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Abstract

The clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated
protein (Cas) system has revolutionized the ability to edit the mammalian genome, providing a
platform for the correction of pathogenic mutations and further investigation into gene function.
CRISPR reagents can be delivered into the cell as DNA, RNA, or pre-formed ribonucleoproteins
(RNPs). RNPs offer numerous advantages over other delivery approaches due to their ability to
rapidly target genomic sites and quickly degrade thereafter. Here, we review the production steps
and delivery methods for Cas9 RNPs. Additionally, we discuss how RNPs enhance genome and
epigenome editing efficiencies, reduce off-target editing activity, and minimize cellular toxicity
in clinically relevant mammalian cell types. We include details on a broad range of editing
approaches, including novel base and prime editing techniques. Finally, we summarize key
challenges for the use of RNPs, and propose future perspectives on the field.
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1. Introduction

The development of genome editing tools has revolutionized the ability to engineer precise
changes in mammalian genomes, enabling the correction of detrimental genetic variants
and investigation into gene function. Although earlier tools, such as designer zinc finger
nucleases (ZNFs) and transcription activator-like effectors (TALENS), enable genome
targeting, the recent development of the clustered regularly interspaced short palindromic
repeat (CRISPR)/CRISPR-associated protein (Cas) RNA-guided endonuclease (RGEN)
system has provided a more efficient, simple, and scalable approach to genome engineering
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[1-3]. The CRISPR/Cas system was originally recognized to provide prokaryotes with
adaptive immunity to invading viruses and plasmids [4-6]. The prokaryotic system relies
on complex formation between a Cas endonuclease with a sequence specific CRISPR

RNA (crRNA) and structurally integral trans-activating crRNA (tracrRNA), which together
enable site-specific cleavage of foreign genetic sequences [4-7]. In mammalian cells, the
CRISPR/Cas system has been adapted as a genome editing tool by mediating targeted DNA
double-strand breaks (DSBs) [8-14].

Genome editing is most commonly directed by the Streptococcus pyogenes (S. pyogenes)
type Il CRISPR/Cas nuclease Cas9 and a chimeric single guide RNA (sgRNA), which

is formed by the fusion of a crRNA with a tracrRNA [8-11, 15]. The crRNA includes

a 20 nucleotide (nt) sequence homologous to a target DNA site, known as a protospacer
[15]. Upon Cas9/sgRNA ribonucleoprotein (RNP) complex formation, Cas9 is guided to the
sequence-specific protospacer and, in the presence of a downstream trinucleotide 5’-NGG-3’
protospacer adjacent motif (PAM), cleaves the DNA between positions 17 and 18 of the
protospacer. In mammalian cells, DSB formation recruits endogenous DNA repair pathways,
resulting in multiple editing outcomes. Non-homologous end joining (NHEJ) functions as
the primary repair pathway, where DNA blunt ends are repaired in an error-prone manner,
often resulting in small insertions or deletions (indels) (Figure 1) [16, 17]. Alternatively,
precise genome modifications can be achieved through exploiting the homology-directed
repair (HDR) pathway, where an exogenous DNA donor template containing the desired
edit is co-introduced with the Cas9 and sgRNA [16]. Inactivating point mutations in one

or both of the catalytic RuvC and HNH domains of Cas9 has enabled the development of
catalytically impaired Cas9 variants that either nick a single DNA strand (Cas9 nickase,
nCas9) or are inactive (dead Cas9, dCas9) [15]. By utilizing these variants, additional
genome and epigenome editing outcomes have been achieved beyond traditional NHEJ and
HDR editing. For instance, fusion of nCas9 to engineered deaminase enzymes, termed base
editors, introduce single base substitutions at target sites [18-21]. Additionally, prime editors
mediate precise insertions, deletions, or base-to-base conversions by fusing nCas9 to reverse
transcriptase (RT) and simultaneously introducing an RNA template [21-23]. Furthermore,
modulation of transcription regulation can be achieved by combining dCas9 with effector
domains, such as histone modifying and gene regulating domains [24-27].

A prerequisite for successful genome and epigenome editing includes efficient delivery

of CRISPR/Cas9 reagents into mammalian cell nuclei. Reagents can be delivered as

DNA, RNA, or preassembled RNP complexes between Cas9 protein and sgRNA [28, 29].
However, several drawbacks of DNA and RNA-based methods exist (Table 1). Delivery

of plasmids or viral vectors encoding Cas9 and sgRNA can lead to unintended integration
into the host genome [30, 31]. When integrated randomly, insertional mutagenesis at critical
genomic sites may occur, leading to gene disruption or oncogenesis [30, 32]. Moreover,
persistent expression of Cas9 cassettes increases the chance of off-target Cas9 editing
activity [33]. Introduction of foreign sequences can also cause a host immune response,
limiting the use of nucleic acid approaches for therapeutic applications [34, 35]. RNA
approaches, in which Cas9 mRNA and sgRNA are co-introduced into cells, offer a technique
that bypasses many of these pitfalls. However, the poor stability of mMRNA and the reliance
on host translational machinery hinder the efficiency of this approach. To mitigate the
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problems of DNA and RNA-based methods, CRISPR/Cas reagents can be delivered as
pre-formed Cas9/sgRNA RNP complexes.

RNP-mediated genome and epigenome editing holds several advantages over nucleic acid
and RNA delivery methods, such as its rapid activity, low off-target editing rates, and
minimal cellular toxicity (Table 1). When introduced as an RNP complex, Cas9 does

not require cellular transcription or translation steps in order to mediate targeted DSB
formation. As such, RNPs cleave DNA more rapidly than other delivery methods, and
reach a maximum mutation frequency at 24 hours [36]. Additionally, when delivered as
RNPs, Cas9 degrades more quickly as compared to other delivery methods, with minimal
protein detected after 24-48 hours [36, 37]. Taken together, these results exhibit that Cas9
RNPs mediate rapid genome editing followed by swift degradation of intracellular Cas9,
minimizing the amount of time after precise on-target editing that Cas9 is active within
the cell. Due to these characteristics, RNPs can achieve efficient genome editing while
minimizing off-target effects and cellular toxicity [36-38].

In addition to commonly used S. pyogenes Cas9, RNPs have successfully been assembled
from various Cas9 orthologs, engineered Cas9 variants, and Cas9 fusion proteins [38—

43]. Moreover, modified and/or extended sgRNAs, such as those used for prime and
epigenome editing, have been delivered with Cas9 as RNP complexes [44]. Together, these
additions have expanded the breadth of PAM recognition sequences and targetable genomic
sites, increased on-target:off-target editing ratios, and extended genome and epigenome
applications that can be achieved using RNPs. A summary of the critical developments in
RNP-mediated genome and epigenome editing in mammalian cells is displayed in Figure 2.

In this review, we start by detailing the design of RNPs and methods of intracellular RNP
delivery. Next, we describe the numerous editing outcomes that RNPs can facilitate and
give examples of editing applications in clinically relevant cell types. Finally, we highlight
challenges and future research directions.

2. RNP Production

A ribonucleoprotein is composed of an RNA molecule and an RNA-binding protein. In the
context of CRISPR/Cas9-mediated genome and epigenome editing, RNPs form a complex
between a Cas9 protein and a site-specific sgRNA. For RNP delivery into target cells, Cas9
and sgRNAs are separately produced and assembled /n vitro. Here, we briefly describe the
reagents and procedures for RNP production.

2.1 CRISPR-Associated Protein

Numerous Cas9 variants are used to achieve a broad range of CRISPR-mediated editing
outcomes. For conventional genome editing, including NHEJ and HDR approaches, the S.
pyogenes Cas9 protein flanked by N and C terminal nuclear localization signals (NLS)

is used (here on out referred to as WT-Cas9). NLS allows for improved nuclear import

of Cas9/sgRNA RNP complexes and higher editing efficiencies [12]. Inactivating point
mutations of catalytic RuvC (D10A) or HNH (H840A) domains in Cas9 allows for the
generation of single strand nicking nCas9 variants [15]. Single or paired Cas9 nickases
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have been used to reduce off-target mutagenesis while retaining high on-target editing
efficiencies [45-48]. Simultaneous inactivation of RuvC and HNH domains with D10A and
H840A mutations, respectively, allows for the generation of a catalytically inactive dCas9
[49]. Perturbations of WT-Cas9, nCas9, and dCas9 have greatly expanded the scope of
genome and epigenome editing applications and outcomes [20, 21, 27, 50, 51]. For example,
engineered nCas9 fusion proteins have led to the development of novel base and prime
editors (protein structures described in sections 4.3 and 4.4, respectively). Moreover, fusion
of dCas?9 to effector domains, such as transcription regulators or epigenome modifiers,

has allowed for the modulation of target gene expression without harmful DSB formation
(protein structures described in section 4.5) [26, 27, 52].

