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ABSTRACT

Advances in stem cell engineering, gene therapy and
molecular medicine often involve genome engineer-
ing at a cellular level. However, functionally large
or multi transgene cassette insertion into the hu-
man genome still remains a challenge. Current prac-
tices such as random transgene integration or tar-
geted endonuclease-based genome editing are sub-
optimal and might pose safety concerns. Taking this
into consideration, we previously developed a trans-
genesis tool derived from phage � integrase (Int)
that precisely recombines large plasmid DNA into an
endogenous sequence found in human Long INter-
spersed Elements-1 (LINE-1). Despite this advance-
ment, biosafety concerns associated with bacterial
components of plasmids, enhanced uptake and ef-
ficient transgene expression remained problematic.
We therefore further improved and herein report
a more superior Int-based transgenesis tool. This
novel Int platform allows efficient and easy deriva-
tion of sufficient amounts of seamless supercoiled
transgene vectors from conventional plasmids via
intramolecular recombination as well as subsequent
intermolecular site-specific genome integration into
LINE-1. Furthermore, we identified certain LINE-1
as preferred insertion sites for Int-mediated seam-
less vector transgenesis, and showed that targeted
anti-CD19 chimeric antigen receptor gene integration
achieves high-level sustained transgene expression
in human embryonic stem cell clones for potential
downstream therapeutic applications.

INTRODUCTION

Precise and safe genome engineering is critical for the
development of innovative cell-based products and has
an impact on biotechnology, gene/cell therapy, regen-
erative medicine and synthetic biology (1,2). However,
with currently available transgenesis platforms employ-
ing random genome integration, e.g. viral-/transposon-
based, or sequence-specific endonuclease-based tools such
as CRISPR, TALENs or ZFNs (3–7), it remains a diffi-
cult task to routinely achieve functional insertion of larger
DNA payloads. Furthermore, the efficiency of genome tar-
geting by these methods is inversely proportional to in-
sert size. For insertion strategies that involve linear donor
DNA, and in particular those comprising > 5kb multi-
gene constructs, illegitimate genome integration and/or in-
complete integrants are frequent byproducts (8–10). This
is further compounded by safety concerns, such as inser-
tional mutagenesis, transgene silencing, off-targets and un-
controlled genomic double-strand breaks (DSBs) (11–15).
Hence, there is a continuous strong demand for improved
methods for non-viral, sequence-specific genome insertion
in particular for large transgene cassettes.

With plasmid-based transgenesis, co-inserted prokary-
otic sequences can lead to interference with proper
transgene expression, elicit immune responses, and raise
biosafety concerns (16–21). Seamless vector transgenesis
therefore would serve as a progressive and tractable ap-
proach for various downstream applications. Ideally, cou-
pling of large seamless vector production with specific
genome targeting could lead to more cost effective, safer,
long-lasting expression of multi-transgenes or large thera-
peutic gene cassettes, preferably in combination with tar-
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geted recombination at ‘safe harbour sites’ for clinical ap-
plications (9,22).

To this end, designer endonucleases, such as ZFNs, TAL-
ENs and CRISPR/Cas9 enable targeted transgene inser-
tions (2,15,23–26), but the endonuclease-centric mechanis-
tic principle of transgene insertion relies on the genera-
tion of genomic DSBs at selected endogenous target se-
quences, followed by insertion of donor DNA templates
through either host cell-mediated homology-directed DNA
repair synthesis or non-homologous DNA end-joining
(3,8,23,27). Hence, this approach lacks control over the in-
sertion reaction and can lead to the introduction of indels
at non-targeted alleles, DSBs at off-target locations, DNA
damage signalling, chromosomal aberrations and genotoxic
effects (28–31).

Members of the integrase and resolvase/invertase site-
specific recombinase families, which do not rely on host cell
machineries to achieve transgenesis, are attractive alterna-
tives to designer endonucleases for use in higher eukaryotes
(32–36). However, only a few recombinase systems demon-
strated potential for transgene insertion into pre-existing
endogenous human genome sequences. In this context, the
bacteriophage phiC31 integrase is perhaps the most promi-
nent example, which can recombine circular target vectors
into so-called pseudo-attachment (pseudo-att) sites already
present in the human genome (37,38). There exist, how-
ever, several problems associated with phiC31 integrase-
catalyzed recombination at human genomic pseudo-att
sites, which include generation of indels flanking the in-
serted transgenic DNA, chromosomal aberrations triggered
by recombinase-induced DSBs at multiple pseudo-att sites,
low targeting efficiency and debatable true site-specific re-
combination events (39–41).

We previously reported a novel transgenesis tool for hu-
man genome engineering derived from the integration sys-
tem of phage � (42). A highly active, co-factor indepen-
dent � integrase (Int) variant (43,44) now presents itself as
a simple transgenesis tool for sequence-specific functional
transgene cassette insertion into the human genome (42).
The minimal 18bp-encompassing endogenous human tar-
get sequence resides within Long INterspersed Elements-1
(LINE-1) and is present in 933 copies scattered through-
out the human genome. This transgenesis system, which
so far employed bacterial plasmids as target vectors, has
been validated in various cell lines including human em-
bryonic stem cells (hESCs). At least some of the identi-
fied LINE-1 integration sites were considered ’safe harbour
sites’ that enabled sustained and regulated transgene expres-
sion in hESCs (42).

In this study, we present an advanced and comprehen-
sive �-Int platform that utilizes Int variants for both in vitro
and successive intracellular ex vivo recombination reactions.
Specifically, seamless target vectors devoid of bacterial se-
quences are first generated in vitro by intramolecular re-
combination and are subsequently integrated into LINE-
1 sequences inside various human cell types through Int-
mediated intermolecular recombination. Using this plat-
form, we identified several ‘hotspot’ LINE-1 targets. Fur-
thermore, we achieved high level expression of therapeu-
tic anti-CD19 chimeric antigen receptor (CAR) in hESCs.
Hence, our novel platform technology serves as a versatile

basis for future biotechnological and therapeutic applica-
tions.

MATERIALS AND METHODS

Cell lines

This study used human embryonic stem cell (hESC) line
‘Genea 047’ (Genea Biocells, Sydney, Australia) and cancer
cell line of HT1080 (fibrosarcoma).

