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Abstract

:

Clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein (Cas) systems can precisely manipulate DNA sequences to change the characteristics of cells and organs, which has potential in the mechanistic research on genes and the treatment of diseases. However, clinical applications are restricted by the lack of safe, targeted and effective delivery vectors. Extracellular vesicles (EVs) are an attractive delivery platform for CRISPR/Cas9. Compared with viral and other vectors, EVs present several advantages, including safety, protection, capacity, penetrating ability, targeting ability and potential for modification. Consequently, EVs are profitably used to deliver the CRISPR/Cas9 in vivo. In this review, the advantages and disadvantages of the delivery form and vectors of the CRISPR/Cas9 are concluded. The favorable traits of EVs as vectors, such as the innate characteristics, physiological and pathological functions, safety and targeting ability of EVs, are summarized. Furthermore, in terms of the delivery of the CRISPR/Cas9 by EVs, EV sources and isolation strategies, the delivery form and loading methods of the CRISPR/Cas9 and applications have been concluded and discussed. Finally, this review provides future directions of EVs as vectors of the CRISPR/Cas9 system in clinical applications, such as the safety, capacity, consistent quality, yield and targeting ability of EVs.






Keywords:


CRISPR/Cas9; extracellular vesicles; delivery; biomedical applications












1. Introduction


In the 1970s, with the development of genetic engineering, a breakthrough dawned upon genome editing technology, which was a powerful tool for implementing fixed-point editing DNA sequences [1]. To date, genome editing tools have provided a new horizon for biomedical research, such as gene biology, biological mechanisms and treatment of disease [2]. The application of genome editing tools can be traced back to 1971, when specific DNA fragments were successfully manipulated by restriction enzymes [3]. With advances in research on endonucleases integrated with locators, a number of genome editing tools have been developed, for example, zinc finger nucleases, transcription activator-like effector nucleases and clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated protein (Cas) systems [4].



For genome editing, the discovery of CRISPR/Cas systems has ushered revolutionized breakthroughs. In the study of defensive mechanisms of bacteria and archaea, CRISPR/Cas could be depicted as a defensive mechanism similar to the adaptive immune system against foreign invading nucleic acids, which was initially discovered [4,5]. When foreign invading nucleic acids enter, the acquired nucleic acid fragments are integrated and processed and finally generate CRISPR RNA (crRNA), which can complementarily pair with foreign invading nucleic acid sequences and guide the Cas protein, then form a complex with the Cas protein and other RNA for shearing DNA [6]. Because the type II CRISPR/Cas9 system is simpler and a single Cas9 protein can cleave nucleic acid segments, the CRISPR/Cas9 system is widely used in genome editing among the numerous discovered CRISPR/Cas systems. In practical applications, a single artificial synthetic guide RNA (sgRNA), formed by the combination of crRNA and trans-activating crRNA (tracrRNA), has the ability of targeted binding and Cas9 shears DNA. The CRISPR/Cas9 system has been commonly used in basic biology, biomedicine and agriculture research [2,3,7].



To implement genome editing via CRISPR/Cas9, it is necessary to consider how to deliver it [8]. Generally, the strategies of delivering CRISPR/Cas9 are classified into two major classes (viral and nonviral vector) [9]. The delivery efficiency of CRISPR/Cas9 and gene editing efficiency can be significantly increased by viral vectors [10]. Regrettably, the intrinsic factors of viral vectors, including safety, high cost, difficult operation and limited packaging capacity, restrict their application [11,12]. Nonviral vectors are mainly based on physical methods and synthetic chemical and natural materials, such as microinjection, electroporation, liposomes, nanoparticles, and gold nanoparticles [13,14]. Although these vectors possess simple operations, cost-effectiveness and universality, their cytotoxicity, limited penetrability and imprecise targeting delivery limit their further development [8,14]. Consequently, in the process of CRISPR/Cas9 delivery, the ways in which to overcome problems of safety, efficiency, stability, targeting, penetrability and biocompatibility should be focused on. Meanwhile, novel gene delivery systems should be developed.



Extracellular vesicles (EVs), secreted by a variety of cells, possess a phospholipid bilayer-enclosed structure, which was initially described as a “cellular junk” [15,16]. Although EVs can be roughly classified into exosomes, microvesicles and apoptotic bodies by size and generation methods, it is difficult to isolate pure EVs due to their overlapping size, biomarkers and composition [16,17]. Therefore, exosomes, microvesicles and apoptotic bodies are uniformly called EVs in this review. With advances in EV research, EVs have been shown to act as indispensable messengers in intercellular communication [18]. Meanwhile, since EVs are involved in various physiological and pathological processes by regulating the immune response, tissue repair and cell growth, the potential value of EVs has been revealed in the field of diagnostic biomarkers and therapy [10,19]. EVs can effectively transport lipids, proteins and nucleic acids (for instance, mRNA, miRNA, lncRNA, circular RNA, ribosomal RNA, tRNA, and DNA fragments) [20]. In addition, recent studies have shown that EVs can be used as vectors to deliver biomolecules, especially in gene delivery systems [12].



In this review, the delivery form and vectors of the CRISPR/Cas9 system are concluded and compared; the advantages of EVs as vectors are mainly summarized; the delivery of the CRISPR/Cas9 system by EVs, including EV sources and isolation strategies, the delivery form and loading methods of the CRISPR/Cas9 system and applications in vitro and in vivo have been concluded and discussed. The CRISPR/Cas9 system delivered by EVs has potential in clinical disease treatments (Figure 1).




