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We present an overview of clinical trials involving gene editing

using clustered interspaced short palindromic repeats

(CRISPR)-CRISPR-associated protein 9 (Cas9), transcription

activator-like effector nucleases (TALENs), or zinc finger nu-

cleases (ZFNs) and discuss the underlying mechanisms. In can-

cer immunotherapy, gene editing is applied ex vivo in T cells,

transgenic T cell receptor (tTCR)-T cells, or chimeric antigen

receptor (CAR)-T cells to improve adoptive cell therapy for

multiple cancer types. This involves knockouts of immune

checkpoint regulators such as PD-1, components of the endog-

enous TCR and histocompatibility leukocyte antigen (HLA)

complex to generate universal allogeneic CAR-T cells, and

CD7 to prevent self-destruction in adoptive cell therapy. In cer-

vix carcinoma caused by human papillomavirus (HPV), E6 and

E7 genes are disrupted using topically applied gene editing ma-

chinery. In HIV infection, the CCR5 co-receptor is disrupted

ex vivo to generate HIV-resistant T cells, CAR-T cells, or he-

matopoietic stem cells. In b-thalassemia and sickle cell disease,

hematopoietic stem cells are engineered ex vivo to induce the

production of fetal hemoglobin. AAV-mediated in vivo gene

editing is applied to exploit the liver for systemic production

of therapeutic proteins in hemophilia and mucopolysacchar-

idoses, and in the eye to restore splicing of the CEP920 gene

in Leber’s congenital amaurosis. Close consideration of safety

aspects and education of stakeholders will be essential for a suc-

cessful implementation of gene editing technology in the clinic.

Conventional Gene Therapy

Traditionally, gene therapy relies on viral-based delivery of a protein-
coding gene that either semi-randomly integrates into the genome
(for retroviruses and lentiviruses) or remains as extrachromosomal
DNA copy (for adeno-associated virus [AAV]).1–3 These forms of
gene therapy usually use overexpression of a protein that is missing
ormutated in human disease. Lentiviral gene therapy has the advantage
of being highly efficient and causing long-term efficacy. A drawback of
lentiviral gene therapy is the lack of control of the location at which the
virus integrates into the host genome, with the risk of insertional muta-
genesis. By optimizing the lentiviral backbone and by controlling the
number of viral copies, it has been demonstrated inmultiple clinical tri-
als that lentiviral gene therapy is safe provided that it is used with the
proper precautions.2,4 AAV-mediated gene therapy does not rely on
integration into the host genome but instead involves delivery of a

DNA episome to the nucleus. It is therefore considered to have a lower
risk of genotoxicity compared to lentiviral gene therapy. However,
episomal copies of AAV DNA are lost upon cell division, resulting in
loss of efficacy. This restricts AAV gene therapy to nondividing cells.
In addition, pre-existing immunity to AAV capsid proteins occurs in
a significant percentage of the human population and precludes eligi-
bility for the treatment.5 Acquired immunity after a single AAV-medi-
ated gene therapy treatment occurs invariably in patients and precludes
eligibility for a second treatment. In both forms of gene therapy, cDNA
overexpression can only be used when dosage effects of the transgene
product do not apply. Although the desired average number of gene
copies can be approached via the viral titer, it is not possible to precisely
control this using viral-based overexpression.

Basics of Gene Editing

Developments in recent years have enabled the seamless engineering
of the human genome using a variety of tools collectively termed gene
editing. Precision gene editing strategies allow alteration of the
genome of cells at specific loci to generate targeted genomic changes,
which are being exploited for multiple applications in medicine. We
first introduce the basics of gene editing and then summarize the ma-
jor challenges for their clinical implementation. Gene editing tools
that are currently under investigation in clinical trials include zinc
finger nucleases (ZFNs), transcription activator-like effector nucle-
ases (TALENs), and clustered interspaced short palindromic repeats
(CRISPR) in combination with CRISPR-associated protein (Cas). For
a detailed comparison between these tools, we refer to previously pub-
lished reviews.6,7 In short, target site recognition occurs by sequence-
specific DNA-binding proteins (in the case of ZFNs and TALENs) or
by a short stretch of RNA termed single guide RNA (sgRNA; in the
case of CRISPR-Cas). Current clinical applications of gene editing
rely on the introduction of double-strand DNA breaks (DSBs), medi-
ated by Fok-1 (in the case of ZFNs or TALENs) or by Cas nucleases
(in the case of CRISPR-Cas) and the introduction of desired genomic
alterations through the cell’s endogenous DNA repair mechanisms.
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Two major DNA repair pathways are being exploited to conduct tar-
geted genomic changes in clinical trials: (1) gene editing through ho-
mology-directed repair (HDR) used to replace a pathogenic variant or
insert foreign DNA elements to restore the wild-type (WT) expres-
sion of a missing (or truncated) gene; and (2) non-homologous end
joining (NHEJ) used to remove DNA elements leading to aberrant
expression of genes or to gain a therapeutic function.

In contrast to traditional strategies for gene therapy, gene editing pro-
vides more versatile tools for gene therapy, for example to precisely
correct point variants,8,9 to place an extra, healthy gene copy at a
safe genomic location of choice (a safe harbor: a location in the hu-
man genome at which integration of a gene is not harmful),10,11 or
to disrupt a gene. This would, for example, enable the restoration
of endogenous expression levels following precise correction of the
disease-associated variant within the natural locus, which would be
especially important for gene products for which a correct dosage is
required. It would also increase control of integration sites of a
cDNA by choosing appropriate safe harbor locations. Such locations
also should provide efficient transcription of the transgene by
providing a favorable epigenetic environment consisting of euchro-
matin. Examples of safe harbor locations in the human genome are
the albumin, AAVS1, and the CCR5 loci.

On-Target or Off-Target?

Although the technology for gene editing is rapidly evolving, there are
still important challenges for its clinical implementation. First, unde-
sired editing of genomic regions can occur as a side effect of gene edit-
ing.7 This can be off-target, i.e., the introduction of a DNA break
outside the genomic region of choice due to the targeting of the
gene editing machinery to a chromosomal location that carries
sequence similarity to the region of interest. In this scenario, genes
or regulatory regions other than the targeted gene can be modified,
resulting in undesired downstream effects. Undesired events may
include insertions, deletions, and chromosomal translocations.12,13

Undesired variants can also be generated on-target, i.e., unintended
modification of the genomic region of interest. In this scenario, reg-
ulatory elements within the gene of interest may be unintentionally
changed. This may include elements involved in promoter activity,
splicing, mRNA stability, protein translation, or microRNA (miRNA)
genes (that are often present in introns or untranslated regions). The
CRISPR-Cas9 system is inherently more prone to off-target effects
compared to ZFNs or TALENs, because target site recognition in
CRISPR-Cas9 relies on RNA-DNA interaction of only short stretches,
and the RNA-DNA interaction allows some mismatches. In contrast,
ZFNs and TALENs depend on highly specific protein-DNA interac-
tions that allow fewer mismatches.14 This has promoted much
research directed toward enhancing the performance of CRISPR-
Cas-based gene editing with respect to specificity and nuclease activ-
ity (see below). Methods to detect undesired events in gene editing
often rely on in silico predictions, followed by analyses of predicted
off-target events. This is not necessarily sufficient for clinical applica-
tion, and unbiased analysis based on next-generation sequencing is
expected to become an important tool in the future. For a more exten-

sive discussion on off-target effects, see Broeders et al.,7 Kim et al.,15

Manghwar et al.,16 and Pattanayak et al.17

Delivery of Gene Editing

The delivery of gene editing tools is a crucial aspect when it comes to
clinical implementation. Two routes can be distinguished: ex vivo and
in vivo delivery.18,19 In ex vivo delivery, autologous or allogeneic cells
are modified by gene editing outside the patient, and gene-modified
cells are transplanted into the patient. Any route of administration
of gene editing machinery can be applied ex vivo, such as transfection,
nucleofection, or (viral) transduction. Ex vivo gene editing allows
quality control prior to treatment. In particular, undesired off-target
and on-target events can be monitored. Note that quality control
can be performed on bulk generations of cells. Rare undesired events
that occur in only a few cells and that might cause cellular transforma-
tion will be difficult to detect. Alternatively, this method involves an
extra complication: the engraftment of (stem) cells. For example,
maintaining engraftment potential and viability of the cell of interest
can be challenging. Clinically, themost advanced forms of ex vivo gene
editing involve T cells and hematopoietic stem cells (HSCs). In in vivo
gene editing, gene editing tools are applied directly to the organism.
Vehicles for delivery include AAV, lipid nanoparticles (LNPs), gold
nanoparticles (GNPs), or cell-penetrating peptides (CPPs). The deliv-
erymethod in in vivo gene editing is crucial for its safety.20When gene
editing components are delivered in vivo via vehicles that remain pre-
sent for an extended period, for example via AAV, there is a cumula-
tive risk of undesired genotoxic events that can last for the time that the
AAV remains present, which has been estimated to last for a period of
10 years or longer.1 In contrast, when delivered as RNA or protein,
there is only short-term exposure and a reduced risk of genotoxicity.

For in vivo gene editing, immunity against the delivery vehicle and the
gene editing components are important considerations.21 Both pre-
existing and acquired immunity should be considered. The AAV de-
livery vehicle is subject to pre-existing immunity in a significant pro-
portion of the population.1 In addition, preexisting immunity to Cas9
protein from several species has been reported in several studies. This
may neutralize the therapy or induce adverse events.21–23

In summary, the safety and efficacy of gene editing technology for the
treatment of human disease depend onmultiple factors, including the
choice of the gene editing method, being either ex vivo or in vivo, the
gene editing technique, target site selection, delivery method, and
target tissue.

Gene Editing 2.0: Preclinical Developments

Technological developments are ongoing to improve gene editing
tools with respect to specificity, efficiency, and versatility. These
have been extensively described by us and others in recent re-
views7,24–26 and are only briefly mentioned here.