Plasmids

Standard molecular cloning techniques were employed to
generate plasmids used in this work. High fidelity Pfu poly-
merase (Thermo Fisher Scientific) was used for PCR am-
plifications and E. coli DH5� was used for plasmid DNA
amplifications.

pattP4X-PGKssEGFP-attH4X was generated by PCR
amplification of the EGFP gene from pCMVssEGFP
(in-house), using the primers PstI EGFP and
NotI attH4X NheI bpa (includes attH4X sequence)
(all the primer sequences are listed in Supplementary Table
S1), followed by cloning into pattP4X-PGKssPuro between
PstI and NotI sites, thus replacing the Puro cassette with
the EGFP and attH4X sequence.

pattP4X-PGKssPuro-attH4X was generated by PCR
amplification of the Puro and polyA cassette from
pattP4X-PGKssPuro, using the primers Puro fwd PstI
and Puro rev XbaI, followed by cloning into pattP4X-
PGKssEGFP-attH4X between PstI and XbaI sites, thus re-
placing the EGFP with the Puro cassette.

pattP4X-PGKssCAR-attH4X was generated by PCR am-
plification of the CAR and poly A cassette from pVAX1-
αCD19BBZ (provided by Prof. Dario Campana), using the
primers CAR fwd NcoI and CAR rev XbaI, followed by
cloning into pattP4X-PGKss EGFP-attH4X between NcoI
and XbaI sites, thus replacing the EGFP with the CAR cas-
sette.

pattP4X-PGKssCAR-EF-GFP-attH4X was generated by
PCR amplification of the EF-EFGP cassette from pEF1-
EGFP (in-house), using the primers HR NheI EF fwd
and HR NheI Bgh rev that add homologous arms to
PCR product. PCR products were cloned into pattP4X-
PGKssCAR-attH4X between NheI sites by using In-Fusion
HD cloning kit (Takara Bio USA), thus adding EF-EGFP
cassette downstream of PGKssCAR cassette.

pattP4X-PGKssCAR-EF-Puro-attH4X was generated
by cleaving the GFP cassette from pattP4X-PGKssCAR-
EF-GFP-attH4X with the enzymes BamHI and EcoRI
and replacing it with PCR amplified puromycin cas-
sette using In-Fusion HD cloning kit (Takara Bio
USA). Puromycin cassette was amplified from pattP4X-
PGKssPuro-attH4X using primers Puro fwd BamHI HR
and Puro rev EcoRI HR.

Cell culture

HT1080 were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) growth medium supplemented with 10%
FBS, 1% L-glutamine and 100 U/ml of Penicillin and Strep-
tomycin each (Gibco, Life technologies) at 37◦C under 5%
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CO2 in humidified condition. For selection of puromycin-
resistant recombinants, puromycin (Gibco, Life technolo-
gies) was added in the growth medium (1�g/ml). Trypsin-
EDTA (Gibco, Life technologies) was used for detaching
the adherent cells for passaging.

Human Embryonic Stem Cells (GENEA 047) were cul-
tured at 37◦C under 5% CO2 and 5% O2 on Collagen
I coated cell culture dishes (Biocoat, Corning) in Genea
M2 Medium, (Genea Biocells, Sydney, Australia), sup-
plemented with Penicillin and Streptomycin at 25 U/ml
each (Gibco, Life technologies). For selection of recom-
binants and maintenance of targeted clones, Puromycin
(300ng/ml) (Gibco, Life technologies) was included in the
growth medium. For passaging or preparing cell suspension
for reverse transfections, adherent hESCs were rinsed with
1× PBS, detached by incubating at 37◦C for 3 min with pas-
saging solution (Genea Biocells) (with a volume of 100�l
per well of a six-well plate or 1 ml per 10 cm dish), dislodg-
ing cells by tapping and re-suspending the cells with at least
3× volume of Neutralization solution (Genea Biocells). Af-
ter counting the cells in a haemocytometer (Neubauer), they
were pelleted by centrifuging at 300 × g for 4 min and resus-
pended in Genea M2 Medium to the required cell density
and added drop-wise to Collagen I-coated dishes.

Transfections

For transfections in HT1080, 3 × 105 or 3 × 106 cells
were seeded per well of six-well plate (IWAKI, Japan) or
per 10 cm tissue culture dishes (TPP, Switzerland), respec-
tively, in DMEM growth medium a day before transfec-
tion to obtain 70–90% confluence at the time of transfec-
tion. Transfections were carried out by employing Lipofec-
tamine 2000 (Invitrogen, Life technologies) with DNA to
Lipofectamine2000 ratio of 1 �g:3 �l. For every transfec-
tion per well, DNA and Lipofectamine 2000 were incubated
separately in 100 ul of Opti-MEM medium (Life Technolo-
gies). The complexes were then prepared by mixing DNA
and Lipofectamine 2000 reagent and incubating for 20 min
at room temperature. The transfection mix was added drop
wise onto the cells (under DMEM growth medium without
antibiotics) and transfection was allowed to proceed for 4–6
h before complexes were removed by fresh DMEM medium.

For transfections in hESCs, FuGENE HD Transfection
reagent (Promega) was used in a reverse transfection pro-
tocol. DNA to FuGENE ratio of 1�g:3�l was used. Trans-
fection mixes were prepared by first diluting DNA in 100 �l
of Opti-MEM and 5 min later the FuGENE reagent was
added to the DNA dilution, mixed and incubated for 15
min at room temperature for the complexes to form. During
the incubation period, hESCs were harvested (as described
above) and resuspended in Genea M2 Medium (without an-
tibiotics). The transfection complexes were added drop-wise
to Collagen 1-coated plates and incubated at culturing con-
ditions for 5 min after which the harvested cells were gen-
tly pipetted to the dishes at 5 × 105 cells per well of six-
well plate and 5 × 106 cells per 10cm dish. Transfections
were kept overnight under standard culture conditions for
hESCs, and media containing transfection complex was re-
placed with fresh M2 media.

Antibiotic selection and screening for targeted cell clones

Forty eight hours post-transfection, selection with the re-
spective antibiotic in growth medium at the concentrations
indicated above was initiated. Selection medium was re-
placed once in 2 days until colonies expanded to ∼0.3–
0.4 cm in diameter. At this stage, the colonies were picked
by carefully scraping patches of cells with a pipette tip
and transferred to 96-well plates for clonal expansion. The
clones were sequentially expanded from 96 wells to 24 wells
and subsequently in six-well plates. Genomic DNA was ex-
tracted using DNeasy Blood & Tissue Kit (Qiagen, GmbH)
as per manufacturer’s protocol.

