip (HOTTIP) is a long noncoding RNA (lncRNA) involved in the proliferation of various cancer cells. Zhao et al. found that exosomal HOTTIP could be utilized as a potential biomarker for the diagnosis of gastric cancer, and its level was an independent factor for poor prognosis in patients with gastric cancer (Zhao et al., 2018). In addition, high levels of exosomal miR-10b-5p, miR-23b-3p, and miR-21-5p are significant biomarkers of poor prognosis in patients with lung cancer (Liu et al., 2017). Moreover, plasma-derived exosomes, which are rich in membrane-bound protein New York-esophageal-1, were found to be closely associated with shorter overall survival of patients with non-small cell lung cancer (NSCLC) (Sandfeld-Paulsen et al., 2016).
3 Exosome-Based Drug Delivery Systems
Through passive or active targeting, exosomes can deliver therapeutic agents such as nucleic acids, proteins, and small molecule drugs to cancer cells (Zhang and Yu, 2019). This potential can be maximized by utilizing exosomes as natural nanoplatforms for drug delivery. Herein, we summarized the most common exosome-based drug delivery systems (Figure 2).
[image: Figure 2]FIGURE 2 | Schematic representation of exosome-based drug delivery systems. Exosomes derived from different types of cells (including MSCs, HEK293, DCs, tumor, and RBC) can deliver drugs to cancer cells through innate or acquired ligands expressed on the surface of exosomes.
3.1 Milk-Derived Exosomes
Milk is a good source of many essential nutrients such as protein, calcium, and vitamin D, and a vital part of a balanced diet. In 2007, exosomes were successfully isolated from human milk for the first time. So far, exosomes have been successively identified from cow, pig, kangaroo, camel, rat, horse, panda, yak, sheep, and goat milk (Sedykh et al., 2020). Compared with exosomes from other origins, milk-derived exosomes are easily accessible, have high yield, and are non-cytotoxic, which makes them a suitable natural source for the production of exosomes.
3.1.1 Role of Milk-Derived Exosomes as Drug Carriers
Badawy AA et al. first reported that milk-derived exosomes exert a moderate inhibitory effect on the proliferation of breast cancer (Badawy et al., 2018). At that time, Radha et al. have further demonstrated that milk-derived exosomes loaded with anti-cancer drugs (anthocyanins, withaferin A, curcumin, paclitaxel (PTX), and docetaxel, respectively) exerted stronger proliferation-inhibiting effects on lung and breast cancer compared with the free drugs (Munagala et al., 2016). Moreover, milk-derived exosomes are evolutionally conserved and maintain the integrity of their contents when passing through the gastrointestinal tract; thus, they may be used orally, avoiding patient intolerance caused by the intravenous injection of anti-cancer drugs. Jamie et al. discovered that milk-derived exosomes are well tolerated in the gastrointestinal tract’s acidic environment and can absorb by the gastrointestinal epithelium via the “neonatal” Fc receptor (Betker et al., 2019). In a recent preclinical study, mice were administered with milk-derived exosomes labeled with fluorescent dye DIR via oral gavage. A strong fluorescent signal was then seen in the blood 30 min after gavage and remained relatively constant after 60–240 min, which further suggested that milk-derived exosomes can translocate from the gut to the blood in mice. In addition, Sergey et al. demonstrated that, after encapsulated curcumin in milk-derived exosomes, the stability and water solubility of curcumin in the acidic intestinal environment were improved, which increased curcumin absorption into blood across the intestinal epithelium (Vashisht et al., 2017). In addition, Farrukh et al. found that oral administration of milk-derived exosomes loaded with celastrol (CEL) could increase drug stability and cellular uptake ability, and in turn, reduce tumor growth in lung cancer-bearing mice compared with the free CEL (Aqil et al., 2016). Natural berry anthocyanidins (Anthos) have high activity but are also susceptible to environmental factors such as pH and temperature, exhibiting poor oral bioavailability and stability. Farrukh et al. found that modified milk-derived exosomes loaded with Anthos could increase the stability and bioavailability of Anthos and greatly improve the anti-cancer efficacy against ovarian cancer (Aqil et al., 2017).
RNA interference (RNAi) refers to the process of homologous mRNA-specific silencing induced by exogenous or endogenous double-stranded RNA. Compared to the small molecules mentioned above, RNAi exerts more prominent anti-cancer effects by selectively inhibiting pivotal genes controlling proliferation, migration, invasion, differentiation, or other malignant biological behaviors of cancer cells. Gene therapy through RNAi showed targeted advantage and few adverse reactions in vitro and in vivo. However, evidence regarding its clinical application is limited due to the obvious off-target effects of siRNA and the instability of siRNA delivery in vivo. Farrukh et al. (Aqil et al., 2019) loaded Texas Red–labeled siRNA into milk-derived exosomes and then co-cultured these exosomes with lung cancer cells. They demonstrated that milk-derived exosomes could deliver siRNA to lung cancer cells. Furthermore, Hong et al. verified that milk-derived exosomes carrying Bcl-2-siRNA could efficiently penetrate the cell membrane and suppress the invasion and migration of pancreatic cancer cells by downregulating matrix metalloproteinases 2 (MMP2), MMP9, vimentin, and N-cadherin (Tao et al., 2020). However, further evidence is needed to support the anti-cancer effects of milk-derived exosomes carrying siRNA in vivo.
3.1.2 Shortcomings of Milk-Derived Exosomes as Drug Carriers
Though the effect of tumor suppression for oral administration of milk-derived exosomes carrying anti-cancer drugs has been verified in vivo and in vitro, the tissue distribution of these exosomes in vivo needs to be further investigated. Radha et al. found that, after administration of DIR-labelled milk-derived exosomes by oral gavage in mice, the biodistribution of these exosomes within the liver, lung, kidney, spleen, and brain was uniform (Munagala et al., 2016). Moreover, after administrating radioactively 99mT c labeled milk-derived exosomes by intravenous route in healthy mice, Gonzalez et al. (Gonzalez et al., 2020) discovered that the radiation signal accumulation was the highest in the liver and spleen followed by stomach and kidneys.
Based on the non-specificity of tissue distribution of milk-derived exosomes in vivo, targeted drug delivery system was paid much attention in recent years. Several studies showed that milk-derived exosomes could be directly modified by hyaluronan or folic acid (FA), thus enhancing tumor targetability. Dan et al. co-incubated CD44 specific binding ligand hyaluronan with milk-derived exosomes to deliver doxorubicin (DOX) and found that these exosomes could target CD44 positive cancer cells to induce apoptosis (Li D. et al., 2020). Moreover, Raghuram et al. discovered that milk-derived exosomes loaded with paclitaxel and then modified with FA could especially target tumor tissues and significantly suppress lung cancer growth in mice via oral administration (Kandimalla et al., 2021). Moreover, Farrukh et al. (Aqil et al., 2019) found that FA modified milk-derived exosomes loaded with siRNA-KRAS could significantly accumulate in tumor tissues of lung cancer-bearing mice via intravenous route and obviously inhibit tumor growth.
