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1 | INTRODUCTION

The clustered, regularly-interspaced,

short palindromic repeats

| Tao Wan! | Huhu Xin! | Da Li? | Hongming Pan? | Jun Wu® | Yuan Ping?

Abstract

The clustered, regularly-interspaced, short palindromic repeat (CRISPR)-associated
nuclease 9 (CRISPR/Cas9) is emerging as a promising genome-editing tool for treating
diseases in a precise way, and has been applied to a wide range of research in the
areas of biology, genetics, and medicine. Delivery of therapeutic genome-editing
agents provides a promising platform for the treatment of genetic disorders. Although
viral vectors are widely used to deliver CRISPR/Cas? elements with high efficiency,
they suffer from several drawbacks, such as mutagenesis, immunogenicity, and off-
target effects. Recently, non-viral vectors have emerged as another class of delivery
carriers in terms of their safety, simplicity, and flexibility. In this review, we discuss
the modes of CRISPR/Cas9 delivery, the barriers to the delivery process and the
application of CRISPR/Cas9 system for the treatment of genetic disorders. We also
highlight several representative types of non-viral vectors, including polymers, lipo-
somes, cell-penetrating peptides, and other synthetic vectors, for the therapeutic
delivery of CRISPR/Cas9 system. The applications of CRISPR/Cas? in treating genetic

disorders mediated by the non-viral vectors are also discussed.
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via Cas proteins with the guidance of crRNA that is partially comple-

mentary to the target site. 1018

CRISPR/Cas systems are divided into two classes, which are fur-

(CRISPR) were originally discovered by Ishino et al.! in 1987, and
CRISPR were found as repeat sequences that were interspaced by
nucleotide spacers in the Escherichia coli genome. Subsequently, the
CRISPR-associated (Cas) genes encoding proteins were observed.>®
CRISPR that appeared in bacteria and archaea widely protect them-
selves from attack by invasive mobile genetic elements, such as plas-
mids and phages.®” The immune defense functions utilised include
three stages. The first stage is the insertion of spacer sequences of inva-
sive nucleic acids into the CRISPR array, and the second stage is the gen-
eration of mature CRISPR RNA (crRNA), composed of repeated
sequences and spacer sequences that have the ability to target foreign

nucleic acids. The third stage is the disruption of invasive nucleic acids
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ther subdivided into six types.'* Classes 1 and 2 include multi-subunit
effector complexes and single protein effectors, respectively.’
CRISPR/Cas9 belongs to the class 2 type Il system in prokaryotes,
and it was first reported regarding its capacity for editing the mamma-
lian genome by Cong et al.*® To date, the CRISPR/Cas9 system from
Streptococcus pyogenes Cas9 (SpCas9) has played an important role
in genome editing in a wide range of biomedical applications. Com-
pared with early gene-editing technologies, such as ZFNs (i.e. zinc fin-
ger nucleases) and TALENS (i.e. transcription activator-like effector
nucleases), the CRISPR/Cas9 system exhibits the advantages of
simplicity, flexibility, low cost, high specificity, and efficiency.” 24

As a widely used tool of genome editing, the CRISPR/Cas9 system
consists of three main components: (i) Cas9, which is an RNA-guided
endonuclease that can produce blunt-end cleavage in the double-
strand DNA at specific sites in the genome. Cas9 contains the HNH
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nuclease domain, and the RuvC nuclease domain; the former can
cleave the target DNA strand that is complementary to single guide
RNA (sgRNA), whereas the later cleaves the non-target strand. With
dual cleavage effects, Cas9 can generate blunt-ended double-strand
breaks (DSBs) in the target DNA.2>?7 (i) crRNA, which contains the
sequences that are complementary to the target DNA sequence in
the desired genome loci via Watson-Crick base pairing rules. It is a
critical element for the precise direction of Cas9. (iii) Trans-activating
crRNA (tracrRNA), which contains a non-variable sequence that
hybridizes with crRNA. Generally, the hybrids of crRNA and tracrRNA
can create chimeric sgRNA. As a result, the combination of sgRNA and
Cas9 nucleases forms ribonucleoproteins (RNPs) that have the ability
to mediate precise site-specific DSBs.2® In addition to the above com-
ponents, a few bases present downstream of the targeted DNA site
are also crucial. These bases, termed the protospacer adjacent motif
(PAM), are a critical requirement for Cas9 to identify RNA-guided
targeted genome loci.’* The PAM sequence varies in different types
and variants of CRISPR/Cas systems. For example, SpCas9 and Staph-
ylococcus aureus Cas9 (SaCas9) require the sequence of 5'-NGG-3'
and 5'-NNGRRT-3' (R = G or A), respectively.?>2%30 Collectively, the
CRISPR/Cas9 system plays an important role in regulating genomic
functions in terms of insertion, deletion, activation, and suppression,
etc. These functions repurpose CRISPR/Cas9 for a variety of biomedi-
cal applications, including transcriptional control, epigenetic modifica-
tion, genome-wide screening, and chromosomal imaging.
Furthermore, therapeutic genome editing with respect to various
genetic disorders have also been extensively investigated in recent
years.

CRISPR/Cas?-induced site-specific cleavage results in the activa-
tion of inherent DNA repair pathways of non-homologous end-joining
(NHEJ) and homology-directed repair (HDR).2%273132 Additionally,
microhomology-mediated end-joining and homology-mediated end-
joining also play a role in the repairment process. NHEJ can induce dif-
ferent lengths of insertions/deletions (indels) randomly at the target
site. These indels can disrupt the translational reading frame of a cod-
ing sequence and result in gene mutation, or knockout. By contrast,
exogenous DNA templates are required to repair the DSBs in the
pathway of HDR. The sequence of DNA templates can replace the
native sequence to correct the deleterious mutation of genes.®*38
NHEJ occurs more frequently in the process of repairment, which is
mainly related to the repetitive nature of the human genome. The
endogenous repair pathways are also highly related to the cell state
and the presence of donor DNA templates.

Based on the CRISPR/Cas? system, some other CRISPR technolo-
gies have been developed to modulate gene expression. For example,
CRISPR-based interference relies on the mechanism of hindering the
combination of RNA polymerase with DNA, and is attributed to the
steric hindrance of nuclease-deactivated Cas9 (dCas9) binding DNA
securely. Therefore, CRISPR-based interference was used to hamper
and suppress RNA transcription to further modulate the protein
production.®?*° Furthermore, CRISPR-Cas13a is known as an RNA-
guided RNA-targeting technology for mediating RNA binding and

knockdown. This platform is more suitable for therapeutic applications

than RNA interference, and shows less risk than DNA editing due
to its reversibility.***? In addition, Konermann et al.** recently
demonstrated engineered CRISPR effectors of CRISPR-Cas13d from
Ruminococcus flavefaciens XPD3002, termed CasRx, which showed
merit in terms of significant efficiency, accuracy, and specificity. Com-
pared to RNA interference, CasRx has the distinct advantage of low
off-target effects, suggesting its enormous potential for treating
genetic diseases caused by RNA disorders.