Identification of recombination events by PCR screening

PCR was performed using GoTaq Flexi DNA polymerase
(Promega) to amplify both the junctions using primers
listed in the figure descriptions and 500 ng of genomic
DNA from each recombinant clone or parental cells as
template in 50 �l reactions. The thermal cycling param-
eters used for PCRs were as follows: initial denaturation
at 95◦C for 5 min, 35 cycles of denaturation at 95◦C for 1
min, annealing at 56◦C for 30 s and extension at 72◦C for 1
min, and a final step of 72◦C for 5 min. The PCR samples
were analyzed by electrophoresis in 1% agarose (Seakem
Agarose, Lonza, USA) gels in 1× TBE (Tris-boric acid-
EDTA buffer) containing 0.5 �g/ml ethidium bromide and
PCR-amplified products were compared with DNA stan-
dard markers and digitally documented under UV illumina-
tion (Quantum Vilber Lourmat, Germany). PCR-amplified
products were analyzed by sequencing.

Purification of Int-h/218

Plasmid pINT (provided by Farid John Ghadessy) cod-
ing for C-terminally histidine-taged Int-h/218 (44) was
transformed in Escherichia coli Rosetta (DE3) pLysS cells
and positive clones were screened using LB plus antibi-
otics (250 �g/ml ampicillin and 34 �g/ml chlorampheni-
col) plates. Overnight culture of Rosetta (DE3) pLysS cells
overexpressing Int-h/218 was sub-cultured in 200 ml of
LB containing ampicillin (250 �g/ml) and chlorampheni-
col (34 �g/ml) and incubated at 37◦C until optical den-
sity reached 0.6 at 650 nm. At this point, the culture was
induced with 0.5 mM IPTG for Int-h/218 overexpression
and the induced culture was grown for 6 h at 30◦C (44).
The cell pellet was collected and sonicated in Lysis Buffer
(50 mM Tris pH 8.0, 2 mM EDTA pH 8.0, 1 M KCl, 3 mM
PMSF, 5 mM DTT, 10 mM �-mercarptoethanol, 1× pro-
tease inhibitor) (45). After removing cell debris, the cell
extract was mixed with Ni-NTA slurry at 4◦C overnight.
The Ni-NTA slurry was loaded on the column, and the
cell extract was collected as a flow through. The slurry
was then washed twice with Wash Buffer (50 mM Tris
pH 8.0, 2 mM EDTA pH 8.0, 1 M KCl, 3 mM PMSF,
5 mM DTT, 10 mM �-mercarptoethanol, 20 mM Imida-
zole, 1× protease inhibitor). The protein was first eluted
in Elution Buffer 1 (50 mM Tris pH 8.0, 2 mM EDTA
pH 8.0, 1 M KCl, 3 mM PMSF, 5 mM DTT, 10 mM
�-mercarptoethanol, 50 mM Imidazole, 1× protease in-
hibitor) followed by Elution Buffer 2 (50 mM Tris pH 8.0,
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2 mM EDTA pH 8.0, 1 M KCl, 3 mM PMSF, 5 mM DTT,
10 mM �-mercarptoethanol, 100 mM Imidazole, 1× pro-
tease inhibitor). Eluted fractions were screened for protein,
and the appropriate fractions were desalted using desalt-
ing prepacked gravity flow columns (BioRad) in Desalting
Buffer (50 mM Tris pH 8.0, 2 mM EDTA pH 8.0, 1 M KCl,
3 mM PMSF, 5 mM DTT, 10 mM �-mercarptoethanol,
10% glycerol, 1× protease inhibitor). The desalted fractions
were screened for protein and appropriate fractions were
tested for in vitro recombination activity.

In vitro recombination using Int-h/218

The in vitro recombination was carried out in a reaction
mixture comprised of TE buffer, 600 ng of supercoiled sub-
strate plasmid, 17 ng/�l of purified single chain IHF (46),
200 mM KCl and 15 ng/�l of partially purified Int-h/218.
The reaction mixture was incubated at 37◦C for 2 h, and
DNA was purified using PCR Purification Kit (Qiagen,
GmbH). The in vitro recombination leads to formation of
two catenane rings. One ring is digested with an appropriate
restriction enzyme(s) that will cleave in the bacterial back-
bone and leaves the supercoiled seamless vector intact. The
entire reaction mixture was separated on 1% agarose gel
containing 1�g/ml ethidium bromide at 40 V overnight.
The seamless vector being covalently closed migrates ahead
of the linearized bacterial part of plasmid. The seamless vec-
tors were purified from agarose gels using the QIAquick Gel
Extraction Kit (Qiagen, GmbH).

Insertion mapping

The first step of insertion mapping involves using a sin-
gle biotinylated primer that binds in the known sequence
of the inserted vector. The primer will extend, amplify
and generate many molecules of the biotinylated ssDNA
including the vector sequence and its point of integra-
tion into the genome. This ssDNA PCR was performed
on genomic DNA from parental HT1080 cells, bulk cul-
tures obtained from co-transfections of seamless vec-
tor attL4X-PGKssPuro with pCMVssIna and bulk cul-
tures obtained from co-transfections of seamless vector
attL4X-PGKssPuro with pCMVssInt-C3CNLS. Biotiny-
lated primer Puro Fwd 127 was used to generate the ssDNA
extending from puro cassette to the junction of insertion of
vector into the human genome (Figure 3A). PCR was per-
formed using Bioline Taq polymerase with Tris-based buffer
(Vivantis) and the reaction conditions include 95◦C, 120 s;
95◦C, 5 s; 50◦C, 30 s, 72◦C, 120 s; 50 cycles.

