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Finding suitable nonviral delivery vehicles for nucleic
acid-based therapeutics is a landmark goal in gene
therapy. Cell-penetrating peptides (CPPs) are one class
of delivery vectors that has been exploited for this pur-
pose. However, since CPPs use endocytosis to enter cells,
a large fraction of peptides remain trapped in endo-
somes. We have previously reported that stearylation
of amphipathic CPPs, such as transportan 10 (TP10),
dramatically increases transfection of oligonucleotides
in vitro partially by promoting endosomal escape. There-
fore, we aimed to evaluate whether stearyl-TP10 could
be used for the delivery of plasmids as well. Our results
demonstrate that stearyl-TP10 forms stable nanoparticles
with plasmids that efficiently enter different cell-types
in a ubiquitous manner, including primary cells, result-
ing in significantly higher gene expression levels than
when using stearyl-Arg9 or unmodified CPPs. In fact, the
transfection efficacy of stearyl-TP10 almost reached the
levels of Lipofectamine 2000 (LF2000), however, with-
out any of the observed lipofection-associated toxicities.
Most importantly, stearyl-TP10/plasmid nanoparticles
are nonimmunogenic, mediate efficient gene delivery in
vivo, when administrated intramuscularly (i.m.) or intra-
dermally (i.d.) without any associated toxicity in mice.
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INTRODUCTION

The gene therapy field has experienced tremendous progress in
the past decades and the application of gene expression modula-
tion today seems more accessible than ever. Classically, the under-
lying principle of any such manipulation is to adjust the levels of
otherwise deficient gene products to normal physiological levels.
The simplest way to achieve this is to incorporate a gene of inter-
est into bacterial plasmids and introduce these plasmids to spe-
cific cells or tissues. However, plasmids, similar to other nucleic

acid-based molecules in general, share the inherent properties of
having high molecular weight and negative net charge, making
biological membranes essentially impermeable to them. In recent
years, a myriad of different delivery vehicles have been developed
and evaluated for plasmid delivery, of both viral and nonviral
origin. Although viral vectors fulfil the criteria associated with
efficient gene delivery vehicles, their applicability is severely ham-
pered by possible side-effects deriving from their origin, such as
immunogenicity, possible in vivo recombination, virus-induced
chromosomal integrations, and tumorigenicity."* These inherent
drawbacks have paved the way for nonviral delivery vectors.>*

Nonviral delivery of plasmid DNA (pDNA) is usually based
on chemical vectors that form nanoparticles with pDNA. Most
of these chemical vectors are based on natural and/or synthetic
peptides, lipids or polymers.>® Cell-penetrating peptides (CPPs)
are one such class of peptide-based vectors, which has demon-
strated great potential for numerous delivery applications since
being discovered in 1994.” CPPs are relatively short, cationic, and/
or amphipathic peptides that possess the ability to deliver a wide
range of different macromolecules into cells both in vitro and in
vivo (as recently reviewed in refs. 8-12). Plasmid delivery with
CPPs has been reported numerous times, however, the relative
transfection efficiencies in these reports have in general been
poor.!3-15

While the internalization mechanisms of CPPs are widely
debated, it is generally accepted that most CPPs use some endo-
cytic pathway to gain access to the interior of cells.’"'s Following
endocytosis, CPP/cargo complexes/conjugates reside in endo-
somal vesicles and only a minor portion is able to escape these
compartments, which severely reduces the bioavailability.***

To overcome this problem many strategies aiming at increas-
ing endosomal escape have been investigated (as recently reviewed
in refs. 8,21). One possibility to increase the activity of CPPs is
to introduce a stearyl moiety. This approach has previously been
reported to improve polyarginine-mediated delivery of small
interfering RNAs* and plasmids.** However, the stearylation
strategy does not seem to provide the same effects for all peptides.
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Figure 1 Complex formation efficiency. (a) Ability of stearylated cell-penetrating peptides (CPPs) to form complexes with a pGL3 plasmid at dif-
ferent peptide:plasmid charge ratios (CRs) 0.5:1-3:1 (CR0.5-CR3), was analyzed using an ethidium bromide (EtBr) exclusion assay. (b) The EtBr
exclusion assay carried out in the same manner, however, comparing unmodified transportan 10 (TP10) with stearyl-TP10. Effect of the addition of
heparin sulphate to the CPP/plasmid complexes: stearyl-TP10/plasmid (c) at CR1, (d) at CR3 and (e) TP10/plasmid complexes at CR3. Lane numbers
on the images on c-e represent: (1) naked plasmid, (2) CPP/plasmid complexes, (3-7) CPP/plasmid complexes treated with heparin sodium at the

concentrations of 1.135, 2.27, 4.54, 9.08, 18.16 mg/ml|, respectively.

For example, we recently showed, in two separate reports, that the
activity of stearyl-Arg9 is rather modest for the delivery of oli-
gonucleotides.”* In contrast, stearylation of the more amphip-
athic peptides (RXR), and transportan 10 (TP10) had a dramatic
impact on the delivery efficacy of oligonucleotides. In particular,
stearyl-TP10 displayed superior delivery properties compared to
other stearylated CPPs.

Based on these findings we therefore, in this paper, investigate
the plasmid delivery efficacy of the stearyl-TP10 peptide, not only
in vitro, but also in vivo. We show that serum-resistant nanopar-
ticles are formed upon coincubation with pDNA and that these
nanoparticles efficiently transfect cells ubiquitously in a non-
toxic manner. We also take this technology one step further and
show that stearyl-TP10/plasmid nanoparticles facilitate efficient
dose-dependent gene delivery in vivo when being administered
intramuscularly (i.m.) or intradermally (i.d.), without any associ-
ated toxicity or induction of immune response. These promising
results show that stearyl-TP10 is an interesting nonviral, peptide-
based vector for plasmid delivery, which is effective both in vitro
and in vivo, and it opens an intriguing perspective for the future
gene delivery applications.

RESULTS

Noncovalent particle formation

PDNA can be vectorized with peptides by using a noncovalent
complexation strategy. This strategy is based on the phenomenon
that positively charged peptides can condense negatively charged
oligonucleotides predominantly through electrostatic- and hydro-
phobic interactions and form complexes/nanoparticles.”*

To assess the extent to which the CPPs are able to condense
pDNA, we used an ethidium bromide (EtBr) exclusion assay,
essentially as described in refs. 29,30. Both the stearylated CPPs,
stearyl-Arg9 and stearyl-TP10, efficiently condensed pDNA
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Table 1 Size distribution and homogenicity of stearyl-TP10/plasmid
nanoparticles

Charge ratio

(stearyl-TP10: 10 minutes 40 minutes

plasmid) Average diameter (nm)®  Average diameter (nm)?
0.5:1 150.1 £+ 14.65 140.0 £9.97

1:1 132.0£21.95 139.9+15.76

1.5:1 125.8 £21.68 141.5£25.59

2:1 108.3+£5.791 129.7 £26.19

3:1 128.0 £ 14.64 1252 +£7.507

Abbreviation: TP10, transportan 10.
*Mean + SD.