First, variations of the original CRISPR-Cas9 method have been de-
signed. These include the following: homology-independent targeted
integration (HITI) for generating a knockin via NHEJ without
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involvement of HDR;27 microhomology-mediated end joining
(MMEJ)-dependent knockin, which is based on the presence of short
stretches of homology that are utilized by the MMEJ DNA repair
pathway;28 base editing,29 a mismatch repair- or base excision
repair-dependent pathway in which a natural cytidine or adenosine
deaminase (ADA) is coupled to a catalytically dead Cas9 (dCas9) to
convert cytidine to uridine (which is replicated as thymidine), or to
convert adenine to inosine, which is replicated as guanine; and prime
editing,30 in which a Cas9 nicking variant is used that introduces sin-
gle stranded DNA breaks and that is coupled to reverse transcriptase
to enable a wide variety of genomic changes. Second, other natural
and engineered Cas9 variants have been identified and developed
with distinct and/or enhanced targeting properties, including
Cas12a (Cpf1), Cas12b (C2c1), FokI fused to dCas9,31 Cas9-HF1,32

eSpCs9,33 evoCas9,34 and HypaCas9.35 Third, Cas9 variants with
distinct protospacer-adjacent motif (PAM) recognition sites have
been generated, including VQR and VRER variants, xCas9, and
SpCas9-NG.36 And fourth, sgRNAs have been modified with respect
to their length, structure, and chemistry to reduce off-target proper-
ties.37–39 These promising developments need future work to evaluate
their suitability for clinical testing.

Scope of This Review

Whereas there have been numerous applications of gene editing in
preclinical studies, information on clinical applications of gene ed-
iting is scattered in the literature. In this review, we present a
comprehensive overview of current clinical trials using gene edit-
ing strategies for the treatment of human disease, and include
selected preclinical examples. For more extensive overviews of pre-
clinical studies, we refer to excellent reviews.40,41 In addition, in
this review, we focus on gene editing in somatic cells, and we refer
to other recent reviews and opinion articles for editing the germ-
line.42–44 Thus far, precision gene editing has entered the clinic for
the treatment of cancer immunotherapy, viral infections, and in-
herited hematologic, metabolic, and eye disorders (Table 1). These
trials along with the underlying strategies are described in more
detail below.

Gene Editing in Cancer Immunotherapy

Adoptive cell therapy (ACT) is a cellular form of cancer immuno-
therapy involving T cells with anti-tumor activity45 that are expanded
ex vivo, ex vivo genetically engineered or not, and applied to the pa-
tient via the circulation. Three major types of lymphocytes are used
in ACT: (1) tumor-infiltrating lymphocytes (TILs), which are
T cells that are isolated from tumors; and peripheral blood T lympho-
cytes that are (2) selected for tumor reactivity and expanded ex vivo

before reinfusion or (3) genetically modified ex vivo with a transgenic
T cell receptor (tTCR) or a chimeric antigen receptor (CAR) to target
tumor cells.46 ACT has been combined with ex vivo gene editing in a
number of clinical trials, as discussed below.

Immune Checkpoint Knockout

Immune checkpoints are immune modulatory signals that can
dampen the amplitude and quality of the immune response. Their

physiological function is to prevent overstimulation of the immune
system in order to maintain self-tolerance. A hallmark of cancer cells
is their ability to exploit immune checkpoints to evade attack by the
immune system. Cancer cells or their microenvironment can achieve
this by activating immune checkpoints via overexpression of ligands
or receptors that regulate the function of T cells.47,48 In this way, can-
cer cells escape immune surveillance. To exploit this property of can-
cer cells for anti-cancer therapy, monoclonal antibodies have been
developed that block natural immune checkpoints (present on
T cells) or their ligands (present on cancer cells or in their micro-envi-
ronment). This has revolutionized the field of anti-cancer therapy.49

Examples include PD-1 and PD-L1 inhibitors, which have shown
impressive results for treating different types of cancer at an advanced
stage,50,51 especially melanoma.52 PD-1, encoded by the PDCD1 gene,
is a cell-surface receptor expressed on cytotoxic T cells that downre-
gulates T cell activity upon interaction with its ligand PD-L1, which is
overexpressed on malignant cells and cells in the tumor micro-envi-
ronment.48 In spite of general good tolerability, systemic administra-
tion of immune checkpoint inhibitors can result in autoimmune phe-
nomena, referred to as immune-related adverse events (IRAEs).53

IRAEs occur in up to 70% of patients receiving PD-1 and PD-L1 in-
hibitors50,51 and have been described in multiple organ systems. Ste-
roids might be used to manage IRAEs, but the extent of interference
with immunotherapy is unknown.53

Knocking out immune checkpoint molecules in tumor-specific T cells
is a promising strategy for ACT to circumvent systemic effects of
checkpoint inhibition (Figure 1). When applied to total T cells har-
vested from patients, knocking out immune checkpoint molecules
should render these less susceptible to immune inhibitory signals
upon reinfusion. However, such an approach involves a heteroge-
neous T cell population rather than tumor-specific T cells. One solu-
tion to this problem would be to increase tumor specificity of circu-
lating T cells in vitro by exposure to tumor-associated antigens.54

Due to the impressive clinical results from checkpoint inhibitors and
TILs to treat melanoma, this type of cancer was chosen in the initial
preclinical studies on applying immune checkpoint knockout (KO) in
ACT using ex vivo gene editing. Promising in vitro results were re-
ported from co-cultures of human tumor-specific T cells in which
PD-1 was disrupted with melanoma cell lines,55,56 and more recently
by infusing PD-1 knockout T cells cells into mice that had been xen-
ografted with human melanoma cells.57 An improved cytotoxic effect
of tumor-specific T cells following PD-1 knockout was also reported
in preclinical studies of other cancer models, such as in a cultured
gastric cancer cell line,56 and in mice subcutaneously injected with
either a fibrosarcoma cell line,58 a multiple myeloma (MM) cell
line,59 or a liver cancer cell line.60 Academic hospitals have been re-
cruiting patients in clinical trials to investigate autologous, PD-1
knocked out T cells for the treatment of multiple types of cancer,
including solid tumors arising from the esophagus,61 lung,62 pros-
tate,63 and Epstein-Barr-related neoplasms.64 The publicly provided
information is scarce. Presumably, as described for preclinical studies,
these T cells have been manipulated ex vivo to enhance their tumor
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Table 1. Current Clinical Trials Involving Gene Editing

Title Tool Status Country Delivery ID Ref.

Cancer Immunotherapy

PD-1 knockout engineered T cells for advanced
esophageal cancer

CRISPR-Cas9 completed China ex vivo NCT03081715 61

PD-1 knockout engineered t cells for metastatic
non-small cell lung cancer

CRISPR-Cas9 active, not recruiting China ex vivo NCT02793856 62

Therapeutic vaccine plus PD-1 knockout in
prostate cancer treatment

CRISPR-Cas9 recruiting China ex vivo NCT03525652 63

PD-1 knockout EBV-CTLs for advanced stage
Epstein-Barr virus (EBV) associated malignancies

CRISPR-Cas9 recruiting China ex vivo NCT03044743 64

CD19 CAR and PD-1 knockout engineered T cells
for CD19 positive malignant B cell derived
leukemia and lymphoma

N.S. not yet recruiting China ex vivo NCT03298828 82

Study of PD-1 gene-knocked out mesothelin-
directed CAR-T cells with the conditioning of PC
in mesothelin positive multiple solid tumors

CRISPR-Cas9 recruiting China ex vivo NCT03747965 83

CAR T and PD-1 knockout engineered T cells for
esophageal cancer

N.S. recruiting China ex vivo NCT03706326 84

Anti-MUC1 CAR T cells and PD-1 knockout
engineered T cells for NSCLC

N.S. recruiting China ex vivo NCT03525782 85

CRISPR (HPK1) edited CD19-specific CAR-T
cells (XYF19 CAR-T Cells) for CD19+ leukemia or
lymphoma

CRISPR-Cas9 recruiting China ex vivo NCT04037566 86

Study of UCART19 in pediatric patients with
relapsed/refractory B acute lymphoblastic
leukemia (PALL)

TALEN active, not recruiting US/EU/UK ex vivo NCT02808442 103

Dose escalation study of UCART19 in adult
patients with relapsed/refractory B cell acute
lymphoblastic leukaemia (CALM)

TALEN active, not recruiting US/EU/UK/Japan ex vivo NCT02746952 104

Safety and efficacy of ALLO-501 anti-CD19
allogeneic CAR T cells in adults with relapsed/
refractory large B cell or follicular lymphoma
(ALPHA)

TALEN recruiting US ex vivo NCT03939026 105

Safety and efficacy of ALLO-715 BCMA allogenic
CAR T cells in in adults with relapsed or refractory
multiple myeloma (UNIVERSAL)

TALEN recruiting US ex vivo NCT04093596 106

A study to evaluate the long-term safety of patients
with advanced lymphoid malignancies who have
been previously administered with UCART19/
ALLO-501

TALEN enrolling by invitation US/EU/UK/Japan ex vivo NCT02735083 107

A study evaluating UCART019 in patients with
relapsed or refractory CD19+ leukemia and
lymphoma

CRISPR-Cas9 recruiting China ex vivo NCT03166878 112

A safety and efficacy study evaluating CTX110 in
subjects with relapsed or refractory B cell
malignancies

CRISPR-Cas9 recruiting US/Australia/Germany ex vivo NCT04035434 115

A safety and efficacy study evaluating CTX120 in
subjects with relapsed or refractory multiple
myeloma

CRISPR-Cas9 recruiting US/Australia ex vivo NCT04244656 116

CTA101 UCAR-T cell injection for treatment of
relapsed or refractory CD19+ B cell acute
lymphoblastic leukemia

CRISPR-Cas9 recruiting China ex vivo NCT04154709 117

Phase I study of UCART22 in patients with
relapsed or refractory CD22+ B cell acute
lymphoblastic leukemia (BALLI-01)

TALEN recruiting US ex vivo NCT04150497 118

(Continued on next page)
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Table 1. Continued

Title Tool Status Country Delivery ID Ref.