The second step includes capture of ssDNA onto strep-
tavidin dynabeads (M-280 Streptavidin, Thermo Fisher Sci-
entific), which includes washing of dynabeads with 1× PCR
buffer (Tris-based) followed by incubation of PCR prod-
uct generated in the first step with dynabeads for 3 h on
a roller at room temperature. A phosphorylated primer
(pETF2-PH) was used as an adaptor and for 5′-adenylation
(NEB E2610S). The ligation of the 5′ adenylated oligo
with captured ssDNA was catalyzed by 5′ AppDNA lig-
ase (NEB) at 65◦C for an hour. Semi-nested PCR was per-
formed on beads with forward primer Puro Fwd 128 and
reverse primer petF2RC (Figure 3A) using Taq Polymerase

(Bioline) and non-Tris based buffer (Bioline). PCR reaction
conditions were 95◦C, 120 s; 95◦C, 5 s; 55◦C, 30 s, 72◦C,
120 s; 34 cycles. Further, nested PCR was carried with for-
ward primer bpa1 and cs attH4X R1 (Figure 3A), and PCR
products were analyzed on 1% agarose gels in 0.5× TBE
buffer.

Detection of anti-CD19 CAR expression

hESCs were stained with biotin-conjugated AffiniPure
F(ab’)2 Fragment Goat-anti-Mouse IgG (Jackson Im-
munoresearch, West Grove, PA, USA) that reacted with the
scFv portion of anti-CD19, followed by streptavidin conju-
gated to Allophycocyanin (APC; Jackson Immunoresearch,
West Grove, PA, USA). For detection of anti-CD19 CAR
expression on hESCs, 0.25 × 106 cells were harvested and
washed twice with PBSA (0.1% BSA; 0.1% sodium azide in
1× PBS). This was followed by blocking with 2 �l of Nor-
mal Rabbit Serum (Thermo Fischer Scientific) and staining
with biotin-conjugated AffiniPure F(ab’)2 Fragment Goat-
anti-Mouse IgG at room temperature for 10 min in the dark.
Cells were washed with PBSA twice and incubated with
streptavidin conjugated to APC at room temperature for 10
min in the dark. After washing cells twice with PBSA, the
cells were fixed with 300 �l of 0.5% formaldehyde. APC-
stained hESCs were detected with BD LSRFortessa™ X-20
(Becton Dickson, USA).

Flow cytometry

BD LSRFortessa™ X-20 (Becton Dickson, USA) was used
to analyze and quantify anti-CD19 CAR+ cells. hESCs were
harvested, centrifuged and suspended in M2 media. Dot
plot of side scatter (SSC) versus forward scatter (FSC) was
used to gate live cells in order to separate them from ag-
gregated and dead cells. For gated cells, a histogram plot of
APC (Allophycocyanin) was constructed to identify anti-
CD19 CAR+ cells. The data was analyzed using FlowJo
software and represented as an overlay histogram of stained
non-transfected control population onto the stained trans-
fected population that clearly showed the percentage of
anti-CD19 CAR expressing population.

Western blotting

Cell lysates were prepared by re-suspending the cells in
RIPA buffer (150 mM sodium chloride, 1.0% Triton X-100,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate,
50 mM Tris, pH 8.0) containing Protease Inhibitor Cock-
tail (Roche), followed by incubation on ice for 20 mins. The
lysates were sonicated on ice (5 W, 10 × 3 s), and insoluble
components were removed by centrifugation at 12 000 × g
for 15 min. The supernatant was collected and protein con-
centrations were determined with Bio-Rad Protein Assay
Dye Concentrate. Proteins were separated by SDS PAGE
gels (10–15% acrylamide) and then transferred onto PVDF
membranes with 0.2 �m pore size (Bio-Rad). Nonspecific
binding was blocked by 4% skim milk in 1× PBST (1× PBS,
0.05% Tween20) for 1 h at room temperature and then in-
cubated overnight at 4◦C with mouse anti-human CD3�
primary antibody (1:1000 dilution; clone 8D3; Pharmin-
gen) in 1× PBST containing 5% BSA. Amounts of ß-actin
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protein were determined by monoclonal antibodies raised
against human ß-actin (1:10 000 dilution; A1978, Sigma).
Blots were washed with 1× PBST and incubated for 2 h at
room temperature with goat anti-mouse IgG HRP conju-
gate secondary antibody (1:3000, R&D systems) in 4% skim
milk. After washing with 1× PBST, immunoreactive bands
were detected using the Western HRP substrate (Luminata
Forte, Millipore) in an infrared Imager (LAS-4000, Fuji).

Southern analysis

Genomic DNA was purified using DNeasy Blood & Tissue
Kit (Qiagen, GmbH). 20 �g of genomic DNA was subjected
to restriction digestion using 50 U of the respective enzyme
in 200 �l overnight at 37◦C. DNA was ethanol precipitated
and dissolved in 20 �l TE buffer (pH 8.0). Targeting vectors
were linearized with single cutter restriction enzyme and di-
luted to 107, 108 copies per �l. Digested genomic DNA sam-
ples were resolved overnight on a 0.8% agarose gel in 1×
TAE (Tris-acetate–boric acid) buffer, with 1 kb DNA lad-
der (Thermo Scientific) and 1 �l of positive control sam-
ples. Southern blotting employing the respective probes, as
indicated, was performed using the DIG-High Prime DNA
Labeling and Detection Starter Kit II (Roche) as per the
manufacturers’ protocol. The probe-target hybrids on the
blots were detected by chemiluminescent assay followed by
exposure to an X-ray film (Kodak MXG film, Kodak) and
developed on a Kodak X-OMAT 2000 Processor.

RESULTS

Generation of seamless transgene target vectors through in
vitro recombination

Our basic human genome transgenesis technology embod-
ies highly active �-Int variant Int-C3 and two distinct nu-
cleotide sequences as partners for intermolecular recombi-
nation (42–44). The two sequences are termed attachment
(att) sites: attH4X, which comprised of 18 bp present in
a small sub-set of primate-specific LINE-1, and the more
complex 241 bp attP4X, which we placed on circular tar-
get vectors. We recently demonstrated that intracellular
integrative recombination between genomic attH4X and
plasmid-borne attP4X catalyzed by Int-C3 leads to hybrid
attL4X and attR4X sites, which flank an entire bacterial
plasmid after integration into LINE-1(42) (Figure 1A).

A problematic feature of this strategy resulted from
the requirement that target vectors for Int-mediated re-
combination into attH4X need to be circular. Hence, the
attP4X-carrying vectors produced in bacterial cells con-
tained prokaryotic origins of replication, selection markers
and other functionally irrelevant sequences, in addition to
the payload to be delivered to the human genome. These
prokaryotic elements unnecessarily increased the size of tar-
get vectors and are known to interfere with transgene ex-
pression and elicit innate immune responses (16,47,48)

In our previous study, we provided preliminary evidence
that a 120 bp attL4X hybrid recombination site can func-
tionally replace the plasmid-borne attP4X for Int-mediated
recombination with attH4X in LINE-1 (42). We therefore
set out to improve our technology by eliminating bacterial
sequences from target vectors through in vitro attH4X x

attP4X intramolecular recombination that results in seam-
less vectors carrying attL4X, which can be isolated and sub-
sequently recombined with genomic attH4X inside human
cells (Figure 1B).

