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Latest Advances for the Sleeping Beauty Transposon
System: 23 Years of Insomnia but Prettier than Ever

Refinement and Recent Innovations of the Sleeping Beauty Transposon System
Enabling Novel, Nonviral Genetic Engineering Applications

Maximilian Amberger and Zoltdn Ivics*

The Sleeping Beauty transposon system is a nonviral DNA transfer tool
capable of efficiently mediating transposition-based, stable integration of
DNA sequences of choice into eukaryotic genomes. Continuous refinements
of the system, including the emergence of hyperactive transposase mutants
and novel approaches in vectorology, greatly improve upon transposition

one genomic location to another. Found
across all domains of life, they make up
significant portions of the genetic informa-
tion of their hosts including humans.[!! But
while appearing to lack any functions be-
yond multiplying within the organism in

efficiency rivaling viral-vector-based methods for stable gene insertion.
Current developments, such as reversible transgenesis and proof-of-concept
RNA-guided transposition, further expand on possible applications in the
future. In addition, innate advantages such as lack of preferential integration
into genes reduce insertional mutagenesis-related safety concerns while
comparably low manufacturing costs enable widespread implementation.
Accordingly, the system is recognized as a powerful and versatile tool for
genetic engineering and is playing a central role in an ever-expanding number
of gene and cell therapy clinical trials with the potential to become a key
technology to meet the growing demand for advanced therapy medicinal

products.

1. Introduction

Recognized as a Nobel Prize-worthy discovery by Barbara Mc-
Clintock, transposable elements (TEs), or transposons in short,
have been described as genomic parasites, as selfish DNA se-
quences or as their commonly known epithet "jumping genes"
due to their defining characteristic of being able to move from
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which they reside, the impact of TEs on
their hosts’ genome has been proven to be a
strong driving force of evolution. This pro-
found impact is due to the ability of TEs
to increase genetic variability by causing
genome reorganization,”) crossing species
boundaries via horizontal gene transfer,’]
and increasing their hosts’ fitness by evolv-
ing mutualistic relationships in a process
known as domestication, in which TE-
derived proteins and nucleic acids are re-
purposed for key cellular and organismic
functions.[*] Furthermore, it is highly likely
that numerous additional functions of TEs
are still unknown.

Eukaryotic transposons can be generally
classified according to the nature of their
mobile nucleic acid molecule: RNA (Class I TEs) or DNA (Class
I1 TEs).5! Class I TEs or retrotransposons move via a replica-
tive copy-and-paste mechanism, and their transposition involves
a transcription as well as a reverse transcription step followed by
insertion into the target DNA, whereas transposition of Class II
TEs or DNA transposons does not rely on an intermediate RNA
molecule; instead, it occurs directly through DNA.

A prominent member within Class II transposons is the
Tcl/mariner superfamily,[® which is thought to have the widest
distribution throughout nature.l’”! These transposons are com-
prised of a gene encoding the transposase, the enzyme catalyz-
ing the transposition reaction, flanked by transposon-specific ter-
minal inverted repeat (TIR) sequences containing binding sites
for the transposase. Tcl/mariner elements transpose through
what is best described as a nonreplicative cut-and-paste mech-
anism. Upon expression and binding to sequences at the TIRs,
the transposase induces double-stranded breaks (DSBs) at both
ends, thereby excising and liberating the transposon. During ex-
cision of Tc1/mariner elements one of the DNA strands is cleaved
a few nucleotides within the transposon, thereby leaving behind
3’-overhangs, which are processed by DNA repair mechanisms
of the cells, generating a characteristic transposon footprint at
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Figure 1. Stable transgene integration using the Sleeping Beauty transposon system. Transposon-carrying plasmid/MC/pFAR is transferred into target
cells alongside the SB transposase via transfection /electroporation. SB transposase is either directly available when using recombinant protein or requires
synthesis when using SB mRNA or SB expression cassettes. Once both components needed for transposition (transposon and transposase) are present
in the nucleus, SB transposase binds to the TIRs, excises the transposon, and integrates it into the cell's genome.

the transposon donor site.®] Integration of the excised transpo-
son into a different location occurs when the transposase in the
DNA-transposase complex finds a suitable target site, the only
requirement for it being a TA dinucleotide,! and performs the
reinsertion of its own genetic codel’). Key similarities within the
Tcl/mariner superfamily also include their basic transposase pro-
tein structure, namely, an N-terminal DNA-binding domain/'!
through which the transposase interacts with the transposon
TIRs, a nuclear localization signal,[''l and a C-terminal catalytic
domain/® mediating excision and integration.[?l Research on
TEs, however, did not stop at being of exclusive interest for play-
ing an important role to decipher questions in evolutionary biol-
ogy. Indeed, the cut-and-paste transposition mechanism lends it-
self highly useful for the general purpose of genetic engineering.

2. The Sleeping Beauty Transposon System

Since its reconstruction from fossil DNA sequences within fish
genomes into the first DNA transposon displaying activity in
vertebrates,!3] the synthetic Sleeping Beauty (SB) transposon
system has risen to be a well-established genetic tool displaying
a wide gamut of applications ranging from wet lab to clinic. Just
like any Tc1/mariner TE, the natural version of SB is composed
of a single gene encoding its transposase flanked by specific
TIRs, and its transposition follows the same basic mechanism
outlined previously.['*!*] However, both components needed for
transposition (transposase gene and TIRs) can be separated and
supplied in a trans-arrangement. By constructing an artificial
transposon replacing the SB transposase open reading frame be-
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tween the TIRs with a sequence of interest and introducing it into
a cell along with the transposase encoded on a separate expres-
sion plasmid, as messenger RNA or as recombinant protein, the
transposase is able to stably integrate said sequence into the cell’s
genome (Figure 1) enabling sustained transgene expression,
with which the doors were opened for simplified and efficient
transgenesis culminating in gene therapy with ongoing clinical
trials today. In the following sections, we describe the basic
characteristics of the SB transposon system, including the latest
developments in vectorology for advanced genetic engineering.

