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Abstract: The discovery of designer nucleases has made genome editing much more efficient
than before. The designer nucleases have been widely used for mechanistic studies, animal model
generation and gene therapy development. However, potential off-targets and host immune responses
are issues still need to be addressed for in vivo uses, especially clinical applications. Short term
expression of the designer nucleases is necessary to reduce both risks. Currently, various delivery
methods are being developed for transient expression of designer nucleases including Zinc Finger
Nuclease (ZNF), Transcription Activator-Like Effector Nuclease (TALEN) and Clustered Regularly
Interspaced Short Palindromic Repeats/CRISPR-associated (CRISPR/Cas). Recently, virus-like particles
are being used for gene editing. In this review, we will talk through commonly used genome editing
nucleases, discuss gene editing delivery tools and review the latest literature using virus-like particles
to deliver gene editing effectors.

Keywords: virus-like particle (VLP); viral capsid; gene editing; designer nuclease; delivery; RNA;
ribonucleoprotein; ZFN; TALEN; CRISPR/Cas9

1. An Introduction to Genome Editing Nucleases

Genome editing is a technology that enables human beings to edit the target genome and
achieve the knockout and addition of specific DNA fragments within a cell or organism by designer
endonucleases [1]. Early gene editing was based on homologous recombination targeting technology,
which was extremely inefficient and prone to off-target effects [2]. The subsequent development of
designer endonucleases changed this situation. Three major types of designer endonucleases are
widely used for genome editing: Zinc Finger Nuclease (ZNF), Transcription Activator-Like Effector
Nuclease (TALEN) and Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated
(CRISPR/Cas). In this review, we will focus on the applications of these three nucleases in mammalian
cells. Reviews discussing other genome editing effectors and applications in non-mammalian cells are
available elsewhere [3–5].

ZFN was the first type of artificial endonuclease designed by Kim et al. in 1996 [6]. ZFNs consist
of DNA-binding domains of zinc finger proteins and the DNA cleavage domain of endonuclease
FokI. The DNA-binding domains of zinc finger proteins can recognize and bind the target sequence,
then the cleavage domain of FokI creates DNA double-strand breaks at specific locations in complex
genomes [6]. FokI endonuclease works as a dimer and the double-strand DNA cleavage occurs only at
sites of binding of two ZFNs to the opposite DNA strands. Also, ZNF was the first artificial nuclease to
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be tested in clinical trials to treat HIV [7]. As the first gene-editing tool, this technology allows us to
learn more about genetic engineering, gene knockdown and knockin. But the disadvantages are also
obvious, including relative low efficiency and laborious design.

TALENs are the second type of artificial endonucleases with similar architecture and mechanism
as ZNFs: a DNA binding domain and a cleavage domain of FokI [8]. The DNA binding domains of
TALENs are found in Xanthomonas bacteria. A repeat of 33–34 amino acid sequence can recognize a
specific nucleotide in the target sequence [9]. This function is realized through specific DNA-binding
domains by selecting a combination of repeats. TALEN has also been moved into clinical trials to
treat lymphoblastic leukemia [10]. TALENs’ advantage is that they are relatively easier to design than
ZFNs. But making TALEN constructs is time-consuming and for each new target, a new nuclease has
to be engineered.

The Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated
(CRISPR/Cas) is a bacterial adaptive immune system [11]. It was found that a single protein (Cas9)
was responsible for the endonuclease activity and that the two small RNAs, crRNA and tracrRNA,
could be fused as one single guide RNA [12]. This observation made it possible to conveniently design
single guide RNA to target a specific target sequence. Following single guide RNA optimization
and Cas9 nuclear import enhancement, the system was rapidly used in genome editing in eukaryotic
cells [13–16]. Unlike ZNFs and TALENs that a new nuclease has to be engineered for each target
sequence, the target sequence specificity of CRISPR/Cas is determined by single-guide RNA which is
easier to design and generate. This simplicity makes CRISPR/Cas the most popular gene editing tool
and CRISPR/Cas has been widely used in a series of research fields such as animal model generation [17],
crop improvement [18], microbial genome editing [19], gene expression regulation [20–22], DNA and
RNA labeling [23,24] and gene therapy [25–27]. Many CRISPR-based gene therapy clinical trials
have been registered on ClinicalTrials.gov. The advantages of CRISPR/Cas system are high efficiency,
multiplexed editing and easy to prepare. The critical disadvantages are off-target effects and requiring
a protospacer adjacent motif (PAM) for the target sequence. To circumvent the PAM limitation,
Cas9 mutants with altered PAM specificities [28], broad PAM compatibility [29] or nearly without PAM
restrictions [30] are developed.

