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IntroductIon
Nonviral, DNA-mediated gene transfer has been explored for gene 
therapy in order to avoid four major disadvantages of viral-based 
delivery systems: (i) Viral vectors are time-consuming and expen-
sive to prepare in the quantities and at the high titers required 
for gene therapy. (ii) Preparations of viruses have risks of con-
tamination by infectious agents, including replication-competent 
virus generated by recombination between vector and packag-
ing functions.1 (iii) The viral vector may elicit unwanted cellular 
consequences, e.g., acute immune/inflammatory2 or neurotoxic3 
responses. (iv) The efficient genetic propagation of viral vectors 
may constrain therapeutic cargo size and may require genetic 
motifs for regulation of vector replication. In contrast, prepara-
tions of nonviral DNA plasmid–based vectors are relatively inex-
pensive to purify, are largely nonimmunogenic, and have no hard 
constraints on sequences that can be delivered. The major prob-
lems with nonviral, plasmid-based systems are as follows: (i) low 
rates of delivery of the vectors to target-cell nuclei; (ii) low rates 
of integration of transgenes, generally with accompanying plas-
mid sequences that have a propensity to silence expression;4,5 and 
(iii) integration of multiple copies (concatemers) of the transgene, 
which also can silence their expression.5,6

These problems can be alleviated by using transposons, which 
do not depend on low rates of illegitimate recombination for inte-
gration of the sequences of interest. Sleeping Beauty (SB) is an 
example of a transposon system that can be adapted for human gene 
therapy.7–9 Since its creation in 1997, the SB transposon system has 

been characterized in >200 papers (PubMed—“Sleeping Beauty”). 
The SB system10 was developed (resurrected) to provide an effi-
cient, nonviral method for introducing defined DNA sequences 
into vertebrate chromosomes. SB transposase is a synthetic enzyme 
that was constructed for mammalian use by step-by-step reverse 
engineering of extinct sequences found in salmonid fish.10–12 SB 
is a model vector system because the transposons insert more 
randomly than most viral vectors as SB transposons can integrate 
into any of ~2 × 108 TA sites in mammalian genomes. As a result 
of this unbiased widespread integration, they have been used for 
insertional mutagenesis, gene tagging, induction of neoplasias, 
and gene delivery to confer new desired functions to cells and 
tissues.13,14 Consequently, a body of knowledge has emerged that 
allows assessment of the risks of “random” SB-mediated insertions 
of genetic sequences and that can be used to justify adapting the 
SB system for gene therapy applications.

The SB system consists of two components—the transposon, 
composed of inverted terminal repeat sequences (IRs)—that 
sandwich a desired genetic cargo, and a SB transposase enzyme 
(Figure 1). The IRs and a hierarchical series of hyperactive trans-
posases, SB10, SB11, SB100, etc.15–18 with increasing enzymatic 
activities have been developed to mediate transposition of trans-
posons encoding therapeutic polypeptides. The ~230-base-pair 
(bp) IRs contain two shorter, nonidentical direct repeats (DRs) 
of 32 bp, hence the description of the inverted terminal repeats 
of SB transposons as IR/DRs.10 The requirement for four trans-
posases for each transposition,19,20 but no more,15 may be a safety 
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feature of this vector system. Thus, SB transposons overcome the 
 principal problems cited above that are associated with other 
 nonviral vectors.

The improved integration efficiency associated with SB trans-
position has led to two primary uses: (i) delivery of therapeutic 
genes and (ii) insertional mutagenesis, e.g., for the identification 
of oncogenes. In mice, SB transposons have been used to correct 
several genetic deficiencies including those for hemophilia B21,22 
and hemophilia A,23–25 tyrosinemia type I,26 junctional epidermol-
ysis bullosa,27 diabetes,28 Huntington disease,29 mucopolysacchari-
dosis I and VII30,31 as well as for treatment of a xenograft model for 
glioblastoma.32,33 Because the SB system can deliver genes (almost) 
randomly,34–36 investigators have used SB to identify pathways 
and genes in model organisms. These applications of the SB sys-
tem can be erroneously seen as contradictory. One of the goals 
of this review is thus to resolve this apparent incongruity and to 
show how the translation of this efficient nonviral gene-transfer 
approach to therapeutic clinical application is not compromised 
by its use to discover the genetic origins of cancer.

