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Abstract. The inflammatory effect of unmethylated
CpG DNA sequences represents a major obstacle to
the use of cationic lipids for in vivo gene therapy.
Although the mechanism of CpG-induced inflamma-
tory response is rather well understood nowadays, few
solutions have been designed to circumvent this effect
in gene therapy experiments. Our previous work has
shown that a refractory state towards inflammation
can be elicited by preinjecting cationic liposomes.
Here, we present evidence that diC14-amidine lip-
osomes confer new anti-inflammatory properties to

phospholipids from low-density lipoprotein (LDL)
and even to synthetic phospholipids for which such an
observation has not been reported so far. Whereas
oxidation of LDL lipids was a prerequisite for any
anti-inflammatory activity, lipid oxidation is no longer
required in our experiments, suggesting that cationic
lipids transport phospholipids through a different
route and affect different pathways. This opens up new
possibilities for manipulating inflammatory responses
in gene therapy protocols but also in a general manner
in immunological experiments.
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Introduction

Cationic lipids are amphiphilic molecules capable of
transporting nucleic acid or proteins into cells in vitro
or in vivo [1 – 3]. The cellular pathway used by cationic
lipid/DNA complexes (lipoplexes) to deliver DNA
into the nucleus is still not satisfactorily understood
even though endocytosis and endosomal escape are
key steps of the transfection mechanism [4 – 6]. Intra-
venous injection of lipoplexes allows a good level of
transfection in many organs, mainly in lung and
kidneys [7 –9]. Unfortunately, the interaction of
some cationic lipids, or helper lipid with serum

components, including lipoproteins, severely limits
the transfection efficiency of these vectors [10 – 14].
Furthermore, intravenous injection of lipoplexes into
mice induces pro-inflammatory cytokine secretion
into the blood [15 – 17]. The immune response that
limits the efficiency of these vectors has been attrib-
uted mainly to specific plasmid sequences, the so-
called unmethylated CpG sequences, which are rec-
ognized by the Toll-like receptor 9 as a bacterial DNA
[15, 18]. Although the mechanism of CpG sequences-
induced inflammatory response is rather well under-
stood nowadays, few or no solutions have been
designed to circumvent this effect in gene therapy
experiments [19, 20].
Our group has shown, in a murine model, that
preinjecting DNA-free diC14-amidine liposomes* Corresponding author.
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[21 – 24] 1 h before lipoplex injection significantly
reduces the lipoplex-induced tumor necrosis factor-a
(TNF-a) secretion into the blood [25]. In vitro, free
liposomes acquired this anti-inflammatory activity
only when preincubated with serum [26]. Low-density
lipoproteins (LDL) and triglyceride-rich lipoproteins
were identified as the serum components that confer
the anti-inflammatory activity to the diC14-amidine
cationic liposomes [26].
In the present report, our data provide evidence that
diC14-amidine confers new anti-inflammatory prop-
erties to phospholipids from LDL but also to synthetic
phospholipids for which such an observation has not
been previously reported. Whereas oxidation of LDL
lipids was a prerequisite to any anti-inflammatory
activity, in our experiments lipid oxidation was no
longer required when associated with diC14-amidine,
suggesting that cationic lipids transport phospholipids
through a different route and affect different cellular
pathways. This opens up new possibilities for manip-
ulating inflammatory responses not only in gene
therapy protocols, but also, in a general manner, in
immunological experiments.

Materials and methods

Reagents. The unmethylated CpG oligodeoxynucleo-
tides CpG ODN 1826 (5’-tcc atg acg ttc ctg acg tt-3’)
(InvivoGen) used in this study were shown previously to
have potent immunostimulatory effects on the murine
immune system. 9S-hydroxy-10E,12Z-octadecadienoic
acid [9-(S) HODE] is a Cayman Chemical product.
2-arachidonoyl-1-palmitoyl-sn-glycero-3-phosphocho-ACHTUNGTRENNUNGline (PAPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-
choline (DPPC), 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC), 1,2- distearoyl-glycero-3-phos-
phocholine (DSPC), 2-linoleoyl-1-palmitoyl-sn-glyc-
ero-3-phosphocholine (PLPC), 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC), 1,2-dipalmito-
yl-sn-glycero-3-phosphoserine (DPPS), 1,2-dimyristo-
yl-sn-glycero-3-phosphoethanolamine (DMPE) and
1,2-dimyristoyl-sn-glycero-3-phophoglycerol (DMPG)
were purchased from Sigma-Aldrich. LissamineTM