The safety of designer nucleases is an important issue when using them for the treatment of
human diseases. One major concern of gene editing in clinical use is the high propensity for off-target
effects [2,31]. Off-targets are positively correlated to designer nuclease expression levels and expression
duration [32–35]. Thus, delivery methods can increase or decrease the generation of off-targets.
Currently, designer nucleases are often delivered by plasmid DNA transfection or various viral vectors
such as lentiviral vectors (LVs) and adeno-associated virus-derived vectors (AAVs). These delivery
methods have the advantage of high delivery efficiency. However, they usually mediate sustained or
high-level nuclease expression, which will increase the possibility of off-target effects and immune
responses. In addition, LVs integrate the transgene into the genome of target cells and AAVs are prone
to integrate the vector DNA into the target site [36]. The safety of designer nucleases can be increased
by decreasing the expression duration through delivering designer nuclease proteins or RNPs by
electroporation [32], cell-penetrating peptides [37], cationic lipid [38] and gold nanoparticles [39].
However, these physical and chemical delivery methods may cause damage to the cells, be inefficient
or incompatible with in vivo applications [40].

Recently a new type of delivery vehicle, virus-like particles (VLPs), has been developed for gene
editing (see studies listed in Tables 1 and 2). These particles have the majority of the normal viral
vector components, such as the envelope and capsids but not the virus’ genome. The main function of
capsids is to encapsidate the viral genome within virions in one host, to transport it and subsequently
release it inside another host cell [41]. Most virus capsid structures are helical or icosahedral [42,43].
Nowadays, scientists are using VLPs as delivery tools to combine the high infection efficiencies of viral
vectors and the transient feature of mRNA, protein and RNP delivery. These delivery tools package
mRNAs, proteins or RNPs into viral capsids for efficient and safe genome editing. The most widely
used capsids are lentiviral capsids [44].

ClinicalTrials.gov


Life 2020, 10, 366 3 of 16

Table 1. Virus-like particle (VLP) mediated RNA delivery.

Virus Type Capsid Modification RNA Package Copy Number Addgene Plasmids Reference

LV Not modified TALEN mRNA 2 copies LeGO-iG2-wPRE-pA (60489) [45]

LV MCP replaced the second zinc
finger domain of NC SpCas9 mRNA ~6 copies Not available [46]

Murine Leukemia Virus Two copies of MCP replaced NC SpCas9 mRNA and sgRNA Not available Not available [47]

LV
MCP inserted after the second

zinc finger domain of NC SaCas9 mRNA 50~100 copies

pSaCas9-1xms2-2x3′UTR (122946)

[48]pSaCas9-1xPP7-2x3′UTR(122947)

psPAX2-D64V-NC-PP7(122945)

psPAX2-D64V-NC-MS2(122944)

Foamy Viruses Not modified SpCas9 mRNA 60 copies Not available [49]

Table 2. VLP mediated nuclease protein and RNP delivery.