WT-Cas9 and some commonly used Cas9 variants are commercially available and can be
purchased from various suppliers to use in RNPs. However, Cas9 fusion proteins required
for base, prime, and epigenome editing are generally not commercially available. These
Cas9 proteins can be produced using £. coli expression systems. Briefly, a plasmid encoding
the specific Cas9 variant driven by a T7 promoter is transformed into £. co/i[36]. The

Cas9 sequence commonly includes an N and C terminal NLS and hemagglutinin (HA)

or hexahistidine (6-His) tags for downstream purification [36, 53]. To date, onsite protein
production and purification is still a major challenge for labs and represents a barrier for the
use of RNPs in research. The commercial availability of these Cas9 variants would greatly
enhance the ease and scalability of RNP experimentation.

sgRNAs are chimeric RNA molecules formed by fusing a site-specific crRNA and tracrRNA
[15]. As with some Cas9 nucleases, SgRNAs can be purchased commercially. Chemical
modifications to sgRNAs, such as the incorporation of 2’-O-methyl 3’phosphorothioate at
the three terminal nucleotides at both the 5’ and 3’ ends, have improved genome editing
efficiencies and are now regularly used [54-57]. Some sgRNAs, including those with RNA
aptamer extensions used for epigenome editing, may require onsite production. Production
of sgRNAs is typically done via /n vitro transcription (IVT). First, a transcription template is
created with a T7 promoter preceding the SgRNA sequence. Next, the template is transcribed
in vitroby T7 RNA polymerase and the sgRNA is purified [53, 58].

2.3 RNP assembly

Complexation of RNPs is completed by mixing Cas9 protein and sgRNA at various molar
ratios. The two components are mixed in an aqueous buffer (such as phosphate buffered
saline, PBS) and incubated at room temperature for 10-20 minutes [53, 58, 59]. The specific
molar ratios may be dependent on various conditions, such as the cell type and editing
method, and relevant literature should be consulted. Generally, a molar ratio of 1:1 Cas9

to sgRNA allows for efficient editing. However, in some instances, increased amounts of
sgRNA has been shown to overcome its intrinsic instability and generate increased editing
efficiencies [59-62].
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3. Methods of RNP Delivery

Efficient delivery of RNPs into target cells remains a major barrier in its widespread use.
Due to its complex composition and charge properties, RNPs pose particular challenges
compared to the delivery of proteins or nucleic acid systems [63]. Cas9 RNP delivery
vehicles are classified into three groups: physical approaches, synthetic carriers, and virus-
like particles (Figure 3).

3.1 Physical Approaches

3.1.1 Electroporation—Electroporation is one of the most applied techniques for
introducing Cas9 RNPs into target cells (Figure 3). A briefly applied electrical pulse creates
small pores in the phospholipid bilayer of cellular membranes, temporarily increasing the
cellular permeability and allowing for RNP entry. Electroporation efficiently transfects
RNPs into various cell types, including but not limited to hematopoietic cells, induced
pluripotent stem cells (iPSCs), and zygotes [64—85]. Additionally, electroporation has
proven more efficient than other RNP delivery methods, such as lipid-mediated transfection
and microinjection (whose mechanisms are explained further on) [79, 86]. For example,
RNPs targeting the cystic fibrosis transmembrane receptor (CFT7R) gene in iPSCs achieved
89% genome editing when delivered by electroporation, compared to 12% when transfected
with Lipofectamine 2000 [79]. In another study, electroporation of mouse zygotes with
RNPs and a single strand oligodeoxynucleotide (ssODN) donor template induced higher
rates of transgene integration compared to intranuclear microinjection [86]. Although
effective, electroporation may cause cellular toxicity due to its transient disruption of

the cellular membrane and potential for non-reversible permeabilization [87]. Careful
consideration and optimization of voltage and exposure duration is necessary to reduce
toxic effects on cells [85].

3.1.2 Microinjection—Microinjection is another physical approach for delivering RNPs
directly into cells (Figure 3). In this method, RNPs are injected into a cell’s nucleus or
cytoplasm through a glass micropipette or metal syringe, where the amount of RNP can be
directly controlled. Due to microinjection operating as a single-cell targeting system, the
approach is time consuming and limited in scope. However, microinjection is commonly
applied for editing of single-cell systems, such as zygotes, where it has demonstrated
efficient delivery [88-91]. For example, in human three pronuclei one-cell embryos, RNP
microinjection led to 80% gene knockout at the glucose-6-phosphate dehydrogenase (G6FPD)
locus [89]. Additionally, microinjection of RNPs into non-human primate zygotes resulted in
100% gene knockout at two separate genetic loci [91]. Although studies have demonstrated
safety and efficacy thus far, the process of microinjection may cause cell damage, requiring
the need for highly skilled personnel and sophisticated equipment [92].

3.1.3 Induced Transduction by Osmocytosis and Propanebetaine (iTOP)—
Induced transduction by osmocytosis and propanebetaine (iTOP) is a method to directly
introduce RNPs into cells through the combination of NaCl-mediated hypertonicity and
propanebetaine (Figure 3) [93]. To induce RNP entry, iTOP exploits macropinocytosis, a
natural active uptake mechanism triggered through hypertonicity. Upon RNP internalization,
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propanebetaine acts to release RNPs from endolysosomes. This method preserves cell
viability and effectively delivers RNPs into fragile, difficult-to-transduce cell types, such as
primary human T cells and iPSCs [94]. For example, iTOP-mediated RNP editing in primary
human T cells resulted in up to 43% indel formation at the beta-2-microglobulin (B2M)
locus, while retaining cellular viability greater than 90% [94]. While iTOP has demonstrated
promise for RNP applications, it is not suitable for /77 vivo RNP editing due to the use of
high salt concentrations [92].

3.2 Synthetic Carriers

3.2.1 Lipid Nanoparticles (LNPs)—Lipid nanoparticles (LNPs) are common vehicles
for the intracellular delivery of Cas9 RNPs due to their biocompatibility, sustained
circulation time, and low toxicity (Figure 3) [95, 96]. Owing in part to their size and surface
chemistry, many LNPs enter cells by endocytosis, which allows RNP entry into the cellular
cytoplasm and nucleus [97, 98]. LNPs can be formulated from commercially available
lipids or synthesized lipids [92]. Commercial reagents that have been developed and used to
deliver Cas9 RNPs into cells include Lipofectamine 2000/3000, Lipofectamine RNAIMAX,
and Lipofectamine CRISPRMAX [37, 60, 99-104]. For example, Lipofectamine 3000-based
delivery of RNPs via subretinal injection in mice achieved local knockout of vascular
endothelial growth factor A (VEGFA) [104]. In addition, LNPs formulated with synthetic
lipids have been designed by various groups in an effort to increase the encapsulation and
delivery efficiency of cargo [60, 105-109]. These include the addition of polymer coatings
and targeting ligands, which increase the retention time and aid in the specific targeting and
uptake of LNPs. Synthesized LNPs may be formulated with a variety of amine head groups
and tails in many variations [105]. Additionally, they can be produced in large batches and
are easily modified [106]. Notably, synthesized LNPs have preferentially delivered RNPs
into various organs /7 vivo, including muscle, brain, liver, and lungs [60]. For example, tail
vein injection of LNPs packaged with five unique RNPs mediated multiplex gene knockout
in mouse lungs [60]. In order to further improve the use of LNPs for RNP packaging and
genome and epigenome editing, their stability, specificity, and biocompatibility should be
further optimized [110].

3.2.2 Gold Nanoparticles (AuNPs)—Gold nanoparticles (AuNPS) represent another
nanoparticle-based delivery system used for RNP editing (Figure 3). RNPs are packaged
within AuNPs and are delivered to various cell types to achieve high efficiency of genome
and epigenome editing. AuNPs are often utilized due to their low toxicity, ability to package
donor DNA, and /n vivo editing capabilities [111-113]. For example, cationic arginine
AUNPs assembled with Cas9 RNPs generated indels in up to 30% of HeLa cells [112]. In
another study, AuNPs packaged with RNPs and donor DNA were injected intramuscularly
into a Duchenne muscular dystrophy (DMD) mouse model and achieved gene correction at
the pathogenic dystrophin gene [111]. The same group demonstrated a reduction in fragile
X syndrome (FXS) symptoms upon intracranial injection of AuNPs packaged with RNPs
targeting the overreactive metabotropic glutamate receptor 5 (mG/uR5) gene in an FXS
mouse model [113]. Some potential challenges of using AuNPs include their aggregation in
various mediums, unknown long-term toxicity, and high accumulation in the liver and spleen
[114].
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3.2.3 Cell Penetrating Peptides (CPPs)—Cell penetrating peptides (CPPs) are short
peptides that can mediate the transport of Cas9 RNPs across the cell membrane via passive
or active endocytic pathways (Figure 3) [115]. CPPs are advantageous due to their simplicity
and convenience [63]. In one study, generation of RNPs containing a Cas9-LMWP

(low molecular weight protamine) fusion protein achieved multiplex targeting of immune
checkpoint molecules in up to 90% of suspension cancer cells [116]. In another study, RNPs
composed of a Cas9 protein fused to a supercharged polypeptide and sgRNAs targeting

the clinically relevant CCR5 locus mediated indel formation of 15% in HeLa cells [117].
Although some studies have shown success using CPPs for RNP delivery, the technique
usually leads to lower editing efficiency than more established delivery approaches.

3.2.4 2 Dimensional (2D) Materials—2D materials, such as graphene oxide (GO)

and black phosphorous nanosheets (BPs), have been used for the intracellular delivery of
RNPs (Figure 3) [118, 119]. Due to their high surface area and ability to shield cargo

from enzymatic degradation, large amounts of RNP can be packaged and successfully
delivered to target cells [120]. Using GO-polyethylene glycol (PEG)-polyethyleneimine
(PEI) nanocarriers, one group demonstrated 33% indel formation at the clinically relevant
CXCR-4 locus in a human gastric adenocarcinoma cell line [118]. In another study, BPs
loaded with Cas9 RNPs exhibited cytosolic entry via the endocytosis pathway, followed by
cargo release upon BPs degradation [119]. Targeting two loci in the MCF-7 breast cancer
cell line, BPs-based RNP delivery achieved 27% and 32% genome editing, respectively.
Additionally, upon intratumoral injection of BPs in a mouse model, successful /in vivo
editing was detected. Although 2D materials offer therapeutic potential, some challenges for
RNP delivery remain, including the reliable scale up of 2D materials and the potential for /in
vivo toxicity [120].

