RESEARCH

REVIEW SUMMARY

MEDICINE

Gene therapy comes of age

Cynthia E. Dunbar,* Katherine A. High, J. Keith Joung, Donald B. Kohn,

Keiya Ozawa, Michel Sadelain®

BACKGROUND: Nearly five decades ago, vi-
sionary scientists hypothesized that genetic
modification by exogenous DNA might be an
effective treatment for inherited human dis-
eases. This “gene therapy” strategy offered the
theoretical advantage that a durable and pos-
sibly curative clinical benefit would be achieved
by a single treatment. Although the journey
from concept to clinical application has been
long and tortuous, gene therapy is now bring-
ing new treatment options to multiple fields of
medicine. We review critical discoveries lead-
ing to the development of successful gene ther-
apies, focusing on direct in vivo administration
of viral vectors, adoptive transfer of genetically
engineered T cells or hematopoietic stem cells,
and emerging genome editing technologies.

ADVANCES: The development of gene deliv-
ery vectors such as replication-defective retro
viruses and adeno-associated virus (AAV), cou-
pled with encouraging results in preclinical dis-
ease models, led to the initiation of clinical trials
in the early 1990s. Unfortunately, these early
trials exposed serious therapy-related toxic-
ities, including inflammatory responses to the

Adeno-associated
viral (AAV) vector

Lentiviral vector

vectors and malignancies caused by vector-
mediated insertional activation of proto-
oncogenes. These setbacks fueled more basic
research in virology, immunology, cell biology,
model development, and target disease, which
ultimately led to successful clinical translation
of gene therapies in the 2000s. Lentiviral vec-
tors improved efficiency of gene transfer to
nondividing cells. In early-phase clinical trials,
these safer and more efficient vectors were
used for transduction of autologous hemato-
poietic stem cells, leading to clinical benefit in
patients with immunodeficiencies, hemoglobi-
nopathies, and metabolic and storage disorders.
T cells engineered to express CD19-specific chi-
meric antigen receptors were shown to have
potent antitumor activity in patients with
lymphoid malignancies. In vivo delivery of
therapeutic AAV vectors to the retina, liver,
and nervous system resulted in clinical improve-
ment in patients with congenital blindness,
hemophilia B, and spinal muscular atrophy,
respectively. In the United States, Food and
Drug Administration (FDA) approvals of the
first gene therapy products occurred in 2017,
including chimeric antigen receptor (CAR)-

Gene editing
complex

Three essential tools for human gene therapy. AAV and lentiviral vectors are the basis of
several recently approved gene therapies. Gene editing technologies are in their translational
and clinical infancy but are expected to play an increasing role in the field.
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T cells to treat B cell malignancies and AAV
vectors for in vivo treatment of congenital
blindness. Promising clinical trial results in
neuromuscular diseases and hemophilia will
likely result in additional approvals in the near
future.

In recent years, genome editing technolo-
gies have been developed that are based on
engineered or bacterial nucleases. In contrast
to viral vectors, which can mediate only gene
addition, genome editing approaches offer

a precise scalpel for gene
addition, gene ablation,
Read the full article  2nd gene “correction.” Ge-
at http://dx.doi. nome editing can be per-
org/10.1126/ formed on cells ex vivo or
science.aan4672 the editing machinery can
be delivered in vivo to ef-
fect in situ genome editing. Translation of
these technologies to patient care is in its in-
fancy in comparison to viral gene addition
therapies, but multiple clinical genome edit-
ing trials are expected to open over the next
decade.

OUTLOOK: Building on decades of scientific,
clinical, and manufacturing advances, gene ther-
apies have begun to improve the lives of patients
with cancer and a variety of inherited genetic
diseases. Partnerships with biotechnology and
pharmaceutical companies with expertise in
manufacturing and scale-up will be required
for these therapies to have a broad impact on
human disease. Many challenges remain, includ-
ing understanding and preventing genotoxicity
from integrating vectors or off-target genome
editing, improving gene transfer or editing effi-
ciency to levels necessary for treatment of many
target diseases, preventing immune responses
that limit in vivo administration of vectors or
genome editing complexes, and overcoming
manufacturing and regulatory hurdles. Impor-
tantly, a societal consensus must be reached on
the ethics of germline genome editing in light
of rapid scientific advances that have made this
a real, rather than hypothetical, issue. Finally,
payers and gene therapy clinicians and com-
panies will need to work together to design and
test new payment models to facilitate delivery
of expensive but potentially curative therapies
to patients in need. The ability of gene therapies
to provide durable benefits to human health,
exemplified by the scientific advances and clin-
ical successes over the past several years, just-
ifies continued optimism and increasing efforts
toward making these therapies part of our stan-
dard treatment armamentarium for human
disease.
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After almost 30 years of promise tempered by setbacks, gene therapies are rapidly
becoming a critical component of the therapeutic armamentarium for a variety of inherited
and acquired human diseases. Gene therapies for inherited immune disorders, hemophilia,
eye and neurodegenerative disorders, and lymphoid cancers recently progressed to
approved drug status in the United States and Europe, or are anticipated to receive
approval in the near future. In this Review, we discuss milestones in the development of
gene therapies, focusing on direct in vivo administration of viral vectors and adoptive
transfer of genetically engineered T cells or hematopoietic stem cells. We also discuss
emerging genome editing technologies that should further advance the scope and efficacy

of gene therapy approaches.

ene therapies are bringing new treatment

options to multiple fields of medicine.

Forty-five years ago, Theodore Friedmann

provided a prophetic account of the poten-

tial and challenges of using gene therapy
to treat inherited monogenic disorders (7). Grow-
ing interest in gene therapy was inspired by the
recognition that—at least in principle—a single
treatment might achieve durable, potentially cu-
rative clinical benefit. Investigators hypothesized
that in contrast to protein-based drugs that may
require repeated infusion, gene-based therapies
delivered to long-lived cells might afford sus-
tained production of endogenous proteins, such
as clotting factors in hemophilia (2). Long-term
cell replacement afforded by genetically engi-
neered hematopoietic stem cells (HSCs) may dura-
bly alleviate a range of conditions, obviating, for
example, the need for lifelong enzyme adminis-
tration or transfusion therapy (3, 4). Originally
envisioned as a treatment solely for inherited dis-
orders, gene therapy is now being applied to
acquired conditions, a concept best illustrated by
genetic engineering of T cells for cancer immu-
notherapy. Recent clinical studies have found
that single infusions of T cells engineered with
synthetic genes encoding a chimeric antigen re-
ceptor can produce durable responses in a subset
of patients (5).

Translation of gene therapy concepts to pa-
tient care began in the early 1990s but was plagued
by repeated cycles of optimism followed by dis-
appointing clinical trial results. A number of these
early experimental therapies were found to provide
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no clinical benefit or produce unexpected toxicities
that in some cases led to widely publicized patient
deaths (6). In 1996, a National Institutes of Health
(NIH) advisory panel concluded that these dis-
appointing clinical results were due to insuffi-
cient knowledge of the biology of the viral vectors,
the target cells and tissues, and the diseases. The
panel recommended that investigators return to
the laboratory and focus on the basic science un-
derlying gene therapy approaches (7). Develop-
ment of new vectors and a better understanding
of target cells sparked a second generation of
clinical trials in the late 1990s and early 2000s.
These trials produced evidence of sustained ge-
netic modification of target tissues and, in some
instances, evidence for clinical benefit. However,
progress was slowed by the emergence of serious
toxicities related to high gene transfer efficiency;
for instance: insertional genotoxicity, immune de-
struction of genetically modified cells, and im-
mune reactions related to administration of certain
vectors (6, 8, 9).

Over the past 10 years, further maturation of
the “science” of gene therapy, safety modifications,
and improvements in gene transfer efficiency and
delivery have finally resulted in substantial clinical
progress. Several gene and gene-modified cell-
based therapies are already approved drugs, and
over a dozen others have earned “breakthrough
therapy” designation by regulators in the United
States and around the world. In this Review, we
highlight key developments in the gene therapy
field that form the foundation for these recent
successes and examine recent advances in targeted
genome editing likely to transform gene therapies
in the future.

Genetic engineering from viral vectors
to genome editing

Recombinant, replication-defective viral vectors
were the first molecular tool enabling efficient,
nontoxic gene transfer into human somatic cells
(10). Retroviruses and adeno-associated virus (AAV)
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have shown the most clinical promise, and we will
limit our discussions to these vectors.

Retroviral vectors

The identification of a genome packaging signal
(11) and the creation of a producer cell line (12)
paved the way for design and facile production of
vectors capable of undergoing reverse transcrip-
tion and DNA integration but lacking replication
potential (I3, 14). The y-retroviral vectors devel-
oped in the 1980s and early 1990s were the first
to be shown to deliver genes into repopulat-
ing HSCs (15-17). C-type retroviruses were also
adapted for efficient gene transfer into primary T
lymphocytes (18-21). These vectors were used in
first-generation clinical trials designed to deliver
a normal copy of a specific defective gene into
the genome of T cells or HSCs from patients with
immunodeficiencies or cancer [reviewed in (22)]
(Fig. 1).

Two other genera of the retroviruses were
subsequently added to this armamentarium: the
lentiviruses (23) and spumaviruses (24). In con-
trast to y-retroviral vectors, lentiviral vectors
enabled gene transfer into nondividing cells but
still left quiescent G, cells out of reach (25).
Lentiviral vectors can carry larger and more com-
plex gene cassettes than y-retroviral vectors and
thus their development provided a critical ad-
vance for hemoglobinopathies (26). Lentiviral and
spumavirus vectors have another advantage over
y-retroviral vectors in that they preferentially
integrate into the coding regions of genes. The
y-retroviral vectors, by contrast, can integrate
into the 5-untranslated region of genes (27), a
feature that increases the risk of potentially on-
cogenic insertional mutagenesis in hematopoietic
cells (28). Lentiviral vectors are currently the
tools of choice for most HSC applications, but
y-retroviral vectors are still used for certain ap-
plications in T cell engineering and HSC gene
therapy (Table 1). Removal of endogenous strong
enhancer elements from lentiviral and y-retroviral
vectors using a “self-inactivating” SIN design (29)
is another approach that decreases the risk of
genotoxicity (30); this design is used in most cur-
rent clinical trials (Table 1). Integrating retroviral
vectors are reviewed in more detail in (31, 32).

Adeno-associated viral (AAV) vectors

AAV vectors are engineered from a nonpatho-
genic, nonenveloped parvovirus that is naturally
replication-defective. Wild-type AAV requires an-
other virus such as an adenovirus or a herpesvirus
to replicate (33, 34). All viral coding sequences in
AAVs are replaced with a gene expression cassette
of interest. One limitation of AAV vectors is that
they cannot package more than ~5.0 kb of DNA
(in contrast to y-retroviral or lentiviral vectors, which
can accommodate up to 8 kb). AAV vectors are
predominantly nonintegrating; the transferred
DNA is stabilized as an episome. This feature less-
ens risks related to integration but also limits
long-term expression from AAV vectors to long-
lived postmitotic cells.

In the mid-1990s, two groups demonstrated
long-term expression of a transgene following
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in vivo muscle administration of AAV vectors to
mice (35, 36). This seminal work led to the dem-
onstration that AAV vectors could also efficiently
transduce a variety of target tissues in animal
models, including liver, retina, cardiac muscle,
and central nervous system, with specific tissue
tropisms discovered for several naturally occurring
AAV serotypes and AAV engineered with opti-
mized capsids (37). Improved manufacturing tech-
niques [reviewed in (38)] increased both yield and
purity of AAV vector product, allowing proof-of-
concept studies in large-animal models of disease
(Fig. 2). Pioneering AAV gene therapy clinical
trials for hemophilia B were initiated in the late
1990s, first testing delivery of AAV vectors to
muscle via injection (39) and then moving to in-
travenous administration, taking advantage of
AAV2 liver tropism (40). These early trials estab-
lished safety but were limited by insufficient
dosing, and anti-AAV immune responses, most
likely because many people carry neutralizing anti-
bodies and memory T cells directed against the
AAV capsid. The full exploitation of the therapeutic
potential of AAV vectors, as described below, re-
quired rigorous analysis of anti-AAV immune re-
sponses (41), including both cellular and humoral
responses to a range of serotypes (42).

Genome editing

In contrast to viral vectors, which can mediate
only one type of gene modification (“gene ad-
dition”), new genome editing technologies can
mediate gene addition, gene ablation, “gene
correction,” and other highly targeted genome
modifications in cells. Genome editing can be
performed on cells ex vivo or the editing ma-
chinery can be delivered in vivo to effect in situ
genome editing. A targeted DNA alteration is
initiated by creation of a nuclease-induced double-
stranded break (DSB), which stimulates highly
efficient recombination in mammalian cells (43).

Clinical studies

First Allogeneic HSCT
(SCID)

Nonhomologous end-joining (NHEJ)-mediated
repair results in the efficient creation of variable-
length insertion or deletion mutations (indels) at
the site of the DSB, which generally inactivates
gene function. Homology-directed repair (HDR)
can be used to create specific sequence alter-
ations in the presence of a homologous donor
DNA template, which following recombination
results in correction of a mutation or insertion
of new sequences in a site-specific manner (44).

Early genome editing studies relied on engi-
neering of specific zinc finger nucleases (ZFNs)
(45) or meganucleases (46) for each individual
DNA target site to induce the required DSBs.
These nuclease platforms required specialized
expertise to customize the DNA binding nucle-
ase effector proteins for each cleavage target,
which limited their broader use and application.
The demonstration in 2009 that the DNA binding
domain of bacterial proteins called transcription
activator-like effectors (TALEs) can be readily
altered (47, 48) opened the door to the creation
of TALE nucleases (TALENS) (49, 50). These en-
zymes can efficiently cleave essentially any DNA
sequence of interest (51). However, TALEN ap-
proaches still require design of a specific pair of
nucleases for each new DNA target.

