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Genomeengineering technologies right fromviral vector-mediated to protein-based editing—which include zinc
finger nucleases, TALENs, and CRISPR/Cas systems—have been improved significantly. These technologies have
facilitated drug discovery and have resulted in the development of potential curative therapies for many intrac-
table diseases. They can efficiently correct genetic errors; however, these technologies have limitations, such as
off-target effects and possible safety issues, which need to be considered when employing these techniques in
humans. Significant efforts have been made to overcome these limitations and to accelerate the clinical imple-
mentation of these technologies. In this review, we focus on the recent technological advancements in genome
engineering and their applications in stem cells to enable efficient discovery of drugs and treatment of intractable
diseases.

© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Genome editing is widely used in biological research, especially in
stem cell research on human diseases, for the identification and valida-
tion of novel therapeutic targets, and for the development of novel ther-
apeutic agents (Qi, 2017). Generally, genome editing strategies involve
DNA modifications in living organisms; these include “beneficial” dele-
tions, corrections via gene replacement, and insertions, and correspond-
ing protocols have been established for introducing these modifications
in stem cells during the last decades (Chen &Gonçalves, 2018). Genome
editing technologies based on common engineered nuclease-based
platforms, such as zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs), and clustered regularly
interspaced short palindrome repeats (CRISPR) in combination with
Cas9 RNA-guided endonucleases, utilize the endogenous DNA repair
machinery to easily target almost any genomic location (Kim & Kim,
2014; Li et al., 2019).

Currently, two main genome editing-based approaches are widely
studied as promising strategies for cellular therapy, (i) ex vivo genome
editing-based stem or somatic cell therapy, which consists of in vitro
transduction/correction of therapeutic genes in stem or somatic cells,
which are then transplanted back into the recipients (Dever et al.,
2016; Torikai et al., 2016); (ii) in vivo genome editing in stemor somatic
cells, which consists of transduction/correction of therapeutic genes in
endogenous cells via virus-, protein-, ormRNA-based delivery of the ge-
nomeediting cargo (Ho, Loh, Chan, & Soh, 2018). The ex vivo approach is
used more widely than the in vivo approach because of associated ad-
vantages, such as the ease of editing, safety, and high efficiency, but is
limited by the availability of target cells (Tong, Moyo, Lee, Leong, &
Bao, 2019).

In this review, we summarize the different widely used techniques
for genome editing and the recent advances in ex vivo or in vivo genome
editing in stem cells to treat genetic or intractable diseases.We also dis-
cuss the utility, impact, and limitations of using genomeediting as a pre-
cision medicine.

2. Genome editing technology

Genome editing technology evolved in the late 1970s with advances
in biotechnology, which allowed the successful development of site-
specific gene modifications in the yeast Saccharomyces cerevisiae
(Hinnen, Hicks, & Fink, 1978). Current developments in genome editing
technologies are aimed at improving the accuracy and efficiency of
these technologies. Depending on the underlying working principles,
these technologies are classified into (i) traditional genome editing
(conventional homologous recombination and single-stranded donor
oligonucleotide homologous recombination) and (ii) programmable
nuclease utilizingmethods, such as the ZFN, TALEN, and CRISPR systems
(Gaj, Sirk, Shui, & Liu, 2016). Despite their unique characteristics, pro-
grammable nucleases share a common underlying working principle,
i.e., cleavage of chromosomal DNA in a site-specific manner that effi-
ciently leads to precise editing (Table 1) (Kim & Kim, 2014).

2.1. ZFNs

ZFNswere the first programmable nucleases to be introduced for ge-
nome editing of stem cells. Prior to the introduction of ZFNs in 1996, it
was hypothesized that gene therapy was a promising strategy for man-
aging or even curing diseases as random/untargeted integration of nor-
mal genes into disease-causing defective genomes decreased the
disease symptoms (Chandrasegaran, 2017). ZFNs are composed of two
domains, namely, a DNA-binding zinc-finger domain and a nuclease do-
main derived from the FokI restriction enzyme. The DNA binding do-
main is able to bind DNA sequences of up to 18 base pair (bp) in
length, whereby each of the 3–6 zinc finger motifs is able to recognize
a 3–4 bp DNA sequence. The FokI domain then cleaves the genome
(Handel, Alwin, & Cathomen, 2009; Schierling et al., 2012).

ZFN target sites consist of guanine-rich 3 bp subsites, namely, 5′-
GNN-3′where N denotes any nucleotide. However, the clinical transla-
tion of ZFNs remains challenging owing to complications in designing
zinc finger domains specific for DNA triplets, including 5′-ANN-3′, 5′-
CNN-3′, and 5′-TNN-3′ (Chandrasegaran & Carroll, 2016; Koo, Lee, &
Kim, 2015). ZFN heterodimers are suitable for adeno-associated virus
(AAV)-mediated delivery because they can be easily packaged into
~1 kb/monomer (Lee, Sebo, Peng, & Guo, 2015). Several strategies
have been employed to reduce off-target effects, such as the use of
well-designed heterodimeric ZFNs, protein engineering, andprotein de-
livery based on the permeability characteristics of recipient cells (Kim&
Kini, 2017; Liu, Gaj, Wallen, & Barbas, 2015; Miller et al., 2007). The first
cell permeable ZFNs were described by Gaj, Guo, Kato, Sirk, and Barbas
3rd (2012).

Since 2009, ZFN technology has been utilized in a small number of
clinical trials in the USA and China. Currently, 165 patients with
human immunodeficiency virus (HIV) infection, sickle cell anemia,
transfusion dependent β-thalassemia, human papillomavirus-related
malignant neoplasm,mucopolysaccharidosis, and hemophilia B are par-
ticipating in phase I or II clinical trials that are testing ZFNs (NIH US,
www.clinicaltrials.gov).

2.2. TALENs

TALENs were first used for genome editing following the identifica-
tion of DNA-recognizing bacterial proteins. TALENs contain a FokI nucle-
ase domain at their carboxyl terminal and DNA-binding TALE-repaeat
domains at their amino terminal (Miller et al., 2011). Although their tar-
get site capacities vary, ZFNs and TALENs are based on similar principles.
For example, both ZFNs and TALENs utilize the FokI endonuclease do-
main for cleaving the chromosomal DNA, and the process is activated
by two distinct DNA binding domains (Gupta & Musunuru, 2014). In
TALENs, approximately 12–20 bp around the spacer sequence are
disrupted by the FokI nuclease domains (Certo & Morgan, 2016; Kim
et al., 2013). The DNA binding domains of the TALE proteins contain re-
petitive sequence of residues, each comprised of approximately 34
amino acids (Cuculis, Abil, Zhao, & Schroeder, 2015). The amino acid se-
quences of these subdomains are almost identical, differing only at po-
sitions 12 and 13. This region is known as the repeat variable
dinucleotide, which plays a major role in defining the nucleotide speci-
ficity of TALEN-based genome editing tools (Lee et al., 2015). Several
commonly used repeat variable dinucleotides such as HD (cytosine),
NI (adenine), andNG (thymine) are present in TALENs (Gaj et al., 2016).

In principle, TALENs can edit any type of DNA sequence (Kim & Kim,
2014). Despite their large size (6 kb per pair), TALENs can be delivered
efficiently inside cells using different tools, such as codon divergent re-
peat variable di-residues (RVDs), adenoviral vectors, or mRNA- or
protein-based gene transfer methods (Cermak et al., 2011; Certo &
Morgan, 2016 and Qi, 2017).

TALENs are being tested in three phase I interventional clinical trials
in China and in the USA. An estimated 262 patients with human
papillomavirus-related malignant neoplasms or acute myeloid leuke-
mia are either participating or are expected to participate in these stud-
ies (U.S. National Institute of Health, www.clinicaltrials.gov.us).

2.3. CRISPR/Cas

In 1987—with the discovery of an interrupted short tandem repeat
sequence of nucleotides—CRISPR was identified in Escherichia coli
(Ishino, Krupovic, & Forterre, 2018). CRISPR-based genome editing
was demonstrated for the first time in 2013, and since then, this tech-
nique has developed rapidly (Cho, Kim, Kim, & Kim, 2013; Cong et al.,
2013; Jinek et al., 2012; Luo et al., 2016;Mali et al., 2013). So far, numer-
ous CRISPR systems have been identified in bacterial and archaeal

http://www.clinicaltrials.gov
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Table 1
Comparison of the key features of the three engineered nucleases, ZFNs, TALENs, and CRISPR/Cas9.

