
viral versus non-viral vectors



The ideal vector
1. to produce a therapeutic response, expression of therapeutic gene(s) in 

target cells/tissue must result in physiologically effective levels of the gene 
products for an adequate duration

1. expression of transferred genes and its products must not cause serious 
adverse side effects

• low invasivness

• target selec@vity

• no immunogenic response

• high cloning capacity

•small size

•high stability

• low copy number

in more details the ideal gene therapy vector should ensure



the viral vectors display several 
disadvantages

1. the transduction protocols require laborious and time-consuming 
preparations of recombinant vectors. 

1. the genetic design of the vector is restricted due to intrinsic structural and 
size constraints. Moreover, the normal regulation of gene expression may be 
compromised. 

1. a serious concern working with viral vector is biosafety. In addition to the risk 
this technology poses to the researcher, the retroviral constructs are 
mutagenic at the site of genomic integration, mainly due to the risk of 
inadvertent oncogene activation and congruent development of cancer. Both 
retroviral and lentiviral vectors exhibit preferential integration into expressed 
genes or regulatory elements.



Non viral vectors

By non-viral vectors the therapeu4c genes are delivered to target cells
using nonviral carriers such as synthe4c polymers, liposomes, or
polyamines which form DNA-polymer complexes.

The therapeu4c gene is typically inserted into a plasmid; the plasmid may
be equipped with elements ensuing integra4on (transposon-based, site-
specific recombina4on) or episomal maintenance (S/MAR, Scaffold/Matrix
AKached Region).



sleeping beauty



The trasposon toolkit for 
mammalian genome technology

• Sleeping Beauty (SB)
• Frog prince
• Hsmar1
• piggyBac
• Tol2

1) weak enhancer/promoter 
ac<vity

2) hyperca<ve transposase
3) random integra<on 



STRUCTURE OF SLEEPING 
BEAUTY TRANSPOSON SYSTEM

The SB transposon was awakened 
from inactive Tc1-like transposable 

elements originally found in fish 
genomes in 1997



SB was awakened from the fish



Sleeping beauty features

OPI: overproduction inhibition



AUTONOMOUS TRASPOSONS: trasposons having all the trans and cis elements 
for  transposition

NON-AUTONOMOUS TRASPOSOS: trasposons having lost the trans elements 
for  transposition. They may eventually transpose when trans- factors are provided

Not a single autonomous element has been isolated from vertebrates; 
they seem to be defective for having mutations as a result of a 
process called �vertical inactivation�



Inac%ve transposon can be mobilized by an 
ac%ve trasposon/trasnsposase

active transposase inactive transposase



Tc1/mariner superfamily

transposase

transposase

Salmonid type
Accumulated mutations in Tnp and IR/DR

INACTIVE

vertical   inactivation



Molecular reconstruc-on of a salmonid Tc1-like transposase

Cell
502

Figure 1. Molecular Reconstruction of a Sal-
monid Tc1-like Transposase Gene
(A) Schematic map of a salmonid TcE with
the conserved domains in the transposase
and IR/DR flanking sequences.
(B) The strategy of first constructing an open
reading frame for a salmonid transposase
and then systematically introducing amino
acid replacements into this gene is illustrated.
Amino acid residues are typed black when
different from the consensus, and their posi-
tions within the transposase polypeptide are
indicated with arrows. Translational termina-
tion codons appear as asterisks; frame shift
mutations are shown as number signs. Amino
acids changed to the consensus are check-
marked and typed white italic. In the right
margin, the various functional tests that were
done at certain stages of the reconstruction
procedure are indicated.

For the above reasons, members of the Tc1/mariner su- of engineered, nonautonomous salmonid elements in
fish as well as in mammalian cells. This transposon sys-perfamily are valuable candidates for being developed

as wide(r) host-range transformation vectors. tem, which was awakened from a long evolutionary
sleep and which we named Sleeping B eauty (SB), canThere can be two major strategies to obtain an active

transposon system for any organism: find one or make bedeveloped as a powerful tool for germline transforma-
tion and insertional mutagenesis in vertebrates, with theone. From all DNA-transposons found so far in verte-

brates, TcEs from teleost fish are by far the best charac- potential to be applicable in other organisms as well.
terized (Goodier and Davidson, 1994;Radice et al., 1994;
Izsvak et al., 1995; Ivics et al., 1996; Lam et al., 1996a). Results
In the courseof our search for an active fish transposon,
we characterized Tdr1 in zebrafish (Danio rerio) (Izsvak The Transposase: Reconstruction

of a Transposase Geneet al., 1995), as well as other closely related TcEs from
nine additional fish species (Ivics et al., 1996). Similarly Sequence alignment of 12 partial salmonid-type TcE

sequences found in 8 fish species (available underto all other TcEs, the fish elements can be typified by a
single gene encoding a transposase enzyme flanked by DS30090 from FTP.EBI. AC.UK in directory pub/data-

bases/embl/align) allowed us to derive a majority-ruleIRs. Unfortunately, all of the fish elements isolated so
far are probably inactive due to several mutations in consensus sequence and to identify conserved protein

and DNA sequence motifs that likely have functionaltheir transposase genes. Molecular phylogenetic analy-
ses have shown that the majority of the fish TcEs can importance (Figure 1A).

Conceptual translation of the mutated transposasebe classified into three major types: zebrafish-, salmo-
nid- andXenopus TXr-type elements (Izsvaket al., 1997), open reading frames revealed five regions that arehighly

conserved in all TcE transposases: a bipartite nuclearof which the salmonid subfamily is probably the youn-
gest and thus most recently active (Ivics et al., 1996). localization signal (NLS) in the N-terminal half of the

transposase with a possible overlapwith the DNA-bind-In addition, examination of the phylogeny of salmonid
TcEs and that of their host species provided important ing domain (Ivics et al., 1996), a glycine-rich motif close

to the center of the transposase without any knownclues about the ability of this particular subfamily of
elements to invade and establish permanent residences function at present, and three segments in the C-termi-

nal half comprising the DDE domain (Doak et al., 1994)in naive genomes through horizontal transfer, even over
relatively large evolutionary distances (Ivics et al., 1996). that catalyzes the transposition (Craig, 1995) (Figure 1A).

Multiple sequence alignment also revealed a fairly ran-There are two fundamental components of anymobile
cut-and-paste type transposon system: a source of an dom distribution of mutations in transposase coding

sequences; 72% of the base pair changes had occurredactive transposase, and the DNA sequences that are
recognized and mobilized by the transposase. Both the at nonsynonymous positions of codons. The highest

mutation frequencies were observed at mutable CpGtransposase coding regions and the IRs of salmonid-
type TcEs accumulated several mutations, including dinucleotide sites (Yoder et al., 1997). Although amino

acid substitutionswere distributed throughout the trans-point mutations, deletions, and insertions, and they
show about 5% average pairwise divergence (Ivics et posases, fewer mutations were detected at the con-

served motifs (0.07 nonsynonymous mutation per co-al., 1996). We used the accumulated phylogenetic data
to reconstruct a transposase gene of the salmonid sub- don), as compared to protein regions between the

conserved domains (0.1 nonsynonymous mutation perfamily of fish elements. We expressed this transposase
and show that it is capable of catalyzing transposition codon). This implies that some selectionhadmaintained

Schematic map of a salmonid TcE with the conserved domains in the transposase and 
IR/DR flanking sequences.

Tc transposase 



SB trasposase (360 aa): two major func8onal domains

(i) an N-terminal: DNA-binding domain, 
which consists of two helix-turn-
helix motifs;

a bipartite nuclear localization sequence
(NLS)

(ii) a C-terminal catalytic domain 
characterized by the DDE motif: two 
aspartic acids (D) and one glutamic acid 
(E). There is a 34-35 amino acid space 
separating the second D and E residue.

identify TA insertion sites and 
catalyze DNA breakage and 
paste reactions during the 
transposition process

The helix-turn-helix motifs: contact DR 
sequence in the inverted terminal repeats; 
mediate the protein-protein interactions 
between transposase subunits to facilitate 
the formation of a synaptic complex,

The nuclear localization sequence is 
essential for translocation of the 
transposon from the cytoplasm
to the nucleus of target cells

N-term                 C-term



Molecular reconstruction of a salmonid Tc1-like transposase
m

olecular aw
akened

SB

risveglio m
olecolare

The strategy of first constructing an open reading frame for a salmonid transposase and then systematically introducing amino acid 
replacements into this gene is illustrated. Amino acid residues are typed black when different from the consensus, and their posi-
tions within the transposase polypeptide are indicated with arrows. Translational termination codons appear as asterisks; frame shift 
mutations are shown as number signs. Amino acids changed to the consensus are check- marked and typed white italic. In the right
margin, the various functional tests that were done at certain stages of the reconstruction procedure are indicated.

stop codon changed to the consensus



The first SB-based vector: Integra6on 
actvity of sleeping beauty in HeLa cells 

IR/DR                             IR/DR

G418 R 
cells

pSB, the plasmid providing in 
trans the SB-transposasepT-neo, the SB vectors with 

the selectable marker

1. Control, w/o transposase
2. Tnp + IR/DR-neo



mutant transposase ac-vity



Ac#vity assay: tes#ng the different 
components of the SB vector in HeLa cells 

Transposase plasmid        pSB-AS               pSB10             pSBDDDE            pSB6                 pSB10

Transposone vector                                                 pTneo                                                     pTneoDIR

G418 R 
cells

AS, antisense



sleeping beauty transposi0on
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We found that a GRPR-like sequence (GRRR in SB)
between the twoHTHmotifs is conserved inTc1/mariner
transposases (Fig. 2). The GRPR motif is similar to an
AT-hook (6), and characteristic to homeodomain pro-
teins (14). It mediates minor groove interactions with
DNA in the case of the Hin invertase of Salmonella (15)
and in the V(D)J recombination activating gene (RAG1)
recombinase (see V(D)J chapter) (16).

