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Abstract

Prednisolone phosphate (PLP) encapsulated in long-circulating liposomes can inhibit tumor growth after intravenous administration (i.v.).
These antitumor effects of liposomal PLP are the result of the tumor-targeting property of the liposome formulation. The mechanism by which
liposomal PLP inhibits tumor growth is unclear. We investigated the effects of liposome-encapsulated PLP versus free PLP on angiogenic protein
production in tumor tissue in vivo and on viability and proliferation of tumor and endothelial cells in vitro. In vivo, liposomal PLP had a stronger
reducing effect on pro-angiogenic protein levels than free PLP, whereas levels of anti-angiogenic proteins were hardly affected. Cell viability was
only slightly affected with either treatment. Liposomal PLP had strong anti-proliferative effects on human umbilical vein endothelial cells,
whereas free PLP had hardly any effect. Taken together, the present study points to a strong inhibitory effect of liposomal PLP on tumor
angiogenesis by reduction of the intratumoral production of the majority of pro-angiogenic factors studied and direct inhibition of endothelial cell
proliferation, which is the result of high prolonged levels of prednisolone in the tumor by liposomal delivery.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Our previous studies indicate that PLP encapsulated in long-
circulating liposomes exerts strong inhibitory effects on tumor
growth in a low dose and low frequency schedule after intra-
venous administration. Liposomal PLP inhibits tumor growth by
80–90% in subcutaneous B16.F10 melanoma and C26 colon
carcinomamurine tumor models at a dose of 20 mg/kg [1]. In the
case of free (i.e. non-encapsulated) PLP, the antitumor effects
have only been observed using treatment schedules based on
high and frequent dosing for prolonged periods of time. These
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doses resulted in a considerable morbidity and mortality as a
result of severe immune suppression [1]. Therefore, targeted
delivery of glucocorticoids (GC) to tumor tissue is an attractive
strategy to increase intratumoral drug concentration and to
prolong the antitumor effects of GC. By virtue of the enhanced
permeability of tumor vasculature, as compared to healthy en-
dothelium, long-circulating liposomes are able to extravasate
into subcutaneous tumor tissue thereby increasing and prolong-
ing intratumoral glucocorticoid (GC) concentrations. The mech-
anism by which extravasated liposomal PLP inhibits tumor
growth is, however, unclear.

It is known that GC can exert a broad variety of activities on
mammalian cells including immunosuppressive, anti-inflamma-
tory, apoptotic, necrotic and anti-angiogenic effects. In principle,
all these effects, both at the genomic and non-genomic level,
could play a role in the antitumor activity exerted by liposomal
PLP [1]. The genomic mechanisms can be induced by very low
concentrations of GC. These mechanisms are determined by the
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Fig. 1. Effect of liposomal PLP and free PLP on cell viability. HUVEC, B16.
F10, and C26 cells were incubated for 24, 48, and 72 h with increasing
concentrations of PLP ranging from 5 to 200 μg PLP/ml. Cell viability was not
reduced for any cell type at any concentration at the earliest time point (24 h).
Also, at 48 and 72 h, lower drug concentrations tested (5–100 μg/ml) did not
affect cell viability. Only data obtained at the concentration of 200 μg
prednisolone phosphate/ml are shown. Mean±S.D.; n=3 measurements; lip
PLP=liposomal prednisolone phosphate; free PLP=free prednisolone phos-
phate; lip=empty liposomes.
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interaction of GC with their cytosolic receptors (cGCR)
followed by cGCR activation and translocation into the nucleus.
Once in the nucleus, GC/cGCR complexes modulate the activity
of transcription factors, such as activator protein-1 (AP-1),
nuclear factor kB (NF-kB) and nuclear factor of activated Tcells
(NF-AT). This leads to regulation of the expression of genes for
many immunoregulatory and inflammatory cytokines (TNF-α,
GM-CSF, IL-1â, IL-2, IL-3, IL-6, IL-8, IL-11), for apoptotic
proteins (members of the Bcl-2 family such as Bcl-xs, Bad, Bax,
Bid, FasL) as well as for pro-angiogenic proteins (like bFGF and
VEGF) [2–4]. Higher dosages increase cGCR occupation,
which intensifies the GC effects at the genomic level. If cGCR
are saturated, GC can additionally induce non-genomic effects.
Non-genomic actions comprise three different mechanisms: 1)
cGCR-mediated inhibition of arachidonic acid release, 2)
intercalation of GC molecules into cellular membranes altering
cationic transport through the plasma membrane and increasing
proton leak out of the mitochondria, and 3) binding of GC to
specific membrane-bound receptors [5]. The responses induced
by non-genomic mechanisms of GC include immunosuppres-
sive and anti-inflammatory effects and induction of necrosis.