We established a simple and efficient protocol for partial
purification of C-terminally histidine-tagged variant Int-
h/218 (43) from E. coli (Materials and Methods), which
readily generates milligrams of highly enriched active Int-
h/218 (Figure 1C). The partially purified recombinase effi-
ciently catalyzed in vitro intramolecular recombination be-
tween directly repeated attP4X and attH4X on a super-
coiled plasmid. This reaction was more efficient at higher
salt concentrations. Recombination resulted in a 3.2 kb
catenane ring containing the unwanted bacterial genetic ele-
ments that was subsequently linearized (Figure 1B, D). The
released supercoiled circular seamless target vector (1.8 kb)
only carried the payload as well as the hybrid attL4X site as
recombination partner for genomic attH4X. Starting, for
example, with 10 �g of plasmid DNA, we routinely yielded
several �g of purified, mostly supercoiled seamless target
vector within 24 h (Figure 1D, right panel).

Site-specific seamless vector insertion into human LINE-1

We employed the isolated 1.8 kb seamless vector attL4X-
PGKssPuro to demonstrate intracellular site-specific re-
combination with genomic attH4X. Different amounts of
seamless DNA were co-transfected into human HT1080
cells with an expression plasmid for either Int-C3 or a
recombination-inactive Int variant (Int-INA). The latter
carries an alanine substitution for the scissile bond-forming
tyrosine 342 (42). Puromycin selection was applied 48 h post
transfection, and genomic DNA was extracted 2 weeks later
and subjected to PCR/sequence analysis (Figure 2A).

For each amount of transfected seamless vector, bulk cul-
tures were expanded and subsequently screened by genomic
PCR using four diagnostic primer pairs as described pre-
viously (42) (Figure 2B, C). Expected products were de-
tectable even with the smallest amount (50 ng) of trans-
fected seamless vector and were absent from all controls
(Figure 2C). Sequence analysis of these PCR products
confirmed targeted seamless vector insertion into various
LINE-1 (Supplementary Table S2). Because DNA tem-
plates used for this PCR came from bulk cultures, we ex-
pected that the identified left and right junction sequences
can be assigned to different genomic LINE-1 loci, possibly
due to PCR amplification biases.

In parallel to the bulk culture analysis, we performed
PCR/sequencing on 92 isolated HT1080 colonies that re-
sulted from transfections with 50 ng of seamless vector. By
using three established primer pairs specific for amplifica-
tion of recombination products (42), we identified 45 cell
clones (∼50%) that resulted from targeted recombination
events, as evidenced by at least one positive junction-PCR
(Supplementary Figure S1). Only two colonies could be ex-
panded from control transfection with catalytically inactive
Int, but no specific PCR products were detected in these
cases. Based on the PCR/sequencing data, we were able to
identify the respective loci of targeted LINE-1 in the major-
ity of the 45 clones (Supplementary Table S3). Some clones,
e.g. # 27, 41, 45, most likely carried single copy integrants,
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Figure 1. Generation of seamless vectors for �-Int-mediated genomic recombination. (A) A schematic diagram showing �-Int-mediated recombination
between genomic attH4X (located in LINE-1 elements) and attP4X (present on a plasmid target vector), leading to site-specific integration of the entire
plasmid into the human LINE-1 elements, then flanked by attL4X (left junction) and attR4X (right junction). (B) An illustration depicting in vitro intra-
molecular attH4X x attP4X recombination of a substrate plasmid, resulting in the formation of a seamless vector carrying the attL4X sequence after
releasing the undesired bacterial DNA catenane ring by endonucleolytic digest. The seamless vector is subsequently targeted at genomic attH4X, leading
to the insertion of payload through a second �-Int-mediated recombination event. (C) SDS PAGE gel image depicting different desalted fractions of partially
purified C-terminally histidine-tagged Int-h/218 (41 kDa). L, Prestained protein ladder (10–250 kDa); E, first eluted fraction from desalting column; 1, 2, 3,
4, different desalted fractions of partially purified C-terminal histidine-tagged Int-h/218. (D) Representative analysis of an in vitro intra-molecular attH4X
x attP4X recombination with reaction buffers containing increasing KCl concentrations as indicated (left). Supercoiled seamless vector (SC-SV) and open
circular seamless vector (OC-SV) obtained after �-Int-mediated recombination were resolved via agarose gel electrophoresis in the presence of ethidium
bromide. This resulted in DNA bands for SC-SV and OC-SV, which migrated at ∼1.2 and ∼2.2 kb, respectively, whereas the linearized second catenane
DNA (linear bacterial DNA) and the unrecombined substrate plasmid migrated at ∼3 and ∼5.0 kb, respectively, as indicated. Purified seamless vector is
shown at the right.
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Figure 2. Targeting of seamless vector to LINE-1 elements in HT1080 cells. (A) Experimental strategy demonstrating the �-Int-mediated targeting of
seamless vectors for various cell lines. This includes co-transfection of seamless vectors and Int-expressing plasmids, followed by selection, expansion and
characterization of the targeted clones using PCR, sequencing and functional studies. (B) A schematic illustration showing the targeting of genomic attH4X
site with seamless vector attL4X-PGKssPuro by Int-C3, leading to integration of the PGK-Puro cassette. Positions of primers used to identify successful
integration at attH4X sites in LINE-1 elements are indicated. (C) PCR analysis revealing integration of seamless vector attL4X-PGKssPuro at attH4X site
in LINE-1 elements. PCR was performed with primers cs attH4X F1/F2 and Puro Rev 24 (left junction) and cs attH4X R1/R2 and Puro Fwd 127 (right
junction), using genomic DNA from three independent transfections with 50, 100 ng and 200 ng of attL4X-PGKssPuro seamless vector. PCR amplified
products of the expected size (∼1000 bp; for the left junction) were detected in bulk C3 50, C3 100 and C3 200 (left panels) and (∼950 bp; for the right
junction) in bulk C3 50, C3 100 and C3 200 (right panels). W, no DNA template control; HT, control with genomic DNA from HT1080 parental cells.
Ina 100/Ina 200: bulk genomic DNA from puromycin resistant clones obtained through co-transfection of 100 and 200 ng attL4X-PGKssPuro seamless
vector and 1 and 2 �g pCMVssIna, respectively. C3 50, C3 100, C3 200: bulk genomic DNA from puromycin resistant HT1080 clones obtained through
co-transfection of 50, 100 and 200 ng of attL4X-PGKssPuro seamless vector with 500 ng, 1 and 2 �g pCMVssInt-C3CNLS, respectively; M1, 1kb DNA
ladder.
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since all junction PCR sequences could be mapped to the
same genomic LINE-1 locus. However, a substantial frac-
tion of the remaining clones most likely harboured more
than one inserted seamless vector.

