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Sharpening the Molecular Scissors: Advances

in Gene-Editing Technology
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The ability to precisely modify human genes has been made possible by the development of tools such
as meganucleases, zinc finger nucleases, TALENs, and CRISPR/Cas. These now make it possible to
generate targeted deletions, insertions, gene knock outs, and point variants; to modulate gene
expression by targeting transcription factors or epigenetic machineries to DNA; or to target and
modify RNA. Endogenous repair mechanisms are used to make the modifications required in DNA;
they include non-homologous end joining, homology-directed repair, homology-independent tar-
geted integration, microhomology-mediated end joining, base-excision repair, and mismatch repair.
Off-target effects can be monitored using in silico prediction and sequencing and minimized using
Cas proteins with higher accuracy, such as high-fidelity Cas9, enhanced-specificity Cas9, and hyperac-
curate Cas9. Alternatives to Cas9 have been identified, including Cpf1, Cas12a, Cas12b, and smaller
Cas9 orthologs such as CjCas9. Delivery of gene-editing components is performed ex vivo using stan-
dard techniques or in vivo using AAV, lipid nanoparticles, or cell-penetrating peptides. Clinical devel-
opment of gene-editing technology is progressing in several fields, including immunotherapy in cancer
treatment, antiviral therapy for HIV infection, and treatment of genetic disorders such as f-thalas-
semia, sickle cell disease, lysosomal storage disorders, and retinal dystrophy. Here we review these
technological advances and the challenges to their clinical implementation.

INTRODUCTION

In recent years, various platforms for genetically engineering somatic and pluripotent stem cells have been
developed. They include zinc finger nucleases (ZFN), transcription activator-like effector nucleases
(TALENS), meganucleases (MNs), and clustered regularly interspaced short palindromic repeats (CRISPR)
in combination with CRISPR-associated protein (CRISPR/Cas). From agriculture to biomedical science,
these platforms are being explored in various fields and, more recently, in the first clinical trials (Barrangou
and Doudna, 2016; Naldini, 2015; Rodriguez-Rodriguez et al., 2019; Zhan et al., 2019).

Several developments are taking place in parallel. First, technological improvements and variations on
gene-editing strategies are being reported with unsurpassed speed. Second, many possible applications
are being developed to address a wide variety of biomedical questions. Third, the first platforms for gene
editing are entering the clinical testing stage. Here, we follow these themes to present an overview of these
recent developments, focusing on the likely clinical implementation of gene-editing strategies as well as
discussing recent technological advances, and aspects such as safety, efficacy, and delivery that are rele-
vant to clinical implementation. We provide a short overview of the progress gene editing is making toward
applications in the clinic.

Technological Advances
Basics of CRISPR/Cas

Genome editing depends on the ability to generate specific pre-designed alterations in the genome.
Inducing double-strand breaks (DSBs), single-strand breaks (SSBs) (also termed “nicks”), or specific base
changes result in the activation of endogenous repair mechanisms that can be used to alter the genome.
MNs, ZFNs, and TALENs were the first tools for genome editing in mammalian cells. MNs are naturally
occurring endonucleases and can be re-targeted to new sites. Gene editing with ZFNs and TALENS results
from the fusion of the Fokl nuclease domain to the DNA-binding modules of zinc finger proteins (in the case
of ZFNs) or transcription activator-like effector proteins (TALEs) (in the case of TALENS). However, the
design and construction of these gene-editing tools can be labor-intensive, and their efficiencies for per-
forming gene-editing varies. The discovery of CRISPR/Cas as a new gene-editing platform introduced a
fast, cheap, and relatively efficient genome-editing method that revolutionized genome engineering.
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The mechanism of CRISPR/Cas is based on its role in adaptive immunity in prokaryotes, in which short
stretches of invading foreign nucleic acids, so-called protospacers, are incorporated into the CRISPR locus
of the bacterial or archaeal genome. After acquisition, CRISPR RNA (crRNA) is generated from the proto-
spacers at the CRISPR locus. This crRNA can bind to complementary foreign nucleic acid and directs the
Cas protein to recognize invading sequences. A second RNA known as the trans-activating CRISPR RNA
(tracrRNA) is transcribed from a genomic locus upstream of the CRISPR locus and forms a complex with
the crRNA. The crRNA:tracrRNA complex associates with a Cas protein (the nuclease) and creates an active
ribonucleoprotein (RNP) complex that targets foreign nucleic acids for degradation (Mojica and Montoliu,
2016; Maeder and Gersbach, 2016).

For genome editing, the tracrRNA and crRNA are fused into a single guide RNA (sgRNA), which binds
complementarily to a DNA target and guides the Cas protein to the desired target site, creating a DSB
(Jinek et al.,, 2012). The target sequence is based on the presence of a protospacer adjacent motif
(PAM), which is an absolute prerequisite for Cas protein to induce a DSB. The first publications on CRISPR
arrays date back as early as 1987 (Ishino et al., 1987), Cas genes were discovered in 2002 (Jansen et al.,
2002), and CRISPR/Cas was shown to cleave bacteriophage and plasmid DNA in vivo at specific sites in
2010 (Garneau et al., 2010). However, it was not until 2012 that two groups (Gasiunas et al., 2012; Jinek
et al., 2012) adapted this system into a gene-editing tool. A review by Ferndndez and colleagues provides
an extensive history of genome editing tools (Fernandez et al., 2017).

Its accessibility and relatively low costs have brought CRISPR/Cas a large number of applications in
research worldwide and have catalyzed further research on understanding its mechanism of action,
improving its functional capacities, and extending its biomedical applications. The CRISPR/Cas? system
originally applied has downsides that include a lower specificity than other gene-editing tools and a rela-
tively large cargo size that hampers delivery to cells via vectors with limited cargo-size capacity (Fernandez
etal., 2017; Guha and Edgell, 2017; Guha et al., 2017, Gupta and Musunuru, 2014; Zych et al., 2018). How-
ever, as we discuss below, innovative research has produced many adaptations to the original system that
enhance its versatility and improve properties such as specificity and efficacy (Zhang et al., 2016; Wu et al.,
2018).

