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Abstract

With the advent of new genome editing technologies and the emphasis placed on their optimization, the ge-
netic and phenotypic correction of a plethora of diseases sit on the horizon. Ideally, genome editing approaches
would provide long-term solutions through permanent disease correction instead of simply treating patients
symptomatically. Although various editing machinery options exist, the clustered regularly interspaced short pal-
indromic repeats (CRISPR)-Cas (CRISPR-associated protein) editing technique has emerged as the most popular
due to its high editing efficiency, simplicity, and affordability. However, while CRISPR technology is gradually
being perfected, optimization is futile without accessible, effective, and safe delivery to the desired cell or tissue.
Therefore, it is important that scientists simultaneously focus on inventing and improving delivery modalities for
editing machinery as well. In this review, we will discuss the critical details of viral and nonviral delivery systems,
including payload, immunogenicity, efficacy in delivery, clinical application, and future directions.

Introduction

Since the development of the first successful transgenic
organism in 1973, genetic engineering has become a crit-
ical tool in the world of research, and its optimization has
become a focal point for many scientists around the
world." In light of ethical concerns surrounding germline
genome engineering approaches, researchers have con-
tinued to pursue the refinement of these technologies
for somatic cells due to their potential to treat and correct
human disease. Recently, the introduction of site-specific
double-stranded DNA break (DSB) inducing technolo-
gies, including zinc finger nucleases (ZFNs), transcrip-
tion activator-like effector nucleases (TALENSs), and
clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas (CRISPR-associated protein), has paved
the way to efficient genome modification in cells/living
organisms.

These genome editing tools rely on endogenous cellu-
lar repair machinery. When DSBs naturally occur in the
cell due to reasons like reactive oxygen species, there
are two main avenues for DNA repair: nonhomologous

end joining (NHEJ) and homology-directed repair
(HDR) (Fig. 1). While NHEJ ligates two random strands
together and can occur during any phase of the cell cycle,
HDR relies on the presence of a sister chromatid during
late S phase or G2 phase of the cell cycle.”

Genome editing techniques utilize endonucleases to
create DSBs (non-DSB approaches are discussed
below), and then NHEJ or HDR takes place to modify
the genome. Although NHEJ is active in both dividing
and quiescent cells, it often introduces small insertions
and deletions (INDELs) resulting in a nonfunctional
DNA sequence. Therefore, it is mainly used for gene
knockouts. In contrast, HDR, while mostly active in di-
viding cells, is less error prone and hence used for gene
insertions/corrections when a homologous donor DNA
template is provided.2

Early in genome editing research, TALENS and ZFNs
were the dominant genome editing techniques, relying on
the FOK1 endonuclease, fused to a series of DNA-
recognizing protein domains that required re-engineering
for each site of interest.>* The CRISPR-Cas system has
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FIG. 1. Overview of main genome editing approaches and potential outcomes. HDR, homology-directed repair;

NHEJ, nonhomologous end joining; pegRNA, prime editing guide RNA; sgRNA, single-guide RNA.

emerged as a simpler, quicker, cheaper, and more effi-
cient alternative. The CRISPR-Cas system was initially
discovered in Escherichia coli in 1987, and was later de-
termined to be part of the bacterial immune system.® Sci-
entists have harnessed the sequence-specific cleavage of
the RNA-Cas complex where a specific RNA sequence,
guide RNA (gRNA), recognizes the target DNA region
and directs the Cas nuclease to create targeted DSB and
insert, correct, or silence genes. Since the CRISPR-Cas
immune system can be found in 50% of bacteria and
90% of Archaea,’ there is a diverse array of Cas genes
and an extensive classification system, providing various
options for genome editing (Cas classifications were
reviewed elsewhereg).

Many CRISPR-Cas-based therapeutic modalities are
underway for various human diseases, including neurode-
generative diseases, cancer, HIV, inherited blood disor-
ders (i.e., sickle cell disease [SCD] and f-thalassemia),
and eye diseases. Recent clinical trial data displayed
great promise in treating patients with hereditary trans-
thyretin amyloidosis® or SCD and f-thalassemia'® using
in vivo CRISPR-Cas9 delivery or ex vivo CRISPR-
Cas9-modified hematopoietic stem and progenitor cells
(HSPCs).

Nonetheless, one of the main obstacles in the field of
CRISPR-Cas editing approaches is efficient cellular de-
livery that determines the power of the application.
CRISPR cargos can be introduced into cells in three
modes: (i) DNA plasmid encoding CRISPR cargos, (ii)
mRNA for Cas protein translation with a separate
gRNA, or (ii1) a ribonucleoprotein (RNP) consisting of
a Cas protein and gRNA. Although RNP CRISPR-Cas

delivery can edit target sequences with high efficiency,"!
the other systems have also been advanced. Of note,
DNA plasmids and mRNA activate the innate immune
system through multiple pathways.12 As this could dra-
matically affect the overall toxicity of the genome editing
approach, it must be taken into consideration when estab-
lishing in vivo CRISPR delivery.

Delivery systems can be classified into two major cat-
egories: viral systems, including lentiviruses (LVs),
adenoviruses (AdVs), and adeno-associated viruses
(AAVs), and nonviral delivery strategies, including phys-
ical and chemical delivery methods (Fig. 2). The viral de-
livery strategy uses viral vectors to traffic CRISPR cargos
into cells. When a DNA template donor homologous to
the DSB sites is delivered with CRISPR cargos, cells re-
pair the break by ‘““‘copying and pasting”’ the donor tem-
plate using the cellular recombination machinery. In this
sense, some hybrid delivery methods (i.e., combination
of lipid nanoparticles [LNPs] with AAV vectors or elec-
troporation methods with AAV vector) have been shown
to be highly efficient in the correction of disease underly-
ing mutations for tyrosinemia and SCD."*'* In this re-
view, we will discuss and assess the different nonviral
and viral delivery systems, challenges, and future direc-
tions for CRISPR-Cas delivery systems.

Nonviral Delivery

Physical delivery methods

Physical transfer of CRISPR cargos into the cell relies on
permeabilization of the cell membrane by externally ap-
plied physical force (electrical, thermal, mechanical, etc.)
to allow genome editing tools to enter cells. Although
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FIG. 2. Major CRISPR-Cas delivery methods/formats.

most of these techniques are straightforward and provide
efficient editing with almost no limit to the cargo size,
some of them target a small number of cells; they
might dramatically affect cell viability or produce tissue
damage in some circumstances (Table 1). As a side note,
most of the physical delivery methods rely on ex vivo cul-
tured cells, including immune cells and HSPCs. There-
fore, due to current toolbox limitations, they are
generally not applicable in certain tissues such as the
brain, lung, and spinal cord.

