
More than 3,000 human genes have been identi-
fied that are associated with Mendelian diseases, and  
~500 genes are associated with susceptibility to complex 
diseases or infections (see Orphanet and OMIM Gene 
Map Statistics websites). These numbers are rapidly 
increasing, and it is predicted that ~4,000–7,000 addi-
tional disease-associated genes will be uncovered in the 
next decade1. However, despite tremendous advances in 
genomic sciences and substantial progress in drug devel-
opment, effective therapies are still needed; for example, 
<5% of rare diseases have an effective treatment2.

Cystic fibrosis is an example of a genetic disease with 
effective treatments for a large portion of patients, with the  
successful development of small-molecule drugs to 
target defective transmembrane conductance regulator 
(CFTR) protein3. Small molecules now can treat about 
40% of patients with cystic fibrosis and eventually could 
hopefully benefit >90% of patients. However, small mol-
ecules cannot provide a cure for cystic fibrosis, and it is 
generally difficult to use small-molecule therapies, bone 
marrow transplantation or surgical approaches to treat 
most genetic diseases4. Protein therapeutics, including 
protein replacement (or augmentation) therapies and 
antibodies, have been investigated for treating certain 
genetic disorders, and some have received regulatory 
approval. Because administered purified proteins gen-
erally do not enter cells, protein augmentation therapies 
have been applied to treat disorders for which a deficient 
protein functions at least partially in the extracellular 
milieu5. Examples of regulatory-approved protein thera-
peutics include recombinant acid α‑glucosidase, recom-
binant factors VIII and IX, and a humanized vascular 
endothelial growth factor A (VEGFA)-specific antibody. 
Recombinant acid α‑glucosidase effectively treats Pompe 
disease, a type of lysosomal storage disorder, resulting 

in improved function of multiple organs in patients6. 
Recombinant factors VIII and IX are used to treat hae-
mophilia A and haemophilia B, respectively, to correct 
bleeding episodes7, whereas the VEGFA-specific anti-
body is used to treat age-related macular degeneration8. 
However, most of these protein therapeutics target a lim-
ited number of biomolecules that are involved in a small 
proportion of genetic diseases9.

Meanwhile, viral and non-viral delivery strategies 
of functional copies of mutated genes have been devel-
oped to treat loss‑of‑function genetic diseases10,11, and 
many are currently in clinical trials (for examples, see 
ClinicalTrials.gov). In 2012, the adeno-associated virus 
(AAV)-mediated delivery of a functional gene to treat 
the rare disease lipoprotein lipase deficiency became the 
first gene therapy product based on viral gene-transfer 
technology to receive marketing approval in Europe.

In addition, RNA modification therapies, such as RNA 
interference (RNAi) and antisense oligonucleotides (ASOs), 
which silence the mRNA transcribed from disease genes, 
are moving forward in clinical trials12,13. An ASO-based 
product has received US Food and Drug Administration 
approval for use in patients with homozygous familial 
hypercholesterolaemia, and other RNA modification ther-
apies are in advanced stages of development; for example, 
alicaforsen for pouchitis (see Ionis Pharmaceuticals’ pipe-
line). RNAi is being evaluated in one phase III clinical trial 
targeting transthyretin-mediated amyloidosis, as well as in 
multiple phase I/II trials10.

However, despite the remarkable progress and thera
peutic promise of ASO and RNAi technologies, as well as 
AAV-facilitated gene transfer, these approaches have fun-
damental limitations. In principle, ASOs and RNAi can 
induce the knockdown of any target protein; however, 
delivery barriers have limited their clinical application to 
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RNA interference
(RNAi). Process by which one 
strand of double-stranded 
RNA binds to complementary 
mRNA and degrades or 
regulates the mRNA via an 
enzymatic process, usually 
resulting in a decrease in  
the expression of a  
desired protein.
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Abstract | With the recent development of CRISPR technology, it is becoming increasingly easy to 
engineer the genome. Genome-editing systems based on CRISPR, as well as transcription 
activator-like effector nucleases (TALENs) and zinc-finger nucleases (ZFNs), are becoming 
valuable tools for biomedical research, drug discovery and development, and even gene therapy. 
However, for each of these systems to effectively enter cells of interest and perform their 
function, efficient and safe delivery technologies are needed. This Review discusses the principles 
of biomacromolecule delivery and gene editing, examines recent advances and challenges in 
non-viral and viral delivery methods, and highlights the status of related clinical trials.
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a subset of organs and tissue types10,12. Other challenges 
include incomplete suppression of disease proteins, 
off-target effects and safety concerns12,13. Stably express-
ing therapeutic genes in replicating cells via integration 
into the genome is associated with the risk of muta
genesis and oncogenesis14. AAVs facilitate gene transfer 
and episomal expression in non-dividing cells, but suffer 
from the limits associated with the size of encapsulated 
transgenes, pre-existing immunity against AAV vectors 
and CD8+ T cell-mediated adaptive response against the 
AAV capsid11,15. Moreover, although AAVs are stable in 
non-dividing cells, their expression levels may decrease 
over time owing to the turnover of the infected cells16. 
In addition, paediatric patients may experience loss of 
episomal genomes in growing tissues17. Importantly, it 
is difficult to use gene-transfer approaches for condi-
tions requiring precise control of therapeutic genes or 
for gain‑of‑function genetic diseases18.

A rapidly developing alternative technology to manip-
ulate gene expression is genome editing, which, in contrast 
to gene-transfer approaches, uses programmable DNA 
nucleases19. Four genome-editing platforms currently 
predominate the field: meganucleases, zinc-finger nucle-
ases (ZFNs), transcription activator-like effector nucleases  
(TALENs), and the CRISPR–Cas system (reviewed in 
REFS 19–22). In principle, it is possible to correct many 
genetic diseases with genome-editing technologies. 
However, many hurdles need to be overcome to realize 
this tremendous therapeutic potential. In particular, the 
most substantial challenge to overcome is the safe and 
efficient delivery of genome-editing biomacromolecules.

This Review provides an overview of the different 
programmable nucleases and mechanisms of genome 
editing, focusing on the principles of biomacromolecule 
delivery, relevant delivery methods and associated deliv-
ery challenges. Preclinical studies and the current status 
of clinical trials involving genome-editing technologies 
are also discussed.

Genome-editing platforms
Genome-editing nucleases recognize and cut at specific 
sequences in the genome. Double-strand breaks (DSBs) 
can be repaired by one of two cellular endogenous DNA 
repair pathways: non-homologous end joining (NHEJ) 
or homology-directed repair (HDR) with template 
(donor) DNA23 (FIG. 1). NHEJ is efficient but error-prone; 
thus, repeated repair of the same break site results in 
small insertions or deletions (indels) at the desired 
genomic locus24. These indels can disrupt target genes 
by shifting the reading frame, resulting in mRNA deg-
radation or the production of nonfunctional proteins25. 
Programmable nuclease-mediated NHEJ can disrupt 
disease-causing genes permanently. Furthermore, it is 
also possible to use NHEJ to restore the reading frame 
of a dysfunctional gene to treat a disease: for exam-
ple, the gene encoding dystrophin (DMD) to treat 
Duchenne muscular dystrophy26–30. By contrast, HDR 
requires exogenously delivered template DNA contain-
ing a sequence homologous to the DSBs. The different 
sequence in the template DNA can be incorporated into 
the endogenous locus, enabling precise modification  
of the genomic sequences23. Thus, HDR-based gene edit-
ing can be used to repair disease-causing mutations or to 
knock in sequences at specific loci to induce predictable 
expression patterns31–33.

Four major platforms of targeted nucleases are cur-
rently used to introduce DSBs in the genome: meganu-
cleases, ZFNs, TALENs and the CRISPR–Cas system19–22 
(FIG. 1). Meganucleases, ZFNs and TALENs generate 
sequence recognition specificity via protein–DNA 
interactions. Although meganucleases can target vari-
ous sequences, the engineering required to target new 
sequences and unseparated DNA-binding and cleavage 
domains (that is, DNA recognition and cleavage sites 
that are linked closely in a single domain) restrict the 
broad application of these nucleases20. ZFN technology 
creates a chimeric protein via the fusion of a zinc-finger  
domain for DNA binding with the cleavage domain of the 
FokI nuclease21. To target new sequences, ZFNs require 
complicated protein engineering of the zinc-finger  
domain34,35. Recent studies have indicated that ZFNs 
recognize an average of one targeting site in ~4–30 bp in  
the genome36,37.

TALENs are composed of a transcription activator-
like effector (TALE) for DNA binding and a FokI nucle-
ase22. Although molecular cloning is still required, 
TALENs can be rapidly designed and assembled with 
flexible targeting sequences with potentially high potency 
and specificity22. Distinctly different from these pro-
grammable nucleases, the CRISPR–Cas system uses an 
RNA molecule (guide RNA) to base pair with the target 
DNA as an RNA-guided nuclease19. By simply changing 

Figure 1 | The mechanisms of genome editing and DSB repair. Zinc-finger nuclease 
(ZFN), transcription activator-like effector (TALE) nuclease (TALEN) and CRISPR–Cas 
systems can induce double-strand breaks (DSBs) in DNA. One of two mechanisms 
repairs the DSB to achieve genome editing: non-homologous end joining (NHEJ) or 
homology-directed repair (HDR). NHEJ disrupts the target gene through insertions  
or deletions, whereas HDR inserts donor DNA template into the target genomic 
region to install insertions, deletions or alterations of genomic sequences. sgRNA, 
single guide RNA.
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a portion of the guide RNA sequence, CRISPR–Cas can 
be engineered to target genomic sequences next to a  
protospacer adjacent motif sequence19.

In general, meganucleases and ZFNs have reportedly 
relatively low success rates and efficiencies in inducing 
site-specific DNA breaks38,20. By contrast, TALENs and 
CRISPR have ~80–90% success rates in mammalian cells 
to induce >1% mutation frequencies38–41, indicating that 
most guide RNAs of the CRISPR system or designed 
TALEN pairs are capable of inducing substantial DSBs 
in mammalian cells. Moreover, the average mutation rate 
of TALEN and CRISPR systems was reportedly substan-
tially higher than that of meganucleases and ZFNs38. All 
four of these genome-editing platforms can cause off- 
target mutations. Multiple new methods to evaluate 
off-target effects42–47 and to improve the specificity of 
the CRISPR system48–55 have been developed. Although 
ZFNs and TALENs have been applied for multiplex gene 
editing, mismatched dimers can form when more than 
one pair are in cells, which introduces off-target effects56. 
By contrast, CRISPR can simultaneously target multi-
ple loci in the genome with high efficiency and without  
substantially increasing the required dose57,58.