Potential for genotoxicity
The long-term introduction of a therapeutic gene can treat severe 
diseases. Recently, patients with X-linked adrenoleukodystro-
phy (ALD) who received infusions of hematopoietic stem cells 
(HSCs) genetically modified ex vivo with lentivirus, have dem-
onstrated successful expression of the ALD gene.37 Furthermore, 
HSCs have been transduced with retroviruses to correct X-linked 
chronic granulomatous disease (gp91phox deficiency)38 as well as 
severe combined immunodeficiencies (SCID), such as adenosine 

deaminase-deficient SCID, wherein over 30 SCID patients have 
benefited from robust reconstitution of immune function.39 
However, a single integration event can lead to genotoxicity as 
demonstrated by five reported cases of apparent T-cell leukemia 
in 20 patients treated for X-linked SCID, one of which resulted 
in death.40,41 These leukemias typically occurred ≥3 years after 
administration of therapeutic murine leukemia virus–derived 
retrovirus vectors into HSC,42,43 which validated theoretical fears 
that insertion of corrective, viral-based vectors could cause severe 
adverse effects. The linkage between the gene-transfer event and 
the subsequent leukemias was inferred because the expanded 
transformed cell populations derived from genetically modified 
HSC that harbored clonal integrations close to endogenous genes 
associated with cellular proliferation.44–46 Similarly, clinical  trials 
for chronic granulomatous disease indicated the presence of domi-
nant hematopoietic clones, mainly in the myeloid compartment, 
as defined by insertions in certain genetic loci.38 Although clonal 
dominance appeared to be due to a growth and/or survival advan-
tage conferred by gene-activating or gene-suppressing effects 
attributed to the integrated retroviral vector, the cases of induced 
clonal dominance did not appear to lead to malignant transforma-
tion of affected cell clones in the treated chronic granulomatous 
disease patients.47 In contrast to the adverse events that occurred 
with genetic modification of HSC, there have been no apparent 
toxicities due to the viral-mediated transduction of T cells, and 
some patients are now symptom-free many years after adoptive 
immunotherapy.48 The relative safety of virally transduced T cells 
was emphasized in a murine study in which T cells and HSCs 
were genetically modified with γ-retroviral vectors that expressed 
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Figure 1 SB transposon-mediated gene transfer into chromosomal dnA for long-term expression of a therapeutic gene. A SB transposon, 
with flanking inverted terminal repeats (ITRs, blue arrowheads), in a plasmid (blue line) provides only transient expression of a transgene (yellow) 
from a promoter (green) unless the transposon vector transposes into a host genome (green line) by SB transposase (red expression cassette). The 
lightning bolt represents any of several methods for delivery of the transposon system into a cell and its nucleus. The structure of SB transposase, 
which is composed of three functional domains, is diagrammed in the box. The transposase’s a-helical rich N-terminal domain binds to the ITRs of 
the transposon, the nuclear localization sequence (NLS) directs import of the transposase into the nucleus, and the catalytic domain catalyzes the cut-
and-paste transposition reaction and recognizes TA base pairs into which the transposon will be inserted. The N-terminal domain is further divided 
into two subdomains, PAI and RED, each of which has helix-turn-helix regions (green and blue boxes, respectively) that are separated by an arginine-
rich sequence GRRR. Three signature amino acids (D, D, and E) in the catalytic domain are indicated by blue boxes.
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T-cell oncogenes. Indeed, adoptive transfer of HSC with enforced 
expression of either LMO2, TCL1, or TrkA resulted in T-cell 
 leukemia/lymphoma, whereas the infusion of similar genetically 
modified T cells was well tolerated.49

Mice are commonly used for initial testing of vectors for 
gene therapy, and in 2003, the American Society of Gene and 
Cell Therapy reviewed the literature for adverse events in mice 
 following delivery of retroviral vectors.50 They found that of 5,436 
mice followed for >50 days, and 4,846 for >3 months, there were 
13 hematopoietic anomalies including six that involved malignant 
transformation. Moreover, it was noted that high doses of inte-
grating murine leukemia virus vectors can cause leukemias fol-
lowing retroviral expression of MDR1 and selection of clones with 
mutated proto-oncogenes or other signaling genes.51 More recent 
studies indicate that induction of cancer or leukemia following 
integration of vectors involves an interplay between the genetics 
of the recipient cell, the vector, and the transgene and its tran-
scriptional regulators.45,52,53 Lentiviral vectors with their preferred 
integration into transcribed genes may be less genotoxic than 
γ-retroviral vectors with their preference for integration next to 
transcriptional start sites and regulatory gene regions. However, 
lentiviral vectors rendered self-inactivating can show evidence of 
insertional transformation of hematopoietic cells.54 Other changes 
to the viral sequence may reduce genotoxicity, such as the addi-
tion of chicken HS4 insulator elements.55