CTA101 in the treatment of relapsed or refractory
diffuse large B cell lymphoma

CRISPR-Cas9 not yet recruiting China ex vivo NCT04026100 119

A feasibility and safety study of universal dual
specificity CD19 and CD20 or CD22 CAR-T cell
immunotherapy for relapsed or refractory
leukemia and lymphoma

CRISPR-Cas9 recruiting China ex vivo NCT03398967 120

Study evaluating safety and efficacy of UCART123
in patients with acute myeloid leukemia (AMELI-
01)

TALEN recruiting US ex vivo NCT03190278 121

Study evaluating safety and efficacy of UCART
targeting CS1 in patients with relapsed/refractory
multiple myeloma (MELANI-01)

TALEN recruiting US ex vivo NCT04142619 122

Anti-CD19 U-CAR-T cell therapy for B cell
hematologic malignancies

N.S. not yet recruiting China ex vivo NCT04264039 123

Anti-CD7 U-CAR-T cell therapy for T/NK cell
hematologic malignancies

N.S. not yet recruiting China ex vivo NCT04264078 124

Efficacy and safety evaluation of BCMA-UCART N.S. recruiting China ex vivo NCT03752541 125

Safety and efficacy evaluation of CD19-UCART N.S. recruiting China ex vivo NCT03229876 126

The clinical study of CD19 UCAR-T cells in
patients with B cell acute lymphoblastic leukemia
(B-ALL)

N.S. recruiting China ex vivo NCT04166838 127

NY-ESO-1-redirected CRISPR (TCRendo and
PD1) edited t cells (NYCE T cells)

CRISPR-Cas9 terminated US ex vivo NCT03399448 133

Study of CRISPR-Cas9 mediated PD-1 and TCR
gene-knocked out mesothelin-directed CAR-T
cells in patients with mesothelin positive multiple
solid tumors

CRISPR-Cas9 recruiting China ex vivo NCT03545815 134

Cell therapy for high risk T cell malignancies using
CD7-specific CAR expressed on autologous T cells

CRISPR-Cas9 not yet recruiting US ex vivo NCT03690011 144

Cervical Cancer

Study of molecular-targeted therapy using zinc
finger nuclease in cervical precancerous lesions

ZFN N.S. China in vivo NCT02800369 160

Study of targeted therapy using transcription
activator-like effector nucleases in cervical
precancerous lesions

TALEN N.S. China in vivo NCT03226470 161

A safety and efficacy study of TALEN and
CRISPR/Cas9 in the treatment of HPV-related
cervical intraepithelial neoplasia

CRISPR-Cas9
TALEN

N.S. China in vivo NCT03057912 162

HIV Infection and AIDS

Autologous T cells genetically modified at the
CCR5 gene by zinc finger nucleases SB-728 for
HIV

ZFN completed US ex vivo NCT00842634 189

Phase 1 dose escalation study of autologous t cells
genetically modified at the CCR5 gene by zinc
finger nucleases in HIV-infected patients

ZFN completed US ex vivo NCT01044654 190

Repeat doses of SB-728mR-T after
cyclophosphamide conditioning in HIV-infected
subjects on HAART

ZFN completed US ex vivo NCT02225665 191

A phase I study of T cells genetically modified at
the CCR5 gene by zinc finger nucleases SB-728mR
in HIV-infected patients

ZFN completed US ex vivo NCT02388594 192

Dose escalation study of cyclophosphamide in
HIV-infected subjects on HAART receiving SB-
728-T

ZFN completed US ex vivo NCT01543152 193

(Continued on next page)
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specificity, but this has not been specified. Recently, the results for
PD-1-edited T cells in metastatic lung carcinoma patients were pub-
lished.65 Although no methods for increasing the tumor specificity of
T cells was described, no severe adverse events were reported in 12
patients after a median follow-up time of 47.1 weeks. Despite the
treatment, 10 patients progressed, and only 2 responded transiently.

Although not designed to investigate the therapeutic effect, these re-
sults were somewhat disappointing and are possibly caused by inad-
equate levels of tumor-specific T cells.

Another method of generating tumor-specific T cell clones is the
ex vivo expansion of T cells that are isolated from tumor tissue,

Table 1. Continued

Title Tool Status Country Delivery ID Ref.

CCR5-modified CD4+ T cells for HIV infection
(TRAILBLAZER)

ZFN recruiting US ex vivo NCT03666871 194

Study of autologous T cells genetically modified at
the CCR5 gene by zinc finger nucleases in HIV-
infected subjects

ZFN completed US ex vivo NCT01252641 195

Long-term follow-up of HIV subjects exposed to
SB-728-T or SB-728mR-T

ZFN enrolling by invitation US ex vivo NCT04201782 197

Safety study of zinc finger nuclease CCR5-
modified hematopoietic stem/progenitor cells in
HIV-1 infected patients

ZFN active, not recruiting US ex vivo NCT02500849 203

Safety of transplantation of CRISPR CCR5
modified CD34+ cells in HIV-infected subjects
with hematological malignances

CRISPR-Cas9 recruiting China ex vivo NCT03164135 204

CD4 CAR+ ZFN-modified T cells in HIV therapy ZFN active, not recruiting US ex vivo NCT03617198 206

b-thalassemia and Sickle Cell Disease

A safety and efficacy study evaluating CTX001 in
subjects with transfusion-dependent
b-thalassemia

CRISPR-Cas9 recruiting US/Canada/EU/UK ex vivo NCT03655678 263

A study to assess the safety, tolerability, and
efficacy of ST-400 for treatment of transfusion-
dependent beta-thalassemia (TDT)

ZFN active, not recruiting US ex vivo NCT03432364 264

A safety and efficacy study evaluating CTX001 in
subjects with severe sickle cell disease

CRISPR-Cas9 recruiting US/Canada/EU ex vivo NCT03745287 265

A study to assess the safety, tolerability, and
efficacy of BIVV003 for autologous hematopoietic
stem cell transplantation in patients with severe
sickle cell disease (BIVV003)

ZFN recruiting US ex vivo NCT03653247 266

A long-term follow-up study in subjects who
received CTX001

CRISPR-Cas9 enrolling by invitation US/EU ex vivo NCT04208529 267

iHSCs with the gene correction of HBB intervent
subjests with b-thalassemia mutations

CRISPR-Cas9 not yet recruiting N.S. ex vivo NCT03728322 280

Hemophilia

Ascending dose study of genome editing by zinc
finger nuclease therapeutic SB-FIX in subjects with
severe hemophilia B

ZFN active, not recruiting US in vivo NCT02695160 289

Mucopolysaccharidoses

Ascending dose study of genome editing by the
zinc finger nuclease (ZFN) therapeutic SB-318 in
subjects with MPS I

ZFN active, not recruiting US in vivo NCT02702115 319

Ascending dose study of genome editing by the
zinc finger nuclease (ZFN) therapeutic SB-913 in
subjects with MPS II

ZFN active, not recruiting US in vivo NCT03041324 320

Leber’s Congenital Amaurosis

Single ascending dose study in participants with
LCA10

CRISPR-Cas9 recruiting US in vivo NCT03872479 329

N.S., not specified.
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so-called TILs. Although not yet clinically applied, PD-1 knockout in
TILs has resulted preclinically in an improved anti-tumor effect
in vitro55 and in vivo.58

Innate immune cells such as dendritic cells (DCs) and natural killer
(NK) cells are also target cells for the development of immunotherapy
against cancer.66 Importantly, NK cells have also been shown to ex-
press several immune checkpoint inhibitors.67 An example of recent
preclinical developments is the knockout of the NKp46 and CIS

checkpoint genes in primary human NK cells.68,69 Although gene-
edited innate immune cells have not yet reached clinical trials, these
efforts illustrate the ongoing work that might promote their clinical
development.

Immune Checkpoint Knockout in Genetically Engineered T

Cells: tTCR-T and CAR-T cells

Besides the isolation of T cells with enhanced anti-tumor activity
from patients, it is also possible to induce tumor specificity in
T cells using genetic engineering (using viral transduction or gene ed-
iting). Such redirected T cells can be generated by forced expression of
receptors with enhanced specificity for a tumor-associated antigen,
such as tTCRs or CARs.70,71 tTCRs are transgenic forms of naturally
occurring receptors isolated from tumor-specific T cells and depend
on the major histocompatibility complex (MHC) for efficient antigen
recognition.72 CARs are synthetic receptors that do not depend on
MHC for efficient antigen binding.73 To avoid negative regulation
by tumors, immune checkpoint inhibition (using antibodies) or
knock out (using gene editing) are also worthwhile strategies in
tTCR-T cells and CAR-T cells.

The concept of immune checkpoint knockout in redirected T cells has
been demonstrated in vitro and in vivo, both for tTCR-T cells74 and
CAR-T cells.75–79 Improved antitumor reactivity of redirectedT cells af-
ter PD-1 disruption was observed in a range of preclinical cancer
models, for example, models of melanoma,74 hepatocellular carci-
noma,75 glioma,76,79 breast cancer,77 and erytroleukemia.78 In addition,
encouraging clinical results have already been obtained by combining
CAR-T cells with immune checkpoint inhibitors.80,81 Using gene edit-
ing, PD-1 knockout in CAR-T cells that were redirected against the B
cell marker cluster of differentiation 19 (CD19)82 and membrane pro-
teins mesothelin83 and MUC1,84,85 which are upregulated in a range
of malignancies, are investigated in clinical trials for the treatment of
B cell leukemia/lymphoma,82multiplemesothelin-positive solid tumors
(such as pancreatic cancer, cholangiocarcinoma cancer, and ovarian
cancer),83 esophageal cancer,84 and lung cancer.85One trial investigates
the infusion ofCAR-Tcells carrying anHPK1knockout inpatientswith
relapsed or refractory CD19+ leukemia or lymphoma.86HPK1 is a pro-
tein kinase thatwas found to suppress the anti-tumor response of T cells
by attenuating TCR signaling.87 In addition, HPK1 exerts T cell inhib-
itory effects downstream of E prostanoid receptor activation by prosta-
glandin E2, ametabolic byproduct that is overproduced by cancers such
as non-small-cell lung carcinomas.88,89Mice with a kinase-dead HPK1
showed improved anti-tumor89,90 and antiviral responses.90

Disruption of other molecules with immunomodulatory effects in
ACT has been performed in preclinical studies, but no clinical trials
are currently open. For example, infusion of cytotoxic T cells in which
the immune checkpoint gene CTLA-4 was disrupted resulted in
decreased tumor growth compared to infusion of non-edited

Figure 1. Effect of PD-1 Knockout in Cytotoxic T Cells

Cytotoxic T cells are able to recognize tumor cells via the T cell receptor (TCR). This receptor recognizes an antigen that is presented on potential target cells by the MHC.

Binding results in T cell activation through signal transduction. The activated T cell will expand and exert its cytotoxic effector function on target cells, thus inducing apoptosis.