ZFN TALEN CRISPR/Cas9 Reference

Binding principle Protein-DNA Protein-DNA RNA-DNA Gupta & Musunuru, 2014
Length of target site 2 sites, each 15 or

18 bp
2 sites, each
≥13 bp

1 site, 18 to 20 bp plus 2–5 bp
for PAM

Carroll, 2011; Fu et al., 2014; Christian et al., 2010

Endonuclease FokI FokI Cas9 Durai et al., 2005; Christian et al., 2010; Mali et al., 2013; Cong et al.,
2013; Cho et al., 2013Design and construction

simplicity
Hard Easy Very easy

Time required for design and
construction

7–15 days 5–7 days 1–3 days Cermak et al., 2011

Targeting specificity Low Medium High Ranganathan, Wahlin, Maruotti, & Zack, 2014
Targeting efficiency 1–50% 1–50% N70% Gupta & Musunuru, 2014
Off-target frequency High Low Low Pattanayak, Ramirez, Joung, & Liu, 2011; Lee, Chung, et al., 2016
Multiple gene mutations Limited Limited Unlimited Lin et al., 2014; Kennedy et al., 2014
Cytotoxicity Moderate Low Low Gupta & Musunuru, 2014
Number of Phase I Clinical Trials 14 6 30 www.clinicaltrials.gov
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genomes (Koonin, Makarova, & Zhang, 2017). The well-known CRISPR
systems—currently in use—are divided into two major classes and en-
compass six types (I-VI), depending on their related Cas genes (Cas ef-
fectors 1–13) and organization of the corresponding loci. Among
these, type I, III, and IV CRISPR/Cas systems belong to Class 1 and the
rest are grouped into the Class 2 (Makarova & Koonin, 2015). The type
II and type V systems—belonging to Class 2—are used for programmable
genome editing. The most commonly used CRISPR/Cas9 system is the
type II system, and its biology, mechanism, and applications have been
well-documented (Bae, Hur, Kim, & Hur, 2019; Mir, Edraki, Lee, &
Sontheimer, 2018).

The CRISPR/Cas9 system consists of two components, a Cas9 nucle-
ase and a single guide RNA. The latter consists of sequence specific
targeting crRNA and tracrRNA, which bind to Cas9 together with the
CRISPR RNA. In total, 18–20 nucleotides can be precisely targeted by
the crRNA (Sun, Lutz, & Tao, 2016). There are three different CRISPR/
Cas9-based genome editing strategies, 1) plasmid-based CRISPR/Cas9
system, 2) Cas9/mRNA and sgRNA system, and 3) ribonucleoprotein
(RNP) complex-based Cas9 and sgRNA system. Each strategy has its ad-
vantages and shortcomings (Liu, Zhang, Liu, & Cheng, 2017). Among
these strategies, the RNP system ismost commonly used for clinical pur-
poses as it is associated with fewer off-target effects, which is themajor
disadvantage of CRISPR/Cas9 tools. Compared to other systems, thehalf-
life of the RNP system is relatively short, which reduces the risk of unde-
sired genome editing (Farboud et al., 2018). Cas9 RNP system was the
first system used in human cells, where it was shown that reduced
off-target effects with rapid degradation of corresponding protein and
gRNA (Kim, Kim, Cho, Kim, & Kim, 2014). The other advantages of the
RNP system are the quick delivery of CRISPR/Cas9 tools, precise genome
editing, ease of design, improved safety, and reduced immune re-
sponses (Martinez-Lage, Puig-Serra, Menendez, Torres-Ruiz, &
Rodriguez-Perales, 2018). Several strategies to reduce the off-target ac-
tivity of CRISPR/Cas9 are being developed, e.g., systems with smaller or
divided variants of Cas9 or using allosterically-regulated Cas9
(Chapman, Gillum, & Kiani, 2017; Shen et al., 2019).

Improvements in CRISPR technology have led to an exponential in-
crease in the access and use of genome editing. Currently, 24 CRISPR-
based clinical trials are underway in the USA, China, France, Canada,
Germany, and in the UK, in which more than 900 patients are antici-
pated to participate, according to NIH registration data (clinicaltrials.
gov).

However, transplanted CRISPR tools may cause severe adverse ef-
fects when they are not properly monitored. To reduce the occurrence
of such adverse effects, a Canadian research group has developed
anti-CRISPR proteins (Bondy-Denomy, Pawluk, & Davidson, 2013).
Currently, more than 20 anti-CRISPR proteins are known to target the
type I and type II CRISPR systems. Proteins, AcrF1-AcrF10 and AcrE1-
AcrE4 inhibit the type I CRISPR system, while AcrIIA1-AcrIIA5, as well
as AcrIIC1-AcrIIC3, act against the type I ICRISPR system (Maxwell,
2017; Pawluk, Davidson, & Maxwell, 2018). A recent study demon-
strated the potential application of anti-CRISPR proteins as regulators
of mammalian cell behavior, generators of write-protected cells, and
regulators of CRISPR-based gene regulatory circuits (Nakamura et al.,
2019).

2.4. CRISPR/Cas9-base editors

CRISPR/Cas9 uses programmable nucleases to create double-strand
breaks at the target DNA sites for the generation of desired DNA modi-
fications. However, this approach may not function efficiently in non-
dividing cells, and may lead to the generation of unwanted indels
(such as frameshifts), translocations, or chromosomal rearrangements
(Thuronyi et al., 2019). Base editors are a promising alternative DNA
editing tool, as they irreversibly convert nucleotides in the targeted
window without causing double strand breaks.

The two types of base editors have been reported thus far; these in-
clude the cytidine base editors (CBEs) and adenosine base editors
(ABEs). Base editors are created by fusing a deaminase with Cas9. The
deaminase catalyzes a C to T (G to A) and A to G (T to C) conversion in
the target window. Deamination of cytidine results in uridine, which
is converted to thymine after DNA replication (Komor, Kim, Packer,
Zuris, & Liu, 2016). Various types of deaminases have been used with
CBEs, namely, APOBEC1, APOBEC3A CDA1, and FERNY. Studies aiming
at the evolution of the CBEs should focus on increasing their efficiency
and the targeting window (Thuronyi et al., 2019). Fusion of uracil
glycosylase inhibitor (UGI) to the C terminus of the CBE construct
(from BE2) protects the resulting uridine from base excision because
it allows its glycosylation by the endogenous uracil DNA glycosylase
(UDG). This uridinefinally gets converted into a thymine after DNA rep-
lication (Komor et al., 2016).

The deaminase in the ABE, which converts adenosine to inosine—
which is later converted into guanosine (A to G (T to C))—is an evolved
version of TadA (TadA*). Bacteria-based evolution is conducted using
the ABE7.10 version of TadA*. The entire ABE7.10 construct is similar
to the CBE construct, with the exception of UGI. The canonical target
window for both CBE and ABE is 4–8 nucleotides at the distal
protospacer region of the protospacer adjacent motif (PAM) sequence
(Komor et al., 2017).

A primitive base editor consists of a dead form of Cas9 (D10A and
H840A) (Gaudelli et al., 2017). However, the nickase form of Cas9
(nCas9; D10A), which creates a nick on the opposite strand, canmanip-
ulate the cellular DNA repair machinery, thereby increasing the effi-
ciency of editing and yielding better base editing outcomes. Therefore,
the current versions of CBEs and ABEs are constructed with nCas9
(D10A). In addition, both CBE and ABE are constructed with spCas9,
which may limit the targets, as spCas9 specifically targets NGG-PAM.
Therefore, modified versions of spCas9 (non-NGG PAM, such as NG-
PAM and NGA-PAM), saCas9 (NNGRR(T)), and Cpf1 (TTTV PAM) have

http://clinicaltrials.gov
http://clinicaltrials.gov
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been constructed to extend the repertoire of target sites. Such
base-editing technologiesmay beused to treat diseases caused by single
nucleotide polymorphisms (SNPs), by correcting the mutation(s). For
applications in humans, researchers have modified induced pluripotent
stem cells (iPSCs) by delivering CBE and ABE with a 4D-nucleofector
system (Zhou et al., 2019). Base editing in mouse embryos was per-
formed for the first time by Kim et al. (2017), and the generation of mu-
tant disease models has been reported in rabbits and pigs (Liu et al.,
2018; Xie et al., 2019). Microinjection or electroporation has been
used to deliver CBE targeting DMD, TYR, LMNA, RAG1, RAG2, and IL2RG
to create disease models (Xie et al., 2019).