Microinjection. Microinjection can deliver all three
modes of CRISPR cargos to individual cells (i.e., zygote)
to create genetically modified organisms using a micro-
needle (0.5-5.0 um) under a microscope.'® For optimal
results, microinjection ought to be performed by skilled
personnel. Microinjection does not have limitations in
CRISPR cargo size, has almost 100% efficiency without
affecting surrounding tissues/cells, and guarantees that
the cargos are delivered exactly to the targeted cells.
This approach can transfer CRISPR cargo directly into

the cytoplasm of target cells or the pronucleus of fertil-
ized eggs to create in vivo animal models (ie.,
zebrafish, Caenorhabditis elegans and mice—reviewed
elsewhere'®). Because of its simplicity and accuracy, mi-
croinjection can also be used to investigate the genome
editing efficacy of various plasmid-based CRISPR sys-
tems for the same target.'” However, microinjection is
only suitable for editing a small number of cells since a
single cell is targeted in each injection cycle.

Electroporation. Electroporation is a long-standing
physical method for delivering genome editing tools
into a population of cells. All three CRISPR cargo
modes can efficiently be introduced into host cells by
electroporation. It has good scalability and can be applied
to almost all types of mammalian cells with various effi-
cacies. The major drawback of electroporation is low cell
viability. Numerous efforts have been made to minimize
voltage-induced cytotoxicity, including postpulse centri-
fugation18 and an enhanced electroporation cell densi-
ty.lg Although clinically irrelevant, the inclusion of
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serum in the electroporation buffer improves cell viabil-
ity with no negative effect on gene transfer and expres-
sion in mammalian cells.*

Optimization of postelectroporation recovery also
decreases the cytotoxicity for primary stem cells.?! More-
over, the addition of 2-8% glycerol to the electroporation
buffer improves the cell viability of HSPCs without loss
of editing efficiency and engraftment potential.** Optimi-
zation of the pulse strength, doses of CRISPR cargos, and
cell preparation could ensure high editing efficiency with
minimal cytotoxicity. However, low cell viability after
electroporation still remains a significant obstacle for pa-
tients with limited stem and progenitor cells. In addition,
electroporation and genome editing also affect long-term
repopulating HSPC:s. It is a well-known phenomenon that
after DSB formation, the P53-dependent apoptotic path-
way is activated.

However, it was recently discovered that the average
expression of known P53 target genes in stem cell-
enriched fractions was higher compared to the relatively
differentiated fraction when nuclease-mediated DSBs
were created.”* In addition, while a single electroporation
dosage does not seem to affect engraftment potential,24
second rounds reduced human cell chimerism in an im-
munocompromised mouse model, indicating that long-
term repopulating cells would be more vulnerable to
electroporation-dependent toxicity.

Electroporation has been widely studied in ex vivo ge-
nome editing research, including chimeric antigen recep-
tors (CAR)-T cell-based immunotherapy studies to (i)
insert the CAR cassette into a specific genomic location,
(i1) disrupt inhibitory molecules and signaling axis, (iii)
reduce the occurrence of cytokine release syndrome
and graft-versus-host disease, (iv) establish allogeneic
universal CAR-T cells, or (v) provide resistance to
TGF-f’s suppressive effect.”> Other than the ex vivo elec-
troporation approach, in utero electroporation of mouse
embryos at embryonic day 15 was also successfully ap-
plied to tag GIluA2 gene in vivo using plasmids coding
for Cas9 protein, gRNA, and donor DNA template.*
Last but not least, as a highly efficient method, it has
good clinical potential. Electroporation-based CRISPR
cargo delivery provided robust ex vivo BCLIIA gene
editing in patient-derived HSPCs (74-86%) and long-
term engraftment of edited cells after infusion, and re-
versed the SCD and f-thalassemia phenotypes.'®

Hydrodynamic delivery. Hydrodynamic delivery is a
quick injection of fluid carrying the gene editing machin-
ery into an animal’s bloodstream. The volume is about 8—
10% of the animal’s body weight (i.e., ~20-25mL for
rats).?" 2 It ruptures the endothelium and cell membranes
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to allow CRISPR cargos to enter parenchymal cells.
Studies have reported a genetic correction rate of about
1/250 in mouse liver cells?’ and approximately partial
(2.6%) liver genome modification targeting PTEN.®
Hydrodynamic delivery is not currently considered for
clinical applications because it increases blood pressure
and induces temporary cardiac dysfunction, liver expan-
sion, and even animal death.?*3°

Microfluidic cell deformation. Mechanical cell defor-
mation with a microfluidic device using electric pulse,
hydrodynamic force, and optical energy induces cell
membrane permeability for cellular uptake of macromol-
ecules.’!' Microfluidic-based mechanoporation strategies
are reviewed at length elsewhere.®® It is an efficient
way to deliver CRISPR cargos into hard-to-transfect
cells. Han et al’* used this method to introduce DNA
plasmids encoding CRISPR-Cas components into breast
cancer (MDA-MB-231) and lymphoma (SU-DHL-1)
cells, and demonstrated 90% and 70% knockout efficiency
of enhanced green fluorescent protein (EGFP), respec-
tively. In addition, delivery of RNP to breast cancer cells
(SK-BR-3) by this method resulted in roughly 90% editing
efficiency with 70% cell viability.** Although its capacity
is limited and it is only suitable for a small number of cells,
this high efficiency delivery method could be very useful
in the future for research and clinical applications.

Chemical delivery methods

Large RNP complexes and negatively charged naked
nucleic acid molecules cannot efficiently pass through
the cell membrane. Electrostatic interactions between
nucleic acids and positively charged delivery agents, or
encapsulation of the RNP complex by these materials
allows efficient cell entry through endocytosis and pro-
tects cargos from being degraded (Table 1). Usually,
the size of the genome editing cargo is not a consideration
for chemical delivery methods. These types of delivery
approaches mostly provide short-term CRISPR cargo
expression that reduces off-target activity. All chemical
delivery agents are cleared by liver; thus, delivery effi-
ciency to non-liver tissues remains poor. However, the
optimization of vehicle structure (i.e., size, composition,
addition of aptamers/antibodies) has proven to increase
targeted delivery.®® This will hopefully expand delivery
to non-liver tissues such as the central nervous system,
eye, and lung.