rhodamine B 1,2-dihexadecanoyl-sn-glycero-3-phos-
phoethanolamine, triethylammonium (Rh-DHPE)
was purchased from Invitrogen.
Cationic lipids 1,2-dioleoyl-3-trimethylammonium-
propane chloride salt (DOTAP) and 3b-[N-(N ’,N ’-
dimethylaminoethane)-carbamoyl]cholesterol hydro-
chloride (DC-Chol) were purchased from Avanti
polar lipids. Dimethyldioctadecylammonium bromide
(DDAB) was from Sigma-Aldrich and 3-tetrade-ACHTUNGTRENNUNGcylamino-N-tert-butyl-N ’-tetradecyl-propionamidine
(diC14-amidine) was synthesized as described [22].

Liposome preparation. Cationic lipids were dissolved
in chloroform. After lipid film formation (by solvent
evaporation under nitrogen stream), cationic lipids
were resuspended in 10 mM HEPES and extruded
seven times through a 0.4-mm polycarbonate filter at
55 8C as described previously [25]. Liposomes were
then stored at 4 8C, and heated to 55 8C for 10 min just
before an experiment. Same protocol was used for
mixed liposomes except that phospholipid was added
in chloroform to cationic lipid before formation of the
lipid film.

Cell culture and incubation with diC14-amidine lip-
osomes. RAW 264.7 macrophage cell line was cul-
tured in DMEM (Invitrogen) supplemented by 5 %
FBS (BioWhittaker), 1 mM sodium pyruvate, 1 mM
glutamine and antibiotics (Invitrogen) (complete
medium).
RAW 264.7 cells were plated on 24-well plates at a
density of 5 � 105 cells/well 24 h before experiments.
diC14-amidine/lipid or mixed cationic lipids/phos-
pholipids liposomes (in DMEM) were incubated
with cells for 1 h. After this incubation, cells were
washed twice with DMEM and stimulated with CpG
ODN (0.5 mg/ml) for 4 h. Culture supernatants were
collected and stored at �20 8C before TNF-a quan-
tification by ELISA assay (R&D Systems). Proteins
were quantified in the cell lysate using BCA (bicin-
choninic acid) assay (Perbio) to normalize the TNF-a
level.
Detection of several cytokines in cell supernatants by
a Cytokine Array membrane was performed using
RayBio� Mouse Cytokine Antibody Array II from
RayBiotech and Kodak BioMax Chemiluminescence
films following the manufacturers� instructions.

Isolation of serum lipids. Lipoproteins were isolated
from human serum (from healthy volunteer) by KBr
density gradient ultracentrifugation as described [27].
Briefly, a discontinuous KBr density gradient was
prepared in ultracentrifugation tubes using KBr
solutions as follows (from bottom to top): 2.5 ml of
d = 1.24 g/ml,7.5 ml of d = 1.21 g/ml containing
serum, 10 ml 1.125 g/ml, 10 ml 1.063 g/ml, 2.5 ml
1.019 g/ml, 2.5 ml 1.006 g/ml and 2.5 ml milli-Q
water. Samples were then centrifuged at 105 000 g
for 16 h at 4 8C. The fraction corresponding to LDL
(density 1.028 –1.050 g/ml) were sampled. KBr was
removed from lipoproteins using gel filtration chro-
matography on PD-10 columns (Amersham Bioscien-
ces) and volumes of lipoprotein fractions were ad-
justed in HBS-20 buffer to obtain the serum concen-
tration.
To extract lipids from lipoproteins, 250 ml of human
serum lipoprotein solution was added to 3 ml meth-
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anol, and vortexed before addition of 7 ml diethyl
ether. The mixture was allowed to stand on ice for
10 min and centrifuged at 100 g for 5 min. The super-
natant, containing lipids, was collected. Diethyl ether
(10 ml) was added to the pellet, followed by incuba-
tion for 10 min on ice, and centrifugation at 100 g for
10 min to collect the supernatant. All supernatants
were washed once by adding 3 ml methanol, and
centrifuged as described before. The solvents were
evaporated under a nitrogen stream and the resulting
lipid film was hydrated with 250 ml HBS-20 buffer and
vortexed for 1 min at 56 8C [28].
The lipid mixture extracted from lipoproteins was
dispensed onto Silica Gel 60 TLC plates (Merck) and
eluted twice using a hexane, diethyl-ether, acetic acid
(80 : 20 :2) mobile phase. Only a small part of the plate
was revealed by iodine vapor to localize lipids on the
plate. Separated lipids were scraped from the plate
and dissolved in chloroform/methanol/water (5 :5 :1);
the silica gel was removed by centrifugation. The
solvent in the supernatant was evaporated. The
resulting film was finally resuspended in HBS-10 at a
seric concentration and vortexed at 56 8C for 1 min.
DiC14-amidine/seric lipid mixed samples were pre-
pared by incubating lipids extracted from LDLs with
diC14-amidine liposomes (125 mg/ml diC14-amidine
and lipids at half the concentration prevailing in the
serum) for 30 min at 37 8C. After incubation, DMEM
was added to obtain the final concentration of 50 mg/
ml diC14-amidine.