2. Delivery of CRISPR/Cas9


Because the molecular weight of the Cas9 protein is 160 kDa and the gRNA is negatively charged, these characteristics of the gRNA and Cas9 protein make it difficult for them to cross the cell membrane [12,21]. In the CRISPR/Cas9 gene editing system in vitro, the sgRNA and Cas9 protein should be delivered into cells to avoid degradation and move into the nucleus for gene editing [22]. Furthermore, in the more complex microenvironment in vivo, the CRISPR/Cas9 system may be degraded and neutralized by physical, chemical and biological obstacles and the immune system [10,23]. Therefore, to improve the efficiency, safety and targeting of gene editing, the delivery form of the CRISPR/Cas9 system and how to deliver the CRISPR/Cas9 system should be seriously considered.



In general, the delivery form of the CRISPR/Cas9 system can be classified as DNA, RNA or ribonucleoprotein complexes (RNPs) [12,24]. The RNP is defined as the sgRNA compounded with Cas9 protein in vitro [25]. Through plasmids carrying DNA sequences of gRNA and Cas9 protein, the CRISPR/Cas9 system is delivered into cells. This method is economical as well as convenient [12,26]. However, gRNA and Cas9 protein are further formed by transcription and translation in cells, which increases the working time and the rate of off-target effects [27]. Meanwhile, this process, which is difficult to control, could have potential risks for DNA sequences integrated into the genome [28]. Since transcription is not needed, the delivery of the RNA form of the CRISPR/Cas9 system can effectively decrease the editing efficiency [29]. Unfortunately, RNA is easily degraded, which decreases the efficiency of gene editing [30]. Gene editing immediately begins to work through the delivery of the RNP form of the CRISPR/Cas9 system in the nucleus, which leads to a higher efficiency of gene editing and a lower rate of off-target effects than DNA and RNA forms of the CRISPR/Cas9 system [31]. RNPs only temporarily exist in cells, which is beneficial for curing genetic and infectious disorders. Nevertheless, the delivery of RNPs is more costly than that of DNA and RNA [12,32].



In vitro, the efficiency of gene editing and the rate of off-target effects are mainly discussed, which is simpler than in vivo. For gene editing via CRISPR/Cas9 in vivo, several key factors should fit the following criteria: (1) safety (delivery products and strategies); (2) crossing the physiological and pathological barriers (dense characteristics of some tissue, acid and enzymes microenvironment, blood-embryo and blood–brain barrier); (3) targeting (effectively targeted tissue or organ); and (4) accurate gene editing (improving the gene editing efficiency and avoiding damage to the genome) [10,33].



For delivery of the CRISPR/Cas9 system, these strategies can be classified into viral and nonviral vectors [34]. Adeno-associated viruses (AAVs), Adenoviruses (AVs), Lentiviruses (LVs) and Baculoviruses which are some typical viral vectors, have been exploited for delivering gene editing systems [8,9]. These viral vectors can efficiently deliver the CRISPR/Cas9 system into cells crossing physiological barriers and the cell membrane and possess high transfection and gene editing efficiency [35]. However, especially in vivo, several inherent characteristics of viruses, for example, immunogenicity inducing immune responses and viral genomes randomly inserting into host genomes, have caused significant safety problems [8]. Compared with other viral vectors, AAV is safer since it cannot replicate, does not integrate into genomes and has low immunogenicity in vivo [36,37]. Nonetheless, the delivery of the CRISPR/Cas9 system may be compromised by the limited packaging capacity of AAV [38].



Electroporation and microinjection, as classical nonviral physical methods, have been used to deliver the CRISPR/Cas9 system in vitro [35]. Electroporation depends on currents, which can create numerous transient small pores in cell membranes; then, the CRISPR/Cas9 system can be delivered into cells [9]. This method is inexpensive, easy to perform and is high throughput, but the conditions of electroporation are highly variable, and cells are vulnerable [8]. Microinjection relies on microscopes and needles to inject RNPs, which are used in zygotes for the generation of small animal models. Because of the high cost of microinjection, delicate operation, low throughput and inappropriateness of in vivo editing, the applications of microinjection have been limited [39,40].



Lipid-based synthetic chemical materials have been frequently used for the delivery of the CRISPR/Cas9 system [14]. In particular, a variety of commercial liposomes have been developed. For example, liposomes can effectively deliver the DNA, RNA and RNP form of the CRISPR/Cas9 system [10,41]. With a hydrophobic tail and hydrophilic head, liposomes can spontaneously form the structure of lipid bilayers [42]. The CRISPR/Cas9 system can be encapsulated by liposomes or combined with liposomes to form complexes, and then liposome–CRISPR/Cas9 complexes fuse with cell membranes to enter cells [35]. Unlike viral vectors, liposomes are a safer method since their delivery mechanism is based on endocytosis [10]. Meanwhile, compared with electroporation, liposomes are milder to cells. Therefore, liposomes have harmonious characteristics in all aspects, including inherent structure, biocompatibility, low immunogenicity and low toxicity [9]. Gold nanoparticles can deliver the CRISPR/Cas9 system in vivo and in vitro. The advantage of gold nanoparticles is that they are biologically inert, so the immune response is hardly triggered [43,44].



In conclusion, all delivery forms of the CRISPR/Cas9 system and delivery strategies have their own benefits and drawbacks (Table 1). According to the purpose and means of research, the appropriate forms and strategies are selected.




3. Several Key Factors of EVs as Vectors


EVs can be generated and secreted by eukaryotes and prokaryotes and then transfer biomacromolecules (such as nucleic acids, proteins, lipids, glycoproteins, etc.) for exchange of information [18,20]. In vivo, EVs are associated with several physiological and pathophysiological processes (for instance, the immune system, viral pathogenicity, etc.) and various diseases (including liver, cardiovascular, tumor, lung and central nervous system) [16,19,45]. Consequently, EVs can reveal the biological status of biological fluids, which provides new insight for diagnosing diseases. Meanwhile, the ability of EVs to carry information indicates that EVs can deliver cargoes for therapeutics [46]. Given the loading capacity of various biomacromolecules, ability to target specific cells, immunoregulation and ease of engineering, EVs can be an ideal vector for the delivery of therapeutic agents [47]. Furthermore, these beneficial characteristics of EVs are gradually being used in CRISPR/Cas9 delivery, which has potential for gene editing in vivo [48].



