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Continuous innovation of revolutionizing genome engineering
technologies calls for an intensified focus on new delivery tech-
nologies that not only match the inventiveness of genome
editors but also enable the combination of potent delivery
and time-restricted action of genome-modifying bits and tools.
We have previously demonstrated the use of lentivirus-derived
nanoparticles (LNPs) as a protein delivery vehicle, incorpo-
rating and transferring DNA transposases, designer nucleases,
or RNA-guided endonucleases fused to the N terminus of the
Gag/GagPol polypeptide. Here, we establish LNP-directed
transfer of the piggyBac DNA transposase protein by fusing
the transposase to the integrase protein in the C-terminal end
of GagPol. We show protein incorporation and proteolytic
release of the DNA transposase within matured LNPs, resulting
in high levels of DNA transposition activity in LNP-treated
cells. Importantly, as opposed to conventional delivery
methods based on transfection of plasmid DNA or in-vitro-
transcribed mRNA, protein delivery by LNPs effectively results
in time-restricted action of the protein (<24 hr) without
compromising overall potency. Our findings refine LNP-
directed piggyBac transposase delivery, at present the only
available direct delivery strategy for this particular protein,
and demonstrate a novel strategy for restricting and fine-tun-
ing the exposure of the genome to DNA-modifying enzymes.

INTRODUCTION

For decades, the engineering of genomes has been essential in studies
of cellular biology and disease modeling in cell culture and transgenic
animals. With the arrival of revolutionizing genome-engineering
technologies, new molecular tools, at work within the nucleus, are
being implemented in tailored genetic therapies with the potential
of erasing disease-causing mutations."” The rapidly expanding tool
kit now includes recombinases, integrases, and transposases as well
as designer nucleases and RNA-guided endonucleases (reviewed in
Skipper and Mikkelsen®), some of which have already reached the
clinic.*"® Effective delivery to relevant cells and organs is a common
goal for all therapeutic applications of such technologies. However,
as opposed to conventional gene therapies, long-term intracellular
expression and persistent activity of genome-modifying enzymes is

rarely desired, and fine-tuning the cellular load of such tools remains
a key challenge. Hence, safety measures and further therapeutic trans-
lation may benefit from delivery methodologies facilitating an effec-
tive but time-restricted boost of enzyme activity.

Genetic engineering protocols have traditionally relied on intracel-
lular expression of genome-modifying proteins. Transfection, often
by nucleofection, of protein-encoding plasmid DNA is used as a
standard technique in many laboratories. Although effective for
many in vitro applications, this approach suffers from the risks of
prolonged expression and genomic insertion of the expression
cassette. Delivery of the expression cassette by transduction with
virus-based vectors is equally powerful and holds great potential
for in vivo delivery, as was recently demonstrated by potent ad-
eno-associated virus (AAV)-directed delivery of the RNA-guided
streptococcus aureus Cas9 endonuclease to mouse liver.” However,
viral vector-based expression is potentially sustained for months
or years, depending on the target organ, and viral vectors, including
AAV-derived vectors,” may potentially insert into the genome, lead-
ing to concerns related to accumulation of off-target modifications
or toxicity. The use of in-vitro-transcribed mRNA as a source of
genome-modifying enzymes has rapidly become the method of
choice for in vitro genetic engineering of stem cells"*’
many other cell types. As for conventional DNA transfection, this
method facilitates heavy overexpression but nevertheless fulfills
some of the criteria for optimized safety by leading to a much
shorter boost of protein activity. However, nucleofection protocols
are potentially hampered by cellular toxicity, and in vivo RNA deliv-
ery may be challenging despite emerging examples of successful
mRNA delivery using nanoparticle carriers."’

as well as

In consideration of the safety precautions related to DNA- or RNA-
directed intracellular production of genome-modifying enzymes,
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means of directly delivering genome-modifying proteins to cells are
currently attracting increased attention. Attempts to deliver recombi-
nant transposase proteins have not been successful,'"'* but targeted
gene knockout has been achieved by direct delivery of recombinant
zinc-finger nucleases (ZFNs)."” Intriguingly, recent reports also
showed potent gene disruption in cultured human cells based on
the delivery on recombinant Cas9 protein.””'*'® For genome editing
purposes, recombinant Cas9 protein can be directly complexed with a
synthetic single-guide RNA (sgRNA)>*'* and cellular uptake com-
bined with potent viral transfer of a donor sequence for repair by
homologous recombination.”'*'”

In an attempt to develop a protein delivery strategy with potential
in vivo applicability, we recently demonstrated that HIV-derived
lentiviral particles are capable of ferrying foreign proteins into cells.
By fusing a heterologous protein to the matrix protein in the N-ter-
minal end of lentiviral Gag/GagPol polypeptides, we observed effec-
tive encapsidation of the protein in engineered lentivirus-derived
nanoparticles (LNPs) and demonstrated protein activity in cells
exposed to protein-loaded LNPs. Hence, this delivery strategy
resulted in robust DNA transposition after delivery of the piggyBac
transposase'® and effective genomic cleavage after delivery of zinc-
finger nucleases (ZFNs) and TAL-effector nucleases (TALENs).' >
Despite its considerably larger size, the streptococcus pyogenes Cas9
endonuclease fused to the N terminus of Gag could also be loaded
in LNPs, resulting in RNA-guided DNA cleavage in primary
T cells exposed to LNPs.*' Not only is the structure of lentiviral
particles sufficiently flexible to accommodate multiple copies of a
foreign protein, but also cell entry and the capacity of viruses to
traverse the cytoplasm and unload protein cargo in the nucleus
are key features of LNP-directed protein delivery. Organized and
direct delivery of the protein may explain that even relatively low
intracellular levels of the transferred protein support efficient
DNA transposition or DNA cleavage'® *’ and thus may add to the
overall safety of the procedure. Also, such LNPs can be depleted
for lentiviral vector RNA and may thus serve strictly as a protein
vehicle and may furthermore be delivered in a cell-targeted fashion
utilizing tailored pseudotypes.*

