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1 ZUSAMMENFASSUNG 

Sleeping Beauty (SB) Transposon-basierte Vektoren werden in der Klinik als 

Alternative zu viralen Vektoren erforscht und ermöglichen eine schnelle und 
kostengünstige Genmanipulation zur Herstellung von therapeutischen T-Zellen 
für T-Zell-Gentherapie mit verbesserter Sicherheit. Die Verwendung von 
Transposon-Vektoren erfordert jedoch die DNA-Elektroporation von T-Zellen, die 
sich schädlich auf T-Zellen auswirkt. DNA-elektroporierte T-Zellen weisen eine 
von der Dosis der transfizierten DNA abhängige verringerte Lebensfähigkeit und 
eine verzögerte Reaktion auf die Stimulation des T-Zell-Rezeptors (TCR) 
hinsichtlich Blastenbildung und Proliferation auf. Um die Nachteile der 
Transposon-basierten T-Zell-Genmanipulation zu überwinden, haben wir die 
Wirkung der DNA-Elektroporation auf T-Zellen untersucht und neuartige SB-
Vektoren entwickelt, die die notwendige DNA-Menge für eine effiziente T-Zell-
Transfektion minimieren. Durch die Kombination von SB Transposon-basierten 
Minicircle-Vektoren mit SB100X Transposase-mRNA konnten T-Zellen effizient 
mit genmanipuliert werden. Unser Ansatz reduzierte die T-Zell-Mortalität und 
steigerte gleichzeitig deutlich die Transfektionseffizienz. Mit diesen neuartigen 
Vektoren erzielten wie die stabile Expression von verschiedenen TCRs und 
CARs in mehr als 50% der menschlichen T-Zellen im Vergleich zu 15%, wenn 
herkömmliche Plasmide verwendet wurden. T-Zellen, die genetisch manipuliert 
wurden, einen Tumor-spezifischen TCR zu exprimieren, konnten Antigen-

spezifisch stimuliert werden und zeigten effiziente Tumorzell-Lyse und Zytokin-
Sekretion.  

Weiterhin haben wir miRNAs entwickelt, die die Expression der 
endogenen TCR-Ketten unterdrücken. Der Einbau dieser miRNAs in die TCR-
Expressions-kassette erhöhte die Oberflächenexpression des therapeutischen 
TCRs, verringerte die Fehlpaarung mit endogenen TCR-Ketten und erhöhte die 
Antigen-spezifische T-Zell-Funktionalität. Ein direkter Vergleich von SB-
Minicircle- und Gammaretrovirus-modifizierten T-Zellen zeigte sowohl in vitro als 
auch in einem Xenograft-Maus-Melanommodell eine vergleichbare Wirksamkeit 
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der modifizierten T-Zellen hinsichtlich Zytokin-Sekretion, Zielzell-Lyse und 
Tumorkontrolle.  

In dieser Arbeit konnte gezeigt werden, dass SB Minicircle-Vektoren die 
Herstellung von genetisch modifizierten T-Zellen mit verbesserter Biosicherheit 
ermöglichen und diese T-Zellen Tumor-spezifische Funktionalität aufweisen. 
Dieser Ansatz könnte die Herstellung therapeutischer T-Zellen für die Klinik 
vereinfachen und die kurzfristige Produktion Patienten-spezifischer T-Zell-
Produkte für die personalisierte T-Zell-Gentherapie ermöglichen.  
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2 SUMMARY 

Sleeping Beauty (SB) transposon-based vectors have entered clinical trials as an 

alternative to viral vectors, offering time- and cost-efficient engineering of 
therapeutic T cells with improved biosafety for T cell gene therapy. However, 
transposon vectors require DNA electroporation into T cells, which we found to 
cause adverse effects. T cell viability was decreased in a dose-dependent 
manner and DNA-transfected T cells showed a delayed response upon T cell 
receptor (TCR) stimulation with regard to blast formation and proliferation. To 
overcome the limitations of the transposon-based T cell engineering, we 
investigated the effect of DNA electroporation on T cells and developed novel SB 
vectors to minimize the amount of DNA necessary for efficient T cell transfection. 
T cells could efficiently be engineered with Sleeping Beauty vectors by combining 
SB transposon minicircles and SB100X transposase mRNA. Our approach 
reduced T cell mortality and substantially enhanced transfection efficiency. We 
achieved stable expression of several TCRs and CARs in more than 50% of 
human T cells compared to 15% when conventional plasmids were used. T cells 
engineered to express a tumor-specific TCR mediated effective tumor cell lysis 
and cytokine secretion upon antigen-specific stimulation. 

Furthermore, we developed miRNAs to silence the expression of the 
endogenous TCR chains. Incorporation of these miRNAs into the TCR 
expression cassette increased surface expression of the therapeutic TCR, 

diminished mispairing with endogenous TCR chains, and enhanced antigen-
specific T cell functionality. Importantly, a direct comparison of SB minicircle- and 
RV-engineered T cells in vitro as well as in a xenograft mouse melanoma model 
demonstrated equal T cell efficacy with regards to cytokine release, target cell 
lysis and tumor control.  

We demonstrated that SB minicircles enable the generation of gene-
modified T cells with tumor-specific reactivity. Our approach facilitates the 
manufacturing of therapeutic T cells with superior biosafety and accelerates the 
generation of patient-specific T cell products for personalized T cell gene therapy.  
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3 INTRODUCTION 

3.1 Cancer immunotherapy 

Immunotherapy is emerging as the fourth pillar of cancer treatment in addition to 
chemotherapy, irradiation and surgery. In contrast to the conventional therapy 
approaches, T cell immunotherapy employs the patient’s own immune system to 
fight cancer. This is done either (i) by administration of cytokines like interleukine-
2 (IL-2) to boost the immune response, (ii) by activation of the the patient’s T cells 
with antibodies facilitating a T cell response towards the cancer cells or (iii) by 
adoptive cell transfer (ACT) of ex vivo cultured immune cells. For ACT, either 
autologous cells are isolated from the patient and reinfused after in vitro culture 
either with or without manipulation or allogeneic cells isolated from healthy donors 
are transferred.  

The important role of the immune cells in cancer development has been 
demonstrated by Paul Ehrlich in 1909 where he introduced the concept of 
immune surveillance (Ehrlich, 1909). The most important types of immune cells 
used for adoptive cell therapies comprise dendritic cells (DCs), NK cells, B cells, 
and T cells. T cells have been proven to be the most potent cells to fight cancer 
as they are capable of target cell lysis upon recognition via their T cell receptor 
(TCR). When T cells recognize their antigen on a cell via their TCR, they bind to 
the target cell which leads to activation and proliferation of the specific T cells. 
After activation, T cells secret cytokines like IL-2, interferon gamma (INF-γ) and 

tumor necrosis factor alpha (TNF-α) and cytotoxins like perforin, granulysin and 
granzymes. Perforin and granulysin create pores in the target cell membrane and 
allow granzymes to enter the target cells. Granzymes and granulysin induce 
apoptosis, thereby eliminating the target cells.  

The targeted lysis of cancer cells thus largely depends on the TCR, which 
is a surface protein able to recognize short peptides (antigens) that are presented 
via the major histocompatibility complex (MHC) called human leukocyte antigen 
(HLA) in the human context. Each T cell has a unique clonal TCR specific for one 
particular antigen/MHC complex. These T cells undergo positive and negative 
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selection in the thymus to both select for T cells with TCRs that bind to 
endogenous MHC molecules and to prevent autoreactivity towards self-antigens.  

The TCR consists of two different protein chains, which form a heterodimer 
(Figure 3.1). In humans, 95% of the T cells comprise an alpha (α) chain and a 
beta (β)	chain, the other 5% consist of a gamma (γ)	and a delta chain (δ). Each 
chain is composed of two domains, a variable (V) region and a constant (C) 
region. The constant region is followed by a transmembrane domain anchoring 
the TCR in the cell membrane and an intracellular cytoplasmic tail, while the 
constant region and variable region are extracellular. The variable region binds 
to the peptide/MHC (pMHC) complex. The two chains are linked by a disulfide 
bond and form the TCR complex together with CD3 co-receptors. The TCR itself 
is not able to mediate signal transduction and requires complexing with the CD3 
co-receptors including the zeta (ζ)-chain to generate an activation signal. CD3 
consists of a gamma, a delta, two epsilon chains and two zeta-chains. The 
intracellular ends of the CD3 gamma, delta, and epsilon chains contain a single 
conserved motif known as an immunoreceptor tyrosine-based activation motif 
(ITAM), which mediates signaling of the TCR. The intracellular tails of the ζ-chain 
contain three ITAM motifs. Binding of the specific antigenic peptide presented by 
an MHC molecule by the TCR complex leads to T cell activation signal 1 by 
tyrosine phosphorylation of the ITAMs. Binding of the TCR complex to a pMHC 
complex is enhanced by the co-receptors CD4 and CD8 that bind to the MHC 
molecule. These co-receptors specifically bind to MHC class I or MHC class II 

molecules and define CD8+ cytotoxic T cells binding MHC class I and CD4+ T 
helper cells binding MHC class II molecules.  

Activation of a T cell via their TCR complex requires a second stimulatory 
signal. The first signal provided by the TCR complex is antigen-specific, whereas 
the second signal is provided by co-stimulatory receptors recognizing co-
stimulatory molecules on the antigen presenting cell (APC). The most important 
co-stimulatory receptor on both CD4+ and CD8+ T cells is CD28 which binds to 
CD80 and CD86 on APCs. The second signal is necessary for T cell survival after 
activation and subsequent proliferation and differentiation. Activation without co-
stimulation can lead to activation-induced cell death or T cell anergy.  
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Figure 3.1. Schematic representation of the TCR complex and chimeric antigen receptors 
of different generations. (A) The T cell receptor (TCR) is a heterodimer composed of two 
disulfide-linked TCR chains (TCRα and TCRβ) which consist of two extracellular 
domains, a variable region and a constant region, and a transmembrane region with a 
short cytoplasmic tail. The TCR complex is composed of the two TCR chains (light blue) 
and the CD3 co-receptors γ, δ, ", and ζ (dark blue). Binding of the TCR complex triggers 
signal 1. Signal 2 is provided by binding of the co-receptors CD28 and 4-1BB (green). 
(B) Chimeric antigen receptors (CARs) are artificial T cell receptors comprising a target 
binding domain (grey) made up of a single-chain variable fragment (scFv) from an 
antibody, a transmembrane domain (dark grey), and intracellular signaling domains. First 
generation CARs use the CD3ζ-domain for intracellular activation, the second generation 
contains an additional CD28 domain to provide signal 2, and the third generation 
combines CD28, 4-1BB and CD3ζ. 
 
 
In cancer patients, the immune system fails to respond due to the lack of 
functional T cells specific for antigens presented by the cancer cells. In order to 

reconstitute the T cell immune response in cancer patients, T cells can be 
manipulated in three different ways. First, activation can be enhanced in vivo by 
monoclonal antibodies (mAbs) against checkpoint inhibitors which restrain an 
effective T cell response. Second, the patient’s T cells can be stimulated ex vivo 
and expanded to large T cell numbers before reinfusion. Third, T cells can be 
genetically engineered in order to redirect their specificity and thus introduce a 
novel anti-tumor immune response.  
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3.2 Immune checkpoint inhibitors 

An effective way to enhance the immune response to cancer that has recently 

been approved by the FDA is the use of mAbs to block inhibitory checkpoint 
receptors on T cells. The discovery of these checkpoint inhibitors as targets for 
cancer therapy has been awarded with the Nobel prize in medicine in 2018. 
James P. Allison and Tasuko Honjo discovered the role of CTLA-4 and PD-1 for 
T cell activation and their potential in cancer therapy. In 1996, James P. Allison 
discovered that cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) operates 
as a break on lymphocytes and antibody blockade of CTLA-4 enhances antitumor 
immunity (Leach et al., 1996). Based on these results, he developed a novel 
approach for treating cancer patients. A clinical study in melanoma and ovarian 
carcinoma patients demonstrated biologic activity of CTLA-4 antibody blockade 
(Hodi et al., 2003).  

In parallel, Tasuku Honjo discovered programmed cell death protein 1 
(PD-1) with similar characteristics to CTLA-4 (Ishida et al., 1992) and showed 
that it negatively regulates lymphocyte activation (Freeman et al., 2000). Antibody 
blockade of PD-1 enhances recruitment of effector T cells and thereby prevents 
hematogenous spread of poorly immunogenic tumor cells (Iwai et al., 2005). The 
immune checkpoint inhibitors CTLA-4 and PD-1 play an important role in T cell 
activation. They act as TCR activation co-receptors that bind ligands on target 
cells such as CD80 and CD86 for CTLA-4 and PD-1 ligand 1 (PD-L1) in the case 

of PD-1. Activation of T cells after TCR binding is further influenced by stimulating 
signals from molecules like CD80 and CD86 that enhance binding of CD28 and 
inhibitory signals that impair CD28 binding. CTLA-4 binds CD28 with a higher 
affinity (Pardoll, 2012; Topalian et al., 2015) impairing binding of CD28 with the 
TCR complex (Pardoll, 2012; Topalian et al., 2015). Monoclonal antibodies 
blocking these immune checkpoint inhibitors can be used to enhance the patient’s 
endogenous T cell response to fight the cancer (Leach et al., 1996; Lesokhin et 
al., 2015). Blocking of CTLA-4 with an anti-CTLA-4 mAb (ipilimumab) increases 
T cell activation and has been proven successful in the treatment of melanoma 
patients (Hodi et al., 2010; Robert et al., 2011).  
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PD-1 is frequently upregulated on TILs leading to inactivation of tumor-
specific T cells (Pardoll, 2012; Topalian et al., 2015) as tumor cells often express 

PD-1 ligand 1 and 2 (PD-L1, PD-L2). Clinical trials using a PD-1 blocking mAb 
(nivolumab) have been conducted to treat melanoma, urothelial carcinoma, and 
non-small lung cell carcinoma patients with promising results (Ansell et al., 2015; 
Hamid et al., 2013; Robert et al., 2014; Sharma et al., 2016; Topalian et al., 2014). 
A phase III clinical study compared the use of PD-1 blocking mAb nivolumab 
alone with the combined administration of PD-1 (nivolumab) and CTLA-4 blocking 
mAb (ipilimumab) and found an increased benefit for patients with PD-L1–
negative tumors (Larkin et al., 2015). Checkpoint inhibitors have proven to be 
particularly successful in the treatment of cancers with high numbers of 
mutations, which are more efficiently targeted by T cells due to numerous 
immunogenic epitope-alterations (neoantigens) (Gubin et al., 2014; Linnemann 
et al., 2014; Rooij et al., 2013).  

Monoclonal antibodies against checkpoint inhibitors have entered clinical 
routine but have several limitations related to their biodistribution and modest 
tumoricidal activity (Reichert et al., 2005). Moreover, a crucial prerequisite for this 
approach is an existing immune response with specific T cells in the patient 
before starting the treatment. Hence, this approach is likely to fail in patients with 
no tumor-reactive T cells, immuno-compromised patients, and in patients with 
poorly immunogenic cancer types (Sharma and Allison, 2015a, 2015b).  

3.3 Adoptive T cell therapy  

The limitations of checkpoint inhibitor targeting therapies may be overcome by 
adoptive T cell therapy (ATT).  ATT describes the administration of either 
unmodified tumor-infiltrating lymphocytes (TIL) or gene-engineered T cells that 
were expanded ex vivo before reinfusion into the patient (Figure 3.2). After 
administration, these T cells can persist for many decades, respond to antigen-
positive target cells and act as a living drug against the tumor  (Sadelain et al., 
2013).  ATT can be conducted with autologous T cells that have been taken from 
the patient or T cells from an allogeneic donor. ATT has demonstrated promising 
clinical results for the treatment of end-stage, refractory cancer and entered 



INTRODUCTION 
 

 - 10 - 

clinical routine for hematological malignancies (Johnson and June, 2017; June et 
al., 2015; Maus et al., 2014; Vonderheide and June, 2014). 

 

 
Figure 3.2. Adoptive T cell therapy using either tumor-infiltrating lymphocytes or 
gene-engineered T cells. TIL therapy uses tumor-reactive T cells isolated from tumor 
biopsies. Reactive T cells are stimulated ex vivo, expanded and reinfused into the 
patient. T cell therapy with gene-engineered T cells generates receptor-modified T cells 
by insertion of a new TCR or CAR into T cells isolated from the patient. The engineered 
T cells are expanded ex vivo and re-infused into the patient.  
 
 
The most common adverse effect related to adoptive T cell therapy is the cytokine 
release syndrome (CRS) induced by the large numbers of T cells suddenly 
releasing cytokines like IL-2, INF-γ and TNF-α upon antigen recognition (Casucci 
et al., 2014; Hartmann et al., 2017; Rapoport et al., 2015). However, the release 
of cytokines is correlated to the efficacy of the treatment and can be handled quite 
well in experienced intensive care units.  

In the case of gene-engineered T cells, on-target and off-target toxicity are 
noticeable risks (Rosenberg and Restifo, 2015). On-target toxicity describes the 
event of therapeutic T cells recognizing their antigen on non-tumor cells leading 
to off-tumor reactivity against healthy tissue. This can occur when the antigen is 

not carefully selected and has been a problem targeting tumor-associated 
antigens (TAAs) (Hinrichs and Restifo, 2013). TAAs are antigens that are 
overexpressed in tumor cells but are also expressed in normal cells. For this 
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reason, tumor-specific antigens (TSAs) and cancer-testis antigens (CTAs) are 
the preferred antigens to target (Blankenstein et al., 2015). TSAs or neoantigens 

arise from non-synonymous mutations that lead to new immunogenic epitopes 
presented by the MHC system and are only present in tumor cells. CTAs are 
antigens from genes only expressed in cancer cells and in male germ cells which 
are immune privileged and hence cannot be attacked by T cells.  

Off-target toxicity on the other hand describes reactivity of the T cells 
against other antigens than the targeted antigen on the cancer cells. This cross-
reactivity can lead to unpredictable, fatal toxicities (Morgan et al., 2013). For this 
reason, the TCR has to be characterized meticulously for its specificity and HLA-
restriction. Furthermore, modification of the TCR sequence to alter the TCR 
specificity or to enhance the TCR affinity has to be done with great caution.  

To further enhance the efficacy of therapeutic T cells, they can be 
manipulated in vitro. When working with unmodified T cells, these modifications 
include cytokine stimulation, activation, and sorting of tumor-reactive T cells. 
Furthermore, T cells can be genetically engineered to express a new T cell 
receptor and regulatory genes. Genetic engineering can be done transiently for 
short-term effects, or permanently to achieve stably altered T cells that can 
remain in the patient and provide a memory immune response. Furthermore, ATT 
can also be combined with checkpoint inhibitor therapy and conventional cancer 
therapy to improve clinical outcome.  

3.4 T cell therapy with unmodified T cells 

One way to treat cancer with ATT is the use of ex vivo expanded, unmodified 
tumor infiltrating lymphocytes (TILs). For this approach, T cells are isolated from 
a tumor biopsy of the cancer patient and cultured in vitro before reinfusion of the 
T cells back into the patient. These autologous T cells isolated from the cancer 
have entered the tumor microenvironment and at least a fraction of these T cells 
is likely to be tumor-reactive. However, the immuno-suppressive environment of 
the tumor often impairs reactivity of these T cells. Ex vivo culturing of the TILs 
offers a possibility to overcome T cell anergy and to expand them to large cell 
numbers by in vitro activation. To enrich the T cells specific for tumor cells, the 
TILs can be stimulated by cancer cells or antigen-presenting cells (APC) and 
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cultured in vitro for several weeks. To facilitate T cell expansion and to drive the 
T cells into a desired phenotype, the T cells can be provided with IL-2 or other 

cytokines such as IL-7 and IL-15. This method allows for the generation of high 
numbers of tumor-specific T cells to overcome the immuno-suppressive tumor 
environment. The produced T cells can be analyzed for their functionality and 
further sorted for the desired T cell phenotypes. A defined population of TILs can 
then be given back to the patient. These T cells attack the tumor cells, which, in 
addition to tumor cell killing, can induce antigen spreading and thereby further 
increase the immune response.  

TIL therapy has resulted in partial and complete regressions in cancer 
patients. TILs derived from patients with metastatic melanomas were expanded 
in vitro and adoptively transferred back after lymphodepletion to facilitate 
engraftment of the transferred T cells. This approach resulted in tumor regression 
rates of about 40-50% with 10-25% resulting in complete tumor regression in 
metastatic melanoma patients (Besser et al., 2010; Dudley, Wunderlich, Yang, et 
al., 2002; Dudley et al., 2005; Met et al., 2018). Notably, these results were 
achieved in end-stage cancer patients after failure of all standard therapies and 
often as a salvage therapy of last resort. It has been demonstrated that 
preconditioning of patients increases the efficacy and persistence of the ex vivo 
expanded TILs (Klebanoff et al., 2005), and therefore improves clinical outcome 
(Dudley, Wunderlich, Robbins, et al., 2002). Complete tumor regression rates 
were higher than with immune checkpoint inhibitors, and most importantly, a 

considerable part of the responses was durable. Some complete responses 
lasted for many years and the patients remained cancer-free (Andersen et al., 
2016; Itzhaki et al., 2011; Radvanyi et al., 2012).  

TILs can be generated for a number of other tumors including ovarian, 
breast, colon, cervical, and renal cancer (Hinrichs and Rosenberg, 2014), 
although only moderate clinical responses have been observed in these cases. 
Melanoma is the only cancer type where TIL therapy demonstrated the above-
mentioned clinical response rates. Furthermore, this approach is limited to solid 
tumors and relies on cancer-specific T cells already present in the patient’s T cell 
repertoire. It has proven to be difficult to obtain enough T cells from tumor 
material, to expand these tumor cultures to large cell numbers and to generate 
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reactive autologous T cells – especially from non-melanoma cancer patients. This 
leads to long culture periods to generate enough reactive T cells. Long culture 

periods, however, have been shown to be detrimental to their clinical efficacy 
(Gattinoni et al., 2012). Furthermore, the availability of cancer-specific T cells 
present in the patient is limited due to immune tolerance. Hence, potent reactive 
T cells are hard to obtain. For this reason, alternative therapies are needed that 
do not rely on TILs and allow the treatment of all cancer types. 

3.5 T cell therapy with gene-engineered T cells 

To overcome the limitations of TIL therapy, T cells can be genetically engineered 
to alter their specificity to be reactive against tumor antigens. The specificity of 
T cells is defined by their T cell receptor and can be redirected by transfer of TCR 
genes (Dembic et al., 1986; Gabert et al., 1987). For this purpose, TCRα- and 
TCRβ-chain genes are transferred into polyclonal, blood-derived T cells with the 
help of viral vectors to achieve stable integration of the TCR genes into the 
patient’s T cells (Kessels et al., 2001). The T cells are activated before 
transduction and expanded in vitro to generate large cell numbers that are 
reinfused into the patient to fight the cancer. This approach, called TCR gene 
therapy, allows to expand the immune response of the patient with autologous 
T cells and circumvent immune system limitations (Schumacher, 2002). 
Furthermore, these T cells can be obtained from peripheral blood, so no tumor 
material is needed. The feasibility of this approach has been demonstrated by 

the Rosenberg lab in a proof-of-principle experiment almost 15 years ago 
demonstrating functionality and specificity of the TCR gene-engineered T cells 
(Morgan et al., 2006). With this technology, large numbers of T cells can be 
generated for every antigen presented by MHC molecules in a relatively short 
time period. This, in principle, offers a way to treat all types of cancer, given the 
availability of an antigen-specific TCR. Furthermore, T cells can also be equipped 
with chimeric antigen receptors (CARs) instead of TCRs allowing the targeting of 
any surface protein on target cells. The TCR-engineered T cells can further be 
modified to be more reactive, robust, or persistent. For example, activation can 
be enhanced by overexpression of TCR co-receptors or cytokines. Furthermore, 
inhibitory checkpoint receptors could be manipulated in engineered T cells, 
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avoiding the systemic administration of antibodies, which is accompanied by side 
effects.  

Activation and expansion can be done by stimulation of the T cells via their 
TCR either unspecifically with anti-CD3 mAbs combined with anti-CD28 mAbs or 
specifically with antigen presenting cells to enrich the antigen-specific T cells. 
Such redirected T cells have shown impressive results for the treatment of 
patients with advanced cancer (Porter et al., 2011; Robbins et al., 2011). 
Recently, phase III studies and FDA approved therapies have demonstrated 
remarkable success rates in relapsed and refractory end-stage cancer patients 
(Fesnak et al., 2016; June et al., 2015).  

One fact to consider when equipping T cells with a new TCR is the 
presence of the endogenous TCR. The specificity of the endogenous TCR is 
unknown and the reactivity of the ex vivo expanded T cells against their natural 
antigen target is unwanted. Furthermore, the simultaneous expression of the 
endogenous TCR and the transferred TCR can lead to reduced expression of the 
therapeutic TCR or mispairing of the transferred TCR chains with the endogenous 
TCR chains (Bendle et al., 2010). However, expression of the therapeutic TCR 
can be enhanced, expression of the endogenous TCR can be reduced, and 
mispairing can be prevented by several approaches described in the TCR 
optimization chapter.  

3.5.1 CAR-T cell therapy 

Chimeric antigen receptors (CARs) are artificial T cell receptors comprised of an 
extracellular single-chain variable fragment (scFv) fused to an intracellular 
signaling domain via a transmembrane spacer alpha helix usually derived from 
the CD28 TCR co-receptor. The most commonly used signaling domain is the 
CD3 ζ-chain including three ITAMs for activation. CARs are composed of an 
extracellular binding domain including a hinge region, a transmembrane domain, 
and one or more intracellular signaling domains (Hartmann et al., 2017). The 
design of CARs has evolved over the years and CARs can be categorized in first, 
second, and third generation CARs. While first generation CARs only include the 
CD3 ζ-chain for signaling, second generation CARs additionally harbor a co‐
stimulatory domain like CD28 or 4‐1BB to provide co-stimulatory signaling for 
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proper T cell activation and proliferation. Third generation CARs combine several 
signaling domains such as CD28, 4-1BB, and OX40 to enhance T cell 

functionality and persistence.  
By introduction of the CAR genes into T cells, they can be directed towards 

new antigens of tumor cells (Brentjens et al., 2011). As the binding domain 
originates from an antibody, no MHC presentation of the antigen is needed. 
Hence, CARs are not limited to MHC-restricted antigens and can be generated 
for virtually any surface molecule of the target cells. Furthermore, CARs can be 
used for all patients due to their HLA-independency. The expression of the CAR 
is independent from the endogenous TCR and does not compete for co-receptor 
molecules.  