3.1. Innate Characteristics of EVs


EVs are generated by several cell types. According to the EV biogenesis mechanism, EVs can be classified into exosomes, microvesicles and apoptotic bodies [16]. In general, exosomes are released by the plasma membrane fused with multivesicular bodies (MVBs), which are formed by an inward budding of the endosome, and microvesicles and apoptotic bodies are formed by an outward budding of the plasma membrane under different conditions [49]. Consequently, the EV membrane features of a phospholipid bilayer-enclosed structure containing various transmembrane and membrane-anchored proteins depend on the EV biogenesis mechanism [15,17]. These features are beneficial to the targeting and uptake of EVs.



For cargo delivery, EVs have advantages with respect to protection and capacity. With large molecules, hydrophilicity and different charges, naked nucleic acids and proteins have difficulty crossing cell membranes [10]. They were consequently encapsulated by EVs for delivery and protection. Furthermore, the EV membrane structure can effectively protect naked nucleic acids and proteins from serum endonucleases and the immune system [48]. Compared with other vectors, EVs are unique in that they can deliver different types of cargoes (saccharides, nucleic acids, proteins and lipids) [18]. A number of functional biomacromolecules, especially nucleic acids and proteins, are exogenously encapsulated and carried by EVs. In the process of EV biogenesis, several biomacromolecules related to cell communication, disease pathogenesis and therapeutic agents are innately encapsulated in EVs [16,17].



Several natural biological barriers, such as dense tissue (tumor and cartilage), acidic and enzymatic microenvironments (intestinal mucosa and gastric) and vascular endothelial cell barriers (blood-embryo barrier and blood-brain barrier (BBB)), can obstruct the delivery of cargoes in vivo [10,50]. With high biocompatibility and natural generation, EVs can cross these natural biological barriers efficiently to deliver cargoes [16,51]. The tumor microenvironment, especially high-density tumor tissue, seriously affects tumor penetration, which limits the application of nanomedicine [50]. Liposomes can permeate into the tumor tissue to deliver cargoes. However, the permeability of liposomes is mainly affected by the size, charge, type of cargo and type of tumor, which limits the applications of liposomes [52]. EVs derived from tumor cells can effectively permeate into the tumor. Sánchez et al. showed that the expression of metalloproteinases was increased, the extracellular matrix was degraded and EV penetration was improved when EV surface proteins (CD147, tetraspanin Tspan8 or CD44) and miRNAs (miRNA-494, miRNA-542-3p, and miRNA-21-5p) were overexpressed [53]. Kim et al. successfully utilized tumor-derived EVs carrying the CRISPR/Cas9 system to permeate into tumor tissue for gene editing [54]. The intestinal mucosa can hinder the uptake of several vectors that can deliver cargoes [10]. The study revealed that with small size and negative charge, these vectors performed better in permeation [55]. With their small size, negative charge and stable structure, EVs derived from milk can be easily absorbed by the intestine [56,57]. Meanwhile, EVs derived from epithelial cells also permeate across the intestine [58]. A number of biomacromolecules (curcumin and various types of RNA) could be protected by EVs from digestive juices [10]. The BBB is one of the most important natural biological barriers that can selectively allow some small molecules to cross the endothelial membrane and prevent the passage of causative agents or toxins [59]. In this way, the BBB, as a protective mechanism, also obstructs the delivery of drugs and other biomacromolecules into the brain. Nevertheless, EVs can encapsulate these drugs and biomacromolecules to cross the BBB, and their penetrable efficiency depends on the size and composition of EVs [10,60]. Morad et al. successfully showed that tumor-derived EVs could cross the BBB in vivo, which was based on the endocytosis pathway. In this process, EVs decreased the expression of Rab7 in endothelial cells to promote their transport [61].




3.2. Physiological and Pathological Functions of EVs


With extensive distribution and generation, EVs carry various biomacromolecules to orderly shuttle in vivo, which regulates numerous physiologic processes [16]. Especially in terms of immunoregulation, EVs, generated by B lymphocytes, can present antigens by histocompatibility complex (MHC) proteins located on the EV surface [62]. Recent studies have focused on the immune-regulatory functions of EVs in tumors. According to reports, tumor cell-derived EVs exhibit the ability of immunoregulation to support cancer progression or display antitumor effects [63,64]. Hoshino et al. showed that in tumor metastasis, tumor cell-derived EVs were fused with organ-specific resident cells (fibroblasts, epithelial cells, etc.) to prepare the niche through exosomal integrins, which could lead to Src phosphorylation and proinflammatory S100 expression, facilitating tumor metastasis [65]. Nevertheless, several studies have demonstrated that tumor cell-derived EVs could carry tumor antigens and then promote tumor immunity through CD8(+) and CD4(+) T cells, which could kill tumor cells and frustrate the progression of tumors [64].



Furthermore, EVs can regulate multiple intercellular communications that are related to the cell cycle (proliferation and apoptosis), tissue repair (angiogenesis and remodeling) and regeneration [16]. Since they contain a variety of coagulants, growth factors, inflammatory factors, cytokines, RNA and lipids, platelet-derived EVs regulate the clotting response, cell cycle and tissue repair and regeneration [66]. Kim et al. demonstrated that the proliferation of human umbilical vein endothelial cells (HUVECs) could be stimulated by lipids in platelet-derived EVs [67]. Meanwhile, Zhang et al. showed that in a rat model of femoral nonunion, bone marrow mesenchymal stem cell (BM-MSC)-derived EVs could effectively promote angiogenesis and bone repair. These EVs could be taken up by HUVECs, which facilitated the proliferation of HUVECs in vitro [68].



