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Review Article

Gene therapy has provided treatment options for diseases that 
are beyond the reach of traditional approaches. Since 2016, between the 
European Medicines Agency (EMA) and the U.S. Food and Drug Adminis-

tration (FDA), six gene therapy products have been approved: two chimeric antigen 
receptor T-cell products for B-cell cancers and four additional products for serious 
monogenic disorders, including β-thalassemia, a rare form of vision loss, spinal 
muscular atrophy, and a rare form of primary immunodeficiency. The first proofs 
of gene therapy are thus now market-approved pharmaceuticals. With more than 
800 cell- and gene-therapy programs now in clinical development, including for 
previously untreatable diseases such as Duchenne’s muscular dystrophy and Hun-
tington’s disease, it seems likely that more therapies will follow. Here, we review 
the field as it stands today, with a focus on monogenic diseases (see the interactive 
graphic, available at NEJM.org).

B a sic Pr inciples

The goal of gene therapy for genetic diseases is to achieve durable expression of 
the therapeutic gene or “transgene” at a level sufficient to ameliorate or cure dis-
ease symptoms with minimal adverse events. There are two basic strategies: an 
integrating vector is introduced into a precursor or stem cell so that the gene is 
passed to every daughter cell (the vector is designed to integrate at one or more 
loci in the patient’s chromosomes) or the gene is delivered in a nonintegrating 
vector to a long-lived postmitotic or slowly dividing cell, ensuring the expression 
of that gene for the life of the cell. In the latter case, integration of the therapeu-
tic DNA into chromosomes of the patient’s cells is not required; instead, the 
transferred DNA is stabilized extrachromosomally. Transduction of stem cells is 
generally an ex vivo process and requires an integrating vector, whereas delivery 
to long-lived postmitotic cells is usually achieved through in vivo gene delivery.

Ex Vivo, In Vivo

For ex vivo transduction, cells are extracted from the patient and transduced with 
the gene of interest, and then the cells are returned to the patient in procedures 
such as those used in hematopoietic stem-cell transplantation (although in this 
case, the transplant is made up of autologous genetically modified cells) (Fig. 1). 
This approach requires a gene-delivery vehicle (or vector), the DNA that makes up the 
gene itself, and a technically sophisticated facility for processing the cells. In con-
trast, in vivo gene delivery resembles the delivery of other types of pharmaceutical 
agents (Fig. 2). The vector–gene construct is stored frozen; it is then thawed and 
prepared by a pharmacist and is typically administered in an outpatient procedure.

Treating a genetic disease with gene therapy requires a great deal more than 
the identification of the etiologic gene. The transgene (or its protein product) must 
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be delivered to the physiologically relevant target 
tissue or tissues, must be stably expressed, and 
must not interfere with the functional integrity 
of those cells.

 Safety

Before any clinical experience with gene therapy 
had been gained, investigators identified poten-
tial theoretical risks (Table 1). Clinical data have 
reshaped and reprioritized these risks, and it is 
now clear that the major risks of integrating vec-
tors (e.g., retroviral vectors) arise from their 
potential for insertional mutagenesis, in which 
the vector inserts into the DNA of a cell and 
disrupts a functional element of that DNA, such 
as a gene.1-4 For vectors administered in vivo, the 

major risks arise from immune responses to the 
vectors, as discussed below.5-10,14,15 The risk of in-
sertional mutagenesis has been reduced or circum-
vented by production of safer (lentiviral) vectors, 
and the risk of an immune response has been 
reduced through use of adjuvant immunomodu-
latory drugs.16 These adjustments were driven by 
research guided by early failures or unexpected 
adverse events.6,17,18

Lentiviral and adeno-associated viral (AAV) 
vectors lack the capacity for ongoing replica-
tion. In theory, wild-type replication-competent 
virus could be reconstituted, or mobilized, if the 
vector and wild-type virus coinfect the same 
tissue or if replication-competent virus con-
taminates the vector preparation.19 Assays for 

Figure 1. Ex Vivo Delivery of Gene Therapy.

An example of ex vivo delivery of gene therapy is the treatment of β-thalassemia, involving gene transfer to hematopoietic stem and pro-
genitor cells (HSPCs). These cells are harvested from the bone marrow or from the mobilized peripheral blood of the patient, and CD34+ 
HSPCs are isolated with the use of affinity columns. The HSPCs are cultured ex vivo in the presence of growth factors, which allows the 
maintenance and expansion of self-renewing stem cells, and are then subjected to gene transfer with an integrating lentiviral vector encod-
ing the β-globin complementary DNA under the control of an erythroid-specific promoter. The patient receives a conditioning regimen 
that depletes the endogenous HSPCs from the bone marrow and creates space in the bone marrow niches for the ex vivo–engineered 
cells to engraft. The gene-corrected HSPCs are then reinfused intravenously and engraft in the bone marrow, where they self-renew and 
differentiate into all hematopoietic lineages. However, thanks to the vector design, expression of the β-globin gene is restricted to the 
erythroid lineage.
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replication-competent virus are therefore required 
for lot release.