2.1. Classical Transposon Vector Setup: Double Plasmid Delivery

SB’s inherent simplicity lies in that it only requires two compo-
nents to function: transposon DNA and transposase enzyme. In
which form these components are delivered into the target cell
is largely irrelevant for the system’s function, the only variable
being efficiency, toxicity and cost. The most cost-efficient and
least work-intensive delivery method is the classical two-plasmid
configuration: an expression cassette for the SB transposase and
an artificial transposon (gene of interest flanked by TIRs) sitting
on two separate plasmids (Figure 1) that also contain the neces-
sary components for propagation and manufacturing in bacterial
cells, including an origin of replication and an antibiotic resis-
tance gene of choice. Plasmid production is easily scalable and
long-term storage of DNA or as a bacterial stock is possible. For
use in target cells, the plasmids can be either transfected by com-
mon transfection reagents or alternatively electroporated.'> As
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such, the SB system represents a solid transgenesis tool for easy
implementation in most BSL1 laboratories with standard equip-
ment.

2.2. Miniature Plasmids and mRNA

Enhancing stable gene transfer efficiency in the context of clini-
cal applications is often challenging due to overt toxicity of DNA
transfection into primary human cell types. The current state-of-
the-art delivery method is the combination of the SB transposase
in the form of in vitro transcribed messenger RNA (mRNA)
and the transposon supplied in the form of a DNA minicircle
(MC).['8] This entails a number of advantages, including safety
features relevant in regulatory assessment of potential biological
medicinal products:

i. Toxicity caused by the cellular machinery sensing foreign
DNA in its cytoplasm is greatly reduced by administering
the transposase as mRNA.['7] mRNA can be directly trans-
lated once entering the cell, thereby eliminating the need for
transcription. Therefore, transposase expression occurs faster
and reaches levels required for transposition sooner, while at
the same time the transient nature of transposase expression
is enhanced due to reduced intracellular half-life of mRNAs
when compared to DNA. This constitutes a critical safety as-
pect when applying for clinical trial approval, as prolonged
transposase expression can cause remobilization of the trans-
gene, potentially leading to genotoxicity. Additionally, the risk
of spontaneous integration of the transposase gene poten-
tially causing lifelong expression and remobilization is com-
pletely circumvented with the use of mRNA, as it is not sub-
ject to chromosomal integration.

ii. Overall transposon transfer into the target cell is facili-
tated and an immunogenic reaction is decreased by the re-
cent use of MCs as transposon vehicles. MCs, essentially
circular genes, are plasmids devoid of bacterial sequences
(mainly bacterial origin of replication and antibiotic resis-
tance gene)."] Accordingly, their size is greatly reduced, fa-
cilitating membrane crossing, decreasing innate immune re-
sponses to unmethylated CpG motifs typically associated with
bacterial DNAI"] and reducing overall cellular toxicity post-
electroporation.!?!

In conjunction, MCs and mRNA have been efficiently em-
ployed in clinically relevant scenarios such as for the gen-
eration of chimeric antigen receptor (CAR)-T cells, and for
genetic engineering of hematopoietic stem and progenitor
cells (HSPCs).l'%20] Importantly, the MC/mRNA combination is
planned to be employed in a phase I/Ila clinical trial (EudraCT
No. 2019-001264-30/CARAMBA-1) to tackle multiple myeloma
with SB-generated CAR-T cells targeting the signaling lympho-
cytic activation molecule family member 7 (SLAMF7) antigen!?!!
after being reported to satisfy regulatory criteria.??! Moreover,
an intermediate between regular transposon-harboring plas-
mid and MC called pFAR (plasmid free of antibiotic resistance
markers)!?}! (Figure 1) delivering both transposon and trans-
posase in trans is currently being evaluated by the Swissmedic
regulatory agency for an approval of a phase Ib/Ila trial to
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treat age-related macular degeneration (AMD). In this trial, au-
tologous transgenic pigment epithelium-derived factor (PEDF)-
expressing iris pigment epithelium (IPE) cells are planned to
be transplanted, countering vascular endothelial growth factor
(VEGF) overexpression causing AMD disease progression (https:
/[www.targetamd.eu/). The CARAMBA and TargetAMD clinical
applications are discussed in detail in sections 4.1 and 4.3.

2.3. Hyperactive Transposase Variants

Since its resurrection, the SB transposon system has experienced
substantial optimizations in terms of transposition efficiency
and flexibility. Multiple hyperactive variants of the SB transposon
system (both transposase and transposon components) have
been generated since its discovery, culminating with the current
placeholder hyperactive transposase SB100X,/2l named after a
100-fold increase in transposition activity in comparison to the
first-generation enzyme. This variant was generated through
molecular evolution in an effort to match the leading viral
vectors regarding efficiency of transgene delivery. Determining
the crystal structure of the SB100X catalytic domain led to a
further increase of its hyperactivity by 30% by enabling the
rational optimization of DNA binding characteristics through
mutation 1212S.1] In addition to viral-vector-like efficiency of
gene integration, the SB transposon system has an extended
capacity to deliver large transgenes. This is because transposi-
tion efficiency of SB in general is largely dependent on physical
distance between the TIRs (which can be defined by the size
of the vector backbone) instead of the length of the transposon
itselfl?6] enabling transposition of over 100-kb sequences.[?’]