Oxidation of PAPC. Oxidized PAPC was obtained by
flushing filtered air on a lipid film for 72 h. The state of
oxidation was controlled using mass spectrometry in
positive mode as described by Watson et al. [29].

Uptake measurement. Liposomes (93 mM cationic
lipid or 93 mM cationic lipid/PAPC or 93 mM PAPC in
DMEM) were prepared as described under “Lip-
osome preparation” except that 1 % Rh-DHPE was
added for liposome formation. RAW 264.7 cells were
incubated with these liposomes for 1 h then washed
three times with DMEM and once with PBS buffer.
Cells were lysed using 2 % SDS, 5 mM EDTA, 50 mM
TRIS, 1 mM DTE, 1 mM PMSF, pH 8, the lysate was
centrifuged for 15 min at 20 000 g and rhodamine
fluorescence was quantified in the supernatant using a
fluorimeter SLM-8000C. Percentage of uptake was
obtained by comparison with the fluorescence emis-
sion of liposomes.

Lipid mixing assay. Fusion between diC14-amidine
liposomes and PAPC liposomes was monitored using
fluorescence resonance energy transfer assay (FRET)
as described [12]. Cationic liposomes containing 1 %

(molar ratio) N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-
phosphatidylethanolamine (NBD-PE) and Rh-PE
were used to prepare liposomes as described above.
PAPC liposomes were added to diC14-amidine at a
molar ratio of 1 : 1 and loaded in a quartz fluorescence
cell thermostated at 37 8C. The fluorescence was
monitored using an SLM-8000 spectrofluometer
with excitation and emission slits of 4 nm. Generally,
samples were excited at 470 nm and emission of NBD
was recorded at 535 nm (FNBD). Control emission
spectra were performed in parallel before and after
fusion. The initial fluorescence of the labeled lip-
osome suspension was recorded as 0 % fluorescence
(F0) and the 100 % fluorescence was determined after
adding Triton X-100 at 0.1% final concentration
(F100). Percentage of fusion was estimated from the
fluorescence of NBD (at 535 nm): % F = (FNBD – F0)/
(F100 – F0).

Statistics. Unpaired two-tails t-test was used for
statistical analysis.

Results

Phospholipids from lipoproteins are involved in TNF-
a inhibition mediated by diC14-amidine liposomes.
Components of a lipid extract from LDL were
separated by thin layer chromatography (TLC). The
different classes of lipids (cholesteryl ester, tri- di- and
mono-glycerides, free fatty acids, cholesterol and
phospholipids) were extracted from the thin layer
and vortexed in buffer at the concentration prevailing
in the serum. After 30 min incubation at 37 8C with
diC14-amidine liposomes, the mixture of diC14-ami-
dine and lipoproteic lipids was incubated with RAW
264.7 cells for 1 h. Cells were washed and finally
stimulated with CpG oligonucleotides for 4 h and
TNF-a secretion was quantified in the cell super-
natant by ELISA assay (Fig. 1). Only phospholipids
preincubated with diC14-amidine inhibited TNF-a
secretion induced by CpG ODN. The other classes of
lipids did not inhibit the TNF-a secretion.