Partially overlapping with the RED subdomain in the
transposase is a bipartite nuclear localization signal (NLS)

(Fig. 2), flanked by phosphorylation target sites of casein
kinase II (2). Phosphorylation of these sites is a potential
checkpoint in the regulation of transposition. TheNLS indi-
cates that these transposons, unlike murine retroviruses,
can take advantage of the receptor-mediated transport ma-
chinery of host cells for nuclear uptake of their transposases.

The catalytic domain
The second major domain of the SB transposase has
been referred to as the catalytic domain, because it is

FIGURE 2 Structural and functional components of SB. On top, a schematic drawing
of the transposon is shown. The terminal IR/DR (black arrows) contain two binding sites
for the transposase (white arrows). The element contains a single gene encoding the
transposase (purple box). The transposase has an N-terminal, bipartite, paired-like DNA-
binding domain containing a GRRR AT-hook motif, an NLS, and a C-terminal catalytic
domain. The DNA binding domain consists of a PAI and a RED subdomain containing
helix-turn-helix DNA-binding motifs. The DDE amino acid triad is a characteristic signa-
ture of the catalytic domain that catalyzes the DNA cleavage and joining reactions. Re-
printed from Molecular Therapy (164) with permission from the publisher. doi:10.1128
/microbiolspec.MDNA3-0042-2014.f2

FIGURE 3 Structures of the PAI subdomain of the SB transposase and the DNA-bound
N-terminal DNA-binding subdomains of the Tc3 and Mos1 mariner transposases and the
Pax5 transcription factor. Residues on the second and third alpha-helices of the SB PAI
subdomain are directly involved in DNA-binding. Reprinted from Protein Science (13) with
permission from the publisher. doi:10.1128/microbiolspec.MDNA3-0042-2014.f3
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Sleeping Beauty Transposition
structure and func,on of the SB elements

The terminal IR/DR (black arrows) contain two binding sites for the transposase (white arrows). The 
element contains a single gene encoding the transposase (purple box).

Substrate recognition is mediated by the DNA-binding 
domain which is predicted to form a paired-like structure 
with two sub-domains (PAI + RED= PAIRED) joined by 
a flexible linker (GRRR hook motif).
Each subdomain possess three alpha helices, two of 
which form a helix-turn-helix (HTH) motif 

It was proposed that the PAI subdomain partici-
pates in protein–protein interactions when a pro-
tein–DNA complex is formed.14 However, during
size-exclusion chromatography under the experimen-
tal conditions used in our experiments, the PAI sub-
domain elutes significantly later than the 13.8 kDa
RNase A, as can be expected for a 7.5 kDa monomer.
The structure of the PAI subdomain monomer was
calculated as described in “Materials and Methods”
and the structural statistics are provided in Table I.
Ca traces for alpha-helix-aligned structures of the
representative ensemble are shown superimposed in
Figure 6(left panel) and a ribbon representation of a
representative structure is shown in Figure 6(right
panel). Coordinates for the 15 lowest energy struc-
tures were deposited in the Protein Data Bank
(PDB) under accession code 2m8e; BMRB ID for this
entry is 19249. The PAI subdomain folds into a com-
pact, three-helix domain. Helices 2 and 3 are con-
nected by the loop of four residues and form a HTH
motif.

Interactions of PAI subdomain with DNA. We
initially used an electrophoretic mobility shift assay
(EMSA) to verify that the expressed protein binds to
DNA. Figure 7(A) shows the EMSA analysis of PAI

subdomain binding to the 18-bp core sequence (left)
and 32-bp inner DRi (right). In both cases, the PAI
subdomain was capable of binding the DNA produc-
ing a distinct gel shift. Two bands, corresponding to
the DR-core or DRi free (bottom) or bound to the
PAI subdomain (top), were observed. No distinct
bands corresponding to higher order complexes were
detected at the protein:DNA ratios studied.

The binding of the PAI subdomain to the DR-core
and DRi DNA sequences was further investigated by
recording the [15N,1H]-HSQC spectra at a 1:2
PAI:DNA molar ratio because these sequences prefer-
entially bind the PAI subdomain in the full-length
DBD of SB transposase. The initial set of experiments
was carried out in the presence of 600 mM NaCl to
maintain the PAI subdomain in folded form. However,
only negligibly small changes in [15N,1H]-HSQC spec-
trum of PAI subdomain were observed that reflected
essentially no binding (data not shown), which was
likely due to the presence of the high salt concentra-
tion. Accordingly, binding experiments were

Figure 5. A: Assigned [15N,1H]-HSQC spectrum of the PAI

subdomain from the DNA-binding domain of SB transposase.

The spectrum was recorded at 5!C in 25 mM sodium phos-

phate buffer at pH 7.0. B: The chemical shift index (CSI)26

obtained using Ha chemical shifts of PAI subdomain.

Stretches of random coil (0) and helices (21) are shown

below the graph.

Table I. Structural Statistics and Restraint Informa-
tion for the NMR Structure of the PAI Subdomain

Restraints and statistics

Restraints
NOE distance restraints (total) 418
Average number of NOE restraints per residue 7.4
Medium and long-range NOEs (j 2 i >3) 130
Hydrogen bonds 26
Residual dipolar couplings (Hz) 28
TALOS derived dihedral angle restraints 51

Violations
NOE distance violations >0.5 Å 0
Dihedral angle violations >5! 0

RMS deviation from mean structure (Å)
All heavy atoms 1.4
Backbone atoms 0.7

Ramachandran statisticsa (%)
Most favored region 96.7
Additionally allowed region 2.8
Generously allowed region 0.5
Disallowed region 0

a Values were calculated for the ordered residues of the
protein.

Figure 6. NMR solution structure of the PAI subdomain. Ca
traces of superimposed 15 lowest energy structures (left) and

the cartoon representation of the representative structure of

the PAI subdomain (right) are shown.

28 PROTEINSCIENCE.ORG NMR Study of SB Transposase Binding to DNA

The inner DRs are more strongly bound by the 
transposase than the outer DR

The majority of known transposases, including SB, 
and retroviral integrases possess a well conserved 
triad of amino acids, known as the aspartate–
aspartate–glutamate, in short the DDE signature in 
their C-terminal catalytic domain. These amino 
acids play an essential role in catalysis by 
coordinating two divalent cations (Mg++). One 
metal ion acts as a Lewis acid, and stabilizes the 
transition state of the penta-coordinated phosphate, 
the other one acts as a general base and 
deprotonizes the incoming nucleophile during trans-
esterification and strand transfer.



The SB transposition
The typical “cut-and-paste” transposition process of 
SB can be divided into at least four major steps: 
(1)binding of the transposase to its sites within the 
transposon IRs; 
(2)formation of a synaptic complex in which the two 
ends of the elements are paired and held together by 
transposase subunits;
(3)excision from the donor site; 
(4)reintegration at a target site 



Mechanism and regula0on of SB transposi0on
SB can transpose in a wide range of vertebrate cells from fish to human, although the efficiency of transposition 
varies significantly, suggesting that host-encoded factors may affect activity and eventually limit the host range.
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SB can transpose in a wide range of vertebrate cells from
fish to human, although the efficiency of transposition
varies significantly (58), suggesting that differential in-
teractions between the transposon and host-encoded
factors may affect activity and eventually limit the host
range. Indeed, transposition of SB seems to be restricted
to vertebrates, with the exception of a chordate, Ciona
intestinalis (59). Importantly, the identified host factors
of SB are evolutionarily conserved in vertebrates and
support SB transposition from fish to human. In sum-
mary, the regulation of SB transposition ismediated both
by transposon- and host-encoded factors. Thus, the SB
transposon has an intimate relationship with the host
that likely modulates transposition at every step of the
transposition reaction (Fig. 5).

Transcriptional regulation of the
Sleeping Beauty transposon
Some of the 5′-untranslated regions (UTRs) upstream
of the initiation codon of the transposase gene contain
promoter motifs (60), suggesting that they might have
functions associated with control of transposition ac-
tivity. However, previous studies did not reveal an in-
ternal promoter in the Tc1 element; instead they showed
that the elements are transcribed by read-through tran-
scription from C. elegans genes (61). The left IR of SB
is separated from the transposase coding sequence by
a 160-bp stretch of DNA [Fig. 6(A)] with no apparent
function in the transposition reaction (35). As mea-
sured by transient luciferase reporter assays, transcrip-
tion driven by the 5′-UTR of SB is ∼18-fold higher

FIGURE 5 Mechanism and regulation of SB transposition. The transposable element
consists of a gene encoding a transposase (orange box) bracketed by terminal IRs (solid
black arrows) that contain binding sites of the transposase (white arrows) and flanking
donor DNA (blue boxes). Transcriptional control elements in the 5′-UTR of the transposon
drive transcription (arrow) of the transposase gene. The transposase (purple spheres) binds
to its sites within the transposon IRs. Excision takes place in a synaptic complex, and sep-
arates the transposon from the donor DNA. The excised element integrates into a TA site
in the target DNA (green box) that is duplicated and flanks the newly integrated trans-
poson. On the right, the various steps of transposition are shown. On the left, mechanisms
and host factors regulating each step of the transposition reaction are indicated. Reprinted
from (57) with permission from the publisher. doi:10.1128/microbiolspec.MDNA3-0042
-2014.f5
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Ivics and Izsvák