Versatility of CRISPR/Cas-Mediated Gene Editing

As nucleases merely induce breaks in the DNA, the introduction of specific alterations in the genetic code
requires the exploitation of distinct DNA-repair mechanisms. Intelligent engineering of the original
genome-editing tools has broadened the scope of this toolkit, making it possible to achieve a great num-
ber of applications. As a result, CRISPR/Cas can be applied to interfere at multiple steps of gene-expres-
sion processes and can target processes at genomic and transcriptomic levels. Approaches include gene
knock-out, precise correction of disease-associated variants, insertion of a cDNA in a safe harbor (a location
in the genome—such as the AAVS1 locus—where there is no risk of insertional mutagenesis) (van der Wal
et al., 2018; Sadelain et al., 2011); and manipulation of gene-expression regulatory elements such as pro-
moter activity (Baliou et al., 2018) or splicing (Bergsma et al., 2018; Smith et al., 2018).

Targeted Deletion and Gene Knock-Out. The DNA repair pathway that is most commonly used to
create deletions and specific gene knock-outs is non-homologous end joining (NHEJ). NHEJ repairs blunt
or incompatible double strands, either by direct ligation or through mediation by microhomology of 5-25
nucleotides that flank the DSB to facilitate end joining (Chang et al., 2017a). NHEJ represents the major
double-strand break repair system in mammalian cells and is active throughout the cell cycle (Chang
et al.,, 2017a; Ranjha et al., 2018). Repair can be precise, leaving the target site intact for recleaving by
the Cas nuclease. However, NHEJ-mediated DNA repair is rather error prone, as it can introduce random
insertions or deletions of base pairs (indels) that will destroy the target site. These errors can result in a
frameshift that inactivates gene products through mRNA decay (Ranjha et al., 2018). This effect is exploited
in gene editing to create targeted gene knock-outs. Examples of clinical applications include knocking out
disease-promoting genes such as oncogenes or restoring a reading frame by interfering with splice sites
such as in Duchenne muscular dystrophy (Amoasii et al., 2018; Tabebordbar et al., 2016; Nelson et al.,
2016).

Targeted Gene Editing and Knock-In. Traditionally, the homology-directed repair (HDR) pathway is
used to achieve a precise knock-in. HDR recognizes DSBs and utilizes a homologous template—which,
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under physiological conditions, is the sister chromatid—to repair the defect (Ranjha et al., 2018). For pre-
cision gene editing, this pathway is exploited by introducing a donor template that is used in the repair of
the DSB rather than the sister chromatid. This donor template has the desired alterations, which are flanked
by 3 and 5 homology arms on both sites of the DSB. In this manner, it is possible to accurately correct a
point variant (as in cystic fibrosis) (Schwank et al., 2013); a tandem repeat (as in Fragile X syndrome) (Xie
et al., 2016); large inserts or deletions (as in Duchenne dystrophy) (Li et al., 2015); or other genetic defects.

Due to the use of a donor template, HDR is a very precise repair pathway that is less error-prone than NHEJ.
However, HDR is less active in cells and therefore much less efficient in genome editing than NHEJ, which
limits its clinical potential. To favor its activation over NHEJ induction, its efficiency would have to be
increased. This has cast new light on research into the regulation of DNA repair pathways (Mateos-Gomez
etal., 2017; Schimmel et al., 2017; Zelensky et al., 2017). Several strategies using small molecules to inhibit
NHEJ have been followed with varying success (Chu et al., 2015; Maruyama et al., 2015; Song et al., 2016; Yu
et al., 2015; Pinder et al., 2015). Recently, cold shock was found to increase HDR in cells in vitro (Guo et al.,
2018a). As HDR is highly suppressed in the G1 phase and its activity is limited to the S and G2/M phases of
the cell cycle, itis restricted to dividing cells (Ranjha et al., 2018), which, since many cells in the human body
are non-dividing, greatly restricts the clinical potential of HDR-based gene editing. Recently, Orthwein
et al. have shown reactivation of HDR in the G1 phase via the PALB2-BRCA1/CUL3/Keap1 pathway.
Although this reactivation might allow therapeutic targeting of non-dividing cell types, the limited effi-
ciency seen to date would indicate the need for further research to demonstrate that therapeutically rele-
vant HDR levels can be achieved through G1 reactivation (Orthwein et al., 2015).

More recently, other pathways have been used to achieve targeted knock-in. Through a technique named
homology-independent targeted integration (HITI), NHEJ can also be harnessed to create knock-ins (Su-
zuki and Izpisua Belmonte, 2018). After a donor vector containing the desired transgene flanked by a
CRISPR target site has been introduced into the cell, the donor vector and the genomic target are cleaved
by Cas9, generating blunt ends on both genomic target and donor vector. These blunt ends are utilized to
induce NHEJ-mediated end-to-end ligation, allowing the integration of the donor sequence into the target
location (Sawatsubashi et al., 2018). As the activity of NHEJ is higher than that of HDR, this approach can be
more effective and can be used in non-dividing cell types, because NHEJ remains active in all phases of the
cell cycle (Suzuki and Izpisua Belmonte, 2018).

Several disadvantages limit the clinical potential of NHEJ-mediated knock-in. First, the transgene is in-
serted in a random direction. Second, due to potential off-target effects of CRISPR/Cas9 system, the use
of a donor template may give rise to nonspecific insertions of this template. Last, NHEJ can introduce
random indels, possibly disrupting the target location. However, clever vector design and target site selec-
tion can minimize the number of non-specific insertions and insertions in the wrong orientation (Suzuki and
Izpisua Belmonte, 2018; Sawatsubashi et al., 2018).

Besides the classical NHEJ and HDR pathways, another DNA repair pathway has emerged in the last two
decades: microhomology-mediated end joining (MMEJ) (also known as alternative end joining (a-EJ)) (Frit
et al., 2014). In MMEJ, microhomologies exist upstream and downstream of the DSB site on the two DNA
strands. DSBs with microhomologies can result in annealing of the microhomologies and subsequent
repair by MMEJ, which can result in short deletions (Kim et al., 2018b). This pathway has been used to inte-
grate a gene of interest by using a precise integration into target chromosome (PITCh) system in cultured
cells, zebrafish, silkworm, and frogs (Sakuma et al., 2016; Nakade et al., 2014; Hisano et al., 2015). With a
reported knock-in efficiency that is 2.5 times higher than that of HR-assisted gene knock-in (Nakade
et al., 2014), and with activity during all phases of the cell cycle (Taleei and Nikjoo, 2013; Truong et al.,
2013), this pathway opens up the possibility of more efficiently targeted gene knock-in in different phases
of the cell cycle. Further work will be necessary to demonstrate the applicability and the feasibility of
MMEJ-mediated knock-ins for precision genome editing.