The most impressive clinical results to date were accomplished with a CAR 
specific for CD19. CD19 is a surface marker of all B lineage cells except for 
plasma cells (Scheuermann and Racila, 1995). The vast majority of the more than 
200 clinical trials globally using CAR-engineered T cells employ the CD19 specific 
CAR targeting B cells to treat blood cancer. Also, the first two FDA approved 
T cell therapies both target CD19 to treat B cell malignancies. Tisagenlecleucel 
(”Kymriah“, Novartis) is approved for the treatment of relapsed and refractory B 
cell acute lymphoblastic leukemia (ALL), while axicabtagene ciloleucel 
(”Yescarta“, Kite Pharma) is approved to treat relapsed and refractory diffuse 
large B-cell lymphoma (DLBCL). Tisagenlecleucel was the first FDA approved 
gene therapy in the US and has an impressive overall response rate of 83% in all 

types of B cell ALL three months after treatment, but CRS is a frequent side effect 
observed in almost half the patients. Axicabtagene ciloleucel demonstrated a 
complete response (CR) rate of 82% with 54% complete remissions after 18 
months and is currently under review to also be approved to treat Non-Hodgkin 
lymphoma (Neelapu et al., 2017). Several other CARs are currently being 
investigated in clinical trials to treat cancer including CARs against CD20 
(Maloney, 2012), CD22 (Haso et al., 2013), and CD30 (Ramos et al., 2017) for 
the treatment of B cell lymphoma and Non-Hodgkin's lymphoma (Brudno and 
Kochenderfer, 2018), and B-cell maturation antigen (BCMA) for the treatment of 
multiple myeloma (MM) (Bluhm et al., 2018; Carpenter et al., 2013).  
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The most common risks in CAR-T cell therapy are CRS, on-target toxicity, 
neurological toxicity (Turtle et al., 2016), and insertional mutagenesis (Bonifant 

et al., 2016). Moreover, the generation of these CARs is dependent on the 
availability of specific mAbs for the target antigen and these mAbs are mainly 
generated in mice. mAbs can only be generated for surface molecules and the 
resulting CARs are immanently immunogenic. A substantial drawback of CARs 
in the treatment of solid tumors is related to the fact that the antigen is not 
presented by an MHC molecule. Released antigen cannot be presented by 
adjacent cells impeding cross-presentation. Furthermore, long-term survival of 
CAR T cells could be hampered by the high affinity of the mAb of the CAR towards 
the antigen (Ghorashian et al., 2019; Labanieh et al., 2018). Nevertheless, CAR-
T cell therapy demonstrated impressive clinal results for the treatment of 
hematological malignancies and holds promise to be a future pillar of cancer 
therapy. Widespread application, however, is still hampered because of high 
costs due to the laborious production of CAR-T cells. Production of the 
therapeutic T cells could be considerably facilitated by the availability of a non-
viral vector system reducing production costs and complexity.  

3.5.2 TCR gene therapy  

TCRs allow the targeting of virtually any antigen presented by MHC molecules. 
This includes intracellular proteins and therefore broadens the target repertoire 
substantially. Another fundamental advantage of TCRs compared to CARs is the 

fact that not only antigen-expressing tumor-cells are killed by the T cells but also 
cells in close proximity to a lysed tumor cell that pick up antigen and present it on 
their MHC molecules. This cross-presentation of antigenic peptides leads to the 
killing of stroma cells destroying the tumor microenvironment. The destruction of 
the tumor microenvironment is a crucial factor for successful eradication of solid 
tumors. Furthermore, TCRs allow the targeting of individual neoantigens as each 
non-synonymous mutation can result in a possible target for TCR gene therapy. 
This patient-specific approach targeting mutated epitopes holds great promise for 
the treatment of solid tumors that do not express publicly shared antigens.  

The first clinical study proving the feasibility of TCR-engineered T cell 
therapy for cancer treatment employed a TCR specific for the melanoma-
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associated antigen recognized by T cells (MART-1) and used a gammaretroviral 
(γRV) vector to generate the therapeutic T cells. Morgan et al. treated 14 patients 

with metastatic melanoma and demonstrated durable engraftment of the 
transferred engineered T cells, their functionality and persistence in the patients. 
Two patients showed a sustained objective regression (OR) (Morgan et al., 
2006). The MART-1 TCR used in this study was obtained from tumor-reactive 
TILs. Johnson et al. compared a human-derived TCR to a TCR derived from an 
immunized transgenic mouse in a clinical trial treating 36 patients with metastatic 
melanoma. While 30% of the patients treated with the human TCR showed an 
OR, this was only true for 19% of the patients treated with the murine TCR 
(Johnson et al., 2009). These trials targeted TAAs and virtually all patients 
experienced on-target/off-tumor toxicity resulting in destruction of normal 
melanocytes in the skin, eyes, and ears. To circumvent these side-effects, TCRs 
specific for CTAs were generated. A clinical study targeting New York esophageal 
squamous cell carcinoma-1 (NY-ESO-1) demonstrated safety of CTA-specific 
TCRs (Robbins et al., 2011). 11 patients with metastatic melanoma and six 
patients with synovial cell sarcoma were treated with NY-ESO-1-specific T cells 
without any on-target/off-tumor or off-target toxicity. While five melanoma patients 
and four synovial cell sarcoma patients showed ORs, two melanoma patients had 
a complete regression (CR) one year after the therapy. NY-ESO-1 is also 
expressed by multiple myeloma tumors and was used as a target for a clinical 
trial, in which a TCR was employed that was affinity-enhanced after TCR isolation 

in vitro. 20 patients received autologous stem cell transplants together with 
autologous NY-ESO-1-specific T cells (Rapoport et al., 2015). By the combination 
of these approaches 80% of the patients were tumor-free 19 months after 
treatment. Enhancing the affinity of a TCR by in vitro maturation, however, can 
be dangerous as the alteration of the TCR sequence can lead to a loss of TCR 
specificity. A melanoma-associated antigen A3 (MAGE-A3)-specific TCR was 
affinity-enhanced by the exchange of two amino acids and used in a clinical trial 
to treat nine cancer patients. While five patients experienced clinical regression 
of their cancers including two on-going responders, three patients experienced 
severe neurological toxicity that led to coma, seizures, and death of the patients. 
The fatal off-target toxicity could be allocated to cross-reactivity against MAGE-
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A12 due to the affinity maturation (Cameron et al., 2013; Linette et al., 2013; 
Morgan et al., 2013). 

A safer approach to obtain high-affinity TCRs for self-antigens (TAAs and 
CTAs) without the need of affinity maturation is the generation of TCRs in 
humanized mice from a non-tolerant repertoire (Li et al., 2010). These TCRs 
circumvent thymic selection in the human thymus and therefore reach higher 
peptide-affinity. A promising TCR generated with this method is the MAGE-A1-
specific TCR T1367 (Obenaus et al., 2015). This TCR has a remarkable affinity 
to its antigen and did not show reactivity against healthy tissue in multiple assays. 
A clinical trial entitled “MageA1-TCR Gene Therapy of Multiple Myeloma 
(MAGEA1-TCR)” is currently being conducted to investigate the TCR for the 
treatment of multiple myeloma patients.  

Optimization of the therapeutic TCR 

The functionality of the engineered T cell relies on a strong surface expression of 
the therapeutic TCR. The surface expression is influenced by the vector design 
with regards to regulatory elements, such as the promoter, enhancer elements, 
and introns, by the copy number, and integration site. Furthermore, surface 
expression of the therapeutic TCR depends on strong binding of the TCR chains 
and formation of the TCR complex by binding of CD3 molecules. Importantly, the 
therapeutic TCR has to compete with the endogenous TCR for the CD3 co-
receptors to reach the cell surface (Ahmadi et al., 2011; Heemskerk et al., 2007; 
Saito et al., 1989; Sommermeyer et al., 2006). To achieve high expression of the 

therapeutic TCR, the DNA sequence of the TCR can be codon-optimized 
(Scholten et al., 2006). Moreover, expression of the TCR can be enhanced by 
protein engineering. Binding of the transferred TCR chains to each other can be 
enhanced by introduction of a second cysteine bridge by mutation of two residues 
into cysteines (Cohen et al., 2007; Kuball et al., 2007). This enhances binding of 
the correct chains and increases surface expression. A second approach to 
improve binding of the TCR chains of the therapeutic TCR to each other is the 
use of murine constant regions. Murine constant regions are better expressed in 
human cells than human TCR C regions (Cohen et al., 2006; Voss et al., 2006) 
and increase expression and binding of the correct TCR chains (Kuball et al., 
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2007; Sommermeyer et al., 2006). However, the murine C regions of these TCRs 
are immunogenic. To prevent an immune response against the therapeutic 

T cells, minimally murinized constant regions have been developed by 
exchanging nine amino acids, that were identified to confer better binding. These 
minimally murinized TCRs no longer comprise the immunogenic epitopes 
preventing immunogenicity (Bialer et al., 2010; Sommermeyer and Uckert, 2010).  

RNA interference to silence the endogenous TCR  

A more straightforward approach to the problem is to prevent the expression of 
the endogenous TCR chains. Suppressing the expression of the endogenous 
TCR increases surface expression of the therapeutic TCR and concurrently 
prevents the formation of mispaired TCRs. Mispaired TCRs, composed of 
transgenic TCR chains of the therapeutic TCR and endogenous TCR chains, 
reduce the functionality of TCR-engineered T cells due to less functional TCRs 
on the cell surface and can lead to off-target toxicity (Bendle et al., 2010; Loenen 
et al., 2010). Knock-down of the endogenous TCR by RNA interference (RNAi) 
has been demonstrated to improve the expression of the therapeutic TCR and 
functionality of the T cells (Bunse et al., 2014; Ochi et al., 2011; Okamoto et al., 
2009, 2012) in the context of viral vectors and reduced off-target toxicity in a 
mouse model (Bunse et al., 2014). The vector design from Bunse et al. contains 
two miRNAs specific for the constant region of the TCRα- and β-chain. The 
therapeutic TCR is shielded from the RNAi by silent mutations through codon-
optimization in the C region masking the epitopes that serve as targets for the 

miRNAs (Okamoto et al., 2009). The miRNAs are incorporated into an intron 
between the promoter and the TCR genes. Intronic splicing of the miRNAs 
prevents the loss of the 5’-cap or 3’-poly(A)-tail in the processing of the miRNAs 
(Okamoto et al., 2012). Furthermore, the intronic positioning of the miRNAs 
allows simultaneous expression of the TCR and miRNAs from the same pol II 
promoter. This ensures expression of the transgenic TCR only in combination 
with silencing of the endogenous TCR. This approach reduces expression of the 
endogenous TCR on mRNA level, increases surface expression of the 
therapeutic TCR, reduces the formation of mispaired TCRs and thereby prevents 
transfer-induced graft-versus-host-disease (TI-GVHD) (Bunse et al., 2014). 
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However, data showing the reduced formation of mixed TCR dimers on human 
TCR-engineered T cells are still missing and the knockdown strategy has not 

been employed on TCR-engineered T cells generated with transposon-based 
vectors. The miRNAs can easily be incorporated into any method of T cell 
engineering by simply adding the miRNAs to the TCR expression cassette.  

3.5.3 Personalized TCR gene therapy 

The best results in clinical trials to date have been achieved with CTAs and TSAs 
and it has been shown, that TILs mainly respond to TSAs (Tran et al., 2017). 
Melanoma regressions could be correlated to increased frequencies of 
neoantigen-specific T cells (Robbins et al., 2013; Rooij et al., 2013). This 
correlation indicates the importance of neoantigen-specific T cells and can be 
expected to be similar in other tumors (Linnemann et al., 2013). Furthermore, 
TSAs and CTAs should be safe targets for ATT. The safety of TAAs on the other 
hand is in dispute. Hence, tumor-specific epitopes or neoantigens are optimal 
antigens to target, especially in the case of solid tumors that cannot be targeted 
with CARs against a surface marker protein. High affinity TCRs against CTAs, 
however, are difficult to obtain and often not expressed by tumors or only by a 
fraction of the patients. TSAs, on the other hand, can be found in all types of 
cancer and numerous non-synonymous mutations lead to immunogenic epitopes 
that can be targeted by TCRs (Vogelstein et al., 2013). Furthermore, the 
identification of neoantigens through whole tumor exome sequencing has 

become much easier, faster, and cheaper. Novel methods are able to detect 
neoantigen-reactive T cells targeting unique and shared oncogenes for 
personalized cancer immunotherapy (Yossef et al., 2018).  
 



INTRODUCTION  

 - 21 - 

 
Figure 3.3. Personalized T cell gene therapy targeting tumor-specific antigens. 
Targeting of tumor-specific antigens (TSAs) requires the identification of patient- and 
tumor-specific mutations by whole exome sequencing of tumor and healthy tissue to 
identify non-synonymous somatic mutations expressed by the cancer. Non-synonymous 
somatic mutations with predicted high pMHC affinity are transfected into antigen-
presenting cells (APC) and co-cultured with T cells to identify cancer-specific T cells. 
After cloning of the TCR sequences, patient T cells are engineered with cancer-specific 
TCRs, expanded ex vivo, and re-infused into the cancer patient.  
 
 
Hence, many experts in the field concur that neoantigen-targeting might be the 
most promising way to successfully treat solid tumors (Leisegang et al., 2016; 
Rosenberg and Restifo, 2015; Schumacher and Schreiber, 2015; Tran et al., 
2017). This requires a personalized immunotherapy approach for each cancer 
patient (Figure 3.3). The therapeutic TCRs have to be generated for each cancer 

patient targeting the individual neoantigens presented by the patient’s HLA 
molecules. This leads to logistic hurdles with regard to regulation and 
manufacturing. The therapeutic time window of end-stage cancer patients is often 
limited to under six months. However, cancer exome sequencing to determine 
somatic mutations with high peptide-MHC (pMHC) affinity takes at least several 
weeks. Furthermore, the generation of mutation-specific T cells and isolation of 
TCR genes takes another three to four months and the final engineering of the 
patient’s T cells takes one to two weeks. The most time-consuming part, however, 
is the generation of viral vectors that can be used for clinical application. Viral 
particles need to undergo extensive testing to prevent the generation of 
replication-competent viral particles. With these quality and safety controls, the 



INTRODUCTION 
 

 - 22 - 

production of the patient-specific T cell product takes about one year and about 
half the time is consumed by the production of the viral vector.  

This demonstrates a strong medical need to accelerate the generation of 
therapeutic T cells for personalized immunotherapy, which could be achieved by 
the availability of a simple DNA-based vector system that avoids the need of 
extensive safety controls. The lack of a rapid and safe clinical-grade T cell 
engineering system could be overcome by the use of a simple and efficient 
transposon-based vector system and accelerate this process substantially. 
Furthermore, a cost-effective and efficient T cell manufacturing system could 
increase the feasibility of ATT as a standard of care treatment for cancer and 
facilitate widespread application (June et al., 2015).  

3.6 Genetic engineering of T cells  

The transfer of TCR or CAR genes into the patient’s T cells is the first step to 
generate genetically engineered therapeutic T cells. This transfer has to be safe 
for clinical application and provide efficient expression of the therapeutic TCR. 
T cells can be engineered to express transgenic receptor genes transiently for a 
limited period of time or permanently by incorporation of the receptor genes into 
the T cell genome. Transient engineering of T cells is easier to achieve, cheaper, 
and faster, but the therapeutic capacity of the T cells is limited to several days 
(Morgan and Boyerinas, 2016). Transient expression of a therapeutic TCR or 
CAR can be achieved by transfection of the T cells with messenger RNA (mRNA) 

or expression plasmids. However, these vectors will be degraded quite rapidly 
and diluted and lost during cell division after T cell activation and therefore 
relatively few T cells will be cancer-reactive for a short period of time. To achieve 
long-term reactivity of the transferred T cells and their descendants, stable 
integration of the TCR or CAR expression cassette is essential. These cells will 
persist long-term in the cancer patient and act as a living drug fighting the cancer. 
Furthermore, this allows memory T cells to emerge from the immune response 
and persevere in the patient for decades. Thus, the patient could acquire durable 
immune reactivity to suppress the tumor long-term. To achieve stable gene-
engineering of T cells, the vast majority of studies uses viral vectors (Morgan and 
Boyerinas, 2016). Retroviral vectors are capable of efficient T cell infection and 
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stable integration of their gene cargo by transduction and have proven to be 
highly efficient and reliable. Numerous viral vector systems have been developed 

in the last decades with various differing characteristics. The most important viral 
vectors for T cell engineering are based on gammaretroviruses like the murine 
leukemia virus (MLV) and lentiviruses like the human immunodeficiency virus 
(HIV).  

However, alternative non-viral gene transfer techniques have greatly 
evolved in the last three decades from simple physical and chemical methods to 
advanced methods that offer stable genetic engineering. These techniques might 
be able to overcome the limitations and drawbacks of viral vectors.   

3.7 Viral vectors for T cell engineering 

Viruses are natural gene transfer vehicles, highly efficient in delivering DNA into 
cells and integrating the DNA into the genome of the host cell. The ability of 
crossing the cell membrane by infection in combination with the ability to 
permanently integrate DNA into the host genome deems viruses an ideal tool for 
gene-engineering. This process called transduction can be exploited to use 
viruses as a gene editing tool. For this purpose, large parts of the viral genome 
are replaced by a gene of interest (GOI) or transgene expression cassette. To 
maintain the desired capabilities of the virus needed for packaging and 
transduction, the respective genes can be provided on separate plasmids. In 
retroviral vectors, the packaging signal is included into the transgene expression 

cassette and the genes gag/pol and env are provided on helper plasmids. These 
genes encode for capsid proteins of the virion core, replication enzymes like the 
reverse transcriptase, and membrane proteins for the virion envelope, 
respectively. The separation of these genes is done to preclude the generation 
of replication-competent viral particles and thereby increase their biosafety (Kay 
et al., 2001; Lynch and Miller, 1991). The plasmids are transfected into a 
packaging cell line to generate large numbers of viral particles containing the 
transgene cassette to be inserted into the host genome. The integration cassette 
harboring the GOI is flanked by long terminal repeats (LTRs), which serve as 
binding sites for viral proteins to recognize and package the DNA sequence into 
viral particles and harbor regulatory elements including the viral promoter and 
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enhancer elements. To use viral vectors for transduction, viral supernatant 
containing the recombinant viral particles can be produced with the help of 

packaging cell lines such as HEK-293T by transient transfection of three plasmids 
encoding for (i) the integration cassette flanked by long terminal repeats (LTRs), 
(ii) the gag/pol genes, and (ii) the env gene. In order to transduce human T cells, 
PBLs are typically stimulated with anti-CD3 and anti-CD28 mAbs and supplied 
with IL-2 (Engels et al., 2003) before transduction. Viral supernatant is added to 
the media and the transduction is enhanced by spinoculation and employment of 
retronectin, which facilitates engangement of the virions with the target cell 
membrane. After fusion of the viral particle with the host cell membrane, the virion 
genome is transported into the nucleus (Suerth et al., 2012). This only works in 
dividing cells during mitosis when the nuclear membrane is disrupted (Kay et al., 
2001). Transduction of T cells can be highly efficient and allows the generation 
of large numbers of gene engineered T cells (Kochenderfer et al., 2012; Pule et 
al., 2008).  

The tropism of a virus describes its ability to transduce a certain cell type 
and is given by the env gene. Replacing the env gene by an envelope from 
another retrovirus can be done to change the tropism and is called pseudotyping. 
One well known example of pseudotyping is the replacement of the MLV env 
gene by the glycoprotein from the gibbon-ape leukemia virus (GALV). This 
increases transduction efficiency of human cells of the hematopoietic lineage 
(Ghani et al., 2009).  

More than 500 gene therapy clinical trials have been conducted to date 
with about 70% of those trials using viral vectors (Hudecek et al., 2017; Suerth et 
al., 2014). The most commonly used viral vectors in human gene therapy are 
based on adenoviruses (19.1%), gammaretroviruses (17.7%), lentiviruses 
(8.4%), and adeno-associated viruses (8.1%). In TCR gene therapy, the most 
commonly used viral vectors are derived from gammaretroviruses like MLV and 
MPSV (Engels et al., 2003) or lentiviruses like HIV (Kochenderfer et al., 2012). 
Adenoviruses and adeno-associated viruses do not integrate into the host cell 
genome. Hence, adenoviral and adeno-associated viral vectors get diluted in 
rapidly proliferating cells, which makes their use disadvantageous in activated 
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T cells. Furthermore, adenoviruses are highly immunogenic and have a limited 
cargo size capacity of under 5 kb (June et al., 2009).  

Retroviral vectors for T cell gene transfer 

Gammaretroviruses (γRV) and lentiviruses (LV) both belong to the retrovirus 
subfamily orthoretrovirinae. These are enveloped viruses that replicate with the 
help of a reverse transcriptase. γRV have a simple genome that makes them 
easy to modify and use as a genetic engineering vector. Expression of the 
retroviral genes gag, pol and env, which encode for the capsid proteins, 
replication enzymes and envelope is sufficient for the generation of viral particles 
and can be provided in trans (Maetzig et al., 2011). Furthermore, stable 
packaging cell lines can be generated for the production of viral supernatant 
enabling efficient production of viral supernatant in large quantities (Lynch and 
Miller, 1991; Suerth et al., 2012). The first successful clinical gene therapy trials 
were performed employing a gammaretroviral vector based on MLV to treat 
severe combined immunodeficiency (SCID)-X1 in children (Cavazzana-Calvo et 
al., 2000). SCID was successfully treated, but some children developed leukemia 
due to insertional mutagenesis (Lamers et al., 2011). Importantly, the adverse 
events described in this study have only been observed for hematopoietic stem 
cells. In contrast, mature lymphocytes are known to resist transformation due to 
epigenetic and apoptotic mechanisms that inhibit clonal outgrowth (Newrzela et 
al., 2008). And in fact, no case of T cell transformation after transduction with 
gammaretroviruses has been reported in a long-term HIV treatment study 

(Scholler et al., 2012). However, γRV vectors preferentially integrate close to 
transcription start sites and CpG islands of active genes, which harbors a 
theoretical risk of proto-oncogene activation (Lewinski and Bushman, 2005; Wu 
et al., 2003). 

A newer generation of γRV vectors is based on the myeloproliferative 
sarcoma virus (MPSV) (Baum et al., 1995). In a later version of this vector, the 
promoter of the LTR was optimized by reconstruction of the 5’ leader intron 
through incorporation of a minimal splice acceptor site and addition of the 
posttranscriptional regulatory element of the woodchuck hepatitis virus (wPRE) 
(Schambach et al., 2000). This vector was named MP71 and demonstrated a 75-
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fold higher expression of GFP in human T cells and was not prone to gene 
silencing (Engels et al., 2003). The MP71 and other γRV vectors are currently 

being used in several clinical trials (NCT01087294, NCT01454596, 
NCT01822652).  
 LV are similar to γRV, but in addition to gag/pol/env, they also comprise 
the central polypurine tract (cPPT) and central termination signal (CTS) as well 
as the rev gene, which facilitates nuclear import and export (Dull et al., 1998; 
Matrai et al., 2010; Naldini et al., 1996; Zennou et al., 2000). This, in principle, 
allows lentiviral vectors to transduce non-dividing cells. However, the 
transduction efficiency of non-dividing T cells is very low due to the lack of the 
low-density lipoprotein receptor (LDL-R) on resting T cells (Amirache et al., 2014). 
In contrast to γRV vectors, lentiviral supernatant has to be concentrated by 
ultracentrifugation in order to achieve high titers (Matrai et al., 2010) and it is not 
possible to generate stable packaging cell lines due to silencing of lentiviral genes 
in producer cells (Suerth et al., 2014). LV have the capacity to deliver larger DNA 
sequences than γRV (Amado, 1999; Hacein-Bey-Abina et al., 2003; Naldini et 
al., 1996) and they have a safer biosafety profile as they do not have an 
integration bias for promoter regions of active genes like γRV. However, the 
integration profile of HIV-based LV vectors is also biased towards transcriptional 
areas (Cavazza et al., 2013; Gogol-Döring et al., 2016; Scholler et al., 2012; 
Wang et al., 2009). 

Risks and drawbacks of viral vectors 

Early on, there has been concern about the use of retroviral vectors for the 
transduction of human T cells due to the risk of insertional mutagenesis (Scholler 
et al., 2012). Insertional mutagenesis can occur in three different ways. (i) Strong 
viral promoters can drive the expression of nearby proto-oncogenes (Baum et al., 
2004; Hacein-Bey-Abina et al., 2008; Kalle et al., 2014), (ii) enhancer elements 
of the viral LTR can affect the activity of nearby promotors of proto-oncogenes, 
or (iii) the integration of the transgene cassette can lead to truncated transcripts 
and disrupt genes (Suerth et al., 2014). However, integration-related insertional 
mutagenesis has never been observed after adoptive T cell transfer (Corrigan-
Curay et al., 2014; Scholler et al., 2012). The theoretical risk of transactivation 
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caused by the retroviral promoter can be minimized by the use of recombinant 
self-inactivating (SIN)-vectors that contain a second internal promoter in the 

transgene cassette (Ellis, 2005; Schambach et al., 2006, 2007) and reduce 
immortalization in genotoxicity assays (Modlich et al., 2009) and insulator 
sequences to prevent promoter activation (Loew et al., 2010). Nevertheless, 
vectors with a close-to-random integration profile or the ability to target safe 
haven areas of the genome are preferable to minimize risk for patients. Another 
risk is the involvement of the reverse transcriptase in retroviral vectors as it is 
known to be prone to errors.  

Moreover, retroviral vectors are based on pathogenic viruses like HIV and 
have to be used with great care and require the implementation of several safety 
mechanisms to prevent the generation of replication competent particles. Thus, 
all therapeutic products that have been generated with the help of viral vectors 
have to be thoroughly tested for replication incompetence in order to comply with 
clinical safety standards (Hennig et al., 2014). Hence, the manufacturing of viral 
vectors for human application is laborious, time-consuming, and demands a high 
level of expertise. Furthermore, the production of viral supernatant is relatively 
complex and demands manufacturing under biosafety level 2 conditions. The 
involvement of a packaging cell line exacerbates the manufacturing process and 
impedes the employment of certain regulatory elements like strong introns and 
repetitive DNA sequences. Moreover, viral particles constitute a physical size 
limit for the DNA cargo of around 8-10 kb (Grabundzija et al., 2010; Sinn et al., 

2005).  
These factors limit wide-spread application due to the expertise required 

for production, strict regulatory demands and high costs of manufacturing. Most 
importantly, the vector production takes too long for the treatment of end-stage 
cancer patients in a personalized cancer therapy setting using gene engineered 
T cells.  