However, receptors of hyaluronan or FA are also endogenously expressed in healthy cells/tissues. Wang et al. reported that the receptors of hyaluronan are ubiquitously present in many other cells, including fibroblasts, epithelial cells, endothelial cells, and smooth muscle cells (Suleiman et al., 2018). Also, Nikki et al. demonstrated that the expression of folate receptors had a widespread distribution in normal tissues such as the kidney, lung, intestine, heart, and liver (Parker et al., 2005). Therefore, the question remains whether this method is safe enough.
3.2 Mesenchymal Stem Cell-Derived Exosomes
Mesenchymal stem cells (MSCs) are cells isolated from multiple biological tissues such as adult bone marrow, adipose tissues, placenta, and umbilical cord. In vitro, MSCs have high proliferation ability and multidirectional differentiation potential. In vivo, MSCs have homing/migration and immunosuppression functions. Several clinical trials are currently ongoing to test the therapeutic efficiency of MSCs in treating severe degenerative diseases, including Crohn’s disease and graft-versus-host disease.
3.2.1 Role of MSC-Derived Exosomes in Cancer Development
Exosomes produced by MSCs contain various kinds of proteins, DNA, and RNA, which regulate the biological behaviors of recipient cells and have a vital role in the pathological and physiological processes of several diseases through intercellular communication. Wei et al. demonstrated that MSC-derived exosomal miR-223 could protect neuronal cells from apoptosis via the PTEN-PI3K/Akt signaling pathway, and, in turn, suppress the progression of Alzheimer’s diseases (Wei et al., 2020). In addition, Sun et al. revealed the immunomodulatory effects between MSCs-derived exosomes and rheumatoid arthritis (Liu et al., 2020). Recently, some reports indicated a pro- and anti-cancer functional role of MSCs-derived exosomes in cancer. Tao et al. (Du et al., 2014) found that exosomes derived from human Wharton’s jelly–derived MSCs (HWJ-MSCs) promote the proliferation and invasion of human renal cancer cells. Krishna et al. (Vallabhaneni et al., 2015) suggested that bone marrow MSC–derived exosomes accelerate the growth of MCF-7 breast cancer cells. In addition, Si et al. (Shi et al., 2016) showed that human bone marrow MSC–derived exosomes promote the proliferation and metastasis of nasopharyngeal carcinoma. Besides the pro-cancer effects, MSC-derived exosomes also have an anti-cancer role in bladder cancer (Wu et al., 2013), multiple myeloma (Roccaro et al., 2013), ovarian cancer (Reza et al., 2016), and prostate cancer (Takahara et al., 2016). Zhang et al. found that bone marrow MSC–derived exosomes may inhibit osteosarcoma cells’ proliferation, invasion, and metastasis by specifically delivering miR-206 (Zhang H. et al., 2020). Furthermore, Jong et al. found that mouse bone marrow MSC–derived exosomes reduced vascular endothelial growth factor (VEGF) expression in breast cancer to inhibit angiogenesis in tumor tissues, thereby suppressing tumor growth in mice with breast cancer (Lee et al., 2013).
3.2.2 Application of MSCs-Derived Exosomes as Drug Carriers
Although the function of MSC-derived exosomes in cancer is controversial, these exosomes have been widely studied as drug carriers to exert their anti-cancer effects. Hong et al. revealed that exosomes generated from bone marrow-derived MSCs could convey siRNA-GRP78 to recipient liver cancer cells and inhibit the expression of GRP78 so as to enhance the sensitivity of cancer cells to sorafenib (Li H. et al., 2018). Moreover, Brien et al. demonstrated that human bone marrow MSCs-derived exosomes carrying miR-379 could significantly decrease cyclooxygenase (COX)-2 expression and suppress the proliferation of breast cancer cells (O'Brien et al., 2018). More recently, several reports suggested that MSCs could be edited using genetic engineering (Figure 3).
[image: Figure 3]FIGURE 3 | The utilization of genetically engineered MSCs-derived exosomes as drug carriers. ① MSCs were transfected with vectors carrying product genes. ②Genetically engineered MSCs secreted exosomes with acquired targetability to cancer cells. ③ The targeted exosomes were loaded with anti-cancer drugs. ④ Modified exosomes were internalized by cancer cells through ligand/receptor interaction to deliver drugs to exert anti-cancer effects.
Designed ankyrin repeat protein (DARPin) is a small-molecule binding protein with a high affinity to Her 2. Hosna et al. demonstrated that engineered MSCs with lysosome-associated membrane glycoprotein 2 (LAMP2)-DARPin could produce exosomes rich in LAMP2-DARPin. After being loaded with DOX, these modified exosomes could selectively target Her 2 positive breast cancer cells and, in turn, exert their cytotoxicity (Gomari et al., 2018). Moreover, Elnaz et al. demonstrated that 5TR1 aptamer modified MSCs-derived exosomes carrying DOX could specially bind to Mucin 1 receptor expressed on the surface of colorectal cancer cells and significantly reduce the cytotoxicity of DOX in normal cells (Bagheri et al., 2020).
Despite the abilities of genetically engineered MSCs to endow their derived exosomes with targetability, the pro-cancer effects of these exosomes should not be ignored and need to be further elucidated before clinical application.
3.3 Human Embryonic Kidney 293 Cell–Derived Exosomes
Mammalian cells, including HEK293, HT-1080, and NS0 cells, represent important manufacturing platforms in bioengineering and are widely used for the production of recombinant therapeutic proteins and vaccines. Among them, HEK293 cells provide attractive advantages for the development of recombinant proteins or adenovirus productions, such as the human-like post-translational modification of protein molecules to support a better biological activity and high transfection efficiency to produce high-quality recombinant proteins. Recent studies have shown that exosomes derived from HEK293 cells have great potential to deliver anti-cancer drugs.
3.3.1 Role of HEK293 Cell-Derived Exosomes as Drug Carriers
Yao et al. demonstrated that HEK293 cell-derived exosomes carrying miR-204-5p could decrease the expression of miR-204-5p targeted genes RAB22A and Bcl-2 and inhibit proliferation of colorectal cancer, breast cancer, lung cancer, gastric cancer, and glioma (Yao et al., 2020).
The hepatocyte growth factor (HGF) could promote tumor progression by activating downstream pathways, such as phosphatidylinositol 3-kinase-AKT, RAS-mitogen-activated protein kinase, and vascular endothelial growth factor (VEGF) signaling (Finisguerra et al., 2016). Zhang et al. showed that HEK293 cell-derived exosomes could carry siRNA-HGF to gastric cancer cells and inhibit cell proliferation by decreasing VEGF expression (Zhang et al., 2018).
The overexpression of cellular-mesenchymal epithelial transition (c-MET) is one of the mechanisms of cisplatin resistance in gastric cancer. Zhang et al. found that HEK293 cell-derived exosomes transferring siRNA-c-MET could significantly inhibit the expression level of c-MET and reverse cisplatin resistance of gastric cancer (Zhang Q. et al., 2020).