Despite such potential prospects, the prerequisite for effective
genome editing is the desired delivery efficiency in cells, tissues, and
organs. To date, the delivery of Cas9 and sgRNA remains challenging
as a result of the large size of Cas9. Note that the molecular weight of
Cas9 endonuclease is about 160 kDa, with an approximate hydrody-
namic diameter of 7 nm.***> Moreover, the sgRNA bears a negative
charge that is related to rich PO® groups of the bases. Thus, developing
vehicles that can package these elements for intracellular delivery is
critical for achieving desirable gene-editing effects. In general, the deliv-
ery system for plasmid encoding Cas9 and sgRNA can be broadly
divided into two categories. The first comprises of viral vectors, includ-
ing adenovirus, adeno-associated virus (AAVs), lentivirus, etc.**"*° The
second comprises of non-viral vectors, including physical and chemical
methods. So far, viral vectors have been widely used to deliver
CRISPR/Cas9 elements for the treatment of genetic diseases.”°>° For
example, Duchenne muscular dystrophy (DMD) is a fetal disease with

1.5% inves-

the symptoms of cardiomyopathy and heart failure. Long et a
tigated viral delivery approach to treat DMD via the disruption of gene
mutations in the dystrophin using the neonatal mdx mice model. In their
study, mdx mice were treated by AAV9 that contained the gene-editing
plasmid encoding Cas9 and sgRNA. The results showed that this
approach restored the expression of functional dystrophin, and further
suggested the ability of monogenic disease therapy. However, most
viral vectors pose the risk of integration into the host genome.
Furthermore, concerns about clinical safety derived from the continu-
ous expression of foreign Cas9 by viral delivery are also emerging,
including tumorigenesis, immunogenicity, and off-target effects.®”>?
Viruses also suffer from limited package capacity, which severely ham-
pers the delivery of SpCas9 plasmids longer than 4 kb. For example, as
a representative type of viral vector, the package capacity of AAVs is
constrained to approximately 4.7 kb. Consequently, most of the viral
vectors are incapable of loading the CRISPR/Cas9 cargo completely.
Physical methods mainly include electroporation, hydrodynamic injec-
tion, and microinjection. Such methods can generate transient holes
on the cellmembrane to enable direct access for Cas9 intracellular deliv-
ery. In particular, physical methods can bypass the obstacles in most of
the delivery strategies.®®®° In an earlier study, Kim et al.®® delivered
RNPs instead of plasmids to modify genes in cells via the pathway of
electroporation, and revealed that high gene-editing efficiency could
be achieved in human primary and embryonic stem cells that were hard
to transfect. Nevertheless, physical methods are largely used in vitro, but
have the limits with respect to in vivo applications, primarily as a result of
various physiological obstacles. As an alternative, chemical delivery
methods, which display the merits of favorable biocompatibility, low

immunogenicity, and flexible cargo size, have received more attention
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recently. Additionally, they have a reduced risk of immune responses
and are free of any risk of insertion into the host genome. At present,
a few types of delivery vectors have been exploited for the delivery of
genome-editing agents, such as liposomes, polymers, cell-penetrating
peptides (CPPs), DNA nanostructures, etc.”¢®

In this review, we elaborate first on the modes of CRISPR/Cas9
delivery and the barriers to this process. Secondly, the application of
CRISPR/Cas? in different areas, such as imaging, treatment of dis-
eases and constructions of animal models, is introduced. Finally, we
discuss the non-viral vectors of the CRISPR/Cas9 system and its appli-

cation in different therapies of diseases.

2 | FORMAT OF CRISPR/CAS9 DELIVERY

The delivery of CRISPR/Cas9 systems mainly rely on three formats.
The first format is the delivery of plasmid DNA, which encodes Cas9
and sgRNA. The second format is delivering the elements of mRNA
and sgRNA, with mRNA being converted into Cas9 nucleases via the
process of translation in the cytoplasm. The last format of
CRISPR/Cas9 delivery is RNP, the Cas9 protein and sgRNA complex
that shows the advantages of its safety and low off-target effects.®”
The Cas9 nucleases generated by plasmid DNA are relatively stable
and of low cost; however, plasmid DNA also has the potential to
express the CRISPR/Cas? elements persistently, which greatly
enhances the potential to generate off-target effects at undesired
genome sites and sometimes even causes genetic mutations. By con-
trast, the delivery of mRNA and proteins represents a safe mode and
shows strong activity to modify genes to sufficiently generate gene-
editing effects; yet their relatively short half-life well circumvents

the limitations of plasmid DNA. Here, we review the modes of

PN
1l :

FIGURE 1 Schematic illustration of different
configurations of Cas9/gRNA elements and
intracellular delivery mediated by the non-
viral vectors. For in vitro and in vivo genome
editing, there are typically three formats of
Cas9 and sgRNA delivery, namely plasmid,
mRNA, and ribonucleoprotein. The first is for
delivering plasmid DNA encoding Cas9
proteins and sgRNA. Such plasmids can be
transcribed and translated into Cas9 proteins
and sgRNA after intracellular delivery. The
second option is to deliver messenger RNA
(mRNA) and sgRNA. The delivered mRNA can
be converted into Cas9 nucleases via the
process of translation in cytoplasm. The last
form of CRISPR/Cas9 delivery is Cas9 protein
complexed with sgRNA, producing
ribonucleoproteins (RNPs), that takes
advantage of its safety and low off-target
effects

Cas9 DNA

CRISPR/Cas9 delivery, and further summarize and compare both its
merits and drawbacks (Figure 1).7°72

The first format of delivery is the plasmid. After the plasmid enters
the nucleus, it expresses the corresponding components of the pro-
teins produced by the following processes of transcription and trans-
lation. Compared with the delivery of mRNA and proteins, the
transportation of plasmids into the nucleus is a prerequisite to
expressing the elements of CRISPR/Cas9. In general, the overall
expression cassette of SpCas? is typically more than 4 kb and, if the
plasmid is inserted with reporters, the size will increase. Thereby,
many available vectors show difficulties with respect to packing plas-
mids of such a large size, as well as mediating its efficient deliv-
ery. 47637073 Eyrthermore, the delivery of the plasmid also faces the
risk of random insertion into the host genome, due to the extended
persistence in cells, and suffers from higher off-target effects than
mRNA and proteins, as a result of the stable and prolonged expression
of Cas9.”%”> Moreover, the cells would activate cyclic GMP-AMP syn-
thase and cause host immunogenicity in response to the transfection
of plasmid DNA (Figure 2).7678

The second delivery format is via RNA. mRNA are known to
induce transient expression to avoid insertional mutagenesis.”?€°
Compared with plasmid RNA, the intracellular delivery process of
mRNA is easier because the process of translation is in the cyto-
plasm instead of the nucleus. In some cases, delivery vectors are
required to load mRNA and sgRNA simultaneously. Because mRNA
are labile and vulnerable, the delivery of mRNA suffers from degra-
dation in the process of operation, formulation, and delivery
(Figure 3).