 E x  V i vo Gene Ther a py

 Severe Combined Immunodeficiencies — 
Lessons Learned

In 2016, ex vivo gene therapy with hematopoi-
etic stem and progenitor cells (HSPCs) reached a 

milestone when the EMA approved an HSPC 
gene therapy, Strimvelis (Orchard Therapeu-
tics), for the treatment of adenosine deaminase 
(ADA)–deficient severe combined immunodefi-
ciency (SCID), a disease that is usually fatal in 
early childhood. The therapy consists of an infu-
sion of autologous HSPCs that are genetically 
modified with the use of a γ-retroviral vector to 
insert a functional copy of the gene ADA.20-22

Figure 2. In Vivo Delivery of Gene Therapy.

An example of in vivo gene therapy is the treatment of vision loss caused by loss-of-function variants in RPE65, which encodes an en-
zyme that converts all-trans-retinyl ester to 11-cis-retinol, part of the visual cycle that takes place in the retinal pigment epithelium. The 
gene is delivered within an adeno-associated viral (AAV) vector by injection beneath the neural retina, through vitrectomy followed by 
direct injection in an operative procedure. A false space (“bleb”) under the retina is created by injecting vector suspended in fluid, 
whereupon the vector transduces retinal pigment epithelial (RPE) cells. The transgene remains episomal; it does not integrate into the 
DNA of the cell.
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More than 20 years ago, the first ex vivo gene-
therapy studies of γ-retroviral vectors in children 
with ADA-deficient SCID were unsuccessful be-
cause of the low numbers of gene-corrected 
HSPCs.23,24 The success of the trial in which sus-
tained long-term ADA production and therapeu-
tic benefit were achieved rested on pretransplan-
tation cytoreductive conditioning with low-dose 
busulfan (allowing a higher level of engrafted 
gene-corrected stem cells) and the withholding 
of enzyme-replacement therapy, in order to favor 
expansion of the gene-corrected cells.20,21 This 
trial also showed long-term safety.22 Over the past 
decade, it has become clear that opening the 
bone marrow niches and creating spaces for the 
autologous genetically modified stem cells is nec-
essary in order to achieve long-term therapeutic 
benefits. Unfortunately, the chemotherapy need-
ed for bone marrow myeloablation has toxicity 
and increases the risk of secondary tumor devel-
opment or bone marrow failure. Alternative 
strategies, such as antibody-based conditioning, 
are currently under investigation.25,26

Another early approach to treating a different 
form of SCID27-29 involved the use of a γ-retroviral 
vector to force the expression of IL2RG (encoding 
the common gamma chain) in autologous HSPCs 
ex vivo, which, after transplantation back into the 
patients, resulted in the restoration of immune 
function, a clear demonstration of clinical effi-
cacy in gene therapy. Unfortunately, T-cell leuke-
mia developed in some of the trial participants, 
which led to treatment with high-dose chemo-
therapy and bone marrow transplantation,1,2 
thus prompting the search for safer vectors.30-33

Lentiviral vectors transduce hematopoietic cells 
in the quiescent G0 or G1 phase of the cell cycle 
at high efficiencies34 and have a safer integration 
pattern in the human genome than do the 
γ-retroviral vectors.35 However, clinical-scale pro-
duction of lentiviral vectors remains a challenge. 
Despite this difficulty, lentivirus-based ex vivo 
trials are ongoing for the treatment of primary 
immunodeficiencies, metabolic diseases, and 
genetic blood disorders.36-41

Thanks to the higher transduction efficiency 
of lentiviral vectors, gene-corrected HSPCs have 
been used in the treatment of adrenoleukodys-
trophy and metachromatic leukodystrophy. In 
these autosomal recessive lysosomal-storage dis-
eases, the gene-corrected cells migrate to the 
brain and “cross-correct” the cells containing Ta
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the mutated gene: the gene-corrected cells syn-
thesize and secrete the critical protein, which is 
then taken up and used by the genetically uncor-
rected cells. However, to reach therapeutic levels 
of gene transfer in the repopulating stem cells, 
full myeloablation, high viral copy number, or 
supraphysiologic expression of the transgene is 
required.38,39,42