3.3 Virus-like Particles

Virus-like particles (VLPs) are being studied for the delivery of RNPs into target cells due
to their ease of production and low dosage requirement (Figure 3) [121]. In contrast to the
traditional delivery of Cas9 by viral vectors, in which a Cas9 cassette is encoded in the

viral genome, VLPs lack a viral genome. Instead pre-formed RNP complexes are packaged
in viral capsid proteins that retain their icosahedral or helical capsid structures [121]. A
common strategy for packaging RNPs in VVLPs is via the interaction of aptamer-modified
sgRNA with aptamer-binding proteins (ABPs) fused to viral nucleocapsid proteins [122,
123]. The most prevalent VVLPs use lentiviral (LV) capsid proteins for RNP delivery due

to their high transduction efficiency [122-125]. For example, LV-based VLPs (LVLPs)
packaged with RNPs targeting the interleukin 2 receptor subunit gamma (/L2RG) gene
achieved indel formation in 84% of HEK293T cells [123]. In addition to LV particles,

VLPs formed with other viral capsid proteins have been studied. For example, VVLPs derived
from murine leukemia virus demonstrated efficient RNP delivery and genome editing in
iPSCs, hematopoietic stem and progenitor cells (HSPCs), and mouse bone-marrow cells
[126]. However, one of the major drawbacks of using VVLPs is the potential for innate and
adaptive immune reactions to the viral particles, making this approach unsuitable for clinical
applications [35, 127].
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4. Mechanisms of RNP-Mediated Genome and Epigenome Editing

Cas9 RNPs have been employed in various genome and epigenome editing applications.
Here, we will discuss the use and advantages of RNPs to facilitate NHEJ, HDR, base, prime,
and epigenome editing.

4.1. Non-Homologous End Joining (NHEJ)

Upon RNP delivery and targeted DSB formation, NHEJ functions as the primary DNA
repair pathway [16]. NHEJ is considered an error-prone repair mechanism, often resulting in
indels at the site of the DSB (Figure 1) [17]. When Cas9 is targeted to a gene of interest,

a fraction of indels will result in the introduction of frameshift, nonsense, or missense
mutations, resulting in gene knockout. In addition, simultaneous targeting of multiple
genomic sites can result in NHEJ-mediated large deletions, inversions, or chromosomal
translocations [128]. The NHEJ repair pathway can also be harnessed for transgene knock-in
via the homology-independent targeted integration (HITI) method [129, 130].

In mammalian cells, NHEJ repair of Cas9-mediated DSBs has been explored for both
research purposes, such as generating gene knockouts for studying protein function, and
therapeutic applications, such as silencing of dominant gain-of-function and dominant-
negative mutant alleles [101, 131-133]. RNP delivery of Cas9 in mammalian cells was
first described in 2014 to generate knockout mice [88]. Since then, countless studies have
shown RNP-mediated NHEJ editing in mammalian cells, both /n vitroand in vive.

Head-to-head comparisons of RNPs to other Cas9 delivery systems, such as plasmids,
viruses, and mMRNA, have demonstrated various advantages of RNPs that make them

a promising tool for efficient NHEJ genome editing [36, 37]. For example, one study
showed that RNP delivery of Cas9 had up to 13-fold higher on-target:off-target editing
ratios compared to plasmid delivery [36]. In addition, RNP delivery was roughly two-fold
less toxic than plasmid delivery. Notably, this did not compromise editing efficiencies,

as increased indel formation was achieved using RNPs in multiple cell types, including
embryonic stem cells (ESCs) and fibroblasts. In another study, RNPs achieved similar
on-target editing efficiencies in HEK293T cells compared to plasmids, but up to 28-fold
higher on-target:off-target editing ratios [37]. Furthermore, RNP-mediated indel efficiency
was higher than plasmid or mRNA approaches in Jurkat T cells, human iPSCs, human ESCs,
mouse ESCs, and human cord blood CD34+ cells.

4.2. Homology-Directed Repair (HDR)

HDR functions as an accurate, yet less efficient, DSB repair pathway [134]. For genome
editing applications, HDR employs an exogenous DNA donor template to produce precise
insertions, deletions, or base substitutions at a target genomic site (Figure 1) [9, 10, 13, 14].
To facilitate HDR editing, donor templates contain a pair of sequences homologous to the
genomic DNA flanking the target DSB, which are referred to as homology arms.

During the resolution of DSBs, HDR competes with the more frequent NHEJ pathway
[134]. As such, indels are generally more abundant outcomes than the desired HDR edit.
Notably, the stage of the cell cycle plays a principal role in determining the relative
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frequencies of the two DSB repair pathways. NHEJ is active throughout the entire cell cycle,
but dominates during the GO, G1 and early S phase [135-137]. In contrast, HDR is limited
to late S and G2 phases, as the endogenous HDR system relies on sister chromatids as the
primary DNA repair template [135-137]. Harnessing this knowledge, G2/M synchronization
of cells with nocodazole led to increased HDR editing in cell lines and primary cells

upon delivery of RNPs and an ssODN donor template [138]. Because of its cell cycle
characteristics, HDR is largely restricted to actively dividing cells.

HDR can be utilized in mammalian cells to knock-in transgenes, generate disease models,

or correct pathogenic mutations to treat monogenic diseases [139, 140]. RNP-mediated HDR
editing was initially achieved in mammalian cells in 2014 [36]. Delivery of an ssODN donor
template and RNPs targeting the safe-harbor AAVS1 site resulted in 15% HDR editing in the
K562 cell line. Soon after, RNP-mediated HDR editing was demonstrated in human primary
neonatal fibroblasts and human ESCs [138]. Another study showed 8-11% HDR efficiency
upon RNP and ssODN donor template delivery in HEK293T cells, similar to that achieved
by optimized plasmid protocols [38]. Since these initial experiments, RNP-mediated HDR
editing has been successfully demonstrated in multiple cell types, expanding its use in
mammalian genome engineering.

Due to the shared mechanism of Cas9-mediated DSB formation in HDR and NHEJ editing,
many of the aforementioned benefits of RNPs apply to HDR editing. For example, RNPs
result in DSB formation within 3 hours of delivery, which enables rapid HDR repair

[36]. Additionally, when used in HDR editing, the transient nature of RNPs results in
decreased cellular toxicity and off-target Cas9 activity compared to plasmid, viral, and
mMRNA approaches [36, 37].

4.3 Base Editing

Although HDR offers unique possibilities for genome editing applications, its use is
inhibited by several pitfalls. For example, Cas9-induced DSBs give rise to variable editing
outcomes during HDR, such as undesired indels at target sites, and can lead to harmful
p53 activation [10, 141, 142]. Moreover, strategies to correct point mutations using HDR
require the introduction of exogenous donor templates and largely remain inefficient,
especially in post-mitotic or non-dividing cells. Base editing was designed to circumvent
these drawbacks. The system facilitates the precise conversion of one DNA base to another
at a target locus without the requirement of potentially harmful DSBs or inefficient HDR
mechanisms [20]. The latest versions of base editors contain a catalytically impaired Cas9
nuclease (nCas9; Cas9 D10A) fused to an engineered deaminase enzyme and proteins
that modulate DNA repair pathways. Target-specific SgRNAs guide the Cas9 nuclease to
a genomic site of interest, where the deaminase enzyme catalyzes a substitution reaction
within a five-base activity window spanning protospacer sequences 4-8 (where the PAM
sequence is at positions 21-23) (Figure 1) [18, 19, 143-154]. Two classes of base editors
exist: cytosine base editors (CBEs), which use cytidine deaminases to convert C-G base
pairs to T-A, and adenine base editors (ABESs), which use adenosine deaminases to induce
A-T to G-C conversions [18, 19]. As such, base editing strategies can install the four
transition mutations (C-to-T, G-to-A, A-to-G, and T-to-C).
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Since its development, base editors have been used to correct pathogenic mutations, induce
mutagenesis, or knockout genes [19, 76, 155-157]. Its applications have been further
expanded by engineering base editors with altered PAM requirements, narrowed activity
windows, decreased bystander mutations, reduced DNA and RNA off-target effects, and
small molecule dependence [43, 148-154, 158-161].

Initial demonstrations of base editing relied on plasmid transfection for intracellular
delivery. However, early studies found problems with expression vectors that reduced base
editor transcription and translation efficiency in mammalian cells [146, 147]. Additionally,
high levels of guide-dependent and guide-independent DNA and RNA off-target editing
using both CBEs and ABEs raised concerns about sustained expression systems [125, 148—
154, 162-164]. Due to its transient effects, RNP delivery of base editors has overcome
these challenges [84, 102, 125, 152-154, 164]. For example, RNP delivery of the BE4
base editor in HEK293T cells resulted in a 21-fold decrease in guide-independent DNA
off-target deamination events compared to plasmid delivery, with similar on-target editing
efficiencies [153]. Similarly, RNP delivery of the ABE8e base editor in HEK293T cells
showed comparable levels of on-target editing as plasmid delivery, yet achieved a dramatic
increase of on-target:off-target editing ratios up to 1,300-fold at nine guide-dependent
DNA off-target sites [152]. Moreover, ABE7.10 base editors delivered as RNPs led to no
detectable guide-independent RNA off-target activity, whereas plasmid delivery resulted in
A-to-G changes at off-target sites in RNA [125].