EVs are also involved in the pathological processes related to tumors and chronic and infectious diseases [16]. In the field of tumor research, EVs, which are generated from tumor, stromal, and immune cells, carry multiple DNA, RNA, protein and other metabolites to participate in tumor development, drug resistance, metastasis and immunity [63]. Tumor cell-derived EVs can affect the fate of EV-generating tumor cells and neighboring tumor and stromal cells [63]. Raimondo et al. demonstrated that chronic myeloid leukemia-derived EVs could promote the proliferation of tumor cells through the activation of antiapoptotic pathways [69]. Nedawi et al. discovered that in glioma, only a small fraction of tumor cells expressing EGFRvIII could generate EGFRvIII-carrying EVs to neighboring tumor cells, which could activate the anchorage-independent growth of neighboring tumor cells through an activation of the AKT pathway [70]. Furthermore, Antonyak et al. showed that MDA-MB-231 and U87 glioma cell-derived EVs could confer onto normal fibroblasts and epithelial cells with several characteristics of tumor cells [71].



Recent studies have also shown that EVs are involved in other chronic and infectious diseases, such as pulmonary fibrosis (PF), cardiovascular diseases and viral infection [16,19,72]. PF, as a chronic lung disease, is characterized by an increase in fibroblasts and extracellular matrix. The pathology of PF is unknown, but EVs that are associated with it have been proven [19]. Yao et al. demonstrated that with overexpression of miR-328, M2 macrophage-derived EVs promoted the proliferation of fibroblasts in vitro and the progression of PF in vivo [73]. The types of EVs, cargoes and cell types determine the effect of EVs in the process of atherothrombosis. In general, EVs play an indispensable role in every step of atherosclerosis, including lesion initiation, plaque progression, plaque rupture and thrombosis [72]. Some related RNA virus studies have shown that infected cell-derived EVs can deliver several biomacromolecules to regulate pathological processes associated with the infection process and cellular responses [16].




3.3. Safety of EVs


Compared with viral vectors (AAVs, AVs and LVs) and chemical materials (liposomes and synthetic nanoparticles), EVs have several innate characteristics (such as generation from natural sources and low immunogenicity and cytotoxicity) [17]. Kamerkar et al. showed that compared with liposomes, the retention of EVs was improved by reducing phagocytosis by CD47-mediated protection in vivo. Furthermore, fibroblast-derived EVs carrying siRNA targeting oncogenic KRAS inhibited tumor development better than liposomes without an apparent immune response in vivo [74].



However, in the applications of EVs as therapeutic agents or cargo vectors in vivo, the safety of EVs must be thoroughly considered, such as the EV source, the cell culture conditions and the EV isolation strategies [12]. In terms of EV-generating cell sources, the type of cell determines the characteristics of the EV membrane and cargoes, which can affect the immune response, cell transformation and cell invasion [17]. MSCs are one of the most common EV-generating cell sources. A number of studies have proven the low immunogenicity of MSC-derived EVs in vivo [75]. Mendt et al. proved that when MSC-derived EVs were repeatedly administered in mice, the toxicity and immunoreaction of EVs were not obviously observed in vivo [76]. Furthermore, Zhu et al. also demonstrated that HEK293T cell-derived EVs could not elicit an immune response or toxicity in vivo [77]. However, since tumor cell-derived EVs contain multiple tumor-associated biomacromolecules that have the ability to potentially affect tumor development, the safety of these EVs is controversial [12]. Several studies have shown that in animal models of melanoma, liver tumors and colon carcinoma, tumor cell-derived EVs can inhibit tumor development through the T-cell-dependent immune response [63]. However, tumor cell-derived EVs can improve the proliferation of tumor cells, angiogenesis and metastasis and inhibit apoptosis to support tumor progression [12,78]. Consequently, an appropriate EV-generating cell source can guarantee the safety of EV applications. Moreover, the toxicity and hypoimmunogenicity of EVs should be further discussed in different application scenarios.



At present, EVs are mainly generated by transformed cell lines [12]. To fulfill the clinical demand of EV large-scale production and high quality, EV-generating cell culture conditions should comply with good manufacturing practice (GMP) to guarantee the consistent EV phenotype of different batches [79,80,81]. The cell culture conditions include the medium components (factors and serum), pH and cell culture type (adherent and suspension culture), which may affect the membrane structure and cargo of EVs [82]. Furthermore, EV isolation strategies also affect the quality and safety of EVs, which will be further discussed later.




3.4. Targeting Ability of EVs


In terms of in vivo delivery strategies of biomacromolecules and drugs, especially in CRISPR/Cas9 gene editing systems, the lack of tissue-specific vectors restricts their further clinical application [33]. EVs can not only encapsulate and protect cargoes but also achieve organ, tissue and cell targeting. In general, several molecules can lead to cell-specific homing, which connects with the targeting ability of EVs [48,83]. Consequently, the natural targeting ability of EVs is determined by the cell type. The glycans, proteins and lipids located in the EV membrane determine which organs, tissues and cells are targeted by EVs [17]. Hoshino et al. showed that EVs derived from lung, liver and brain tumor cells could be preferentially taken up by lung fibroblasts, Kupffer cells and brain endothelial cells, respectively. Furthermore, this study proved that the EV integrins α6β4 and α6β1 are associated with lung tropism, while integrin αvβ5 is associated with liver tropism [65]. Meanwhile, Kim et al. demonstrated that compared with HEK293 cell-derived EVs, SKOV3 cell-derived EVs selectively accumulated in ovarian tumors in vivo, which was likely related to cell tropism [54]. Wan et al. showed that hepatic stellate cell-derived EVs could target the liver, but there were no EVs in other organs, such as the heart, spleen, lung and kidney [33].