All components in these genome-editing systems are 
biomacromolecules that must overcome several barriers 
to be delivered inside target cells to function (FIG. 2). The 
nucleases, delivered in the format of DNA, mRNA or 
protein, must access the genome of the target cells. For 
the CRISPR–Cas system, the guide RNA, in the format 

of DNA or RNA, must be delivered. For HDR-mediated 
gene editing, it is also necessary to provide a donor DNA 
template, usually a single- or double-stranded DNA. 
The relatively small size of ZFNs (two molecules ~1 kb 
each) and meganucleases (~1 kb) provide an advantage 
over TALENs (two molecules ~3 kb each) and CRISPR  
(~3.5–4.5 kb). The size of the biomacromolecule pay-
load is particularly pertinent for viral-mediated delivery 
because viral vectors have a maximum limit to the size 
of genetic material that they can encapsulate38. Below, we 
discuss the various methods that are being developed for 
the efficient and safe delivery of genome-editing systems 
and consider the associated challenges and limitations.

Delivery of biomacromolecules
The intracellular delivery of biomacromolecules has 
been a focus of much research, and multiple methods 
have been developed to facilitate the delivery of a range of 
payloads, including DNA, RNA, ASOs and proteins10,11. 
These delivery methods can be generally categorized as 
viral (TABLE 1) or non-viral (BOX 1; FIGS 3,4). Viral deliv-
ery utilizes a viral vector (for example, AAVs59, lentivi-
ruses60 and adenoviruses61) to encapsulate a gene, in RNA 
or DNA form, to facilitate efficient delivery. Non-viral 
delivery includes physical methods (for example, electro
poration62,63 and microfluidic-based technologies64,65), 
nanomaterial-based methods (for example, cationic 
lipids66,67 and cell-penetrating peptides (CPPs)68) and 
self-assembled nanoparticles69.

Figure 2 | Barriers to delivery of genome-editing components. Genome-editing biomacromolecules (DNA, mRNA, 
single guide RNA (sgRNA) and/or protein) or nanoparticles containing these biomacromolecules must first avoid 
extracellular barriers. These barriers include phagocytosis by macrophages or other phagocytes, degradation through 
enzymatic or hydrolytic means, and the potential for induction of an immune response and the generation of cytokines. 
If these biomacromolecules and nanoparticles can avoid excretion, localize to the proper organ and extravasate out of the 
bloodstream, they must then be endocytosed by the target cell. Once inside the cell, the biomacromolecules and 
nanoparticles must escape the endosome and localize to the cytoplasm (mRNA) or nucleus (DNA, sgRNA or nuclease 
protein) to successfully edit the target gene. TLR, Toll-like receptor.
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Tropism
The ability of a virus to 
specifically target particular 
cells or tissues.

For some tissues, genome-editing systems can be 
delivered ex vivo by extracting primary cells from 
patients, gene editing these cells and then transplanting 
the modified cells back into the patient. One potential 
target tissue is the haematopoietic system, including 
haematopoietic stem cells (HSCs) and primary lym-
phocytes18,21,60,70. Ex vivo transfection enables the use of 
physical methods that are not suitable for systemic appli-
cation. For example, ex vivo electroporation of plasmid 
DNA or mRNA into HSCs can provide relatively high 
transfection efficiency60,63. However, cellular toxicity is 
associated with the electroporation of plasmid DNA into 
HSCs60. Retroviral and lentiviral vectors can also be used 
for ex vivo delivery into HSCs or primary lymphocytes 
to stably express therapeutic genes11,60. Details and more 
examples of successful ex vivo delivery are discussed 
below. Some of the methods commonly used for trans-
fection of model cell lines (for example, HEK293T cells), 
including some nanomaterial systems and integrating 
lentiviral vectors, may not be suitable for delivery to pri-
mary blood cells for clinical use owing to low efficiency 
or safety concerns71.

In vivo genome editing faces additional delivery hur-
dles relative to ex vivo therapies10 (FIG. 2), and the chal-
lenges differ between viral and non-viral systems10,11. A 
range of viral systems have been investigated for their 
potential to deliver genetic payloads to transduce various 
types of tissues, including liver, eye, skeletal and cardiac 
muscle11. Indeed, this broad tropism makes viral vectors 
particularly attractive for the delivery of programma-
ble nucleases in vivo. However, these viral systems can 
induce long-term transgene expression in humans with 
a single injection72; thus, the effects of long-term expres-
sion of transgenic nucleases on genome stability and the 
potential induction of antigenicity in corrected tissue 
will need further investigation.

Lipid-based and polymer-based nanoparticles and 
conjugate technologies have facilitated RNA in vivo 
delivery, and are in various stages of clinical develop-
ment10. These non-viral platforms can also be used to 
deliver programmable nucleases to enable transient 
expression in desired tissues73.

Given the different challenges faced by in vivo versus 
ex vivo delivery, the approaches and optimal procedures 
for these applications will differ. However, therapeutic 

genome editing of most tissues cannot be performed 
ex vivo, and effective in vivo delivery will be required to 
enable the broad application of genome-editing therapies  
(for examples, see REFS 33,74,75). In the following sec-
tions, viral and non-viral genome-editing systems will be 
discussed in greater detail, and specific examples from 
the recent literature of in vitro, ex vivo and in vivo delivery 
will be provided.

Viral delivery of genome-editing systems
Viral vectors are commonly used to transfer genes into 
cells and/or tissue. Refined vector systems, improved 
production methods, enhanced transduction efficiency 
and better safety profiles have been achieved during the 
past decade11. Retroviral vectors, adenoviral vectors and 
AAV vectors have been extensively studied in preclini-
cal models, and they have been tested in several clinical 
trials11. Viral vector systems may provide useful tools to 
deliver genome-editing systems for both research and 
clinical applications in vitro, ex vivo and in vivo.

In vitro and ex vivo approaches
The key properties of the three most frequently used viral 
systems for in vitro and ex vivo genome-editing appli-
cations, integrase-defective lentiviral vectors (IDLVs;  
a type of retroviral vector), AAVs and adenoviruses, are 
presented in TABLE 1. Below, we discuss their application 
for generating gene-edited HSCs and T cells for genetic 
diseases, viral infections and cancer.

Integrase-defective lentiviral vectors. IDLVs have been 
used to deliver both ZFNs and donor templates in vitro76. 
The IDLV genome remains mostly episomal and gradu-
ally diminishes by dilution in dividing cells, leading to 
the short-lived expression of ZFNs76. IDLV-mediated 
delivery can produce significant gene editing in various 
types of cells, including HEK293T cells or Epstein–Barr 
virus-transformed B lymphocytes76. However, for CD34+ 
haematopoietic stem and progenitor cells (HSPCs), the 
ratio of gene addition at the C‑C chemokine receptor 5 
(CCR5) site was low: ~0.1% of total cells76. Subsequently, 
an average of 6% gene addition was achieved in HSPCs 
at either a mutational hotspot of interleukin‑2 recep-
tor subunit gamma (IL2RG) or the adeno-associated 
virus integration site 1 (AAVS1)60. This increase in gene 

Table 1 | Characteristics of the three main types of viruses used for genome editing

Virus Genome Packaging 
capacity

Capsid 
diameter

Duration of 
expression

Immunogenicity Primary setting 
for genome 
editing

In vivo 
tropism

Refs

Integration-
deficient 
lentiviruses

Single-stranded 
RNA 
(non-integrating)

~8 kb ~100 nm Transient 
(depends on rate 
of cell division)

Low In vitro and  
ex vivo

Not 
applicable

139,140

Adeno- 
associated  
viruses

Single-stranded 
DNA 
(non-integrating)

~5 kb ~25 nm Long term 
(years) in 
quiescent cells*

Low In vitro, ex vivo 
and in vivo

Broad, 
serotype-
dependent‡

89, 
139,141

Adeno- 
viruses

Double-stranded 
DNA 
(non-integrating)

~8 kb or 
~36 kb 
(gutless)

~100 nm Long term 
(weeks to 
months)

High In vitro, ex vivo 
and in vivo

Primarily 
liver§

140,142

*Expression levels drop in proliferating cells. ‡Liver, brain, skeletal, kidney, retina, lung and vascular tissue. §Also demonstrated in muscle and the central nervous 
system.
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addition was achieved through the combination of 
IDLV infection to deliver donor template and electro-
poration of ZFN mRNA, as well as the optimization of 
the timing between the two deliveries and the culture 
conditions. Importantly, HSCs with corrected copies of 
IL2RG generated functional lymphoid cells with a growth 
advantage in an X‑linked severe combined immuno-
deficiency (SCID‑X1) mouse model, demonstrating  
therapeutic potential60.

Adenoviral and AAV vectors. Adenoviral and AAV 
vectors have also been investigated for their potential 
use in genome editing in vitro and ex vivo. For example, 
various methods of delivering ZFNs in HSCs have been 
compared, with efficacy (defined as the percentage of 
cells expressing the transgene and the mean intensity  
of transgene expression in each cell) reported in the 
following order (from most to least efficacious): mRNA 
electroporation, plasmid electroporation, adenoviral 
vector and IDLV60. Recently, edited HSPCs were gener-
ated by combining electroporation of ZFN mRNA with 
AAV6‑mediated delivery of the donor template77,78. 
Approximately 20–40% gene addition was achieved in 

HSPCs using AAV6 as the donor vehicle, an efficiency 
that was higher than that observed in a previous study 
that used an IDLV60,77,78. Another study showed that an 
adenoviral vector more efficiently expressed ZFNs in 
primary T cells than an IDLV79. In parallel, megaTAL, 
which combines a TALE DNA-binding domain with a 
sequence-specific homing endonuclease, was delivered in 
an mRNA format. Pairing megaTAL with AAV-mediated 
delivery of a CCR5‑targeting template achieved 8–60% 
rates of HDR in primary human T cells80. In addition to 
efficient delivery, the off-target effects of different viral 
vectors for delivering donor DNA will be a key consid-
eration when choosing an appropriate vector for specific 
applications. Protein-capped adenoviral vectors seem to 
exhibit greater specificity and accuracy than free-ended 
IDLVs and plasmid DNA donors in human cell lines81.

Applications of ex vivo gene editing. Because HSCs 
can generate all haematopoietic cell types, gene-edited 
HSCs could be used to treat a range of genetic blood 
disorders82. Moreover, modified primary T cells have 
become a promising tool for cancer immunotherapies83. 
T cells engineered to express synthetic chimeric antigen 

Box 1 | Principles of gene delivery vectors

Plasmids encoding genome editing-associated proteins must successfully transfect the nucleus of the cell for their genes 
to be transcribed and eventually translated. The cellular, endosomal and nuclear membranes all present physical barriers 
to entry; large, hydrophilic molecules such as DNA, RNA and proteins cannot efficiently pass through these hydrophobic 
membranes. Furthermore, the in vivo environment presents further complications to nucleic acid delivery: bare nucleic 
acid is subject to degradation by endogenous nucleases in the blood, could potentially activate the immune system as 
a foreign nucleic acid, and should preferably only transfect the targeted cell type. For these reasons, delivery vectors are 
often used to protect the nucleic acid or protein cargo via encapsulation, target a specific cell and shuttle the payload 
across membrane barriers.