Base Editing in DNA. Incorrectly repaired DSBs and DSB at off-target sites are potentially pathogenic.
Attempts to circumvent the generation of DSBs, and thereby to lower the risks associated with gene edit-
ing, have resulted in the development of the base-editing technique (Hess et al., 2017; Molla and Yang,
2019), which exploits the natural function of cytidine deaminases to convert cytidine to uridine in DNA.
Eventually, the uridine is converted to thymidine by DNA duplication or via the DNA repair mechanisms
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base excision repair (BER) or mismatch repair (MMR) (Hess et al., 2017). Two different base-editing systems,
BE (Komor et al., 2016) and target-AlID (Nishida et al., 2016), have been developed by coupling cytidine de-
aminases to a catalytically deficient Cas9 protein (dCas9). Recently, a system with an incorporated adeno-
sine deaminase was also developed. This enzyme hydrolyses adenosine into inosine, the base that pairs
with cytidine. Inosine is thus replicated as guanine, thereby rendering an A to G change by DNA duplication
(Gaudelli et al., 2017). These methods are clinically very interesting, as they open up opportunities for cor-
recting monogenetic diseases in ways that reduce the risk of off-target effects. However, as most diseases
are caused by various different disease-associated variants, this approach has to be tailored to each unique
variant (Lessard et al., 2017). Another application of base editing is the introduction of a transcription-termi-
nation sequence to disrupt a gene in a highly specific manner (Kuscu et al., 2017; Billon et al., 2017).

Prime Editing. Recently, Anzalone et al. developed prime editing, a novel strategy for introducing de-
letions, inserting new genetic content or generating any of the 12 possible base-to-base conversions (Anz-
alone etal., 2019). For prime editing nicking Cas9 variant is fused to a reverse transcriptase, which, together
with a prime editing extended guide RNA (pegRNA), makes gene editing possible. Prime editing offers a
new range of possibilities in genome editing, with greater flexibility than the base editors, a greater re-
ported efficiency than HDR, and no introduction of a DSB. Further research will determine the advantages
and limitations of this promising novel concept.

Transient Modlifications.  All previous modifications result in permanent modifications at the genomic
level. As an alternative approach, gene editing has been used to introduce transient modifications.

CRISPR interference (CRISPRi) was developed to inhibit gene transcription. Depending on the nature of
the targeted locus, this approach is designed to interfere with transcription initiation or elongation
(Bikard et al., 2013; Qi et al., 2013). The fusion of dCas9 to transcriptional activators or repressors has
further sophisticated to the gene-editing toolkit for regulating transcription by CRISPR/Cas systems
(Mahas et al., 2018).

The CRISPR/Cas system has also been engineered to modify epigenetic states by coupling dCas? to
several epigenetic modifiers such as P300 Core (Hilton et al., 2015), KRAB (Thakore et al., 2015), LSD1,
Tet1, and Dnmt3 (Liao et al., 2017). Possible applications of this technique include the reversal of patholog-
ical epigenetic changes in conditions such as Fragile X syndrome, caused by silencing of the FMR1 gene,
which is associated with hypermethylation of the CGG expansion in the region encoding the FMR15 UTR.
Recently, Liu and colleagues showed that by using dCas?-Tet1 the CGG expansion can be demethylated,
leading to reactivation of FMR1 (Liu et al., 2018b). Future research is needed to test whether this is a valu-
able approach to treating fragile X syndrome and other epigenetic diseases.

Various studies over the years have shown that it is possible to target RNA with Cas13, an analogous mem-
ber of the Cas family that is also referred to as C2c2 (O'Connell et al., 2014; East-Seletsky et al., 2016; Abu-
dayyeh et al., 2016; Batra et al., 2017). One of these studies described the development of the RNA-editing
platform known as RNA Editing for Programmable A to | Replacement (REPAIR) (Cox et al., 2017). For
REPAIR a catalytically inactive Cas13 nuclease is coupled to a modified deaminase domain of adenosine
deaminase that acts on RNA type 2 (ADAR2), which swaps A bases for | in RNA sequences. Additional
modifications in the Cas13-ADAR2 fusion increased the targeted specificity of the REPAIR system almost
a thousand-fold. In another study, protein engineering and characterization of different Cas13d orthologs
generated a ribonuclease effector called CasRx (Konermann et al., 2018). The CasRx system has been
shown to be highly effective in transcript knockdown or repression and in splice isoform manipulation.

Potentially, transcript editing could play a role in the therapy of diseases that cause transient changes in
gene expression, such as local inflammation. As no definitive changes are made in the genome, but rather
at transcriptional level, these approaches might represent a safer therapeutic strategy. However, the tran-
sient nature of these modifications will require repeated administration of the therapeutic agents.

Challenges in Bringing Genome Editing to the Clinic: Safety, Efficacy, and Delivery

Many conditions have to be met before genome-editing techniques can be considered for clinical devel-
opment. Their efficiency and delivery must be great enough to attain a clinically significant result. Adverse
events produced by permanent unintended variants should be minimized. Below, we highlight the
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targeting specificities and efficacies of natural and engineered variants and the broad diversity of strategies
for delivering gene-editing tools.

Specificity

Mechanisms of Undesired On-Target and Off-Target Effects. The development of precise gene-edit-
ing tools to treat genetic disorders in the clinic requires careful consideration of the medical implications of
permanent modifications in the genome. Nucleases should provide sufficient targeted specificity to pre-
vent potentially detrimental effects derived from DSBs and the subsequent DNA repair mechanism. These
effects can include undesired small insertions and deletions, point variants, aberrant chromosomal rear-
rangements, and large deletions in edited cells (Kosicki and Bradley, 2018; Hsu et al., 2013); they occur
at or around the targeted location (“on-target”), as well as at more distant locations in the genome
("off-target”).