4.4 Prime Editing

The advancement of genome editing applications requires the ability to make precise
insertions, deletions, or point mutations in mammalian genomes. As previously mentioned,
Cas9 nucleases can induce site-specific DSBs that, when in the presence of an exogenous
DNA donor template, can lead to a fraction of precise genomic changes using HDR [9, 10,
13, 14]. However, HDR editing is accompanied by undesired indels that may compromise
genomic integrity and lead to heterogeneous gene edited cell populations. Additionally,
HDR editing efficiencies remain low in many cell types. Recently, base editors were
developed to install all four transition mutations at target sites without inducing DSBs or
requiring a donor template [18, 19]. However, undesired bystander edits and a limitation of
target sites due to PAM availability restrict its use in certain instances. To supplement HDR
and base editing, and to overcome some of their inherent barriers, the prime editing system
was developed [22].

Prime editing can mediate targeted insertions, deletions, and all 12 possible base-to-base
conversions, including the eight transversions inaccessible by base editors, without inducing
DSBs or requiring the delivery of a donor DNA template (Figure 1) [21]. This ‘search-and-
replace’ genome editing technology employs an engineered reverse transcriptase (RT) fused
to catalytically impaired Cas9 (nCas9; Cas9 H840A) to copy genetic information from an
engineered RNA extension of a guide RNA (termed a prime editing guide RNA; pegRNA)
into the target genomic locus.

When initially described, more than 175 edits in human cells were made, including targeted
insertions, deletions, and base substitutions at disease-causing variants [22]. Successful
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prime editing has been established in various human cell lines, mouse primary cortical
neurons, induced pluripotent stem cells (iPSCs), organoids, mouse embryos, mouse liver
cells, and human primary T cells [22, 165-171].

Prime editors are primarily delivered to cells by DNA or mRNA approaches [21].

However, the large size of prime editors raises challenges for its delivery. For instance, the
limiting packaging capacity of viral vectors make them unsuitable in certain applications.
Additionally, low efficiency of /n vitro synthesis of prime editor mRNA transcripts restricts
the scalability of this approach. RNP delivery of prime editors may circumvent these
obstacles. To date, we are aware of only one study that has demonstrated prime editing
using RNPs in mammalian cells [171]. Here, RNPs were prepared with PE2 editors and
specific pegRNAs/sgRNAs and delivered into human cells. Using different pegRNA/sgRNA
combinations, RNPs introduced targeted G-to-C substitutions, 3-bp insertions, and 5-bp
deletions at efficiencies up to 21% in HEK293T cells and 8% in primary human T cells.
Although it is yet to be investigated, prime editing RNPs likely induce fewer off-target

edits compared to other delivery methods, owing to its rapid degradation following on-target
editing activity [36].

4.5 Transcription Regulation & Epigenome Editing

As the investigation and application of CRISPR/Cas9-mediated genome engineering has
blossomed in recent years, parallel exploration of catalytically inactive CRISPR/Cas9
systems (including dCas9) has allowed for the regulation of gene expression [26, 27]. dCas9
(Cas9 D10A/H840A) enables the recruitment of effector domains to target genes, where
they can function to modulate transcriptional regulation (Figure 1). Effector domains include
gene regulatory domains, which directly influence gene expression through interactions
with transcriptional machinery (termed CRISPR activation or CRISPR interference), or
epigenetic modifying domains, which alter gene expression following modifications to
epigenetic markers, such as histone acetylation and DNA methylation status.

Two broad categories have been described to achieve dCas9-based regulation of gene
expression. In the first, dCas9 is directly fused to an effector domain, and the fusion protein
is chaperoned to a target gene upon RNP complex formation with a site-specific sgRNA [24,
25, 38, 172-174]. In the second, effector domains are fused to RNA-binding proteins that
are recruited to a genomic locus through interactions with an RNA aptamer extension on a
SgRNA [25, 175].

While a promising strategy to influence gene expression, epigenome editing has shown
evidence of off-target activity [26]. For example, a fusion protein between dCas9 and the
catalytic domain of Dnmt3a, a DNA methyltransferase involved in de novo methylation,
resulted in global off-target methylation in a novel ESC reporter system [176]. Due

to this concern, RNP delivery has been proposed as a potential approach to reduce off-
target effects. Additionally, RNPs may be beneficial when transient modifications to gene
expression are desired, as strategies employing plasmid or viral vectors confer sustained
transcriptional changes.
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RNPs were first demonstrated to modulate gene expression in mammalian cells by utilizing
the VP64 transcriptional activator [38]. Delivery of RNPs formulated with dCas9-VP64
and sgRNAs targeting neurotrophin-3 (N7TF3), a neural growth factor associated with
neurodegenerative diseases, resulted in higher than ten-fold gene activation. Compared to
plasmid delivery of dCas9-VP64, RNPs achieved rapid, transient transcription activation.
Whereas RNPs achieved maximal gene activation 10 hours post-transfection, plasmid
delivery reached maximal effects only after 50 hours. Notably, NTF3 transcription returned
to near baseline levels 50 hours after RNP delivery, highlighting its transient nature.

Recently, rewriting of epigenetic markers was achieved by RNP delivery of a fusion dCas9-
HDAC1 protein and sgRNAs targeting the prominent KRAS oncogene [174]. HDAC1,

or histone deacetylase 1, is responsible for the deacetylation of lysine residues on the N-
terminal part of the core histone proteins, resulting in gene repression in a context dependent
manner. RNP delivery resulted in significant K-Ras silencing up to 9-fold in two cancer

cell lines. Efficient epigenome editing led to changes in cancer cell morphology, such as

cell shrinkage and loss of cell-cell contact, decreased colony production, and decreased cell
viability.

5. Applications of RNP-Mediated Genome and Epigenome Editing in

Mammalian Cells

The early illustration of the advantages of RNPs led to a rapid expansion of its use in clinical
and research applications (Table 2). Here, we describe the application of RNP-mediated
genome and epigenome editing at various target cells and tissues.

5.1 Hematopoietic Cells

Due to their expansive roles, hematopoietic cells represent a promising means for the
treatment and prevention of cancers, infectious diseases, autoimmune diseases, blood
disorders, and inherited immunodeficiencies [189-192]. These cells can be successfully
isolated from diseased or healthy patients in large quantities, allowing for ex vivo editing
and subsequent allogeneic or autologous transplantation.

5.1.1 T Cells—Gene edited T cells are being intently explored for cancer immunotherapy
and HIV treatment, amongst other applications [193, 194]. Early CRISPR studies in T

cells took advantage of viral vectors to mediate intracellular Cas9 delivery. However,

low knockout efficiencies were observed, and selection strategies were required to boost
edited cell populations [195, 196]. Since then, the introduction of Cas9 RNPs into T

cells has dramatically improved editing efficiencies [64, 65, 177-179, 197]. For example,
one study showed that both activated and non-activated human T cells routinely achieved
greater than 90% knockout efficiencies when electroplated with RNPs [64]. Another study
demonstrated efficient multiplex NHEJ editing using RNPs to generate double-knockout T
cell populations resistant to HIV infection [177].

Furthermore, the introduction of RNPs into T cells with ssODN or adeno associated virus
(AAV) donor templates has led to HDR gene correction and transgene knock-in [66, 197].
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For instance, delivery of RNPs targeting T cell receptor alpha chain (7RAC) and AAV

donor templates with a CD19-specific chimeric antigen receptor (CAR) led to targeted gene
integration resulting in donor-derived non-alloreactive CAR-T cells [66]. An HDR knock-in
efficiency of 79% was achieved, exceeding efficiencies in a previous report in which Cas9
mRNA and AAV donor templates were delivered to T cells [198]. Notably, human primary T
cells that undergo RNP-based gene knockout or knock-in retain ex vivo expansion potential,
vital for the development of cell products at a clinically relevant scale [66, 199].

Base editing has also been employed to create “off-the-shelf” T cells by reducing
alloreactivity and disrupting checkpoint inhibitors [67]. To achieve this goal, base editors
were designed to mediate multiplex knockout of three genes: 7RAC, B-2 microglobulin
(B2M), and programmed cell death 1 (PDCDI). Whereas mRNA delivery of first-generation
BE4 editors resulted in 22% triple knockout cells, BE4 RNP delivery successfully induced
triple knockout in 69% of cells. Interestingly, delivery of codon optimized BE4 mRNA
resulted in even higher efficiencies of multiplex knockout, suggesting mRNA delivery may
be preferential to RNPs in certain base editing instances.

5.1.2 B Cells—Because some B cells, such as long-lived plasma cells and memory B
cells, persist for the duration of an organism’s life, they offer a suitable target for gene
therapy. Recently, investigators have achieved efficient Cas9 RNP-mediated genome editing
in B cells, offering advantages over other Cas9 delivery methods [68-70, 200]. For example,
delivery of RNPs or Cas9 mRNA into human B cells demonstrated similar on-target indel
formation (74% and 72%, respectively), while RNPs resulted in greater cell viability
compared to mRNA (75% and 59%, respectively) [68]. Additionally, simultaneous RNP-
targeting of two genetic loci in B cells led to the successful generation of translocations
characteristic of Burkitt Lymphoma, a form of B-cell non-Hodgkin’s lymphoma. In another
study, targeted gene knock-in demonstrated the ability to engineer exogenous protein
production in plasma cells [69]. This technique may have therapeutic applications in protein
deficiency diseases, such as hemophilia B, which is characterized by a deficiency in factor
IX (FIX). Delivery of RNPs and an AAV donor template to primary human B cells resulted
in up to 20% knock-in of FIX at the CCR5 safe-harbor site and more than 10-fold increase
in FIX secretion.