Large animal models have also been used to assess the risk of 
genotoxicity from viral transduction. There was no evidence of 
leukemia in 42 rhesus macaques that underwent transplantation 
up to 7 years earlier with autologous CD34+ HSC transduced with 
murine leukemia virus–derived retroviral vectors that integrated 
into at least 702 distinct genomic loci.56,57 However, vector inte-
gration proximal to proto-oncogenes was observed, including 14 
integrations (in nine of the primates) into the Mds1/Evi1 region. 
The over-representation of events in the Mds/Evi1 locus was likely 
due to the self-renewal and engraftment potential of CD34+ pro-
genitor cells with integrations at this specific locus even though 
there was no evidence of ongoing in vivo clonal expansion of the 
Mds1/Evi1 populations. Likewise, there was a notable absence of 
abnormal hematopoiesis or leukemia in 23 baboons and 17 dogs 
whose CD34+ HSCs were treated ex vivo with significant levels of 
retroviral vectors.50,58

Viral vectors other than γ-retroviruses have been occasionall y 
implicated in causing severe adverse effects due to insertional 
mutagenesis. In humans, there is a single report implicating 
HIV-1 in transformation of T cells into a rare lymphoma,59 which 
is surprisingly low based on the large numbers of HIV-1-infected 
individuals under medical treatment and the preference of HIV 
proviruses to integration into or near genes.60 A recent study 
analyzing  lentiviral-integration sites from three patients who 
received CD4+ T cells transduced to express antisense env, dem-
onstrated that the recombinant vector preferentially integrated 
into active transcriptional units, but there was no evidence of 
abnormal expansion due to aberrant vector-mediated insertional 
activation of proto-oncogenes.61 Another lentivirus, feline immu-
nodeficiency virus, has been associated with a B-cell lymphoma, 
although the cause and effect was by implication rather than 
 rigorously demonstrated.62

Other viral vectors have been implicated in causing severe 
adverse effects due to insertional mutagenesis. A study of 695 
mice injected with adeno-associated virus vectors revealed that 
the frequency of hepatic tumors was 0.14% (a single lipoma in 
one animal).63 Given the background level of tumors in untreated 
mice and the absence of high levels of vector DNA observed in 
the single tumor, the authors concluded that treatment with an 
adeno-associated virus vector, which targets active transcriptional 
units,64,65 did not predispose recipients to tumor development. 
However, a later study of the incidence of tumorigenesis in long-
term rodent studies, in which MPS VII mice were transfused with 
recombinant adeno-associated virus harboring a β-glucuronidase 
expression cassette, identified a common integration site that was 
associated with hepatocellular carcinomas and angiosarcomas.66 
Moreover, in a study that employed equine infectious anemia 
lentivirus for delivery of factor IX to hemophilic neonatal mice, 
seven of 10 mice developed liver tumors.67 PCR amplification 
of the integration sites in eight of the equine infectious anemia 
virus–treated mice revealed 26 unique integration sites of which 
20 were within 10 kbp of a RefSeq gene, and the Gene Ontology 
database indicated that 10 of the 20 genes encoded either a kinase 
or DNA-binding protein. These findings suggested particular 
sensitivity of neonates to integrating vectors, although the inte-
gration specificities of equine infectious anemia virus, which are 
unknown, could also have contributed to the development of 
adverse effects. In contrast, when a stripped-down herpes simplex 
virus vector devoid of viral genes was used to convey the SB trans-
poson system into neuronal cells of newborn mice, integration 
and long-term expression were noted without obvious attendant 
adverse effects.68

In summary, although many studies have demonstrated that 
activation of oncogenes can occur by recombinant viral vectors, 
it is most apparent for certain genes in selective circumstances 
typically involving the genetic manipulation of HSC,45,69,70 whereas 
transduction of T cells derived from the peripheral blood appears 
safe.71,72 These data are all associated with viral-based gene inser-
tion approaches, and as yet, there are insufficient data to evalu-
ate the relative risk of insertional mutagenesis associated with 
nonviral gene transfer. Significantly, it is evident from extensive 
sequencing of retroviral and lentiviral vector insertion sites that 
only a small subset of all the integrations near proto-oncogenes 
actually cause transformation.70,73 The same is likely to be true for 
nonviral gene-transfer approaches, such as those that use the SB 
system. That is, the adverse events appear to require an accom-
panying secondary genomic alteration, such as chromosomal 
rearrangements, that contribute additional “hits” required for 
uncontrolled cell proliferation.40,74 This is perhaps best exemplified 
by the lack of any report of clonal lymphoproliferation in patients 
treated for adenosine deaminase deficiency,39 despite the observa-
tion of a similar frequency of integration near LMO2 and other 
proto-oncogenes.47,75

Safety evaluation of the SB system in mouse models
Every integrating vector used at present has some genotoxic 
potential as well as potential for the treatment of human disease. 
Indeed, the same viral vectors used for delivery of therapeutic 
genes have also been used to identify cancer genes based upon 
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their ability to induce neoplasias in precancerous laboratory mice 
after  insertional mutagenesis.76 One approach to risk assessment 
of vectors used for gene delivery is to approximate the maximal 
tolerated cancer dose before cancer is initiated (or accelerated) 
in model animals. For reasons noted below, these experiments 
should be conducted in the presence of a relevant disease geno-
type. By using mice that are genetically predisposed to develop-
ing cancer, we can increase the number of cells at risk and/or the 
number of vector insertion mutations induced per cell in order 
to elucidate both particular integration loci and conditions that 
lead to adverse situations. Although one cannot reliably extrapo-
late to human cells using quantitative data from mouse model-
ing, it should be possible to compare the relative genotoxicities of 
 vectors such as retroviral, lentiviral, and transposon plasmids.