Viral vectors. Three main classes of viruses, which have been reviewed extensively elsewhere11, have been engineered  
to deliver genetic material therapeutically: retroviruses, adenoviruses and adeno-associated viruses (AAVs).  
Retroviral vectors are characterized by replication via reverse transcription; for example, lentiviral vectors, a subclass of 
retroviral vectors, can integrate viral DNA into cells that do not undergo cell division, such as neurons or muscle cells. 
Adenoviral vectors merely deliver viral double-stranded DNA rather than incorporate it into the host cell genome, making 
them useful for applications requiring transient protein expression. AAV vectors are small, simple, episomal viruses capable 
of transducing both dividing and non-dividing cells with rare genomic integration136. In clinical trials, some viral vectors 
have demonstrated efficient gene delivery, but the history of viral gene therapy has also been plagued by serious safety 
concerns: in one study, 25% of patients treated with mouse Moloney retroviruses developed leukaemia137,138, and in another 
study a patient treated with adenovirus died of a massive inflammatory response to the vector. AAVs, which are 
nonpathogenic, hold promise as safe gene delivery vectors but the durability of expression in humans and their long-term 
effects require further investigation.

Non-viral vectors. Delivery vectors based on non-viral materials have the potential to be less toxic and immunogenic than 
viral vectors, but present their own set of delivery challenges. Negatively charged DNA and other nucleic acids can be 
electrostatically complexed to cationic materials to form nanoparticles that can subsequently be endocytosed by cells 
through various mechanisms, including receptor-mediated endocytosis and phagocytosis. The most successful classes of 
cationic materials used so far for nucleic acid delivery are naturally occurring and synthetic polymers (for example, 
polyethylenimine, cyclodextrin and poly(β-amino esters)) and lipids (for example, lipofectamine, rationally designed 
lipids and lipid-like materials discovered through combinatorial libraries). Ideally, any non-viral delivery material for 
genome editing should be well tolerated (biocompatible, non-immunogenic) and capable of delivering payloads to  
the nucleus.

Non-viral physical delivery (delivery without a vector). In some instances, delivery vectors are not necessary for genome 
editing. In ex vivo therapies, mechanical deformation or electroporation can create transient holes in cell membranes, 
allowing nucleic acids and proteins to enter the cell. For in vivo therapies, a high-volume, hydrodynamic tail-vein injection 
of naked nucleic acid can efficiently transfect hepatocytes in mice, but safety concerns over lethal acute side effects have 
limited hydrodynamic injection in humans. Nucleic acid can also be injected directly into the embryo or zygote, but 
genome editing in human embryos remains highly controversial. In light of these limitations, clinically translatable in vivo 
therapies for genome editing are likely to require a delivery vector.
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receptors (CARs) recognize specific epitopes on tumour 
cells83. CAR T cell immunotherapy has achieved pos-
itive therapeutic outcomes in clinical trials for mel-
anoma, leukaemia and lymphoma83. Despite these 
successes, CAR T cell therapy could be further improved 
by genome-editing tools. Currently, integrating viral 
vectors are applied to insert CARs into the genome to 
provide long-term effects. However, the semi-random 
pattern of vector integration has led to insertional muta
genesis events, raising safety concerns71. These concerns 
can be addressed by applying genome-editing tools to 
insert CARs specifically at a designated site, such as a 
safe harbour locus84. Moreover, genome-editing tools 
can increase the potency of tumour-specific T cells by 
knocking out the endogenous T cell receptor, which 
otherwise can dimerize with exogenous antitumour 
T cell receptors to decrease the specificity of recogni-
tion of the targeted epitope and thus decrease therapeu-
tic potency79,85. The potency of CAR T cells can also be 
dampened by immune-checkpoint blockade by binding 
to specific surface receptors on those cells, such as the 
well-studied programmed cell death protein 1 (PD1) 
receptor83. Genome-editing tools have therefore been 
used to delete PD1 in T cells, which resulted in enhanced 
T cell effector function86.

Currently, autologous T cells for immunotherapy 
are engineered ex vivo and then transferred back into 
patients86. However, such a personalized process is expen-
sive, and it can be difficult to generate high numbers of 
healthy T cells from a number of patients with cancer86. 
Genome-editing tools may be applied to allogeneic T cells 

to reduce the potential for immune rejection by knock-
ing out genes involved in immune surveillance, such as 
the human leukocyte antigen (HLA)87. These universal 
T cells may enable increased consistency, availability, 
potency and safety87,88. Alternatively, electroporation of 
mRNA encoding genome-editing nucleases and AAVs as 
the donor template has been reported to induce effective 
levels of HDR in human primary T cells89.

In vivo approaches
The potential of viral vectors to facilitate in vivo genome 
editing has been examined in several different model 
systems26,29,32,61,75,90,91. The nature and size of the nucle-
ase is one determinant in selecting an appropriate viral 
delivery system (TABLE 1).

ZFN systems. In the case of ZFN systems, the small size 
of ZFNs facilitates their packing into AAVs. The AAV 
serotype 8 delivery of ZFNs and donor template success-
fully induced gene targeting in the liver to genetically 
correct mutated blood coagulation factor IX (FIX)32. 
Importantly, this system resulted in a significant, sta-
ble improvement of disease phenotype in a neonatal 
haemophilia B mouse model. In a follow up study, the 
AAV-mediated delivery of ZFNs and corrective donor 
template with homology arms flanking the targeted 
locus enabled the production of FIX in adult haemo-
philic mice92. Interestingly, the same study92 also indi-
cated that substantial levels of genome editing can be 
achieved without such homology arms in the donor car-
ried by the AAV, indicative of NHEJ-mediated knock‑in.

Figure 3 | Physical methods used for delivery of genome-editing biomacromolecules. Physical methods can be used 
for genome editing to deliver biomacromolecules intracellularly without the use of nanoparticles. Microinjections in vitro, 
direct injection into the embryo or zygote ex vivo, or hydrodynamic injection in vivo can be performed. Alternatively, 
electroporation or mechanical deformation can create transient pores in the cellular membrane to facilitate the entry of 
biomacromolecules for genome editing. sgRNA, single guide RNA.
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A general strategy for replacing liver-directed secreted 
proteins was demonstrated using AAV-mediated deliv-
ery of donor template and ZFNs targeting the albumin 
gene locus93. Albumin is highly expressed in hepato-
cytes; therefore, integration into this locus enables high 
transcriptional activity of therapeutic genes. Long-term 
expression of therapeutic levels of factors VIII and IX 
was achieved in mouse models of haemophilia A and 
B, respectively. This approach may also be useful for the 
treatment of lysosomal enzyme deficiencies93.

CRISPR–Cas systems. Viral vectors have been investi-
gated for their potential to facilitate the in vivo delivery 
of CRISPR–Cas genome-editing systems. With a mini-
mal polyadenylation signal and a truncated version of 
the neuron-specific promoter, it has become possible 
to pack Streptococcus pyogenes Cas9 (SpCas9), the most 

commonly used Cas9, in an AAV vector75. Consequently, 
a dual-vector system was generated by packaging SpCas9 
and guide RNA expression cassettes into two separate 
viral vectors. The stereotactic injection of this dual- 
vector system into the mouse brain enabled the depletion 
of targeted proteins in postmitotic neurons75. Although 
it is technically feasible to package SpCas9 into an AAV 
vector, this approach limits the use of additional control 
elements. A split Cas9 system was developed by sepa-
rating SpCas9 into two fragments, followed by dimeri-
zation with a chemically inducible system94,95, enabling 
editing with reduced efficacy relative to the single pay-
load system. Cas9 from Staphylococcus aureus (SaCas9) 
is ~1 kb shorter than SpCas9 and can edit the mamma-
lian genome96. Using a thyroxine-binding globulin pro-
moter driving SaCas9 and its single guide RNA (sgRNA) 
expression cassette, these components can be packaged 

Figure 4 | Non-viral nanoparticles for delivery of genome-editing biomacromolecules. Two main classes of non-viral 
nanoparticles are made from cationic materials: lipids (part a) and polymers (part b). Such nanoparticles enable the facile 
complexation with, and encapsulation of, negatively charged nucleic acids or ribonucleoprotein complexes. Ionizable 
lipids C12-200 (REF. 73) and 8-O14B111 have been formulated into lipid nanoparticles encpasulating Cas9-encoding mRNA 
or ribonucleoprotein complexes. In addition, genome-editing biomacromolecules have been encapsulated into 
chitosan-coated PLGA nanoparticles110 and PEI-coated self-assembled DNA nanoparticles called ‘DNA nanoclews’ 
(REF. 69) PEI, polyethylenimine; PLGA, poly (lactic-co-glycolic) acid; sgRNA, single guide RNA; ZFN, zinc-finger nuclease. 
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Ribonucleoprotein
(RNP). Any biomacromolecule 
consisting of an RNA in 
complex with a protein.

into a single AAV vector. Injection of a hepatocyte-tropic 
AAV serotype 8 vector carrying an sgRNA targeting pro-
protein convertase subtilisin/kexin type 9 (PCSK9), the 
loss of which reduces low-density lipoprotein cholesterol 
levels, led to >40% indel formation at the Pcsk9 locus 
in the liver tissue96. This indel formation was accompa-
nied by a significant decrease in serum PCSK9 and total 
cholesterol96.

An adenoviral system has also been used to deliver 
SpCas9 and an sgRNA targeting PCSK9 (REF. 91). The 
indel rates in the liver were >50%, resulting in decreased 
plasma PCSK9 and cholesterol levels. Subsequently, this 
group used the same approach to target the human 
PCSK9 gene in the liver of humanized mice90. This study 
showed a similar rate of mutagenesis in human cells and 
reduced human PCSK9 protein levels, suggesting that 
humanized animals may provide a platform for the 
assessment of applications for somatic genome editing.

Duchenne muscular dystrophy, a severe muscle degen-
erative disease caused by defects in DMD, has been a major 
focus of genome-editing attempts. Because several regions 
of this protein are dispensable, exon-skipping strategies 
can benefit certain patients with this condition. Using 
adenovirus-mediated delivery30 or dual AAV vectors to 
deliver two sgRNAs and SaCas9 (REFS 28,29) or SpCas9 
(REF. 26), the mutated exon 23 of DMD was deleted, par-
tially restoring DMD expression in skeletal muscle and 
enhancing skeletal muscle function. Intravenous infusion 
of two AAVs, one expressing SaCas9 and the other carry-
ing a guide RNA and the DNA donor, into newborn mice 
reversed the mutations of the ornithine transcarbamyl-
ase gene in a substantial proportion of hepatocytes and 
increased survival of the animals97.