Lipid nanoparticles. LNPs are used to deliver DNA,
RNA, or protein CRISPR components to cells for thera-
peutic purposes or to establish knockout/knock-in animal
models. An association between LNPs and CRISPR
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components is achieved through either encapsulation or
complexation. LNPs can protect payloads from nuclease
degradation or immunological response’® and their com-
positions can be adjusted for an effective in vivo deliv-
ery.37 However, small particle size, good uniformity,
high stability, and targeted delivery are essential for clin-
ical use of LNP in vivo.

A landmark study reported by Gillmore et al demon-
strated the use of a safe and efficacious CRISPR compo-
nents agent (NTLA-2001), an LNP product encapsulating
mRNA for Cas9 protein combined with a chemically
modified sgRNA targeting the transthyretin (77TR) gene
in liver cells. It led to substantial reductions in serum
TTR protein concentrations (47% to 96%) in six patients
with hereditary transthyretin amyloidosis treated through
intravenous administration.” In another experiment, sin-
gle infusion of LNPs carrying CRISPR base editors pro-
vided near-complete knockdown of PCSK9 in the liver,
and robust reductions in PCSK9 (90%) and low-density
lipoprotein (LDL) cholesterol (60%) levels in the blood
of cynomolgus monkeys.*

While targeting liver diseases using LNP-delivered
CRISPR components is highly efficient, systemically ad-
ministered component delivery to non-liver tissues re-
mains a challenge. To address this problem, Sago et al
established a high-throughput in vivo screening approach
where they identified an LNP formulation (7C3) that
could deliver Cas9 mRNA and sgRNA to splenic endo-
thelial cells as efficiently as hepatocytes.>®

Commercially available lipid-based particles such as
Lipofectamine (ThermoFisher Scientific) are widely
used to deliver DNA plasmid encoding CRISPR compo-
nents, Cas9 mRNA/sgRNA mixtures, and RNPs to tis-
sues and various cell lines such as HEK293FT, U20S,
mouse embryonic stem cells, N2A, and A549, for ge-
nome editing.'"** Among these particles, lipofectamine
CRISPRMAX displayed 40% and 15% higher genome
editing efficiency in various mammalian cell lines than
Lipofectamine 3000 and RNAiIMAX, respectively.40
The lipofectamine LNP (RNAiMAX) can support effi-
cient multiplexed genome editing. It results in 8-11%
editing efficiency through HDR ex vivo and 20% genome
editing efficiency in vivo (i.e., mouse inner and ear hair
cells).*

A generalizable engineering approach is to formulate
LNPs by adding permanently cationic lipids that preserve
RNP integrity, mediate RNP encapsulation, and redirect
CRISPR components to targeted tissues following low-
dose intravenous injection. Along with efficient ex vivo
genome editing, these LNPs delivered RNPs in vivo to ef-
fectively edit tissues, including muscle, brain, liver, and
lungs, suggesting the broad applicability of this ap-
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proach.*'**? Similarly, a recent study demonstrated
tissue-specific delivery of Cas9 mRNA and sgRNA
using LNPs engineered by changing the internal charge
with additional lipid compositions, which allowed effi-
cient editing in targeted tissues, including the liver,
lung, and spleen.*® The specificity of bioreducible
LNPs for in vivo targeting was screened by using firefly
luciferase mRNA,* which highlighted the potential of
LNP-directed delivery as a specific, effective, and safe
platform for CRISPR-based therapeutics.

Polymer nanoparticles. Polymer nanoparticles (PNPs),
due to their small size, high volume-surface area ratio,
and tunable pores, have been extensively used for the de-
livery of drugs and nucleic acids, including plasmid DNA
and mRNA. Association of CRISPR components with
PNPs can be achieved by noncovalent encapsulation or
covalent derivatization. While covalent conjugation of
Cas?9 to the polymer does not impair endonuclease activ-
ity and editing efficacy, noncovalent encapsulation may
better protect CRISPR components from immune re-
sponses and nuclease degradation in vivo.*> However,
noncovalent encapsulation has a lower loading capacity
and packaging efficiency, and requires administration at
high dosages leading to significant cytotoxicity.***” Cat-
ionic polymers for PNPs can be functionalized with ac-
tive targeting components that specifically bind to
surface proteins of the target cell type for in vivo delivery.
For instance, an amphiphilic block polymer was shown to
be able to deliver CRISPR materials to macrophages.*®

Recently, a multistage delivery polymer nanocarrier
(MDNP) was able to efficiently deliver CRISPR-
dead(d)Cas9-miR-524, inhibiting tumor growth in mice
and providing a feasible approach for the development
of CRISPR-based cancer gene therapies.49 MDNP exhib-
its corresponding surface properties at different delivery
stages. When circulating in the bloodstream, MDNP
maintains the main structure. However, upon entering
tumor tissues, the acidic microenvironment triggers the
decomposition of DMMA groups in the polymer shell.
This leads to its rapid conversion from an anionic to a cat-
ionic polymer, causing the polymer shell to detach from
the MDNP core.

PNPs can also be modified for the delivery of RNP. In
a recent study, the negatively charged red fluorescent pro-
tein was first anchored to the shell of chitosan nanopar-
ticles, which can simultaneously deliver Cas9 RNPs
with a poly-glutamate tag and single-strand DNA tem-
plate.”® Such nanoparticles were shown to have about
77.6% transfection efficiency and 12.5+3.0% HDR fre-
quency, which is comparable to that of Lipofectamine
CRISPRMAX (14.5+3.5%).



666

Gold nanoparticles. Gold nanoparticles (AuNPs) are
gold cores coated with synthetic or biological compounds
that can be modified to covalently or noncovalently con-
jugate biomacromolecules.”’ Attaching a negatively
charged glutamate peptide to the Cas9 protein enabled ef-
ficient assembly with cationic arginine AuNPs. This led
to ~90% intracellular delivery efficiency, which resulted
in up to 30% editing rate in Hela cells.”> These AuNPs
have high cytoplasmic/nuclear delivery (~90%) and ge-
nome editing efficiencies (23-30%).>>>> AuNPs can be
successfully applied to in vivo CRISPR cargo delivery
approaches. In a mouse model of fragile X syndrome,
AuNP-CRISPR efficiently delivered Cas9 and Casl2a
RNPs in the brain after an intracranial injection that
inhibited 40-50% of the autism causal gene, Grm5, and
rescued mice from increased repetitive behaviors.>*
AuNPs can also be expanded to treat polygenic diseases
such as Huntington’s disease by simultaneously using
two or more sgRNAs.>

AuNPs are relatively nontoxic and, therefore, have
great potential for the delivery of CRISPR cargos to non-
malignant dividing somatic cells such as HSPCs.’*>’
Shahbazi et al designed a simple AuNP-based CRISPR
nanoformulation with layer-by-layer conjugation of
RNP on the surface of AuNPs with or without the single-
strand DNA donor to target primary human blood pro-
genitors. It demonstrated 17.6% total editing with
13.4% HDR at the CCRS5 locus, and 12.1% total editing
with 8.8% HDR at the y-globin promoter locus.’® This in-
dicates that HSPCs could be efficiently targeted using
AuNP-delivered CRISPR components.

