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Non-viral gene transfer with  
Sleeping Beauty system to engineer 
T cells for hematologic malignancies 
and solid tumors
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The manipulation of genes has progressed to human application thanks in 
part to viral-based vectors that transduce a therapeutic gene and sustain 
its long-term expression. The adoptive transfer of genetically modified T 
cells against cancer highlights the potential for gene therapy to cure human 
disease refractory to conventional therapy. The improvements in the ge-
netic manipulation of clinical-grade cells has widened possible treatment 
options with the realization that personalized gene therapy will be needed 
in which the introduced gene matches the needs of a particular patient. 
To match this growing need for individualized therapeutic genes, we have 
developed a rapid, robust and low-cost approach for clinical translation. 
This is based on a DNA plasmid-based transposon/transposase, termed 
the Sleeping Beauty (SB) system. The SB system stably introduces thera-
peutic genes, such as chimeric antigen receptors (CARs), into clinical-grade 
T cells and allows for long-term expression of the introduced transgene. 
Our first-in-human clinical trial of SB-mediated CAR-expressing T cells tar-
geting B-cell malignancies established the safety, feasibility and efficacy of 
the SB system. This clinical application of the SB system is the foundation 
for future use of this tool to personalize genetically modified T cells target-
ing hematologic malignancies and especially solid tumors.
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NEXT GENERATION VECTORS

Much progress has been achieved 
since the first gene therapy trial in 
1990 that treated patients with ade-
nosine deaminase (ADA) deficiency 

using a retrovirus vector to intro-
duce a normal ADA gene into T 
cells [1]. Retroviral vectors have 
been the prime tool to introduce 

therapeutic genes into T cells and 
hematopoietic stem cells (HSCs). 
However, the occurrence of deadly 
leukemia in patients who received 
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cells modified with retrovirus raised 
concerns about the use of retrovi-
rus, especially in CD34+ HSCs [2,3]. 
The risk of genotoxicity caused by 
retroviral vectors seems much less 
likely in T cells, and this viral vector 
remains an efficient and useful tool 
in genetically modified T cell ther-
apy. Another type of viral vector, 
lentivirus, is also widely used in T 
cell-based gene therapy in the clin-
ical setting and showed promising 
clinical results and long-term ex-
pression of transgene [4]. Although 
those viral vector strategies worked 
well in the early clinical trials, the 
cost, simplicity, scalability, custom-
ization and time to generate clini-
cally compatible viral particles are 
important issues for future gene 
therapy using T cells. Naked DNA-
based gene therapy might overcome 
these issues, but it has not been a 
prime tool for gene therapy until 
now due to its lower efficiency. 

Recent advances in the trans-
poson/transposase system to intro-
duce a therapeutic gene into mam-
malian cells have the potential to 
change the landscape of gene ther-
apy. Indeed, we have performed a 
first-in-human clinical trial using 
Sleeping Beauty (SB) to introduce 
a chimeric antigen receptor (CAR) 
gene into T cells [5]. This trial 
showed the feasibility and safety of 
SB-mediated genetic modification 
of T cells. Other transposon/trans-
posase system-based gene therapy 
trials are also planned for the near 
future. The tremendous success of 
CAR T cell therapy will lead to in-
creasing numbers of clinical trials 
targeting a variety of different anti-
gens using both CAR and T cell re-
ceptor (TCR) [6]. These upcoming 
trials of T cell gene therapy will rely 
on the timely and low-cost gener-
ation of therapeutic constructs. In 

this respect, we believe that trans-
poson/transposase-based gene ther-
apy is promising for future clinical 
application of adoptive cell therapy 
using genetically modified T cells. 
In this review, we will briefly sum-
marize the history of gene therapy 
and the development of the trans-
poson/transposase system, especial-
ly the SB system, and discuss the fu-
ture clinical utility of the SB system 
in adoptive immunotherapy using 
genetically modified T cells.

INITIAL ATTEMPTS TO 
INTRODUCE EXOGENOUS 
GENES INTO HUMAN 
CELLS
Introduction of foreign genes into 
human cells can be used to restore 
or enhance cellular function in hu-
man diseases. To sustain the expres-
sion of foreign genes, genetic infor-
mation needs to integrate into the 
host genome, as integrated foreign 
genetic information will remain in 
the host genome even after cellular 
division. The integration of foreign 
genes from naked DNA is possible, 
but the efficiency is extremely low, 
and usually extensive selection will 
be required to isolate the cells that 
have a foreign gene incorporated 
within the genome [7]. Retroviral 
vectors can infect mammalian cells 
through surface receptors, and once 
they penetrate into the cell they use 
reverse transcriptase to translate 
their own RNA into DNA. This 
DNA is then integrated into the 
host genome by the virus’s integrase 
[8]. This process is highly efficient, 
and by taking advantage of this 
mechanism, retroviral vectors have 
been generated by eliminating the 
replication potential of the native 
retrovirus. Since the generation of 
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retrovirus vectors, the transduction 
efficiency of foreign genes has been 
much improved, especially in divid-
ing cells, and retroviral vectors have 
become the gold standard tools for 
gene therapy. 