Capsid Type Mechanism of Nuclease Recruitment Editing Effectors Delivered Addgene Plasmids Reference

LV Fusing editing effector to the N-terminus of Gag ZNF and TALEN Not available [50]

LV Fusing Cas9 protein to the N-terminus of Gag SpCas9 Not available [51]

MLV Fusing Cas9 to the C-terminus of MLV Gag SpCas9 BIC-Gag-CAS9(119942) [52]

LV
Fusing FKBP12 to Gag, fusing FRB to SpCas9. FKBP12/

AP21967/FRB interaction brings SpCas9 to Gag
SpCas9

pHLS-EF1a-FRB-SpCas9-A(138477) [53]
pHLS-EF1a-FKBP12-Gag(HIV)(138476)

LV Fusing Cas9 to the C-terminus of Vpr SpCas9 Not available [54]

LV
Forming a three-component complex:

Com-NC/aptamer-sgRNA/Cas9 protein.

SaCas9
pSaCas9-sgRNA-Tetra-com- vector(131227) [55]

psPAX2-D64V-NC-COM(131226)

SpCas9 pSpCas9-3′UTR-ST2-com-vector(136269) [56]

ABE pSpCas9-ABE-3′UTR-sgRNA-ST2-com-vector(136270) [57]
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In this review, we will introduce lentiviral capsid proteins and their functions. Then we focus on
how to use viral capsid proteins to package designer nucleases in mRNA, protein or RNP form and use
the resulting VLPs to do genome editing. Many methods were developed to generate VLPs for safe and
efficient genome editing (Tables 1 and 2). We will first describe methods for VLP mediated nuclease
mRNA delivery, then those for VLP mediated nuclease protein or RNP delivery. For VLP mediated
protein or RNP delivery, two strategies, the fusion strategy and the aptamer and aptamer-binding
protein interaction strategy, will be introduced.

2. Lentiviral Capsid Proteins and Their Functions

A lentiviral particle contains two copies of the lentiviral RNA genome, each about 9200 nucleotides in
length [58] and a capsid consisting of about 5000 Gag (Group-specific antigen) precursor proteins [59,60].
The packaging of the viral genome in the capsid depends on the interaction between the Ψ packaging
signal in the viral RNA and the nucleocapsid (NC) protein. In the host cells, lentiviruses synthesize
cDNA with viral RNA as a template, make double-stranded DNA with cDNA as a template and
integrate the double-stranded DNA into the host genome to achieve persistent expression [61].

Currently, the most widely used lentiviral vectors are modified from the human immunodeficiency
virus type 1 (HIV-1) pre-viral genome (Figure 1A–C) [62]. HIV-1 virus belongs to retrovirus and is
spherical with a diameter of 80–130 nm. Its core consists of two single-stranded positive-stranded
RNAs, reverse transcriptase, integrase and protease [63]. Outside the core is the viral capsid, which is
mainly composed of capsid glycoprotein. The outermost layer is the envelope and the glycoprotein
on the envelope determines the host cells that can be infected. Among the nine genes of the HIV-1
pre-viral genome (Gag, Pol, env, Vif, Vpr, Vpu, Nef, rev and tat), we will focus on the products of Gag
and Pol, which are most relevant to the topics of this review.
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Figure 1. Lentiviral vector and virus-like particles. (A) Structure of the HIV-1 genome and its encoded
proteins. (B) Proteins encoded by Gag and Pol genes. The cleavage sites for the protease (Pro) encoded
by the Pol gene are indicated by arrows. (C) Diagram illustrating normal lentiviral vector. The presence
of long terminal repeat (LTR) in the RNA genome, reverse transcriptase and integrase make it possible
to integrate the DNA into the host cell genome. (D) Diagram illustrating mRNA-delivering VLPs.
The mRNA does not contain LTR so that reverse transcription cannot happen. The mRNA can only serve
as the template for translation. (E) Diagram illustrating protein- or RNP-delivering VLPs. The RNA,
if present, does not contain LTR so that reverse transcription cannot happen.