An AuNP-condensed, lipid-encapsulated, and laser-
controlled delivery system was recently developed, pro-
viding a versatile method for high-efficiency CRISPR
cargo delivery with broad clinical applications.’® In this
system, the plasmid encoding CRISPR cargos (PC) was
condensed on TAT peptide-modified AuNPs through
electrostatic interactions. Then it was coated with lipids
to form lipid-encapsulated, AuNP-condensed PC
(LAPC). Once inside tumor cells, PC was released
from LAPC into the cytosol by laser-triggered thermo-
effects of AuNPs, enabling effective knockout of a target
gene in the tumor.

DNA nanoparticles. The DNA nanoparticle is a novel
delivery vehicle for CRISPR cargos based on a yarn-
like DNA nanoclew (NC) for both ex vivo and in vivo ap-
plications.® The DNA NCs are synthesized by rolling
circle amplification with palindromic sequences encoded
to drive the self-assembly of synthesized DNA through
Watson-Crick base pairing. DNA NC is designed to con-
tain sequences that are partially complementary to the
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gRNA. As a result, the synthesized DNA NCs and
RNPs can quickly associate into complexes, which are
then coated with the cationic polymer, polyethylenei-
mine, to enhance cellular uptake and endosomal escape.
The genome editing efficiency using this delivery
method was ~28%.°° DNA nanoparticles have a large
loading capacity and good biocompatibility, and can be
modified to target specific membrane receptors for effec-
tive cellular uptake. DNA nanostructures can also be
designed to encode DNA aptamers for specific tumor
cell targeting®’ and miRNA-responsive structures for
Cas9/sgRNA release by toehold-mediated strand dis-
placement to achieve cell type-specific targeting.62

Induced transduction by osmocytosis and propanebe-
taine. Induced transduction by osmocytosis and pro-
panebetaine (iTOP) is a relatively new approach for
RNP delivery.®>® It uses salt and propanebetaine to
cause hyperosmolality, which triggers macropinocytotic
uptake and intracellular release of extracellularly applied
macromolecules. Kholosy et al optimized the iTOP
method, achieving highly efficient genome editing in di-
verse human cells, including the difficult-to-transduce
human induced pluripotent stem cells (iPSCs) and pri-
mary T cells.®* The editing efficiency was 40-95%
depending on the cell type with high cell viability (70—
95%). In addition, it has similar gene editing efficiencies
to the electroporation method in Jurkat, ARPE-19, and
HEK 293 cells, but achieved twice as high cell viability
(80% vs. 40%). This suggests that the iTOP delivery
strategy is a competitive alternative.

Cell-penetrating peptide. Cell-penetrating peptides
(CPPs), peptides fewer than 30 amino acids, can translocate
into cells through direct penetration, endocytosis, or the for-
mation of micelles. Conjugation of Cas9 proteins with
CPPs enhanced RNP delivery and achieved editing rates
of 2.3-16% in different cell lines, including HeLa cells,
HEK?293T cells, dermal fibroblasts, embryonic cells, and
embryonic stem cells.>® In addition, Cas9 and Casl2a
RNPs were efficiently delivered to stem cells and hard-
to-transfect cells, including cancer cell lines and natural
killer cells, using a cationic helical amphiphilic peptide.
Interestingly, Cas9 and Cas12a RNP delivery using an
engineered amphiphilic peptide system provided clini-
cally relevant genome editing in mouse airway epithelia
without any detectable short-term toxicity.®” Although
conjugation of Cas9 protein with CPP may increase trans-
port across the cell membrane, it does not protect from
protease degradation and cell type-specific targeting.
Thus, to successfully employ CPPs, they may require en-
capsulation or combination with other delivery methods.
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Virus-like particles.  Virus-like particles (VLPs) are self-
assembled nanoparticles that consist of one or more viral
structural capsids and envelope proteins, but lack the
viral genome. Therefore, they remain replication incom-
petent and insertion deficient. This property of VLPs
makes them attractive as a relatively safer viral delivery
method. In addition, having a transient expression of Cas
proteins reduces potential off-target activity, which ren-
ders them even more relevant. Although production of
VLPs requires cell culture and is relatively costly, the
production is simple and straightforward; thus, they
have been extensively used as nanocarriers for drugs
and vaccines.®®

Due to these advantages, scientists are currently focus-
ing on the development and optimization of VLPs as
CRISPR cargo delivery agents. They efficiently delivered
CRISPR cargos, including donor DNA templates for
HDR both ex vivo and in vivo.””’" Tnitially, VSV-G
and Gag/Pol plasmids were used with Cas9 fused to the
N-terminus of the Gag gene.®® During the viral matura-
tion step, a protease cleaved the HIV cleavage sequence
site between the fusion proteins releasing Cas9 protein
for delivery. This VLP system effectively edited the
CCR5 gene in primary CD4+ cells with a much lower
off-target rate compared to lentiviral transduction,
which leads to continuous Cas9 expression.”” To have
sgRNA in vesicles, a VLP approach, VEsicCas, was
established in which VLPs were synthesized using a pro-
ducer cell line through co-expression of VSV-G, sgRNA
(T7 RNA polymerase-driven transcription system), and
Cas9 protein.”’

VEsicCas with passively encapsulated Cas9 RNPs was
shown to efficiently edit genomes in various cell lines,
exerted minimal cell toxicity, and provided around 30%
editing rate in the injection area of cardiac muscle of a
mouse model. All-in-one VLPs, including donor DNA
template for HDR, Nanoblades (murine leukemia
VLPs), were synthesized in the gesicle producer 293T
cell line by transfection of wild-type Gag-Pol, Gag::Cas9,
VSV-G, sgRNA, and Baboon Endogenous retrovirus
Rless glycoprotein (BaEVRless) plasmids.”® Along with
achieving high editing rates (50-76%) in tested cell
lines and primary cells, including macrophages, human
hematopoietic progenitors, and primary hepatocytes,
more than 50% knock-in efficiency was obtained in
HEK?293T cells when Nanoblades were coupled with
donor DNA templates.