Next, we were interested in determining seamless vec-
tor transgenesis pattern across different targeting attempts.
This was important because we employed here attL4X in-
stead of the attP4X as recombination partner sequence de-
scribed earlier (42). For this, we first designed a novel PCR-
based strategy to identify individual targeted LINE-1 loci
from bulk HT1080 cell cultures (Figure 3A). Using bulk ge-
nomic DNA after transfection of 100 ng of the 1.8 kb seam-
less vector and selection, we obtained expected PCR prod-
ucts only with templates from co-transfections with active
Int-C3 (Figure 3B). Deep paired-end sequencing resulted
in 208,936 reads, which contained the expected junction se-
quence between vector and attH4X. This corresponded to
26,380 unique sequences, which were mapped to the human
genome (GEO accession: GSE99883). The top hit for each
read was tabulated and merged where they overlapped. This
yielded 434 different LINE-1 loci where genomic integra-
tion had occurred in bulk cells (Supplementary Table S4).
A large fraction of these loci, however, were counted only
thrice or less, which could indicate that these loci were less
frequently targeted.

We next expanded our approach of targeting LINE-1
with seamless vectors and employed hESCs. Using the same
1.8 kb seamless vector, we identified 25 out of 32 hESC
clones, which carried targeted LINE-1, as determined by
PCR products obtained for at least one junction (Supple-
mentary Figure S2). Based on subsequent sequence analy-
sis, we identified the loci of targeted LINE-1 in all clones
(Supplementary Table S5). As mentioned above in the con-
text of HT1080 transgenesis, targeted hESCs contained
multiple copy integrants.

Targeted seamless CAR vector insertion and sustained ex-
pression in hESCs

With an ultimate aim of delivering a functional anti-CD19
CAR gene cassette in hESCs and other cell types using our
novel �-int platform for immunotherapy of B-cell leukemia
and lymphoma, we intended to insert the multi-reporter
pPGKssCAR-EF-Puro cassette that expressed an anti-
CD19-41BB-CD3zeta CAR (49) into LINE-1. First, the
substrate plasmid pattP4X-PGKssCAR-EF-Puro-attH4X
was recombined in vitro to produce supercoiled seam-
less vector attL4X-PGKssCAR-EF-Puro (Figure 4A). Co-
transfection of the 5.5 kb purified seamless CAR vector
(Figure 4A, left) with expression plasmid for Int-C3 into
hESCs resulted in 48 puromycin resistant colonies, while
co-transfections with expression vector for Int-INA yielded
only 10 viable colonies. In order to verify LINE-1 targeting,
semi-nested PCR was carried out on all 58 clones (Figure
4A and Supplementary Figure S3). The PCR analysis re-
sulted in a total of 12 positive clones, detectable only with
genomic DNA isolated from Int-C3 co-transfected cells
(Supplementary Figure S3). Subsequent sequence analysis
of the clones confirmed the presence of the recombinant
left junction (Supplementary Table S6) and an example of
such analysis has been shown in Figure 4B. These 12 clones

were further expanded to test anti-CD19-CAR expression
through flow cytometry. Out of 12 clones, clone#19 and
clone#34 had high level of anti-CD19-CAR expression.
However, clone #34 did not survive long-term cultures for
unknown reasons. We found that 87.1% of cells expressed
anti-CD19-CAR in clone#19 (after 8 weeks of culturing) in
comparison to only 0.8% anti-CD19-CAR positive cells in
a clone obtained from random vector integration (Figure
4C, left and middle panel). The expression of anti-CD19-
CAR in clone#19 remained remarkably stable over a period
of 6 months (Figure 4C, right panel) and, interestingly, the
fraction of low anti-CD19-CAR expressing cells substan-
tially decreased over 6 months, perhaps indicating that some
sort of suppression of negative epigenetic modulation of
transgene expression at this locus over time. Western Blot-
ting further confirmed the anti-CD19-CAR expression in
clone#19 (Figure 4D). Southern blot analysis of targeted
clone#19 using the probes complementary to CAR (left
panel) or Puro (right Panel) revealed that it carried single-
copy transgene of indicated sizes (Figure 4E). However, the
sequence information obtained from the UCSC browser
shows discrepancy with the corresponding genomic frag-
ment size obtained by Southern analysis. We have encoun-
tered such discrepancies in our previous study (42) and had
proposed two possible explanations. First, the genome an-
notation of the corresponding LINE-1 elements may not be
entirely correct perhaps due to the repetitive nature of these
sequences. Second, sequence polymorphism surrounding
these sequences could generate different restriction patterns
in different genetic backgrounds (50–54).

Identification of LINE-1 as preferred target loci

By analyzing data from four lists of targeted attH4X se-
quences obtained with Int-C3 in HT1080 cells and hESCs
(Supplementary Tables S3–S6), we identified 25 loci which
were targeted at least twice in four independent cell transfec-
tions (Table 1). Furthermore, taking into account the pos-
sible variability in preferential integration sites in different
cell types, we analysed the data for each cell line separately
and obtained different hotspots for HT1080 and hESCs
as highlighted by different colours in Table 1. About half
of them are in intergenic regions of the human genome,
while the rest appear in LINE-1 which contribute to in-
trons. Because only one-third of the 933 attH4X-containing
LINE-1 are actually located in introns (Supplementary Ta-
ble S7), this could indicate a slight preference for recom-
bination reactions at attH4x sequences of LINE-1 that
are located in introns. However, we identified one inter-
genic attH4X locus, which was targeted in all four inde-
pendent co-transfections in different genetic backgrounds
(highlighted in red, Table 1).

