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Abstract
The CRISPR gene editing tool holds great potential for curing genetic disorders.
However, the safe, efficient, and specific delivery of the CRISPR/Cas9 components
into cells and tissues remains a challenge. While many currently available deliv-
ery methods achieve high levels of gene editing effects in vivo, they often result in
genotoxicity and immunogenicity. Extracellular vesicles (EVs), which are cell-derived
lipid nanoparticles, are capable of transferring protein and nucleic acid cargoes
between cells, making them a promising endogenous alternative to synthetic delivery
methods. This review provides a comprehensive analysis of the currently available
strategies for EV-mediated delivery of CRISPR/Cas9. These strategies include cell-
based, passive loading obtained by overexpression of CRISPR/Cas9, active loading
involving protein or RNA dimerization, and loading into already purified EVs. All
these approaches suggest that EV-based CRISPR/Cas9 delivery is useful for achieving
both in vitro and in vivo gene editing. Despite that, substantial variations in cellular
uptake and gene editing efficiencies indicate that further improvement and standard-
ization are required for the therapeutic use of EVs as a CRISPR/Cas9 delivery vehicle.
These improvements include, but is not limited to, the high-yield purification of EVs,
increased loading and release efficiencies, as well as improved tissue- or cell-specific
targeting specificities.
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 INTRODUCTION

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated 9 (CRISPR/Cas9) is a revo-
lutionary genome editing (GE) technology with the potential to cure genetic disorders, cancers, and other diseases (Cong et al.,
2013; Jinek et al., 2012; Liang et al., 2022; Xiang et al., 2021).Mediated by a programmable and single guide RNA (sgRNA), theCas9
protein can introduce a double-stranded DNA break (DSB) at a specific target site in genomes, which is subsequently repaired
by the cellular DSB repair machineries. In mammalian cells, the DSB is predominately repaired by non-homologous end joining
(NHEJ), an error-prone DNA repair process that often results in small insertions or deletions known as indels.
While multiple clinical trials are assessing different CRISPR/Cas9 therapies in humans, no drugs have yet been approved for

broad clinical application (Henderson, 2023). The first GE medicine designed to cure sickle-cell disease (SCD) or transfusion-
dependent beta-thalassemia (TDT) is expected to receive FDA approval in December 2023. However, one of the main challenges
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facing the technology is the need for safe, efficient, and specific delivery of CRISPR/Cas9 to target cells and tissues (Horodecka
& Düchler, 2021). Viral vectors have been the most commonly used in vivo delivery method. However, concerns regarding the
inevitable side-effects such as integration of the viral DNA into the host genome, genotoxicity, and immunogenicity for most
viral vectors, have led to the urgent search for alternative and improved delivery methods (Duan et al., 2021; McAndrews et al.,
2021). Strategies have been developed to mitigate random integration of viral vectors into host genomes, such as integration-
deficient lentiviral vectors. Adeno-associated viral (AAV) vectors, which are the clinically approved, exhibit reduced genomic
integration potential. However, limitations such as restricted cargo size remain. Currently, several non-viral delivery methods
are being explored, including extracellular vesicles (EVs), which are endogenous nanocarriers secreted by all cells (Cheng et al.,
2021).
While EVs show great promise as delivery vehicles due to their intrinsic nature, they also face challenges in termof purification,

cargo loading, and targeting (Liang et al., 2022). In this focused review, we comprehensively analyse the current development and
potential use of EVs as a delivery method for CRISPR/Cas9. As such, we provide a comprehensive overview of the development
of EV-based CRISPR/Cas9 delivery methods, with a particular focus onmethods for loading Cas9 and sgRNA into EVs.We also
highlight the pros and cons of EV-based CRISPR delivery, unmet technical challenges, potential solutions, andmost importantly,
the potential of EVs in gene therapy.

 CRISPR GENE EDITING TECHNOLOGY

The CRISPR/Cas9 endonuclease system was originally discovered in bacteria and archaea as a part of their adaptive immune
system (Bolotin et al., 2005; Ishino et al., 1987; Jansen et al., 2002; Mojica et al., 2005). Decades of research and understanding
of CRISPR biology and functions in bacteria eventually led to the groundbreaking invention of a simple, efficient, and powerful
CRISPR-based gene editing tool (Jinek et al., 2012), which has now been successfully tested in all model organisms, including
humans (Cheng et al., 2021; Cong et al., 2013; Esvelt et al., 2013; Hou et al., 2013; Jinek et al., 2012; Wang et al., 2013; Zhang
et al., 2014). Over the last decade, the CRISPR gene editing tool has been substantially broadened to achieve epigenetic editing,
gene activation, gene interference, base editing, nucleic acid detection, live cell imaging, and more recently prime editing. For a
comprehensive overview of the genome editing revolution, we recommend readers consult the recent review by John van derOost
and Constantinos Patinios (van der Oost & Patinios, 2023). Computational tools are continuously being generated to facilitate
the design of a single guide RNA (sgRNA) with high efficiency and specificity. For example, based on individually barcoded and
array-synthesized CRISPR sgRNA libraries, we have developed high-throughput methods to measure on-target and off-target
activities for over 10,000 sites simultaneously in cells. These large amounts of experimentally obtained data enable us to develop
better prediction models for CRISPR on-target and off-target efficiency (Corsi et al., 2022; Pan et al., 2022; Xiang et al., 2021).
Most CRISPR/Cas9 gene editing systems to date are based on a two-component system, consisting of a single guide RNA