The Gag gene encodes the protein precursor p55, which is hydrolyzed by a protease (encoded by
Pol) to produce endomembrane matrix protein (MA, p17), capsid protein (CA, p24) and nucleocapsid
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protein (NC, p7), as well as other peptides (SP1, SP2 and p6) [59]. MA has a domain that is required for
the transport of Gag polyprotein to the plasma membrane and a myristoylation site that associates
Gag to the plasma membrane [64]. CA contains residues that form critical Gag-Gag interactions. It is
the building unit of the capsids and is involved in many processes during HIV-1 infection, including
reverse transcription, nuclear entry and integration of viral DNA into host cell chromatin [65]. NC is
required for viral genomic RNA packaging as well as non-specific interactions with RNA [66]. The NC
protein contains two zinc finger CysCysHisCys motifs, each binding to a zinc ion [67]. The NC zinc
finger motifs are critical for specific genomic RNA encapsidation [68] as well as virion production [69].

The Pol gene encodes reverse transcriptase, integrase and protease. These enzymes are responsible
for transforming the RNA genome into cDNA, integrating the DNA into the host genome and
processing Gag precursors into mature proteins [70]. In lentiviral vectors, the HIV env proteins are
replaced with vesicular stomatitis virus G protein (VSV-G) for broad host range and high infection
efficiency [71–73].

3. Using VLPs as Safe Gene Editing Delivery Vehicles

The Gag polypeptide is the only viral protein required for the assembly and release of the immature
virus particles, although the production of the infectious virus requires other viral proteins [44,59].
In addition, the viral genome RNA is not needed to achieve lentiviral capsid assembly and entry to the
cells [74]. This feature allows us to use VLPs to deliver gene editing effectors in the form of mRNA
(Figure 1D, Figure 2), proteins or RNPs (Figure 1E, Figure 3). Thus we need to figure out how these
cargoes can be packaged into the capsids. We confine our discussion on works without the involvement
of Cas9 DNA, thus have not included works using integration defective lentiviral vectors (IDLV) to
deliver Cas9 [75–77]. IDLV can avoid long-term Cas9 expression but there is still a risk of random
integration and the expression duration may still be longer than needed.

3.1. VLPs for Nuclease mRNA Delivery

Table 1 lists publications using VLPs to deliver endonuclease mRNA for gene editing and Figure 2
illustrates the mechanisms used for packaging mRNA into the particles.

The long terminal repeat (LTR) sequences of retrovirus and lentivirus contain signals for initiating
reverse transcription and mediating integration into the host genome. To preserve RNA packaging but
not reverse transcription and integration, Mock et al. attempted to use reverse transcriptase inactivated
lentiviral vectors to deliver TALEN mRNA [45]. In this system, the packaged RNAs are not reverse
transcribed or integrated. Instead, they are used as the templates for translation to transiently express
the nuclease. The authors successfully used this strategy to deliver TALEN mRNA [45]. However,
we failed to observe evident gene editing activity when trying to use the same method for Cas9 mRNA
delivery (our unpublished data). One possible explanation is that only two copies of mRNA could
be packaged by this method and the amount of Cas9 mRNA was not enough to achieve efficient
gene editing.

RNA aptamer MS2 and its interacting aptamer-binding protein (ABP), MS2 coat protein (MCP) [78],
has been used for RNA labeling [79,80] and protein recruitment [81,82]. Prel et al. tried to use
ABP/aptamer interactions to package and deliver mRNA [46]. In this strategy, packaging no longer
depends on the Ψ packaging signal near the LTR, therefore, reverse transcription and integration can
be avoided. In order to package mRNA into lentiviral capsids, the authors replaced the second zinc
finger domain of nucleocapsid (NC) protein with MCP which interacts with MS2 aptamer. On the other
hand, they inserted 6–12 copies of MS2 aptamer to the 3′ UTR of the cargo mRNAs. They found that
the mRNAs were packaged into lentiviral capsids by specific ABP/MS2 interactions and successfully
delivered various mRNAs into mammalian cells, including human CD34+ and induced pluripotent
stem cells [46]. They observed up to 6 copies of mRNA/particle. One issue with this method is that the
particle assembly efficiency was impaired. This could be caused by the removal of NC zinc finger 2,
which has been found to decrease lentiviral vector production by over 10 fold [69].
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Knopp et al. used a similar strategy to package Cas9 mRNA in murine leukemia virus capsids [47].
They replaced the NC within Gag with two copies of MCP and added two copies of MS2 aptamer in
the 3′ UTR of SpCas9 mRNA or various positions of sgRNA. The authors found that using this method
Cas9 mRNA could be efficiently delivered into various murine and human cell lines, including human
T cells and primary human fibroblasts [47]. However, sgRNA could be only functionally delivered
when it was co-packaged with Cas9 mRNA. We also found that aptamer-modified sgRNA packaged
alone could not be functionally delivered [55]. In the following section, we will discuss possible
explanations for these observations.