The last delivery option is via RNPs. The delivery of RNPs can

circumvent the processes of transcription and translation, which
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FIGURE 2 Factors including cell isolation, transfection, and transplantation influencing the therapeutic efficacy for genome editing ex vivo. The
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FIGURE 3 Factors influencing the therapeutic efficacy for genome editing in vivo. In vivo editing therapy is mainly divided into systemic
treatments and targeted treatments. Factors such as formulation serum stability, targeted tissue-specific delivery, and the microenvironment of
lesions, are the limiting barriers for in vivo delivery of CRISPR/Cas9 genome-editing agents

generates the fastest gene-editing effect over the delivery of plas-
mids and mRNA. Moreover, Cas9 nuclease can be degraded rapidly
in cells, suggesting its transient effects in genome editing and a
potential role in decreasing off-target effects. Indeed, an earlier
study has shown that the delivery of RNPs results in high gene-
editing efficiency and low off-target effects.”* Moreover, some stud-
ies indicate that the delivery of RNPs has the advantage of stabiliz-
ing sgRNA, partially due to the protective effect of Cas9 proteins to
sgRNA.%> Unlike plasmid DNA, the delivery of RNPs can bypass the
risk of integration into genome.®® Nevertheless, the direct delivery

of proteins in vivo also exhibits some drawbacks. For example, the

Cas9 nucleases serve as inducers to humoral immunity in the body

and are cytotoxic towards cells.®1?

3 | DELIVERY BARRIERS

The delivery of CRISPR/Cas? elements to the desired site with the
appropriate concentration is a prerequisite for achieving effective
gene editing. As an important class of delivery carriers, synthetic
nanomaterials play an important role in delivering the elements of

CRISPR/Cas9 systems. However, a number of physiological barriers,
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from extracellular to intracellular compartments, severely restrict the

delivery of CRISPR/Cas9 elements, as discussed below.

3.1 | Extracellular barriers

The first barrier is opsonization, which mediates the clearance of deliv-
ery carriers from circulation in the blood. The proteins in serum adhere
heavily to the surface of nanocarriers to form corona, and the
nanocomplexes are easily internalized by the mononuclear phagocyte
system.® Additionally, opsonization often shields modified ligands
over the carriers from recognizing targeted receptors. Note that the
cationic nanoparticles are phagocytosed easier than anionic and neu-
tral nanocarriers.®* Moreover, studies have indicated that nanoparti-
cles endowed with stealth properties can afford longer circulation in
the blood after intravenous injection. For example, polymers modified
with polyethylene glycol (PEG) could significantly improve the circula-
tion time in the blood. In addition to modification with stealthy poly-
mers, some other biomimetic components, such as erythrocyte and
platelet membranes, show the remarkable ability to resist the process
of opsonization.&r"87 Furthermore, after the administration of the
nanoparticles, they must contact vascular endothelial cells for extrav-
asation into the desired areas.®® If the nanoparticles are exploited
for tumor targeting, another barrier is the extracellular matrix in the
tumor microenvironment. The extracellular matrix is a complex net-
work with physical rigidity, posing a hindrance to the diffusion of
nanoparticles into the tumor tissue.8*%? Although the leaky vascula-
tures in the tumor regions contribute to the extravasation of nanopar-
ticles, the tumor tissue is also accompanied by fluid extravasation, that
leads to an increase of interstitial fluid pressure, which retards the
movement of nanoparticles from vasculatures to the tumor microenvi-

ronment (Figure 4).7°

3.2 | Intracellular barriers

The internalization pathways of nanoparticles mainly consist of

phagocytosis, micropinocytosis, clathrin-mediated endocytosis,

Extracellular barriers
Clearance by reticuloendothelial system

Monocyte
Macrophage

Hemodynamics

Extracellular matrix
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caveolae-mediated endocytosis, and clathrin/caveolae-independent
endocytosis. For lipid nanoparticles or nanoparticles decorated with
lipid membranes, the lipid fusion process plays an important role in
cellular uptake. The efficiency of intracellular delivery is impacted by
the properties of the nanoparticles, such as size and surface
charge.?*?2 To date, many strategies have been implemented aiming
to optimize the process of cellular uptake, such as size change, charge
reversal, or ligand conjugation.”®>> After internalization, most nano-
particles enter endosomes. Both the delivery vector and its cargo,
especially biomacromolecules, could potentially be degraded by the
harsh environments within the endosomes, as a result of the presence
of rich enzymes and their acidic conditions. Thus, it is critical to accel-
erate endosomal escape and facilitate cytosolic and nuclear delivery.
Endosomal escape could be achieved either by disrupting the mem-
brane directly, or by bypassing the endo-/lysosome.”®°” For example,
the polymeric carrier, polyethylenimine, could lead to the fragmenta-
tion of endosome membranes via the proton-sponge effect.”®% After
the cargois released into cytoplasm successfully, the CRISPR/Cas9
elements must enter the nucleus for editing purposes. Nuclear entry
may be alleviated by modifying either the cargo or carriers with
nuclear localization sequences.'®®'°! Furthermore, the condensed
cytoplasm contains quite numerous organelles, which impede the

movement of nanoparticles to the desired organelle (Figure 4).

4 | THE APPLICATION OF THE
CRISPR/CAS9 SYSTEM

The genome engineering technology of CRISPR/Cas9 demonstrates
a broad range of applications in biology and medicine, such as
imaging, modeling, and therapy. By designing appropriate sgRNA, the
CRISPR/Cas9 system can target virtually any desired genome
sequence. Additionally, multiplex genome editing is also simulta-
neously achievable by targeting multiple genome sites with different
ngNAs.102le3 In terms of the construction of animal models, the

