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Exosomes are cell-secreted nanoparticles (generally with a size of 30–150 nm) bearing numerous biological molecules including nucleic acids, proteins and lipids, which are thought to play important roles in intercellular communication. As carriers, exosomes hold promise as advanced platforms for targeted drug/gene delivery, owing to their unique properties, such as innate stability, low immunogenicity and excellent tissue/cell penetration capacity. However, their practical applications can be limited due to insufficient targeting ability or low efficacy in some cases. In order to overcome these existing challenges, various approaches have been applied to engineer cell-derived exosomes for a higher selectivity and effectiveness. This review presents the state-of-the-art designs and applications of advanced exosome-based systems for targeted cargo delivery. By discussing experts’ opinions, we hope this review will inspire the researchers in this field to develop more practical exosomal delivery systems for clinical applications.
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INTRODUCTION

Nanomaterials have provided new insights to carry biofunctional compounds for different biological applications, such as diagnosis, imaging, as well as therapies. For example, Liposomes have been reported for various passive and active targeted cargo delivery, which provide inspiration on the development of exosome-based targeted delivery system (Riaz et al., 2018). Exosomes are naturally derived nanocarriers which encapsulate various molecules in an enclosed phospholipid-bilayer membrane, acting as intercellular messengers to mediate both physiological and pathological processes (Thery et al., 2002). For instance, the development of cancer can be related to the intercellular transfer of proteins carried by the exosomes (Beckler et al., 2013). Exosomes are secreted by a variety of cells, and known to bear important information in the form of signaling molecules originated from parent cells, making them potential biomarkers for the early detection of cancers and other aging-related disorders, such as Alzheimer’s disease (Zhou et al., 2018; Jalalian et al., 2019). More importantly, natural exosomes transmit the messages to recipient cells through several mechanisms, including surface receptor interaction, membrane fusion, and receptor-mediated endocytosis, phagocytosis, and/or micropinocytosis. By utilizing these mechanisms, exosomes are able to deliver pharmaceutical compounds and bioactive ingredients to specific tissues and cells. Owing to their properties of natural generation, nano-scaled size, low immunogenicity, and the ability to cross several biological barriers, exosomes have been considered as promising drug carriers for targeted therapies. However, the therapeutic potential of exosomal delivery system is largely restricted by their uncertain loading efficiency, rapid clearance from systemic circulation, and sometimes weak targeting capacity. For cargo delivery, multiple approaches have been explored for exosomal loading of various drugs and other bioactive compounds of interest. Furthermore, various modifications have been applied to exosomes for prolonged blood circulation and higher tissue selectivity. These efforts make exosomes a new star for targeted delivery.

This review presents a comprehensive introduction on exosome-based delivery systems for targeted therapies. Firstly, the discussion on the biogenesis, composition, functions and appropriate sources of natural exosomes is presented to provide an understanding of therapeutic benefits and features of exosome-related tools. Additionally, the usage of exosome as carriers in therapeutic applications is reviewed according to various loading cargoes specially on genetic substances. In particular, we summarize the currently available methodologies for exosomal cargo loading and the state-of-the-art bioengineering strategies of membrane modification to increase the circulation time and targeting efficiency, which are highly significant in the development of delivery platform. Finally, we shed light on the challenges and potential solutions of exosome-based loading system, as well as the updates on current status of clinical trials. The present review is expected to bring significant value to advance the superior design of nano-complexes consisting of exosomes and therapeutic compounds on their promising pathways in the field of targeted delivery.



BIOGENESIS, COMPOSITIONS, AND FUNCTIONS OF EXOSOMES


Exosome Biogenesis

Extracellular vesicles (EVs) are cell-derived microvesicles basically composed of lipids, which bear biologically active cargoes such as proteins and nucleic acids to achieve the intercellular communications. According to the origin, formation and size, EVs are generally categorized into three groups, including exosomes (30–150 nm), plasma-membrane-budded microvesicles (50–1000 nm), and apoptotic bodies (1000–5000 nm) (Raposo and Stoorvogel, 2013; Yanez-Mo et al., 2015). It has been reported that exosomes are secreted by a wide range of cell types, which can be isolated from cell culture supernatants or various extracellular fluids, such as urine, blood and cerebrospinal fluid.

The biogenesis of exosomes starts from the inward budding of the plasma membrane, forming intraluminal vesicles (ILVs) within early endosomes, as shown in Figure 1. In the endosomal system, the membrane-enclosed organelles harbor the small ILVs, while the proteins and macromolecules are deposited into ILVs with the endosomal sorting complex required for transport (ESCRT) machinery, lipids (such as ceramide), and the tetraspanins (Hessvik and Llorente, 2018). Late endosomes are then matured into multivesicular bodies (MVBs). Finally, the fate of MVBs is to either undergo degradation by lysosomes or fuse with the plasma membrane to release the ILVs as exosomes (Thery et al., 2002; Kowal et al., 2014; Kalluri and LeBleu, 2020). In the biogenesis process, the ESCRT machinery is essential. Through RNAi screening in Hela cells, seven ESCRT proteins were found to affect exosome secretion (Colombo et al., 2013). Depletion of the ESCRT-0 and ESCRT-I proteins would decrease the production of exosomes, while knockdown of the ESCRT-III proteins would induce the exosome secretion. Chiu et al. (2016) used a time-lapse single-cell assay to monitor exosome secretion rate. It was demonstrated that each breast cancer cell releases 60–65 exosomes per hour while non-cancer cell has a 2.8-times higher exosome secretion rate, which is contradictory to other studies that relied on exosome isolation and measurement (Ventimiglia and Alonso, 2016).
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FIGURE 1. The biogenesis and compositions of exosomes. Exosomes originate as intraluminal vesicles (ILVs) through the inward budding of the plasma membrane within early endosomes. Early endosomes are then matured into late endosomes and ultimately multivesicular bodies (MVBs). Finally, the MVBs either undergo degradation or fuse with the plasma membrane to secrete the ILVs as exosomes. Figure redrawn from Kalluri and LeBleu (2020).




Exosome Compositions

Generally, exosomes encompass lipids, proteins, and nucleic acids. The exosome membrane mainly consists of lipid layers, containing cholesterol, sphingolipid, ceramide, and diacylglycerol, which differs from the membrane of other EVs (Doyle and Wang, 2019). The surface proteins of exosomes are dependent on their endosomal pathway, some of which can be used as exosomal markers, including tumor-sensitive gene 101 (TSG101), heat shock proteins (HSC70), fusion proteins (flotillin and annexin), tetraspanins (CD9, CD63, and CD81) (shown in Figure 1). Nucleic acids are also found in exosomes including double stranded DNA (dsDNA), messenger RNAs (mRNAs), and micro-RNA (miRNAs).

Notably, the protein and nucleic acid profiles of exosomes are diverse, which are strongly correlated to the cell types of the originating cells, as well as to the cell status like inflammation, viral infection, cancerous and neurodegenerative situation. For instance, exosome released from IL-1β-stimulated synovial fibroblasts could initiate osteoarthritis-changes in articular chondrocytes, and activate migration and tube formation of human umbilical vein endothelial cells (Kato et al., 2014). Besides, exosomes derived from stage I pancreatic ductal adenocarcinomas could trigger liver pre-metastatic niche formation. It may correlate to the higher level of macrophage migration inhibitory factor expressed in these exosomes, compared to that from the patients without metastatic progression (Costa-Silva et al., 2015). Based on these findings, exosomes isolated from biological fluids have been considered as promising biomarkers for early diagnosis and evaluation of disease conditions, in particularly, tumor progression and metastasis (Azmi et al., 2013; Zhu et al., 2021). More importantly, these distinct surface molecules are facilitating ligand-receptor binding, mediating specific organotropic accumulation. It has been reported that specific integrins on cancer exosome surface were able to determine organotropic metastasis (Hoshino et al., 2015). Exosome secreted from breast cancer cells metastasized and uptook by lung fibroblast and epithelial cells to prepare the pre-metastatic niche. In particular, the lung targeting properties was owing to exosome surface integrins α6β1 and α6β4, while integrin αVβ5 of liver tumor exosome was correlated to liver metastasis. The specific surface integrins from parent cells have potentials for targeted guidance in delivery applications.



Exosome Functions

To modulate physiological and pathological pathways, exosomes work as message transporters in intercellular communication via content transfer and interaction with the recipient cells. To date, exosomes have been widely reported to take part in physiological and homeostatic processes (Ventimiglia and Alonso, 2016; Baruah and Wary, 2020). Exosomes released from neural progenitor cells promoted neuronal differentiation to regulate neurogenesis via transfer of key miRNAs like miR-21a (Ma et al., 2019). In a study on a developing tooth organ, it was found that exosomes diffuse through the basement membrane, and mediate epithelial-mesenchymal crosstalk (Jiang et al., 2017). Epithelial exosomes interact with mesenchymal cells to induce dentin sialoprotein production, while mesenchymal exosomes activate epithelial cells to secrete basement components. The miR135a carried by epithelium-derived exosomes takes part in Wnt/β-catenin activation to induce dentin matrix production of the mesenchyme. Exosomes also function to modulate the disease development. Exosomes shed from gastric cancer cells activate the NF-κB signaling pathway in macrophages to increase the level of pro-inflammatory factors, resulting in the promotion of cancer progression (Wu et al., 2016). Adipocyte exosomes from obese donors regulate fibrotic signaling pathways, i.e., TGF-β and Wnt/β-catenin, to induce chronic inflammation (Ferrante et al., 2015). In summary, exosomes have demonstrated their capacity to manipulate important cell-cell communication in the form of cross talk via several signaling molecules to regulate both physiological and pathological processes, showing their potential applications for in vivo delivery.

Generally, two mechanisms are involved in the interaction between exosomes and target cells. In some cases, exosomes enter the target cells through micropinocytosis or endocytosis, or they fuse with the cellular membrane and release their cargo to activate various signal pathways. Alternatively, exosomes interact with the recipient cells through ligand-receptor binding on the surface to stimulate cascade responses. Whichever of the mechanisms involved, the specific binding or accumulation of exosomes endows their potential targeting capacity for delivery of an extensive range of molecules.




EXOSOMES AS DELIVERY SYSTEM FOR THERAPEUTIC APPLICATIONS

Although the employment of exosomes as theragnostic tools for diseases has been reported, the attractive biological properties and functions of endogenous exosomes inspire further exploration in both the scientific and the clinical field. Considering their intrinsic characteristics, including low immunogenicity, innate stability, and the ability to cross biological barriers, the utility of exosomes as therapeutic vehicles for functional cargo delivery is favorable. Comparing exosomes to artificial liposomes, which share a similar lipid bilayer structure, biologically originated exosomes with enhanced loading capability of biological molecules are more efficient at entering recipient cells and delivering therapeutic agents upon administration by injection (Fuhrmann et al., 2015; Kamerkar et al., 2017; Song et al., 2021).


Delivery of Small Molecules

Various studies have shown that exosomes are prospective vehicles for therapeutic small molecules, such as curcumin, paclitaxel and doxorubicin (DOX). Sun et al. (2010) encapsulated curcumin into exosomes, and found curcumin to be much more concentrated in exosomes in the plasma than free curcumin (Figure 2A). Additionally, the exosome-encapsulated curcumin was able to reduce inflammation, resulting in higher survival of lipopolysaccharide-induced septic shock mice (Figures 2B,C). Kim et al. (2016) developed macrophage-derived exosomes loaded with the chemotherapeutic drug paclitaxel through sonication, which not only exhibited 50 times higher cytotoxicity to drug-resistant cancer cells, but also produced a stronger antineoplastic effect in mice with pulmonary metastases (compared to the control). Furthermore, the same group incorporated aminoethylanisamide-polyethylene glycol into paclitaxel-loaded exosomes, aiming to target the sigma receptor which is highly expressed in lung cancer cells (Kim et al., 2018). The modified exosome-based platform showed increased drug uptake and superior accumulation in cancer cells upon systemic administration with improved therapeutic indices. In a recent study, exosomes isolated from LIM1215 (a human colorectal cancer cell line) cells were loaded with doxorubicin and engineered with superparamagnetic iron oxide nanoparticles and the A33 antibody (Li et al., 2018), which demonstrated an excellent targeting ability to colon cancer with reduced heart cytotoxicity.


[image: image]

FIGURE 2. (A–C) Curcumin encapsulated in exosomes improved the bioavailability after intraperitoneal injection (A); exosomal curcumin reduced lung inflammation (B) and increased survival (C) of lipopolysaccharide-induced septic shock mice. (D,E) Exosome containing SIRPα (Exo-SIRPα) enhanced phagocytosis of HT29 cells by bone marrow derived macrophages (BMDMs) (D) and in vivo antitumor efficacy (E). (F–H) Exosomes loaded with PARP-1 sgR/Cas9 reduced tumor size (F,G) and weight (H) on SKOV3 xenograft mice after intravenous or intratumoral injection (*p < 0.05, **p < 0.01 and ***P < 0.0001). Figure reprinted from Sun et al. (2010); Kim et al. (2017), and Cho et al. (2018).