For gene therapy, SB vectors may be introduced, often by elec-
troporation, into cells ex vivo. This mode of delivery results in only 
one to a few stable integrations of the transgenic construct into a 
specific cell. Although single integrations per cell are desirable for 
gene therapy, this level of insertion is too low to permit compre-
hensive screening for integrations that can lead to the emergence 
of genotoxic events. However, by using transgenic mice designed 
to reveal oncogenesis from insertional mutagenesis, e.g., con-
taining both concatemers of SB transposons together with an SB 
transposase gene, remobilization of transposons to many sites in 
practically every cell of an organ or tissue can be achieved, thereby 
mimicking delivery to far more cells that can be achieved by extra-
cellular delivery.13,77 By studying these insertion sites present in 
tumors induced by SB, one can define those loci sensitive to inser-
tional mutagenesis in the context of specific tissues, cell types and 
genetic background, and the effects of prolonged expression of the 
transposase can be determined over the lifetime of a mouse.

To identify genes in vertebrates involved with cancer, the 
T2/onc transposon was designed specifically to induce gain-of-
 function and/or loss-of-function mutations upon insertion either 
near or within endogenous genes. Thus, T2/onc is designed to 
inflict “worst-case” scenarios with respect to genotoxicity. T2/onc 
contains splice acceptor sites followed by polyadenylation signals 
in both orientations (Figure 2). Following integration into an 
intron, these elements can intercept upstream splice donors and 
elicit premature termination of the transcript. Between the two 
splice acceptors are sequences from the 5′LTR of the murine stem 
cell virus that contain a strong constitutive retroviral promoter 
and enhancer elements that are methylation-resistant and active 
in stem cells.78–80 Immediately downstream of the LTR is a splice 
donor site for splicing of a transcript initiated from the LTR into 
a neighboring gene. The T2/onc transposon is thus specialized to 
identify both tumor suppressors and oncogenes. In somatic cells 
of p19Arf−/− mice, remobilization of T2/onc transposons accel-
erated sarcoma development and in wild-type mice, it induced 
T-cell leukemia and medulloblastoma.81,82 In both the accelerated 
sarcomas and leukemias, T2/onc insertions were found to clus-
ter near or within specific genes in multiple independent tumors. 
These clusters are designated common insertion sites and reflect 
selection for tumor cells carrying these rare events among the 
many random somatic insertion mutations that occurred in the 
hundreds of millions of cells of the SB transgenic mice. Common 
insertion sites associated with gastrointestinal tract adenoma/

adenocarcinoma, medulloblastoma, sarcoma, leukemia, lung 
adenocarcinoma, and hepatocellular carcinoma have been 
identified.81–84 These studies provide important baseline infor-
mation about what conditions can result in cancer induced by 
SB insertional mutagenesis. However, these studies by no means 
indicate that SB gene delivery must result in cancer. Most impor-
tantly, the controls that comprise either just transposons or just 
a transposase gene, which were included in all of the oncogene-
screening experiments, indicate that neither SB transposons nor 
SB transposase alone has any appreciable toxicity in mice. This 
point is emphasized in the following paragraphs.

There are significant differences between the oncogenic SB 
mouse models and patients undergoing the gene therapy made 
possible via the SB system. First, as described above, a vector spe-
cifically designed to activate or inactivate endogenous genes was 
used in the oncogenic mouse model. Although gene therapy vec-
tors, such as DNA plasmids, contain a promoter, they are designed 
to express a transcript completely contained within the vector 
rather than generate chimeric transcripts with endogenous genes. 
Second, every cell in the transgenic mouse harbors multiple cop-
ies (often >100) of the SB vector. In the context of gene therapy, a 
limited number of cells would only have a single, or possibly a few 
insertions, of SB sequence per whole genome. Third, in the onco-
gene screens, the SB transposase enzyme is expressed continuously 
for the entire life span of the mouse, either in specific organs or 
in almost all cells, allowing constant remobilization of the vector 
and accumulation of multiple, cooperating insertion mutations to 
occur per cell. In the context of SB-mediated gene therapy, the 
transposase gene is generally delivered on a plasmid separate from 
the transposon and its expression is limited.85 Fourth, in several of 
the published oncogene screens with SB mouse models, the mice 
used were carrying cancer-predisposing mutations.