More interestingly, using a tail injection route, Nano-
blades provided significant genome editing ratios (7—
13%) in adult mouse hepatocytes.70 This moderate
level of in vivo editing was improved by David Liu’s
group by optimizing the cleave linker sequence in the fu-
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sion sequence and Gag-Cargo fusion/wild-type Gag-Pol
stoichiometry, and adding nuclear export signals to the
fusion sequence. Along with robust editing ratios in cell
lines and primary cells, engineered VLP administration
led to 63% hepatocyte editing that reduced serum
Pcsk9 levels by 78% and partially restored visual ability
in a mouse model of genetic blindness.’” Targeted deliv-
ery is one of the most important research areas for
CRISPR-reliant scientists. In this sense, a recent article
showed the proof-of-principle for cell-type specific deliv-
ery of Cas9 RNPs using surface glycoprotein-engineered
VLPs.”?

In this work, HIV-1 envelope-targeted particles were
able to preferentially transduce CD4+ cells, while co-
cultured CD8+ cell transduction/editing rates were lim-
ited. In a word, VLP-based CRISPR cargo delivery has
comparable editing efficiency to other efficient delivery
methods (such as electroporation or AAV delivery)
with transient Cas expression, targeted and multiplexed
editing potentials, low off-target rates, and high cell via-
bility. Currently, there is an ongoing clinical trial study
(NCT04560790) using VLP (BD111) targeting herpetic
stromal keratitis in Shanghai, China.

Viral Delivery

Although physical delivery systems (i.e., microinjection
and electroporation) for CRISPR-Cas tools are popular,
these approaches are often not relevant in vivo and induce
high levels of cytotoxicity. Thus, viral delivery tech-
niques have gained prominence as an alternative method
due to their wide applicability for various cell types, high
transfection rate, and minimal immunogenicity and cyto-
toxicity. Viral-based delivery systems have also been
modified to display safer profiles and enhance study ap-
plicability (Table 2). As a result, not only have these tech-
niques been successfully implemented in vitro, ex vivo,
and in vivo'* but also have been employed in many pre-
clinical and clinical gene addition trials in the past 20

years.75_77

Adeno-associated virus

Various viral vectors have been successfully used to de-
liver CRISPR-Cas tools, which are summarized in
Table 2. AAVs are among the most popular viral delivery
platforms. They are composed of an icosahedral capsid
and a single stranded DNA genome, which can be
sense (+) or anti-sense (—). Since AAVs induce negligi-
ble cytotoxicity, are replication defective, can infect qui-
escent and dividing cells, can integrate at a well-defined
locus on chromosome 19 (AAVSI1) without requiring a
DSB, and have various serotypes allowing for infection
of targeted tissues, they have become a dominant player
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Table 2. Comparison of Major Viral Vectors for CRISPR-Cas Tool Delivery

AAV Lv Adv Baculovirus
Genetic material/  ssDNA/<5kb RNA/8kb dsDNA/35kb dsDNA/~ 134 kb
packaging
capacity
Advantages e Transduce dividing/nondividing cells e Transduce dividing/ e Transduce dividing/ e Transduce dividing/
e Minimal immunogenicity nondividing cells nondividing cells nondividing cells
e Long-term transgene expression in e Large packaging capacity e No integration e Nonpathogenic to
nondividing cells e No pre-existing to the genome humans so no preexisting
o Nonpathogenic immunogenicity o High transgene immunity
expression e Large packaging
capacity
e No genome integration
Disadvantages/ e Low packaging capacity e Prolonged transgene e High immunogenicity e Limited mammalian
limitations e Genome integration expression e Pre-existing immunity host range
(although the frequency is low) e Potential insertional e [n vivo administration
mutagenesis is less likely as baculovirus

e Random integration

Major applications In vivo Ex vivo
Safety concern +
Transgene +
expression
Cost ++
Ease of use ++
Ease of scale-up +

is inactivated by serum
complement system

In vivo Ex vivo
+++ ++ -+
++ +++ ++
+ ++ ++
+++ + +++
+ + +++

AAYV, adeno-associated virus; AdV, adenovirus; LV, lentivirus.

in the world of gene therapy. In addition, their safety pro-
file has led to their approval for clinical use.”*’**! AAVs
deliver DNA encoding for Cas, gRNAs, and/or donor
DNA template into cells by transduction. This approach
avoids the toxicity of electroporation or potential muta-
genesis of vectors that require integration.””"®?

However, as AAVs have a limited payload (<4.7 kb), it
makes it challenging to package the commonly used
Streptococcus pyogenes (Sp)Cas9 and a gRNA together
(~4.2Kkb). Thus, scientists have either modified the
AAV delivery approach, using dual or triple AAV sys-
tems, or have utilized smaller Cas9 orthologs, such as
Staphylococcus aureus (Sa)Cas9, to circumvent its lim-
ited packaging capacity.**™ One such approach was
able to correct the disease phenotype of adult phenylal-
anine hydroxylase in mice. Using an intein-split system,
they split a base editor, a CRISPR system allowing the
introducing of point mutations to the DNA sequence
without creating DSBs, into two separate recombinant
AAVs, each of which expressed a portion of the desired
protein.

Following injection of the vectors, the approach
leads to the creation of one functional protein.®® In ad-
dition to CRISPR tool delivery, AAVs are also being
used in combination with RNPs to transfer donor
DNA templates for gene correction through the HDR
pathway. This has been shown to be the most effective
gene knock-in technique compared to other nonviral
delivery approaches.?” These findings suggest the ap-

plicability and efficiency of AAV as a vehicle to de-
liver genome editing tools.

AAVs tend to integrate into CRISPR-induced DSBs
(up to 47%).® That would lead to continuous expression
of Cas9 posing a safety concern by augmenting cytotox-
icity, immune response, and off-target activity. To ad-
dress this hurdle, a self-deleting AAV-CRISPR system,
which creates INDELs in the AAV genome, was intro-
duced.® Using this approach, high on-target activity, ro-
bust reduction in Cas9 protein levels (>79%), and no
detectable off-target activity were reported. Nonetheless,
despite its general effectivity, some individuals have a
pre-existing immunity to AAVs, which may hamper the
efficacy of the technique.””®' Thus, other viral delivery
techniques may be preferable in these cases.”?