2.4. High-Solubility Sleeping Beauty Transposase

A novel addition to SB’s repertoire of advantages concerning
ease of use and flexibility was reported by Querques et al.l?®]
by introducing the mutations 1212S and C176S to the SB100X
transposase. SB’s low protein stability, low solubility, and aggre-
gational properties were a major roadblock for working with a
recombinant protein. Through these two mutations however, a
novel transposase variant termed high-solubility SB (hsSB) was
created displaying remarkable solubility and stability properties.
Increased solubility enables purification of biologically active re-
combinant protein, electroporation of the protein into human
cells, freeze—thaw cycles without compromising transposase ac-
tivity and resistance to heat shock. Electroporation of hsSB was
shown to be an efficient method to mediate transposition in a
variety of human and mammalian cell types including difficult-
to-transfect, clinically relevant models such as embryonic stem
cells, HSPCs, induced pluripotent stem cells (iPSCs), and pri-
mary human cells including T cells, last of which were modified
using hsSB to express an anti-CD19 CAR displaying a biological
activity and antitumor potency in xenograft mice comparable to
approved viral vector-based commercial products./*’’
Surprisingly, hsSB also displayed self-penetrating properties.
Adding the recombinant protein to the cell culture medium was
sufficient to enable transposition events in Hela, iPSCs and T
cells. Transgenesis efficiency was comparably low, ranging from
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3% for iPSCs to 5-7% for T cells and 12% for HelLa cells, but
as the mechanism of this phenomenon remains unknown, addi-
tional improvements coupled to the ease of use could turn hsSB
self-penetration into a valuable tool for even simpler genetic ma-
nipulation.

When envisioning a potential product for SB-based gene ther-
apy, providing the transposase in protein form could prove to
have valuable advantages over the current DNA- or RNA-based
methods: i) recombinant hsSB production in E. coli cultures
is simple, affordable, scalable, and standardizable, ii) long-term
storage and transport is possible as freezing is available, iii) short
half-life under physiological conditions limits the presence of the
transposase in cells to under 72 h, guaranteeing transposase-free
cell products and lowering the risk of transgene remobilization,
as ex vivo cell culture extends beyond said timeframe, and iv)
titration of hsSB enables fine-tuning the number of insertions,
limiting vector copy number (VCN) to a range acceptable by reg-
ulatory agencies worldwide."!

2.5. Excision™ [Integration™ Sleeping Beauty Transposase Mutant

The obvious advantage of integrating gene transfer vectors over
transient methods, that is, their ability to confer sustained trans-
gene expression capabilities to a target cell, can in some scenar-
ios prove unwanted or even detrimental. A prominent example is
the generation of iPSCs, where reprogramming of somatic cells
is achieved by forcing the overexpression of a defined set of tran-
scription factors.[3! This can be done by stably integrating expres-
sion cassettes encoding the necessary transcription factors into a
target cell’s genome, as using transient expression methods is
possible yet either inefficient!3?33] or labor-intensive.**! The SB
transposase system has been successfully used to generate iPSCs
of multiple mammalian species including human.[*>-8] Once re-
programming is complete, overexpression of the transcription
factors is no longer a requirement, and the transgenes expressing
the reprogramming factors are usually transcriptionally silenced
Dby the cells. However, sustained residual transgene expression is
regarded to be a considerable safety risk, as it was reported to al-
ter differentiation potential,**) to cause genomic instabilities el-
evating the risk of tumorigenesis,[* and to cause dysplasia./*!*?]
Thus, eliminating the reprogramming source after comple-
tion of the reprogramming process has increasingly become
a major goal to reduce iPSC-derived risks for regenerative
medicine.

An effective method to achieve this goal is to add loxP sites
flanking the expression cassette, enabling Cre recombinase-
mediated excision.¥] However, Cre recombinase-mediated
toxicity!** as well as pseudo-loxP sites in the human genomel*!
pose a threat to clinical applications. Excision of transgenes
including reprogramming factors used for the generation of iP-
SCs is theoretically possible using the SB transposon system!’]
by reexpressing the SB transposase, as genomically integrated
transgenes remain flanked by the TIRs needed for transposition.
Yet, up to 75% of excised transposons end up reintegrating
somewhere else into the genome,[“®l reducing the utility for the
generation of factor-free iPSCs.

This limitation was addressed in a recent study by Kesselring
et al.,"] who reported the generation of an SB transposase
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mutant that is restricted to catalyzing transposon excision while
simultaneously generating extrachromosomal transposon cir-
cles that cannot undergo repeated integration. The mutant was
designed based on previous observations highlighting the critical
role of amino acid (aa) K248 in transposon reintegration, iden-
tified by alanine-scan,!*] and strengthened by comparing the
locations of integration-deficient aa substitutions in structural
models of the target capture complex of SB and the bacterial Tn10
transposase.[*] Saturation mutagenesis of K248 was performed
to screen for mutants exhibiting not only an excision* /insertion~
phenotype but also relatively efficient excision at the same time,
leading to K248T, which displayed no measurable insertion
rate while maintaining 21% excision efficiency compared to the
hyperactive SB100X transposase. In a follow-up experiment,
K248T enabled efficient deletion of reprogramming factors and
successful generation of transgene-free murine iPSCs. This con-
stitutes a proof-of-concept for an alternative method to generate
factor-free iPSCs (Figure 2), exhibiting the attractive efficiency,
safety, and accessibility features of the SB transposon system
platform.

2.6. Close-to-Random Genomic Insertion Site Distribution

Clearly, introducing foreign genetic material into a cell’s genome
will always go hand-in-hand with potential risks that the dis-
ruption of a genome entails. For all potential gene therapy
applications, this means that a risk-benefit assessment has to
take place in order to choose the proper method among avail-
able options. Since, tragically, one in five patients developed
acute lymphoblastic leukemia (ALL)>%%! following initial clini-
cal trials to treat X-linked severe combined immunodeficiency
(X-SCID)[5253] due to insertional oncogenesis caused by first
generation y-retroviral vectors as therapeutic gene delivery ve-
hicles, it soon became clear that insertion site preferences
play a vital role when considering vectors for potential clinical
applications.

