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Abstract

Small interfering RNA (siRNA) is potent and highly specific for gene silencing. However, for therapeutic applications, delivery systems are
required to protect siRNA from degradation, to enhance cellular uptake and for site-specific delivery. We used a double emulsion technique to
encapsulate siRNA into stealth liposomes (SL) to increase entrapment efficiency compared to passive encapsulation. SL are designed for localized,
active release of siRNA by secretory phosholipase A, (sPLA,). sPLA, acts as a site-specific enzymatic trigger that actively degrades the liposomal
carrier in inflamed tissue releasing entrapped drug. Relatively good encapsulation efficiencies compared to passive encapsulation were demonstrated
(7-9%) and SL size was appropriate for i.v. administration (60-90 nm). siRNA targeting enhanced green fluorescent protein (EGFP) entrapped
in SL did not silence gene expression of HeLa-cells stably expressing EGFP. However, preliminary flow cytometry and confocal microscopy
data showed that the SL siRNA formulation increased uptake of siRNA into vesicular compartments of HeLa-cells in a concentration-dependent
manner that could be augmented by exogenuos sPLA,. We hypothesize that the SL can be used to target siRNA to inflammed tissue for silencing

of cytokine expression in rheumatoid arthritis.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

RNA interference (RNAi) has in recent years become a
widely used experimental tool and there is increasing enthusiasm
for developing therapies based on RNAi (Leung and Whittaker,
2005). RNAi is mediated by small RNA duplexes of 19-23
base pairs (bp) that activate an RNA-induced silencing com-
plex (RISC) and guide sequence-specific degradation of mRNA
by RISC in the cytoplasm (Elbashir et al., 2001). RNAi has
appeared to be potent and highly specific for gene silencing com-
pared to other antisense strategies (Dykxhoorn and Lieberman,
2005). However, for therapeutic applications, delivery systems
are needed to protect siRNA from nuclease degradation, to
enhance cellular uptake into the cytoplasm and for site-specific
delivery. Both physical and chemical approaches are efficient
for introduction of siRNA into mammalian cells in vitro, but at
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present few delivery systems exist for in vivo purposes and in
particular for systemic administration (Schiffelers et al., 2004;
Zimmermann et al., 2006). Therefore, there is a need for develop-
ment of siRNA delivery systems that efficiently introduce siRNA
into the cytoplasm with target cell specificity in order to decrease
the siRNA dose administered and to avoid non-specific silencing
toxicity for the systemic treatment of multiple diseases.
Rheumatoid arthritis (RA) is an autoimmune disease that
is characterized by inflammation of joints and destruction of
bone and cartilage, and it affects, together with related muscu-
loskeletal disorders, more than 0.5—1% of the world’s population
(Lawrence et al., 1998). Tumor necrosis factor-o (TNF-«) is a
cytokine critically involved in the pathogenesis of RA, and TNF-
a-neutralizing drugs are currently used for the treatment of RA
(Paulos et al., 2004). TNF-a is a key regulator of the progres-
sion of RA and TNF-a is over-expressed by monocytes and
macrophages in several RA-diseases in joints. A recent publi-
cation has shown that electro-transfer of an siRNA—polyamine
complex targeting TNF-a in the articular synovial fluid can ame-
liorate collagen-induced arthritis in rats (Inoue et al., 2005).
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Targeted, siRNA-mediated TNF-« silencing of inflamed joints
is thus a promising approach for therapeutic intervention in RA.

Commonly used delivery systems for siRNA are the cationic
transfection agents, based on polymers or lipids that form com-
plexes with siRNA via electrostatic interactions and enhance
the cellular uptake of siRNA (Medina-Kauwe et al., 2005).
However, cationic delivery systems are associated with toxic-
ity, low serum stability and poor biodistribution since cationic
complexes aggregate in the lungs upon systemic administra-
tion (Mahato et al., 1998). Our research focuses on anionic,
lipopolymer-coated SL that have been shown to be promising
carriers for other types of drugs and which are planned to enter
phase I clinical trials in 2007. SL are used as stable, non-toxic
carriers that we hypothesize can increase the stability of siRNA,
prolong the drug-carrier circulation time, increase the accumu-
lation of siRNA at sites of inflammation due to the enhanced
permeability and retention (EPR) effect and thereby improve the
therapeutic index of siRNA (Storm and Crommelin, 1998). SL
are furthermore designed for localized, active release of siRNA
in inflamed tissue by sPLA, (Jorgensen et al., 2002; Davidsen
et al., 2003).