Specific cell types confer a certain targeting ability of EVs. However, in the applications of EVs in vivo, the poor and unstable targeting ability and off-target effects are still the principal challenges [84]. Recent studies have proposed that specific membrane modification of EVs with ligands can improve their targeting ability [17]. In general, EV modification can be classified into two broad categories: (1) direct modification of the EV membrane and (2) the generation of EVs by modifying source cells. In the former strategy, for example, Zhuang et al. showed that HEK293T cell-derived EVs were directly modified with valency-controlled tetrahedral DNA nanostructures (TDNs) conjugated with DNA aptamers, which could specifically target the liver via cholesterol anchoring [84]. In the latter strategy, Xu et al. developed EVs with a chimeric antigen receptor (CAR), which was anti-CD19, derived from anti-CD19-CAR-HEK293T cells transfected with anti-CD19CAR LVs. Consequently, these EVs could target B-cell malignancies in vivo [85].





4. Delivery of the CRISPR/Cas9 System by EVs


With precise site-specific gene editing, the CRISPR-Cas9 system has gradually become a powerful tool to cure a number of genetic disorders and tumors, especially transthyretin amyloidosis, which has entered phase 1 clinical trials [27]. As mentioned above, EVs, with good biocompatibility, low immunogenicity, capacity, protection ability, modification and targeting ability, have emerged as favorable tissue-specific vectors for delivering the CRISPR-Cas9 system and other biomacromolecules, which have been discussed. In this section, we will focus on the delivery of the CRISPR/Cas9 system by EVs, including the EV source, the isolation strategies of EVs, the delivery form of the CRISPR/Cas9 system delivered by EVs, the loading methods of the CRISPR/Cas9 system into EVs and the experimental applications of the delivery of the CRISPR/Cas9 system by EVs (Table 2).



4.1. EV Sources


We previously discussed that the EV source determines the membrane and cargoes of EVs, which can affect the safety (toxicity and immunogenicity) and targeting ability of EVs [17]. Therefore, EV sources have been explored in the field of the delivery of the CRISPR/Cas9 system by EVs. In general, EV sources can be classified into four broad categories: (1) nontumor cells; (2) tumor cells; (3) bacteria; and (4) noncell origins. Among nontumor cells, with high EV yields, less abundant endogenous cargoes and simple culture, the human embryonic kidney cell lines HEK293 and HEK293T are widely used to generate EVs to deliver the CRISPR/Cas9 system [54,86]. Moreover, these cells are easily modified to produce engineered EVs. For example, after transfection with Cas9-sgRNA plasmids, HEK293 and HEK293T cells could produce EVs carrying RNPs to improve the efficiency of gene editing, and anti-CD19 CAR-HEK293T cells could generate anti-CD19 CAR EVs to improve tissue targeting ability [85,87]. Currently, numerous studies have proven the nontoxicity and low immunogenicity of HEK293 and HEK293T cell-derived EVs in vivo. However, the targeting ability of HEK293 and HEK293T cell-derived EVs is poor. Lainšček et al. demonstrated that after 3 h of intravenous injection into mice, HEK293 cell-derived EVs were rapidly distributed throughout the body, such as in the heart, lung, spleen, kidney and brain, and especially in the liver. With blood circulation, the EVs were still mainly distributed in the liver but were not distributed in the heart 24 h after injection [87]. Moreover, EVs can be generated by hepatic stellate cells and red blood cells to deliver the CRISPR/Cas9 system. Hepatic stellate cell-derived EVs were safe and could target the liver [33]. Usman et al. showed that with the lack of nuclear and mitochondrial DNA, the most easily available, abundant amount and safety of clinical applications, red blood cells could deliver CRISPR/Cas9 to realize gene editing [88]. MSC-derived EVs can also deliver CRISPR/Cas9 for gene editing [91].



Tumor cells, such as SKOV3, A549 and B16-F10 cells, are also used to generate EVs to deliver the CRISPR/Cas9 system [54,95]. Because of the source of tumor cells, the toxicity and immunogenicity of EVs are of serious concern. Kim et al. showed that, compared with lipopolysaccharide or CpG oligodeoxynucleotides, SKOV3 cell-derived EVs only led to human peripheral blood mononuclear cells generating a minor production of TNF-α and INF-α. Meanwhile, due to cell tropism, these EVs could target SKOV3 xenografts in vivo [54]. Furthermore, Ye et al. demonstrated that in vivo gene editing, A549 and B16-F10 cell-derived EVs could mainly accumulate in the liver. In particular, B16-F10 cell-derived EVs carried ITGβ5, which is associated with liver tropism [95].



Bacteria, such as Halobacterium, can also produce EVs that have been used to deliver the CRISPR/Cas9 system [92]. Liu et al. presented the idea that through bacteria as factories, EVs carrying RNPs and specific ligands could be produced, which is low-cost and efficient [97]. There are serum-derived EVs (noncell origin) that can deliver the CRISPR/Cas9 system. Serum-derived EVs lack immunogenicity and are easily obtained. Majeau et al. demonstrated that intravenous and intramuscular injection of serum-derived EVs did not cause adverse effects, such as inflammatory reactions, within 7 days in mice [96].




4.2. Isolation of EVs


The quality, safety, purity and yield of EVs can be controlled by isolation strategies, which is important for clinical applications in vivo. With their small size, low density and mixture with analogs (lipoprotein complexes, cell fragments and protein aggregates), the isolation of EVs is enormously challenging [80,81]. Moreover, due to the overlap of size and similar morphological characteristics, the segregation of EV subtypes, including exosomes, microvesicles and apoptotic bodies, becomes more difficult [98]. The purity, yield and integrity of EVs can be affected by the different isolation strategies [16]. Consequently, standardized and appropriate isolation strategies should be further developed. Generally, according to the principle of separation, isolation strategies can be classified into four broad categories: (1) the density of EVs (ultracentrifugation); (2) the size of EVs (ultrafiltration and size exclusion chromatography); (3) the solubility of EVs (polymer precipitation); and (4) the immunoaffinity of EVs (immunoaffinity magnetic beads).