Although several preclinical and clinical studies have
been completed using AAVs without any significant
safety problem, in 2020, a gene replacement therapy
using AAVS aimed at treating X-linked myotubular my-
opathy (XLMTM) (NCT03199469) led to death of three
children, which was attributed to high-dose AAV vector-
dependent fatal liver dysfunction.”® This study highlights
the importance of clinical trial designs, prescreening pro-
cess, and carefully conducted preclinical studies for
safety and efficacy assessment.

Lentivirus
Another popular viral delivery method is the use of LVs. It
is a retrovirus composed of a single-stranded RNA genome
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that can be used for CRISPR-Cas delivery in vitro and
ex vivo.”*?> LV vectors are capable of transducing both
dividing and nondividing cells and have relatively big clon-
ing capacities (<8 kb), which enable all CRISPR compo-
nents to be carried in one LV backbone.”® Moreover,
LVs maintain stable expression as they get randomly inte-
grated into host cell genomes. Nonetheless, LVs still come
with some risk of insertional mutagenesis.””*® To avoid
random LV integration and sustained Cas expression, re-
searchers have developed alternative approaches such as
integration-defective lentiviruses (IDLVs).

In IDLVs, a single point mutation is introduced into
the integrase to prevent LV integration and increase the
safety profile of using the LV system.”” Nonetheless,
IDLVs show lower transgene expression levels. These
lower levels can be improved by the introduction of the
IS2 element into the vector.'”'"" Another technology
that improves the safety of LVs is the utilization of tran-
siently expressed, self-inactivating Cas9. This system uti-
lizes two different gRNAs, one targeting the gene of
interest, while the second targets the Cas9 gene to prevent
Cas9 re-expression. This reduces the off-target effects
caused by sustained Cas9 expression.102

Adenovirus
The AdV is a nonenveloped and transcriptionally active
virus. It contains double-stranded DNA (dsDNA) and
can infect both dividing and quiescent cells. Due to its
large cloning capacity (>35 kb), it can easily hold CRISPR-
Cas machinery. In addition, it does not integrate into the
host genome, reducing the potential for off-target effects,
making it one of the most commonly used vectors in clin-
ical trials.'®'%* While the first AdVs produced acute
and chronic immune responses, they have since been opti-
mized to be safer for gene delivery.'®

The latest generation of AdVs, known as helper-
dependent AdVs (HDAds), completely removes all
viral genes. Not only does this reduce chronic toxicity,
while maintaining high levels of transduction, but also in-
creases cloning capacity to 37 kb.'%'%7 Despite AdV ad-
vancements, it has yet to become a universally effective
treatment method. Many individuals are exposed to
AdVs throughout their lifetimes and develop neutralizing
antibodies that elicit acute immune reactions.'**'*® A re-
cent study injected baboons intravenously with an HDAd
expressing human alphal-antitrypsin (hAAT), but no-
ticed a gradual decline in transgene expression. This
was attributed to prior AdV exposure.'” Nonetheless,
AdV has still been successfully applied as an editing
tool ex vivo and in vivo. For example, in Duchenne mus-
cular dystrophy, which is caused by genetic mutations in
the dystrophin-encoding DMD gene, AdV-mediated
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CRISPR-Cas9 delivery successfully corrected the muta-
tion in patient-derived muscle progenitor cells and in
the liver of mdx mice.”>''%!!"!

This technology has oncological therapeutic potential
as well. It was able to disrupt tumor growth and enhance
tumor shrinking in a xenograft mouse model of human
lung cancer by disrupting epidermal growth factor
(EGFR) expression, a key player in tumor progression.
Other studies that used adenoviral-mediated CRISPR-
Cas9 delivery include the following: one that targeted
PCSKO9 in mouse livers to reduce LDL and cholesterol
levels and another that disrupted CCRS expression in
CDA4+ T cells, a key receptor in HIV infection.!'>!"?

Bacteriophage
Bacteriophages, or phages, are a class of viruses that have
the ability to infect bacteria. They are made up of different
virus families, each with its own structure and target organ-
ism.''* With the rise of antibiotic resistance, phage therapy
has emerged as a promising treatment option to fight
antimicrobial-resistant (AMR) bacteria. In the last few
years, several studies have been published on phage ther-
apy and the successful application of this approach.“S’116
In addition, the CRISPR-Cas9 system has been repurposed
as a novel therapeutic strategy for AMR bacteria through
targeting of multidrug-resistant genes in the bacterial ge-
nome."'” However, delivering the CRISPR-Cas9 tool kit
into targeted bacteria remains a significant obstacle. Engi-
neered phage-based vectors offer an effective delivery
method for the CRISPR-Cas9 system into microorganisms.
There are two major delivery forms: phagemids and the
phage genome.''® As plasmids, phagemids can hold the
CRISPR-Cas9 system and can access different bacterial
strains, such as E. coli and S. aureus. Two studies recently
and successfully employed this antimicrobial delivery
technique to target AMR genes, lowering AMR bacterial
survival rates.''>'** CRISPR-Cas9-dependent antimicro-
bials can also be introduced by taking advantage of the
phage genome, an even better alternative to phagemids.121
Recent studies using the engineered phage-derived
delivery system have showed re-sensitization of E. coli
to antimicrobials and have reduced the infectivity of
S. aureus.'**"'** However, phage use as a delivery method
for the CRISPR-Cas9 system into bacteria has a number of
drawbacks, including a limited host range, microbial resis-
tance, and safety concerns.'?

Baculovirus

As summarized above, the CRISPR tool kit can be effi-
ciently delivered through viral vectors. However, viral
capsids have limited packaging capacities. This restricts
their ability to deliver all the necessary editing machinery
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(SpCas9, gRNA expression cassette, selection markers,
HDR templates, etc.), which is critical to achieving max-
imal editing efficiency.'?® Baculovirus (BV), namely the
Autographa californica multiple nucleopolyhedrovirus
(AcMNPV), is a large circular dsDNA enveloped insect
virus with a genome of ~ 134 kb. It contains more than
100 genes and has the capacity to harbor large DNA seg-
ments.'?’ It has been identified as an efficient vector for
gene delivery into a variety of human cells and is widely
used for high-level expression of recombinant proteins in
insect cells.'**'%®