The genome editing landscape changed in 2012
with a seminal discovery by Doudna and Char-
pentier, who showed that a bacterial defense sys-
tem composed of clustered regularly interspaced
short palindromic repeat (CRISPR)-CRISPR-
associated 9 (Cas9) nucleases can be efficiently
programmed to cleave DNA at sites of interest,
simply by designing a specific short guide RNA
(gRNA) complementary to the target site of in-
terest (52). The CRISPR-Cas9 nuclease technol-
ogy was rapidly extended to mammalian cells
(53, 54), thereby simplifying the process of ge-
nome editing (55). TALENs and CRISPR-Cas9
nucleases, which can be easily reprogrammed

No Efficacy

but Genotoxicity

to cleave specific target DNA sequences, are
now widely used for a myriad of applications in
basic research (56-58). A number of clever strat-
egies that could eventually be applied clinically
involve the use of RNA-guided catalytically in-
active Cas9 (“dead Cas9” or dCas9) to turn genes
on and off by blocking transcriptional machinery
or recruiting epigenetic regulators (59, 60). Cor-
rection of mutations at a single-base level via Cas9-
based targeting of “base editors” has recently been
reported (61, 62).

Genome editing approaches offer a precise
scalpel for correcting or altering the genome
and can overcome many of the drawbacks of
strategies that rely on viral vector-mediated
semi-random genomic insertion. For instance,
genotoxicity due to ectopic activation of nearby
proto-oncogenes, knockout of tumor suppressor
genes, or perturbation of normal splicing should
not occur with on-target editing. In addition, the
regulation of an introduced or corrected gene
will be controlled by the endogenous promoter,
resulting in more physiologic and appropriately
regulated gene expression (63). Targeted intro-
duction of clotting factor genes downstream of
the highly active albumin promoter in hepato-
cytes has shown promise in animal models (64).
The potential of genome editing strategies to
bypass pathology in muscular dystrophy by al-
tering splicing of the mutated dystrophin gene
or by directly correcting the dystrophin muta-
tion has been demonstrated in preclinical models
(65-67). Finally, disease due to dominant negative
mutations, which cannot be treated by gene ad-
dition therapy, should be amenable to gene cor-
rection strategies.

There are challenges in delivering all the com-
ponents required for editing into target cells. Ge-
nome mutation by NHEJ is simplest, requiring
just targeted nucleases for meganuclease, ZFN,
or TALEN techniques, or a nuclease plus gRNA

Age of

Editing

Efficacy Efficacy and
Safety

Autologous HSC Ex Vivo Gene Therapy for Primary Immune Deficiencies

CD34

Selection Conditioning

Metabolic/Storage CNS Disorders

Reduced Intensity

Hemoglobin Disorders

Definition of HSC by
Transplantation in Mice

Scientific advances

Fig. 1. Historical overview of HSC gene therapy. HSCT: hematopoietic
stem cell transplantation; HSC: Hematopoietic stem cell; SCID: severe
combined immunodeficiency; NHP: nonhuman primate; ZFN: zinc finger
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Table 1. Clinical and product development landmarks for ex vivo gene therapies.

Key publication(s) or

Primary institution and/or

Breakthrough designation

el plesass ectiEaasys clinicaltrials.gov no. company or product approval
Tcells Adult ALL* YRV CD19 (CD28) CAR-T (134, 143, 144) Memorial Sloan Kettering Cancer Center FDA 2014
Pediatric ALL LV CD19 (4-1BB) CAR-T (145) University of Pennsylvania/Novartis FDA Oncology Advisory
Committee recommended
approval 2017; EMA 2016
YRV CD19 (CD28) CAR-T (146) National Cancer Institute/Kite
LV CD19 CAR-T, TALEN (74) Cellectis/Servier/Pfizer
knockout of TCR NCT02808442
and CD52
Diffuse large B cell yRV CD19 (CD28) CAR-T 147) National Cancer Institute/Kite FDA 2014
lymphoma NCT00924326
yRV CD19 (CD28) CAR NCT02348216 Multiple academic sites/Kite FDA 2015; EMA 2016
LV CD19 (4-1BB) CAR-T (148) Multiple academic sites/Juno FDA 2016; EMA 2016
NCT02631044
LV CD19 (4-1BB) CAR-T NCT02445248 Multiple academic sites/Novartis FDA 2017
CLL/indolent lymphoma LV CD19 (4-1BB) CAR-T (149) University of Pennsylvania/Novartis
YRV CD19 (CD28) CAR-T 150) National Cancer Institute
Multiple myeloma YRV BCMA (CD28) CAR-T (136) National Cancer Institute/Kite
NCT02215967
YRV BCMA (4-1BB) CAR T NCT03070327 Memorial Sloan Kettering Cancer
Center/Juno
LV-BCMA CAR-T NCT03090659 Nanjing Legend
Biotech
Synovial sarcoma YRV -NY-ESO-TCR (151) National Cancer Institute
LV-NY-ESO-TCR NCT03090659 Multiple academic sites/Adaptimmune FDA 2016; EMA 2016
Human ZFN CCR5 73) University of Pennsylvania/Sangamo
immunodeficiency electroporation
virus
HSPCs B-Thalassemia LV anti-sickling (120) Hopitaux de Paris/academic centers FDA 2015; EMA 2016
B-hemoglobin NCTO01745120 worldwide/Bluebird Bio
NCT02151526
NCT03207009
LV B-hemoglobin NCT02453477 San Raffaele Telethon Institute of
Gene Therapy/GlaxoSmithKline
LV p-hemoglobin NCT01639690 Memorial Sloan Kettering Cancer Center
Sickle cell anemia LV anti-sickling 121) Hopitaux de Paris/US academic sites/
B-hemoglobin NCT02151526, Bluebird Bio
NCT02140554
LV anti-sickling NCT02247843 UCLA/California Institute of
B-hemoglobin Regenerative Medicine
Wiskott-Aldrich LV WAS (114) San Raffaele Telethon Institute of
syndrome Gene Therapy/GlaxoSmithKline
LV WAS (152) Hopital Necker-Enfants/
University College/Genethon
Adenosine deaminase YRV ADA (116) San Raffaele Telethon Institute of EMA 2016 approved
deficiency Gene Therapy/GlaxoSmithKline “Strimvelis”
LV ADA NCT02999984 University College/UCLA/ FDA 2015
Orchard Therapeutics
IL2Ry-deficient YRV SIN IL2Ry (115) Hopital Necker-Enfants/Great
X-SCID Ormond Street
LV IL2Ry (153) National Institute of Allergy and
Infectious Diseases
Adrenoleukodystrophy LV ABCD1 118) St. Vincent de Paul, Paris
LV ABCD1 (119) Multiple academic sites/Bluebird Bio
Metachromatic LV ARSA (117, 154) San Raffaele Telethon Institute of EU Orphan Drug 2007
leukodystrophy Gene Therapy/GlaxoSmithKline
Human ZFN CCR5 NCT02500849 City of Hope/Sangamo
Immunodeficiency electroporation
virus
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*Abbreviations: FDA, U.S. Food and Drug Administration; EMA, European Medicines Agency; YRV, murine y-retrovirus; LV, lentivirus; ALL, acute lymphoblastic leukemia;
CLL, chronic lymphocytic leukemia; HSPC, hematopoietic stem and progenitor cells; X-SCID, X-linked severe combined immunodeficiency; ZFN, zinc finger nuclease;
BCMA, B cell maturation antigen; ARSA, arylsulfatase A; ABCD1, transporter gene mutated in adrenoleukodystrophy.
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for CRISPR-based approaches; these components
can be delivered by nonintegrating viral vectors or
transfected as mRNA or RNA-protein complexes
into target cells such as HSCs ex vivo. However,
gene correction by HDR requires donor DNA,
which is more difficult to deliver, and HDR
appears to be particularly inefficient in certain
quiescent cell types such as long-term repopu-
lating HSCs (68, 69), although progress is being
made (70).

Genome editing as a therapeutic modality is
rapidly advancing into the clinic (Table 1). En-
gineered ZFNs have been used to disrupt CCR5
(C-C motif chemokine receptor type 5) expres-
sion in human T cells (7I) and HSCs (72) to ren-
der these cells resistant to HIV infection. A phase
I/1I (73) study of T cell CCR5 editing has been
completed, and a phase I trial of HSC editing is
ongoing (NCT02500849). TALENSs have been used
to make “off-the-shelf” third-party anti-CD19
chimeric antigen receptor (CAR) T cells less likely
to cause graft-versus-host disease (GVHD). This
was done by T cell receptor gene deletion. These
modified cells were administered to two patients
with refractory B cell acute leukemia on a com-
passionate basis, with evidence for tumor re-
sponse (74), and are in phase I clinical trials
(NCT0280844:2). In addition, early trials have
begun for allogeneic TALEN-edited CAR T cells
targeting CD123 in acute myeloid leukemias
and blastic plasmacytoid dendritic cell neoplasms
(NCT03190278). The U.S. Food and Drug Admin-
istration (FDA) has approved the launch of three
clinical trials for ZFN-mediated in vivo insertion
of therapeutic genes into the albumin locus of
hepatocytes, delivering the factor IX gene for
hemophilia B INCT02695160), the o-L-iduronidase
gene for mucopolysaccharidosis I (NCT02702115),
and the iduronidate-2-sulfatase gene for mucopoly-
saccharidosis IT (MPS II) (INCT03041324,). The first
patient to be treated by in vivo genome editing was
recently enrolled in the MPS II trial, with deli-
very of editing components to the liver via AAV

Clinical studies

intravenous infusion. At least nine trials using
CRISPR-Cas nucleases have been approved by
regulatory agencies in China, primarily to knock-
out PD1 expression in tumor-targeted T cells, and
several have reportedly enrolled patients.

It is important to stress that in comparison to
standard gene transfer approaches, genome editing—
particularly that based on CRISPR-Cas nucleases—
is in its translational and clinical infancy. A
number of potential feasibility and safety hurdles
exist that may affect clinical applications; these
will require further preclinical studies in appro-
priate models and carefully designed clinical trials.
For example, the extent of “off-target” mutations,
due to nuclease-mediated NHEJ or even HDR at
alternative sites, is under intense investigation.
Related questions under study are how best to
design nucleases or CRISPR gRNAs to avoid off-
target cutting and how to predict, screen for, and
detect on- versus off-target genome alterations
before or during clinical applications (75). Nota-
bly, high-fidelity CRISPR-Cas9 nuclease variants
with no or very few detectable off-target effects
have recently been developed (76-78). Questions
remain regarding immunogenicity of nucleases
for in vivo genome editing (79) and ensuring tar-
geted delivery of editing machinery to the desired
target tissue.

The rapid technological advances in genome
editing have made heritable germline editing
[defined as manipulation of germ cells, gametes,
zygotes, or embryos with the intent to generate a
new human being with the ability to pass on the
edited gene(s) to future generations] a realistic
possibility. In 2015, scientists in China published
results from experiments using CRISPR-Cas9 to
attempt to modify the hemoglobin gene in “non-
viable” preimplantation human embryos, dem-
onstrating low efficiency and reportedly frequent
off-target mutations (80). This publication promp-
ted statements of concern from professional soci-
eties around the world (81) and a series of meetings
sponsored by the U.S. National Academies of

Elucidation of T cell
Responses to Capsid

Transient Factor IX Expression

w/ Transaminitis

Sciences, Engineering, and Medicine that brought
together an international group of scientists, cli-
nicians, ethicists, patient advocates, and govern-
ment officials. This group published a report in
2017 laying out principles of governance and
oversight for human genome editing, and pre-
senting a possible pathway for eventual use of
genome editing technologies to correct germline
mutations for certain serious diseases (82). In the
United States, federal government funds pres-
ently cannot be used for research on germline
editing and clinical trials cannot be considered
for approval by the FDA. Similar restrictions exist
in many other countries. Clearly most countries
are far from a societal consensus on germline
editing. The acquisition of more efficacy and safety
data from studies of genome editing in somatic
cells is critical before implementation of human
germline editing can be considered.

Gene delivery in vivo

Targeting organs in vivo is very attractive be-
cause it avoids the practical and regulatory hurdles
of ex vivo cell-based gene therapies, which re-
quire cell collection, culture, and manipulation
and transplantion. However, in vivo approaches
depend on tissue-specific targeting or local deliv-
ery and/or target cell-specific gene expression.
Inadvertent germline modification is of concern,
and immune responses to vector components can
occur. Some of these challenges have been over-
come, with encouraging clinical outcomes in trials
delivering genes to the liver or the retinal pigment
epithelium of the eye, paving the way for further
advances targeting other tissues, including the
brain and muscle.