Delivery of Proteins

Various studies investigated the exosomes-mediated delivery of large biomolecules like peptides and proteins such as enzymes, antigens, cytoskeletal proteins, and transmembrane proteins. To treat inflammatory and neurodegenerative disorders, Haney et al. (2015) developed an exosomal delivery platform for catalase, a potent antioxidant. The exosomes containing catalase could be delivered to Parkinson’s disease mouse brain upon intranasal administration and taken up by neuronal cells. Cho et al. (2018) loaded membrane protein signal regulatory protein α (SIRPα) into exosomes for antitumor treatment by blocking the CD47 receptor on tumor cells. In the study, they found that phagocytosis of tumor cells and inhibition of tumor growth were enhanced when compared with the case using ferritin nanocages as vehicles (Figures 2D,E). In another study, exosomes harboring PH20 hyaluronidase were developed to advance tumor penetration via hyaluronan degradation (Hong et al., 2018). More particularly, the exosome-based delivery of both PH20 hyaluronidase and DOX could effectively enhance tumor inhibition.



Delivery of Genetic Substances

Capable of protecting nucleic acids from degradation, exosomes appear to be ideal carriers for nucleic acids (like siRNAs and miRNAs) in gene therapy. Momen-Heravi et al. (2014) employed B cell-derived exosomes for the delivery of miRNA-155 inhibitor to reduce lipopolysaccharide-stimulated TNFα production in macrophages. In another study, tumor suppressor miRNA miR-199a-3p was loaded into exosomes isolated from omental fibroblasts of ovarian cancer patients (Kobayashi et al., 2020). Both in vitro and in vivo studies demonstrated the miRNA-exosome effectively suppressed c-Met production and inhibited cancer cell proliferation and invasion. Based on the identification that exosomes from autologous breast cancer cells show effective lung targeting capability, Zhao L.W. et al. (2020) developed a new type of biomimetic nanoparticles consisting of albumin and siS100A4 with the coating of exosome membrane, and this exosome-based siRNA delivery system was capable of significant inhibition of postoperative breast cancer metastasis. Additionally, it was observed that the exosome-mediated delivery of siRNA or miRNA is more efficient and less cytotoxic compared to the conventional transfection methods (Momen-Heravi et al., 2014; Jin et al., 2016; Kobayashi et al., 2020; Zhao L.W. et al., 2020).

Recently, CRISPR/Cas9 genome editing technology has become attractive to scientists and engineers due to the unprecedented precision, efficiency and flexibility of changing, deleting, or replacing a specific genes (Ran et al., 2013). The development of CRISPR/Cas9 has markedly spurred the treatment for a broad range of diseases. However, current vehicles delivering CRISPR/Cas9 are mainly restricted by their immunogenicity. As natural carriers, exosomes exhibit great potential to encapsulate and deliver CRISPR/Cas9 system into the cells. Kim et al. loaded tumor-derived exosomes with CRISPR/Cas9 against poly (ADP-ribose) polymerase-1 (PAPR-1) to inhibit cancer cell propagation (Kim et al., 2017). The results showed that exosomes as carriers confer an efficient delivery of CRISPR/Cas9 plasmids with cancer cell tropism, and the loaded exosomes facilitated advanced anti-tumor effect in vivo (Figures 2F–H). Luo N.N. et al. (2021) reported that hepatic fibrosis could be attenuated by exosome-mediated CRISPR-dCas9-VP64 through activating NHF42 expression of hepatic stellate cells. Although intensive studies have been performed on the development of exosome-based delivery systems, their clinical applications are still limited by the low efficiency of loading giant molecules such as plasmids. To improve the encapsulating efficiency of Cas9 proteins, Ye et al. (2020) engineered exosomes through conjugating CD63 and Cas9 with green fluorescent protein (GFP) and GFP antibody respectively, and the affinity of the GFP antibody thereby assisted the capture and loading of Cas9 protein into the exosomes. The modified exosomes loaded with CRISPR-Cas9 components exhibited enhanced abrogation of the targeted gene. In Lin’s study, exosomes were hybridized with liposomes through simple incubation to increase the loading efficiency of CRISPR/Cas9 system, and it was observed that the resultant hybrid exosomes could be endocytosed by mesenchymal stem cells and express the encapsulated genes (Lin et al., 2018).



Improvement on Targeting Ability

Exosomes hold great promise as nanocarriers for various treatments owing to their unique ability to cross biological barriers and to migrate into the tissue areas without blood supply. However, sometimes the insufficient targeting ability restricts their clinical applications, which requires advanced strategies for improved their efficacy. To enhance the tissue-specific targeting ability, Tian et al. (2018) conjugated curcumin-loaded exosomes with c(RGDyK) peptide through surface functionalization for the treatment of cerebral ischemia. The results from a mouse model showed the engineered exosomes could cross the blood-brain barrier (BBB) after intravenous administration and reach the lesion region of the ischemic brain. Liang et al. (2020) developed miR-140-loaded exosomes bearing the chondrocyte-affinity peptide for the treatment of osteoarthritis, and it was observed that the tagged exosomes upon intra-articular injection efficiently reached the deep cartilage regions across the dense extracellular matrix and inhibited osteoarthritis progression, suggesting a potential cell-free treatment method for osteoarthritis.

Overall, exosomes as vehicles for various molecules have exhibited great potential for clinically therapeutic applications (Figure 3). In order to enhance the effectiveness of the treatment, exosomes need to be engineered to improve the loading efficiency and capability. Furthermore, biofunctional engineering endows the exosomal delivery with enhanced targeting capability and improved circulation time, facilitating the efficient delivery of cargoes to specific cells or tissues.
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FIGURE 3. Advanced exosome-mediated delivery systems of small molecules, proteins and genetic substances toward various therapeutic applications.





LOADING APPROACHES

Loading of various active substances in/on exosomes endows them with specific biological functions. Efficient encapsulation strategies for exosomes are essential for favorable delivery of therapeutic cargo and designed targeting elements. To date, multiple approaches have been developed for the loading of a wide range of active molecules into the exosomes. According to the working mechanisms, these approaches can be divided into three main categories, including physical, chemical and biological methods (Figure 4). Physical loading is typical methods, including freeze-thaw, sonication, electroporation, extrusion, etc. As traditional loading methods, sonication and freeze-thaw are widely applied. In addition, physical energy in the form of optical, electric and mechanical interaction are sometimes employed to load the therapeutic molecules into the exosomes. However, the physical destruction often affects the function and integrity of the phospholipid membrane. Compared to the physical methods, loading with chemical agents is milder and more effective in some cases. For example, in chemical loading processes, saponin-assisted permeation and transfection are usually applied to facilitate molecule encapsulation through membrane permeabilization and electrostatic interaction, respectively. Further, biological strategies such as incubation and viral transduction are able to result in a high loading efficiency. Loading of active molecules (i.e., therapeutic or targeting molecules) can be carried out through simple incubation or complicated viral transduction based on the biological traits of the membrane and vector. With the viral transduction loading approaches, the alterations on exosomal structure and functionality may be minimized. It is noteworthy that efficient loading into exosomes can be achieved through various approaches, but the exosome and cargo may be damaged by the destructive engineering. Therefore, key parameters should be optimized for desirable loading, such as the power of physical interaction, operation time, cell type concentration of reagents and exosomes.
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FIGURE 4. Schematic diagram of various approaches for cargo loading into or onto exosomes, including physical, chemical, and biological methods.



Physical Methods


Sonication

Inspired by the preparation of liposomes, the sonication process has been applied to load cargo to exosomes. Probe sonication is frequently used to cause the formation of transient pores or even the breakdown and reformation (Kim et al., 2016) of naïve exosomes so that the cargoes, including nanoparticles (Jang et al., 2021), small chemical drugs (Lin et al., 2019; Haney et al., 2020), siRNA (Lamichhane et al., 2016), and proteins (Sancho-Albero et al., 2019), can be encapsulated in the vesicles by simple diffusion. The loading efficiency is reported to be relatively high (Sancho-Albero et al., 2019). Unexpectedly, the local enormous energy can lead to heating and damage of agents in some cases. Therefore, an optimized temperature control or other processing conditions (like pulse, power output) are essential. Interestingly, Haney et al. (2020) noticed that sonication of exosomes with Paclitaxel (PTX) with only the “off” period cooling resulted in more efficient drug loading, compared to ice cooling for the whole treatment, possibly owing to the slightly elevated temperature making the lipid bilayers less rigid. Moreover, they found that a pH closed to the (isoelectric point) pI resulted in significantly enhanced DOX encapsulation, accompanied with decreased charge and increased hydrophobicity of the drug-load exosomes. At the end of sonication, co-culture of the mixture at room temperature (RT) for 1 h can be utilized for reconstitution of the exosome membrane and subsequent improvement of stability (Salarpour et al., 2019; Wang P. et al., 2019). Remarkably, the loading molecules of interest may be attached to the outer layer of the exosome membrane (Kim et al., 2016; Sancho-Albero et al., 2019), and the size of the exosomes tends to be smaller compared to other physicochemical approaches (Luo L. et al., 2021). Moreover, the sonication treatment may remove the tumorigenic traits of tumor-derived exosomes by eliminating their original internal substances such as RNAs (Jang et al., 2021).



Electroporation

Electroporation, whose parameters can be well controlled in a simple way has become one of the most frequently used methods for loading various molecules in exosome. With the help of a conductive buffer, recoverable pores are opened at the moment of applying an external electric pulse, allowing the molecules to get across the membrane (Shigekawa and Dower, 1988). In the processing, the cargoes, such as miRNA, SPIONs, small molecule chemotherapeutics and bioactive macromolecules are mixed with the exosomes directly (instead of the parent cells), followed by the transfer to a chilled electroporation cuvette and voltage applied. The condition of the applied potential can vary greatly from 0.1 to 1000 kV (Kim et al., 2016; Asadirad et al., 2019), dependent on the origin and concentration of the exosomes. However, the aggregation of cargo like siRNA, proteins, DNA, has been a limitation for the electroporation method (Johnsen et al., 2016). The complex formation between metal ions from the electrodes and hydroxide ions from the conductive buffer may be responsible for the aggregation (Kooijmans et al., 2013). Thus, the involvement of disaccharide trehalose, citric acid and EDTA in the electroporation buffer, and optimization of electroporation parameters can contribute to the prevention of the nucleic acid aggregation and an overestimated encapsulation efficiency (Kooijmans et al., 2013; Hood et al., 2014; Johnsen et al., 2016).



Freeze-Thaw

The freeze-thaw method is a relatively mild process to load miRNA and proteins (Hajipour et al., 2021), involving the repeated fusion of lipid bilayer. Generally, the exosomes are rapidly frozen at below –70°C, followed by thawing at RT, for several cycles. Generally, a minimum of 3 cycles of thawing is required while 5∼10 cycles are preferred (Sato et al., 2016). Won Lee et al. (2020) has demonstrated that the freeze-thaw loading strategy of therapeutic agents has no significant impact on the structure of exosomes. The mean diameter could vary by only 7 nm after the loading procedure (Won Lee et al., 2020). However, in term of encapsulation efficiency, no obvious improvement was observed (though this is acceptable sometimes). Recently, in order to advance the loading efficiency, the freeze-thaw approach was modified by incorporating the incubation and sonication processes (Tran et al., 2019).



Extrusion

Like sonication methods, the employment of the extrusion technique in exosome research is derived from its application in liposome-based drug delivery. With an extruder equipped with a heating block, the mixture of exosomes and cargoes is pushed repeatedly through polycarbonate membranes with 100∼400 nm pores, during which the cargo can diffuse into the exosomes at a controlled temperature (Oskouie et al., 2019). Extrusion processing has demonstrated a relatively high packing efficiency with uniform size distribution (Haney et al., 2015). Nevertheless, intensive extrusion and excessive shear stress excessively may alter the properties of exosome membranes such as the variation in the zeta potential and the structure of surface proteins. Fuhrmann et al. (2015) reported that changes in zeta potential and cytotoxicity were observed after a 31-times repeat of packing porphyrins/exosomes through extrusion. Interestingly, the authors compared the effect of different loading methods on size distribution, zeta potential and morphology of EVs, and found a significant change in the extrusion treatment (Figure 5; Fuhrmann et al., 2015). In addition to the wrapping of drugs, this method has been extensively employed in the engineering of exosome-mimetics, such as the extrusion of donor cell membranes through filters with serially diminishing pore sizes.
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FIGURE 5. Size distribution, zeta potential and morphology of EVs after drug loading with various methods. (A) Size distribution and (B) zeta potential after loading of porBA into vesicles from MDAs. Transmission electron microscopy images of EVs from MDAs indicated that shape and size of EVs after (C) passive, (D) electroporation, and (F) saponin treatment are not altered (arrows). While (E) extrusion, and (G) hypotonic dialysis induced aggregate formation and broader size range of EVs, respectively (arrows) (*p < 0.05). Figure reprinted from Fuhrmann et al. (2015).




Other Physical Methods

Based on optic-activated reversible protein-protein interaction, Yim et al. (2016) employed a light-induced strategy for the loading of therapeutic proteins into the exosomes. Under blue light (460 nm) illumination, CRY2-conjugated protein cargoes docked with exosome transiently, which were then introduced into the exosomes via the process of endogenous biogenesis. Finally, the cargo was deposited into the intraluminal space of the exosomes after the removal of illumination source. In addition, some reports suggest that the desired therapeutic molecules could be enveloped into exosome via hypotonic dialysis (Wei et al., 2019; Jeyaram et al., 2020). Dialysis is a passive loading method relying on osmosis, which does not involve the exposure of exosomes and cargoes to external force (Seyfizadeh et al., 2019). The molecular weight of the dialysis membranes is one of the most important factors affecting the dialysis outcome. Nowadays, this loading method is attractive due to the superiority in loading efficiency and the elimination of additional purification (Fu et al., 2020).