Intracellular barriers

e

Endocytosis e

Multi-drug'
resistant pump

Blood vessel

FIGURE 4 Physiological barriers for nanocarrier-mediated drug delivery. After intravenous injection, nanocarriers undergo the process of
opsonization, which mediates the clearance of nanocarriers in the blood by the reticuloendothelial system. The hemodynamics have an impact
on the movement of nanocarriers to contact vascular walls, and the migration is a prerequisite for extravasation. After the nanocarriers extravasate
to the tumor microenvironment, the compact extracellular matrix poses another barrier to the diffusion of nanocarriers to tumor cells. The
nanocarriers are internalized by endocytosis, followed by the formation of endosomes. Endosomal escape is necessary for the cargo to reach the

targeted organelle



sof18 | \WILEY

XU ET AL

CRISPR/Cas9 system represents a new platform that simplifies the
process and is less time-consuming, as opposed to traditional
methods. The animal models established by CRISPR/Cas9 not only
reveal the phenotype of diseases, but also recapitulate genetic muta-
tions in patients. It has been reported that CRISPR/Cas9 could intro-
duce multiple mutations in human colonic epithelium cells to obtain
mutant organoids in a niche-based selection system.’®* In addition
to the construction of models, the CRISPR/Cas9 system has tremen-
dous potential in the treatment of diseases, such as monogenic disor-

ders, non-monogenetic diseases, and infectious diseases. 10107

4.1 | Imaging

The dCas9, which is short of endonuclease activity to cut double-
strand DNA, preserves the inherent capability to combine DNA in
the specific genomic site under the guidance of sgRNA.1%€ By tether-
ing fluorophores to dCas9 or sgRNA, this system exhibits extensive
potential for genome imaging at certain loci within living cells and
offers the advantage of capturing live processes of nucleic events.
However, traditional imaging techniques, such as fluorescence in situ
hybridization, are limited in the dynamic imaging as a result of the
demand of sample fixation during the process of DNA labeling.2%?
By taking advantage of the features of dCas9/sgRNA, a series of ele-
gant methods have been designed for imaging nucleic events. For
example, Chen et al.? first designed a powerful tool that relies on
orthogonal dCas9 proteins to label specific DNA loci for imaging in liv-
ing cells. Later, Wu et al.}1° presented a nuclear imaging probe that is
composed of a molecular beacon, sgRNA and dCas9 for monitoring

chromatin dynamics.

4.2 | Modeling

In sharp contrast to the traditional methods for generating transgenic
models in a time-consuming manner, the CRISPR/Cas9 system
has demonstrated its superiority in a shorter time span, as well as the
closer simulation of human diseases at both phenotype and genetic

levels.tt?

Furthermore, the multiplex editing capability of
CRISPR/Cas9 enables the possibility of establishing polygenic disease
models. For example, the progression of cancer is related to the
multiple mutations of tumor suppressor genes and oncogenes. By using
CRISPR/Cas? technology, many kinds of cancer models have been
established, such as hepatoma, lung carcinoma, and colorectal cancer,

etc.53’1°4'112

4.3 | Therapy

Subsequent to understanding the genetic mutations in patient popula-
tions, the development of new strategies for treating disorders at the
genetic level, instead of the disease phenotype, is imperative.**®
SpCas? has been widely used in various cell types and species, such
as the roundworm, zebrafish, mouse, fruit fly, pig, and monkey,

etc.}! CRISPR/Cas9 is also a promising approach for investigating

typical polygenic human diseases, such as diabetes, schizophrenia,
and heart disease. Due to its convenience and low cost,
CRISPR/Cas%-based genome-editing technology has been extensively
studied as a therapeutic tool in many laboratories worldwide in an
attempt to accelerate the development of new personalized medicine
for treating rare genetic variants. In addition to the promising treat-
ment of inherited disorders, Cas?-mediated genome editing also has
the potential to combat non-genetic diseases, and it has been reported
that its restraint of the CCR5 receptor in lymphocytes via the NHEJ

pathway could circumvent HIV infection.** Similarly, the
CRISPR/Cas9 system also shows the potential to address the diseases
of hypercholesterolemia and hyperlipidemia by deletion of PCSK9 and
angiopoietin, respectively.11>116

5 | EXVIVO VERSUS IN VIVO DELIVERY

For therapeutic genome editing in vivo, there are generally two routes
for the delivery of CRISPR/Cas9. One is in vivo delivery, where the
genome-editing agents are directly injected into the body via certain
administration routes for direct transfection of such components.
The other is ex vivo delivery, where the cells were first isolated from
the animal or human body, followed by in vitro transfection and
administration of edited cells back into the body. To date, both viral
and non-viral delivery vectors have been adopted for the therapeutic
application of genome editing. To be considered as a therapeutic drug,
the dosage of CRISPR/Cas9 must achieve the therapeutic window
after in vivo delivery.??” Ideally, the delivery of CRISPR/Cas9 should
target the lesions of disease, so as to maximize the therapeutic effi-
cacy, as well as minimize the accumulation in non-targeted organs
(Figure 3). Although direct in vivo administration is straightforward
and easy to conduct, various extracellular delivery barriers limit the
CRISPR/Cas9 editing efficiency, thereby significantly impairing the
endonuclease activity of Cas9. Alternatively, ex vivo delivery offers a
more efficient approach as a result of editing autologous cells
in vitro. However, the complicated processes of cell isolation, culture,

and transplantation make its wide adoption difficult (Figure 2).*8

6 | NON-VIRAL VECTORS OF CRISPR-CAS?9

Recently, broad interest in developing non-viral vectors of
CRISPR/Cas9 elements has catalyzed a number of studies showing
the promising prospects of this delivery approach. Non-viral vectors
can be obtained by rationally designing the chemical structure of
polymeric or inorganic materials. In addition, the optimization of
non-viral vectors, such as serum stability or targeting ability, can be
achieved by proper chemical modifications.8° Most
biomacromolecules, such as Cas9 proteins and mRNA, must be
protected to maintain stability and activity in the body. Chemical
vectors usually encapsulate the CRISPR/Cas9 elements by physical
forces, so that the cargo can partially avoid extracellular and intracel-
lular degradation. To date, non-viral vectors that can be used to

deliver CRISPR/Cas9 elements, such as liposomes, polymers, and
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TABLE 1 Examples of non-viral vector-mediated CRISPR/Cas9 delivery for the treatment of genetic disorders.

Disease type Cells or organism

Monogenic disorders

Duchenne muscular dystrophy (DMD) Mouse muscle tissue
Fragile X syndrome (FXS) Mouse brain
Non-monogenetic disorders

Type 2 diabetes (T2D) Macrophages & Monocytes

Monosodium urate crystal (MSU) Macrophages
Septic shock Macrophages
Ovarian cancer SKOV3
Melanoma A375 cells
Malignant glioma U87 cells
Cervical cancer Hela cells

CPPs, have been reported for a several genetic disorders. These vec-
tors could interact with cargo to form nanoparticles that have signifi-
cant advantages with respect to cargo incorporation and targeting
specificity. Below, we discuss the application of non-viral vectors for

genome editing in more detail (Table 1).

6.1 | Polymers

The inherent flexibility of the polymer structure makes it a fascinating
class of delivery material for CRISPR/Cas9 elements. By the rational
design of a chemical structure, polymeric carriers can bypass the
issues of serum instability in contrast to lipid carriers.”®*2” As non-
viral vectors, polymers have been studied intensively for delivering
CRISPR/Cas9 elements, largely as a result of their biocompatibility,

flexibility, and simplicity, etc.2812?