The liver

Studies beginning in 1997 showed that AAV vec-
tors introduced into skeletal muscle or liver
ameliorated disease in animal models of hemo-
philia B (83, 84) (Fig. 2). In the initial clinical trial
of hemophilia B (40), factor IX was found to be

Controlling T cell Avoiding T Cell
Responses with Responses with
Steroids Low AAV Doses
Sustained FIX Expression at Sustalned_ FIX.A thty
5 : >30% with Limited
5% with Steroid Rescue 2
Need for Steroids

Intravenous Delivery to Liver for Hemophilia B Gene Therapy

First-in-  |Safety of AAV-FIX Sustained FVIII Activity
Human Skeletal Muscle >15% with Steroid
Dosing Delivery Rescue

I I I | | | I | >

[ I I I I I | I

1980 1990 2000 2010 2020
. Advances in Mfg Y
i : Production of o Characterization of
Isolation and Cloning of AAV Genome Recombinant AAV SII’EII:I;ItI:IatZi;:d AAV Structure

Scientific advances

Isolation of Multiple
Natural AAV Variants

First Sustained Expression
in Murine Model

Engineering of Novel AAV Capsids

Fig. 2. Historical overview of AAV gene therapy for hemophilia. AAV: adeno-associated viral vector; FVIII: factor VIII; FIX: factor IX; Mfg:

Manufacturing.
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produced at therapeutic levels, but the expres-
sion persisted for only several weeks, in contrast
to the stable expression observed in preclinical
studies of hemophilic dogs (85). Subsequent stu-
dies revealed that expression of the factor IX
transgene in humans was of short duration be-
cause of an immune response to the AAV capsid
(42). In a later clinical trial that incorporated
short-term immunosuppression (86, 87) (Table 2),
transgene expression persisted for years, resulting
in circulating factor IX levels that were 2 to 7% of
normal; this was sufficient to reduce bleeding and
lessen the need for recombinant factor IX infu-
sions. A subsequent trial involved the transfer of a
transgene encoding factor IX Padua, a naturally
variant of factor IX with high specific activity. The
transgene was carried by a vector containing an
optimized AAV capsid and a liver-specific expres-
sion cassette. Patients showed a mean sustained
factor IX activity level of more than 30%, resulting
in complete cessation of factor IX infusions in 8 of
10 treated patients (88). These levels of factor IX
activity are well above the threshold of 12% asso-
ciated with a greatly reduced risk of bleeding in
natural history studies. Use of this high-specific
activity factor IX allowed delivery of 4 to 120 times
lower doses of AAV particles to achieve therapeutic
levels of factor IX, likely accounting for the low rate
and severity of antivector immune responses in
this trial. Results from the first positive early-phase
clinical trial for hemophilia A were recently re-
ported, demonstrating increases in factor VIII
activity into or even above the normal range in
six of seven patients, accompanied by decreased
bleeding (89).

Additional trials of AAV-mediated gene ther-
apy for both hemophilia B and the more com-
mon hemophilia A are ongoing (Table 2). Problems
that still need to be addressed include the delayed
CD8™ T cell response to the capsid, which has been
well controlled with a short course of steroids with
some AAV vectors but not with others, and the
prevalence—particularly in the adult population—
of preexisting neutralizing antibodies to AAV
(90, 91). At present, most clinical trials circumvent
the antibody problem by excluding subjects who

Clinical studies

carry them, but other strategies will be required
going forward.

The eye

Phase 1/2 clinical trials conducted by multiple
groups have demonstrated improvement in visual
function following subretinal injection of AAV2
vectors expressing retinal pigment epithelium-
specific 65 kDa protein (RPE65) in patients with
inherited blindness caused by mutations in the
RPEG65 gene (92-94) (Table 2). A cohort of phase
III-eligible subjects from one of the phase I/II
trials continues to demonstrate clinical benefits
lasting a minimum of 3 years after injection, with
observation ongoing (95); however, patients in the
other two original trials have experienced regres-
sion of visual function over similar follow-up periods
(96, 97). At present, there is no clear explanation
for the differences in outcome because all used
AAV2-based vectors. Subtle differences in manu-
facturing process, final formulation, design of ex-
pression cassette, or adjuvant immunomodulatory
regimens could potentially affect long-term efficacy
(98). In the only randomized controlled phase 3
gene therapy trial completed to date, visually
impaired patients who carried RPE65 mutations
were randomized to undergo sequential bilateral
injection of AAV2-RPEG65 or to undergo the same
series of evaluations without the intervention
(99). One year after randomization, patient mo-
bility, a measure of functional vision, as well as
certain tests of visual function were significantly
improved in the treatment group. Based on this
pivotal study, an FDA advisory panel recently un-
animously recommended drug approval. Direct
injection of AAV is now being pursued in clinical
trials for other inherited forms of blindness, includ-
ing achromatopsia, choroideremia, Leber’s hered-
itary optic neuropathy, X-linked retinoschisis, and
X-linked retinitis pigmentosa.

Neuromuscular targets

The common, clinically devastating degenerative
neurologic disorders are a focus of gene therapy
efforts; however, these multigenic, pathophysio-
logically complex and incompletely understood

disorders are much more challenging targets than
Mendelian inherited disorders. Parkinson’s dis-
ease (PD), which is characterized by loss of do-
paminergic neurons in the substantia nigra and
a decrease in dopamine in the striatum, has
been an intensely pursued target. Gene therapy-
mediated transfer of dopamine-synthesizing en-
zymes into striatal neurons has been found to
normalize movement in a nonhuman primate PD
model (100). Early-phase clinical trials have estab-
lished the safety of AAV vector-mediated gene
delivery of aromatic 1-amino acid decarboxylase
(AADC), an enzyme that converts 1-dopa to do-
pamine; glutamic acid decarboxylase (GAD), an
enzyme that modulates production of the neu-
rotransmitter GABA (y-aminobutyric acid); and
neurturin, a neurotrophic factor (01-104). Promising
results were obtained with AADC gene therapy,
with additional early-phase clinical trials ongoing
(Table 2). An early-phase trial of AAV2 vector
injection into the brain has also been conducted
in patients with AADC deficiency, a monogenic
movement disorder characterized by compromised
dopamine and serotonin synthesis, and some im-
provement was noted (105).

The treatment of childhood-onset spinal mus-
cular atrophy (SMA), a rapidly fatal neuromuscular
disorder due to loss-of-function mutations in the
survival motor neuron 1 (SMN) gene, has been
revolutionized by antisense oligonucleotide drug
nusinersen, a triumph of nucleoside-based gene
therapies, as reviewed in (106). Intrathecal delivery
of nusinersen modulates alternative splicing of
the intact SMN2 gene in spinal motor neurons,
resulting in higher expression of a functional
form of the gene product able to compensate for
SMNT1 loss. An alternative type of gene therapy
for SMA is also showing great promise. A sero-
type of AAV that efficiently crosses the blood-
brain barrier was engineered to carry the SMN1
gene, and given as a single intravenous infusion
to 15 infants and young children. Compared with
historical control subjects, survival of the trial
participants was extended, with all alive to date,
and motor function improved to the extent that
some children could sit up and even walk (107)

TIL Virus-specific CD19 CAR Edited CAR
Therapy T cell Therapy Therapy Therapy
Allogeneic Bone First T Cell Therapy LAK Cell DLI cGMP CAR CAR Therapy for Solid
Marrow Transplantation for Solid Tumors Therapy Therapy T Cell Mfg Tumors
| | | | | | | | | | | | )
[ I | [ [ [ [ [ I I [ [ v
1960 1970 1980 1990 2000 2010 2020
Discovery Discovery Retroviral Vectors Primary T Cell Engineering CD28/CD37 CAR T Cell Gene Editing
of T Cells of NK Cells
CD37 chain fusions CD19 as CAR Target

Scientific advances

T-body (CD37 CAR)

4-1BB/CD37 CAR

Fig. 3. Historical overview of CAR-T cell therapy. CAR: chimeric antigen receptor; cGMP: current good manufacturing practices; DLI: donor leukocyte
infusion; LAK: lymphokine-activated killer; Mfg: Manufacturing; NK: natural killer; TIL: tumor-infiltrating lymphocytes.
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(Table 2). This approach may be preferable to
repeated intrathecal injections of an oligonucleo-
tide drug.

Ex vivo gene delivery via cell
engineering: Monogenic blood disorders
and cancer immunotherapies
Hematopoietic stem cells

The clinical applications of gene therapies target-
ing HSCs derive from the success of allogeneic
bone marrow transplantation for many genetic
immunodeficiencies and blood cell diseases. These
ex vivo approaches entail the transplantation of
autologous stem cells in which an underlying
genetic defect is alleviated or corrected [e.g.,
adenosine deaminase deficit in severe combined
immunodeficiency (SCID)], B-hemoglobin deficit
or structural alteration in hemoglobinopathies)
(Table 1). Autologous transplants have an advan-
tage over allogeneic transplants in that they do
not require a histocompatible donor, they avoid
the immune complications of GVHD, and they
eliminate the need for administration of immune
suppressants.

Clinical trials based at academic medical cen-
ters have piloted these approaches in successive
technological eras (Fig. 1). Trials using y-retroviral
vectors in the late 1990s and early 2000s demon-
strated unequivocal improvement in immune
function in patients with SCID caused by loss-

of-function mutations in the genes encoding
interleukin-2 receptor y or adenosine deaminase
(Table 1). Despite relatively low HSC transduc-
tion efficiencies with y-retroviral vectors, gene-
modified T-lineage cells were able to expand and
fill the empty T cell compartment, improving
immune function despite minimal levels of gene-
corrected cells in other lineages (108, 109). How-
ever, several years after treatment, patients in the
X-SCID trials, as well as those for chronic gran-
ulomatous disease and Wiskott-Aldrich syndrome,
developed acute myeloid and lymphoid leukemias
due to activation of proto-oncogenes adjacent to
proviral insertions, linked to strong enhancers
present in y-retroviral vectors and the propensity
of these vectors to insert near promoters (110-113).
These serious toxicities led to accelerated adop-
tion of enhancer-deleted lentiviral or y-retroviral
vectors for HSC clinical gene therapies of immu-
nodeficiency disorders. Encouraging clinical results
with these newer vectors have been reported in
Wiskott-Aldrich syndrome (774) and in X-SCID
(115), demonstrating disease amelioration with-
out leukemia or uncontrolled expansion of indi-
vidual transduced clones.

The high HSC transduction efficiency achieved
with lentiviral vectors allowed a broader appli-
cation of this gene therapy approach to diseases
where corrected cells do not have a survival ad-
vantage. In addition, optimization of methods for

vector production, ex vivo HSC manipulation, and
pretransplant cytoreductive conditioning (116)
all contributed to clinical benefit in several more
recent trials. The metabolic disorder adrenoleu-
kodystrophy and the lysosomal storage disorder
metachromatic leukodystrophy result in profound
neurologic degeneration and death in childhood.
Lentiviral gene therapy clinical trials in both dis-
orders have been encouraging, with high-level
production of the missing enzymes from hema-
topoietic cells, including in the central nervous sys-
tem, and a slowing of neurodegeneration (117-119).
The clinical trial in adrenoleukodystrophy was
the first reported using lentiviral vectors for HSC
gene therapy.

The hemoglobin disorders B-thalassemia and
sickle cell disease, which affect millions of patients
worldwide, have historically been an intense focus
of gene therapy research, but require high effi-
ciency and substantial hemoglobin expression
to correct the underlying pathophysiology (3).
Lentiviral vectors harboring multiple regulatory
elements to direct high-level, erythroid-specific
hemoglobin expression have been developed
(26) and in case reports have shown promise in
patients with p-thalassemia or sickle cell dis-
ease (120, 121), with larger multicenter clinical
trials ongoing (Table 1). Also likely to move
forward in the near future are clinical trials of
genome editing approaches to treat sickle cell

Table 2. Clinical and product development landmarks for in vivo gene therapies.

Key publication(s)

Institutional and/or

FDA breakthrough/EMA*

Cell type Disease Vector/transgene T B PRIME designation or
product approval
CNS Parkinson's disease AAV2-AADC (101, 102) Jichi Medical University/
UCSF/Voyager
Aromatic I-amino acid AAV2-AADC (105) Jichi Medical University/
decarboxylase deficiency National Taiwan University
Spinal muscular atrophy AAV9-SMN 107) Nationwide Children's FDA 2016; EMA 2017
Hospital/AveXis
Liver Hemophilia B AAVS8-Factor IX (86, 87) Royal Free Hospital/St. Jude FDA 2014; EMA 2017
AAV100-FIX Padua (88) Spark Therapeutics FDA 2016; EMA 2017
AAV5-Factor IX NCT02396342 uniQure FDA 2017; EMA 2017
AAV2/6-Factor IX NCT02695160 Sangamo Therapeutics FDA 2017
and ZFNs
Hemophilia A AAV5-Factor VIII NCT02576795 Multiple academic sites/ EMA 2017
Biomarin
AAV200-Factor VIII NCT03003533 Spark Therapeutics
AAV2/6-B domain-deleted NCT03061201 Sangamo Therapeutics
Factor VIIl and ZFNs
Mucopolysaccharidosis type Il AAV2/6-IDA and NCT03041324 Sangamo Therapeutics
(Hunter's syndrome) ZFNs
Muscle Lipoprotein lipase deficiency AAVI-LPL (155) uniQure EMA 2012 approval of
“Glybera’, company
will not renew license
as of 2017
Retina Inherited retinal dystrophy AAV2-RPE65 (93, 95, 99) Children's Hospital of FDA approval 2017
due to utosomal recessive Philadelphia/Spark
mutations in RPE65 AAV2-RPE6GS 92, 97) University College London/
MeiraGTx
AAV2-RPE65 (94, 96) University of Florida

*Abbreviations: CNS, central nervous system; FDA, U.S. Food and Drug Administration; EMA, European Medicines Agency; AAV, adeno-associated virus; AADC, amino
acid decarboxylase; ZFNs, zinc finger nucleases; IDA, iduronate-2-sulfatase.
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anemia via reactivation of endogenous fetal he-
moglobin (HbF) expression. NHEJ-mediated dis-
ruption of the erythroid-specific enhancer element
responsible for expression of the BCLIIA gene
results in high-level HbF in animal models and
in human sickle cell erythroid cells in vitro (122).
Similarly, disruption of a genomic locus to mimic
a genetic variant associated with hereditary per-
sistence of the fetal hemoglobin locus also shows
promise as a target for HSC genome editing to
treat sickle cell anemia (123).