If the target cell expresses PD-L1, it can interact with PD-1 that is expressed on the surface of the T cell. This will lead to activation of PD-1, one of the immune checkpoint

molecules, resulting in inhibition of the T cell’s cytotoxic activity. If PD-1 is disrupted in the cytotoxic T cell, PD-L1 expressed from the tumor cell can no longer interact with the

T cell and inhibition of T cell cytotoxicity is prevented. In this scenario, PD-1 disruption prevents escape of tumor cells from attack by cytotoxic T cells. Red indicates the result

of intervention.
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counterparts in mice that were xenografted subcutaneously with
bladder cancer cell lines91 or colon cancer cell lines.92 In addition,
the anti-tumor effect of CAR-T cells against a human glioma cell
line that was subcutaneously engrafted in mice was enhanced upon
knockout of DGK,93 which encodes an intracellular enzyme that
negatively regulates TCR signaling.94 In contrast, disruption of the
immune checkpoint gene LAG-3 in CAR-T cells did not result in
an enhanced anti-tumor effect in mice subcutaneously engrafted
with a human lymphoma cell line,95 suggesting that the choice of im-
mune checkpoint gene is important to design an efficient treatment.

Universal ACT

So far, we discussed autologous T cell therapies. However, this is not al-
ways feasible for every patient.96The establishment of universal, alloge-
neicACTmight be an attractive alternative, because such “off-the-shelf”
therapy would overcome the high costs and experimental burden of
manufacturing a custom-made autologous or histocompatibility leuko-
cyte antigen (HLA)-matched allogeneic therapy for every patient. For
such therapy, the risks of graft-versus-host disease (GvHD) and graft
rejection by the patients’ immune system for universalACTmust be ad-
dressed. The strategies used involve knockout of the TCR to prevent
GvHD, and knockout of human leukocyte antigen (HLA) genes to pre-
vent graft rejection by the host immune system.97,98Clinical studies and
preclinical examples are discussed below.

In vitro studies showed that anti-CD19 CAR-T cells, which target B
cells, tolerated ZFN-mediated knockout of the TCR, as assessed by
cell proliferationand their ability to lyse target cells.99 In addition, in vivo
application of such cells demonstrated an anti-leukemic response in
mice that were intravenously injected with a lymphoma cell line that
was similar or better compared to non-edited cells.100,101 The feasibility
of clinical implementation of such a strategywas illustrated by a study in
which two therapy-refractory pediatric patients with acute lympho-
blastic leukemia (ALL) were treated with allogeneic anti-CD19 CAR-
T cells from unselected donors102 that had been engineered in vitro us-
ing TALENs in two ways. First, expression of the endogenous ab TCR
was disrupted by targeting the constant region of the TCR a chain. Sec-
ond, CD52 was knocked out with the following rationale. CD52 is ex-
pressed on T cells, and anti-CD52 antibodies (alemtuzumab) are part
of the conditioning regimen prior to allogeneic HSC transplantation
to reduce the risk of graft rejection by the host’s lymphocytes. To pre-
vent alemtuzumab from attacking anti-CD19 CAR-T cells, these cells
were made resistant by knockout of CD52. Despite development of
grade 2 GvHD in one of the patients, the results of this trial indicated
an ongoing disease-free survival of the two patients of 12 and 18months
after the start of therapy.102 These results suggest that off-the-shelf allo-
geneic CAR-T cells therapy is feasible, and that adverse events such as
GvHD are manageable. This exact strategy is adopted in clinical trials
investigating universal CAR-T cells in pediatric or adult B cell
ALL,103,104 B cell lymphoma,105 andMMpatients.106 The long-term ef-
fects of two of these products are investigated in a separate trial.107

To reduce the risk of graft rejection by the host immune system, HLA
genes have been disrupted in donor T cells.108–111 Notably, CRISPR-

Cas9-mediated triple KO of the T cell receptor a constant (TRAC) lo-
cus, an HLA complex gene (B2M), and an immune checkpoint gene
(PDCD1) was used to potentiate the anti-tumor effect of CAR-T cells
against multiple targets in mouse models, for example in mice intra-
venously injected with a B cell ALL cell line,109 in mice intraperitone-
ally injected with a lymphoma cell line,110 and in mice intracerebrally
injected with a glioma cell line.111 In one active clinical trial both the
endogenous TCR and HLA complex are knocked out in anti-CD19
CAR-T cells for treating of B cell leukemia and lymphoma.112

In another concept, a tumor-targeting CAR or tTCR is inserted into
the TRAC locus using CRISPR-Cas9-mediated HDR. This yields two
effects: knockout of the endogenous TCR, and knockin of the CAR/
tTCR. In a preclinical study, a CD19-directed CAR was inserted
into the TRAC locus in human T cells by HDR using CRISPR-
Cas9.113 When these CAR-T cells were administered to a mouse
model of ALL, an improved anti-leukemic response was observed
that resulted in prolonged survival compared to conventionally
generated CAR-T cells.113 A similar strategy proved feasible for in-
serting a tTCR directed against the immunogenic cancer antigen
NY-ESO-1 in the TRAC locus.114 This strategy is adopted in two clin-
ical trials for patients with B cell malignancies115 or MM,116 in which
the endogenous TCR is disrupted by knockin of an anti-CD19 or anti-
BCMA CAR in the TCR locus of allogeneic T cells, respectively. In
addition, the HLA complex is disrupted by knockout of the B2M gene.

Additional clinical studies are planned, in which infusion of universal
CAR-T cells (engineered using TALENs or CRISPR-Cas9) will be
investigated for the treatment of B cell ALL or lymphoma,117–120

acute myeloid leukemia (AML),121 and multiple myeloma.122Nomo-
lecular details are provided for these trials. Five more clinical trials are
active or planned that will investigate universal CAR-T cells in hema-
tological malignancies, but no information on the applied gene edit-
ing platform has been provided.123–127

A challenging application in one of the aforementioned trials is the
treatment of AML with ACT, because molecular targets of leukemic
cells in AML are also expressed in HSCs. As a result, ACT will attack
the host’s HSCs and impair hematopoiesis.128 Indeed, severe myelo-
toxicity, leading to prolonged pancytopenia, was seen in preclinical
studies using CAR-T cells directed at CD33129 and CD123.130 One
possible strategy to circumvent this problem would be to co-trans-
plant HSCs in which the target molecule is knocked out together
with the CAR-T cells. As the CAR-T cells will attack the leukemic cells
and unmodified recipient HSCs, the gene-edited donor HSCs will not
be targeted anymore and will repopulate the bone marrow. This strat-
egy has been proven feasible in a mouse model for AML, in which
anti-CD33 CAR-T cells along with CD33-edited HSCs were
used.131 The leukemic cells responded to anti-CD33 CAR-T cell treat-
ment, while myelotoxicity was selectively mitigated in mice trans-
planted with CD33-edited HSCs. An ongoing clinical trial investigates
universal CAR-T cells in refractory or relapsed AML, but it does not
include a method to mitigate the possible myelotoxic effect of CAR-T
cells.121
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Endogenous TCR Knockout in Autologous ACT

Above we described the knockout of the endogenous TCR in allogeneic
ACT products to prevent GvHD. However, there is also a rationale for
knocking out endogenous TCR components in autologous ACT. The
reason for this is that the endogenous TCR can interfere with the func-
tion of the tTCR/CAR, either by competing for cell surface expression,
or by dimerization to form a novel hybrid compound TCR that might
cause autoimmune reactions.132Knockout of endogenous TCR compo-
nents in autologous ACT cells is therefore adopted in two clinical trials
with either tTCR-T cells redirected against NY-ESO-1 (in MM, mela-
noma, or subtypes of sarcoma)133 or CAR-T cells redirected against
mesothelin (in any mesothelin-positive solid tumor).134 PD-1 is also
knocked out in the tTCR-T cells and CAR-T cells in these trials. Initial
results of the first trial have been published, and they indicated nomajor
adverse events in the three patients that were included.135 The patients
suffered from advanced refractory malignancies, and the response to
therapy was variable: one patient did not respond and died, while two
patients showed initial disease stabilization, followedbydisease progres-
sion after 30 or 100 days. Responses to follow-up treatment in these two
patients were variable. Interestingly, the authors reported a relatively
long half-life of tTCR-T cells at an average of 83.9 days. As other studies
reported a half-life of roughly 1 week of non-edited NY-ESO-1
tTCR-T cells,136–138 the knockout of PD-1 and/or endogenous TCR
components might have contributed to a slower decay of the
tTCR-T cells.

A Special Case: ACT for T Cell Malignancies

It is particularly challenging to design an effective ACT using T cells
for T cell malignancies. T cells should target molecules that are pref-
erably expressed by malignant T cells but not by normal T cells. The
difficulty in finding specific targets in malignant T cells results in self-

destruction of tTCR-T cells or CAR-T cells cells used in ACT.139 This
process, called fratricide, can interfere with ACT efficacy and has been
observed in both CAR-T cells140 and transgenic TCR-T cells.141 One
possible solution to this problem is to knockout the target molecule in
the adoptive T cells by gene editing. In this way, transgenic TCR-T or
CAR-T cells will recognize and attack malignant T cells, but not each
other. This strategy has been proven effective in circumventing frat-
ricide in a preclinical setting,142,143 and it is currently applied in a clin-
ical trial applied to CD7. CD7 is expressed on the cell surface of
T cells, and in this trial anti-CD7 CAR-T cells are tested for the treat-
ment of T cell leukemia/lymphoma. To prevent fratricide, CD7 was
knocked out in CAR-T cells using CRISPR-Cas9 (Figure 2).144 In
addition, one previously mentioned clinical trial investigates univer-
sal anti-CD7 CAR-T cells in T cell malignancies, but knockout of CD7
in the CAR-T cells has not been mentioned.124

Gene Editing in Viral Infection

Cervical Cancer

Cervical cancer is the third most prevalent type of cancer in women
worldwide.145 The most contributing etiological factor is human
papillomavirus (HPV) infection via sexual intercourse, especially se-
rotypes HPV-16 andHPV-18.Most HPV infections are cleared by the
host immune system, but persistent infections can give rise to malig-
nant transformation. Several vaccines have been developed for pri-
mary prevention of cervix carcinoma, with varying levels of popula-
tion coverage worldwide.146 Premalignant lesions are treated by
local excision, while therapeutic modalities for invasive cervix carci-
noma are dependent on the cancer stage and include surgery, radio-
therapy, and chemotherapy.147 In spite of these preventive and cura-
tive modalities, survival rates of cervical cancer range from 93% at
early disease stage to 15% at disseminated disease stage.148 New

A B

Figure 2. CD7 Knockout in Anti-CD7 CAR-T Cells Prevents Fratricide

(A) Anti-CD7 CAR-T cells recognize the CD7 antigen on (malignant) T cells via their chimeric antigen receptor, which triggers the CAR-T cell cytotoxic function and thus results

in lysis of the target cell. CD7 is expressed on the surface of all T cells. As CAR-T cells also express CD7, CAR-T cells will recognize other CAR-T cells and lyse these, which is

termed fratricide. (B) The gene encoding CD7 can be knocked out in anti-CD7 CAR-T cells, for example by CRISPR-Cas9. Without CD7, these CAR-T cells will not be

recognized and lysed by other anti-CD7 CAR-T cells, thus preventing fratricide. Red indicates the result of intervention.
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treatment modalities are crucial to increase survival rates of cervix
carcinoma.