(sgRNA) and the Cas9 protein. The sgRNA is a chimeric RNA composed of the CRISPR RNA (crRNA) and trans-activating
CRISPR RNA (tracrRNA). Guided by the sgRNA, the Cas9 protein is directed to a specific site in the genome and cleaves the
DNA at that site, thus generating double-strand DNA breaks (DSBs) (McAndrews et al., 2021). The modifications to the genome
rely on the endogenous repair of the DSBs (Demirci et al., 2022). Non-homologous end joining (NHEJ) is the primary cellular
DSB repair mechanism in mammalian cells. However, NHEJ is an error-prone process and often leads to insertions or deletions
(indels), resulting in gene knockout when DSBs are introduced in protein-coding exons (Lino et al., 2018). Homology-directed
repair (HDR) is another DNA repair mechanism that occurs when a DNA donor template containing homologous sequences to
the regions flanking the DSB site is provided. HDR can direct the insertion of desired sequences into the cleavage site, thereby
enabling precise genetic modifications of the gene (Behr et al., 2021; Demirci et al., 2022). Beyond introducing DNA mutations,
the CRISPR/Cas9 system can also be used for gene regulation by using an endonuclease-dead Cas9 (dCas9) fused to a transcrip-
tional activator or repressor domain (Lainšček et al., 2018). For instance, we previously demonstrated that fusing dCas9 to DNA
methyltransferase domains can achieve RNA-guided DNA methylation (Lin et al., 2018).
To achieve gene editing, it is essential to deliver the Cas9 and sgRNA components into cells and tissues efficiently and specifi-

cally. To date, the CRISPR/Cas9 system can be delivered to cells in three different types of cargo: (I) plasmid DNA encoding Cas9
and sgRNA, (II) messenger RNA (mRNA) for the translation of the Cas9 protein and a separate synthetic or in vitro transcribed
sgRNA, or (III) a ribonucleoprotein (RNP) complex consisting of a Cas9 protein and an sgRNA (Cheng et al., 2021). The pros
and cons of each type of cargo are depicted in Figure 1. Plasmid DNA is transcribed in the nucleus and is very stable, which could
lead to long-term expression as well as possible integration into the genome. In contrast, mRNA and RNP have a more rapid
onset and are only transiently expressed and present in the cells due to degradation, which greatly limits the potential off-target
and other genotoxic events (Cheng et al., 2021).
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F IGURE  Overview of the three types of CRISPR/Cas9 cargo including the pros and cons of their application as well as the cellular transcription and
translation. Created with BioRender.com.

 CRISPR/CAS DELIVERY SYSTEMS

To exploit the CRISPR/Cas9 system for gene therapy, it must be transported to the target cells of a specific tissue and subsequently
into the nucleus of those cells (Demirci et al., 2022). Delivery systems are required to ensure specific delivery, enhance cellular
uptake and protect the cargo from enzymatic degradation in the extracellular space (Busatto et al., 2021). An ideal CRISPR/Cas9
delivery system is non-immunogenic, non-genotoxic, stable, efficient, and specific in delivering cargo to cells without causing
off-target effects (Wilbie et al., 2019). Moreover, the ideal delivery system is optimized for the specific target organ and target cell
type. Distinct cell types exhibit variation in endocytic uptake efficiency as well as varying cytotoxic sensitivity towards chemical
components and physical alterations (Wilbie et al., 2019). Available delivery systems can be roughly divided into three groups:
physical, viral, and non-viral as depicted in Figure 2.

. Physical delivery methods

Physical delivery methods include, for example, microinjection of the CRISPR components directly into individual cells, elec-
troporation, and mechanical deformation, which forms pores in the cell membrane, allowing cargo to enter by diffusion (Cheng
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F IGURE  Cellular CRISPR/Cas9 delivery systems and their potential cargo divided into physical, viral and non-viral subgroups. TRIAMF
(transmembrane internalization assisted by membrane filtration), iTOP (induced transduction by osmocytosis and propane betaine (PB)), AV (Adenovirus),
AAV (adeno-associated virus), LV/RV (lentivirus/retrovirus), CPP (cell penetrating peptide), LNP (lipid nanoparticle), PNP (polymeric nanoparticle), MNP
(metallic nanoparticle), EV (extracellular vesicle). Created with BioRender.com.

et al., 2021; Wilbie et al., 2019). These methods exhibit high loading efficacy ex vivo and are effective for cells that can be rein-
troduced into the body after loading (Cheng et al., 2021; Wilbie et al., 2019). TRIAMF (transmembrane internalization assisted
by membrane filtration) and iTOP (induced transduction by Osmo cytosis and propane betaine) comprise two novel delivery
methods, which allow the delivery of CRISPR RNPs exhibiting less cytotoxicity when compared to electroporation for ex vivo
delivery (Wilbie et al., 2019; Yen et al., 2018). Downsides of the physical methods include the lack of in vivo applications and the
potential disruption of cell integrity due to manipulation of the cell membrane (Cheng et al., 2021). On the other hand, hydro-
dynamic injection is a physical delivery method that can be used in vivo. In this approach, a solution containing DNA, RNA,
and/or proteins is injected into a vein rapidly and in a large volume (Suda& Liu, 2007). This increases the hydrodynamic pressure
in the capillaries thereby enhancing the permeability of endothelial and parenchymal cells. For selected cell types with limited
endocytosis, physical delivery methods are preferred. For example, electroporation and TRIAMF are favoured ex vivo CRISPR
delivery strategies for hematopoietic stem and progenitor cells in research (Yen et al., 2018).

. Viral vectors

Viral vectors are the most commonly used method for delivering CRISPR/Cas9 and other therapeutic genes due to their high
transduction efficacy and targeting abilities (Cheng et al., 2021; Tong et al., 2019; Wilbie et al., 2019). The three widely used viral
vectors include adenoviruses (AdVs), adeno-associated viruses (AAVs), and lentiviruses/retroviruses (LV/RVs). These vectors
utilize the viral shell loaded with CRISPR-encoding genes either as dsDNA, ssDNA or ssRNA, respectively (Wilbie et al., 2019).
AAVs show relatively low immunogenicity and cytotoxicity, and they rarely cause chromosomal integration, making them the

most preferred viral vector and ideal for in vivo use. However, a significant downside is the limited packaging capacity, as they
cannot accommodate cargo larger than 5 kb. This limitation hinders the simultaneous encapsulation of both Cas9 and sgRNA.
To address this challenge, multiple studies have employed strategies such as splitting up the cargo intomultiple AAVs, truncating
the cargo, or using smaller Cas proteins like S. aureus Cas9 (SaCas9) (Ahmadi et al., 2023; Cheng et al., 2021).
AdVs are larger in size and therefore capable of packaging both Cas9 and sgRNA. They do not integrate into the host genome,