The transposase gene (orange box) bracketed by terminal IRs (solid black arrows) that contain binding sites of the transposase 
(white arrows) and flanking donor DNA (blue boxes). Transcriptional control elements in the 5’UTR of the transposon drive 
transcription (arrow) of the transposase gene. The transposase (purple spheres) binds to its sites within the transposon IRs.
Excision takes place in a synaptic complex, and separates the transposon from the donor DNA. The excised element integrates into
a TA site in the target DNA (green box) that is duplicated and flanks the newly integrated transposon. 

the various steps of transpositionmechanisms and host factors regulating 
each step of transposition 



Transcrip)onal regula)on of the SB transposon
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FIGURE 6 The UTRs of the SB transposon exhibit moderate, directional promoter ac-
tivities. (A) Transcriptional activities residing within the SB transposon. On top, a schematic
drawing of the transposon is shown. The terminal IRs contain two binding sites for the
transposase (white arrows). The element contains a single gene encoding the transposase
(purple box). Relative promoter activities as determined by transient luciferase assays in
HeLa cells. Activity of a minimal promoter (TATA-box) control was arbitrarily set to value 1.
Transposon sequences flanking the transposase gene were placed in front of a lucifer-
ase reporter gene in two possible orientations (in the case of the 5′-UTR, the luciferase
gene precisely replaces the transposase coding region). Blue box: left IR of SB; green box:
right IR of SB; beige box: left IR of Frog Prince; black lines connecting the IRs and the
luciferase gene represent transposon sequences directly upstream of the transposase
coding regions. The 5′-UTR of SB can drive transposase expression at a level sufficient for
the detection of chromosomal transposition events in cultured cells. A neo-tagged SB
transposon plasmid was cotransfected together with an SB expression construct, in which
the transposase is expressed from the 5′-UTR of the transposon or with an empty cloning
vector. The difference in numbers of G418-resistant cell colonies is evidence for trans-
position. (B) A model for transcriptional regulation of the SB transposase gene. In the wild-
type, natural transposon, the central transposase gene (purple box) is flanked by UTRs that
include the left and right inverted repeats (IRs, blue and green boxes, respectively) that
contain binding sites for the transposase (white arrows). Arrows indicate the direction of
transcription that is initiated within the UTRs. HMG2L1 upregulates, whereas SB transpos-
ase downregulates transcription from the 5′-UTR. Reprinted from Molecular Therapy (54)
with permission from the publisher. doi:10.1128/microbiolspec.MDNA3-0042-2014.f6
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Sleeping Beauty Transposition

Relative promoter activities as determined by transient luciferase assays in HeLa cells. Activity 
of a minimal promoter (TATA-box) control was arbitrarily set to value 1. Transposon sequences 
flanking the transposase gene were placed in front of a luciferase reporter gene in two possible 
orientations (in the case of the 5’UTR, the luciferase gene precisely replaces the transposase 
coding region). The 5!-UTR of SB can drive transposase expression at a level sufficient for the 
detection of chromosomal transposition events in cultured cells. A neo-tagged SB transposon 
plasmid was cotransfected together with an SB expression construct, in which the transposase 
is expressed from the 5!-UTR of the transposon or with an empty cloning vector. The difference 
in numbers of G418-resistant cell colonies is evidence for trans- position.

The UTRs of the SB transposon exhibit moderate, directional promoter activities. 

Blue box: left IR of SB; 
green box: right IR of SB; 
grey box: left IR of Frog Prince; 

black lines connecting the IRs 
and the luciferase gene represent 
transposon sequences directly 
upstream of the transposase 
coding regions.



The SB vector

IR, 230 bp

2xDR, 32 bp each

Max size: 6 kb



the Sleeping beauty transposon system

or                       +



SLEEPING BEAUTY 
cargo capacity

Transposon size limits the efficiency of transposi4on

Similar to other transposable elements, transposi?on efficiency is inversely 
propor?onal to the size of the transposon and thus the size of the ‘gene of 
interest’ within the SB transposon may affects the efficiency of integra?on.

A transposon of 6 kb in size, which is sufficient to accommodate about 80% 
of coding sequences in the human genome, only retained half of the 
maximal transposi?on ac?vity provided by a 2-kb transposon.



Sandwich SB >10 kb

GOI: gene of interest

+

a. the sandwich vector, the Transposase is expected to target the out-side ends



the SB vector systems

+

high cloning capacity



the sleeping beauty efficiency



hSB17: 17-fold higher transposase ac7vity
Zayed, H., Izsvak, Z., Walisko, O., and Ivics, Z. (2004) Development of hyperacBve 
sleeping beauty transposon vectors by mutaBonal analysis. 
Mol.Ther. 9, 292 – 304

acting on the transposase to increase
trasposone integration efficiency

SB100X: hyperactive transposase



aminoacids subs,tu,on to make hyperac,ve SB transposases

hyperactivity might interfere with the fidelity of the
transposition reaction, and generate more frequent
aberrant transposition products, as it was recently
shown for certain mariner elements (Bouuaert et al.,
2014; Liu & Chalmers, 2014). Importantly, despite its
hyperactive nature, SB100X catalyzes a faithfully precise
transposition reaction. In most of its features, SB100X
does not significantly differ from first-generation SB
transposase, including its stability, OPI profile and affin-
ity to the transposon IRs. In contrast, SB100X is less sen-
sitive to heat shock-induced aggregation, suggesting
that the hyperactive mutagenesis affected the folding
of the transposase in a positive way (Mates et al., 2009).
Perhaps the hyperactivity of SB100X could be further
improved. Indeed, the recently solved crystal structure
of the catalytic domain of the transposase could be a
useful resource of structure-based engineering of tail-
ored SB transposases (Voigt et al., 2016).

The transposon DNA sequences have also undergone
stepwise optimization. First, a minimal vector was con-
structed, where the regulatory sequences, including
promoter/enhancer was removed from the transposon
(Cui et al., 2002). This step created a transcriptionally
neutral vector. Second, transposon excision was

improved by correcting/optimizing the recognition
sequences (IR/DR) of the minimal vector (Cui et al.,
2002; Izsvak et al., 2002). Third, the neighboring
sequence of the IRs was changed to mimic a natural tar-
get site of SB (Cui et al., 2002). This minimal SB system
is highly flexible and can be combined with many add-
itional features. The basic rule is that the IRs should
flank the cargo. The cargo can be a single or multiple
expression cassettes (Kowarz et al., 2015). An advanta-
geous feature of SB, compared to retroviral vectors, is
that it does not require reverse transcription, thus it is
able to express transgenes of highly complex structure
(e.g. repeated motifs, multiple genes, various regulatory
sequences, etc.).

SB-mediated integration supports highly efficient
transgene integration in various cell types (Izsvak et al.,
2000). The list includes somatic or germ cells, differenti-
ated or stem cells essentially in all vertebrate species
(Figure 5). SB is suitable for genetic modification of
both overexpressing and knocking down (Hu et al.,
2011) transgene expression, and can be combined with
other recombination techniques (Grabundzija et al.,
2013) or delivery approaches (non-viral/viral). Indeed, in
the last decade a whole technology platform, a

Figure 6. Multiple sequence alignment of Sleeping Beauty transposase sequences. Hyperactive amino acid mutations (in white
and/or gray) compared to SB10 the original version of the SB transposase, SB10. Hyperactive SB11 and SB100X are targeted for
clinical applications. Multiple sequence alignment was performed using EBI Clustal omega (Sievers et al., 2011) and shading was
performed using BOXSHADE server version 3.21 (http://www.ch.embnet.org/software/BOX_form.html).
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Multiple sequence alignment of Sleeping Beauty transposase sequences. Hyperactive amino acid mutations 
(in white and/or gray) compared to SB10 the original version of the SB transposase, SB10. Hyperactive 
SB11 and SB100X are targeted for clinical applications. Multiple sequence alignment was performed using 
EBI Clustal omega (Sievers et al., 2011) and shading was performed using BOXSHADE server version 3.21 
(http://www.ch.embnet.org/software/BOX_form.html).



HeLa neoR colonies

neo-resistant colonies (plating dilution 1:100); colonies stained with methylene-blue

DDDE SB100
X

SB100XTrasposase vector

Transposone vector



SB100X efficacy in HeLa



SB efficacy in stem cells
CD34+ transfected with pT2/CAGGS-GFP
In vitro differentiation into erythroid (CFU-E), granulocyte/monocyte/macrophage (CFU-
GM), magakaryocytic (CFU-MK)
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SB-hybrid systems

remobilization was estimated to be relatively low
(Riordan et al., 2014). Nevertheless, manipulating the
half-life of the transposase by targeting it to cellular
protein degradation pathways could further improve
the safety of SB-mediated gene delivery in clinical
applications.

Sleeping beauty-based transposon-viral hybrids
combine viral delivery with unbiased-random
integration profile

As SB is a non-viral system, the efficacy of its nuclear
delivery is a challenge. Importantly, combining the
transposon vector with cutting-edge non-viral delivery,
like nucleofection and lipofection (for review see (Izsvak
et al., 2010)) has been optimized. Delivery using nucleo-
fection has been approved for clinical application (Maiti
et al., 2013). Nanotechnology seems to open novel
opportunities in efficient non-viral delivery, and can be
combined with cell type specific targeting (Kren et al.,
2009; Wang et al., 2015). In an alternative approach, sev-
eral laboratories have generated transposon-viral hybrid
vectors (Table 1). Viral vectors are excellent gene deliv-
ery vehicles due to their intrinsic ability in transporting

genetic cargos from outside to inside of the cell by
crossing membrane barriers. The transposon-viral
hybrids were constructed with the expectation that the
effectiveness of viral delivery can be combined with the
safety features of SB integration (Figure 8) (Table 1).