sPLA, is a small interfacially active enzyme (14—16kDa)
that catalyses the hydrolysis of phospholipids in the sn-2 posi-
tion to lysolipids and free fatty acids (Menschikowski et al.,
2006). sPLA, is found at low levels in the blood circulation,
but the enzyme is upregulated in cancer tissues and at sites of
inflammation, for example in RA (Seilhamer etal., 1989). sPLA,
acts as a site-specific enzymatic trigger that actively degrades
the liposomal carrier in inflamed tissue releasing siRNA. Our
working hypothesis is that the sPLA, generated lysolipid and
fatty acid hydrolysis products can function locally as membrane
permeability promoters facilitating the cellular uptake of siRNA.
Previous studies have shown that products of liposomal degrada-
tion can act as enhancers for the cellular uptake of small molecule
drugs (Andresen et al., 2005), but it is unknown whether this is
also the case for larger molecules like nucleic acids.

Commonly used techniques for the entrapment of drugs into
anionic and neutral liposomes, e.g. passive encapsulation, are not
suitable for molecules like siRNA due to low entrapment yield
and high manufacturing costs for the synthesis of sSiRNA. We use
a double emulsion technique by which it is possible to increase
the entrapment of drug in the aqueous interior of liposomes
(Gotfredsen et al., 1983). A water phase containing siRNA is
solubilized in an organic phase containing the lipid resulting in
the formation of reversed micelles. Liposomes are formed by
dispersing the reversed micelles in an aqueous buffer, followed
by removal of organic solvent by evaporation. Thereby the local-
ization of siRNA is initially restricted to the compartment that
constitutes the internal aqueous phase of the liposomes.

2. Materials and methods
2.1. Materials
If not otherwise stated, compounds were supplied by

Sigma—Aldrich (St. Louis, MO). Dipalmitoylphosphatidyl-
choline (DPPC), dipalmitoylphosphatidylglycerol (DPPG)

and dipalmitoylphosphatidylethanolamine-polyethyleneglycol
2000 (DPPE-PEGjgg)) were obtained from Avanti Polar
Lipids (Alabaster, AL, USA). Dipalmitoylphosphatidyl[/N-
methyl->H]choline (*H-DPPC) and Sepharose CL-6B was from
Amersham-Pharmacia Biotech, Denmark. siRNAs were pur-
chased from Dharmacon Research (Lafayette, CO) as dried
2/-hydroxyl, Cy3-labelled, annealed, purified and desalted
duplexes. Sequences were as follows—EGFP, sense: 5'-GAC
GUA AAC GGC CAC AAG UUC-3' and antisense: 5'-ACU
UGU GGC CGU UUA CGU CGC-3, and, as control, TNF-
a, sense: 5-AGG GAU GAG AAG UUC CCA AUU-3’ and
antisense: 5'-UUG GGA ACU UCU CAU CCC UUU-3'.

2.2. Preparation of liposomes

DPPC, DPPG and DPPE-PEG;yo were stored at —20 °C as
a powder. Dioleoyltrimethylammoniumpropane (DOTAP) and
dioleoylphosphatidylethanolamine (DOPE) were dissolved in
CHCI; and stored at —20°C under a nitrogen atmosphere.
DPPG:DPPC:DPPE-PEG»gg liposomes (77:18:5 and 18:77:5
molar ratios) were prepared essentially as described previously
(Gotfredsen et al., 1983), except that the procedure was scaled
down to the smallest possible volume. Briefly, Cy3-labelled
siRNA directed against EGFP was resuspended in 10 mM Tris
buffer (pH 7.40) to a concentration of 18.5 mg/ml and used as
internal aqueous phase (40 pl). Reverse micelles were formed
in an organic phase of 5:1 dibutylether/chloroform (approxi-
mately 2 ml) by sonication of the lipid mixtures suspended in the
organic phase and the internal aqueous phase. For determination
of lipid concentration, trace amounts of 3H-DPPC were added.
The reversed micelles were dispersed in 10 mM Tris buffer upon
vigorous agitation in a volume ratio of 1:5, whereby a w/o/w dou-
ble emulsion was formed. After removal of the organic solvents
by evaporation, the phospholipid suspensions were centrifuged
for 30 min at 8000 x g to remove any lipid aggregates. Non-
entrapped siRNA was removed by gelfiltration of the liposome
suspension on a Sepharose CL-6B column.