One such recent advance is RNA interference (RNAi)-mediated knock-
down of the viral oncogenes E6 and E7, as these have been identified to
drive and sustain HPV-related carcinogenesis.149 In multiple studies,
knockdown of E6 and E7 resulted in increased cell death in HPV-pos-
itive cell lines.150,151However,multiple obstacles, such as the occurrence
of escapemechanisms and insufficient efficiency, haveprohibitedRNA-
based strategies from entering clinical trials so far.152 Guided gene
knockout might partially overcome these limitations. First of all,
RNAi only lowers target gene expression, whereas gene editing can
completely disrupt or delete a gene, leaving no room for residual gene
expression. Mutation of the target region, a known escape mechanism
of RNA viruses, as observed in studies using RNAi-mediated knock-
down, likely still applies to knockout strategies using gene editing.
Another escape mechanism, which is expression of viral suppressors
of RNAi, is expected not to apply to gene editing.153 Investigating viral
escape from strategies involving gene editing in cervical cancer caused
by HPV will be an important aspect in future research. As is true for
any cancer, it will be important to start treatment at the earliest stage
possible and to use treatments that are highly efficient.

Gene editing for treating HPV infection has focused on E6 and E7. It is
generally appealing to target viral genes, because these are exogenous
sequences, reducing the chances of unintended off-target events in
endogenous genes. Successful knockout of E6 and E7 genes has been
achieved via ZFNs,154 TALENs,155,156 and CRISPR-Cas9.157–159 The
in vitro knockout of viral E6 or E7 sequences in HPV-infected cell
line models caused inhibition of cell growth and cell viability, which
is in line with results obtained from RNAi. In addition, gene-edited
cells showed reduced capability to engraft in mice compared to uned-
ited cells when transplanted subcutaneously.154,155,157 Results were
consistent for targetingHPV-16 andHPV-18.155 Furthermore, in vivo
gene editing with topically applied TALEN components using poly-
mer-complexed T512 plasmids in K14-HPV16 transgenic mice, a
model system for cervical HPV-16 infection, resulted in reduced viral
DNA loads and a reversal of histological malignant abnormalities.155

As only the TALEN platformwas topically applied in vivo in a cervical
cancer mouse model,155 the effects of topically applied gene editing
tools on cervical cancer could not be compared. Based on these results,
multiple clinical trials have been designed to investigate gene editing of
precancerous cervical lesions, directed at theHPVgenome. These clin-
ical trials apply either ZFN,160TALEN,161,162 or CRISPR-Cas9162 gene
editing platforms, which are administered either by topical gel or
vaginal suppository.

In the future, topically applied gene editing tools might be investi-
gated in combination with chemotherapy in metastasized cervix car-
cinoma. Preclinically, an additive anti-cancer effect of gene editing
was already shown in vitro and in vivo in combination with
cisplatin.163 In addition, the potential of HPV targeting extends
beyond the treatment of cervix carcinoma, as HPV-related cancers
include other anogenital cancers such as vulvar, vaginal, anal,

and penile cancer, but also cancers in the head and neck region.164

In preclinical studies, CRISPR-Cas9-based strategies have been
tested for treating other chronic viral infections, such as hepatitis B
virus,165–172 Epstein-Barr virus,173–176 and human immunodeficiency
virus (HIV) (see section below). As these viral infections affect
distinct tissues and/or have distinct modes of action, these might
need tailored strategies for delivery to the required target. An over-
view of these gene editing strategies is provided in a review by de
Buhr and Lebbink.177

Gene Editing in HIV Infection and AIDS

HIV is a lentivirus that integrates its genome (after reverse tran-
scription of its RNA into DNA) into the genome of host CD4+ T
helper cells, forming a provirus. After the initial acute phase of
infection, a pool of T cells remains latently infected. When the pro-
virus becomes activated, host cells produce new viral particles and
undergo cell death. This causes acquired immunodeficiency syn-
drome (AIDS) if the numbers of T helper cells drop to levels that
are insufficient to effectively protect the host from infections or ma-
lignant transformations.178 Currently, HIV infections are treated by
antiretroviral therapy (ART) to reduce the risk of progression to
AIDS. However, ART needs to be taken life-long, requires adher-
ence to the treatment regimen, and can have side effects and incom-
plete efficacy.179,180 Although no curative treatment has been found
to date, there are two documented cases of HIV patients who have
been cured from HIV infection. The first patient, known as the Ber-
lin patient, received two HSC transplantations for AML, and has re-
mained HIV-negative since.181,182 His donor harbored a homozy-
gous CCR5 D32/D32 loss-of-function allele, which had previously
been known to impair infection of T cells by HIV-1.183 A similar
second patient was identified recently.184 In addition, genetic asso-
ciation studies have shown that CCR5D32 homozygotes are resis-
tant to HIV infection, whereas heterozygotes display delayed pro-
gression of disease.185–187 It was therefore hypothesized that
ex vivo disruption of CCR5 in patient-derived T cells, followed by
reinfusion, could mimic the curative outcome of the Berlin patient.
CCR5 was targeted by ZFNs in human primary CD4+ T cells, and
biallelic gene disruption was achieved in 33% of modified cells
in vitro.188 In an HIV infection mouse model, injection of CCR5
KO T cells resulted in decreased viral load and an increased
T cell population compared to wild-type T cells.188 Six out of a total
of seven clinical trials assessing the infusion of autologous CD4+

CCR5 knockout T cells using ZFNs have been completed,189–195

and results of one have been published.196 In the study of Tebas
et al.,196 CD4+ CCR5 KO T cell infusion proved to be safe in
HIV patients. In addition, levels of blood HIV DNA decreased in
most patients, although the trial was not designed to measure effi-
cacy. One clinical trial is currently investigating the long-term ef-
fects of CCR5-edited T cells.197

It is unclear how long engineered T cells can in principle protect
against AIDS given their limited lifespan. Therefore, several groups
are focusing on deleting CCR5 in HSCs, as these have self-renewal ca-
pacity to remain present as stem cells and can give rise to all cells of
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the hematopoietic lineage.198 HSCs would for example also give rise
to CD4+ myeloid cells, which are also susceptible to HIV infection.199

CCR5 disruption by ZFNs was achieved in human CD34+ HSCs, and
these cells were able to engraft in immunosuppressed or immunode-
ficient mice.200–202 In addition, infusion of CCR5-modified HSCs re-
sulted in reduced plasma HIV levels in mouse models when
compared to unmodified HSC infusions.202 Currently, two clinical
trials are recruiting patients to test this strategy using either ZFN203

or CRISPR-Cas9.204

The previous strategies involve supplying patients with HIV-resistant
cells to diminish the effect of HIV on the immune system. Alterna-
tively, CAR-T cells that are redirected toward HIV-related proteins
can be applied to actively attack T cells that are infected by the vi-
rus.205 Via gene editing, CCR5might be disrupted in the CAR-T cells
to prevent HIV from infecting these cells. Multiple clinical trials are
planned or ongoing for CAR-T cells as a treatment option for HIV.
In one of those, ZFNs are applied to disrupt CCR5 in CAR-T cells.206

CCR5 disruption will not be efficacious in all patients, since CCR5
might be redundant for cell entry by certain HIV strains.207,208

Another disadvantage is the necessity of biallelic knockout of CCR5
to efficiently impair viral reproduction.198,209An alternative is disrup-
tion of the HIV genome itself, which may be especially attractive since
this is not an endogenous sequence and may therefore be less suscep-
tible to off-target effects. Targeted disruption of the HIV genome,
however, faces the challenge of mutational escape. Another challenge
is that HIV-1 forms a stable reservoir in resting CD4+ T cells, which
sustains the disease and causes the residual viremia in patients under-
going ART.210 If the latent reservoir could be directly targeted or acti-
vated, HIV infection could possibly be cured without the requirement
of myeloablative therapy and subsequent HSC transplantation. Mul-
tiple proof-of-principle studies have shown the feasibility of targeting
HIV genomic sequences in infected cells in vitro,211–219 but the prob-
lems of mutational escape and targeting the HIV latent reservoir have
not been solved to date.220

Alternatively, the strategies mentioned above could be realized via
RNAi. CCR5 knockdown by short hairpin RNA (shRNA) in HSCs
or T cells has been readily tested in preclinical studies and is the sub-
ject of a phase I/II clinical trial.221 Targeting of HIV transcripts by
RNAi has also been tested preclinically.221 Besides mutational esacape
mentioned above, RNAi faces the additional challenge of transcrip-
tional upregulation of the target in response to knockdown.222

Exciting preclinical studies have shown the feasibility for applying
gene editing to the engineering of B cells that produce antibodies spe-
cific to a number of viruses, including Rous sarcoma virus (RSV),
influenza virus, Epstein-Barr virus (EBV), or HIV, all of which are vi-
ruses for which there is to date no vaccine available. In the example of
HIV, broad neutralizing antibodies (bNAbs) have been detected in a
small number of infected individuals at�1–3 years after infection.223

These NAbs protect against HIV infection. Primary human B cells
have been successfully engineered using CRISPR-Cas9 to produce

NAbs against HIV,224 and a proof of principle using engineered
mouse B cells provided protection against infection with RSV.225

Gene Editing in Hematological Disorders

b-thalassemia and Sickle Cell Disease

b-thalassemia is an autosomal recessive disease with more than 200
known disease-associated variants in the gene coding for the hemo-
globin b chain (HBB), resulting in a clinically variable phenotype.
All of these variants cause reduced or abolished translation of the
HBB protein.226 Approximately 98% of total adult hemoglobin is
composed of hemoglobin A (HbA), which is formed by two b-globin
subunits bound to two a-globin subunits.227 Reduced expression of
the b-globin subunit results in a relative excess of the a-globin sub-
unit, resulting in precipitation of the a-globin subunit in erythroblasts
and erythrocytes. This ultimately leads to impaired erythropoiesis
and hemolysis, and thus anemia.