CAR therapy

Engineered T cells are emerging as powerful med-
icines for cancer (Fig. 3) (5). Chimeric antigen
receptors (CARs) are synthetic engineered recep-
tors for antigen, which, in a single molecule, re-
program the specificity, function, and metabolism
of T lymphocytes (124, 125). They consist of an
antigen-binding domain, either from an immu-
noglobin molecule or a T cell receptor, fused to
an intracellular signaling domain that mediates
activation and costimulation to enhance T cell
function and persistence. Unlike the physiolog-
ical receptor for antigen, CARs can be engineered
to recognize proteins and carbohydrate glycolipids,
as well as HLA-peptide complexes (126, 127). CARs
are transduced into T cells ex vivo, creating ex-
pandable antigen-specific T cells that bypass the
barriers and incremental Kinetics of active immu-
nization used to prime endogenous T cells. The
generation of CAR-T cells requires stable gene
transfer to enable sustained CAR expression in
dividing and persisting T cells.

y-retroviral vectors were originally used to
demonstrate that CARs targeting CD19, a cell
surface antigen found on most B lineage lym-
phomas and leukemias, can eradicate systemic
cancer in immunodeficient mice (7128). CD19 is
at present the most common CAR target and
serves as a paradigm for CAR therapy (Fig. 3).
Durable responses have been obtained in patients
with refractory diffuse large B cell lymphoma
(DLBCL), chronic lymphocytic leukemia, and
adult and pediatric acute lymphoblastic leuke-
mia (ALL) (see references in Table 1). Collectively,
the preclinical and clinical studies on CD19 CARs,
using different vector systems (lentiviral vectors,
transposons, mRNA, CRISPR-Cas9) (129), CAR
designs (130, 131), and T cell subsets (132, 133),
have validated the CAR concept (5, 126). Notably,
CAR-T cell administration has been associated
with serious systemic toxicities that often re-
quire intensive care and in some instances have
caused patient deaths. Investigators are intense-
ly focused on better understanding, mitigating,
and treating these complications, which include
off-tumor effects and the cytokine release syn-
drome (CRS), as well as poorly understood neu-
rotoxicities (134, 135).

The clinical benefit conferred by CD19 CARs in
refractory ALL and DLBCL resulted in 2017 FDA
approvals for two genetically engineered cell
products, the first to be approved in the United
States. Several other CARs have obtained FDA
breakthrough designation for treatment of B
cell malignancies (Table 1). Promising, early clin-
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ical data bode well for CAR therapy of multiple
myeloma (136).

Current research aims to expand CAR ther-
apy to myeloid malignancies and solid tumors
(137, 138). These diseases present challenges be-
cause reliable tumor-specific cell surface antigens
have not yet been validated. In addition, there is
a need for methodologies that facilitate CAR-T
cell entry into large tumors or immune-privileged
sites and that overcome tumor microenviron-
ment signals that disarm T cells. Universal third-
party CAR-T cells that can be used “off the shelf”
would allow more rapid and cheaper treatment
compared to autologous patient-specific T cells.
T cells lacking endogenous T cell receptors and/or
major histocompatibility complex molecules to
decrease the risk of GVHD and rejection are in
preclinical or early clinical development as first
steps toward this goal (62, 73). CAR-T cells have
had a large impact on the treatment of certain
cancers (139), and this success provides a founda-
tion for future T cell-based therapies for other
cancers and other diseases such as autoimmune
disorders and AIDS (5, 140).

Conclusions

Gene therapies may well be the most complex
“drugs” ever developed. Building on the demon-
stration of therapeutic efficacy in proof-of-concept
clinical studies conducted in the academic setting,
gene therapies are now undergoing accelerated
clinical and commercial development. They are
in transition from an academic-based “cottage
industry” to an industrial drug development path-
way, relying on partnerships with biotechnology
and pharmaceutical companies whose expertise
in manufacturing and scale-up will be required
for these therapies to have a broader impact on
human disease. Investigators in academia and
industry are working with regulators and enti-
ties such as the National Institute of Standards
and Technology (NIST) to develop and standard-
ize assays used to characterize potency and safety
of vector preparations and criteria for product
release. Similar efforts for genome editing are
underway. These intiatives should speed future
clinical development, commercialization, and uti-
lization of these multifaceted treatment modalities.

Various models for delivery of ex vivo gene
therapies to patients are being explored—for
example, centralized versus hospital-based cGMP
(current good manufacturing practices) facili-
ties. In addition, it will be critical to engage with
health reimbursement entities, including govern-
ments and insurers, to develop new models for
reimbursement applied to one-time gene thera-
pies with high up-front costs but likely long-term
benefits in patients with serious diseases, many
of whom have no other options, or poor quality
of life and/or lifelong high medical costs on cur-
rently available therapies (J4I). Reimbursement
must be addressed for the field to advance, as
illustrated by recent events in Europe, where two
gene therapy products were approved by regula-
tors but have either been withdrawn from the
market, in the case of uniQure’s Alipogene tiparvovec
(an AAV1 vector for treating patients with a rare
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inherited lipoprotein lipase deficiency), or are at
risk of discontinuation of the program by the
parent pharmaceutical company, as in the case of
Strimvelis, a y-retroviral vector HSC gene therapy
treatment for adenosine deaminase-deficient SCID
(142). The U.S. Centers for Medicare and Medicaid
Services announced a collaboration with the manu-
facturer of the first approved CAR therapy to
provide the product under an “outcomes-based”
approach, with payment collected only if patients
initially respond to the treatment.

The past year has been marked by a flurry of
scientific advances in genome editing, the publi-
cation of mature data from multiple clinical trials
demonstrating the efficacy and safety of gene the-
rapies for a wide variety of serious human diseases,
and regulatory approvals of the first gene therapies
in the United States. Scientists and clinicians
engaged in basic, translational, and clinical re-
search, supported by government and philan-
thropies, will continue to innovate and provide
new or improved technologies. The increasing
involvement of the biotechnology and pharma-
ceutical sectors in gene therapy efforts demon-
strates the maturation of the field and is necessary
to accelerate delivery of these treatments to pa-
tients. Many challenges remain, including address-
ing genotoxicity from integrating gene delivery
vectors or off-target genome editing, improving
gene transfer or editing efficiency to levels ne-
cessary for effective treatment of many diseases,
addressing immune responses to repeated in vivo
administration of vectors, and reaching a societal
consensus regarding contentious issues such as
the ethics of germline editing and payment for
expensive curative therapies. The potential for
gene therapy to provide durable benefits to hu-
man health, exemplified by the scientific advances
and clinical successes over the past several years,
justifies continued optimism and increasing ef-
forts toward making this therapy part of our
standard armamentarium for treatment of seri-
ous human diseases.

REFERENCES AND NOTES

1. T. Friedmann, R. Roblin, Gene therapy for human genetic
disease? Science 175, 949-955 (1972). doi: 10.1126/
science.175.4025.949; pmid: 5061866

2. K. A High, X. M. Anguela, Adeno-associated viral vectors for
the treatment of hemophilia. Hum. Mol. Genet. 25 (R1),
R36-R41 (2016). doi: 10.1093/hmg/ddv475; pmid: 26614390

3. J. Mansilla-Soto, I. Riviere, F. Boulad, M. Sadelain, Cell and
gene therapy for the beta-thalassemias: Advances and
prospects. Hum. Gene Ther. 27, 295-304 (2016).
doi: 10.1089/hum.2016.037; pmid: 27021486

4. L. Naldini, Gene therapy returns to centre stage. Nature 526,
351-360 (2015). doi: 10.1038/nature15818; pmid: 26469046

5. M. Sadelain, I. Riviére, S. Riddell, Therapeutic T cell
engineering. Nature 545, 423-431 (2017). doi: 10.1038/
nature22395; pmid: 28541315

6. S. Jenks, Gene therapy death—"everyone has to share in the
guilt”. J. Natl. Cancer Inst. 92, 98-100 (2000). doi: 10.1093/
jnci/92.2.98; pmid: 10639505

7. S.H. Orkin, A. G. Motulsky, “Report and recommendations
of the panel to assess the NIH investment in research on
gene therapy, Report to the NIH Director,” (1995).

8. A.W. Nienhuis, C. E. Dunbar, B. P. Sorrentino, Genotoxicity of
retroviral integration in hematopoietic cells. Mol. Ther. 13,
1031-1049 (2006). doi: 10.1016/j.ymthe.2006.03.001;
pmid: 16624621

9. F. Mingozzi, K. A. High, Immune responses to AAV in clinical
trials. Curr. Gene Ther. 11, 321-330 (2011). doi: 10.2174/
156652311796150354; pmid: 21557723

7 of 10

1202 ‘9 Arenuer uo /A0 Bewaduslds aoualds//:dny woly papeojumog


http://dx.doi.org/10.1126/science.175.4025.949
http://dx.doi.org/10.1126/science.175.4025.949
http://www.ncbi.nlm.nih.gov/pubmed/5061866
http://dx.doi.org/10.1093/hmg/ddv475
http://www.ncbi.nlm.nih.gov/pubmed/26614390
http://dx.doi.org/10.1089/hum.2016.037
http://www.ncbi.nlm.nih.gov/pubmed/27021486
http://dx.doi.org/10.1038/nature15818
http://www.ncbi.nlm.nih.gov/pubmed/26469046
http://dx.doi.org/10.1038/nature22395
http://dx.doi.org/10.1038/nature22395
http://www.ncbi.nlm.nih.gov/pubmed/28541315
http://dx.doi.org/10.1093/jnci/92.2.98
http://dx.doi.org/10.1093/jnci/92.2.98
http://www.ncbi.nlm.nih.gov/pubmed/10639505
http://dx.doi.org/10.1016/j.ymthe.2006.03.001
http://www.ncbi.nlm.nih.gov/pubmed/16624621
http://dx.doi.org/10.2174/156652311796150354
http://dx.doi.org/10.2174/156652311796150354
http://www.ncbi.nlm.nih.gov/pubmed/21557723
http://science.sciencemag.org/

RESEARCH | REVIEW

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Dunbar et al., Science 359, eaan4672 (2018)

M. A. Kotterman, T. W. Chalberg, D. V. Schaffer, Viral
vectors for gene therapy: Translational and clinical outlook.
Annu. Rev. Biomed. Eng. 17, 63-89 (2015). doi: 10.1146/
annurev-bioeng-071813-104938; pmid: 26643018

R. Mann, R. C. Mulligan, D. Baltimore, Construction of a
retrovirus packaging mutant and its use to produce helper-
free defective retrovirus. Cell 33, 153-159 (1983).

doi: 10.1016/0092-8674(83)90344-6; pmid: 6678608

S. Watanabe, H. M. Temin, Construction of a helper cell

line for avian reticuloendotheliosis virus cloning vectors.
Mol. Cell. Biol. 3, 2241-2249 (1983). doi: 10.1128/
MCB.3.12.2241; pmid: 6318091

0. Danos, R. C. Mulligan, Safe and efficient generation of
recombinant retroviruses with amphotropic and ecotropic
host ranges. Proc. Natl. Acad. Sci. U.S.A. 85, 6460-6464
(1988). doi: 10.1073/pnas.85.17.6460; pmid: 3413107

A. D. Miller et al., Construction and properties of retrovirus
packaging cells based on gibbon ape leukemia virus. J. Virol.
65, 2220-2224 (1991). pmid: 1850008

|. Riviére, K. Brose, R. C. Mulligan, Effects of retroviral vector
design on expression of human adenosine deaminase in murine
bone marrow transplant recipients engrafted with genetically
modified cells. Proc. Natl. Acad. Sci. U.S.A. 92, 6733-6737
(1995). doi: 10.1073/pnas.92.15.6733; pmid: 7624312

S. Halene et al., Improved expression in hematopoietic and
lymphoid cells in mice after transplantation of bone marrow
transduced with a modified retroviral vector. Blood 94,
3349-3357 (1999). pmid: 10552944

D. A. Williams, I. R. Lemischka, D. G. Nathan, R. C. Mulligan,
Introduction of new genetic material into pluripotent
haematopoietic stem cells of the mouse. Nature 310,
476-480 (1984). doi: 10.1038/31047620; pmid: 6087158

M. Sadelain, R. C. Mulligan, Efficient-retroviral-mediated gene
transfer into murine primary lymphocytes. 8th International
Congress of Immunology 88, 34 (1992).

F. Mavilio et al., Peripheral blood lymphocytes as target cells
of retroviral vector-mediated gene transfer. Blood 83,
1988-1997 (1994). pmid: 8142665

B. A. Bunnell, L. M. Muul, R. E. Donahue, R. M. Blaese,

R. A. Morgan, High-efficiency retroviral-mediated gene
transfer into human and nonhuman primate peripheral blood
lymphocytes. Proc. Natl. Acad. Sci. U.S.A. 92, 7739-7743
(1995). doi: 10.1073/pnas.92.17.7739; pmid: 7644487

H. F. Gallardo, C. Tan, D. Ory, M. Sadelain, Recombinant
retroviruses pseudotyped with the vesicular stomatitis virus
G glycoprotein mediate both stable gene transfer and
pseudotransduction in human peripheral blood lymphocytes.
Blood 90, 952-957 (1997). pmid: 9242523

C. E. Dunbar, Gene transfer to hematopoietic stem cells:
Implications for gene therapy of human disease. Annu. Rev.
Med. 47, 11-20 (1996). doi: 10.1146/annurev.med.47.1.11;
pmid: 8712765

L. Naldini et al., In vivo gene delivery and stable transduction
of nondividing cells by a lentiviral vector. Science 272,
263-267 (1996). doi: 10.1126/science.272.5259.263;

pmid: 8602510

D. W. Russell, A. D. Miller, Foamy virus vectors. J. Virol. 70,
217-222 (1996). pmid: 8523528

Y. D. Korin, J. A. Zack, Progression to the G1b phase of the
cell cycle is required for completion of human
immunodeficiency virus type 1 reverse transcription in

T cells. J. Virol. 72, 3161-3168 (1998). pmid: 9525642

C. May et al., Therapeutic haemoglobin synthesis in beta-
thalassaemic mice expressing lentivirus-encoded human
beta-globin. Nature 406, 82-86 (2000). doi: 10.1038/
35017565; pmid: 10894546

C. Wu, C. E. Dunbar, Stem cell gene therapy: The risks of
insertional mutagenesis and approaches to minimize
genotoxicity. Front. Med. 5, 356-371 (2011). doi: 10.1007/
s11684-011-0159-1; pmid: 22198747

E. Montini et al., The genotoxic potential of retroviral vectors
is strongly modulated by vector design and integration site
selection in a mouse model of HSC gene therapy. J. Clin.
Invest. 119, 964-975 (2009). doi: 10.1172/JCI37630;

pmid: 19307726

S. F. Yu et al., Self-inactivating retroviral vectors designed for
transfer of whole genes into mammalian cells. Proc. Natl.
Acad. Sci. U.S.A. 83, 3194-3198 (1986). doi: 10.1073/
pnas.83.10.3194; pmid: 3458176

C. Baum, U. Modlich, G. Gohring, B. Schlegelberger, Concise
review: Managing genotoxicity in the therapeutic modification
of stem cells. Stem Cells 29, 1479-1484 (2011). doi: 10.1002/
stem.716; pmid: 21898683

32.