Phospholipid oxidation is not required to inhibit TNF-
a secretion. It has been reported that oxidized
phospholipids from lipoproteins, mainly PAPC (1-
palmitoyl 2-arachidonyl phosphatidylcholine) inhibit
cytokine secretion induced by Toll-like receptors
ligands, while non-oxidized phospholipids do not
modify cytokine secretion [30 – 33]. Therefore, since
PAPC is a major phospholipid component of lip-
oproteins, it can be argued that traces of oxidized
PAPC are responsible for the anti-inflammatory
property, independently of the cationic lipid added.
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To address this point, we compared the inhibitory
effect of oxidized PAPC and of a mixed liposome
made of diC14-amidine and PAPC.
As expected from the literature, control experiments
showed that, in the absence of cationic lipid, oxidized
PAPC, at a concentration of 300 mg/ml, inhibited CpG
induced-TNF-a secretion on RAW 264.7 cells, where-
as non-oxidized PAPC (at the same concentration) did
not (Fig. 2A). At lower concentration (40 mg/ml),
oxidized PAPC did not inhibit TNF-a secretion
(Fig. 2A). In contrast, when cells were incubated for
1 h with mixed liposomes made of diC14-amidine and
PAPC, oxidized or not, TNF-a secretion was inhibited
(Fig. 2B). Interestingly, at a concentration at which
oxidized PAPC alone did not affect TNF-a secretion
(40 mg/ml), both oxidized and non-oxidized PAPC,
mixed with diC14-amidine, caused a decrease of the
CpG-induced TNF-a secretion (Fig. 2). Our experi-
ments showed that oxidation of the phospholipid is
not required to inhibit TNF-a secretion when it is used
in combination with diC14-amidine. The association
of PAPC with diC14-amidine allows an efficient
inhibition of TNF-a at doses of PAPC lower than
those used previously.
Incubation of RAW 264.7 cells with CpG sequences
induces the secretion of several cytokines in the
supernatant (Fig. 3B) as compared to the cytokine
secretion into control cells supernatant (Fig. 3A).
When cells were incubated with diC14-amidine/PAPC
prior CpG stimulation, inhibition of secretion was
observed mainly for interleukin (IL)-6, IL-12,
RANTES (regulated upon activation, normal T cell

expressed, and secreted) and TNF-a, while other
cytokines were not affected [monocyte chemoattrac-
tant protein 1 (MCP-1), macrophage inflammatory
protein 1 a (MIP-1a), MIP-2, etc.] (Fig. 3C).
We compared the cytokine secretion profile obtained
with diC14-amidine/PAPC liposomes to the profile
obtained with 9-HODE, a peroxisome proliferator
activated receptor (PPAR)-g ligand with anti-inflam-
matory properties (Fig. 3C and D). The similar
inhibition profiles suggests that diC14-amidine/
PAPC liposomes may use a similar mode of action
(Fig. 3).

Both saturated and unsaturated phospholipids inhibit
TNF-a secretion when mixed with diC14-amidine.
Since PAPC is a major phospholipid of lipoproteins,
we wondered whether the inhibitory effect was
attributable to PAPC alone or if other phospholipids,
even those not present in serum, would also inhibit
TNF-a secretion in association with diC14-amidine.
The requirement for unsaturated acyl chains was also
examined.
Liposomes made of diC14-amidine and unsaturated
(PLPC, POPC, PAPC) or saturated (DPPC, DMPC,
DSPC) phosphatidylcholines were incubated for 1 h
with cells before activation with CpG sequences for
4 h (Fig. 4A). All phosphatidylcholines, when mixed
with diC14-amidine, prevented TNF-a secretion in-
duced by CpG ODN. The same lipids, at the same
concentrations, in the absence of diC14-amidine
revealed only a minor effect on TNF-a secretion
(Fig. 4B). Therefore, phospholipids not present in