Following this overall concept, we rethought the delivery design
and engineered LNPs with the piggyBac DNA transposase fused
to the integrase protein in the C terminus of GagPol. This should
result in LNPs containing approximately 20 times fewer units of
the protein. However, unlike LNPs carrying the DNA transposase
fused directly to Gag, the protein will, together with the viral
enzymes, supposedly locate to the core of the virus particle. Using
this approach, we verify DNA transposition efficacy and demon-
strate that LNP-directed delivery, as opposed to delivery methods
based on transfection of plasmid DNA or in-vitro-transcribed
mRNA, results in effective and time-restricted action of the protein
without loss of potency. Our findings show a novel way of restrict-
ing and fine-tuning the exposure of the genome to DNA-modifying
enzymes without compromising efficacy, and they consolidate
LNP-directed protein delivery as the only currently available
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strategy for delivering piggyBac transposase protein directly to
cells.

RESULTS AND DISCUSSION

Functionality of LNPs Carrying PiggyBac Transposase Fused to
the Integrase Protein during Particle Assembly

DNA transposon vectors based on the piggyBac system are mobilized
from a transposon source, plasmid DNA, or viral vectors by the DNA
transposase, which works in trans and is typically expressed from a
co-delivered gene cassette.”>** We previously reported high levels
of DNA transposition in cells treated with LNPs carrying the
piggyBac transposase fused to the matrix (MA) protein in the N-ter-
minal end of Gag/GagPol (reviewed in Cai and Mikkelsen>>). How-
ever, we also found that particles assembled with Gag and GagPol
polypeptides carrying the N-terminal fusion protein were incapable
of transferring vector RNA at the same time, indicating that the added
protein affected the overall structure and function of the particle.
Notably, LNPs carrying fewer copies of the genome-modifying
enzyme (generated by including normal unfused GagPol in the parti-
cles) were not functionally affected by the foreign cargo and still
induced high levels of enzyme activity in LNP-treated cells."®"’
Therefore, we reasoned that incorporation of the piggyBac transpo-
sase in the Pol domain and not in Gag of GagPol would allow forma-
tion of particles with a balanced content of the foreign protein, now
expectedly packaged with foreign protein colocalizing with the viral
enzymes within the LNP core. Inspired by work by Schenkwein and
colleagues demonstrating lentiviral delivery of the I-Ppol endonu-
clease fused to viral integrase,”* > we fused the hyperactive piggyBac
transposase (hyPBase) to the inactive D64V integrase (IN) in the
C-terminal end of the GagPol polypeptide. Using three different
packaging constructs (pINT/IN-APCS-hyPBase, pINT/IN-PCS-
hyPBase, and pINT/IN-PCS-hyPBmut; all shown in Figure 1A), we
produced vesicular stomatitis virus G protein (VSV-G)-pseudotyped
viral particles carrying (1) hyPBase fused directly to IN, (2) hyPBase
linked to IN by a HIV protease cleavage site (PCS), or (3) a mutated
variant of the transposase, hyPBmut, linked to IN via the PCS. In gene
transfer experiments in HEK293 cells using a standard EGFP-encod-
ing lentiviral vector (pLV/PGK-EGFP; Figure 1A), we measured
transduction efficiencies ranging from 1.5 x 10 to 2.5 x 10° trans-
ducing units (TU)/mL for these integrase-defective lentiviral vectors
(IDLVs) containing transposase variants linked to IN through the
PCS, whereas the gene transfer capacity of corresponding IDLV's car-
rying IN-APCS-hyPBase fusion protein without a protease cleavage
site was reduced 10-fold (Figure 1B). The titer of control IDLVs
without the hyPBase fusion was 1.0 x 10° TU/mL, showing that
incorporation of hyPBase protein did to some degree affect the overall
gene transfer capacity. Notably, our findings also confirmed that
IDLVs carrying hyPBase fused to the Gag N terminus (LNP/
hyPBase-PCS-MA) did not support any EGFP gene transfer in trans-
duced cells (Figure 1B). Only when IDLVs carrying the hyPBase-
PSC-MA fusion were produced with increasing content of normal
Gag/GagPol (without the N-terminal fusion protein), the gene trans-
fer capacity gradually increased (Figure 1B). As reduced gene transfer
of protein-loaded LNPs could potentially reflect a reduction in the
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yield of viral particles, we also evaluated the transfer efficiency relative
to amount of particles, as determined by p24 Gag ELISA. This anal-
ysis showed that each IDLV/IN-PCS-hyPBase particle was 3.5 times
better at transferring the vector than particles carrying MA-fused
hyPBase supplemented with wild-type Gag (Figure 1C).