3.8 Non-viral vectors for T cell gene therapy 

Non-viral vectors could overcome the drawbacks and limitations of viral vectors 
and enable faster, cheaper, and safer manufacturing of therapeutic T cells. These 
alternatives comprise techniques for short-term expression like mRNA and 
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plasmid transfection and tools for stable gene engineering like transposon-based 
vectors, nucleases like zinc finger nucleases (ZFN) and transcription activator-

like effector nucleases (TALENs) as well as the gene editing tool clustered 
regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 
protein 9 (Cas9). Non-viral vector systems are particularly attractive as they are 
simple to produce, handle, and manipulate, can be stored for long periods of time, 
and induce no specific immune response (Fernando and Fletcher, 2006). 
Furthermore, they don´t possess the biophysical and genetic limitations of viral 
vectors regarding cargo size and elements required for regulation of expression 
and replication (Essner et al., 2005). The economic advantages of non-viral T cell 
engineering lower the costs per patient and thus the availability of T cell gene 
therapy for cancer patients. Adequate gene transfer systems should provide 
efficient gene transfer, stable transgene expression, and high biosafety.  

Non-viral T cell transfection  

In contrast to viruses, non-viral vectors lack the ability to infect cells and deliver 
the DNA cargo to the cell nucleus. Hence, the vectors have to be transfected into 
the T cells by chemical or physical transfection methods. Non-viral transfection 
techniques have greatly evolved in the last decades from simple physical and 
chemical methods to the advanced methods currently available. Modern 
transfection methods comprise physical methods such as electroporation, gene 
gun, microinjection, hydrostatic pressure, sonication, and cell squeezing and 
chemical methods such as calcium phosphate transfection, lipofection, and the 

use of cationic polymers. 
Human T cells, however, are known to be ‘hard-to-transfect’ primary target 

cells. ‘Hard-to-transfect’ cells are sensitive to transfection and resistant to take up 
the transferred nucleic acids. Therefore, commonly used chemical methods like 
lipofection are not efficient in transfecting T cells. Also, classical electroporation 
of T cells has proven to be inefficient and toxic for T cells. Hence, a special form 
of electroporation has been developed for ‘hard-to-transfect’ cells called 
nucleofection. This technology allows the transfection of ‘hard-to-transfect’ cells 
with high viability due to cell type specific buffers and electroporation parameters 
resulting in gene delivery directly into the nucleus (Gresch et al., 2004). Other 
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than conventional electroporation methods, nucleofection uses a combination of 
two pulses to generate pores in the cell membrane and transfer the nucleic acids 

into the cell nucleus and cytoplasm. For this reason, cell division is not required 
and the transfection of resting cells is possible (Lai et al., 2003). Nucleofection 
has proven to allow the transfection of primary T cells (Singh et al., 2015), 
however, the efficiency is limited and many T cells die due to the transfection 
process.  

T cell electroporation for adoptive T cell therapy  

The easiest and safest technique to transfer new receptor genes into T cells is 
the electroporation of T cells with in vitro transcribed (ivt) RNA. RNA 
electroporation is very efficient and well tolerated by T cells (Johnson et al., 
2006). This is due to the fact that RNA molecules are relatively small and RNA 
does not require to be transferred to the cell nucleus as protein translation takes 
place in the cytosol. RNA electroporation is a straightforward engineering 
approach for gene therapy but does not lead to stable expression of the 
transferred receptor on the T cells (Tavernier et al., 2011). Expression of the 
transgene has been shown to only last up to several days (Beatty et al., 2014; 
Caruso et al., 2016), as the RNA is rapidly degraded in cells. RNA transfection of 
T cells to express a therapeutic TCR has been done to evaluate the safety of a 
TCR due to the short expression period of the receptor (Yoon et al., 2009; Zhao 
et al., 2010). A xenograft model with the CD19 CAR transferred as mRNA showed 
similar efficacy for a limited period of time. The TCR was detectable for about one 

week (Barrett et al., 2011).  This approach has been shown to be safe but requires 
multiple T cell infusions to confer long-term antitumor efficacy (Beatty et al., 
2015).  

Longer expression of the TCR can be achieved by electroporation with 
TCR expression plasmids. Plasmid DNA can persist for many days up to a few 
weeks in slowly dividing cells (Gill et al., 2001). This approach is used in many 
clinical human gene therapy trials (459 clinical trials, 17.3%) due to many 
advantages of expression plasmids over viral vectors. Plasmid DNA is easy to 
produce and handle, and plasmid transfection is less risky as no DNA is inserted 
into the host genome. However, the transfection rates are usually low as the 
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plasmids have to reach the cell nucleus and the expression is limited due to 
degradation and dilution of the plasmids in dividing cells.  

Minicircle vectors for TCR gene transfer 

Minicircles (MCs) are small, supercoiled DNA molecules devoid of bacterial 
sequences such as antibiotic resistance genes and the bacterial origin of 
replication. These sequences account for a large fraction of plasmids but are not 
required for the therapeutic effect and are known to silence the expression of 
transgenes (Chen et al., 2003). The genetic information, that is needed to 
engineer the T cell specificity comprises the promoter, the receptor genes and a 
poly(A) signal and can be further improved by regulatory elements like enhancer 
elements and introns. Conventional plasmids, however, are much larger due to 
the bacterial backbone containing the bacterial origin of replication (ORI) and the 
antibiotic resistance gene needed for production of the plasmid. Minicircles 
reduce the size of the transfection vector by eliminating these sequences through 
recombination (Darquet et al., 1997, 1999). MCs can be generated in a special 
E. coli strain that enables arabinose-inducible gene expression of the %C31 
integrase and the I-SceI-specific endonuclease (Kay et al., 2010).  

The administration of arabinose induces expression of the ΦC31 integrase 
which mediates site-specific recombination at the recombination sites attP and 
attB resulting in two DNA molecules (Figure 3.4). One of the resulting DNA 
molecules encodes the transgene cassette and is called minicircle (MC). The 
other molecule harbors the bacterial backbone sequences including the origin of 

replication and 32 I-SceI-restriction sites and is called miniplasmid (MP). The MP 
as well as residual parental plasmid (PP) is then degraded by the Sce-I 
endonuclease.  

The regulatory authorities recommend eliminating the antibiotic resistance 
genes form the therapeutic constructs to prevent the dissemination of the 
therapeutic gene together with the antibiotic resistance gene. This makes 
minicircles safer than conventional plasmids for gene therapy as they preclude 
any undesired DNA sequences to be transfected into the target cells (Darquet et 
al., 1997).  
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Figure 3.4. Minicircle production in an E. coli producer strain. To generate 
minicircles, a minicircle producer E. coli strain is transformed with the parental plasmid 
(PP) harboring the SB integration cassette flanked by attB and attP recombination sites. 
Addition of arabinose induces expression of #C31 integrase and Sce-I endonuclease in 
the E. coli bacteria and leads to the recombination of the minicircle (MC) comprising the 
TCR expression cassette flanked by the TIRs on the one hand and the miniplasmid (MP) 
comprising the bacterial origin of replication (ORI), antibiotic resistance gene (KanR), 
and 32 Sce-I restriction sites on the other hand. Subsequently, the MP and residual PP 
are degraded by the Sce-I endonuclease.  
 
MCs have been shown to increase transfection efficiency 2.5- to 5.5-fold (Darquet 
et al., 1999) and they are capable of expressing high and persistent levels of 
therapeutic products in vivo (Chen et al., 2003; Kobelt et al., 2012). The smaller 
size increases vector trafficking to the target cell nucleus (Chabot et al., 2012; 
Darquet et al., 1997), which is crucial for efficient electroporation and stable 
integration of transgenes. Furthermore, the lack of bacterial resistance genes 
reduces the likelihood of gene silencing (Chen et al., 2003, 2008) and biosafety 
concerns.  



INTRODUCTION 
 

 - 32 - 

3.9 Transposable elements 

Transposable elements (TEs) or transposons are natural DNA vehicles capable 

of moving within the genome and are present in virtually all eukaryotic species 
(Adams et al., 2000; Lander et al., 2001; Project, 2005). These ’jumping genes’ 
were discovered in 1948 by Barbara McClintock (McClintock, 1950, 1953). TEs 
constitute more than 80% of the genome in plants (Feschotte et al., 2002; 
Morgante, 2006) and about 45% of the human genome (Lander et al., 2001). 
These parts of the genome have long been considered to be ’junk DNA’ without 
any function. TEs play a critical role in evolution as a source of variation and have 
an important role in gene regulation (Dubin et al., 2018; Finnegan, 1989). 
Transposon sequences found in the human genome, however, are mostly relicts 
of formerly active transposons that lost their activity at some point in the 
evolutionary development. TEs can be distinguished in two classes according to 
whether or not they use an RNA intermediate. Retrotransposons, or class I 
elements, require reverse-transcription of an RNA intermediate, whereas DNA 
transposons, or class II elements, transpose directly (Finnegan, 1989; Wicker et 
al., 2007).  

Retrotransposons 

Class I transposable elements, or retrotransposons are defined by the presence 
of an RNA intermediate in the transposition process which is reverse transcribed 
into DNA by a reverse transcriptase encoded by the TE. Retrotransposons 

replicate through a ’copy-and-paste’ mechanism, in which each transposition 
event results in a new copy of the transposon. Hence, retrotransposons 
propagate within the genome and make up large amounts of genomes (Han and 
Boeke, 2005; Kumar and Bennetzen, 1999). Retrotransposons can be further 
subdivided into five orders: LTR retrotransposons, DIRS-like elements, 
Penelope-like elements (PLEs), LINEs and SINEs (Wicker et al., 2007). LTR 
retrotransposons are the predominant TE in plants and are mainly restricted to 
vertebrates in animals (Bucheton, 1995). They are very similar to viruses and 
evolutionary closely related. They also comprise gag/pol, RNase H, a DDE 
integrase, and a packaging signal to form virus-like particles. Retroviruses might 
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have evolved from LTR retrotransposons that acquired an env gene to form 
particles and infect other cells (Frankel and Young, 1998; Seelamgari et al., 

2004). LINEs (long interspersed nuclear elements) and SINEs (short interspersed 
nuclear elements) are very common among mammals and constitute large 
portions of the human genome with about 20% consisting of LINEs and over 
500,000 copies of SINEs (Rowold and Herrera, 2000).  

DNA transposons  

Class II transposable elements or DNA transposons are ancient DNA elements 
that can be found in almost all eukaryotes and some prokaryotes (Feschotte et 
al., 2002; Munoz-Lopez and Garcia-Perez, 2010). In contrast to 
retrotransposons, class II transposons do not contain a reverse transcriptase and 
thus no RNA intermediate. Instead, they move directly as DNA transposons. They 
can be subdivided in subclass I and II regarding to their transposition process. 
Subclass I DNA transposons transpose through a ‘cut-and-paste’ mechanism 
(Munoz-Lopez and Garcia-Perez, 2010). They consist of a gene encoding for the 
transposase – the enzyme mediating excision and re-integration of the 
transposon – and terminal inverted repeats (TIRs) flanking the transposase gene 
(Shao and Tu, 2001). The TIRs serve as binding sites for the transposase, that 
excises the TE by double strand cleavage at both transposon ends. The resulting 
transposon/transposase complex called transposome forms a synaptic complex 
bringing both 3’-ends in close proximity (Wang et al., 2016). The ends of the 
excised element are then used as nucleophiles to attack phosphodiester bonds 

at the target site resulting in integration of the TE (Ivics and Izsvák, 2015). 
Subclass I DNA transposons only reproduce during chromosome replication 
(Greenblatt and Brink, 1962) or by gap repair after excision (Nassif et al., 1994). 
This subclass comprises Tc1/mariner, hAT and PiggyBac transposons and 
includes the two most effective and widely used transposons for genetic 
engineering of vertebrate cells, Sleeping Beauty (SB), and piggyBac (PB). 

Subclass II DNA transposons replicate during the transposition process in 
a ‘copy-and-paste’ way without an RNA intermediate (Wicker et al., 2007). The 
transposase cuts only one strand, which subsequently gets copied and generates 
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a new double-stranded DNA transposon. This subclass comprises Maverick 
transposons and Helitrons, which reproduce by rolling circle replication.  

3.10 DNA transposons for TCR gene therapy  

DNA transposons are perfect DNA transfer vehicles for human gene therapy due 
to their natural capability of DNA excision and integration. They are completely 
DNA-based, do not form infectious particles like viruses, have no pathogenic 
origin, and are able to stably integrate transgenes into human cells (Munoz-Lopez 
and Garcia-Perez, 2010). However, transposable elements that are capable to 
efficiently transfect vertebrate cells including human lymphocytes have only been 
developed in the late 1990’s (Ding et al., 2005; Ivics et al., 1997; Miskey et al., 
2003). The only active transposable element of vertebrate origin is the Tol2 
transposon isolated from the medaka fish (Koga et al., 1996) with low efficiency 
in mammalian cells.  

Transposon vectors could combine the advantages of non-viral vectors 
with the capabilities of viral vectors in a simple DNA-based transfection system 
capable of stable long-term expression (Hackett et al., 2010). Transposon 
integrants are usually not silenced (Grabundzija et al., 2010) and naturally have 
a low promoter and enhancer activity (Moldt et al., 2007; Walisko et al., 2008). 
Transposons cause minimal epigenetic modifications at the insertion site (Zhu et 
al., 2010) and low immunogenicity (Yant et al., 2000). The transfection and 
engineering of the target cell genome does not involve a reverse transcriptase 

reducing the likelihood of mutations compared to retroviral systems (Menéndez-
Arias, 2009) and they have no strict size limitation allowing the transfer of larger 
cargo than viral vectors (Zayed et al., 2004). Their DNA-based nature ensures 
easy production and handling and allows efficient scaling for clinical application. 
SB, PB and Tol2 are suitable TEs for TCR gene therapy and have unique features 
that make them complementary tools for gene transfer into mammalian cells. 

Tol2 

The Tol2 TE is a DNA transposon of the hAT superfamily and derived from the 
Japanese medaka fish (Orizyas latipes) (Koga et al., 1996). It is active in 
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vertebrate cells and the transposon of choice for transgenesis and insertional 
mutagenesis in zebrafish. The Tol2 TE is able to transfer large cargo up to 200 

kb (Balciunas et al., 2006) and displays a random chromosomal distribution 
pattern upon integration. However, on genomic level Tol2 shows a significant 
integration bias to transcription start sites and transcriptionally active 
chromosomal regions (Grabundzija et al., 2010). Moreover, despite descent 
activity in fish cells, the efficiency is mammalian cells is very low (Tsukahara et 
al., 2014).  

piggyBac 

piggyBac (PB) was isolated from the cabbage looper moth (Trichoplusia ni), and 
is the founder of the PiggyBac superfamily of DNA transposons (Fraser et al., 
1985). PB shows considerable activity in mouse and human cells and is widely 
used for insertional mutagenesis in mice (Ding et al., 2005; Wang et al., 2008; 
Wilson et al., 2007). It is able to transfer large cargos up to 150 kb (Rostovskaya 
et al., 2012) and integrates at TTAA-tetranucleotide sequences in the genome 
(Ding et al., 2005; Wilson et al., 2007). PB-based transposon vectors have been 
used to transfer CD19 and HER2 CARs into human T cells in preclinical studies 
with high efficiency (Manuri et al., 2010; Nakazawa et al., 2011). In contrast to 
SB, PB transposons do not leave a 3 bp footprint at the original transposition site 
after re-excision, since the two 5′ overhangs generated during the excision are 
complementary (Fraser et al., 1996; Yusa, 2015). The integration pattern of PB, 
however, is very similar to the integration bias of MLV with a tendency to integrate 

near transcription start sites (Gogol-Döring et al., 2016; Wilson et al., 2007).  

Sleeping Beauty 

Sleeping Beauty is a reconstructed DNA transposon of the Tc1/mariner 
superfamily and was the first transposon to show activity in mammalian cells 
(Ivics et al., 1997). It is an ancient transposon found in salmonid fish, that has 
been inactive for 10-15 million years. The transposon sequence was molecularly 
reconstructed from defective copies found in different salmonid fish genomes that 
were introduced through horizontal transmission (Ivics et al., 1996). From these 
sequences, a consensus sequence was constructed and thereby the transposon 
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was awakened from a long evolutionary sleep – and therefore named Sleeping 
Beauty after the Grimm brothers’ famous fairy tale. To increase the naturally low 

activity of the transposon, hyperactive SB variants were generated by 
incorporation of phylogenetically conserved amino acids from related 
transposases in a molecular evolution approach (Geurts et al., 2003; Mátés et 
al., 2009). Two approaches resulted in hyperactive transposase variants. For the 
SB variant SB11, five amino acids were exchanged after phylogenetic analysis 
of active Tc1/mariner transposases (Geurts et al., 2003). This transposase 
variant demonstrated a three-fold higher activity than the first active SB 
transposase and has been used in a clinical trial to generate CD19 CAR-T cells 
(Kebriaei et al., 2016). A second approach used a large-scale library screening 
of mutations in an in vitro evolution assay. Mutations that led to increased activity 
were combined and a hyperactive SB transposase variant was found that has a 
100-fold increased activity compared to the first consensus variant (Mátés et al., 
2009). The hyperactive SB transposase was named SB100X and proved to be 
highly efficient in hematopoietic stem or progenitor cells. This variant was later 
codon-optimized for enhanced expression in mammalian cells (Galla et al., 
2011). 
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Figure 3.5. The Sleeping Beauty transposon system (SBTS). (A) The natural 
Sleeping Beauty transposon comprises the transposase gene flanked by terminal 
inverted repeats (TIRs, green arrows). The SBTS for genetic engineering can be used 
as (B) a single plasmid encoding for the transposase outside the TIRs and harboring a 
transposon integration cassette (blue) flanked by the TIRs, (C) as two separate plasmids 
detaching the transposase and transposon vector, or (D) as transposon plasmid 
harboring the transgene cassette and in vitro transcribed RNA encoding for the 
transposase. (E) Transposition of the SB transposon is mediated by the transposase 
enzyme binding to the TIRs, excising the transposon cassette that forms a synaptic 
complex, and integrating the transposon cassette at a TA dinucleotide in the target 
genome.  
 
 

The Sleeping Beauty transposon consists of two components, the transposase 
and the TIRs that are bound by the transposase (Figure 3.5). The first TIR version 
was isolated from Tanichthys albonubes (Ivics et al., 1997) and called ‘pT’. The 
pT transposon was further modified to improve its binding efficiency. The 
exchange of four base pairs in the RIR and flanking both TIRs by TATA 
sequences instead of TA dinucleotides increased transposition efficiency about 
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three-fold compared to the basic transposon variant and was named pT2 (Cui et 
al., 2002). 

The combination of SB100X and pT2 is a highly efficient gene transfer 
system for engineering of various vertebate cell types (Ivics, Garrels, et al., 2014; 
Ivics, Hiripi, et al., 2014; Ivics, Mátés, et al., 2014) and has been shown to work 
at efficiencies comparable to viral gene transfer in certain types of primary cells 
and to confer long-term expression in mouse blood cells (Mátés et al., 2009; Xue 
et al., 2009). Sleeping Beauty has been used to engineer numerous primary cell 
types and is moving forward to clinical application for several diseases (Tipanee 
et al., 2017).  

SB has the most favorable integration profile compared to viral vectors and 
other transposons without any bias for active genes and regulatory elements 
(Hudecek et al., 2017). It is able to integrate into any TA dinucleotide within the 
target cell genome resulting in a close-to-random integration pattern (Gogol-
Döring et al., 2016; Vigdal et al., 2002). This provides SB with a superior biosafety 
profile (Ivics et al., 2007; Moldt et al., 2007; VandenDriessche et al., 2009; 
Walisko et al., 2008) decreasing the risk of insertional mutagenesis. Whereas 
Tol2 and PB integration sites are mainly localized near transcriptional start sites, 
CpG islands and DNaseI hypersensitive sites, SB integrations are randomly 
distributed and SB is less likely to promote clonal expansion than PB and Tol2 
(Huang et al., 2010). To date, no adverse effects have been observed with SB 
(Fernando and Fletcher, 2006; Hackett et al., 2010; Ivics and Izsvák, 2006; Izsvák 

et al., 2010). Furthermore, SB vectors have an inherently low promoter/enhancer 
activity (Moldt et al., 2007) and seem to cause less epigenetic changes at the 
integration site (Zhu et al., 2010). It has been demonstrated to transfer large 
cargos up to 100kb (Rostovskaya et al., 2012, 2013). These superior 
characteristics and wide application profile make SB an ideal non-viral 
transfection system that is simple, safe, efficient, and genetically flexible (Zayed 
et al., 2004).  
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3.11 The Sleeping Beauty transposon system for ATT 

The Sleeping Beauty transposon system (SBTS) typically provides the two 

components of the SB transposon on two separate plasmids (Figure 3.6). They 
can also be placed on the same plasmid (Mikkelsen et al., 2003), but the 
separation on two plasmids increased the efficiency and flexibility of the system 
(Huang et al., 2006). One plasmid encodes for the transposase, the other one 
carries the transgene cassette flanked by the TIRs. After delivery of both 
components into the target cell, the transposase is expressed from the 
transposase vector and binds to the direct repeats (DR) located in the TIRs of the 
transposon vector, excises the transgene cassette and mediates genomic 
integration into a TA dinucleotide (Vigdal et al., 2002). The transposase can also 
be provided as mRNA (Peng et al., 2009; Wilber et al., 2006, 2007) or protein 
(Querques et al., 2019). The transposon vector, however, has to be delivered as 
circular, double-stranded DNA in order to achieve efficient transposition (Luo et 
al., 1998; Moldt et al., 2011; Yant et al., 2004; Yant and Kay, 2003). The simplicity 
of a DNA/RNA-based system, however, offers manufacturing of therapeutic 
T cells at low costs and in a short time. All necessary reagents can easily be 
produced for clinical application ensuring low regulatory hurdles compared to viral 
vectors (Hennig et al., 2014). 
 
 

 
 
Figure 3.6. TCR gene transfer by T cell electroporation with the SBTS. For Sleeping 
Beauty (SB) transposon-based T cell receptor (TCR) gene engineering, T cells are 
isolated from peripheral blood, mixed with the transposase vector and the transposon 
vector harboring the TCR expression cassette, electroporated using a two-pulse 
electroporation device, and expanded after T cell activation.  
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The hyperactive SBTS has become a viable alternative to viral transduction and 
become the first transposon to be used in the clinic for gene therapy (Aronovich 

et al., 2011; Boehme et al., 2015; Hackett et al., 2010; Ivics and Izsvák, 2010; 
Izsvák et al., 2010; Narayanavari et al., 2016; Tipanee et al., 2017; 
VandenDriessche et al., 2009). It is currently being investigated to be used in 
gene therapy trials to treat neovascular age-related macular degeneration (AMD) 
(Group et al., 2017) and has been used for a CD19 CAR-T cell therapy phase I 
clinical trial (Kebriaei et al., 2016; Singh et al., 2008, 2015). In this trial, 26 patients 
with ALL and NHL were treated with CD19 CAR-T cells who had already 
undergone autologous (n=7) or allogeneic (n=19) HSC transplantation (HSCT) 
prior to CAR-T cell therapy (Kebriaei et al., 2016, NCT01497184). This trial 
demonstrated, that the administration of SB-engineered T cells is safe. However, 
efficacy aside from the effect of the HSCT could not be proven. For the trial, the 
SB11 system and pT transposon were used as two plasmids. The low efficiency 
of this system demanded a long culture period of 28 days with four stimulation 
cycles with artificial antigen presenting cells. This extensive culture period of the 
engineered therapeutic T cells is not ideal as the prolonged in vitro culturing with 
repeated activation drives the T cells in a differentiated effector phenotype that 
decreases in vivo functionality (Gattinoni et al., 2012). Furthermore, the 
engineered CAR-T cells were expanded with the help of γ-irradiated CD19+ 
artificial antigen-presenting cells (aAPCs) that express multiple co-receptors for 
increased stimulation. This strategy resulted in rapid outgrowth of gene-

engineered T cells, but still only a small fraction of the cells was transfected and 
subsequently expanded (Singh et al., 2008). The clinical outcome of this study 
can be seen positive nonetheless, as no adverse events were observed.  

However, an improved SBTS with high gene transfer efficiency is needed 
to circumvent the need for prolonged culturing and extensive stimulation to 
generate the large numbers of therapeutic T cells with high functionality needed 
for successful T cell therapy. The efficiency of the SBTS could be enhanced by 
the use of the hyperactive transposase SB100X, the pT2 transposon vector with 
improved TIRs, and optimized vectors tailored for T cell engineering.  



INTRODUCTION  

 - 41 - 

3.12 Aims of the thesis 

The goal of this thesis was to develop a transposon-based T cell engineering 

system for T cell receptor engineering enabling non-viral manufacturing of 
therapeutic T cells for TCR gene therapy. For this purpose, we aimed to develop 
a novel Sleeping Beauty transposon system tailored for T cell receptor gene 
transfer as an efficient alternative to viral vectors and facilitate widespread 
application of ATT with gene-engineered T cells. The use of transposon-based 
vectors for T cell engineering requires the electroporation of T cells with DNA 
vectors. However, DNA electroporation is toxic for T cells and limits the efficiency 
of plasmid-based transfection techniques. To optimize transposon-based T cell 
engineering, we analyzed the electroporation of T cells with DNA and developed 
novel SB-based minicircle/RNA vectors with improved biosafety. These vectors 
allowed us to establish a simple and robust protocol requiring minimal DNA for 
T cell engineering. The SB vectors were further modified to enhance the 
expression of the therapeutic TCR and to prevent the formation of mispaired 
TCRs.  
 
To this end, we aimed to  

• investigate the effect of DNA transfection into T cells  

• increase SB transfection efficiency  

• decrease transfection toxicity for T cells 

• improve biosafety of the therapeutic T cells 

• optimize the expression of the therapeutic TCR 

• prevent the formation of mispaired TCRs 
 
Furthermore, we analyzed the effect of SB T cell engineering in the most relevant 
T cell phenotypes and characterized engineered T cells for their therapeutic 
efficacy in vitro and in vivo. Finally, SB-engineered T cells were compared to T 
cells transduced with γRV vectors that are currently used in the clinic. 
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4 MATERIALS AND METHODS 

General methods of molecular biology were performed following standardized 

protocols summarized in ‘Current Protocols in Molecular Biology: John Wiley & 
Sons’, 2010.  