Influence of p53. P53 has been reported to cause a targeting selection bias in engineered cells: Cas9-
gene targeting showed higher editing efficiency in cells with an altered p53 gene (Haapaniemi et al., 2018;
lhry et al., 2018), and transient p53 inhibition was shown to increase editing efficiency in human pluripotent
stem cells, retinal pigment epithelial cells, and, more recently, in hematopoietic stem and progenitor cells
(HSPCs) (Schiroli et al., 2019). However, due to the role of p53 in multiple DNA damage-response mecha-
nisms, transient p53 inhibition may also leave cells more vulnerable to off-target mutagenesis. This idea has
been challenged by others, who analyzed a large number of datasets derived from CRISPR screens (Brown
etal., 2019; Ihry et al., 2019; Mair et al., 2019). These studies failed to show differences between p53-defi-
cient and wild-type cells with respect to the enrichment of essential genes, thereby arguing against
selection for clones that have a defective DNA damage-response pathway in CRISPR screens. Recently,
guidelines were proposed for the performance of CRISPR screens with respect to monitoring and ensuring
the quality of the screening performance (Brown et al., 2019).

R-Loop Formation. In addition to the risk of cleavage at an undesired location, the formation of R-loop-
linked mutagenesis poses a risk. CRISPR/Cas cleavage is initiated by forming an R-loop, i.e., RNA-guided
DNA unwinding to form an RNA-DNA hybrid with a displaced DNA strand inside the Cas protein (Jiang
et al., 2016; Szczelkun et al., 2014). Although this R-loop is vital for stable binding and cleavage by the
Cas protein, recent evidence in yeast indicates that the R-loop itself promotes mutagenesis on both on-
and off-target sites (Laughery et al., 2019). This implies that undesirable mutagenesis may occur in many
applications based on dCas%-fusions that were previously presumed to be safe, such as epigenome edit-
ing, transcriptional repression, and activation.

Effects on Transcription and Translation. Another risk is imposed by the introduction of indels via
NHEJ, which can have unanticipated impacts on the regulation of RNA products and the translation of
the protein it encodes. This includes promotion of internal ribosomal entry and alternative spliced mRNAs
that lead to alternative products with a gain-of-function or a partially functional protein (Thomas et al.,
2019; Mou et al., 2017; Tuladhar et al., 2019). mRNA decay can also trigger transcriptional adaptation.
Via this genetic compensation mechanism, the expression of targeted or related genes can be upregulated
independently or through protein feedback loops (El-Brolosy et al., 2019). Because the underlying mech-
anisms involved in splicing regulation and genetic compensation remain poorly understood, it remains a
challenge to anticipate the translational and transcriptional changes induced by NHEJ-mediated indels.

Off-Target Effects of Base Editing. Because base editors do not produce DSBs in the genome, they do
not pose risks of unintended damage triggered by DSBs. However, recent studies have reported the pro-
duction of other types of off-target effects by adenine and cytosine base editors. In mouse embryos, var-
iants using the APOBEC1 cytosine deaminase have been reported to generate multiple single-nucleotide
variants (SNVs) at frequencies 20 times higher than the spontaneous mutation rate (Zuo et al., 2019). Other
studies observed similar results, not only with the cytosine deaminases but also with the adenine editors
based on the TadA deaminase, albeit at much lower frequencies (Kim et al., 2019). To reduce the rate of
mutagenesis, Kim and colleagues coupled TadA with engineered Cas9 variants, successfully reducing their
off-target activity (Kim et al., 2019). In addition, tens of thousands of SNVs were recently identified in RNA
transcripts induced by both adenine and cytosine editors (Grunewald et al., 2019a; Zhou et al., 2019). These
studies raised concerns about potentially detrimental variations not only in the genome but also in the tran-
scriptome. Appropriate monitoring strategies will therefore be needed to evaluate the DNA and RNA of
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engineered cells that are created with base editors. To enable the safe use of base editors in the clinic,
further research on novel variants or on recently engineered deaminases (Grunewald et al., 2019b) may
reduce their off-target effects.

Monitoring Undesired On-Target and Off-Target Effects. Off-target mutations are more difficult to
detect than on-target variants, as they can be present anywhere in the genome. The most common work-
flow applied to date is to design gRNA sequences with minimal predicted off-target effects and perform
targeted sequencing to those sites with a high predicted value. Many tools are publicly available, the
choice depending on the model organism of interest (Listgarten et al., 2018). A recent comprehensive
study by Allen and colleagues investigated the outcome of more than 40,000 Cas9-edited DNA sequences
using different cell types (Allen et al., 2018), showing how different cell types preferentially use specific
repair mechanisms for certain DNA sequences. This research led to the development of a prediction
tool (FORECasT) that could be used to predict off-target effects.

Common monitoring methods for detecting on-target mutations are based on polymerase chain reaction
(PCR) (reviewed in Zischewski et al. [2017]). Each assay is designed according to the mutation introduced
into the host genome, and the method selected must detect the difference in the heteroduplex DNA in
order to determine the editing outcome. Mismatch cleavage assays, such as T7E1 or Surveyor, are
commonly used to identify indels in bulk and single-cell preparations. Although these methods are simple
and effective in detecting small indels, they underrate the detection of large deletions or insertions. Addi-
tional methods that may provide detailed information about introduced mutations are based on Sanger
sequencing.

Considering our limited knowledge of the mechanisms involved in CRISPR/Cas off-target activity, unbiased
methods should be included that do not rely on predictions. Although whole-genome sequencing offers an
unbiased high-throughput assessment of unintended variants, it is expensive and only provides informa-
tion on bulk genomes. When applied to cell clones that have been edited ex vivo, whole-genome
sequencing provides a valuable option. However, when applied to cell populations without clonal expan-
sion, whole-genome sequencing is less suitable, as it may fail to detect low-abundant events that might
eventually lead to oncogenic transformation. Other methods for detecting off-target effects are based
on the fact that nucleases generate breaks that are repaired by endogenous DNA repair mechanisms.
These have been exploited to develop techniques for quantifying the DSBs that have occurred in vitro
(BLESS, GUIDE-seq, Digenome-seq) (Zischewski et al., 2017).

The selection of the most suitable detection method will depend on the sensitivity, throughput, limitations,
and cost of the technique, and ultimately on the editing strategy (ex vivo or in vivo) and delivery system
used (viral or non-viral). A recent study by Akcakaya and colleagues describes a robust evaluation of off-tar-
gets using in vitro assessment of potential off-targets via CIRCLE-seq, followed by in vivo targeted deep
sequencing of engineered organs (VIVO) (Akcakaya et al., 2018). In a more recent study, Wienert and col-
leagues developed an unbiased monitoring strategy (DISCOVER-Seq) to evaluate potential off-target
DSBs in cells and tissues (Wienert et al., 2019). Because these approaches are based on pre-repair mech-
anisms, additional detection methods will be required to evaluate their editing outcome and cytotoxic ef-
fect. In human diseases, robust standardized assessment guidelines will therefore be essential for precise
genome engineering.