Figure 1. Phospholipids are re-
sponsible for the inhibitory effect
of diC14-amidine liposomes on
TNF-a secretion. (A) Thin layer
chromatography of low-density
lipoprotein (LDL) lipid extract
eluted two times with hexane/
diethylether/acetic acid 80 : 20 : 1.
Spots: 1, cholesteryl ester; 2, tri-
glycerides; 3, diglycerides and
free fatty acids; 4, cholesterol; 5,
monoglycerides; 6, phospholi-
pids. (B) diC14-amidine lipo-
somes were incubated with lipi-
dic components for 30 min at
37 8C at a final concentration of
50 mg/ml in diC14-amidine. RAW
264.7 cells (5� 105) were then
incubated for 1 h with these sus-
pensions (or medium for con-
trol), washed twice and stimulat-
ed with CpG ODN (0.5 mg/ml)
for 4 h. Cell supernatants were
then recovered and TNF-a was
quantified by ELISA assay. Data
represent means � SD (n = 3)
* p < 0.05 (versus CpG control).
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lipoproteins also show a preventing effect on the TNF-
a secretion provided they are associated with diC14-
amidine. Interestingly, the nature of the lipid acyl
chain did not seem to influence the inhibitory role of
diC14-amidine/phosphatidylcholine liposomes (Fig.
4A) and even saturated lipids have an inhibitory
effect, confirming that oxidation of the phospholipid is
not required.
Other synthetic phospholipids (DMPE, DPPS,
DMPG) were also tested using the same protocol
(Fig. 4C). All of them inhibited TNF-a secretion, in
association with diC14-amidine and the sequence of
inhibition efficiency was as follows: phosphatidylcho-
line > phosphatidylethanolamine > phosphatidylser-
ine > phosphatidylglycerol.

Is the inhibitory effect on TNF-a secretion specific to
diC14-amidine? We have compared the effect of
different commercially available cationic lipids, in
combination with phospholipids, on TNF-a secretion.
Each cationic lipid (DOTAP, DC-Chol, DDAB) was

prepared as a mixed liposome (molar ratio 1 :1) with a
phospholipid extract from LDL and incubated with
cells. TNF-a secretion induced by CpG ODN was
finally quantified in cell supernatants (Fig. 5). Among
these cationic lipids, only diC14-amidine significantly
inhibited the TNF-a secretion induced by CpG
sequences.
This peculiar effect did not depend on the capture
efficiency of the liposomes. Indeed, all cationic lipids
tested improved the lipid uptake to the same extent
(Fig. 6), suggesting that diC14-amidine possess a
specific property allowing it to prevent CpG-induced
cytokine secretion when mixed with phospholipids.
This aspect is discussed further.

Discussion

We have demonstrated that cationic lipids do confer
an anti-inflammatory activity to phospholipids. Anti-
inflammatory activity of several specific phospholi-

Figure 2. (A) Inhibition of the
CpG-induced TNF-a secretion
by oxidized PAPC. RAW 264.7
(5� 105 cells/well) cells were in-
cubated for 1 h with medium or
with PAPC (300 mg/ml for dark
gray, 40 mg/ml for dashed lines)
oxidized or not. After this incu-
bation, cells were washed twice
and stimulated with CpG ODN
(0.5 mg/ml) for 4 h. Cell super-
natants were then recovered and
TNF-a was quantified by ELISA
assay. Data represent means �
SD (n = 3) *** p < 0.001 (versus
CpG control). (B) Inhibition of
the CpG-induced TNF-a secre-
tion by oxidized and non-oxi-
dized PAPC, in the presence of
diC14-amidine. RAW 264.7 cells
(5� 105 cells/well) were incubat-
ed for 1 h with medium or with
diC14-amidine/PAPC (40 mg/ml
diC14-amidine, 40 mg/ml PAPC).
After this incubation, cells were
washed and stimulated with CpG
ODN (0.5 mg/ml) for 4 h. Cell
supernatants were then recov-
ered and TNF-a was quantified
by ELISA assay. Data represent
means � SD (n = 3) * p < 0.05;
*** p > 0.01 (versus CpG con-
trol).
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pids has been reported previously. Phosphatidylcho-
lines from oxidized LDLs (mainly oxidized PAPC)
inhibit cytokine secretion induced by lipopolysacchar-
ides (LPSs) or CpG sequences [30 – 32]. The mecha-
nism of action is largely unknown, although several
studies proposed a direct interaction between LPS
receptors (CD14, TLR4 or LBP) and oxidized phos-
pholipids, decreasing the binding of LPS to these
receptors [31, 34, 35]. Another possibility is that some
signaling pathways implicated in immune responses
are affected downstream of the receptor, since the
activity of several transactivating factors is modified
by oxidized phospholipids (e.g., NF-kB, p38, CREB,
PPARs) [31, 36, 37].
Oxidation of these phospholipids is required to obtain
the anti-inflammatory activity and their specific bio-
activity seems to depend mainly on the acyl chain in
the sn-2 position of the phospholipid (oxidized acyl
chain) and less on the second acyl chain or the polar
headgroup [32].