Chemical Methods


Saponin-Assisted Permeation

Simple incubation with surfactants like saponin or triton can increase the membrane permeability of exosomes and facilitate cargo loading, among which saponin is the most widely used surfactant in this field (Huda et al., 2021). As a natural surfactant, saponin interacts with the membrane-bound cholesterol, which creates pores and increases the permeability of cell/exosome membranes (Jamur and Oliver, 2010). In the presence of 0.01∼0.2% saponin, small drug molecules such as porphyrins, DOX and PTX, and proteins including HGNs, β-glucuronidase, catalase were successfully incorporated into the exosomes (Fuhrmann et al., 2015, 2018; Haney et al., 2015; Sancho-Albero et al., 2019; Thakur et al., 2020), but the loading capacities were distinct at different processing conditions. For example, Fuhrmann et al. (2015) showed that a dramatical increase (up to 11 folds) of 4,4′,4″,4″′-(porphine-5,10,15,20-tetrayl) tetrakis(benzoic acid) (porBA) loading into MDA-MB231 (an epithelial, human breast cancer cell line) cell-derived exosomes could be achieved by treating the exosomes with 0.01% (w/v) saponin at RT for 10 min, in comparison to some other passive methods. For instance, Sancho-Albero et al. (2019) reported a relatively low encapsulation yield (16.4%) by mixing B16-F10-exosomes with HGNs and 0.2% saponin by stirring for 20 min at RT. Under proper conditions, the strategy did neither compromise the integrity of the vesicles nor affect the efficacy of the drug such as the catalytic activity of β-glucuronidase (Fuhrmann et al., 2018). However, due to the known hemolytic risk of saponin, its applications in vivo might be restricted in some situations, for instance, in the case of high saponin dose required for specific cargo loading or lack of extra purification process due to technical limitation (Sancho-Albero et al., 2019).



Transfection Reagent-Based Encapsulation

It is generally recognized that the macro-biomolecular nature of nucleic acids poses challenges in their in vivo delivery. The natural presence of DNA, RNA, miRNA and non-coding RNA in exosomes suggests their compatibility for nucleic acid-based drug delivery systems. The chemical transfection reagents, such as calcium phosphate (Zhang et al., 2017), diethylaminoethyl (DEAE)-Dextran (Lokossou et al., 2020), polyethylenimine (PEI) (Zhupanyn et al., 2020), and liposomes, are able to facilitate the nucleic acid loading on/into exosomes, of which liposomes are the most widely used reagents (Wang H. et al., 2021; Wang Q.Z. et al., 2021; Wang X. et al., 2021). The mechanism is the same as for regular transfection where calcium phosphate forms co-precipitates with nucleic acids, while other reagents usually form positively charged micro/nano vehicles for complexation of negatively charged nucleic acids via electrostatic interaction.

Calcium phosphate (Zhang et al., 2017) and liposomes (Lu et al., 2019) were conventionally used as transfection reagents for cells. Recently, they were reported to efficiently load DNA into exosomes. It is noted that a commercial reagent based on a cell-penetrating peptide has been developed for the direct loading of siRNAs and miRNAs into the exosomes (Aqil et al., 2019; Nordmeier et al., 2020; Wang et al., 2020). However, the reagent’s residuals may affect the vesicle reconstitution process and exosome functionality. Thus, the additional washing and purification steps should be included to avoid the adverse effects. Moreover, it is not easy to separate exosome vesicles from the involved reagents in practical operations, posing the difficulty to distinguish whether the exosomes or complexes of transfection agents exert the functional effect when investigating the exosomes (Wahlgren et al., 2012). Meanwhile, it is unknown whether all genetic cargoes has been loaded into the exosomes or is just adhering to the surface of the exosomes (Shtam et al., 2013). Finally, in a general transfection reagent-based procedure, target nucleic acids are firstly mixed with appropriate reagents to form complexes, followed by an incubation step with parent cells for initiation of transfection. The specific nucleic acids are then expressed as desired proteins or peptides that are packaged into the exosomes afterward (Fu et al., 2020) via the classical biogenesis pathways (Figure 1)—This can be utilized for loading specific macromolecules into exosomes, and will be detailed in the later section on exosome modification. Further, the different ways of complex formation may induce potential variations on the reproducibility or stability.




Biological Methods


Incubation

Incubation seems to be the easiest and most direct loading method which is achieved by mixing the proposed molecules with parent cells or exosomes. With passive transport mechanism driven by a concentration gradient, therapeutic small molecules can pass through the membranes and then enter the target exosomes or cells (followed by a secretion of cargo-loaded exosomes) (Pignatello, 2013). Despite the low encapsulation efficiency, it is essentially the most basic method, as it can maintain the activity of cargoes and exosomes (such as size and morphology), for example, superior to sonication at these aspects (Haney et al., 2015; Brossa et al., 2021).

By tuning the cells/exosomes-to-drug ratio, the loading capacity of siRNA can range from 73 to 30000 per vesicle (Didiot et al., 2016; Stremersch et al., 2016). In addition to concentration manipulation, incubation temperature, volume and time also make a difference (O’Loughlin et al., 2017). It is well-known that the rise in temperature generally increases the fluidity of the lipid membranes, which may be beneficial for cargo loading. However, it should be noted that an inappropriate high temperature may pose the risk of protein denaturation. Besides, the balance between the electrostatic repulsion and space needs to be considered, which correlates to the volume used. To assess the influence of different incubation times, Giassafaki et al. (2021) mixed siRNA with the MRC-5- and Vero-exosomes via stirring the mixture at 500 rpm for 90 min, 4 and 17 h at RT, and found that 90 min of incubation resulted the best for loading the exosomes with chemically synthesized oligonucleotides.



Viral Transduction-Based Strategies

The viral transduction-based strategy is popular for genetic drugs for therapeutic applications, which has now been applied to exosome-based delivery systems, owing to their stable and definite transfection abilities (Sharma et al., 2018). After virus (i.e., lentivirus and adenovirus) infection, the donor cells overexpress specific genes or regulate transcription, and the gene or gene expression products are then loaded into exosomes or exosomal membranes during the secretion process (Antimisiaris et al., 2018). Viral transfection is considered to be an important strategy for stable loading of genetic-based cargoes into exosomes (Fu et al., 2020).

Viral transduction is suitable for a variety of cells to load them with high efficiency, which may solve the problem of chemical transfection that is inefficient for some cells. For example, Shi et al. (2021) successfully transduced (mesenchymal stem cells) MSCs with lentiviral vectors containing pre-miR-214, resulting in a significant enhancement of the miR-214 production in MSCs-derived exosomes. As a result, the overexpress of miR-214 enhanced the exosome-conducted neuroprotection against cerebral injury induced by deep hypothermic circulatory arrest (DHCA) (Figure 6; Shi et al., 2021). Yi et al. (2019) stably transduced the anti-apoptotic miR-30b-3p into MSCs with the assistance of lentivirus, and noticed the potential of MSC-exosomes bearing miR-30b-3p in preventing acute lung injury (ALI). Besides lentiviruses, adenoviruses are another commonly employed vector type for the generation of proposed cargoes in exosomes. With adenoviral vectors, Wang B. et al. (2019) could produce engineered exosomes from satellite cells containing miR-26a with muscle targeting ability.


[image: image]

FIGURE 6. Gene-modified exosomes protect the brain against prolonged deep hypothermic circulatory arrest. (A) Schematic illustration of the principle. (B) Electron microscopic image of miR-214–enriched exosomes. (C) miR-214-3p expression was enhanced significantly in cultured MSCs transfected with premiR-214 (#p < 0.001 vs miR-214-Exo). (D) Intracerebroventricular injection of miR-214–enriched exosomes markedly enhanced the expression of miR-214-3p in the hippocampus (#p < 0.001 vs miR-214-Exo). (E) Number of surviving neurons in CA1 area of hippocampus post administration (*p < 0.001 vs sham group, lp < 0.001 vs control group and Δp < 0.005 vs Exo group or vector-Exo group). Figure reprinted from Shi et al. (2021).


Although viral transduction-base strategy may extensively enrich the exosome functions, the mechanism is still not fully revealed. In addition, the pathogenicity and teratogenicity of the viruses may be preserved and inherited in exosomes, resulting in safety risks (Zhao X. et al., 2020), and it is worth noting that laborious and time-consuming procedures are needed in this approach. Indeed, both viral transduction and the abovementioned chemical transfection methods are a popular way to load bio-macromolecules into exosomes, which will be further discussed in the later sections.




Summary on Loading Approaches

Table 1 summarizes the abovementioned features of the loading methods. A number of approaches have been applied for cargo loading into exosomes. These approaches mainly include physical methods (sonication, electroporation, freeze-thaw, and extrusion), chemical methods (saponin-assisted permeation and transfection) and biological methods (incubation and viral transduction), while each method has its own advantages and drawbacks. However, a “perfect” addressing all the demands is still missing. For example, the powerful disturbance from physical methods poses the possibility to destroy the morphology or integrity of the exosomes, especially in electroporation. Freeze-thaw is considered to be a relative wild strategy, but it may result in an uncertain loading efficiency. On the other hand, biochemical approaches suffer some other issues, for instance, the biological methods are facing multiple challenges including low efficiency, long encapsulation cycle and uncontrollable loading process, while chemical strategies are struggling with extra complicated purification steps. Besides, saponin-assisted permeation (chemical approach) leads to certain concern owing to their potential hemolytic function, although the method can incorporate proteins into exosomes directly with high encapsulation efficiency. Similarly, through viral transduction (biological method), it is possible to load nucleic acids into exosomes stably, but the method suffers from the concerns about safety risks. Besides, the viral transduction approach is also laborious and time-consuming. In practical applications, it is still not satisfactory to use only one method to meet all the requirements. Hence, multiple approaches are sometimes used and new approaches for efficient and convenient loading are to be explored.


TABLE 1. Common approaches for cargo loading into exosomes.
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EXOSOME MODIFICATION FOR TARGETED DELIVERY TO SPECIFIC TISSUES OR CELLS

As a natural carrier of nucleic acids and proteins, exosomes have been considered to be crucial in intercellular communication and therefore extensively utilized as vectors for targeted delivery with biological molecules. Compared with the synthetic carriers such as liposomes or other nanoparticles, exosomes as drug delivery systems exhibit advantages of good biocompatibility, low immunogenicity and the capability to cross biological barriers such as the BBB.

Wiklander et al. (2015) isolated exosomes from three different murine cell sources and investigated their biodistribution in mice after systemic delivery. It was observed that the vesicles accumulated mainly in liver, spleen, gastrointestinal (GI) tract and lungs, and the different biodistribution patterns were related to their origins, the route of administration and the dose of vesicles injected. These data demonstrate the targeting capacity and potential of the exosomes, suggesting the cargoes in/on vesicles may be a critical factor leading to such effects. Moreover, modification of the exosomes should be a preferred way for specific targeting of tissues and/or cells in combination with their specific cell homotropic feature and origin (Morishita et al., 2015). In order to further utilize exosomes for specific targeting applications, there are mainly two approaches to design and manipulate membrane surface of exosomes, including a direct modification of exosomes (chemical modification) and indirect manipulation of exosome-secreting cells (genetic engineering) (Liang et al., 2021), as shown in Figure 7. Both of the two approaches could lead to higher drug accumulation in target cells, thereby reducing the off-target effects and consequently improving their efficacy. By employing the modification strategies, various bioactive ligands have been successfully incorporated with exosomes, which is shown in Table 2, with detailed descriptions on the specific methods used. As compared with genetic engineering method, which is complex and time consuming, direct modification of exosomes would be more reliable when the source cells for exosomes are not amenable to customized modification. However, direct modification of exosome surface proteins meets with problem of low specificity and low efficiency. Besides, it may also destruct crucial exosome components which may be functional for exosome-cell interactions and cargo delivery (Vader et al., 2016; Luan et al., 2017).
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FIGURE 7. Modification of exosomes for targeted delivery via direct modification and genetic engineering.



TABLE 2. Exosome modification approaches for targeted delivery.
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Direct Modification of Exosomes

Direct modification of exosomes is carried out mainly through the conjugation reactions (including click chemistry), hydrophobic insertion, receptor-ligand binding and so on. Gao et al. (2018) have characterized a peptide, CP05, able to directly bind to the second extracellular loop of CD63 irrespective of the origin of exosomes, through conjugation reactions. Besides, systemic administration of exosomes loaded with CP05 (a peptide binding to the exosome marker CD63)-modified, dystrophin splice-correcting Phosphorodiamidate Morpholino Oligomer (EXOPMO) increased dystrophin protein 18-fold in the quadriceps of dystrophin-deficient mdx mice compared to CP05-PMO (Gao et al., 2018). Jia et al. (2018) loaded superparamagnetic iron oxide nanoparticles (SPIONs) and curcumin into the exosomes by electroporation, simultaneously conjugated RGE (a neuropilin-1-targeted peptide) to exosome membranes through a cycloaddition reaction with sulfonyl azide to obtain glioma-targeting exosomes, which exhibited considerable imaging and therapeutic functions. Furthermore, it was observed that the cellular uptake of exosomes can be specifically altered with a tethered AS1411 aptamer. After functionalization of exosomes with an immunomodulatory protein FasL, the exosomes demonstrated significant biological activity both in vitro and in vivo (Yerneni et al., 2019). Hydrophobic insertion approaches are easily achieved by direct co-incubation with cells or EVs. Recently, stromal cell (ST)-derived exosomes (STExos), conjugated with a bone marrow stromal cell (BMSC)-specific aptamer, successfully delivered STExos into BMSCs within the bone marrow. Intravenous injection of the STExos-Aptamer complex resulted in enhanced bone mass in ovariectomy mice, and accelerated bone healing in a femur fracture mouse model (Luo et al., 2019). For example, through a donor cell-assisted membrane modification strategy, the isolated exosomes exhibited increased targeting efficacy to blood vessels owing to the modified Arg-Gly-Asp (RGD) peptide on the exosome membrane. Meanwhile, the prepared exosomes presented a synergistic therapeutic effect and imaging capacity for angiogenesis both in vitro and in vivo (Wang et al., 2017).