Recently, advanced deep sequencing technology
coupled with bioinformatic analysis was utilized to char-
acterize the integration profiles of various vectors (Berry
et al., 2006; de Jong et al., 2014; Gogol-Doring et al.,
2016) (Figure 4) (Table 2). Such studies can help to fore-
cast the potential risk of using different vectors.
Integrating vectors based on both Moloney murine leu-
kemia virus (MLV) have been reported to cause severe
adverse effects after gene transfer in clinical trials.
Besides biased integrations, these vectors could cause
problems by transactivating cellular promoters (e.g.
oncogenes), resulting in clonal expansion of engineered
cells. For instance, the mutagenic potential of MLV-
based vectors have been reported in multiple clinical
gene therapy trials: SCID-X1 (Hacein-Bey-Abina et al.,
2003), (Deichmann et al., 2007; Hacein-Bey-Abina et al.,
2008; Howe et al., 2008; Thrasher et al., 2006), X-CGD
(Stein et al., 2010) and WAS (Braun et al., 2014).
Furthermore, recent analyses also demonstrate that HIV

Table 1. Various sleeping beauty-viral hybrid technologies.
Hybrid technology Delivering vehicle Integration machinery Advantages References

Adeno/SB Recombinant
adenovirus

SB transposase ! High transduction efficiency
! SB-mediated unbiased,

random integration profile
! Stable long term expression
! Capable of integrating large

genetic cargos

(Yant et al., 2002)

AAV/SB Recombinant AAV (Zhang et al., 2013 )

HSV-1 amplicon/SB HSV-1 (Bowers et al., 2006 ; de Silva
et al., 2010a; de Silva et al.,
2010b; Peterson et al., 2007 )

Baculo/SB Baculovirus (Luo et al., 2012; Turunen
et al., 2014 )

IDLV/SB IDLV (Moldt et al., 2011; Staunstrup
et al., 2009 ; Vink et al., 2009 ; )

Adeno: adenovirus; AAV: adeno associated virus; IDLV: integrase defective lentivirus; HSV-1: herpes simplex virus 1 amplicon; baculo: baculovirus
Note: The transposase (highlighted in green) and the transposon (highlighted in red) plasmids can be packaged into various recombinant viruses. A col-
ored version is available online (www.informahealthcare.com/bmg).
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Lentiviral vectors enter cells with high efficiency and 
deliver stable transduction through integration into 
host   chromosomes, but their preference for integra-
tion within actively transcribing genes means that 
 insertional mutagenesis following disruption of host 
proto-oncogenes is a recognized concern. We have 
addressed this problem by combining the efficient cell 
and nuclear entry properties of HIV-1–derived lentiviral 
vectors with the integration profile benefits of Sleeping 
Beauty (SB) transposase. Importantly, this integration 
enzyme does not exhibit a preference for integration 
within active genes. We generated integrase-deficient 
lentiviral  vectors (IDLVs) to carry SB transposon and 
transposase expression cassettes. IDLVs were able to 
deliver transient transposase expression to target cells, 
and episomal lentiviral DNA was found to be a  suitable 
substrate for integration via the SB pathway. The hybrid 
vector  system allows genomic integration of a  minimal 
 promoter-transgene cassette flanked by short SB  inverted  
repeats (IRs) but devoid of HIV-1 long terminal repeats 
(LTRs) or other virus-derived sequences.  Importantly, 
integration site analysis revealed redirection toward a 
profile mimicking SB-plasmid integration and away from 
integration within transcriptionally active genes favored  
by integrase-proficient lentiviral vectors (ILVs).
Received 22 December 2008; accepted 3 April 2009; published online  
5 May 2009. doi:10.1038/mt.2009.94

INTRODUCTION
Sleeping Beauty (SB) is a Tc1/mariner-type DNA transposon 
 originally regenerated from extinct transposons found in  salmonid 
fish.1 Wild-type transposons consist of the coding sequence for a 340 
amino-acid transposase protein flanked by two nonidentical 230 bp 
inverted repeat (IR)-direct repeats that contain 32–34 bp  transposase 
binding sites.2 SB has been developed as a vector by substituting the 
transposase coding sequence with a transgene expression cassette. 
Following delivery to cells, the transposase protein is provided in 
trans to mediate cut-and-paste transposition of the transgene into 
the target cell genome. Cleavage is dependent upon the presence of 

flanking TA dinucleotides and is enhanced when the transposon is 
flanked by TATA motifs.3 SB integration occurs exclusively at TA 
dinucleotides, and DNA repair following integration results in a 
duplication signature with TA dinucleotides on either side of the 
transposon.4,5  Importantly, integration occurs within genes at a  
frequency close to that expected from random integration and is not 
biased toward actively transcribing genes.6,7 Thus, unlike HIV-1 that 
has been shown to integrate preferentially within genes (~70% of 
sites) and is strongly biased toward actively transcribing genes,8  SB 
integration may be less likely to cause adverse effects. However, as a 
plasmid-based system, SB lacks the advantages of lentiviral vectors 
in terms of efficient cell entry and nuclear translocation. Combining 
transposase-mediated integration with lentiviral delivery could  
produce highly attractive vectors for gene therapy of mitotic cells 
that can be stably altered through the transient expression of 
 transposase. We have designed integrase-deficient lentiviral  vectors 
(IDLVs) that incorporate an IR-flanked transgene expression cassette 
for transposition or express the transposase protein from episomal 
lentiviral DNA. We provide proof-of-principle data confirming that 
transposition from IDLVs is achievable and results in a characteristic  
TA dinucleotide integration signature, and report that  transposition 
is restricted to a defined range of transposase concentrations. The 
system allows delivery of an IR-flanked expression cassette and 
avoids genomic integration of HIV-1 long terminal repeats (LTRs) 
or other virus-derived sequences such as the woodchuck hepati-
tis virus posttranscriptional regulatory element (WPRE) that is 
often included in lentiviral vectors to improve vector titer.9  We also 
show that hybrid vector integration via SB transposition results 
in a reduced frequency of integration into active genes relative to 
 integrase-proficient lentiviral vectors (ILVs).

RESULTS
IDLVs for transposon delivery and transient 
transposase expression
Consideration was given to the configuration of lentiviral  constructs 
incorporating a SB transposon. Incorporation of a transposon into 
a lentiviral vector backbone has the potential to truncate vector 
genome transcription in producer cells at a previously identified 
polyadenylation signal in the right IR of the transposon.10 This 
could have caused loss of downstream elements, including the 
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Rationale: Lentiviral vectors enter cells with high efficiency and deliver stable 
transduction through integration into host chromosomes, but their preference for 
integration within actively transcribing genes has been reported.
Sleeping Beauty (SB) transposase does not exhibit a preference for integration 
within active genes. 

Hypothesis: it has been hypothesized that SB transposase may change the 
integration profile of lentiviral vectors

Aim: to change lentiviral integration profile by using the SB integration profile 



changing the integration profile of 
lentiviral vectors

SB has been developed as a vector by substituting the transposase coding 
sequence with a transgene expression cassette (SB-vector). Following 
delivery to cells, the transposase protein is provided in trans to mediate cut-
and-paste transposition of the transgene into the target cell genome (Tp 
provided in trans). 
Cleavage is dependent upon the presence of flanking TA dinucleotides 
and is enhanced when the transposon is flanked by TATA motifs.
SB integration occurs exclusively at TA dinucleotides, and DNA repair following 
integration results in a duplication signature with TA dinucleotides on either side 
of the transposon.
Importantly, integration occurs within genes at a frequency close to that 
expected from random integration and is not biased toward actively 
transcribing genes. 
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3a-HIV-LTR. To investigate this possibility, we constructed IDLVs 
in which a transposon (T) containing an enhanced green fluores-
cent protein (eGFP) expression cassette was inserted in either the 
forward or reverse orientation with respect to the lentiviral back-
bone (IDLV-TeGFP forward and IDLV-TeGFP reverse, Figure 1a). 
Vector titer was determined by transduction of HEK293T cells 
and quantification of eGFP-positive cells by flow cytometry after 
48 hours. Interestingly, vector titers were notably reduced when the 
transposon was in the reverse orientation (9.9 × 105 transducing 
units/ml) relative to the lentiviral backbone compared to the forward 
orientation (3.4 × 108 transducing units/ml), and thus the forward 
 orientated constructs were used in all subsequent experiments.