(Figure 1a). However, the condensing effect of stearyl-TP10 was
more pronounced at higher charge ratios (CRs). Unmodified
TP10 also condensed pDNA, but to a lower extent than stearyl-
TP10 (Figure 1b).

In order to study the physicochemical properties of stearyl-
TP10/plasmid complexes, we carried out dynamic light scattering
measurements. Particles were formed at different CRs and par-
ticle size was in line with the condensing effect seen in the EtBr
exclusion assay. At higher CRs, particles were more condensed
and concurrently smaller in size. In general, particles tended to
grow over time; however, overall particle size remained in the
range of 125-150nm (Table 1). Additionally, we measured the
{-potentials of the nanoparticles. {-Potential of stearyl-TP10/
plasmid nanoparticles remained in the range of -5.0 to -11.4 mV
in serum-supplemented media, which is in a suitable range for
in vivo applicability®*’~** (Supplementary Table S1).

To further evaluate the stability of the stearyl-TP10/plasmid
nanoparticles, we analyzed the complexes using a heparin dis-
placement assay, essentially as described in ref. 34. Stearyl-TP10
formed stable complexes with pDNA at all the studied CRs.
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At CR1, i.e, ata CR wherein all the negative charges of the pDNA
had theoretically been neutralized with positive charges of the
peptide, some of the DNAs were still detectable on the gel, implying
that either a small portion of the plasmid remained noncomplexed
or was easily dissociated from complexes by the electrophoresis
process (Figure 1c). In contrast, at all other higher CRs, the plasmid
was completely condensed into nanoparticles and hence completely
shielded. At CR1, heparin sodium (heparin) easily displaced the
peptide from the stearyl-TP10/plasmid complexes. At higher CRs,
heparin either only displaced peptides at higher heparin concen-
trations or liberated only a small portion of plasmid (Figure 1d),
that is except for CR1, stearyl-TP10/plasmid complexes were very
stable. As mentioned above, TP10 also condensed DNA at higher
peptide concentrations, however, addition of heparin completely
dissociated TP10/plasmid complexes at all the heparin concentra-
tions (Figure 1e). In contrast to the results from the EtBr exclusion
assay, very little complexation was observed when analyzing the
TP10 complexes on the gel (Figure 1e). These discrepancies might
be due to the complexes that are very weakly associated and that
during the course of electrophoresis, the complexes dissociate.

Gene Delivery With Stearyl-TP10

Next, the stability of stearyl-TP10/plasmid nanoparticles toward
the degrading capacity of serum was assessed by incubating pre-
formed nanoparticles in the presence of 10% of serum and analyzing
degradation by agarose gel electrophoresis. At CR2, the peptide was
able to completely shield the plasmid from degradation, for at least
24 hours. At CR1, plasmid was degraded to some extent, however,
most of the complexes were still intact, whereas naked plasmid was
completely degraded (Supplementary Figure S1).

Effect of N-terminal stearylation

on plasmid transfection efficiency

Plasmid delivery with unmodified CPPs has been described in
a handful of papers, but transfection efficiencies have generally
been relatively poor in most of these reports.”*"** To corroborate
this, Chinese hamster ovary (CHO) cells were transfected with a
luciferase-encoding plasmid complexed with either TP10 or Arg9.
As expected, neither one of the peptides conferred transfections
above the level of cells treated with only plasmid (Figure 2a). As
aforementioned, despite being a field of intense investigation, it is
widely accepted, that CPPs use endocytic pathways to enter cells
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Figure 2 Effect of unmodified and stearylated cell-penetrating peptides (CPPs) on plasmid transfections compared to the Lipofectamine
2000 (LF2000). (a) To evaluate the ability of unmodified CPPs to mediate plasmid transfections, 4 x 10* Chinese hamster ovary cells were seeded
24 hours before experiment in 24-well plates. Cells were treated with complexes at different charge ratios (CRs), from CR1 to CR4 (in this case
CR3 is shown), using 0.5ug of plasmid per well, for 4 hours in serum-free media (alternatively with the addition of 100 pmol/I chloroquine (CQ))
followed by replacement to 10% serum containing medium and incubated additionally for 20 hours. Cells were washed with HEPES-buffered
Krebs Ringer buffer and lysed in 0.1% Triton X-100, luciferase activity was measured and normalized against the protein content in each well.
(b) Transfection comparison of stearyl-transportan 10 (TP10) and stearyl-Arg9 at CR3, carried out as described above. (c) Efficiency of stearyl-TP10
compared to LF2000. Stearyl-TP10 was formulated at different CRs as described above and LF2000 was used according to the manufacturer’s protocol.
(d) Decrease in LF2000-mediated luciferase plasmid transfections as a result of decreased LF2000 amounts compared to the standard protocol.
Uptake of the fluorescenyl-labeled plasmid in complex with either (e) TP10 or stearyl-TP10 in U20S cells in Opti-MEM or (f) serum containing
media. Treatments were carried out as described above, however, cells were lysed for 1 hour and fluorescence was measured in black 96-well plate
at 490/518 nm on a fluorometer. Fluorescence signal (RFU) from untreated cells was subtracted from the signals of treated cells. The values repre-
sent the mean of at least three independent experiments performed in duplicate (mean + SEM). (b) ***P < 0.001, analysis of variance Dunnett’s
multiple comparison test.
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Figure 3 Delivery efficacy of stearyl-transportan 10 (TP10)/plasmid nanoparticles in different cell lines and importance of cell surface glu-
cosaminoglycans (GAGs). (a) 5 x 10* U20S, (b) U87, (c) 3 x 10* mouse embryonal fibroblast (MEF) and (d) 5 x 10* Chinese hamster ovary (CHO)
cells were seeded 24 hours before experiment into 24-well plates. Cells were treated and analyzed as in Figure 2a,c, however, for the first 4 hours,
transfections were also carried out in 10% serum containing medium, except in MEF cells. (e) 5 x 10* CHO and 5 x 10* GAG-deficient CHO cells were
seeded 24 hours before experiment into 24-well plates. Cells were treated and analyzed as in Figure 2a,c. (f) Effect of the addition of chloroquine
(CQ) to the transfection efficiency of stearyl-TP10/plasmid nanoparticles in CHO cells. Cells were treated and analyzed as in Figure 2a,c. The values
represent the mean of at least three independent experiments performed in duplicate (mean + SEM).

and that subsequent entrapment of peptides in endosomes sig-
nificantly reduces their activity.'”?” Cotreatment with chloroquine
has been shown to enhance the release of endosomally entrapped
material.*® Interestingly, only minor increases in gene expression
were observed when cotreating with chloroquine, being slightly
more pronounced in the case of Arg9 (Figure 2a). These results
imply that although unmodified CPPs form complexes with plas-
mids to a certain extent, they are either not internalized in suf-
ficient amounts (suggested by the lack of biological response even
in presence of chloroquine) or complexes rapidly dissociate before
or after being taken up by endocytic pathways and the plasmids
are thus unable to reach the nucleus of cells.