Thalassemia and Sickle Cell Anemia

Gene therapy for the treatment of thalassemia 
and sickle cell anemia has been an elusive goal 
for more than three decades because of the com-
plex regulation of globin gene expression.43 Ini-
tial gene-transfer trials involving patients with 
severe β-thalassemia showed feasibility but no 
durable clinical benefit, because sufficient en-
graftment of gene-corrected stem cells did not 
occur in most of the patients, with the exception 
of one who had a dominant, myeloid-biased cell 
clone that led to transfusion independence.44,45

More recently, phase 1 and 2 trials of stem-
cell gene therapy, involving patients with β-thalas
semia, showed safety and a reduced frequency of 
transfusion.41,46 Clinical efficacy was correlated 
with gene-transfer efficacy, with the mean pro-
viral copy number in transduced cells, and with 
the dose of genetically corrected hematopoietic 
stem cells and was inversely correlated with the 
hemoglobin transfusion requirement. One of these 
two trials,41 as well as ongoing phase 3 studies 
of a vector encoding a variant βA-T87Q-globin gene, 
showed transfusion independence for up to 56 
months, which was considered durable; this led 
to conditional EMA approval of Zynteglo (Blue-
bird Bio) for patients 12 years of age or older 
with transfusion-dependent β-thalassemia who 
do not have a β0/β0 genotype.47 Four gene-
therapy trials targeting different genes and us-
ing different vectors for sickle cell anemia are on-
going (ClinicalTrials.gov numbers, NCT03282656, 
NCT02247843, NCT02186418, and NCT02151526).

In V i vo Gene Ther a py

In vivo gene-transfer studies, in which the vector 
is injected directly into the patient, have been 
performed for monogenic diseases with a range 
of gene-delivery vehicles; AAV vectors are used in 
most current studies. Recombinant AAV vector is 
engineered from a nonpathogenic, nonenveloped 
parvovirus. Vectors are generated by placing the 

therapeutic gene, driven by an appropriate pro-
moter, between two noncoding viral packaging 
signals (Fig. 2).48 The efficiency of packaging the 
transgene into the vector drops off precipitously 
with sequences longer than 5 kb, one of the few 
limitations of the AAV vector-delivery system.49 
The majority of the AAV vector DNA is main-
tained in the cell as a stable episome (it is not in-
tegrated into the patient’s genome). Thus, the risk 
of insertional mutagenesis for AAV vectors is low.

A red flag was raised when hepatocellular car-
cinoma developed in neonatal mice injected with 
high doses of AAV vector.50 Subsequent studies 
have shown that the risk of insertional mutagene
sis is dose-dependent and is increased in neona-
tal mice, in which rapid cell division in the liver 
is accompanied by relatively frequent chromo-
somal breaks, which are the preferred sites of 
AAV vector integration.51,52 Hepatocellular carci-
noma has not been observed in clinical studies, 
but experience with AAV vectors in infants is lim-
ited, and continued surveillance is warranted.

Early clinical studies identified the human im-
mune response as a barrier to systemic adminis-
tration of AAV-based therapies.6 Many people 
have been exposed to wild-type AAV and thus 
have both circulating antibodies to AAV and 
capsid-specific memory T cells.53,54 The develop-
ment of methods to circumvent neutralization by 
preexisting antibodies and to control cellular im-
mune responses has been key to successful wider 
clinical application.55

The first AAV vector commercial product and 
first gene therapy for genetic disease, alipogene 
tiparvovec (Glybera, uniQure), was approved by 
the EMA in 2012 for the treatment of recurrent 
or severe pancreatitis in persons with a rare ge-
netic lipid disorder, lipoprotein lipase deficiency. 
Owing to weak commercial uptake of the drug, 
the sponsor allowed the approval to lapse in 2017. 
Nonetheless, its approval established that an 
AAV-based product could meet regulatory require-
ments, which heightened interest in the develop-
ment of other AAV vector products (Table 2).