To gain further insight into the mechanism of action of lipo-
somal GC, we investigated the effects of liposomal PLP and free
PLP on angiogenic protein levels in vivo, as well as on tumor cell
and endothelial cell viability and proliferation in vitro. PLP en-
capsulated in long-circulating liposomes induced a strong in-
hibition of tumor angiogenesis by reduction of the intratumoral
production of the majority of pro-angiogenic factors studied and
by direct inhibition of endothelial cell proliferation.

2. Materials and methods

2.1. Liposome preparation

Long-circulating liposomes were prepared as described
previously [1]. In brief, appropriate amounts of dipalmitoylpho-
sphatidylcholine (Lipoid GmbH, Ludwigshafen, Germany),
cholesterol (Sigma, St. Louis, USA), and poly(ethylene glycol)
2000-distearoylphosphatidylethanolamine (Lipoid GmbH) in a
molar ratio of 1.85:1.0:0.15, respectively, were dissolved in
ethanol in a round-bottom flask. A lipid film was made under
reduced pressure on a rotary evaporator and dried under a stream
of nitrogen. Liposomes were formed by addition of an aqueous
solution of 100 mg/ml prednisolone phosphate (Bufa, Uitgeest,
The Netherlands). A water-soluble phosphate derivative of
prednisolone was used to ensure stable encapsulation in the
liposomes. Liposome size was reduced by multiple extrusion
steps through polycarbonate membranes (Nuclepore, Pleasan-
ton, USA) with a final pore size of 50 nm. Mean particle size of
the liposomes was determined by dynamic light scattering and
found to be 0.1 μm with a polydispersity value lower than 0.1.
The polydispersity values obtained indicate limited variation in
particle size. Phospholipid content was determined with a
phosphate assay, performed on the organic phase after extraction
of liposomal preparations with chloroform, according to Rouser
[6]. The aqueous phase after extraction was used for determining
the prednisolone phosphate content by high performance liquid
chromatography as described previously [7]. The type of column
was RP18 (5 μm) (Merck, Germany) and the mobile phase
consisted of acetonitril and water (1:3 v/v), pH 2. The eluent was
monitored with an ultraviolet detector set at 254 nm.

The detection limit for the high performance liquid chro-
matography setup was 20 ng/ml. The liposomal preparation
contained ∼5 mg prednisolone phosphate/ml and ∼70 μmol
phospholipid/ml. As control, empty liposomes were prepared
with the same lipid composition but without incorporated drug.

2.2. Cells

B16.F10 murine melanoma and C26 murine colon carcinoma
cells were cultured as monolayers at 37 °C in a 5% CO2-
containing humidified atmosphere in DMEM medium (Gibco,
Breda, The Netherlands) supplemented with 10% (v/v) heat-
inactivated fetal calf serum (Gibco), 100 IU/ml penicillin, 100 μg/
ml streptomycin and 0.25 μg/ml amphotericin B (Gibco). Human
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umbilical vein endothelial cells (HUVEC) (Glycotech, Rockville,
USA) were cultured as a monolayer at 37 °C in a 5% CO2-
containing humidified atmosphere in complete EGM endothelial
cell growth medium (Cambrex, East Rutherford, NJ, USA).

For in vitro studies, the following protocol was estab-
lished. Cells were detached from the flasks by trypsinization and
counted in a Bürker-counting chamber under the microscope in
the presence of trypan blue. Only cells excluding the dye were
counted as viable cells. Cells were plated in 96-well plates at the
appropriate concentrations according to the assay performed.

2.3. Murine tumor model

Male C57Bl/6 mice (6–8 weeks of age) were obtained from
Charles River (The Netherlands) and kept in standard housing
with standard rodent chow and water available ad libitum, and a
12 h light/dark cycle. Experiments were performed according to
the national regulations and were approved by the local animal
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Fig. 2. Effects of liposomal PLP and free PLP on cell proliferation. HUVEC, B16.F10
of PLP ranging from 5 to 200 μg PLP/ml. Cell proliferation was unaffected after 24 h in
S.D.; n=3 measurements; lip PLP=liposomal prednisolone phosphate; free PLP=fre
experiments ethical committee. For tumor induction, 1×106

B16.F10 melanoma cells were inoculated subcutaneously in the
flank of syngeneic C57Bl/6 mice. B16.F10 tumors became pal-
pable around 7 days after tumor cell inoculation.