After confirming that unmodified CPPs did not promote any
significant plasmid delivery, we sought, based on our previous
success with stearyl-TP10 for the delivery of splice-correcting
oligonucleotides,” to test it for plasmid transfection efficiency.
Stearyl-TP10/plasmid nanoparticles enabled efficient transfection
of pDNA and significantly increased luciferase gene expression
levels in CHO cells, generating around four orders of magnitude
higher levels over background (Figure 2b). The same modifica-
tion on Arg9 also had an impact on plasmid delivery; however,
transfection efficiency was ~100-times lower as compared to when
using stearyl-TP10 (Figure 2b). Interestingly, stearyl-TP10 was
able to significantly increase the luciferase activity at all tested CRs,
showing that the transfection efficiency is not strictly dependent
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on peptide amounts (Figure 2c). In order to fully appreciate the
potential of this peptide, we compared it with the widely used
transfection reagent Lipofectamine 2000 (LF2000). Intriguingly,
stearyl-TP10 almost reached the transfection levels of LF2000 in
CHO cells (Figure 2c) Importantly, in contrast to stearyl-TP10,
transfection levels were severely reduced when decreasing the
amount of LF2000 (Figure 2d).

To delineate whether the increased activity imparted by the
stearyl moiety was a result of increased cellular uptake or increased
endosomal escape (or a combination of these factors), the uptake
of fluoresceinyl-labeled plasmid complexed with TP10 or stearyl-
TP10 was assessed. As seen in Figure 2e, both peptides mediated
plasmid delivery to the same extent in serum-free media, displaying
enhanced uptake with increased CRs. Interestingly, in the presence
of serum, negligible uptake was observed for TP10/plasmid com-
plexes while stearyl-TP10/plasmid complexes were efficiently inter-
nalized (Figure 2f). These results suggest that although the stearyl
moiety slightly increases cellular uptake as compared to TP10 in
serum-free media, the radical difference in transfection levels
should, at least partially, be due to increased endosomal escape.

Transfection efficiency in different cell lines

and impact of serum proteins

To validate the effectiveness of stearyl-TP10 in other cells as well,
we conducted transfection experiments in different commonly

www.moleculartherapy.org vol. 19 no. 8 aug. 2011
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Figure 4 Evaluation of transfection efficiency, confluence dependency, toxicity profile, and induction of innate immunity by stearyl-trans-
portan 10 (TP10)/plasmid nanoparticles compared to Lipofectamine 2000 (LF2000). (a) 7 x 10* Chinese hamster ovary (CHO) cells were seeded
24 hours before experiment into 24-well plates. Cells were treated with stearyl-TP10/plasmid nanoparticles expressing enhanced green fluorescent
protein at charge ratio 3 (CR3) for 4 hours in serum-free media followed by replacement to 10% serum containing medium and incubated addi-
tionally for 20 hours (stearyl-TP10/plasmid). For negative control plasmid-treated cells were imaged (plasmid). LF2000 was used according to the
manufacturer’s protocol (LF2000/plasmid). Thereafter, cells were washed with phosphate-buffered saline and fixed by using 4% formaldehyde solu-
tion at room temperature for 10 minutes. Images were taken using confocal microscopy. (b) To assess the impact of increasing cell confluency on the
transfection efficiency, 5 x 10%, 1 x 10%, 1.5 x 10° HEK293 cells were seeded 24 hours before experiment into 24-well plates. Cells were treated and
analyzed as in Figure 2a,c. (c) Toxicity was assessed by WST-1 proliferation assay 24 hours after treatment of cells with stearyl-TP10/plasmid nano-
particles at different CRs (CR1-CR3) or lipofection. The values represent the mean of at least three independent experiments performed in duplicate
(mean + SEM). (d) Analysis of interleukin (IL)-1B induction in primed THP1 cells treated with stearyl-TP10/plasmid nanoparticles, mock plasmid or
LF2000. Lipopolysaccharide (LPS) was used as a positive control. Supernatants were analyzed by enzyme-linked immunosorbent assay 24 hours after

incubation.

used cell lines. As expected, and in accordance with the results
in CHO cells (Figure 2c), stearyl-TP10 efficiently mediated
plasmid delivery in U20S, U87, and HEK293 cells (Figures 3a,b
and 4b, respectively). In line with the condensation efficiency
seen in the EtBr exclusion assay (Figure la,b), at higher CRs
and, hence, at higher peptide concentrations, the increase in
luciferase expression was more pronounced in all of these cell
lines. Interestingly, CR3 seemed to be an optimal peptide-over-
pDNA ratio, since CRs above that did not significantly increase
the delivery efficiency further, or the effect was even decreased.
The dynamic light scattering profile of the stearyl-TP10/plasmid
nanoparticles (Table 1) supports this observation, as the size of
the nanoparticles is more homogenous at higher CRs, especially
at CR3.

Cargo-size is one factor that often limits the full potential
of delivery vectors. To this end, we used a plasmid with a larger
size. As seen in Supplementary Figure S2, a larger plasmid with
a size of 6.4kb was transfected into U87 cells with similar effi-
ciency as the smaller vector (4.7kb) used throughout most of the

Molecular Therapy vol. 19 no. 8 aug. 2011

experiments in this study. Thus, at least in this size range, stearyl-
TP10 is not restricted to certain plasmid size.

Next, we also wanted to investigate whether these nanopar-
ticles would facilitate delivery of plasmids in more refractory
primary cells. For this, primary mouse embryonal fibroblast cells
were transfected with stearyl-TP10/plasmid complexes, which
resulted in a 2.5 log increase in luciferase expression compared to
untreated cells (Figure 3c). In line with the effects seen in regular
cell lines, LF2000 was around a log more efficient. As expected, the
transfection levels with both reagents were overall a log lower than
that in the previously tested cell lines (Figures 3a,b,d and 4b).