Vision Loss

More recently, both the FDA and the EMA have 
approved another AAV vector product, voretigene 
neparvovec-rzyl (Luxturna, Spark Therapeutics), 
for the treatment of a rare form of autosomal 
recessive blindness caused by mutations in 
RPE65, which encodes an enzyme critical to the 
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visual cycle. Without treatment, this disease even-
tually progresses to complete blindness in most 
affected persons, and many are visually im-
paired from birth.56 The retina is an attractive 
target for vector-mediated gene transfer, because 
it is a relatively “immunoprivileged” space (i.e., 
a tissue that can tolerate introduction of antigen 
without development of an inflammatory im-
mune response) and because low vector doses 
impose only a mild manufacturing burden. AAV 
vectors can be administered by means of injec-
tion beneath the neural retina in an outpatient 
surgical procedure (Fig. 2). Studies in a naturally 
occurring dog model of RPE65 deficiency showed 
convincing proof of concept (treatment-restored 
vision),57,58 and early-phase clinical testing by 
several groups showed evidence of improvement 
in vision.59-61 These studies formed the basis of a 
randomized, controlled phase 3 trial of gene 
therapy: patients who received the drug had im-
provement in functional vision and increases in 
full-field light sensitivity and visual field.62 Fol-
low-up at 4 years suggested that the effect was 
durable.63 However, other phase 1 and 2 trials 
documented only a transient effect, with loss of 
efficacy at time points as early as 1 year after 
vector injection.10,16,64 The approval of voretigene 
neparvovec-rzyl has fueled efforts to address 
other forms of congenital blindness with the use 
of a similar approach, and trials are now under 
way for a variety of inherited retinal dystro-
phies.65-68

Systemic Delivery, Hemophilia,  
and the Immune Response

Systemic intravascular administration of AAV 
vector to target the liver or other organs has 
resulted in positive clinical outcomes in several 
serious inherited diseases. An early trial of intra-
vascular administration of recombinant AAV vec-
tor involved men with severe hemophilia B. It 
defined the two major immunologic hurdles: 
preexisting antibodies to AAV, which are preva-
lent in 20 to 40% of the adult population, can 
neutralize the vector and thereby reduce efficacy; 
and a delayed cellular immune response to the 
AAV capsid, occurring 4 to 12 weeks after vector 
infusion, can result in destruction of the trans-
duced cells and loss of therapeutic efficacy.6 
Both problems stem from the fact that humans 
are natural hosts for wild-type AAV and thus may 
carry antibodies or memory T cells that arise 

from infections of the respiratory tract during 
childhood.

The first problem has been addressed in the 
short term by excluding patients with preexist-
ing antibodies from treatment: clearly, a better 
solution is needed. The clinical presentation of 
the delayed cellular immune response6 was an 
asymptomatic self-limited increase in amino-
transferase levels, accompanied by a gradual but 
complete loss of factor IX expression from the 
transgene. Testing of peripheral-blood mononu-
clear cells showed that they secreted interferon-γ 
in response to AAV capsid peptides, leading to 
the hypothesis that pharmacologic immunosup-
pression would permit a therapeutic effect be-
cause capsid-derived peptides should be present 
only transiently.6 This hypothesis was proved in 
a second trial, in which participants who had an 
increase in aminotransferase levels or a decrease 
in factor IX levels received a tapering course of 
glucocorticoids.69 Six participants who received 
an infusion of the highest dose tested had long-
term expression of factor IX and a 90% reduc-
tion in both bleeding episodes and factor IX us-
age over a 3-year observation period.70 The use of 
a high-specific-activity variant of factor IX71 in a 
subsequent trial permitted a smaller dose (one 
quarter the high dose used in the earlier trial) to 
be used and led to a much higher mean factor IX 
activity level and a lower frequency of immune 
responses,12 probably because the immune re-
sponse is dose-dependent.

Owing to the size limitation on the length of 
complementary DNA (cDNA) that can be incor-
porated into AAV vectors, clinical trials of gene 
therapy for hemophilia A, which is caused by 
mutated F8 (a very large gene), have taken longer 
to initiate. Clinical trials in progress make use 
of cDNA encoding a truncated form of factor 
VIII. One of these trials has recently yielded re-
sults: a report of the first nine patients indi-
cated that six of the seven men who received 
the highest dose of vector had factor VIII activ-
ity levels ranging from 12% to more than 200% 
at 20 weeks (with 50 to 150% representing a 
normal level of activity),7 but the levels declined 
over time (with follow-up over 3 years).72 The 
declining factor VIII levels, along with the pro-
pensity of factor VIII to misfold, which can lead 
to cell stress, have raised questions about ob-
taining a durable response in persons with he-
mophilia A. Nonetheless, a robust effect on the 
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annualized bleeding rate was found over 2 to 
3 years.

The safety data in all these studies has been 
encouraging. Vector-related findings, including 
the presence of vector DNA in body fluids, have 
been transient, and adverse events such as as-
ymptomatic transient increases in aminotrans-
ferase levels have generally responded to a taper-
ing course of glucocorticoids. Phase 3 trials of 
AAV vector–mediated gene transfer for hemo-
philia are now under way (NCT03370913, 
NCT03861273, and NCT03569891).