Ultracentrifugation (UC), as the gold standard EV isolation method, is the most common strategy, accounting for almost half of EV isolation [99]. According to the density and size of EVs and their analogs, UC can remove cells, fragments and contaminants. UC possesses several advantages, for example, easy operation, low cost and largescale [98]. However, UC takes considerable time, is low throughput, cannot remove nucleic acids, lipoproteins and proteins and leads to the highly variable purity of EVs [16]. Based on the molecular size, ultrafiltration (UF) utilizes size-exclusion membranes to separate higher purity EVs than UC. However, in the process of EV isolation, the filtration membrane may be blocked by the samples, and the shear forces can destroy the membrane integrity of EVs [81]. The principle of size exclusion chromatography (SEC) is similar to that of UF [16]. Because of the porous beads, the elution speed of smaller particles is slower than that of larger particles, which can effectively protect the integrity of EVs with high purity but can lead to EVs mixed with contaminants of similar size [100]. The polymer precipitation method is used in the isolation of less soluble substances, such as EVs [98]. At present, the reagents used in the polymer precipitation method include protamine, acetate and polyethylene (PEG). With inexpensive, gentle and simple characteristics, PEG has been widely used to separate EVs, which leads to the low purity of EVs [81]. According to the immunoaffinity of EVs, immunoaffinity magnetic beads can isolate high-purity EVs. However, this method is expensive and has low yields [100]. In addition to the above methods, microfluidic approaches have also been used to isolate EVs [101]. With the development of EVs, numerous kits for EV isolation have become commercially available [81].



EV application in terms of delivering the CRISPR/Cas9 system. At present, EVs are almost completely isolated by UC. In addition, Lin et al. utilized a 500 × 10−3 M NaCl solution containing 12% PEG 6000 to separate EVs [89]. Majeau and coauthors isolated serum EVs by a size exclusion column (SEC qEV10/70 nm) and further purified them by UF [96].




4.3. The Delivery Form of the CRISPR/Cas9 System and the Loading Methods


The delivery form of the CRISPR/Cas9 system determines the efficiency of gene editing. Briefly, because they avoid the process of transcription and translation, RNPs make gene editing faster and more efficient and lower the rate of off-target effects than the DNA and RNA forms of the CRISPR/Cas9 system, but are more expensive [27]. Recent studies have demonstrated that the DNA, RNA and RNP form of the CRISPR/Cas9 system can be carried and delivered by EVs for gene editing in vitro and in vivo. For example, tumor cell-derived EVs could carry CRISPR/Cas9 plasmids to inhibit poly (ADP-ribose) polymerase-1 (PARP-1) [54]. Moreover, to improve the capacity of EVs, Lin et al. developed hybrid nanoparticles made up of EVs and liposomes [89]. Usman et al. showed that red blood cell-derived EVs could carry CRISPR/Cas9 mRNA for genome editing, and the efficiency of mRNA was higher than that of plasmids [88]. Moreover, HEK293T cell-derived EVs could also carry CRISPR/Cas9 RNPs for gene editing [86].



On the other hand, the delivery form of the CRISPR/Cas9 system can also affect the loading methods of the CRISPR/Cas9 system. Successful encapsulation of the CRISPR/Cas9 system by EVs plays a vital role in gene editing [93]. In contrast to other vectors, EVs should be intact after loading of the CRISPR/Cas9 system. The loading methods of the CRISPR/Cas9 system can be classified into two broad categories: (1) exogenous loading (directly loading the CRISPR/Cas9 system by electroporation, incubation, transfection and sonication on EVs) and (2) endogenous loading (through transforming cells to produce EVs with the loading CRISPR/Cas9 system). At present, CRISPR/Cas9 plasmids and mRNA can only be loaded by exogenous loading methods (such as electroporation and transfection kits) into EVs [54,88,89]. CRISPR/Cas9 RNPs can be loaded by exogenous loading methods (electroporation, sonication and transfection) and endogenous loading methods into EVs [33,84,86,96]. In terms of endogenous cargoes, loading cargoes of large molecular weights (such as CRISPR/Cas9 RNPs) remains challenging and under exploration [94]. Therefore, several studies have been devoted to enriching RNPs into EVs through specific interactions between modified RNPs and EVs. Wang et al. developed EVs containing arrestin domain containing protein 1 (ARRDC1), which could interact with WW-domain-containing proteins. Consequently, Cas9 was linked with WW domains to improve the enrichment of Cas9 in EVs, which did not affect the activity and functions of the Cas9 protein [86]. Yao et al. demonstrated that by utilizing the interaction between RNA aptamers and aptamer-binding proteins (ABPs), RNPs could be enriched in EVs [90]. Moreover, myristoylated Cas9 was beneficial for accumulation in EVs, which led to RNP enrichment in the EVs [93]. The RNPs could also be enriched by light-induced protein heterodimerization techniques in the EVs [94]. In addition to the above loading methods, the CRISPR/Cas9 system can potentially be loaded into EVs by the anthrax lethal toxin. Anthrax lethal toxin consists of protective antigen (PA) and lethal factor (LF). PA can form a channel to recruit and transfer LF. Based on this transporter system, foreign proteins fused with the N-terminus of LF can be delivered into cells by this system, including the Cas9 protein [102]. Meanwhile, LF is delivered not only into the cytosol but also into extracellular vesicles (EVs), which can load various cargoes into EVs, such as LFn-DTA, siRNA, ASOs and Cas9 protein [103,104].




4.4. The Application of Delivery of the CRISPR/Cas9 System by EVs


With a number of EV advantages, including safety, protection, capacity, penetrating ability, targeting ability and potential for modification, EVs are more preferably used to deliver the CRISPR/Cas9 system in vivo than in vitro [105]. At present, EVs carrying the CRISPR/Cas9 system have been used in tumor and other disease therapy.