In order to obtain information on the possible applicability
in vivo, a setting that naturally necessitates maintained deliv-
ery activity also in the presence of serum proteins, we set out to
mimic in vivo conditions. To address this, in vitro transfections
were also carried out in full growth media. As seen in U208, U87,
and CHO cells (Figure 3a-c, respectively), the presence of serum
components only slightly affected the transfection efficiency. Even
though overall modest decreases were observed in all of the cell
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Figure 5 Delivery of stearyl-transportan 10 (TP10)/plasmid nanoparticles in vivo. (a) For the evaluation of delivery efficiency of stearyl-TP10/
plasmid nanoparticles after intramuscular (i.m.) administration, 5ug of pGL3 plasmid was complexed with stearyl-TP10 at charge ratio 0.5 (CR0.5),
CR1 and CR2 in 5% glucose in 50l volume and injected locally in the Musculus tibialis anterior of Balb/c female mice. Control levels were obtained
with only naked plasmid DNA. Luciferase expression was measured using bioluminescence imaging in a Xenogen IVIS100 imager. Error bars indicate
SEM, n = 4 for each group. (b) Delivery efficiency of stearyl-TP10/plasmid nanoparticles locally to the skin was evaluated as described above, however,
nanoparticles were injected in the dermis of Balb/c female mice. Error bars indicate SEM, n = 4 for each group. (c) In vivo bioluminescence imaging
of luciferase expression at day 1 after i.m. administration of stearyl-TP10/plasmid nanoparticles at CR0.5, CR1, CR2 and mock plasmid as a control.
(d) Dose-dependent luciferase expression of the stearyl-TP10/plasmid (pEGFPLuc) nanoparticles after intradermal administration at the different

doses of plasmid (1, 5, and 10ug). Luciferase expression was measured as described above.

lines, increased luciferase expression levels of around three logs
over background were obtained.

It is widely accepted that most CPPs use endocytic pathways
to enter cells and the first interaction with cellular membranes is
commonly considered to involve glucosaminoglycans. To con-
firm the role of glucosaminoglycans, we assessed the transfec-
tion efficiency in a glucosaminoglycan-deficient CHO cell line.
Transfection levels of stearyl-TP10/plasmid nanoparticles in this
cell line were severely reduced as compared to the regular CHO
cells, emphasizing the importance of glucosaminoglycans and that
endocytic uptake is a prevailing mechanism for cellular uptake of
stearyl-TP10/plasmid nanoparticles (Figure 3e), which was also
evident in the case of LF2000. Furthermore, it was observed that
coaddition of chloroquine substantially increased the biological
activity of these nanoparticles, further underlining the involve-
ment of endocytosis as the mechanism of internalization for
stearyl-TP10/plasmid nanoparticles (Figure 3f).

Transfection of entire cell populations

and cell confluency independency

One important aspect in the evaluation of new transfection
agents is the ability to transfect entire cell populations. In order
to address that, we used an enhanced green fluorescent pro-
tein (EGFP)-encoding plasmid and analyzed cells by confo-
cal microscopy. Stearyl-TP10/plasmid complexes formulated at
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CR3 enabled transfection of almost 100% of the cell population,
whereas naked plasmid was unable to induce gene expression in
any cells (Figure 4a). In the case of lipofection, we confirmed the
well-established observation that LF2000 complexes did not reach
the entire cell population (Figure 4a).

Another important parameter is that the activity of the trans-
fection reagent ideally should not be strictly dependent on cell
confluences. To address this aspect, HEK293 cells were seeded at
different densities (5 x 10% 1 x 10° and 1.5 x 10° cells per well)
and transfections were carried out as described above. In general,
the transfection efficiency was maintained at higher cell conflu-
ency both in the case of stearyl-TP10 and LF2000. In keeping
with the earlier observations, higher peptide concentration (CRs)
resulted in superior transfection levels at all tested cell densities
(Figure 4b).

Comparison of toxicity profiles of stearyl-TP10

and LF2000

The most elementary in vitro cytotoxicity is usually evaluated
using cell viability assays, which measure metabolic activity of
mitochondria. It is well known that high transfection efficiency
with lipofection correlates widely with toxicity. This has been
described many times previously and we here confirm that LF2000
significantly reduces cell viability, as determined by the WST-1
assay (Figure 4c). After lipofection, we observed as much as a 30%

www.moleculartherapy.org vol. 19 no. 8 aug. 2011
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Figure 6 Histopathological examination of the treated animals.
Animals were treated as described in Figure 5. Organs were dissected
24 hours after treatment and fixed in formalin, embedded in paraf-
fin, and stained with eosin and hematoxylin. Images were taken on
the Olympus BX45 microscope with a Sony DXC-S500 digital camera.
Histopathological sections of: (a) muscle tissue of the negative con-
trol, (b) plasmid-treated and (c) stearyl-transportan 10 (TP10)/plasmid
treated animals; (d) skin after treatment with plasmid or (e) stearyl-
TP10/plasmid complexes; (f) kidney after treatment with plasmid or (g)
stearyl-TP10/plasmid complexes; (h) liver after treatment with plasmid
or (i) stearyl-TP10/plasmid complexes; (j) and lung after treatment with
plasmid or (k) stearyl-TP10/plasmid complexes.

decrease in cell viability over 24 hours. In contrast, stearyl-TP10/
plasmid nanoparticles did not exert any toxic effect at any of the
tested CRs (Figure 4c).

Inflammatory responses in vitro and in vivo

An important parameter for successful in vivo implementation
of nucleic acids is to avoid triggering inflammatory responses.
To address this, we evaluated the impact of stearyl-TP10/plasmid
nanoparticles in transformed human monocytic THP1 cells by
measuring the release of interleukin (IL)-1B, 24 hours after treat-
ment. Stearyl-TP10/plasmid nanoparticles did not influence the
release of IL-1P as compared to basal levels of untreated cells,
whereas the positive control lipopolysaccharide induced a strong
immunogenic response (Figure 4d). The lack of inflammatory
responses was further corroborated in vivo, where only negligi-
ble levels of the inflammatory mediators IL-6 or tumor necrosis
factor-o. were observed 24 hours after i.d. or i.m. administration
of either stearyl-TP10/plasmid complexes or naked plasmids
(data not shown) and the level of C-reactive protein remained
unchanged (data not shown).

Administration of stearyl-TP10/plasmid

nanoparticles in vivo

After demonstrating efficient plasmid delivery in vitro and mini-
mal influence on inflammatory pathways, we sought to go one step
further and investigate the potential of the peptide to be used for
plasmid delivery in vivo. To assess the delivery in vivo, we admin-
istered stearyl-TP10/plasmid nanoparticles via two different local
administration routes; i.m. and i.d.