Anti-inflammatory properties have also been descri-
bed for a few non-oxidized phospholipids. A schisto-
some-specific lysophosphatidylserine (constituted of
long unsaturated alkyl chain) is able to induce a down-
modulation of immune responses via the activation of
TLR2 and the development of regulatory T cells [38].
Phosphatidylglycerol from Treponema (a phosphati-
dylglycerol with a vinyl ether group instead of an acyl
group) has been shown to inhibit cytokine secretion
and NF-kB activation induced by LPS [39]. However,
this effect could be reproduced by using “conven-
tional” phosphatidylglycerols with at least one unsa-
turated chain (POPG and DOPG) [39, 40]. This
property has been attributed to an inhibitory effect of
phospholipids on LPS recognition by one of its
receptors (CD14) [39, 40]. This conclusion should be
broadened to other receptors, at least the CpG
receptor (TLR9) to account for our results.
Some mammalian phospholipids also exert an anti-
inflammatory property. Phosphatidylserine liposomes

Figure 3. Inhibition of the CpG-
induced cytokine secretion by
diC14-amidine/PAPC. RAW
264.7 (5� 105 cells/well) cells
were incubated for 1 h with me-
dium (A, B), with diC14-ami-
dine/PAPC (93 mM) (C) or 9-(S)
HODE (25 mg/ml) (D). After this
incubation, cells were washed
twice and stimulated with CpG
ODN (0.5 mg/ml) for 4 h (for B –
D). Cell supernatants were then
recovered and cytokine secretion
was detected by chemilumines-
cence using RayBio� Mouse Cy-
tokine Antibody Array II from
RayBiotech. By comparing the
signal intensities, relative expres-
sion levels of cytokines can be
made. (E) Map for RayBio�

Mouse Cytokine Antibody Ar-ACHTUNGTRENNUNGray II detection.

Cell. Mol. Life Sci. Vol. 65, 2008 Research Article 625



Figure 4. Synthetic phospholip-
id/diC14-amidine mixed lipo-
somes inhibit the secretion of
TNF-a by murine macrophages.
(A, C) RAW 264.7 cells (5� 105

cells/well) were incubated for 1 h
with medium or mixed liposomes
of diC14-amidine/phospholipid
(molar ratio 1 :1, 50 mg/ml
93 mM diC14-amidine), then
washed and stimulated with
CpG ODN (0.5 mg/ml) for 4 h.
After this incubation, cell super-
natants were recovered and
TNF-a was quantified by
ELISA assay. Data represent
means � SD (n = 3) *** p <
0.001, ** p < 0.01 (versus CpG
control). (B) RAW 264.7 cells
(5� 105 cells/well) were incubat-
ed for 1 h with medium or phos-
phatidylcholine liposomes
(93 mM), then washed and stimu-
lated with CpG ODN (0.5 mg/ml)
for 4 h. After this incubation, cell
supernatants were recovered and
TNF-a was quantified by ELISA
assay. Data represent means �
SD (n = 3) * p < 0.05, ** p <
0.01, *** p < 0.001 (versus CpG
control).