which reduces the risk of off-target effects. However, they often trigger a strong immune response making them undesirable
in many cases. LV/RVs are also larger in size and exhibit relatively low immunogenicity. A downside to LV/RVs is that they
can integrate into the host genome, resulting in long-lasting expression of Cas9, which can cause insertional mutagenesis and
off-target effects (Cheng et al., 2021).
AAVs are currently being used in a few clinical trials for CRISPR/Cas9 delivery as they have shown to be highly efficient

for gene editing (Henderson, 2023). However, previous trials using AAVs for the delivery of other gene therapeutic vectors have
resulted in the deaths of patients. For instance, four individuals in a trial on X-linkedmyotubularmyopathy suffered liver damage
(Pagliarulo, 2021), and two patients were affected in separate studies on Duchenne Muscular Dystrophy (DMD) (Bigica, 2022;
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F IGURE  Endogenous EV composed of a lipid bilayer with a specific lipid composition and various surface proteins, some of them EV-specific. EVs
contain and transport various nucleic acids, metabolites and proteins including enzymes. Created with BioRender.com.

Bryson, 2022). These examples highlight the safety risks associated with viral vectors, as they can induce immune activation and
toxicity (Cheng et al., 2021). Furthermore, the development of antibodies against viral proteins restricts their application to a
single administration, and some individuals may already possess pre-existing immunity against AAVs (Mirjalili Mohanna et al.,
2022). Another significant concern with using viral vectors is the potential risk of random integration into the host genome,
whether in recipient or non-recipient cells, thus posing a risk of genotoxic off-target effects or oncogenesis (Ye et al., 2020).

. Non-viral delivery methods (synthetic)

To overcome the limitations and drawbacks of physical and viral methods, new synthetic non-viral delivery methods have been
investigated to deliver CRISPR/Cas9 for gene therapy purposes (Cheng et al., 2021). These methods include transfection agents,
cell penetrating peptides (CPP), dendrimers, DNA nano clews and nanoparticles such as lipid nanoparticles (LNPs), polymeric
nanoparticles (PNPs), and metallic nanoparticles (MNPs) like gold nanoparticles (Chen et al., 2022; Duan et al., 2021; Han et al.,
2021; Wilbie et al., 2019). These examples are just a selection, as new synthetic nanoparticles are continuously being developed.
CPPs can be coupled to either Cas9 or sgRNA, which facilitates direct uptake by recipient cells, often in combination with

receptor-mediated uptake as tandem peptides. This strategy has proven effective for targeting tumour cells in vivo (Song et al.,
2021). LNPs andDNA nano clews encapsulate CRISPR/Cas9 DNA, RNA or RNP through electrostatic interactions and sequence
complementarity, respectively. Meanwhile, polymeric and gold nanoparticles carry CRISPR molecules conjugated on their
surface.
LNPs have gained a lot of attention, particularly after their successful utilization in COVID-19 vaccines (Taha et al., 2022).

They show great potential for CRISPR/Cas9 delivery in several studies and are currently being used in clinical trials in humans
(Henderson, 2023; Taha et al., 2022). LNPs offer advantages such as high loading efficiency, flexible design allowing for surface
modification and specific targeting (Han et al., 2021), as well as low immunogenicity and strong biocompatibility in the human
body (Duan et al., 2021). However, their rapid blood clearance and susceptibility to endosomal degradation might contribute to
lower in vivo gene editing efficiency (Demirci et al., 2022).

 Extracellular vesicles (EVs)

EVs are nanovesicles secreted by cells into the extracellular space (Liang et al., 2022), representing a natural form of LNP. EVs
play an important role in intercellular communication as they transfer molecular structures such as proteins and nucleic acids
between cells (Du et al., 2022). They have significant implications in various physiological and pathological processes within the
body including immune modulation, cancer development, and tissue repair. However, many aspects of their intrinsic functions
remain unknown (Chen et al., 2019; Meng et al., 2020).
EVs are composed of a phospholipid bilayer membrane with various EV-specific lipids and proteins, the latter including

tetraspanins CD9 and CD63 as well as LAMP2B1 (Figure 3). EVs can be categorized into three subgroups according to their size



 of  BERGGREEN et al.

and biogenesis (Moghadasi et al., 2021; Van Niel et al., 2018). Exosomes are the smallest (50–150 nm) and are generated through
the inward budding of multivesicular endosomes (MVEs). The MVE escapes lysosomal degradation and releases the exosomes
through fusion with the plasma membrane, facilitated by specific protein-protein and protein-lipid interactions (Aheget et al.,
2020). On the other hand, microvesicles (100–1000 nm) and apoptotic bodies (50–5000 nm) are larger and are formed directly
by outward budding of the plasma membrane.
Several mechanisms are involved in the biogenesis of EVs, including cellular sorting of EV-specific cargo and membrane

proteins (Van Niel et al., 2018). In exosomes, both Endosomal Sorting Complex Required for Transport (ESCRT)-dependent
and -independent pathways contribute to their formation, with the latter involving tetraspanins that formmembrane platforms.
For microvesicles, the cytoskeleton and rearrangement of lipid and protein components of the plasma membrane are involved
in EV formation and cargo sorting. For an in-depth overview of EV biogenesis, we recommend readers refer to comprehensive
EV-focused reviews by Van Niel et al. (2018), and Hessvik and Llorente (2018). Despite variations in biogenesis, the three EV
subgroups share common physiochemical properties (Beetler et al., 2022), and thus will be collectively referred to as EVs in this
review.
EVs in the extracellular space can dock to the cell membrane of recipient cells and become internalized through either endo-

cytosis, which is the primary uptake mechanism, or fusion with the plasma membrane (Van Niel et al., 2018). Upon endocytosis,
EVs enter the endosomal pathway and become incorporated into MVEs. These MVEs can either fuse with lysosomes, leading to
the degradation of EVs and their cargo. Alternatively, they can undergo retrograde fusion, resulting in the release of the EVs and
their content to the cell cytoplasm (VanNiel et al., 2018). Although not fully comprehended, target cell specificity involves specific
surface interactions, such as integrins on the EV surface and intercellular adhesion molecules (ICAMs) on the cell surface (Van
Niel et al., 2018). To characterize isolated EVs, a combination of various methods is recommended, including transmission elec-
tron microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), nanoparticle tracking analysis
(NTA), dynamic light scattering (DLS), and flow cytometry. Furthermore, specific surface or cargo proteins of the EVs can be
detected using immunoblotting (Meng et al., 2020).
EVs hold great potential as biomarkers, drug delivery agents and CRISPR/Cas9 delivery vehicles due to their remarkable