Together, our findings suggested that the vector transfer efficiency of
IDLV/IN-PCS-hyPBase was in the same range as IDLVs containing
fused and wild-type Gag/GagPol in a 1:1 ratio, indicating overall func-
tionality of viral particles ferrying protein fused to the integrase in the
C-terminal end of GagPol. This led us to examine whether the trans-
poson donor sequence could be co-delivered with IN-fused hyPBase
in IDLVs (Figure SIA). We produced IDLVs carrying vector RNA
containing a PGK-puro cassette embedded in a piggyBac transposon
sequence, which is converted to an active DNA transposon upon
reverse transcription in transduced cells. Robust DNA transposition

successful) verified hyPBase-directed gene

insertion (Figure S1E). Four of the ten mapped
insertions were located in intergenic regions, whereas the remaining
six were mapped to genes, the five of them to introns.

Potent DNA Transposition after LNP-Directed Transposase
Protein Delivery

We were primarily interested in studying the protein delivery capac-
ity of viral particles that do not carry genetic information (we refer
to such particles as LNPs) and produced, thus, vector-void LNPs
carrying a hemagglutinin (HA)-tagged variant of the hyPBase fused
to IN with an intervening PCS. Western blot analysis of the particle
content confirmed incorporation of hyPBase into the particles and
showed that the transposase was released from IN during virus
maturation (Figure 2A). We also detected an additional and consid-
erably weaker band (evident in both Figures 2A and S2) indicative of
the presence of IN-hyPBase fusion protein in the population of
maturing LNPs. However, neither p24 nor hyPBase was detectable
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Figure 2. Efficient and Rapid Cellular Uptake of hyPBase-Loaded LNPs

(A) Evidence of LNP encapsidation of IN-fused hyPBase and subsequent proteolytic
release of hyPBase. Western blot analysis on a LNP lysate incorporating an HA-
tagged version of the hyPBase transposase is shown. Cell lysates from HEK293T
cells transfected with 1 ng HA-hyPBase expressing plasmid served as positive
control. (B) Colony formation after transposase delivery by hyPBase-loaded LNPs is
shown. Initially, the PB transposon donor pPBT/PGK-Puro was delivered to HelLa
cells by plasmid DNA transfection. The cells were subsequently treated with LNPs
loaded with either IN- or MA-fused PB transposase, and transposase activity was
estimated by quantification of puromycin-resistant colonies. (C) Limited exposure
demonstrates rapid cellular uptake of LNPs. Hela cells were exposed to PB-loaded
LNPs for 2, 4, 8, 12, or 24 hr after delivery of the pPBT/PGK-Puro PB transposon
donor. Transposase activity was subsequently estimated as described in
(B). Triangles, LNP/hyPBase; squares, LNP/hyPBmut. Data are presented as
mean + SEM and n > 3.

in LNP samples isolated from producer cells treated with the prote-
ase inhibitor saquinavir (SQV) (Figure S2), suggesting that transpo-
sase release was dependent on protease activity during particle
maturation.
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To investigate the activity of LNP-delivered hyPBase in DNA trans-
position assays, we produced LNPs containing the two different
fusion variants (IN-PCS-hyPBase and hyPBase-PCS-MA) and
measured formation of puromycin-resistant colonies in HeLa cells
transfected with donor plasmid carrying a PGK-puro expression
cassette in the context of a DNA transposon (Figure 1A). Both fusion
variants resulted in more than 10° colonies after exposure of 4.4 x 10°
cells to LNPs, demonstrating that they equally well supported potent
mobilization of the transposon from plasmid to the genome (Fig-
ure 2B). In both cases, the number of colonies in cells treated with
hyPBase-loaded LNPs was approximately 150-fold higher than in
cells treated with LNPs carrying the hyPBmut transposase. Interest-
ingly, as we have seen previously,'® a control experiment using our
standard conditions for co-transfection of hyPBase-encoding plasmid
and the transposon donor plasmid resulted in significantly fewer
puromycin-resistant colonies (Figure 2B). Also, levels of DNA trans-
position was considerably higher than we observed after IDLV-
directed delivery of the transposon in HEK293 cells (Figure S1B),
which most likely indicates that transposition from transfected
plasmid DNA is more efficient than transposition from an IDLV-
delivered substrate, which is supposedly less abundant. As opposed
to delivery methods based on intracellular transposase production,
protein delivery is expected to facilitate immediate activity in cells
exposed transiently to LNPs. To test this, we transfected HeLa cells
with transposon donor plasmid (pPBT/PGK-puro) and on the
following day exposed the cells to LNPs for a duration of 2-24 hr fol-
lowed by a thorough wash. Most transposition events leading to the
largest number of colonies was detected after 24 hr of exposure, but
robust levels of transposition were measured also in cells exposed
to the LNPs for only 2 hr (Figure 2C). Although the average number
of integrations per cell was not measured and quantification of colony
formation therefore did not represent a strict measurement of protein
activity, formation of transposon-containing colonies did indeed pro-
vide a good estimation of efficacy after LNP-mediated protein deliv-
ery. Hence, throughout the study, colony formation was used as a
measure of successful transposase delivery, resulting in intracellular
activity of the transposase. Collectively, our findings indicate that
LNP-directed protein uptake is rapid and leads to high enzymatic
activity, supporting the use of protein-loaded LNPs for delivery of
genomic tools.