The BV is capable of transducing various mammalian
cells and expressing the desired genes under the control
of mammalian cell promotors without viral replication.
It is associated with low cytotoxicity compared to mam-
malian virus-based vectors. The integration frequency of
baculoviral DNA in mammalian cells is extremely rare
due to its restriction to insect cells. Most importantly, it
has a high transgene capacity and can deliver large
strands of foreign DNA. Transferring a 38kb size of
DNA insert was successfully conducted without interfer-
ing with the viral titer."*° Due to these advantages, espe-
cially its huge DNA packaging capacity, BV-mediated
delivery of CRISPR-Cas is becoming a promising deliv-
ery approach that ensures codelivery of all CRISPR-Cas
components and HDR templates into the target cell.
For instance, EGFP knock-in in the HMGAI1 locus of
human umbilical vein endothelial cells (HUVECs)
(4.5%) and iPSCs (3%) was obtained using BV-mediated
CRISPR cargo transfer. 131

With a similar approach, CDCAS8 gene was efficiently
edited (15-61%) in various human cell lines and GSG2
gene was tagged with yellow fluorescent protein when
sgRNA, Cas9, and donor DNA encoding BV transduction
was used.'?® More recently, high efficiency (up to 30%)
of whole-exon replacement in the intronic fS-actin locus
was achieved with a single baculoviral vector encoding
Cas9, sgRNA, and donor DNA template.132 However,
there are a few potential drawbacks of using BV as a de-
livery method, including having a time-consuming pro-
duction process, and its sensitivity to centrifugal stress
during purification, which in turn can reduce viral vector
titration.'*

Conclusion and Future Perspective

CRISPR-Cas systems have already proven efficient in
treating and correcting human diseases in preclinical
and clinical studies. However, the development of
newer technologies with the goal of optimizing specific-
ity and efficacy are already underway. Among these
evolved editing systems, base editors (dCas9 or nickase
Cas9 [nCas9] fused with a deaminase domain) and prime
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editors (prime editing gRNA [pegRNA] and Cas9 nickase
[nCas9] fused with Moloney Murine Leukemia Virus
Reverse Transcriptase) do not require classical DSB-
based repair mechanisms or donor DNA templates to mod-
ify genomes (reviewed elsewhere134) (Fig. 1).

In addition to editing genomic sequences, dCas9 fused
with epigenetic modifiers (epigenome editors) can be
used to alter the epigenomic status of a particular locus,
either increasing or decreasing gene expression.'>
These new systems along with classical CRISPR-Cas
tools offer promising treatment options to a plethora of
genetic/epigenetic diseases. However, to unlock their
full potential and become clinically applicable, several
obstacles need to be addressed.

Irrespective of CRISPR-Cas application, safe and effi-
cient delivery of editing tools without significant immu-
nogenicity, genotoxicity, and cytotoxicity are critical
for their future clinical application. For example, a less
cytotoxic delivery strategy is vital for ex vivo genome
editing for patients with low numbers of target cells
(i.e., limited HSPCs in patients with SCD'?°). Most of
the delivery systems are useful for efficient genome edit-
ing in ex vivo conditions (although off-target activity
[reviewed elsewhere!*”1%%] is still a major concern). Ex
vivo editing relies on the collection of the target cells
(generally restricted to HSPCs, and immune cells, includ-
ing HSPCs, T cells, and natural killer cells) followed by
ex vivo genome modification and infusion to the patients.

This approach has mostly been tested on patients with
severe combined immunodeficiency, f-thalassemia,
SCD, or cancer in a number of ongoing clinical trials
(Table 3, ClinicalTrials.gov). To reduce off-target activity,
along with sequence optimization and backbone modifica-
tion of the gRNA, duration of the Cas expression in the tar-
get cells should be limited."*” Therefore, traditional
plasmids or integrating nonmodified viral delivery systems
are poor options to reduce off-target effects due to their
long-term expression profiles. In this sense, nonviral deliv-
ery methods providing transient cargo expression remains
an attractive alternative to reduce the off-target risk.

In addition to the nonviral delivery methods, RNP
mode of delivery for CRISPR tools is generally pre-
ferred for preclinical and clinical ex vivo applications
as off-target activity is lower, and it has no risk for inser-
tional mutagenesis and has reduced immunogenic re-
sponse.'*® However, RNP delivery mostly relies on
electroporation, which dramatically reduces infusion
cell number and generates a lot of stress on the electro-
porated cells. In this manner, less cytotoxic electropora-
tion conditions and other ex vivo delivery methods are
still being investigated for optimal delivery of genome
editing tools.
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Table 3. Selected Clinical Trials Utilizing CRISPR-Cas Systems as of August 2022
ClinicalTrials.gov Delivery method
identifier Conditions Cas type (ex vivo/in vivo) Interventions Status
NCT04560790 Refractory viral keratitis Cas9-mRNA Direct corneal BDI111 gene Active,
injection (in vivo) not recruiting
NCT03655678 Transfusion-dependent Cas9-RNP Electroporation (ex vivo)  Erythroid lineage-specific enhancer  Active,
p-thalassemia of the BCL1IA gene edited CD34+ not recruiting
HSPCs
NCT03745287 Sickle cell disease Cas9-RNP Electroporation (ex vivo)  Erythroid lineage-specific enhancer  Active,
of the BCLIIA gene edited CD34+ not recruiting
HSPCs
NCT03545815 Solid tumor Cas9-RNP Electroporation (ex vivo)  Anti-mesothelin CAR-T cells Recruiting
NCT04637763 Lymphoma Cas9-DNA AAV (ex vivo) CRISPR-edited allogeneic anti- Recruiting
CD19 CAR-T cells
NCT04925206 Transfusion dependent Cas9-RNP Electroporation (ex vivo) Erythroid lineage-specific enhancer =~ Recruiting
f-thalassemia of the BCLI1A gene edited CD34+
HSPCs
NCT04244656 Multiple myeloma Cas9-RNP Electroporation (ex vivo) Universal anti-BCMA CAR-T cells  Recruiting
NCT05144386 HIV-1 infection Cas9-DNA AAV (in vivo) Excision of large portions of HIV Recruiting
proviral DNA
NCT04819841 Sickle cell disease Cas9-RNP AAV, electroporation Sickle mutation corrected CD34+ Recruiting
(ex vivo) cells
NCT04417764 Advanced hepatocellular  Cas9-unspecified Unspecified (ex vivo) PD-1 knockout engineered T cells Recruiting
carcinoma
NCT04601051 ATTR amyloidosis Cas9-RNP Lipid nanoparticles Transthyretin (TTR) gene Recruiting
(in vivo)
NCT04037566 Leukemia lymphocytic Cas9-RNP Electroporation, Hematopoietic progenitor kinase 1 Recruiting
lentivirus (ex vivo) (HPK1) knockout T cells
NCT02793856 Metastatic non-small Cas9-plasmid Electroporation (ex vivo) PD-1 knockout engineered T cells Completed

cell lung cancer

ATTR, amyloid transthyretin; CAR, chimeric antigen receptor; HSPCs, hematopoietic stem and progenitor cells.