Unilamellar DOTAP:DOPE liposomes for use as control
transfection agents were prepared as reported previously (Hope
et al., 1985; Davidsen et al., 2001). A 1:1 molar ratio mix-
ture of DOTAP and DOPE (4 wmol total lipid) was dissolved
in chloroform in a round bottom flask. For determination of
lipid concentration, trace amounts of 3H-DPPC were added to
parallel batches prior to solvent evaporation using a rotary evap-
orator device. The lipid films were then stripped three times
with ethanol and dried overnight under low pressure to remove
trace amount of organic solvent. Multilamellar vesicles were
made by dispersing the dried lipid films in 2 ml HEPES-buffer
(10 mM HEPES, 50 mM KCl, 1 mM NaN3s, pH 7.5). The formed
liposomes were subsequently extruded 10 times through two
stacked 100nm polycarbonate filters using an extruder from
Lipex Biomembranes Inc., BC.

2.3. Characterization of liposomes

The phospholipid concentration was determined by liquid
scintillation counting with a Packard TRI-CARB 2100 TR
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scintillation counter from Packard Instruments using Ultima
Gold scintillation fluid (Perkin-Elmer, Boston, USA). siRNA
concentration was measured using the RiboGreen® RNA
Quantitation Kit (Invitrogen/Molecular Probes, Leiden, The
Netherlands) before and after disruption of the lipid bilayer
with octylglucopyranoside (OG). The fraction of encapsu-
lated siRNA was calculated by subtracting non-encapsulated
siRNA (measured in the absence of OG) from the total siRNA
(measured in the presence of OG). The particle size dis-
tribution and the zeta potential were measured in 10 mM
Tris buffer (or HEPES-buffer for the DOTAP:DOPE lipo-
somes) using the Zetasizer Nano ZS from Malvern Instruments,
Denmark.

2.4. Measurement of sPLA; concentration

Human tear fluid was collected and stored at —20 °C. The
concentration of sSPLA; type IIA was measured in appropriately
diluted human tear fluid and in the medium of HeLa-cells fol-
lowing 24 h (time = 0 of transfection) and further 72 h of growth
using a commercial ELISA from Cayman Chemical (Tallin,
Estonia) according to manufacturer’s intructions. The detection
limit of the assay was 15 pg/ml.

2.5. Cell culture

HeLa-cells stably transfected with EGFP (HeLa EGFP),
kindly donated by Dr. Christian Damgaard and Lars Aagaard
(Department of Molecular Biology, Aarhus University, Den-
mark), were grown in Dulbecco’s modified Eagle medium
supplemented with 100 U/ml penicillin, 100 pg/ml strepto-
mycin, 2mM L-glutamine (all from Invitrogen) and 10% fetal
bovine serum (FBS) (PAA laboratories GmbH, AT). At conflu-
ency, cells were split approximately 1:5. Cells were grown in an
atmosphere of 5% C02-95% O, at 37 °C. Growth media was
replaced every other day.