Treatment of b-thalassemia depends on life-long supportive mea-
sures, of which blood transfusion is the main component. b-Thalas-
semia patients either have transfusion-dependent thalassemia
(TDT) or non-TDT (NTDT).228 TDT patients require life-long blood
transfusions for survival, starting at an average age of 2 years for every
2–5 weeks, while NTDT patients need blood transfusions only occa-
sionally or for limited periods of time.228 Regular transfusions place
patients at risk of blood-borne infections, iron overload, and transfu-
sion reactions.229 In addition, 80% of TDT patients develop long-term
complications.230 Although long-term complications due to iron
overload result in decreased longevity, a life expectancy of over 50
years of age has been estimated.231 Recurrent therapy, adverse events,
and complications also negatively impact patients quality of life.
Furthermore, treatment of b-thalassemia patients with iron chelation
therapy is essential to reduce iron overload, but it results in consider-
able additional costs. In addition, through alloimmunization, it be-
comes increasingly challenging to find eligible blood products.229

The only curative therapy to date is allogeneic HSC transplantation,
provided that a suitable donor is available. An HLA-matched sibling
donor is available in about 30% of cases.232 For the remaining patients
an unrelated HLA-matched donor should be considered, which ap-
proaches success rates of sibling donors. However, for 20%–30% of
patients needing an HSC transplantation (without considering the
underlying disease), no optimal unrelated HLA-matched donor can
be found even with the extensive donor registries that have been es-
tablished in Europe.233 For 5% of patients, no donor could be identi-
fied at all. The alternative of cord blood transplantation from unre-
lated donors, for which HLA matching is less stringent, is less
favorable due to higher rates of graft failure.234 Haploidentical, or
half-matched (e.g., parents or children), stem cell transplantation
seems inferior to HLA-matched unrelated transplantation due to de-
layed restoration of the immune system, although experience is
limited.232 Between 2000 and 2010, the European Society for Blood
and Bone Marrow Transplantation Hemoglobinopathy Registry re-
ported treatment outcomes for all HSC transplantations, showing a
2-year event-free survival rate of more than 80% in TDT patients.
However, this study also revealed a 12% overall mortality within 2
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years after allogeneic HSC transplantation and the required (myeloa-
blative) conditioning. In addition, 10% of patients developed severe
acute GvHD, and about 15% of patients developed chronic GvHD.235

In sickle cell disease (SCD), the b-globin subunit in HbA carries a point
variant that results in the formation of an aberrant form termed hemo-
globin S. The HBB p.Glu6Val variant in combination with the same or
a second HBB disease-associated variant on the second allele leads to
SCD, in which erythrocytes are malformed, resulting in chronic hemo-
lytic anemia. The malformed erythrocytes can cause acute ischemia
throughout the body due to obstruction of blood vessels, leading to (se-
vere) pain, organ failure, and severe acute vaso-occlusive complications
such as acute chest syndrome or stroke,236 which can be treated by ex-
change transfusion.237 With this therapy, the patients’ blood is
exchanged with donor blood to lower the percentage of sickle cells.
Chronic transfusions are performed in patients with a history of stroke
to prevent new cerebral ischemic events.237 Possible complications of
frequent transfusions have been described previously. Frequently hos-
pitalized patients, for example due to acute chest syndrome or the need
for intravenous analgesics in the management of acute pain, are treated
with hydroxyurea. These treatments, hospital admissions, acute com-
plications, and many more chronic complications result in reduced
life quality of patients.237 As in b-thalassemia, allogeneic HSC trans-
plantation is the only cure for SCD. Although HSC transplantation
with a product of a related HLA-matched donor seems successful in
most cases, severe complications as described previously are also
seen in SCD.238 Recent improvements in conditioning regimens have
led to reduced intensity treatment without short-term GvHD, but
serious adverse events still occurred.239,240 The experience with other
HSC transplantation sources is scarce in SCD, but it seems inferior
to related HLA-matched donors.238,241

Curative options that are less toxic than allogeneicHSC transplantation
are required for both b-thalassemia and SCD. As gene therapy allows
the engineering of autologous stem cells, the need for a donor would
be bypassed. Importantly, transfusion of autologous rather than alloge-
neic stem cells strongly reduces the HSC transplantation-related
toxicity.242 Reports of gene therapy using lentiviral vectors to add a
healthy HBB copy to HSCs in vitro for reinfusion purposes have
been published for b-thalassemia243 and SCD,244 and the first prom-
ising (interim) results of clinical trials have been reported.245,246 As
the graft must replenish the hematopoietic system through rapid cell

division, an integrative vector, such as lentiviral vectors, is required.
Although g-retroviral vectors used in the past gave rise to leukemia
through insertional mutagenesis,247 currently used third-generation
self-inactivating lentiviruses have an improved safety profile and
have been used without adverse events in several clinical trials up to
7 years follow-up.248–255 Because lentiviral transduction is highly effi-
cient, it provides a strong competitor for gene editing approaches in
strategies involving overexpression of transgenes.

The main strategy under current investigation for clinical application
of gene editing is the induction of endogenous expression of fetal he-
moglobin (HbF). This originated from the observation that co-inher-
itance of hereditary persistence of HbF (HPFH), a benign condition,
reduces symptoms of SCD and b-thalassemia.227 The situation in
SCD and b-thalassemia is depicted in Figure 3A. In HPFH, HbF pro-
tein production continues into adulthood, whereas under normal
physiological conditions production shifts to adult hemoglobin after
birth. HbF protein contains two subunits of a-globin and g-globin
each, the latter of which are translated from the HBG gene. Persistent
HbF expression in HPFH compensates for the reduced production of
HbA in b-thalassemia patients. There is a difference in HbF protein
levels among b-thalassemia patients, and this has been linked to
several genetic variants, with single nucleotide variants (SNVs) in
the BCL11A gene correlating most strongly with HbF expression.256

Reduced BCL11A protein expression is correlated with increased
HbF protein expression, likely because BCL11A suppresses HbF
expression by binding directly to the HBG promoter.257,258 BCL11A
null mice were shown to be unable to downregulate murine embry-
onic globin in erythrocytes, demonstrating the essential role of
BCL11A in repression of HbF expression during development.259

However, BCL11A knockdown by gene disruption in HSCs results
in impaired engraftment of HSC in mice, illustrating that knockout
of BCL11A itself is not a feasible strategy to treat b-thalassemia.260

As BCL11A expression during erythropoiesis is specifically regulated
by the intronic erythroid-specific enhancer,261 disrupting this
enhancer will result in BCL11A knockout during erythropoiesis,
exclusively. This strategy was preclinically tested by using ZFN-medi-
ated gene disruption of the GATAA element of the BCL11A
erythroid-specific enhancer in HSCs (Figure 3B).260,262 These cells
achieved robust long-term engraftment in mice and gave rise to
erythroid cells with elevated HbF levels upon ex vivo culture of
chimeric bone marrow.260 Multiple clinical trials are based on a

Figure 3. Gene Editing Strategies in b-Thalassemia and Sickle Cell Disease

(A) Situation in b-thalassemia and sickle cell disease. The locus control region (LCR) loops to the b-globin gene and b-globin is expressed; however, due to a disease-

associated variant in the b-globin gene there is insufficient expression (b-thalassemia) or malformed (sickle cell disease) b-globin. The transcriptional repressor BCL11A

recognizes the first TGACCA binding sequence, which leads to inhibition of expression of fetal-specific g-globin. (B) In one strategy, CRISPR-Cas9 or ZFNs (not shown) are

used for targeted disruption of the GATAA motif in the intronic erythroid-specific enhancer of BCL11A, which will result in disruption of BCL11A expression during eryth-

ropoiesis and consequently relief of inhibition of g-globin expression. g-Globin will substitute for the lack of b-globin to form functional hemoglobin: HbF. (C) In a related

strategy, the TGACCA recognition site for BCL11A is disrupted using CRISPR-Cas9 or ZFNs (not shown). BLC11A remains expressed but cannot bind to the recognition site

to inhibit the g-globin expression, resulting in relief of inhibition of g-globin expression. (D) In another scenario, the b-globin promotor sequence is disrupted using CRISPR-

Cas9, leading to a loss of binding sites for proteins that repress expression of g-globin and subsequent induction of g-globin expression. (E) Finally, the disease-associated

variant can be precisely corrected using CRISPR-Cas9. While strategies in (B), (C), and (D) will lead to the induction of fetal hemoglobin, the strategy in (E) will lead to

production of adult hemoglobin. Red indicates the result of intervention.
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strategy involving HSCs, of which the intronic erythroid-specific
enhancer of BCL11A is disrupted ex vivo using CRISPR-Cas9 or
ZFNs as a treatment for TDT263,264 or SCD265,266 patients. The
long-term effects of infusing such cells are investigated in one clinical
trial.267 Other strategies to increase HbF expression include disrup-
tion of the binding motif for BCL11A (and co-repressive proteins)
within the HBG promoter sequence (Figure 3C)257,268,269 or the in-
duction of a natural occurring variant termed the Sicilian HPFH dis-
ease-associated variant (Figure 3D).270 In the latter variant, the entire
b-globin locus is deleted and the putative 30 b-globin enhancer is
brought in closer proximity to the g-globin locus. These strategies
have been explored preclinically, but have not (yet) reached clinical
application.