4.1 Cloning of plasmids  

The Sleeping Beauty pT2/HB transposon plasmid (provided by Z. Iszvák, MDC 
Berlin, Germany) with optimized TIRs (Cui et al., 2002) was modified to carry the 
MPSV promoter of the MP71 retrovirus vector (Engels et al., 2003), a chimeric 
intron and the poly(A) signal of psiCHECK2 (Promega, Mannheim, Germany). 
Plasmids were digested with restriction enzymes from Fermentas (St. Leon Rot, 
Germany), treated with alkaline phosphatase (Roche, Mannheim, Germany) and 
separated by gel electrophoresis. Primer oligonucleotides were obtained from 
Eurofins MWG Operon (Ebersberg, Germany) and PCR was done with Phusion 
polymerase (Roche). PCR fragments were digested and purified with the Invisorb 
Fragment Cleanup Kit (Stratec Molecular, Berlin, Germany). The Rapid DNA 
Ligation Kit (Roche) was used for ligation and vectors were propagated in Mach1 
T1 phage-resistant chemically competent E. coli bacteria (Invitrogen, Darmstadt, 
Germany). Plasmid preparation was carried out using the Invisorb Spin Plasmid 
Mini Two Kit (Stratec molecular) for cloning or with the EndoFree Plasmid Maxi 
Kit (QIAGEN, Hilden, Germany) when used for transfection. pmax-GFP was 
purchased from Lonza (Cologne, Germany).  
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Typical cloning of a new vector by enzymatic restriction and ligation:   
 

Restriction of plasmids: 
plasmid A 3 μg  plasmid B 3 μg 
10x reaction buffer 5 μl  10x reaction buffer 5 μl 
restriction enzyme 1 2 μl  restriction enzyme 1 2 μl 
restriction enzyme 2 2 μl  restriction enzyme 2 2 μl 
H2O ad 50 μl  H2O ad 50 μl 
à 37 °C, 1 h    à 37 °C, 1 h   

   

Dephosphorylation of plasmid A: 
plasmid A digestion mix 50 μl 
10x reaction buffer 6 μl 
alkaline phosphatase 1 μl 
à 37 °C, 30 min   

 
DNA extraction from agarose gel: 
 
Plasmid A+B reaction mixes were mixed with 2 μl 6x gel loading dye (Thermo 
Fisher Scientific, Dreieich, Germany) and loaded on an 1-1.5% agarose gel 
containing 0.5 μg/ml ethidium bromide and run at 120 V for 20-30 min. DNA 
bands were visualized with ultraviolet light and according fragments were cut and 
extracted using the Invisorb Fragment Cleanup Kit (Stratec Molecular). 
 
Ligation and transformation: 
 
DNA fragments of plasmid A and B were mixed in a molar vector to insert ration 
of 1:3 to 1:10 using 100 – 200 ng of total DNA and ligated with the Rapid Ligation 
Kit (Roche) according to the manufacturer´s instructions. 4 μg of the ligated DNA 
was then transformed into 50 μl of chemo-competent MACH1 E. coli via 30 s 
42 °C heat shock.  
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4.2 T cell receptors and chimeric antigen receptors 

The MAGE-A1-specific TCR T1367 (Obenaus et al., 2015) (IMGT: TRAV5, 

TRBV28), the tyrosinase-specific TCR T58 (Wilde et al., 2009) (IMGT: TRAV1-2, 
TRBV13) and the Mart-1-specific TCR 1D3 (Jorritsma et al., 2007) (IMGT: 
TRAV2.1, TRBV14) were codon-optimized (Geneart, Darmstadt, Germany) and 
the TCRα- and β-chain were linked via the 2A element of porcine teschovirus 
(P2A) by PCR. The TCRs T1367 and T58 were optimized by introducing two non-
native cysteines (Cohen et al., 2007; Kuball et al., 2007) and nine amino acids of 
the mouse TCR C regions (Bialer et al., 2010; Sommermeyer and Uckert, 2010) 
into the human TCR C regions to generate T1367opt and T58opt, respectively. 
The CD19 and BCMA CARs consist of a scFv of mAbs specific for CD19 or BCMA 
and an IgG1∆-Spacer (Hinge-CH2-CH3, 237aa) derived from human IgG1 
connected via a transmembrane polypeptide chain from the CD28 co-receptor to 
the CD28 co-stimulatory domain and the CD3zeta signaling domain.  

The TCR, CAR or GFP genes were then cloned into the modified pT2 
vector to obtain the Sleeping Beauty transposon vectors pSB-GFP, pSB-T1367, 
pSB-T58, pSB-1D3, pSB-CD19-CAR and pSB-BCMA-CAR and into the MP71 
retroviral vector comprising the same transgene cassette to obtain the retroviral 
vectors RV-GFP and RV-T1367opt as decribed above using the unique 
restriction sites NotI 5’ and EcoRI 3’ for recombination.  

4.3 RNA production by in vitro transcription 

For the in vitro production of RNA, the SB100X gene and GFP gene were cloned 
via the restriction sites HindIII and NotI into the pcDNA3.1Hygro(+) plasmid 
(Thermo Fisher Scientific) under the control of a T7 promoter. Before in vitro 
transcription, the plasmid was linearized with a single cutter enzyme (NotI) 3’ of 
the transgene to be transcribed overnight and purified with the Invisorb Fragment 
Cleanup Kit (Stratec molecular). Transposase and GFP RNA was produced with 
the T7 promoter-driven mMESSAGE mMACHINE T7 Kit (Thermo Fisher 
Scientific) according to the manufacturer’s instruction. Subsequently, a poly(A)-
tail was added using a Poly(A)-tailing Kit (Thermo Fisher Scientific) and 
polyadenylated RNA was purified on columns with the RNeasy Kit (Qiagen). 
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4.4 Generation of SB minicircle vectors 

For the generation of the parental minicircle vectors, the transposon cassette 

comprising promoter, intron, transgene and polyA signal flanked by TIRs was 
inserted into plasmid pMC.BESPX-MCS2 (System Biosciences, Mountain View, 
CA, USA) via the BamHI restriction site and a 210 bp spacer was inserted 
between the minicircle recombination site attB and the left inverted repeat. 
Minicircle vectors were produced based on the MC-Easy Minicircle DNA 
Production Kit (System Biosciences) and modified to allow independent in-house 
production of minicircle DNA with improved purity. The ZYCY10P3S2T E. coli 
bacteria used to produce minicircles were propagated and prepared to be chemo-
competent following a standardized protocol for E. coli bacteria (Renzette, 2011). 
The 5X minicircle growth medium was replaced by terrific broth (TB), the 10X 
induction medium was replaced by a self-made induction mix based on lysogeny 
broth (LB) medium and prepared with 20% L-(+)-arabinose (Sigma-
Aldrich/Merck). The “minicircle-safe DNase” was replaced by plasmid-safe 
DNase that is incapable of cutting double-stranded, circular DNA. To produce SB 
MCs, ZYCY10P3S2T E. coli (50 μl) was transformed with 50-100 ng of the 
respective PP encoding the SB integration cassette by heat shock (42 °C, 30 s). 
Subsequently, the bacteria were incubated on ice for 2 min before 200 μl of SOC 
medium was added and the transformed bacteria were incubated for 1h at 37 °C 
under continuous shaking (240 rpm). 20 μl of the mix were plated on an agar 

plate with 50 μg/ml kanamycin. On the next day, 2 ml LB medium containing 50 
μg/ml kanamycin was inoculated with a single colony and incubated for 4-5 hours 
(37 °C, 250 rpm). 400 ml TB were then inoculated with 100 μl from this 
preparatory culture and incubated for 16 hours (37 °C, 240 rpm). On the next day, 
the culture was checked for an OD595 between 4 and 6 and a pH around 6.5 to 
ensure optimal growth. If correct, the induction mix (400 ml LB, 18 ml 1N NaOH, 
400 μl 20 % arabinose) was added to the culture and incubated for another 5 
hours at 32 °C (240 rpm) to allow MC production and MP degradation. The MC 
DNA was isolated using the EndoFree Plasmid Mega Kit (Qiagen) according to 
the manufacturers’ instruction to ensure endotoxin-free DNA preparation.  
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The purified DNA was resuspended in 200-300 μl endo-free TE buffer 
(Qiagen) and digested with two restriction enzymes (200-300 μl DNA, 40 μl 

reaction buffer, 10 μl restriction enzyme 1, 10 μl restriction enzyme 2, ad 400 μl 
H2O) specific for unique restriction sites located in the backbone region of the PP 
for 2 hours at 37 °C, thereby cutting residual PP and MPs. To eliminate the 
residual MPs, PPs and potential genomic DNA, the DNA was processed with 
plasmid-safe DNase (Epicentre, Madison, USA) at 37 °C overnight (400 μl DNA, 
50 μl DNase buffer, 20 μl ATP (Sigma-Aldrich/Merck), 10 μl H2O, 20 μl plasmid-
safe DNase). On the next day, the reaction mix was inactivated at 70 °C for 30 
min and re-purified using the EndoFree Plasmid Maxi Kit (QIAGEN) according to 
the manufacturers’ instruction for re-purification of plasmid DNA.  

4.5 miRNA target prediction and design 

The human TCR-specific miRNA target sites were identified according to a 
previously established method by Mario Bunse (Bunse et al., 2014) using the 
web-based software BLOCK-iT RNAi Designer from Thermo Fisher Scientific and 
the miR RNAi target design option (Fields et al., 1995; Garcia et al., 1996). 
Human TCR reference sequences were obtained from the IMGT/LIGM-DB 
database and constant regions were used for targeting to ensure silencing of all 
endogenous TCRs irrelevant of the variable region. The C region sequence of 
the TCR alpha chain (TRAC) consists of a single gene segment (IMGT Acc. #: 
X02883), whereas the TCR beta chains are made out of two C regions encoded 

by TRBC1 (IMGT Acc. #: M12887) and TRBC2 (IMGT Acc. #: M12888). The 
sequences of all four exons were used for the target site prediction and target 
sites that were not present in TRBC1 were removed to ensure silencing of all 
TRCB chains.  

We used a vector design that allows the expression of the miRNAs and a 
therapeutic TCR by the same polymerase II promoter. This approach ensures 
that both elements are encoded by the same vector and their expression is 
coupled. Hence, TCR gene-modified T cells could be generated in a single 
transfection step and the therapeutic TCR is not expressed without simultaneous 
silencing of the endogenous TCR. The TCRα-chain-specific antisense sequence 
5'-TGA AAG TTT AGG TTC GTA TCT G-3' and the TCRβ-chain-specific 
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antisense sequence 5'-TCT GAT GGC TCA AAC ACA GCG A-3' were integrated 
into the miRNA environments of miR-155 (Chung et al., 2006) and an artificial 

miRNA (Sætrom et al., 2006), respectively, by overlapping polymerase chain 
reaction (PCR). To this end, we designed DNA oligos covering either the sense 
or antisense sequence of the new miRNA and overlapping at the loop sequence 
(miR155-F and miR155-R). These oligos were used as primers in two separate 
PCRs together with primers containing digestion sites binding to the outer ends 
of the template miRNA sequence (ha316_F and ha316_R). These PCRs were 
performed with plasmids encoding the full-length miRNA miR-155 or the artificial 
miRNA as template and generated two PCR products encoding either half of the 
miRNA with overlapping ends (Phusion High-Fidelity DNA Polymerase, Thermo 
Fisher Scientific). Subsequently, the PCR products were annealed and elongated 
without primers in 10 cycles with slow temperature decrease from 94 °C to 50 °C 
and elongation at 72 °C for 10 seconds. After the annealing PCR, we ran another 
PCR protocol with the outer primers (miR155-F and miR155-R) to amplify the 
complete miRNA core including unique digestion sites to incorporate the miRNA 
into our vector. The miRNAs were then inserted into the intron of the TCR 
transposon plasmids via these unique restriction sites to obtain pSB-miR-T1367, 
pSB-miR-T1367opt and pSB-miR-T58opt.  

The miRNA target sites in the C regions of the transgenic TCRs carried 
silent mutations, which were introduced during codon optimization, thereby 
protecting the therapeutic TCRs from the RNAi effect. 

 

Primer: Sequence: 
miR155-F ttgaaGCGCGCcttatcctctggctgctggagg 
miR155-R aacttATGCATgaatACGCGTgtggccatttgttccatgtgag 
ha316_F cagtcagaggccaaaacAGATACGAACCTAAACTTTCAcagcatacagccttcag 
ha316_R  ctgttttggcctctgactgacAGATACGACTAAACTTTCAcaggacacaaggcctg 
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4.6 Cell lines and media 

Jurkat cells, T2 cells (ATCC CRL-1992), the human melanoma cell lines SK-MEL-

37 (MAGE-A1+/HLA-A2+) (Carey et al., 1976) and SK-MEL-29 (tyrosinase+/HLA-
A2+) (Carey et al., 1976) as well as primary human T cells were cultured in T cell 
medium (TCM) composed of RPMI 1640, 10% FCS, 1 mM sodium pyruvate, 1x 
non-essential amino acids. All media were supplemented with 1% 
penicillin/streptomycin (all Thermo Fisher Scientific).  

4.7 T cell isolation  

Human T cells were prepared from freshly isolated PBMC after informed consent 
from all donors by ficoll-hypaque (Biocoll, Biochrom, Berlin, Germany) gradient 
centrifugation (650 × g, 20 min, room temperature, no brakes) and subsequent 
enrichment using either the EasySep Human T Cell Isolation Kit, EasySep 
Human CD4+ T Cell Isolation Kit, EasySep Human CD8+ T Cell Isolation Kit, 
EasySep Human Naïve Pan T Cell Isolation Kit or the EasySep T Cell Enrichment 
Kit combined with a CD45RA-depleting mAb for enrichment of memory T cells 
(all STEMCELL Technologies, Cologne, Germany). In case of TCR T1367 
transfer, TCR Vβ3+ cells were depleted from the cell fraction by incubation with a 
PE-labeled anti-TCR Vβ3 mAb (clone Jovi-3, Ancell, Bayport, USA) and 
subsequent selection with anti-PE beads (STEMCELL Technologies). Depletion 
reduced the frequency of TCR Vβ3+ CD8 T cells to 0.8% on average.  

4.8 Electroporation 

Electroporation of primary human T cells was performed with the Amaxa human 
T cell Nucleofector Kit (Lonza) according to the manufacturer’s instruction. 
Briefly, 6-10 × 106 cells were resuspended in 100 μl nucleofection buffer 
containing the indicated amounts of transposon DNA and transposase DNA or 
RNA. Electroporation was executed with the Nucleofector I device applying 
program U-14. Jurkat cells were electroporated with the Amaxa Cell Line 
Nucleofector Kit V. 2-3 × 106 cells were resuspended in 100 μl nucleofection 
buffer containing the indicated amounts of transposon DNA and transposase 
DNA or RNA. Electroporation was executed with the Nucleofector I device 
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applying program X-01. All cells were supplied with 2 ml TCM immediately after 
electroporation and cultured overnight.  

4.9 Cell culture and rapid expansion 

All cells were cultured in TCM at 37 °C and 5% CO2. For T cell expansion, T cells 
were activated in 24-well non-tissue plates (TPP, Trasadingen, Switzerland) pre-
coated with 0.5 ml PBS containing 5 μg/ml anti-CD3- (clone OKT-3) and 1 μg/ml 
anti-CD28-mAbs (clone CD28.2, both BD Biosciences, Heidelberg, Germany) 
overnight at 4 °C, blocked with 2 ml of 2% bovine serum albumin (BSA) in PBS 
for 30 min at 37 °C and washed with PBS. T cells were added in 2 ml fresh TCM 
supplemented with 400 U/ml recombinant human IL-2 (Proleukin, Novartis, 
Nuremberg, Germany) 18 hours after electroporation and stimulated for three to 
four days before transferring them to cell culture flasks where the T cells were 
expanded for up to three weeks. Fresh TCM supplied with 400 U/ml IL-2 was 
added every two to three days. T cells were expanded for up to 18 days and two 
to three days prior to functional analysis, the IL-2 concentration was reduced to 
40 U/ml.  

4.10 Retroviral gene transfer 

Transfection of packaging cells  

To generate retroviral particles for the transduction of T cells, vector-producing 
packaging cells were generated by three-plasmid co-transfection. The plasmid 
encoding the TCR expression cassette flanked by long terminal repeats LTRs 

was co-transfected with two helper expression vectors. One encoding the 
retroviral gag/pol genes and one encoding the env gene. HEK-293T packaging 
cells were transiently transfected by calcium phosphate (CaPO4)-transfection. 8.5 
× 105 HEK-293T cells (Eufets GmbH, Idar-Oberstein, Germany) were seeded per 
6-well in 3 ml of HEK-T medium (DMEM GlutaMax® (Gibco), 10% FBS (Pan 
Biotech), 1x penicillin/streptomycin (Gibco)) 24 hours before transfection to 
achieve exponential growth and a cell confluency of about 70% at the time of 
transfection. For transfection, 18 μg of the MP71 plasmid was mixed with 15 μl 
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calcium chloride (CaCl2, 2.5 M, Sigma-Aldrich/Merck, Darmstadt, Germany) and 
water (ad 150 μl) before adding the transfection buffer (16 g NaCl, 740 mg KCl, 

500 mg NaHCO3, 10 g HEPES, H2O ad 1000 ml, pH 6,75) under continuous 
vortexing. The transfection mix was incubated for 15 min at room temperature 
and carefully added to the GALV cells. In this process, the positively charged 
calcium and negatively charged phosphate bind to the DNA and form a complex 
that precipitates. This precipitate is then taken up by the transfected cells. Six 
hours after the transfection mix was added, the medium was replaced with TCM 
medium. The supernatant containing the retroviral particles was harvested two 
days after transfection and harvested a second time three days after transfection.  

Transduction of T cells 

For retroviral gene transfer, T cells were activated two days before transduction 
to achieve optimal proliferation of the T cells and transduced twice with the 
retroviral supernatant. 8 × 105 T cells were stimulated with CD3- and CD28-mAbs 
and IL-2 as described before and cultured for two days. Then 1 ml of retroviral 
supernatant supplemented with 400 U IL-2 and 4 μg/ml protamine sulfate was 
added to the T cells in 1 ml of TCM. Transduction of the T cells was facilitated by 
spinoculation (800 × g for 90 min at 32 °C).  

For the second transduction, 6-well non-tissue plates (Greiner) were 
incubated overnight at 4 °C with 0.5 ml of 25 μg/ml RetroNectin (Cat. T100B, 
TaKaRa, Clontech). 24 hours after the first transduction, RetroNectin was 
removed, plates were blocked for 30 min at 37 °C with 2% BSA solution and 

washed with PBS, before 1 to 3 ml of retroviral supernatant was added to the 
RetroNectin-coated 6-well. Plates were centrifuged at 3200 × g for 2 hours at 4 
°C to enable coating of plates with viral particles. The supernatant was then 
removed, T cells were transferred from 24-well plates to 6-well plates and TCM 
medium supplemented with 400 U/ml IL-2 was added to a final volume of 5 ml 
per well. Cells were centrifuged at 800 × g for 10 min at 32 °C. Fresh TCM 
supplied with 400 U/ml IL-2 was added every two to three days and cells were 
cultured for up to two weeks.  
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4.11 Flow cytometry and staining 

To assess the expression of transgenes and surface markers, cells were 

analyzed by flow cytometry. Approximately 1-2 × 105 cells were washed in PBS 
and stained for 30 min at 4 °C in 50 μl PBS with mAbs directed against TCR Vβ3 
(clone Jovi-3) for TCR T1367, TCR Vβ14 (clone REA645) for TCR 1D3, TCR 
Vβ23 (clone αHUT7) for TCR T58, anti-mouse TCR β chain (clone H57-597) for 
murinized TCRs, human IgG (pooled goat antisera, Southern Biotech) for CARs, 
CD3 (HIT3a) and CD8 (HIT8a). The following mAbs were used to stain the TCR 
chains of the endogenous repertoire: TCR Vα2 (3A8), Vα7.2 (3C10), Vα12.1 
(6D6.6) and TCR Vβ1 (BL37.2), Vβ2 (MPB2D5), Vβ5.1 (IMMU157), Vβ13.6 
(JU74.3), Vβ14 (CAS1.1.3), Vβ22 (IM2051). mAbs were purchased from 
Biolegend (London, UK), Thermo Fisher Scientific, Beckman Coulter (Krefeld, 
Germany) or Ancell. Multimer staining to detect functional TCR surface 
expression was done with a MAGE-A1/HLA-A2 multimer (MBL International, 
Woburn, MA, USA). Staining was performed for 30 min at 4 °C. T cell viability 
was determined by dead cell staining with SYTOX Blue (Thermo Fisher Scientific) 
and an FSC/SSC lymphocyte gate. Cells were measured on a MACS Quant 
(Miltenyi Biotec, Bergisch Gladbach, Germany) and analyzed with FlowJo 
software (Tree Star, Ashland, OR, USA).  

For the analysis of T cell proliferation after stimulation by flow cytometry, 
6 × 106 isolated T cells were stained for 20 min at 37 °C with 6 μM CellTrace 

Violet (Thermo Fisher Scientific) before electroporation. 

4.12 Real-time PCR 

To determine expression of the endogenous TCR chains on RNA level, we 
performed real-time PCR with TaqMan probes specific for the human TCR α- and 
β-chain. Total RNA was isolated from 3 × 106 engineered T cells on day 14 using 
the RNeasy Mini Kit including a DNase digestion step (Qiagen). Complementary 
DNA (cDNA) was synthesized using 100-400 ng total RNA as template and 
SuperScript II reverse transcriptase Kit (Thermo Fisher Scientific) following the 
manufacturer's protocol.  
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Quantitative PCR was performed in triplicates with cDNA equivalent of 5-10 ng 
RNA/well using TaqMan Universal Mastermix II on a 7300 real-time PCR System 

from Applied Biosystems (Thermo Fisher Scientific) for 40 cycles. The following 
TaqMan gene expression assays (Thermo Fisher Scientific) were used: TRAC 
(04421400_mH) for the endogenous TCR alpha chain, TRBC1 (Hs01588269_g1) 
for the endogenous TCR beta chain, B2M (Hs99999907_m1) and ACTB 
(Hs01060665_g1) for normalization. Ct values were determined using Sequence 
Detection Software and normalized to beta-actin (ACTB). Relative gene 
expression was calculated using comparative Ct method.  

4.13 Determination of transgene copy number by droplet digital 

PCR 

Droplet digital PCR to determine the number of genomic transgene integrations 
was performed in cooperation with Csaba Miskey (group of Zoltán Ivics, Paul 
Ehrlich-Institut, Langen, Germany). 200 ng of genomic (g) DNA isolated from 3 × 
106 cells 14 days after electroporation was digested overnight with 20 U of DpnI 
(New England Biolabs, Frankfurt am Main, Germany) in a final reaction volume 
of 30 μl at 37 °C. Hence, only dam methyltransferase-modified DNA can serve 
as a substrate for DpnI, this step aimed at eliminating unintegrated transposon 
plasmid DNA, which could have served as template for the subsequent PCR step. 
Next, gDNA samples were fragmented for 4 hours at 25 °C using CviQI (New 
England Biolabs). To obtain transposon copy numbers per genome, the digested 

gDNA was subjected to PCR amplifications using TaqMan probes, either specific 
for the right inverted repeat of the transposon, or the backbone region of the 
corresponding plasmid or minicircle donor DNA. Both PCRs were performed in 
the presence of a TaqMan probe set specific for the single-copy RPP30 gene to 
measure genome copy number. All of the amplicon templates contained at least 
one DpnI recognition site and lacked CviQI restriction sites. The PCR reactions 
were performed in 20 μl final volume with 10 ng of gDNA using the ddPCR 
Supermix for Probes (No dUTP) master mix (Bio-Rad Laboratories, Munich, 
Germany) with 11 pmol primers and 50 pmol of TaqMan probes. PCR reactions 
were performed with primers for the right inverted repeat, the minicircle 
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backbone, the plasmid backbone and RPP30. The PCR droplets were generated 
using a QX100 device (Bio-Rad). The program for the subsequent PCR was: 

95 °C for 10 min; 40 cycles at 94 °C for 30s, 50 °C for 30s, 60 °C for 1 min; 98 °C 
for 10 min. After thermal cycling, the fluorescent droplets were counted in the 
QX100 Droplet Reader and genomic copy numbers were calculated with the 
Quanta Soft program (both Bio-Rad). 
 

Primer/probe Sequence 
 
Right inverted repeat:  
FWD primer GAATGTGATGAAAGAAATAAA 
REV primer AGTTTACATACACCTTAGCC 
probe FAM-TGGTGATCCTAACTGACCTAAGACAGG-BH1 

  
Minicircle backbone:   
FWD primer ACTTCGTGCCAGAGTCTT 
REV primer TTAATGACTCCAACTTAAGTG 
probe FAM-GCTTCGAATTTAAATCGGATCCCTATA-BH1 

  
Plasmid backbone:  
FWD primer AAGAGTTGGTAGCTCTTGAT 
REV primer GATCTAGGTGAAGATCCTTT 
probe FAM-TGATCTTTTCTACGGGGTCTGACG-BH1 

  
RPP30:   
FWD primer CTGTCTCCACAAGTCCGC 
REV primer GGTTAACTACAGCTCCCAGC 
probe HEX-TGGACCTGCGAGCGGGTTCTGACC-BH1 

 

4.14 Cytokine release assay and peptides 

To measure the secretion of cytokines after stimulation with antigen-positive 
target cells, TCR-engineered T cells were seeded in 96-well round-bottom plates 
(104/well) together with either peptide-loaded T2 cells or tumor cell lines in an E:T 
ratio of 1:1. For peptide loading of T2 cells, 1 × 106 cells were incubated for 2 
hours with titrated amounts of peptide (10-6 - 10-12 M) in 1 ml serum-free TCM at 
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37 °C. Supernatants were harvested after a 24 hours co-culture period and 
analyzed by ELISA.  

The MAGE-A1278 peptide (KVLEYVIKV) and the tyrosinase369 peptide 
(YMDGTMSQV) were generated by Biosyntan (Berlin, Germany). 

4.15 Enzyme-linked immunosorbent assay (ELISA) 

ELISAs were performed to measure the cytokine concentration in the supernatant 
of 1 × 105 T cells co-cultured with 1 × 105 antigen-positive target cells if not stated 
differently. For this purpose, the OptEIA Human IL-2 ELISA Kit or the OptEIA 
Human IFN-γ ELISA Kit (BD Bioscience) was used according to manufacturer’s 
instructions using flat-bottom 96-well ELISA plates (MaxiSorp, Thermo Fisher 
Scientific). Standard curves were generated using IL-2 or IFN-γ at a starting 
concentration of 8000 pg/ml and seven 1:2 dilutions down to 62.5 pg/ml plus 
negative control without IFN-γ.  