The probability of insertional mutagenesis by vectors devel-
oped from y-retroviruses based on the murine leukemia virus
(MLV), similar to the ones employed in the initial X-SCID tri-
als, is relatively high, because these viruses display a clear in-
tegration preference toward transcriptional start sites (T'SSs) of
actively expressed genes.>*] Lentiviral vectors based on the hu-
man immunodeficiency virus (HIV) show biased integration to-
ward active transcription units,[*’] and were also observed to
cause leukemia in preclinical models.l®! piggyBac, a transposon
displaying high transposition activity in human cells,l’’! shows
preferential integration near TSSs[*®! similar to the MLV inte-
grase, which is hypothesized to be mediated by the same mech-
anism. This can lead to gain-of-function mutations in onco-
genes or loss-of-function mutations in tumor suppressor genes
(TSGs), driving insertional oncogenesis. The human genome is
largely composed of sequences considered as junk DNA, only
about 1.2% of its sequence codes for all known proteins,”
and latest estimations place the overall number of genes in
the human genome including protein-coding and noncoding se-
quences at just over 43 000.1°°! Out of this portion just over 1200
are known to be TSGs (1018 protein-coding and 199 noncoding
genes, https://bioinfo.uth.edu/TSGene/),l®! therefore chances
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Figure 2. Sleeping Beauty-mediated pluripotency induction and reprogramming cassette excision. The reprogramming cassette is flanked by SB-specific
TIRs (light green), and includes a suitable promoter (red) and OSKM coding sequences for Oct4 (light blue), Sox2 (light brown), KIf4 (yellow), and
Myc (dark green), each separated by self-cleaving 2A peptide sequences (black). The black arrow indicates transcription initiated at the promoter.
SB transposase (light blue circles) mediates cassette transposition leading to OSKM expression and pluripotency induction. Following pluripotency
induction SB excisionase (violet circles) removes the OSKM cassette, leading to extrachromosomal circle formation and leaving a factor-free iPSC

genome.

of disrupting TSGs leading to a loss-of-function are relatively
low, further strengthened by the Knudson two-hit hypothesis.
Insertional oncogenesis caused by disrupting the cell’s regula-
tory mechanisms, however, is more likely, as enhancer/repressor
functions can act over vast genomic distances through chro-
mosomal looping.[®*l Most recent evaluations for clinical trial
applications using SB100X show an average VCN of 6-12 per
genome,??) which may sound a bit higher than one would in-
stinctively aim for in a clinical setting. However, unlike the y-
retroviral, lentiviral and piggyBac transposon-derived vectors dis-
cussed previously, SB integrates its cargo in an almost random
distribution across the genome.[>* Thus, the theoretical chance
of an SB insertion hitting a cancer gene is significantly lower
than with vectors that are specifically biased toward transcrip-
tional regulatory elements and transcription units. In fact, SB
has a significantly higher probability of integrating its cargo
into a genomic safe harbor when compared to alternative vi-
ral and nonviral transposon-based vectors,*®! contributing to a
favorable risk-benefit assessment by regulatory agencies when
approving clinical trials that make use of the SB system. Un-
til the present day no clinical trial using SB-mediated trans-
gene delivery has reported insertional oncogenesis. Neverthe-
less, working toward minimizing the likelihood of adverse events
caused by a misplaced integration remains a major research
focus.
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2.7. Targeted Transposition

Although integrating viruses, retrotransposons, and DNA trans-
posons often exhibit target site preferences and in some cases
even strict specificities,®®] these are mechanisms that evolved
over the course of millions of years through natural selection to
function as an evolutionary advantage to the respective element
in order to optimize their vertical or horizontal transfer. Artifi-
cial generation of gene vehicles with target specificities benefi-
cial in a gene therapy scenario, meaning avoiding disruption of
host genes and regulatory elements that could lead to potentially
harmfulloss-of-function or gain-of-function mutations while ide-
ally hitting genomic safe harbors, has become a major goal and
simultaneously a substantial challenge. This is because signifi-
cant and complex modifications are expected to be necessary to
achieve said goal due to the above-mentioned evolutionary back-
ground.

Gene editing systems, including CRISPR/Cas9,/%! have the
unique and powerful capacity to introduce targeted DSBs into
the genome, but they lack the ability to integrate nucleic acids.
Instead, integration of foreign genes can be potentiated by sup-
plying transgenic DNA flanked by sequences corresponding to
the genomic locus at the DSB introduced by Cas9. Ideally, cells
repair said DSB using the homologous DNA as template, thereby
introducing a transgene into a desired locus. This is, however,
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Figure 3. Targeted transposition. Fusion protein comprised of dCas9 and
the SB transposase, joined by a linker peptide, associates with Alu element-
specific sgRNA. SB denotes the SB100X hyperactive transposase. As a re-
sult, transposition is tethered toward the repetitive Alu sequences in the
human genome, providing multiple targets increasing efficiency of tar-
geted transposition.

not very efficient. In an effort to combine the exceptional target-
ing efficiencies of the CRISPR/Cas9 system!® with the power
to insert genetic material into the genome by the SB transposon
system, Kovat et al.[%] recently presented an approach by fusing
the SB100X transposase to a catalytically inactive Cas9 (dCas9),
guided with single guide RNAs (sgRNAs) to copies of the hu-
man Alu retrotransposon. In comparison to previous work fusing
DNA binding domains with transposases!®! that were either of
low efficiency,[%¢7] worked only in interplasmid settings,[®%] in
vitro,”%! or in the context of bacterial cells,”!7?] this study showed
that SB-mediated transposition could be biased toward prede-
termined genomic locations in an sgRNA-dependent manner in
human cells. Despite its comparably low efficiency, this study
presented a proof-of-concept and highlighted a potentially viable
strategy counteracting the strong and unspecific DNA binding
characteristics of transposases, which complicates targeted in-
sertion into single-copy sites. Instead, tethering the transposase
toward a target that is overrepresented in the human genome
greatly increases the number of possible hits and thereby the
probability of targeted transposition with a flexible and easy-to-
use RNA-guided system (Figure 3).