Ex vivo cell handling also has several drawbacks/risks
such as contamination, reduction in cell function, and cell
loss during manipulation. Most importantly, the majority
of genetic diseases can only be targeted using in vivo edit-
ing. Therefore, direct intravenous/local administration of
the genome editing tools, providing cell-/tissue-targeted
and high-efficiency genome editing, while bypassing
costly ex vivo manipulation techniques and cell culture-
related risks, is desirable.

However, several aspects should be optimized and
taken into consideration to achieve successful in vivo
editing. First, delivery of genome editing tools should
be highly specific to avoid editing of untargeted cells
in the body that can cause malignancy. Second, the edit-
ing efficiency in the target population should be high
enough to provide the desired therapeutic effect. For ex-
ample, in an allogeneic HSPC transplantation setting, at
least 20% healthy donor cell chimerism alleviated the
clinical symptoms and severity of SCD."*%'*! In an-
other work, 38—-82% pathogenic mutation correction in
human airway epithelial cells provided functional cor-
rection of CFTR-dependent anion channel activity.'*?
Although the threshold for different diseases varies,
higher levels of editing theoretically provide better out-
comes. Third, the delivery system should be biocompat-

ible and mechanically stable, so as to not cause any
immunogenicity and protect the CRISPR tools until
their targeted delivery.

Immune response to delivery agents or CRISPR cargo,
particularly in in vivo approaches, would hamper the effi-
ciency of the treatment and raise safety concerns. For in-
stance, the capsid proteins of AdVs stimulate an immune
response in a dose-dependent manner and more than
50% of individuals have preexisting humoral neutralizing
antibodies to type 2 AdV. This interferes with transduc-
tion, activates the complement system, and induces an in-
flammatory response in the presence of AdVs.'*

As anonviral delivery approach, LNPs have great poten-
tial for in vivo CRISPR delivery. However, they might also
provoke innate and adaptive immune responses based on
their sizes, shapes, surface charges, and compositions.144
For instance, cationic lipids stimulate dendric cells, lipo-
plexes cause systemic inflammation, and grafted polyethy-
lene glycol (PEG) polymers in lipid-based systems induce
the synthesis of anti-PEG antibodies.'**'*> Therefore,
in vivo delivery of some CRISPR cargos may require co-
administration of immunosuppressants to achieve rela-
tively safer and more efficient therapeutic modality.

To date, various nonviral and viral in vivo delivery sys-
tems have been established (Table 4). Since creating
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Table 4. Selected In Vivo Delivery Approaches for CRISPR-Cas

DEMIRCI ET AL.

Species Target tissue (diseases) Delivery method Cas type/format Target Reference
Mouse Eye (none) Electroporation, AAV Cas12a/plasmid Kif4, Oct4, Sox2 152
Mouse Liver (primary AAV Cas9/DNA Ldha 153
hyperoxaluria 1, 3)
Mouse Brain (glioblastoma) Poly(beta-amino ester) Cas9 nickase (ABEmax)/ EGFP 154
nanoparticles plasmid
Mouse Eye (leber congenital AAV Cas9 nickase Rpe65 155
amaurosis) (ABEmax)/DNA
Mouse Liver (hepatocellular Lipid nanoparticles Cas9/plasmid PLK1 156
carcinoma)
Mouse Liver/brain/eye Virus-like particles Cas9 nickase (ABES.8), Pcsk9/Dnmt1/Rpe65 157
Cas9/RNP
Mouse Ear (deafness) Lipid nanoparticles Cas9/RNP Tmcl 158
Mouse Liver (hemophilia A and B) Lipid nanoparticles Cas9/mRNA At 159
Mouse Colon (ulcerative colitis) ZIF-8 nanoparticles Cas9/plasmid CD98 160
Mouse Bone marrow (AML) Lipid nanoparticles Cas9/RNP ILIRAP 161
Mouse Brain Intracranial injection Cas9/RNP (Cas9 was tdTomato 66
modified with nuclear
localization signals)
Mouse Airway epithelia Instillation of engineered Cas9 or Cas12a/RNP loxP sites 68
amphiphilic peptides
Cynomolgus Liver (hypercholesterolemia) Lipid nanoparticles Cas9 nickase (ABES.8) PCSK9 162
macaque
Mouse/cynomolgus Eye (leber congenital AAV Cas9/DNA CEP290 163
macaque amaurosis)
Mouse/cynomolgus Liver (hereditary Lipid nanoparticles Cas9/mRNA TTR 9
macaque/human ATTR amyloidosis)

AML, acute myeloid leukemia; RNP, ribonucleoprotein.

INDELSs through NHE] is relatively easier than HDR-
based modifications, most of the research has been fo-
cused on gene/sequence disruptions. Aside from delivery
to the liver, a current drawback of in vivo delivery
method is low editing frequencies at the targeted site,
which likely provide little therapeutic benefit.'*® The
other significant challenge for in vivo delivery systems
is the immunogenicity of the CRISPR-Cas components
or carriers (viral or nonviral particles).

Recent studies have shown the presence of anti-Cas9
antibodies and antigen-specific T cells in human plas-
ma.'"*"'*® Given preexisting immunity to SaCas9 in a
mouse model completely eliminated genome-edited liver
cells,"* this immunological rejection of Cas machinery
and/or delivery vehicles (i.e., AAV" or nanoparticles'")
could hamper the efficacy of this editing approach. This
could prove to be particularly problematic for repeated
treatment modalities, and may present safety issues.

In summary, CRISPR-Cas editing has the potential to
cure a number of devastating diseases. However, without
optimized delivery methods, this technology remains
largely inaccessible and inapplicable in a number of crit-
ical settings. Despite all the progress that has been made
to increase efficiency and reduce immunogenicity and cy-
totoxicity, further optimization is still required. Cur-
rently, as there is no truly dominant delivery technique,
researchers should assess which of the methods discussed
above best fits their project’s objective. Ideally, dominant

methods will soon emerge and their applicability will re-
liably and thoroughly encompass the needs of scientists
and clinicians, hoping to use CRISPR-Cas genome edit-
ing technologies.
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