Spinal Muscular Atrophy

Another successful application of systemically 
administered AAV has been the treatment of 
spinal muscular atrophy, a disease caused by 
mutations in SMN1, which encodes the survival 
motor neuron protein. The disease is divided 
into four subtypes based on age at onset and 
severity. Spinal muscular atrophy type 1 is the 
most common genetic cause of death in infants. 
The median age at death or the need for me-
chanical ventilation for at least 16 hours per day 
for a period of at least 2 weeks is 10.5 months.73 
In 2016, the FDA approved the use of an anti-
sense oligonucleotide (nusinersen [Spinraza, Bio-
gen]) for the treatment of the disease. The drug 
requires repetitive intrathecal administration. In 
2017, the results of a single intravenous admin-
istration of an AAV9 vector expressing SMN1 in 
15 infants between 1 and 8 months of age were 
reported, and in 2019 the treatment was ap-
proved by the FDA.8,74 Although the transduction 
target is the spinal motor neuron, SMN1 is ubiqui-
tously expressed, and so the transduction of cells 
in other tissues may also be beneficial. All 15 
infants in the initial trial were alive and free 
of ventilator support at 20 months of age, and of 
the 12 children in the higher-dose cohort, 11 sat 
unassisted, 9 rolled over, and 11 fed orally and 
could speak. Two grade 4 adverse effects were 
reported, both of which were elevations in amino-
transferase levels (the most common adverse 
event caused by systemic administration of an 
AAV vector), which were alleviated by treatment 
with glucocorticoids. Expansion of the trials to 
more than 100 infants and children has gener-
ally confirmed these results. However, there have 
been two deaths, one related to progression of 
the underlying disease and the other with autopsy 
results still pending.75

Fu t ur e Consider ations

Two developments in the regulatory landscape 
support the continuing maturation of gene ther-
apy as a class of therapeutics. The first develop-
ment is the recent announcement by National 
Institutes of Health (NIH) Director Francis Col-
lins and former FDA Commissioner Scott Gott-
lieb that, after years of a dual review system involv-
ing both the NIH Recombinant DNA Advisory 
Committee and the FDA, gene-therapy investiga-
tional new drugs will be reviewed solely by the 
FDA, as is the case for other classes of therapeu-
tics.76 The other development is the issuance in 
2018 of six new draft guidance documents by 
the FDA Office of Tissue and Advanced Thera-
pies, which synthesize and codify approaches to 
multiple disease targets on the basis of the 
growing experience and consensus in the field 
regarding the best approaches in the preclinical, 
clinical, and manufacturing aspects of gene 
therapy.77

The cost of these treatments has been flagged 
as an issue that may hinder the development of 
gene therapies as commercially viable therapeu-
tics. A challenge for all cell and gene therapies 
is that these “one time,” high-value treatments 
are emerging into a reimbursement landscape 
that was developed around medicines that were 
administered in the long term. Most would agree 
that, given similar outcomes, single-administra-
tion treatments are preferable to drugs that must 
be repetitively administered. Therefore, the expec-
tation is that the long-term benefits of these 
one-time therapies will justify the high costs. 
This is evident in hemophilia, for example, for 
which the current standard of care — clotting 
factor replacement — can cost as much as 
$400,000 per year or more per patient. When 
advances in gene therapy lead to new treatments 
for classes of diseases that have formerly lacked 
any therapeutic agents, there will not be direct 
cost offsets to the health care system. The issue 
of paying for these innovative treatments will 
therefore need to be addressed. Outcomes-based 
rebate arrangements, whereby the manufacturer 
provides a rebate if prespecified therapeutic out-
comes are not achieved, are already in place for 
some gene-therapy products. Annuity payments 
that are made as long as the therapeutic effect 
persists have also been proposed.

For ex vivo gene therapy, future goals include 
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better lentiviral vector design to further improve 
safety and transgene control, efficient large-
scale production and analytical characterization 
of vectors, and the development of less toxic 
conditioning regimens that permit robust en-
graftment of gene-corrected stem cells, includ-
ing replacement of chemotherapy conditioning 
with antibody-based methods to reduce compli-
cations.25,26 For in vivo gene therapy with AAV 
vectors, efforts in the next decade will focus on 
the elucidation and management of the human 
immune response to the vector and continued 

improvements in AAV vector design and develop-
ment to improve targeting and permit lower 
doses that achieve in vivo efficacy.78

In conclusion, advances in gene therapy have 
uncovered exciting new therapeutic opportuni-
ties for many heretofore incurable diseases. How-
ever, a strong and continued collaborative effort 
will be required to surmount the challenges 
presented by this new class of medicines and to 
realize their full therapeutic potential.

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.
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