3.3.2 Genetically Engineered HEK293 Cell-Derived Exosomes as Drug Carriers
Similar to MSCs, HEK293 cells could also be genetically engineered to endow their derived exosomes with targetability. Limoni et al. infected HEK293 cells with LAMP-DARPin chimeric gene and obtained their derived exosomes. Consequently, exosomes carrying siRNA-TPD52 could target Her 2 positive breast cancer cells and obviously suppress oncogene TPD52 expression (Limoni et al., 2019). Furthermore, Daniele et al. developed HEK293 cells with Lamp2b-IL3 to acquire their derived exosomes; exosomes loaded with siRNA-BCR-ABL could specifically target IL3 receptor-positive chronic myeloid leukemia cells and exert obvious anti-cancer effects (Bellavia et al., 2017). In addition, Bai et al. transfected HEK293T cells with Lamp2b-tLyp-1 plasmid and isolated their derived exosomes, which could specifically target toneuropilin (NRP) overexpressing lung cancer stem cells and significantly decrease stemness-associated SOX expression to attenuate stemness phenotypic features of these cells via delivering siRNA (Bai et al., 2020). Moreover, Liang et al. transfected HEK293 cells with Target-Her 2-Lamp2-GFP (THLG) and purified their derived exosomes, which when loaded with anti-cancer drug 5-Fluorouracil (5-Fu) could directly target Her 2 positive colon cancer cells and inhibit the growth of colon cancer in mice (Liang et al., 2020).
3.4 Dendritic Cell-Derived Exosomes
DCs originate from bone marrow pluripotent hematopoietic stem cells and are one of the most potent antigen-presenting cells. These cells can activate resting T cells and promote antigen presentation via major histocompatibility complex (MHC) molecules; thus, they have an important role in initiating, regulating, and maintaining the immune responses as well as participating in the immunotherapy of cancer.
3.4.1 Role of DC-Derived Exosomes in Immunotherapy of Cancer
Recent studies revealed that DC-derived exosomes carry MHC molecules on their surfaces and own antigen-presenting ability, suggesting that DC-derived exosomes participate in immune regulation (Pitt et al., 2014). Than et al. demonstrated that exosomes isolated from cryopreserved umbilical cord blood mononuclear cell-derived DCs (cryo CBMDCs) and pre-treated with lung cancer cell lysates could induce proliferation of allogeneic T-cells to exert greater cytotoxic activity against lung cancer cells compared with untreated cryo CBMDCs-derived exosomes (Than et al., 2020). Martina et al. found that after co-incubating bone marrow-derived DCs with melanoma cell lysates and poly (I:C), derived exosomes could significantly promote proliferation of CD8+ and CD4+ T cells, thus enhancing the cytotoxicity of T cells to melanoma cells (Damo et al., 2015). In addition, Chen et al. revealed that derived exosomes, obtained after treating DCs with poly (I:C) and E749-57 peptide, could promote cytotoxic activity and interferon (IFN)-γ excretion of CD8+ T cells, thereby significantly inhibiting the growth of cervical cancer (Chen S. et al., 2018). Recently, researchers observed that exosomes derived from a recombinant adeno-associated viral vector (rAAV)-carrying alpha-fetoprotein (AFP) gene (rAAV/AFP)-transfected DCs could effectively stimulate the proliferation of naive T cells and induce the activation of cytotoxic T lymphocytes (CTLs), thereby exhibiting immune responses against hepatocellular carcinoma (Li J. et al., 2018). Similarly, Zhen et al. demonstrated that AFP-rich DC-derived exosomes could elicit potent antigen-specific immune responses, significantly suppressing hepatocellular carcinoma growth and prolonging the survival of tumor-bearing mice (Lu et al., 2017). Phung et al. clarified that exosomes secreted by chicken egg albumin (OVA)-treated DCs could greatly activate T cells, stimulate cell proliferation, and increase the CTL/Treg ratio in tumor tissues, thus resulting in an obvious inhibition of tumor growth in melanoma-bearing mice (Phung et al., 2020).
3.4.2 Role of DC-Derived Exosomes as Drug Carriers
DC-derived exosomes may also be used as carriers of anti-cancer drugs (Figure 4). Man et al. showed that DC-derived exosomes loaded with 5-Fu could significantly suppress the tumor growth of colon cancer in mice compared to the anti-cancer effects of free 5-Fu (Xu et al., 2020). Moreover, Zou et al. reported that aptamer sgc8, which specifically recognizes membrane-expressed protein tyrosine kinase 7 (PTK7), could be modified onto the surface of DC-derived exosomes. After being loaded with DOX, these exosomes could efficiently deliver DOX to cancer cells overexpressing PTK7 and thus exert their anti-cancer effects (Zou et al., 2019). Moreover, Tian et al. suggested that exosomes derived from Lamp2b-iRGD plasmid-transfected DCs and then loaded with DOX could inhibit the proliferation of breast cancer cells without affecting other (healthy) cells (Tian et al., 2014). Similarly, Xin et al. reported that iRGD-modified DC-derived exosomes loaded with recombinant methioninase (rMETase) could be specifically delivered to tumor tissues and exert significantly anti-cancer effects in vivo (Xin et al., 2020).
[image: Figure 4]FIGURE 4 | The potential clinical application of DCs-derived exosomes.①-②Exosomes isolated from pre-treated DCs can stimulate the proliferation of immune cells, including CD8+ and CD4+ T cells. ③-④ Exosomes isolated from untreated DCs and then modified with targeting moieties or/and loaded with anti-cancer drugs can exert anti-cancer effects through ligand-receptor interaction, fusion, or endocytosis.
DC-derived exosomes as drug carriers can improve the immunosuppressive microenvironment of tumor tissues through activation and increasing proportion of proliferating T cells and can exert cytotoxicity by delivering anti-cancer drugs, thus are considered to have great potential in the treatment of cancer.
3.5 Cancer Cell-Derived Exosomes
3.5.1 Role of Cancer Cell-Derived Exosomes as Drug Carriers
Recent studies found that cancer cell-derived exosomes share some integrins with cancer cells, which exhibit a natural targeting effect known as the “Trojan horse” property. Due to this special characteristic, cancer cell-derived exosomes might be considered a suitable drug delivery system in cancer therapy. Liu et al. reported that ovarian cancer cell-derived exosomes loaded with triptolide could accumulate in tumor tissues and inhibit ovarian cancer in mice (Liu et al., 2019). Li et al. demonstrated that fibrosarcoma cell HT1080–derived exosomes loaded with DOX showed a better anti-cancer effect through enhancing therapeutic retention in tumor tissues and significantly reducing DOX-induced cardiac toxicity, compared to free DOX (Qiao et al., 2020). In addition, Fu et al. transfected tripartite motif-containing 3 (TRIM3) plasmid into gastric cancer cells to acquire TRIM3-overexpressing exosomes and found that these exosomes could downregulate the expression levels of OCT4, SOX2, and N-cadherin of gastric cancer cells, thereby inhibiting the tumor growth in mice (Fu et al., 2018). Nie et al. further demonstrated that breast cancer cell-derived exosomes carrying integrin beta 4 (ITGβ4) exhibited obvious targetability to surfactant protein C overexpressing lung cancer cells. After being loaded with miRNA-126, these exosomes showed an obvious suppression of tumor growth in lung cancer-bearing mice (Nie et al., 2020).