2.6. Transfection

Twenty-four hours before transfection, HeLa EGFP-cells
grown to a confluent monolayer were detached from cul-
ture flasks by incubating the cells for Smin at 37°C with
trypsin/EDTA solutions from Invitrogen. The cells were seeded
in 12-well tissue culture plates in 1.5 ml of medium, 5 x 10% cells
per well, for flow cytometric analysis or onto tissue culture
treated 12-well Transwell filters (1.13 cm?, 04 m pore size;
Costar, Cambridge, MA) at a density of 1.5 x 10* cells per
filter for confocal microscopy. To prepare lipoplexes for con-
trol, DOTAP:DOPE liposomes were mixed with serum free
medium (Dulbecco’s modified Eagle medium supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin and 2 mM
L-glutamine) and incubated for 15 min at room temperature.
siRNA (25 nM final concentration) was added by gentle mixing
with a pipette and incubated for 5-20 min at room tempera-
ture. The amine (DOTAP) to phosphate (siRNA) ratio (N/P)
was 2:1 in the lipoplexes. The amount of media in the wells
of the tissue culture plates was adjusted to 500 wl. Human

tear fluid was included when appropriate in the medium to a
final sPLA; type IIA concentration of 100 ng/ml, as measured
by ELISA. The lipoplexes or the DPPG:DPPC:DPPE-PEG2(0
liposomes diluted in serum free medium (100 wl total volume)
were added drop wise to the cells, and the complexes were
distributed evenly by gently rocking of the plates before incu-
bating the cells for 72h at 37°C. Cells were harvested by
trypsinization, washed and resuspended in ice-cold PBS + 10%
FBS for flow cytometry. All transfections were done in
triplicate.

2.7. Flow cytometry analysis

The cells were analyzed on a FACScan flow cytometer (Bec-
ton Dickinson, NJ, USA) using the CellQuest Software (Becton
Dickinson).

2.8. Confocal laser scanning microscopy

Cells grown on filters were washed with PBS, fixed for 15 min
in BD CellFIX™ solution (Becton Dickinson, Denmark) and
washed again in PBS. Filters were mounted on cover slips, and
confocal imaging was performed on a Zeiss LSM 510 confocal
laser scanning microscope (Carl Zeiss, Jena, GmBH, Germany),
using a Zeiss plan apochromat 63x oil immersion objective.
Fluorophores were excited using an argon laser line at 458 nm
and a HeNe laser line at 543 nm.

2.9. Statistics

Experiments were performed in triplicate, if not otherwise
stated. Values are given as means &= S.D. The statistical signif-
icance of the results was determined using a Student’s -test.
P <0.05 was considered significant.

3. Results and discussion
3.1. Characterization of liposomes

The composition and characteristics of the liposome formu-
lations are shown in Table 1. DPPG was included in the lipid
bilayer in two different molar ratios. DPPG was applied since the
human group ITA sPLA; has an interfacial preference for anionic
interface surfaces and requires anionic charges at the interface in
order to attain optimal activity (Bezzine et al., 2002). This can
be explained by electrostatic interactions between negatively
charged phospholipid head groups and the highly cationic i-face
of most sPLA, enzymes. DPPC was added to the formulations to
reduce the amount of negative charge, since negatively charged
liposomes have been shown to give problems with complement
activation upon i.v. administration (Szebeni et al., 2002). Fur-
thermore, 5% of the lipopolymer DPPE-PEG»00 was included
as a steric barrier in the formulations to avoid the clearance
by the reticulo-endothelial system since this concentration of
lipopolymer has been shown to give optimal activation of sSPLA,
(Vermehren et al., 1998). The size of the liposomes was in



C. Foged et al. / International Journal of Pharmaceutics 331 (2007) 160-166 163

Table 1
Physicochemical properties of stealth liposomes

Liposome composition Zaye (nm)? PI&:b Yield/lipid® (%) Liposome associated® siRNA (%) Zeta potential® (mV)
DPPG:DPPC:DPPE-PEGyo (77:18:5) 927 £25 0.268 + 0.007 59.9 7.1 -303+14
DPPG:DPPC:DPPE-PEG; (18:77:5) 63.1 +£ 0.4 0.090 + 0.013 78.3 8.8 —-20.4 £+ 0.5