Genetic Engineering

Apart from the chemical modification of exosomal membranes, genetic engineering seems to be another way enabling efficient exosome modification. Modification of exosomes with targeting molecules can be achieved by genetic engineering of exosome producing cells, for example, through transfection with plasmid vectors. There are mainly two different categories of transmembrane proteins on the surface of the exosomes, non-specific proteins and receptor membrane proteins. The non-specific proteins mainly consist of lysosome-associated membrane protein 2b (Lamp2b) and the tetraspanin superfamily CD63/CD9/CD81 which are abundantly present on the surface of different exosomes.

Lamp2b is an extracellular surface protein with a signal peptide that is widely used for exosomal surface protein modification, especially for the delivery of RNA. It was proved that the N-terminus of LAMP-2B displayed on the surface of exosomes can be appended with targeting sequences. Kim et al. (2020) produced a T7 peptide-decorated exosome (T7-exo) by incorporation of T7 into the exosome membrane as a fusion protein of T7 and Lamp2b, which had a higher delivery efficiency to C6 glioblastoma cells than the unmodified exosomes and RVG-decorated exosomes in vitro and in vivo. In addition, the same group constituted RBP-linked exosomes (RBP-exo) by linking RBP (a RAGE-binding peptide) to an exosome membrane integral protein Lamp2b, followed by the loading with curcumin. As a result, the curcumin loaded RBP-exo exhibited a higher intracellular curcumin delivery efficacy than curcumin alone or curcumin loaded into unmodified exosomes (Kim et al., 2021). Besides, Bai et al. (2020) reported a novel tLyp-1 decorated exosome by transfection of HEK293T cells with tLyp-1-lamp2b. The results showed that the engineered tLyp-1 exosomes presented high targeting efficiency in lung cancer stem cells and the encapsulated siRNA was able to knock-down the target gene of cancer cells. In another case, the RNA-binding protein HuR was fused to the C-terminus of Lamp2b to form engineered exosomes, which decreased the abundance of RNA targets possibly via lysosome-mediated degradation, especially when the exosomes were acidified (Li Z. et al., 2020).

Additionally, considering their nature as transmembrane proteins and relatively abundant expression, the tetraspanin superfamily CD63/CD9/CD81 are often chosen for modification and protein fusion. Li et al. (2019) engineered exosomes for RNA loading by fusing CD9 with HuR, an RNA binding protein that interacts with miR-155 with a relatively high affinity, and revealed that the engineered exosomes could efficiently accumulate in the recipient cells, and recognize the endogenous targets. Duong et al. (2019) generated decoy exosomes by inserting TNFR1-EC at the 2nd extracellular loop of CD63. The engineered decoy exosomes specifically antagonize the activity of TNFα in cellular inflammation models (Duong et al., 2019). Li B. et al. (2020) have constructed engineered exosomes that highly bear a CD63-VEGFC fusion protein (CD63-VEGFC/exos), which promoted the proliferation, migration, and tube formation of lymphatic endothelial cells, and markedly improved lymphedema in a mouse model. Since the restrictive M-shaped topology of full-length CD63 may hinder specific applications of target protein in exosomes, Curley et al. (2020) conducted a series of CD63 truncations through sequential deletions of the transmembrane helix of CD63 and found the truncations retained robust membrane-anchoring and exosome-targeting activities.

On the other hand, receptor membrane proteins that are present on specific exosomes include epidermal growth factor receptor (EGFR), Glycosylphosphatidylinositol (GPI), HER2, platelet-derived growth factor receptor (PDGFR), the C1C2 domain of lactadherin, among many others.

Shi et al. (2020) utilized the human PDGFR transmembrane domain (TMD) as a fusion partner for genetic display of human CD3 and HER2 receptors’ functional monoclonal antibodies on the exosomal surface, and demonstrated the designed synthetic multivalent antibodies retargeted exosomes (SMART-Exos) exhibited highly potent and specific anti-tumor activity in vitro and in vivo. Kooijmans et al. (2016a) generated engineered exosomes with display of GPI-anchored anti-EGFR nanobodies, and showed the exosomes greatly improved exosome binding to tumor cells dependent of EGFR density. Moreover, the nanobody-displaying exosomes demonstrated significantly improved cell association to EGFR-expressing tumor cells under flow conditions (Kooijmans et al., 2016a). Engineered exosomes are also superior candidates for other clinical application such as tumor imaging. For example, 99mTc-radiolabeled exosomes that possessed DARPin G3 (as a ligand for HER2 receptor) not only displayed a higher affinity toward SKOV-3 cells (relatively high HER2 expression) in comparison to MCF-7, HT29, U87-MG, A549 cell lines (low HER2 expression), but were also able of tumor visualization in SKOV-3 tumor-bearing nude mice (Molavipordanjani et al., 2020).

As a member of the secreted extracellular matrix protein family, lactadherin is a small multifunctional glycoprotein that binds phosphatidylserine (PS)-enriched cell surfaces in a receptor-independent manner (Kamińska et al., 2018). Since the C1 and C2 domains (referred to as C1C2) readily self-associates onto the EV membrane, Tian et al. (2021) generated a recombinant fusion protein containing the arginine-glycine-aspartic acid (RGD)-4C peptide fused to C1C2—the PS-binding domains of lactadherin. It was verified the RGD-EV targeted the lesion region of the ischemic brain after intravenous administration, and resulted in a strong suppression of the inflammatory response (Tian et al., 2021). To overcome pre-existing immunity to commonly used human adenovirus serotype 5 (Ad5), Bliss et al. (2020) engineered targeting exosomes through fusion of Ag to the C1C2 domain of lactadherin, and revealed that exosomes induce substantially increasing Ag-specific humoral immunity post intramuscular and intranasal vaccination, improving the immunological potency of both ChAdOx1 and Ad5.




ENGINEERING FOR PROLONGING CIRCULATION

The targeted delivery of exosomes is highly restricted because of their rapid clearance from blood circulation after systemic administration. The short residence time in blood of 2–20 min post injection limits their applications for long and effective therapeutic action. Exosomes were initially postulated to be stable in vivo, as they are isolated from a variety of biological fluids with unique lipid, nucleic acid and protein compositions. However, recent investigations on exosome biodistribution demonstrated that intravenously injected exosomes are quickly sequestered by the liver, lung, and spleen (Sun et al., 2010; Takahashi et al., 2013; Lai et al., 2014).

Smyth et al. (2015) reported that the unmodified exosomes, traditional liposomes prepared with phosphatidylcholine/cholesterol, and liposomes formulated with the lipid extracted from exosomes exhibited a similar rapid clearance and low tumor accumulation after intravenous administration, suggesting that the naturally derived exosomes do not advance circulation retention or alter in vivo disposition. However, it was of significance that the exosome possessed a greater extent in tumor tissue through intratumoral injection when compared with the liposomes (Smyth et al., 2015). To perform pharmacokinetic studies, Takahashi et al. (2013) produced luciferase-presenting exosomes from B16BL6 cells, and found that the labeled exosomes disappeared from blood circulation rapidly with a half-life as short as 2 min after intravenous administration into mice. Although the biodistribution pattern may differ dependent on the cell sourcing, a significant portion of systemically injected exosomes were distributed to the liver, lung and spleen (Wiklander et al., 2015). Specifically, it was further proven that the clearance of exosomes from blood was mainly carried out by macrophage via phagocytosis (Feng et al., 2010; Imai et al., 2015), which is a receptor-independent event. The recognition of exosomal surface molecules, including phospholipids and proteins, is a critical mechanism in the phagocytosis of exosomes (Morishita et al., 2017). Recent investigations reported that deposition of phosphatidylserine, complement protein C3, and CD169 ligand on exosome surface may induce the macrophagic capture and uptake (Papp et al., 2008; Saunderson et al., 2014; Matsumoto et al., 2017).

Interestingly, an exosomal protein CD47 facilitates protection from phagocytosis, through interacting with its ligand signal regulatory protein α (SIRPα). CD47-SIRPα binding initiates a ‘don’t eat me’ signal that blocks the uptake by macrophages (Long and Beatty, 2013). Kamerkar et al. (2017) isolated CD47-bearing exosomes from normal fibroblast-like mesenchymal cells, and found that the presence of CD47 could suppress the clearance of exosome from the circulation. Although CD47-expressing exosomes have been identified from several cell types, such as fibroblasts, mesenchymal stem cells, and T cells (Kim et al., 2012; Kaur et al., 2014), bioengineering of augmented CD47 deposition on exosomes seems to be a promising approach to prolong the circulation time and alter the biodistribution.

Apart from natural molecules, the coating or incorporation of exosomes with synthetic materials can be another route to modulate the pharmacokinetics and biodistribution. Kooijmans et al. (2016b) modified EVs with PEG through a post-insertion mechanism, which prevented phagocytosis and resulted in a prolonged circulation time from 10 to 60 min. However, due to the shielding properties of PEG, cellular binding was compromised. Specifically, the conjugation of a targeting ligand to PEG was required to confer a selective biodistribution (Kooijmans et al., 2016b). With the control over the length and amount of conjugated synthetic polymer, Lathwal et al. (2021) applied atom transfer radical polymerization (ATRP) technique to decorate exosome surface using cholesterol-DNA tethers and various biocompatible monomers. The formed exosome-polymer hybrids achieved fourfold longer circulating retention with preserved bioactivity (Lathwal et al., 2021).

In summary, in order to improve the pharmacokinetics and biodistribution profiles, the physicochemical properties of exosomes can be bioengineered through coating with bioactive ligands or synthetic molecules. Such modulation is pivotal for employing exosome as cargo carriers for certain applications and particular forms of administration.



CHALLENGES AND POTENTIAL SOLUTIONS

Compared to liposomes and other nanosized carriers, exosome-based delivery platform is superior in compatibility, stability, tissue penetration, targeting capacity and inherent bioactivity. However, it is worth to note that some limitations are restricting their translation into clinical practices for delivering therapeutic cargoes. Some of them are listed below.

First, the production yield of exosome is not high. The high cost of cell culture and time-consuming process for exosome release, isolation and purification severely limit the yield of cell derived exosomes. Breakthroughs in instruments and procedures have to be made to realize the large-scale production of exosomes or cargo-loaded exosomes. Recently, some strategies have already been employed to increase the production of exosomes through manipulating the gene expression and cell culture conditions (Jafari et al., 2020). Genetic manipulation of activating their biogenesis (e.g., overexpression of HSP20 (heat shock proteins 20), tetraspanin 6 or CD9) and inhibiting exosome recycling [e.g., negative regulation of PIKfyve (the phosphoinositide kinase, FYVE-type zinc finger)] can significantly enhance the secretion of exosomes (Hessvik et al., 2016; Wang et al., 2016; Guix et al., 2017; Schiller et al., 2018). Additionally, different control over the cell culture conditions can affect the exosome release from different cells. It was well demonstrated that hypoxia, inflammation stimulation and increased level of intracellular calcium concentration by treating with specific drugs could force the cells to produce more exosomes (King et al., 2012; Watson et al., 2012; Pusic et al., 2014; Messenger et al., 2018). Except for manipulations on gene expression and culture environment, three-dimensional culture system forming cellular spheroids could be another efficient strategy to scale up the production of exosome for clinical usage (Cha et al., 2018).

Second, a standardized control on exosome quality is lacking. Depending on the various statuses of different parent cells, exosomes are highly heterogenic in terms of the carrying nucleic acids and proteins. Undesired molecules may affect the function of exosomes and even arise the harmful or unwanted side-effects (Zhang et al., 2019). In order to ensure the safety of clinical usages of exosome, exercise strict control over the exosome source (e.g., species, cell types, and culture conditions) should be paid, and precise, sensitive and high-throughput analysis on their proteomics and genomics are desired. Furthermore, the isolated and purified exosomes are sometimes with a relatively broad size range, usually mixed with other EVs. Considering that size-dependent passive targeting may result in unpredictable biodistribution of exosomes, appropriate purification procedures should be included to separate exosome population in homogeneous size (Buschmann et al., 2021). Exosomes of narrow size distribution can be isolated and enriched through semi-continuous size exclusion chromatography technique (Moleirinho et al., 2019). Advancements on exosome production and evaluation will highly power exosomes as therapeutic tools in targeting delivery applications.

Third, exosome-based clinical trials remain a challenge. Credible and large-scale clinical trials are necessary and crucial to confirm and evaluate the therapeutic potentials before industrials activities (Chen et al., 2020). Currently, over 100 clinical trials on exosome-related investigations have been registered at Clinicaltrials.gov. For clinical trials of applying exosome as cargo carriers, MSCs and plant cells are commonly used as producer cells to load curcumin or genetic substances for the treatments of cancers and cerebrovascular disorders. A clinical study from Isfahan University of Medical Sciences on miR-124-loaded MSCs-derived exosomes for treating acute ischemic stroke is now at Phase II Trial (NCT03384433). In another study, M.D. Anderson Cancer Center is exploring the use of MSCs-derived exosomes loaded with KRAS G12D siRNA to treat metastatic pancreas cancer (NCT03608631).