3.5.2 Shortcomings of Cancer Cell-Derived Exosomes as Drug Carriers
Despite the innate targetability of cancer cell-derived exosomes, the pro-cancer effects of these exosomes made it far away from clinical application. Chen et al. found that highly metastatic hepatocellular carcinoma cell-derived exosomes could communicate with low metastatic hepatocellular carcinoma cells to increase their migration, chemotaxis, and invasion by epithelial-mesenchymal transition through MAPK/ERK pathway (Chen L. et al., 2018). Moreover, Akihiko et al. found that exosomes derived from ovarian cancer could contribute to ovarian cancer cells invasion via transferring miR-99a-5p, which further up-regulates the expression of fibronectin and vitronectin (Yoshimura et al., 2018). Likewise, the cancer-promoting activity of cancer cell-derived exosomes has also been verified in melanoma, colorectal, and prostate cancer (Saari et al., 2015; Felicetti et al., 2016; Zeng et al., 2018).
3.6 Erythrocyte-Derived Exosomes
During the differentiation of erythroid cells, a vast program of maturation occurs. Reticulocyte maturation into erythrocytes is the final step of erythropoiesis that occurs in blood circulation. At that time, the intracellular organelles, including the nucleus, mitochondria, ribosomes, lysosomes, endoplasmic reticulum, and Golgi apparatus, are decayed or eliminated, and the typical cellular biconcave is formed. Recently, some researchers found that, due to the deficiency of nuclear and mitochondrial DNA, erythrocytes-derived exosomes could be considered as a promising drug delivery system for anti-cancer therapy. Qi et al. found that reticulocyte-derived exosomes combined with superparamagnetic nanoparticle clusters and then loaded with DOX could target breast cancer or hepatocellular carcinoma and significantly exert anti-cancer effects in vitro and in vivo under an external magnetic field (Qi et al., 2016). Antisense oligonucleotides (ASOs) and CRISPR–Cas9 genome editing guide RNAs (gRNAs) are RNA therapeutics, which could inhibit tumor progression by regulating the levels of specific genes involved in cell proliferation, differentiation, and survival, with the characteristics of high specificity and low cytotoxicity. Based on this, Waqas et al. demonstrated that erythrocytes-derived exosomes loaded with ASOs and Cas9mRNA could inhibit the proliferation of acute myeloid leukemia and breast cancer cells in vitro and in vivo (Usman et al., 2018). Recently, Zhan et al. demonstrated that erythrocytes-derived exosomes modified with phosphatidylcholine and then loaded with DOX could decrease the proliferation of glioma cells via enhanced cancer cell uptake and improve intracellular DOX delivery efficiency (Zhan et al., 2021).
4 CHALLENGES AND PROSPECTS IN USING EXOSOMES AS DRUG CARRIERS
Over recent years, many reports suggested using exosomes as a suitable drug delivery system for cancer therapy. Compared with liposomes and nanoparticles, exosomes offer high biocompatibility, low immunogenicity, the ability to penetrate biological barriers easily, and non-toxic accumulation. Therefore, developing a drug delivery system based on exosomes is of great scientific significance and has potential clinical application prospects. However, the clinical application of exosomes as drug carriers still faces some challenges.
Besides cell heterogeneity, exosomes may be different in size, have different content and functional abilities, which raises the questions about their safety. Therefore, before moving forward with the clinical work, it is necessary to discharge the natural contents of exosomes to avoid the pro-cancer effects and then modify them with targeting moieties or/and load them with anti-cancer drugs to obtain engineered exosomes (Figure 5). Recently, Li et al. revealed that use of hypotonic treatment to remove the contents of macrophage-derived exosomes was feasible. After that, these exosomes loaded with anti-cancer drugs could also exert anti-cancer effects against breast cancer (Li S. et al., 2020). Based on this, further experiments should be performed to extend the applicability of hypotonic treatment in other cells-derived exosomes so as to avoid the heterogeneities of exosomes, which could increase the security risk of exosomes as drug carriers.
[image: Figure 5]FIGURE 5 | Schematic illustrations of engineered exosomes as drug carriers. ①-② The removal procedure of natural contents in cells-derived exosomes to construct exosome vesicle. ③ Exosome vesicle was modified with targeting moieties (e.g., folic acid, hyaluronan) via co-incubation and then loaded with anti-cancer drugs (e.g., DOX, PTX, 5-Fu) via electroporation or sonication to obtain engineered exosomes. ④The engineered exosomes were internalized by cancer cells through ligand/receptor interaction.
The yield of exosomes may vary in accordance with the type of donor cells. Tian et al. revealed that the yield of immature dendritic cells (iDC)-derived exosomes is very low (Yeo et al., 2013; Tian et al., 2014). Moreover, Wang et al. demonstrated that breast cancer cells produce fewer exosomes compared with normal cells in the same number per unit time (Chiu et al., 2016). Compared to other exosomes, milk-derived exosomes offered a higher yield; however, acquiring targetability to cancer through genetic engineering of milk-derived exosomes was very difficult. Moreover, milk-derived exosomes were currently restricted to the modification of hyaluronan or folic acid, which were not targeting cancer cells especially. Therefore, genetically engineered milk-derived exosomes or the strategies to increase the yield of exosomes should be further explored. Recently, some researchers proposed that the yield of exosomes might depend on the different functions of the endosomal sorting complex (Rab protein and soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) protein family), which regulates the process of exosomal synthesis and secretion from host cells. Therefore, more in-depth investigations into functional roles of endosomal sorting complex in host cells should be carried out in the future.
At present, many methods have been used to load anti-cancer drugs into exosomes, including co-incubation, electroporation, and chemical transfection (Table 1). However, the drug loading efficiency when using different methods may vary. Farrukh et al. compared the loading efficiency of milk-derived exosomes with siRNA between chemical transfection and electroporation and found that the loading efficiency of siRNA into exosomes via chemical transfection was 30% while it was 35% through electroporation (Aqil et al., 2019). Kim et al. discovered that the loading efficiency of macrophages-derived exosomes with PTX when using co-incubation, electroporation, and sonication is different; the loading efficiency of sonication was 28.29%, while co-incubation and electroporation were 1.44 and 5.3%, respectively (Kim et al., 2016). Moreover, the loading efficiency of exosomes with anti-cancer drugs also depends on the types of host cells. Thakur et al. demonstrated that glioblastoma stem cell or glioma cell-derived exosomes loaded with DOX in the same condition exhibited different loading efficiency with 19.7 and 7.86%, respectively (Thakur et al., 2020). Therefore, ways to optimize the above methods with the greatest drug loading efficiency need to be urgently explored.