Our group has also reported using lentiviral capsids to package SaCas9 mRNA [48]. We made the
following modifications to improve the efficiency of mRNA packaging and delivery: (1) We inserted one
copy of MCP after the second zinc finger motif of NC instead of replacing any NC domains. Consistent
with the observation that NC is important for the production of retrovirus [83] and lentivirus [69],
we found near 100% particle assembly efficiency in our experiments. (2) Our result indicated that
when adding one copy but not multiple copies of MS2 in Cas9 3′ UTR, SaCas9 mRNA showed the best
gene editing efficiency. Zalatan et al. also observed that adding more copies of aptamer decreased
RNA expression [82]. (3) We included two copies of 3′ UTR sequence from human beta hemoglobin
(HBB) in Cas9 3′ UTR to increase mRNA stability and expression [84,85]. With these modifications,
we observed 50–100 copies of SaCas9 mRNA per particle and high genome editing activity [48].

Taking advantage of the foamy viruses to efficiently package non-viral cellular RNAs [86,87],
Lindel et al. successfully used foamy viral capsid to package and deliver SpCas9 mRNA [49].
They observed > 80% genome editing activity and improved specificity compared with viral delivery.

It is reasonable to assume that the cells can be infected by lentiviral vectors should also be infected
by VLPs, because the same pseudotyped envelopes were used. So far, VLP-mediated Cas9 mRNA
delivery to mammalian cells was more successful than sgRNA delivery. Several studies have found
that sgRNA packaged alone could not be functionally delivered [47,49,55]. Single guide RNA is very
unstable in cells unless complexed with Cas9 protein [88]. Due to the inability to package sgRNA by
viral capsids, sgRNA has to be delivered via traditional methods, such as plasmid DNA transfection
and integration-defective lentiviral vectors [45–49].

3.2. Using VLPs for Protein and RNP Delivery

VLPs have been used to deliver proteins [89–91] for a long time. The need for transient designer
nuclease expression in gene editing promoted attempts using VLPs to deliver nuclease protein or RNPs
(Table 2, Figure 3). Two strategies have been used to package nucleases into viral capsids: the fusion
strategy and the ABP/aptamer interaction strategy.

3.2.1. VLP Mediated Nuclease Delivery Using the Fusion Strategy

Cai et al. used lentivirus-like particles to deliver ZNF and TALEN proteins [50]. ZNF or TALEN
was packaged into lentiviral capsids via fusing to the N-terminus of Gag protein. The authors
observed up to 24% INDEL rates on various targets in human cells. Using a similar strategy, Choi et al.
successfully delivered SpCas9 proteins with VLPs [51]. Due to the intrinsic affinity between Cas9
protein and sgRNA, Cas9 RNPs can be packaged and delivered in the same particle. One issue of
this fusion strategy is that the fusion impairs capsid assembly and unmodified Gag protein has to be
supplemented to rescue capsid assembly [51].