Mice were injected im. by bilateral injections into the
Musculus tibialis anterior with stearyl-TP10/plasmid nanoparti-
cles, formulated at different CRs, and luciferase activity was mea-
sured in anesthetized animals on days 1, 3, 7, and 14 postinjection
using a bioluminescence imager. Control mice were injected with
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naked plasmid. Although animals treated with naked plasmid
displayed significant luciferase expression, the expression levels
were increased approximately by one log when using stearyl-TP10
nanoparticles formed at CR1, one day postinjection (Figure 5a,c).
Particles formed at the other CRs were unable to increase plasmid
delivery, as luciferase expression remained at the level of control
group. Moreover, luciferase expression was increased on day 3 and
reached its peak at day 7. Thereafter, expression started to decline
at day 14. These results demonstrate that stearyl-TP10 improves
gene delivery in vivo and that it allows relatively persistent expres-
sion over time. However, in contrast to in vitro transfections,
using a defined CR1 is crucial in order to obtain increased gene
expression levels.

Next we carried out injections through the i.d. route. Luciferase
activity was measured in anesthetized animals using biolumi-
nescence on days 1, 3, and 7 postinjection (Figure 5b). As kera-
tinocytes undergo rapid cell division, extended follow-up was
not possible. In accordance with the data obtained in the previ-
ous study on i.m. injections, one day postinjection gene expres-
sion was increased by nearly one log when using stearyl-TP10 at
CR1 over plasmid as compared to animals treated with plasmid
only (Figure 5b). Thereafter, expression started to decline and was
diminished 7 days after administration of the nanoparticles, which
is an expected result, considering the rapid cell division which
dilutes episomally located plasmids. Again, peptides formulated at
other CRs were unable to promote increased gene expression.

From a pharmacological point of view it is crucial that
obtained effects are exerted in a dose-dependent manner. In order
to verify this, mice were injected i.d. using different plasmid doses
(1, 5, and 10pg) complexed with stearyl-TP10 at CR1, where
5ug represented the amount used in the decay kinetics experi-
ments described above. Dose-dependent increases in luciferase
expression were achieved with both naked plasmid and with plas-
mid complexed with stearyl-TP10. However, in line with earlier
results, stearyl-TP10 promoted increases in gene expression of an
additional order of magnitude as compared to the naked plasmid
(Figure 5d). Interestingly, these dose-titration studies were car-
ried out using a larger luciferase-EGFP fusion plasmid (6.4 kb,
PEGFPLuc) as compared to the pGL3 plasmid (4.7 kb) used in the
initial gene expression decay studies. These results are in accor-
dance with the results from in vitro transfections where the size of
plasmid did not affect the transfection efficiency (Supplementary
Figure S2).

To rule out toxic effects associated with the treatment regi-
men of stearyl-TP10/plasmid nanoparticles we investigated clini-
cal chemistry parameters, as well as carried out histopathological
analysis of the treated tissues and several organs of the treated
animals. Histopathological analysis of the treated tissues showed
that as compared to normal tissue (Figure 6a) there was a local
accumulation of inflammatory cells after i.m. injections in case of
both plasmid and stearyl-TP10/plasmid nanoparticle treatments
(Figure 6b,c), which probably emanates from local inflammation
caused by the response to the injection trauma. However, i.d. treat-
ments did not cause any adverse effects to the histology of the skin
with neither treatment regimens (Figure 6d,e). To exclude systemic
toxicity, we also conducted histopathological examinations of
lung, kidney, and liver, where no signs of histological disturbances
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Table 2 Clinical chemistry parameters of the treated animals

© The American Society of Gene & Cell Therapy

Administration route Treatment group

Creatinine (umol/l £ SEM)

ALT (U/1 £ SEM) AST (U/I + SEM)

Control 19.2+1.2 44.1+133 7931143
Intramuscular Plasmid 18.3+9.2 36.6+ 10 67.4+8

Stearyl-TP10/plasmid 19.9+55 46.3+£6.6 74.2+4.1
Intradermal Plasmid 15+2.8 40.2+134 79.6 £8.5

Stearyl-TP10/plasmid 20.7 £10.7 46.8 £ 13 85.2+19.5

Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; TP10, transportan 10.

compared to normal tissues were detected (Figure 6f-k). This
was also corroborated by clinical chemistry measurements. There
were no deviations from the basal liver transaminase levels (ala-
nine transaminase/aspartate transaminase) neither after after i.d.
nor im. administration, indicating that treatments did not affect
liver function. Furthermore, serum creatinine levels were also
unaffected, thus confirming intact kidney function (Table 2). All
clinical chemistry parameters can be found in Table 2.

DISCUSSION

Nucleic acids, e.g., pPDNA, can be vectorized with natural and/
or synthetic polycations, cationic peptides, lipids or polymers.**
The common denominator of all of these compounds is that they
interact with pDNA via electrostatic and/or hydrophobic interac-
tions and enable the condensation of pDNA into nanoparticles for
cellular delivery.**

CPPs are one group of such nonviral peptide-based delivery
vehicles, which have been shown to facilitate the delivery of pDNA.
Even though a handful of papers have described the vectorization
of pDNA by CPPs, overall efficiency has in general been poor.”*-'*
Moreover, with a few exceptions, these reports have only proven
the effects in in vitro settings, and, to our knowledge, extrapolation
to in vivo settings have only rarely been established.* The explana-
tion for poor efficiency is emanating from the fact that CPPs are
internalized into cells via endocytic pathways and, unfortunately,
CPPs and their cargo for the most part remain entrapped in non-
available endocytic vesicles.'*'® Therefore, for successful peptide-
based delivery, it is pivotal to find efficient measures to overcome
this limitation. A wide variety of different strategies has been tested
to find solutions to release complexes from endosomes. Although
there are some simple methods for endosomal escape in vitro, e.g.,
coaddition of chloroquine,* these are not applicable in vivo and,
therefore, searches for CPPs with endosomolytic properties, or
finding modifications of CPPs to facilitate endosomal escape are
ongoing. For example, different membrane-disruptive peptides
have been used to facilitate endosomal escape, most prominent
being human influenza virus HA2 subunit or different modifica-
tions of that segment.”” Lundberg et al., for instance, designed an
endosomolytic peptide, EB1, which by the introduction of his-
tidines, formed helical structures in early/late endosomes and
destabilized endosomal membranes.*

Addition of hydrophobic moieties to CPPs has been shown to
be an efficient mean to increase the bioavailability of CPPs and
associated cargo. Particularly, stearylation has proven to be a suc-
cessful method to introduce hydrophobicity to CPPs, in the case
of delivery of plasmids,”*** splice-correcting oligonucleotides®
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and small interfering RNAs.?»* However, it is not a universal
method, as we have previously modified dozens of different CPPs
with stearic acid and only few have been active in noncovalent
coincubation settings for the delivery of short nucleic acids (ref. 8
and datanotshown). In our previous study, we showed that stearyl-
TP10 was superior to other stearylated CPPs in terms of delivery
of splice-correcting oligonucleotides, significantly exceeding the
activity of arginine-rich CPPs such as Arg9. However, to what
extent these findings could be extrapolated to the delivery of
larger molecules such as plasmids remain unknown. Therefore,
we assessed the delivery properties of stearyl-TP10 for its ability
to convey pDNA into cells in vitro and in vivo.