4.16 Cytotoxicity assay 

Cell-mediated lysis of target cells by engineered T cells was analyzed by 
chromium release assay. 1 × 106 peptide-loaded T2 cells were labeled with 
100 μCi 51Cr (1Ci = 37 GBq, Amersham) in FCS for 1 hour at 37 °C and served 
as target cells. For peptide loading, 1 × 106 T2 cells were incubated for 2 hours 
with titrated amounts of peptide (10-6 - 10-12 M) in 1 ml serum-free TCM at 37 °C. 
Labeled target cells were then washed and incubated for 4 hours with engineered 
effector T cells using E:T ratios from 32:1 to 1:1 using 103 peptide-loaded target 

cells per well in 96-well round-bottom plates. The E:T ratio was calculated as 
CD8+ TCR+ T cells to total target cells. 50 μl of each co-culture supernatant was 
transferred to LumaPlates (Perkin Elmer) and scintillation was assessed as 
counts per minute (cpm, TopCount, Perkin Elmer). Spontaneous release was 
determined by incubating target cells alone, and the maximal release was 
determined by directly counting labeled cells. Specific lysis was calculated 
according to the formula:  
lysis L(%) = (sample lysis – spontaneous lysis) x 100 / (maximal lysis – 
spontaneous lysis)   
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4.17 Mouse melanoma model 

Mouse model experiments were conducted in collaboration with Uta Höpken and 

Armin Rehm (both Max Delbrück Center for Molecular Medicine, Berlin, 
Germany). NSG mice (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, stock #: 005557) were 
purchased from Jackson laboratories (Bar Harbor, ME, USA). Eight- to ten-week 
old mice (female or male) were injected subcutaneously in the left flank with 3 × 
106 SK-MEL-37 human melanoma cells in 100 μl PBS. Tumors were measured 
every two to three days with calipers and tumor volume was calculated with the 
formula (length × width2) × ½ (Jensen et al., 2008). On the day of T cell transfer, 
mice were ranked by tumor size and sequentially allocated to treatment groups 
to ensure equal average tumor sizes between groups. Mice were treated by 
adoptive transfer of TCR-engineered T cells 10-12 days after tumor cell injection 
when tumors were palpable. T cells were expanded for 11 days, analyzed for 
expression of CD8 and TCR T1367 (TCR vβ3) by flow cytometry and 
intravenously injected in 100 μl PBS (adjusted to 1 × 106 CD8+ TCR+ T cells per 
mouse). Mice were anesthetized with isoflurane (2% respiration anesthesia) for 
tumor measurements and sacrificed when either tumors reached the maximum 
permitted size or if due to tumor burden the overall health-condition was poor. 

4.18 Statistical analyses 

Data were analyzed using GraphPad Prism (GraphPad, La Jolla, CA, USA). 
Statistical tests were used as specified in the figure legends. *P<0.05; **P<0.01; 

***P< 0.001. 
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5 RESULTS 

Adoptive T cell therapy employing tumor-specific TCRs and CARs have 

demonstrated great clinical success. However, widespread application is 
hampered by the laborious, costly, and regulatorily demanding generation of viral 
vectors for T cell engineering. Transposons are a promising alternative to 
retroviral vectors for TCR and CAR gene transfer offering a safer integration 
profile and simple production. In contrast to viral vectors, transposons lack the 
ability to infect cells and have to be delivered into the nucleus of T cells by 
electroporation. However, the electroporation of T cells with transposon-based 
DNA vectors could have negative influence on T cell viability, proliferation and 
functionality. To determine the effects of DNA transfection on T cells and improve 
transposon-based T cell engineering, we electroporated T cells with SB-based 
transposon vectors and investigated T cell viability, transfection efficiency, 
proliferation capacity and therapeutic functionality after electroporation. 
Furthermore, we developed an optimized Sleeping Beauty transposon system 
(SBTS) tailored for T cell receptor engineering that allows the generation of 
therapeutic T cells with gene transfer efficiency and efficacy comparable to viral 
T cell transduction.  

5.1 Electroporation of DNA into human T cells shows dose-

dependent transfection efficiency and T cell mortality 

DNA electroporation could have a negative impact on viability, proliferation 

capacity, and functionality of T cells. To analyze the effect of DNA electroporation 
on primary human T cells, we generated a GFP-encoding SB transposon plasmid 
(pSB-GFP) and transfected peripheral blood-derived, CD3-enriched T cells with 
different amounts of pSB-GFP DNA or GFP-encoding RNA. IL-2 was added 18 
hours after electroporation and T cell viability and GFP expression were analyzed 
one hour after transfection and then every 24 hours for seven days by dead cell 
staining and flow cytometry. The first measurement one hour after electroporation 
revealed an immediate decrease of T cell viability of 25% in all DNA-transfected 
samples (Figure 5.1A). This initial cell death caused by the electroporation did 
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not correlate with the amount of transfected nucleic acids. Over the following 
days, a second form of cell death with a slower kinetic was observed. T cell 

viability was significantly decreased in a DNA dose-dependent manner by 
transfection of pSB-GFP and T cell viability further decreased over time in all 
samples. RNA-transfected T cells and T cells electroporated without DNA or RNA 
(TF w/o) showed the highest viability. The level of GFP expression one day after 
transfection, on the other hand, was positively correlated to the amount of 
transfected DNA (Figure 5.1B). Transfection of 10 μg and 20 μg of pSB-GFP 
resulted in than 50% GFP-expressing T cells, but these cells died within one 
week. The highest transfection rate was achieved with 20 μg of pSB-GFP but 
GFP expression rapidly decreased after two days, indicating that the high DNA 
load induced T cell mortality. An analysis of T cell viability and GFP expression 
four days after transfection showed a negative correlation of T cell viability to the 
amount of DNA used for electroporation, whereas the transfection rate was 
positively correlated to the amount of DNA (Figure 5.1C).  
 These data demonstrate that the transfection of DNA into human T cells 
by electroporation reduces cell viability in a DNA dose-dependent manner. On 
the other side, large amounts of DNA are necessary to achieve efficient gene 
transfer rates. For this reason, we sought to limit the amount of DNA without 
compromising transfection efficiency.  
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Figure 5.1. Transfection of DNA into human T cells results in decreased cell 
viability correlated to the amount of DNA. T cells were transfected with the indicated 
amounts of pSB-GFP or GFP RNA by electroporation, cultured with IL-2 and analyzed 
by flow cytometry. Non-transfected T cells (non-TF) or T cells electroporated without 
DNA or RNA (TF w/o) served as controls. (A) T cell viability was determined one hour 
after electroporation and then every day by dead cell staining with SYTOX Blue and a 
FSC/SSC lymphocyte gate. (B) The percentage of GFP-expressing T cells was 
determined one hour after electroporation and then every day by flow cytometry. (C) 
T cell viability and the percentage of GFP+ T cells on day four after electroporation is 
plotted against the amount of DNA used for transfection. Graphs show means of four 
experiments with different donors ± SEM.  

 

5.2 Transfection of DNA into human T cells causes delayed 

blast formation after TCR stimulation 

In order to culture T cells ex vivo for long-term and expand them to large numbers 
needed for clinical application, T cells have to be activated by TCR stimulation. 
Activated T cells mature to lymphoblasts that are significantly larger in cell size 
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and proliferate strongly. T cell activation and blast formation can be measured by 
forward light scatter (FSC) and sideward light scatter (SSC) measuring cell size 

and granularity (Böhmer 2011). To elucidate whether DNA electroporation 
influences T cell activation and proliferation after TCR stimulation, we transfected 
T cells with different amounts of pSB-GFP DNA or GFP-encoding RNA. The 
T cells were then stimulated with anti-CD3/anti-CD28 mAbs and IL-2 18 hours 
after electroporation and analyzed by flow cytometry for six days. 
DNA-electroporated T cells were smaller in size and less granular measured by 
FSC and SSC, respectively (Figure 5.2A).  
 

 
Figure 5.2. DNA-transfection of human T cells leads to a delayed response to 
CD3/CD28 stimulation. T cells were transfected with the indicated amounts of pSB-
GFP or 10 μg of GFP RNA by electroporation, stimulated with anti-CD3/CD28 mAbs 18 
hours after electroporation and cultured with IL-2. Non-transfected T cells (non-TF) or 
T cells electroporated without DNA or RNA (TF w/o) served as controls. (A) T cells were 
analyzed by flow cytometry and lymphoblast transformation after T cell stimulation was 
assessed by FSC and SSC. Depicted are exemplary results of one of two donors three 
days after stimulation. (B) Lymphoblast transformation was quantified by calculating the 
population shift (Euclidean distance: d(FSC,SSC)2 = (FSCx–FSC0)2 + (SSCx–SSC0)2) on 
the FSC/SSC plot over time. Data from non-TF T cells vs. T cells transfected with 10 μg 
of pSB-GFP were compared by Student's t-test. Graph shows means of three to four 
donors ± SEM.  
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To quantify lymphoblast transformation, the population shift (Euclidean distance) 
on the FSC/SSC plot was calculated over time. The population shift was 

calculated as Euclidean distance (d) with FSC and SSC as the two dimensions 
in the Euclidean space: d(FSC,SSC)2 = (FSCx – FSC0)2 + (SSCx – SSC0)2. The 
Euclidean distance (d) was calculated using the FSC and SSC values on day 0 
before activation (FSC0, SSC0) and the according values on day x after activation 
(FSCx, SSCx). This analysis illustrated that DNA-electroporated T cells were 
significantly delayed in their lymphoblast transformation by one to two days 
compared to non-transfected and RNA-transfected T cells (Figure 5.2B). These 
data revealed that DNA electroporation delayed T cell activation after stimulation 
impairing lymphoblast transformation.  

5.3 DNA transfection delays T cell proliferation after TCR 

stimulation 

To investigate whether the delayed lymphoblast formation impairs T cell 
proliferation, we labeled T cells with CellTrace Violet before electroporation and 
analyzed them by flow cytometry after stimulation. T cells were then 
electroporated with different amounts of pSB-GFP or 10 μg of GFP RNA and 
stimulated with anti-CD3/anti-CD28 mAbs and IL-2 18 hours after electroporation. 
Non-transfected T cells (non-TF) or T cells electroporated without DNA or RNA 
(TF w/o) served as negative controls. DNA-electroporated T cells displayed a 
delay in proliferation after stimulation (Figure 5.3). Whereas RNA-electroporated 

T cells and T cells electroporated without any substrate displayed the same 
proliferation profile as untransfected T cells and demonstrated proliferation on 
day three after stimulation, DNA-transfected T cells started to proliferate five days 
after stimulation (Figure 5.3A). With this delay of approximately two days, the 
DNA-transfected T cells proliferated normally. An overlay of all samples on day 5 
illustrates that there was no difference between 2.5 μg and 10 μg of DNA-
transfected into the T cells (Figure 5.3B). These data reveal that the transfection 
of DNA into human T cells by electroporation results in a delayed onset of 
proliferation after TCR stimulation. 
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Figure 5.3. Transfection of T cells with DNA delays cell division after stimulation. 
T cells were transfected with the indicated amounts of pSB-GFP or 10 μg of GFP RNA 
by electroporation and stimulated with anti-CD3/anti-CD28 mAbs and IL-2 (400 U/ml) 18 
hours after electroporation. Non-transfected (non-TF) T cells or T cells electroporated 
without DNA or RNA (TF w/o) served as negative controls. T cells were stained with 
fluorescent CellTrace Violet dye prior to electroporation and analyzed by flow cytometry 
for nine days after stimulation. (A) Plots depict T cell division measured by dye dilution 
over time. (B) Graph shows an overlay of all samples on day five after stimulation. 
Representative results of one of two donors.  

 

5.4 Minicircle vectors can be generated in vivo by arabinose-

induced recombination  

The SBTS is typically applied as a two-component system consisting of two 
plasmids encoding for the GOI flanked by TIRs and the transposase mediating 
integration of the flanked cassette. To reduce the amount of DNA needed for 
T cell transfection, we sought to modify both components of the system. While 
the transposase plasmid can be replaced by ivt RNA, the transposon vector has 
to be delivered as circular, double-stranded DNA in order to achieve efficient 
transposition. To decrease the amount of transposon vector, we developed 
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Sleeping Beauty minicircle vectors (mSB), that lack undesired bacterial backbone 
sequences and are therefore smaller. Minicircles can be produced in a special E. 

coli strain by recombination which is induced by addition of arabinose to the 
overnight culture. The administration of arabinose induces expression of the 
ΦC31 integrase mediating recombination of the parental plasmid (PP) to 
minicircles (MCs) and miniplasmids (MPs) on the one hand and expression of the 
Sce-I endonuclease that is specific for a restriction site in the backbone of the PP 
on the other hand. To investigate the generation of MC vectors, we induced 
minicircle recombination by addition of arabinose and analyzed samples taken 
before the addition, directly after addition and every hour for five hours. The DNA 
was isolated and analyzed on an agarose gel.  
 

 
Figure 5.4. The recombination of minicircles and degradation of the parental 
plasmid and miniplasmids takes about two hours and results in monomeric and 
multimeric minicircle DNA molecules. ZYCY10P3S2T E. coli were transformed with 
the parental plasmid, propagated overnight and minicircle formation was induced by 
addition of arabinose after 16 hours. Culture samples were taken before and after 
addition of arabinose and every hour for five hours. (A) DNA was isolated and analyzed 
on an agarose gel after linearization of the DNA with HindIII. (B) Isolated DNA was 
analyzed on an agarose gel without digestion.  
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MCs are generated within one to two hours after induction (Figure 5.4). After two 
to three hours, PPs and MPs were completely degraded. An analysis of the 

minicircle vectors after linearization displayed their expected size of about 2.5 kb 
(Figure 5.4A) compared to approximately 6 kb for the PP. An analysis of the 
undigested minicircle vectors revealed that a portion of the minicircles is of larger 
size (Figure 5.4B). However, the digestion with a single cutter enzyme for 
linearization cut all minicircle vectors into linear DNA molecules of the same size, 
suggesting that the generation of MCs produced both, monomers consisting of 
one transposon cassette and multimers consisting of multiple transposon 
cassettes. This data demonstrates that SB minicircles can be generated in vivo, 
producing monomeric as well as multimeric minicircle molecules.  

5.5 Minicircles substantially increase transfection efficiency 

To achieve engineering of human T cells with sufficient viability and transfection 
efficiency for ATT, we modified both components of the Sleeping Beauty 
transposon system. To this end, we delivered the transposase as ivt RNA 
(SB100X RNA) instead of a DNA plasmid and we developed a SB transposon 
minicircle vector encoding for GFP (mSB-GFP, 2.5 kb), which is half the size of 
the plasmid (pSB-GFP, 5 kb). Both vectors encode the same transposon cassette 
but the minicircle vector mSB-GFP lacks bacterial backbone sequences such as 
the antibiotic resistance genes and the origin of replication. The smaller size of 
minicircles allows the usage of a higher molarity at the same mass compared to 

plasmids. To compare the Sleeping Beauty vector (mSB-GFP) with the 
conventional Sleeping Beauty plasmid (pSB-GFP), human T cells were 
electroporated with SB100X RNA and 2.5 μg of either pSB-GFP or mSB-GFP 
and activated 18 hours after electroporation. Non-transfected T cells (non-TF) 
and T cells electroporated without DNA or RNA (TF w/o DNA) served as controls. 
Four days after electroporation, T cell viability and the percentage of GFP-
expressing cells was measured by flow cytometry. Whereas T cell viability was 
around 30% for both vector types (Figure 5.5A), transfection efficiency was more 
than six-fold higher using the minicircle vector compared to the conventional 
plasmid (Figure 5.5B). This data demonstrates that MC vectors provide superior 
gene transfer without compromising T cell viability.  
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Figure 5.5. SB minicircle vectors increase transfection efficiency at similar T cell 
viability. Human T cells were electroporated with 15 μg of SB transposase RNA and 
either 2.5 μg of SB transposon plasmid or 2.5 μg of SB transposon minicircle vector and 
analyzed by flow cytometry after four days. Non-transfected T cells (non-TF) or T cells 
electroporated without DNA (TF w/o DNA) served as controls. (A) T cell viability was 
determined by dead cell staining with SYTOX Blue and a FSC/SSC lymphocyte gate. 
(B) The percentage of GFP-expressing T cells was determined by flow cytometry. 
Graphs show means of three donors ± SEM. 

 

5.6 The use of in vitro transcribed SB transposase RNA 

improves T cell viability and transfection efficiency 

Next, we compared the use of ivt RNA instead of plasmid DNA as a source for 
the SB transposase SB100X to evaluate the use of SB RNA with regard to T cell 
viability and transfection efficiency. T cells were electroporated with 2.5 μg of SB 
transposon minicircles encoding for GFP and 15 μg of SB transposase as ivt RNA 
(SB RNA) or as plasmid (SB plasmid) and analyzed by flow cytometry after four 
days. Non-transfected T cells (non-TF) or T cells electroporated without DNA (TF 
w/o DNA) served as controls. Providing SB transposase as RNA instead of 
plasmid DNA significantly increased T cell viability after transfection (Figure 5.6A) 
and yielded three times more gene-modified T cells (Figure 5.6B). These data 
demonstrate that ivt RNA was less toxic than DNA and more efficient.  
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Figure 5.6. The use of in vitro transcribed RNA encoding for the SB transposase 
increases T cell viability and transfection efficiency. Human T cells were 
electroporated with 2.5 μg of SB transposon minicircles encoding for GFP and 15 μg of 
SB transposase as in vitro transcribed RNA (SB RNA) or as plasmid (SB plasmid) and 
analyzed by flow cytometry after four days. Non-transfected T cells (non-TF) or T cells 
electroporated without DNA (TF w/o DNA) served as controls. (A) T cell viability was 
determined by dead cell staining with SYTOX Blue and a FSC/SSC lymphocyte gate. 
(B) The percentage of GFP-expressing T cells was determined by flow cytometry. 
Graphs show means of three donors ± SEM. 

 

5.7 The use of minicircles and RNA instead of conventional 

plasmids substantially increases transfection efficiency 

After demonstrating that SB minicircles and transposase RNA are superior 
vectors compared to plasmids, we combined the SB minicircle transposon vector 
with ivt RNA encoding for the transposase and compared our novel SB 
transfection system to the conventional two-plasmid system. We used a 
maximum of 2.5 μg of DNA per vector because in our experience, T cells did not 
consistently tolerate the electroporation of larger amounts of DNA. Therefore, T 

cells were electroporated either with the conventional SB two-plasmid system 
using 2.5 μg transposon plasmid and 2.5 μg transposase plasmid (p/p) or with 
2.5 μg transposon minicircle vector and 15 μg SB RNA (mc/RNA) and analyzed 
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by flow cytometry after four days. Non-transfected T cells (non-TF) or T cells 
electroporated without DNA (TF w/o DNA) served as controls.  

Whereas T cell viability was similar for both systems (Figure 5.7A), 
transfection efficiency was increased more than three-fold by application of 
minicircles and RNA instead of the conventional two-plasmid system (Figure 
5.7B). These data demonstrate that our modifications of the SBTS significantly 
increased gene transfer efficiency without compromising T cell viability.  
 
 

 
Figure 5.7. The use of minicircles and RNA instead of the conventional two-
plasmid system increases transfection efficiency without compromising T cell 
viability. Human T cells were electroporated either with the conventional SB two-plasmid 
system using 2.5 μg transposon plasmid and 2.5 μg transposase plasmid (p/p) or with 
2.5 μg transposon minicircle vector and 15 μg SB RNA (mc/RNA) and analyzed by flow 
cytometry after four days. Non-transfected T cells (non-TF) or T cells electroporated 
without DNA (TF w/o DNA) served as controls. (A) T cell viability was determined by 
dead cell staining with SYTOX Blue and a FSC/SSC lymphocyte gate. (B) The 
percentage of GFP-expressing T cells was determined by flow cytometry. Graphs show 
means of three donors ± SEM. 
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5.8 Primary human T cells do not survive the transfection of 

large amounts of DNA 

Thus far, the usability of the SBTS has been limited for primary human T cell 
engineering due to toxicity after transfection. To demonstrate, that our novel 
system enables efficient engineering of primary human T cells, we compared it 
to formerly published data where large amounts of DNA have been used to 
achieve decent transfection rates (Peng et al., 2009). In our experience, these 
large amounts of DNA can be applied for the electroporation of cell lines but 
primary human T cells rarely tolerate these amounts of DNA. To show the 
difference between cell lines and primary cells, we compared human T cells with 
the human-derived Jurkat T cell line. Primary human T cells or Jurkat cells were 
electroporated either with the conventional SB two-plasmid system (Peng et al., 
2009)or with our MC/RNA approach and analyzed by flow cytometry after four 
days. While Jurkat cells survived large amounts of DNA (Figure 5.8A), primary 
human T cells did not survive the application of 20 μg or 30 μg of DNA (Figure 
5.8B). The use of 20 μg or 30 μg of total DNA led to a decrease in viability of 
about 20% and 25% in Jurkat cells compared to Jurkat cells transfected without 
DNA. Our MC/RNA approach reduced Jurkat cell viability about 5%. Primary 
human T cells, on the other side, showed higher mortality after transfection with 
large amounts of DNA. Whereas 20 μg or 30 μg of total DNA resulted in T cell 
viabilities under 5%, about 35% of the primary T cells survived our MC/RNA 

approach. Our results demonstrate that our MC/RNA approach increased 
survival rates after transfection. This is particularly evident when using primary 
human T cells, where only our approach led to decent T cell viability four days 
after transfection.  
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Figure 5.8. Primary human T cells in contrast to Jurkat cells do not survive the 
transfection of large amounts of DNA. Jurkat cells (left) or primary human T cells 
(right) were electroporated with the conventional SB two-plasmid system using 10 μg or 
20 μg of the SB transposon plasmid and 10 μg of the SB transposase plasmid and 
analyzed by flow cytometry after four days. Non-transfected T cells (non-TF) or T cells 
electroporated without DNA (TF w/o DNA) served as controls. T cell viability was 
determined by dead cell staining with SYTOX Blue and a FSC/SSC lymphocyte gate. 
Graphs show means of three donors ± SEM. 

 

5.9 Transposon minicircles provide superior gene transfer to 

CD3+, CD4+, CD8+, memory and naïve T cells 

CD3+ T cells can be subdivided in CD8+ cytotoxic killer T cells and CD4+ T helper 
cells. Furthermore, a small fraction of peripheral blood-derived T cells are naïve 
T cells, that can be identified by CD45RA expression. Memory T cells, on the 
other hand, can be identified by CD45RO+ expression. To investigate how the 
different subtypes of T cells tolerate DNA electroporation and to determine the 
transfection efficiency with SB minicircles compared to conventional plasmids, 
we isolated CD3+ T cells, CD4+ T helper cells, CD8+ cytotoxic killer cells, memory 
(CD45RO+) and naïve (CD45RA+) T cells and electroporated them with SB100X 
RNA and 2.5 μg of either pSB-GFP or mSB-GFP and activated them 18 hours 
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after electroporation. Non-transfected T cells (non-TF) and T cells electroporated 
with a non-transposon GFP expression vector (pmax-GFP) served as controls.  

One day after electroporation, T cell viability was reduced to 60% for CD3+ T cells 
and further declined to about 40% on day four (Figure 5.9A). However, it 
recovered to 75% on day eight and stabilized. T cells transfected with the non-
transposon plasmid pmax-GFP showed a transient expression in approximately 
30% of the cells (Figure 5.9B). This transient expression disappeared within one 
week, while transfection with the SBTS resulted in stable GFP expression. The 
transfection rate using transposon minicircles was three-fold higher compared to 
conventional transposon plasmids (45% vs. 15%) in CD3+ T cells. In addition, the 
level of GFP expression was twice as high in mSB-GFP-transfected T cells 
compared to pSB-GFP-transfected T cells (Figure 5.9C). Naïve T cells 
(CD45RA+) demonstrated the highest viability among all subtypes one day after 
electroporation (87%) although T cell recovery after day four was slower in all 
T cell subsets compared to CD3+ T cells (Figure 5.9D,G,J,M). The transfection 
efficiency was increased by the use of transposon minicircles in all analyzed 
T cell subsets. CD8+ and CD45RA+ T cells, however, demonstrated the highest 
transfection rates of about 65% (Figure 5.9E,H,K,N). All T cell subtypes displayed 
increased transgenic protein expression for the transposon minicircles compared 
to conventional transposon plasmids (Figure 5.9F,I,L,O). These results 
demonstrate superior transfection efficiency of transposon minicircles compared 
to conventional transposon plasmids for all analyzed T cell types and indicate 

that naïve T cells (CD45RA+) are the most robust T cell subtype for DNA 
electroporation.  
 



RESULTS  

 - 71 - 

 
Figure 5.9. Transposon minicircles lead to higher transfection rates than 
transposon plasmids at similar T cell viability in all analyzed T cell subsets. CD3-
(A-C) sorted T cells and CD4- (D-F), CD8- (G-I), CD45RO- (J-L) and CD45RA- (M-O) 
sorted T cell subsets were electroporated with 2.5 μg of either conventional SB 
transposon plasmids (pSB-GFP) or SB minicircle vectors (mSB-GFP) encoding for GFP 
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together with 15 μg of SB transposase RNA, stimulated with anti-CD3/CD28 mAbs and 
IL-2 18 hours after transfection and expanded for 11 days. Non-transfected T cells (non-
TF) served as negative control, T cells electroporated with 2.5 μg pmax-GFP as a control 
for transient GFP expression. The transfected T cells were analyzed for cell viability 
determined by dead cell staining with Sytox Blue and FSC/SSC morphology 
(A,D,G,J,M), percentage of GFP-expressing cells (B,E,H,K,N) and GFP MFI (C,F,I,L,O) 
by flow cytometry. Graphs show means of three donors (± SEM) for CD3 T cells (A-C) 
and two donors for all T cell subsets (D-O). Statistical analysis was performed by 
Student's t-test. 

5.10 Transposon minicircles substantially improve TCR gene 

transfer at equal DNA amounts. 

After establishing a robust and efficient protocol for SB-based T cell transfection, 
we sought to analyze T cells engineered with our novel SBTS to express a tumor-
specific TCR. For this purpose, we replaced the reporter gene GFP by a MAGE-
A1-specific TCR (TCR T1367) (Obenaus et al., 2015) and generated the plasmid 
pSB-T1367 and the respective minicircle mSB-T1367. T cells were 
electroporated with 2.5 μg of either conventional SB transposon plasmids (pSB-
T1367) or SB minicircle vectors (mSB-T1367) together with 15 μg of SB 
transposase RNA and activated 18 hours after transfection. T cells were 

expanded for 11 days and analyzed for viability and TCR expression measured 
by TCR beta chain (Vβ3) staining and multimer staining. Non-transfected T cells 
(non-TF) served as negative control. 

T cell viability of TCR-engineered T cells followed the same course as 
described in the GFP experiments with a decline to about 35% on day four and 
recovering to over 70% within 11 days. (Figure 5.10A). While T cell viability was 
similar for both vectors, the transposon minicircle vector mSB-T1367 mediated 
TCR gene transfer to 54% of the cells determined by beta chain staining 
compared to approximately 20% with the plasmid (Figure 5.10B). MHC multimer 
staining of the transfected T cells revealed 30% positive cells for mSB-T1367 
compared to 11% for pSB-T1367 (Figure 5.10C). These results prove that SB 
minicircles significantly increase TCR gene transfer compared to conventional 
SB plasmids.  
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Figure 5.10. Transposon minicircles increase TCR gene transfer rates when 
applied at the same amount of total DNA in comparison to transposon plasmids. 
T cells were electroporated with 2.5 μg of either conventional SB transposon plasmids 
(pSB-T1367) or SB minicircle vectors (mSB-T1367) encoding for TCR T1367 together 
with 15 μg of SB transposase RNA, stimulated with anti-CD3/CD28 mAbs and IL-2 18 
hours after transfection and expanded for 11 days. Non-transfected T cells (non-TF) 
served as negative control. The transfected T cells were analyzed for (A) cell viability 
determined by dead cell staining with Sytox Blue and FSC/SSC morphology and (B) 
percentage of TCR-expressing cells measured by TCR beta chain staining and (C) MHC 
multimer staining by flow cytometry. Graphs show pooled data of eight donors (± SEM). 
Statistical analysis was performed by Student's t-test.  