33.

34.

35.

36.

37.

38.

39.

40.

41

42.

43.

44.

45.

46.

47.

48.

49,

50.

51

52.

53.

L. Naldini, D. Trono, I. M. Verma, Lentiviral vectors, two
decades later. Science 353, 1101-1102 (2016). doi: 10.1126/
science.aah6192; pmid: 27609877

A. D. Miller, Retroviral vectors: From cancer viruses to
therapeutic tools. Hum. Gene Ther. 25, 989-994 (2014).
doi: 10.1089/hum.2014.2542; pmid: 25458252

K. Berns, C. Parrish, in Fields Virology, D. Knipe, P. Howley,
Eds. (Lippincott Williams & Wilkins, Philadelphia, 2013),
chap. 57, pp. 1768-1791.

A. Asokan, D. V. Schaffer, R. J. Samulski, The AAV vector
toolkit: Poised at the clinical crossroads. Mol. Ther. 20,
699-708 (2012). doi: 10.1038/mt.2011.287; pmid: 22273577
P. D. Kessler et al., Gene delivery to skeletal muscle results in
sustained expression and systemic delivery of a therapeutic
protein. Proc. Natl. Acad. Sci. U.S.A. 93, 14082-14087 (1996).
doi: 10.1073/pnas.93.24.14082; pmid: 8943064

X. Xiao, J. Li, R. J. Samulski, Efficient long-term gene transfer
into muscle tissue of immunocompetent mice by adeno-
associated virus vector. J. Virol. 70, 8098-8108 (1996).
pmid: 8892935

L. Zhong et al., Next generation of adeno-associated virus 2
vectors: Point mutations in tyrosines lead to high-efficiency
transduction at lower doses. Proc. Natl. Acad. Sci. U.S.A. 105,
7827-7832 (2008). doi: 10.1073/pnas.0802866105;

pmid: 18511559

J. F. Wright, Adeno-associated viral vector manufacturing:
Keeping pace with accelerating clinical development.

Hum. Gene Ther. 22, 913-914 (2011). doi: 10.1089/
hum.2011.2514; pmid: 21859253

M. A. Kay et al., Evidence for gene transfer and expression of
factor IX in haemophilia B patients treated with an AAV
vector. Nat. Genet. 24, 257-261 (2000). doi: 10.1038/73464;
pmid: 10700178

C. S. Manno et al., Successful transduction of liver in
hemophilia by AAV-Factor IX and limitations imposed by
the host immune response. Nat. Med. 12, 342-347 (2006).
doi: 10.1038/nm1358; pmid: 16474400

G. L. Rogers, A. T. Martino, I. Zolotukhin, H. C. Ertl,

R. W. Herzog, Role of the vector genome and underlying
factor IX mutation in immune responses to AAV gene therapy
for hemophilia B. J. Transl. Med. 12, 25 (2014). doi: 10.1186/
1479-5876-12-25; pmid: 24460861

F. Mingozzi et al., CD8(+) T-cell responses to adeno-
associated virus capsid in humans. Nat. Med. 13, 419-422
(2007). doi: 10.1038/nm1549; pmid: 17369837

P. Rouet, F. Smih, M. Jasin, Expression of a site-specific
endonuclease stimulates homologous recombination in
mammalian cells. Proc. Natl. Acad. Sci. U.S.A. 91, 6064-6068
(1994). doi: 10.1073/pnas.91.13.6064; pmid: 8016116

D. Carroll, Genome engineering with targetable nucleases.
Annu. Rev. Biochem. 83, 409-439 (2014). doi: 10.1146/
annurev-biochem-060713-035418; pmid: 24606144

F. D. Umnov, E. J. Rebar, M. C. Holmes, H. S. Zhang,

P. D. Gregory, Genome editing with engineered zinc finger
nucleases. Nat. Rev. Genet. 11, 636-646 (2010).

doi: 10.1038/nrg2842; pmid: 20717154

G. Silva et al., Meganucleases and other tools for targeted
genome engineering: Perspectives and challenges for gene
therapy. Curr. Gene Ther. 11, 11-27 (2011). doi: 10.2174/
156652311794520111; pmid: 21182466

J. Boch et al., Breaking the code of DNA binding specificity of
TAL-type IIl effectors. Science 326, 1509-1512 (2009).

doi: 10.1126/science.1178811; pmid: 19933107

M. J. Moscou, A. J. Bogdanove, A simple cipher governs DNA
recognition by TAL effectors. Science 326, 1501 (2009).

doi: 10.1126/science.1178817; pmid: 19933106

M. Christian et al., Targeting DNA double-strand breaks with
TAL effector nucleases. Genetics 186, 757-761 (2010).

doi: 10.1534/genetics.110.120717; pmid: 20660643

T. Li et al., TAL nucleases (TALNSs): Hybrid proteins
composed of TAL effectors and Fokl DNA-cleavage domain.
Nucleic Acids Res. 39, 359-372 (2011). doi: 10.1093/nar/
gkq704; pmid: 20699274

D. Reyon et al., FLASH assembly of TALENS for high-
throughput genome editing. Nat. Biotechnol. 30, 460-465
(2012). doi: 10.1038/nbt.2170; pmid: 22434455

M. Jinek et al., A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 337,
816-821 (2012). doi: 10.1126/science.1225829;

pmid: 22745249

P. Mali et al., RNA-guided human genome engineering via
Cas9. Science 339, 823-826 (2013). doi: 10.1126/
science.1232033; pmid: 23287722

12 January 2018

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

L. Cong et al., Multiplex genome engineering using CRISPR/
Cas systems. Science 339, 819-823 (2013). doi: 10.1126/
science.1231143; pmid: 23287718

J. A. Doudna, E. Charpentier, The new frontier of genome
engineering with CRISPR-Cas9. Science 346, 1258096
(2014). doi: 10.1126/science.1258096; pmid: 25430774

J. K. Joung, J. D. Sander, TALENSs: A widely applicable
technology for targeted genome editing. Nat. Rev. Mol.

Cell Biol. 14, 49-55 (2013). doi: 10.1038/nrm3486;

pmid: 23169466

J. D. Sander, J. K. Joung, CRISPR-Cas systems for editing,
regulating and targeting genomes. Nat. Biotechnol. 32,
347-355 (2014). doi: 10.1038/nbt.2842; pmid: 24584096
A. C. Komor, A. H. Badran, D. R. Liu, CRISPR-Based
Technologies for the Manipulation of Eukaryotic Genomes.
Cell 168, 20-36 (2017). doi: 10.1016/].cell.2016.10.044;
pmid: 27866654

L. A. Gilbert et al., CRISPR-mediated modular RNA-guided
regulation of transcription in eukaryotes. Cell 154, 442-451
(2013). doi: 10.1016/j.cell.2013.06.044; pmid: 23849981

L. S. Qi et al., Repurposing CRISPR as an RNA-guided
platform for sequence-specific control of gene expression.
Cell 152, 1173-1183 (2013). doi: 10.1016/j.cell.2013.02.022;
pmid: 23452860

A. C. Komor, Y. B. Kim, M. S. Packer, J. A. Zuris, D. R. Liu,
Programmable editing of a target base in genomic DNA
without double-stranded DNA cleavage. Nature 533,
420-424 (2016). doi: 10.1038/naturel7946; pmid: 27096365
N. M. Gaudelli et al., Programmable base editing of A+T to
G+C in genomic DNA without DNA cleavage. Nature 551,
464-471 (2017). doi: 10.1038/nature24644; pmid: 29160308
J. Eyquem et al., Targeting a CAR to the TRAC locus with
CRISPR/Cas9 enhances tumour rejection. Nature 543,
113-117 (2017). doi: 10.1038/nature21405; pmid: 28225754
R. Sharma et al., In vivo genome editing of the albumin
locus as a platform for protein replacement therapy. Blood
126, 1777-1784 (2015). doi: 10.1182/blood-2014-12-615492;
pmid: 26297739

C. E. Nelson et al., In vivo genome editing improves muscle
function in a mouse model of Duchenne muscular dystrophy.
Science 351, 403-407 (2016). doi: 10.1126/science.aad5143;
pmid: 26721684

M. Tabebordbar et al., In vivo gene editing in dystrophic
mouse muscle and muscle stem cells. Science 351, 407-411
(2016). doi: 10.1126/science.aad5177; pmid: 26721686

C. Long et al., Postnatal genome editing partially restores
dystrophin expression in a mouse model of muscular
dystrophy. Science 351, 400-403 (2016). doi: 10.1126/
science.aad5725; pmid: 26721683

M. D. Hoban et al., Correction of the sickle cell disease
mutation in human hematopoietic stem/progenitor cells.
Blood 125, 2597-2604 (2015). doi: 10.1182/blood-2014-12-
615948; pmid: 25733580

P. Genovese et al., Targeted genome editing in human
repopulating haematopoietic stem cells. Nature 510,
235-240 (2014). doi: 10.1038/nature13420; pmid: 24870228
S. S. De Ravin et al., CRISPR-Cas9 gene repair of
hematopoietic stem cells from patients with X-linked chronic
granulomatous disease. Sci. Transl. Med. 9, eaah3480 (2017).
doi: 10.1126/scitransimed.aah3480; pmid: 28077679

E. E. Perez et al., Establishment of HIV-1 resistance in
CD4+ T cells by genome editing using zinc-finger nucleases.
Nat. Biotechnol. 26, 808-816 (2008). doi: 10.1038/nbt1410;
pmid: 18587387

L. Li et al., Genomic editing of the HIV-1 coreceptor CCR5
in adult hematopoietic stem and progenitor cells using

zinc finger nucleases. Mol. Ther. 21, 1259-1269 (2013).

doi: 10.1038/mt.2013.65; pmid: 23587921

P. Tebas et al., Gene editing of CCR5 in autologous CD4

T cells of persons infected with HIV. N. Engl. J. Med. 370,
901-910 (2014). doi: 10.1056/NEJM0al300662; pmid: 24597865
W. Qasim et al., Molecular remission of infant B-ALL after
infusion of universal TALEN gene-edited CAR T cells.

Sci. Transl. Med. 9, eaaj2013 (2017). doi: 10.1126/
scitransimed.aaj2013; pmid: 28123068

S. Q. Tsai, J. K. Joung, Defining and improving the
genome-wide specificities of CRISPR-Cas9 nucleases.

Nat. Rev. Genet. 17, 300-312 (2016). doi: 10.1038/
nrg.2016.28; pmid: 27087594

B. P. Kleinstiver et al., High-fidelity CRISPR-Cas9 nucleases
with no detectable genome-wide off-target effects. Nature
529, 490-495 (2016). doi: 10.1038/naturel6526;