molecular loading capabilities (Chung et al., 2020). Their endogenous origin makes them biocompatible, non-immunogenic
and stable in the body (Liang et al., 2022). Furthermore, they can cross biological barriers, evade phagocytosis, and easily enter
cells (Liang et al., 2022; Majeau et al., 2022; Wang et al., 2022). Notably, certain EVs can cross the blood-brain barrier, which is a
challenge for many other delivery strategies like synthetic nanoparticles (Jiang et al., 2022). Currently there are multiple clinical
trials using EVs for drug delivery, as well as trials using mesenchymal cell-derived EVs for regenerative purposes (Han et al.,
2021; Nikfarjam et al., 2020). Challenges of using EVs for CRISPR/Cas9 delivery include the successful large-scale production,
efficient loading, and specific targeting, all of which need to be addressed.

 CRISPR/CAS DELIVERYWITH EV

In recent years, the use of EVs for delivering CRISPR/Cas9 has gained considerable attentions. Two primary loading strategies
have been explored: non-cell-based and cell-based loading (Han et al., 2021). Non-cell-based loading directly incorporating cargo
into isolated EVs, while cell-based loading entails donor cells producing EVs containing CRISPR/Cas9 cargo. Cell-based loading
can be accomplished through passive packaging via CRISPR/Cas9 overexpression or active packaging through protein-protein
or protein-RNA dimerization. These loading methods have shown promise in achieving gene editing both in vitro and in vivo.
However, there remains a need to improve and standardize these methods, including the purification of EVs, augmentation
of loading and release efficiencies, and improvement of tissue- or cell-specific targeting, for their effective application in gene
therapy. Nevertheless, the potential of EVs in gene therapy, combined with their capacity to traverse biological barriers and
evade phagocytosis, positions them as a promising candidate for delivering CRISPR/Cas9. A summary of the existing loading
strategies is presented in Figure 4, with non-cell-based methods detailed in Table 1 and cell-based methods outlined in Table 2.

. Non-cell-based loading methods

Non-cell-based loading methods require a pure EV sample (Han et al., 2021) prior to loading, which can be achieved using
techniques such as electroporation, sonication, freeze–thaw cycles, and transfection (Table 1). Ultracentrifugation is commonly
used for EV isolation, but it is time-consuming and challenging to obtain a substantial yield of pure EVs, and there is currently
no standardized approach for this (Meng et al., 2020). Electroporation is primarily used for loading EVs with plasmid DNA (Kim
et al., 2017; Wang et al., 2022; Xu et al., 2020). Although very few studies have used electroporation for Cas9 protein (Wan et al.,
2022) or mRNA (Usman et al., 2018) loading, this method can result in partial membrane disruption and cargo aggregation,
potentially compromising EV integrity and gene editing outcomes. This issue is especially concerning for RNPs, as their tertiary
structure must be maintained to function properly, a requirement not applicable to plasmid DNA (Man et al., 2020). Conversely,
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F IGURE  Cell-based loading of CRISPR/Cas9 RNP (upper) and non-cell-based loading of CRISPR/Cas9 plasmid, RNA or RNP post-EV-purification
(lower). Endogenous EVs are formed through inward budding of the multivesicular endosome (MVE), which are released by merging of the MVE with the cell
membrane, or direct outward budding of the cell membrane. Created with BioRender.com.

using plasmid DNA as EV cargo carries the risk of integration into the genome, resulting in potential gene disruption and off-
target effects due to sustained CRISPR/Cas9 expression. Therefore, RNPs and (m)RNA, which are only transiently present in
target cells, are preferred cargo options. For gene regulation by dCas9, higher quantities and repeated administration may be
necessary to achieve the desired effect.
Usman et al performed direct loading of Cas9 mRNA and sgRNA into isolated EVs through electroporation and observed

successful gene editing upon addition of these EVs to isolated leukaemia cells (Usman et al., 2018). Loading RNA into EVs via
electroporation has primarily been applied to small RNAs like miRNA and siRNA, and as far as we are aware, only a handful of
studies have effectively achieved such loading (Aslan et al., 2021; Wang et al., 2018). Therefore, further investigation into efficient
direct mRNA loading of EVs is required.
As an alternative method for EV packaging, Zhuang et al. found that repeated freeze-thaw cycles are more effective than

sonication for loading RNPs into EVs, facilitating subsequent ex vivo gene editing in recipient cells (Zhuang et al., 2020). To date,
two studies have reported the successful transfer of Cas9 RNPs to EVs via electroporation and freeze-thaw cycles, respectively,
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which was previously very difficult to achieve (Wan et al., 2022; Zhuang et al., 2020). Both Lipofectamine and Exo-Fect can be
used for efficient plasmid loading of EVs, resulting in gene editing in recipient cells (Majeau et al., 2022; McAndrews et al., 2021).
However, the lipid composition of the transfection agent may integrate into the EVmembrane, forming an EV-lipid hybrid. The
cytotoxic and immunogenic effects of this phenomenon should be considered for in vivo administration (Majeau et al., 2022).