 Values represent mean &+ S.D., n=3.
b Polydispersity index.
¢ n=L

the range of 60—90 nm which is appropriate for i.v. administra-
tion. The polydispersity indexes of the formulations were low
(0.09 and 0.27). The zeta potential of the formulations reflected
closely the molar ratio of DPPG included in the bilayer (—20
and —30mV). The lipid loss during the preparation procedure
was 22-40% and was mainly caused by aggregates removed
during centrifugation and by lipid loss during the gel filtration.
The final particle size and the lipid loss were closely related to
the degree of removal of organic solvents: incomplete solvent
evaporation resulted in higher lipid loss and larger particle size
(results not shown). The siRNA encapsulation efficiency was
7.1% for the DPPG:DPPC:DPPE-PEGyqgg (77:18:5) liposomes
and 8.8% for the DPPG:DPPC:DPPE-PEG;q (18:77:5) lipo-
somes. For comparison, control DPPC:DPPE-PEG;00 (95:5)
liposomes showed an entrapment efficiency of 13.7% (N.B.
results not shown in Table 1). This shows that increasing
amounts of anionic lipid decreases the encapsulation efficiency
of siRNA, probably due to electrostatic repulsion between the
siRNA and the negatively charged lipids. Entrapment efficien-
cies of 7-9% are fare better than those obtainable by passive
encapsulation. However, even higher encapsulation efficien-
cies are though desirable for expensive molecules like siRNA.
The double emulsion preparation procedure was initially opti-
mized with DPPC:DPPE-PEG;qpy (95:5) liposomes without
and with siRNA in the internal aqueous phase until consistent
results were obtained (results not shown). DPPG:DPPC:DPPE-
PEGyo0p where then prepared using the same preparation
procedure. Results in Table 1 are thus representative for only
a single preparation of liposomes due to the high cost of siRNA.
However, since the formulations presented in Table 1 showed
similar size and lipid yield as the DPPC:DPPE-PEGqg lipo-
somes produced by the optimized procedure, the validity of the
results is satisfactory.

3.2. sPLAj-sensitive liposomes do not enhance the
transfection efficiency of siRNA to HeLa-cells stably
transfected with EGFP

To study whether the sPLA; degradable liposomes could
enhance the delivery of siRNA targeting EGFP stably expressed
in HeLa-cells, various concentrations of liposomes were
used in transfection assays. The effect on EGFP expres-
sion by HeLa-cells was measured by flow cytometry. There
was no statistically significant effect of the liposome for-
mulations on EGFP-expression at any lipid concentration
(100-800 M), relative to cells incubated with medium alone
(Fig. 1). The siRNA concentration in the transfection experi-

ments was 12 nM (DPPG:DPPC:DPPE-PEGyqyg, 77:18:5) and
7.5nM (DPPG:DPPC:DPPE-PEGqyg, 18:77:5) at the lowest
lipid concentration tested (100 wM) which is sufficient for
EGFP silencing with cationic transfection reagents (results
not shown). The lack of effect was not due to the perfor-
mance of the cell culture system since siRNA complexes with
cationic DOTAP:DOPE liposomes were able to reduce the
mean fluorescence intensity of EGFP expressing HeLa-cells
with approximately 80% (Fig. 1B). HeLa-cells do not secrete
detectable levels of SPLAj in the cell culture medium under the
applied conditions, as measured by ELISA (results not shown).
It was therefore tested whether addition of exogenous sPLA»
from human tear fluid to the cell culture medium together with
the liposome formulations could induce siRNA-mediated gene
silencing. Addition of exogenous sPLA; did not have any effect
on EGFP expression (results not shown). However, for the for-
mulation with the highest molar ratio of DPPG at the highest
lipid concentration (400 wM), addition of exogenous sPLA;»
resulted in complete cell lysis (results not shown). No visu-
ally apparent cytotoxicity was associated with the formulation
at lower lipid concentrations, with the other formulation, in
the absence of SPLA; or with the control DOTAP:DOPE lipo-
somes at the applied lipid concentrations (results not shown).
DPPG:DPPC:DPPE-PEG;(o0 liposomes are thus not able to
enhance the delivery of siRNA neither in the presence nor in
the absence of sPLA; to the RNAi pathway in the cytoplasm of
HeLa cells in vitro.