One issue of retroviral vectors 
is their tendency to integrate into 
strong enhancers or the promoter 
regions of active genes [9]. Indeed, 
the occurrence of acute T-cell leu-
kemia has been reported in pa-
tients with X-chromosome linked 
severe combined immunodeficien-
cy (SCID) who have been treated 
with HSC genetically modified by 
retroviral vectors, due to the integra-
tion of the retroviral construct into 
proto-oncogenes, including LMO, 
and the retrovirus’s long terminal 
repeat (LTR) enhancer driving their 
expression [2,10]. Lentiviral vectors 
may have a safer profile than retro-
viral vectors [11,12] and are current-
ly under investigation in a clinical 
trial of genetically modified HSCs 
[13]. In contrast with the HSC trial, 
retroviral vectors have never caused 
leukemia in patients treated with 
retrovirus-modified T cells. This dis-
tinction is likely due not only to the 
difference in integration sites (active 
gene in T cell vs HSC) but also the 
nature of target host cells, as differ-
entiated T cells likely will not cause 
T cell leukemia even if LMO expres-
sion is driven by a strong promoter, 
as shown in a mouse model [14]. 

Currently both retroviral and len-
tiviral vectors are prime tools to gen-
erate CD19-specific CAR T cells, and 
those clinical trials have been highly 
successful [15–20]. This success in-
creases the enthusiasm to apply CAR 
T cell technologies to another type 
of cancer by targeting other tumor 
associated antigens [21]. Following 
the initial success of CD19-target-
ed CAR T cell therapy, many trials 

are either underway or are planned, 
targeting many antigens. To match 
the pace of the immediate needs for 
clinically compatible gene constructs 
while minimizing cost will be the 
next issue to broaden the applica-
tion of CAR T cell therapy. The cost 
of CAR T cell therapy is estimated 
around $500,000 [22]. This is largely 
due to multiple steps for production 
of the viral vector and complex veri-
fication steps to ensure the viral titer 
and safety (Figure 1) [23]. To make 
further progress, we will need faster, 
simpler, less expensive and scalable 
generation of therapeutic gene con-
structs. To achieve this goal, improv-
ing the efficiency of naked DNA 
plasmid might be required. 

TRANSPOSON/
TRANSPOSASE 
The discovery of jumping genes and 
the mechanism for this function 
have led researchers to exploit this 
system as a valuable genetic tool 
for mutagenesis and transgenesis 
[24,25]. From the late 1990’s, sev-
eral transposon/transposase systems 
have been found in fish or insects, 
and those systems has been modi-
fied as transgenesis tools for mam-
malian cells. This development in-
cludes the Tol2 [26], piggyBac [27] 

and SB transposon/transposase sys-
tems [28]. Those systems have been 
shown to efficiently introduce CAR 
transgene into T cells [29–31].

SB: COPY NUMBER OF 
INTEGRANTS
SB was molecularly reconstructed 
from one of the Tc1/mariner super-
family of transposons isolated from 
fish. The SB system consists of two 
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components; the first is a transposon 
that usually carries a gene of interest 
under a strong eukaryotic promot-
er, flanked by inverted repeats. The 
other component, the transposase, 
was molecularly reconstructed from 
the Tc-1-like elements from the 
Atlantic salmon. This has result-
ed in the SB10 transposase, which 
possess restored integration activity 
[28]. This transposase recognizes the 
inverted repeat sequence and in-
serts a gene of interest into the host 
genome by a cut and paste mecha-
nism (Figure 2) [28]. We and others 

currently use the SB11 transposase, 
which has a further improved cat-
alytic activity of transposition by 
mutagenesis. The transposition of 
SB in human T cells using SB11 has 
been shown to be efficient [30,32]. 