2.5. Prime editors

Prime editor is a recently developed new gene editing technology
based on CRISPR/Cas9 system (Anzalone et al., 2019). Prime editor con-
sists of Cas9 fused with an engineered reverse transcriptase (RT) and
specialized guide RNA called prime editing guide RNA (pegRNA). This
system enables to create desired genome editing without any double-
strand breaks or donor DNA templates. Instead of creating double-
strand break and requiring donor DNA templates, it has prime editing
guide RNA (pegRNA) to replace sequence of target strand.

The pegRNA has 3′ extended formof typical sgRNAand extended se-
quence contains primer binding sites (PBS) and RT template sequence
for replacement of target sequence. RT template can beused as template
of reverse transcriptase for replacement, alike a donor template for HDR
in CRISPR/Cas9 system.

Three different versions of prime editors have been developed PE1,
PE2 and PE3. Prime editor 1 (PE1) is a primarily designated form of
prime editor, it useswild-typeM-MLVRT fused at C terminus of nickase,
nCas9(H840A). It creates nick on the target site, and gives 3′-hydroxyl
group exposure,which enables RT to replace the RT template of pegRNA
into target strand.

Prime editor 2 (PE2) has the same system except engineered RT
(D200N/L603W/T330P/T306K/W313F). It substantially raises 1.6- to
5.1 folds in editing efficiency. Prime editor 3 (PE3) system uses addi-
tional simple sgRNA to create the nick on non-edited strand to raise fur-
ther editing efficiency. Which results in 1.5-to 4.2-fold increment
compared to PE2. To minimize indels caused by concurrent nicks on
both strands, spacer sequences of sgRNA was designed to match to
edited sequence. Which results in 13-folds decrease of indel without
any decrease in editing efficiency (PE3b) (Anzalone et al., 2019;
Cohen, 2019).

In summary, since prime editor is double strand break free, and pro-
vides fewer unwanted byproducts such as indels than typical CRISPR/
Cas9 system. Also, unlike base editors (CBE and ABE), prime editor me-
diates targeted all 12 possible base to base conversion in a single nucle-
otide resolution. Therefore, prime editor can expand scope of genome
editing fields, and it can be used for various precise genome editing
applications.

2.6. Digenome sequencing

Although the CRISPR/Cas9 system has been widely used in biomed-
ical research, the target specificity of Cas9 in the genome remains an
issue. The CRISPR/Cas9 system relies on guide RNAs to target DNA.
Few nucleotide mismatches at off-target sites may result in unwanted
editing. Therefore, validation of off-target sites is important for limiting
the occurrence of off-target editing and ensuring safety (Lee, Cradick,
Fine, & Bao, 2016).

Digenome sequencing is based on whole genome sequencing after
in vitro digestion, which enables profiling of off-target effects at a
genome-wide scale. When a whole-genome sample is digested by
CRISPR/Cas9, multiple sequences are generated at the cleavage sites,
all having the same 5′ ends (for both forward and reverse strands),
which represent potential off target sites after DNA editing. In addition,
the cleaved strands generated in vitro do not undergo DNA repair as
othermodifications, including indels, are not considered in thismethod.
The sequences of themultiple cleaved strands can be identified compu-
tationally, aligned, and visualized using computational tools such as the
Integrative Genomics Viewer (IGV) (Kim et al., 2015). Digenome se-
quencing can be multiplexed, analyzing up to 11 sgRNAs at the same
time (Kim, Kim, Park, & Kim, 2016). In addition to histone-free naked
genomic DNA, chromatin DNA can also be used for digenome sequenc-
ing to account for the effects of chromatin on the off-target ramifications
of CRISPR (Kim & Kim, 2018).

Both CBE and ABE can be analyzed using the digenome sequencing.
Uridines or inosines on the target strand are removed by adding endo-
nuclease V, and nCas9 generates a nick in the opposite strand. This re-
sults in staggered cleavage at the target sites of CBE and ABE. The
results of computational analyses are confirmed using IGV to visualize
the potential off-target candidate sites (Kim, Kim, Lee, Cho, & Kim,
2019). The samples are subjected to targeted deep sequencing at the po-
tential off-target candidate sites to determine off-target effects.

Thus, digenome sequencing is an efficient, sensitive, versatile
method for identifying off-target sites with a low (0.1%) mutation fre-
quency. However, as this technology has been introduced only recently,
its applications in stem cell therapy and drug discovery are still limited.

3. Genome-edited stem cells for therapeutic application

With the recent advances in the field of sequence-specific nucleases,
including ZFNs, TALENs, and CRISPR/Cas9 nucleases, we are beginning
to realize the potential of these genome editing tools in the context of
disease treatment. These genome-editing tools can be designed for
disrupting any disease-causing gene via knock-in, knockout, or point
mutations (Byrne, Mali, & Church, 2014). Stem cells are an optimal plat-
form for genome editing technologies owing to their self-renewal capa-
bility and ability to secrete endogenous proteins, such as coagulation
factor IX, VEGF, FGF-b, Ang1, and sRAGE (Hoke, Salloum, Kass, Das, &
Kukreja, 2012; Lee et al., 2019; Liu et al., 2012). However, it has been re-
ported that high passage number adversely affects the self-renewal ac-
tivity of stem cells (Crisostomo et al., 2006). Therefore, it is crucial to
develop therapeutic genome-edited stem cell lines that meet the safety
requirements, in addition to fulfilling criteria, such as high efficacy,
quality, and reproducibility. As summarized in Table 2, several groups
are investigating methods of producing effective combinations of gene
editing tools and target cells for the treatment of specific diseases.

3.1. Ex vivo applications

Gene editing methods utilize either in vivo or ex vivo gene transfer
strategies. During the last decade, the ex vivo strategies have been inves-
tigated more extensively than the in vivo ones (Table 2). In ex vivo gene
editing-based stem cell therapy, defective genes are isolated from
patient-derived cells, repaired in vitro using gene editing technologies,
and then, transplanted back into the patient (Shim et al., 2017). As
shown in Fig. 1, pioneering studies on mice have revealed that
CRISPR-, TALEN-, or ZFN-edited stem cells can be used to treat various
diseases, including HIV, normal and malignant hematopoiesis, X-
linked chronic granulomatous disease, sickle cell disease, diseases of
the immune system, graft versus host disease, and hemophilia A/B
(Hoban et al., 2015; Holt et al., 2010; Magis et al., 2018; Mandal et al.,
2014; Meng, Han, Jeong, & Kim, 2019; Pavel-Dinu et al., 2019).

3.1.1. Diversity of gene-edited stem cells with respect to therapeutic
applications

Currently, several types of gene-edited stem cells are being devel-
oped for therapeutic applications. Stem cells can be categorized into
the following three groups based on their origin: adult or somatic
stem cells, embryonic stem cells (ESCs), and iPSCs (Leventhal, Chen,
Negro, & Boehm, 2012). Among these, hematopoietic stem and
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progenitor cells (HSPCs), amniotic mesenchymal stem cells, iPSCs and
human ESCs, and cardiomyocytes, neural, skin, andmuscle cells derived
from iPSCs and human ESCs have been extensively studied as therapeu-
tic tools.

3.1.1.1. Application of adult stem cells. Adult stem cells are lineage-
restricted tissue-specific stem cells, with a limited ability to differentiate
into tissue-specific cell types. As they are stem cells, they naturally tend
to possess high self-renewal ability. Due to these features, several types
of adult stem cells have been used in gene editing-based therapeutic
studies.

HSPCs: Studies conducted during the last few years provide evidence
that gene-edited HSPCs have therapeutic potential in the context of
blood and immune system diseases in mice. Most of the therapeutic
studies using gene-edited adult stem cells are based on the use of
HSPCs, as they can differentiate into all mature blood types and are
easy to harvest. HSPCs play a crucial role in the production of various
types of blood cells with different functions during hematopoiesis
(Rieger & Schroeder, 2012). It has been postulated that genetic alter-
ations, such as mutations and epigenetic changes, are responsible for
Table 2
Summary of recent advances of in vivo and ex vivo pre-clinical models targeting stem cells.