Mangeot et al. reported that murine leukemia VLPs can be used to package SpCas9 RNPs [52].
They fused SpCas9 at the C-terminus of Gag (instead of the N-terminus in studies discussed
earlier [50,51]) and produced VLPs with the help of unmodified packaging plasmid. When sgRNA is
co-expressed with Gag-Cas9 fusion protein, Cas9 RNPs can be packaged into the capsids. The authors
demonstrated up to 75% INDEL rate on various target sites. The authors did not discuss the effects
of Gag-Cas9 fusion on virus-like particle assembly. However, unmodified Gag-Pol expressing DNA
was included in the transfection for virus-like particle production. And particles were typically
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concentrated 100 times before use [52]. This delivery method has been subsequently used to deliver
Cas9 RNPs targeting the Selenocysteine-tRNA[Ser]Sec gene in multiple cell types [92].

Recently, Gee et al. reported packaging Cas9 RNPs into extracellular nanovesicles for inducing
exon skipping in DMD gene to cure Duchenne muscular dystrophy [53]. In this study, the authors
fused FKBP12 to Gag and FRB to SpCas9 respectively. The specific interaction between FKBP12 and
FRB in the presence of rapamycin analog AP21967 [93,94] associates Cas9 protein with HIV Gag [53].
Although the authors term these particles as “extracellular nanovesicles,” we believe the particles
generated are more likely virus-like particles rather than typical extracellular vesicles without viral
capsids which are appropriate to include in this review.

Vpr is a lentiviral regulatory protein with an important function in viral infection and
pathogens [95]. Each lentiviral particle could have ~550 copies of Vpr [96]. Indikova et al. fused Cas9
to the N-terminus of lentiviral protein Vpr instead of Gag [54]. This strategy can efficiently package
Cas9 protein into lentiviral capsids via the interaction between Vpr and p6 of Gag [97]. In this study,
sgRNA was expressed from a lentiviral transfer vector co-packaged in the particles with Cas9 protein.
It will be interesting to know whether editing efficiency could be different if sgRNA is packaged by
sgRNA/Cas9 interaction. One concern of overexpressing Vpr is that it shows functional perturbation
of cell functions through various mechanisms [95] and may be toxic to neurons [98].

3.2.2. VLP Mediated Nuclease Delivery Using the ABP/Aptamer Interaction Strategy

Instead of fusing Cas9 protein to a viral protein, our group used the specific interaction between
the aptamer and aptamer-binding protein (ABP) to recruit SaCas9, SpCas9 and adenine base editor
(ABE) RNPs into lentiviral capsids [55–57,99]. For packaging SaCas9 RNPs, we inserted RNA aptamer
into the sgRNA scaffold and inserted ABP into the Gag protein (after the second zinc finger domain
of NC protein). In this strategy, Gag-ABP fusion protein binds to aptamer-sgRNA via the specific
aptamer/ABP interaction. The intrinsic affinity between sgRNA and Cas9 protein recruits Cas9 to the
complex. Cas9 protein, in turn, protects the stability of sgRNA. Our study compared four aptamer/ABP
pairs (MS2/MCP [78], PP7/PCP [100], BoxB/λ p22 [101] and com/Com [102]) and three sgRNA locations
(Tetraloop, ST2 loop and 3′ end) and found that replacing Tetraloop with aptamer com was the most
efficient for packaging and delivering SaCas9 RNPs [55].

The same strategy can be used to package and deliver SpCas9 RNPs [56,99]. However, for SpCas9
packaging and delivery, replacing sgRNA ST2 loop with com aptamer was the most efficient way
of modifying sgRNA [56]. Interestingly, SaCas9 and SpCas9 RNPs can be co-packaged in lentiviral
capsids and the co-packaged RNPs are more efficient than individually packaged RNPs for multiplex
gene editing [56].

In addition to Cas9 RNPs, we also successfully used the same strategy for adenine base editors
(ABE) RNP delivery in human cells [57]. Our data show that the most efficient conditions for SpCas9
RNP delivery were also the best for ABE RNP delivery. Most importantly, delivering ABEs in this way
eliminated guide-independent RNA off-targets, which were reported in experiments delivering ABEs
by DNA transfection or viral vectors [103–105]. We reason that the lower ABE dosage used and the
shorter term expression of ABEs contributed to these improvements.