6.1.1 | Polymer-mediated Cas9 plasmid delivery

Ovarian cancer is a lethal disease that poses serious threats to women.
Ovarian cancer cells primarily disseminate into the ascites of the peri-
toneal cavity, followed by metastasis to other organs. To treat ovarian
cancer, Li et al.*?2 reported a multifunctional nucleus-targeting artifi-
cial virus (RRPHC) for delivering a CRISPR-Cas9 system. The vectors
possessed the core-shell structure, where the complex of fluorinated
polymer (PF33) and CRISPR/Cas9 plasmids (Cas9-hMTH1) served as
the core. The multifunctional shell (RGD-R8-PEG-HA, RRPH) was
coated on the surface of the core to obtain RRPHC. RRPHC contained
the mixed components of hyaluronan (HA) and R8-RGD tandem pep-
tide, which endow the merits of intracellular penetrating ability and
the targeting function of the nanocarrier. CRISPR/Cas9 plasmid was
delivered by RRPHC to knock down the expression of the MutT
homologl (MTH1), which resulted in more oxidized dNTP accumula-
tion in the ovarian cancer peritoneal metastasis model to induce tumor
apoptosis (Figure 5A).12% In another study, Wang et al.2*° developed a

versatile gene-editing platform that exhibited a high membrane-

Delivery mode

Gold nanoparticle

Gold nanoparticle

CRISPR-Cas9 mode

Cas9 protein and sgRNA
Cas9 protein and sgRNA

WILEY—LZ28

Reference

Lee et al.*?

Lee et al.}?°

Polymer Cas9 mRNA and sgRNA Xu et al.*?*
Plasmid DNA encoding Cas9 and sgRNA  Luo et al.}?2
Polymer Cas9 mRNA and sgRNA Xu et al.*?
Polymer Cas9 mRNA and sgRNA Xu et al.*?*
Polymer Plasmid DNA encoding Cas9 and sgRNA Li et al.1?®
Liposome Cas9 protein and sgRNA Wang et al.*?*
Plasmid DNA encoding Cas9 and sgRNA  Zhang et al.1?®
Hydrogel Cas9 protein and minicircle DNA Wan et al.®’
Polymer Plasmid DNA encoding Cas9 and sgRNA  Lao et al.*?®

penetrating ability for delivering the plasmid of Cas9 and sgRNA for
cancer treatment. The vector of PEGylated nanoparticles was
constructed with the component of helical polypeptide poly(y-4-((2-
(piperidin-1-yl) ethyl) amino-methyl) benzyl-L-glutamate). The nano-
particles showed a perfect deletion efficiency of polo-like kinase 1
(Plk1) in HeLa tumor tissue, which decreased the expression of Plk1
protein by 66.7%, and significantly inhibited tumor growth, thereby
prolonging the survival time of tumor-bearing mice (Figure 5B).*%°
Inflammation is an immune response for the process of clearance of
foreign invaders, and the generation of the obesity-associated type 2
diabetes (T2D) has a strong relationship with chronic inflammation.
Neutrophils serving as immune cells play an important role in acceler-
ating the progression of chronic inflammation. Therefore, the disrup-
tion of neutrophil elastase genes, which were generated by the
inducement of high-fat-diet (HFD) in T2D mice, can facilitate the
remission of insulin resistance. Liu et al.*** demonstrated cationic lipid
(BHEM-Chol)-assisted PEG-PLGA nanoparticles (CLANSs), based on the
library of poly (ethylene glycol)-b-poly (lactide-co-glycolide) (PEG-b-
PLGA) cationic lipids. CLANs could successfully deliver the plasmid
encoding Cas9 and sgRNA, and it was confirmed that the platform
can repress the expression of inflammatory factors and provide a
promising approach for treating diseases of inflammation (Figure 5
C).31 Another strategy for treating T2D was also demonstrated by
the same research group. In this study, cationic lipid-assisted PEG-b-
PLGA nanoparticles (CLAN) were used to pack the plasmids, pM330
or pM458, that contain the human CDé68 promoter to drive gene
expression in specific cells (monocytes and macrophages). The mice
were treated by intravenous injection of CLANSs to disrupt the expres-
sion of netrin-1 genes in monocytes and macrophages specifically, and
the results obtained suggested that this could reduce macrophage
retention and ameliorate the profiles of glucose tolerance and insulin
sensitivity to control T2D (Figure 5D).*??

Recently, Liang et al.’®2 developed a type of lipopolymer for
CRISPR/Cas9 delivery. In this research, CRISPR/Cas? plasmids

encoding Cas9 proteins and sgRNA targeting vascular endothelial
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FIGURE 5 Polymer-mediated delivery of Cas9 plasmid for therapeutic

genome editing. (A) A multifunctional nucleus-targeting “core-shell”

artificial virus (RRPHC) was constructed for the delivery of a CRISPR-Cas9 system that can effectively target ovarian cancer. Reproduced with
permission.*?® (B) Cationic a-helical polypeptide poly(y-4-((2-(piperidin-1-yl)ethyl)aminomethyl)benzyl-L-glutamate) (P-HNPs) for the delivery of
Cas9 expression plasmids and sgRNA targeting the polo-like kinase 1 (Plk1) genes. Reproduced with permission.*3° (C) Screening cationic lipid-
assisted nanoparticle (CLAN) to encapsulate pCas9/gNE for the treatment of HFD-induced T2D by knocking out the neutrophil elastase of

neutrophils. Reproduced with permission.t3? (

Reproduced with permission?2

growth factor A (VEGFA) were loaded into PEG-polyethylenimine-
cholesterol lipopolymers, which were modified with the osteosarcoma
(OS) cell-specific aptamer (LCO9) to increase OS tumor-selective
delivery. VEGFA is highly expressed in OS cells, and the inhibition of
VEGFA expression can improve symptoms of poor prognosis, such
as orthotopic OS growth and bone lesions.*3?

Polymeric micelles also show a great potential to deliver Cas9
plasmids for gene editing. Recently, self-assembled micelles that
are composed of two components were constructed. The first is a
poly(propylene oxide) that contains the terminal groups of quaternary
ammoniums (PPO-NMej) to condense the plasmid. The second is
amphiphilic Pluronic F127 that includes the hydrophobic part to inter-
act with PPO-NMejs, and the Cas? plasmid was formulated into
micelles by hydrophobic and electrostatic self-assembly. This strategy
was used to target the HPV18-E7 oncogene associated with human
papillomavirus pathogenesis. Proteasome activity can be decreased
by 31.9% after transfection for 72 hours, whereas the cells showed
68.1% viability for the Cas9 control.*2¢ Recently, a facile method to
construct a multifunctional vector that can deliver CRISPR/Cas9
plasmids into cancer cells was also developed. The gene-editing tools
were delivered into cancer cells for the disruption of CTNNB1 genes.