The successful non-cell-based loading of CRISPR/Cas9 into EVs is evident in relatively high in vitro gene editing outcomes
across various cell lines, targeting different genes, with reported editing efficiencies reaching up to 30%. However, the therapeutic
effect in vivo in mice varies not only due to various target tissues and delivery strategies. For instance, Wan et al. observed in
vivo indel frequencies of up to 26.1% when targeting hepatic cells through intravenous injections (Wan et al., 2022). In contrast,
Xu et al. observed a maximum of 1.8% editing efficiency in lymphoma cells through intracardial and intratumoral injections (Xu
et al., 2020). The latter result was presumably lower due to apoptosis and hence negative selection of the edited cells. Majeau
et al. achieved a 13.4% exon deletion in muscle cells through intramuscular injections (Majeau et al., 2022). Given that indel
formation via NHEJ can lead to knockout of genes and insertions through HDR can result in genomic integration of genes,
CRISPR efficiency can also be measured by assessing the gene product. Downstream effects and altered phenotypes due to gene
editingwere observed in cells in vitro or in vivo in the formof reduced or increasedmRNAand protein levels or GFP fluorescence
signal (Kim et al., 2017; McAndrews et al., 2021; Wang et al., 2022; Zhuang et al., 2020).
The non-cell-based loading methods can also be applied to EVs isolated from body fluids like blood plasma (Majeau et al.,

2022; Usman et al., 2018), making large-scale productionmore feasible. Furthermore, the EVs produced by red blood cells, which
lack a nucleus, are devoid of genetic material, preventing the risk of horizontal gene transfer (Horodecka &Düchler, 2021; Usman
et al., 2018).

. Cell-based loading methods—Passive strategies

The cell-based loading methods rely on transfecting donor cells with plasmid DNA encoding the CRISPR/Cas9 system. This
results in the production of EVs containing both Cas9 protein and sgRNA (Han et al., 2021). Various approaches have been
developed for enriching EVs with Cas9 RNPs (summarized in Table 2). The straightforward approach of overexpressing Cas9
protein and sgRNA in donor cells leads to the packaging of the RNP into released EVs through a concentration-dependent sorting
mechanism (Osteikoetxea et al., 2022). This efficient passive method has been extensively applied (Chen et al., 2019; He et al.,
2020; Lainšček et al., 2018; Montagna et al., 2018; Yao et al., 2021).
By passively loading CRISPR/Cas9 into EVs, in vitro gene editing efficiencies ranging from 9.2% to 60.0% have been achieved

in recipient cells, along with downstream in vivo effects. It is worth noting that the target cell type and target gene may influence
the CRISPR efficiencies. Moreover, Luo et al. and Lainšček et al. exploited intravenously injected EVs delivering deactivated
Cas9 (dCas9) for the successful in vivo activation of genes in mouse models (Lainšček et al., 2018; Luo et al., 2022). He et al.
investigated passive loading of Cas9 protein and subsequent direct loading of sgRNA encoding plasmids by electroporation after
EV purification. This approach resulted in promising indel frequencies of 15.9% to 19.5% in HepG2 cells in vitro (He et al.,
2020). Another highly effective passive loading strategy exploited by Montagna et al. takes advantage of the T7 RNA polymerase
for transcription of the sgRNA in the cytoplasm, achieving at least 30% and 60% gene editing efficiencies in HEK293T cells
in vitro while targeting VEGFA and CXCR, respectively (Montagna et al., 2018). The high gene editing efficiencies obtained
by bypassing the transcription of sgRNA in the nucleus of donor cells (He et al., 2020; Montagna et al., 2018) might indicate
that sgRNA availability is a limiting factor for passive packaging of Cas9-sgRNA RNPs. In addition, both studies incorporated
vesicular stomatitis virus glycoprotein (VSV-G) into the membrane. VSV-G, a viral surface protein, plays a vital role in the
endosomal escape of membrane-encapsulated virus particles (Montagna et al., 2018). The overexpression of VSV-G increases
protein packaging into EVs and improves the protein delivery efficiency1, which likely contributed to the high gene editing
frequencies observed (He et al., 2020; Montagna et al., 2018). Notably, both studies report significant downregulation of gene
products because of gene knockout upon locally administered CRISPR-EVs in vivo (He et al., 2020; Montagna et al., 2018). A
key challenge for passive packaging strategies is to obtain a high quantity of RNPs within the EVs.

. Cell-based loading methods-active strategies

Another cell-based loading strategy leverages active packaging to increase EV loading. This is achieved by fusing sgRNA with
a protein-binding RNA motif or fusing the Cas9 protein with a protein, peptide or lipid that is specific to the EV membrane or
naturally accumulates in EVs through a dimerization system (Campbell et al., 2019; Gee et al., 2020; Li et al., 2019; Osteikoetxea
et al., 2022; Yao et al., 2021; Ye et al., 2020). Donor cells are transfected with plasmids encoding Cas9 and sgRNA, with either
component fused to a specific protein domain or RNA sequence, respectively. The dimerization partner is then fused to an
EV-specific protein (as illustrated in Figure 5).
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F IGURE  Cell-based active loading of CRISPR/Cas9 into EVs by nine different protein-protein or RNA-RNA dimerization strategies. Further details on
the dimerization systems incl. references in Table 2. Created with BioRender.com.

Osteikoetxea et al. used the CIBN-CRY2 heterodimerization system to enhance active Cas9 packaging into EVs. This is
achieved by fusing CIBN to a short amino sequence that ensures lipid modification with the EV-specific lipid anchor MysPalm
in cells, and fusing Cas9 to CRY2 (Osteikoetxea et al., 2022). The dimerization increased Cas9 loading by ten-fold and resulted
in gene editing efficiencies ranging from 4.4% to 42.0% in vitro across various cell lines targeting different genes. Importantly,
the heterodimerization is light-induced and hence reversible, which facilitates the release of Cas9 RNP in recipient cells.
CD63-mediated loading of CRISPR/Cas9 is another active loading strategy, exploited by several studies (Osteikoetxea et al.,

2022; Yao et al., 2021; Ye et al., 2020). By fusing the aptamer binding protein (ABP) Com with CD63 and combining the aptamer
Com system with an sgRNA, Yao et al. observed a two- to five-fold increase in Cas9 protein loading and enhanced gene editing,
although it only yielded an indel frequency of 0.2% in vivo in muscle cells of Del52hDMD/mdxmice targeted through intramus-
cular injections (Yao et al., 2021). Coupling GFP to CD63 and a GFP-specific nanobody to Cas9, Ye et al. achieved a two-fold
increase in RNP loading and in vitro target gene deletion (Ye et al., 2020).
Despite the increased loading of Cas9 RNP achieved by active packaging, the dimerization interaction between sgRNA or

Cas9 and components of the EV membrane can impede endosomal escape in target cells. This might explain the low levels
of gene editing efficiencies obtained both in vitro and in vivo despite employing active packaging methods (Wang et al., 2018;
Yao et al., 2021; Ye et al., 2020). This could potentially provide an explanation to the observation by Yao et al., who observed that
CD63-mediated loading of sgRNA required co-expression of VSV-G to achieve a therapeutic effect (Yao et al., 2021). Additionally,
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Osteikoetxea et al. only observed a significant therapeutic effect when fusing Cas9 toMysPalm and not CD63 (Osteikoetxea et al.,
2022). This suggests that active loading, mediated by Cas9 or sgRNA interaction with or direct fusion to the CD63 tetraspanin,
could potentially hinder their release from endosomes.
Another packaging strategy utilizes arrestin domain containing protein 1 (ARRDC1)-mediated microvesicles (ARMMs).