The SB screens have revealed certain features of the onco-
genic SB mouse models that are important for cancer induction 
(unpublished analyses in the Largaespada lab): (i) Mice that lack 
SB transposons, but ubiquitously express SB transposase for their 
lifetime, do not show a higher rate of spontaneous cancer than do 
wild-type littermates. (ii) The presence of concatemers of T2/onc 
transposons does not appear to increase the rate of spontaneous 
cancer. (iii) A promoter within the T2/onc transposon is necessary 
for induction of cancer. When a line of mice with a concatemer of 
transposons with a splice acceptor, reporter gene, and polyade-
nylation signal sequence, but no promoter, was crossed with a 
line harboring the Rosa26-SB11 transgene, the double transgenic 
mice in which the promoterless transposon was mobilized, did 
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Figure 2 the t2/onc transposon vector to introduc e mutations. This 
DNA vector contains  elements designed to elicit either transcriptional 
activation (MSCV 5′ LTR and splice donor, SD) or inactivation [splice 
acceptor (SA) and polyadenylation signal, pA] when landing within/near 
an endogenous gene. IRL and IRR denote the left and right inverted 
terminal repeats of the SB transposon, respectively. MSCV, murine stem 
cell virus.
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not develop significantly more cancer than did control groups. 
Although further studies are needed to determine whether 
 transposons with “standard gene therapy expression cassettes” 
can induce tumors when mobilized in a large number of cells over 
a long period of time, the evidence to date overwhelmingly sup-
ports the idea that SB transposons are inherently no more likely to 
cause adverse effects than other integrating (viral) vectors.

In another study to address the concern that random integra-
tion and extended expression of a SB transposase gene might lead 
to remobilization of inserted transposons in the same genomes, 
we have examined the relative levels of SB transposon genes and 
their duration of expression of SB transposase when delivered via 
plasmids in vivo to cells in livers of mice. Although there was some 
evidence of residual SB transposase protein expression, there was 
no evidence of continued transposition, probably because the level 
was too low to be effective.85 These initial studies suggest that deliv-
ery of the gene encoding the transposase does not represent a mea-
surable risk to the recipient. Successful SB transposon delivery to 
the liver in dogs has been initiated, and although no adverse effects 
have been noted, it is too early to make any conclusions regarding 
safety in this large animal model.86 In aggregate, given their rela-
tively random patterns of integration compared to retroviral and 
lentiviral vectors, SB transposons would appear less likely to insert 
in or close to loci that are associated with proliferative disease and 
thereby should have a relatively lower genotoxic potential.

Strategies for enhancing targeted integration
Transposition of SB transposons appears to be unregulated per se, 
which could be the reason why the estimated ~300,000 DNA 
transposons in human genomes (~75,000 Tc1/mariner-type87) 
and ~112,000 DNA transposons in mouse genomes (~1,000 Tc1/
mariner-type88) lack active transposase genes. There is an apparent 
powerful evolutionary selection against autonomous elements. 
Although the spread of transposons in host organisms is poorly 
understood,89–91 it is clear that transposition by retrotransposons is 
ongoing as about 100 of the estimated 500,000 LINE-1 (L1) mobile 
elements have the potential to hop in human cells.92–94 These ret-
rotransposons are estimated to be responsible for about 0.1% of 
de novo mutations in humans, some of which lead to genetic dis-
eases. In mice, the mutational rate from LINE elements is about 
100-fold higher than in humans.95 Thus, introduction of one or 
a few (SB) transposons into a small subset of cells for the pur-
poses of gene therapy amounts to an extremely tiny fraction of the 
 number of total, active transposons in humans.

Nevertheless, there are additional steps that can be taken to 
increase confidence in the use of transposon vectors. The first is 
shielding of transcriptional regulators within the expression cas-
sette.96 A second approach is to employ site-directed integration 
of therapeutic genes into “safe havens” to minimize genotoxicity 
due to insertional mutagenesis. At present, no such vectors have 
been published that are both efficient and suitable for application 
to human gene therapy. Like nearly all viral vectors, DNA-type 
transposon vectors, such as SB, integrate throughout the mam-
malian genome as evidenced by their roughly 20% contribution to 
mammalian genomes.87,97 Vector systems that have some prefer-
ence for gene site-specific integration include the phiC31 phage 
system.98–100 However, phiC31 recombinase directs integration into 

preferred sites that differ in various cell types and, most important, 
phiC31-mediated recombination has been associated in some 
studies with a relatively high rate of induction of chromosomal 
translocations.101–103 Chromosomal translocations are associated 
with cancer, and therefore, until this potential form of genotox-
icity can be eliminated, the phiC31 system probably will not be 
attractive for human gene therapy. In contrast, SB transposons 
have not been reported to induce chromosomal translocations 
in culture,103,104 umbilical cord blood-derived CD34+ HSCs,105 or 
in genetically modified human T cells.106–108 Alternative targeting 
strategies that involve site-directed mutagenesis using designer 
zinc-finger nucleases are under development, but the degree of 
off-target effects in human genomes is largely unknown.109