Our results demonstrate that stearylation of the TP10 pep-
tide has a significant impact on plasmid delivery in different cell
lines. While TP10/plasmid complexes were completely inactive,
stearylation of the peptide resulted in around four log increases
in luciferase expression levels as compared to plasmid-treated
cells (Figures 2b, 3a,b,d and 4b). However, it remains unclear
exactly how the stearyl moiety mediates the increased biological
effect. Clearly, stearic acid renders the peptide more hydrophobic
and presumably hydrophobicity plays an important role in par-
ticle formation, as it enables more pronounced pDNA condensa-
tion and the formation of small, stable particles (Figure 1b and
Table 1). This protects pDNA, making it more stable against hepa-
rin and the degrading capacity of serum enzymes (Figure 1c-e
and Supplementary Figure S1). The drastic increase in activ-
ity of stearyl-TP10 compared to TP10 could also be a result of
increased cellular uptake of particles. The lack of biological
response with TP10/plasmid particles, even in presence of chlo-
roquine, indicates that these complexes are not taken up by cells
to a sufficient degree (Figure 2a). To corroborate this, the uptake
levels of fluoresceinyl-labeled plasmid complexed with either of
the peptides were assessed. Interestingly, only minor differences
in uptake were observed between the two peptides, both promot-
ing dose-dependent increases in plasmid uptake with increasing
CRs in serum-free media (Figure 2e). Thus, the underlying reason
for the absence of effect of TP10/plasmid could be rapid dissocia-
tion of peptides from plasmids in endosomes prohibiting further
transport of the plasmid to the nucleus. The inability of TP10 to
promote plasmid uptake in presence of serum further supports
the heparin replacement data that these complexes are very labile
(Figures 2f and 1e). These results suggest that stearyl-TP10 forms
more stable particles with plasmids and promotes endosomal
escape to a higher extent. It should however be emphasized that
even though stearyl-TP10 triggers endosomal release to a greater
extent than TP10, there is still plenty of room for improvement
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as seen in Figure 3f. Apparently, coaddition of chloroquine to
stearyl-TP10/plasmid complexes further increases gene expres-
sion by another 1-2 logs.

It has been shown before that stearylation of polyarginines
facilitates plasmid delivery.> We observed that stearylation of
Arg9 had an effect on plasmid transfection efficiency, however,
compared to stearyl-TP10, stearyl-Arg9 was around 100-times
less efficient (Figure 2b). Similar effects were seen in the case of
other stearylated arginine-rich peptides, e.g., penetratin or M918
peptide, which were less effective than stearyl-Arg9 (data not
shown). This is a further justification of the role of hydrophobicity,
as TP10 is a known amphipathic CPP, i.e., partially hydrophobic,
and stearylation of this peptide has more pronounced effects than
on arginine-rich peptides such as Arg9.

Stearyl-TP10 fulfilled most of the critical criteria required for
an efficient transfection agent in vitro, namely: transfection of the
whole cell population, nontoxic nature, transfection of primary
cells, insensitivity to serum proteins, and relative independence of
cell confluence. Moreover, plasmids of different sizes were trans-
fected with equal efficiency. Although being efficient, LF2000 fails
to meet some of these criteria, as mentioned above. For being appli-
cable in vivo, we also confirmed that stearyl-TP10/plasmid nano-
particles were in vitro essentially nontoxic and nonimmunogenic.

These stearyl-TP10/plasmid nanoparticles facilitated efficient
gene delivery in muscle and skin, afteri.m. or i.d. injections, respec-
tively. In both cases, luciferase activity was increased around one
log as compared to the background levels and these effects were
shown to be dose-dependent (Figure 5d). We also confirmed that
the gene delivery did not trigger any immune response in vivo and
that these treatments were not associated with any systemic toxic-
ity (Table 2, Figure 6 and data not shown). Interestingly, these
effects were only seen with the nanoparticles formed at CR1, while
at other CRs, no effect on luciferase activity was seen. The critical
dependency on certain CR possibly emanates from the avidity of
stearyl-TP10 toward pDNA and, therefore, the stability of these
nanoparticles. Probably, at higher CRs release of pDNA from the
complexes is perturbed and the affinity of stearyl-TP10 toward
pDNA too great for in vivo applicability. Therefore, pPDNA cannot
escape from the nanoparticle complex and, consequently, does not
reach to cell nuclei throughout the tissue with higher efficacy than
naked pDNA. These differences between the avidity at different
CRs were confirmed by heparin displacement assay, where at CR1
nanoparticles were easily accessible to heparin, whereas at higher
CRs heparin only partially displaced peptides from the nanopar-
ticles. These results underline that in vitro results do not inevitably
correlate with in vivo results, as higher peptide concentrations in
vitro facilitated increased gene expression, whereas in the more
complex living organism, where conditions differ substantially,
only CR1 was able to enhance the gene delivery. In comparison
with other nanoparticle-based gene delivery vehicles, the relative
efficiency of stearyl-TP10 is in similar range, as for i.m. delivery,
gene expression increase between 10-100-fold has been reported
with most efficient systems.**!

Conclusively, taking into account that stearyl-TP10 facilitated
efficient plasmid delivery in several cell lines with the efficiency
being in line with the commercially used transfection agent,
LF2000, and that stearyl-TP10/plasmid nanoparticles enabled
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efficient gene delivery in vivo, it makes stearyl-TP10 a highly
interesting peptide-based plasmid delivery vector for the future
utilization, both in vitro and in vivo.