Since the transposase concentra-
tion determines the transposition (if 
the concentration is too high, trans-
position efficiency will be decreased 
due to overproduction inhibition), 
optimization of the transposon to 
transposase ratio is needed [33]. In 
our system, using a transposon plas-
mid to transposase plasmid, we found 

ff FIGURE 1
Production of therapeutic gene construct under GMP regulation.
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Steps to generate SB transposon/transposase therapeutic construct and retrovirus/lentivirus virus particles. Compared to virus 
production, the SB system involves fewer steps to make the therapeutic gene construct which is ready to use for production of CAR 
T cells. The Sleeping Beauty system confers the advantages of reduced cost, simplicity, scalability, customization and shorter production 
time. 
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the ratio of 3 to 1 provides the best 
transposition efficiency [34]. A fur-
ther improved, hyperactive SB100x 
also has been tested in T cells and was 
found to have enhanced transposition 
efficiency [35]. SB100x also has been 
tested in HSCs [36,37] and pluripo-
tent stem cells [38] and showed stable 
expression of the transgene. The trans-
position efficiency of CAR construct 
in T cells may be further improved by 
the use of a minicircle DNA vector, as 
recently reported [39]. 

In our first in human clinical tri-
al, our protocol consisted of repeat-
ed stimulation of SB-modified CAR 
T cells with antigen-specific stimu-
lation by activating and propagating 
cells (AaPCs) to enrich CAR-ex-
pressing T cells over 4 weeks. In-
terestingly, in our analysis of CAR 
T cells after four stimulations with 
AaPCs, the average of integration 
copy number is about 1.0 per cell, 
which we think is favorable for 
gene therapy, as we can minimize 
the genotoxicity while maintaining 

ff FIGURE 2
SB transposon/transposase and its mechanism of transposition.
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To introduce a foreign gene into cells by the SB system, transposon DNA plasmid and transposase DNA plasmid need to be co-
transfected. Transposase that will be translated inside the cells recognizes the inverted repeat sequence within the transposon plasmid, 
and cuts and pastes a foreign gene into TA dinucleotide sites in the host genome. Transposase DNA can be replaced by in vitro 
transcribed mRNA and DNA plasmid can be replaced by minicircle vector. 
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expression of the introduced gene 
[34]. This is opposed to the obser-
vation of over 20 copies per cell in 
some other reports [40]. This dis-
crepancy is presumably due to the 
difference of transduction (proto-
col, transposases or size of trans-
gene) and culture protocol of both 
reports. Repeated AaPC stimula-
tion in antigen specific manner (vs 
non-specific OKT3 mediated stim-
ulation) may only enrich CAR T 
cells with low transgene integration. 

SB INTEGRATION SITES
The SB system preferentially in-
tegrates at TA dinucleotides sites. 
This preference might also provide 
an advantage over viral vectors, as 
the promoter regions in the hu-
man genome are known to be GC 
rich, while TA sites are enriched in 
introns. From our integration site 
analysis using ligation mediated 
PCR and next-generation sequenc-
ing, 99.9% of unique integration 
sites were found at TA dinucleotide 
sites as expected, and within those 
96.5% were in introns [5]. Others 
have also showed that SB-mediated 
integration was random and inde-
pendent of chromatin status (com-
pared to target site distribution of 
other transposon) [41]. Analysis of 
CD19 CAR T cells generated by 
minicircle DNA vectors showed 
a relatively safer insertion profile 
compared to lentivirus.  

THE PROMISE &  
LIMITATION OF SB 
One caveat of using the SB system 
is that its transposition efficiency de-
clines in proportion to the increase in 
cargo size. When the transgene size is 

over 4 kb, the efficiency of SB medi-
ated transposition drops significantly 
[42]. The modified vector platform 
[43] or the modified inverted repeat 
structure (sandwich transposon) [44], 
has been shown to permit larger car-
go size gene transduction. Moreover, 
this may not be an important factor, 
as most therapeutic genes current-
ly used in the clinic (e.g., CAR and 
TCR) are less than 2 kb. Thus this is-
sue might not limit the clinical utility 
of the SB system. Another caveat may 
come from the transduction method 
and efficiency. To introduce DNA 
plasmid into T cells, electroporation 
is generally used. Due to the large 
amount of DNA plasmid, cell viabil-
ity after electroporation is low. The 
strategy to use smaller size SB con-
structs (e.g. pFAR4 [45], minicircle 
vector [39,46]) may improve viability 
after electroporation and moreover 
improve transduction efficiency. 