3.3. The biological activity of siRNA is not affected by the
preparation procedure

The double emulsion technique applies rather harsh condi-
tions, such as sonication and exposure to organic solvents. To
ensure that the lack of effect of the formulations on EGFP expres-
sion was not due to loss of biological activity of the siRNA
during the preparation procedure, non-encapsulated siRNA from
the gel filtration was tested in transfections of HeLa EGFP-
cells using the DOTAP:DOPE liposomes as transfection reagent.
Non-encapsulated siRNA was able to silence EGFP expression
to a level comparable with the silencing effect of control siRNA
(Fig. 2). The inhibition of EGFP expression was specific for the
applied siRNA since delivery of a control siRNA targeting TNF-
a had no effect on EGFP expression (Fig. 2). Neither siRNA
nor DOTAP:DOPE liposomes on their own had any silencing
effect on EGFP expression (Fig. 2). The lack of transfection
efficiency was therefore not due to inactivation or degradation
of the siRNA during the double emulsion preparation procedure.
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Fig. 1. Representative flow cytometric analysis of HeLa-cells stably expressing EGEP after 72 h of incubation of 5 x 10* cells with DPPG:DPPC:DPPE-PEGgq0-
Cy3-siRNA liposomes (18:77:5) (400 uM lipid, 31 nM Cy3-siRNA). As positive control was used DOTAP:DOPE liposomes at an amine (DOTAP) to phosphate
(siRNA) ratio (N/P) of 2:1. As negative control complexes of DOTAP:DOPE liposomes and Cy3-siRNA targeting TNF-a were used in the same concentrations as
for the positive control. (A) Dot plots showing immunofluorescent cells of gated populations of HeLa-cells stably expressing EGFP. Upper left: forward scatter/side
scatter plot of untreated cells. The gate used is shown (R1). Upper right: untreated cells. Lower left: incubation with DOTAP:DOPE + Cy3-siRNA (positive control).
Lower right: incubation with DPPG:DPPC:DPPE-PEGyg liposomes. (B) Histogram showing down-regulation of EGFP-expression by DOTAP:DOPE-Cy3-siRNA

complexes (- - -). Control: incubation with medium (—).

Polyacrylamide gel electrophoresis studies of non-encapsulated
siRNA have confirmed this observation as there were no signs
of siRNA degradation (results not shown).

3.4. Cy3-siRNA from the liposome formulations are taken
up by HeLa EGFP-cells in a concentration dependent
manner that can be enhanced by exogenous sPLA>

In order to study whether the lack of silencing effect could
be explained by poor cellular uptake of siRNA, HeLa-cells were
incubated with various concentrations of liposomes encapsulat-
ing Cy3-labelled siRNA in the absence or presence of exogenous

sPLA, and the cell-associated Cy3 fluorescence was measured
by flow cytometry. Surprisingly, preliminary results showed that
encapsulation of siRNA into DPPG:DPPC:DPPE-PEG; lipo-
somes increased the uptake of Cy3-fluorescence in HeLa-cells
in a concentration-dependent manner that could be enhanced by
exogenous SPLA, (Fig. 3). The effect of sPLA; addition was
most pronounced for the formulation with the highest DPPG
concentration (Fig. 3). Other phospholipases produced by HeLa-
cells may be involved in the degradation of the liposomes. These
results suggest that the lack of silencing effect is not due to
lack of cellular uptake of the Cy3-labelled siRNA, although data
should be confirmed using shorter incubation periods in order
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Fig. 2. Relative mean fluorescence intensity (MFI) of HeLa EGFP trans-
fected with lipoplexes of non-encapsulated siRNA from the preparation of
DPPG:DPPC:DPPE-PEGy(g0-siRNA liposomes (77:18:5) and DOTAP:DOPE
liposomes (column 2). MFI was normalized to MFI of untreated cells (set to
100%, column 1). For comparison, relative MFI is shown for cells treated with
lipoplexes of DOTAP:DOPE and positive control EGFP siRNA (column 3),
lipoplexes of DOTAP:DOPE and negative control TNF-a siRNA (column 4),
siRNA alone (column 5) and DOTAP:DOPE liposomes alone (column 6) (n=3,
average & S.D.). " P <0.001.

to ensure that Cy3-fluorescence co-localize with siRNA. The
sPLA; degradable, lipopolymer-coated liposomes are thus able
to mediate the cellular uptake of siRNA even in the absence of
any active targeting moieties coupled to the distal ends of the
lipopolymer, such as antibodies or small-molecule ligands. The
mechanism by which the sPLA, degradable liposomes enhance
cellular uptake of siRNA is currently unknown, but it is likely
that the generated lysolipids and free fatty acids play an impor-
tant role as membrane permeability enhancers for nucleic acids,
as shown for hexadecylphosphocholine (Settelen et al., 2004).