In detail, the plasmid was first complexed with protamine and then

D) Macrophage-specific in vivo gene editing using cationic lipid-assisted polymeric nanoparticles.

co-precipitated with CaCOg, and the final product was modified with
the carboxymethyl chitosan. The carboxymethyl chitosan was further
decorated with AS1411 and CPP (TAT), respectively. Among these
components, AS1411 offered the targeting property to the cancer
cells/nucleus and TAT was used to promote cellular uptake and
endosomal escape. By down-regulating 3-catenin, the expression of
proteins associated with tumor development was also suppressed,
such as vimentin, Snail, and MMP-2. This research confirmed that
the inhibition of tumor growth, migration, and invasion, as well as can-
stemness, could be
CRISPR/Cas9.'%3

cer attained by non-viral delivery of

6.1.2 | Polymer-mediated Cas9 mRNA delivery

NLRP3 inflammasome is a crucial mediator of inflammatory diseases
and has been investigated as an effective target for the treatment of
multiple inflammatory diseases. Recently, a new strategy that utilized
CLAN nanoparticles to deliver the CRISPR/Cas9 system in the form
of Cas?9 mRNA and NLRP3 sgRNA was reported to alleviate inflamma-
tory disease. Similar to previous efforts, the construction of CLANs is
based on PEG-b-PLGA polymers and cationic lipids. Because of the
cationic nature of BHEM-Chol, CLAN could easily load anionic mRNA
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and sgRNA. The CRISPR/Cas? elements were delivered into macro-
phages to reduce the generation of NLRP3 inflammasome. The indel
frequency of NLRP3 genes in bone marrow derived macrophage can
reach 70.2% at 24 hours by treatment of CLANs with a dose of
2.6 nM. To confirm the NLRP3 knockout efficiency in vivo, CLANs that
were loaded with Cas9 mRNA and NLRP3 sgRNA were injected into
C57BL/6 mice. Interestingly, the NLRP3 knockout efficiency in perito-
neal macrophages can reach 47.1% at 24 hours with a dose of 2 mg kg
1, Collectively, these results confirmed the effective gene editing of
the NLRP3 gene as mediated by CLANs both in vitro and in vivo. It
was further demonstrated that some acute inflammations, such as
lipopolysaccharide (LPS)-induced septic shock, monosodium urate
crystal (MSU)-induced peritonitis, and HFD-T2D, could be alleviated
by disrupting the expression of NLRP3 in macrophages as well

(Figure 6).121

6.2 | Gold nanoparticles

6.2.1 | Gold nanoparticle-mediated Cas9 ribonucleo-
protein delivery

DMD is a congenital and lethal disease that is caused by mutations of
the dystrophin gene that lead to the abnormal expression of dystro-
phin.23* The disorder of DMD genes includes point mutations, dele-

tions, or duplications, ultimately resulting in the symptoms of
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muscular dystrophy. In addition to the generation of truncated but
functional dystrophin by the NHEJ pathway, the correction of
mutated genes by HDR is emerging as a promising therapeutic modal-
ity. Lee et al.*® demonstrated that gold nanoparticle-based vectors,
termed CRISPR-Gold, can deliver RNP and donor DNA to correct
the gene mutations by the pathway of HDR. The generation of
CRISPR-Gold nanoparticles combined gold core with thiol-modified
oligonucleotides (DNA-Thiol), followed by hybridization of donor
DNA. The RNPs were further loaded, before the cationic polymer
poly(N-(N-(2-aminoethyl)-2-aminoethyl) aspartamide) [PAsp (DET)]
was covered on the outmost layer. As a result of the cationic nature
and the proton-sponge effect, the presence of PAsp (DET) greatly
facilitated cellular uptake and the disruption of endosomal membrane
to promote intracellular delivery. In the meantime, RNP and donor
DNA are released upon exposure to the glutathione-rich milieu. In
the study, CRISPR-Gold nanoparticles were injected into tibialis ante-
rior muscle and gastrocnemius to evaluate the gene editing in mdx
mice. The cryo-sections of CRISPR-Gold treatment group demon-
strated good expression of dystrophin protein. Additionally, the
CRISPR-Gold treatment group showed less muscle fibrosis than the
control groups, as indicated by the trichrome staining of tibialis
anterior muscle cryo-sections (Figure 7A, B).1%?

Fragile X syndrome (FXS) is a genetic disease that is a form of
autism spectrum disorder (ASD) and intellectual disability. This disease

originates in a single gene mutation of fragile X mental retardation 1
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FIGURE 6 Polymer-mediated delivery of Cas9 mRNA for disease therapy. (A) Cationic lipid-assisted polymeric nanoparticle (CLAN)-mediated
delivery of Cas9 mRNA (mCas9) and guide RNA (gRNA) into macrophages for inflammatory disease treatment. (B) Mitigation of LPS-induced

septic shock via CLANycaso/gnirpa-Mediated NLRP3 knockout. Therapeutic scheme and survival curve of mice with LPS-induced septic shock. (C)
Treatment of MSU-induced peritonitis via CLANncaso/gnirrz-mediated NLRP3 knockout. Immunoblot analysis of NLRP3 knockout efficiency in
peritoneal macrophages of mice pretreated with CLANcaso/gnLrP3 OF Other formulations, and then challenged with MSU. (D) Treatment of HFD-

induced T2D via CLANycaso/gnirpa-mMediated NLRP3 knockout. T2D mice
other formulations. Reproduced with permission®??

subjected to fasting glucose were treated with CLANmcaso/gnLRPS OF
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XU ET AL

Wl LEY 11 of 18

(FMR1) that leads to the generation of fragile X mental retardation
protein. The development of strategies for permanently treating neu-
rological diseases such as FXS is imperative. The mGIuR5 gene served
as a target for CRISPR editing with respect to treatment of FXS,
because of the exaggerated mGIuR5 signaling is closely related to
the FXS pathophysiology and other ASDs. To treat FXS, Lee et al.*2°
used CRISPR-Gold nanocomplexes to deliver Cas9 into the striatum
of adult mice brain via local injection. In their study, both wild-type
mice and the Fmr1 knockout mice were treated by injection of saline
vehicle or CRISPR-Gold. Quantitative polymerase chain reaction
results with reverse transcription revealed the reduction of the
mGIuR5 mRNA, and the level of mGIuR5 mRNA decreased by 40-
50% after treatment by CRISPR-Gold. There was also strong evidence
that CRISPR-Gold nanoparticles could knock out the mGIuR5 gene in
mice. Furthermore, the marble-burying assay and the empty cage
observation test were implemented in both wild-type mice and Fmr1
knockout mice to evaluate the repetitive behaviors. It was found that
the symptoms of exaggerated repetitive behaviors were alleviated after
the administration of CRISPR-Gold nanoparticles (Figure 7C, D).*?°

6.3 | Liposomes

Lipid nanoparticles play an important role in the delivery of
CRISPR/Cas? elements into cells, and can protect the cargo from deg-
radation to a certain degree.’®> Genome editing by CRISPR/Cas9
could be realized by delivering plasmid DNA, RNA or protein, and all
of these formats can be encapsulated into the liposome. sgRNA is
negatively charged, whereas Cas9 proteins possess a positive charge.
The formation of Cas9 ribonucleoproteins generally generates the
negatively charged Cas9/sgRNA complexes as a result of the exces-
sive charge of sgRNA. The electrostatic interaction between lipids
and cargo drives the formation of liposome-loaded ribonucleoproteins,
to some extent. The cationic liposome has the advantage of an
interacting negatively charged cell membrane and this encapsulates
the nucleic acids easier. The fusion process, which refers to the inter-
action between the cationic liposome and cell membrane, is crucial for
lipid carriers to release their cargo intracellularly.*®® Commercial trans-
fection reagents, such as Lipofectamine 2000 and Lipofectamine
3000, have been widely applied for the delivery of nucleic acids with
excellent transfection capacity. The lipid nanoparticle transfection
reagent, Lipofectamine™ CRISPRMAX™ Cas9 (ThermoFisher Scien-
tific), is commercially available for the delivery of CRISPR-Cas9
ribonucleoprotein.