Although incorporation of transposon and transposase 
 elements into the same plasmid vector has been reported,11 we rea-
soned that transposase expression from a separate, independent 
lentiviral vector (Figure 1b) would enable optimization of the 

transposon-transposase ratio in target cells. It was also necessary 
to demonstrate transience of transposase expression in order to 
minimize the risk of transposon remobilization. IDLVs are able to 
mediate transient transgene expression in dividing cell populations 
through dilution of the episomal vector genome copy number 
 during cell division.12 We generated an ILV and an IDLV for 
 transposase expression, ILV-SB11 and IDLV-SB11, and analyzed 
transposase expression over time by western blotting of  samples 
from HeLa cells transduced with these vectors (Figure 2 ). The level 
of transposase expression mediated by ILV-SB11 was  highest after 
2 days and as expected remained stable thereafter. When expressed 
from IDLV-SB11, transposase was readily detectable within 2 days 
of transduction but subsequently declined, becoming undetectable 
by day 7. Thus, transient transposase expression can be achieved 
by IDLV delivery, and this should minimize the risk of subsequent 
remobilization of the transposon cassette.
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Figure 1  Constructs and experimental strategy. (a) Lentiviral vector constructs. LV-SB11 carries a Sleeping Beauty transposase expression  cassette.
LV-TeGFP FWD and LV-TeGFP REV carry a Sleeping Beauty transposon containing an eGFP expression cassette that is in the sense and  antisense 
 orientations respectively. LV-TNEO carries a Sleeping Beauty transposon containing a neomycin phosphotransferase expression cassette in the sense 
orientation. CMV, immediate early promoter of human cytomegalovirus; cPPT, central polypurine tract; eGFP, enhanced green fluorescent protein; FWD, 
forward; IL, Sleeping Beauty transposon left inverted repeat; IR, Sleeping Beauty transposon right inverted repeat; LV, lentiviral vector; neo, neomycin- 
phosphotransferase gene; pA, SV40 polyadenylation signal; REV, reverse; SB11, hyperactive Sleeping Beauty transposase; SFFV; spleen focus forming virus 
LTR promoter; SIN, self-inactivating (U3 -deleted) HIV-1 long terminal repeat; SV40, simian virus 40 promoter; TeGFP, transposon with enhanced green 
fluorescent protein; TNEO, transposon with neomycin resistance; WPRE, woodchuck posttranscriptional regulatory element. (b) Experimental strategy 
used in this study. Cells are cotransduced with integrase-deficient lentiviral vectors carrying the Sleeping Beauty transposase and transposon. Transposase 
protein is expressed and localized to the nucleus where it binds to the transposon inverted repeats and catalyzes excision of the transposon from epi-
somal lentiviral DNA. The excised transposon is mobile and able to subsequently reintegrate elsewhere, for example, into a host cell chromosome.

to establish the optimal orientation of the SB within the IDVL vector

eGFP, expression cassette was inserted in either the forward or reverse 
orientation with respect to the lentiviral back- bone (IDLV-TeGFP forward and 
IDLV-TeGFP reverse. 

vector titers were notably reduced when the transposon was in the reverse 
orientation (9.9 � 105 transducing units/ml) relative to the lentiviral backbone 
compared to the forward orientation (3.4 � 108 transducing units/ml), and thus 
the forward orientated constructs were used in all subsequent experiments
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3a-HIV-LTR. To investigate this possibility, we constructed IDLVs 
in which a transposon (T) containing an enhanced green fluores-
cent protein (eGFP) expression cassette was inserted in either the 
forward or reverse orientation with respect to the lentiviral back-
bone (IDLV-TeGFP forward and IDLV-TeGFP reverse, Figure 1a). 
Vector titer was determined by transduction of HEK293T cells 
and quantification of eGFP-positive cells by flow cytometry after 
48 hours. Interestingly, vector titers were notably reduced when the 
transposon was in the reverse orientation (9.9 × 105 transducing 
units/ml) relative to the lentiviral backbone compared to the forward 
orientation (3.4 × 108 transducing units/ml), and thus the forward 
 orientated constructs were used in all subsequent experiments.

Although incorporation of transposon and transposase 
 elements into the same plasmid vector has been reported,11 we rea-
soned that transposase expression from a separate, independent 
lentiviral vector (Figure 1b) would enable optimization of the 

transposon-transposase ratio in target cells. It was also necessary 
to demonstrate transience of transposase expression in order to 
minimize the risk of transposon remobilization. IDLVs are able to 
mediate transient transgene expression in dividing cell populations 
through dilution of the episomal vector genome copy number 
 during cell division.12 We generated an ILV and an IDLV for 
 transposase expression, ILV-SB11 and IDLV-SB11, and analyzed 
transposase expression over time by western blotting of  samples 
from HeLa cells transduced with these vectors (Figure 2 ). The level 
of transposase expression mediated by ILV-SB11 was  highest after 
2 days and as expected remained stable thereafter. When expressed 
from IDLV-SB11, transposase was readily detectable within 2 days 
of transduction but subsequently declined, becoming undetectable 
by day 7. Thus, transient transposase expression can be achieved 
by IDLV delivery, and this should minimize the risk of subsequent 
remobilization of the transposon cassette.
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Figure 1  Constructs and experimental strategy. (a) Lentiviral vector constructs. LV-SB11 carries a Sleeping Beauty transposase expression  cassette.
LV-TeGFP FWD and LV-TeGFP REV carry a Sleeping Beauty transposon containing an eGFP expression cassette that is in the sense and  antisense 
 orientations respectively. LV-TNEO carries a Sleeping Beauty transposon containing a neomycin phosphotransferase expression cassette in the sense 
orientation. CMV, immediate early promoter of human cytomegalovirus; cPPT, central polypurine tract; eGFP, enhanced green fluorescent protein; FWD, 
forward; IL, Sleeping Beauty transposon left inverted repeat; IR, Sleeping Beauty transposon right inverted repeat; LV, lentiviral vector; neo, neomycin- 
phosphotransferase gene; pA, SV40 polyadenylation signal; REV, reverse; SB11, hyperactive Sleeping Beauty transposase; SFFV; spleen focus forming virus 
LTR promoter; SIN, self-inactivating (U3 -deleted) HIV-1 long terminal repeat; SV40, simian virus 40 promoter; TeGFP, transposon with enhanced green 
fluorescent protein; TNEO, transposon with neomycin resistance; WPRE, woodchuck posttranscriptional regulatory element. (b) Experimental strategy 
used in this study. Cells are cotransduced with integrase-deficient lentiviral vectors carrying the Sleeping Beauty transposase and transposon. Transposase 
protein is expressed and localized to the nucleus where it binds to the transposon inverted repeats and catalyzes excision of the transposon from epi-
somal lentiviral DNA. The excised transposon is mobile and able to subsequently reintegrate elsewhere, for example, into a host cell chromosome.

The transposon vector and transposase are provided by separate, independent 
lentiviral vectors
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3a-HIV-LTR. To investigate this possibility, we constructed IDLVs 
in which a transposon (T) containing an enhanced green fluores-
cent protein (eGFP) expression cassette was inserted in either the 
forward or reverse orientation with respect to the lentiviral back-
bone (IDLV-TeGFP forward and IDLV-TeGFP reverse, Figure 1a). 
Vector titer was determined by transduction of HEK293T cells 
and quantification of eGFP-positive cells by flow cytometry after 
48 hours. Interestingly, vector titers were notably reduced when the 
transposon was in the reverse orientation (9.9 × 105 transducing 
units/ml) relative to the lentiviral backbone compared to the forward 
orientation (3.4 × 108 transducing units/ml), and thus the forward 
 orientated constructs were used in all subsequent experiments.

Although incorporation of transposon and transposase 
 elements into the same plasmid vector has been reported,11 we rea-
soned that transposase expression from a separate, independent 
lentiviral vector (Figure 1b) would enable optimization of the 

transposon-transposase ratio in target cells. It was also necessary 
to demonstrate transience of transposase expression in order to 
minimize the risk of transposon remobilization. IDLVs are able to 
mediate transient transgene expression in dividing cell populations 
through dilution of the episomal vector genome copy number 
 during cell division.12 We generated an ILV and an IDLV for 
 transposase expression, ILV-SB11 and IDLV-SB11, and analyzed 
transposase expression over time by western blotting of  samples 
from HeLa cells transduced with these vectors (Figure 2 ). The level 
of transposase expression mediated by ILV-SB11 was  highest after 
2 days and as expected remained stable thereafter. When expressed 
from IDLV-SB11, transposase was readily detectable within 2 days 
of transduction but subsequently declined, becoming undetectable 
by day 7. Thus, transient transposase expression can be achieved 
by IDLV delivery, and this should minimize the risk of subsequent 
remobilization of the transposon cassette.
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3a-HIV-LTR. To investigate this possibility, we constructed IDLVs 
in which a transposon (T) containing an enhanced green fluores-
cent protein (eGFP) expression cassette was inserted in either the 
forward or reverse orientation with respect to the lentiviral back-
bone (IDLV-TeGFP forward and IDLV-TeGFP reverse, Figure 1a). 
Vector titer was determined by transduction of HEK293T cells 
and quantification of eGFP-positive cells by flow cytometry after 
48 hours. Interestingly, vector titers were notably reduced when the 
transposon was in the reverse orientation (9.9 × 105 transducing 
units/ml) relative to the lentiviral backbone compared to the forward 
orientation (3.4 × 108 transducing units/ml), and thus the forward 
 orientated constructs were used in all subsequent experiments.