2.4. Effects of liposomal PLP versus free PLP on cell viability
in vitro

To determine whether liposomal PLP and free PLP (i.e. not
encapsulated in liposomes) had a direct cytotoxic effect on cells,
5×103 HUVEC, C26 and B16.F10 cells/well were plated in a 96-
well plate for 24 h. Then, liposomal PLP and free PLPwere added
in PBS and incubated for 24 h, 48 h, and 72 h. After exposure
time, cell viability was determined by XTT-assay (Sigma, St.
Louis, USA) according to the manufacturer's instructions [8]. All
three cell types were incubated with tetrazolium salt XTT and
electron-coupling reagent (N-methyl dibenzopyrazine methylsul-
fate) for 1 h at 37 °C in the CO2-incubator. Using an ELISA
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cubation. Therefore, results are only shown for 48 h and 72 h incubation.Mean±
e prednisolone phosphate; lip=empty liposomes.
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microplate reader, the absorbance was measured at 490 nmwith a
reference wavelength of 655 nm.

2.5. Effects of liposomal PLP versus free PLP on cell
proliferation in vitro

To determine the effect of PLP (liposomal and free) on cell
proliferation, 1×103 HUVEC, C26 and B16.F10 cells/well
were plated in a 96-well plate for 24 h. Subsequently, liposomal
PLP and free PLP, were added in PBS. The anti-proliferative
effect of (liposomal and free) PLP was determined after 24 h,
48 h, and 72 h of incubation by ELISA BrdU-colorimetric
immunoassay (Roche Applied Science, Penzberg, Germany)
according to the manufacturer's instructions [9,10]. This
technique is based on the incorporation of the pyridine analogue
bromodeoxyuridine (BrdU) instead of thymidine into the DNA
of proliferating cells. Cells were incubated with BrdU solution
for 24 h and then media were completely removed from the
wells. Then, cells were fixed and DNAwas denatured. To detect
BrdU incorporated in newly synthesized cellular DNA, a
monoclonal antibody conjugated with peroxidase, anti-BrdU-
POD, was added. After 90 min of incubation, antibody was
removed and cell lysates were washed three times with PBS.
The immune complexes were detected by the subsequent sub-
strate of peroxidase (tetramethyl-benzidine) reaction. The re-
action product was quantified by measuring the absorbance at
450 nm with a reference wavelength of 655 nm.

2.6. Effects of liposomal PLP versus free PLP on the
production of angiogenic factors in vivo

At 7 days after tumor cell inoculation, tumor size was mea-
sured and tumor volume calculated according to the formula
Table 1
Effects of i.v. administered liposomal PLP and free PLP on pro-angiogenic protein

Pro-angiogenic factors Reduction induced by liposo
(% of reduction as mean±S

Granulocyte-colony stimulating factor (G-CSF) 67.16±5.96
Granulocyte–macrophage-colony stimulating
factor (GM-CSF)

52.33±3.51

Monocyte-colony stimulating factor (M-CSF) 52±7.21
Insulin growth factor II (IGF-II) 33.66±6.5
Interleukin 1α (IL-1α) 79.5±8.41
Interleukin 1β (IL-1β) 88±2.64
Interleukin 6 (IL-6) 43.16±5.48
Interleukin 9 (IL-9) 57.66±6.11
Interleukin 12 p40 (IL-12 p40) 74.83±9.11
Tumor necrosis factor α (TNFα) 17.16±4.64
Monocyte chemoattractant protein-1 (MCP1) 42.33±4.72
Eotaxin 99.33±1.15
Fas ligand (FasL) 97.33±3.78
Basic fibroblast growth factor (bFGF) 78.33±5.85
Vascular endothelial growth factor (VEGF) 5.16±3.54
Leptin 39±6.24
Thrombopoietin (TPO) 2.5±3.12

Pro-angiogenic factors are defined as proteins reported in literature to favoring angio
control protein levels in PBS-treated tumors. The results were analyzed for statistical
of pro-angiogenic factors. A two-way ANOVA with Bonferroni correction for mul
significant (PN0.05); *, Pb0.05; **, Pb0.01; and ***, Pb0.001. The results repre
V=0.52×a2×b, in which a is the smallest and b, the largest
superficial diameter.

3–4 animals were used per experimental group. The first
group was used as control and treated with PBS. The second
group was treated with empty liposomes. The third group was
treated with free PLP. The fourth group was treated with
liposomal PLP. Free PLP and liposomal PLP were administered
i.v. at a dose of 20 mg/kg at days 7, 10 and 13 after tumor cell
inoculation. On day 14, the mice were sacrificed and tumors
were isolated. Empty liposomes were administered i.v. using the
same lipid concentration as for PLP-loaded liposomes.