CONCLUSIONS AND PERSPECTIVES

Targeted delivery using well-designed carriers enables the therapy of various diseases with high efficiency and reduced toxicity. With the advancements on biocompatibility, deep tissue penetration, multiple cargo loading capability, and surface modification tolerability, exosomes are of great interest and significance as natural carriers. In this review, we introduced exosomes as versatile carriers for targeted delivery. Diverse loading strategies facilitate the establishment of exosome-based carrier platforms to deliver various therapeutic molecules. However, breakthroughs in technologies and instruments should be solved to realize the large-scale production of purified and quality-controllable exosomes and drug-loaded exosomes. Engineering of exosomes with cell-specific recognition proteins or synthetic polymers facilitates targeted delivery and enhanced circulation time, without losing the unique features of exosomes. Current investigations on the pharmacokinetic profile and biodistribution of exosomes are mainly carried out in small animal models like mice. As the required steps toward a practical utility of the engineered exosomes, studies on large animals and then clinical trials should be conducted in the near future. On the other hand, the type of exosomes is one of the key concerns in the development of exosome-based delivery systems. In particular, for therapeutic application of drug/gene-encapsulating exosomes, the source of exosomes needs to be carefully considered. Different origins of exosomes confer them with different features and compositions. On the investigation and evaluation of the side effects and treatment efficacy of exosomes, the potential risk of inducing tumor growth by tumor cell-derived exosomes has to be taken into account. By introduction and discussion on the state-of-the-art designs and applications of advanced exosome-based targeted delivery system, this review aims to further encourage and inspire readers to develop new strategies for efficient, stable and safe targeted delivery systems in the future.



AUTHOR CONTRIBUTIONS

HC: writing – original draft, conceptualization, supervision, and funding acquisition. LW and XZ: writing – original draft. HS: supervision and writing – review and editing. HN: project administration, funding acquisition, and writing – review and editing. XP: supervision, project administration, and resources. YZ: conceptualization, supervision, project administration, funding acquisition, and writing – review and editing. All authors: read the revised manuscript and approved the submission.



FUNDING

The authors gratefully acknowledge the Funds for Ph.D. Researchers of Guangdong Medical University in 2021 (4SG21237G) and Zhanjiang non-funded science and technology research project (2020B01127). The work is also supported by Guangdong Basic and Applied Basic Research Foundation (2019A1515111112), Guangdong Basic and Applied Basic Research Foundation (2019A1515111036), and Guangdong Basic and Applied Basic Research Foundation (2021A1515011831). The authors thank the startup grant (SRG/2019/001504) from Science and Engineering Research Board (SERB), Department of Science and Technology (DST), Government of India awarded to HN.



REFERENCES

Antimisiaris, S. G., Mourtas, S., and Marazioti, A. (2018). Exosomes and exosome-inspired vesicles for targeted drug delivery. Pharmaceutics 10:218. doi: 10.3390/pharmaceutics10040218

Aqil, F., Munagala, R., Jeyabalan, J., Agrawal, A. K., Kyakulaga, A. H., Wilcher, S. A., et al. (2019). Milk exosomes – natural nanoparticles for siRNA delivery. Cancer Lett. 449, 186–195. doi: 10.1016/j.canlet.2019.02.011

Asadirad, A., Hashemi, S. M., Baghaei, K., Ghanbarian, H., Mortaz, E., Zali, M. R., et al. (2019). Phenotypical and functional evaluation of dendritic cells after exosomal delivery of miRNA-155. Life Sci. 219, 152–162. doi: 10.1016/j.lfs.2019.01.005

Azmi, A. S., Bao, B., and Sarkar, F. H. (2013). Exosomes in cancer development, metastasis, and drug resistance: a comprehensive review. Cancer Metastasis Rev. 32, 623–642. doi: 10.1007/s10555-013-9441-9

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, 461–471. doi: 10.1016/j.ajps.2019.04.002

Baruah, J., and Wary, K. K. (2020). Exosomes in the regulation of vascular endothelial cell regeneration. Front. Cell Dev. Biol. 7:353. doi: 10.3389/fcell.2019.00353

Beckler, M. D., Higginbotham, J. N., Franklin, J. L., Ham, A. J., Halvey, P. J., Imasuen, I. E., et al. (2013). Proteomic analysis of exosomes from mutant KRAS colon cancer cells identifies intercellular transfer of mutant KRAS. Mol. Cell. Proteomics 12, 343–355. doi: 10.1074/mcp.m112.022806

Bliss, C. M., Parsons, A. J., Nachbagauer, R., Hamilton, J. R., Cappuccini, F., Ulaszewska, M., et al. (2020). Targeting antigen to the surface of EVs improves the in vivo immunogenicity of human and non-human adenoviral vaccines in mice. Mol. Ther. Methods Clin. Dev. 16, 108–125. doi: 10.1016/j.omtm.2019.12.003

Brossa, A., Tapparo, M., Fonsato, V., Papadimitriou, E., Delena, M., Camussi, G., et al. (2021). Coincubation as miR-loading strategy to improve the anti-tumor effect of stem cell-derived EVs. Pharmaceutics 13:76. doi: 10.3390/pharmaceutics13010076

Buschmann, D., Mussack, V., and Byrd, J. B. (2021). Separation, characterization, and standardization of extracellular vesicles for drug delivery applications & nbsp. Adv. Drug Deliv. Rev. 174, 348–368. doi: 10.1016/j.addr.2021.04.027

Cha, J. M., Shin, E. K., Sung, J. H., Moon, G. J., Kim, E. H., Cho, Y. H., et al. (2018). Efficient scalable production of therapeutic microvesicles derived from human mesenchymal stem cells. Sci. Rep. 8:1171.

Chen, Y. S., Lin, E. Y., Chiou, T. W., and Harn, H. J. (2020). Exosomes in clinical trial and their production in compliance with good manufacturing practice. Tzu Chi Med. J. 32, 113–120. doi: 10.4103/tcmj.tcmj_182_19

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, 3658–3666.

Cho, E., Nam, G. H., Hong, Y., Kim, Y. K., Kim, D. H., Yang, Y., et al. (2018). Comparison of exosomes and ferritin protein nanocages for the delivery of membrane protein therapeutics. J. Control. Release 279, 326–335. doi: 10.1016/j.jconrel.2018.04.037

Colombo, M., Moita, C., Van Niel, G., Kowal, J., Vigneron, J., Benaroch, P., et al. (2013). Analysis of ESCRT functions in exosome biogenesis, composition and secretion highlights the heterogeneity of extracellular vesicles. J. Cell Sci. 126, 5553–5565.

Costa-Silva, B., Aiello, N. M., Ocean, A. J., Singh, S., Zhang, H. Y., Thakur, B. K., et al. (2015). Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver. Nat. Cell Biol. 17, 816–826.

Curley, N., Levy, D., Do, M. A., Brown, A., Stickney, Z., Marriott, G., et al. (2020). Sequential deletion of CD63 identifies topologically distinct scaffolds for surface engineering of exosomes in living human cells. Nanoscale 12, 12014–12026. doi: 10.1039/d0nr00362j

Didiot, M.-C., Hall, L. M., Coles, A. H., Haraszti, R. A., Godinho, B. M. D. C., Chase, K., et al. (2016). Exosome-mediated delivery of hydrophobically modified siRNA for huntingtin mRNA silencing. Mol. Ther. 24, 1836–1847. doi: 10.1038/mt.2016.126

Doyle, L. M., and Wang, M. Z. (2019). Overview of extracellular vesicles, their origin, composition, purpose, and methods for exosome isolation and analysis. Cells 8:727. doi: 10.3390/cells8070727

Duong, N., Curley, K., Brown, A., Campanelli, A., Do, M. A., Levy, D., et al. (2019). Decoy exosomes as a novel biologic reagent to antagonize inflammation. Int. J. Nanomed. 14, 3413–3425. doi: 10.2147/ijn.s196975

Feng, D., Zhao, W. L., Ye, Y. Y., Bai, X. C., Liu, R. Q., Chang, L. F., et al. (2010). Cellular internalization of exosomes occurs through phagocytosis. Traffic 11, 675–687. doi: 10.1111/j.1600-0854.2010.01041.x

Ferrante, S. C., Nadler, E. P., Pillai, D. K., Hubal, M. J., Wang, Z. Y., Wang, J. M., et al. (2015). Adipocyte-derived exosomal miRNAs: a novel mechanism for obesity-related disease. Pediatr. Res. 77, 447–454. doi: 10.1038/pr.2014.202

Fu, S., Wang, Y., Xia, X., and Zheng, J. C. (2020). Exosome engineering: current progress in cargo loading and targeted delivery. NanoImpact 20:100261. doi: 10.1016/j.impact.2020.100261

Fuhrmann, G., Chandrawati, R., Parmar, P. A., Keane, T. J., Maynard, S. A., Bertazzo, S., et al. (2018). Engineering extracellular vesicles with the tools of enzyme prodrug therapy. Adv. Mater. 30:e1706616.

Fuhrmann, G., Serio, A., Mazo, M., Nair, R., and Stevens, M. M. (2015). Active loading into extracellular vesicles significantly improves the cellular uptake and photodynamic effect of porphyrins. J. Control. Release 205, 35–44. doi: 10.1016/j.jconrel.2014.11.029

Gao, X., Ran, N., Dong, X., Zuo, B., Yang, R., Zhou, Q., et al. (2018). Anchor peptide captures, targets, and loads exosomes of diverse origins for diagnostics and therapy. Sci. Transl. Med. 10:eaat0195. doi: 10.1126/scitranslmed.aat0195

Giassafaki, L. N., Siqueira, S., Panteris, E., Psatha, K., Chatzopoulou, F., Aivaliotis, M., et al. (2021). Towards analyzing the potential of exosomes to deliver microRNA therapeutics. J. Cell Physiol. 236, 1529–1544. doi: 10.1002/jcp.29991

Guix, F. X., Sannerud, R., Berditchevski, F., Arranz, A. M., Horre, K., Snellinx, A., et al. (2017). Tetraspanin 6: a pivotal protein of the multiple vesicular body determining exosome release and lysosomal degradation of amyloid precursor protein fragments. Mol. Neurodegen. 12:25.

Hajipour, H., Farzadi, L., Roshangar, L., Latifi, Z., Kahroba, H., Shahnazi, V., et al. (2021). A human chorionic gonadotropin (hCG) delivery platform using engineered uterine exosomes to improve endometrial receptivity. Life Sci. 275:119351. doi: 10.1016/j.lfs.2021.119351

Haney, M. J., Klyachko, N. L., Zhao, Y., Gupta, R., Plotnikova, E. G., He, Z., et al. (2015). Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release 207, 18–30.

Haney, M. J., Zhao, Y., Jin, Y. S., Li, S. M., Bago, J. R., Klyachko, N. L., et al. (2020). Macrophage-derived extracellular vesicles as drug delivery systems for triple negative breast cancer (TNBC) therapy. J. Neuroimmune Pharmacol. 15, 487–500. doi: 10.1007/s11481-019-09884-9

Hessvik, N. P., and Llorente, A. (2018). Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 75, 193–208. doi: 10.1007/s00018-017-2595-9

Hessvik, N. P., Verbye, A., Brech, A., Torgersen, M. L., Jakobsen, I. S., Sandvig, K., et al. (2016). PIKfyve inhibition increases exosome release and induces secretory autophagy. Cell. Mol. Life Sci. 73, 4717–4737.