Efficient HDR editing has also been confirmed in primary B cells using non-viral sSSODN
donor templates [70]. Importantly, RNP editing of B cells has no major impact on the
cellular transcriptome and does not induce a detectable type | interferon response, exhibiting
the safe nature of gene edited B cells [200].

5.1.3 Myeloid Cells—Myeloid cells are key players in the innate immune system. Due
to a restriction of efficient genome editing techniques in primary human and murine myeloid
cells, research on innate immunity primarily relies on iPSC-derived myeloid cells or virus-
mediated gene delivery in transformed myeloid cell lines [201, 202]. However, using

Cas9 RNPs, near population-level genetic knockouts were recently reported, a significant
advancement for the study of myeloid cells [71, 72]. One study showed indel formation of
up to 90% in primary human monocytes that were edited and subsequently differentiated
into either macrophages or dendritic cells [71]. By pooling multiple sgRNAs to the same
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gene, nearly 100% knockout efficiency was achieved. Another study demonstrated that
efficient RNP-mediated indel formation did not cause a selection of subsets of cells or skew
macrophage differentiation [72]. Furthermore, edited macrophages retained functionality
and the gene editing platform was used to investigate the function of an important myeloid
host viral restriction factor.

5.1.4 Hematopoietic Stem and Progenitor Cells (HSPCs)—Hematopoietic stem
and progenitor cells (HSPCs) have the unique ability to reconstitute and maintain a
functional blood system. As such, HSPCs have been a major target for genome editing
applications. Early studies noted that plasmid delivery to HSPCs is extremely toxic,
making plasmid-mediated Cas9 delivery an unsuitable method [203]. Additionally, patients
undergoing retroviral-mediated gene therapy in HSPCs have developed cancer, revealing
potential pitfalls of viral-mediated Cas9 delivery platforms [204, 205]. Therefore, the
exploration of Cas9-mediated gene editing in HSPCs has primarily been with RNPs or Cas9
MRNA [73-76, 180-188, 206—210]. It has been exhibited that compared to Cas9 mRNA
delivery, RNPs mediate more efficient genome editing, lead to less cellular toxicity, induce
fewer global transcriptional changes, and result in reduced off-target genome editing events
[73, 74, 211].

For example, one study showed that RNP delivery resulted in 48% on-target indel formation
in HPSCs, compared to only 32% with Cas9 mRNA [73]. When delivered with an AAV
donor template harboring a GFP transgene, RNPs mediated gene addition in 29% of HSPCs,
compared to 15% by Cas9 mRNA. In HDR experiments, RNPs led to no additional toxicity
compared to AAV only samples, whereas Cas9 mRNA triggered significant cytotoxicity.
Moreover, measurements of off-target indel formation at a highly complementary DNA site
showed that RNPs had up to 10-fold higher on-target:off-target editing ratios compared to
Cas9 mRNA. Notably, in another experiment, HDR editing mediated by an AAV donor
template and Cas9 mRNA delivery invoked greater transcriptional changes compared to
RNP delivery, eliciting a distinct viral response and global downregulation of metabolic and
cell cycle processes [211]. Another group used simultaneous Cas9 targeting at two genomic
target sites to mediate large deletions or inversions [74]. Compared to mMRNA delivery,
RNPs mediated a higher efficiency of deletion/inversion outcomes. For two pairs of SgRNAS
tested, RNPs mediated up to 24%/20% and 23%/11% deletions/inversions, compared to
2%/2% and 10%/7% by Cas9 mRNA. In this study, Cas9 mRNAs led to significant toxicity
proportional to the amount of transfected RNA, resulting in impaired clonogenic potential of
HSPCs. In contrast, RNPs added no additional toxicity compared to mock-treated controls
and retained the ability to differentiate into all progenitors.

RNPs have also been used to mediate other forms of genome editing in HSPCs. For instance,
using an NHEJ-based knock-in approach, 21% targeted transgene integration was achieved
in repopulating HSPCs upon delivery of RNPs and an AAV HITI donor template [75].
Moreover, RNPs formulated with a high-fidelity Cas9 variant (HiFi Cas9) successfully
mediated comparable levels of gene knock-in as wild-type Cas9, while reducing off-target
indel formation by 20-fold at a highly complementary site [41].
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Base editing strategies utilizing RNPs have also been successfully employed in HSPCs

[76, 182]. In one study, base editors were used to disrupt the BCL11A erythroid enhancer,

a potent silencer of fetal hemoglobin (HbF) [76]. Successful disruption led to reduced
BCL11A expression and increased y-globin levels. In sickle cell disease (SCD) and f-
thalassemia patients, where B-globin production is faulty, induction of y-globin can rescue
disease phenotype. In HSPCs isolated from SCD patients, RNP delivery of A3A-BE3 editors
resulted in a base editing frequency of up to 91%, which increased HbF levels in erythroid
progeny from 5% to 32%. Upon sodium metabisulfite treatment, erythroid progeny showed
substantially fewer sickled cells after base editing. Additionally, 18% targeted correction

of a common B-thalassemia mutation was achieved by RNP delivery of A3A-BE3 in

patient HSPCs. Moreover, RNP-mediated base editing was demonstrated in long-term,
repopulating HSPCs, with similar editing efficiencies in each hematopoietic lineage. In
another study, ABE8e-NRCH base editors were used to correct the pathogenic mutation in
SCD [182]. Although RNP delivery of base editors yielded high levels of gene correction,
44% in HSPCs, ABE8e-NRCH mRNA resulted in 80% precise A-to-G conversions. This
highlights that, under some circumstances, mMRNA delivery may mediate more efficient base
conversions than RNPs. In contrast, in mouse HSPCs, RNPs led to more efficient base
editing at the SCD mutation. Additionally, guide-dependent DNA off-target editing was
substantially lower by RNPs than by mRNA.

5.2 Human Pluripotent Stem Cells (hPSCs)

Human pluripotent stem cells (hPSCs), including embryonic stem cells (ESCs) and induced
pluripotent stem cells (iPSCs), have unlimited self-renewal capacity and, in principle, can
differentiate into all specialized cell types. The development of iPSCs has led to significant
strides in human disease modeling and regenerative cell therapy. Notably, patient-derived
iPSCs can be genetically modified, differentiated into target cell types, and transplanted for
disease correction. As such, developing effective genome editing strategies in iPSCs is of
paramount importance.

RNP delivery has demonstrated effective HDR gene correction and transgene knock-in

at clinically relevant target sites in iPSCs [77-79]. The COL 7A1 gene encodes type

V11 collagen (C7), and homozygous or compound heterozygous frameshift mutations are
responsible for recessive dystrophic epidermolysis bullosa (RDEB), a rare genetic skin
disorder [212]. In patient derived iPSCs with homozygous frameshift mutations, delivery
of a Cas9 plasmid and an ssDNA donor template led to 10% biallelic correction and

40% monoallelic correction in selected clones [77]. When Cas9 was delivered as an

RNP, selected clones showed 58% biallelic correction and 42% monoallelic correction. In
addition, iPSCs from patients with compound heterozygous frameshift mutations targeted
with RNPs and ssODN donor templates demonstrated multiplex gene correction, with 19%
biallelic correction of the two mutant alleles and 48% monoallelic correction. Differentiation
of gene-corrected iPSCs into skin cells, generation of human skin equivalents (HSEs), and
grafting of HSEs onto nude mice demonstrated skin integrity and C7 restoration.

Another group demonstrated efficient transgene knock-in and gene correction in iPSCs and
ESCs upon Cas9 RNP and AAV donor template delivery [78]. Targeting occurred at the
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hemoglobin subunit beta (HBB) and MYD&8 loci, involved in SCD and Waldenstrom’s
macroglobulinemia, respectively. AAV donor templates harboring a GFP expression cassette
and RNP delivery led to a targeted integration frequency of 51% at the HBB locus in iPSCs,
and 91% at the HBB locus and 59% at the MY D88 locus in ESCs. HDR editing was precise,
with no incorporation of AAV inverted terminal repeats. Karyotype analysis relieved no
chromosomal abnormalities and edited iPSCs and ESCs retained their pluripotent nature.
Moreover, in an iPSC line with a homozygous Glu6Val SCD-causing mutation, AAV donor
templates harboring a SNP with the corrected allele and RNP delivery achieved 63%

allele correction, including a majority of biallelic correction. Differentiated erythrocytes
demonstrated high levels of gene-corrected adult hemoglobin and virtually eliminated sickle
hemoglobin expression.

In another study, Cas9 RNPs were used to correct the most common pathogenic mutation
(3-bp deletion; AF508) in the cystic fibrosis transmembrane conductance regulator (CF7R)
gene associated with cystic fibrosis (CF) [79]. First, iPSCs were introduced with either
RNPs or Cas9 plasmid to determine the most efficient platform for DSB formation. In
dF508 patient iPSCs, RNPs achieved greater than 80% indel formation at two sgRNA sites
neighboring the pathogenic mutation, compared to just 6% at both sides upon plasmid
delivery. Next, RNP and ssODN delivery demonstrated greater than 10% correction of the
dF508 mutation in patient iPSCs. Subsequent analysis in proximal lung organoids derived
from gene edited iPSCs validated phenotypic correction.