 

5.11 Transposon minicircles significantly improve TCR gene 

transfer at equimolar vector amounts 

To elucidate how SB minicircle-based transfection efficiency compares to 
conventional SB plasmids when both vectors are employed at equimolar levels, 
we applied both vectors in relation to their vector size. T cells were electroporated 
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with 2.5 μg of the minicircle vector mSB-T1367 (mSB, 2.5 kb) or 4.125 μg of the 
plasmid pSB-T1367 (pSB, 4.125 kb) together with 15 μg of SB100X RNA, 

activated 18 hours after transfection and expanded for 11 days. Non-transfected 
T cells (non-TF) served as negative control.  

 

 
Figure 5.11. Transposon minicircles increase TCR gene transfer rates when 
applied in equimolar vector amounts in comparison to transposon plasmids. 
T cells were electroporated with 15 μg of SB100X RNA and equimolar amounts of mSB-
T1367 (mSB, 2.5 μg) and pSB-T1367 (pSB, 4.125 μg), stimulated with anti-CD3/CD28 
mAbs and IL-2 (400 U/ml) 18 hours after transfection and expanded for 11 days. Non-
transfected T cells (non-TF) served as negative control. The transfected T cells were 
analyzed for (A) cell viability determined by dead cell staining with Sytox Blue and 
FSC/SSC morphology and (B) percentage of TCR-expressing cells measured by TCR 
beta chain staining and (C) MHC multimer staining by flow cytometry. Graphs show 
pooled data of eight donors (± SEM). Statistical analysis was performed by Student's t-
test. 
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T cell viability after transfection was similar for both samples although the T cells 
transfected with the minicircle vector recovered slightly faster than the plasmid 

samples (Figure 5.11A). Again, the minicircle-transfected cells showed higher 
transfection rates (51%) compared to conventional plasmids (31%) (Figure 
5.11B). The same was true when we evaluated surface expression of correctly 
paired TCRs measured by multimer staining with 25% MHC multimer+ T cells with 
SB minicircles compared to 17% with plasmids (Figure 5.11C). These results 
demonstrate that SB minicircles provide increased transfection efficiency 
compared to conventional SB plasmids at equimolar vector amounts. 
 

5.12 T cells can be efficiently engineered with SB transposon 

minicircles to express various TCRs and CARs 

Our data suggests, that TCR gene transfer of the MAGE-A1 specific TCR T1367 
is highly efficient and reproducible. To prove the universal validity of our approach 
for different TCRs and CARs, we generated SB minicircle vectors encoding for 
two more TCRs and two clinically relevant CARs. TCR T58 is specific for 
tyrosinase (TYR) (Wilde et al., 2009), TCR 1D3 is specific for melanoma antigen 
recognized by T cells 1 (MART-1) (Jorritsma et al., 2007). The CARs are specific 
for CD19 and BCMA, two important antigens for treatment of lymphoma. To 
evaluate whether our system enables reproducible receptor gene transfer rates 
with different receptors, T cells were electroporated with the several TCR- and 

CAR-encoding mSB vectors and SB100X transposase RNA, activated and 
expanded for 11-14 days. Non-transfected T cells served as negative control.  
 The transfected T cells were analyzed for the percentage of TCR-
expressing cells measured by TCR beta chain staining and for the percentage of 
CAR-expressing cells by staining with an IgG-specific antibody by flow cytometry 
(Figure 5.12). While the gene transfer rates were between 45% and 56% for the 
three different TCRs and the CD19 CAR, the transfection rate for the BCMA CAR 
was about 70%. These results indicate that our system provides reproducible 
efficient TCR and CAR gene transfer to human T cells. 
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Figure 5.12. TCR- and CAR-engineered T cells transfected with SB transposon 
minicircles and transposase mRNA. T cells were electroporated with the different 
TCR- and CAR-encoding SB minicircle vectors and SB100X transposase RNA, 
stimulated with anti-CD3/CD28 mAbs and IL-2 and expanded for 11-14 days. Non-
transfected T cells (untransfected) served as negative control. The transfected T cells 
were analyzed for the percentage of TCR-expressing cells measured by TCR beta chain 
staining and for the percentage of CAR-expressing cells by staining with an IgG-specific 
antibody by flow cytometry. Plots show representative examples.  

 

5.13 Expression of the endogenous TCR chains can be 

silenced by miRNAs 

The surface expression of the therapeutic TCR on TCR-engineered T cells 
critically depends on the pairing behavior of the transgenic TCR chains and their 
ability to compete with endogenous TCR chains for the recruitment of proteins of 
the CD3 complex. To enhance expression of the therapeutic TCR, we 
incorporated miRNAs specific for the constant regions of the human TCRα- and 
TCRβ-chain to silence the expression of the endogenous TCR chains into the 
TCR expression cassette. These miRNAs have been shown to silence the human 
TCRα- and TCRβ-chain when incorporated into viral vectors in Mario Bunse’s 
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doctoral thesis (Bunse, 2014). Furthermore, miRNAs silencing the expression of 
the endogenous TCR chains also prevent TCR mispairing where one chain of the 

transgenic TCR pairs with a chain of the endogenous TCR. These mispaired 
TCRs have unpredictable specificities and are potentially dangerous. 

To demonstrate that these miRNAs are functional and effective in 
transposon vectors, we compared T cells transduced with a gammaretroviral 
MP71 vector and T cells engineered with our mSB vector both encoding for the 
miRNAs incorporated into the 5’ leader intron between the MP71 promoter and 
the MAGE-A1-specific TCR T1367. These T cells were then analyzed for the 
expression of the endogenous TCRα- and TCRβ-chains by real-time PCR. To 
this end, reverse transcribed cDNA from day 14 after transfection was analyzed 
with TaqMan probes specific for the C regions of the human TCRα- and TCRβ-
chain relative to T cells transfected without miRNAs.  

The RNA expression level was reduced to 43% for the endogenous TCRα-
chain and 66% for the endogenous TCRβ-chain for SB-engineered T cells (Figure 
5.13B). For RV-transduced T cells, the RNA expression level was reduced to 
44% for the endogenous TCRα-chain and 50% for the endogenous TCRβ-chain. 
These data illustrate that the miRNAs are specific for the human endogenous 
TCRα- and TCRβ-chain and can be incorporated into the retroviral vector as well 
as the SB minicircle vector and as a result reduce the expression of endogenous 
TCR chains.  
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Figure 5.13. miRNAs targeting the human TCRα- and β-chain silence expression 
of the endogenous TCR. We incorporated miRNAs specific for the C regions of the 
human TCRα- and TCRβ-chain into the TCR expression cassette of retroviral and SB 
vectors to silence the expression of the endogenous TCR chains. T cells were 
transduced with a retroviral MP71 vector (RV) or transfected with SB MC/RNA vectors 
(SB), both encoding for two miRNAs specific for the human TCRα- and TCRβ-chain, 
respectively, and the MAGE-A1-specific TCR T1367. 14 days after transfection, reverse 
transcribed cDNA was analyzed with TaqMan probes specific for the C regions of the 
human TCRα- and TCRβ-chain by real-time PCR. mRNA expression of the endogenous 
TCRα- and TCRβ-chain is depicted relative to T cells transfected with a transposon 
minicircle vector without miRNAs. T cells transfected without miRNAs served as negative 
control. Means of two donors ± SD.  

 

5.14 Transposon minicircles comprising miRNAs silencing the 

endogenous TCR enhance expression of the therapeutic 

TCR 

Efficient transfection of T cells and a high surface expression level of the 

therapeutic TCR cell are crucial requirements for the generation of clinically 
efficacious T cells. Expression of the therapeutic TCR can be increased in two 
different ways. First, pairing of the two chains of the therapeutic TCR can be 
enhanced by incorporating mutations in the constant region to include a second 
cysteine bridge and by using fully or minimally murinized constant regions instead 
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of the human constant chain. Second, expression of the endogenous TCR can 
be reduced by RNA interference to facilitate expression of the therapeutic TCR. 

To achieve the optimal surface expression of the therapeutic TCR, we sought to 
compare both approaches and the combination of both approaches in our SB 
minicircle vector (Figure 5.14A).  

We therefore generated four different transposon minicircle vectors and 
analyzed the TCR surface expression on engineered T cells: The basic vector 
carried the human MAGE-A1-specific TCR T1367 and the MPSV promoter 
(Baum 1995) (mSB-T1367, Figure 5.14B). In the second vector, mSB-T1367 was 
modified to additionally harbor two miRNAs silencing the endogenous TCRα- and 
TCRβ-chain expression in a chimeric intron located between the MPSV promoter 
and the TCR cassette (mSB-miR-T1367, Figure 5.14C). In the third vector, the 
expression cassette of TCR T1367 was optimized by the introduction of two non-
native cysteines (Cohen et al., 2007; Kuball et al., 2007) and nine amino acids of 
the mouse TCR constant regions (Bialer et al., 2010; Sommermeyer and Uckert, 
2010) to support the preferential pairing of the therapeutic TCR chains (mSB-
T1367opt, Figure 5.14D). In the fourth vector, we combined the miRNAs with the 
optimized TCR expression cassette (mSB-miR-T1367opt, Figure 5.14E). 



RESULTS 

 - 80 - 

 

 

Figure 5.14. Schematic representation of SB transposon TCR expression 
cassettes with and without miRNAs and optimized TCR. miR: miRNAs, MPSV-LTR: 
myeloproliferative sarcoma virus long terminal repeat; p(A): poly(A) signal; SD: splice 
donor; SA: splice acceptor; TIR: Terminal inverted repeat. 

 

To analyze surface expression of the therapeutic TCR of T cells engineered with 
the different vectors, we transfected T cells with 2.5 μg of the different TCR 
minicircle vectors and 15 μg of SB100X transposase RNA by electroporation. 
Notably, T cells harboring endogenous TCR Vβ3 chains were depleted before 
transfection. The T cells were activated, expanded for 14 days and analyzed for 
expression of the therapeutic TCR by flow cytometry. The percentage of TCR-
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engineered T cells was determined by staining of the Vβ3 chain of TCR T1367 
and correctly paired TCRs were identified by MAGE-A1/HLA-A2 multimer 

staining.  
All four transposon minicircle variants enabled comparable TCR gene 

transfer into human T cells (approximately 50% of CD8+ T cells) (Figure 5.15A). 
The incorporation of the miRNAs resulted in more correctly paired therapeutic 
TCRs on the cell surface compared to the basic vector mSB-T1367 as 
demonstrated by MHC multimer binding (Figure 5.15B). This effect could also be 
seen for the vector harboring the optimized TCR cassette (mSB-T1367opt) and 
the vector combining both optimization and miRNAs (mSB-miR-T1367opt). While 
about 50% of the TCR Vβ3+ T cells engineered with the basic vector were MHC 
multimer-positive, approximately 75% of the T cells engineered with either of the 
modified vectors were MHC multimer-positive. An analysis of the expression 
levels of the TCR in the different samples, determined by multimer MFI, revealed 
that incorporation of the miRNAs and employing the TCR optimizations resulted 
in a 2.1- and 2.0-fold increase of the MHC multimer MFI, respectively (Figure 
5.15C). The combination of both strategies resulted in a 2.6-fold increase. 
Importantly, silencing of the endogenous TCR significantly increased surface 
expression of the therapeutic TCR on T cells engineered with both vector 
variants, the basic vector and the TCR gene-optimized vector (mSB-miR-T1367, 
mSB-miR-T1367opt). These results demonstrate that the expression of the 
therapeutic TCR can be optimized by miRNAs targeting the endogenous TCR 

chains and by optimizations enhancing pairing of the TCR chains of the 
therapeutic TCR. The highest expression of the therapeutic TCR was achieved 
by combining both approaches. 
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Figure 5.15. Optimized transposon minicircle vectors enhance expression of the 
therapeutic TCR. TCR Vβ3-depleted T cells were transfected with 2.5 μg of the different 
TCR minicircle vectors and 15 μg of SB100X transposase RNA by electroporation and 
stimulated with anti-CD3/CD28 mAbs and IL-2. Transfected T cells were expanded and 
on day 11, the IL-2 concentration was reduced from 400 to 40 U/ml and on day 14, T cells 
were analyzed for expression of the therapeutic TCR by flow cytometry. (A) Percentage 
of TCR-engineered T cells was determined by TCR Vβ3 expression. (B) T cells were 
analyzed for surface expression of correctly paired TCR by staining with a MAGE-
A1/HLA-A2 multimer. Depicted is the ratio of MHC multimer+ cells to TCR Vβ3+ T cells. 
(C) Plot shows the fold change of MHC multimer MFI of all samples relative to the sample 
generated with the basic vector mSB-T1367. Depicted are mean values (± SEM) 
obtained from six to seven donors. Data were analyzed by Student's t-test. 
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5.15 miRNAs silence expression of endogenous TCR chains 

and balance expression of the transgenic alpha- and beta-

chain  

To further assess the ability of the transferred TCR chains to replace the 
endogenous TCR chains on protein level, we stained the TCR-engineered T cells 
with a mixture of mAbs specific for TCR V regions of the endogenous repertoire. 
TCR Vβ3-depleted T cells were electroporated with the different TCR minicircle 
vectors and SB100X transposase RNA and activated. Non-transfected T cells 
(non-TF) served as control. On day 11, the IL-2 concentration was reduced from 
400 to 40 U/ml and on day 14, T cells were analyzed for expression of the 
transgenic and endogenous TCR chains by flow cytometry. TCR-engineered 
T cells were identified by TCR Vβ3 expression. Endogenous TCR expression 
was analyzed by staining with a panel of mAbs specific for TCR Vα-chains (3 
different mAbs) and Vβ-chains (6 different mAbs) of the endogenous repertoire. 
Based on these data, we extrapolated the frequency of TCR-engineered T cells 
expressing endogenous TCR chains in addition to the therapeutic TCR.  

On average, 88% of all TCR Vβ3+ T cells also expressed endogenous 
TCRα-chains, whereas only 68% expressed endogenous TCRβ-chains (Figure 
5.16). This difference - an indicator of mixed TCR dimer formation - was markedly 
reduced by silencing of the endogenous TCR chains by the miRNAs (miR) as 
well as by TCR gene optimization (opt). With both approaches, approximately 

50% of the TCR-engineered T cells expressed endogenous TCRα- or β-chains 
additionally to the transgenic TCR chains. The lowest level of endogenous TCR 
expression (TCRα: 37%, TCRβ: 42%) was achieved when the T cells were 
generated using the mSB-miR-T1367opt vector that combined both strategies. 
Importantly, T cells engineered with the miRNA vectors displayed similar 
expression levels of TCRα- and β-chain - suggesting, that these T cells have less 
mispaired TCRs on their surface. These data demonstrate a reduced expression 
of endogenous TCR chains by incorporation of the miRNAs and indicate 
balanced expression of the transgenic TCRα- and β-chain.  
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Figure 5.16. miRNAs reduce expression of endogenous TCR chains and provide 
similar expression levels of the transgenic alpha- and beta-chain. TCR Vβ3-
depleted T cells were transfected with 2.5 μg of different TCR minicircle vectors with or 
without miRNAs (miR) and with or without TCR gene optimizations (opt) and 15 μg of 
SB100X transposase RNA by electroporation and stimulated with anti-CD3/CD28 mAbs 
and IL-2. The transfected T cells were expanded and on day 11 the IL-2 concentration 
was reduced from 400 to 40 U/ml. On day 14, T cells were analyzed for expression of 
the transferred as well as endogenous TCR chains by flow cytometry. T cells expressing 
the therapeutic TCR were analyzed by staining with a panel of mAbs specific for TCR 
Vα- and Vβ-chains of the endogenous repertoire. The total percentage of T cells 
expressing endogenous TCR chains was extrapolated from the fraction of TCR chains 
that could be stained by available mAbs. Depicted are mean values (± SEM) of 
CD8+/TCR Vβ3+ T cells obtained from six to seven donors. Data were analyzed by 
Student's t-test. 

 

5.16 The different minicircle vector variants yield similar 

numbers of Sleeping Beauty integrants 

Apart from different regulatory elements in the vector, the expression level of the 
TCR is determined by the number of SB integrants in the genome of the target 
cells. The copy number of SB integrants can be influenced by vector size and 
repetitive gene sequences like inverted repeats and miRNAs, disregarding 
transfection efficiency. To exclude different expression levels of the different 
vectors due to different SB copy numbers, we assessed the copy numbers of SB 
integrants of T cells engineered with the different vector variants.  
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T cells were transfected with 15 μg of SB100X RNA together with the 
different minicircle vector variants, activated and cultured for 14 days before 

analysis of genomic SB integrants by digital droplet PCR. TaqMan probes specific 
for the right inverted repeat of the transposon or for the backbone region of the 
corresponding plasmid or minicircle were used to analyze the copy number of the 
integrants. Notably, residual vector can still be present in the cells at the time of 
analysis and hence, non-integrated vectors give a false positive signal. To assess 
the actual number of stably inserted SB integrants, we determined the copy 
numbers of SB integration cassettes by TaqMan probes specific for the right 
inverted repeat and subtracted the copy number of non-integrated SB minicircles 
determined by TaqMan probes specific for the backbone region of the 
corresponding vector. The copy numbers of SB integrants was around 10 - 13 
with slightly lower copy numbers for the vectors including the miRNA cassette 
(mSB-miR-T1367: 9.9, mSB-miR-T1367opt: 9.7) compared to the vectors 
variants without miRNAs (mSB-T1367: 13.0, mSB-T1367opt: 11.5) (Figure 5.17).  
 

 
Figure 5.17. The different minicircle vectors variants lead to similar Sleeping 
Beauty copy numbers. T cells were transfected with 15 μg of SB100X RNA and the 
different minicircle vector variants, stimulated with anti-CD3/CD28 mAbs and IL-2, 
cultured for 14 days and analyzed for SB copy numbers by digital droplet PCR. Genomic 
DNA was isolated from 3 × 106 cells, digested with DpnI restriction enzyme overnight 
and fragmented using CviQI. The digested gDNA was subjected to PCR amplifications 
using TaqMan probes, either specific for the right inverted repeat of the transposon, or 
the backbone regions of the corresponding plasmid or minicircle donor DNA. Copy 
numbers were calculated with the Quanta Soft program. 

Taken together, the vectors including miRNAs showed slightly lower copy 
numbers with the highest copy number for the basic vector. These differences 
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weren´t significant and, if anything, should result in lower expression of the 
optimized vector variants due to their copy number.  

 

5.17 T cells engineered with optimized RNAi transposon 

minicircles show elevated cytolytic capacity 

Taken together, we established a novel SBTS that provides efficient transfection 
of T cells and high-level surface expression of the therapeutic TCR. These are 
crucial requirements for the generation of therapeutic T cells with high 
functionality. To evaluate the functionality of mSB transposon TCR-engineered T 
cells, we analyzed mSB-engineered T cells for their cytolytic capacity. 
Furthermore, we compared T cells engineered with the basic minicircle vector 
mSB-T1367 to T cells engineered with our optimized vector mSB-miR-T1367opt.  
The cytolytic capacity was assessed in a 51Cr release assay by culturing TCR-
engineered T cells with antigen-positive target cells. For this purpose, T cells of 
three different donors were electroporated with the different TCR vectors and 
SB100X transposase RNA. Transfected T cells were activated and expanded for 
14-18 days and three days prior to the functional assay the IL-2 concentration 
was reduced from 400 to 40 U/ml. Subsequently, the TCR-engineered T cells 
were adjusted with regard to the number of TCR Vβ3+ cells and co-cultured in 
different ratios with 51Cr-labeled T2 cells loaded with 10-10 M MAGE-A1278 
peptide. T cells engineered with either minicircle vector displayed specific lysis of 

the target cells (Figure 5.18). T cells engineered with the basic vector lysed 30% 
of the target cells within four hours when applied in an effector to target cell (E:T) 
ratio of 32:1 (Figure 5.18A). T cells engineered with mSB-miR-T1367opt showed 
a maximum specific lysis rate of 36%. An analysis of the samples at an E:T ratio 
of 4:1 displayed an elevated specific lysis rate (16.7% vs. 9.7%) for the T cells 
engineered with the optimized vector (Figure 5.18B). These data demonstrate 
that mSB-engineered T cells are functional and specifically lyse target cells. 
Moreover, the result suggests that T cells engineered with the optimized vector 
have increased cytolytic capacity.  
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Figure 5.18. Sleeping Beauty minicircle-engineered T cells show specific lysis of 
target cells with higher efficiency for the optimized vector mSB-miR-T1367. T cells 
were electroporated with the different TCR vectors and SB100X transposase RNA and 
stimulated with anti-CD3/CD28 mAbs and IL-2. Transfected T cells were expanded for 
14-18 days and three days prior to the functional assay the IL-2 concentration was 
reduced from 400 to 40 U/ml. The ability of the TCR-engineered T cells to specifically 
lyse T2 cells loaded with 10-10 M peptide at various effector to target (E:T) ratios was 
determined by 51Cr release assay. (A) Data show means ± SD of duplicates and 
representative results of one out of three donors. (B) Data points and means of three 
donors at an E:T ratio of 4:1.  

 

5.18 The optimized RNAi transposon minicircles increases 

cytokine secretion of mSB-engineered T cells 

In addition to direct target cell killing, the secretion of cytokines is another 
indicator of functional activity of effector T cells and allows a quantified evaluation 
of their functionality. To verify the result, that mSB-engineered T cells are 
functional and to validate the suggested result that T cells engineered with the 
optimized vector provide improved functionality, we analyzed the T cells for the 
secretion of the most relevant effector cytokines IL-2 and IFN-γ.  

T cells from five different donors were electroporated with the basic and 
the optimized TCR vector and SB100X transposase RNA. Transfected T cells 
were activated and expanded for 14-18 days and three days prior to the functional 
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assay the IL-2 concentration was reduced from 400 to 40 U/ml. T cells were then 
stimulated with T2 cells loaded with different amounts of MAGE-A1278 peptide or 

the melanoma cell line SK-MEL-37 for 24 hours and the amount of IFN-γ and IL-2 
in the supernatant was determined by ELISA. Non-transfected T cells (non-TF) 
and T2 cells loaded with an irrelevant peptide (irr) or no peptide (w/o) served as 
negative controls. T cells engineered with either minicircle vector demonstrated 
antigen recognition and responded by cytokine secretion in a specific and dose-
dependent manner (Figure 5.19). Stimulation of TCR-engineered T cells with 
MAGE-A1278 peptide-loaded T2 cells revealed enhanced IFN-γ secretion of mSB-
miR-T1367opt-engineered cells in comparison to mSB-T1367-engineered cells 
(Figure 5.19A). T cells stimulated with 10-6 M peptide-loaded target cells 
displayed a 1.5-fold increase of IFN-γ secretion when engineered with the 
optimized vector compared to the basic vector (Figure 5.19B). T cells stimulated 
with the antigen-presenting melanoma cell line SK-MEL-37 as target cells 
confirmed these findings with a 2.5-fold increased secretion of IFN-γ by T cells 
engineered with the optimized vector compared to the basic vector (Figure 5.19C) 
and a modest increase of IL-2 secretion (Figure 5.19D).  

These results demonstrate that mSB-engineered T cells recognize their 
antigen on target cells and secrete cytokines in an antigen-specific manner. 
Moreover, the optimized vector provides T cells with improved functionality with 
regard to cytokine secretion.  
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Figure 5.19. T cells engineered with mSB-miR-T1367opt display increased 
cytokine secretion. T cells were electroporated with the basic and the optimized TCR 
vector and SB100X transposase RNA and stimulated with anti-CD3/CD28 mAbs and IL-
2. Transfected T cells were expanded for 14-18 days and three days prior to the 
functional assay the IL-2 concentration was reduced from 400 to 40 U/ml. T cells were 
then stimulated with T2 cells loaded with different amounts of MAGE-A1278 peptide (A,B) 
or melanoma cell line SK-MEL-37 (C,D) for 24 hours and the amount of IFN-γ (A-C) and 
IL-2 (D) in the supernatant was determined by ELISA. Non-transfected T cells (non-TF), 
T2 cells loaded with an irrelevant peptide (irr) or no peptide (w/o) served as negative 
controls. (A) Data show means ± SD of duplicates. Representative results of one out of 
five donors. (B) Depicted is the fold change of IFN-γ secretion compared to the basic 
vector at a 10-6 M peptide concentration of five donors with means. (C,D) Data show 
means ± SEM of three to four donors. Data were analyzed by Student's t-test. 
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To strengthen these findings, we verified the cytokine secretion experiments 
using a different TCR specific for the tyrosinase peptide YMD369-377 presented by 

HLA-A2 (TCR T58) (Wilde et al., 2009). We generated transposon minicircle 
vectors encoding TCR T58 (mSB-T58) and the optimized vector additionally 
harboring the optimized TCR genes and miRNAs (mSB-miR-T58opt) and 
analyzed T cells engineered with the different vectors.  

T cells from two donors were electroporated with SB minicircle TCR 
vectors and 15 μg of SB100X transposase RNA. Transfected T cells were 
activated and expanded for 14-18 days and three days prior to the functional 
assay the IL-2 concentration was reduced from 400 to 40 U/ml. The T cells were 
then stimulated with T2 cells loaded with different amounts of tyrosinase369 
peptide or co-cultured with the melanoma cell line SK-Mel-29 for 24 hours and 
the amount of IFN-γ and IL-2 in the supernatant was determined by ELISA. Non-
transfected T cells (non-TF), T2 cells loaded with no peptide (w/o) or an irrelevant 
peptide (irr) served as controls. In line with previous experiments, T cells 
engineered with the optimized transposon minicircle vector released higher 
amounts of IFN-γ and IL-2 upon stimulation with target cells (Figure 5.20). 
Stimulation of TCR-engineered T cells with tyrosinase YMD369-377 peptide-loaded 
T2 cells revealed enhanced IFN-γ secretion of mSB-miR-T1367opt-engineered 
cells in comparison to mSB-T1367-engineered cells (Figure 5.20A). T cells 
stimulated with the antigen-presenting melanoma cell line SK-MEL-29 as target 
cells confirmed these findings with more than 10-fold higher IFN-γ secretion by T 

cells engineered with the optimized vector compared to the basic vector (Figure 
5.20B) and almost 8-fold higher secretion of IL-2 (Figure 5.20D).  