pmid: 26735016

8 of 10

1202 ‘9 Arenuer uo /A0 Bewaduslds aoualds//:dny woly papeojumog


http://dx.doi.org/10.1146/annurev-bioeng-071813-104938
http://dx.doi.org/10.1146/annurev-bioeng-071813-104938
http://www.ncbi.nlm.nih.gov/pubmed/26643018
http://dx.doi.org/10.1016/0092-8674(83)90344-6
http://www.ncbi.nlm.nih.gov/pubmed/6678608
http://dx.doi.org/10.1128/MCB.3.12.2241
http://dx.doi.org/10.1128/MCB.3.12.2241
http://www.ncbi.nlm.nih.gov/pubmed/6318091
http://dx.doi.org/10.1073/pnas.85.17.6460
http://www.ncbi.nlm.nih.gov/pubmed/3413107
http://www.ncbi.nlm.nih.gov/pubmed/1850008
http://dx.doi.org/10.1073/pnas.92.15.6733
http://www.ncbi.nlm.nih.gov/pubmed/7624312
http://www.ncbi.nlm.nih.gov/pubmed/10552944
http://dx.doi.org/10.1038/310476a0
http://www.ncbi.nlm.nih.gov/pubmed/6087158
http://www.ncbi.nlm.nih.gov/pubmed/8142665
http://dx.doi.org/10.1073/pnas.92.17.7739
http://www.ncbi.nlm.nih.gov/pubmed/7644487
http://www.ncbi.nlm.nih.gov/pubmed/9242523
http://dx.doi.org/10.1146/annurev.med.47.1.11
http://www.ncbi.nlm.nih.gov/pubmed/8712765
http://dx.doi.org/10.1126/science.272.5259.263
http://www.ncbi.nlm.nih.gov/pubmed/8602510
http://www.ncbi.nlm.nih.gov/pubmed/8523528
http://www.ncbi.nlm.nih.gov/pubmed/9525642
http://dx.doi.org/10.1038/35017565
http://dx.doi.org/10.1038/35017565
http://www.ncbi.nlm.nih.gov/pubmed/10894546
http://dx.doi.org/10.1007/s11684-011-0159-1
http://dx.doi.org/10.1007/s11684-011-0159-1
http://www.ncbi.nlm.nih.gov/pubmed/22198747
http://dx.doi.org/10.1172/JCI37630
http://www.ncbi.nlm.nih.gov/pubmed/19307726
http://dx.doi.org/10.1073/pnas.83.10.3194
http://dx.doi.org/10.1073/pnas.83.10.3194
http://www.ncbi.nlm.nih.gov/pubmed/3458176
http://dx.doi.org/10.1002/stem.716
http://dx.doi.org/10.1002/stem.716
http://www.ncbi.nlm.nih.gov/pubmed/21898683
http://dx.doi.org/10.1126/science.aah6192
http://dx.doi.org/10.1126/science.aah6192
http://www.ncbi.nlm.nih.gov/pubmed/27609877
http://dx.doi.org/10.1089/hum.2014.2542
http://www.ncbi.nlm.nih.gov/pubmed/25458252
http://dx.doi.org/10.1038/mt.2011.287
http://www.ncbi.nlm.nih.gov/pubmed/22273577
http://dx.doi.org/10.1073/pnas.93.24.14082
http://www.ncbi.nlm.nih.gov/pubmed/8943064
http://www.ncbi.nlm.nih.gov/pubmed/8892935
http://dx.doi.org/10.1073/pnas.0802866105
http://www.ncbi.nlm.nih.gov/pubmed/18511559
http://dx.doi.org/10.1089/hum.2011.2514
http://dx.doi.org/10.1089/hum.2011.2514
http://www.ncbi.nlm.nih.gov/pubmed/21859253
http://dx.doi.org/10.1038/73464
http://www.ncbi.nlm.nih.gov/pubmed/10700178
http://dx.doi.org/10.1038/nm1358
http://www.ncbi.nlm.nih.gov/pubmed/16474400
http://dx.doi.org/10.1186/1479-5876-12-25
http://dx.doi.org/10.1186/1479-5876-12-25
http://www.ncbi.nlm.nih.gov/pubmed/24460861
http://dx.doi.org/10.1038/nm1549
http://www.ncbi.nlm.nih.gov/pubmed/17369837
http://dx.doi.org/10.1073/pnas.91.13.6064
http://www.ncbi.nlm.nih.gov/pubmed/8016116
http://dx.doi.org/10.1146/annurev-biochem-060713-035418
http://dx.doi.org/10.1146/annurev-biochem-060713-035418
http://www.ncbi.nlm.nih.gov/pubmed/24606144
http://dx.doi.org/10.1038/nrg2842
http://www.ncbi.nlm.nih.gov/pubmed/20717154
http://dx.doi.org/10.2174/156652311794520111
http://dx.doi.org/10.2174/156652311794520111
http://www.ncbi.nlm.nih.gov/pubmed/21182466
http://dx.doi.org/10.1126/science.1178811
http://www.ncbi.nlm.nih.gov/pubmed/19933107
http://dx.doi.org/10.1126/science.1178817
http://www.ncbi.nlm.nih.gov/pubmed/19933106
http://dx.doi.org/10.1534/genetics.110.120717
http://www.ncbi.nlm.nih.gov/pubmed/20660643
http://dx.doi.org/10.1093/nar/gkq704
http://dx.doi.org/10.1093/nar/gkq704
http://www.ncbi.nlm.nih.gov/pubmed/20699274
http://dx.doi.org/10.1038/nbt.2170
http://www.ncbi.nlm.nih.gov/pubmed/22484455
http://dx.doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://dx.doi.org/10.1126/science.1232033
http://dx.doi.org/10.1126/science.1232033
http://www.ncbi.nlm.nih.gov/pubmed/23287722
http://dx.doi.org/10.1126/science.1231143
http://dx.doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://dx.doi.org/10.1126/science.1258096
http://www.ncbi.nlm.nih.gov/pubmed/25430774
http://dx.doi.org/10.1038/nrm3486
http://www.ncbi.nlm.nih.gov/pubmed/23169466
http://dx.doi.org/10.1038/nbt.2842
http://www.ncbi.nlm.nih.gov/pubmed/24584096
http://dx.doi.org/10.1016/j.cell.2016.10.044
http://www.ncbi.nlm.nih.gov/pubmed/27866654
http://dx.doi.org/10.1016/j.cell.2013.06.044
http://www.ncbi.nlm.nih.gov/pubmed/23849981
http://dx.doi.org/10.1016/j.cell.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23452860
http://dx.doi.org/10.1038/nature17946
http://www.ncbi.nlm.nih.gov/pubmed/27096365
http://dx.doi.org/10.1038/nature24644
http://www.ncbi.nlm.nih.gov/pubmed/29160308
http://dx.doi.org/10.1038/nature21405
http://www.ncbi.nlm.nih.gov/pubmed/28225754
http://dx.doi.org/10.1182/blood-2014-12-615492
http://www.ncbi.nlm.nih.gov/pubmed/26297739
http://dx.doi.org/10.1126/science.aad5143
http://www.ncbi.nlm.nih.gov/pubmed/26721684
http://dx.doi.org/10.1126/science.aad5177
http://www.ncbi.nlm.nih.gov/pubmed/26721686
http://dx.doi.org/10.1126/science.aad5725
http://dx.doi.org/10.1126/science.aad5725
http://www.ncbi.nlm.nih.gov/pubmed/26721683
http://dx.doi.org/10.1182/blood-2014-12-615948
http://dx.doi.org/10.1182/blood-2014-12-615948
http://www.ncbi.nlm.nih.gov/pubmed/25733580
http://dx.doi.org/10.1038/nature13420
http://www.ncbi.nlm.nih.gov/pubmed/24870228
http://dx.doi.org/10.1126/scitranslmed.aah3480
http://www.ncbi.nlm.nih.gov/pubmed/28077679
http://dx.doi.org/10.1038/nbt1410
http://www.ncbi.nlm.nih.gov/pubmed/18587387
http://dx.doi.org/10.1038/mt.2013.65
http://www.ncbi.nlm.nih.gov/pubmed/23587921
http://dx.doi.org/10.1056/NEJMoa1300662
http://www.ncbi.nlm.nih.gov/pubmed/24597865
http://dx.doi.org/10.1126/scitranslmed.aaj2013
http://dx.doi.org/10.1126/scitranslmed.aaj2013
http://www.ncbi.nlm.nih.gov/pubmed/28123068
http://dx.doi.org/10.1038/nrg.2016.28
http://dx.doi.org/10.1038/nrg.2016.28
http://www.ncbi.nlm.nih.gov/pubmed/27087594
http://dx.doi.org/10.1038/nature16526
http://www.ncbi.nlm.nih.gov/pubmed/26735016
http://science.sciencemag.org/

RESEARCH | REVIEW

77.

78.

79.

80.

8L

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

Dunbar et al., Science 359, eaan4672 (2018)

|. M. Slaymaker et al., Rationally engineered Cas9 nucleases
with improved specificity. Science 351, 84-88 (2016).

doi: 10.1126/science.aad5227; pmid: 26628643

J. S. Chen et al., Enhanced proofreading governs CRISPR-
Cas9 targeting accuracy. Nature 550, 407-410 (2017).

doi: 10.1038/nature24268; pmid: 28931002

W. L. Chew et al., A multifunctional AAV-CRISPR-Cas9 and its
host response. Nat. Methods 13, 868-874 (2016).

doi: 10.1038/nmeth.3993; pmid: 27595405

P. Liang et al., CRISPR/Cas9-mediated gene editing in human
tripronuclear zygotes. Protein Cell 6, 363-372 (2015).

doi: 10.1007/513238-015-0153-5; pmid: 25894090

T. Friedmann et al., ASGCT and JSGT joint position statement
on human genomic editing. Mol. Ther. 23, 1282 (2015).

doi: 10.1038/mt.2015.118; pmid: 26227250

National Academies of Sciences, Engineering, and Medicine,
Human Genome Editing: Science, Ethics and Governance
(National Academies Press, Washington, DC, 2017).

R. W. Herzog et al., Stable gene transfer and expression of
human blood coagulation factor IX after intramuscular
injection of recombinant adeno-associated virus. Proc. Natl.
Acad. Sci. U.S.A. 94, 5804-5809 (1997). doi: 10.1073/
pnas.94.11.5804; pmid: 9159155

J. D. Mount et al., Sustained phenotypic correction of
hemophilia B dogs with a factor IX null mutation by liver-
directed gene therapy. Blood 99, 2670-2676 (2002).

doi: 10.1182/blood.V99.8.2670; pmid: 11929752

G. P. Niemeyer et al., Long-term correction of inhibitor-prone
hemophilia B dogs treated with liver-directed AAV2-mediated
factor IX gene therapy. Blood 113, 797-806 (2009).

doi: 10.1182/blood-2008-10-181479; pmid: 18957684

A. C. Nathwani et al., Adenovirus-associated virus vector-
mediated gene transfer in hemophilia B. N. Engl. J. Med. 365,
2357-2365 (2011). doi: 10.1056/NEJMoall08046;

pmid: 22149959

A. C. Nathwani et al., Long-term safety and efficacy of factor
IX gene therapy in hemophilia B. N. Engl. J. Med. 371,
1994-2004 (2014). doi: 10.1056/NEJMo0al407309;

pmid: 25409372

L. A. George et al., Hemophilia B gene therapy with a
high-specific-activity factor IX Variant. N. Engl. J. Med.

377, 2215-2227 (2017). doi: 10.1056/NEJMoal708538;
pmid: 29211678

S. Rangarajan et al., AAV5-factor viii gene transfer in severe
hemophilia A. N. Engl. J. Med. 9 10.1056/NEJM0al708483
(2017). doi: 10.1056/NEJMo0al708483; pmid: 29224506

F. Mingozzi, K. A. High, Immune responses to AAV vectors:
Overcoming barriers to successful gene therapy. Blood 122,
23-36 (2013). doi: 10.1182/blood-2013-01-306647;

pmid: 23596044

J. Mimuro et al., The prevalence of neutralizing antibodies
against adeno-associated virus capsids is reduced in young
Japanese individuals. J. Med. Virol. 86, 1990-1997 (2014).
doi: 10.1002/jmv.23818; pmid: 24136735

J. W. Bainbridge et al., Effect of gene therapy on visual
function in Leber's congenital amaurosis. N. Engl. J. Med.
358, 2231-2239 (2008). doi: 10.1056/NEJM0a0802268;
pmid: 18441371

A. M. Maguire et al., Age-dependent effects of RPE65 gene
therapy for Leber's congenital amaurosis: A phase 1 dose-
escalation trial. Lancet 374, 1597-1605 (2009). doi: 10.1016/
S0140-6736(09)61836-5; pmid: 19854499

W. W. Hauswirth et al., Treatment of Leber congenital
amaurosis due to RPE65 mutations by ocular subretinal
injection of adeno-associated virus gene vector: Short-term
results of a phase | trial. Hum. Gene Ther. 19, 979-990
(2008). doi: 10.1089/hum.2008.107; pmid: 18774912

J. Bennett et al., Safety and durability of effect of
contralateral-eye administration of AAV2 gene therapy in
patients with childhood-onset blindness caused by RPE65
mutations: A follow-on phase 1 trial. Lancet 388, 661-672
(2016). doi: 10.1016/S0140-6736(16)30371-3; pmid: 27375040
S. G. Jacobson et al., Improvement and decline in vision with
gene therapy in childhood blindness. N. Engl. J. Med. 372,
1920-1926 (2015). doi: 10.1056/NEJMoal412965;

pmid: 25936984

J. W. Bainbridge et al., Long-term effect of gene therapy on
Leber’s congenital amaurosis. N. Engl. J. Med. 372,
1887-1897 (2015). doi: 10.1056/NEJMoal414221;

pmid: 25938638

A. F. Wright, Long-term effects of retinal gene therapy in
childhood blindness. N. Engl. J. Med. 372, 1954-1955 (2015).
doi: 10.1056/NEJMe1503419; pmid: 25938534

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

1L

112.

113.

114.

115.

116.

17.

118.

119.

120.