A sequence logo analysis on these 25 ‘hot-spot’ attH4X
sequences revealed that within the variable three nucleotides
at the 5′-end of the 21 bp attH4X sequence (42), adenine
and cytosine at the first and second position, respectively,
seemed to be overrepresented (Table 1, bottom). Interest-
ingly, the cytosine at the second position within attH4X ap-
pears to play a more important role in genomic recombina-
tion reactions with attL4X, when compared with the previ-
ously described attP4X as recombination partner (42).
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B A 

Figure 3. Seamless vector genomic insertion site mapping via deep sequencing. (A) An illustration depicting the PCR strategy for mapping insertion sites of
seamless vector attL4X-PGKssPuro in human HT1080 cells. This includes generation of targeted ssDNA using a biotinylated primer complementary to the
inserted vector sequence (step 1), capture of the ssDNA with streptavidin beads, ligation of adenylated oligonucleotide (adaptor) and PCR amplification
and sequencing analysis (steps 2–6). Positions of the relevant primers used to map attH4X (right junction) are indicated in step 5. (B) PCR analysis for
mapping insertion sites from HT1080 bulk cell culture. PCR with the primers bpa1 and cs attH4X R1 (see step 5 in Figure 3A), using bulk genomic DNA
from co-transfections of 100ng of attL4X-PGKssPuro and pCMVssInt-C3CNLS resulted in a specific band (highlighted), that was not observed with
bulk genomic DNA from control co-transfections of 100 ng of attL4X-PGKssPuro and pCMVssIna. M1, 1 kb ladder; HT, genomic DNA from parental
HT1080 cells; INA 100: bulk genomic DNA from co-transfection of 100ng of attL4X-PGKsspuro and 1 �g Inactive Int; C3 100: bulk genomic DNA from
co-transfection of 100 ng of attL4X-PGKsspuro and 1 �g Int-C3. W: no DNA template control.

DISCUSSION

Emphasis in the field of genome transgenesis has shifted to-
wards developing better solutions which achieve more pre-
cise and safer delivery of multi-transgene cassettes into the
human genome. In this context, non-viral vectors have sub-
stantial advantages over viral vectors in terms of production
costs, safety and capacity to accommodate larger transgene
cassettes. Hence, efforts have increased to improve and op-
timize plasmid-based gene delivery for expansion into the
clinics (55).

Multiple recombinase-based systems, such as phiC31,
Cre, and Flp recombinase, have been utilized to remove un-
wanted prokaryotic sequences and minimize target vector
length. This resulted in seamless vectors, which could make
gene delivery clinically safer and more practical (56–62). In
fact, several studies have shown enhanced transgene expres-
sion and significantly reduced immune responses of seam-
less vectors for a variety of applications, such as DNA vac-
cines, cancer immunotherapy, stem cell reprogramming and
gene therapy (19,47,63,64). However, none of these plat-
forms exhibit a dual capability of producing as well as tar-
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Figure 4. Anti-CD19 CAR expression from seamless vectors in hESCs. (A) A schematic drawing showing in vitro generation and ex vivo targeting of a
two-reporter seamless vector (attL4X-PGKssCAR-EF-Puro) at genomic attH4X. Positions of relevant screening primers (PGK Rev 187, attP Rev and
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geting seamless multi-cassette vectors specifically to the hu-
man genome using the same recombination system.

Our new �-Int platform presented in this study provides,
to our knowledge, the first such example related to human
genome-editing. Its components are very easy and cost-
effective to produce, and can yield stable transgenic clonal
cell lines with sustained transgene expression patterns from
single or multiple integrant(s) within less than three weeks,
depending on the growth properties of the targeted cell type.
Our study demonstrates a simple method for in vitro pro-
duction and purification of seamless vectors followed by
site-specific genomic integration. Further optimization may
lead to the production of seamless target vectors using engi-
neered E. coli strains, potentially at industrial scales, for in
vivo applications (65,66). However, for most routine ex vivo
applications, our simple in vitro seamless vector production
pipeline produces sufficient amounts to achieve cell line en-
gineering.

Our new platform substantially simplifies and improves
sustained transgene expression, because the delivered DNA
lacks unwanted nucleotide sequences such as bacterial or vi-
ral regulatory elements, which are known to promote trans-
gene silencing (16,18). It has also led to increased specificity
and reduced random transgene insertion events, as shown
here with HT1080 and hESCs. This can be exemplified us-
ing the targeting data obtained with HT1080, where 45/92
clones were positive for attH4x targeting with attL4x-PGK-
Puro seamless vector compared to 4/33 clones with our pre-
vious pattP4x-PGK-Puro plasmid based targeting (42). In
addition, with seamless vectors, we obtained only 2 clones
positive with the expression of inactive integrase, also in-
dicating lower rates of off-targets and increased specificity.
The elimination of unwanted prokaryotic sequences has
given us the leeway to further increase the payload size ulti-
mately to be delivered to the human genome. It, therefore,
will enable integration of large payloads including more
complex genetic regulatory control regions, such as silencers
and enhancers, specifically into the genome.

We demonstrated the use of our novel platform to ex-
press anti-CD19 CAR protein in hESCs. By targeting the
corresponding two-reporter cassette (anti-CD19 CAR and
puromycin resistance) to LINE-1 in hESCs and achiev-
ing sustained expression of the therapeutic CAR protein
in the vast majority of cells from two clones, we provided
a compelling example of the usefulness of the �-Int tech-
nology to engineer multi-transgene cassettes that could be
used to overcome various clinical problems in the thera-
peutics space (67). Hence, our study serves as an alterna-
tive basis for future CAR-T-based immunotherapy, where
Int-mediated recombination could be used to first engineer
autologous, self-renewable T-cell-derived iPSCs with mul-
tiple CARs, that can be differentiated ex vivo to CAR-T-
cell lineage (68). Therefore, high targeting specificity com-
bined with highly sustained transgene expression patterns
without integration of undesired extra nucleotide sequences
increases the value of our novel platform in the context of
future therapeutic applications and should, in principle, be
expandable to in vivo gene therapy using nano-carriers as
transgene vehicle (69).