In summary, T cells engineered with the optimized transposon minicircle 
vector demonstrated enhanced functionality indicated by increased secretion of 
IFN-γ and IL-2. These results indicate that the usage of (i) transposon minicircle 
vectors (ii) encoding miRNA cassettes, which silence the expression of 
endogenous TCR chains, (iii) optimized TCR gene sequences, and (iv) 
transposase-encoding RNA enable efficient generation of TCR-engineered 
T cells with high functionality.  
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Figure 5.20. T cells engineered with mSB-miR-T58opt display increased cytokine 
secretion. T cells were electroporated with SB minicircle TCR vectors and 15 μg of 
SB100X transposase RNA and stimulated with anti-CD3/CD28 mAbs and IL-2. 
Transfected T cells were expanded for 14-18 days and three days prior to the functional 
assay the IL-2 concentration was reduced from 400 to 40 U/ml. T cells were then 
stimulated with T2 cells loaded with different amounts of tyrosinase369 peptide (A) or 
melanoma cell line SK-Mel-29 (B,C) for 24 hours and the amount of IFN-γ (B) and IL-2 
(C) in the supernatant was determined by ELISA. Non-transfected T cells (non-TF), T2 
cells loaded with no peptide (w/o) or an irrelevant peptide (irr) served as controls. Data 
show means of two donors ± SEM. 
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5.19 SB minicircle-mediated TCR gene transfer efficiency is 

comparable to retroviral transduction 

Having demontrated that mSB-engineered T cells are functional and our 
optimized vector improves cytolytic capacity as well as cytokine secretion, we 
sought to compare mSB-engineered T cells to RV-transduced T cells. The use of 
viral vectors is the current standard to generate receptor-engineered T cells for 
adoptive T cell therapy and has led to great clinical success. To evaluate whether 
mSB-engineered T cells can be generated with similar efficiency as RV-
transduced T cells and are equally functional, we generated mSB-engineered 
and RV-transduced T cells in parallel and compared TCR expression, cytokine 
secretion and cytolytic efficacy. To compare the SBTS to viral vectors currently 
used in clinical trials, we compared T cells transfected with the SB minicircle/RNA 
vector system without miRNAs to T cells transduced with the MP71 
gammaretroviral vector RV-T1367opt which is used to engineer MAGE-A1-
specific TCR T1367 T cells. mSB-engineered and the RV-transduced T cells were 
generated with our standard protocols for each engineering method to ensure 
that the T cells are in best possible condition for the experiments.  

T cells were expanded for 14 days and analyzed by flow cytometry. 
Expression of the therapeutic TCR was determined by staining of the TCR Vβ3 
chain. T cells engineered with both systems expressed the therapeutic TCR with 
similar surface expression rates of 63.7% for RV-transduced T cells and 56.7% 

for mSB-engineered T cells (Figure 5.21). The MFI, illustrating the surface 
expression level of the therapeutic TCR, was also similar for both transfection 
systems with 7252 for RV- and 7235 for SB-engineered T cells. These results 
suggest that mSB-based TCR gene transfer is comparable to transduction results 
with RV vectors and that expression of the TCR is similar in both systems, 
presenting mSB-based T cell engineering as an equivalent alternative to RV 
transduction. 
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Figure 5.21. mSB engineering and RV transduction of T cells provide similar 
transfection efficiency and TCR expression levels. T cells were either transduced 
with the MP71 gammaretroviral vector or transfected with the SB minicircle vector. T cells 
were expanded and on day 11, the IL-2 concentration was reduced from 400 to 40 U/ml 
before analysis of the T cells for expression of the therapeutic TCR by flow cytometry on 
day 14. The percentage and mean fluorescent intensity (MFI) of (A) γRV-transduced 
T cells and (B) mSB-transfected T cells expressing TCR T1367 was determined by TCR 
Vβ3 expression. Plots show representative examples of two independent experiments 
with different donors.  

 

5.20 SB-engineered and RV-transduced T cells demonstrate 

equal functionality measured by cytokine secretion 

With TCR gene transfer efficiencies in the range of RV transductions, mSB-
engineered T cells should perform in the same manner as RV-transduced T cells 
with respect to cytokine secretion and cytolytic efficacy. To determine their target-
specific functionality, we analyzed T cells generated with mSB and RV for their 
secretion of IFN-γ and IL-2 after co-cultivation with antigen-positive target cells. 
T cells were transduced with the MP71 gammaretroviral vector (RV-TCR1367opt) 
or transfected with the SB minicircle vector (SB-TCR1367opt) encoding the 
MAGE-A1-specific TCR T1367 and expanded for 14 days. On day 11, the IL-2 
concentration was reduced from 400 to 40 U/ml and the T cells were stimulated 
either with T2 cells loaded with MAGE-A1278 peptide or melanoma cell line SK-
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MEL-37 for 24 hours and the amount of IFN-γ and IL-2 in the supernatant was 
determined by ELISA. Non-transfected T cells (non-TF) served as negative 

control.  
T cells generated with both engineering methods demonstrated secretion 

of IFN-γ and IL-2 upon cultivation with antigen-presenting cells (Figure 5.22). IFN-
γ secretion was between 7500 pg/ml and 8500 pg/ml for both cell types after 
stimulation with MAGE-A1278 peptide-loaded T2 cells (Figure 5.22A). When co-
cultured with MAGE-A1-presenting tumor cell line SK-MEL-37, IFN-γ release was  
about 4700 pg/ml for RV-transduced T cells and about one third less (3100 pg/ml) 
less for mSB-engineered T cells (Figure 5.22B). IL-2 secretion was similar for 
both cell types around 5000 pg/ml for after stimulation with MAGE-A1278 peptide-
loaded T2 cells (Figure 5.22C) and around 1300 pg/ml for both cell types after 
stimulation with melanoma cell line SK-MEL-37 (Figure 5.22D). These data 
indicate that mSB- and RV-engineered T cells are functional and provide similar 
antigen-specific functionality with respect to cytokine secretion.  
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Figure 5.22. SB-engineered and RV-transduced T cells release similar amounts of 
cytokines upon target recognition. T cells were transduced with the MP71 
gammaretroviral vector (RV-TCR1367opt) or transfected with the SB minicircle vector 
(SB-TCR1367opt) encoding the MAGE-A1-specific TCR T1367. T cells were stimulated 
with anti-CD3/CD28 mAbs and IL-2 and expanded for 14 days. On day 11, the IL-2 
concentration was reduced from 400 to 40 U/ml. 5 × 105 T cells were then stimulated 
with 5 × 105 T2 cells loaded with MAGE-A1278 peptide (A,C) or 5 × 105 cells of melanoma 
cell line SK-MEL-37 (B,D) for 24 hours and the amount of IFN-γ (A,B) and IL-2 (C,D) in 
the supernatant was determined by ELISA. Non-transfected T cells (non-TF) served as 
negative controls. Graphs show means of two donors ± SEM. 

 

5.21 SB-engineered and RV-transduced T cells demonstrate 

equal cytolytic efficacy 

A second method to asses T cell functionality aside from cytokine secretion is to 

assess the T cells’ capacity to lyse antigen-specific target cells. After verifying 
similar functionality with regard to cytokine secretion we compared the cytolytic 
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efficacy of T cells transduced with the MP71 gammaretroviral vector (RV-
TCR1367opt) or transfected with the SB minicircle vector (SB-TCR1367opt) 

encoding the MAGE-A1-specific TCR T1367. T cells were engineered with both 
methods in parallel and expanded for 11 days with IL-2. The IL-2 concentration 
was then reduced from 400 to 40 U/ml and the cytolytic capacity was determined 
in a 51Cr release assay. T2 cells were loaded with 10-10 M MAGE-A1278 peptide 
and used as target cells with effector to target (E:T) ratios from 1:1 to 32:1. 

T cells generated with both methods demonstrated equal cytolytic efficacy 
(Figure 5.23). At an E:T ratio of 32:1, 40% of the target cells were lysed within 
four hours. With declining E:T ratios, the cytolytic efficacy decreased for both 
T cell types with slightly higher efficiency for the mSB-engineered T cells. These 
data confirm the previously shown data that mSB-engineered and RV-transduced 
T cells provide equal functionality.  

 

 
Figure 5.23. SB-engineered and RV-transduced T cells demonstrate similar target 
cell lysis efficiency. T cells were transduced with the MP71 gammaretroviral vector 
(RV-TCR1367opt) or transfected with the SB minicircle vector (SB-TCR1367opt) 
encoding the MAGE-A1-specific TCR1367. T cells were stimulated with anti-CD3/CD28 
mAbs and IL-2 and expanded for 14 days. On day 11, the IL-2 concentration was reduced 
from 400 to 40 U/ml. The cytolytic capacity was determined in a 51Cr release assay. T2 
cells were loaded with 10-10 M MAGE-A1278 peptide and used as target cells with effector 
to target (E:T) ratios from 1:1 to 32:1. Data show means ± SD of duplicates.  
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5.22 mSB- and RV-engineered T cells demonstrate equal 

therapeutic efficacy 

After demonstrating that mSB-engineered T cells perform equally well in vitro, we 
sought to evaluate mSB-engineered T cells in vivo. For this purpose, we 
performed tumor mouse model experiments to evaluate the efficacy of T cells 
engineered with our mSB/RNA vectors compared to T cells transduced with 
retroviral vectors in collaboration with Uta Höpken and Armin Rehm (both Max 
Delbrück Center for Molecular Medicine, Berlin, Germany).  
 To this end, we injected 3 × 106 SK-MEL-37 melanoma tumor cells 
subcutaneously into immunodeficient NOD scid gamma (NSG) mice and treated 
them with SB minicircle- or RV-engineered T cells expressing a MAGE-A1-
specific TCR one week later. SB minicircle- and RV-engineered T cells were 
generated in parallel with optimized protocols for each method to assure optimal 
performance of both cell types. To assess their therapeutic efficacy, tumor growth 
was measured for 21 days after adoptive T cell transfer. We used an NSG mouse 
model, because the SBTS is not capable of efficient transfection of murine T cells 
to our knowledge and expertise. Xenogeneic mouse models are limited as human 
T cells are not as effective in a mouse environment as they would be in a human, 
but it offers the best possible evaluation of the therapeutic efficacy of mSB-
engineered T cells in vivo. T cells engineered with a GFP-encoding SB minicircle 
vector served as negative control.  
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Figure 5.24. SB minicircle- and retrovirus- engineered T cells demonstrate similar 
therapeutic efficacy delaying the progression of a MAGE-A1-positive melanoma 
tumor in a xenogeneic mouse model. NSG mice were injected with 3 × 106 SK-MEL-
37 melanoma tumor cells subcutaneously and treated with either SB minicircle- or RV-
engineered T cells expressing the MAGE-A1 specific TCR T1367 after one week and 
tumor growth was measured for 21 days after adoptive T cell transfer. T cells engineered 
with a GFP-encoding SB minicircle vector served as negative control. Graphs show the 
mean tumor volume ± SEM of nine mice per group out of two independent experiments.  

 
T cells engineered with both methods demonstrated equal therapeutic efficacy in 
delaying outgrowth of the tumor compared to the unspecific GFP control (Figure 

5.24). Three weeks after adoptive T cell therapy, the tumors were around 280 
mm3 in both treated mouse groups, whereas the tumors in the untreated mice 
were about 790 mm3. There was no significant difference between mSB- or RV-
engineered T cells.  
 These results prove that mSB-engineered T cells are functional and 
provide equal therapeutic efficacy compared to RV-transduced T cells.  
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6 DISCUSSION 

SB minicircle-based T cell engineering is a viable alternative to retroviral 

transduction for the generation of therapeutic T cells for TCR gene therapy. TCR 
gene therapy relies on efficient, stable and safe TCR gene transfer to the patient’s 
T cells. This is currently done using retroviral vectors in the vast majority of clinical 
studies. The use of viral vectors, however, is cost- and time-consuming, requires 
a high level of expertise, and their bias to integrate near regulatory elements of 
active genes raises biosafety concerns. Non-viral alternatives, on the other side, 
have been inefficient, limited to transient expression of the therapeutic TCR and 
accompanied by high T cell mortality. We used the SB transposon system to 
provide genomic integration and developed novel SB minicircle vectors tailored 
for TCR and CAR gene engineering. Our results demonstrate, that SB minicircles 
enable efficient, stable T cell engineering and SB-engineered T cells are 
functional and provide equal therapeutic efficacy as RV-transduced T cells in vitro 
and in vivo.  

6.1 DNA transfection is toxic for T cells and delays their 

activation  

As transposon vectors are not capable to cross cell membranes, SB vectors have 
to be delivered into T cells by transfection. In principle, delivery of the transposon 
vector into the T cells can be performed using any transfection method capable 
of transferring large amounts of DNA efficiently into the T cell nucleus. So far, 

only two-pulsed electroporation technologies, such as nucleofection, 
demonstrated efficient transfection of primary T cells (Gogol-Döring et al., 2016; 
Huang et al., 2008; Singh et al., 2008). However, our results demonstrate that 
DNA electroporation is toxic for T cells, restricting the amount of DNA for 
electroporation. We investigated the electroporation of T cells with SB-based 
DNA vectors and identified a negative correlation of T cell viability to the amount 
of transfected DNA while the transfection rate was positively correlated to the 
amount of transfected DNA. The electroporation itself and the electroporation 
with ivt RNA, in contrast, was well tolerated by the T cells. The dose-dependent 
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toxicity caused by the transfected DNA was observed for several days in all DNA-
transfected T cells with the lowest T cell viability on day four after electroporation 

and stimulation. This effect has not been described before as other studies 
usually do not monitor T cell viability over time after transfection and expand the 
surviving cells with antigen-presenting feeder cells and multiple activation cycles 
(Field et al., 2013; Huang et al., 2008; Jin et al., 2011; Monjezi et al., 2016; Peng 
et al., 2009; Singh et al., 2008, 2013a). This conceals the T cell mortality and 
transfection rate, as only transgenic receptor-positive cells proliferate. The 
repeated stimulation of the T cells and extended in vitro culturing, however, is 
detrimental to the therapeutic efficacy of the engineered T cells as the T cells are 
driven in more differentiated phenotypes and are therefore less efficacious in vivo 
(Gattinoni et al., 2012) .  

In addition to the dose-dependent toxicity, we observed a delayed 
activation of T cells after DNA but not RNA electroporation. DNA-electroporated 
T cells were impaired to form lymphoblasts and proliferate for about two days 
after electroporation and subsequent stimulation with CD3/CD28. Importantly, 
with a delay of about two days the DNA-transfected T cells started proliferating 
and expanded normally.  

We further analyzed the T cell activation delay and the exact mode of cell 
death in our publication in 2018 (Clauß et al., 2018). These experiments 
demonstrated that CD25 upregulation was delayed and expression of CD28 was 
reduced in all DNA-transfected T cells for one to two days. Moreover, 

comparative gene expression analysis experiments revealed a DNA-dependent 
induction of a type I interferon response with IFN-β upregulation. This effect was 
independent of transposition or electroporation itself, but was induced by the 
transfection of DNA but not RNA into the T cells and positively correlated to the 
amount of DNA used for transfection. The type I IFN response did not depend on 
stimulation of toll-like receptors (TLR) 4 or 9 as it was induced by CpG-free as 
well as CpG-methylated DNA and could be observed in transgene-negative as 
well as transgene-positive cells. This could be explained by the fact, that DNA 
was also present in the cytosol of transgene-negative cells. We therefore 
speculated that DNA is recognized by intracellular DNA sensors in the T cells and 
found increased expression of the genes IFN-γ-inducible protein 16 (IFI16), Mab-
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21 domain containing protein 1 (MB21D1) and Z-DNA binding protein 1 (ZBP1) 
which are all involved in the innate immune response (Sun et al., 2013; Takaoka 

et al., 2007; Unterholzner et al., 2010). 
 Vector toxicity and delayed T cell proliferation might be particularly 
problematic when T cells from patients are scarce and in bad condition. Hence, 
the SBTS should be optimized to minimize toxicity and grant proper T cell 
expansion without compromising T cell viability. 

6.2 Combining transposon minicircles and SB100X 

transposase mRNA enables efficient T cell engineering 

To decrease the adverse effects of DNA electroporation, we developed novel SB 
vectors that reduce the amount of DNA needed for efficient transfection and 
increase biosafety of the SBTS. The transposase plasmid can be substituted by 
ivt RNA that did not display the cytotoxic effect of DNA. To provide the SB 
transposase as RNA has been demonstrated to reduce toxicity using the SB11 
transposase (Wiehe et al., 2007; Wilber et al., 2006, 2007). Substituting the SB 
transposase by RNA reduces the amount of DNA used for electroporation by half. 
In contrast to DNA vectors, RNA does not have to reach the nucleus as its 
translation takes place in the cytoplasm and the transposase protein has a 
nuclear localization signal (NLS). Furthermore, the use of RNA as a source for 
the transposase improves the biosafety of the SBTS because unlike DNA, RNA 
is unable to randomly integrate into the host cell genome (Wilber et al., 2007). 

The inadvertent integration of the transposase into the target cell genome would 
lead to continuous remobilization and reintegration of the transposon cassette 
within the host genome (Huang et al., 2008; Wilber et al., 2006). So-called 
‘rehopping’ can also happen without integration of the transposase within the first 
days after transfection as long as the transposase plasmid is still present in the 
cell nucleus and the transposase is being expressed. This risk can be minimized 
by the use of transposase RNA with a shorter half-life than DNA limiting the time 
period of transposase expression.  
In contrast to the SB transposase, the transposon vector needs to be delivered 
as double-stranded DNA (Ivics et al., 1997). We were able to reduce the amount 



DISCUSSION 

 - 102 - 

of transposon vector needed for efficient transfection by developing SB-based 
minicircle (MC) vectors. MC vectors are small, supercoiled, circular DNA 

molecules devoid of bacterial backbone sequences like the antibiotic resistance 
gene and the bacterial origin of replication. The reduced size of MCs increases 
electroporation efficiency due to better trafficking to the cell nucleus (Chabot et 
al., 2012; Darquet et al., 1997; Lukacs et al., 2000). In addition, transposition from 
MCs is enhanced due to the reduced distance between the TIRs (Izsvák et al., 
2000). However, to ensure the left inverted repeat (LIR) and right inverted repeat 
(RIR) to be separated in the MC, the distance between the TIRs should not be 
below 300 bp (Sharma et al., 2013). This distance has previously been shown to 
improve mobilization of the SB transposon from circular DNA substrates (Zayed 
et al., 2004). We hence introduced a 212 bp spacer in the parental MC vector 
resulting in a total distance of 300 bp between the TIRs in the MC vector. The 
use of SB MCs increased the transfection efficiency three- to six-fold and doubled 
the expression level compared to conventional SB plasmids. Importantly, the SB 
MCs led to threefold higher expression of correctly paired TCR on the T cell 
surface. The use of MCs improved the transfection rate when applied at the same 
amount of total DNA as well as at equimolar levels. While the application of the 
same amount of DNA showed the same toxicity, the reduced amount of the MC 
vector when applied at equimolar amounts improved T cell viability.  
These results are in line with the first application of SB MCs in HeLa cells (Sharma 
et al., 2013) and a recent application of SB MCs for CAR gene transfer into T cells 

(Monjezi et al., 2016). The increased transfection efficiency allowed us to reduce 
the amount of DNA used for the electroporation of 6-10 × 106 T cells from 20-40 
μg to 2.5 μg. This improved the viability of the T cells after transfection 
substantially and enabled the development of a robust protocol. The use of eight 
different donors with similar results for GFP and several receptors indicates high 
reproducibility and reliability of our approach.  

Due to the elimination of bacterial sequences, MC vectors offer higher 
biosafety than conventional plasmids as those sequences cannot integrate into 
the genome inadvertently and horizontal gene transfer to host bacteria is 
impossible. In fact, the elimination of antibiotic resistance genes is recommended 
by regulatory authorities for vectors to be used in gene therapy trials. Large-scale 
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manufacturing of MCs under GMP conditions for clinical application has been 
established (Kay et al., 2010). 

MCs have been shown to have a longer half-life than plasmids and persist 
in non-dividing cells for up to several weeks (Chen et al., 2003; Osborn et al., 
2011). This can be problematic in the determination of the correct copy number 
of genomic insertions and must be considered in the design of qPCR probes and 
the processing of the genomic DNA (Monjezi et al., 2016). We found a slightly 
higher copy number of genomic insertions than previously described. However, 
the number of genomic integrations depends on the amount of vector and can 
likely be adjusted by the amount of transposon vector and transposase applied. 
Furthermore, in contrast to viral integration SB also inserts in transcriptionally 
inactive areas of heterochromatin (Gogol-Döring et al., 2016; Yant et al., 2005) 
and, thus, the likelihood to hit active genes is lower. Hence, a higher copy number 
might be acceptable and needed to achieve comparable expression levels to viral 
integrations.  

6.3 SB-based gene transfer enables efficient generation of 

functional T cells with antigen-specific reactivity 

The use of SB MCs and ivt RNA considerably improved the transfection efficiency 
and allowed the development of a reliable and robust protocol for T cell 
engineering. Gene transfer rates of three different TCRs and two different CARs 
ranged between 45% and 70%, matching the range of highly developed viral 

vector systems. These transfection rates at high T cell viability were reached by 
combining (i) the hyperactive SB transposase SB100X with (ii) the improved 
transposon vector pT2 with optimized TIRs, (iii) providing the transposase as ivt 
RNA, and (iv) the transposon cassette as minicircles. This allowed us to reduce 
the total amount of DNA and, thus, increased T cell viability after transfection on 
the one hand and substantially enhanced transfection efficiency on the other 
hand.  

In contrast to prior studies, our approach does not rely on enrichment of 
TCR-positive T cells after transfection or expansion with antigen-presenting cells 
to expand the transfected cells, due to the high transfection efficiency and low 
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toxicity. An early study investigating SB for T cell engineering used 20 μg of DNA 
per plasmid of the two-plasmid SB transposon system to achieve around 50% 

transfection efficiency (Peng et al., 2009). This is highly toxic and prevents 
reproducible culturing and expansion of primary T cells after transfection in our 
hands. Other groups reported T cell engineering with SB plasmids resulting in 
substantially lower transfection rates (5-12%) using 5 μg per transposon and 
transposase plasmid (Singh et al., 2008). A recent study using a similar minicircle 
approach for CAR gene transfer reported comparable results (Monjezi et al., 
2016).  

To investigate T cell functionality after transfection with SB minicircles, we 
analyzed their capability to lyse target cells and secrete cytokines upon co-culture 
with antigen-presenting target cells. SB-engineered T cells demonstrated efficient 
target cells lysis and secretion of the cytokines IFN-γ and IL-2 in correlation to 
the antigen concentration on target cells. These functional T cell assays were 
performed using two different TCRs and several different target cells including 
tumor cell lines.  

6.4 SB-engineering of T cell subsets 

SB-based T cell engineering was applicable to CD3+, CD4+, CD8+, CD45R0+, and 
CD45RA+ T cells and the use SB MCs improved transfection efficiency in all T cell 
subsets. Engineering different subsets of T cells is relevant as generating defined 
T cell products for clinical application can increase the therapeutic efficacy and 

reduce the amount of T cells needed for administration (Riddell et al., 2014; Turtle 
et al., 2016). While CD45RO+ memory T cells showed the highest sensitivity to 
DNA electroporation, it was well tolerated by CD45RA+ naïve T cells resulting in 
high T cell viability after electroporation displaying the highest transfection rates. 
Naïve T cells might be highly relevant for cell therapies as they offer high efficacy 
and long-term persistence in patients (Gattinoni et al., 2012).  
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6.5 Silencing of the endogenous TCR chains by miRNAs 

enhances expression of the therapeutic TCR and 

improves T cell efficacy 

We developed novel miRNAs targeting the human TCRα- and β-chain. These 
miRNAs efficiently silenced the endogenous TCR chains on RNA and protein 
level. The therapeutic TCR is shielded from the miRNA knockdown by masking 
of the target sequences by codon-optimization (Bunse et al., 2014). Introduction 
of these miRNAs accomplished two goals. First, expression of the therapeutic 
TCR is increased due to reduced competition with the endogenous TCR for co-
receptors. This effect was comparable to the combination of the commonly used 
strategies to incorporate a second cysteine bridge and use murinized constant 
regions for the therapeutic TCR. The highest expression of the therapeutic TCR 
was achieved using a combination of our miRNA approach together with the 
second cysteine bridge and minimally murinized TCR chains. Second, the 
incorporation of miRNAs to downregulate the endogenous TCR chains balanced 
the expression of the α- and β-chain of the therapeutic TCR. By staining of the 
endogenous TCR chains, we could demonstrate that surface expression of the 
TCR chains is imbalanced without TCR gene optimization. This indicates the 
presence of mispaired TCRs on the cell surface. The formation of mispaired 
TCRs should be avoided to prevent autoimmunity (Bendle et al., 2010; Bunse et 
al., 2014; Loenen et al., 2010) and the most straightforward way to prevent 

mispaired TCRs is to suppress the expression of endogenous TCR chains.  
Other approaches that eliminate endogenous TCR expression using 

programmable nucleases (Berdien et al., 2014; Eyquem et al., 2017; Provasi et 
al., 2012) require cumbersome extensions to the protocol to obtain T cells that do 
not express any endogenous TCR chains. In these approaches, great caution 
must be taken to prevent the generation of T cells that express the therapeutic 
TCR together with only one of the endogenous TCR chains as this would in fact 
enhance the formation of mispaired TCRs due to the expression of either two α- 
and only one β-chain or vice versa. This is usually prevented by consecutive 
deletion of either the α- or β-chain first, sorting of TCR-negative T cells and 
subsequently deleting the other chain and careful selection of T cells with the 
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correct phenotype. This prolongates and complicates the manufacturing of 
therapeutic T cells considerably which in turn results in less efficacious T cells 

(Gattinoni et al., 2012). Furthermore, the cleavage of two loci simultaneously, as 
usually done for the TCR beta chain, can result in removal of the complete 
sequence separating them leading to large chromosomal deletions (Knipping et 
al., 2017; Mussolino et al., 2014; Young et al., 2016) and off-target activity can 
lead to unwanted genetic alterations (Zhang et al., 2015).  

Furthermore, the incorporation of the miRNAs into the TCR expression 
cassette improved T cell functionality with regards to target cell lysis and cytokine 
release. The enhanced functionality was observed to a different extent with two 
different TCRs. TCRs do not only differ in their peptide-affinity but also in their 
strength to be expressed at the cell surface. TCR strength is defined by the 
intrinsic pairing properties of the α- and β-chains and by their ability to bind to 
CD3 (Heemskerk et al., 2007). Hence, transgenic TCRs compete with the 
endogenous TCR to bind CD3 to reach the cell surface, suggesting that the 
reduced competition with the endogenous TCR by incorporation of the miRNAs 
may have a stronger effect on ’weak’ TCRs. However, our results suggest that 
therapeutic TCRs should be equipped with murinized or minimally murinized 
constant regions and a second cysteine bridge for improved pairing of the 
transgenic TCR chains and additionally harbor miRNAs for the endogenous TCR 
to improve TCR surface expression and T cell functionality.  