Non-viral delivery of genome-editing systems
Non-viral delivery methods have the potential to trans-
fer large genetic payloads10. Despite the rapid discovery 
and recent development of various synthetic vectors, only 
a small fraction of non-viral vectors and a few physical 
methods have been used in clinical stages of research10. 
Nevertheless, non-viral methods may provide unique 
advantages over viral vectors owing to their transient 
expression patterns and the potential for their repeated 
administration and improved efficacy.

In vitro and ex vivo approaches
Physical methods. One category of non-viral gene deliv-
ery systems for in vitro and ex vivo settings are those 
that use physical means to breach or deform the cellu-
lar membrane to facilitate biomacromolecule transfec-
tion. The most widely investigated physical transfection 
method is electroporation, in which an electrical pulse 
permits small molecules or macromolecules to enter 
cells. Current models of electroporation indicate that 
DNA associates with the destabilized membrane by con-
trolled electric fields, passes through the membrane and 
then enters the nucleus98 (FIG. 3).

Electroporation has also been investigated as a tool 
for ex vivo genome editing. For example, electroporation 
of Cas9 and two different sgRNA-encoding plasmids 
introduced significant gene deletion in HSPCs and 

in primary T cells63. Incubation of Cas9 protein with 
in vitro transcribed guide RNA forms a ribonucleoprotein  
(RNP) complex, and the electroporation of RNPs is 
reportedly superior to that of DNA. Compared to 
DNA, electroporation of RNPs resulted in higher effi-
ciency genome editing, decreased off-target effects and 
less cellular toxicity in human cell lines, pluripotent 
stem cells and primary T cells62,99. Electroporation 
of Cas9 mRNA and sgRNA was reported to result in 
modest gene editing, possibly due to the instability of 
unmodified sgRNA100. By contrast, partially chemically 
modified sgRNAs significantly increased the editing 
efficiency via co‑delivery with either Cas9 mRNA or 
protein100. Clinical-grade electroporators have been 
developed, making electroporation a suitable platform 
for genome-editing applications101.

In addition to electric fields, mechanical deformation 
of the cell can transiently disrupt the cellular membrane 
to facilitate macromolecule entry into cells65. Microfluidic 
devices can be engineered to feature a dimension smaller 
in length than the diameter of specific cells. This system 
induces cells to mechanically deform (squeeze) through 
the constricting channels and thus allow target materials 
to diffuse into cells through transient pores created in 
the cellular membrane65 (FIG. 3). Current data indicate 
that the engraftment efficiency of edited HSPCs through 
the ‘squeeze’ delivery of RNPs is significantly higher 
than electroporation and with less toxicity102. A separate 
study demonstrated mechanical deformation of cells for 
CRISPR-mediated efficient gene editing64.

Direct intracellular protein delivery has been achieved 
using a combination of hypertonicity-induced micro
pinocytosis and a transduction compound named pro-
panebetaine103. This method, termed iTOP, was used to 
induce the efficient transfection of proteins into a range 
of primary cells103. iTOP-mediated delivery of recombi-
nant Cas9 protein and guide RNA resulted in high levels 
of indel formation in cells103.

Nanoparticle-mediated delivery. In addition to physi-
cal delivery methods, non-viral synthetic lipid-based or 
polymer-based delivery vectors can be used to transfect 
cells in vitro and ex vivo (FIG. 4). Commercially available 
transfection reagents are routinely used for delivering 
DNA and RNA in cell culture10. Cationic liposomes 
that encapsulate nucleic acids have been used to deliver 
Cas9 and sgRNA-coding plasmids in mammalian cell 
lines57,104, in adult intestinal stem cells105 and in many 
other cell types (FIG. 4a). Cationic lipids in complex with 
RNPs or engineered negatively charged TALE proteins 
have been reported to provide higher gene-editing effi-
ciency than with nucleic acid complexes66,99. Conjugating 
TALEN or Cas9 proteins and sgRNAs to CPPs may 
facilitate intracellular delivery, and reportedly results 
in gene deletion at micromolar concentrations68,106. The 
efficiency of these described cationic lipid or CPP-based 
methods is often dependent on the type and status of the 
cell. The delivery of ZFNs without any delivery vectors 
was reported to disrupt endogenous genes in several 
cell lines and in primary CD4+ T cells107. One hypo
thesis for this result is that some ZFNs have intrinsic 
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Hydrodynamic injection
A rapid, high-volume 
intravenous infusion.

Monogenic
Under the control of a  
single gene.

cell-penetrating capabilities, although their effective 
concentration is at micromolar levels, a higher than  
desired dose66,107.

In vivo approaches
The delivery of genome-editing systems in vivo with 
a combination of viral, non-viral and physical methods 
has been reported.

Physical and combinational methods. The first demon-
stration of the use of CRISPR to facilitate the HDR 
repair of a disease gene in vivo and to rescue animals 
from a lethal phenotype was in hereditary tyrosinae-
mia33. In this proof‑of‑concept study, CRISPR and 
repair templates were delivered via hydrodynamic injec-
tion. Hydrodynamic injection induces transient tissue 
damage and its use in clinical trials has currently been 
limited owing to its toxicity and low transduction effi-
ciency108,109. Approximately 0.4% of hepatocytes were 
corrected, and this rate was sufficient to rescue hered-
itary tyrosinaemia33 because the repaired hepatocytes 
have a growth advantage over diseased cells. The long-
term expression of nuclease may increase the risk of 
off-target cleavage, genome instability and antigenicity 
to bacterial proteins. To address this challenge, and 
the potential toxicity associated with hydrodynamic 
injection, lipid nanoparticle-mediated delivery of Cas9 
mRNA was combined with an AAV encoding an sgRNA 
and the donor template73. In that study, HDR-mediated 
correction occurred in >6% of liver cells, which is 
15‑fold higher than that achieved with hydrodynamic 
injection73. Importantly, off-target nuclease activity was 
below the limit of detection using an unbiased genome-
wide analysis73. In addition to hydrodynamic injection, 
other physical methods have been used in vivo for 
genome editing. For example, electroporation-mediated  
transfection of Cas9 and guide RNA plasmid into skel-
etal muscles led to restored function of local tissue in a 
mouse model of Duchenne muscular dystrophy30.

Nanoparticle-mediated delivery. Polymeric nanoparticles  
have also been used to deliver genome-editing systems 
in vivo (FIG. 4b). Delivery of ZFNs was able to prolong the 
survival time of animals in a transgenic mouse model of 
surfactant protein B (SPB) deficiency110. In that study, 
the authors intratracheally delivered chitosan-coated  
poly(lactic-co‑glycolic) acid (PLGA) nanoparticles 
encapsulating ZFN mRNA and an AAV encoding a 
constitutive CAG promoter to target the site where 
the SPB cDNA was under the control of an inducible 
promoter110. Meanwhile, a polymer-based Cas9 protein 
delivery has been reported, in which the Cas9–sgRNA 
complex was loaded into DNA-based self-assembled 
nanoparticles called ‘DNA nanoclews’ coated with the 
cationic polymer polyethylenimine69. The potency of 
this polymeric DNA nanoclew nanoparticle-mediated 
delivery was reported in both model cell lines and in 
xenograft tumours69.

Another nanoparticle-mediated delivery approach 
involves fusing therapeutic proteins to negatively charged 
proteins, which facilitates the electrostatic-driven 

formation of complexes with cationic transfection rea-
gents66. Applying this concept, proteins of Cre or TALE 
transcription activators tagged with negatively charged 
GFP were first delivered into cells in vitro at nanomolar 
concentrations using lipofectamine66. Subsequently, 
local injections of Cas9–sgRNA and lipofectamine 
complexes were shown to efficiently induce genetic 
modifications of inner ear cells in vivo66. Injection of 
the lipid–Cre protein nanocomplexes into mouse brain 
cells in vivo induced gene recombination, which suggests 
that a similar method could be used for the delivery of 
Cas9–sgRNA complexes111.

Embryonic injection. Injection of genome-editing sys-
tems into animal embryos and zygotes has also been 
performed. One-step methods using CRISPR for the 
generation of experimental animals carrying multiple 
mutations have been developed112 and are now adopted 
in many transgenic cores to generate animal models for 
biomedical research. Microinjection of Cas9 mRNA and 
sgRNAs into one-cell mouse embryos produce a high 
frequency of postnatal mice carrying biallelic muta-
tions in one or multiple targeted genes112. Co‑injection 
of DNA donors with Cas9 mRNA and sgRNAs, gener-
ate reporter and conditional mutant mice58. The same 
strategy could be used in pets or farm animals for veter-
inary medicine or to eliminate endogenous retroviruses 
in pig embryos to produce a suitable non-human organ 
donor113. CRISPR–Cas9‑mediated gene editing in human 
embryos was performed and showed effective cleavage at 
the endogenous HBB locus (which encodes haemoglobin  
subunit-β) with detectable off-target cleavage114. Although 
such methods may have medical benefits under some 
circumstances, debate continues regarding the ethics  
of human embryonic gene editing115.

Current status of genome-editing clinical trials
Several ongoing clinical trials are evaluating ZFNs to 
target monogenic and infectious diseases, such as the 
modification of CCR5 for the treatment of HIV (TABLE 2). 
Sangamo BioSciences is currently evaluating the safety 
and tolerability of ZFN-mediated CCR5‑modified 
T cells in HIV-infected patients in a phase II trial116. In 
an earlier phase I trial, CD4+-enriched, CD3‑specific 
and CD28‑specific antibody activated T cells were 
transduced with a replication-deficient adenovirus 
encoding a ZFN targeting CCR5 (REFS 117,118). Within 
the limits of the phase I trial, the infusions of autologous 
CD4+ T cells with modified CCR5 were safe in patients, 
and partial acquired resistance to HIV infection was 
observed in a few patients118. In a separate clinical trial, 
ZFN mRNAs targeting CCR5 were delivered into T cells 
via electroporation119. This trial was initiated on the 
basis of preclinical studies showing higher efficiency 
and a better safety profile of ZFN mRNA delivery than 
IDLV and adenovirus60. Another phase I clinical pro-
gramme is reported to be investigating this approach 
for CCR5 in HSPCs120.