5.3 Zygotes

In vivo editing of zygotes is an important tool for studying mammalian embryogenesis
and generating genome edited animals for disease modeling. This method could also be
used for the germline correction of pathological sequences in humans, although important
ethical considerations are required [213-215]. To date, RNP-mediated editing has been
demonstrated in mice, human, non-human primate, and bovine zygotes [80-85, 88-91].

5.3.1 Mouse Zygotes—In initial CRISPR experiments to obtain genetically modified
mice, Cas9 mRNA was introduced into zygotes by microinjection or electroporation

[13, 14, 216, 217]. However, generation of modified mice was restricted by low editing
efficiencies and abundant mosaicism. Evidence of mosaicism implied that Cas9-mediated
DSB formation occurred after the first genome replication in the mouse embryos. Notably,
investigators demonstrated that protein translated from electroporated mRNA was only
detected after E0.8 (E: day), indicating that translational machinery is only fully active at
this time in mouse zygotes [82]. Because zygotes generally enter the genome replication
phase before EQ.8, introduction of Cas9 mRNA would lead to Cas9 protein production
after the first genome replication, resulting in mosaic outcomes. In contrast, RNPs do

not rely on cellular translational machinery, and were thus proposed as a strategy to
decrease mosaicism. Indeed, Cas9 delivery by RNPs in mouse zygotes has led to decreased
mosaicism [82, 83]. Additionally, RNPs have achieved improved editing efficiencies and
greater viability of embryos after genome editing compared to Cas9 mRNA delivery [80-83,
88].
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One study analyzed mosaicism in naturally bred mouse zygotes that were gene edited with
either Cas9 mRNA or RNPs and transferred into pseudopregnant females. Cas9 mRNA
delivery led to twice as many mosaic embryos compared to RNPs [82]. Additionally,
RNP-mediated editing of zygotes resulted in a higher occurrence of biallelic knockout
compared to Cas9 mRNA (94% and 87%, respectively). Furthermore, RNPs achieved HDR
gene correction when electroporated with an ssODN and demonstrated a 1 kb genomic
deletion when simultaneously edited with two sgRNAs. In fact, large deletions up to 16.2

kb have been achieved in mouse zygotes using RNPs [80, 83]. Another group demonstrated
in situ editing of mouse zygotes using RNPs, referred to as Improved Genome-editing

via Oviductal Nucleic Acids Delivery (i-GONAD) [83]. They showed that RNP-mediated
genome editing led to mosaicism in 57% of embryos, whereas Cas9 mRNA resulted in

82% mosaic embryos. RNPs also led to increased editing efficiencies, generating indels in
97% of mouse embryos compared to 31% with Cas9 mRNA. Moreover, /in situ RNP and
ssDNA injection in zygotes mediated HDR knock-in of a reporter cassette. In a different
study, mouse zygotes were electroporated with sSODNs and either RNP or Cas9 mRNA, and
subsequently transferred to pseudopregnant females [80]. Cas9 mRNA only resulted in HDR
editing after six electroporation pulses, which gave rise to HDR editing in 25% of birthed
pups. In contrast, RNPs mediated high efficiency HDR editing in zygotes, including 60% of
birthed pups after one electroporation pulse and up to 100% with 8 pulses.

RNPs have also been demonstrated to induce targeted point mutations in mouse zygotes
using the BE3 base editor [84]. First, BE3 RNPs designed to induce a premature stop
codon (pmSTOP) at the dystrophin (DMD) locus were delivered to mouse zygotes. Analysis
revealed that 56% of blastocysts carried the precise C-to-T conversion, and another 25%
showed evidence of bystander C-to-T conversions, undesired C-to-A conversions, or indels.
Similarly, when targeting the tyrosinase (7Y#) locus with BE3 RNPs designed to induce

a pmSTOP, analysis showed that 69% of blastocysts carried the precise C-to-T conversion,
with another 15% carrying various other mutations. Because the authors were attempting

to induce targeted mutagenesis and gene knockout, the variation in editing outcomes was
tolerable. Finally, zygotes edited at the 7Y/ locus were transplanted into surrogate mothers
and offspring were obtained for analysis. Of the analyzed pups, 57% carried the precise
pmSTOP mutation, and the remainder carried various other mutations.

5.3.2 Human Zygotes—RNP delivery has also achieved superior genome editing in
human zygotes [89, 90]. In human 3PN (three pronuclei) one-cell embryos, investigators
demonstrated up to 80% indel formation upon RNP microinjection [89]. Additionally, the
efficiency of HDR editing in 3PN zygotes upon introduction of ssODNs and RNPs or Cas9
MRNA was compared. Whereas Cas9 mRNA did not facilitate HDR editing, RNPs mediated
HDR editing in 20% of embryos. Furthermore, RNP and sSODN injection into normal 2PN
(dual pronuclei) zygotes achieved greater HDR efficiencies of up to 100%. This technique
was then used to correct the B-thalassemia disease causing mutation in 2PN zygotes. In
another study, RNPs and ssODN donor templates targeting the heterozygous MYBPC3
mutation causing hypertrophic cardiomyopathy were co-injected with sperm into M-phase
oocytes by intracytoplasmic sperm injection (ICSI) [90]. A high yield of gene-corrected
homozygous embryos with no cytogenetic abnormalities or off-target indels was achieved.
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Interestingly, genomic analysis revealed that the wild-type oocyte allele, rather than the
exogenous sSODN, was used as a template for HDR repair. This suggests that human
embryos employ different DNA repair mechanisms than somatic or pluripotent cells and
that providing an exogenous donor template may not be required for gene correction of
heterozygous human embryos.

5.3.3 Non-Human Primate Zygotes—In marmosets, Cas9 RNP injection into zygotes
led to increased editing efficiencies at two genetic loci compared to Cas9 mRNA injection
[91]. Whereas Cas9 mRNA delivery to marmoset zygotes led to indel formations in 78% and
80% of embryos, RNP delivery achieved 100% editing of embryos at both loci. Additionally,
compared to Cas9 mRNA delivery, RNPs led to greater embryo viability after editing at

the two loci. RNPs also mediated a higher efficiency of biallelic editing, achieving 83%

and 88% in marmoset embryos, compared to Cas9 mRNA, which resulted in 37% and

46% biallelic editing. Although statistically insignificant, RNP-mediated editing showed a
tendency to produce less mosaic embryos than Cas9 mRNA editing. Finally, upon ssODN
and RNP delivery into marmoset zygotes, precise HDR editing was achieved in 32% of
embryos. In contrast, Cas9 mRNA exhibited no signs of HDR-mediated gene correction.

5.3.4 Bovine Zygotes—RNP delivery into bovine zygotes resulted in efficient indel
formation of 92% at the Oct4 encoding gene [85]. Of the edited embryos, 92% exhibited
biallelic editing events. Oct4 is required in blastocyst formation, and phenotypic analysis of
embryos showed that only one out of 87 gene-corrected embryos reached the blastocyst
stage. Furthermore, authors demonstrated that electroporation of RNPs did not affect
embryo viability more than mock-electroporated zygotes.

5.4 Retinal Cells

Inherited retinal disorders and multifactorial retinal diseases cause visual impairment in
millions of people worldwide. Due to the post-mitotic nature of most retinal cells, HDR
efficiencies are low and CRISPR-mediated gene correction strategies have been limited
[218]. Furthermore, RNP-mediated DSBs were shown to induce a p53-dependent G1 arrest
in retinal pigment epithelium 1 (RPEZY) cells, leading to decreased HDR efficiencies [142].
Notably, p53 inhibition increased HDR gene correction rates in RPEL cells, which should be
further tested in /n vivo studies to advance retinal gene therapy applications.

Despite limited HDR editing in retinal cells, the use of Cas9 to induce gene or aberrant
splice site disruption for clinical applications has shown promising results [219, 220]. AAV
vectors represent the primary strategy for Cas9 delivery to retinal cells, and safety and
efficacy evaluation in a clinical trial is underway (ClinicalTrials.gov ID: NCT03872479).
However, non-viral approaches are being considered to reduce the inflammatory effects of
AAV vectors in the retina and to achieve more transient Cas9 activity.

Overexpression of VEGFA in RPE cells leads to choroidal neovascularization (CNV), the
major pathologic feature of age-related macular degeneration (AMD). As such, localized
gene knockout of VEGFA in RPE cells has emerged as a potential gene therapy strategy. As
a non-viral approach, RNPs were evaluated in their ability to mediate VEGFA disruption
[100]. RNPs led to indel formation in the human RPE cell line ARPE-19 at higher
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efficiencies than Cas9 plasmid delivery. Subretinal injection of RNPs in mice gave rise

to indels with a frequency of 25% in RPE cells isolated from the injected area. Importantly,
CNV reduction was observed in a mouse model due to VEGFA knockout. Additionally,
RNPs were demonstrated to be completely degraded in the mouse retina by 72 hours
post-injection, confirming their transient nature and potential clinical benefits. Indeed, no
off-target effects were detected at predicted sites. Another group also analyzed the ability
for RNPs to induce in vivo VEGFA knockout [104]. Here, investigators improved on

the previous report by using sgRNAs with chemical modifications at the terminal three
nucleotides and an improved transfection reagent. Additionally, subretinal injection of mice
with lipoplexes containing Cas9 RNPs and EGFP mRNA allowed for precise indel analysis
of transfected RPE cells only. Testing various concentrations of RNPs and EGFP mRNA,
investigators showed up to 6% indel formation at VEGFA in transfected cells.