3. Preclinical and Basic Research Applications
Using the Sleeping Beauty Transposon Platform

Developments and improvements of the SB transposon platform
have led to it being adopted by numerous groups for studies in
which integration into chromosomal DNA is required. Begin-
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ning with preclinical and basic research applications, it is of great
advantage that SB has been shown to be highly active and reliable
in an extensive number of models, virtually not compromising its
transposition activity within germline versus somatic cells, tissue
types, and animal species.!”] Accordingly, implementations have
been reported for a wide range of fields, which will be discussed
in the following sections.

3.1. Germline Transgenesis and Generation of Animal Models

The generation of genetically engineered animals is undergo-
ing a significant growth in recent times due to the constantly
growing interest in potential applications that can be divided into
three categories: i) to create animal models for basic and preclin-
ical research, ii) to produce valuable substances for which bac-
terial or in vitro production is unsuitable or lacks efficiency, and
iii) to add value to livestock by altering its phenotype to show-
case economically desirable traits. The SB transposon system has
been used to generate a variety of transgenic vertebrates includ-
ing fishes, amphibians and mammals of all sizes ranging from
mice to cattle.l”] Protocols for their generation are efficient and
solid, body-wide transgene expression is observed as expected
based on in vitro studies indicating that SB transposon inser-
tions are rarely subject to epigenetic silencing.*) Adding SB’s
yet-to-be-determined upper cargo-size limit enabling the intro-
duction of multiple transgenes simultaneously, potentially cou-
pled to tissue-specific promoters, adoption of the SB system into
all three categories previously mentioned has the potential to be-
come a reality.

3.2. Insertional Mutagenesis Screens to Discover Genes and
Decipher Gene Function

In contrast to reverse genetics, which sets out to induce mu-
tations expecting a phenotype change that then can be linked
to said mutation, forward genetics represents a different ap-
proach based on identifying phenotypes first, and then search-
ing for the responsible mutation. Forward genetics provides a
more focus-oriented approach, as the result is already identi-
fied, the challenge being finding the cause. For a long time, this
has been an overwhelming challenge as the technology to iden-
tify and map unknown mutations among billions of nucleotides
has only recently become reasonably viable for broad application.
These technologies include next-generation sequencing (NGS)
and transposon-based genetic screens. SB transposons have been
designed to harbor gain-of-function and loss-of-function induc-
ing cassettes.l’”’] As SB transposes randomly across the genome,
inducing sustained transposition of these cassettes in vitro or in
vivo enables high-throughput generation of phenotypic changes
originating from unbiased genome-wide mutations. Identifying
the responsible insertions as a follow-up is fairly simple, as trans-
posons contain known sequences that can be used for PCR-based
amplification and identification of the genomic neighborhood
following NGS-based mapping. In addition, this technique has
been of special interest for cancer research, as it was and still
is successfully being employed to discover cancer-causing driver
mutations!”®! since the conception of the first oncogenic SB trans-
posons suitable for large-scale screens in 2005.17778]
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3.3. Sleeping Beauty Mediated Gene Transfer in Preclinical
Studies

As atool for integrating genes into a host’s genome, SB can adopt
a variety of roles in preclinical studies as transgenesis can either
be used to treat a disease by introducing therapeutic genes or on
the other hand to cause a disease in order to generate a suitable
disease model. In regards to disease treatment, SB has been
employed in several preclinical models successfully.”37?! These
include the metabolic disorders tyrosinemia type 1,18-32] diabetes
type L33 hypercholesterolemia,!®*! hyperbilirubinemia,’®! cys-
tic fibrosis,®®! and mucopolysaccharidosis;##] pulmonary
disorders such as pulmonary fibrosis!®! and pulmonary
hypertension;!**) hematological disorders including Hemophilia
A and BP'™! and sickle cell disease;®®’] dermatological
disorders including junctional epidermolysis bullosal®®! and
dystrophic epidermolysis bullosa;®! the neurologic disor-
ders Huntington diseasel!®) and Alzheimer’s disease;!'%!l the
muscle disorder muscular dystrophy;['21] the eye disorder
AMD;!1041%5] and cancer, either through direct targeting of
tumor cells!!%1%] or indirectly via adoptive immunotherapy
approaches.[109-114]

On the other hand, it is possible to generate disease models
by stably introducing genes that cause disorders. This has been
directly done for various cancer models induced by SB-mediated
oncogene transposition including sarcomatoid carcinoma, 1116}
prostate cancer,!'”] hepatocellular carcinoma,!!'®! peritoneal
carcinomatosis,['"! glioma,['?’] HPV16* oral tumors!'?!l but
also for non-cancer-related disorders such as spinocerebel-
lar ataxia type-1,[122] age-related renal pathologies, ')l and
nephronophthisis-related ciliopathies.['**] Additionally, with in-
creasing demand of gene therapies and a climbing number of
successful transitions of preclinical research into clinical trials
and approved medicinal products, SB’s attractive features have
further widened its implementation in the fields of basic research
and preclinical studies (Table 1).

4. Clinical Applications

With recently obtained marketing authorization by the FDA and
EMA, the CAR-T cell products Kymriah (lentiviral vector-based)
and Yescarta (y-retroviral vector-based) have proven to be a break-
through for treatment of CD19" B-cell malignancies. However,
costs revolving around manufacturing are expected to become a
major bottleneck, preventing widespread access to these novel
drugs for entire countries and social classes. SB holds signifi-
cant potential to lower the costs associated with manufacturing
of gene therapy products such as CAR-T cells, and thus enhanc-
ing availability for the general public. Current estimations range
around a 90% reduction in vector manufacturing costs on a per
patient basis,['**! as GMP-grade manufacturing of naked nucleic
acids as required for the SB system is easily scalable and does not
require work-intensive and time-costly additional quality control.