In addition to CCR5, clinical trials investigating the 
ZFN-mediated editing of other genes are underway 
(TABLE 2). For example, the AAV-mediated delivery of 
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a ZFN and the donor template to insert a correct copy 
of the factor IX gene into the albumin gene locus is 
currently being tested in a phase I trial in subjects with 
severe haemophilia B121. Using this same platform, 
Sangamo BioSciences aims to treat Hurler syndrome 
(also known as mucopolysaccharidosis I) by inducing 
the liver of the patient to produce a sufficient amount of 
corrective enzyme122.

At the time of writing this Review, companies such as 
CRISPR Therapeutics, Intellia Therapeutics and Editas 
Medicine were working to translate CRISPR–Cas9 tech-
nologies to human therapeutics. Intellia Therapeutics is 
using existing delivery technology, such as lipid nano-
particles, for the in vivo treatment of liver diseases such 
as transthyretin amyloidosis, α1-antitrypsin deficiency, 
hepatitis B virus and inborn errors of metabolism (see 
the Intellia Therapeutics website). Intellia Therapeutics 
is also developing ex vivo HSCs and CAR T cell pro-
grammes using electroporation-mediated delivery. 
Meanwhile, Editas Medicine is actively pursuing gene 
editing in the eye through AAV-mediated local delivery 
and is also targeting CAR T cells and potentially other 
disease areas (see the Editas Medicine website). CRISPR 
Therapeutics is evaluating both in vivo and ex vivo treat-
ments using the CRISPR–Cas9 system (see the CRISPR 
Therapeutics website), with potential targets for ex vivo 
treatment including haemoglobinopathies, immuno-
deficiencies and immune therapies. According to the 
information provided on CRISPR Therapeutic’s website, 
in vivo treatment may be explored for diseases in the 
liver, eye, lung and other organs.

Considerations for therapeutic genome editing
Genome editing has tremendous promise for both 
research and clinical applications. The ability to precisely 
modify the genome of living cells and tissues offers the 
potential to treat and perhaps even cure a range of impor-
tant diseases via the deletion of disease-prone sequences, 
the correction of mutations or the site-specific insertion 
of therapeutic genes. Gene editing can also be applied 
as an antiviral strategy to either remove viral genomes 
or knock out key genes involved in viral infection118. 
However, there are multiple factors that may influ-
ence clinical outcomes of therapeutic genome editing  
that require consideration.

A key issue for therapeutic genome-editing tech-
nologies is the potential for off-target effects. As a per-
manent genetic modification, off-target cleavage could 
introduce unwanted mutations and potential toxicity. 
For example, mutation of oncogenes, tumour suppres-
sors and DNA repair genes may lead to cancer, produc-
ing toxicity from a small number of mutated cells123. 
There have been several efforts to evaluate off-target 
effects42–47 and increase the specificity48–55 of genome-
editing systems. It is worth noting that this specificity 
may also be affected by the dosage47 and expression pat-
tern73 of genome-editing systems, as well as the number, 
type and stage of edited cells73.

It is important to understand the desired efficiency 
of genomic modification required to achieve significant 
clinical benefit. The treatment of highly penetrant mono-
genic diseases will be more straightforward than com-
plex, multigenic diseases, and each monogenic disease 

Table 2 | Clinical trials of genome editing

Drug Delivery system Gene target Disease Phase Status ClinicalTrials.gov 
identifier

Refs

SB‑318 rAAV2/6 (in vivo) IDUA Mucopolysaccharidosis I Phase I Not yet open NCT02702115 122

SB‑913 rAAV2/6 (in vivo) IDS Mucopolysaccharidosis II Phase I Not yet open NCT03041324 143

SB‑FIX rAAV2/6 (in vivo) F9 Haemophilia B Phase I Not yet open NCT02695160 121

SB‑728‑T Adenoviral delivery 
of ZFNs to T cells 
(ex vivo)

CCR5 HIV Phase I Completed NCT00842634 117,118

SB‑728‑T Adenoviral delivery 
of ZFNs to T cells 
(ex vivo)

CCR5 HIV Phase I/II Completed NCT01252641 144

SB‑728mR‑T mRNA delivery 
of ZFNs to T cells 
(ex vivo)

CCR5 HIV Phase I/II Ongoing NCT02225665 119

SB‑728mR‑HSPC mRNA delivery of 
ZFNs to CD34+ HSPCs 
(ex vivo)

CCR5 HIV Phase I Recruiting NCT02500849 120

SB‑509 Plasmid VEGFA Diabetes (type 1 
and, type 2), diabetic 
polyneuropathy

Phase II Terminated NCT01079325 145

SB‑509 Plasmid VEGFA Amyotrophic lateral 
sclerosis

Phase II Terminated NCT00748501 146

All trials listed in this table are sponsored by Sangamo Biosciences. CCR5, C-C chemokine receptor type 5; F9, factor IX; HSPCs, haematopoietic stem and 
progenitor cells; IDUA, leukocyte and plasma iduronidase; IDS, iduronate 2‑sulfatase; rAAV, recombinant adeno-associated virus; VEGFA, vascular endothelial 
growth factor A; ZFNs, zinc-finger nucleases. 
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may require various efficiencies of editing. For exam-
ple, restoration of 3–7% functional factor IX has been 
reported to reverse disease symptoms of haemophilia B32, 
whereas α1-antitrypsin deficiency may require >30% 
gene correction in the liver124. Currently, indel formation 
is more frequent than HDR repair, and obtaining high 
levels of HDR repair in vivo remains challenging32,73,125.

The nature of the cellular target can also affect the 
durability of genome editing-based therapies. At least 
5 years of clinical benefit was observed in an earlier 
CD34+ HSC gene therapy trial using a retroviral vector 
to treat Wiskott–Aldrich syndrome, an X‑linked, primary 
immunodeficiency71. Although the use of retroviral vec-
tors to transfer therapeutic genes is associated with a high 
risk of leukaemogenesis, the long-term effectiveness of 
HSC therapy was nonetheless demonstrated. It is antici-
pated that gene-edited HSCs would remain in the human 
body for a long period, thereby treating diseases such as 
SCID with a selective advantage relative to unedited cells. 
The expansion of gene-edited HSCs has been shown in 
rodent models, and therefore may provide a durable 
treatment for some diseases60. By contrast, editing mature 
airway epithelial cells may not provide a long-term clini-
cal benefit for lung diseases such as cystic fibrosis or SPB 
deficiency due to the rapid turnover rate of these cells in  
disease stages110.

Key to the broad implementation of genome-editing 
technologies is the need for safe and effective delivery 
methods. This delivery challenge differs from that fac-
ing classical gene replacement therapy, which requires 
long-term transgene expression, or RNAi therapy, which 
requires repeated dosing. In principle, the delivery of one 
or a limited number of doses of programmable nucleases, 
in a transient manner, could provide sufficient clinical 
benefits. However, multiple components must be deliv-
ered in the nucleus of one cell: for ZFNs and TALENs, it 
requires a pair of proteins; for CRISPR–Cas, it requires 
Cas protein and a guide RNA; and, for precise gene 
editing, it may also require an additional DNA donor 
template. Despite these challenges, there is growing evi-
dence to indicate that functional levels of genome edit-
ing can be obtained in a range of tissues using different  
approaches26,28–30,32,73,78,110,126.

IDLVs significantly reduce the risk of introduc-
ing insertional mutagenesis by abolishing its insertion 
mechanisms. IDLVs can deliver programmable nucle-
ases to various human cell types76. However, the IDLV 
genome is free-ended, double-stranded and can result 
in insertion at off-target sites or spontaneous DSBs. 
Both AAVs and IDLVs have been used to deliver donor 
templates, inducing HDR in cells127. The clinical devel-
opment of these systems will certainly include consider-
ation of off-target genetic modifications and approaches 
to reduce its risk. The non-viral delivery of program-
mable nucleases in mRNA or protein form offers sev-
eral potential advantages. First, non-viral delivery may 
enable more precise control of the duration of dosing 
than plasmid DNA or viral vectors because it avoids the 
transcription process. Second, concerns of long-term 
expression of programmable nuclease are diminished 
because proteins and mRNA are rapidly degraded and 

are not likely to integrate into the genome73. The limited 
exposure to programmable nuclease would decrease the 
risk of off-target effects, thereby minimizing potential 
side effects such as tumorigenesis73. Third, the immuno
genicity of adenoviruses and T cell responses to AAV 
capsids continue to increase risk and limit the opportu-
nity for multiple doses per patient11,61. These concerns 
are reduced with the use of non-viral delivery systems. 
It may be more desirable to perform repeated injections 
of non-viral nanoparticles than with AAVs in patients 
because of a potentially lower adaptive immune response 
against synthetic materials10. Nucleotide chemical mod-
ifications, which have been used for decreasing the 
immune response of therapeutically delivered small 
interfering RNA, hold potential to decrease the immune 
response for non-viral delivery of nucleic acid-based 
genome-editing tools10. In addition, viral nanoparticles 
engineered based on native viral structures could result 
in a reduced immune response128.

Many diseases requiring gene correction or addition 
may prove to be more difficult to treat than those bene-
fiting from gene inactivation. In most cases, HDR is less 
frequent than NHEJ and is largely restricted to cells at  
S/G2 phases129. Thus, the nature of HDR limits the dis-
eases requiring precise genome editing in postmitotic 
cells129. HDR-mediated small insertions or substitutions 
occur at a higher rate than large insertions130. Viral vec-
tors with single-stranded DNA may generate higher HDR 
rates than double-stranded DNA or plasmid DNA93,131.

Suppressing NHEJ moderately increases HDR in 
cells, although the safety of such strategies is currently 
unknown132,133. Optimization of the conditions of deliv-
ery (for example, the timing of providing the donor tem-
plate78, the format and dose of the donor template93,131 
and synchronization of the cell cycle40,63) may facilitate 
enhanced HDR. Further research into strategies to 
improve HDR efficiency will be important to address a 
broad range of diseases for in vivo applications.

Finally, a potentially important concern for clinical 
translation of genome-editing technologies is the immune 
response to the corrected genes. If a target gene has not 
been properly expressed in tissues due to gene deficiency, 
it is possible that the proteins produced by the correct copy 
could induce an adaptive immune response. For exam-
ple, ~30% of patients with haemophilia A who received 
protein therapy developed inhibitory antibodies134. The 
broad application of gene correction technologies may 
also require further investigation into the development of 
targeted tolerance135.

Conclusion
In summary, progress in the field of genome editing has 
been remarkable, and there is growing evidence to indi-
cate that the delivery of genome-editing materials can be 
achieved in vitro, ex vivo and in vivo in a range of tissues. 
Advances in both viral and non-viral delivery of macro-
molecules, as well as progress in understanding the nature 
and function of programmable nucleases, continue,  
and we are optimistic that the near future will include 
therapies whereby precise genome editing provides new 
therapeutic approaches for currently untreatable diseases.