Strategies Stem cell type Diseases

CRISPR/Cas9 Hematopoietic stem and
progenitor cells

Ex vivo
Blood and hematopoiesis

X-linked chronic granulomatous
X-linked severe combined
immunodeficiency
Sickle cell disease
and β-thalassemia

Graft versus host disease
Acute myeloid leukemia

HIV

iPSc Ex vivo
Mucopolysaccharidosis Type 1
Hemophilia A

Diabetes mellitus

Duchenne muscular dystrophy
β-thalassemia

Neural stem cell Ex vivo
Brain tumor

Skin stem cell In vivo
Recessive dystrophic epidermolysis
bullosa

Cardiomyocytes and muscle stem
cell

In vivo
Duchenne muscular dystrophy

TALEN Mesenchymal stem cell Ex vivo
Myocardial infraction

ZFN Hematopoietic stem and
progenitor cells

Ex vivo
Fanconi anemia

X-linked chronic granulomatous
Sickle cell disease
X-linked Severe Combined
Immunodeficiency
HIV

Human embryonic stem cells Myocardial infraction
Mega
nuclease

Hematopoietic stem and
progenitor cells

Ex vivo
HIV
the pathogenesis of malignant hematopoietic diseases, such as
myelodysplastic syndrome, myeloproliferative neoplasms, and leuke-
mia (Goldman et al., 2019). However, the exact mechanism by which
genes orchestrate normal ormalignant hematopoiesis is not completely
understood. Advances in genome editing tools can increase our under-
standing of the functional effects of gene loss. For example, using the
Cas9-sgRNA RNP system, genes encoding EED, SUZ12, and DNMT3A
were successfully knocked out in mouse and human HSPCs. The disrup-
tion rate was greater than 60% in mouse and at least 75% in human
HSPCs; this allowed the elucidation of the role played by the genes of in-
terest in disease progression (Gundry et al., 2016).

Numerous abnormalities in genes have been identified that contrib-
ute to disease progression (Table 2). Programmable nucleases have
been proposed as tools for rectifying genomic mutations, and currently,
many new gene editing-based stem cell therapies are under investiga-
tion. In this context, most of the studies are designed to repair the target
mutations in patient-derived stem cells using one of the three major
programmable nucleases. The efficiency of correction is determined by
transplanting the cells with the modified genes in appropriate animal
disease models. The repopulating capacity and survival rate of the
Delivery method Target gene Model Reference

Electroporation Eed, Suz12
HBB, CCR5,
IL2RG

Mouse Gundry et al., 2016
Bak et al., 2017
Li et al., 2018

Electroporation & AAV6 gp91phox Mouse De Ravin et al., 2017
AAV6 IL2RG Mouse Pavel-Dinu et al., 2019

Electroporation
Electroporation
Electroporation& AAV6
Electroporation& AAV6

HBB
HBB
HBB
HBB

Mouse Magis et al., 2018
DeWitt et al., 2016
Dever et al., 2016
Pattabhi et al., 2019

Electroporation HLA-A Mouse Torikai et al., 2016
Electroporation CD33 Mouse Kim et al., 2018

Borot et al., 2019
Electroporation
Electroporation
Electroporation

B2M, CCR5
CCR5
GFP

Mouse Mandal et al., 2014
Xu et al., 2017

Lipofectamine Idua Mouse Miki et al., 2019
Lentiviral vector
Electroporation

FVIII
FVIII

Mouse Olgasi et al., 2018
Park et al., 2015

Electroporation STAT3 Mouse Saarimäki-Vire et al.,
2017

Electroporation DMD Mouse Young et al., 2016
– HBB Mouse Ou et al., 2016

Baculoviral vectors miR-199a/214
c

Mouse Luo, Leenay, & Beisel,
2016

Intradermally injection Mouse Wu et al., 2017

AAV DMD Mouse Tabebordbar et al.,
2016

Electroporation IL-10 Mouse Meng et al., 2019

Lentiviral vector &
electroporation

FANCA Mouse Diez et al., 2017

Electroporation & AAV6 gp91phox Mouse De Ravin et al., 2016
Electroporation HBB Mouse Hoban et al., 2015
Electroporation IL2RG Mouse Genovese et al., 2014

Electroporation
AAV
Electroporation & AAV
Electroporation

CCR5
CCR5
CCR5
CCR5

Mouse Holt et al., 2010
Li et al., 2013
Wang et al., 2015
DiGiusto et al., 2016

– Fluc, NIS, SSTr2 Mouse Neyrinck et al., 2018

Electroporation &AAV CCR5 Mouse Sather et al., 2015



Fig. 1. Representative examples of current preclinical studies using various human gene-edited stem cells.
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transplanted cells is then monitored in vivo to determine the success of
the therapy.

For example, HSPCs derived from patients with X-linked chronic
granulomatous disease were used in a study, where CRISPR/Cas9-
sgRNA and ZFN systems were introduced to repair the disease-causing
genetic mutations. The C676T mutation in CYBB was corrected using
the CRISPR/Cas9 system and the full-length corrected gene encoding
gp91phox was inserted into the AAVS1 safe harbor locus of HSPCs
using ZFN. This study demonstrated the feasibility of using gene therapy
for correcting monogenic blood disorders using genetically-modified
CD34+ hematopoietic stem cells (De Ravin et al., 2016; Qi, 2017).

Gene editing-based stem cell therapy is potentially applicable to
other diseases caused by single base pair mutations, such as sickle cell
disease (SCD) and β-thalassemia. SCD is one of the most common ge-
netic diseases that causes anemia and multi-organ damage as it affects
hemoglobin, which delivers oxygen throughout the body. It is caused
by a single point mutation at codon 6 of the human β-globin-coding
gene, in which adenine is replaced by thymine, leading to changes in
the amino acid sequence of hemoglobin (Inusa et al., 2019). Therefore,
researchers have focused on editing this point mutation in patient-
derived CD34+ hematopoietic stem and progenitor cells using Cas9
RNP-mediated gene editing with an ssDNA oligonucleotide donor
(Collins & Gottlieb, 2018; Dever et al., 2016; DeWitt et al., 2016).
Dever et al. (2016) efficiently corrected the β-globulin gene in
patient-derived CD34+ HSPCs using CRISPR/Cas9 nuclease and an
rAAV6 vector encoding GFP. Subsequently, permanent and multi-
lineage reconstitution occurred after transplantation and engraftment
of the modified HSPCs in immune deficient non-obese diabetic (NOD)
severe combined immunodeficiency (SCID) Il2rg−/− (NSG) mice. In ad-
dition, a purification scheme, which involved the use of magnetic beads
or fluorescent activated cell sorting (FACS), was developed for enriching
the population of modified HSPCs with homologous recombination-
mediated targeted integration (N85%). This process will be valuable in
the clinic for enriching targeted stem cells and eliminating other unde-
sired cells. Furthermore, DeWitt et al. (2016) validated the reduction in
the levels of mutated hemoglobin RNA and protein in the corrected
HSPCs from patients with sickle cell disease. Recently, Magis et al.
(2018) further conducted in vivo erythroid differentiation and observed
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enrichment of cells harboring corrected β-globulin alleles. Altogether,
these results demonstrate that clinical translation of CRISPR/Cas9 for
the repair of the sickle cell mutation in human HSPCs may be useful
for the development of new gene editing-based treatments for SCD
and other hematopoietic diseases.