Several groups have proposed using modified transposases 
for site-specific targeting.110 However, there are three problems 
with the current approaches: (i) Conferring a selection for the 
transposase on top of a random activity may not preclude the 
transposon from also integrating into untargeted genomic sites. 
At this time, transposases with site-specific activity have not been 
as effective as transposons that have not efficiently inserted into 
chromosomal sites to which they have been targeted.111–113 (ii) Site 
specificity requires a minimal recognition signature sequence of 
about 16 bp. However, there are >2,000 sites across the human 
genome that vary by 2 bp. Because a variation by 2 bp is unlikely 
to reduce the affinity of integration below 1%, the odds are that 
a given recombinase will, more often than not, direct integration 
into a related site with a similar nucleotide sequence (this expec-
tation is confirmed by phiC31-mediated recombination into 
pseudo-att sites in the human genome101). (iii) Recombinases 
in general have complex structures with recognition domains 
that are an integral part of the catalytic domain. Therefore, 
genetic modification of a recombinase to improve recognition of 
desired nucleotide sequences is likely to lead to impaired enzy-
matic activity, as has been found with modified SB transposase 
enzymes discussed above. The quest to develop targeting vectors 
for site-specific integration remains the “holy grail” of systems 
that stably deliver therapeutic transgenes. Nevertheless, this gen-
eral approach to targeting will need to account for the likelihood 
that modifying a recombinase for one purpose may undermine 
other desired activities. As a result, developing site specificity is 
likely to be arduous and expensive, especially as each transposase 
or construct will likely need  extensive testing.

transposition of chimeric antigen  
receptor (cAr) using SB system
Although there may be a variety of strategies to improve the SB 
transposon system, it is ready for testing its therapeutic potential 
in human lymphocytes. T cells are an appropriate target for first-
in-human application of the SB system because they have been 
genetically modified using viral72 and nonviral114 gene transfer 
hundreds of times without any reported serious genotoxic effects 
in vivo.71 One candidate transgene for transpositional inser-
tion is a CAR to redirect T-cell specificity to a cell surface anti-
gen independent of the major histocompatibility complex. The 
prototypical CAR consists of an extracellular antigen-binding 
domain, typically derived from the scFv sequence of a monoclo-
nal antibody that is attached to an immunoglobulin Fc region 
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and fused to one or more intracellular signaling endodomains. 
The endodomains usually include CD3-ζ so that the T cell can 
be activated for CAR-dependent cytotoxicity to specifically kill 
tumor cells. The inclusion of one or more chimeric co-stimu-
latory domain(s), such as CD28, within the CAR endodomain 
enables it to deliver a sustained proliferative signal upon binding 
cell surface antigen. As stated earlier, the major advantage of viral 
transduction is the improved integration efficiency compared 
with nonviral approaches such as electrotransfer of a DNA plas-
mid. This enhanced integration efficiency can minimize the time 
(and associated costs) incurred for propagation of clinical-grade 
T cells ex vivo prior to infusion, while potentially preserving a 
central memory phenotype115 and/or naive phenotype116 that is/
are associated with improved in vivo persistence. Indeed, the 
prolonged numeric expansion ex vivo may not only cause differ-
entiation of the T cells, but could lead to replication-senescence 
thereby curtailing their therapeutic potential.117 However, T cells 
that have undergone viral-mediated gene transfer almost always 
still undergo rounds of replication for typically up to 3 weeks, 
by crosslinking CD3 with OKT3 to achieve clinically sufficient 
numbers for infusion. In addition to consideration of their rela-
tive integration efficiencies, the decision to use a clinical-grade 
recombinant viral vector to genetically modify human T cells 
takes into account the time to produce, package, and release the 
viral vectors, the financial cost of these vectors, scheduling their 
manufacture at the limited number of viral production facili-
ties operating in compliance with current good manufacturing 
practice (cGMP), and the current need to undertake expensive 
replication-competent retrovirus testing for each patient-specific 
genetically modified T-cell product. In contrast, approaches to 
nonviral gene transfer appear to offer several advantages, espe-
cially for early-phase human trial design that include a greater 
number of vendors that can produce clinical-grade plasmids for 

ex vivo gene transfer at reduced cost. Indeed, as transgenes, such 
as CARs, are being refined and tumor targets defined, the ability 
to develop and then redevelop clinical-grade vectors at reason-
able cost is an advantage of DNA plasmids.