FIRST-IN-HUMAN  
CLINICAL TRIALS USING 
CELLS GENETICALLY  
MODIFIED WITH SB
We have performed and published 
first in human clinical trials using 
SB-modified T cells. These clinical 
trials utilized CD19-specific chime-
ric antigen receptor-expressing T 
cells gene modified using the SB sys-
tem (DNA plasmids encoding for 
CD19RCAR transposon and SB11 
transposase) to treat patients with 
CD19-positive B-cell malignancies 
[47]. The primary end points of the 
published study were to assess the 
safety, feasibility, and T-cell per-
sistence of therapy using T cells ge-
netically modified using the SB sys-
tem. Among seven autologous and 
19 allogeneic patients treated with 
CD19-specific SB gene modified 



expert insight 

307Cell & Gene Therapy Insights - ISSN: 2059-7800 

T cells, excellent progression-free 
and overall survival were observed. 
There were no acute or late toxicities 

observed, nor was there exacerba-
tion of graft-versus-host disease in 
the allogeneic patients. As expected 

ff FIGURE 3
Proposed use of SB plasmid for minimally manipulated T cell.
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Top: Current manufacturing of CAR T cells using retrovirus/lentivirus vector. Manufacturing includes non-specific activation of T cells 
before virus transduction and post expansion. Middle upper: Published manufacturing step for SB-mediated CAR T cell production. SB 
DNA plasmids are electroporated to non-activated T cells and specifically stimulated with antigen expressing AaPC. The manufacturing 
is being updated from four weekly stimulations to two weekly stimulations in the ongoing clinical trial. Middle lower: Shortening the 
manufacturing period of SB mediated CAR T cells by using minicircle vector. Bottom: Proposed minimally manipulated CAR T cells for 
future clinical trial. We are planning to move to less than 2 days manufacturing [55]. CAR-expressing T cells will be manufactured by 
single electroporation and those genetically modified T cells will be rapidly infused into patient.
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99.9% of SB-mediated CAR trans-
gene integrated into TA dinucleo-
tide sites, distributed evenly over 
each chromosome. This clinical trial 
also confirmed that the SB11 con-
struct was not integrated into the 
host genome, and no gene hopping 
was observed. The lack of SB11 
genes in the CAR T cell product 
was a release criteria before infusing 
the cells into patients (4 weeks af-
ter electroporation). No significant 
genotoxic events were observed. In 
summary, this study showed that 
the infusion of T cells genetically 
modified to express CAR by the 
SB system is feasible and safe in pa-
tients with B-cell malignancies.

TRANSLATIONAL INSIGHT 
Our initial clinical trials demonstrat-
ed the safety and feasibility of using 
the SB system for T cell gene therapy. 
However, to evaluate genotoxicity, es-
pecially validating that cells have no 
random integration of transposase 
from naked DNA plasmid, we had 
to culture genetically modified T 
cells for a relatively longer period (4 
weeks). Although this protocol gener-
ated a large number of CAR-express-
ing T cells, the multiple in vitro stim-
ulations caused differentiation of the 
T cells to several memory phenotypes 
(including effector memory, stem 
cell memory and central memory) 

and terminally differentiated effector 
cells. As the therapeutic effect cor-
relates with the T cell differentiation 
stage (less differentiated T cells in-
duce better therapeutic efficacy) in 
adoptive T cell therapy [48], it would 
be ideal to minimize the in vitro cul-
ture period. The shortening of culture 
period of SB mediated CAR T cells 
may be possible by use of hyperac-
tive transposases (SB100x) from in 
vitro transcribed mRNA [35], which 
are not integrated into host genome, 
or using small therapeutic constructs 
(e.g. pFAR4 [45] or minicircle vector 
[39,46]). As SB-mediated CAR trans-
duction can be done without prior T 
cell stimulation, the shortest manu-
facturing period of CAR T cells using 
the SB system can be shortened to 
within a day (‘minimally manipulated 
CAR T cells’ [Figure 3]). Specifically, 
we can prepare CAR T cells by elec-
troporation of a patient’s peripheral 
blood mononuclear cells with SB 
DNA plasmids, and infusing them 
directly back into the patient. Our 
preliminary data using mouse models 
suggests that CAR T cells generated 
by this protocol showed much better 
tumor eradication compared with our 
original 4 week ex vivo cultured CAR 
T cells. Not only do these cells demon-
strate enhanced therapeutic potential, 
but this protocol also minimizes the 
cost for generating CAR T cells, as ex-
tensive ex vivo culture is not needed. 
From our observation, SB11 did not 

f f TABLE 1
Versatility and cost–effectiveness of non-viral Sleeping Beauty-mediated gene  
transfer approach.