One of the challenges associated with the clinical translation of sin-
gle base pair mutation repair is the low level of homology-directed re-
pair (HDR) after transplantation. Studies show that the HDR level is
approximately 50% in vitro, but it decreases to 5–7% in non-obese dia-
betic SCID gamma (NSG) mice after transplantation (Dever et al.,
2016; DeWitt et al., 2016; Hoban et al., 2015; Lomova et al., 2019).
Therefore, the HDR for non-homologous end joining (NHEJ) ratio was
introduced by the Lomova lab in 2019 as a metric parameter for the
evaluation of approaches aimed at improving gene editing efficiency.
While HDR occurs only during the S/G2 phase of the cell cycle, NHEJ oc-
curs throughout the cell cycle and leads to large deletions or genomic
rearrangements (Lin, Staahl, et al., 2014). One should remember that
the sickle allele can be converted to the more severe β-thalassemia al-
lele due to the generation of indels in the β-globin-encoding gene.
Based on these observations, the Lomova lab (2019) (Lomova et al.,
2019) used a modified version of Cas9 with reduced nuclease activity
in the G1 phase of the cell cyclewhenHDR cannot occur, and transiently
increased the proportion of cells in the S/G2 phase, where HDR occurs
preferentially. The results demonstrated that temporal regulation of
Cas9 nuclease activity and transient synchronization of human CD34+

cells in the HDR-preferred phase resulted in four-fold improvement in
the HDR/NHEJ ratio in vitro. Furthermore, the improvement was signif-
icant after transplantation of gene-edited stem cells into immune-
deficient mice. This strategy for improving gene editing efficiency can
be employed in therapeutic approaches against other diseases, where
an increased HDR/NHEJ ratio is critical for therapeutic success.

Amajor disadvantage of the traditional CRISPR/Cas9 system is that it
cannot edit several genes simultaneously, and one cannot distinguish
gene-edited cells from unmodified cells in the total population. Bak
et al. (2017) focused on methods aimed at improving CRISPR/Cas9-
mediated genome engineering in human HSPCs by combining CRISPR/
Cas9 with a rAAV template delivery method to precisely edit several
genes. In addition, they cloned a reporter gene in the donor DNA that
enabled the isolation of gene-modified cell populations. In this study,
HSPCs were electroporated with RNPs targeting HBB, CCR5, and IL2RG
and transduced with gene-specific rAAV6 donors (HBB-tdTomato,
CCR5-tNGFR, and ILRG-GFP). No changes were observed in the prolifer-
ation and apoptosis rates of the triple gene-modified groups compared
to that in the unmodified group.

ZFNs are also being investigated for the treatment of sickle cell dis-
eases in addition to other approaches, such as the combination of Cas9
RNP with a DNA oligonucleotide donor. Hoban et al. (2015) delivered
engineered ZFNs to HSPCs with a lentiviral vector and donor templates
and observed that modified CD34+ cells have the capacity to differenti-
ate into different cell types, including erythroid, myeloid, and lymphoid
cells, both in vitro and in vivo. This study showed that the production of
wild-type hemoglobin in SCD patients can be enabled by correcting the
sickle cell disease-causing mutation in bone marrow CD34+ cells; this
may be a step toward the development of an effective SCD therapy.
The therapeutic activity of ZFN-mediated HSPCs can also be extended
to Fanconi anemia (FA), which leads to bone marrow failure,
malformations, and chromosome fragility due to mutations in FA
genes (Bogliolo & Surralles, 2015). Diez et al. (2017) used ZFNs for
correcting the FANCA gene in CD34+ cells isolated from patients with
FA. The results demonstrated that it is feasible to develop a treatment
for bonemarrow failure disorders based on the correction of the disease
phenotype in hematopoietic CD34+ cells from FA-A patients.

The success of transplantation of organs and cells, such as hemato-
poietic stem cells from umbilical cord blood, depends on the similarity
extent between the human leukocyte antigens (HLA) of the host and
the donor. Torikai et al. (2016) conducted genetic editing of HLA genes
in hematopoietic stem cells to increase the chances of successful
donor-matched transplantation by eliminating HLA-A expression. For
this purpose, they targeted the HLA-A alleles in HSPCs using ZFNs,
which resulted in increased match at HLA-B/C/DRB1. An additional fac-
tor determining the success of transplantation is the homing efficiency
of the injected cells. Genovese et al. (2014) corrected ILL2RG using
ZFNs in human umbilical cord blood-derived CD34+ cells transplanted
into NOD-SCID-Il2rg (NSG) mice to check long-term efficiency. Eight
weeks after transplantation, surviving human cells could be detected
in the spleen and bonemarrow of NSGmice using polymerase chain re-
action (PCR). In addition, the low off-target activity of the ZFNwas con-
firmed, showing high specificity for IL2RG.

ZFN-, TALEN-, and CRISPR/Cas9-mediated gene-edited HSPCs are
also being considered for therapeutic approaches against HIV, a lentivi-
rus that infects human immune cells, such as helper T cells, dendritic
cells, and macrophages. The patients suffer from progressive immune
system failure, which causes life-threatening infections and cancer.
CCR5 is themajor co-receptor used for the entry of HIV-1 into the target
cells (Ellwanger, Kaminski, & Bogo Chies, 2019;Miller, Cairns, Bridges, &
Sarver, 2000). Disruption of CCR5 is key for generating HIV-1-resistant
HSPCs.

HSPCs have been used inmany studies because of their unique prop-
erties. For example, the entire hematopoietic system can be efficiently
reconstituted using a small number of genetically modified HSPCs (Yu,
Natanson, & Dunbar, 2016). Programmable nucleases are considered
promising tools for editing HSPCs. In 2014, Mandal et al. introduced
for the first time CRISPR/Cas9 nuclease-mediated editing of B2M and
CCR5 in human primary HSPCs in an animal model. They demonstrated
that CRISPR/Cas9 can be used to ablate genes of clinical significance in
CD4+ T cells and CD34+HSPCs,with an efficiency that is therapeutically
meaningful in several clinical settings, such as the treatment of HIV.
Their demonstration that CRISPR/Cas9-targeted CD34+ HSPCs retain
multi-lineage potential in vitro and in vivo, combined with very high
on-target and minimal off-target mutation rates, suggests that CRISPR/
Cas9 may have broad applicability, enabling gene and cell-based thera-
pies of blood disorders.

In addition to CRISPR/Cas9, similar studies using ZFNs and TALENs
have demonstrated the promising applications of gene therapy for var-
ious diseases, including HIV-1 infections. Since individuals homozygous
for a 32 bp deletion in CCR5 are resistant to infections by CCR5-tropic
HIV-1 infection, Holt et al. (2010) generated HIV-resistant progeny
using a ZFN and human fetal liver-derived HSPCs. They noted that a ho-
mozygousCCR5mutation provides genetic resistance toHIV-1 infection,
while heterozygosity is associated with delayed progression, without
any additional apparent immunological dysfunction. Transplantation
of ZFN-edited HSPCs into NOD/SCID/IL2r gamma (null) mice signifi-
cantly reduced HIV-1 levels compared to the control mice, indicating
that the CCR5−/− progeny supported the use of ZFN-modified autolo-
gous hematopoietic stem cells as a clinical approach for treating HIV-
1. In other words, a single dose of HIV-resistant HSPCs may contribute
significantly to the treatment of and protection against HIV-1 infection.

A comparable study was also conducted by Li et al. in 2013 to solve
the problem of low frequency of naturally occurring CCR5 donors.
They studied the effect of protein kinase C activators on the disruption
of CCR5 expression in HSPCs using a recombinant adenoviral vector
encoding a CCR5-specific pair of ZFNs in HIV-1-challenged NSG mice.
Their results showed that pretreatment of HSPCs with protein kinase
C activators may increase CCR5 disruption (N 25%), thereby facilitating
the development of CCR5-disrupted cell lines.

Gene correction or knock-in in HSPCs is effort-intensive. For exam-
ple, relatively high amounts of nucleases and donor DNA are required,
which may be cytotoxic for HSPCs. To overcome this issue, Wang et al.
(2015) delivered the mRNAs encoding for ZFNs in HSPCs via electropo-
ration and then transduced the donor DNA via anAAVvector. The donor
DNA harbored a GFP-coding gene in the CCR5 region, which disrupted
the endogenous CCR5 to generate HIV-1-resistant HSPCs. The
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combination of ZFN mRNA and donor DNA delivered via the AAV6 vec-
tor showed increased site-specific insertion in both mobilized blood
HSPCs and fetal liver HSPCs. DiGiusto et al. (2016) developed a strategy
for gene therapy of HIV-1 infection by deleting CCR5 in human HSPCs
with ZFNs, and a positive outcome was obtained. Currently, this strat-
egy, which exhibits higher efficacy and safety, is being tested in a
Phase I/II clinical trial in USA (NCT02500849).