MATERIALS AND METHODS

Synthesis of peptides. All peptides (Supplementary Table S2) were syn-
thesized in stepwise manner in a 0.1 mmol scale on an automated peptide
synthesizer (ABI433A; Applied Biosystems, Carlsbad, CA) using fluorenyl-
methyloxycarbonyl solid-phase peptide synthesis strategy with Rink-amide
methylbenzylhydrylamine resin (Fluka, Buchs, Switzerland) as a solid
phase to obtain C-terminally amidated peptides. N-terminally stearylated
peptides were prepared by treatment of peptidyl-resins with 4 eq. stearic
acid (Sigma, St Louis, MO) and 4 eq. HOBt/HBTU (MultiSynTech, Witten,
Germany) and 8 eq. DIEA (Fluka) in DMF for 60 min. The final cleav-
age was performed using standard protocol (95% trifluoroacetic acid/2.5%
triisopropylsilane /2.5% water) for 2 hours at room temperature. Peptides
were purified by reversed-phase high-performance liquid chromatogra-
phy using C18 column and 5-80% acetonitrile (0.1% trifluoroacetic acid)
gradient. The molecular weight of the peptides was analyzed by matrix-
assisted laser desorption/ionization-time of flight mass-spectroscopy and
purity was >90% as determined by analytical high-performance liquid
chromatography.

Cell culture. CHO cells were grown at 37°C, 5% CO, in Dulbeccos modi-
fied Eagle’s medium F12 with glutamax supplement with 0.1 mmol/l nones-
sential amino acids, 1.0 mmol/l sodium pyruvate, 10% fetal bovine serum,
100U/ml penicillin, and 100pug/ml streptomycin (PAA Laboratories
GmbH, Colbe, Germany).

HEK293, U87, U20S and mouse embryonal fibroblast cells were
grown at 37°C, 5% CO, in Dulbeccos modified Eagle’s medium with
glutamax supplemented with 0.1 mmol/l nonessential amino acids,
1.0 mmol/l sodium pyruvate, 10% fetal bovine serum, 100 U/ml penicillin,
and 100 pug/ml streptomycin (PAA Laboratories GmbH).

Complex formation. 0.5ug of pGL3 or pEGFP-C1 plasmid (4.7kb),
expressing luciferase or EGFP respectively, was mixed with CPPs at dif-
ferent peptide:plasmid CRs of 0.5:1-4:1 (CR0.5-CR4) in milli-Q water in
50 ul (1/10th of the final treatment volume). CRs were calculated theoreti-
cally, taking into account the positive charges of the peptide and negative
charges of the plasmid. For instance, final concentration of stearyl-TP10
was 0.75 umol/l at CR1. Complexes were formed for 1 hour at room tem-
perature. Meanwhile, cell medium was replaced in 24-well tissue culture
plates for fresh media (450ul). In case of LF2000 (Invitrogen, Carlsbad,
CA), the complexes were formed according to the manufacturer’s protocol,
using the recommended amounts for each cell line. Additional luciferase-
expressing plasmids were used, namely pcDNA4/TO-Ubi-FFLuc (7kb)
and pEGFPLuc (6.4kb), both from Clontech (Mountain View, CA).

DNA condensation was analyzed using an EtBr (Sigma, Taufkirchen,
Germany) exclusion assay. Briefly, complexes were formed as described
above. After 1 hour incubation, 135ul milli-Q water was added to each
sample and transferred into a black 96-well plate (NUNC, Roskilde,
Denmark). Thereafter, 151l of EtBr solution was added to give a final
EtBr concentration of 400nmol/l. After 10 minutes, fluorescence was
measured on a Spectra Max Gemini XS fluorometer (Molecular Devices,
Palo Alto, CA) at A_ = 518nm and A__ = 605nm. Results are given as
relative fluorescence and a value of 100% is attributed to the fluorescence
of naked DNA with EtBr.

Stability of stearyl-TP10/plasmid nanoparticles was evaluated in the
presence of serum. Briefly, complexes were formed as described above.
Thereafter, serum was added to the complexes at standard concentration
(10%) and incubated over different periods of time. At 0, 1, 2, 4, and 24
hours samples were loaded on an agarose gel (2%) and imaged by staining
the gel with EtBr (0.5 pg/ml).
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Dynamic light scattering and zeta potential measurements.
Hydrodynamic mean diameter of the DNA nanoparticles was determined
by dynamic light scattering studies using a Zetasizer Nano ZS apparatus
(Malvern Instruments, Worcester, UK). pDNA complexes resulting from
the addition of stearyl-TP10 were formulated according to the protocol
for in vitro transfection, as described above, and assessed in disposable low
volume cuvettes. Briefly, pPDNA complexes were formulated in deionized
water, in 20 ul volume, at a final concentration of 0.01 pg/pul of pPDNA. After
30 minutes incubation at room temperature, the DNA complexes were
diluted in Opti-MEM into a final volume of 200 ul. All data was converted
to “relative intensity” plots from where the mean hydrodynamic diameter
was derived. {-Potential was measured in Opti-MEM supplemented with
10% fetal calf serum. Measurements were performed in ZS Malvern instru-
ment, set to automode and a number of 5 runs.

Heparin displacement assay. For the analysis of their resistance to hepa-
rin, peptide formulations containing 100 ng of pPDNA were incubated for
30 minutes at 37°C in the presence of heparin sodium (Sigma-Aldrich,
Taufkirchen, Germany) over a range of concentrations. After the incuba-
tion period, loading buffer was added and the reactions were analyzed on
0.8% agarose gels in 1x TAE buffer and visualized by staining with SYBR
Gold (Invitrogen, Molecular Probes). Gels were documented using the
Fluor-S system with a cooled CCD camera (Bio-Rad, Hercules, CA).

Plasmid delivery assay. 5 x 10* CHO, HEK293, U87, U20S and 3 x 10*
mouse embryonal fibroblast cells were seeded 24 hours before experiment
into 24-well plates. Cells were treated with CPP/plasmid complexes at dif-
ferent CRs for 4 hours in serum-free or serum containing media followed by
addition of 1 ml 10% serum containing medium and incubated for another
20 hours. Thereafter, cells were washed and lysed using 100l 0.1% Triton
X-100 in HEPES-buffered Krebs Ringer buffer for 30 minutes at room
temperature. Luciferase activity was measured using Promega’s luciferase
assay system on GLOMAX 96 microplate luminometer (Promega, Nacka,
Sweden) and normalized to protein content (Lowry; Bio-Rad). LF2000
(Invitrogen) was used according to the manufacturer’s protocol and results
were taken as a positive control for measuring transfection efficiency.

In experiments with chloroquine, after complex formation and before
treatment of cells, chloroquine (final concentration 100 pumol/l) was
added to the complex solution. Four hours after addition of the complexes
and chloroquine to cells, cell medium was replaced with fresh medium in
order to avoid toxicity effects.