Increasing Specificity. Research has made great advances in the characterization of novel CRISPR/Cas9
orthologs and homologs from various species and in the generation of engineered enhanced-specificity
Cas enzymes and sgRNAs. The most commonly used CRISPR/Cas system in research exploits the Cas? pro-
tein derived from streptococcus pyogenes. However, many other orthologs offer different targeting abil-
ities and specificities (Karvelis et al., 2017). Other natural homologs discovered recently include Cas12a
(Cpf1) and Cas12b (C2c1), which can also be engineered for enhanced DNA specificity (Wu et al., 2018).

Recently, many engineered forms of Cas9 proteins with improved and broad targeting specificities have
been developed. For example, Cas9 nickases (Ran et al., 2013) or Fok | fused to dead Cas9 nucleases
(Tsai et al., 2014) use two different sgRNAs to perform ssDNA breaks, which can significantly reduce the
off-target effects of WT Cas? variants. Cas? nickases have been used to generate paired single-strand
DNA breaks in donor plasmids and at genomic target sites, thereby increasing gene-targeting efficiency,
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specificity, and fidelity in human cells when compared with nicking targeting DNA alone (Chen et al.,
2017b).

More recently, new engineered Cas? proteins with enhanced targeted specificity have raised the possibility
of using smart-designed nucleases for precise genome editing. The high-fidelity Cas? (Cas9-HF1) (Klein-
stiver et al., 2016) was designed by altering the composition of four residues involved in non-specific
interactions of Cas9 with its target DNA. These modifications reduced the generation of mismatches
with minimal loss of on-target efficiency. Using GUIDE-seq to monitor the frequency of off-target effects
showed that editing with Cas9-HF1 resulted in only one single mismatch compared with the 65 detected
for WT Cas9 using eight different sgRNAs toward four human genes in U20S cells. The enhanced specificity
Cas9 (eSpCas9) (Slaymaker et al., 2016) was created by modifying positively charged residues involved in
the unwinding of the non-complementary DNA strand. Weakening this interaction reduced Cas9 off-target
activity 10 times compared with that of WT Cas9, while maintaining on-target efficiency in human embry-
onic kidney cells. The evolved Cas? (evoCas?) was generated through directed evolution in yeast (Casini
et al., 2018), which involved the screening of random variants to identify beneficial variants in the REC3
domain involved in the recognition of the sgRNA and DNA heteroduplex. The combination of four bene-
ficial variants generated the evoCas9 nuclease: a high-fidelity Cas9 variant with minimal loss of on-target
activity and a reported 98.7% reduction in off-target activity relative to that in WT Cas9 when analyzed
via GUIDE-seq (Casini et al., 2018).

The lack of mechanistic insight regarding target recognition of Cas?-HF1 and eSpCas? led to the develop-
ment of the hyper-accurate Cas9 (HypaCas9) (Chen et al., 2017a). It was shown that raising the energy re-
quirements for the conformational activation of the HNH domain, which acts as a Cas9 editing checkpoint,
reduced off-target activity in these variants. HypaCas9 was designed by modifying four amino acids
involved in this process. Genome-wide specificity of this variant was significantly better than that of the
WT Cas9 and equivalent to that of the Cas9-HF1 and eSpCas? nucleases. On-target activity was at
least >70% that of WT Cas9 when tested in U20S cells.

Other Cas engineering strategies focused on increasing the targeting capacities of CRISPR/Cas nucleases by
altering their PAM recognition sites without losing on-target specificity (Figure 1) (Kleinstiver et al., 2015; Hu
etal., 2018). Directed evolution was used to create different variants of Cas? nucleases with altered PAM targeting
properties; the VOR and VRER variants demonstrated enhanced specificity in human cells. Other variants include
xCas9, which recognizes a broader range of PAM sequences than natural Cas9. Recently, Nishimasu and col-
leagues designed a SpCas?-NG nuclease with a targeting capacity similar to that of the xCas9 variant. However,
comparative studies showed that the editing efficiency of the SpCas?-NG variant was greater than that of xCas9.
To convert C-to-Tbases at NG PAM sites in human cells, the authors further combined SpCas9-NG with a cytidine
deaminase, thereby providing new engineered Cas? variants with many capacities beyond improved specificity
(Nishimasu et al., 2018). Other homologs, such as Cas12a, have also been engineered to act on different PAM
sequences instead of acting on their natural binding sites (Gao et al., 2017).

In addition, sgRNAs have been altered to enhance their targeting specificities. By modifying their length,
secondary structure, or chemical composition, several studies demonstrated that off-target mutagenesis
can be reduced (Fu et al., 2014; Hendel et al.,, 2015; Kocak et al., 2019). However, these changes may
also influence their on-target efficiency. Subsequent studies found that partial replacement of RNA nucle-
otides with DNA could further reduce the off-target activity while retaining on-target efficiency (Yin et al.,
2018). The optimal targeting specificity of sgRNAs will ultimately depend on the in silico design. Many soft-
ware programs are publicly available for this purpose. However, it is important to consider the genetic var-
iations between different individuals, as it can substantially alter the on-target and off-targeting activities of
precise genome engineering (Lessard et al., 2017).

Spatiotemporal Control of CRISPR/Cas Activity. The capacity of nucleases to generate permanent
genome changes has prompted researchers to seek novel methods of exerting spatiotemporal control
over CRISPR/Cas activity. Such control is important: when targeting DNA to reduce undesirable off-target
effects, any intervention in a desired tissue or organ should be brief.