Effective Time-Restricted Transposition Activity after LNP-
Directed Protein Delivery

For every 20 Gag molecules incorporated in lentiviral particles, one
molecule contains an additional Pol domain encompassing the
enzymatic proteins. This means that every LNP unit contains in the
order of 250 GagPol molecules,” allowing packaging of a similar
and relatively low number of proteins fused to the C terminus of
GagPol. This may partially explain why IN-fused proteins are better
tolerated than MA-fused proteins, as evaluated by the capacity of
the viral particles to successfully transfer vector RNA. Notably, how-
ever, protein activity after LNP delivery is high despite the reduced
amount of protein delivered by each virus particle. Intuitively, the
safety of genome engineering will increase with methods that allow
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Figure 3. Western Blot Analysis of hyPBase Protein Levels over Time
(A-C) HelLa cell lysates were analyzed by western blotting at the indicated time
points after delivery of HA-tagged versions of the hyPBase transposase by either
plasmid DNA transfection of 100 ng of a hyPBase expression vector (A), mRNA
transfection of 150 ng in-vitro-transcribed hyPBase mRNA (B), or protein trans-
duction of 400 ng P24 hyPBase-loaded LNPs (C). (D) A LNP lysate was furthermore
included to verify the presence of hyPBase in the LNPs. For all blots, H3 was used as
a loading control.

genomic intervention after delivery of a limited number of effector
molecules. Furthermore, time restriction of the activity of these tools
will add to the safety. To investigate the temporal pattern of protein
activity after exposure of cells to LNPs and compare to other conven-
tional delivery methods, we took advantage of DNA transposition as a
model system. For three distinct transposase delivery methodologies,
(1) cationic polymer-based DNA transfection, (2) liposome-assisted
transfection of in-vitro-transcribed mRNA, and (3) protein transduc-
tion using VSV-G-pseudotyped LNPs, we initially established
experimental conditions that resulted in comparable numbers of
puromycin-resistant colonies (approximately 15,000 colonies) after
co-delivery of plasmid DNA carrying the PBT/PGK-puro transposon.

Using DNA-, RNA-, and protein-based delivery strategies resulting in
similar levels of DNA transposition, we investigated the time span of
transposase activity. First, the cellular content of HA-tagged hyPBase
protein over time after delivery was examined by western blot

analyses. The level of hyPBase protein peaked at day 2 after plasmid
DNA transfection and the protein was detectable for up to 5 days after
transfection (Figure 3A). These findings reproduce previous observa-
tions by Saha and co-workers, showing detection of a piggyBac trans-
posase up to 7 days after transfection.”® After RNA transfection, the
transposase protein was detectable at reduced levels compared to
plasmid transfection and for a duration of only 2 days with peak
amounts observed at 12 hr after RNA delivery (Figure 3B). In sharp
contrast to intracellular production-based methods, LNP-directed
protein delivery did not result in levels of protein that were detectable
by western blot (Figure 3C). Therefore, we analyzed the transposase
protein content in purified LNPs and verified a high content of pro-
tein in the particles (Figure 3D). These data reproduce our previous
observations showing the lack of detection of hyPBase (by western
blot analysis) in cells treated with LNPs carrying Gag-fused hy-
PBase.'® Together, our findings suggested that cells treated with hy-
PBase-loaded LNPs contained only relatively low levels of transposase
protein but that LNP-delivered protein nevertheless supported high
levels of DNA transposition. This lends support to the notion that
short-term activity of small amounts of LNP-delivered protein is suf-
ficient to facilitate robust enzymatic activity in cells.

To examine the temporal properties of LNP-directed protein delivery
in more detail, we used the three above-mentioned methods to deliver
the transposase to HeLa cells and subsequently at different time
points delivered the transposon donor plasmid by DNA transfection.
For each time point, the number of resistant colonies after puromycin
selection was determined, providing an indication of the presence of
active hyPBase transposase at the given time point. Time lines for
each of the three delivery strategies are provided in the left panels
of Figure 4.

For delivery of the transposase by plasmid DNA transfection, we
initially transfected the cells with pCMV-hyPBase and subsequently,
at different time points, transfected the cells with pPBT/PGK-puro
(Figure 4A, left panel). With this setup, we observed transposition
at its peak 6 days after transfection of transposase-encoding plasmid
(Figure 4A, right panel). At day 9, the level of transposition was
reduced to 20% of the peak level. For studies of transposition after
delivery of in-vitro-transcribed RNA encoding the transposase, we
wanted to determine the activity shortly after mRNA transfection
and therefore re-transfected the cells with the transposon donor
plasmid 4, 8, 12, 24, and 48 hr after RNA delivery (Figure 4B, left
panel). For analysis of persistence of activity, we also re-seeded
mRNA-transfected cells after one day, allowing for subsequent
pPBT/PGK-puro transfections. With these two setups, we produced
two complimentary sets of data overlapping at the day 2 time point.
After transfection of hyPBase-encoding mRNA, transposase activity
peaked already 1 day after mRNA transfection and gradually declined
over the following days (Figure 4B, right panel). Robust DNA trans-
position was evident 4 days after mRNA transfection, whereas the
activity was almost gone at day 6. Notably, transposase activity after
both DNA- and RNA-based transposase delivery was initially signif-
icantly reduced compared to later time points, despite the fact that the