TABLE 1 | The summary of exosomes as drug carriers for cancer therapy.
[image: Table 1]5 CONCLUSION
Although there are significant challenges and difficulties in applying exosome-based drug delivery systems, this natural vesicle has great potential in the biomedical field, especially in anti-cancer therapy. Yet, certain problems need to be solved before they can be used in clinical practice. Thus, the scientific community should further focus on the exploration of these problems.
AUTHOR CONTRIBUTIONS
Conception and design: JZ, FL, and LW; Manuscript writing: All authors; Final approval of manuscript: All authors.
FUNDING
The present study was supported by the National Natural Science Foundation of China (Grant no.81802512).
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.
REFERENCES
 Aqil, F., Kausar, H., Agarwal, A. K., Jeyabalan, J., Kyakulaga, A -H., Munagala, R., et al. (2016). Exosomal Formulation Enhances Therapeutic Response of Celastrol against Lung Cancer. Exp. Mol. Pathol. 101 (1), 12–21. doi:10.1016/j.yexmp.2016.05.013
 Aqil, F., Jeyabalan, J., Agarwal, A. K., Kyakulaga, A -H., Gupta, R., Parker, L., et al. (2017). Exosomal Delivery of berry Anthocyanidins for the Management of Ovarian Cancer. Food Funct. 8 (11), 4100–4107. doi:10.1039/c7fo00882a
 Aqil, F., Jeyabalan, J., Agarwal, A. K., Kyakulaga, A -H., Wilcher, S. A., and Gupta, R. C. (2019). Milk Exosomes - Natural Nanoparticles for siRNA Delivery. Cancer Lett. 449, 186–195. doi:10.1016/j.canlet.2019.02.011
 Arrighetti, N., Corbo, C., Evangelopoulos, M., Pastò, A., Zuco, V., and Tasciotti, E. (2019). Exosome-like Nanovectors for Drug Delivery in Cancer. Curr. Med. Chem. 26 (33), 6132–6148. doi:10.2174/0929867325666180831150259
 Badawy, A. B., El-Magd, M. A., and AlSadrah, S. A. (2018). Therapeutic Effect of Camel Milk and its Exosomes on MCF7 Cells In Vitro and In Vivo. Integr. Cancer Ther. 17 (4), 1235–1246. doi:10.1177/1534735418786000
 Bagheri, E., Abnous, K., Farzad, S. A., Taghdisi, S. M., Ramezani, M., and Alibolandi, M. (2020). Targeted Doxorubicin-Loaded Mesenchymal Stem Cells-Derived Exosomes as a Versatile Platform for Fighting against Colorectal Cancer. Life Sci. 261, 118369. doi:10.1016/j.lfs.2020.118369
 Bai, J., Duan, J., Liu, R., Du, Y., Luo, Q., Cui, Y., et al. (2020). Engineered Targeting tLyp-1 Exosomes as Gene Therapy Vectors for Efficient Delivery of siRNA into Lung Cancer Cells. Asian J. Pharm. Sci. 15 (4), 461–471. doi:10.1016/j.ajps.2019.04.002
 Bellavia, D., Raimondo, S., Calabrese, G., Forte, S., Cristaldi, M., Patinella, A., et al. (2017). Interleukin 3- Receptor Targeted Exosomes Inhibit In Vitro and In Vivo Chronic Myelogenous Leukemia Cell Growth. Theranostics 7 (5), 1333–1345. doi:10.7150/thno.17092
 Betker, J. L., Angle, B. M., Graner, M. W., and Anchordoquy, T. J. (2019). The Potential of Exosomes from Cow Milk for Oral Delivery. J. Pharm. Sci. 108 (4), 1496–1505. doi:10.1016/j.xphs.2018.11.022
 Chabanon, R. M., Pedrero, M., Lefebvre, C., Marabelle, A., Soria, J. C., and Postel-Vinay, S. (2016). Mutational Landscape and Sensitivity to Immune Checkpoint Blockers. Clin. Cancer Res. 22 (17), 4309–4321. doi:10.1158/1078-0432.ccr-16-0903
 Chen, S., Lv, M., Fang, S., Ye, W., Gao, Y., and Xu, Y. (2018). Poly(I:C) Enhanced Anti-cervical Cancer Immunities Induced by Dendritic Cells-Derived Exosomes. Int. J. Biol. Macromol 113, 1182–1187. doi:10.1016/j.ijbiomac.2018.02.034
 Chen, L., Guo, P., He, Y., Chen, Z., Chen, L., Luo, Y., et al. (2018). HCC-derived Exosomes Elicit HCC Progression and Recurrence by Epithelial-Mesenchymal Transition through MAPK/ERK Signalling Pathway. Cell Death Dis 9 (5), 513. doi:10.1038/s41419-018-0534-9
 Chiu, Y. J., Cai, W., Shih, Y.-R. V., Lian, I., and Lo, Y.-H. (2016). A Single-Cell Assay for Time Lapse Studies of Exosome Secretion and Cell Behaviors. Small 12 (27), 3658–3666. doi:10.1002/smll.201600725
 Damo, M., Wilson, D. S., Simeoni, E., and Hubbell, J. A. (2015). TLR-3 Stimulation Improves Anti-tumor Immunity Elicited by Dendritic Cell Exosome-Based Vaccines in a Murine Model of Melanoma. Sci. Rep. 5, 17622. doi:10.1038/srep17622
 De Jong, W. H., and Borm, P. J. (2008). Drug Delivery and Nanoparticles: Applications and Hazards. Int. J. Nanomedicine 3 (2), 133–149. doi:10.2147/ijn.s596
 Du, T., Ju, G., Wu, S., Cheng, Z., Cheng, J., Zou, X., et al. (2014). Microvesicles Derived from Human Wharton's Jelly Mesenchymal Stem Cells Promote Human Renal Cancer Cell Growth and Aggressiveness through Induction of Hepatocyte Growth Factor. PLoS One 9 (5), e96836. doi:10.1371/journal.pone.0096836
 Felicetti, F., De Fao, A., Coscia, C., Puglisi, R., Pedini, F., Pasquini, L., et al. (2016). Exosome-mediated Transfer of miR-222 Is Sufficient to Increase Tumor Malignancy in Melanoma. J. Transl Med. 14, 56. doi:10.1186/s12967-016-0811-2
 Finisguerra, V., Prenen, H., and Mazzone, M. (2016). Preclinical and Clinical Evaluation of MET Functions in Cancer Cells and in the Tumor Stroma. Oncogene 35 (42), 5457–5467. doi:10.1038/onc.2016.36
 Fu, H., Yang, H., Zhang, X., Wang, B., Mao, J., Li, X., et al. (2018). Exosomal TRIM3 Is a Novel Marker and Therapy Target for Gastric Cancer. J. Exp. Clin. Cancer Res. 37 (1), 162. doi:10.1186/s13046-018-0825-0
 Gomari, H., Forouzandeh Moghadam, M., and Soleimani, M. (2018). Targeted Cancer Therapy Using Engineered Exosome as a Natural Drug Delivery Vehicle. OncoTargets Ther. 11, 5753–5762. doi:10.2147/ott.s173110
 Gonzalez, M. I., Martin-Duque, P., Desco, M., and Salinas, B. (2020). Radioactive Labeling of Milk-Derived Exosomes with (99m)Tc and In Vivo Tracking by SPECT Imaging. Nanomaterials (Basel) 10 (6), 1062. doi:10.3390/nano10061062
 Harding, C., Heuser, J., and Stahl, P. (1983). Receptor-mediated Endocytosis of Transferrin and Recycling of the Transferrin Receptor in Rat Reticulocytes. J. Cel. Biol. 97 (2), 329–339. doi:10.1083/jcb.97.2.329
 Hu, J. L., Wang, W., Lan, X. L., Zeng, Z. C., Liang, Y. S., Yan, Y. R., et al. (2019). CAFs Secreted Exosomes Promote Metastasis and Chemotherapy Resistance by Enhancing Cell Stemness and Epithelial-Mesenchymal Transition in Colorectal Cancer. Mol. Cancer 18 (1), 91. doi:10.1186/s12943-019-1019-x
 Kandimalla, R., Aqil, F., Alhakeem, S. S., Jeyabalan, J., Tyagi, N., Agarwal, A., et al. (2021). Targeted Oral Delivery of Paclitaxel Using Colostrum-Derived Exosomes. Cancers (Basel) 13 (15), 3700. doi:10.3390/cancers13153700
 Kim, M. S., Haney, M. J., Zhao, Y., Mahajan, V., Deygen, I., Klyachko, N. L., et al. (2016). Development of Exosome-Encapsulated Paclitaxel to Overcome MDR in Cancer Cells. Nanomedicine 12 (3), 655–664. doi:10.1016/j.nano.2015.10.012
 Kronschnabl, P., Grünweller, A., Hartmann, R. K., Aigner, A., and Weirauch, U. (2020). Inhibition of PIM2 in Liver Cancer Decreases Tumor Cell Proliferation In Vitro and In Vivo Primarily through the Modulation of Cell Cycle Progression. Int. J. Oncol. 56 (2), 448–459. doi:10.3892/ijo.2019.4936
