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Gene therapy is defined as the 
transfer of genetic information to 
a patient for treatment of a 
disease. Clinical investigation of 

such therapies began in 1990 with a 
treatment for a rare immunodeficiency 
disorder and since has expanded to 
almost 1,000 clinical studies in 2019 (1, 
2). In its most straightforward 
incarnation, the goal of gene therapy for 
genetic diseases is long-term expression 
of a transferred gene at levels that are 
high enough to be therapeutic, an 
approach sometimes called 
augmentation gene therapy. Transferred 
genes are most frequently normal copies 
of a mutated gene. Treatments also can 
suppress expression of detrimental 
genes through RNA interference or 
genome-editing tools. New editing 
technologies are opening up the 
possibility for correcting mutated genes 
in their precise genomic locations 
through homologous recombination with 
a donor template or use of base-editing 
technology (3). Although currently most 
approved gene-therapy products and 
products in late-stage clinical 
development are based on gene 
augmentation, some gene-editing 
strategies now are advancing into 
clinical testing and very well could 
change the commercial landscape in the 
near future. 

Types of Gene Therapy
Figure 1 presents a framework for 
classifying the broad range of gene-
therapy applications in modern 
development. The first level of 
classification relates to therapeutic 
intervention strategy — e.g., gene 
augmentation, suppression, or editing — 
and the specific molecular tools that are  

 
involved. The next layer of 
categorization relates to how a 
therapeutic drug substance will be 
delivered to cells, with two broad 
subcategories of viral and nonviral 
platforms. 

Viral-based gene delivery exploits the 
evolutionary advantages developed by 
viruses to infect cells and then 

Structure of adenoassociated virus, often used as a gene therapy vector
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Figure 1: Gene therapy classification
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efficiently deliver their genetic payload 
for incorporation into those cells’ 
resident gene-expression machinery. 
The gene of interest is incorporated into 
a stripped-down version of a virus, 
which serves as a nonreplicating 
delivery vector that retains necessary 
viral elements to package and deliver a 
functional payload. 

An important consideration is 
whether targeted cells will continue to 
divide (e.g., stem cells and T cells), in 
which case it is important that donated 
DNA will be incorporated into the host-
cell genome for replication to be passed 
on to all daughter cells. For targeting 
long-lived postmitotic cells, which are 
no longer dividing, long-term expression 
of transferred DNA over each cell’s life 
span can be achieved through episomal 
stabilization (4). 

Several viral platforms have been 
developed over the years. But the field 
has coalesced around two types of viral 
vector: lentiviral (LV) retrovirus vectors 

for genomic integration into dividing 
cells and adenoassociated viral vectors 
(AAVs) for gene transfer into postmitotic 
cells. Recent gene-therapy product 
approvals and products currently in 
phase 3 clinical studies are listed in 
Table 1, which highlights the use of 
these two viral vectors.

Note that the commercial and 
advanced clinical programs using LV 
vectors engineer patient cells ex vivo — 
qualifying both as autologous cell 
therapies and gene therapies. By 
contrast, products based on AAV vectors 
are administered in vivo as off-the-shelf 
allogeneic products. Although direct 
in vivo administration of an off-the-
shelf product certainly would be 
preferred for all indications, many 
industry experts have been hesitant to 
administer LV vectors in vivo because of 
safety concerns relating to insertional 
mutagenesis as well as efficacy 
constraints due to rapid vector clearance 
and an inability to limit delivery 

exclusively to a targeted, desired cell 
type. Consequently, the desired cells are 
isolated from a patient, then genetically 
modified ex vivo for returning to the 
same patient (Figure 2). The ex vivo 
process introduces significant 
manufacturing and sample-shipping 
complexities, requires patient-specific 
(autologous) product batches to prevent 
cell rejection on subsequent 
readministration, creates an 
unprecedented cost of goods (CoG), and 
thus is not considered to be a 
sustainable practice for the long-term 
future. Second-generation approaches 
using allogeneic rather than autologous 
cell sources are in development now to 
eliminate the requirement for individual 
patient batches. However, costs and 
challenges associated with ex-vivo cell 
engineering and expansion remain an 
issue. Some efforts also are under way 
to develop truly off-the-shelf LV-based 
gene therapies for direct in vivo 
administration (6, 7).

Table 1: Recent product approvals and current phase 3 trials (2, 5); brand names are trademarks of their respective owners.