3.5. Cy3is localized in vesicular compartments

The intracellular localization of the Cy3-labelled siRNA
in the EGFP-expressing HeLa-cells was examined by confo-

DPPG:DPPC:DPPE-PEG:2000 (77:18:5)
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Fig. 3. Cy3-siRNA MFI of HeLa EGFP-cells transfected with various concen-
trations of DPPG:DPPC:DPPE-PEG;g0-siRNA liposomes (77:18:5). The lipid
concentration is indicated on the x-axis. Data are represented from cell cultures
incubated without the addition of exogenous sPLA; to the medium and from
cell cultures incubated with the addition of 100 ng/ml exogenous sPLA; from
human tear fluid to the medium (n = 3, average & S.D.). Incubation with 400 uM
lipid in the presence of exogenous sPLA; led to complete cell lysis and is thus
not reported. “P < 0.05 and “*P < 0.01.

cal microscopy. A strong Cy3 fluorescent signal was present
in vesicular compartments inside the HeLa-cells (Fig. 4). The
nature of these vesicular compartments is not known at present,
but might be identical to endosomes or lysosomes. These results
thus show that siRNA from the liposomal formulations is taken
up by the HeLa-cells into vesicular compartments in a way that
can be augmented by addition of sPLA, but that siRNA can-
not enter the RNAIi pathway in the cytoplasm, probably due to
lack of endosomal/lysosomal escape. The enzymatic hydrolysis
is expected to occur fast. However, the catalytic capacity of the
enzyme could be rate-limiting for hydrolysis of the liposomes
since a large molar excess of lipids compared to enzyme is added
to the cell cultures. Concomitant with the enzymatic reaction,
we believe that the cells take up the intact liposomes. The uptake
of fluorescently labeled, empty sPLA,-sensitive liposomes has
been examined by confocal microscopy and we found arapid and
substantial uptake into vesicular compartments already after 1 h
(results not shown). This indicates that it is likely that intact,
siRNA-encapsulated liposomes are taken up by cells shortly
after addition of liposomes. We are currently addressing issues,

Fig. 4. Two-color immunofluorescence of HeL.a EGFP-cells (green) transfected for 72 h with Cy3-EGFP siRNA (red) encapsulated into DPPG:DPPC:DPPE-PEG2000
liposomes (77:18:5) (200 wM lipid, 24 nM Cy3-siRNA) with exogenous sPLA; present in the medium (middle) or complexed with DOTAP:DOPE liposomes (right).
Non-transfected cells (left) are shown for comparison. Visualisation was done by CLSM. Background fluorescence levels were adjusted on cells incubated with
naked Cy3-EGFP siRNA. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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such as the nature of the vesicular compartments, the detailed
kinetics of siRNA/liposome uptake, the stability of the formula-
tions and the siRNA, the release of siRNA from the lipid carrier,
the use of various strategies for enhancing the endosomal escape
of siRNA and the effect of the formulations in cell types respon-
sible for the over-expression of TNF-a in RA. Future studies
will show whether the formulations are useful for the targeted,
sPLA,-triggered silencing of TNF-a expression in joints of mice
with collagen-induced arthritis.

4. Conclusion

In conclusion, our results showed that siRNA can be encap-
sulated into sPLA, degradable liposomes with entrapment
efficiencies up to 7-9%. siRNA from the liposomal formula-
tions is taken up by HeLa-cells in a concentration-dependent
manner in a way that can be augmented by addition of sPLA,
and siRNA is localized in vesicular compartments. The formu-
lations are not associated with apparent toxicities even at high
lipid concentrations and no active targeting moieties are needed
for cellular uptake. However, the sPLA; degradable siRNA for-
mulations do not silence EGFP espression in HeLa-cells. We
suggest that siRNA cannot enter the RNAi pathway in the cyto-
plasm, probably due to lack of endosomal/lysosomal escape.
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