We have identified in this study several LINE-1 that can
be targeted in different cell lines and independent transfec-
tions via attL4X recombination with attH4X. It is possible
that target site selectivity is due to variations in local chro-
matin structure and thus accessibility for Int-C3. In fact,
about half of these ‘hotspots’ have been identified in introns
that are composed of LINE-1, while only one-third of the
933 attH4X-containing LINE-1 are actually located in in-
trons. Hence, it is likely that the transcriptional and/or epi-
genetic status of the respective LINE-1 plays an important
role for the recombinogenic potential of Int-C3 with the
human chromatin. (42). Interestingly, however, the LINE-1
‘hotspot’ that was targeted in all independent cell transfec-
tions is in an intergenic region on chromosome 3 and could
potentially be further developed into a preferred safe har-
bour site by employing Int variants which exhibit increased
site specificity. This also raises the interesting possibility of

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
cs attH4X F1/F2), restriction sites and the probes used for Southern blotting are indicated. The purified 5.5 kb seamless vector resulting from in vitro
recombination was analyzed by agarose gel electrophoresis shown at the left; supercoiled seamless vector: SC-SV; open circular seamless vector: OC-SV.
(B) Sequence analysis of the targeted hESC clone #19. A chromatogram representation of the DNA sequence of the PCR product obtained with the
cs attH4X F2 and attP Rev primer pair using genomic DNA from targeted hESC clone#19. The recombinant attL4X site (HOP’), resulting from �-Int-
mediated recombination between genomic attH4X (chr2:159357384-159357546) and attL4X (present on an attL4X-PGKssCAR-EF-Puro seamless vector),
is boxed. (C) Flow cytometric analysis of anti-CD19 CAR expression in targeted hESC clone#19. A single parameter histogram overlay plots representation
of stained non-transfected control hESCs onto the anti-CD19 CAR-stained population. An overlay obtained with cells from co-transfection of anti-CD19
CAR seamless expression vector with inactive Int expression plasmid and non-transfected control hESCs is shown in the left panel, indicating negligible
expression. An overlay obtained with cells from co-transfection of anti-CD19 CAR seamless expression vector with Int-C3 expression plasmid and control
hESCs clearly differentiate the anti-CD19 CAR-expressing population; clone#19 (after 8 weeks of culturing) is shown in middle panel. Long term and
stable anti-CD19 CAR expression of clone#19 over a period of 6 months is shown in the right panel. (D) Western blot showing anti-CD19 CAR expression.
Western analysis using anti-human CD3� primary antibody and a goat anti-mouse IgG horseradish peroxidase-conjugated secondary antibody shows anti-
CD19 CAR expression in clone #19. (Top Panel). ß-actin was used as loading control (bottom panel). Lanes: ES, lysate from non-transfected hESCs; 19,
lysate from clone #19 (a puromycin resistant clone obtained from targeting of seamless vector attL4X-PGKssCAR-EF-Puro and plasmid expressing Int
C3); IN, lysate from an inactive clone (a puromycin resistant clone obtained from targeting of seamless vector attL4X-PGKssCAR-EF-Puro and plasmid
expressing inactive integrase); JUR, a bulk culture of Jurkat T cells obtained from targeting attL4X-PGKss-CAR-EF-GFP seamless vector (expressing
anti-CD19 CAR) along with plasmid expressing Int C3 was used as a positive control. Note: hESC clone #19 and Jurkat T cells show two bands at
∼55 kDa suggesting post translational modifications of anti-CD19 CAR whereas a ∼15kDa band in Jurkat T cells indicates the expression of native
monomer of endogenous CD3� . (E) Southern blot analysis of the targeted hESC clone#19. A southern blot analysis showing the bands indicated by
arrows obtained using PCR-derived digoxigenin-labeled probe complementary to CAR (left panel) or Puro (right Panel) with genomic DNA purified from
targeted hESC clone#19 digested with BsrGI and/or NcoI. Lanes: pPCEP (108, 107), copies of linearized vector pattP4X-PGKssCAR-EF-Puro-attH4X
loaded as positive control; ES, genomic DNA from parental DNA; IN, genomic DNA obtained from inactive clone (a puromycin resistant clone obtained
from co-transfection of attL4X-PGKssCAR-EF-Puro and plasmid expressing inactive integrase); 19, genomic DNA from targeted hESC clone. hESC
clone#19 (carrying a single-copy transgene) is a puromycin resistant clone obtained through co-transfection of attL4X-PGKssCAR-EF-Puro and plasmid
expressing active Int C3.
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Table 1. List of 25 ‘hotspot’ LINE-1. Genomic coordinates, corresponding attH4X sequences, locations and LINE-1 elements of the ‘hotspots’ compiled
from Supplementary Tables S3–S6. A sequence logo obtained from the 25 ‘hotspot’ sequences is shown at the bottom. See text for further details

designing seamless target vectors containing splice accep-
tors, which will result in transgene expression driven by an
endogenous gene promoter after genome insertion. In ad-
dition, the sequence logo analysis of ‘hot spot’ attH4X se-
quences pointed out that an adenine and cytosine at the
first and second position, respectively, could play an impor-
tant role in genomic target site recognition and/or cataly-
sis by Int-C3 with attL4X as recombination partner on the
seamless vector. Therefore, future in vitro evolution strate-
gies could yield Int variants with enhanced specificity for
this subset of attH4X sequences (44,70)

We envision that our technology has great potential for
both therapeutic and biotechnological applications. How-

ever, realizing the fragile nature of human stem cells’
genome and the devastating effect of any random insertion
or insertion in a ‘not so good’ LINE-1 in a clinical set-up,
future studies and experiments will be aimed at further op-
timizing and improving the current �-Int technology. This
would primarily include minimizing off-target effects, re-
finement of mutant integrases and choosing the more ‘neu-
tral’ LINE-1 elements that would allow the expression of
transgenes both at undifferentiated and differentiated cel-
lular states.

In summary, the novel �-Int mediated seamless vector
transgenesis platform presented in this study is capable of
producing as well as inserting multi-transgene seamless vec-
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tors into a specific endogenous sequence present in a subset
of primate LINE-1 elements. This technological advance-
ment, along with the inherent advantages of �-Int mediated
targeting in terms of cytotoxicity, genome integrity and ca-
pability of choosing the best performing clones from vari-
ous targeting attempts (42), makes our platform attractive
for utility at an intersection of molecular medicine, gene
therapy and systems/synthetic biology for various biomed-
ical applications.
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