Molecular Therapy: Nucleic Acids Vol. 11 June 2018 257


http://www.moleculartherapy.org

A
DNA transfection

PCMV-hyPB pPBT/PGK-Puro Splitinto
Seeding i R ding i P10 dishes Selection
Day -1 Day 0 Day 1 Day 2 Day 3 Day 4

\
Passaged for transfections on days 4, 6,9 and 13

mRNA transfection

pPBT/PGK-Puro
transfection

mRNA L

Splitinto P10 dishes
(24 hours post the

Seeding Selection

| w |
+12 hours
[ +24 hours
Day-1  Day 0N\ ey = Day 1/2/3 Day 2/3/4
+48 hours
pPBT/PGK-Puro  Split into
Re-seeding transfection P10 dishes Selection
Daly 1 Da‘y 2 Da‘y 3 Daly 4
"Passaged for transfections on days 4 and 6

Protein transduction

pPBT/PGK-Puro

5 Splitinto P10 dishes
transfection

(24 hours post the

Day 2/3

LNP/transposase
transduction ¢

|

Seeding

Day -1 Day 1/2

+24 hours

Molecular Therapy: Nucleic Acids

40000 -
30000
20000

10000

Number of puro-resistant colonies

013 o =
o o o T =1 T
2 4 6 8 10 12
Time after transposase delivery (days)

E 25000
H .
S 20000
K =
2 15000 e
2 ek
°
5 10000
=3
frn
)
& 5000+ ns
k)
£ a5 =
= 0 T T T T T T T
0 1 2 3 4 5 6
Time after transposase delivery (days)
$ 20000 -
s
L2
8
« 15000
c
b
1]
2
% 10000 -
e
3
(=3
e
© 5000
o
-]
£
2 =)
= 0 T T b T T
4 8 12 16 20 24

Time after transposase delivery (hours)

Figure 4. Determination of the Temporal Pattern of Protein Activity after Transposase Delivery by LNPs Compared to Standard Delivery Methods

Hela cells were transfected with 900 ng of the pPBT/PGK-Puro transposon donor, and subsequently, PB transposase was delivered to the cells by either plasmid DNA
transfection (A), transfection of in-vitro-transcribed mMRNA (B), or transduction of transposase-loaded LNPs (C) at the indicated time points. Detailed delivery schemes can be
seen in the left panels of (A), (B), and (C). Transposase activity was subsequently estimated as described earlier. Triangles, hyPBase; squares, hyPBmut. Data are presented

as mean + SEMand n > 3.

levels of transposase protein were highest at these early time points.
For example, levels of transposase peaked at day 2 (Figure 3A),
whereas activity peaked with a delay on day 6 after transfection
(Figure 4A), suggesting that DNA transposition was transiently
suppressed by high piggyBac expression levels, potentially by mecha-
nisms of “overproduction inhibition”. These observations mimic
previous studies suggesting that piggyBac transposition in DNA
transfection assays is negatively affected by transposase overproduc-
tion.”"** Cells treated with transposase-loaded LNPs were transfected
with the transposon donor plasmid after LNP exposure times of 4, 8,
12, and 24 hr, following a thorough wash to remove free LNPs (Fig-
ure 4G, left panel). With this delivery strategy, the maximum number
of transposition events was observed in cells transfected with the
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DNA transposon 4 hr after LNP treatment (Figure 4C, right panel).
The level of DNA transposition then gradually declined, reaching
50% of the peak level already 8 or 9 hr after the initial exposure to
LNPs. At 24 hr after LNP addition, active DNA transposition could
not be detected in the cells, indicating that the hyPBase had been
degraded and/or diluted during this time span. Interestingly, the
decay rate of LNP-delivered transposase, measured by activity after
LNP delivery (Figure 4C), was within the same range as the decay
rate of transposase protein after DNA transfection, measured by west-
ern blotting (Figure 3A). Although the production of transposase was
maintained for some time after DNA transfection and this assay
therefore did not strictly illustrate protein decay, the observation of
comparable decay rates served as an internal validation of the two
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assays. In summary, our findings demonstrate that LNP-based deliv-
ery of genome-modifying enzymes results in a pattern of activity,
which is markedly time-restricted relative to delivery methods based
on intracellular protein production using transfected DNA or mRNA
sources. Given the fact that these time courses were established under
conditions showing similar initial levels of hyPBase activity, these
observations also stress that a short-lived and effective boost of enzy-
matic activity—an attractive criterion for safe delivery of tools to the
genome—could be established only by direct delivery of the protein.