ARRDC1 recruits ESCRT to the cell membrane, initiating budding and thereby increasing microvesicle production. Wang and
colleagues discovered that the interaction between ARRDC1 and 4 WW domains coupled with Cas9 significantly increased the
loading of anti-GFP sgRNA into EVs resulting in a reduced number of GFP-positive cells (GFP knockout) in U2OS cell cultures
in vitro (Wang et al., 2018).
The Gesicle system is a commercialized CRISPR/Cas9 delivery method that utilizes the A/C-induced heterodimerization of

DmrA and DmrC domains, linked to the transmembrane Cherrypicker red protein and Cas9, respectively. The advantage of this
system is that the dimerization is reversible due to the dilution of the A/Cmolecule in recipient cells andVSV-G is further applied
to enhance Gesicle formation. Campbell et al. successfully increased Cas9 loading by two-fold using the Gesicle production
system and obtained an 8% indel frequency in the target HIV LTRs in vitro (Campbell et al., 2019).
Nanoblades are a novel technology designed to efficiently deliver a genomic cleaving agent, such as the Cas9 protein complexed

with guide RNAs, into specific cells, particularly humanT cells, B cells, and hematopoietic stem and progenitor cells (HSPCs).We
have previously demonstrated the effectiveness of these nanoblades, which are essentially modified virus-like particles (VLPs),
derived from murine leukemia virus (MLV) or HIV, where the viral structural protein Gag has been fused to Cas9 (Gutierrez-
Guerrero et al., 2021). This fusion facilitates their targeted entry into cells, enabling precise gene editing purposes with high
efficiency and minimal toxicity.
For RNA-RNA interaction-mediated loading of mRNA, Li et al. exploited the RNA binding protein HuR (Human antigen

R) fused to CD9 and dCas9 mRNA with ARE signals, which increased dCas9 mRNA loading up to 10-fold (Li et al., 2019).
Intravenously injected dCas9-loaded EVs into mice resulted in a 2-fold reduction of target gene expression in recipient cells of
the liver.
Gee et al. explored active loading of both Cas9 and sgRNA (Gee et al., 2020). Here, the FKBP12-FRB dimerization system,

including a rapamycin analogue, was coupled to the viral EV membrane-anchoring protein GagHIV and Cas9, respectively, and
sgRNAwas flanked by self-cleaving ribozymes and coupled to an HIVΨ packaging signal with affinity for GagHIV. This induced
high levels of in vitro gene editing targetingDMD slicing acceptor and donor sites, leading to 92% exon skipping, and 1.1% in vivo
gene editing, leading to 1.6% exon skipping in NOG-mdx mice using intramuscular injections for targeting (Gee et al., 2020).
The combined active packaging strategy significantly increased the gene editing compared to sgRNA active loading alone. Nev-
ertheless, active enrichment of EVs with either sgRNA or Cas9, which is the most used strategy, also ensures effective packaging
of the Cas9:sgRNA complex due to the intrinsic affinity between sgRNA and Cas9 (Osteikoetxea et al., 2022; Yao et al., 2021; Ye
et al., 2020; ).
Other strategies for the FKBP12-FRB dimerization system include linking FKBP12 to the EV membrane through an N-

myristoylation sequence (Ilahibaks et al., 2023). Ilahibaks and colleagues found that VSV-G overexpression in donor cells was
necessary to achieve in vitro gene editing in recipient cells, and that the addition of rapamycin for FKBP12-FRB dimerization
increased the gene editing efficiency from 11.6% to 29.4% 66. Importantly, the reversible dimerization of FKBP12 and FRB by
rapamycin or analogs allows for endosomal escape due to the dilution of rapamycin in recipient cells (Gee et al., 2020; Ilahibaks
et al., 2023).
A recent strategy involves the use of the pTAextracellular secretion signal, which is not linked to EVpackaging but concentrates

the protein on the extracellular membrane. Li and colleagues found that tagging Cas13 (an RNA editing CRISPR system) with
pTA increased its loading into EVs by eightfold (Li et al., 2023). Upon intratracheal injection of CRISPR-EVs into an LPS-induced
inflammatory lung tissue mouse model, Cas13 was delivered to macrophages and lung tissues, where it reduced mRNA levels of
inflammatory target genes. This approach shows promise for the efficient delivery of RNA editing systems using EVs.
In summary, active loading strategies that rely on interaction with EV membrane lipid-interacting molecules, such as the