Accordingly, SB successfully entered the clinical stage in 2011
with two clinical trials as the first nonviral vector being used to
generate CD19-specific CAR-T cells for adjuvant immunother-
apy targeting minimal residual disease of non-Hodgkin lym-
phoma and ALL after autologous/allogeneic hematopoietic stem
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cell transplantation.['**] These pilot studies that proved SB to be
a safe and effective tool to manufacture therapeutic CAR-T cells
opened the door to several clinical trials that followed the lead us-
ing SB as a nonviral vector in their protocols to a current total of
14 clinical trials (Table 2) with additional ones being planned.

4.1. The CARAMBA Project

With significant advances being made both in viral and SB-based
nonviral CAR-T cell therapy against CD19" hematological disor-
ders, searching for novel antigens expressed specifically on addi-
tional cancer types to incorporate into the therapeutic repertoire
has become a major focus of translational medicine research.
In said effort, SLAMF7 has been identified as a robust marker
of multiple myeloma,'**! a hematological malignancy of high
medical relevance accounting for around 100 000 deaths globally
each year (https://vizhub.healthdata.org/gbd-compare/, updated
2017). Pilot clinical trials of CAR-T cell therapy directed against
the B cell maturation antigen (BCMA) proved effective and served
as proof of concept.['**] However, antigen loss and reemergence
of myeloma cells has been described, strengthening the need
for alternative targets. As xenograft mouse models treated with
T cells engineered to express a CAR derived from the targeting
domain of a SLAMF7-specific monoclonal antibody!'*’] showed
exquisite clearance of medullary and extramedullary myeloma
cells, and relapsed/refractory patient-derived plasma cells were
efficiently lysed in vitro by SLAMF7-CAR-T cells,!?!l a premium
candidate for adoptive immune therapy of multiple myeloma was
potentially found.

In order to test SLAMF7-CAR-T efficacy against multiple
myeloma, a phase I/Ila clinical trial with centers in Ger-
many, Spain, Italy and France (EudraCT No. 2019-001264-
30/CARAMBA-1) is being planned. The CARAMBA project,
funded by the EU’s Horizon2020 research and innovation pro-
gram (http://www.caramba-cart.eu/), will not only deliver the
world’s first clinical trial to test the novel SLAMF7-CAR but also
the first to employ the state-of-the-art hyperactive SB100X trans-
posase delivered as mRNA along with the CAR transgene en-
coded on an MC via electroporation to generate the cell product. A
preliminary analysis of the SB-generated cell product fulfilled re-
quirements in regard to cell product safety,[*?l namely, i) no mea-
surable SB transposase could be detected in cell products, guar-
anteeing absence of unwanted transposon remobilization; ii) an
average transgene VCN of &8, limiting potential genotoxicity and
matching VCNs of CAR-T cells generated by viral vectors; and
iii) a close-to-random insertion profile of the therapeutic gene in
the T cell genome reducing the risk of insertional oncogenesis.
Achieving regulatory approval recently, the CARAMBA trial has
started this year in Germany.

4.2. Nonviral TCR-T Gene Therapy

While incredibly successful for certain types of cancer, CAR-
T cell therapy is restrained in a sense that it is limited to
target surface-expressed tumor antigens, potentially overlook-
ing the vast majority of cancers impeding therapy where no
specific surface antigen is available. Advances in sequencing

© 2020 The Authors. BioEssays published by Wiley Periodicals LLC
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Table 1. Recent basic research and preclinical studies using the Sleeping Beauty transposon system to mediate gene transfer.