Non-viral Sleeping Beauty Viral delivery

Target solid tumor intracellular neo-antigens via 
multiple TCRs

Limited appeal for targeting multiple intracellular 
antigens via TCRs

Cost-effective approach High cost approach 
Rapid manufacture Labor intensive, slow manufacture
Customizable, able to swap in different receptors Challenging to customize
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cause deleterious gene hopping and 
diminishes after a certain amount of 
time [34], so it would be safe to in-
fuse CAR T cells directly into patients 
immediately after electroporation. If 
the genotoxicity from residual SB11 
is still a concern, we can replace the 
SB11 DNA plasmid with SB11 
mRNA, although for this approach 
we would need prior stimulation of T 
cells for efficient transposition of the 
CAR construct into the host genome. 
In either case, the SB system’s ability 
to introduce a transgene into resting 
T cells and simplicity of robust pro-
duction of off-the-shelf therapeutic 
gene constructs will enable rapid and 
low-cost generation of CAR T cells 
that is expected to induce better target 
tumor cell eradication.

TCR gene therapy is another way 
to redirect T cell specificity to tumors. 
Although many tumor-associated 
antigens have been identified and 
targeted by TCR gene therapy, NYE-
SO1/A2 may be the only promising 
target comparable with CAR T cell 
therapy [49,50]. Accumulated evi-
dence suggests that tumor-specific, 
mutation-derived ‘neoantigens’ are 
promising targets [51] and are the 
predominant antigens recognized 
by T cells after immune-checkpoint 
modulation in highly mutation-load-
ed tumors [52]. As already exhausted 
neoantigen-specific T cells in the pa-
tient’s body are usually re-exhausted 
after invigoration by immune-check-
point modulation and failed to be-
come memory T cell, supplying less 
differentiated and non-exhausted 
neoantigen specific T cell would be 
desired [53]. Indeed TCR gene ther-
apy against neoantigens would be a 
promising strategy to enhance an-
ti-tumor immunity against highly 
mutation-loaded tumors [54]. Un-
fortunately, the majority of neoanti-
gens identified so far are specific to 

the patient’s individual tumor cells, 
rather than being disease-related 
shared mutations (KRAS, p53, etc.). 
From this observation, TCR gene 
therapy against neoantigens will be 
likely patient-specific individualized 
therapy rather than disease-specific 
therapy like CAR T cells. If this is 
the case, rapid and timely produc-
tion of therapeutic genes and TCR 
gene transferred T cells will be de-
sired. The DNA plasmid-based SB 
system would be an optimal tool for 
using TCR gene transfer targeting a 
patient’s tumor-specific mutation-de-
rived ‘neo-antigen’. We have estab-
lished a platform to generate neoan-
tigen-specific T cells by TCR gene 
transfer in a short time period. This 
platform consists of single-cell TCR 
sequencing (CDR3), a single reac-
tion antigen-specific TCR construc-
tion in the SB plasmid system, and a 
high-throughput electroporation us-
ing Nucleofector®. We have also estab-
lished a high-throughput TCR eval-
uation system using TCR-deficient 
reporter cells and a high-throughput 
flow cytometer. These systems have 
been tested with model antigens, and 
we will further test and refine this sys-
tem by using patient-derived samples.  

SUMMARY
CAR T cell therapy has revealed the 
potential of genetically modified 
T cell therapy against cancer. The 
growing needs and expectation of T 
cell gene therapy against cancer will 
likely shift the direction of adoptive 
T cell therapy to more personalized 
therapy. The DNA plasmid-based 
SB system would be an optimal tool 
for this upcoming personalized and 
multi-targeted adoptive immuno-
therapy using genetically modified 
T cells.
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FINANCIAL & COMPETING  

INTERESTS DISCLOSURE

Some of the technology described in this 
article was advanced through research 
conducted at the University of Texas MD 
Anderson Cancer Center (MD Anderson) 
by Laurence Cooper. In January 2015, 
the technology was licensed by MD An-
derson for commercial application to 
ZIOPHARM Oncology, Inc., and Intrex-
on Corporation, in exchange for equity 
interests in each of these companies. The 
authors received equity as a result of the 
licensing of this technology. As of April 
2016 Drs. Torikai and Moyes no lon-
ger have any equity interest. On May 7, 
2015, Dr. Cooper was appointed as the 
Chief Executive Officer at ZIOPHARM. 
Dr Cooper is also a Visiting Scientist at 
MD Anderson. The information being 

reported in this publication is research in 
which The University of Texas MD An-
derson Cancer Center has an institutional 
financial conflict of interest. Because MD 
Anderson is committed to the protection of 
human subjects and the effective manage-
ment of its financial conflicts of interest in 
relation to its research activities, MD An-
derson has implemented an Institutional 
Conflict of Interest Management and 
Monitoring Plan to manage and monitor 
the conflict of interest with respect to MD 
Anderson’s conduct of this research.
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