S. Russell et al., Efficacy and safety of voretigene neparvovec
(AAV2-hRPE65V2) in patients with RPE65-mediated inherited
retinal dystrophy: A randomised, controlled, open-label,
phase 3 trial. Lancet 390, 849-860 (2017). pmid: 28712537
S. Muramatsu et al., Behavioral recovery in a primate model
of Parkinson’s disease by triple transduction of striatal cells
with adeno-associated viral vectors expressing dopamine-
synthesizing enzymes. Hum. Gene Ther. 13, 345-354 (2002).
doi: 10.1089/10430340252792486; pmid: 11860702

C. W. Christine et al., Safety and tolerability of putaminal
AADC gene therapy for Parkinson disease. Neurology 73,
1662-1669 (2009). doi: 10.1212/WNL.0b013e3181c29356;
pmid: 19828868

S. Muramatsu et al., A phase | study of aromatic L-amino
acid decarboxylase gene therapy for Parkinson's disease.
Mol. Ther. 18, 1731-1735 (2010). doi: 10.1038/mt.2010.135;
pmid: 20606642

W. J. Marks Jr. et al., Gene delivery of AAV2-neurturin for
Parkinson's disease: A double-blind, randomised, controlled
trial. Lancet Neurol. 9, 1164-1172 (2010). doi: 10.1016/S1474-
4422(10)70254-4; pmid: 20970382

P. A. LeWitt et al., AAV2-GAD gene therapy for advanced
Parkinson’s disease: A double-blind, sham-surgery controlled,
randomised trial. Lancet Neurol. 10, 309-319 (2011).

doi: 10.1016/S1474-4422(11)70039-4; pmid: 21419704

W. L. Hwu et al., Gene therapy for aromatic L-amino acid
decarboxylase deficiency. Sci. Transl. Med. 4, 134ra61 (2012).
doi: 10.1126/scitransimed.3003640; pmid: 22593174

K. Talbot, E. F. Tizzano, The clinical landscape for SMA in a
new therapeutic era. Gene Ther. 24, 529-533 (2017).

doi: 10.1038/gt.2017.52; pmid: 28644430

J. R. Mendell et al., Single-dose gene-replacement therapy for
spinal muscular atrophy. N. Engl. J. Med. 377, 17131722
(2017). doi: 10.1056/NEJMoal706198; pmid: 29091557

S. Hacein-Bey-Abina et al., Sustained correction of X-linked
severe combined immunodeficiency by ex vivo gene therapy.
N. Engl. J. Med. 346, 1185-1193 (2002). doi: 10.1056/
NEJMoa012616; pmid: 11961146

A. Aiuti et al., Correction of ADA-SCID by stem cell gene
therapy combined with nonmyeloablative conditioning.
Science 296, 2410-2413 (2002). doi: 10.1126/
science.1070104; pmid: 12089448

S. Hacein-Bey-Abina et al., LMO2-associated clonal T cell
proliferation in two patients after gene therapy for SCID-X1.
Science 302, 415-419 (2003). doi: 10.1126/science.1088547;
pmid: 14564000

S. Stein et al., Genomic instability and myelodysplasia with
monosomy 7 consequent to EVIL activation after gene
therapy for chronic granulomatous disease. Nat. Med. 16,
198-204 (2010). doi: 10.1038/nm.2088; pmid: 20098431

C. J. Braun et al., Gene therapy for Wiskott-Aldrich syndrome
—long-term efficacy and genotoxicity. Sci. Transl. Med. 6,
227ra33 (2014). doi: 10.1126/scitransimed.3007280;

pmid: 24622513

X. Wu, Y. Li, B. Crise, S. M. Burgess, Transcription start
regions in the human genome are favored targets for MLV
integration. Science 300, 1749-1751 (2003). doi: 10.1126/
science.1083413; pmid: 12805549

A. Aiuti et al., Lentiviral hematopoietic stem cell gene therapy
in patients with Wiskott-Aldrich syndrome. Science 341,
1233151 (2013). doi: 10.1126/science.1233151; pmid: 23845947
S. Hacein-Bey-Abina et al., A modified y-retrovirus vector for
X-linked severe combined immunodeficiency. N. Engl. J. Med.
371, 1407-1417 (2014). doi: 10.1056/NEJM0al404588;

pmid: 25295500

A. Aiuti et al., Gene therapy for immunodeficiency due to
adenosine deaminase deficiency. N. Engl. J. Med. 360,
447-458 (2009). doi: 10.1056/NEJM0a0805817;

pmid: 19179314

A. Biffi et al., Lentiviral hematopoietic stem cell gene therapy
benefits metachromatic leukodystrophy. Science 341,
1233158 (2013). doi: 10.1126/science.1233158;

pmid: 23845948

N. Cartier et al., Hematopoietic stem cell gene therapy with a
lentiviral vector in X-linked adrenoleukodystrophy. Science
326, 818-823 (2009). doi: 10.1126/science.1171242;

pmid: 19892975

F. Eichler et al., Hematopoietic stem-cell gene therapy for
cerebral adrenoleukodystrophy. N. Engl. J. Med. 377,
1630-1638 (2017). doi: 10.1056/NEJMoal700554;

pmid: 28976817

M. Cavazzana-Calvo et al., Transfusion independence and
HMGA2 activation after gene therapy of human

12 January 2018

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

B-thalassaemia. Nature 467, 318-322 (2010). doi: 10.1038/
nature09328; pmid: 20844535

J. A Ribeil et al., Gene therapy in a patient with sickle cell
disease. N. Engl. J. Med. 376, 848-855 (2017). doi: 10.1056/
NEJMoal609677; pmid: 28249145

M. C. Canver et al., BCL11A enhancer dissection by Cas9-
mediated in situ saturating mutagenesis. Nature 527,
192-197 (2015). doi: 10.1038/naturel5521; pmid: 26375006
E. A. Traxler et al., A genome-editing strategy to treat
B-hemoglobinopathies that recapitulates a mutation
associated with a benign genetic condition. Nat. Med. 22,
987-990 (2016). doi: 10.1038/nm.4170; pmid: 27525524
M. Sadelain, I. Riviere, R. Brentjens, Targeting tumours with
genetically enhanced T lymphocytes. Nat. Rev. Cancer 3,
35-45 (2003). doi: 10.1038/nrc971; pmid: 12509765

M. Sadelain, R. Brentjens, I. Riviére, The basic principles of
chimeric antigen receptor design. Cancer Discov. 3, 388-398
(2013). doi: 10.1158/2159-8290.CD-12-0548; pmid: 23550147
M. C. Jensen, S. R. Riddell, Designing chimeric antigen
receptors to effectively and safely target tumors. Curr. Opin.
Immunol. 33, 9-15 (2015). doi: 10.1016/].c0i.2015.01.002;
pmid: 25621840

Z. Eshhar, T. Waks, G. Gross, The emergence of T-bodies/
CAR T cells. Cancer J. 20, 123-126 (2014). doi: 10.1097/
PP0.0000000000000027; pmid: 24667957

R. J. Brentjens et al., Eradication of systemic B-cell tumors
by genetically targeted human T lymphocytes co-stimulated
by CD80 and interleukin-15. Nat. Med. 9, 279-286 (2003).
doi: 10.1038/nm827; pmid: 12579196

|. Riviere, M. Sadelain, Chimeric antigen receptors: A cell and
gene therapy perspective. Mol. Ther. 25, 1117-1124 (2017).
doi: 10.1016/j.ymthe.2017.03.034; pmid: 28456379

C. Imai et al., Chimeric receptors with 4-1BB signaling
capacity provoke potent cytotoxicity against acute
lymphoblastic leukemia. Leukemia 18, 676-684 (2004).

doi: 10.1038/sj.leu.2403302; pmid: 14961035

J. Maher, R. J. Brentjens, G. Gunset, |. Riviere, M. Sadelain,
Human T-lymphocyte cytotoxicity and proliferation directed
by a single chimeric TCRzeta /CD28 receptor. Nat.
Biotechnol. 20, 70-75 (2002). doi: 10.1038/nbt0102-70;
pmid: 11753365

L. Gattinoni, C. A. Klebanoff, N. P. Restifo, Paths to
stemness: Building the ultimate antitumour T cell. Nat. Rev.
Cancer 12, 671-684 (2012). doi: 10.1038/nrc3322;

pmid: 22996603

D. H. Busch, S. P. FraBle, D. Sommermeyer, V. R. Buchholz,
S. R. Riddell, Role of memory T cell subsets for adoptive
immunotherapy. Semin. Immunol. 28, 28-34 (2016).

doi: 10.1016/j.smim.2016.02.001; pmid: 26976826

M. L. Davila et al., Efficacy and toxicity management of 19-
28z CAR T cell therapy in B cell acute lymphoblastic
leukemia. Sci. Transl. Med. 6, 224ra25 (2014). doi: 10.1126/
scitransimed.3008226; pmid: 24553386

D. W. Lee et al., Current concepts in the diagnosis and
management of cytokine release syndrome. Blood 124,
188-195 (2014). doi: 10.1182/blood-2014-05-552729;

pmid: 24876563

S. A Aliet al., T cells expressing an anti-B-cell

maturation antigen chimeric antigen receptor cause
remissions of multiple myeloma. Blood 128, 1688-1700
(2016). doi: 10.1182/blood-2016-04-711903;

pmid: 27412839

C. A. Klebanoff, S. A. Rosenberg, N. P. Restifo, Prospects for
gene-engineered T cell immunotherapy for solid cancers. Nat.
Med. 22, 26-36 (2016). doi: 10.1038/nm.4015;

pmid: 26735408

S. Gill, Chimeric antigen receptor T cell therapy in

AML: How close are we? Best Pract. Res. Clin. Haematol.
29, 329-333 (2016). doi: 10.1016/j.beha.2016.10.004;

pmid: 27890255

J. Couzin-Frankel, Breakthrough of the year 2013. Cancer
immunotherapy. Science 342, 1432-1433 (2013).

doi: 10.1126/science.342.6165.1432; pmid: 24357284

C. T. Ellebrecht et al., Reengineering chimeric antigen
receptor T cells for targeted therapy of autoimmune disease.
Science 353, 179-184 (2016). doi: 10.1126/science.aaf6756;
pmid: 27365313

S. H. Orkin, P. Reilly, Paying for future success in gene
therapy. Science 352, 1059-1061 (2016). doi: 10.1126/
science.aaf4770; pmid: 27230368

E. Sagonowsky, GlaxoSmithKline's talk of leaving rare
disease-amid slow Strimvelis sales-highlight challenges in the
field. FiercePharma. 2017.

9 of 10

1202 ‘9 Arenuer uo /A0 Bewaduslds aoualds//:dny woly papeojumog


http://dx.doi.org/10.1126/science.aad5227
http://www.ncbi.nlm.nih.gov/pubmed/26628643
http://dx.doi.org/10.1038/nature24268
http://www.ncbi.nlm.nih.gov/pubmed/28931002
http://dx.doi.org/10.1038/nmeth.3993
http://www.ncbi.nlm.nih.gov/pubmed/27595405
http://dx.doi.org/10.1007/s13238-015-0153-5
http://www.ncbi.nlm.nih.gov/pubmed/25894090
http://dx.doi.org/10.1038/mt.2015.118
http://www.ncbi.nlm.nih.gov/pubmed/26227250
http://dx.doi.org/10.1073/pnas.94.11.5804
http://dx.doi.org/10.1073/pnas.94.11.5804
http://www.ncbi.nlm.nih.gov/pubmed/9159155
http://dx.doi.org/10.1182/blood.V99.8.2670
http://www.ncbi.nlm.nih.gov/pubmed/11929752
http://dx.doi.org/10.1182/blood-2008-10-181479
http://www.ncbi.nlm.nih.gov/pubmed/18957684
http://dx.doi.org/10.1056/NEJMoa1108046
http://www.ncbi.nlm.nih.gov/pubmed/22149959
http://dx.doi.org/10.1056/NEJMoa1407309
http://www.ncbi.nlm.nih.gov/pubmed/25409372
http://dx.doi.org/10.1056/NEJMoa1708538
http://www.ncbi.nlm.nih.gov/pubmed/29211678
http://dx.doi.org/10.1056/NEJMoa1708483
http://www.ncbi.nlm.nih.gov/pubmed/29224506
http://dx.doi.org/10.1182/blood-2013-01-306647
http://www.ncbi.nlm.nih.gov/pubmed/23596044
http://dx.doi.org/10.1002/jmv.23818
http://www.ncbi.nlm.nih.gov/pubmed/24136735
http://dx.doi.org/10.1056/NEJMoa0802268
http://www.ncbi.nlm.nih.gov/pubmed/18441371
http://dx.doi.org/10.1016/S0140-6736(09)61836-5
http://dx.doi.org/10.1016/S0140-6736(09)61836-5
http://www.ncbi.nlm.nih.gov/pubmed/19854499
http://dx.doi.org/10.1089/hum.2008.107
http://www.ncbi.nlm.nih.gov/pubmed/18774912
http://dx.doi.org/10.1016/S0140-6736(16)30371-3
http://www.ncbi.nlm.nih.gov/pubmed/27375040
http://dx.doi.org/10.1056/NEJMoa1412965
http://www.ncbi.nlm.nih.gov/pubmed/25936984
http://dx.doi.org/10.1056/NEJMoa1414221
http://www.ncbi.nlm.nih.gov/pubmed/25938638
http://dx.doi.org/10.1056/NEJMe1503419
http://www.ncbi.nlm.nih.gov/pubmed/25938534
http://www.ncbi.nlm.nih.gov/pubmed/28712537
http://dx.doi.org/10.1089/10430340252792486
http://www.ncbi.nlm.nih.gov/pubmed/11860702
http://dx.doi.org/10.1212/WNL.0b013e3181c29356
http://www.ncbi.nlm.nih.gov/pubmed/19828868
http://dx.doi.org/10.1038/mt.2010.135
http://www.ncbi.nlm.nih.gov/pubmed/20606642
http://dx.doi.org/10.1016/S1474-4422(10)70254-4
http://dx.doi.org/10.1016/S1474-4422(10)70254-4
http://www.ncbi.nlm.nih.gov/pubmed/20970382
http://dx.doi.org/10.1016/S1474-4422(11)70039-4
http://www.ncbi.nlm.nih.gov/pubmed/21419704
http://dx.doi.org/10.1126/scitranslmed.3003640
http://www.ncbi.nlm.nih.gov/pubmed/22593174
http://dx.doi.org/10.1038/gt.2017.52
http://www.ncbi.nlm.nih.gov/pubmed/28644430
http://dx.doi.org/10.1056/NEJMoa1706198
http://www.ncbi.nlm.nih.gov/pubmed/29091557
http://dx.doi.org/10.1056/NEJMoa012616
http://dx.doi.org/10.1056/NEJMoa012616
http://www.ncbi.nlm.nih.gov/pubmed/11961146
http://dx.doi.org/10.1126/science.1070104
http://dx.doi.org/10.1126/science.1070104
http://www.ncbi.nlm.nih.gov/pubmed/12089448
http://dx.doi.org/10.1126/science.1088547
http://www.ncbi.nlm.nih.gov/pubmed/14564000
http://dx.doi.org/10.1038/nm.2088
http://www.ncbi.nlm.nih.gov/pubmed/20098431
http://dx.doi.org/10.1126/scitranslmed.3007280
http://www.ncbi.nlm.nih.gov/pubmed/24622513
http://dx.doi.org/10.1126/science.1083413
http://dx.doi.org/10.1126/science.1083413
http://www.ncbi.nlm.nih.gov/pubmed/12805549
http://dx.doi.org/10.1126/science.1233151
http://www.ncbi.nlm.nih.gov/pubmed/23845947
http://dx.doi.org/10.1056/NEJMoa1404588
http://www.ncbi.nlm.nih.gov/pubmed/25295500
http://dx.doi.org/10.1056/NEJMoa0805817
http://www.ncbi.nlm.nih.gov/pubmed/19179314
http://dx.doi.org/10.1126/science.1233158
http://www.ncbi.nlm.nih.gov/pubmed/23845948
http://dx.doi.org/10.1126/science.1171242
http://www.ncbi.nlm.nih.gov/pubmed/19892975
http://dx.doi.org/10.1056/NEJMoa1700554
http://www.ncbi.nlm.nih.gov/pubmed/28976817
http://dx.doi.org/10.1038/nature09328
http://dx.doi.org/10.1038/nature09328
http://www.ncbi.nlm.nih.gov/pubmed/20844535
http://dx.doi.org/10.1056/NEJMoa1609677
http://dx.doi.org/10.1056/NEJMoa1609677
http://www.ncbi.nlm.nih.gov/pubmed/28249145
http://dx.doi.org/10.1038/nature15521
http://www.ncbi.nlm.nih.gov/pubmed/26375006
http://dx.doi.org/10.1038/nm.4170
http://www.ncbi.nlm.nih.gov/pubmed/27525524
http://dx.doi.org/10.1038/nrc971
http://www.ncbi.nlm.nih.gov/pubmed/12509765
http://dx.doi.org/10.1158/2159-8290.CD-12-0548
http://www.ncbi.nlm.nih.gov/pubmed/23550147
http://dx.doi.org/10.1016/j.coi.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/25621840
http://dx.doi.org/10.1097/PPO.0000000000000027
http://dx.doi.org/10.1097/PPO.0000000000000027
http://www.ncbi.nlm.nih.gov/pubmed/24667957
http://dx.doi.org/10.1038/nm827
http://www.ncbi.nlm.nih.gov/pubmed/12579196
http://dx.doi.org/10.1016/j.ymthe.2017.03.034
http://www.ncbi.nlm.nih.gov/pubmed/28456379
http://dx.doi.org/10.1038/sj.leu.2403302
http://www.ncbi.nlm.nih.gov/pubmed/14961035
http://dx.doi.org/10.1038/nbt0102-70
http://www.ncbi.nlm.nih.gov/pubmed/11753365
http://dx.doi.org/10.1038/nrc3322
http://www.ncbi.nlm.nih.gov/pubmed/22996603
http://dx.doi.org/10.1016/j.smim.2016.02.001
http://www.ncbi.nlm.nih.gov/pubmed/26976826
http://dx.doi.org/10.1126/scitranslmed.3008226
http://dx.doi.org/10.1126/scitranslmed.3008226
http://www.ncbi.nlm.nih.gov/pubmed/24553386
http://dx.doi.org/10.1182/blood-2014-05-552729
http://www.ncbi.nlm.nih.gov/pubmed/24876563
http://dx.doi.org/10.1182/blood-2016-04-711903
http://www.ncbi.nlm.nih.gov/pubmed/27412889
http://dx.doi.org/10.1038/nm.4015
http://www.ncbi.nlm.nih.gov/pubmed/26735408
http://dx.doi.org/10.1016/j.beha.2016.10.004
http://www.ncbi.nlm.nih.gov/pubmed/27890255
http://dx.doi.org/10.1126/science.342.6165.1432
http://www.ncbi.nlm.nih.gov/pubmed/24357284
http://dx.doi.org/10.1126/science.aaf6756
http://www.ncbi.nlm.nih.gov/pubmed/27365313
http://dx.doi.org/10.1126/science.aaf4770
http://dx.doi.org/10.1126/science.aaf4770
http://www.ncbi.nlm.nih.gov/pubmed/27230368
http://science.sciencemag.org/