626 C. Lonez et al. Anti-inflammatory activity of cationic lipids



and apoptotic cells presenting phosphatidylserine on
their extracytoplasmic side were reported to induce the
development of T regulatory cells [41, 42]. Pulmonary
surfactant, characterized by a high content of phospho-
lipids plays also a role in the modulation of inflammatory
response, inhibiting cytokine release and oxidative
response in lung leukocytes stimulated with LPS and
this effect was attributed to DPPC [43] or DOPG [40].
All the “anti-inflammatory” phospholipids (except
DPPC) described in the literature were unsaturated,
and the nature of the lipid acyl chains seemed to be
crucial for their ability to inhibit the immune response.
The range of concentration used in these works was
generally high (100 – 500 mg/ml phospholipids).

All the phospholipids tested in the present work
inhibited the CpG-induced TNF-a secretion at lower
concentrations (40 – 80 mg/ml) (Fig. 4A and C). Nei-
ther the polar head group, the oxidation state, nor the
length or the acyl chain saturation state of the
phospholipid influenced the inhibition of TNF-a
secretion by diC14-amidine/phospholipids. It is
worth mentioning that phospholipids alone, at the
same concentration, did not inhibit the TNF-a
release by cells (Fig. 4B). Consequently, diC14-
amidine confers an anti-TNF-a secretion activity to
phospholipids that are not anti-inflammatory by
themselves (saturated lipids, non-oxidized). We
have also demonstrated that mixed liposomes made

Figure 5. Inhibitory property of
different cationic lipids on TNF-
a secretion. RAW 264.7 cells
(5 �105 cells/well) were incubat-
ed with medium or with mixed
liposomes of cationic lipid/phos-
pholipid (molar ratio 1 :1, 93 mM
cationic lipid) for 1 h. After this
incubation, cells were washed
twice and stimulated with CpG
ODN (0.5 mg/ml) for 4 h. After
this incubation, cell supernatants
were recovered and TNF-a was
quantified by ELISA assay. Data
represent means � SD (n = 3)
*** p < 0.001 (versus CpG con-
trol).

Figure 6. Uptake of phospholip-
id-cationic lipid mixtures by cells.
PAPC liposomes (93 mM) or
mixed liposomes of cationic
lipid/PAPC (93 mM, molar ratio
1 : 1), labeled with 1% Rh-DHPE
were incubated with 5� 105 RAW
264.7 cells for 1 h. After this
incubation, cells were washed
three times with phosphate buf-
fer and lysed. Fluorescence of the
cell lysate was quantified using a
fluorimeter and normalized with
the fluorescence of liposomal
preparation before the incuba-
tion.
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of diC14-amidine and PAPC could inhibit the secre-
tion of several cytokines, including IL-6, IL-12,
RANTES and TNF-a (Fig. 3C).
The fact that mixed liposomes affect other cytokines
secretion suggests a more general effect of these lipids
on the inflammatory reaction. This result also dem-
onstrates that the inhibitory effect of diC14-amidine/
PAPC on cytokine secretion is not related to a global
nonspecific protein synthesis/secretion inhibition
since secretion of several cytokines (MCP-1, MIP-
1a, MIP-2) was not affected (Fig. 3C).
Experiments carried out with different preincubation
times (0, 15, 30 min) between liposomes of PAPC and
diC14-amidine liposomes demonstrated that contact
between cationic and non-cationic lipids before in-
cubation with cells was a prerequisite to any inhibitory
effect on TNF-a secretion (Fig. 7A). FRET experi-
ments demonstrated spontaneous lipid mixing be-
tween diC14-amidine liposomes and phospholipid
liposomes within a few minutes (Fig. 7B), suggesting
that fusion between cationic liposomes and liposomes
made of neutral phospholipids spontaneously occurs
and that intimate mixing of lipids is required for their
anti-inflammatory property. Consistent with this ob-
servation, only liposomes made of a mixture of diC14-