Hong, Y., Nam, G. H., Koh, E., Jeon, S., Kim, G. B., Jeong, C., et al. (2018). Exosome as a vehicle for delivery of membrane protein therapeutics, PH20, for enhanced tumor penetration and antitumor efficacy. Adv. Funct. Mater. 28:1703074. doi: 10.1002/adfm.201703074

Hood, J. L., Scott, M. J., and Wickline, S. A. (2014). Maximizing exosome colloidal stability following electroporation. Anal. Biochem. 448, 41–49. doi: 10.1016/j.ab.2013.12.001

Hoshino, A., Costa-Silva, B., Shen, T.-L., Rodrigues, G., Hashimoto, A., Tesic Mark, M., et al. (2015). Tumour exosome integrins determine organotropic metastasis. Nature 527, 329–335. doi: 10.1038/nature15756

Huda, M. N., Nafiujjaman, M., Deaguero, I. G., Okonkwo, J., Hill, M. L., Kim, T., et al. (2021). Potential use of exosomes as diagnostic biomarkers and in targeted drug delivery: progress in clinical and preclinical applications. ACS Biomater. Sci. Eng. 7, 2106–2149. doi: 10.1021/acsbiomaterials.1c00217

Imai, T., Takahashi, Y., Nishikawa, M., Kato, K., Morishita, M., Yamashita, T., et al. (2015). Macrophage-dependent clearance of systemically administered B16BL6-derived exosomes from the blood circulation in mice. J. Extracell. Vesicles 4:26238. doi: 10.3402/jev.v4.26238

Jafari, D., Malih, S., Eini, M., Jafari, R., Gholipourmalekabadi, M., Sadeghizadeh, M., et al. (2020). Improvement, scaling-up, and downstream analysis of exosome production. Crit. Rev. Biotechnol. 40, 1098–1112. doi: 10.1080/07388551.2020.1805406

Jalalian, S. H., Ramezani, M., Jalalian, S. A., Abnous, K., and Taghdisi, S. M. (2019). Exosomes, new biomarkers in early cancer detection. Anal. Biochem. 571, 1–13. doi: 10.1016/j.ab.2019.02.013

Jamur, M. C., and Oliver, C. (2010). Permeabilization of cell membranes. Methods Mol. Biol. 588, 63–66. doi: 10.1007/978-1-59745-324-0_9

Jang, Y., Kim, H., Yoon, S., Lee, H., Hwang, J., Jung, J., et al. (2021). Exosome-based photoacoustic imaging guided photodynamic and immunotherapy for the treatment of pancreatic cancer. J. Control. Release 330, 293–304. doi: 10.1016/j.jconrel.2020.12.039

Jeyaram, A., Lamichhane, T. N., Wang, S., Zou, L., Dahal, E., Kronstadt, S. M., et al. (2020). Enhanced loading of functional miRNA cargo via pH gradient modification of extracellular vesicles. Mol. Ther. 28, 975–985. doi: 10.1016/j.ymthe.2019.12.007

Jia, G., Han, Y., An, Y., Ding, Y., He, C., Wang, X., et al. (2018). NRP-1 targeted and cargo-loaded exosomes facilitate simultaneous imaging and therapy of glioma in vitro and in vivo. Biomaterials 178, 302–316. doi: 10.1016/j.biomaterials.2018.06.029

Jiang, N., Xiang, L. S., He, L., Yang, G. D., Zhen, J. X., Wang, C. L., et al. (2017). Exosomes mediate epithelium-mesenchyme crosstalk in organ development. ACS Nano 11, 7736–7746. doi: 10.1021/acsnano.7b01087

Jin, Y., Lee, J. S., Min, S., Park, H. J., Kang, T. J., and Cho, S. W. (2016). Bioengineered extracellular membranous nanovesicles for efficient small-interfering RNA delivery: versatile platforms for stem cell engineering and in vivo delivery. Adv. Funct. Mater. 26, 5804–5817. doi: 10.1002/adfm.201601430

Johnsen, K. B., Gudbergsson, J. M., Skov, M. N., Christiansen, G., Gurevich, L., Moos, T., et al. (2016). Evaluation of electroporation-induced adverse effects on adipose-derived stem cell exosomes. Cytotechnology 68, 2125–2138. doi: 10.1007/s10616-016-9952-7

Kalluri, R., and LeBleu, V. S. (2020). The biology, function, and biomedical applications of exosomes. Science 367:eaau6977. doi: 10.1126/science.aau6977

Kamerkar, S., Lebleu, V. S., Sugimoto, H., Yang, S. J., Ruivo, C. F., Melo, S. A., et al. (2017). Exosomes facilitate therapeutic targeting of oncogenic KRAS in pancreatic cancer. Nature 546, 498–503. doi: 10.1038/nature22341

Kamińska, A., Enguita, F. J., and Stȩpień, E.Ł (2018). Lactadherin: an unappreciated haemostasis regulator and potential therapeutic agent. Vasc. Pharmacol. 101, 21–28. doi: 10.1016/j.vph.2017.11.006

Kato, T., Miyaki, S., Ishitobi, H., Nakamura, Y., Nakasa, T., Lotz, M. K., et al. (2014). Exosomes from IL-1 beta stimulated synovial fibroblasts induce osteoarthritic changes in articular chondrocytes. Arthritis Res. Ther. 16:R163.

Kaur, S., Singh, S. P., Elkahloun, A. G., Wu, W. W., Abu-Asab, M. S., and Roberts, D. D. (2014). CD47-dependent immunomodulatory and angiogenic activities of extracellular vesicles produced by T cells. Matrix Biol. 37, 49–59. doi: 10.1016/j.matbio.2014.05.007

Kim, G., Kim, M., Lee, Y., Byun, J. W., Hwang, D. W., and Lee, M. (2020). Systemic delivery of microRNA-21 antisense oligonucleotides to the brain using T7-peptide decorated exosomes. J. Control. Release 317, 273–281. doi: 10.1016/j.jconrel.2019.11.009

Kim, G., Lee, Y., Ha, J., Han, S., and Lee, M. (2021). Engineering exosomes for pulmonary delivery of peptides and drugs to inflammatory lung cells by inhalation. J. Control. Release 330, 684–695. doi: 10.1016/j.jconrel.2020.12.053

Kim, H. S., Choi, D. Y., Yun, S. J., Choi, S. M., Kang, J. W., Jung, J. W., et al. (2012). Proteomic analysis of microvesicles derived from human mesenchymal stem cells. J. Proteome Res. 11, 839–849. doi: 10.1021/pr200682z

Kim, M. S., Haney, M. J., Zhao, Y. L., Yuan, D. F., Deygen, I., Klyachko, N. L., et al. (2018). Engineering macrophage-derived exosomes for targeted paclitaxel delivery to pulmonary metastases: in vitro and in vivo evaluations. Nanomed. Nanotechnol. Biol. Med. 14, 195–204. doi: 10.1016/j.nano.2017.09.011

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. Nanomed. Nanotechnol. Biol. Med. 12, 655–664. doi: 10.1016/j.nano.2015.10.012

Kim, S. M., Yang, Y., Oh, S. J., Hong, Y., Seo, M., and Jang, M. (2017). Cancer-derived exosomes as a delivery platform of CRISPR/Cas9 confer cancer cell tropism-dependent targeting. J. Control. Release 266, 8–16. doi: 10.1016/j.jconrel.2017.09.013

King, H. W., Michael, M. Z., and Gleadle, J. M. (2012). Hypoxic enhancement of exosome release by breast cancer cells. BMC Cancer 12:421. doi: 10.1186/1471-2407-12-421

Kobayashi, M., Sawada, K., Miyamoto, M., Shimizu, A., Yamamoto, M., Kinose, Y., et al. (2020). Exploring the potential of engineered exosomes as delivery systems for tumor-suppressor microRNA replacement therapy in ovarian cancer. Biochem. Biophys. Res. Commun. 527, 153–161. doi: 10.1016/j.bbrc.2020.04.076

Kooijmans, S. A. A., Aleza, C. G., Roffler, S. R., Van Solinge, W. W., Vader, P., and Schiffelers, R. M. (2016a). Display of GPI-anchored anti-EGFR nanobodies on extracellular vesicles promotes tumour cell targeting. J. Extracell. Vesicles 5:31053. doi: 10.3402/jev.v5.31053

Kooijmans, S. A. A., Fliervoet, L. A. L., Van Der Meel, R., Fens, M., Heijnen, H. F. G., Henegouwen, P., et al. (2016b). PEGylated and targeted extracellular vesicles display enhanced cell specificity and circulation time. J. Control. Release 224, 77–85. doi: 10.1016/j.jconrel.2016.01.009

Kooijmans, S. A. A., Stremersch, S., Braeckmans, K., De Smedt, S. C., Hendrix, A., Wood, M. J. A., et al. (2013). Electroporation-induced siRNA precipitation obscures the efficiency of siRNA loading into extracellular vesicles. J. Control. Release 172, 229–238. doi: 10.1016/j.jconrel.2013.08.014

Kowal, J., Tkach, M., and Thery, C. (2014). Biogenesis and secretion of exosomes. Curr. Opin. Cell Biol. 29, 116–125. doi: 10.1016/j.ceb.2014.05.004

Lai, C. P., Mardini, O., Ericsson, M., Prabhakar, S., Maguire, C. A., Chen, J. W., et al. (2014). Dynamic biodistribution of extracellular vesicles in vivo using a multimodal imaging reporter. ACS Nano 8, 483–494. doi: 10.1021/nn404945r

Lamichhane, T. N., Jeyaram, A., Patel, D. B., Parajuli, B., Livingston, N. K., Arumugasaamy, N., et al. (2016). Oncogene knockdown via active loading of small RNAs into extracellular vesicles by sonication. Cell. Mol. Bioeng. 9, 315–324. doi: 10.1007/s12195-016-0457-4

Lathwal, S., Yerneni, S. S., Boye, S., Muza, U. L., Takahashi, S., Sugimoto, N., et al. (2021). Engineering exosome polymer hybrids by atom transfer radical polymerization. Proc. Natl. Acad. Sci. U.S.A. 118:e2020241118. doi: 10.1073/pnas.2020241118

Li, B., Yang, J., Wang, R., Li, J., Li, X., Zhou, X., et al. (2020). Delivery of vascular endothelial growth factor (VEGFC) via engineered exosomes improves lymphedema. Ann. Transl. Med. 8:1498. doi: 10.21037/atm-20-6605

Li, Y., Gao, Y., Gong, C. N., Wang, Z., Xia, Q. M., Gu, F. F., et al. (2018). A33 antibody-functionalized exosomes for targeted delivery of doxorubicin against colorectal cancer. Nanomed. Nanotechnol. Biol. Med. 14, 1973–1985. doi: 10.1016/j.nano.2018.05.020

Li, Z., Zhou, X., Gao, X., Bai, D., Dong, Y., Sun, W., et al. (2020). Fusion protein engineered exosomes for targeted degradation of specific RNAs in lysosomes: a proof-of-concept study. J. Extracell. Vesicles 9:1816710. doi: 10.1080/20013078.2020.1816710

Li, Z., Zhou, X., Wei, M., Gao, X., Zhao, L., Shi, R., et al. (2019). In vitro and in vivo RNA inhibition by CD9-HuR functionalized exosomes encapsulated with miRNA or CRISPR/dCas9. Nano Lett. 19, 19–28. doi: 10.1021/acs.nanolett.8b02689

Liang, Y., Duan, L., Lu, J., and Xia, J. (2021). Engineering exosomes for targeted drug delivery. Theranostics 11, 3183–3195. doi: 10.7150/thno.52570

Liang, Y., Xu, X., Li, X., Xiong, J., Li, B., Duan, L., et al. (2020). Chondrocyte-targeted microRNA delivery by engineered exosomes toward a cell-free osteoarthritis therapy. ACS Appl. Mater. Interfaces 12, 36938–36947. doi: 10.1021/acsami.0c10458

Lin, Q., Qu, M., Zhou, B., Patra, H. K., Sun, Z., Luo, Q., et al. (2019). Exosome-like nanoplatform modified with targeting ligand improves anti-cancer and anti-inflammation effects of imperialine. J. Control. Release 311-312, 104–116. doi: 10.1016/j.jconrel.2019.08.037

Lin, Y., Wu, J. H., Gu, W. H., Huang, Y. L., Tong, Z. C., Huang, L. J., et al. (2018). Exosome-liposome hybrid nanoparticles deliver CRISPR/Cas9 system in MSCs. Adv. Sci. 5:1700611. doi: 10.1002/advs.201700611

Lokossou, A. G., Toudic, C., Nguyen, P. T., Elisseeff, X., Vargas, A., Rassart, E., et al. (2020). Endogenous retrovirus-encoded Syncytin-2 contributes to exosome-mediated immunosuppression of T cellsdagger. Biol. Reprod. 102, 185–198.

Long, K. B., and Beatty, G. L. (2013). Harnessing the antitumor potential of macrophages for cancer immunotherapy. Oncoimmunology 2:e26860. doi: 10.4161/onci.26860

Lu, M., Zhao, X., Xing, H., Liu, H., Lang, L., Yang, T., et al. (2019). Cell-free synthesis of connexin 43-integrated exosome-mimetic nanoparticles for siRNA delivery. Acta Biomater. 96, 517–536. doi: 10.1016/j.actbio.2019.07.006

Luan, X., Sansanaphongpricha, K., Myers, I., Chen, H., Yuan, H., and Sun, D. (2017). Engineering exosomes as refined biological nanoplatforms for drug delivery. Acta Pharmacol. Sin. 38, 754–763. doi: 10.1038/aps.2017.12

Luo, L., Avery, S. J., and Waddington, R. J. (2021). Exploring a chemotactic role for EVs from progenitor cell populations of human exfoliated deciduous teeth for promoting migration of naive BMSCs in bone repair process. Stem Cells Int. 2021:6681771.

Luo, N. N., Li, J. B., Chen, Y. F., Xu, Y., Wei, Y., Lu, J. G., et al. (2021). Hepatic stellate cell reprogramming via exosome-mediated CRISPR/dCas9-VP64 delivery. Drug Deliv. 28, 10–18. doi: 10.1080/10717544.2020.1850917

Luo, Z. W., Li, F. X., Liu, Y. W., Rao, S. S., Yin, H., Huang, J., et al. (2019). Aptamer-functionalized exosomes from bone marrow stromal cells target bone to promote bone regeneration. Nanoscale 11, 20884–20892. doi: 10.1039/c9nr02791b

Ma, Y. Z., Li, C. H., Huang, Y. L., Wang, Y., Xia, X. H., and Zheng, J. L. C. (2019). Exosomes released from neural progenitor cells and induced neural progenitor cells regulate neurogenesis through miR-21a. Cell Commun. Signal. 17:96.