Although incorporation of transposon and transposase 
 elements into the same plasmid vector has been reported,11 we rea-
soned that transposase expression from a separate, independent 
lentiviral vector (Figure 1b) would enable optimization of the 

transposon-transposase ratio in target cells. It was also necessary 
to demonstrate transience of transposase expression in order to 
minimize the risk of transposon remobilization. IDLVs are able to 
mediate transient transgene expression in dividing cell populations 
through dilution of the episomal vector genome copy number 
 during cell division.12 We generated an ILV and an IDLV for 
 transposase expression, ILV-SB11 and IDLV-SB11, and analyzed 
transposase expression over time by western blotting of  samples 
from HeLa cells transduced with these vectors (Figure 2 ). The level 
of transposase expression mediated by ILV-SB11 was  highest after 
2 days and as expected remained stable thereafter. When expressed 
from IDLV-SB11, transposase was readily detectable within 2 days 
of transduction but subsequently declined, becoming undetectable 
by day 7. Thus, transient transposase expression can be achieved 
by IDLV delivery, and this should minimize the risk of subsequent 
remobilization of the transposon cassette.
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Figure 1  Constructs and experimental strategy. (a) Lentiviral vector constructs. LV-SB11 carries a Sleeping Beauty transposase expression  cassette.
LV-TeGFP FWD and LV-TeGFP REV carry a Sleeping Beauty transposon containing an eGFP expression cassette that is in the sense and  antisense 
 orientations respectively. LV-TNEO carries a Sleeping Beauty transposon containing a neomycin phosphotransferase expression cassette in the sense 
orientation. CMV, immediate early promoter of human cytomegalovirus; cPPT, central polypurine tract; eGFP, enhanced green fluorescent protein; FWD, 
forward; IL, Sleeping Beauty transposon left inverted repeat; IR, Sleeping Beauty transposon right inverted repeat; LV, lentiviral vector; neo, neomycin- 
phosphotransferase gene; pA, SV40 polyadenylation signal; REV, reverse; SB11, hyperactive Sleeping Beauty transposase; SFFV; spleen focus forming virus 
LTR promoter; SIN, self-inactivating (U3 -deleted) HIV-1 long terminal repeat; SV40, simian virus 40 promoter; TeGFP, transposon with enhanced green 
fluorescent protein; TNEO, transposon with neomycin resistance; WPRE, woodchuck posttranscriptional regulatory element. (b) Experimental strategy 
used in this study. Cells are cotransduced with integrase-deficient lentiviral vectors carrying the Sleeping Beauty transposase and transposon. Transposase 
protein is expressed and localized to the nucleus where it binds to the transposon inverted repeats and catalyzes excision of the transposon from epi-
somal lentiviral DNA. The excised transposon is mobile and able to subsequently reintegrate elsewhere, for example, into a host cell chromosome.

Transposase protein is expressed, localized to 
the nucleus, binds to the transposon IR and 
catalyzes excision of the transposon from epi
somal lentiviral DNA. The excised transposon is 
mobile and able to subsequently reintegrate 
elsewhere, into a host cell chromosome

Cells are cotransduced with integrasedeficient lentiviral vectors carrying the 
Sleeping Beauty transposase and transposon. 
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Optimization of transposase expression enhances 
transposition from a hybrid SB-lentivirus vector
It has been previously reported that the optimal rate of SB 
 transposition from plasmid DNA occurs within a defined 
 transposase concentration range.13 To investigate this in the con-
text of SB-IDLV hybrid vectors, we used an integration assay1 in 
which a neomycin phosphotransferase cassette for G418 selection 
replaced the eGFP cassette (pLV-TNEO, Figure 1a). In order to 
determine the optimal conditions for transposition from an IDLV 
backbone, double titration experiments were performed in HeLa 
cells in which both transposon and transposase levels were  varied 
and integration frequency was determined by G418-resistant 
colony counting (Figure 3). Transfection of both transposon and 
transposase plasmids resulted in gene marking of 1.4 p 0.4% at 

the optimal transposase concentration, with a background (no 
transposase) rate of 0.4 p 0.2% (Figure 3a,b). Transposition from 
transposon plasmid driven by IDLV-SB11 led to optimal gene 
marking of 3.1 p 0.4% (background 0.5 p 0.2%) (Figure 3c,d). 
When both transposon and transposase were delivered by IDLV 
transduction, the highest rate of gene marking observed was 2.6 p 
0.2% with background integration of 1.35 p 0.6% (Figure 3e,f). 
These data confirm the feasibility of IDLV-mediated delivery of 
the SB transposon and transposase to target cells. Double titration 
of transposase and transposon template revealed optimal ranges 
for transposase activity and suggest that at very high levels, there 
may be inhibitory or toxic phenomena that reduce transposition.

Characteristic TA signatures confirm SB  
transposition from IDLVs
G418-resistant HeLa cell colonies were produced by transduction 
with ILV-TNEO or IDLV-TNEO alone, IDLV-TNEO plus IDLV-
SB11, or transfection with plasmids pLV-TNEO plus pLV-SB11 
under the previously optimized conditions. Integration sites were 
 recovered from surviving colonies using ligation-mediated PCR. 
ILV-specific primers in the HIV-1 LTR were used for cells transduced 
with ILV-TNEO or IDLV-TNEO alone. Transposon-specific prim-
ers in the transposon IR were used for cells transfected with the two 
SB-plasmids or transduced with both SB-IDLV vectors.

A BLAT search of the recovered sequences against the 
University of California at Santa Cruz human genome was 
used to identify junctions between chromosomal DNA and the 
transposon IR or the viral 3a-LTR. In total, 752 integration sites 
mapping to unique genomic positions were obtained from cells 
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Figure 2  Western blot for expression of transposase from  lentiviral 
vectors. Integrase-proficient ILV-SB11 and integrase-deficient IDLV-SB11  
transposase expression vectors were prepared in parallel and  concentrated 
by ultracentrifugation. 106  HeLa cells were transduced with 0.5  µg p24 
of vector per well. At 1, 2, 3, and 7 days post-transduction, cells were 
trypsinized and pellets of equal cell number were frozen for subsequent 
determination of protein expression by western blot. IDLV, integrase-
deficient lentiviral vector; ILV, integrase-proficient lentiviral vector;  
U, untransduced.
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Figure 3  Efficiency of chromosomal integration. 105  HeLa cells were transduced or transfected with Sleeping Beauty components in a double 
 titration integration assay. The transposon amounts tested are given by the y-axis labels in a, c, and e, whereas the transposase amounts are given 
by the x-axis labels. All transposon-transposase combinations were tested, and each combination was tested in triplicate. (a) Plasmid transposon, 
plasmid transposase; (b) cross-section at transposon plasmid mass was 4 µg; (c) plasmid transposon, IDLV transposase; (d) cross-section at transposon 
plasmid mass was 2 µg; (e) IDLV transposon, IDLV transposase; (f) cross-section where the SB-IDLV vector dose was 1.2 µg p24. The rate of integra-
tion was assessed by the number of G418 -resistant colonies formed and is expressed as a percentage of the transduced or transfected cell number 
assuming 100% plating efficiency. IDLV, integrase-deficient lentiviral vector; SB11, hyperactive Sleeping Beauty transposase.

Integraseproficient ILVSB11 and integrasedeficient IDLVSB11 transposase 
expression vectors were prepared in parallel and concentrated by 
ultracentrifugation. 106 HeLa cells were transduced with 0.5μg of vector DNA 
per well. At 1, 2, 3, and 7 days posttransduction, cells were trypsinized and 
pellets of equal cell number were frozen for subsequent determination of 
protein expression by western blot.
IDLV, integrasedeficient lentiviral vector; ILV, integraseproficient lentiviral 
vector; U, untransduced.

day post transduction

Untrasduced         integrase +              integrase deficient
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Optimization of transposase expression enhances 
transposition from a hybrid SB-lentivirus vector
It has been previously reported that the optimal rate of SB 
 transposition from plasmid DNA occurs within a defined 
 transposase concentration range.13 To investigate this in the con-
text of SB-IDLV hybrid vectors, we used an integration assay1 in 
which a neomycin phosphotransferase cassette for G418 selection 
replaced the eGFP cassette (pLV-TNEO, Figure 1a). In order to 
determine the optimal conditions for transposition from an IDLV 
backbone, double titration experiments were performed in HeLa 
cells in which both transposon and transposase levels were  varied 
and integration frequency was determined by G418-resistant 
colony counting (Figure 3). Transfection of both transposon and 
transposase plasmids resulted in gene marking of 1.4 p 0.4% at 

the optimal transposase concentration, with a background (no 
transposase) rate of 0.4 p 0.2% (Figure 3a,b). Transposition from 
transposon plasmid driven by IDLV-SB11 led to optimal gene 
marking of 3.1 p 0.4% (background 0.5 p 0.2%) (Figure 3c,d). 
When both transposon and transposase were delivered by IDLV 
transduction, the highest rate of gene marking observed was 2.6 p 
0.2% with background integration of 1.35 p 0.6% (Figure 3e,f). 
These data confirm the feasibility of IDLV-mediated delivery of 
the SB transposon and transposase to target cells. Double titration 
of transposase and transposon template revealed optimal ranges 
for transposase activity and suggest that at very high levels, there 
may be inhibitory or toxic phenomena that reduce transposition.

Characteristic TA signatures confirm SB  
transposition from IDLVs
G418-resistant HeLa cell colonies were produced by transduction 
with ILV-TNEO or IDLV-TNEO alone, IDLV-TNEO plus IDLV-
SB11, or transfection with plasmids pLV-TNEO plus pLV-SB11 
under the previously optimized conditions. Integration sites were 
 recovered from surviving colonies using ligation-mediated PCR. 
ILV-specific primers in the HIV-1 LTR were used for cells transduced 
with ILV-TNEO or IDLV-TNEO alone. Transposon-specific prim-
ers in the transposon IR were used for cells transfected with the two 
SB-plasmids or transduced with both SB-IDLV vectors.