The generation of transposon/transposase systems, such as 
SB, and their introduction into mammalian cells by electropora-
tion have enabled investigators to significantly improve the inte-
gration efficiency of transgenes in T cells and HSC.106–108,118–120 To 
achieve a population of T cells that stably expresses an introduced 
CAR transgene, we have developed artificial antigen-presenting 
cells (aAPC) that can (i) selectively propagate T cells in a CAR-
dependent manner, and (ii) serve as a culturing environment 
to use pharmacological agents to reprogram T cells. Our aAPC 
were derived from K562 cells and genetically modified to express 
desired T-cell co-stimulatory molecules, such as CD86, CD137L, 
and a membrane-bound variant of IL-15 (mIL-15). Because the 
therapeutic potential of T cells in vivo depends on their persis-
tence after adoptive transfer, infusion into patients of genetically 
modified T cells that are preselected ex vivo for a propensity to 
proliferate in response to antigen is clinically appealing. Figure 3 
summarizes our current strategy to use the SB system to express 
CAR in human T cells and propagate CAR+ T cells by recursive 
additions of γ-irradiated aAPC in the presence of soluble cytok-
ines. By combining (i) the Nucleofector system to electrotransfer a 
CAR as SB transposon and a hyperactive transposase (SB11) gene, 
on separate supercoiled DNA plasmids, into quiescent T cells 
derived from peripheral or umbilical cord blood with (ii) out-
growth of CAR+ T cells on aAPC, we can currently manufacture 
clinically sufficient populations of clinical-grade CAR+ T cells 
within 3–4 weeks after electroporation, some of which express 
markers of central memory phenotype and naive phenotype, 
and exhibit desired effector functions. This technology is robust, 
cost-effective, and is to be readily undertaken in compliance with 

Electroporation with Sleeping Beauty
DNA plasmids expressing CAR transposon

and hyperactive transposase
(to be administered)

From peripheral or umbilical
blood mononuclear cells

Key

CD86 mIL-15
coexpressed with
EGFP

Master cell bank of
K562-aAPC

(not administered,
used ex vivo)

Tissue culture

Infusion (administered)

Cryopreservation and quality
control (meet release criteria)

The culturing of T cells on irradiated aAPC
provides for
(i) Numeric expansion of CAR+ T cells
with integrated transposon
and
(ii) Reprogramming of T cells such as
with addition of soluble cytokines,
e.g., IL-2 and IL-21

Antigen-specific outgrowth
of CAR+ T cells

Transposon
Transposase (SB11)

T cell

K562 aAPC

CD64
CD19

CD19-specific
CAR

CD137L

Transposon/transposase

Figure 3 Schematic for the electroporation of SB system and subsequent selective propagation of cAr+ t cells on aAPc. The culturing of T cells 
on aAPC leads to their expansion as well as provides a window in which pharmacologic agents can be added to reprogram T cells to exhibit desired 
properties (e.g., those associated with a central memory or naive phenotypes). The peripheral blood mononuclear cells can be collected by steady-
state apheresis or a simple blood draw. The release testing before human application is performed on the cryopreserved product manufactured in 
compliance with current good manufacturing practice for phase I/II trials. aAPC, artificial antigen-presenting cells; EGFP, enhanced green fluorescent 
protein; SB, Sleeping Beauty.
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cGMP for phase I/II trials using standard operating procedures to 
manufacture CAR+ T cells that have specificity for CD19 or other 
tumor-associated antigens. As transposon/transposase systems, 
such as SB, are used in compliance with cGMP, a comparison can 
be undertaken to assess the relative expense of nonviral gene ver-
sus viral gene transfer that factors in the costs of (i) vector produc-
tion, (ii) time to culture clinically sufficient numbers of cells, and 
(iii) release testing.

transition of SB system to clinical trials
The first-in-human clinical application of the SB system, and 
indeed apparently the first to use a transposon system in general, 
will use circulating human T cells that have been genetically mod-
ified to express a CD19-specific CAR. To ensure patient safety, cri-
teria have been established to minimize the infusion of T cells with 
potential for harm or aberrant function (Table 1). The release of 
clinical-grade T cells for early-phase trials includes measurement 
of viability, sterility, and establishing a “chain of custody.” Sterility 
is assessed for up to 14 days by measuring the bacterial and fungal 
burden according to the United States Pharmacopeia. The presence 
of mycoplasma is determined by PCR and the endotoxin burden 
is assessed using the limulus amebocyte lysate method. A “chain 
of custody” is ensured by adherence to cGMP and is validated by 
matching the HLA typing with the donor. In addition, it is neces-
sary to measure the expression of the CAR transgene in the genet-
ically modified T-cell product, generally by flow cytometry with 
antibody against the exodomain (e.g., Fc region) and/or western 
blot assay using a CD3-ζ-specific monoclonal antibody. Because 
we are including γ-irradiated aAPC in the culturing process, flow 
cytometry is also used to establish that there is not an excess of 
K562 cells remaining in the numerically expanded T-cell product. 
For the first-in-human application of the SB system, we have insti-
tuted an additional test that ensures there is no autonomous T-cell 
growth upon withdrawal of antigen and exogenous cytokine(s). 
Indeed, the ex vivo culturing period serves as a test to monitor 
for the emergence of T cells with deleterious properties. A PCR 
test will also be used as a research assay (in-process testing) to 
validate the absence of integrated SB transposase in the genomes 
of the T-cell product to be infused. As gene therapies transition 