amidine and phospholipid showed an efficient inhib-
ition (Fig. 7A).
Our data show that the presence of the two lipids
(cationic lipid and phospholipid) inside the same
entity is required to inhibit the CpG-induced TNF-a
secretion. This might suggest a mechanism in which
the cationic lipid is recognized by a receptor at the
plasma membrane, while another receptor, in the
vicinity of the first one, would recognize the phos-
pholipid. The association between these two recep-
tors, after their co-recognition by ligands would be
required for inhibition of the immune response.
DiC14-amidine enhances significantly the phospho-
lipid cell uptake (Fig. 6). However, the percentage of
uptake into cells after 1 h of incubation was identical
for all cationic lipids tested (DOTAP, DDAB, DC-
Chol) whatever their anti-inflammatory activity.
Clearly, there is no improvement of phospholipid
uptake that could explain the inhibitory property of
diC14-amidine/phospholipid.
Since diC14-amidine possesses a fast fusion activity
(lipid mixing) that is not shared by all cationic lipids
[12], the fusogenic property of diC14-amidine lip-
osomes may be crucial for the mechanism of TNF-a
inhibition. A fusion step with the plasma membrane

Figure 7. Effect of the phospho-
lipid and diC14-amidine preincu-
bation. (A) DiC14-amidine lip-
osomes were incubated with
PAPC liposomes for 0, 15 or
30 min at 37 8C to reach a final
concentration of 50 mg/ml diC14-
amidine and 72 mg/ml PAPC.
Mixed liposomes of diC14-ami-
dine/PAPC (molar ratio 1 :1,
50 mg/ml in diC14-amidine)
were also prepared. RAW 264.7
cells (5� 105) were then incubat-
ed for 1 h with these lipid mix-
tures (or medium for control),
then washed twice and stimulat-
ed with CpG ODN (0.5 mg/ml)
for 4 h. Cell supernatants were
then recovered and TNF-a was
quantified by ELISA assay. Data
represent means � SD (n = 3)
* p < 0.05 (versus CpG control).
(B) Time course of lipid mixing
between diC14-amidine lipo-
somes and PAPC liposomes.
PAPC liposomes were added to
labeled diC14-amidine lipo-
somes (containing 1% of Rh-
PE and NBD-PE) into a quartz
cell at molar ratio of 1 :1 and
fluorescence of NBD-PE was
recorded (excitation: 470 nm;
emission: 535 nm) at different
times as a measure of the extent
of lipid mixing.
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and/or the endosomal membrane may be required for
a targeted delivery of the phospholipid into the cell as
illustrated by recent FRET experiments revealing a
lipid mixing between labeled liposomes and macro-
phages (preliminary data not shown). As transport by
cationic liposomes in the proximity of the nucleus, via
interaction with the endoplasmic reticulum has been
suggested by other groups [44 –46], it is possible that
fusogenic cationic lipids, like diC14-amidine, could
fuse with various intracellular membranes, including
those of mitochondria, endoplasmic reticulum and
nucleus. Preliminary fluorescent confocal microscopy
experiments confirmed that, in contrast to DOTAP,
diC14-amidine liposomes fuse quickly with intracel-
lular membranes, including membranes surrounding
the nucleus (data not shown). This effect could
contribute to transport phospholipids near/into nu-
clear membranes, allowing an efficient interaction
with nuclear receptors, including PPARs. These re-
ceptors are located in the nuclear periphery and were
described for their interaction with phospholipids and
their possible role in the anti-inflammatory process
[47, 48].
Our experiments on cytokine secretion by RAW 264.7
cells revealed strong similarities between the pattern
induced by diC14-amidine/PAPC and the pattern
obtained with 9-HODE, a PPAR-g ligand (Fig. 3),
which support the idea of an interaction with a PPAR.
A more extended description of the pathway involved
in this property is under progress.
In summary, our results demonstrate that diC14-
amidine has the potency to interact with serum
components (lipids and proteins) and to transport
them inside the cells. We have taken advantage of this
property of diC14-amidine to mediate phospholipid
transport inside the cell and to generate an anti-
inflammatory response. This opens the way to an
evaluation of the anti-inflammatory properties of a
large number of phospholipids. This work also sug-
gests that, whereas most studies focus on the improve-
ment of the transfection efficiency of cationic lipids,
the gene transporter itself should be considered as a
potential modifying agent for the cell physiology.
Beside their own activity, cationic lipids might trans-
port exogenous molecules (like serum components)
into cell compartments that are poorly accessible
under normal circumstances and affect other cellular
properties. This could lead to the discovery of new
pharmacological activities for substances that have no
access to intracellular targets by themselves and
concomitantly to the development of new drugs.
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