4.4.1. Malignant Tumor Treatment


Traditional tumor treatment strategies, such as surgery, chemotherapy and radiotherapy, only effectively cure some patients and can lead to serious side effects and poor prognosis. CRISPR/Cas9 technology brings hope to tumor therapy [5,106]. Due to its connection with the DNA damage response, PARP-1 has become a promising target of tumor therapy, especially for breast and ovarian tumors [107]. Kim et al. showed that through intravenous injection of CRISPR/Cas9-loaded EVs into SKOV3 xenograft mice, PARP-1 could be effectively inhibited, reducing the tumor volume and weight [54]. Moreover, the inhibition of PARP-1 improved chemosensitivity to cisplatin. The oncogenic mutant KrasG12D can improve the proliferation of pancreatic tumors by Ras signaling [108]. McAndrews et al. demonstrated that MSC-derived EVs could carry and deliver the CRISPR/Cas9 plasmid to knock out the mutant KrasG12D oncogenic allele in KPC689 cells (derived from an autochthonous pancreatic tumor of mice), which could effectively suppress the growth of tumors in subcutaneous and orthotopic KPC689 graft mice [91]. With high overexpression in liver tumor tissue and cells, the WNT10B gene could be inhibited by siRNA to inhibit the viability and migration of HepG2 cells [109]. Zhuang et al. developed EVs modified with TDNs that could accumulate in HepG2 cells and liver tumor organoids in vitro. Meanwhile, CRISPR/Cas9 RNPs were delivered by EVs to decrease the expression of WNT10B in HepG2 xenograft mice, resulting in the inhibition of tumor growth [84]. K (lysine) acetyltransferase 5 (KAT5) plays an indispensable role in the growth of hepatocellular carcinoma. Consequently, the inhibition of KAT5 can suppress tumor growth [110]. Wan et al. showed that LX-2 cell-derived EVs could encapsulate and deliver CRISPR/Cas9 RNPs to suppress KAT5 expression in an orthotopic Huh-7 xenograft murine model, hence reducing KAT5 expression, inhibiting tumor growth and prolonging mouse survival [33]. In almost 30% of human tumors, such as Burkitt’s lymphoma and other hematological malignancies, overexpression of the MYC oncogene has been detected [85]. Xu et al. developed EVs modified with anti-CD19 CAR that could accumulate in tumor tissue and deliver the CRISPR/Cas9 plasmid into subcutaneous Raji xenograft mice, leading to MYC mutation, which could induce apoptosis. Therefore, the tumor volume decreased compared with that of the control [85].




4.4.2. Benign Disease Treatment


CRISPR/Cas9 technology has gradually become a potential treatment strategy for genetic diseases and other diseases by inactivating or correcting disease-causing genes [3]. Hepatocyte growth factor (HGF) plays a crucial role in liver regeneration. Lainšček and coauthors showed that the Hgf gene could be improved by CRISPR/Cas9 to target the first exon in vitro. Furthermore, the alpha-naphthylisothiocyanate-induced liver damage murine model was administered EVs carrying CRISPR/Cas9 plasmids, leading to an increased HGF to induce liver regeneration and decreased ALT, bile acids, bilirubin and cholesterol [87]. The p53 upregulated modulator of apoptosis (PUMA) is associated with acetaminophen (APAP)-induced liver injury [111]. Wan and coauthors showed that, through EVs carrying CRISPR/Cas9 RNPs to inhibit the expression of PUMA protein in an APAP-induced liver injury murine model, the PUMA protein, AST and ALT levels, the number of apoptotic and necrotic cells and hyperemia could be markedly reduced, and the survival of mice was prolonged [33]. Cyclin E1 (CcnE1) can enhance the proliferation of hepatic stellate cells and is connected with liver fibrogenesis. Through the siRNA inhibition of CcnE1, the occurrence and development of fibrosis can be inhibited [112]. The CCl4-induced chronic liver fibrosis murine model was treated with EVs carrying CRISPR/Cas9 RNPs targeting CcnE1, leading to the expression of CcnE1 and α-SMA protein being reduced. Furthermore, the initiation and development of liver fibrosis were attenuated [33]. Duchenne muscular dystrophy (DMD), caused by various mutations in the Dmd gene, is one of the most common genetic diseases and can reduce the expression of the dystrophin protein [113]. Majeau et al. demonstrated that with the nonsense mutation of Dmd gene-exon 23, mdx mice were injected with EVs carrying CRISPR/Cas9 RNPs to delete exons 23 and 24. Compared with the control, exons 23 and 24 were effectively deleted, and the expression of dystrophin protein was restored in muscles. Moreover, in hDMD/mdx mice expressing the human Dmd gene, the Dmd genes could also be modified [96].






5. Conclusions and Future Directions


The gene editing system (CRISPR/Cas9) can precisely manipulate DNA sequences to change the characteristics of cells and organs, which has potential in mechanistic research on genes and the treatment of diseases [4]. For example, in human clinical trials, genetic diseases, such as transthyretin amyloidosis (NCT04601051) and Leber congenital amaurosis (NCT03872479), are treated by CRISPR/Cas9 in vivo editing. The delivery vectors are proprietary lipid nanoparticles (LNPs) and AAVs [3,114]. Especially in terms of the treatment of clinical diseases, the CRISPR/Cas9 system should be accurately and safely delivered to the cells and organs that are needed for gene editing. Consequently, the need for appropriate vectors is urgent for clinical application [3]. At present, EVs carrying therapeutic cargoes are being evaluated for disease treatment in human clinical trials. For example, MSC-derived EVs transfected with miR-124 have been used to treat ischemic stroke (NCT03384433), and MSC-derived EVs loaded with miRNA against mutant KRAS have been used to treat pancreatic cancer (NCT03608631) [115]. However, there are no clinical trials on CRISPR/Cas9 delivered by EVs. Compared with viral and other vectors, with good biocompatibility, capacity and physiological properties, EVs are gradually regarded as the preferable “truck” with GPS carrying the CRISPR/Cas9 system for targeted delivery [48]. In this review, the delivery of the CRISPR/Cas9 system (such as vectors and the delivery form of the CRISPR/Cas9 system), the traits of EVs as vectors (including innate characteristics, physiological and pathological functions, safety and targeting ability) and the delivery of the CRISPR/Cas9 system by EVs (such as EV source and isolation strategies, the delivery form and loading methods of the CRISPR/Cas9 system and applications) have been concluded and discussed.