The incorporation of miRNAs targeting endogenous genes is a simple 

method that does not affect the manufacturing process of therapeutic T cells and 
can easily be incorporated in established protocols. This approach could also be 
used to silence endogenous regulatory genes and immunosuppressive genes 
like checkpoint inhibitors.  

6.6 SB minicircle-engineered T cells demonstrate equal 

therapeutic efficacy in vivo as γRV-transduced T cells  

This thesis is the first work to show a direct comparison of SB minicircle-
engineered T cells and γRV-transduced T cells in vitro and in vivo. SB minicircle-
and γRV-mediated TCR gene transfer efficiency was comparable. Furthermore, 
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antigen-specific cytokine release of SB- and γRV-engineered T cells and their 
cytolytic capacity was similar. To compare their therapeutic efficacy in vivo, we 

developed a melanoma mouse model employing MAGE-A1+ tumor cells (SK-
MEL-37). These tumor cells can be targeted with T cells expressing the MAGE-
A1-specific TCR T1367. Since we found that SB is not capable to efficiently and 
stably transfect murine T cells in Jana Eichler´s Master’s thesis (Eichler, 2017), 
we used a xenograft melanoma mouse model (NSG/SK-MEL-37) to analyze the 
therapeutic efficacy of SB minicircle- and γRV-engineered T cells in vivo. This 
mouse model is limited in its ability to reflect the human situation as human T cells 
provide impaired cytolytic capacity against the xenogeneic mouse stroma cells. 
Cytokines such as IFN-γ can only act on the human melanoma cells but fail to 
act on murine stroma cells as IFN-γ is species-specific and not cross-reactive. 
Nevertheless, this model allowed us to compare SB- and RV-engineered T cells 
in vivo and demonstrated that SB-engineered T cells as well as RV-transduced 
T cells control tumor growth with equal efficacy. These results indicate that SB 
minicircle-engineered T cells will be effective to treat cancer patients in a clinical 
setting.  

6.7 SB-based T cell engineering offers superior biosafety 

SB offers a higher safety profile compared to viral vectors and other transposon-
based vector systems. Every gene-editing approach that uses a non-targeted 
approach to insert DNA into the genome of target cells bears the risk of insertional 

mutagenesis (Baum et al., 2004). While viral vectors and other transposons have 
a biased integration pattern towards active gene regions and regulatory gene 
elements, SB has a close-to-random integration profile and is able to integrate at 
each TA dinucleotide in the genome (Vigdal et al., 2002). A comparative analysis 
of SB, piggyBac (PB), the gammaretroviral murine leukemia virus (MLV) and 
lentiviral human immunodeficiency virus (HIV) in T cells demonstrated that the 
integration profile of SB is closest to random and there was no difference between 
heterochromatin and euchromatin integration (Gogol-Döring et al., 2016). Of 
note, PB has been shown to be mobilized by an endogenous transposase source 
in human cells questioning its biosafety for clinical application (Ivics, 2016).  
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Due to its random integration profile, the SB integration pattern is less likely 
to induce insertional mutagenesis compared to viral vectors and other 

transposons (Field et al., 2013; Jong et al., 2014; Yant et al., 2005). It has been 
shown that 21% of the insertions are located in safe haven areas of the genome 
which was the highest percentage compared to viral vectors and other 
transposons (Monjezi et al., 2016). In fact, to date no adverse effects have been 
observed with SB in animal studies (Fernando and Fletcher, 2006; Hackett et al., 
2010; Ivics and Izsvák, 2006; Izsvák et al., 2010). Furthermore, SB provides a 
lower risk of trans-activation or overexpression of nearby genes because the TIRs 
of SB have no intrinsic enhancer/promoter activity. And the minimal 
enhancer/promoter activity mediated by the 5’UTR between LIR and the 
transposase gene in the natural transposon configuration (Moldt et al., 2007) has 
been eliminated in the SB transposon vector (Walisko et al., 2008).  

In addition, transposon vectors exhibit low immunogenicity (Yant et al., 
2000) and compared to viral vectors, the integration process does not involve a 
reverse transcriptase, which is known to cause mutations (Menéndez-Arias, 
2009). Nevertheless, insertional mutagenesis remains a theoretical risk. To 
completely exclude the risk of insertional mutagenesis, targeted gene integration 
concepts to direct SB insertions into specific gene loci or safe haven regions have 
been developed (Ivics et al., 2007; Voigt et al., 2012). However, thus far this 
technology is not yet reliable and significantly lowers transposition efficiency.  

6.8 SB T cell engineering is simple, fast and flexible  

An important factor to use SB for ex vivo gene-engineering of cells for clinical 
application is the simplicity of the system allowing for easy manipulation and 
manufacturing. With a DNA-based transfection system, there are no limitations 
with regards to regulatory elements like introns and repetitive sequences like 
miRNAs. Viral vectors, on the contrary, do not tolerate strong introns and 
repetitive sequences due to the fact that expression in the packaging cell line and 
transcription is involved in the generation of viral particles. Furthermore, a naked 
DNA- and RNA-based system may reduce the cost for gene therapy substantially 
and allow industrial scaling as DNA and RNA can easily be produced in large 
quantities under GMP conditions. Moreover, nucleotides can be stored long-term 
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without damage to their quality. Finally, quality and safety tests for DNA vectors 
needed for clinical application are simple, cost-efficient and time-saving.  

SB-based vectors enable the transfer of large cargos without a strict size 
limitation. Viral vectors have a physical size limitation of about 5 kb for AAV and 
about 8-10 kb for RV (Hirsch et al., 2016; Matrai et al., 2010; Sinn et al., 2005). 
SB, on the other hand, has successfully been used to transfer gene sequences 
up to 100 kb (Rostovskaya et al., 2012, 2013). Although large cargos will 
decrease the transfection efficiency of the SBTS, it is possible to transfer complex 
transgene cassettes containing multiple receptors, regulatory genes, cytokine 
genes, chemokine receptor genes, suicide genes, and surface markers.  

Furthermore, SB-based T cell transfection enables efficient engineering of 
non-dividing T cells. In contrast to retroviral vectors and nuclease-based 
transfection systems, transposon-based gene-engineering does not require the 
target cells to be in mitosis in order to integrate the transgene cassette. Lentiviral 
vectors comprise the cPPT and CTS allowing the transduction of non-dividing 
cells. This, in principle, allows lentiviral vectors to transduce non-dividing cells. 
However, the transduction efficiency of non-dividing T cells is very low due to the 
low expression of the low- density lipoprotein receptor (LDL-R) on resting T cells 
(Amirache et al., 2014). Hence, resting T cells and HSCs - in contrast to all other 
cells - are resistant to lentiviral transduction and have to be activated prior to 
transduction (Korin and Zack, 1998) to enhance LDL-R expression, that serves 
as binding receptor for vesicular stomatitis virus g-protein (VSV-G) (Amirache et 

al., 2014). Although we activated the T cells after electroporation for long-term 
analysis, our approach demonstrates that efficient transfection of resting T cells 
is feasible with the SBTS. Naïve T cells proved to be the most resilient to DNA 
toxicity and most susceptible to SB transfection. Naïve T cells are the least 
differentiated and therefore might be the most efficacious T cells in vivo (Donia 
et al., 2012; Dudley et al., 2010; Gattinoni et al., 2012). In order to avoid in vitro 
T cell activation, the transfected T cells could be transferred back to the patient 
directly after transfection.  

The generation of therapeutic T cells is currently limited to a few facilities 
and institutions due to the high level of expertise needed to work with viral vectors 
under GMP conditions. Electroporation of T cells with SB vectors is a simple and 
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straightforward protocol and our approach ensures high reproducibility. The 
availability of GMP-approved electroporation devices like the Lonza 4D 

Nucleofector and the CliniMACS Electroporator from Miltenyi Biotec will facilitate 
manufacturing of therapeutic T cells by SB-engineering for clinical therapies and 
enable widespread application of ATT.  

6.9 Transposon-based vectors enable faster manufacturing of 

therapeutic T cells 

Tumor-specific epitopes are the optimal antigens to target and will be crucial in 
the development of personalized TCR gene therapy for solid tumors 
(Blankenstein et al., 2015; Tran et al., 2017). Specific mutations can be found in 
all types of cancer and non-synonymous mutations often lead to immunogenic 
epitopes that can be targeted by TCRs (Vogelstein et al., 2013). However, most 
of these mutations and epitopes are distinct for each patient, requiring 
personalized T cell products for each individual patient. Furthermore, the 
therapeutic window for end-stage cancer patients is most often below six months. 
Manufacturing and testing of viral vectors, however, currently takes six to sixteen 
months depending on whether transient transfection (6-8 months) or a stable 
packaging cell line (12-15 months) is used for virus production. SB vectors can 
accelerate the manufacturing of therapeutic T cells as they can rapidly be 
generated in large quantities under GMP conditions and do not require the 
extensive quality and safety controls of viral supernatant (Singh et al., 2013b).  

6.10 SB minicircles combine unique features for T cell 

engineering 

Our approach using SB minicircles with SB100X transposase mRNA provides a 
unique combination of advantageous properties for gene-engineering of T cells 
for T cell gene therapy (Table 1). SB minicircles offer stable and efficient T cell 
engineering with a superior biosafety profile and a simple and flexible vector 
system. The classic non-viral vectors, mRNA, and expression plasmids lack the 
ability to stably integrate into the target genome and provide durable transgene 
expression. Repeated administration, on the other hand, leads to immunogenicity 
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(Maus et al., 2013). On the contrary, viral vectors provide high transduction 
efficiency with low vector toxicity. However, adenoviruses (AV) and adeno-

associated viruses (AAV) lack the capability to insert the transgene cassette and 
are limited in cargo size and LV and RV raise safety concerns due to their 
integration bias towards active genes. Alpha-retroviruses (αRV) might offer a 
preferred integration pattern close to random (Moiani et al., 2014), but αRV 
vectors are still new and have not been used in clinical trials yet.  
 
 
Table 1. Comparison of different T cell engineering vector systems. 

 
The table shows commonly used gene engineering systems and their advantages 
regarding gene transfer, safety, versatility and simplicity. Check marks indicate yes or 
high, dashes on grey background indicate unclear or medium, crosses on dark grey 
background indicate no or low.  
 

 
One approach to overcome the fact that transposon-based vectors lack 

the ability to infect cells and cross the cell membrane is the development of hybrid 
vectors combining viral envelopes with transposon integration. Transposon-virus 
hybrid vectors have been created combining SB with integrase-deficient lentiviral 
particles. These vectors demonstrated efficient transduction efficiency and 
transposition into the target cell genome of a variety of human cell types. 
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Importantly, the integration pattern was the same as the SB integration pattern 
(Moldt et al., 2011; Staunstrup et al., 2009; Vink et al., 2009). The same approach 

has been used with a gammaretrovirus that had a deficient reverse transcriptase 
(Galla et al., 2011), a herpes simplex virus (HSV) for the transduction of neural 
progenitor cells (Bowers et al., 2006; Silva et al., 2010), a baculovirus to provide 
stable integration by the SB integrase capacity (Luo et al., 2012), and 
adenoviruses (Boehme et al., 2016; Yant et al., 2002). A recent study 
demonstrated the feasibility of a SB/AV hybrid targeting vector specific for CD46+ 
HSCs with a 10% transfection rate in vivo (Richter et al., 2016). However, hybrid 
vectors lack all the advantages of non-viral vector systems and retain all 
drawbacks associated with the viral vector used for the hybrid vector. 
Nevertheless, hybrid vectors may be ideal genetic tools in basic research in 
certain cases due to their unique features.  

Programmable nucleases like zinc finger nucleases (ZFNs), transcription 
activator-like effector nucleases (TALENs) and clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) have 
substantially enhanced our ability to precisely edit genomes by the sequence-
specific generation of double-strand breaks with subsequent homology-directed 
repair (HDR) or non-homologous end joining (NHEJ) (Doudna and Charpentier, 
2014). These technologies have successfully been used to engineer T cells 
(Berdien et al., 2014; Knipping et al., 2017; Provasi et al., 2012). A recent study 
introduced a CAR into the TCR locus by CRISPR/Cas9 gene-editing enabling 

control of the transgenic receptor expression by the endogenous TCR promoter 
and demonstrated enhanced CAR T cell function (Eyquem et al., 2017). This 
study illustrates the great potential of CRISPR/Cas9-based gene-editing. The 
possibility of precise gene-modification has become an important addition to the 
gene tool repertoire for cell engineering. However, these vectors have been 
demonstrated to cause off-target toxicity and genomic instability (Zhang et al., 
2015) and, to date, lack the efficiency of viral vectors and SB minicircles. While 
the generation of gene-knockouts using CRISPR/Cas9 can be achieved with high 
efficiency, the insertion of a gene sequence is still limited. Moreover, this vector 
system relies on the activation of the T cells for efficient stable gene-engineering 
(Nami et al., 2018).  
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 (June et al., 2017)(Galetto et al., 2015; Leisegang et al., 2010)The 
development of a SB/CRISPR/Cas9 hybrid vector system could combine the 

advantages of SB transposon vectors with the precision of CRISPR/Cas9. 
CRISPR/Cas9 could be used to inactivate the endogenous TCR, 
immunosuppressive genes like checkpoint inhibitors such as PD-1 and CTLA-4 
(June et al., 2017), or genes that cause T cell fratricide (Galetto et al., 2015; 
Leisegang et al., 2010). Integration of the therapeutic TCR, on the other side, 
could be mediated by SB minicircles offering high efficiency, as the insertion does 
not have be site-specific and SB100X is a highly efficient and reliable gene 
integration tool.  

6.11 Clinical application of SB minicircles 

A clinical trial employing the SBTS to equip T cells with a CD19-CAR is in 
preparation at the Uniklinikum Würzburg, Germany using the SB100X 
transposase and the pT2 transposon provided in the form of MCs. CD8+ and 
CD4+ T cells will be prepared in equal proportions based on previous work 
showing improved efficacy of defined cell products with a 1:1 ration compared to 
cell products with random compositions (Turtle et al., 2015; Turtle et al., 2016). 
Further clinical trials with the same design are planned with a SLAMF7-specific 
CAR for multiple myeloma patients and a ROR1-specific CAR for patients with 
lymphoma, breast and lung cancer (Berger et al., 2015; Hudecek et al., 2013). 
The transgene cassettes in these trials will include a truncated epidermal growth 

factor receptor (EGFRt) for T cell enrichment and as a safety mechanism. Hence, 
engineered T cells can be depleted in patients after T cell infusion by 
administration of an EGFR-specific mAb in case of severe adverse effects  
(Paszkiewicz et al., 2016; Wang et al., 2011). 

6.12 SB minicircle-based T cell engineering offers a novel 

efficient, flexible and safe approach for T cell gene therapy  

In conclusion, we have shown that SB minicircle-engineered T cells are effective 
to fight tumor cells and control tumor growth in a melanoma mouse model. 
Toxicity related to the DNA electroporation of T cells could be diminished by the 
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use of transposase mRNA and SB minicircles. Moreover, the use of transposase 
mRNA and SB minicircles substantially improved gene transfection efficiency 

without compromising T cell viability. SB minicircle-engineered T cells 
demonstrated equal efficacy as γRV-transduced T cells. We speculate that our 
approach is universal with regards to the transgenic receptor and that our protocol 
to optimize transfection efficiency and T cell viability is also transferrable to other 
transposon systems. Furthermore, the incorporation of miRNAs targeting the 
endogenous TCR increased expression of the therapeutic TCR and enhanced 
T cell functionality. SB minicircle-based T cell engineering is comparable to viral 
transduction with regards to gene transfer efficiency and T cell efficacy. We hence 
speculate that SB T cell engineering will become a viable alternative to viral 
transduction of T cells to generate therapeutic T cells for T cell gene therapy. The 
superior biosafety profile and the reduced expense, complexity, and time needed 
for clinical-grade manufacturing of therapeutic T cells will reduce regulatory 
hurdles, accelerate widespread clinical application of receptor-engineered 
T cells, and facilitate personalized TCR gene therapy targeting patient-specific 
mutations.  
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8  APPENDIX 

8.1 Abbreviations 

aAPC Artificial antigen-presenting cell 
AAV Adeno-associated virus 
ACT Adoptive cell transfer 

ALL Acute lymphoid leukemia 

APC  Antigen-presenting cell 
ATT Adoptive T cell therapy 
attB Bacterium attachment site  
attP Phage attachment site  
AV Adenovirus 

BCMA B cell maturation antigen 

BLAST Basic local alignment search tool 
bp Base pair 
C Constant 
CAR Chimeric antigen receptor 
Cas9 CRISPR-associated protein 9 

CD Cluster of differentiation 

cDNA Complementary DNA 
CMV Cytomegalovirus 

cPPT Central polypurine tract 
CR Complete response 
CRISPR Clustered regularly interspaced short palindromic repeats 
CRS Cytokine release storm 
CTA Cancer-testis antigen 
CTLA-4 Cytotoxic T lymphocyte antigen 4 

CTS Central termination signal 
DC Dendritic cell 
DLBCL Diffuse large B-cell lymphoma 
DNA Deoxyribonucleic acid 
DR Direct repeat 
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EGFR Epidermal growth factor receptor 
ELISA Enzyme-linked immunosorbant assay 

env Envelope 

FACS Fluorescent-activated cell sorting 

FAM 6-carboxyfluoresceine-phosphoramidite 

FCS Fetal calf serum 

FDA Food and drug administration 
FITC Fluorescein isothiocyanate 
FSC Forward light scatter 
gag Group-specific antigen 

GALV Gibbon-ape leukemia virus 

gDNA Genomic DNA 

GFP Green fluorescent protein 

GMP Good manufacturing practices 
GOI Gene of interest 
gp Glycoprotein 
HDR Homology-directed repair 
HER2 Human epidermal growth factor receptor 2 
HIV Human immunodeficiency virus  
HLA Human leukocyte antigen  
HSC Hematopoietic stem cell  
HSCT Hematopoietic stem cell transplantation 
HSV Herpes simplex virus 
IFI16 IFN-γ-inducible protein 16 
IFN Interferon  
Ig Immunoglobulin 
IL Interleukin 

ITAM Immunoreceptor tyrosine-based activation motif 
ivt In vitro transcribed 
KanR Kanamycin resistance gene 
kb Kilobase 
LB Lysogeny broth 
LDL-R Low-density lipoprotein receptor 
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LINE Long interspersed nuclear element 
LTR Long terminal repeat 
LV Lentivirus 
mAb Monoclonal antibody 

MAGE Melanoma antigen 

MART-1 Melanoma antigen recognized by T cells 1  
MB21D1 Mab-21 domain containing protein 1 
MC Minicircle 
MFI Mean fluorescence intensity 

MHC Major histocompatibility complex  
miR Micro RNA 
miRNA Micro RNA 
MLV Murine leukemia virus 

MM Multiple myeloma 
Mo-MLV Moloney murine leukemia virus 
MP Miniplasmid 
MPSV Myeloproliferative sarcoma virus 
mRNA Messenger RNA 
mSB Sleeping Beauty minicircle  
MSCV Murine stem cell virus 
MV Measles virus 
NHEJ Non-homologous end joining 
NK cell Natural killer cell 
NLS Nuclear localization signal 
NSG NOD scid gamma 
nt  Nucleotide 
NY-ESO-1 New York esophageal squamous cell carcinoma-1 
opt Gene-optimized 
OR Objective regression 
ORI Origin of replication 
p Plasmid 
p(A) Polyadenylation signal 
P2A 2A element of porcine teschovirus 
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PB PiggyBac 
PBL Peripheral blood lymphocyte 

PBMC Peripheral blood mononuclear cell 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
PD-1 Programmed cell death protein 1 
PE Phycoerythrin 
PGK Phosphoglycerate kinase 
PLE Penelope-like element 
pMHC Peptide-MHC complex 

pol Polymerase 

PP Parental plasmid 
PR Partial response 
PRE Post-transcriptional regulatory element  
pSB Sleeping Beauty plasmid 
qPCR Quantitative real-time PCR 

RNA Ribonucleic acid 

RNAi RNA interference 
RPMI Roswell Park Memorial Institute 
RV Retrovirus 
SA Splice acceptor 
SB Sleeping Beauty 

SBTS Sleeping Beauty transposon system 

scFv Single-chain variable fragment 
SCID Severe combined immunodeficiency 
SD Splice donor 
SD Standard deviation 
SEM Standard error of the mean 
SIN Self-inactivating 
SINE Short interspersed nuclear element 
SSC Sideward light scatter 
TAA Tumor-associated antigen 

TALEN Transcription activator-like effector nuclease 
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TB Terrific broth 
TCM T cell medium 

TCR T cell receptor 
TE Transposable element 
TF Transfected 
TI-GVHD Transfer-induced graft-versus-host-disease 
TIL Tumor-infiltrating lymphocyte 

TIR Terminal inverted repeat 
TLR Toll-like receptors 
TNF Tumor necrosis factor 
TRAC T cell receptor alpha constant region 

TRBC T cell receptor beta constant region 

TSA Tumor-specific antigen 

UTR Untranslated region 
V Variable 
VSV-G Vesicular stomatitis virus g-protein 
w/ With 
w/o Without 
wPRE Posttranscriptional regulatory element of the woodchuck 

hepatitis virus 
wt Wild-type 

ZBP1 Z-DNA binding protein 1 
ZFN Zinc-finger nuclease 
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8.2 Antibodies and multimers 

Specificity Fluorophor
e Clone Isotype Host Manufacture

r 
      
CD3 - OKT-3 IgG1 mouse BD 
CD28 - CD28.2 IgG2a mouse BD 
      

CD3ε APC HIT3a IgG1 mouse BioLegend 
CD8ɑ FITC HIT8a IgG1 mouse BioLegend 
      

TCR Vα2 FITC 3A8 IgG2a mouse Thermo Fisher 
TCR Vα7.2 FITC 3C10 IgG1 mouse BioLegend 
TCR Vα12.1 FITC 6D6.6 IgG1 mouse BioLegend 
      

TCR Vβ1 PE BL37.2 IgG1 mouse BD 
TCR Vβ2 PE MPB2D5 IgG1 mouse BD 
TCR Vβ3  PE Jovi-3 IgM mouse Ancell 
TCR Vβ5.1  PE IMMU157 IgG2a mouse BioLegend 
TCR Vβ13.6  PE JU74.3 IgG1 mouse BioLegend 
TCR Vβ14  PE REA645 IgG1 mouse BioLegend 
TCR Vβ14 PE CAS1.1.3 IgG1 mouse BioLegend 
TCR Vβ22 PE IM2051 IgG1 mouse BioLegend 
TCR Vβ23 PE  αHUT7 IgG1 mouse BioLegend 
      

murine TRBC APC H57-597 IgG2b hamster BioLegend 
human IgG PE pooled 

antisera 
polyclonal goat Southern 

Biotech 
 
 

Multimer Fluorophor
e MHC Antigen Specific 

TCR 
Manufacture
r 

      
A2/MAGE-
A1 

PE HLA-A*02:01 MAGE-
A1 

TCR T1367 MBL 
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8.3 Vectors 

Vector Transgene Vector type Selection marker 
    
pcDNA3.1Hygro(+) - Expression plasmid Ampicillin/hygromycin 
pcDNA3.1-SB100X SB100X Expression plasmid Ampicillin/hygromycin 
pcDNA3.1-GFP EGFP Expression plasmid Ampicillin/hygromycin 
    
pT2 - SB plasmid Ampicillin 
pSB-GFP EGFP SB plasmid Ampicillin 
pSB-T58 TCR T58 SB plasmid Ampicillin 
pSB-1D3 TCR 1D3 SB plasmid Ampicillin 
pSB-CD19-CAR CD19-CAR SB plasmid Ampicillin 
pSB-BCMA-CAR BCMA-CAR SB plasmid Ampicillin 
pSB-T1367 TCR T1367 SB plasmid Ampicillin 
pSB-miR-T1367 TCR T1367 SB plasmid Ampicillin 
pSB-T1367opt TCR T1367opt SB plasmid Ampicillin 
pSB-miR-T1367opt TCR T1367opt SB plasmid Ampicillin 
pSB-T58 TCR T58 SB plasmid Ampicillin 
pSB-miR-T58opt TCR T58opt SB plasmid Ampicillin 
    
pMC.BESPX-MCS2 - Parental minicircle plasmid Kanamycin 
mSB-GFP EGFP SB minicircle  Kanamycin 
mSB-T1367 TCR T1367 SB minicircle  Kanamycin 
mSB-1D3 TCR 1D3 SB minicircle  Kanamycin 
mSB-CD19-CAR CD19-CAR SB minicircle  Kanamycin 
mSB-BCMA-CAR BCMA-CAR SB minicircle  Kanamycin 
mSB-miR-T1367 TCR T1367 SB minicircle  Kanamycin 
mSB-T1367opt TCR T1367opt SB minicircle  Kanamycin 
mSB-miR-T1367opt TCR T1367opt SB minicircle  Kanamycin 
mSB-T58 TCR T58 SB minicircle  Kanamycin 
mSB-miR-T58opt TCR T58opt SB minicircle  Kanamycin 
    
RV-GFP EGFP Retroviral plasmid Ampicillin 
RV-T1367opt TCR T1367opt Retroviral plasmid Ampicillin 
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8.4 Primers 

Primer Sequence Binding region 
 
pcDNA vectors:    
CMV forward primer CGCAAATGGGCGGTAGGCGTG CMV promoter 
T7 primer TAATACGACTCACTATAGGG T7 promoter 
BGH reverse primer TAGAAGGCACAGTCGAGG BGH poly(A) 
   
SB vectors:   
SB_Seq_FWD GCATGACACAAGTCATTTTTCC SB LIR 
SB_Seq_REV CACCACTTTATTTTAAGAATGTGAAAT SB RIR 
LIR-REV TGTCCTAACTGACTTGCCAAAA SB LIR 
RIR-FWD CCACTGGGAATGTGATGAAA SB RIR 
Seq_MP71-FWD AATAAAAGAGCCCACAACCCC MPSV promoter 
Seq_MP71-5'-REV CCCATATTCTGCTGTTCCAA MPSV promoter 
Seq 3'GFP-FWD GGATCACTCTCGGCATGG GFP 
5'GFP-REV GCTGAACTTGTGGCCGTTTA GFP 
Aint-FWD AAGACTCTTGCGTTTCTGATAGG chimeric intron 
Aint-REV CCTATCAGAAACGCAAGAGTCTT chimeric intron 
SB.bb-FWD TATCCGCTCACAATTCCACA pT2 backbone 
SB.bb-REV GAGTCAGTGAGCGAGGAAGC pT2 backbone 
pMC Sq Ins FWD ATGATGGTCGAGACTCAGCG MC backbone 
pMC Sq Ins REV GATCCACTAGAGTGTGGCGG MC backbone 
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