Matsumoto, A., Takahashi, Y., Nishikawa, M., Sano, K., Morishita, M., Charoenviriyakul, C., et al. (2017). Role of phosphatidylserine-derived negative surface charges in the recognition and uptake of intravenously injected B16BL6-derived exosomes by macrophages. J. Pharm. Sci. 106, 168–175. doi: 10.1016/j.xphs.2016.07.022

Messenger, S. W., Woo, S. S., Sun, Z. Z., and Martin, T. F. J. (2018). A Ca2+-stimulated exosome release pathway in cancer cells is regulated by Munc13-4. J. Cell Biol. 217, 2877–2890. doi: 10.1083/jcb.201710132

Molavipordanjani, S., Khodashenas, S., Abedi, S. M., Moghadam, M. F., Mardanshahi, A., and Hosseinimehr, S. J. (2020). 99mTc-radiolabeled HER2 targeted exosome for tumor imaging. Eur. J. Pharm. Sci. 148:105312. doi: 10.1016/j.ejps.2020.105312

Moleirinho, M. G., Silva, R. J. S., Carrondo, M. J. T., Alves, P. M., and Peixoto, C. (2019). Exosome-based therapeutics: purification using semi-continuous multi-column chromatography. Sep. Purif. Technol. 224, 515–523. doi: 10.1016/j.seppur.2019.04.060

Momen-Heravi, F., Bala, S., Bukong, T., and Szabo, G. (2014). Exosome-mediated delivery of functionally active miRNA-155 inhibitor to macrophages. Nanomed. Nanotechnol. Biol. Med. 10, 1517–1527. doi: 10.1016/j.nano.2014.03.014

Morishita, M., Takahashi, Y., Nishikawa, M., and Takakura, Y. (2017). Pharmacokinetics of exosomes-an important factor for elucidating the biological roles of exosomes and for the development of exosome-based therapeutics. J. Pharm. Sci. 106, 2265–2269. doi: 10.1016/j.xphs.2017.02.030

Morishita, M., Takahashi, Y., Nishikawa, M., Sano, K., Kato, K., Yamashita, T., et al. (2015). Quantitative analysis of tissue distribution of the B16BL6-derived exosomes using a streptavidin-lactadherin fusion protein and iodine-125-labeled biotin derivative after intravenous injection in mice. J. Pharm. Sci. 104, 705–713. doi: 10.1002/jps.24251

Nordmeier, S., Ke, W., Afonin, K. A., and Portnoy, V. (2020). Exosome mediated delivery of functional nucleic acid nanoparticles (NANPs). Nanomedicine 30:102285. doi: 10.1016/j.nano.2020.102285

O’Loughlin, A. J., Mager, I., De Jong, O. G., Varela, M. A., Schiffelers, R. M., El Andaloussi, S., et al. (2017). Functional delivery of lipid-conjugated siRNA by extracellular vesicles. Mol. Ther. 25, 1580–1587. doi: 10.1016/j.ymthe.2017.03.021

Oskouie, M. N., Aghili Moghaddam, N. S., Butler, A. E., Zamani, P., and Sahebkar, A. (2019). Therapeutic use of curcumin-encapsulated and curcumin-primed exosomes. J. Cell Physiol. 234, 8182–8191. doi: 10.1002/jcp.27615

Papp, K., Vegh, P., Prechl, J., Kerekes, K., Kovacs, J., Csikos, G., et al. (2008). B lymphocytes and macrophages release cell membrane deposited C3-fragments on exosomes with T cell response-enhancing capacity. Mol. Immunol. 45, 2343–2351.

Pignatello, R. (2013). “1 – biological membranes and their role in physio-pathological conditions,” in Drug-Biomembrane Interaction Studies, ed. R. Pignatello (Sawston: Woodhead Publishing), 1–46. doi: 10.1533/9781908818348.1

Pusic, A. D., Pusic, K. M., Clayton, B. L. L., and Kraig, R. P. (2014). IFN gamma-stimulated dendritic cell exosomes as a potential therapeutic for remyelination. J. Neuroimmunol. 266, 12–23. doi: 10.1016/j.jneuroim.2013.10.014

Ran, F. A., Hsu, P. D., Wright, J., Agarwala, V., Scott, D. A., and Zhang, F. (2013). Genome engineering using the CRISPR-Cas9 system. Nat. Protoc. 8, 2281–2308.

Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: exosomes, microvesicles, and friends. J. Cell Biol. 200, 373–383.

Riaz, M. K., Riaz, M. A., Zhang, X., Lin, C., Wong, K. H., Chen, X., et al. (2018). Surface functionalization and targeting strategies of liposomes in solid tumor therapy: a review. Int. J. Mol. Sci. 19:195. doi: 10.3390/ijms19010195

Salarpour, S., Forootanfar, H., Pournamdari, M., Ahmadi-Zeidabadi, M., Esmaeeli, M., and Pardakhty, A. (2019). Paclitaxel incorporated exosomes derived from glioblastoma cells: comparative study of two loading techniques. Daru 27, 533–539. doi: 10.1007/s40199-019-00280-5

Sancho-Albero, M., Encabo-Berzosa, M. D. M., Beltran-Visiedo, M., Fernandez-Messina, L., Sebastian, V., Sanchez-Madrid, F., et al. (2019). Efficient encapsulation of theranostic nanoparticles in cell-derived exosomes: leveraging the exosomal biogenesis pathway to obtain hollow gold nanoparticle-hybrids. Nanoscale 11, 18825–18836. doi: 10.1039/c9nr06183e

Sato, Y. T., Umezaki, K., Sawada, S., Mukai, S. A., Sasaki, Y., Harada, N., et al. (2016). Engineering hybrid exosomes by membrane fusion with liposomes. Sci. Rep. 6:21933.

Saunderson, S. C., Dunn, A. C., Crocker, P. R., and Mclellan, A. D. (2014). CD169 mediates the capture of exosomes in spleen and lymph node. Blood 123, 208–216. doi: 10.1182/blood-2013-03-489732

Schiller, L. T., Lemus-Diaz, N., Ferreira, R. R., Boker, K. O., and Gruber, J. (2018). Enhanced production of exosome-associated AAV by overexpression of the tetraspanin CD9. Mol. Ther. Methods Clin. Dev. 9, 278–287. doi: 10.1016/j.omtm.2018.03.008

Seyfizadeh, N., Seyfizadeh, N., Borzouisileh, S., Elahimanesh, F., Hosseini, V., and Nouri, M. (2019). Exosome-mediated therapeutic delivery: a new horizon for human neurodegenerative disorders’ treatment (with a focus on siRNA delivery improvement). Process Biochem. 85, 164–174. doi: 10.1016/j.procbio.2019.06.025

Sharma, T., Rawat, N., Dua, D., Singh, M. K., Alam, A., and Chauhan, M. S. (2018). Transfection methods affect cellular function and gene expression. Anim. Sci. Papers Rep. 36, 431–451.

Shi, J., Jiang, X., Gao, S., Zhu, Y., Liu, J., Gu, T., et al. (2021). Gene-modified exosomes protect the brain against prolonged deep hypothermic circulatory arrest. Ann. Thorac. Surg. 111, 576–585. doi: 10.1016/j.athoracsur.2020.05.075

Shi, X., Cheng, Q., Hou, T., Han, M., Smbatyan, G., Lang, J. E., et al. (2020). Genetically engineered cell-derived nanoparticles for targeted breast cancer immunotherapy. Mol. Ther. 28, 536–547. doi: 10.1016/j.ymthe.2019.11.020

Shigekawa, K., and Dower, W. J. (1988). Electroporation of eukaryotes and prokaryotes: a general approach to the introduction of macromolecules into cells. Biotechniques 6, 742–751.

Shtam, T. A., Kovalev, R. A., Varfolomeeva, E. Y., Makarov, E. M., Kil, Y. V., and Filatov, M. V. (2013). Exosomes are natural carriers of exogenous siRNA to human cells in vitro. Cell Commun. Signal. 11:88.

Smyth, T., Kullberg, M., Malik, N., Smith-Jones, P., Graner, M. W., and Anchordoquy, T. J. (2015). Biodistribution and delivery efficiency of unmodified tumor-derived exosomes. J. Control. Release 199, 145–155. doi: 10.1016/j.jconrel.2014.12.013

Song, H., Liu, B., Dong, B., Xu, J., Zhou, H., Na, S., et al. (2021). Exosome-based delivery of natural products in cancer therapy. Front. Cell Dev. Biol. 9:650426. doi: 10.3389/fcell.2021.650426

Stremersch, S., Vandenbroucke, R. E., Van Wonterghem, E., Hendrix, A., De Smedt, S. C., and Raemdonck, K. (2016). Comparing exosome-like vesicles with liposomes for the functional cellular delivery of small RNAs. J. Control. Release 232, 51–61. doi: 10.1016/j.jconrel.2016.04.005

Sun, D. M., Zhuang, X. Y., Xiang, X. Y., Liu, Y. L., Zhang, S. Y., Liu, C. R., et al. (2010). A novel nanoparticle drug delivery system: the anti-inflammatory activity of curcumin is enhanced when encapsulated in exosomes. Mol. Ther. 18, 1606–1614. doi: 10.1038/mt.2010.105

Takahashi, Y., Nishikawa, M., Shinotsuka, H., Matsui, Y., Ohara, S., Imai, T., et al. (2013). Visualization and in vivo tracking of the exosomes of murine melanoma B16-BL6 cells in mice after intravenous injection. J. Biotechnol. 165, 77–84. doi: 10.1016/j.jbiotec.2013.03.013

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. Nanomed. 15, 8331–8343. doi: 10.2147/ijn.s263956

Thery, C., Zitvogel, L., and Amigorena, S. (2002). Exosomes: composition, biogenesis and function. Nat. Rev. Immunol. 2, 569–579. doi: 10.1038/nri855

Tian, T., Cao, L., He, C., Ye, Q., Liang, R., You, W., et al. (2021). Targeted delivery of neural progenitor cell-derived extracellular vesicles for anti-inflammation after cerebral ischemia. Theranostics 11, 6507–6521. doi: 10.7150/thno.56367

Tian, T., Zhang, H. X., He, C. P., Fan, S., Zhu, Y. L., Qi, C., et al. (2018). Surface functionalized exosomes as targeted drug delivery vehicles for cerebral ischemia therapy. Biomaterials 150, 137–149. doi: 10.1016/j.biomaterials.2017.10.012

Tran, P. H. L., Wang, T., Yin, W., Tran, T. T. D., Nguyen, T. N. G., Lee, B. J., et al. (2019). Aspirin-loaded nanoexosomes as cancer therapeutics. Int. J. Pharm. 572:118786.

Vader, P., Mol, E. A., Pasterkamp, G., and Schiffelers, R. M. (2016). Extracellular vesicles for drug delivery. Adv. Drug Deliv. Rev. 106, 148–156.

Ventimiglia, L. N., and Alonso, M. A. (2016). Biogenesis and function of T cell-derived exosomes. Front. Cell Dev. Biol. 4:84. doi: 10.3389/fcell.2016.00084

Wahlgren, J., De, L. K. T., Brisslert, M., Vaziri Sani, F., Telemo, E., Sunnerhagen, P., et al. (2012). Plasma exosomes can deliver exogenous short interfering RNA to monocytes and lymphocytes. Nucleic Acids Res. 40:e130. doi: 10.1093/nar/gks463

Wang, B., Zhang, A., Wang, H., Klein, J. D., Tan, L., Wang, Z. M., et al. (2019). miR-26a limits muscle wasting and cardiac fibrosis through exosome-mediated microRNA transfer in chronic kidney disease. Theranostics 9, 1864–1877. doi: 10.7150/thno.29579

Wang, G., Yuan, J., Cai, X., Xu, Z., Wang, J., Ocansey, D. K. W., et al. (2020). HucMSC-exosomes carrying miR-326 inhibit neddylation to relieve inflammatory bowel disease in mice. Clin. Transl. Med. 10:e113.

Wang, H., Chen, F. S., Zhang, Z. L., Zhou, H. X., Ma, H., and Li, X. Q. (2021). MiR-126-3p-enriched extracellular vesicles from hypoxia-preconditioned VSC 4.1 neurons attenuate ischaemia-reperfusion-induced pain hypersensitivity by regulating the PIK3R2-mediated pathway. Mol. Neurobiol. 58, 821–834. doi: 10.1007/s12035-020-02159-y

Wang, J., Li, W., Lu, Z., Zhang, L., Hu, Y., Li, Q., et al. (2017). The use of RGD-engineered exosomes for enhanced targeting ability and synergistic therapy toward angiogenesis. Nanoscale 9, 15598–15605. doi: 10.1039/c7nr04425a

Wang, P., Wang, H., Huang, Q., Peng, C., Yao, L., Chen, H., et al. (2019). Exosomes from M1-polarized macrophages enhance paclitaxel antitumor activity by activating macrophages-mediated inflammation. Theranostics 9, 1714–1727. doi: 10.7150/thno.30716

Wang, Q. Z., Zhao, Z. L., Liu, C., and Zheng, J. W. (2021). Exosome-derived miR-196b-5p facilitates intercellular interaction in infantile hemangioma via down-regulating CDKN1B. Ann. Transl. Med. 9:394. doi: 10.21037/atm-20-6456

Wang, X. H., Gu, H. T., Huang, W., Peng, J. T., Li, Y. T., Yang, L. W., et al. (2016). Hsp20-mediated activation of exosome biogenesis in cardiomyocytes improves cardiac function and angiogenesis in diabetic mice. Diabetes 65, 3111–3128. doi: 10.2337/db15-1563

Wang, X., Li, X., Li, J., Zhai, L., Liu, D., Abdurahman, A., et al. (2021). Mechanical loading stimulates bone angiogenesis through enhancing type H vessel formation and downregulating exosomal miR-214-3p from bone marrow-derived mesenchymal stem cells. FASEB J. 35:e21150.