 Lee, J. K., Park, S.-R., Jung, B.-K., Jeon, Y.-K., Lee, Y.-S., Kim, M.-K., et al. (2013). Exosomes Derived from Mesenchymal Stem Cells Suppress Angiogenesis by Down-Regulating VEGF Expression in Breast Cancer Cells. PLoS One 8 (12), e84256. doi:10.1371/journal.pone.0084256
 Li, H., Yang, C., Shi, Y., and Zhao, L. (2018). Exosomes Derived from siRNA against GRP78 Modified Bone-Marrow-Derived Mesenchymal Stem Cells Suppress Sorafenib Resistance in Hepatocellular Carcinoma. J. Nanobiotechnology 16 (1), 103. doi:10.1186/s12951-018-0429-z
 Li, J., Huang, S., Zhou, Z., Lin, W., Chen, S., Chen, M., et al. (2018). Exosomes Derived from rAAV/AFP-Transfected Dendritic Cells Elicit Specific T Cell-Mediated Immune Responses against Hepatocellular Carcinoma. Cancer Manag. Res. 10, 4945–4957. doi:10.2147/cmar.s178326
 Li, D., Yao, S., Zhou, Z., Shi, J., Huang, Z., and Wu, Z. (2020). Hyaluronan Decoration of Milk Exosomes Directs Tumor-specific Delivery of Doxorubicin. Carbohydr. Res. 493, 108032. doi:10.1016/j.carres.2020.108032
 Li, S., Wu, Y., Ding, F., Yang, J., Li, J., Gao, X., et al. (2020). Engineering Macrophage-Derived Exosomes for Targeted Chemotherapy of Triple-Negative Breast Cancer. Nanoscale 12 (19), 10854–10862. doi:10.1039/d0nr00523a
 Liang, G., Zhu, Y., Ali, D. J., Tian, T., Xu, H., Si, K., et al. (2020). Engineered Exosomes for Targeted Co-delivery of miR-21 Inhibitor and Chemotherapeutics to Reverse Drug Resistance in colon Cancer. J. Nanobiotechnology 18 (1), 10. doi:10.1186/s12951-019-0563-2
 Limoni, S. K., Moghadam, M. F., Moazzeni, S. M., Gomari, H., and Salimi, F. (2019). Engineered Exosomes for Targeted Transfer of siRNA to HER2 Positive Breast Cancer Cells. Appl. Biochem. Biotechnol. 187 (1), 352–364. doi:10.1007/s12010-018-2813-4
 Liu, H., Li, R., Liu, T., Yang, L., Yin, G., and Xie, Q. (2020). Immunomodulatory Effects of Mesenchymal Stem Cells and Mesenchymal Stem Cell-Derived Extracellular Vesicles in Rheumatoid Arthritis. Front. Immunol. 11, 1912. doi:10.3389/fimmu.2020.01912
 Liu, H., Shen, M., Zhao, D., Ru, D., Duan, Y., Ding, C., et al. (2019). The Effect of Triptolide-Loaded Exosomes on the Proliferation and Apoptosis of Human Ovarian Cancer SKOV3 Cells. Biomed. Res. Int. 2019, 2595801. doi:10.1155/2019/2595801
 Liu, Q., Yu, Z., Yuan, S., Xie, W., Li, C., Hu, Z., et al. (2017). Circulating Exosomal microRNAs as Prognostic Biomarkers for Non-small-cell Lung Cancer. Oncotarget 8 (8), 13048–13058. doi:10.18632/oncotarget.14369
 Lu, Z., Zuo, B., Jing, R., Gao, X., Rao, Q., Liu, Z., et al. (2017). Dendritic Cell-Derived Exosomes Elicit Tumor Regression in Autochthonous Hepatocellular Carcinoma Mouse Models. J. Hepatol. 67 (4), 739–748. doi:10.1016/j.jhep.2017.05.019
 Maleki Vareki, S., Garrigós, C., and Duran, I. (2017). Biomarkers of Response to PD-1/pd-L1 Inhibition. Crit. Rev. Oncol. Hematol. 116, 116–124. doi:10.1016/j.critrevonc.2017.06.001
 Mashouri, L., Yousefi, H., Aref, A. R., Ahadi, A. M., Molaei, F., and Alahari, S. K. (2019). Exosomes: Composition, Biogenesis, and Mechanisms in Cancer Metastasis and Drug Resistance. Mol. Cancer 18 (1), 75. doi:10.1186/s12943-019-0991-5
 Munagala, R., Aqil, F., Jeyabalan, J., and Gupta, R. C. (2016). Bovine Milk-Derived Exosomes for Drug Delivery. Cancer Lett. 371 (1), 48–61. doi:10.1016/j.canlet.2015.10.020
 Nie, H., Xie, X., Zhang, D., Zhou, Y., Li, B., Li, F., et al. (2020). Use of Lung-specific Exosomes for miRNA-126 Delivery in Non-small Cell Lung Cancer. Nanoscale 12 (2), 877–887. doi:10.1039/c9nr09011h
 O'Brien, K. P., Khan, S., Gilligan, K. E., Zafar, H., Lalor, P., Glynn, C., et al. (2018). Employing Mesenchymal Stem Cells to Support Tumor-Targeted Delivery of Extracellular Vesicle (EV)-encapsulated microRNA-379. Oncogene 37 (16), 2137–2149. doi:10.1038/s41388-017-0116-9
 Pan, B. T., Teng, K., Wu, C., Adam, M., and Johnstone, R. M. (1985). Electron Microscopic Evidence for Externalization of the Transferrin Receptor in Vesicular Form in Sheep Reticulocytes. J. Cel. Biol. 101 (3), 942–948. doi:10.1083/jcb.101.3.942,
 Parker, N., Turk, M. J., Westrick, E., Lewis, J. D., Low, P. S., and Leamon, C. P. (2005). Folate Receptor Expression in Carcinomas and normal Tissues Determined by a Quantitative Radioligand Binding Assay. Anal. Biochem. 338 (2), 284–293. doi:10.1016/j.ab.2004.12.026
 Perez-Herrero, E., and Fernandez-Medarde, A. (2015). Advanced Targeted Therapies in Cancer: Drug Nanocarriers, the Future of Chemotherapy. Eur. J. Pharm. Biopharm. 93, 52–79. doi:10.1016/j.ejpb.2015.03.018
 Phung, C. D., Pham, T. T., Nguyen, H. T., Nguyen, T. T., Ou, W., Jeong, J.-H., et al. (2020). Anti-CTLA-4 Antibody-Functionalized Dendritic Cell-Derived Exosomes Targeting Tumor-Draining Lymph Nodes for Effective Induction of Antitumor T-Cell Responses. Acta Biomater. 115, 371–382. doi:10.1016/j.actbio.2020.08.008
 Pitt, J. M., Charrier, M., Viaud, S., Andre, F., Besse, B., Chaput, N., et al. (2014). Dendritic Cell-Derived Exosomes as Immunotherapies in the Fight against Cancer. J. Immunol. 193 (3), 1006–1011. doi:10.4049/jimmunol.1400703
 Pu, C., Tang, W., Li, X., Li, M., and Sun, Q. (2019). Stability Enhancement Efficiency of Surface Decoration on Curcumin-Loaded Liposomes: Comparison of Guar Gum and its Cationic Counterpart. Food Hydrocolloids 87, 29–37. doi:10.1016/j.foodhyd.2018.07.039
 Qi, H., Liu, C., Long, L., Ren, Y., Zhang, S., Chang, X., et al. (2016). Blood Exosomes Endowed with Magnetic and Targeting Properties for Cancer Therapy. ACS Nano 10 (3), 3323–3333. doi:10.1021/acsnano.5b06939
 Qiao, L., Hu, S., Huang, K., Su, T., Li, Z., Vandergriff, A., et al. (2020). Tumor Cell-Derived Exosomes home to Their Cells of Origin and Can Be Used as Trojan Horses to Deliver Cancer Drugs. Theranostics 10 (8), 3474–3487. doi:10.7150/thno.39434
 Reza, A. A. M. T., Choi, Y.-C., Yasuda, H., and Kim, J.-H. (2016). Human Adipose Mesenchymal Stem Cell-Derived Exosomal-miRNAs Are Critical Factors for Inducing Anti-proliferation Signalling to A2780 and SKOV-3 Ovarian Cancer Cells. Sci. Rep. 6, 38498. doi:10.1038/srep38498
 Roccaro, A. M., Sacco, A., Maiso, P., Azab, A. K., Tai, Y.-T., Reagan, M., et al. (2013). BM Mesenchymal Stromal Cell-Derived Exosomes Facilitate Multiple Myeloma Progression. J. Clin. Invest. 123 (4), 1542–1555. doi:10.1172/jci66517
 Saari, H., Lázaro-Ibáñez, E., Viitala, T., Vuorimaa-Laukkanen, E., Siljander, P., and Yliperttula, M. (2015). Microvesicle- and Exosome-Mediated Drug Delivery Enhances the Cytotoxicity of Paclitaxel in Autologous Prostate Cancer Cell. J. Control. Release 220, 727–737. doi:10.1016/j.jconrel.2015.09.031
 Sandfeld-Paulsen, B., Aggerholm-Pedersen, N., Bæk, R., Jakobsen, K. R., Meldgaard, P., Folkersen, B. H., et al. (2016). Exosomal Proteins as Prognostic Biomarkers in Non-small Cell Lung Cancer. Mol. Oncol. 10 (10), 1595–1602. doi:10.1016/j.molonc.2016.10.003
 Sedykh, S., Kuleshova, A., and Nevinsky, G. (2020). Milk Exosomes: Perspective Agents for Anticancer Drug Delivery. Int. J. Mol. Sci. 21 (18), 6646. doi:10.3390/ijms21186646
 Shi, S., Zhang, Q., Xia, Y., You, B., Shan, Y., Bao, L., et al. (2016). Mesenchymal Stem Cell-Derived Exosomes Facilitate Nasopharyngeal Carcinoma Progression. Am. J. Cancer Res. 6 (2), 459–472. 