Background Description Transposon/transposase Year Reference
Acute lymphoblastic Preclinical evaluation of allogeneic, SB-generated Plasmid/SB11 expression 2018 [125]
leukemia cytokine-induced killer cells expressing CD19 CAR shows plasmid
proof-of-concept tumor eradication in ALL patient-derived
xenograft mouse models leukemia
von Willebrand disease SB transposon-mediated sustained expression of murine von Plasmid/SB100X expression 2018 [126,127]
Willebrand factor gene via hydrodynamic gene delivery in plasmid//pFAR/SB100X
mice expression pFAR4
Age-related macular Improved SB-mediated PEDF gene integration and expression pFAR4/SB100X expression 2018 [128]
degeneration in primary human RPE cells using miniplasmids pFAR4
Prostate cancer Development of a mouse model of prostate cancer through in Plasmid/SB13 expression 2018 [117]
vivo electroporation of SB to stably integrate plasmid
tumor-inducing expression cassettes
Various Endoscopic retrograde cholangiopancreatography guided Plasmid/SB expression plasmid 2018 [129]
hydrodynamic injection for liver-targeted, SB-mediated
gene delivery in pigs
HPV16* oral tumors Generation of an HPV16™ buccal tumor mouse model by Plasmid/SB13 expression 2018 [127]
SB-mediated transposition of oncogenes after submucosal plasmid
injection and in vivo electroporation
Skeletal muscle SB-mediated generation of a mouse model overexpressing Plasmid/SB11 expression 2018 [130]
development muscle-specific insulin-like growth factor 1 to study its plasmid
effect on skeletal muscles and body weight
Glioma Generation of a glioma mouse model by SB-mediated Plasmid/SB11 expression 2018 [137]
transposition of a single transposon harboring an plasmid
oncogenic cassette
Age-related macular SB-induced ex vivo modification of RPE cells to stably pFAR4/SB100X expression 2019 [132]
degeneration overexpress PEDF to reduce choroidal neovascularization pFAR4
in rats
Cystic fibrosis Peptide-poloxamine/SB nanoparticle vector-mediated Plasmid/SB100X mRNA 2019 [86]
resaturation of the cystic fibrosis transmembrane regulator
gene in cystic fibrosis mice
Cancer Silica-based nanoparticle platform for SB transposition of Plasmid/SB100X expression 2019 [133]
asparaginase gene into human lung adenocarcinoma cells plasmid
inducing apoptosis
Hepatocellular Development of a mouse model for hepatocellular carcinomas Plasmid/SB13 expression 2019 [118]
carcinoma by hydrodynamic tail vein injection to induce SB-mediated plasmid
transposition of oncogenes to murine hepatocytes in vivo
Glioma Shortened protocol to generate EGFRvIII targeting CAR-T cells Plasmid/SB11 expression 2019 [134]
in two weeks using the SB transposon system showcasing plasmid
superior therapeutic efficacy in mice
Pancreatic cancer Generation of mesothelin CAR NK-92MI cells using hybrid SB MC/SB11 expression plasmid 2019 [135]
minicircle technology showcasing improved cytotoxicity
against pancreatic cancer cell lines in vitro
Glomerular diseases Improved SB-mediated CXCR4 gene delivery to urine-derived Plasmid/SB100X expression MC 2019 [136]
progenitor cells leads to enhanced cell migration capacities
in the context of potential renal regenerative therapies
Glioblastoma AAV/SB/CRISPR hybrid vector development to perform in vivo AAV/SB hybrid particles 2019 [137]
screens for potential membrane targets for CAR-T cell
therapy of glioblastoma
Metastatic colorectal SB-based forward genetic screen to identify pro-metastatic Plasmid/SB100X expression 2019 [138]
cancer traits for colorectal cancer plasmid
Erythroleukemia SB-based forward genetic screen in mice to identify drivers of T2/Onc2 + SB11 transgenic 2019 [139]
erythroleukemia mice
CD19% B-cell Novel protocol to generate anti-CD19 CAR-T cells in 8 days Plasmid/SB100X expression 2020 [140]
malignancies yields effective antitumor response in xenograft mice plasmid
(Continued)
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Background Description Transposon/transposase Year Reference
Peritoneal SB-induced peritoneal carcinomatosis mouse model by in Plasmid/SB13,SB100X 2020 [119]
carcinomatosis vivo electroporation and transposition of tumor inducing expression plasmid
expression cassettes
Age-related renal Generation of a transgenic rat model overexpressing Heme Plasmid/SB100X mRNA 2020 [123]
pathology Oxygenase-1in podocytes to study its effect on age-related
kidney pathology
Hepatocellular Murine liver tumors induced by SB transposition after Plasmid/SB expression plasmid 2020 [147]
carcinoma hydrodynamic tail vein injection to study the role of Ableson
tyrosine-protein kinase 1 in hepatocellular carcinoma
Spinocerebellar ataxia Generation of an in vitro model to study the role of Plasmid/SB100X expression 2020 [122]
type-1 intracellular inclusion bodies in Spinocerebellar ataxia plasmid
type-1 by SB-mediated overexpression of the ATXN1(Q82)
gene in human mesenchymal stem cells
Central nervous system Identification of putative proto-oncogenes driving central T2/Onc//Onc2 + SB11 2020 [142]

tumors

screen

nervous system tumors via SB-mediated forward genetic

transgenic mice

technology for rapid and economically viable transcriptome
screening have enabled efficient identification of tumor-specific
neoantigens,['*®] derived from genetic alterations within tumor
cells or virus-derived proteins within virus-associated tumors,
presented as non-self-peptides on the major histocompatibility
complex (MHC) molecules of cancerous cells, where they can be
recognized by T cell receptors (TCRs). These neoantigens repre-
sent ideal immunotherapy targets, which is being explored suc-
cessfully in preclinical models and clinical trials.!'*!

The recent development of a platform to screen for tumor-
specific neoantigens by whole transcriptome sequencing and
identifying the respective, specifically matching TCRs via single
cell RNA-sequencing! "l was significantly aided by SB, as expres-
sion cassettes encoding tumor-reactive TCRs could quickly be
cloned into transposons and expressed in T cells to manufacture
therapeutic cell products. Accordingly, SB will be used to generate
genetically modified T cells expressing neoantigen-specific TCRs
in an upcoming phase II clinical trial (NCT04102436) set out to
treat patients with metastatic cancer, highlighting SB’s value as a
gene transfer tool, as viral vectors are outclassed when it comes
to cost and manufacturing speed, which are essential criteria in
truly personalized therapies.

4.3. The Target AMD Project

With accumulating victories being documented in nonvi-
ral adoptive immunotherapy, clinical trials directed against
non-cancer-related disorders are still scarce but slowly
emerging. One example is neovascular AMD, a pathology
elicited by overproduction of VEGF. This manifests in form
of abnormal neovascularization behind the retina, raising the
macula potentially progressing to fluid leakage, hemorrhage,
and retinal pigment epithelium (RPE) detachment™ which
can lead to severe tissue damage and progressive vision loss.
Current treatments revolve around periodic intravitreal injec-
tions of VEGF inhibitors to block its angiogenic effects; these are
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effective, but transient, costly, linked to side effects!'>** and of
pronounced discomfort for patients.