So far, attempts to produce and deliver recombinant piggyBac trans-
posase have not been successful,'' and LNP-directed protein delivery
currently represents the only available option for direct delivery of the
piggyBac transposase protein, allowing time-restricted activity within
cells. This capacity to deliver the protein using virus transduction may
be relevant for effective footprint-free removal of the piggyBac DNA
transposon during production of induced pluripotent stem cells
(iPSCs)** ™ or in genome editing strategies that require genomic
excision of a selective reporter gene.’® >’ It may also allow effective
DNA transposition in primary cells or hard-to-transfect cells or
tissues.'® For the CRISPR/Cas9 system, in contrast, production of
recombinant Cas9 is now well established,*'> and direct delivery
of ribonucleoprotein (RNP) complexes consisting of Cas9 and sgRNA
by nucleofection results in robust DNA cleavage.” Alternatively, a
cell-penetrating peptide fused to Cas9 can facilitate cellular uptake.'”
Other endonucleases, like recombinant ZFNs, seem to have intrinsic
cell-penetrating properties that facilitate direct uptake in cells
in vitro."> Although virus- and RNP-based delivery strategies each
offer advantages, both allow the establishment of a short-lived boost
of activity. However, whereas RNP delivery may grow to become the
most popular delivery method for ex vivo modification of patient cells,
incorporation of nucleases in LNPs may be compatible with criteria
related to efficiency and safety of performing genome editing in vivo
for future genetic therapies. We have previously established LNP-
based delivery of ZEN and TALEN proteins'>*° as well as of Cas9
protein,”’ and we now know that this delivery route facilitates only
short-term and therefore likely safer activity of genome-modifying
tools. But how can the relatively low protein content delivered by
LNP-based protein vehicles be sufficient to reach protein activity
levels competing with those of other delivery systems? This is yet
unclear. However, although we still lack formal evidence that LNPs,
due to viral origin and their capacity to traverse cytoplasm and
membranes, drop foreign protein cargo directly at the chromatin, it
is tempting to speculate that such mechanisms make virus-derived
systems optimal for protein delivery. In the future, such delivery
may even be targeted to a specific cell type or organ.

MATERIALS AND METHODS

Plasmid Cloning

The pMDLg/p-RRE(D64V) plasmid encoding GagPol with the D64V
mutation in Integrase was used to generate Integrase fusions with
either hyPBmut or hyPBase, the latter with and without a C-terminal
HA tag. pInt’/IN-PCS-hyPBase, pInt'/IN-APCS-hyPBase, and pInt’/
IN-PCS-hyPBmut were created by fusing the transposase expression

cassette to the viral integrase with and without the codon-optimized
PCS KARVL/AEAMS, which separates capsid and SP1 in wild-type
HIV-1 by overlap extension PCR. The resulting PCR products were
subsequently cloned into AflII- and BspEl-digested pMDLg/
p-RRE(D64V). phyPBase-gagpol-D64V or phyPBmut-gagpol-D64V
(described in Cai et al.'®) was used as template for amplification of
the hyPBase and hyPBmut sequences, respectively. The piggyBac
transposon plasmid pPBT/PGK-puro containing an expression
cassette for the PAC gene conferring puromycin resistance, the
HA-tagged hyPBase-expressing plasmid pCMV-HA_hyPBase, and
pLV/PGK-EGFP were previously described in Cai et al,,'® Sharma
et al.,”” and Jakobsen et al.,*! respectively. Vectors for in vitro
transcription of hyPBase and hyPBmut were generated by PCR
amplification and subsequent insertion into BglII-digested pT3TS/
SB11** by Gibson Assembly (New England Biolabs, Ipswich, MA)
according to manufacturer’s instructions. The lentiviral hybrid vector
containing the PBT/PGK-Puro transposon placed in a reverse orien-
tation in the lentiviral transfer vector (pLV/puro-PGK-PBT) was
generated in Cai et al."®

IDLV and LNP Production

Protein-transducing LNPs devoid of vector RNA were generated by
standard calcium phosphate transfection of lentiviral packaging
plasmids into HEK293T cells seeded the day before in 10-cm dishes
at 4 x 10° cells per dish. The amounts of plasmids used for production
of particles in 10-cm dishes were pRSV-Rev: 3 pg, pMD2.G: 3.75 ug,
and GagPol-encoding plasmid: 26 pg. Protein-transducing IDLVs
carrying vector RNA were generated in a similar manner but with
the following amounts of plasmids: pRSV-Rev: 3 ng; pMD2.G:
3.75 pg; GagPol-encoding plasmid: 13 pg; and lentiviral transfer
vector: 13 pg. One day after transfection, medium was replaced,
and two days after transfection, supernatant was harvested by filtra-
tion through a 0.45-pm filter (Sarstedt, Niimbrecht, Germany) and
stored in aliquots at —70°C. When necessary, concentrated virus
preparations were produced by scaling up the production to 15-cm
dishes and ultracentrifugation of viral supernatant through a 4-mL
20% sucrose cushion at 25,000 rpm at 4°C for 2 hr followed by resus-
pension of the pelleted virus in DPBS™'~. The yield of each vector
preparation was determined by p24 ELISA using kits provided either
by Zeptometrix (Buffalo, NY) or XpressBio (Thurmont, MD)
following manufacturers’ protocols.

Cell Culturing

HEK293, HEK293T, and Hela cells were cultured at standard condi-
tions at 37°C in 5% CO2. They were cultured in DMEM with L-gluta-
mine (Lonza, Basel, Switzerland) supplemented with 5% fetal calf
serum, penicillin (100 U/mL), and streptomycin (0.1 mg/mL).

Titer Assays

Functional titer assays were performed by the limiting dilution
method with lentiviral vectors encoding EGFP. HEK293T cells,
seeded the day before in 6-well plates at 50,000 cells per well,
were transduced with serially diluted vectors supplemented with
8 pg/mL polybrene (Sigma-Aldrich, St. Louis, MO). Four days
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post-transduction, cells were fixed in 2% buffered formalin (Lillie’s
fixative) and analyzed for EGFP fluorescence by flow cytometry using
a FACSCalibur (Becton Dickinson, Franklin Lakes, NJ). Diluted viral
preparations giving rise to 1%-20% EGFP+ cells were used to calcu-
late the biological titer (TU/mL) using the dilution factor and the total
cell number counted on the day of transduction.