Product Indication Company Viral Vector Delivery Status
Luxturna Retinal dystrophy Spark Therapeutics (Roche) Adenoassociated virus In vivo Approved in the United States
Zolgensma Spinal muscular atrophy AveXis (Novartis) Adenoassociated virus In vivo Approved in the United States
Kymriah B-cell lymphoma Novartis Lentivirus Ex vivo Approved in the United States
Yescarta B-cell lymphoma Kite Pharma (Gilead Sciences) Lentivirus Ex vivo Approved in the United States
Zynteglo Thalassemia, sickle-cell disease bluebird bio Lentivirus Ex vivo Approved in Europe
Collategene Critical limb ischemia AnGes Plasmid In vivo Approved in Japan
Liso-cel B-cell lymphoma Bristol-Myers Squibb Lentivirus Ex vivo Biologics license application (FDA)
OTL-200 Metachromatic leukodystrophy Orchard Therapeutics Lentivirus Ex vivo Market authorization application 

(EMA)
Valrox Hemophilia A BioMarin Adenoassociated virus In vivo Biologics license application (FDA)
AMT-061 Hemophilia B UniQure Adenoassociated virus In vivo Phase 3 clinical
Fidanacogene 
elaparvovec

Hemophilia B Pfizer Adenoassociated virus In vivo Phase 3 clinical

Generx Cardiovascular disease Angionetics Adenoassociated virus In vivo Phase 3 clinical
GS010 Leber hereditary optic neuropathy GenSight Biologics Adenoassociated virus In vivo Phase 3 clinical
Instiladrin Bladder cancer FKD Therapies Adenovirus 5 In vivo Phase 3 clinical
Lenti-D Cerebral adrenoleukodystrophy bluebird bio Lentivirus Ex vivo Phase 3 clinical
LYS-SAF302 Mucopolysaccharidosis type IIIA Lysogene Adenoassociated virus In vivo Phase 2–3 clinical
NSR-REP1 Choroideremia Nightstar Therapeutics 

(Biogen)
Adenoassociated virus In vivo Phase 3 clinical

Figure 2: Ex vivo chimeric antigen receptor (CAR) T-cell manufacturing process (EXAMPLE ADAPTED FROM WWW.CHEMOMETEC.COM)
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Nonviral gene-delivery methods could 
address limitations of viral-based 
delivery and offer the following 
potential advantages: 

• ease of chemical characterization
• simplicity and reproducibility of 

production
• capacity for larger cargo packaging
• reduced biosafety concerns. 
However, such gene-delivery 

methods are relatively inefficient 
compared with recombinant viral 
systems, necessitating large therapeutic 
doses that bring associated toxicity 
concern. So far, that has limited the use 
of nonviral technologies severely. 
Nonetheless, improvements to nucleic-
acid stability (and consequently, 
potency) as well as lipid and polymer 
delivery technologies are advancing the 
field (8). Recently, Smith et al. used 
nanoparticle-based delivery to 
demonstrate an in vivo chimeric antigen 
receptor (CAR) T-cell application in a 
mouse model (9). The researchers 
achieved persistent CAR expression in 
actively dividing T cells using a 
transposon gene-editing strategy for 

integrating the transgene into a host-
cell genome with similar results to those 
achieved using LV vectors.

Future Prospects
Given the increasing number of clinical 
studies that are under way and 
tremendous mergers, acquisitions, and 
venture-capital investments in the cell 
and gene-therapy business overall, the 
future indeed looks bright for gene 
therapies. Figure 3 illustrates the 
product pipeline as of the start of 2020 
according to the Alliance for 
Regenerative Medicine, and Figure 4 
compares related finances for the past 
three years (2). However, considerable 
technical challenges remain to be 
solved, with some of the most important 
requirements briefly introduced below.

Increase Viral Vector Supplies: 
Expanding the available supply of viral 
vectors starts with good manufacturing 
practice (GMP)–produced plasmids and 
will require significant advances in 
viral-vector manufacturing to both 
increase batch size and decrease 
manufacturing costs. Another 

opportunity to address supply 
constraints and high cost could come 
through increasing vector potency and 
thereby decreasing therapeutic dose 
requirements.

Improve Purity of AAV Preparations: 
Current cell-culture methods for 
producing AAVs from triple transfection 
with plasmids could produce batches in 
which empty capsids are more abundant 
than those with the desired genetic 
cargo (10).

Improve Ex Vivo Cell-Based 
Processing Logistics: Near-term 
opportunities include adoption of 
automated, closed production processes 
and moving to allogeneic cell sources. A 
longer-term opportunity might be to 
obviate the need for ex vivo genetic 
modification of cells through direct 
in vivo delivery to intended cell targets, 
which would require development of 
safe and appropriately cell-specific 
products.

Overcome Preexisting Immunity to 
Viral Vectors: Patient immunity is a 
significant issue for AAV-based gene 
therapies because a significant portion 
of the population has preexisting 
antibodies to AAV (11). That precludes 
such treatment or limits it to a single 
administration through development of 
neutralizing antibodies. Solutions might 
include development of modified AAV 
strains, development of new vectors 
based on new viruses, and improvement 
of nonviral delivery methods.

Increase Therapeutic Durability: 
Improving the systemic half-life of gene 
therapies will require eliminating and/
or minimizing immune responses (both 
innate and adaptive) to them.
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