CCR5 blocking therapy has also been conducted using mega nucle-
ases. For example, in a preclinical study, Sather et al. (2015) modified
the CCR5 locus of adult mobilized CD34+ blood stem cells using the
AAV donor template and megaTAL nuclease, which is a hybrid of the
TALE DNA binding domain and an engineered sequence-specific hom-
ing endonuclease. Emphasizing the benefits of sequence specificity
and reduced cytotoxicity associated with megaTAL nucleases, the au-
thors highlighted the feasibility of highly efficient targeted integration
of sequences coding chimeric antigen receptors into the CCR5 locus in
CD34+ cells.

Although the ex vivo disruption of CCR5 has been successfully dem-
onstrated by several research groups, the clinical translation of these ap-
proaches is challenging, especially the possibility of efficient gene
editing with high specificity and long-standing therapeutic effects. To
overcome such difficulties, Xu et al. (2017) utilized developments in
programmable nucleases to introduce a long-term CRISPR/Cas9-
mediated CCR5 ablation system in HSPCs. The results demonstrated ro-
bust CCR5 disruption efficiency in secondary transplanted repopulating
hematopoietic cells and HIV-1 resistance.

To summarize, ex vivo editing in HSPCs is one of the major ap-
proaches studied to develop therapeutic approaches against systemic
intractable diseases, and it may yield promising results in the near
future.

Mesenchymal stem cells (MSCs): MSCs consist a major adult stem
cell population of diverse origin in the human body, and play crucial
roles in stem cell-based therapies owing to their abundance, low onco-
genic characteristics, moderate potential of differentiation into other
cell types, and paracrine effects (Fitzsimmons, Mazurek, Soos, &
Simmons, 2018; Murphy, Moncivais, & Caplan, 2013). Although ran-
domized controlled clinical trials have not yet demonstrated their safety
and efficacy,wild-typeMSCshave been extensively used for treating tis-
sue injury or inflammation-related diseases, such as myocardial infarc-
tion, graft versus host disease, liver cirrhosis, spinal cord injury,
osteoarthritis, or rheumatoid arthritis (Wei et al., 2013).

MSC-based stem cell therapy has been developed extensively for
several decades, and some efficacy has been demonstrated if the MSCs
are allowed to differentiate into a relevant cell type or applied to a rele-
vant disease. However, clinical trials using MSC-based therapy are lim-
ited, and most have failed because of the limited viability of these cells
in pathological lesions and of safety issues (e.g., arrhythmias). For exam-
ple, only 1% of MSCs were observed in inflamed hearts 4 days after
transplantation (Toma, Pittenger, Cahill, Byrne, & Kessler, 2002). Thus,
it is essential to develop a method that can sustain the survival of the
transplanted cells and lead to efficient MSC-based therapies, as well as
improve the inflammatory niche.

Toward this objective, inflammatory molecules such as AGE-
albumin have been successfully introduced for obtaining higher survival
and efficacy levels in neurological and inflammatory diseases
(Bayarsaikhan et al., 2016; Lee et al., 2019; Son et al., 2017). Such gene
edited-MSC-based therapy has provided significant therapeutic benefits
for myocardial infarction in mice. It is well known that cardiac dysfunc-
tion is strongly associated with inflammation, and that MSCs possess
anti-inflammatory properties because of interleukin 10 (IL-10) secre-
tion (Timmers et al., 2008). Moreover, the rapid development of gene
editing technology allows the generation of functionally improved
stem cells. In this context, Meng et al. (2019) edited the safe harbor ge-
nomic site of amnioticMSCs using a TALEN to develop a long-term IL-10
secreting system. Their results showed that interleukin knock-in in
MSCs can strongly suppress inflammatory cells (CD68 and F4/80
positive) and reduce infarct size by supporting the left ventricular func-
tion. The strong inhibitory activity of these gene-edited MSCs against
apoptosis in the infarctedmyocardium supports a promising and highly
effective approach for modified stem cell-based treatment.

Neural stem cells (NSCs): NSCs can differentiate into major nerve
cell types such as oligodendrocytes, neurons, and astrocytes. Currently,
NSCs are being classified into three subgroups based on their sources:
(i) NSCs directly isolated from the developing/adult central neural sys-
tem; (ii) in vitro cultivated NSCs; and (iii) ESC- or iPSC-derived NSCs.
The latter may help to resolve ethical and immune-related problems,
and constitute a novel source of NSCs for clinical applications
(Shoemaker & Kornblum, 2016).

As NSCs are vital constituents of the nervous system, research for the
development of NSC-based treatments for neurological diseases has
been extensively conducted since the 1990s. For example, NSC-based
therapeutic approaches with some success have been reported for
Parkinson's disease, Huntington's disease, stroke, and spinal cord inju-
ries in mice (Zhao & Moore, 2018). Although these studies used non-
edited NSCs, genome-edited NSCs have been used as gene delivery
vectors by Luo et al. in 2016. This group has previously shown that
iPSC-derived NSCs harbor certain microRNAs, which are negative
regulators of hypoxia-induced cell migration by degrading hypoxia
inducible factor (HIF)-1α and abrogating c-Met signaling, and are
co-expressed from the miR-199a/214 cluster. Based on these results,
the authors targeted the miR-199a/214 cluster in iPSC-derived NSCs
using the CRISPR interference (CRISPRi) tool and suppressed microRNA
expression. The ensuing enhanced tumor tropism of iPSC-derived NSCs
was a novel application of CRISPRi in NSC-based tumor targeted gene
therapy. In other words, it is possible to deliver therapeutic genes be-
cause of the rapid NSC migration into brain tumors. Genome-edited
NSCs hold promise for the treatment of neurodegenerative diseases as
they offer protection against the diseases and support regeneration.

3.1.1.2. Application of ESCs. ESCs are pluripotent stem cells with unlim-
ited self-renewal capacity and ability to differentiate into any cell type
of the body. According to the NIH database, approximately 60 ESC-
related clinical trials are either ongoing or have been completed. Despite
their potential, the number of trials is extremely low because of the eth-
ical issues raised in many countries (Ismail, 2015). Therefore, ESC-
related research now aims at identifying more efficient methods for
the development of stem cells from human embryos (Shand, Berg, &
Bogue, 2012).

A Belgian research group conducted a study to develop imaging re-
porters and suicide genes (human somatostatin receptor type 2 and
human sodium iodide symporter) for monitoring cell survival during
transplantation of ESC-derived cardiomyocytes (Collins & Gottlieb,
2018). However, in this study, where human ESCs harboring a radionu-
clide imaging reporter gene were created using ZFN tools, no improve-
ment in myocardial infarction was observed. Nonetheless, this study
contributed to the clinical translation of stem cell reporter gene-based
imaging and our understanding of the safety switch mechanism regu-
lating undesired teratoma development during cell therapy.

The combination of the superior pluripotency and high proliferation
of ESCswith the specificity of genome editing can lead to highly efficient
stem cell therapies for many intractable diseases once ethical and safety
issues are surpassed.

3.1.1.3. Application of iPSCs. iPSCs are pluripotent stem cells derived from
the reprogramming of adult somatic cells using specific pluripotent in-
dicator genes, such as OCT3/4, SOX2, c-MYC, and KlF4 (Takahashi &
Yamanaka, 2006). iPSCs are valuable substitutes of ESCs in terms of
pluripotency and differentiation ability. In addition, iPSCs are novel
cell sources for disease model generation, drug development, and cyto-
toxicity studies as they may originate from patients (Narsinh et al.,
2011; Omole & Fakoya, 2018; Takahashi & Yamanaka, 2006). Further-
more, iPSCs are more frequently being utilized in the field of
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biomedicine as they possess the same properties as ESCs,while their use
is ethically accepted.

To date, nearly one hundred iPSC-based therapies have been suc-
cessfully enrolled in clinical trials and yielded positive outcomes in pre-
clinical animal studies. Developments in iPSC and programmable
nuclease-based tools have synergistically enhanced the power of gene
editing-based stem cell therapies and hold the promise for break-
through discoveries in this century.