6.3.1 | Liposome-mediated Cas9 plasmid delivery

Cationic lipid nanoparticles decorated with 1,2-distearoyl-sn-glycero-
glycol)-2000]
(PEG2000-DSPE) were recently designed to encapsulate plasmid

3-phosphoethanolamine-N-[methoxy  (polyethylene
encoding Cas9 and sgRNA and obtain nanocomplexes in which the
plasmid was pretreated with chondroitin to facilitate its condensation
by protamine. The lipid formulation was composed of three

components: 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP),

dioleoylphosphatidylethanolamine (DOPE), and cholesterol. The nano-
particles were used to deliver Cas9/sgPlk-1 plasmids for editing Plk1
genes in melanoma tumor-bearing mice and the results obtained dem-
onstrated that it could decrease the expression of Plk1 proteins and
restrain the process of tumor growth (Figure 8A, B).12°

Another delivery platform, which is based on self-assembly
between lipid formulation and gold nanoparticles (AuNPs) for the
transfection of CRISPR/Cas9 plasmid, was also demonstrated recently.
In this study, LACP (lipid/AuNPs/Cas9-sgPlk-1 plasmids) were con-
structed for therapeutic delivery to knock out Plk-1 genes in the tumor
cells in vivo. Gold nanoparticles were first decorated with TAT peptides
for both plasmid condensation and nuclear targeting. After loading the
plasmid, a lipid layer (consisting of DOTAP, DOPE and cholesterol)
was coated on the outer layer and finally decorated with PEG2000-
DSPE to form nanoparticles that displayed a lipid-encapsulated shell
and a AuNP-condensed Cas9-sgPlk-1 core. The vector showed good
ability with respect to delivering plasmids encoding Cas9 and sgRNA
into targeted cells. Because the inner gold nanoparticles can harvest
near-infrared light and transform this into heat energy, such a delivery
system could readily release the payloads by damaging the liposomal
layer after light irradiation. Once the cargois released into the cyto-
plasm, the inner TAT peptides could mediate the delivery of the vector
to the target nucleus to facilitate nuclear entry. By irradiating for

20 minutes under a power density of 24 mW cm™2

, genome editing
could be detected by down-regulating the expression of Plk-1 protein
by 65% (Figure 8C, D).X*” Thus, this multifunctional delivery system,
and its optically controllable release, provides a useful platform for
CRISPR/Cas9 delivery and the treatment of genetic disorders.

6.3.2 | Liposome-mediated Cas?9 mRNA delivery

By taking advantage of the merits from viral vectors and non-viral vec-
tors, the combination of both for delivering different CRISPR/Cas9
components would definitely highlight high efficiency and low toxicity,
and could avoid the issues of the insufficient packing capacity of viral
vectors. Yin et al.*®® utilized the combination approach to deliver lipid
nanoparticles and AAVs, in which Cas9 mRNA was encapsulated in
liposome and sgRNA/HDR template was loaded in AAVs, respectively.
After the Fah™"™t mice were treated with this combinational deliv-
ery system targeting Fah for 30 days, the experimental groups indi-
cated a significant reduction of liver damage markers, and a stable
body weight, compared to the control groups. The results indicated
that the initial Fah correction in hepatocytes was more than 6%, indi-
cating the great potential of CRISPR/Cas9-based gene therapy to treat
hepatic genetic disorders, such as metabolic liver diseases and hemo-

philia (Figure 9).18

633 |
delivery

Liposome-mediated Cas9 ribonucleoprotein

To overcome the issues of insufficient gene editing and poor
endosomal escape, cationic lipids were also developed to transfer

Cas9 proteins and ensure site-specific effective gene editing both
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(D) schematic illustration of laser-enhanced knockout of targeted genes by LACP in A375 cells. Reproduced with permission
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in vitro and in vivo. To improve the loading capacity, Cas9 nucleases
were first fused with supernegatively charged fusion proteins of
(-30)GFP, or complexed with anionic sgRNA. In addition to the guid-
ance function for genome targeting, another critical role of sgRNA is
to endow the Cas9/sgRNA complex with sufficient negative charge
to facilitate the electrostatic interaction with the liposome. The study
also demonstrated that the efficiency of gene editing via liposome-
mediated Cas9 nuclease treatment in the inner ear hair cell of mice
reached 20% (Figure 10A).%%?

CRISPR/Cas? system can also be exploited to treat genetic deaf-
ness. In a recent study, Gao et al.**° utilized cationic lipids to deliver
Cas9 ribonucleoproteins, where sgRNA was designed to target trans-
membrane channel-like gene family 1 (Tmc1) gene in hair cells for
ameliorating autosomal dominant hearing loss. Neonatal Tmc1B®/*
mice were treated via injection of nanocomplexes directly into the
cochlea. Compared to the control groups, lower thresholds of auditory
brainstem response and better levels of acoustic startle response were

shown in the experimental groups (Figure 10B).24°
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(A) Cationic lipid-mediated delivery of Cas9 proteins enables efficient genome editing in vitro and in vivo. Treatment of autosomal

dominant hearing loss.**° (B) Effects of Cas9 protein-Tmc1-mut3 sgRNA-lipid injection on hair cell function in mice. Reproduced with
permission.4° (C) Delivery of Cas9 protein/sgRNA plasmid via gold nanocluster/lipid core-shell nanocarriers for melanoma therapy. (D) Western

blot analysis of the tumor tissues. Reproduced with permission*?*

Cas9 proteins can also be delivered by lipid-gold nanoparticles for
genome editing. Similar to the delivery vector for Cas9 plasmids, gold
nanoparticles modified by TAT peptides were constructed to encapsu-
late both Cas9 proteins and sgRNA plasmids targeting the Plk1 gene to
form nanocomplexes first, followed by the lipid coating (DOTAP,
DOPE, and cholesterol), and a fusion process to obtain the lipid-PEG
outer layer. A T7 endonuclease | (T7E1) assay suggested that the indel
rate reached 26.2%, resulting in an apoptosis rate of 19.4% in A375
cells. The in vivo investigation indicated that such a formulation could
effectively suppress tumor growth in the melanoma mice. The study
provides a powerful, multifunctional, and efficient vector for delivering
the CRISPR/Cas9 system for cancer treatment (Figure 10C, D).}24