RESEARCH | REVIEW

143. R. J. Brentjens et al., Safety and persistence of adoptively
transferred autologous CD19-targeted T cells in patients with
relapsed or chemotherapy refractory B-cell leukemias. Blood
118, 4817-4828 (2011). doi: 10.1182/blood-2011-04-348540;
pmid: 21849486

144, R. J. Brentjens et al., CD19-targeted T cells rapidly induce
molecular remissions in adults with chemotherapy-refractory
acute lymphoblastic leukemia. Sci. Transl. Med. 5, 177ra38
(2013). doi: 10.1126/scitransimed.3005930; pmid: 23515080

145. S. L. Maude et al., Chimeric antigen receptor T cells for sustained
remissions in leukemia. N. Engl. J. Med. 371, 1507-1517
(2014). doi: 10.1056/NEJMoal407222; pmid: 25317870

146. D. W. Lee et al., T cells expressing CD19 chimeric antigen
receptors for acute lymphoblastic leukaemia in children and
young adults: A phase 1 dose-escalation trial. Lancet 385,
517-528 (2015). doi: 10.1016/S0140-6736(14)61403-3;
pmid: 25319501

147. J. N. Kochenderfer et al., Chemotherapy-refractory diffuse
large B-cell lymphoma and indolent B-cell malignancies can
be effectively treated with autologous T cells expressing an
anti-CD19 chimeric antigen receptor. J. Clin. Oncol. 33, 540-549
(2015). doi: 10.1200/JC0.2014.56.2025; pmid: 25154820

148. C. J. Turtle et al., Immunotherapy of non-Hodgkin's
lymphoma with a defined ratio of CD&+ and CD4+ CD19-
specific chimeric antigen receptor-modified T cells. Sci.
Transl. Med. 8, 355rall6 (2016). doi: 10.1126/scitransImed.
aaf8621; pmid: 27605551

149. D. L. Porter, B. L. Levine, M. Kalos, A. Bagg, C. H. June,
Chimeric antigen receptor-modified T cells in chronic

Dunbar et al., Science 359, eaan4672 (2018)

150.

151.

152.

153.

154.

155.

lymphoid leukemia. N. Engl. J. Med. 365, 725-733 (2011).
doi: 10.1056/NEJM0al103849; pmid: 21830940

J. N. Kochenderfer et al., Eradication of B-lineage cells and
regression of lymphoma in a patient treated with autologous
T cells genetically engineered to recognize CD19. Blood 116,
4099-4102 (2010). doi: 10.1182/blood-2010-04-281931;
pmid: 20668228

P. F. Robbins et al., Tumor regression in patients with
metastatic synovial cell sarcoma and melanoma using
genetically engineered lymphocytes reactive with NY-ESO-1.
J. Clin. Oncol. 29, 917-924 (2011). doi: 10.1200/
JC0.2010.32.2537; pmid: 21282551

S. Hacein-Bey Abina et al., Outcomes following gene therapy
in patients with severe Wiskott-Aldrich syndrome. JAMA
313, 1550-1563 (2015). doi: 10.1001/jama.2015.3253;

pmid: 25898053

S. S. De Ravin et al., Lentiviral hematopoietic stem cell gene
therapy for X-linked severe combined immunodeficiency. Sci.
Transl. Med. 8, 335ra57 (2016). doi: 10.1126/scitransImed.
2ad8856; pmid: 27099176

M. Sessa et al., Lentiviral haemopoietic stem-cell gene
therapy in early-onset metachromatic leukodystrophy: An ad-
hoc analysis of a non-randomised, open-label, phase 1/2 trial.
Lancet 388, 476-487 (2016). doi: 10.1016/S0140-6736(16)
30374-9; pmid: 27289174

D. Gaudet et al., Efficacy and long-term safety of

alipogene tiparvovec (AAV1-LPLS447X) gene therapy for
lipoprotein lipase deficiency: An open-label trial. Gene Ther.
20, 361-369 (2013). doi: 10.1038/gt.2012.43; pmid: 22717743

12 January 2018

ACKNOWLEDGMENTS

K.A.H. is President and Head of Research and Development at Spark
Therapeutics, a biotechnology company involved in discovering,
developing, and delivering AAV gene therapies for genetic diseases.
K.O. has a sponsored research agreement with Takara Bio for CAR-T
gene therapy. J.K.J. is a paid scientific adviser for Beam
Therapeutics, Editas Medicine, and Pairwise Plants and holds equity
in Beam Therapeutics, Editas Medicine, Monitor Biotechnologies,
Pairwise Plants, Poseida Therapeutics, and Transposagen
Biopharmaceuticals. These financial interests were reviewed and
are managed by Massachusetts General Hospital and Partners
HealthCare in accordance with their conflict of interest policies.
JK.J. has sponsored research agreements with AstraZeneca and
Takeda Pharmaceuticals and is an inventor on patent applications
and issued patents that cover genome editing technologies.
D.B.K. is on the Scientific Advisory Boards of Orchard Therapeutics
and Kite Pharma, companies developing gene therapies, and

has a Sponsored Research Agreement from BioMarin Pharmaceutical
on lentiviral vectors for sickle cell disease. D.B.K. is an inventor
on intellectual property licensed to Orchard Therapeutics from
the University of California Los Angeles, on lentiviral vector gene
therapy for adenosine deaminase-deficient SCID. M.S. has
sponsored research agreements with Juno Therapeutics and

Fate Therapeutics. M.S. is an inventor on patents related to

CAR therapies that are licensed by Memorial Sloan-Kettering
Cancer Center.

10.1126/science.aan4672

10 of 10

1202 ‘9 Arenuer uo /A0 Bewaduslds aoualds//:dny woly papeojumog


http://dx.doi.org/10.1182/blood-2011-04-348540
http://www.ncbi.nlm.nih.gov/pubmed/21849486
http://dx.doi.org/10.1126/scitranslmed.3005930
http://www.ncbi.nlm.nih.gov/pubmed/23515080
http://dx.doi.org/10.1056/NEJMoa1407222
http://www.ncbi.nlm.nih.gov/pubmed/25317870
http://dx.doi.org/10.1016/S0140-6736(14)61403-3
http://www.ncbi.nlm.nih.gov/pubmed/25319501
http://dx.doi.org/10.1200/JCO.2014.56.2025
http://www.ncbi.nlm.nih.gov/pubmed/25154820
http://dx.doi.org/10.1126/scitranslmed.aaf8621
http://dx.doi.org/10.1126/scitranslmed.aaf8621
http://www.ncbi.nlm.nih.gov/pubmed/27605551
http://dx.doi.org/10.1056/NEJMoa1103849
http://www.ncbi.nlm.nih.gov/pubmed/21830940
http://dx.doi.org/10.1182/blood-2010-04-281931
http://www.ncbi.nlm.nih.gov/pubmed/20668228
http://dx.doi.org/10.1200/JCO.2010.32.2537
http://dx.doi.org/10.1200/JCO.2010.32.2537
http://www.ncbi.nlm.nih.gov/pubmed/21282551
http://dx.doi.org/10.1001/jama.2015.3253
http://www.ncbi.nlm.nih.gov/pubmed/25898053
http://dx.doi.org/10.1126/scitranslmed.aad8856
http://dx.doi.org/10.1126/scitranslmed.aad8856
http://www.ncbi.nlm.nih.gov/pubmed/27099176
http://dx.doi.org/10.1016/S0140-6736(16)30374-9
http://dx.doi.org/10.1016/S0140-6736(16)30374-9
http://www.ncbi.nlm.nih.gov/pubmed/27289174
http://dx.doi.org/10.1038/gt.2012.43
http://www.ncbi.nlm.nih.gov/pubmed/22717743
http://science.sciencemag.org/

Science

Gene therapy comes of age
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Gene therapy: The power of persistence

Nearly 50 years after the concept was first proposed, gene therapy is now considered a promising treatment
option for several human diseases. The path to success has been long and tortuous. Serious adverse effects were
encountered in early clinical studies, but this fueled basic research that led to safer and more efficient gene transfer
vectors. Gene therapy in various forms has produced clinical benefits in patients with blindness, neuromuscular disease,
hemophilia, immunodeficiencies, and cancer. Dunbar et al. review the pioneering work that led the gene therapy field to
its current state, describe gene-editing technologies that are expected to play a major role in the field's future, and
discuss practical challenges in getting these therapies to patients who need them.

Science, this issue p. eaan4672

ARTICLE TOOLS http://science.sciencemag.org/content/359/6372/eaan4672
RELATED . i i
SONTENT http://stm.sciencemag.org/content/scitransmed/9/418/eaam6375.full

http://stm.sciencemag.org/content/scitransmed/9/416/eaam7543.full
http://stm.sciencemag.org/content/scitransmed/9/411/eaan0820.full
http://stm.sciencemag.org/content/scitransmed/9/372/eaah3480.full

REFERENCES This article cites 150 articles, 59 of which you can access for free
http://science.sciencemag.org/content/359/6372/eaan4672#BIBL

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2018 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of
Science. No claim to original U.S. Government Works

1202 ‘9 Arenuer uo /A0 Bewaduslds aoualds//:dny woly papeojumog


http://science.sciencemag.org/content/359/6372/eaan4672
http://stm.sciencemag.org/content/scitransmed/9/418/eaam6375.full
http://stm.sciencemag.org/content/scitransmed/9/416/eaam7543.full
http://stm.sciencemag.org/content/scitransmed/9/411/eaan0820.full
http://stm.sciencemag.org/content/scitransmed/9/372/eaah3480.full
http://science.sciencemag.org/content/359/6372/eaan4672#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://science.sciencemag.org/