5.5 Cochlear Cells

Sensory cochlear cells in the mammalian inner ear, including hair cells, have emerged

as gene therapy targets for sensorineural hearing loss caused by either genetic factors or
environmental insults. Silencing of dominant-negative mutant alleles has shown promising
results in animal models [221]. Additionally, gene editing strategies designed to stimulate
proliferation of inner-ear cells can potentially curb progressive hearing loss after damage.
In order to expand the clinical applicability of CRISPR/Cas9 genome editing strategies in
sensorineural hearing loss, /n vivo Cas9 RNP delivery has been explored [101-103].

Dominant-negative mutations in transmembrane channel-like gene family 1 (7MCJI) leads
to progressive post-lingual sensorineural hearing loss in humans. One group designed a
TMC1 mutant allele specific SgRNA that was demonstrated to selectively knockout the
mutant allele 23-fold more efficiently than the wild-type 7MC1I allele [101]. To optimize
specificity of the genome editing system, off-target editing was compared after Cas9 plasmid
or RNP delivery into primary fibroblasts derived from a homozygous 7MC1 mutant mouse
model. Plasmid delivery of Cas9 resulted in greater off-target editing, and thus RNPs were
used for subsequent experiments. RNP injection into the scala media of a heterozygous
TMC1 mutant mouse model led to increased survival of inner and outer hair cells, enhanced
cochlear function, and preservation of acoustic behavioral reflex. Cochlear tissue was
harvested and indel formation in the 7A/CZ mutant allele was detected in the organ of
Corti, spiral ganglion, and spiral ligament. Overall, the RNP-mediated gene therapy system
exhibited specific on-target gene editing resulting in a reduction of progressive hearing loss.

Due to the post-mitotic nature of inner ear sensory cells, HDR editing has been insufficient.
Thus, when single nucleotide changes have been desired, base editing strategies have

been successfully applied [102, 103]. Base editing was first shown in inner ear cells

by intracochlear injection of RNPs formulated with the cytosine-base editor BE3 and a
SgRNA targeting the VEGFA locus [102]. Following RNP injection, high-throughput DNA
sequencing of harvested cochlear tissue demonstrated C-to-T conversions in the editing
window at the organ of Corti, stria vascularis, and modiolus. Additionally, no C-to-T
conversions or indels were observed at four predicted off-target loci, confirming the clinical
applicability of /n vivo RNP base editing in the cochlea. In another study, RNP-mediated
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base editing with BE3 editors was applied to introduce a precise C-to-T mutation in the
B-catenin gene [103]. The conversion was hypothesized to reduce B-catenin degradation,
leading to increased Wnt signaling that would stimulate proliferation of hair cells and
reverse progressive hearing loss after environmental damage. First, using HEK293T cells,
RNP delivery of base editors demonstrated more efficient nucleotide substitution than

HDR machinery. Then, RNP injection of base editors in mouse cochlea resulted in
transdifferentiation of supporting cells into hair cells. Moreover, DNA sequencing confirmed
precise C-to-T conversions in the organ of Corti, stria vascularis, and modiolus.

6. Challenges & Future Perspectives

6.1 Temporal and Spatial Regulation of CRISPR/Cas9 Activity

The transient nature of Cas9 RNPs promotes rapid genome and epigenome editing, reduced
off-target effects, and decreased cell toxicity. Despite these advantages, RNPs may not be
the preferred method of Cas9 delivery for every application. For instance, due to the quick
degradation of Cas9 when delivered as an RNP, Cas9 cannot be effectively regulated in a
spatial or temporal manner. In contrast, plasmid or viral delivery systems, which rely on
persistent expression of Cas9 cassettes, can successfully achieve both transcriptional and
post-translational regulation. Consequently, RNPs lack the benefits of inducible CRISPR/
Cas9 systems. Such systems may allow for functional perturbations of Cas9 that will
facilitate its use in both research and clinical contexts. For example, a plasmid-encoded
chemical-inducible CRISPR/Cas9 system employing a split Cas9 architecture gave rise

to on-target indel formation or dCas9-VP64-mediated gene activation upon rapamycin-
activated dimerization [222]. In another study, a plasmid-encoded chemical-induced Cas9
variant (termed iCas) was employed to repeatedly toggle Cas9 activity on and off and induce
multiple gene knock-outs in succession [223]. Other scientists engineered a light activated
CRISPR/Cas9 effector (LACE) system with fusion proteins between CRISPR reagents
(dCas9 and VP64) and photoinducible dimerization domains [224]. The LACE system

was encoded in plasmids and exhibited optogenetic activation of target gene expression
that was reversible. Finally, another group devised a split Cas9 (termed paCas9) system
that could be optogenetically controlled to induce multiplexed indel formation, HDR when
co-transfected with an ssODN, single strand nicking with a paCas9 D10A variant, and
gene suppression with an inactivated paCas9 [225]. The aforementioned split Cas9, iCas,
LACE, and paCas9 systems utilize post-translational control of Cas9 activity. Therefore,

in theory, if constructed using stable Cas9 variants that extend its half-life, RNP delivery
and spatio-temporal regulation may be feasible with these inducible systems. However, it
is unclear as to whether split Cas9 fragments can form RNP complexes with sgRNAs.

In contrast, other inducible techniques often rely on transcriptional modulation, making
them exclusively compatible with DNA methods of Cas9 delivery. For example, thermal
gene switches were integrated with dCas9 complexes to drive heat-activated dCas9 complex
expression and subsequent gene activation and suppression both /n vitro and in vivo [226].
Methods to finely tune the control of Cas9 expand the potential applications of genome and
epigenome engineering. As of now, RNPs are unable to be regulated in a spatio-temporal
fashion and investigations that require Cas9 modulation should use plasmid or viral delivery
systems.
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The rapid quick degradation of Cas9 when delivered as an RNP makes its use in ex

vivo cellular reprogramming and differentiation difficult. Reprogramming cell identity and
altering cell fate has tremendous therapeutic potential. For example, patient-derived iPSCs
were differentiated into RPE cells and transplanted for treatment of neovascular age-related
macular degeneration [227]. Conventionally, somatic cells can be reprogrammed into iPSCs
by expression of reprogramming transcription factors Oct4, Sox2, Klf4, and c-Myc [228].
Common strategies for cellular reprogramming of fibroblasts into iPSCs utilize non-CRISPR
approaches, including viral, episomal, and RNA transfection methods [229]. Recently,

two independent studies demonstrated fibroblast reprogramming into iPSCs using viral-
and plasmid-based CRISPR activation approaches [230, 231]. Successful reprogramming
to iPSCs requires extended activation (days to weeks) of reprogramming transcription
factors. As such, RNPs, which are rapidly cleared through degradation pathways and

lead to brief gene activation in the setting of CRISPR activation, are ineffective, and

other delivery approaches should be favored. Similarly, the effective differentiation of
iPSCs into various cell types often requires prolonged gene activation. Therefore, to this
date, investigations have focused on inducible viral- and plasmid-based CRISPR activation
approaches for the differentiation of iPSCs into specific lineages [232-234]. However,
reintroduction of RNPs into target cells at regular intervals could overcome the challenges
of transient activation while retaining the benefits of RNPs over DNA-based systems, such
as eliminating the possibility of vector DNA integration into the host genome. Additionally,
further exploration of stable Cas9 variants that allow for longer Cas9 half-life would be
beneficial at extending the duration of RNP-mediated transcriptional control for potential
use in cellular reprogramming and differentiation [235].

6.2 Clinical Translation of RNPs

The ability of RNPs to dramatically curtail off-target genome and epigenome editing make
RNP-based approaches well-suited for clinical applications. However, off-target effects

can still be present with RNPs, and they remain a barrier to the clinical translation of
CRISPR-based therapeutics. In order to further reduce the off-target activity of Cas9 RNPs,
one approach could be to promote Cas9 degradation. For example, fusion of ubiquitin-
proteasomal degradation signals to Cas9 (Ubi-Cas9) led to reduced Cas9 half-life [236].
Notably, cynomolgus monkey zygotes injected with Ubi-Cas9 and WT-Cas9 mRNAs led to
similar on-target editing efficiencies (74% and 77%, respectively), demonstrating that Ubi-
Cas9 did not compromised on-target activity. While this report did not analyze off-target
activity, the shorter half-life of Cas9 resulted in decreased mosaicism in monkey embryos, a
signal of rapid Cas9 degradation. Exploration as to whether Ubi-Cas9 RNPs or other shorter
half-life Cas9 RNPs can lower off-target Cas9 activity should be initiated.

In vivo delivery of RNPs is another major challenge in the clinical translation of RNP-based
genome and epigenome editing applications. In order to mediate sufficient editing /n vivo,
RNPs must maintain stability during delivery and lead to sufficient internalization into target
cells [237]. Importantly, /n vivo editing may require selective targeting of cells, tissues,

or organs. In these cases, the addition of ligands or antibodies unique to the target can

be attached to delivery vehicles. One promising approach involves the packaging of RNPs
into lipid nanoparticles (LNPs) followed by systemic administration [238]. As described
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in section 3.2.1, LNPs have the ability to maintain cargo stability and, upon endocytosis,
release cargo into the cellular cytoplasm [97]. Moreover, RNP-packaged LNPs can be
formulated to selectively target various organs [60]. Another strategy involves the local
injection of lipid-based transfection agents, which was used to achieve local gene and

base editing in the retina and cochlea [60, 100-104]. Further development of stable, tissue-
specific LNPs will advance the ability to translate RNP-based editing approaches to the
clinic.