The TargetAMD project supported by the EU’s FP7 research
program (https://www.targetamd.eu/) set out to test an innova-
tive nonviral gene therapy approach in a phase Ib/IIa clinical
trial. IPE cells will be extracted, genetically modified ex vivo us-
ing the SB system to express PEDF, whose anti-angiogenic effect
directly counters VEGF’s angiogenic effect, and transplanted
into the subretinal compartment aiming at providing lifelong
disease correction. Using the hyperactive SB100X transposase
and the expression cassette of PEDF within an SB transposon
both encoded on pFAR4 miniplasmids, gene delivery, sustained
PEDF expression, and choroidal neovascularization inhibition
has been confirmed in animal disease models,['%*132] while
transfection efficiency and safety requirements concerning
random genomic transposon insertion in human cells have
been met.'%] The recent development of a manufacturing
process of small-scale GMP-grade plasmid DNA production
of the necessary SB components formulated in ready-to-use
electroporation buffer!*>*! will enable an unprecedented surgical
procedure in which IPE cells are isolated after iridectomy,
electroporated and transplanted back into the patient within
60 minutes. This firstin-human study tackling AMD with
transposon-based technology is pending approval by the
Swissmedic regulatory agency.

5. Outlook

Integrating vector technology is heavily dominated by virus-
based methods. Arguably, however, due to a head start on the
availability of this technology. SB was close to a decade away from
its discovery when the first clinical trials using first generation
y-retroviral vectors started and more than another decade from
its clinical debut. Today, as gene therapy takes its first steps away
from academic research toward marketing authorization with
products intended for the general public, discussions are needed
about a potential future in which the question may not be about

© 2020 The Authors. BioEssays published by Wiley Periodicals LLC
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Table 2. Description of current and pending clinical trials using the Sleeping Beauty transposon system as indexed in the clinical trial database of
The Journal of Gene Medicine with corresponding trial IDs (http://www.abedia.com/wiley/vectors.php). *not yet indexed (clinicaltrials.gov identifier:
NCT04102436).

Trial ID Title Indication Target cells Cell source Phase

US-0922 Adoptive immunotherapy for CD19* B-lymphoid B-cell malignancies T lymphocytes Autologous |
malignancies using Sleeping Beauty transposition to
express a CD19-specific CAR in autologous ex vivo
expanded T cells

US-1003 CD19-specific T cell infusion in patients with B-lineage B-cell malignancies HLA matched T Allogenic |
lymphoid malignancies after allogeneic lymphocytes
hematopoietic stem-cell transplantation

Us-1022 Adoptive Immunotherapy for CD19* B-cell B-cell malignancies Umbilical cord Allogenic |
malignancies using Sleeping Beauty transposition to blood-
express a CD19-specific CAR in allogeneic neonatal ex derived
vivo expanded T cells lymphocytes

US-1142 Adoptive Immunotherapy for B-cell chronic lymphocytic B-cell chronic lymphocytic CD4* and Autologous |
leukemia using Sleeping Beauty transposition to leukemia cD&* T
express a CD19-specific CAR in autologous ex vivo lymphocytes

expanded T cells

Us-1192 A study to infuse ROR1-specific autologous T cells for B-cell chronic lymphocytic CD4* and Autologous |
patients with CLL leukemia CD8+ T
lymphocytes
US-1203 A study of autologous CD19-specific CAR-T cells B-cell chronic lymphocytic CD4* and Autologous |
signaling via CD137 and CD3 zeta in patients with leukemia CcD8+ T
CLL lymphocytes
US-1225 CD19-specific T cell infusion in patients with B-lineage B-cell chronic lymphocytic CD4* and Autologous |
lymphoid malignancies after allogeneic leukemia CcD8+ T
hematopoietic stem cell transplantation lymphocytes
US-1236 Infusion of allogeneic, 3rd party CD19-specific T cell B-cell malignancies Umbilical cord Allogenic |
(CD19RCD137* T cells) in patients with refractory blood-
CD19* B-lineage malignancies derived
lymphocytes
UsS-1353 Adoptive immunotherapy for B-cell malignancies in B-cell malignancies Primary CD3* Autologous |
patients with low and high burdens of disease using lymphocytes

Sleeping Beauty transposition to express
CD19-specific CAR-positive T cells

US-1360 CAR MUCT T cell immunotherapy for metastatic breast Metastatic breast cancer T lymphocytes Autologous /1
cancer

Us-1710 Infusion of minimally expanded CD19% specific B-cell malignancies CD4* and Autologous |
chimeric antigen receptor T cells for patients with CcD8*
advanced lymphoid malignancies lymphocytes

US-1801 Sleeping Beauty transposon-engineered plasmablasts Hurler syndrome Plasmablasts Autologous |

for expression and delivery of alpha-L-iduronidase in
patients with Hurler syndrome that have previously
undergone allogeneic transplantation
A phase Il study using the administration of autologous Metastatic solid tumors T lymphocytes Autologous I
T-cells engineered using the Sleeping Beauty
transposon/transposase system to express T-cell
receptors reactive against mutated neoantigens in
patients with metastatic cancer

XX-0098 A phase I/lla clinical trial to assess feasibility, safety, Multiple myeloma CD4* and Autologous I/n
and antitumor activity of autologous SLAMF7 CAR-T CD8+ T
cells in multiple myeloma lymphocytes

whether or not certain diseases can be treated, but rather if  that SB transposition matches transgene integration efficiency
people can afford to be treated. of viral vectors, and that SB provides superior safety features

SB has been developed into a refined method that represents  concerning integration profile, genotoxicity and immunogenic-
an alternative to viral vectors. Past studies have shown a dramatic  ity. Now, as the first clinical trials utilizing SB yield positive
reduction in manufacturing cost of SB-generated cell products,  results,['**] additional trials are following making use of its
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advantages. Concerning future perspectives, the acceler-
ating pace of SB-based research and the development of
next-generation SB technologies, as outlined in this review, will
enable a second wave of potential clinical applications such as
targeted transposition, regenerative medicine using factor-free
iPSCs, and the transposition of plus-sized, complex therapeutic
gene cassettes well exceeding viral cargo capacity. Here, the goal
will not be to compete and provide an alternative to viral vectors,
but to venture into novel areas where they are not an option.
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