In several studies, CRISPR tools have been utilized to edit iPSCs. This
includes a therapeutic study on hemophilia A (classical hemophilia)
using genetically modified iPSCs. Hemophilia A is an X-linked genetic
and bleeding disorder caused by the lack or deficiency of the functional
coagulation factor VIII. Repetitive injection of recombinant factor VIII is
the current therapy for patients with hemophilia A. However, this is not
an optimal treatment option as some of the patients develop anti-FVIII
neutralizing antibodies after receiving the injections. In addition, the
need for repeated injections and the associated high cost of the therapy
are economic and quality of life burdens for the patients. On the other
hand, gene-corrected stem cells can result in life-long correction.
Hence, FVIII gene-edited stem cell therapy offers the potential for signif-
icant improvement over the traditional approach for treating hemo-
philia A (Park et al., 2015).

One of the key steps in gene-edited iPSC therapy is the accurate de-
livery of the gene into patients via viral or non-viral methods. Delivery
of the gene encoding the functional coagulation factor FVIII via viral
vectors is challenging because of the large size of the gene. A South
Korean research team (Park et al., 2015) reported for the first time
that transplantation of endothelial cells derived from FVIII gene-
corrected patient-specific iPSCs is the most efficient and suitable treat-
ment for hemophilia A. In that study, they corrected the FVIII gene of
patient-derived iPSCs using CRISPR/Cas9 nucleases and differentiated
them into endothelial cells, which were then transplanted into a
mousemodel of hemophilia A. The positive outcomes of the study dem-
onstrated the possibilities of functional correction of large chromosomal
rearrangements using CRIPSR and contributed to advances in therapeu-
tic utilization of patient-derived iPSCs.

A similar pioneering study was conducted by Olgasi and colleagues
in 2018. Their study aimed at reducing the formation of anti-FVIII neu-
tralizing antibodies during gene-edited stem cell therapy. To solve this
problem, they generated patient-specific disease-free iPSCs from pe-
ripheral blood CD34+ cells and differentiated them into functional en-
dothelial cells secreting FVIII, which were then transplanted into
immune-deficient null HA mice. The transplanted FVIII-expressing en-
dothelial cells engrafted and proliferated in the liver along the sinusoids,
resulting in long-term stable therapeutic activity of FVIII even at low
concentrations.

Duchenne muscular dystrophy (DMD) is another example of an
X-linked fatal genetic disorder, which may be rectified using CRISPR-
edited iPSCs. It is caused by the absence of the dystrophin protein,
which plays a crucial role in muscle cells. To date, there is no cure for
this disease, except surgical and physical therapies to alleviate some of
the symptoms. Approximately 60% of the mutations (frameshift) caus-
ing DMD occur between exons 45 and 55, and correcting these muta-
tions or modifying DMD are promising treatment options for DMD
patients (Echigoya, Lim, Nakamura, & Yokota, 2018). The largest
CRISPR/Cas9-mediated deletion (725 kb) in DMD was performed in a
pioneering study by Young et al. (2016), in which the authors removed
exons 45–55 and NHEJ to reframe dystrophin and create a functional
protein with a stable internal deletion. The gene-edited iPSCs were dif-
ferentiated into cardiomyocytes and skeletal muscle cells and
transplanted into mice models of the disease. Engraftment of correctly
localized dystrophin and β-dystroglycan illustrated that in situ or
ex vivo gene correction strategies may be potential options for DMD
therapy in the near future.

The combination of CRISPR/Cas9 and iPSC technology has also been
applied for the genetic therapy of β-thalassemia (Ou et al., 2016).
Autologous transplantation of ex vivo-corrected patient-derived hema-
topoietic stem cells was used to treat β-thalassemia, although it is diffi-
cult and time-consuming to correct all hematopoietic stem cells. On the
other hand, generation of anHBB gene-correctedβ-thalassemia patient-
derived iPSC line and its differentiation to hematopoietic stem cells for
autologous transplantation resulted in a more effective and rapid
method of treating β-thalassemia. Ou's et al. also observed high levels
of hematopoietic stem cell differentiation of gene-edited iPSCs both
in vivo and in vitro.

Furthermore, the metabolic disease mucopolysaccharidosis was
targeted using CRISPR-edited iPSC therapy. Miki et al. (2019) reported
iPSC derivation and ex vivo gene correction using a mouse model of
mucopolysaccharidosis type 1. In this context, they corrected the gene
encodingα-L–iduronidase in defective iPSCs using the CRISPR/Cas9 sys-
tem. The authors applied CRISPR to remove the neomycin-resistant
gene cassette in exon VI of the α-L–iduronidase gene of defective
iPSCs and repaired the gene with donor DNA template without any
indel mutation. The pluripotency and differentiation capacity of iPSCs
render them major players for drug discovery programs.

3.2. In vivo application: stem cell targeting

In vivo genome editing in endogenous stem cells is performed using
either viral vectors or a mixture of viral vectors and lipid nanoparticles
(Zhao & Huang, 2014). Clinical trials utilizing in vivo genome-edited
stem cells have not yet been registered in the FDA database. Owing to
efficacy and safety issues, the in vivo genome editing approach is
scarcely used in the field of stem cell therapy. CRISPR-induced skin
stem cells, as well as cardio myocytes and muscle stem cells, are exam-
ples of cells used in preclinical studies to assess the safety and therapeu-
tic effects of in vivo gene editing.

Wu et al. (2017) used in vivo electrophoretic delivery of the CRISPR/
Cas9 system to edit collagenVII, defects inwhich cause recessive dystro-
phic epidermolysis bullosa. In that study, the gene editing system (Cas9/
sgRNA RNP) was first injected into epithelial stem cells of a mouse dis-
easemodel, followed by electroporation, resulting in the partial restora-
tion of collagen VII function.

Issues related to the off-target activity, low diffusion, or poor stabil-
ity of the genome editing tools in vivo render the efficiency of their viral
delivery low. Therefore, extensive studies are being conducted to en-
hance the in vivo transfection efficiency of programmable nucleases
via viral delivery methods, which can follow either local or systemic
transfer strategies. To improve viral-mediated gene delivery, several
strategies have been proposed, such as reduction in the size of Cas9
and use of a dual vector system for CRISPR/Cas9 tools. The reason for
this is the 4.7 kb packaging capacity of the AAV genome (Grieger &
Samulski, 2005). Following this approach, in vivo correction of DMD in
muscle stem cells using CRISPR/Cas9 has been attempted to treat
DMD (Tabebordbar et al., 2016). In summary, the therapeutic applica-
tion of AAV-based traditional approaches is limited for the treatment
of diseases such as hemophilia A and DMD caused by mutations in
large parts of genes. Thus, the dual vector system was developed as an
alternative solution for such problems. Accordingly, Tabebordbar et al.
(2016) co-delivered AAVS-SaCas9 and AAV9-Dmd23 gRNAs into the
DMD locus of muscle stem cells, as well as differentiated muscle fibers
and cardiomyocytes in vivo. As a result, targeted gene modifications
lead to functional dystrophin expression.

As the rate of in vivo delivery of programmable nucleases is not suf-
ficiently high and the number of targeted stemcells in the patient is low,
current research focuses on the development of therapeutic approaches
supporting the recovery of low amounts of proteins/gene-edited cells.

3.3. Clinical application

According to theWHOdefinition, a clinical trial is any research study
that prospectively assigns human participants or groups of people to
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one or more heath related interventions to evaluate the effects in
health outcomes (International standard for clinical trial registries by
World Health Organization, 2012). As of 2019, more than 300,000
studies have been registered as clinical trials, and of them, approxi-
mately 7400 cases include stem cell application and less than 10 in-
volve gene-edited stem cell therapy (U.S., NIH, www.clinicaltrials.
gov). These data suggest that the clinical translation of genome-
edited stem cell therapies is still emerging. The mapping of clinical tri-
als applying stem cells shows USA, Europe, and East Asia as leaders in
the field. Middle East countries and Canada are following. Currently
published clinical trials including gene-edited stem cells, are shown
in Table 3.