R E V I E W S

NATURE REVIEWS | DRUG DISCOVERY	  ADVANCE ONLINE PUBLICATION | 11



1.	 Boycott, K. M., Vanstone, M. R., Bulman, D. E. & 
MacKenzie, A. E. Rare-disease genetics in the era of 
next-generation sequencing: discovery to translation. 
Nat. Rev. Genet. 14, 681–691 (2013).

2.	 Pharmaceutical Research and Manufacturers of 
America. Medicines In Development. Rare Diseases: 
A Report On Orphan Drugs In The Pipeline Presented 
By America’s Biopharmaceutical Research Companies. 
PhRMA.org http://phrma-docs.phrma.org/sites/
default/files/pdf/Rare_Diseases_2013.pdf (2013).

3.	 Elborn, J. S. Cystic fibrosis. Lancet 388, 2519–2531 
(2016).

4.	 Yang, Q. Small molecule therapy for genetic diseases. 
Yale J. Biol. Med. 85, 161–162 (2012).

5.	 O’Connor, T. P. & Crystal, R. G. Genetic medicines: 
treatment strategies for hereditary disorders.  
Nat. Rev. Genet. 7, 261–276 (2006).

6.	 Winkel, L. P. et al. Enzyme replacement therapy in 
late-onset Pompe’s disease: a three-year follow‑up. 
Ann. Neurol. 55, 495–502 (2004).

7.	 Srivastava, A. Dose and response in haemophilia — 
optimization of factor replacement therapy.  
Br. J. Haematol. 127, 12–25 (2004).

8.	 Holz, F. G., Schmitz-Valckenberg, S. & 
Fleckenstein, M. Recent developments in the 
treatment of age-related macular degeneration. 
J. Clin. Invest. 124, 1430–1438 (2014).

9.	 Gorzelany, J. A. & de Souza, M. P. Protein 
replacement therapies for rare diseases: a breeze for 
regulatory approval? Sci. Transl Med. 5, 178fs10 
(2013).

10.	 Yin, H. et al. Non-viral vectors for gene-based therapy. 
Nat. Rev. Genet. 15, 541–555 (2014).

11.	 Kay, M. A. State‑of‑the-art gene-based therapies: the 
road ahead. Nat. Rev. Genet. 12, 316–328 (2011).

12.	 Mansoor, M. & Melendez, A. J. Advances in antisense 
oligonucleotide development for target identification, 
validation, and as novel therapeutics. Gene Regul. 
Syst. Bio. 2, 275–295 (2008).

13.	 Castanotto, D. & Rossi, J. J. The promises and pitfalls 
of RNA-interference-based therapeutics. Nature 457, 
426–433 (2009).

14.	 Baum, C., Kustikova, O., Modlich, U., Li, Z. & Fehse, B. 
Mutagenesis and oncogenesis by chromosomal 
insertion of gene transfer vectors. Hum. Gene Ther. 
17, 253–263 (2006).

15.	 Herzog, R. W. Hemophilia gene therapy: caught 
between a cure and an immune response. Mol. Ther. 
23, 1411–1412 (2015).

16.	 Herzog, R. W., Davidoff, A. M., Markusic, D. M. & 
Nathwani, A. C. AAV vector biology in primates: 
finding the missing link? Mol. Ther. 19, 1923–1924 
(2011).

17.	 Wang, L. et al. AAV8‑mediated hepatic gene transfer 
in infant rhesus monkeys (Macaca mulatta).  
Mol. Ther. 19, 2012–2020 (2011).

18.	 Naldini, L. Gene therapy returns to centre stage. 
Nature 526, 351–360 (2015).

19.	 Doudna, J. A. & Charpentier, E. Genome editing. The 
new frontier of genome engineering with 
CRISPR‑Cas9. Science 346, 1258096 (2014).

20.	 Stoddard, B. L. Homing endonucleases: from microbial 
genetic invaders to reagents for targeted DNA 
modification. Structure 19, 7–15 (2011).

21.	 Urnov, F. D., Rebar, E. J., Holmes, M. C., Zhang, H. S. & 
Gregory, P. D. Genome editing with engineered zinc 
finger nucleases. Nat. Rev. Genet. 11, 636–646 
(2010).

22.	 Joung, J. K. & Sander, J. D. TALENs: a widely 
applicable technology for targeted genome editing. 
Nat. Rev. Mol. Cell Biol. 14, 49–55 (2013).

23.	 Rouet, P., Smih, F. & Jasin, M. Introduction of double-
strand breaks into the genome of mouse cells by 
expression of a rare-cutting endonuclease. Mol. Cell. 
Biol. 14, 8096–8106 (1994).

24.	 Lieber, M. R., Ma, Y., Pannicke, U. & Schwarz, K. 
Mechanism and regulation of human non-homologous 
DNA end-joining. Nat. Rev. Mol. Cell Biol. 4, 712–720 
(2003).

25.	 Isken, O. & Maquat, L. E. Quality control of eukaryotic 
mRNA: safeguarding cells from abnormal mRNA 
function. Genes Dev. 21, 1833–1856 (2007).

26.	 Long, C. et al. Postnatal genome editing partially 
restores dystrophin expression in a mouse model of 
muscular dystrophy. Science 351, 400–403 (2016).

27.	 Long, C. et al. Prevention of muscular dystrophy in 
mice by CRISPR/Cas9‑mediated editing of germline 
DNA. Science 345, 1184–1188 (2014).

28.	 Nelson, C. E. et al. In vivo genome editing improves 
muscle function in a mouse model of Duchenne 
muscular dystrophy. Science 351, 403–407 (2016).

29.	 Tabebordbar, M. et al. In vivo gene editing in 
dystrophic mouse muscle and muscle stem cells. 
Science 351, 407–411 (2016).

30.	 Xu, L. et al. CRISPR-mediated genome editing restores 
dystrophin expression and function in mdx mice. Mol. 
Ther. 24, 564–569 (2016).
References 26, 28, 29 and 30 demonstrate the use 
of viral vectors to correct disease-causing mutations 
in a mouse model of Duchenne muscular dystrophy.

31.	 Sadelain, M., Papapetrou, E. P. & Bushman, F. D. Safe 
harbours for the integration of new DNA in the human 
genome. Nat. Rev. Cancer 12, 51–58 (2012).

32.	 Li, H. et al. In vivo genome editing restores 
haemostasis in a mouse model of haemophilia. Nature 
475, 217–221 (2011).
This study is the first to demonstrate that 
ZFN-mediated gene correction can be achieved 
in vivo and reverse the disease phenotype.

33.	 Yin, H. et al. Genome editing with Cas9 in adult mice 
corrects a disease mutation and phenotype. Nat. 
Biotechnol. 32, 551–553 (2014).
This study is the first time to demonstrate that 
CRISPR can correct a disease mutation in vivo and 
reverse disease symptoms.

34.	 Oakes, B. L. et al. Multi-reporter selection for the 
design of active and more specific zinc-finger 
nucleases for genome editing. Nat. Commun. 7, 
10194 (2016).

35.	 Bhakta, M. S. et al. Highly active zinc-finger nucleases 
by extended modular assembly. Genome Res. 23, 
530–538 (2013).

36.	 Wilson, K. A. et al. Expanding the repertoire of target 
sites for zinc finger nuclease-mediated genome 
modification. Mol. Ther. Nucleic Acids 2, e88 (2013).

37.	 Shukla, V. K. et al. Precise genome modification in the 
crop species Zea mays using zinc-finger nucleases. 
Nature 459, 437–441 (2009).

38.	 Kim, H. & Kim, J.‑S. A guide to genome engineering 
with programmable nucleases. Nat. Rev. Genet. 15, 
321–334 (2014).

39.	 Kim, Y. et al. A library of TAL effector nucleases 
spanning the human genome. Nat. Biotechnol. 31, 
251–258 (2013).

40.	 Lin, S., Staahl, B. T., Alla, R. K. & Doudna, J. A. 
Enhanced homology-directed human genome 
engineering by controlled timing of CRISPR/Cas9 
delivery. eLife 3, e04766 (2015).

41.	 Hsu, P. D. et al. DNA targeting specificity of RNA-
guided Cas9 nucleases. Nat. Biotechnol. 31,  
827–832 (2013).

42.	 Gabriel, R. et al. An unbiased genome-wide analysis of 
zinc-finger nuclease specificity. Nat. Biotechnol. 29, 
816–823 (2011).

43.	 Sander, J. D. et al. In silico abstraction of zinc finger 
nuclease cleavage profiles reveals an expanded 
landscape of off-target sites. Nucleic Acids Res. 41, 
e181 (2013).

44.	 Tsai, S. Q. et al. GUIDE-seq enables genome-wide 
profiling of off-target cleavage by CRISPR-Cas 
nucleases. Nat. Biotechnol. 33, 187–197 (2015).

45.	 Frock, R. L. et al. Genome-wide detection of DNA 
double-stranded breaks induced by engineered 
nucleases. Nat. Biotechnol. 33, 179–186 (2015).

46.	 Kim, D. et al. Digenome-seq: genome-wide profiling of 
CRISPR‑Cas9 off-target effects in human cells.  
Nat. Methods 12, 237–243 (2015).

47.	 Wang, X. et al. Unbiased detection of off-target 
cleavage by CRISPR‑Cas9 and TALENs using 
integrase-defective lentiviral vectors. Nat. Biotechnol. 
33, 175–178 (2015).

48.	 Ran, F. A. et al. Double nicking by RNA-guided CRISPR 
Cas9 for enhanced genome editing specificity.  
Cell 154, 1380–1389 (2013).

49.	 Mali, P. et al. CAS9 transcriptional activators for 
target specificity screening and paired nickases for 
cooperative genome engineering. Nat. Biotechnol. 31, 
833–838 (2013).

50.	 Tsai, S. Q. et al. Dimeric CRISPR RNA-guided FokI 
nucleases for highly specific genome editing.  
Nat. Biotechnol. 32, 569–576 (2014).

51.	 Guilinger, J. P., Thompson, D. B. & Liu, D. R. Fusion of 
catalytically inactive Cas9 to FokI nuclease improves 
the specificity of genome modification. Nat. 
Biotechnol. 32, 577–582 (2014).

52.	 Fu, Y., Sander, J. D., Reyon, D., Cascio, V. M. & 
Joung, J. K. Improving CRISPR-Cas nuclease specificity 
using truncated guide RNAs. Nat. Biotechnol. 32, 
279–284 (2013).

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

54.	 Kleinstiver, B. P. et al. High-fidelity CRISPR‑Cas9 
nucleases with no detec table genome-wide off-target 
effects. Nature 529, 490–495 (2016).