A BLAT search of the recovered sequences against the 
University of California at Santa Cruz human genome was 
used to identify junctions between chromosomal DNA and the 
transposon IR or the viral 3a-LTR. In total, 752 integration sites 
mapping to unique genomic positions were obtained from cells 
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Figure 2  Western blot for expression of transposase from  lentiviral 
vectors. Integrase-proficient ILV-SB11 and integrase-deficient IDLV-SB11  
transposase expression vectors were prepared in parallel and  concentrated 
by ultracentrifugation. 106  HeLa cells were transduced with 0.5  µg p24 
of vector per well. At 1, 2, 3, and 7 days post-transduction, cells were 
trypsinized and pellets of equal cell number were frozen for subsequent 
determination of protein expression by western blot. IDLV, integrase-
deficient lentiviral vector; ILV, integrase-proficient lentiviral vector;  
U, untransduced.
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Figure 3  Efficiency of chromosomal integration. 105  HeLa cells were transduced or transfected with Sleeping Beauty components in a double 
 titration integration assay. The transposon amounts tested are given by the y-axis labels in a, c, and e, whereas the transposase amounts are given 
by the x-axis labels. All transposon-transposase combinations were tested, and each combination was tested in triplicate. (a) Plasmid transposon, 
plasmid transposase; (b) cross-section at transposon plasmid mass was 4 µg; (c) plasmid transposon, IDLV transposase; (d) cross-section at transposon 
plasmid mass was 2 µg; (e) IDLV transposon, IDLV transposase; (f) cross-section where the SB-IDLV vector dose was 1.2 µg p24. The rate of integra-
tion was assessed by the number of G418 -resistant colonies formed and is expressed as a percentage of the transduced or transfected cell number 
assuming 100% plating efficiency. IDLV, integrase-deficient lentiviral vector; SB11, hyperactive Sleeping Beauty transposase.

The rate of integration was assessed by the number of G418resistant colonies 
formed. Data are expressed as a percentage of G418R cells.

When both transposon and transposase were delivered by IDLV 
transduction, the highest rate of gene marking observed was 2.6 � 0.2% 

SB11 delivery by plasmid SB11 delivery by lentivirus
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transfected with the two SB-plasmids (SB-plasmid sites), and 
transposase-mediated integration was confirmed by the  presence 
of a characteristic TA dinucleotide signature in the chromo-
somal DNA immediately flanking the integrated transposon 
(Supplementary Table S1 and representative examples shown in 
Figure 4a). Similar transposon-chromosome junction signatures 
were found at 161 sites from cells transduced with both SB-IDLVs 
(SB-IDLV sites), confirming transposition events. In addition, 976 
LTR-chromosome junctions were isolated from cells transduced 
with ILV-TNEO, and only 10 such sites were recovered from cells 
transduced with IDLV-TNEO alone. Background integration of 
IDLVs has been previously shown to result in different junctions 
to those produced by integrase-mediated integration.14

The primary DNA sequence immediately flanking each site was 
scanned for base composition using the WebLogo sequence logo 
tool15 (Figure 4b). Transposon integration sites recovered from both 
SB-IDLV and SB-plasmid cells showed, in addition to the ubiquitous 
flanking TA dinucleotide, a weak palindromic integration site of the 
form 5a-ANA(TA)TNT-3a (ref. 6). By contrast, ILV integration sites 

showed a weak preference for a GT dinucleotide at the first two bases 
downstream of the integration site, as has been previously  reported.16 
Overall, these results provide evidence that episomal lentiviral DNA 
can act as a suitable substrate for SB transposition.

Integration site profile of SB transposition from IDLVs
Mapping integration sites with respect to chromosomes demon-
strated that all three delivery systems integrated widely across 

Table 1  Integration profiles of vectors relative to RefSeq genes

Vector type
Number of  

integration sites
Sites within  
genes (%)

ILV 976 76.9

SB-IDLV 161 53.4

SB-plasmid 752 42.7

Random 1,000 34.2
Abbreviations: IDLV, integrase-deficient lentiviral vector; ILV, integrase-proficient 
lentiviral vector; SB, Sleeping Beauty.

AAATCTCTAGCAGCAGCAGTTCGTGCTGTGACTTCACTTC
AAATCTCTAGCAGTCAAGCATAAAAGTTAAAATAATTTAT
AAATCTCTAGCAGGTGTCTACCTTGTCAAGCCTATGTTTG
AAATCTCTAGCAGTATGGTTATATTTTTCCTGGTCTAAGG

CGACTTCAACTGTATGTCTACTTTTCTACATTGGTTGGAT
CGACTTCAACTGTATGTATAGCCTTTTACTTGTTTGAGCC
CGACTTCAACTGTAATTTAATTAAATACTGCCAACTTCCC
CGACTTCAACTGTATATATGTGTGTATATATATGTATATA

CGACTTCAACTGTAGAAAGCATTGGTTGTCTTTCATCTGG
CGACTTCAACTGTATGTACCTATGACAACAAATGTACCAT
CGACTTCAACTGTATCTCAAGTCAGAGTCACTTGACAAAT
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Figure 4  Primary sequence at integration sites. (a) Sample junction sequences of integration sites recovered by ligation-mediated PCR. 
 The  beginning of the flanking chromosomal sequence is shown for illustration. Virus LTR or transposon IR sequence is shown in bold, and flanking 
chromosomal DNA is shown in normal type. (b) A sequence logo was generated using the WebLogo tool to identify preferred base pair usage at the 
three integration site types. Position 0 denotes the first base of the flanking chromosomal sequence 3’ of the integration site. ILV, integrating lentiviral 
vector; SB-IDLV, hybrid Sleeping Beauty–integrase-deficient lentiviral vector; SB-plasmid, Sleeping Beauty plasmid vector.

G418-resistant HeLa cell colonies were produced by transduction with ILV-TNEO or 

IDLV-TNEO alone, IDLV-TNEO plus IDLV- SB11, or transfection with plasmids pLV-

TNEO plus pLV-SB11 under the previously optimized conditions. Integration sites 

were recovered from surviving colonies using ligation-mediated PCR
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transfected with the two SB-plasmids (SB-plasmid sites), and 
transposase-mediated integration was confirmed by the  presence 
of a characteristic TA dinucleotide signature in the chromo-
somal DNA immediately flanking the integrated transposon 
(Supplementary Table S1 and representative examples shown in 
Figure 4a). Similar transposon-chromosome junction signatures 
were found at 161 sites from cells transduced with both SB-IDLVs 
(SB-IDLV sites), confirming transposition events. In addition, 976 
LTR-chromosome junctions were isolated from cells transduced 
with ILV-TNEO, and only 10 such sites were recovered from cells 
transduced with IDLV-TNEO alone. Background integration of 
IDLVs has been previously shown to result in different junctions 
to those produced by integrase-mediated integration.14

The primary DNA sequence immediately flanking each site was 
scanned for base composition using the WebLogo sequence logo 
tool15 (Figure 4b). Transposon integration sites recovered from both 
SB-IDLV and SB-plasmid cells showed, in addition to the ubiquitous 
flanking TA dinucleotide, a weak palindromic integration site of the 
form 5a-ANA(TA)TNT-3a (ref. 6). By contrast, ILV integration sites 

showed a weak preference for a GT dinucleotide at the first two bases 
downstream of the integration site, as has been previously  reported.16 
Overall, these results provide evidence that episomal lentiviral DNA 
can act as a suitable substrate for SB transposition.

Integration site profile of SB transposition from IDLVs
Mapping integration sites with respect to chromosomes demon-
strated that all three delivery systems integrated widely across 
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SB-plasmid 752 42.7

Random 1,000 34.2
Abbreviations: IDLV, integrase-deficient lentiviral vector; ILV, integrase-proficient 
lentiviral vector; SB, Sleeping Beauty.
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Figure 4  Primary sequence at integration sites. (a) Sample junction sequences of integration sites recovered by ligation-mediated PCR. 
 The  beginning of the flanking chromosomal sequence is shown for illustration. Virus LTR or transposon IR sequence is shown in bold, and flanking 
chromosomal DNA is shown in normal type. (b) A sequence logo was generated using the WebLogo tool to identify preferred base pair usage at the 
three integration site types. Position 0 denotes the first base of the flanking chromosomal sequence 3’ of the integration site. ILV, integrating lentiviral 
vector; SB-IDLV, hybrid Sleeping Beauty–integrase-deficient lentiviral vector; SB-plasmid, Sleeping Beauty plasmid vector.

RANDOM, the integration of the Neo gene is not driven by any specific mechanisms (no 
lentiviral, nor SB)
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the entire genome (Figure 5a). Bioinformatic comparison of 
 integration sites at the gene level revealed three key features of 
hybrid vector integration.

1. The proportion of ILV integration sites within RefSeq 
genes was 77%, much greater than that for SB-IDLV (53%) 
or SB-plasmid (43%) (P < 0.01). After generating 1,000 
 random integration sites by bioinformatics, we estimated 

the expected rate of random integration within genes to 
be 34% (Table 1 ). Thus, both SB-plasmid and SB-IDLV 
 integration exhibited a smaller but significant bias 
(P < 0.01) toward genes, and this phenomenon has been 
 previously described for SB-plasmid systems.6

2. When integrations within genes were mapped  relative 
to their position within the gene or upstream region 
 (Figure 5b), no bias toward transcription start sites was 
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Figure 5  Integration profiles of vector types. 105  HeLa cells per well were transduced with ILV-TNEO at multiplicity of infection 0.01 (ILV sites, top 
line), transduced with 1.2 µg p24 IDLV-TNEO and 0.13 µg IDLV-SB11 (SB-IDLV sites, middle line), or transfected with 4 µg pLV-TNEO and 1 µg pLV-SB11 
(SB-plasmid sites, bottom line). Cells were incubated in nonselective medium for 3 days followed by a two-week incubation in medium containing 
1 mg/ml G418. Genomic DNA was extracted and transposon-chromosome or lentivirus-chromosome junctions were recovered by  ligation-mediated 
PCR and sequenced. (a) Sequences were mapped to the University of California at Santa Cruz (UCSC) human genome by BLAT search and  integration 
sites were depicted relative to chromosomes using the UCSC Genome Graphs tool. Note that HeLa cells are karyotypically abnormal. (b) Intragenic posi-
tion of integration sites within genes. RefSeq genes containing integration sites were divided by length into 10 equally sized regions and a 5  kb upstream 
region, and the proportion of integration sites within each region was counted. To allow statistical comparison of integration preferences with average 
genomic content, 1,000 random chromosomal sites were generated by multiplying the total length of the genome by a random  number between  
0 and 1 and converting this value to a chromosomal coordinate. Vector integration frequencies are expressed relative to the proportion of random sites 
within each region. (c) Transcriptional activity of genes containing integration sites. All RefSeq genes were scored for transcription in HeLa cells using a 
published microarray dataset. All genes were then assigned to one of three transcription levels (containing equal numbers of genes) to give low, medium, 
and highly transcribed genes. Integration sites within genes were then scored according to whether the hit gene was transcribed at a low, medium, 
or high level. For each vector type, the number of intragenic sites per transcription level is expressed as a percentage of the total number of intragenic 
sites. A dashed line at 33.3% of sites is included to show theoretically equal distribution of sites between the  transcription levels. ILV, integrating lentiviral 
vector; SB-IDLV, hybrid Sleeping Beauty–integrase-deficient lentiviral vector; TNEO, transposon with neomycin resistance.