Ideally, with a high efficiency of gene editing and without safety problems, EVs can encapsulate CRISPR/Cas9 RNPs to target cells or tissue. At present, several studies have shown that EVs can carry and deliver the CRISPR/Cas9 system to edit genes. However, greater efforts to overcome some problems, for instance, the safety, capacity, consistent quality, yield and targeting ability of EVs, are needed. First, because of the biogenesis of EVs, a number of EV biomacromolecules have the potential to affect the physiological functions of cells. In particular, tumor-derived EVs show the ability to target tumors but contain several tumor-related molecules that have the potential to lead to tumor development and metastasis [54]. Therefore, the safety and source of EVs should be further investigated and developed. Second, the capacity of EVs and loading efficiency of CRISPR/Cas9 RNPs, which affect the efficiency of delivery and gene editing, have been mentioned. Hybrid EVs fused with other materials and enhancing the specific interaction between modified RNPs and EVs are full of prospects for improving the capacity of EVs [86]. Third, the consistent quality and yield of EVs play an indispensable role during the process of EV clinical applications, which determines the concordance and stability of EV batch to batch and the abundant supply of EVs. The stability of the EV source and isolation and further purification strategies determine the quality and yield of EVs [81]. Therefore, improving the stability of EV sources and building standard isolation and further purification strategies should be seriously considered. Fourth, the targeting ability of EVs is critical to the precise gene editing of CRISPR/Cas9 in vivo. However, the precise targeting ability of EVs, which is determined by cell tropism, is limited. At present, the targeting ability of EVs is being enhanced. There is a bright future in modifying cells to produce modified EVs with ligands and directly modifying EVs with ligands [17]. Furthermore, the advent of new CRISPR-based systems (base editors, primer editors and RNA-targeting Cas13) can remarkably improve the safety, precision and efficacy of gene editing [1]. Therefore, in the near future, with the development of EVs, genome editing can be used in clinical disease treatments.
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Figure 1. Key factors of extracellular vesicles (EVs) delivering the CRISPR/Cas9 system. 
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Table 1. Comparing different delivery strategies of the CRISPR/Cas9 system, these strategies can be classified into viral and nonviral vectors. AAVs: adeno-associated viruses; AVs: adenoviruses; LVs: lentiviruses; LSCMs: lipid-based synthetic chemical materials; EVs: extracellular vesicles (EVs); RNP: ribonucleoprotein complex. + denotes low; ++ denotes medium; +++ denotes high.
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Table 2. The CRISPR-Cas9 system delivered by EVs. UC: ultracentrifugation; SEC: size exclusion chromatography.
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	EV Source
	Isolation Strategies
	Delivery Form of CRISPR/Cas9 System
	Loading Methods of CRISPR/Cas9 System
	Targeting Ability
	Applications
	References





	SKOV3 cells and HEK293 cells
	UC
	Plasmids
	Electroporation
	The tumor of SKOV3 xenograft mice
	Treatment of ovarian tumor
	[54]



	HEK293T cells
	UC
	RNPs
	Endogenous loading
	None targeting ability
	Editing cells in vitro
	[86]



	HEK293 cells
	UC
	RNPs
	Endogenous loading
	None targeting ability
	Treatment of liver damage
	[87]



	Red blood cells
	UC
	mRNA
	Electroporation
	None targeting ability
	Editing cells in vitro
	[88]



	HEK293FT cells
	Polymer precipitation
	Plasmids
	Transfection kit
	None targeting ability
	Editing cells in vitro
	[89]



	HEK293T cells
	UC
	RNPs
	Endogenous loading
	None targeting ability
	Editing cells in vitro and in vivo
	[25]



	HEK293T cells
	UC
	RNPs
	Endogenous loading
	None targeting ability
	Editing cells in vitro
	[90]



	HEK293T cells
	UC
	RNPs
	Sonication
	The tumor of HepG2 xenograft mice
	Treatment of liver tumor
	[84]



	HEK293T cells and MSCs
	UC
	Plasmids
	Transfection kit
	None targeting ability
	Treatment of pancreatic tumor
	[91]



	Halobacterium
	Centrifugation
	Plasmids
	Incubation
	None targeting ability
	Editing cells in vitro
	[92]



	HEK293T cells
	UC
	RNPs
	Endogenous loading
	None targeting ability
	Editing cells in vitro
	[93]



	Expi293F cells
	UC
	RNPs
	Endogenous loading
	None targeting ability
	Editing cells in vitro
	[94]



	LX-2 cells
	UC
	RNPs
	Electroporation
	The liver tissue
	Treatment of acute liver injury, chronic liver fibrosis and hepatocellular carcinoma
	[33]



	A549 cells and B16-F10 cells
	UC
	RNPs
	Endogenous loading
	None targeting ability
	Editing cells in vitro and in vivo
	[95]



	Serum
	SEC
	RNPs
	Transfection kit
	None targeting ability
	Treatment of Duchenne muscular dystrophy
	[96]



	Anti-CD19-CAR-HEK293T cells
	UC
	Plasmids
	Electroporation
	The tumor of Raji xenograft mice
	Treatment of B-cell malignancies
	[85]
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