Immunogenicity to Cas9 proteins remains of considerable interest and has implications

on the application of CRISPR/Cas9 gene therapies [239-241]. Notably, a fraction of the
human population is known to carry pre-existing immunity to Cas9 proteins, likely from
past exposure to microbes [242-245]. Innate and adaptive immune responses may diminish
the effects of CRISPR-based gene therapies and pose safety risks to patients. Given the
transient nature of RNPs compared to other Cas9 delivery systems, immune responses and
downstream effects may be limited. Further research into the comparison of Cas9 immune
responses from DNA, mRNA, and RNP approaches should be initiated. Furthermore,
therapeutic use of Cas9 variants from uncommon microbes may decrease the chances of
pre-existing immunity in the general population and lead to favorable outcomes. Immune
responses may be compounded /n vivo with the use of potentially immunogenic virus-like
particles for RNP delivery, emphasizing the benefit of nanoparticle vehicles for in vivo
delivery applications.

6.3 Production of RNPs

As expanded upon in sections 2.1 and 2.2, the production of RNP components is a

critical step in its use for genome and epigenome editing. Depending on the editing
application, production of both Cas9 and sgRNA may be simple or difficult. For example,
if unmodified WT-Cas9 is the desired Cas9 variant, it can be purchased from commercial
vendors. Similarly, commonly used chemically modified sgRNASs (such as 2’-O-methy!I
3’phosphorothioate at the three terminal nucleotides at both the 5’ and 3’ ends) are
commercially available. In these instances, RNP production consists of sgRNA design,
purchasing of Cas9 and sgRNA components, and a brief (~20 minutes) RNP assembly step
(detailed in section 2.3).

However, some editing applications rely on Cas9 variants or sgRNA modifications that are
not commercially available. Here, onsite production is required, which is accompanied by
various challenges. S. pyogenes Cas9 is a large protein with a molecular weight of ~160
kDa. Cas9 fusion proteins weigh more, such as the BE3 base editor, which is ~200 kDa.
The large size of Cas9 variants make production via £. colibased expression systems and
downstream purification challenging. For example, proteins may become insolubilized and
lost during purification steps or a high purity product may not be obtained. Moreover,
Cas9 must maintain its stability and biological activity throughout the purification process.
Modified sgRNAs may also require onsite production via /n vitrotranscription (IVT). IVT
is accompanied by various challenges, including incomplete transcription and the need to
optimize reaction conditions. Onsite production of Cas9 and sgRNA requires significant
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time and effort, taking valuable resources away from RNP experimentation. The commercial
availability of Cas9 variants as proteins would greatly enhance the field of RNP editing.

Another form of Cas9-mediated editing includes codelivery of Cas9 mRNA and sgRNA.
Here, the production of Cas9 and sgRNA mirrors its production when used in RNPs, with
both commercially available products and the need for onsite mMRNA or sgRNA production
when some Cas9 variants or sgRNA chemical modifications are desired. Cas9 mRNA is
produced using IVT and faces similar challenges to sgRNA I1VT.

Finally, Cas9 editing can be achieved by the delivery of DNA as plasmids or viral vectors.
Various plasmids containing both Cas9 and sgRNA expression cassettes are available on
Addgene, including base and prime editing Cas9 variants. As such, plamid-based approaches
offer the most straightforward production steps. Therefore, in certain circumstances, such

as when a novel Cas9 variant is being tested and is commercially unavailable, screening
editing outcomes using a plasmid-based approach may be beneficial prior to production and
experimentation with RNPs. In contrast to plasmids, production of viral vectors is laborious,
time consuming, and hard to scale up.

In summary, RNP production can be both simple and challenging, depending on the editing
application. However, excluding plasmid-based approaches, other delivery techniques also
require time-intensive production of CRISPR components.

7. Concluding Remarks

The CRISPR/Cas9 system has revolutionized biological research since its introduction

in the early 2010s. Recently, increasing attention is being paid to Cas9 RNP-based

genome and epigenome editing approaches. This is partly due to its advantages over other
delivery systems and improved clinical applicability. As reviewed, RNPs can be introduced
to mammalian cells through various delivery platforms, including physical approaches,
synthetic carriers, and virus-like particles. These approaches mediate editing in both in vitro
and /n vivo systems, expanding their use in various clinical applications. Compared to DNA-
and RNA-based methods, RNPs lead to increased editing efficiencies, reduced off-target
effects, and decreased cellular toxicity. These advantages have been demonstrated in a range
of mammalian cell types with various editing mechanisms, including novel base and prime
editing. However, challenges remain for the use of RNP-based approaches. Further research
on Cas9 stability and immunogenicity, as well as LNP delivery systems, will empower RNPs
to reach greater research and clinical applications.
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Figure 1.
Overview of genome and epigenome editing strategies. A) Non-homologous end joining

(NHEJ) is an error prone repair pathway that leads to small insertions or deletions (indels)

at the site of Cas9-induced double strand breaks (DSB). When Cas9 is targeted to two
genomic sites, large deletions of the intermediate sequence can be generated. Alternatively,
targeted insertions can be completed with the addition of a homology-independent targeted
integration (HITI) donor template. B) Homology-directed repair (HDR) is a precise DSB
repair pathway that utilizes an exogenous DNA donor template with homology arms

to achieve targeted gene insertions or corrections. C) Base editing takes advantage of
deaminase enzymes to induce C-to-T (cytidine deaminase) or A-to-G (adenosine deaminase)
base conversions in a five-base activity window. Cas9 nickase (nCas9; Cas9 D10A) is used
to nick a single DNA strand opposite the targeted base in order to facilitate efficient repair.
D) Prime editing can achieve targeted insertions, deletions, or base-to-base conversions

by the introduction of an extended sgRNA known as a prime editing gRNA (pegRNA)

and nCas9 (Cas9 H840A) fused to a reverse transcriptase. E) Epigenome editing and
transcription regulation are achieved by guiding effector domains to a targeted DNA site

via catalytically inactive dead Cas9 (dCas9; Cas9 D10A/H840A). Effector domains include
epigenetic modifying domains, which can alter DNA methylation or histone acetylation, or
gene regulatory domains, which directly influence gene expression through interactions with
transcriptional machinery.
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Figure 2.
Timeline of critical developments in RNP-mediated genome and epigenome editing in

mammalian cells. NHEJ, non-homologous end joining; HDR, homology-directed repair.
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Electroporation Physical Approaches

Virus-like Particles

Methods of RNP delivery are categorized into three groups: physical approaches, which
include electroporation, microinjection, and iTOP (induced transduction by osmocytosis and
propanebetaine), carrier systems, which include LNPs (lipid nanoparticles), AuNPs (gold
nanoparticles), CPPs (cell penetrating peptides), and 2D materials, and VVLPs (virus-like

particles).
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Table 1.

Advantages and limitations of CRISPR/Cas9 delivery methods.

- No possible vector integration into
host cell DNA

- High frequency of on-target editing
- Low frequency of off-target editing
- Low cell toxicity

- Various delivery methods

Delivery Advantages Limitations

method

Viral/ - Rapid/easy production of plasmid - Persistent Cas9 activity

Plasmid DNA . . . . i

DNA - Possible vector integration into host cell DNA (insertional
mutagenesis)
- Low frequency of on-target editing
- High frequency of off-target editing
- High cell toxicity
- Difficult production of viral vectors
- Reliance on host cell machinery for transcription/translation
- Host immune response to foreign DNA sequences and viral
proteins
- Limited packaging capacities

Cas9 - Transient Cas9 activity - Low frequency of on-target editing

mRNA and . . L . -

SgRNA - No possible vector integration into - High frequency of off-target editing

host cell DNA . -
- High cell toxicity
- Various delivery methods L .

- Difficult production of Cas9 mRNA and sgRNA
- Reliance on host cell machinery for translation
- Poor stability of mRNA
- Inability to be spatially or temporally regulated

Cas9/ - Rapid Cas9 activity - Difficult production of Cas9 protein and sgRNA

SgRNA

R;ng - Transient Cas9 activity - Immunogenicity to Cas9 protein

- Inability to be spatially or temporally regulated
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Table 2.

Clinical applications of RNP-mediated genome editing.

Page 42

Target cells Editing methods Clinical application Reference
T cells NHEJ HIV infection treatment [177]
NHEJ, HDR, base CAR-T cell immunotherapy development [66, 67, 178, 179]
editing
B cells HDR Protein secreting plasma cells for protein deficiency treatment (ex. [69]
hemophilia B)
HSPCs NHEJ, HDR, base Hematologic disorder treatment (ex. sickle cell disease) [41, 73, 74, 76, 180-183]
editing
NHEJ, HDR Immunodeficiency disorder treatment (ex. X-linked severe combined | [184-187]
immunodeficiency)
HDR Metabolic disorder treatment (ex. mucopolysaccharidosis type I) [188]
iPSCs HDR Skin disorder treatment (ex. recessive dystrophic epidermolysis [77]
bullosa)
HDR Hematologic disorder treatment (ex. sickle cell disease) [78]
HDR Lung disorder treatment (ex. cystic fibrosis) [79]
Zygotes NHEJ, HDR, base Germline gene editing [80-85, 88, 91]
editing
HDR Germline gene therapy (ex. hypertrophic cardiomyopathy) [89, 90]
Retinal cells NHEJ Ocular disorder treatment (ex. age-related macular degeneration) [100, 104]
Cochlear cells | NHEJ, base editing Sensorineural hearing loss treatment [101, 103]

HPSCs, hematopoietic stem and progenitor cells; iPSCs, induced pluripotent stem cells; NHEJ, non-homologous end joining; HDR, homology
directed repair; HIV, human immunodeficiency virus; CAR, chimeric antigen receptor.
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