Besides induction of HbF, other applications of gene editing tech-
niques to treat b-thalassemia and SCD have been tested mainly in
preclinical studies. Cai et al.271 showed an approach to correct various
HBB disease-associated variants by inserting a cDNA sequence of
exons 2 and 3 of the HBB gene downstream of HBB exon 1 in vitro

using CRISPR-Cas9 in induced pluripotent stem cells (iPSCs). This
strategy ensured expression of correct b-globin and prevented expres-
sion of the mutated variant in iPSC-derived erythrocytes. Other pre-
clinical studies showed the (HDR-mediated) correction of a specific
disease-associated variant in (iPSC-induced) HSCs to restore
b-globin and thus HbA expression (Figure 3E).272–279 One clinical
trial implies to investigate the infusion of autologous, iPSC-induced
HSCs with a directly gene-corrected version of the HBB gene in
b-thalassemia.280 However, very limited information is provided for
this trial and the exact strategy is not elucidated. Another preclinical
strategy involves the in vitro knockout of a-globin281 to prevent its
precipitation. No clinical trial has been reported that investigates
this option.

Gene Editing in Hemophilia

Hemophilia A and B are congenital bleeding disorders caused by de-
ficiencies in clotting factor VIII (FVIII) or IX (FIX), respectively.
These diseases have a recessive X-linked inheritance pattern. Protein
substitution therapy (PST) with recombinant clotting factor or pro-
tein derived from donor plasma is currently the main treatment for
these patients.282 Despite the steep increase in life expectancy and
the improved prevention of arthropathies due to articular bleedings
after introduction of PST, this treatment has its drawbacks.282,283

As substituting a deficient protein is not curative, repeated adminis-
tration is required and patients remain at risk of bleedings. In addi-
tion, costs related to PST are considerable.282 Insertion of a functional
copy of the deficient gene in patient cells could potentially provide a
long-term cure for hemophilia. To this end, in vivo gene therapy by
viral vectors has been applied in multiple phase I clinical trials,284–
286 as well as by ex vivo electroporation of fibroblasts that provided
a source of FVIII after engraftment.287 Initial results observed in these
clinical trials were disappointing.282 For lentiviral transduction, pre-
clinical optimization of ex vivo HSC-mediated lentiviral gene therapy
is paving the way for the first clinical studies.282 In spite of subclinical
effects of targeting muscle cells by AAV vectors in hemophilia, prom-

ising clinical results have been obtained by the use of AAV vectors tar-
geting liver cells.282 Transient liver toxicity and a temporary require-
ment for immunosuppressive therapy were drawbacks of this
strategy.

Currently, gene editing strategies to target liver cells are also being
explored for hemophilia. Sharma et al.288 achieved robust expression
of human FVIII or FIX by integrating the cDNA of either gene into
intron 1 of the albumin locus in primary hepatocytes in vitro and
in hepatocytes of mice in vivo by using AAV-delivered ZFN-mediated
gene editing. Despite the low in vivo genome editing efficiency, gene
expression was achieved by placing the genes under the control of the
highly active albumin promoter. This in vivo gene editing strategy is
currently being investigated in hemophilia B patients in a clinical
trial.289 A drawback for clinical implementation of such strategy is
the long-term presence of active gene editing components in the liver
of patients and the associated risk of damaging the genome by intro-
ducing double-stranded breaks at off-target loci. This is a serious
concern, as the gene editing machinery delivered by AAV has an ex-
pected presence in the liver of several years, which significantly in-
creases the chance for off-target effects to occur. This highlights the
need for developing more transient ways to perform in vivo gene
editing.

Other preclinical strategies that are under investigation include inser-
tion of the transgene into the AAVS1 locus290,291 or in the native lo-
cus292–295 and correction of disease-associated variants296–298 or large
chromosomal rearrangements.299–301

For the clinical translation of gene editing in HSCs, a critical aspect is
to maintain long-term engraftment capacity.201,302–305 Similar to
most other cells, HDR-mediated gene editing is challenging in
HSCs, as these cells prefer the NHEJ pathway. In addition, it has
been found that genetic manipulation of HSCs with gene editing or
viral vectors can reduce their engraftment capacity. This has been
found to be caused by activation of the DNA damage response
pathway, resulting in activation of p53. Transient inhibition of p53
has been found to improve long-term engraftment of HSCs after
gene editing.344 In addition, technical optimizations related to cell
culture, delivery, and use of reagents have resulted in enhanced
long-term engraftment of HSCs after gene editing in xenograft exper-
iments involving transplantation of human HSCs into immunodefi-
cient mice. The clinical testing of long-term engraftment of gene-edi-
ted HSCs in human patients needs further testing.

Gene Editing in Metabolic Disorders

Mucopolysaccharidoses

Mucopolysaccharidoses (MPSs) are monogenic lysosomal storage
diseases (LSDs) in which one of the enzymes involved in the lyso-
somal degradation of glycosaminoglycans (GAGs) is deficient. In
MPS I and II, this concerns the a-L-iduronidase (IDUA) and idur-
onate-2-sulfatase (IDS) enzymes, respectively. Patients suffer from
multisystemic symptoms and reduced life expectancy that can
vary depending on the type of MPS and the severity of the
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disease-associated variant.306 The currently available treatment for
MPS I, MPS II, MPS IVA, MPS VI, and MPS VII is enzyme replace-
ment therapy (ERT), in which recombinant enzyme is administered
intravenously. Drawbacks of ERT include the non-curative nature of
the treatment, the requirement of repeated intravenous infusions,
high costs, and ineffectiveness in treating symptoms in bone, carti-
lage, heart valves, and the central nervous system.307,308 In addition,
generation of antibodies against the recombinant enzyme can inter-
fere with the efficacy of ERT.307 HSC transplantation is currently
applied to treat MPS I.309 This relies on the principle that lysosomal
enzymes are secreted and can be taken up by target cells via the
cation-independent mannose 6-phosphate receptor (CI-M6PR). In
HSC transplantation, HSCs and their progeny secrete the enzyme
into the circulation and provide a continuous source of ERT. In
the case of MPS I, the level of secretion and reuptake provides par-
tial efficacy in target organs. However, HSC transplantation depends
on the availability of HLA-matched donors and can have severe
adverse events such as GvHD, infection, and even death, as
described before.306 In addition, the therapeutic effect on the skel-
etal abnormalities and neurological symptoms is limited, and for
many other LSDs, endogenous expression levels in HSCs are insuf-
ficient to treat target organs. Therefore, overexpression by ex vivo

lentiviral transduction or gene editing provides (additional) thera-
peutic efficacy. For MPS I, liposome-mediated delivery of
CRISPR-Cas9 has been successfully applied in vivo and resulted in
increased IDUA expression in newborn MPS I mice.310 Alterna-
tively, direct gene addition using AAV vectors (without gene edit-
ing) has been shown feasible in preclinical studies for several MPS
types.311–316 This strategy is being investigated in multiple clinical
trials, and recent results using intracerebral delivery showed prom-
ising outcomes with respect to treating the neurological decline of
MPS IIIB patients.317

Another approach, similar to the approach in hemophilia, is the
site-specific integration of a transgene in the liver by in vivo genome
editing following intravenous administration using AAV as the de-
livery method.288 Most efforts have been made on integrating trans-
genes into the albumin locus. Sharma et al.288 achieved ZFN-medi-
ated insertion of IDUA and IDS in vivo into the albumin locus of
healthy mice, resulting in detectable protein levels in liver lysates.
More recently, ZFN-mediated insertion of human IDS in the albu-
min locus in murine liver in vivo was accompanied by a dose-
dependent rise in circulating enzyme levels.318 This IDS insertion
caused reduction of GAG levels in tissue and urine samples of
MPS II mice. These results have led to clinical trials investigating
the safety of ascending dose levels of AAV vectors containing com-
ponents required for in vivo ZFN-mediated insertion of IDUA and
IDS genes into the albumin locus of hepatocytes in the liver of MPS
I patients319 and MPS II patients,320 respectively. The same draw-
backs as in the hemophilia trial with respect to safety due to the po-
tential introduction of double-stranded breaks in the liver at off-
target locations in the genome apply here due to the long-term
exposure of the patient to the uncontrolled activity of ZNF-medi-
ated double-stranded breaks.

Gene Editing in the Eye

Leber’s Congenital Amaurosis

Leber’s congenital amaurosis (LCA) is an inherited retinopathy in
which severe visual impairment or blindness occurs within the first
months of life.321 It is a genetically heterogeneous disease that can
be caused by any of more than 20 mutated genes. Based on the genes
involved and the ocular phenotypes, LCA is divided into 13 sub-
types.322 Currently, there is no treatment for LCA. In clinical trials,
it has already been shown that AAV-mediated gene transfer by sub-
retinal injection resulted in improved visual parameters in patients
with the LCA type LCA2, which is caused by variants in the RPE6

gene.323–326 Retinal dystrophy in LCA was (at least partially) reversed
by the therapy. AAV-mediated gene therapy has also been applied to
other congenital retinopathies.327

In addition to AAV-mediated gene transfer, gene editing is in devel-
opment for retinopathies. For subtype LCA10, which is caused by
variants in the CEP290 gene,321,328 a clinical trial is currently
open329 with the strategy outline below. Gene transfer via viral vec-
tors (especially AAV) is problematic for CEP290 due to the large
gene size. CEP290 encodes a protein that is essential for cilia, which
are microtubule-based, hair-like extensions of cell membranes.330 In
photoreceptor cells, cilia are highly specialized into cone- or rod-
shaped segments that act as light sensors and signal transducers.322

In LCA10, CEP920 disease-associated variants cause (peripheral)
thickening of the retina by an unknown mechanism.330 The most
common variant is the intronic variant IVS26, which results in the
generation of a cryptic splice site that causes an abrogated protein
product.328 Preclinical studies had shown that, using subretinal in-
jections of AAV5 vectors containing the CRISPR-Cas9 gene editing
machinery, it deletion of the cryptic splice site leads to restoration of
canonical splicing and expression of wild-type protein.331,332 This
concept is used in the ongoing clinical trial.329 Other preclinical
studies are investigating gene editing strategies for other disease-
associated variants in LCA and other retinopathies.333,334 However,
long-term expression of CRISPR-Cas9 in the eye imposes safety
risks, as discussed in approaches for in vivo gene editing in hemo-
philia and MPS I and II.