from pilot studies to later-phase  trials, additional information 
regarding the T-cell product will be needed, such as a measure of 
potency (CAR-dependent killing of target cells) and ability of the 
cryopreserved product to be successfully thawed after storage. In 
addition, there will hopefully be other opportunities for clinical 
application of the SB system such as ex vivo introduction of other 
transgenes into T cells to enhance function and gene transfer into 
HSC. For instance, preliminary studies on the potential of SB 
transposons to treat Fanconi anemia have been initiated.121

clinical trial design infusing cd19-specific  
cAr+ t cells
The first clinical trial approved by NIH-OBA (no. 0804–922) to 
infuse autologous CAR+ T cells genetically modified with the SB 
system will enroll patients with advanced B-lineage lymphoid 
malignancies who are undergoing autologous HSC transplantation 
using a standard-of-care conditioning regimen and who remain at 
high risk of relapse. The T cells will be administered within a few 
days of infusing autologous HSC, during which time the research 
participants are expected to be lymphopenic. This will test whether 
the adoptively transferred T cells can undergo homeostatic expan-
sion and whether the immunosuppression can prevent immune-
mediated rejection of the genetically modified T cells that express 
a potentially immunogenic transgene (e.g., the murine scFv region 
of the CAR). Similar to other trials using retrovirus to transduce T 
cells, the CAR employs “second- generation” technology as it acti-
vates T cells in a CD19-dependent manner via CD28 and CD3-ζ, 
for killing, proliferation, and cytokine production.122 The recipi-
ents will be eligible to receive low-dose IL-2 in the event that there 
is insufficient persistence or number of infused T cells. Correlative 
studies will be undertaken to assess the persistence of the infused 
T cells by Q-PCR using CAR-specific primers, and if there are suf-
ficient numbers of recovered T cells, by flow cytometry using a 
CAR-specific antibody. Bone marrow and lymph node biopsies 
will reveal whether the infused T cells can migrate to these sites 
of malignant disease. In addition, studies will reveal if recipients 
mount a deleterious humoral and/or  cellular immune response 
against the introduced CAR.

concluSIon
Gene-transfer clinical trials that use either viral or nonviral 
 vectors have inherent risks that are chiefly associated with geno-
toxicity arising from insertional mutagenesis. These risks must be 
carefully evaluated by investigators and regulators alike, against 
the potential benefit that delivery of a therapeutic transgene 
can provide.41,123 Currently, large amounts of money, staff, and 
time are required to design and implement a gene therapy trial 
due to legal barriers, indemnification of the genetically modi-
fied  product, third-party payer systems, and regulatory hurdles. 
Often these protocols are single institution, phase I studies that 
are powered to provide information on safety and feasibility, but 
not prove efficacy. Although there have been some gene therapy 
successes, the number of trials is limited because only a few insti-
tutions and pharmaceutical companies can support the necessary 
infrastructure and costs. The human application of gene ther-
apy in countries with first-world technology, as well as nations 
with developing economies, would be extended if barriers were 

table 1 Suggested criteria for release of clinical-grade cAr+ t cells, 
after SB-mediated gene transfer, for phase I/II trials

criteria

Negative for fungal and bacterial growth at 14 days

Mycoplasma-negative, based on PCR

Endotoxin level <5 EU/kg recipient weight

Viability, based on Trypan blue exclusion or flow cytometry

Presence of CD3+ and CAR+ cells based on flow cytometry and gated 
immunophenotype

Absence of excessive residual aAPC based on flow cytometry and gated 
immunophenotype

Negative for autonomous cell growth

Chain of custody (to ensure correct cells are delivered to recipient), based on 
low-resolution HLA class I typing

Abbreviations: EU, endotoxin units; HLA, human leukocyte antigen.
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lowered. Transposon-based gene therapy offers one approach to 
reducing costs of the vector system without any evident com-
promise on patient wellbeing. Given the track record of safety 
regarding the infusion of genetically modified T cells and the 
urgent need to provide new therapy for children and adults at 
risk of death from advanced malignancies as well as reduce the 
morbidity from current therapies, we plan to test the first-hu-
man application of the SB system in autologous T cells that have 
been electroporated ex vivo to express a CD19-specific CAR. We 
expect this trial will provide the necessary data to evaluate the 
safety of this novel gene- transfer approach that could lower the 
threshold to undertaking gene  therapy trials using the SB system 
in the future.
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