55.	 Bolukbasi, M. F. et al. DNA-binding-domain fusions 
enhance the targeting range and precision of Cas9. 
Nat. Methods 12, 1150–1156 (2015)

56.	 Sollu, C. et al. Autonomous zinc-finger nuclease pairs 
for targeted chromosomal deletion. Nucleic Acids Res. 
38, 8269–8276 (2010).

57.	 Cong, L. et al. Multiplex genome engineering using 
CRISPR/Cas systems. Science 339, 819–823 (2013).

58.	 Yang, H. et al. One-step generation of mice carrying 
reporter and conditional alleles by CRISPR/Cas-
mediated genome engineering. Cell 154, 1370–1379 
(2013).

59.	 Senis, E. et al. CRISPR/Cas9‑mediated genome 
engineering: an adeno-associated viral (AAV) vector 
toolbox. Biotechnol. J. 9, 1402–1412 (2014).

60.	 Genovese, P. et al. Targeted genome editing in human 
repopulating haematopoietic stem cells. Nature 510, 
235–240 (2014).
This study demonstrates that gene-edited HSCs 
can sustain normal haematopoiesis.

61.	 Wang, D. et al. Adenovirus-mediated somatic genome 
editing of Pten by CRISPR/Cas9 in mouse liver in spite 
of Cas9‑specific immune responses. Hum. Gene Ther. 
26, 432–442 (2015).

62.	 Schumann, K. et al. Generation of knock‑in primary 
human T cells using Cas9 ribonucleoproteins. Proc. 
Natl Acad. Sci. USA 112, 10437–10442 (2015).

63.	 Mandal, P. K. et al. Efficient ablation of genes in 
human hematopoietic stem and effector cells using 
CRISPR/Cas9. Cell Stem Cell 15, 643–652 (2014).

64.	 Han, X. et al. CRISPR–Cas9 delivery to hard-to-
transfect cells via membrane deformation. Sci. Adv. 
1, e1500454 (2015).

65.	 Sharei, A. et al. A vector-free microfluidic platform for 
intracellular delivery. Proc. Natl Acad. Sci. USA 110, 
2082–2087 (2013).

66.	 Zuris, J. A. et al. Cationic lipid-mediated delivery of 
proteins enables efficient protein-based genome 
editing in vitro and in vivo. Nat. Biotechnol. 33, 
73–80 (2014).
This study reports that proteins fused to negatively 
charged domains can be intracellularly delivered by 
cationic lipids.

67.	 Liang, X. et al. Rapid and highly efficient mammalian 
cell engineering via Cas9 protein transfection. 
J. Biotechnol. 208, 44–53 (2015).

68.	 Ramakrishna, S. et al. Gene disruption by cell-
penetrating peptide-mediated delivery of Cas9 protein 
and guide RNA. Genome Res. 24, 1020–1027 (2014).

69.	 Sun, W. et al. Self-assembled DNA nanoclews for the 
efficient delivery of CRISPR‑Cas9 for genome editing. 
Angew. Chem. Int. Ed. 54, 12029–12033 (2015).

70.	 Morris, E. C. & Stauss, H. J. Optimizing T cell receptor 
gene therapy for hematologic malignancies. Blood 
127, 3305–3311 (2016).

71.	 Braun, C. J. et al. Gene therapy for Wiskott–Aldrich 
syndrome — long-term efficacy and genotoxicity.  
Sci. Transl Med. 6, 227ra33 (2014).

72.	 Bankiewicz, K. S. et al. Long-term clinical 
improvement in MPTP-lesioned primates after gene 
therapy with AAV-hAADC. Mol. Ther. 14, 564–570 
(2006).

73.	 Yin, H. et al. Therapeutic genome editing by combined 
viral and non-viral delivery of CRISPR system 
components in vivo. Nat. Biotechnol. 34, 328–333 
(2016).
This study reports that a combination of lipid 
nanoparticles encapsulating Cas9 mRNA with an 
AAV encoding a repair donor and an sgRNA 
induces efficient repair of a disease gene in vivo.

74.	 Yin, H. et al. RNAi-nanoparticulate manipulation of 
gene expression as a new functional genomics tool in 
the liver. J. Hepatol. 64, 899–907 (2016).

75.	 Swiech, L. et al. In vivo interrogation of gene function 
in the mammalian brain using CRISPR‑Cas9. Nat. 
Biotechnol. 33, 102–106 (2014).

76.	 Lombardo, A. et al. Gene editing in human stem 
cells using zinc finger nucleases and integrase-
defective lentiviral vector delivery. Nat. Biotechnol. 
25, 1298–1306 (2007).

77.	 De Ravin, S. S. et al. Targeted gene addition in human 
CD34 hematopoietic cells for correction of X‑linked 
chronic granulomatous disease. Nat. Biotechnol. 34, 
424–429 (2016).

78.	 Wang, J. et al. Homology-driven genome editing in 
hematopoietic stem and progenitor cells using ZFN 
mRNA and AAV6 donors. Nat. Biotechnol. 33, 
1256–1263 (2015).

R E V I E W S

12 | ADVANCE ONLINE PUBLICATION	 www.nature.com/nrd

http://phrma-docs.phrma.org/sites/default/files/pdf/Rare_Diseases_2013.pdf
http://phrma-docs.phrma.org/sites/default/files/pdf/Rare_Diseases_2013.pdf


79.	 Provasi, E. et al. Editing T cell specificity towards 
leukemia by zinc finger nucleases and lentiviral gene 
transfer. Nat. Med. 18, 807–815 (2012).

80.	 Sather, B. D. et al. Efficient modification of CCR5 in 
primary human hematopoietic cells using a megaTAL 
nuclease and AAV donor template. Sci. Transl Med. 7, 
307ra156 (2015).

81.	 Holkers, M. et al. Adenoviral vector DNA for accurate 
genome editing with engineered nucleases.  
Nat. Methods 11, 1051–1057 (2014).

82.	 Weissman, I. L. & Shizuru, J. A. The origins of the 
identification and isolation of hematopoietic stem 
cells, and their capability to induce donor-specific 
transplantation tolerance and treat autoimmune 
diseases. Blood 112, 3543–3553 (2008).

83.	 Khalil, D. N., Smith, E. L., Brentjens, R. J. & 
Wolchok, J. D. The future of cancer treatment: 
immunomodulation, CARs and combination 
immunotherapy. Nat. Rev. Clin. Oncol. 13, 273–290 
(2016).

84.	 DeKelver, R. C. et al. Functional genomics, proteomics, 
and regulatory DNA analysis in isogenic settings using 
zinc finger nuclease-driven transgenesis into a safe 
harbor locus in the human genome. Genome Res. 20, 
1133–1142 (2010).

85.	 Cohen, C. J. et al. Enhanced antitumor activity of 
T cells engineered to express T‑cell receptors with 
a second disulfide bond. Cancer Res. 67, 3898–3903 
(2007).

86.	 Beane, J. D. et al. Clinical scale zinc finger nuclease-
mediated gene editing of PD‑1 in tumor infiltrating 
lymphocytes for the treatment of metastatic 
melanoma. Mol. Ther. 23, 1380–1390 (2015).

87.	 Torikai, H. et al. Toward eliminating HLA class I 
expression to generate universal cells from allogeneic 
donors. Blood 122, 1341–1349 (2013).

88.	 Frederickson, R. M. A new era of innovation for CAR 
T‑cell therapy. Mol. Ther. 23, 1795–1796 (2015).

89.	 Wang, J. et al. Highly efficient homology-driven 
genome editing in human T cells by combining zinc-
finger nuclease mRNA and AAV6 donor delivery. 
Nucleic Acids Res. 44, e30 (2016).

90.	 Wang, X. et al. CRISPR‑Cas9 targeting of PCSK9 in 
human hepatocytes in vivo. Arterioscler. Thromb. 
Vasc. Biol. 36, 783–786 (2016).

91.	 Ding, Q. et al. Permanent alteration of PCSK9 with 
in vivo CRISPR‑Cas9 genome editing. Circ. Res. 115, 
488–492 (2014).

92.	 Anguela, X. M. et al. Robust ZFN-mediated genome 
editing in adult hemophilic mice. Blood 122, 
3283–3287 (2013).

93.	 Sharma, R. et al. In vivo genome editing of the 
albumin locus as a platform for protein replacement 
therapy. Blood 126, 1777–1784 (2015).

94.	 Zetsche, B., Volz, S. E. & Zhang, F. A split‑Cas9 
architecture for inducible genome editing and 
transcription modulation. Nat. Biotechnol. 33, 139–142 
(2015).

95.	 Wright, A. V. et al. Rational design of a split‑Cas9 
enzyme complex. Proc. Natl Acad. Sci. USA 112, 
2984–2989 (2015).

96.	 Ran, F. A. et al. In vivo genome editing using 
Staphylococcus aureus Cas9. Nature 520, 186–191 
(2015).
This study characterizes smaller Cas9 orthologues, 
and packages one orthologue and a guide RNA 
into a single AAV vector to perform in vivo editing.

97.	 Yang, Y. et al. A dual AAV system enables the 
Cas9‑mediated correction of a metabolic liver disease in 
newborn mice. Nat. Biotechnol. 34, 334–338 (2016).
This study uses dual AAV vectors to deliver Cas9, 
a guide RNA and a template DNA to efficiently 
correct a mutation in the liver.

98.	 Rols, M. P. Mechanism by which electroporation 
mediates DNA migration and entry into cells and 
targeted tissues. Methods Mol. Biol. 423, 19–33 
(2008).

99.	 Kim, S., Kim, D., Cho, S. W., Kim, J. & Kim, J. S. Highly 
efficient RNA-guided genome editing in human cells 
via delivery of purified Cas9 ribonucleoproteins. 
Genome Res. 24, 1012–1019 (2014).

100.	Hendel, A. et al. Chemically modified guide RNAs 
enhance CRISPR-Cas genome editing in human 
primary cells. Nat. Biotechnol. 33, 985–989 (2015).
This study reports that chemical modification of 
sgRNA enhances genome-editing efficiency in 
primary cells and stem cells.

101.	Derdelinckx, J., Berneman, Z. N. & Cools, N. GMP-
grade mRNA electroporation of dendritic cells for 
clinical use. Methods Mol. Biol. 1428, 139–150 
(2016).

102.	DiTommaso, T., Gilbert, J., Bernstein, H. & 
Sharei, A. Vector free genome editing of immune 
cells for cell therapy. Mol. Ther. 24 (Suppl. 1), S229 
(2016).

103.	D’Astolfo, D. S. et al. Efficient intracellular delivery 
of native proteins. Cell 161, 674–690 (2015).

104.	Mali, P. et al. RNA-guided human genome 
engineering via Cas9. Science 339, 823–826 
(2013).

105.	Schwank, G. et al. Functional repair of CFTR by 
CRISPR/Cas9 in intestinal stem cell organoids of 
cystic fibrosis patients. Cell Stem Cell 13, 653–658 
(2013).