The spatial localization of precision gene-editing tools can be manipulated by using different delivery ve-
hicles. For instance, different serotypes of viral particles such as lentivirus or adeno-associated virus (AAV)
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Figure 1. SpCas9 Ribonucleoprotein Variants with Altered Targeting Capacities

Engineered SpCas? nuclease variants with potential therapeutic advantages. Variants with expanded PAM recognition
sequences include natural Cas9 and its well-described homologs Cas12a and Cas12b. Designed engineered nucleases
with improved specificity include the split-Cas? variant, which was created to improve the packaging of Cas? proteins in
AAV vehicles. Cas9 nucleases have also been fused with multiple functional domains to allow for targeted epigenetic
modifications, single nucleotide modifications, single-strand nicking activity, or temporal regulation of CRISPR/Cas
activity. Truncated versions of sgRNAs have been successfully used to increase targeting specificity. SpCas9,
streptococcus pyogenes Cas9.

have higher affinities for specific cell types. By using tissue-specific promoters, the expression of CRISPR/
Cas components can be limited to target tissues or organs. Other organs can be targeted through local
delivery with limited distribution into other tissues, such as the eye. However, for efficient targeting, dis-
eases involving larger organs or tissues (such as muscle or skin) might require systemic administration.

Off-target effects are also magnified by extended gene-editing activity. Several approaches have therefore
been developed to influence the spatiotemporal activity of CRISPR/Cas systems. Many natural Cas9 en-
zymes have been engineered into switchable Cas? nucleases, either to be light sensitive, to be controlled
by allosteric regulation, or to express specific localization signals (Richter et al., 2017). However, the clinical
potential of these engineered forms can be limited, as some switchable nucleases respond to toxic regu-
lators such as doxycyclin or UV light. Nevertheless, the characterization of novel natural inhibitors for Cas9
and Cas12a variants holds great promise for the therapeutic regulation of CRISPR/Cas activity in a clinical
setting (Pawluk et al., 2016; Watters et al., 2018; Jiang et al., 2019; Uribe et al., 2019). Another approach that
holds great potential for controlling the CRISPR/Cas system and off-target activity is the use of anti-
CRISPRs. Discovered in phages to overcome CRISPR immunity, these anti-CRISPRs can be used, repur-
posed, and structurally engineered to control the CRISPR/Cas? system (Pawluk et al., 2018).
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Immunogenicity and Safety. Gene targeting must be performed with minimal toxicity and immunoge-
nicity. The immunogenic properties of gene-editing components have recently been described in several
studies (Charlesworth et al., 2019; Kim et al., 2018a; Wagner et al., 2019; Chew et al., 2016). CRISPR/Cas
systems are protein complexes derived from bacteria and archaea, some of which, such as S. aureus
(SaCas9) or S. pyogenes (SpCas?) are common infectious agents in the human population. The risks asso-
ciated with immune responses against Cas9 proteins (or other Cas homologs) and sgRNAs should be
considered in clinical trials. A recent study by Charlesworth and colleagues on the presence of preexisting
antibodies reported that 78% of donors involved in the study presented antibodies against SaCas9 and
58% presented antibodies against SpCas9. In addition, analysis of blood samples indicated that 78%
had anti-SaCas9 T cells and 67% had anti-SpCas9 T cells (Charlesworth et al., 2019). The detection of
anti-Cas9 T cells might pose a serious challenge to precision genomic engineering, as exposure to a
cytotoxic T cell response might eliminate engineered cells. Because the assays used in this study were
not intended to investigate cellular immune responses against CRISPR/Cas components, this issue should
be addressed in future studies.

Gene-editing tools used in vivo will be exposed to the hostimmune system. Potential immune reactions will
be influenced by the type of delivery vehicle used. For instance, viral-based vectors could lead to long-term
expression of gene-editing tools. These could lead to sustained nuclease activity, which, depending on the
variant used, might in turn lead to extensive damage to the human genome and a prolonged immune
response. In addition, immune responses to viral-based vectors such as AAV are known for their capacity
to neutralize the therapy, including an induction of a cytotoxic T cell response that eliminates cells that have
been targeted by the AAV vector (Mingozzi and High, 2011, 2013). This is highly relevant, as AAV is a natu-
rally occurring virus against which ~40% or an even higher percentage of people already carry antibodies to
AAV capsid proteins.

To minimize the effects of potential immune reactions, researchers can follow various strategies. In one
approach, gene-editing activity can be spatiotemporally controlled, which has great potential for clinical
use (see above for the section on Spatiotemporal control of CRISPR/Cas activity). Gene-editing compo-
nents can for instance be directed to immune-privileged organs such as the eye or to tolerogenic organs
such as the liver. Strategies involving immune modulation might prevent side effects derived from bacterial
Cas proteins or from antigens derived from the delivery vehicles. An appropriate evaluation of candidate
approaches and potential detrimental effects will be essential for the safe use of precision genome engi-
neering in the clinic.

Delivery Strategies

The development of efficient and safe delivery systems is one of the most challenging aspects of intro-
ducing precise genome editing to the clinic. The delivery approach to be used will be influenced by the
type of gene-editing material. So far, CRISPR/Cas systems have been successfully administered in naked
or encapsulated plasmid DNA, mRNA, or functional (ribonucleo)protein complexes both in vivo and
ex vivo (Figure 2).

In Vivo Delivery. In many clinical and pre-clinical studies, adeno-associated viruses are commonly used
delivery vehicles in vivo. Different AAV serotypes provide increased delivery efficiencies for specific cell
types, thereby allowing tissue/organ targeting (Colella et al., 2018). In vivo delivery of gene-editing machin-
ery using AAV has been successfully used in multiple animal models of metabolic diseases (Pankowicz et al.,
2016; Yinetal., 2016; Villiger et al., 2018; Rossidis et al., 2018), human immunodeficiency virus (HIV) infection
(Yin et al., 2017a), muscle dystrophies (Amoasii et al., 2018), brain disease (Nishiyama et al., 2017), retinal
disorders (Suzuki et al., 2016; Huang et al., 2017; Maeder et al., 2019), degenerative disorders (Beyret
et al.,, 2019; Santiago-Fernandez et al., 2019), and diabetes and kidney malignancies (Liao et al., 2017).
More recently, it has been used to upregulate the expression of endogenous genes in haploinsufficiencies
such as obesity (Matharu et al., 2018).