All RefSeq genes were scored for transcription in HeLa 
cells using a published microarray dataset. All genes 
were then assigned to one of three transcription levels 
(containing equal numbers of genes) to give low, 
medium, and highly transcribed genes. Integration sites 
within genes were then scored according to whether the 
hit gene was transcribed at a low, medium, or high 
level. For each vector type, the number of intragenic 
sites per transcription level is expressed as a 
percentage of the total number of intragenic sites. 

RefSeq genes containing integration 
sites were divided by length into 10 
equally sized regions and a 5 kb 
upstream region, and the proportion of 
integration sites within each region 
was counted.

Intragenic position of integration sites 
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SUMMARY

The proportion of ILV (integrating lentiviral vectors) integration sites within RefSeq 

genes was (77%) greater than that for SB-IDLV (53%) or SB-plasmid (43%) (P < 

0.01). Random integration was 34%.

When integrations within genes were mapped relative to their position within the 

gene or upstream region no bias toward transcription start sites was detected 

and no significant variation in integration pattern  was observed along the 
length of the gene.

Lentiviral vector integration occurs preferentially within transcriptionally active 

genes. When considering only genes containing integration sites, ILV integration 
exhibited a clear preference for genes with high levels of transcriptional 
activity (P < 0.01), whereas SB-IDLV and SB-plasmid integration showed no 
bias toward any particular level of transcription, and resembled the profile 

generated for random integration events.



viruses (hybrid transposon/virus vectors). The transpo-
sase can be also supplied in the form of an mRNA.

It is widely believed that naturally occurring transpo-
sons have not been selected for the highest possible
activity, and are strongly down regulated. Since trans-
posons co-exist with their hosts, transposition activity is
regulated in order to avoid insertional inactivation of
essential genes. Low intrinsic activity, self-regulation
and interaction with cellular host factors appear to
allow wild type transposons to persist in the host with-
out producing serious levels of genetic damage. To
derive an optimal molecular tool, it was necessary to
optimize both components of the SB system.

Optimization efforts generated several hyperactive
variants of the SB transposase (Baus et al., 2005;

Geurts et al., 2003; Mates et al., 2009; Voigt et al., 2016;
Yant et al., 2004; Zayed et al., 2004) (Figure 6).
Molecular evolution was used to generate the hyper-
active SB100X (Mates et al., 2009) (Figure 6). SB100X is
now a component of the first plasmid-based vector sys-
tem that is able to overcome the efficacy problem of
non-viral vectors, and can transfer genes at an efficiency
comparable to integrating viral systems even in stem
and progenitors cells (Mates et al., 2009). SB100X carries
a combination of nine amino acid substitutions, scat-
tered along the coding sequence of the transposase
(Figure 6). Curiously, the individually hyperactive single
amino acid changes cannot be freely combined, and
only a fraction of hyperactive mutations are compatible
with each other (“friendly” mutations). In principle,

Figure 5. Sleeping Beauty transposon-based applications. SB was successfully used for germline transgenesis, in various models
(fish1, frog2, rat3, mouse4, rabbit5, pig6, cow7 and sea squirt8). The SB system has been employed for somatic gene delivery in
various vertebrates, but also in a tick (insect) cell line, ISE6. SB-based gene delivery has been used in several preclinical animal
models. Alternatively, the mutagenic version of the SB can be employed in functional genomics. Insertional mutagenesis screens
can be used to annotate genes in somatic cells (oncogenomics) or in the germline. Abbreviations: eNOS: endothelial nitric oxide
synthase; hUGT1A1: human uridinediphosphoglucuronate glucuronosyltransferase-1A1; statin-AE: angiostatin–endostatin fusion
cassette; DMD: Duchenne muscular dystrophy; DYSF: dysferlin; IDUA: a-L-iduronidase; FAH: fumarylacetoacetate hydrolase; INS:
insulin; L/VDLRs: low-density lipoprotein and very-low-density lipoprotein receptors; miR–29: micro RNA 29; IOD: indoleamine-2,3
dioxygenase; DsRed2: red fluorescent protein 2; GFPs: green fluorescent proteins; siMSTN: siRNA against myostatin; siHTT: siRNA
against Huntington; LAMB3: laminin subunit beta-3; HSVTK: herpes simplex virus thymidine kinase type 1 gene; BCP-ALL: B cell
precursor acute lymphoblastic leukemia). A color version of the figure is available online (see color version of this figure at www.
informahealthcare.com/bmg).
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Sleeping Beauty transposon-based applications. SB was successfully used for germline transgenesis, in various models (fish1, frog2, rat3, mouse4, 
rabbit5, pig6, cow7 and sea squirt8). The SB system has been employed for somatic gene delivery in various vertebrates, but also in a tick (insect) cell line, 
ISE6. SB-based gene delivery has been used in several preclinical animal models. Alternatively, the mutagenic version of the SB can be employed in 
functional genomics. Insertional mutagenesis screens can be used to annotate genes in somatic cells (oncogenomics) or in the germline. Abbreviations: 
eNOS: endothelial nitric oxide synthase; hUGT1A1: human uridinediphosphoglucuronate glucuronosyltransferase-1A1; statin-AE: angiostatin–endostatin 
fusion cassette; DMD: Duchenne muscular dystrophy; DYSF: dysferlin; IDUA: a-L-iduronidase; FAH: fumarylacetoacetate hydrolase; INS: insulin; 
L/VDLRs: low-density lipoprotein and very-low-density lipoprotein receptors; miR–29: micro RNA 29; IOD: indoleamine-2,3 dioxygenase; DsRed2: red 
fluorescent protein 2; GFPs: green fluorescent proteins; siMSTN: siRNA against myostatin; siHTT: siRNA against Huntington; LAMB3: laminin subunit 
beta-3; HSVTK: herpes simplex virus thymidine kinase type 1 gene; BCP-ALL: B cell precursor acute lymphoblastic leukemia). A color version of the figure 
is available online (see color version of this figure at www. informahealthcare.com/bmg).
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DMD: Duchenne muscular dystrophy; 
DYSF: dysferlin;

IDUA: a-L-iduronidase; 
FAH: fumarylacetoacetate hydrolase; 

INS: insulin; 
L/VDLRs: low-density lipoprotein and very-

low-density lipoprotein receptors;
IOD: indoleamine-2,3 dioxygenase;

LAMB3: laminin subunit beta-3; 
HSVTK: herpes simplex virus thymidine 

kinase type 1 gene;
BCP-ALL: B cell precursor acute 

lymphoblastic leukemia).



SB in clinical trials
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Lactococcus lactis 6 0.3

Lentivirus 114 5.2

Lipofection 115 5.2

Listeria monocytogenes 15 0.7

Measles virus 9 0.4

Modified Vaccinia Ankara virus (MVA) 7 0.3

mRNA Electroporation 4 0.2

Naked/Plasmid DNA 387 17.5

Naked/Plasmid DNA + Adenovirus 3 0.1

Naked/Plasmid DNA + Modified
Vaccinia Ankara virus (MVA)

2 0.1

Naked/Plasmid DNA + Vaccinia virus 3 0.1

Naked/Plasmid DNA + Vesicular
stomatitis virus

2 0.1

Newcastle disease virus 1 0

Non-viral 1 0

Poliovirus 1 0

Poxvirus 68 3.1

Poxvirus + Vaccinia virus 33 1.5

Retrovirus 417 18.9

RNA transfer 39 1.8

RNA virus 5 0.2

Saccharomyces cerevisiae 9 0.4

Salmonella typhimurium 4 0.2

Semliki forest virus 2 0.1

Sendai virus 4 0.2

Shigella dysenteriae 1 0

Simian Immunodeficiency Virus
(SIVagm)

1 0

Simian virus 40 1 0

siRNA 5 0.2

Sleeping Beauty transposon 10 0.5

Streptococcus mutans 1 0

Vaccinia virus 121 5.5

Venezuelan equine encephalitis virus
replicon

3 0.1

Vesicular stomatitis virus 3 0.1

Vibrio cholerae 1 0
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Number %

Adeno-associated virus 137 6.2

Adenovirus 480 21.7

Adenovirus + Modified vaccinia
Ankara virus (MVA)

11 0.5

Adenovirus + Retrovirus 3 0.1

Adenovirus + Sendai virus 1 0

Adenovirus + Vaccinia virus 8 0.4

Alphavirus (VEE) Replicon Vaccine 1 0

Antisense oligonucleotide 6 0.3

Bifidobacterium longum 1 0

E. coli 2 0.1

Flavivirus 8 0.4

Gene gun 5 0.2

Herpes simplex virus 73 3.3

Lactococcus lactis 6 0.3
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