106.	Liu, J., Gaj, T., Patterson, J. T., Sirk, S. J. & 
Barbas, C. F. III. Cell-penetrating peptide-mediated 
delivery of TALEN proteins via bioconjugation for 
genome engineering. PLoS ONE 9, e85755 
(2014).

107.	Gaj, T., Guo, J., Kato, Y., Sirk, S. J. & Barbas, C. F. III. 
Targeted gene knockout by direct delivery of zinc-
finger nuclease proteins. Nat. Methods 9, 805–807 
(2012).

108.	Liu, F., Song, Y. & Liu, D. Hydrodynamics-based 
transfection in animals by systemic administration 
of plasmid DNA. Gene Ther. 6, 1258–1266 
(1999).

109.	Khorsandi, S. E. et al. Minimally invasive and selective 
hydrodynamic gene therapy of liver segments in the 
pig and human. Cancer Gene Ther. 15, 225–230 
(2008).

110.	Mahiny, A. J. et al. In vivo genome editing using 
nuclease-encoding mRNA corrects SP‑B deficiency. 
Nat. Biotechnol. 33, 584–586 (2015).

111.	Wang, M. et al. Efficient delivery of genome-
editing proteins using bioreducible lipid 
nanoparticles. Proc. Natl Acad. Sci. USA 113, 
2868–2873 (2016).

112.	Wang, H. et al. One-step generation of mice 
carrying mutations in multiple genes by CRISPR/
Cas-mediated genome engineering. Cell 153, 
910–918 (2013).

113.	Yang, L. et al. Genome-wide inactivation of porcine 
endogenous retroviruses (PERVs). Science 350, 
1101–1104 (2015).

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

115.	Baltimore, B. D. et al. A prudent path forward for 
genomic engineering and germline gene modification. 
Science 348, 36–38 (2015).

116.	US National Library of Medicine. ClinicalTrials.gov 
https://clinicaltrials.gov/ct2/show/NCT01543152 
(2016).

117.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT00842634 
(2016).

118.	Tebas, P. et al. Gene editing of CCR5 in autologous 
CD4 T cells of persons infected with HIV. N. Engl. 
J. Med. 370, 901–910 (2014).
This study tests the safety and feasibility of ZFNs 
targeting CCR5 in patients.

119.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT02225665 
(2015).

120.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT02500849 
(2016).

121.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT02695160 
(2016).

122.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT02702115 
(2016).

123.	Xue, W. et al. CRISPR-mediated direct mutation of 
cancer genes in the mouse liver. Nature 514,  
380–385 (2014).

124.	Mueller, C. et al. Sustained miRNA-mediated 
knockdown of mutant AAT with simultaneous 
augmentation of wild-type AAT has minimal effect on 
global liver miRNA profiles. Mol. Ther. 20, 590–600 
(2012).

125.	Chapman, J. R., Taylor, M. R. & Boulton, S. J. Playing 
the end game: DNA double-strand break repair 
pathway choice. Mol. Cell 47, 497–510 (2012).

126.	Wu, W. H. et al. CRISPR repair reveals causative 
mutation in a preclinical model of retinitis pigmentosa. 
Mol. Ther. 24, 1388–1394 (2016).

127.	Miller, D. G., Petek, L. M. & Russell, D. W. Human 
gene targeting by adeno-associated virus vectors is 
enhanced by DNA double-strand breaks. Mol. Cell. 
Biol. 23, 3550–3557 (2003).

128.	Koudelka, K. J., Pitek, A. S., Manchester, M. & 
Steinmetz, N. F. Virus-based nanoparticles as 
versatile nanomachines. Annu. Rev. Virol. 2, 
379–401 (2015).

129.	Heyer, W. D., Ehmsen, K. T. & Liu, J. Regulation of 
homologous recombination in eukaryotes. Annu. 
Rev. Genet. 44, 113–139 (2010).

130.	Moehle, E. A. et al. Targeted gene addition into 
a specified location in the human genome using 
designed zinc finger nucleases. Proc. Natl Acad. Sci. 
USA 104, 3055–3060 (2007).

131.	Chen, F. et al. High-frequency genome editing using 
ssDNA oligonucleotides with zinc-finger nucleases. 
Nat. Methods 8, 753–755 (2011).

132.	Maruyama, T. et al. Increasing the efficiency of 
precise genome editing with CRISPR‑Cas9 by 
inhibition of nonhomologous end joining.  
Nat. Biotechnol. 33, 538–542 (2015).

133.	Chu, V. T. et al. Increasing the efficiency of 
homology-directed repair for CRISPR‑Cas9‑induced 
precise gene editing in mammalian cells.  
Nat. Biotechnol. 33,  
543–548 (2015).

134.	High, K. H., Nathwani, A., Spencer, T. & Lillicrap, D. 
Current status of haemophilia gene therapy. 
Haemophilia 20 (Suppl. 4), 43–49 (2014).

135.	Doerfler, P. A. et al. Targeted approaches to induce 
immune tolerance for Pompe disease therapy.  
Mol. Ther. Methods Clin. Dev. 3, 15053 (2016).

136.	Gaj, T., Epstein, B. E. & Schaffer, D. V. Genome 
engineering using adeno-associated virus: basic and 
clinical research applications. Mol. Ther. 24,  
458–464 (2016).

137.	Hacein-Bey-Abina, S. et al. LMO2‑associated clonal 
T cell proliferation in two patients after gene 
therapy. Science 302, 415–419 (2003).

138.	Cavazzana-Calvo, M. et al. Gene therapy of human 
severe combined immunodeficiency (SCID)-X1 
disease. Science 288, 669–672 (2000).

139.	Chen, X., Gonçalves, M. A. et al. Engineered viruses 
as genome editing devices. Mol. Ther. 3, 447–457 
(2016).

140.	Waehler, R., Russell, S. J. & Curiel, D. T. Engineering 
targeted viral vectors for gene therapy. Nat. Rev. 
Genet. 8, 573–587 (2007).

141.	Zincarelli, C., Soltys, S., Rengo, G. & 
Rabinowitz, J. E. Analysis of AAV serotypes 1–9 
mediated gene expression and tropism in mice after 
systemic injection. Mol. Ther. 302, 1073–1080 
(2008).

142.	Bouard, D., Alazard-Dany, D.,Cosset, F. L.,et al. 
Viral vectors: from virology to transgene expression. 
Br. J. Pharmacol. 157, 153–165 (2000).

143.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT03041324 
(2017).

144.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT01252641 
(2015).

145.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT01079325 
(2016).

146.	US National Library of Medicine. ClinicalTrials.gov 
http://www.clinicaltrials.gov/ct2/show/NCT00748501 
(2012).

Acknowledgements
H.Y., K.J.K. and D.G.A. acknowledge funding from the Koch 
Institute Marble Center for Cancer Nanomedicine and the 
Cancer Center Support (core) Grant P30‑CA14051. H.Y. is 
supported by Skoltech Center. The authors apologize to those 
authors whose work was not cited directly owing to space 
limitations.

Competing interests statement
The authors declare competing interests: see Web version for 
details.

FURTHER INFORMATION
ClinicalTrials.gov: https://clinicaltrials.gov
CRISPR Therapeutics: http://crisprtx.com
Editas Medicine: http://www.editasmedicine.com
Intellia Therapeutics: http://www.intelliatx.com
Ionis Pharmaceuticals’ pipeline: http://www.ionispharma.
com/pipeline
OMIM Gene Map Statistics: http://www.omim.org/statistics/
geneMap
Orphanet: http://www.orpha.net/consor/cgi-bin/index.
php?lng=EN

R E V I E W S

NATURE REVIEWS | DRUG DISCOVERY	  ADVANCE ONLINE PUBLICATION | 13

https://clinicaltrials.gov/ct2/show/NCT01543152
http://www.clinicaltrials.gov/ct2/show/NCT00842634
http://www.clinicaltrials.gov/ct2/show/NCT02225665
http://www.clinicaltrials.gov/ct2/show/NCT02500849
http://www.clinicaltrials.gov/ct2/show/NCT02695160
http://www.clinicaltrials.gov/ct2/show/NCT02702115
http://www.clinicaltrials.gov/ct2/show/NCT03041324
http://www.clinicaltrials.gov/ct2/show/NCT01252641
http://www.clinicaltrials.gov/ct2/show/NCT01079325
http://www.clinicaltrials.gov/ct2/show/NCT00748501
http://www.nature.com/nrd/journal/vaop/ncurrent/full/nrd.2016.280.html#affil-auth
https://clinicaltrials.gov
http://crisprtx.com
http://www.editasmedicine.com
http://www.intelliatx.com
http://www.ionispharma.com/pipeline
http://www.ionispharma.com/pipeline
http://www.omim.org/statistics/geneMap
http://www.omim.org/statistics/geneMap
http://www.orpha.net/consor/cgi-bin/index.php?lng=EN
http://www.orpha.net/consor/cgi-bin/index.php?lng=EN

	Abstract | With the recent development of CRISPR technology, it is becoming increasingly easy to engineer the genome. Genome-editing systems based on CRISPR, as well as transcription activator-like effector nucleases (TALENs) and zinc-finger nucleases (ZF
	Figure 1 | The mechanisms of genome editing and DSB repair. Zinc-finger nuclease (ZFN), transcription activator-like effector (TALE) nuclease (TALEN) and CRISPR–Cas systems can induce double-strand breaks (DSBs) in DNA. One of two mechanisms repairs the D
	Genome-editing platforms
	Delivery of biomacromolecules
	Figure 2 | Barriers to delivery of genome-editing components. Genome-editing biomacromolecules (DNA, mRNA, single guide RNA (sgRNA) and/or protein) or nanoparticles containing these biomacromolecules must first avoid extracellular barriers. These barriers
	Table 1 | Characteristics of the three main types of viruses used for genome editing
	Viral delivery of genome-editing systems
	Box 1 | Principles of gene delivery vectors
	Figure 3 | Physical methods used for delivery of genome-editing biomacromolecules. Physical methods can be used for genome editing to deliver biomacromolecules intracellularly without the use of nanoparticles. Microinjections in vitro, direct injection in
	Figure 4 | Non-viral nanoparticles for delivery of genome-editing biomacromolecules. Two main classes of non-viral nanoparticles are made from cationic materials: lipids (part a) and polymers (part b). Such nanoparticles enable the facile complexation wit
	Non-viral delivery of genome-editing systems
	Current status of genome-editing clinical trials
	Table 2 | Clinical trials of genome editing
	Considerations for therapeutic genome editing
	Conclusion