When disease is caused by a known mutation, genome-edited stem
cell therapy has advantages over traditional stem cell therapies, for ex-
ample, (i) functional improvement, (ii) mutation correction, (iii) hom-
ing and survival improvement, (iv) human leukocyte antigen
matching, and (v) rapid and highly efficient treatment. With the aid of
gene editing tools, stem cells can be functionally improved through
the introduction of genes encoding for therapeutically active proteins
thatwill be overexpressed during the treatment. Secondly, the precision
of the gene editing tools ensures the success of ex vivo and in vivo gene
correction, as described previously. Thirdly, the homing and viability
properties of stem cells can be improved by gene editing tools. During
stem cell transplantation, most of the cells cannot survive and undergo
complete engraftment or migrate to the damaged area. A variety of
growth factors, nucleic acids, and chemokines can improve the viability
and homing properties of transplanted MSCs and iPSCs (Baek, Tu,
Zoldan, & Suggs, 2016). These molecules can be secreted and synthe-
sized from the transplanted stem cells themselves, when they are ge-
netically edited by programmable nucleases, such as CRISPR/Cas9,
ZFN, and TALEN, through knock in, knock out or correction of the re-
sponsible genes. Fourthly, the problem of immune rejection with non-
autologous stem cell therapies is solved by human leukocyte antigen
(HLA) matching through genome editing. Finding HLA-matched donor
stem cells is time consuming, and their practical application is compli-
cated and requires significant effort because of HLA diversity. Recently,
gene-editing tools have been used to match HLA types between donor
and patients to overcome these challenges and provide patients with
HLA allele-matched stem cells in a short time period. For instance,
CRISPR/Cas9 successfully knocked out the heterozygous HLA-B from
iPSCs to develop homozygous HLA-A iPSCs (Jang et al., 2019). Taken to-
gether, the advantages of genome-edited stem cells enhance the
promptness and efficiency of stem cell therapies.

In the field of genome-edited stem cell therapy, TALEN tools do not
yet exist, but CRISPR and ZFN systems are being introduced in some
countries. Currently, more than 120 people are estimated to participate
in these clinical trials, and approximately 80% of them are involved in
clinical studies of CRISPR-edited stem cells (HSPCs and MSCs), while
the remaining 20% are in clinical trials of ZFN-mediated HSPCs (US
NIH, www.clinicaltrials.gov).

Several therapies based on of genome-edited stem cells have been
developed for applications in human diseases, such as the CTX001, ST-
Table 3
Summary of recent advances in clinical trials assessing ex vivo stem cell therapy.

Strategies Diseases Stem cell type Target gene NCT nu

CRISPR/Cas9 Kabuki Syndrome 1 MSCs KMT2D 03855
β-Thalassemia HSPCs BCL11A 03655
Sickle Cell Disease HSPCs BCL11A 03745
HIV HSPCs CCR5 03164

ZFN β-thalassemia HSPCs BCL11A 03432
Sickle Cell Disease HSPCs BCL11A 03653
HIV HSPCs CCR5 02500

TALEN N/A
400, BIVV003, CCR5, and Epi-KAB therapies, according to currently con-
ducted clinical trials (Fig. 2).

CTX001 therapy: This therapy has three stages: (i) isolating
patient-derived bone marrow HSPCs, (ii) ex vivo genome editing by
CRISPR/Cas9, and (iii) autologous transplantation. The patient-
derived HSPCs are edited ex vivo at the erythroid lineage-specific en-
hancer of the BCL11A gene, and this modification allows production
of high amounts of fetal hemoglobin containing erythrocytes, which
helps the patients to overcome hemoglobin deficiencies originated
from genetic blood diseases, such as SCD and β-thalassemia
(Gonzalez-Romero et al., 2019). In this therapy, autologous transplan-
tation of genome-edited HSPCs is conducted via single infusion of
CTX001 through a central venous catheter. According to clinicaltrials.
gov, approximately 90 patients are estimated to participate in
CTX001-based clinical trials.

ST-400 or BIVV003 therapies: Similar to the CTX001 therapy, STP-
400/BIVV003 uses patient-derived HSPCs and the Sangamo's ZFN tech-
nology. Depending on the disease, ZFN-edited HSPC therapies are
named ST-400 (when applied for β-thalassemia) or BIVV003 (when ap-
plied for Sickle cell disease) (Holmes et al., 2017). The therapies target
sickle cell disease or β-thalassemia by suppressing fetal hemoglobin in
erythrocytes, thereby enhancing the expression of the BCL11A gene,
which has been precisely disrupted by ZFN in patient-derived HSPCs.
ST-400 and BIVV003 are combined with chemotherapy to allow for
the accommodation of the new cells in the bone marrow of the patient.
Currently, 14 patients are estimated to participate in clinical trials
assessing the safety and efficacy of ST-400 and BIV003 therapies in
inherited blood diseases (NIH U.S., www.clinincaltrials.gov).

CCR5 genemodification therapies: Aswe discussed previously, it has
been shown that disruption of the CCR5 gene can be a promising ap-
proach for the long-term treatment of HIV infection. Therefore, clinical
studies of genome-edited stem cell therapies against HIV infection are
aiming at the disruption of the CCR5 gene. All these therapies use
HSPCs and a similar gene editing strategy (targeted to CCR5 gene), but
they differ on the employed genome-editing tools. Ongoing clinical tri-
als use either the CRISPR/Cas9 system or the ZFN system. In these ther-
apies, ex-vivo editing of patient-derived HSPCs is followed by
autologous transplantation. According to the National Institute of
Health (USA) database, there are 17 participants in clinical trials for
HIV genome-edited stem cell therapies. In both cases, additional antivi-
ral therapy is applied to achieve undetectable HIV levels in the patient's
peripheral blood. In the ZFN-based therapy, busulfan is used to support
the engraftment of-CCR5 disrupted HSPCs.

Epi-KAB therapy: Epigenome editing in Kabuki syndrome therapy
utilizes patient-derived MSCs and the CRISPR/Cas9 system. Mutations
in either the KMT2D or KDM6A genes can cause Kabuki syndrome
(Tsai et al., 2018). The Epi-KAB therapy has been developed for the dis-
ease caused by the KMT2D mutation to restore MLL4 activity. Patient-
derived fibroblasts are reprogrammed into MSCs and genome editing
is conducted ex vivo prior to their autologous transplantation. The plan
is to enroll 4 patients in the Phase I study (US NIH, www.clinicaltrials.
gov).
mbers Status Phase Purpose Study start

631 Active, not recruiting N/A Treatment 2019
678 Recruiting Phase 1&2 Treatment 2018
287 Recruiting Phase 1&2 Treatment 2018
135 Recruiting N/A Treatment 2017
364 Recruiting Phase 1&2 Treatment 2018
247 Recruiting Phase 1&2 Treatment 2018
849 Active, not recruiting Phase 1 Treatment 2015

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
http://clinicaltrials.gov
http://clinicaltrials.gov
http://www.clinincaltrials.gov
http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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These therapies have several advantages over conventional
methods. For example, it is beneficial, both in terms of time and burden
to patients, since genome-edited HSPCs show high and long-lasting ef-
ficacy. Additionally, the side effects and off-target effects on HSPCs
have been optimized in the applied technologies (Holmes et al., 2017).
There are still some issues that raise concern, including the pain associ-
ated with the bone marrow extraction procedure. This may be avoided
in the near future with allogenic transplantation using universal and
safe genome-edited stem cells.
4. Conclusion

With the recent advances in ex vivo and in vivo genome editing tech-
nologies that can correct geneticmutations in targeted stem cells, a new
therapeutic modality has emerged that holds great promise for the
treatment of intractable diseases. As summarized in this review, various
studies have shown that genetic code editing results in priming of stem
cells for better therapeutic efficacy, delayed disease progression, and
protection against genetically-driven diseases.

However, the challenges associated with the strategies for precise
ex vivo and in vivo editing and the delivery of gene-editing endonu-
cleases must be addressed before genome editing is approved as a
therapeutic tool and becomes incorporated into clinical practices. Re-
cently, significant on-target mutagenesis, large deletions, and DNA
breaks introduced using gRNA/Cas9 have been reported to result in
deletions extending over many kilobases. Furthermore, several stud-
ies have revealed complexities in using CRISPR/Cas9-based genome
editing because of the creation of DNA deletions, inversions, and
duplications.

Many promising clinical trials are currently underway to investi-
gate the clinical applicability and translatability of in vivo genome
editing to achieve a permanent cure for certain diseases. With the cur-
rent advances in in vivo genome editing, there is an imperative to
evaluate its potential as a therapeutic platform and identify strategies
to overcome its limitations. Currently, several approaches, including
gene therapy, are being developed for patients with intractable dis-
eases, such as cancer. In the near future, these patients may be treated
with gene editing-based therapies, allowing the realization of the
medical potential of the scientific advances in genome editing
(Collins & Gottlieb, 2018).
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