Conclusions and Future Prospects

Disease-Specific Challenges

The challenges and opportunities of applying gene editing for the
treatment of human disease depend in part on disease-specific as-
pects. In cancer immunotherapy, a major challenge is to specifically
target cancer cells while leaving healthy cells unharmed. Targeting
immune checkpoints with gene editing has been shown to be a prom-
ising strategy, but the clinical feasibility relies in part on the inherent
problem of specificity: by inhibiting a general checkpoint with the aim
to inhibit negative immune regulation, there is a risk of auto-im-
mune-related side effects. Considering the life-threatening nature of
cancer, this disadvantage may be acceptable if survival rates can be
improved and increased toxicity is manageable. Other challenges
include the viability of T cells that have been gene edited ex vivo to
knock out immune checkpoint regulators. These cells do not need
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to be present life-long, but they should have sufficient viability in or-
der to help eliminating cancer cells. If needed, repeated administra-
tion would be an option, but this will increase costs. The development
of a universal ACT would be an elegant solution to the high costs of
preparing autologous or HLA-matched allogeneic gene-edited T cells
for each individual patient, although this approach has the risk of
inducing GvHD.

Application of targeted knockout to viral infection such as HPV
could provide a useful additional treatment option when it comes
to treating the primary tumor. However, a high effciency of gene
knockout is reqired to effectively reduce the tumor, and treating
metastases is not yet possible due to the difficulty to reach target
tissues and to eliminate the HPV virus in a safe and efficient
manner outside the primary tumor. It might be an advantage to
target viral sequences rather than endogenous genomic locations
to reduce the risks of undesired genomic alterations as the result
of gene editing. This could also be a potential advantage for stra-
tegies that eradicate HIV provirus from the genome. In the case of
HIV, disease-specific challenges include the targeting of the
dormant HIV reservoir, and to target HIV strains that do not
depend on CCR5 for infection.

Ex Vivo Gene Editing

In both genetic disease and viral infection, promising strategies using
ex vivo gene editing lie ahead for disorders that can be cured via the
blood, including hematological disorders, lysosomal storage disorders,
and HIV infection. The main reason for this is the feasibility to target
blood cells such as HSCs or T cells ex vivo and to engraft autologous
gene-modified cells back into patients. This approach relies on the
long-standing experience with successful engraftment of HSCs, which
has nowadays become a standard procedure with a very good safety
profile. In addition, engrafted HSCs can provide a life-long treatment
because they can self-renew to sustain the stem cell population and to
differentiate into the hematopoietic lineage. Because prolonged ex vivo
culture reduces engraftment potential and stem cell properties of
HSCs, fast and efficient methods are required tomake ex vivo gene ed-
iting ofHSCs feasible for clinical implementation. It remains to be seen
whether ex vivo gene editing for overexpressing proteins will be able to
successfully compete with ex vivo lentiviral transduction of HSCs
when it comes to clinical implementation, because lentiviral transduc-
tion is highly efficient, has been used more than 7 years without
adverse events in several clinical trials, and could be more cost-effec-
tive.248–255 Strategies that rely on NHEJ are inherently more efficient
compared to the HDR-mediated insertion of transgenes, and these
provide promising options for the treatment of HIV infection, by
knocking out the CCR5 receptor, or some genetic disorders such as
b-thalassemia and SCD, by knocking out regulatory elements required
for BCL11A-mediated negative regulation of HbF expression.

Among the many other preclinical developments for using ex vivo

gene-edited HSCs (not covered in this review), the primary immuno-
deficiency diseases (PIDs) represent a promising example.335,336

These patients usually benefit from allogeneic HSC transplantation

from HLA-matched donors, but these are not always available, and
allogeneic HSCs can induce GvHD. Autologous HSC transplantation
following ex vivo gene therapy employing third-generation lentivi-
ruses is ongoing in a number of clinical trials for Wiskott-Aldrich
syndrome, ADA severe combined immunodeficiency (ADA-SCID),
X-linked SCID, and chronic granulomatous disease (CGD). However,
many PIDs involve genes with a timed and restricted expression
pattern during development and require endogenous expression
levels via the natural promoter rather than overexpression. Gene ed-
iting would be advantageous above lentiviral transduction in these
cases, as it enables precise correction of an endogenous allele to main-
tain endogenous expression levels. There are currently no clinical tri-
als for PIDs reported using gene editing, but promising preclinical de-
velopments may change this in the near future.

Other promising preclinical developments include the ex vivo gene
editing of primary hepatocytes for metabolic disease of the liver. As
a proof of concept, AAV-mediated delivery of CRISPR-Cas9 to
freshly isolated mouse hepatocytes was used, followed by engraftment
into the liver of a mouse model. This concept was applied to treat he-
reditary tyrosinemia in a mouse model to correct a point variant in
the fumarylacetoacetate hydrolase gene using HDR.337 A major chal-
lenge for this approach is the limited engraftment capacity of hepato-
cytes in human liver. In cystic fibrosis, investigators are pursuing gene
editing of stem cells derived from the airways with the ultimate goal of
developing a gene-edited autologous airway stem cell transplanta-
tion.338 Mitochondrial diseases that are caused by disease-associated
variants in mitochondrial DNA form an attractive target for gene ed-
iting.339,340 However, gene editing of mitochondrial DNA is even
more challenging than nuclear DNA, and improvements are required
before clinical applications can be considered in the near future.

In all of these possible applications, the ex vivo mode of gene editing
ensures that a quality control can be performed prior to decision-
making of engrafting cells into patients. Reliable methods to assess
undesired genomic alterations are essential, and a shift from methods
that rely on predictions toward unbiased methods will be required.
Quality control should also include functional analysis of cellular
transformation, because rare events that result in formation of tumor-
igenic cells will be very difficult to detect in population-based assays.

In Vivo Gene Editing

In vivo gene editing trials have already started for a number of disor-
ders including lysosomal storage disorders, hemophilia, precancerous
cervical lesions and LCA. This is despite the uncertainties of gene ed-
iting technology with respect to possible off-target effects. This is
particularly important when gene editing technology is introduced
in patients without ways for spatiotemporal control (i.e., means to
confine gene editing to a short time and specific target tissue, for
example by using suicide genes in DNA combined with tissue-specific
delivery, or local administration of gene editing tools as RNA/protein
rather than DNA), such as is the case in trials so far. This means that
gene editing may continue for years inside the patient, which will in-
crease the risk of undesired events with several orders of magnitude
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compared to ex vivo gene editing. For safe future clinical develop-
ment, it will be important to develop ways that can control the activity
of in vivo gene editing by including on and off switches to prevent the
prolonged generation of DNA breaks or by providing the gene editing
machinery in other ways than as DNA. In addition, targeting gene ed-
iting tools specifically to the cells of interest will further increase the
safety by preventing unnecessary targeting events in irrelevant cell
types.

These aspects will also guide ongoing preclinical efforts to develop
treatments for human disease based on in vivo gene editing. Multiple
preclinical developments in different fields are ongoing, and it is
beyond the scope of this review to cover these. As examples wemention
metabolic disorders that are amenable to correction via knockout of a
gene in the metabolic pathway to enable redirecting of metabolism. For
example, severe hereditary tyrosinemia type I was successfully redir-
ected to a more begin tyrosinemia type III form by deletion of the up-
stream metabolic enzyme hydroxyphenylpyruvate dioxygenase in the
liver. The method applied involved intravenous injection of DNA en-
coding Cas9 and sgRNAs in the mouse, which transfected the liver
more efficiently compared to other organs.341 The same gene was
also targeted in as study on in utero correction of hereditary tyrosine-
mia type I using injection of an adenovirus expressing a base editor and
sgRNA into mouse fetuses via the vitelline vein. In the same study, in
utero knockout of PCSK9 was achieved with the aim to lower choles-
terol levels and the risk of coronary heart disease in wild-type mice.

Precise correction of a point variant in vivo has been demonstrated for
example in a mouse model for phenylketonuria (PKU) using base ed-
itors that were delivered by intravenous injection and that were ex-
pressed via a liver-specific promoter.342 Gene editing is even applied
in preclinical research to increase the fitness of pig organs for future
xenotransplantation into humans. By knockout of genes that activate
an immune response and retroviral elements, the aims are to generate
organswith reduced hazard of graft rejection and xenozoonosis (an in-
fectious disease transmitted from animal to human), respectively.343

The ultimate goal of these efforts is to overcome the shortage of human
organs such as kidneys, hearts, livers, and lungs for transplantation.

Keeping Up with Technological Developments

Finally, it will be important to educate the various stakeholders,
including clinicians, patients, and regulatory institutions. The tech-
nology for gene editing is moving so fast that it is difficult to cope
with all of the developments and their potential benefits and risks. Cli-
nicians need to be educated in order to allow them to judge the feasi-
bility of a clinical trial and whether they are willing to expose their pa-
tients to the novel treatment. Patients rely largely on the information
that is provided by their treating physician. The prospect of a “cure”
via gene repair may be tempting for a patient, and therefore providing
balanced and fair information by the physician on the possible bene-
fits and risks provides an essential ingredient for decision-making.
The same arguments apply to regulatory institutions, as these will
approve or decline clinical protocols and finally market authorization.
While the scientific developments in the field of gene editing are

continuing with dazzling speed, it will be important to provide edu-
cation in the field and to closely monitor and regulate clinical
developments.

In this review, we compiled all current clinical applications of gene
editing and explained the rationale for the underlying strategies. In
addition, we summarized preclinical studies that preceded clinical tri-
als and provided examples of preclinical work that might be trans-
lated in a clinical setting in the future. As most other reviews focus
on specific areas involving gene editing applications, we envision
that centralized information on gene therapies will increase awareness
of clinicians and researchers in the field of gene therapy outside their
specific field of interest, and that this might catalyze new develop-
ments.We propose that clinical applications of gene editing in general
will be documented in an accessible and transparent manner. We
hope that this review precedes the discussion of a central database
that includes relevant information of the clinical studies applying
gene editing, as well as the underlying considerations with respect
to the mechanism of action, safety, and expected results. Ideally,
this information should be contributed by investigators involved in
these clinical trials, peer-reviewed by experts in the field, and made
publicly available prior to the start of such trials. Preferably, an anal-
ysis of risks and benefits of gene editing for a specific disease in the
context of current treatments should be included, contributing to dis-
cussions on technical and ethical aspects of the applications. Such ef-
forts should contribute to increasing transparency and help to inform
stakeholders that are involved in clinical trials involving gene editing.
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