 Suleiman, M., Abdulrahman, N., Yalcin, H., and Mraiche, F. (2018). The Role of CD44, Hyaluronan and NHE1 in Cardiac Remodeling. Life Sci. 209, 197–201. doi:10.1016/j.lfs.2018.08.009
 Sun, Z., Wang, L., Zhou, Y., Dong, L., Ma, W., Lv, L., et al. (2020). Glioblastoma Stem Cell-Derived Exosomes Enhance Stemness and Tumorigenicity of Glioma Cells by Transferring Notch1 Protein. Cell Mol Neurobiol 40 (5), 767–784. doi:10.1007/s10571-019-00771-8
 Sung, H., Ferley, J., Siegal, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al. (2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. A Cancer J. Clinicians 71, 209–249. doi:10.3322/caac.21660
 Takahara, K., Inamoto, T., Ibuki, N., Uchimoto, T., Saito, K., Takai, T., et al. (2016). 245 MicroRNA-145 Mediates the Inhibitory Effect of Adipose-Derived Stem Cells on Androgen-independent Prostate Cancer. Eur. Urol. Supplements 15 (3), e245. doi:10.1016/s1569-9056(16)60247-6
 Tang, Y., Wang, X., Li, J., Nie, Y., Liao, G., Yu, Y., et al. (2019). Overcoming the Reticuloendothelial System Barrier to Drug Delivery with a "Don't-Eat-Us" Strategy. ACS Nano 13 (11), 13015–13026. doi:10.1021/acsnano.9b05679
 Tao, H., Xu, H., Zuo, L., Li, C., Qiao, G., Guo, M., et al. (2020). Exosomes-coated Bcl-2 siRNA Inhibits the Growth of Digestive System Tumors Both In Vitro and In Vivo. Int. J. Biol. Macromol 161, 470–480. doi:10.1016/j.ijbiomac.2020.06.052
 Thakur, A., Sidu, R. K., Zou, H., Alam, M. K., Yang, M., and Lee, Y. (2020). Inhibition of Glioma Cells' Proliferation by Doxorubicin-Loaded Exosomes via Microfluidics. Int. J. Nanomedicine 15, 8331–8343. doi:10.2147/ijn.s263956
 Than, U. T. T., Le, H. T., Hoang, D. H., Nguyen, X.-H., Pham, C. T., Bui, K. T. V., et al. (2020). Induction of Antitumor Immunity by Exosomes Isolated from Cryopreserved Cord Blood Monocyte-Derived Dendritic Cells. Int. J. Mol. Sci. 21 (5), 1834. doi:10.3390/ijms21051834
 Tian, Y., Li, S., Song, J., Ji, T., Zhu, M., Anderson, G. J., et al. (2014). A Doxorubicin Delivery Platform Using Engineered Natural Membrane Vesicle Exosomes for Targeted Tumor Therapy. Biomaterials 35 (7), 2383–2390. doi:10.1016/j.biomaterials.2013.11.083
 Usman, W. M., Pham, T. C., Kwok, Y. Y., Vu, L. T., Ma, V., Peng, B., et al. (2018). Efficient RNA Drug Delivery Using Red Blood Cell Extracellular Vesicles. Nat. Commun. 9 (1), 2359. doi:10.1038/s41467-018-04791-8
 Vallabhaneni, K. C., Penfornis, P., Dhule, S., Guillonneau, F., Adams, K. V., Mo, Y. Y., et al. (2015). Extracellular Vesicles from Bone Marrow Mesenchymal Stem/stromal Cells Transport Tumor Regulatory microRNA, Proteins, and Metabolites. Oncotarget 6 (7), 4953–4967. doi:10.18632/oncotarget.3211
 Vashisht, M., Rani, P., Onteru, S. K., and Singh, D. (2017). Curcumin Encapsulated in Milk Exosomes Resists Human Digestion and Possesses Enhanced Intestinal Permeability In Vitro. Appl. Biochem. Biotechnol. 183 (3), 993–1007. doi:10.1007/s12010-017-2478-4
 Wang, L., He, J., Hu, H., Tu, L., Sun, Z., Liu, Y., et al. (2020). Lung CSC-Derived Exosomal miR-210-3p Contributes to a Pro-metastatic Phenotype in Lung Cancer by Targeting FGFRL1. J. Cel Mol Med 24 (11), 6324–6339. doi:10.1111/jcmm.15274
 Wei, H., Xu, Y., Chen, Q., Chen, H., Zhu, X., and Li, Y. (2020). Mesenchymal Stem Cell-Derived Exosomal miR-223 Regulates Neuronal Cell Apoptosis. Cel Death Dis 11 (4), 290. doi:10.1038/s41419-020-2490-4
 Wu, S., Ju, G. - Q., Du, T., Zhu, Y. - J., and Liu, G. - H. (2013). Microvesicles Derived from Human Umbilical Cord Wharton's Jelly Mesenchymal Stem Cells Attenuate Bladder Tumor Cell Growth In Vitro and In Vivo. PLoS One 8 (4), e61366. doi:10.1371/journal.pone.0061366
 Xin, L., Yuan, Y.-W., Liu, C., Zhou, L.-Q., Liu, L., Zhou, Q., et al. (2020). Preparation of Internalizing RGD-Modified Recombinant Methioninase Exosome Active Targeting Vector and Antitumor Effect Evaluation. Dig. Dis. Sci. 66 (4), 1045-1053. doi:10.1007/s10620-020-06262-x
 Xu, M., Chen, Q., Li, J., Peng, L., and Ding, L. (2020). Dendritic Cell-Derived Exosome-Entrapped Fluorouracil Can Enhance its Anti-colon Cancer Effect. J BUON 25 (3), 1413–1422. 
 Yao, S., Yin, Y., Jin, G., Li, D., Li, M., Hu, Y., et al. (2020). Exosome-mediated Delivery of miR-204-5p Inhibits Tumor Growth and Chemoresistance. Cancer Med. 9 (16), 5989–5998. doi:10.1002/cam4.3248
 Yeo, R. W., Lai, R. C., Zhang, B., Tan, S. S., Yin, Y., Teh, B. J., et al. (2013). Mesenchymal Stem Cell: An Efficient Mass Producer of Exosomes for Drug Delivery. Adv. Drug Deliv. Rev. 65 (3), 336–341. doi:10.1016/j.addr.2012.07.001
 Yoshimura, A., Sawada, K., Nakamura, K., Kinose, Y., Nakatsuka, E., Kobayashi, M., et al. (2018). Exosomal miR-99a-5p Is Elevated in Sera of Ovarian Cancer Patients and Promotes Cancer Cell Invasion by Increasing Fibronectin and Vitronectin Expression in Neighboring Peritoneal Mesothelial Cells. BMC Cancer 18 (1), 1065. doi:10.1186/s12885-018-4974-5
 Yu, X., Dai, Y., Zhao, Y., Qi, S., Liu, L., Lu, L., et al. (2020). Melittin-lipid Nanoparticles Target to Lymph Nodes and Elicit a Systemic Anti-tumor Immune Response. Nat. Commun. 11 (1), 1110. doi:10.1038/s41467-020-14906-9
 Zeng, Z., Li, Y., Pan, Y., Lan, X., Song, F., Sun, J., et al. (2018). Cancer-derived Exosomal miR-25-3p Promotes Pre-metastatic Niche Formation by Inducing Vascular Permeability and Angiogenesis. Nat. Commun. 9 (1), 5395. doi:10.1038/s41467-018-07810-w
 Zhan, Q., Yi, K., Li, X., Cui, X., Yang, E., Chen, N., et al. (2021). Phosphatidylcholine-engineered Exosomes for Enhanced Tumor Cell Uptake and Intracellular Antitumor Drug Delivery. Macromol Biosci. 21 (8), e2100042. doi:10.1002/mabi.202100042
 Zhang, H., Wang, Y., Bai, M., Wang, J., Zhu, K., Liu, R., et al. (2018). Exosomes Serve as Nanoparticles to Suppress Tumor Growth and Angiogenesis in Gastric Cancer by Delivering Hepatocyte Growth Factor siRNA. Cancer Sci. 109 (3), 629–641. doi:10.1111/cas.13488
 Zhang, L., and Yu, D. (2019). Exosomes in Cancer Development, Metastasis, and Immunity. Biochim. Biophys. Acta Rev. Cancer 1871 (2), 455–468. doi:10.1016/j.bbcan.2019.04.004
 Zhang, H., Wang, J., Ren, T., Huang, Y., Liang, X., Yu, Y., et al. (2020). Bone Marrow Mesenchymal Stem Cell-Derived Exosomal miR-206 Inhibits Osteosarcoma Progression by Targeting TRA2B. Cancer Lett. 490, 54–65. doi:10.1016/j.canlet.2020.07.008
 Zhang, Q., Zhang, H., Ning, T., Liu, D., Deng, T., and Liu, R. (2020). Exosome-Delivered C-Met siRNA Could Reverse Chemoresistance to Cisplatin in Gastric Cancer. Int. J. Nanomedicine 15, 2323–2335. doi:10.2147/ijn.s231214
 Zhao, R., Zhang, Y., Zhang, X., Yang, Y., Zheng, X., Li, X., et al. (2018). Exosomal Long Noncoding RNA HOTTIP as Potential Novel Diagnostic and Prognostic Biomarker Test for Gastric Cancer. Mol. Cancer 17 (1), 68. doi:10.1186/s12943-018-0817-x
 Zou, J., Shi, M., Liu, X., Jin, C., Xing, X., Qiu, L., et al. (2019). Aptamer-Functionalized Exosomes: Elucidating the Cellular Uptake Mechanism and the Potential for Cancer-Targeted Chemotherapy. Anal. Chem. 91 (3), 2425–2430. doi:10.1021/acs.analchem.8b05204
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.
Copyright © 2022 Chen, Wang, Zhu, Xu, Liu, Li, Zhou and Luo. 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.
OPS/images/fcell-10-728616-g005.gif