Spectrofluorometry analysis. 5 x 10* U20S cells/well were seeded in
24-well plates 24 hours before cellular treatments with fluorescein-plas-
mid (Mirus, Madison, USA) complexed with TP10 or stearyl-TP10 as
described in the complex formation section. Cells were treated for 24
hours either in Opti-MEM or in Dulbeccos modified Eagle’s medium
supplemented with 10% fetal bovine serum. Cells were washed twice
with phosphate-buffered saline and once, briefly, with trypsin to
remove membrane-bound complexes. Cells were thereafter lysed using
0.2% Triton in phosphate-buffered saline for 1 hour and lysates were
transferred to a black 96-well plate. Fluorescence was measured on at
490/518 nm on a Spectra Max Gemini (Molecular Devices) fluorometer.
Fluorescence signal (RFU) from untreated cells was subtracted from the
signals of treated cells.

Confocal microscopy. 7 x 10* CHO cells were seeded 24 hours before
experiment onto 13mm tissue culture coverslips that were placed into a
24-well plate. Cells were treated with pEGFP-CI1 plasmid and CPP com-
plexes at different CRs (1-3) for 4 hours in serum-free media followed by
addition of 1ml of full growth media and incubated for another 20 hours
at 37°C. LF2000 (Invitrogen) was used according to the manufacturer’s
protocol. Thereafter, cells were washed with phosphate-buffered saline
and fixed by using 4% formaldehyde solution at room temperature for 10
minutes. Images were captured using 60-fold objective on Nikon Eclipse
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TE2000-U inverted microscope and a digital camera DXM1200C, and
processed with EZ-C1 software V.2.30 (Nikon, Tokyo, Japan).

WST-1 proliferation assay. Cell proliferation was studied with the Roche
Wst-1 proliferation assay according to the manufacturer’s instructions.
Briefly, 10* cells were seeded one day before the experiment in a 96-well
plate. Cells were treated with stearyl-TP10/plasmid nanoparticles at dif-
ferent CRs for 4 hours in serum-free medium followed by addition of
10% serum containing medium and incubated for another 20 hours.
Transfection with LF2000 was carried out according to the manufacturer’s
protocol. WST-1 was added according to manufacturer’s protocol (Roche
Diagnostics Scandinavia AB, Bromma, Sweden). WST-1 measures the
activity of mitochondrial dehydrogenases to convert tetrazolium salts to
formazan, which absorbs light at 450nm. Absorbance was measured on
Digiscan absorbance reader (Labvision via AH Diagnostics AB, Varmdo,
Sweden). Untreated cells were defined as 100% viable.

IL-1B, tumor necrosis factor-o, and IL-6 analysis. THP1 cells were dif-
ferentiated using phorbol myristate acetate (10ng/ml) for 48 hours and
subsequently seeded into 24-well plates (2 x 10° cells/well). Cells were
treated as previously. Lipopolysaccharide (15ug/ml) was used as positive
control. Culture supernatants were collected at 4 hours and 24 hours after
treatment, and assayed for IL-1f and tumor necrosis factor-o. by enzyme-
linked immunosorbent assay according to manufacturer’s protocol (R&D
systems, Minneapolis, MN). IL-6 and tumor necrosis factor-o levels in
blood were analyzed at 24 hours post i.d. or i.m. treatments of NMRI
female mice. Blood was collected retro-orbitally and serum was purified
using serum separation tubes (BD Bioscience, Stockholm, Sweden). An
amount of 100l serum was assayed using enzyme-linked immunosor-
bent assay Max Deluxe Set (BioLegend, San Diego, CA) and absorbance
measured on Spectra Max Gemini (Molecular Devices).

In vivo experiments. Female Balb/c mice aged 8-10 weeks were first
anaesthetized with isoflurane gas (400ml air flow and 4% isoflurane)
and kept under anesthesia (220 ml air flow and 2.8% isoflurane) during
the administration procedure. For the complex formation, 1, 5, or 10 ug
of pGL3 (4.7 kb) or pEGFPLuc (6.4kb) plasmid was mixed with stearyl-
TP10 at CRs of 0, 0.5, 1, and 2 in 5% glucose using a total volume of 50 pl.
In decay kinetics measurements 5g of pGL3 plasmid was used, while
in dose-dependency experiments, the abovementioned doses of pEGF-
PLuc plasmid was used. Thereafter, stearyl-TP10/plasmid nanoparticles
were injected i.d. or i.m. into M. tibialis anterior. Gene expression was
assessed by imaging of the reporter gene (firefly luciferase) expression.
Anesthetized mice were injected intraperitoneally with 150 mg/kg of
D-Luciferin (Xenogen, Alameda, CA). Light signals (CCD) images were
obtained using a IVIS 100 system (Xenogen). Luciferase expression was
quantified by total flux using Living Image Software (Xenogen). The
maximum photon/second of acquisition/cm? pixel/steridian was deter-
mined within a region of interest to be the most consistent measure for
comparative analysis. In general, acquisition times ranged from 10 sec-
onds to 1 minute.

Clinical chemistry and histopathology. Clinical chemistry param-
eters (alanine transaminase/aspartate transaminase, C-reactive protein,
and creatinine levels) in serum from Balb/c mice were analyzed after 24
hours post-treatments by the Clinical chemistry laboratory at Karolinska
University Hospital using International Federation of Clinical Chemistry
and Laboratory Medicine standardized techniques. Blood was collected
retro-orbitally and serum was purified using serum separation tubes (BD
Bioscience). Organs were dissected after 24 hours and fixed in formalin,
embedded in paraffin, and stained with eosin and hematoxylin. Images
were taken on the Olympus BX45 microscope with a Sony DXC-S500
digital camera. Histology sections were analyzed by the Department of
Pathology at Karolinska University Hospital.
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Ethical permission. The animal experiments were approved by The
Swedish Local Board for Laboratory Animals. The experiments were per-
formed in accordance with the ethical permission and were carried out in
accordance to European Community directive (86/609/EEC). All animal
experiments where designed to minimize the suffering and pain of the
animals.

Statistics. Values in all experiments are represented as mean + SEM of at
least three independent experiments done in duplicate. Increase in deliv-
ery efficiency was considered significant at ***P < 0.001 using analysis
of variance Dunnetts multiple comparison test or analysis of variance
Bonferronis multiple comparison test. In toxicity measurements, decrease
in viability was considered significant at ***P < 0.001 using analysis of vari-
ance Dunnett’s multiple comparison test.

SUPPLEMENTARY MATERIAL

Figure S1. Serum stability of stearyl-TP10/plasmid nanoparticles.
Figure $2. Ability of stearyl-TP10 to transfect plasmids with different
size in U87 cells.

Table S1. Sequences of cell-penetrating peptides.

Table $2. {-Potential of stearyl-TP10/plasmid nanoparticles.
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