lipid Myristoylation anchor or the viral GAGHIV protein, as well as incorporation of VSV-G, hold promise for efficient endoso-
mal escape and selective packaging of RNPs into EVs (Gee et al., 2020; Osteikoetxea et al., 2022; Yao et al., 2021). Additionally,
reversible dimerization systems allow for Cas9 dissociation in recipient cells (Campbell et al., 2019; Osteikoetxea et al., 2022).
These active loading strategies selectively package RNPs into EVs. However, Cas9 mRNAmay become co-packaged into the EVs
(Luo et al., 2022; Yao et al., 2021; Ye et al., 2020) or be selectively packaged (Li et al., 2019). Compared to delivery of plasmid
DNA for CRISPR/Cas9 editing, the RNP delivery strategies, including active loading, result in far less off-target editing (Camp-
bell et al., 2019; Gee et al., 2020; Yao et al., 2021; ). This difference might suggest limited packaging of plasmid DNA in EVs in
donor cells, thereby minimizing the risk of DNA integration in recipient cells. Ilahibaks and colleagues investigated the risk of
plasmid DNA delivery via EVs from donor cells and found that EVs were not contaminated with expression plasmids, which
were overexpressed in donor cells (Ilahibaks et al., 2023). Moreover, several of the passive loading strategies were also found to
avoid co-packaging of plasmid DNA (Chen et al., 2019; Lainšček et al., 2018; Montagna et al., 2018). However, it should be noted
that multiple studies using EVs for drug delivery have reported that donor cells can co-package plasmids into EVs (Han et al.,
2021). Therefore, to create a plasmid DNA-free system, the transfer of plasmid DNA via EVs should always be thoroughly tested.
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While cell-based loading methods are scalable and allow for engineering of EVs with specific proteins, they require a high
number of genetically modified, cultured cells for therapeutic use (Man et al., 2020; Ng et al., 2022). A combination of 3D culture
and bioreactor might offer a potential solution to mitigate some of these challenges.

. HYBRID EVs

A novel approach to loading CRISPR/Cas9 into EVs involves fusing EVs with liposomes, polymers, or other synthetic nanopar-
ticles to create hybrids. Hybrid EVs are capable of accommodating significantly larger molecules in higher quantities than EVs
alone. These hybrids also exhibit improved cellular uptake while maintaining the surface properties of EVs (Busatto et al., 2021;
Liang et al., 2022; Rodríguez & Vader, 2022). To form hybrid EVs, multiple methods have been reported. The most applied
strategies include extrusion, co-incubation, freeze-thaw, and electroporation (Li et al., 2023; Ou et al., 2021).
The EV-liposome hybrid system was tested by Liang et al., who used co-incubation to fuse chondrocyte-targeting EVs (CAP-

EVs) with liposomes loaded with plasmids encoding Cas9 and sgRNA (Liang et al., 2022). The in vitro knockout efficiency of the
hybrids was significantly higher compared to EVs or liposomes alone. The hybrids caused minimal cytotoxicity when compared
to liposomes, whereas EVs alone did not induce cytotoxicity. Lin and colleagues found that EV-liposome hybrids generated
by co-incubation can deliver CRISPR/Cas9 expression plasmids to mesenchymal stem cells, unlike EVs and liposomes alone,
although with a similar cytotoxic effect as liposomes (Lin et al., 2018). Thus, hybrids exhibit promising packaging abilities and
can be cost-effectively created on a large scale from EVs isolated from body fluids. However, the cytotoxicity associated with
currently available hybrids needs to be addressed for clinical therapeutics (Busatto et al., 2021).
In addition to therapeutics, the potential applications of the EV-liposome hybrid system are enormous. For instance, they can

be applied in rapid and sensitive diagnosis. Ning and colleagues reported a strategy for the detection of SARS-CoV-2 RNA in
plasma (Ning et al., 2021). The assay is developed by fusing plasma SARS-CoV-2 RNA-containing EVs with RT-RPA-CRISPR-
loaded liposomes, which triggers RT-RPA-targeted amplification of the SARS-CoV-2 RNA and CRISPR (Cas12a)-mediated
cleavage of a SARS-CoV-2 RNA targeting quenched fluorescent probe. The presence and concentration of SARS-CoV-2 RNA
are quantified in proportion to the fluorescent signal. These collective findings demonstrated the great potential and broad
applications of CRISPR delivery by EVs.

 TARGETING EVs TO SPECIFIC CELLS AND TISSUES

To achieve cell-specific gene editing and avoid off-target events in EV-based CRISPR therapeutic applications, it is crucial that
EVs are exclusively taken up by the desired target cells. Targeting mechanisms of EVs can prevent accumulation in the liver,
spleen, and lungs after intravenous or intraperitoneal administration (Majeau et al., 2022). Li, Zhang and colleagues found that
EVs accumulated in the liver and spleen (60%) and to some extent in the lungs, kidneys and intestinal tract (10%) for 24 h upon
intraperitoneal injection of a single dose of EVs (1.0 × 1012) in mice (Li et al., 2023).

It is worth noting that EVs tend to target the cells from which they are derived due to specific surface protein interactions,
that is, tropism (He et al., 2020; Kim et al., 2017; Wan et al., 2022). Kim et al. found that EVs purified from cancer cells tend to
accumulate in the tumour after systemic administration (Kim et al., 2017). However, cancer-derived EVs should be used with
caution since they can contain different molecules that can enhance tumour growth and lead to metastasis (Majeau et al., 2022).
He et al. found that cancer-derived EVs tend to accumulate in the tumour to a higher degree than HEK293T-derived EVs,
however resulting in a limited reduction of tumour size and gene editing, presumably due to their tumour-stimulating content
(He et al., 2020). Liver targeting tropism has proven to be efficient (Li et al., 2019; Wan et al., 2022), which is no surprise since
EVs naturally tend to accumulate in the liver and spleen, and this may not apply to other organs or tissues.
Alternatively, EVs can be modified with specific surface ligands by transfecting donor cells with expression plasmids. Surface

ligands enable EVs to enter target cells through receptor binding, such as coating with anti-CD19-CAR to target CD19+ cells (Xu
et al., 2020), fusion of the EV surface LAMP2B protein with RBP4 or chondrocyte-affinity peptide (CAP) to target HSC (Luo
et al., 2022) and chondrocytes (Liang et al., 2022), respectively. Another targeting mechanism is to apply surface modification
post EV isolation. Zhuang et al. fused tetrahedral DNA nanostructures (TDNs) with cancer protein-specific DNA aptamers and
cholesterols for anchoring to the EVmembrane using a modified heat-shock process, which resulted in reduced tumour size due
to gene editing, however increased liver toxicity (Zhuang et al., 2020). Wang et al. chemically crosslinked a CAQK peptide to the
EV membrane which increased accumulation at the spinal cord injury (SCI) site (Wang et al., 2022).
Targeted administration of EVs, such as intramuscularly for muscle targeting (Gee et al., 2020; Majeau et al., 2022; Yao et al.,

2021), or intratumorally for tumour targeting (He et al., 2020; McAndrews et al., 2021), provides more specific alternatives to
intravenous administration, albeit limited to selected parts of the body. Both Kim et al. and Xu et al. have found that intratumoral
injections are superior for targeting tumours compared to intravenous and intracardial injections, respectively (Kim et al., 2017;
Xu et al., 2020).
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In summary, the targeting of EVs to specific cells and tissues is crucial for effective CRISPR/Cas9 delivery. Tropism and surface
modification with ligands or aptamers are promising strategies for achieving this goal. Targeted administration methods offer
more specific alternatives to systemic delivery. However, it is essential to carefully assess the potential cytotoxicity of modified
EVs and the potential risks associated with using cancer-derived EVs.