OPS/images/fcell-10-728616-t001.jpg
Source of
exosomes

Milk

Milk
Milk
Milk
Milk
Milk

Milk
BM-MSC
BM-MSCs
MSCs
BM-MSCs

HEK293
HEK293

HEK293

HEK293
HEK293

HEK293
HEK293

DCs

imDCs
imDCs
imDCs
SKOV3 cells
HT1080 cells

MGC-803
MDA-MB-231 cells
Reticulocytes
RBCs

RBCs
SF7761 and
U251-GMs

Loading drugs

withaferin A

celastrol
Anthos
S-KRAS®!2S
Bcl-2-siRNA
DOX

PTX
siRNA-GRP78
miR-379

DOX

DOX

miR-204-5p
HGF siRNA

c-Met siRNA

SIRNA-TPD52
BCR-ABL-siRNA or
imatinib

SiRNA

miR-21i and 5-FU

5-FU
DOX
DOX
METase
triptoide
DOX

TRIM3
mMiRNA-126

DOX

ASOs and
Cas9mRNA
DOX, anti-miR21
DOX

Loading method

Incubation

Incubation
Incubation
Transfection
Ultrasonic
Incubation

Incubation
Transfection
Transfection
Electroporation
Electroporation

Transfection
Transfection

Transfection

Transfection
Transfection

Transfection
Transfection

Electroporation
Electroporation
Electroporation
Transfection
Sonication
Membrane
extrusion
Transfection
Transfection
Incubation
Transfection

Incubation
Microfiuidics

Cancer type

A549 cells

A549 cells

A2780 cells

A549 cells

Panc28 cells
MDA-MB-231, MCF-7 cells
and A549 cells

A549 cells

HepG2 and PLC-SR cells
T47D and HCC cells

MDA-MB-231 and BT-474
cells
€26 tumor cells

HCT116 cells
SGC-7901 gastric cells

SGC7901/DDP gastric cells

SKBR3 cells

LAMAB4 cells and K562R
cells

A549 cells

HCT-1165FR

CT26 cells

CEM cells
MDA-MB-231 cells
SGC7901 cells
SKOV3 cells
HT1080 cells

MGC-803 cells

A549 cells

Hepatoma 22 cells
MOLM13, NOMO1 and
CAta cells

Glioma

SF7761 and U251-GMs

Type

Vivo
Vivo
Vivo
Vivo
Vivo
vitro
Vivo
Vivo
Vivo
Vitro

Vivo

Vivo
Vivo

Vivo

Vitro
Vivo

Vitro
Vivo

Vivo
Vitro
Vivo
Vivo
Vivo
Vivo

Vivo
Vivo
Vivo
Vivo

Vitro

Study outcome

Enhance tumor reduction

Enhance antitumor efficacy
Inhibit t tumor growth
Suppress tumor growth
Inhibit tumor growth
Trigger tumor cells death

Enhance anti-tumor efficiency

Inhibit tumor growth and overcome drug
resistance
Inhibit tumor growth

Increase the target abilty to Her2(+Joreast
cancer
Suppress tumor growth

Inhibit tumor growth

Decrease the growth rates of tumors and
blood vessels

Revers chemotherapy resistance and
inhibit tumor growth vivo

Down-regulate TPD52 gene expression
Reduce the tumor size

Reduce the stemness of cancer stem
cells

Inhibit tumor growth and reverse drug
resistance

Inhibit tumor growth

Enhanced celluiar accumulation of DOX
Inhibit tumor growth vivo

Inhibit tumor growth

Inhibit tumor growth and proliferation
Inhibit tumor growth

Suppress cancer growth and metastasis
Inhibit the formulation of lung metastasis
Inhibit tumor growth and proliferation
Inhibit tumor growth

Inhibit proliferation of tumor cells
Inhibit the proliferation of glioma

References

Munagala et al.
(2016)

Adil et al. (2016)

Adilet al. (2017)

Adil et al. (2019)

Tao et al. (2020)

Li D. et al. (2020)

Kandimalla et al.
(2021)
Li H. etal. (2018)

O'Brien et al.
(018)

Gomari et al.
(018)

Bagheri et al.
(2020)

Yao et al. (2020)
Zhang et 4. (2018)

Zhang Q. et al
(2020)

Limoni et al. (2019)
Bellavia et al.
(2017)

Bai et al. (2020)

Liang et al. (2020)

Xu et . (2020)
Zou et al. (2019)
Tian et al. (2014)
Xin et al. (2020)
Liu et al. (2019)
Qo et al. (2020)

Fu et al. (2018)
Nie et al. (2020)
Qiet al. (2016)
Usman et al.
(2018)

Zhan et al. (2021)
Thakur et al.
(2020)





OPS/images/fcell-10-728616-g003.gif





OPS/images/fcell-10-728616-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Exosomes as Drug Carriers in Anti-Cancer Therapy		1 Introduction

		2 Characteristics and Function of Exosomes		2.1 Exosomes Characteristics

		2.2 Functions of Exosomes

		3 Exosome-Based Drug Delivery Systems

		3.1 Milk-Derived Exosomes

		3.2 Mesenchymal Stem Cell-Derived Exosomes

		3.3 Human Embryonic Kidney 293 Cell–Derived Exosomes

		3.4 Dendritic Cell-Derived Exosomes

		3.5 Cancer Cell-Derived Exosomes

		3.6 Erythrocyte-Derived Exosomes





		4 Challenges and Prospects in Using Exosomes as Drug Carriers

		5 Conclusion

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

Exosomes as Drug Carriers in
Anti-Cancer Therapy





OPS/images/fcell-10-728616-g001.gif





OPS/images/fcell-10-728616-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