Watson, K., Koumangoye, R., Thompson, P., Sakwe, A. M., Patel, T., Pratap, S., et al. (2012). Fetuin-A triggers the secretion of a novel set of exosomes in detached tumor cells that mediate their adhesion and spreading. FEBS Lett. 586, 3458–3463. doi: 10.1016/j.febslet.2012.07.071

Wei, H., Chen, J., Wang, S., Fu, F., Zhu, X., Wu, C., et al. (2019). A nanodrug consisting of doxorubicin and exosome derived from mesenchymal stem cells for osteosarcoma treatment in vitro. Int. J. Nanomed. 14, 8603–8610. doi: 10.2147/ijn.s218988

Wiklander, O. P. B., Nordin, J. Z., O’loughlin, A., Gustafsson, Y., Corso, G., Mager, I., et al. (2015). Extracellular vesicle in vivo biodistribution is determined by cell source, route of administration and targeting. J. Extracell. Vesicles 4:26316. doi: 10.3402/jev.v4.26316

Won Lee, G., Thangavelu, M., Joung Choi, M., Yeong Shin, E., Sol Kim, H., Seon Baek, J., et al. (2020). Exosome mediated transfer of miRNA-140 promotes enhanced chondrogenic differentiation of bone marrow stem cells for enhanced cartilage repair and regeneration. J. Cell. Biochem. 121, 3642–3652. doi: 10.1002/jcb.29657

Wu, L. J., Zhang, X., Zhang, B., Shi, H., Yuan, X., Sun, Y. X., et al. (2016). Exosomes derived from gastric cancer cells activate NF-kappa B pathway in macrophages to promote cancer progression. Tumor Biol. 37, 12169–12180. doi: 10.1007/s13277-016-5071-5

Yanez-Mo, M., Siljander, P. R. M., Andreu, Z., Zavec, A. B., Borras, F. E., Buzas, E. I., et al. (2015). Biological properties of extracellular vesicles and their physiological functions. J. Extracell. Vesicles 4:27066.

Ye, Y. Y., Zhang, X., Xie, F., Xu, B., Xie, P., Yang, T., et al. (2020). An engineered exosome for delivering sgRNA:Cas9 ribonucleoprotein complex and genome editing in recipient cells. Biomater. Sci. 8, 2966–2976. doi: 10.1039/d0bm00427h

Yerneni, S. S., Lathwal, S., Shrestha, P., Shirwan, H., Matyjaszewski, K., Weiss, L., et al. (2019). Rapid on-demand extracellular vesicle augmentation with versatile oligonucleotide tethers. ACS Nano 13, 10555–10565. doi: 10.1021/acsnano.9b04651

Yi, X., Wei, X., Lv, H., An, Y., Li, L., Lu, P., et al. (2019). Exosomes derived from microRNA-30b-3p-overexpressing mesenchymal stem cells protect against lipopolysaccharide-induced acute lung injury by inhibiting SAA3. Exp. Cell Res. 383:111454. doi: 10.1016/j.yexcr.2019.05.035

Yim, N., Ryu, S. W., Choi, K., Lee, K. R., Lee, S., Choi, H., et al. (2016). Exosome engineering for efficient intracellular delivery of soluble proteins using optically reversible protein-protein interaction module. Nat. Commun. 7:12277.

Zhang, D., Lee, H., Zhu, Z., Minhas, J. K., and Jin, Y. (2017). Enrichment of selective miRNAs in exosomes and delivery of exosomal miRNAs in vitro and in vivo. Am. J. Physiol. Lung Cell Mol. Physiol. 312, L110–L121.

Zhang, Y., Liu, Y. F., Liu, H. Y., and Tang, W. H. (2019). Exosomes: biogenesis, biologic function and clinical potential. Cell Biosci. 9:19.

Zhao, L. W., Gu, C. Y., Gan, Y., Shao, L. L., Chen, H. W., and Zhu, H. Y. (2020). Exosome-mediated siRNA delivery to suppress postoperative breast cancer metastasis. J. Control. Release 318, 1–15. doi: 10.1016/j.jconrel.2019.12.005

Zhao, X., Wu, D., Ma, X., Wang, J., Hou, W., and Zhang, W. (2020). Exosomes as drug carriers for cancer therapy and challenges regarding exosome uptake. Biomed. Pharmacother. 128:110237. doi: 10.1016/j.biopha.2020.110237

Zhou, J., Meng, L. C., Ye, W. R., Wang, Q. L., Geng, S. Z., and Sun, C. (2018). A sensitive detection assay based on signal amplification technology for Alzheimer’s disease’s early biomarker in exosome. Anal. Chim. Acta 1022, 124–130. doi: 10.1016/j.aca.2018.03.016

Zhu, X., Chen, H., Zhou, Y., Wu, J., Ramakrishna, S., Peng, X., et al. (2021). Recent advances in biosensors for detection of exosomes. Curr. Opin. Biomed. Eng. 18:100280.

Zhupanyn, P., Ewe, A., Buch, T., Malek, A., Rademacher, P., Muller, C., et al. (2020). Extracellular vesicle (ECV)-modified polyethylenimine (PEI) complexes for enhanced siRNA delivery in vitro and in vivo. J. Control. Release 319, 63–76. doi: 10.1016/j.jconrel.2019.12.032


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 © 2021 Chen, Wang, Zeng, Schwarz, Nanda, Peng and Zhou. 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-09-751079-g003.jpg
[ Cargo-loaded exosomes ]

=/ Curcumin

= Paclitaxel

“I Doxorubicin

-/ CRISPR/Cas9
I siRNAs
- miRNAs

Neuro-

degenerative

disorder






OPS/images/fcell-09-751079-g002.jpg
1.00 —
£
E o050
3
3
3
5
c
S
§ 025 - —@— Exosomalcur
P

——Cur
Y T T T T T T
0 30 60 920 120 150

Phagocytosed
HT29

Time (minutes)

Exo-pDis

Exo-SIRPa

Mock

SKOV3-Exo only

LV.
SKOV3-Exo/

PARP-1 sgR/Cas9
it

@
=)
£
2
©
£

G

»

o

5
]

F=1
©
]

=
2

5
?
o
B

FN-SIRPa

Tumor volume (mm?)

100 —|

75 —

{—@— Exosomal cur

Cytokine in sera (ng/ml)

0

- N W s» 0 &
8 888 8 8

=]

—&— Cur
—f— Exo
—y— PBS
2 T T T T d
0 1 2 3 4
Day after LPS injection (i.p.)

= T & 800
g €
S £ 600
£ g
B ‘» 400
2 e
=]
3 S £ 200
° — =
o -
g5 0
o

E=PBS A Exo
Cur [l Exosomal cur

-O-PBS
—@—Exo-pDis
—¥—Exo-SIRPa
—V-FN
—B-FN-SIRPa

e SKOV3-Ex0 00y
e SKOV3-Ex0/PARP-1 sgR/Cas9 (1.v.)
e SKOV3-EX0IPARP-1 sgR/Cas9 (/L)

0D 4D 8D 12D 16D

Days after treatment

[} 4 7 10 13 16 19 22
Time post injection
400
"2
~ 300
=
i=J
]
= 200
5
€ 100
S
=
200 ‘:\od;’ N @
Y ?,\
© s
e
oV LS





OPS/images/fcell-09-751079-g001.jpg
Nucleus
U )
Late o
endosomes
o T,

Lysosomes

Early endosomes

ILVs

Proteins
Macromolecules
ESCRT

Lipids
Tetraspanins

Exosomes

® Lipids

® Nucleic acids

® Surface proteins:
® TSG101
® HSC70
@ Fusion proteins
e CD9, CD63, CD81





OPS/images/fcell-09-751079-g007.jpg
Direct modification

Conjugation p
reaction A 4+ B —»v&A-Bp

Hydrophobic V\/—\_
insertion »'\__\

Receptor-ligand

binding e®
® H ' !

Genetic engineering

Trangfection
Nucleus






OPS/images/fcell-09-751079-g006.jpg
L —

pre-miR-214  lentivirus vector MSCs

ncuro;rnms

miR-214-enriched exosome

intracerebroventricular
lllj“llol\

-

°"°:°"" muR 214

= &)

neuroprotection

# #
¢ &
&
A't

g

£~
2%
% = 100
£e
£e
2 s0
$3
=2 #
a2 3
ok}
Z8 2
ES 1
o.
» 5 s
¥ e‘,@ s"{‘v
& W
& &
&

iving neurons
H

=}
= # 1 1 1A
=

:Ewo; =
. W
QO
E

Number of surv





OPS/images/fcell-09-751079-g005.jpg
T T
o w o (o] o
N -—

r
Yol
G ) : Wi )
(Aw) sgd ui [enuajod ejaz abelany
8
= -
S 2
=
®©
S ¢
o L 0 £ o
2 2 2 S o o
® 5 £ 8= e
s Q@ X o 8
o wwonao
PG
1 | m
©F
E
-
[
0.u
S0
<
o
S
«
(=

Jaquinu adied pasijewoN






OPS/images/fcell-09-751079-g004.jpg
X T,& ,:_ - 9 \
T : e HO—P—0O
) - I { = E . + O
i gy & b » — 57 y - c.)
l : i © Calcium
Adenovirus @  Lentivirus Liposomes - phosphate
Viral transduction Incubatlon ------------------ § --------------- L
°> < > 3 H
A ° PN !
Biological me - Y
g — DEAE-Dextran = PEI
iy \. ; J

Transfection

Saponin-assisted
permeation

* N
Physical //, & ~
‘ Freeze-thaw Sonication)
APPROACHES ol
for cargo loading A '.'. :o
into exosomes ° J

Electroporation Extrusion Dialysis





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exosomes, a New Star for Targeted Delivery



		INTRODUCTION



		BIOGENESIS, COMPOSITIONS, AND FUNCTIONS OF EXOSOMES



		Exosome Biogenesis



		Exosome Compositions



		Exosome Functions







		EXOSOMES AS DELIVERY SYSTEM FOR THERAPEUTIC APPLICATIONS



		Delivery of Small Molecules



		Delivery of Proteins



		Delivery of Genetic Substances



		Improvement on Targeting Ability







		LOADING APPROACHES



		Physical Methods



		Sonication



		Electroporation



		Freeze-Thaw



		Extrusion



		Other Physical Methods







		Chemical Methods



		Saponin-Assisted Permeation



		Transfection Reagent-Based Encapsulation







		Biological Methods



		Incubation



		Viral Transduction-Based Strategies







		Summary on Loading Approaches







		EXOSOME MODIFICATION FOR TARGETED DELIVERY TO SPECIFIC TISSUES OR CELLS



		Direct Modification of Exosomes



		Genetic Engineering







		ENGINEERING FOR PROLONGING CIRCULATION



		CHALLENGES AND POTENTIAL SOLUTIONS



		CONCLUSIONS AND PERSPECTIVES



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fcell-09-751079-t002.jpg
Approaches Bioactive Methods References
ligands/transmembrane
proteins
Direct modification
Bioconjugation reaction CP05 Directly bind to the second extracellular loop of Gao et al., 2018
CD63
RGE-peptide Cycloaddition reaction Jiaetal., 2018
BMSC-specific aptamer Schiff base reaction Luo et al., 2019
Hydrophobic insertion RGD peptide Incubated in modified medium containing Wang et al., 2017
DSPE-PEG-RGD
Genetic engineering
Non-specific proteins Lamp2b T Kim et al., 2020
RAGE-binding peptide Kim et al., 2021
tLyp-1-lamp2b Bai et al., 2020
HuR LiZ. etal., 2020
The tetraspanin superfamily CD9 Lietal., 2019
The 2nd extracellular loop of CD63 Duong et al., 2019
CD63-VEGFC fusion protein Li B. et al., 2020
CD63 truncations Curley et al., 2020
Receptor membrane proteins PDGFR Human CD3 and HER2 receptors Shi et al., 2020
GPI Anti-EGFR nanobodies Kooijmans et al., 2016a
HER2 DARPIn G3 Molavipordanjani et al., 2020

C1C2 domain of lactadherin

RGD-4C peptide
Ag

Tian et al., 2021
Bliss et al., 2020






OPS/images/fcell-09-751079-t001.jpg
Approaches

Physical methods
Sonication

Electroporation
Freeze-thaw
Extrusion

Chemical methods
Saponin-assisted permeation

Transfection

Biological methods
Incubation

Viral transduction

Advantages

High loading efficiency, size reduction and removal
of the naive contents of exosome

Powerful loading, ease in control

Mild process to load miRNA and proteins

Relative high loading efficiency, uniform size
distribution of exosomes

Incorporation of proteins directly, high
encapsulation efficiency under right conditions

Convenience in the loading of nucleic acids

Simple operation, maintenance of the activity of
cells/exosomes

Stably loading of nucleic acids into exosomes,
possible enrichment of the exosome functions

Drawbacks

Heat generation
Aggregation of cargoes
Unspecific loading efficiency

Possible alteration the properties of
exosome membranes

Hemolytic function

Toxicity to cells, difficulty in
purification

Low encapsulation efficiency

Safety risks, laborious and
time-consuming

References

Sancho-Albero et al., 2019; Jang
et al., 2021

Johnsen et al., 2016

Tran et al., 2019

Fuhrmann et al., 2015; Haney et al.,
2015

Fuhrmann et al., 2015;
Sancho-Albero et al., 2019

Wahlgren et al., 2012; Wang Q.Z.
etal., 2021

Haney et al., 2015; Brossa et al.,
2021

Fu et al., 2020; Zhao X. et al., 2020





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










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