Southern Blotting

HEK293 cells were transduced with LNP/IN-PCS-hyPBase and sub-
jected to puromycin selection. Single colonies were isolated and
expanded, after which DNA was extracted using a standard NaCl/
EtOH precipitation protocol. Fifteen micrograms of genomic DNA
(gDNA) from each clone was digested overnight with Dral before
gel electrophoresis and vacuum blotting. A PCR-amplified puromy-
cin probe was randomly labeled using the Prime-It random primer
labeling kit (Agilent Technologies) according to the manufacturer’s
instructions.

LDI-PCR

Genomic DNA was extracted by a standard NaCl/EtOH precipitation
protocol. 3 pg genomic DNA was digested with Fastdigest Nhel and
Fastdigest Xbal (Thermo Fisher Scientific) for six hours and column
purified with E.Z.N.A. Gel Extraction Kit (Omega Bio-tek, Norcross,
GA). Purified DNA was ligated overnight with T4 DNA ligase (New
England Biolabs) in a total volume of 500 pL. 2 pL ligated DNA was
used as template for the first PCR using DreamTaq DNA polymerase
(Thermo Fisher Scientific) following manufacturer’s instructions
(57°C annealing temperature; 2 min extension time; 50 pL total
volume) with a piggyBac-specific sense primer and a PGK-specific
antisense primer. 2 pL of the first round of PCR was used as a tem-
plate for a nested PCR reaction employing identical settings as the
first-round PCR. The products of the nested PCR were separated
by gel electrophoresis, and discrete bands were excised and column
purified (Gel Extraction Kit; Omega Bio-tek). Purified products
were sequenced (GATC Biotech, Cologne, Germany) using the sense
primer from the nested PCR. Resulting sequences were mapped to the
human reference assembly (GRCh37/hg19) using Blat.

In Vitro Transcription

For generating transposase transcripts, hyPBase and hyPBmut were
PCR amplified from pT3TS/hyPBase or pT3TS/hyPBmut, respec-
tively, using a T3 and T7 primer set. Purified PCR products (Fig-
ure S3B, left panel) were then used as templates for in vitro transcrip-
tion. Capped RNA transcripts were generated using the Ambion
mMessage Machine T3 transcription kit (Thermo Fisher Scientific,
Waltham, MA) according to manufacturer’s instructions. RNAs
were purified by lithium chloride precipitation and visualized by
denaturing agarose gel electrophoresis in a 1% formaldehyde gel in
3-morpholinopropane-1-sulfonic acid (MOPS) buffer (Figure S3B,
right panel).

Colony-Forming Assays

To investigate ability of LNP-delivered, IN-fused transposase to
mobilize an episomal transposon donor, we performed a series of
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colony-forming assays. HeLa cells seeded in 6-well plates the day
before at a density of 2.5 x 10> cells/well were transfected with
900 ng pPBT/PGK-Puro transposon donor together with 100 ng
pCDNA3.1-PL4 using Turbofect (Thermo Fisher Scientific). 24 hr
after transfection, the cells were transduced using 400 ng p24 of
LNP/IN-PCS-hyPBase, LNP/IN-PCS-hyPBmut, LNP/hyPBase-PCS-
MA, or LNP/hyPBmut-PCS-MA in the presence of polybrene
(8 ng/mL). The day after transduction, cells were split into P10 dishes
in appropriate dilutions, and subsequently, the following day,
medium was changed to medium supplemented with 1 pg/mL puro-
mycin (Sigma-Aldrich). Puromycin-resistant colonies were stained
with 0.6% methylene blue (Sigma-Aldrich) and counted. For the
plasmid DNA transfection, control cells were co-transfected with
pPBT/PGK-Puro and either pPCMV-hyPBase or pCMV-hyPBmut in
a 9:1 ratio with 1 g total DNA and subsequently split into P10 dishes
the day after.

Detection of hyPBase Protein in LNPs and Transduced Cells by
Western Blotting

For detection of hyPBase protein in HeLa cells, 2 x 10> cells/well
were seeded in 6-well plates. The day after, for plasmid DNA trans-
fection, cells were transfected with 100 ng pCMV-hyPBase together
with 900 ng pCDNA3.1-PL4 as stuffer using Turbofect. For RNA-
based delivery, cells were transfected with 150 ng of rT3TS/hyPBase
using Lipofectamine 2000 (Thermo Fisher Scientific), and for LNP-
mediated transduction, 400 ng p24 was used as described above.
Cell lysates for each time point were prepared with cells from three
separate transfections/transductions, which were pooled and lysed in
Pierce RIPA buffer (Thermo Fisher Scientific) supplemented with
10 mM NaF and 1x complete protease inhibitor cocktail (Roche,
Basel, Switzerland). For western blots on LNPs containing piggyBac
transposase, ultracentrifuged LNPs were lysed in Pierce RIPA buffer
as described above. Proteins were separated by SDS-PAGE and
blotted in to a polyvinylidene fluoride (PVDF) membrane. Mem-
branes were blocked in 5% skim-milk dissolved in TBS supple-
mented with 0.05% Tween-20 (Sigma-Aldrich) and then incubated
overnight with either an HIV-1 p24 polyclonal antibody (Thermo
Fisher Scientific), an HA monoclonal antibody (Covance, Princeton,
NJ), or an H3 monoclonal antibody (Abcam, Cambridge, Great
Britain). The membranes were then washed and subsequently incu-
bated either with horseradish peroxidase (HRP)-conjugated anti-rab-
bit (Agilent Technologies, Glostrup, Denmark) or anti-mouse
(Agilent Technologies) secondary antibodies and visualized by
chemiluminescence using a horseradish peroxidase substrate
(Thermo Fisher Scientific).