6.4 | Cell-penetrating peptides

CPPs comprises of a class of cationic peptides that are highly active
with respect to passing through the cell membrane. It is now widely
considered that the majority of CPPs and CPP-cargo conjugates enter
cells via the endocytosis pathway and they are capable of escaping
endosomes by different mechanisms of action.*** CPPs were initially
discovered in viruses and are also characterized as protein transduc-
tion domains. As a result of their cell-permeating ability and positive
charge, CPPs are usually used to enhance the intracellular delivery

efficiency via conjugation with proteins or nucleic acids.*#>4 Typical

groups, such as guanidine cations and amine groups, have properties
that allow the substrates to be carried into cells by passing through
the cell membranes.'**14> Recently, biodegradable CPPs have been
developed to address the release issues. They can release the payloads
into the cytoplasm via chemical reaction pathways, such as the reduc-
tive hydrolysis of disulfide bonds.**¢ Such biodegradable CPPs show a
broad prospect for delivering CRISPR/Cas9 components.
Ramakrishna et al.**” reported a carrier-free strategy for delivering
Cas9 ribonucleoproteins by conjugating CPPs with Cas9 proteins. To
do so, CPPs (termed m9R) were modified with maleimides, and the
C-terminal of the Cas9 were modified with cysteine residues. The free
thiol residue in the cysteine of Cas9 and the maleimide moiety in CPPs
can form thioether bonds by covalent binding (Cas9-m9R). Another
positively charged CPP (termed 9R) was complexed with the nega-
tively charged sgRNA (sgRNA-9R), and human cells were sequentially
or simultaneously treated with Cas?-m9R and sgRNA-9R. As such,
CPP-facilitated delivery of CRISPR/Cas? did not need any additional
carriers or transfection reagents, resulting in efficient genome editing
in several human cell lines, including embryonic stem cells, dermal
fibroblasts, HEK293T, Hela, and embryonic carcinoma cells. This
carrier-free, CPP-facilitated delivery of CRISPR/Cas9 agents provides
a new approach for effective gene editing. In another study, non-
covalent conjugation between CPPs and Cas9 was also investigated.
In detail, the CPP scaffold consists of arginine, leucines and hydrazide

reactive moieties. Because the reactive hydrazide could form the
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hydrazine bond with hydrophobic aldehydes, CPPs were thus trans-
formed into amphiphilic penetrating peptides that generated nanopar-
ticles with Cas9 ribonucleoproteins. The interaction between Cas9
ribonucleoproteins and CPPs largely rely on the electrostatic force to
drive the formation of Cas9-CPP nanoparticles. Unlike the covalent
conjugation, this approach protects Cas9 proteins from being dena-
tured by avoiding harsh chemical reactions and biological engineering
processes. The delivery of CPP/Cas? complexes achieved high gene-
editing efficiency in a few types of cell types, including HelLa, A549,
and DF1 cells.**® With low toxicity, this delivery approach appears

to be promising for the delivery of Cas9 proteins.

7 | CONCLUSIONS AND FUTURE
PERSPECTIVES

With the rapid development of gene-editing technologies, the
CRISPR/Cas? system is becoming a powerful tool for modifying spe-
cific genes in eukaryotic cells in a low-cost and user-friendly way. In
recent years, CRISPR/Cas9 technology has been widely applied to
medicine, biology, genetics, and agriculture, etc. More particularly, it
has shown tremendous therapeutic potential for treating single gene
disorders, polygenic diseases, and infectious diseases.!*® Clinical trials
of CRISPR/Cas9 are also under way. CTX001, an ex vivo CRISPR gene-
edited therapy, is currently being investigated in clinical phase 1/2 tri-
als for patients suffering from B-thalassemia or sickle cell disease. By
increasing the fetal hemoglobin level in the red blood cells from
patients, CTX001 is considered to ameliorate symptoms in patients.
Moreover, the programmed death-1 (PD-1) gene in T cells was
knocked out for the treatment of patients with metastatic non-small-
cell lung cancer. These studies indicate that CRISPR/Cas9 technolo-
gies offer huge therapeutic potential for genetic disorders.**’
Despite the prospects of CRISPR/Cas9 technologies, several issues
still hamper their clinical translation, such as off-target effects, low
editing efficiency, and immunogenicity. Particularly, off-target effects
have become a major safety concern for CRISPR/Cas9-based thera-
peutic genome editing. To date, great effort has been made with
respect to decreasing off-target effects, and a few possible solutions
for reducing such effects are summarized below. The first involves
defining the sequence and numbers of sgRNA appropriately to maxi-
mize the on-target effects. The second solution is to limit the duration
of Cas9 expression so as to reduce the chance of accumulating off-
target mutations. The forms of CRISPR/Cas9 delivery also have an
important impact on off-target effects. In this respect, Cas? and
sgRNA delivered as a ribonucleoprotein have demonstrated shorter
half-times compared to CRISPR/Cas? plasmids, thereby inducing a
lower frequency of mutations at off-target loci.”#1°° As well as reduc-
ing off-target effects, it is also important to improve tissue-specific
genome editing to reduce side effects, as well as undesirable genome
editing. One possible solution is to develop a conditional genome-
editing system that only expresses Cas9 with an inducible promoter
or a promoter that is only expressed in certain organs. This approach
may facilitate the CRISPR/Cas9 plasmids being expressed in certain

biological contexts.

The efficiency of gene editing depends on many factors, including
the cell type and targeted genome locus. The primary cell is usually
hard to transfect, making it difficult for efficient editing.”®*5 Another
factor that affects editing efficiency is the delivery strategy. Viral vec-
tors can deliver cargo with a high transfection efficiency, although
they suffer from side-effects such as insertional mutagenesis, immu-
nogenicity, and off-target effects. Furthermore, the packaging capacity
of viral vectors is usually insufficient to load the CRISPR/Cas9 ele-
ments. In this respect, rationally designed non-viral vectors are flexible
with respect to packing CRISPR/Cas9 cargo efficiently and are safer to
use for therapeutic purposes. Future efforts that aim to improve and
optimize the performance of non-viral vectors, and thus attain clinical
requirements, are still essential.

In summary, CRISPR/Cas9 gene-editing technology provides the
capacity to modify target genes in mammalian cells in a precise and
efficient way. The emerging non-viral vectors have brought new
opportunities for the delivery of the CRISPR/Cas9 systems, and this
at least avoids the side effects and delivery barriers that are
confronted by other delivery approaches. Therapeutic genome editing
mediated by non-viral delivery vectors represent a promising way
of treating numerous genetic disorders. We consider that future
advances in non-viral vectors will broaden CRISPR/Cas9-based thera-
peutic genome editing and provide a promising approach to meet mul-

tiple clinical needs.
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