Due toits high efficiency, viral delivery through AAVs offers promising results for precision genome-editing
medicine. However, AAVs elicit immune responses that may limit the therapeutic potential of genome-en-
gineering tools. If the gene-editing strategy should be administered repeatedly over time, this is especially
relevant, as patients will develop antibodies against the AAV virus after the first administration, precluding
any subsequent treatment using AAV as delivery vehicle. Furthermore, as a significant proportion of the
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Figure 2. Delivery Strategies Used in Preclinical Studies

CRISPR/Cas gene-editing tools have been delivered as ribonucleoprotein complexes, plasmid DNA, or RNA. They can be
delivered as naked components using chemical or physical methods or in delivery vehicles including virus and/or different
types of nanocomplexes. There are two main strategies for delivering precision gene-editing platforms. In multiple
organs and tissues in animal models, in vivo delivery strategies have been successfully used, some of which have been
clinically approved for application in humans. Ex vivo delivery strategies are being extensively used in T cell engineering,
hematopoietic stem-cell gene editing, and iPSCs modeling. iTOP, induced transduction by osmocytosis and
propanebetaine; CPP, cell-penetrating peptide; LNP, lipid nanoparticle; GNP, gold nanoparticle, HSPCs, hematopoietic
stem and progenitor cells; iPSCs, induced pluripotent stem cells.

population has pre-existing antibodies against the AAV virus, it is not eligible for AAV-based treatment
(Louis Jeune et al., 2013). However, some of these limitations may be overcome by combined immunosup-
pressive therapies. AAV delivery can also drive long-term transgene expression and might result in low inci-
dence of transgene integration. This promotes long-lasting gene editing in tissues and thus poses a high
risk of off-target events. Methods for inactivating Cas activity would be required to prevent the long-lasting
introduction of double-strand breaks in vivo and to reduce the risks of chromosomal abnormalities.

The large size of Cas proteins hampers their packaging into AAV plasmids. To circumvent this, researchers
have successfully treated eye diseases using smaller Cas9 orthologs derived from campylobacter jejuni
(CjCas9) (Kim et al., 2017). The study in question described how researchers were able to package the
DNA sequence of the CjCas?, sgRNAs, and a donor template in a single AAV vector. Others have designed
aflexible AAV-split-Cas9 platform to compact the Cas? DNA sequence into AAV vectors (Chew et al., 2016).
By manipulating the WT protein sequence of the Cas? nuclease into fused functional domains, it was
possible to shorten the newly engineered Cas? DNA sequence by more than 2 kb.
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Over recent years, different types of nanomaterial have been developed with encouraging results in mul-
tiple diseases (reviewed in Li et al. [2018]). Unlike AAVSs, lipid-based nanoparticles are able to transfer Cas9
plasmids or proteins without the risk of genomic integration; some of them have received FDA approval for
therapeutic use (Glass et al., 2018). In mice, lipid nanoparticles are currently used to deliver Cas? compo-
nents locally to the brain (Wang et al., 2016) or inner ear (Gao et al., 2018) and systemically to the liver (Yin
etal., 2017b; Finn et al., 2018). However, for the delivery of Cas? and a donor template for HDR, both com-
ponents must be encapsulated in distinct lipid nanoparticles, which might affect its editing efficiency
in vivo. More recently, newly developed gold nanoparticles have been successfully used in rodent models
to simultaneously deliver Cas9 ribonucleoproteins and donor templates to treat Duchenne muscular dys-
trophy (Lee et al., 2017) and fragile X syndrome (Lee et al., 2018). Park and colleagues have shown successful
genome editing of post-mitotic neurons in different Alzheimer disease mouse models using amphiphilic
nanocomplexes generated using the R7L10 peptide together with the Cas? nuclease and the sgRNAs
(Park et al., 2019a).

Ex Vivo Delivery. Many vehicles are being exploited to deliver precision gene editing ex vivo. Depend-
ing on the type of cell or stem cell used for ex vivo editing, the gene-editing machinery may be delivered via
electroporation, microinjection, chemical methods such as cell-penetrating peptides and nanoparticles
(Wu et al., 2018), and virus-based vehicles such as AAVs or lentiviruses (Figure 2). The efficacy with which
various types of immune cells can be engineered ex vivo has been investigated in multiple preclinical
models, greatly stimulating research in several fields, particularly hematology and cancer therapeutics
(Bak et al., 2018; Huang et al., 2018). Pluripotent stem cells such as induced pluripotent stem cells (iPSCs)
have also been used extensively for genome engineering ex vivo for cell-based regenerative approaches
and for disease modeling (Jang and Ye, 2016). iPSCs offer great potential for disease modeling, as they can
be differentiated into any cell type that is relevant for the disease, such as cardiomyocytes (Brandao et al.,
2017; Devalla and Passier, 2018), skeletal muscle cells (van der Wal et al., 2018; Magli and Perlingeiro, 2017,
Chal and Pourquie, 2017), neuronal cells (Bordoni et al., 2018; Compagnucci et al., 2014), hepatocytes (Fior-
otto et al., 2019; Hannoun et al., 2016), and many other cell types. Isogenic controls that correct for genetic
background effects can be generated in iPSCs using CRISPR/Cas; this correction for background effects is
considered important due to the large variation in many parameters among individuals. The risk of
acquiring variants during the reprogramming of somatic cells into iPSCs has imposed the need for caution
in the use of iPSC-derived cells for cell-based therapy. In addition, the development of affordable clinical
treatment is inhibited by the cost associated with the quality control of patient-specific iPSCs. As a possible
solution, the generation of iPS-cell banks covering the majority of HLA isotypes known globally is currently
in progress. This would make a validated iPSC line available for cell-based therapy for almost each individ-
ual patient without the need to generate patient-specific iPSCs (Ben Jehuda et al., 2018; Mandai et al.,
2017).

Preclinical Studies and Clinical Trials

Therapeutic gene editing by ZFN, TALEN, or CRISPR/Cas? platforms is already being explored in a number
of clinical trials registered at clinicaltrials.gov. As we discuss briefly below, these target cancer, genetic dis-
orders, and HIV/AIDS (Figure 3).