Quantification of PB Transposase Potency and Activity

To test the potency of the LNPs, HeLa cells were seeded in 6-well
plates (2 X 10° cells/well) and, the day after, transfected with
900 ng pPBT/PGK-Puro together with 100 ng pCDNA3.1-PL4 as
stuffer. 24 hr after transfection, the cells were transduced with
400 ng p24 of either LNP/IN-PCS-hyPBase or LNP/IN-PCS-hy-
PBmut. After 2, 4, 8, 12, or 24 hr incubation, the virus-containing
medium was removed from the transduced cells and the cells were



www.moleculartherapy.org

subsequently washed twice in DPBS™~ before addition of standard
medium. On day 3, the cells were split into P10 dishes and allowed
to form colonies under puromycin selection. For analyses of persis-
tence of hyPBase activity following delivery by either plasmid DNA
or in-vitro-transcribed mRNA, HeLa cells were seeded in 6-well plates
(2 x 10° cells/well). The day after, for plasmid DNA transfection, cells
were transfected with 100 ng pCMV-hyPBase or pCMV-hyPBmut
together with 900 ng pCDNA3.1-PL4 as stuffer using Turbofect.
For RNA-based delivery, cells were transfected with 150 ng of either
rT3TS/hyPBase or rT3TS/hyPBmut using Lipofectamine 2000
according to manufacturer’s instructions. Each replicate constituted
of three pooled transfections bringing the total number of transfec-
tions per construct up to nine. To quantify colony formation on
days 2, 4, 6, 9, and 13, colony-forming assays was carried out as
described above. Cells were seeded at a density of 2 x 10> cells/well.
On the day of transfection, 900 ng pPBT/PGK-Puro was co-trans-
fected together with 100 ng pCDNA3.1-PL4. To determine
short-term activity following either transduction of transposase-
loaded LNPs or transfection of transposase mRNA, HeLa cells were
seeded in 6-well plates (2 x 10> cells/well). The day after, cells were
either transduced with 400 ng p24 of LNP/IN-PCS-hyPBase or
LNP/IN-PCS-hyPBmut or transfected with 150 ng rT3TS/hyPBase
or rT3TS/hyPBmut. The cells were then incubated for 4, 8, 12, 24,
or 48 hr before transfection with 900 ng pPBT/PGK-Puro together
with 100 ng pCDNA3.1-PL4. The cells were then incubated for
another 24 hr before being split into P10 dishes. For the LNP-trans-
duced cells, two washing steps with DPBS~/~ were introduced four
hours after transduction to limit exposure of the cells to LNPs.

Statistical Analysis

Two-tailed Student’s t tests were performed to compare differences
between two groups. The assumption of equal variances was tested
by the F test. Viral transductional titers were compared by statistical
analysis on log-transformed data. To compare colony formation of
LNPs loaded with IN- or MA-fused PB transposase, a one-way
ANOVA with Turkey’s multiple comparisons test was used. In the
investigation of LNP-delivered transposase potency and activity
over time, a two-way ANOVA was utilized to determine how time
and the transposase used affected the results. Bonferroni post-tests
were subsequently used to compare hyPBase and hyPBmut at each
time point. The results were displayed in the figures with
the following annotations: ns, p > 0.05; *p < 0.05; **p < 0.01;
©otp < 0.001.
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Figure S1. IDLV-mediated co-delivery of IN-fused hyPBase and a transposon donor facilitates efficient
transposition in HeLa cells. (A) Schematic presentation of the PBT/PGK-Puro transposon carried by a lentiviral transfer
construct (B) Basic concept of PB transposition mediated by co-delivery of transposase protein and transposon donor in
‘all-in-one’ IDLVs. (C) Colony formation by ‘all-in-one’ IDLVs. HeLa cells were transduced with IDLV's co-packaged
with hyPBase protein and a transposon donor incorporating a puromycin selection cassette. The transduced cells were
subjected to selection with puromycin. The resulting colonies were fixed, stained and counted. (D) Southern blot of single,
isolated clones from the colony-forming assay in (C) demonstrating robust production of single-copy clones by
transduction of IDLVs carrying both transposase protein as well as transposon donor. (E) Mapping of integration sites of
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Figure S2. Protease-dependent release of IN-fused transposase after LNP maturation. HyPBase and p24 release
from the GagPol polypeptide was evaluated by Western blotting of LNP/IN-hyPBase-HA lysates produced either with or
without the protease inhibitor saquinavir (SQV).
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Figure S3. Production of in vitro-transcribed hyPBase mRNA. (A) Schematic presentation of the DNA template and
mRNA produced by in vitro transcription (B) Representative gels of the PCR amplified hyPBase fragment (left) and the
corresponding in vitro-transcribed mRNA (right). a: T3TS/hyPBase, m: T3TS/hyPBmut.
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