 APPLICATIONS OF EVS AS A CRISPR/CAS DELIVERY TOOL IN THERAPEUTICS

The strategies developed so far for delivering CRISPR/Cas9 vary greatly in terms of gene editing effects and cell targeting speci-
ficity. In addition to differences in EV loading and targetingmethods, injection routes, the type of donor cells, EVparticle number,
selection of target genes or reporter systems, gRNA design, gene editing analysis methods, cargo type, and selected target cells
also vary among the strategies applied, making direct comparisons difficult. It is important to note that the variation in gene
editing efficiencies could be attributed to either the CRISPR/Cas9 system or the EV delivery method.
Despite these challenges, the current strategies suggest that CRISPR/Cas9-carrying EVs are safe, non-immunogenic, and effec-

tive for gene editing in mice, showing great promise for their use in humans. Both passive and active cell-based loading studies
have reported little to no plasmid DNA present in the EVs, as well as minimal off-target editing, indicating a low risk of genotox-
icity associated with EV-mediated delivery of CRISPR/Cas9 RNA or RNP cargo. In comparison to the delivery of CRISPR/Cas9
using viral vectors, RNP- or RNA-loaded EVs are expected to hold a therapeutic advantage in ensuring minimal genotoxicity
and furthermore, a minimal immunogenic reaction. Nevertheless, preclinical studies on EVs as a CRISPR delivery vehicle are
required to shed light on this, as viral vectors have been the preferred delivery system so far due to their intrinsic gene delivery
efficacies (Henderson, 2023).
A key challengemoving forward is to develop loadingmethods that are non-destructive, effective, and scalable to obtain a high

yield of cargo-loaded EVs. Standardized comparisons between loading methods will enable a thorough evaluation of genotoxic
and cytotoxic collateral effects, which is necessary for the safe, efficient, and specific application of CRISPR/Cas9-loaded EVs in
curing human diseases.
Large quantities of EVs can be obtained through purification from body fluids or culture medium, but the subsequent loading

of EVsmay compromise their intrinsic characteristics. Enhancing cargo loading bymodifying EVs or fusing themwith liposomes
to overcome packaging and targeting challenges could potentially alter the natural, non-immunogenic and nontoxic advantages
of EVs. For example, while VSV-G has shown promise for efficient EV loading and release from donor cells (Ilahibaks et al.,
2023), its status as a viral protein in the EV membrane raises concerns about the safety of therapeutic applications. Although
modifying EVs using viral proteins has demonstrated utility in increasing EV formation and gene editing (Yao et al., 2021; Gee
et al., 2020), the exogenous nature of these viral proteins necessitates comprehensive testing for toxicity and immune system
activation prior to clinical applications is required.
Newer approaches using biomimetic vesicles or exosome-like nanocarriers, which are synthetic vesicles designed tomimic EV

properties, offer easier mass production for therapeutic use (Duan et al., 2021; Jiang et al., 2022; Tenchov et al., 2021). However,
but the available data on these approaches is limited. An alternative to EVs is synthetic LNPs, which can efficiently package
CRISPR components and are easy to produce in large quantities circumventing the need for producer cells (Duan et al., 2021;
Wilbie et al., 2019). In contrast to EVs, LNPs have been investigated in a preclinical study that exhibited promising results for
delivering CRISPR RNA to liver cells in patients suffering from transthyretin amyloidosis (Gillmore et al., 2021; Henderson,
2023). Importantly, only mild adverse events were observed, in line with the biocompatibility of LNPs. LNPs have shown great
promise for targeting the liver, where they accumulate due to opsonization by apolipoprotein E in the blood (Wilbie et al., 2019).
However, this characteristic also limits their use for targeting other organs as they are rapidly degraded in the liver. EVs, on the
other hand, naturally target the cell type fromwhich they are derived (tropism) and thus hold an advantage over LNPs.Moreover,
EVs not only serve as a vehicle but may also provide additional therapeutic benefits. For instance, MSC-derived EVs have been
shown to mitigate inflammation and stimulate regeneration at injury sites partly due to their paracrine activity (Mendt et al.,
2019; Wang et al., 2022). However, EVs can also naturally carry non-beneficial cargo from donor cells, such as those from cancer
cells, which is challenging to control in comparison to synthetically engineered LNPs.

 CONCLUSIONS

Altogether, EVs hold great potential as a safe, efficient, and specific delivery tool for CRISPR/Cas9-mediated gene editing ther-
apies. However, further improvements are needed to optimize gene editing efficiency and cell specificity. Currently, two main
approaches exist for EV loading: direct loading of purified EVs and cell-based loading, either passively through CRISPR/Cas9
overexpression or actively through protein or RNA interactions. Challenges for both methods include high-scale purification,
effective cargo loading, gene editing efficiency, selective cell targeting, and a clear overview of the collateral effects. Direct load-
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ing may lead to cargo aggregation, while cell-based methods face challenges such as low yield of EVs and low endosomal escape.
Solutions like viral proteins and EV hybrids are being developed to overcome these challenges.
The optimal CRISPR vehicle for therapeutics might involve combining natural systems like EVs with viral or synthetic

nanoparticles. Furthermore, EVs can be targeted using tropism, surfacemodifications, or direct injection. But additional research
is necessary to explore their potential applications in treating various diseases. Given that the CRISPR technology has demon-
strated great promise in curing and treating multiple genetic and infectious diseases, the development of safe, efficient, and
specific delivery tools is essential for its successful use in therapeutics.
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