Cancer

In HPV-related cervical cancer, CRISPR/CAS?9, ZFNs, or TALENSs are applied topically to precancerous le-
sions in order to disrupt viral oncogenes E6 or E7 in vivo (Ding et al., 2014; Hu et al., 2014, 2015; Kennedy
et al.,, 2014; Shankar et al., 2017; Zhen et al., 2014). In addition to induction of (viral) oncogene knock-out,
gene editing for the treatment of various types of cancer is also being investigated in cellular immunother-
apies or adoptive cell therapy (ACT). To overcome evasion of immune surveillance by cancer cells, PD-1, an
immune checkpoint molecule, was knocked out ex vivo in autologous T cells using CRISPR/Cas9 before re-
infusion into patients (Beane et al., 2015; Menger et al., 2016; Su et al., 2016; Zhao et al., 2018). PD-1 knock-
out have been deployed to improve redirected T cells (Guo et al., 2018b; Hu et al., 2019a, 201%9b; Lu et al.,
2019; Ouchi et al., 2018; Rupp et al., 2017; Su et al., 2017), which were genetically altered to express a trans-
genic T cell receptor (tTCR) or a chimeric antigen receptor (CAR) targeted at a disease-associated antigen.
To enable ACT for T cell malignancies expressing CD7, CRISPR/Cas? has also been used ex vivo to knock
out the CD7 gene in anti-CD7 CAR-T cells, preventing these CAR-T cells from killing each other (Cooper
etal., 2018; Gomes-Silva et al., 2017). Finally, to circumvent the necessity for custom-made autologous ther-
apy for each patient, ex vivo gene editing by CRISPR/CAS9 or TALENSs in CAR-T cells manufactured from
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Figure 3. Examples of Gene-Editing Strategies in Current Clinical Trials

(A) In cancer, gene-editing targets PD-1 or CD7 in T cells to enhance immune responses.

(B) In patients with HIV, CCR5 is targeted in HSPCs to prevent HIV entry.

(C) In B-thalassemia and sickle cell disease, induction of fetal hemoglobin or correction of adult hemoglobin in HSPCs
is used.

(D) AAV-mediated gene editing in the liver provides circulating enzymes in lysosomal storage diseases.

donor-derived T cells is being applied to generate universal CAR-T cells (Torikai and Cooper, 2016; Yang
et al., 2015). This involves the disruption of the endogenous TCR to prevent graft-versus-host disease and
of HLA components to prevent graft rejection by the host immune system.

HIV Infection/AIDS

In patients infected with HIV, T cells or HSPCs are harvested and the CCR5 gene is knocked out in vitro by
CRISPR/Cas? or ZFNs before reinfusion into the patient (Holt et al., 2010; Perez et al., 2008; Tebas et al.,
2014; Wang et al., 2014; Xu et al., 2017; Yu et al., 2018). As CCR5 is essential for HIV invasion of T cells,
this intervention should prevent spreading of the virus into the engineered cells (Brelot and Chakrabarti,
2018).

Genetic Disorders

Sickle cell disease (SCD) and B-thalassemia are caused by disease-associated variants in the HBB gene,
which encodes the beta subunit of hemoglobin. One strategy involves inducing the production of fetal
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hemoglobin (HbF), which can compensate for malformed adult hemoglobin (in SCD) or reduced levels of
adult hemoglobin (in B-thalassemia). This can be accomplished by ex vivo disruption of the intronic
erythroid-specific enhancer of BCLT1A in HSPCs by CRISPR/Cas? or ZFN (Chang et al., 2017b; Psatha
et al., 2018). After reinfusion, these HSPCs will produce erythrocytes with reduced BCL11A levels. As
BCL11A represses transcription from HBG (Liu et al., 2018a), which encodes the gamma subunit of HbF,
the level of the gamma subunit and thus HbF will increase. In another approach, one clinical trial is currently
investigating direct gene restoration by CRISPR/Cas9 ex vivo in iPSC-derived HSPCs for the treatment of
B-thalassemia (Cai et al., 2018; Martin et al., 2019; Park et al., 2019b; Wattanapanitch et al., 2018).

Clinical trials have started for the monogenic disorders hemophilia B and mucopolysaccharidosis (MPS)
types | and Il. Hemophilia B is caused by a deficiency of clotting factor IX, whereas MPS | and Il are lyso-
somal storage disorders caused by deficiency of enzymes involved in the lysosomal degradation of
glycosaminoglycans. These trials use systemic injection of AAV-expressing ZFN to achieve the targeted
integration of a functional copy of the deficient gene into the albumin locus in liver cells, which secrete
the enzyme into the circulation (Lacharawee et al., 2018; Sharma et al., 2015).

Finally, gene editing is being investigated in one of the subtypes of Leber’s congenital amaurosis (LCA), a
congenital retinal dystrophy. The subtype LCA10 is most commonly caused by an intronic variant in the
CEP290 gene that generates a cryptic splice site, resulting in defective protein production (Xu et al,,
2018). A CRISPR/Cas9-based gene-editing strategy has been developed that removes the cryptic splice
site; it is administered in vivo via subretinal injection using AAV as delivery vehicle (Maeder et al., 2019;
Ruan et al., 2017).

FUTURE CHALLENGES

Among the most challenging aspects of gene editing to date are its delivery, specificity, and efficacy. The
delivery strategy that is most appropriate for gene-editing intervention will depend on the cell-targeting
approach that is most suitable for treating a specific disease. Ex vivo strategies can be conducted in a
controlled environment, are amenable to efficient engineering using multiple methods, and may be a
more straightforward way of bringing precision gene-editing medicine to the clinic. For example, when
applied to stem cells (including adult stem cells or iPSCs) ex vivo gene editing can be subjected to quality
control for genotoxicity before it is decided to engraft the cells in question. The use of ex vivo protein trans-
duction ensures a transient exposure to nucleases, as opposed to the long-term exposure with in vivo ap-
proaches that use DNA constructs. However, ex vivo strategies face other issues associated with ex vivo cell
manipulation. Engineered cells have to engraft efficiently into host individuals and should evade immune
rejections if they are derived from a different donor. On the other hand, in vivo strategies will face the chal-
lenge of uncontrolled off-target events. In such cases, the selection of a suitable delivery vehicle, of a highly
specific gene-targeting tool, and of possibly a strategy for spatiotemporal control, will all be especially
relevant to preventing unintended variants and reducing potential immune reactions. In vivo gene-editing
strategies that use persistent CAS9 expression—such as AAV—as a delivery vehicle may pose arisk of long-
term exposure to gene-editing events, increasing the risk for off-target effects. Despite these challenges,
the ongoing iteration of the CRISPR/Cas system into versions with improved specificity and efficacy holds
great promise for a wide range of clinical applications. It will be important to remain cautious and, when the
time comes for clinical testing, to evaluate the advantages against the possible risks. To fully understand
the long-term effects of potential new treatments involving precise genomic engineering, thorough pre-
clinical work is required.
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