Unlike fusing a protein to Gag impairing capsid assembly, insert ABPs into NC within Gag
had little effects on capsid assembly and typically obtain 90~100% capsid assembly efficiency of
normal lentiviral vectors in our experience [55,56]. For targets with open chromatin, treating cells
with un-concentrated particle-containing supernatant could result in over 80% INDEL rates and
<1% INDELs rates on an off-target with 1 nucleotide mismatch [55,56]. The high particle yield and
gene editing activities make the ABP/aptamer interaction strategy a useful delivery method for safe
and efficient gene editing. Our successful package of Cas9 protein through sgRNA/Cas9 interaction
may provide a plausible explanation to Knopp et al.’s finding that sgRNA could only be functionally
delivered when co-packaged with Cas9 mRNA [47]. In their setting, the gene editing activities observed
could be from those sgRNAs complexed with and thus protected by Cas9 protein.
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3.3. Advantages and Disadvantages of Using VLPs for Delivering Genome Editing Endonucleases

Here we present various methodologies that have been used to deliver Cas9 mRNA or RNPs
originated from different research groups. Efficient gene editing could be achieved using un-concentrated
particle-containing supernatants with diverse methods [54–57,99]. However, it is difficult to compare
their relative efficiencies since different loci are targeted in different cells. A side by side comparison of
the various methods may be needed to find the most suited method for a specific need.

Compared with delivering bacterially expressed genome editing effectors by electroporation or
nanoparticles, VLP mediated mRNA or protein delivery has a series of advantages. First of all, the VLPs
are relatively easy to produce. Plasmids are easily accessible from Addgene (see Tables 1 and 2),
labs with basic equipment can produce these VLPs for experimental use. Secondly, compared with the
dosage used in electroporation experiments, typically much less amount of protein (e.g., 1/10 of those
used for electroporation) is used in VLP mediated delivery [55,56,106]. This low dosage can offer a
greater specificity.

Cas9 activity is inhibited by nucleosomes [107–109] and a low dosage of Cas9 is particularly
sensitive to chromatin accessibility [110]. When target sequences are associated with heterochromatin,
the low dosage feature of VLP delivery may become a disadvantage since a high dosage is needed
for efficient editing. Additionally, VLP mediated RNA delivery is only efficient for Cas9 mRNA but
not for sgRNA. New strategies to deliver Cas9 mRNA and sgRNA in the same particle will certainly
benefit the field.

Due to the potential of inactivation by the complement system and monocytes in human
circulation [111,112], retroviral and lentiviral VLP mediated genome editing effector delivery may
be more suitable for in vitro and ex vivo applications than in vivo purposes. Expressing complement
regulatory protein CD55 [113] and “do not eat me” signal CD47 [114] on the envelope protects the vectors
in circulation. Besides, producing alloantigen-free particles by knocking out beta-2 microglobulin
(B2M) gene in vector producing cells improves particle survival in circulation [115]. These measures
mentioned above may help to improve the efficiency of VLP mediated in vivo delivery for gene editing.

Until now, no delivery method has met all needs, including safety, efficiency, easy production
and low cost. The VLP gene editing delivery systems provide useful alternatives to the currently
available delivery methods, such as plasmid DNA transfection, viral vectors, RNP electroporation and
various nanoparticles.
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Abbreviations

DNA Deoxyribonucleic Acid
cDNA complementary DNA
RNA Ribonucleic Acid
gRNA guide RNA
sgRNA single guide RNA
ZFN Zinc Finger Endonuclease
TALEN Transcription Activator-Like Effector Nuclease
CRISPR/Cas Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated/CRISPR-associated
LV Lentiviral Vector
AAV Adeno-Associated virus-derived Vector
HIV-1 Human Immunodeficiency Virus type 1
Gag Group-specific antigen
MA Matrix protein
CA Capsid protein
NC Nucleocapsid protein
RNP Ribonucleoprotein
INDEL Insertion and Deletion
VLP Virus-like particle
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