To evaluate the effect of free PLP and liposomal PLP at a
molecular scale, a screening of angiogenic proteins present in
tumor tissues was performed using an angiogenic protein array of
RayBio®Mouse Angiogenic protein AntibodyArraymembranes
1.1 (RayBiotech Inc., Norcross, GA) [11]. Each membrane
contains 24 types of primary antibodies against certain angiogenic
proteins. To detect the levels of angiogenic factors, the tumor
tissue for each group was lysed with Cell Lysis Buffer, provided
by manufacturer, after 30 min of incubation. Protease Inhibitor
Cocktail (Sigma) was added to the lysis buffer. After obtaining the
pooled tumor tissue lysates for each group, the protein content of
the lysates was determined by protein determination according to
Peterson [12]. One array membrane was used per tumor tissue
lysate. The array membrane was incubated with 250 μg of protein
from tissue lysate for 2 h, at room temperature. Each membrane
was incubated with a mixture of secondary Biotin-Conjugated
Antibodies against the same angiogenic factors as those for
primary antibodies bound onto the membranes, for 2 h, at room
temperature. Then, membranes were incubated with HRP-con-
jugated streptavidin for 2 h, at room temperature. After that, the
membranes were incubated with a mixture of two detection buf-
fers, provided by manufacturer, for 1 min, at room temperature.
levels in subcutaneous B16.F10 tumor tissue

mal PLP
.D.)

Reduction induced by free PLP
(% of reduction as mean±S.D.)

Statistical differences

45.33±2.51 **
35±5.56 *

48.83±8.03 ns
42.33±3.05 ns
38.83±10.91 ***
54.83±9.38 ***
18.33±6.02 ***
35.66±3.51 **
41.5±1.8 ***
−3.8±3.88 **
27±3 ns
98±3.46 ns

32.83±10.29 ***
2.83±6 ***
1.5±1.8 ns
12.5±5.5 ***
−1±3.6 ns

genesis and tumor-associated inflammation. The protein levels are compared to
ly significant differences between the effects of different treatments on the levels
tiple comparisons was used and the P values are indicated as follows: ns, not
sent mean±S.D. of three independent experiments.
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Fig. 3. Effects of liposomal PLP and free PLP on levels of angiogenic factors in
vivo. Free PLP and liposomal PLP were administered i.v. at a dose of 20 mg/kg
at days 7, 10 and 13 after tumor cell inoculation. Only liposomal PLP reduced
tumor growth over 85%, whereas free PLP did not affect tumor growth rate. On
day 14, the mice were sacrificed and tumors were isolated. Tumors were lysed
and levels of angiogenic proteins in the lysates were analyzed by an angiogenic
protein array. Degree of reduction of levels of tumor angiogenic factors ranged
from 0% (white) to 100% (black) compared to angiogenic factors in vehicle
treated controls; lip PLP=liposomal prednisolone phosphate; free PLP=free
prednisolone phosphate (see also Tables 1 and 2).

5M. Banciu et al. / Journal of Controlled Release 113 (2006) 1–8
Each step of membrane incubation was followed by five
washing steps. The membranes were exposed to X-ray film for
4 min and signal detected using film developer. Each protein
for each experimental group was determined in duplicate. The
tumor protein levels were obtained by quantification of the
color intensity of each spot. Using GelPro Analyzer software,
version 3.1, the color intensity was determined for each spot in
comparison to positive control spots already bound to the
membrane. Then the angiogenic protein levels in tumors
treated with empty liposomes, free PLP, and liposomal PLP
were expressed as percentage of inhibition by comparison to
tumor angiogenic protein levels in tumors treated with PBS.
The final results represent mean±S.D. of three independent
experiments.

2.7. Statistical analysis

Data from different experiments were reported as mean±S.
D. For statistical analysis, Student's t-test for independent
means was used. Avalue of Pb0.05 was considered significant.
The differences between the effects of different treatments on
angiogenic factors were analyzed by two-way ANOVA with
Bonferroni correction for multiple comparisons using GraphPad
Prism version 4.02 for Windows, GraphPad Software (San
Diego, CA).

3. Results

3.1. Effects on cell viability in vitro

To evaluate the cytotoxic effects of liposomal PLP versus
free PLP, HUVEC, B16.F10, and C26 cells were incubated in
vitro for 24, 48, and 72 h with increasing concentrations ranging
from 5 to 200 μg/ml. The same cell types incubated with PBS
were used as control. The differences in viability of cells
incubated with PBS and cells incubated with culture media were
not significant. Cell viability was not reduced for any cell type
at any concentration at the earliest time point (24 h). Also, at 48
and 72 h, lower drug concentrations tested (5–100 μg/ml) did
not affect cell viability. Therefore, Fig. 1 presents only the
relative cytotoxic effects of liposomal PLP and free PLP for the
highest concentration tested (200 μg/ml) at 48 and 72 h.

For all cell types tested, the viability reduction induced by
free drug (ranging from 25% to 45%) was higher as compared to
the liposomal drug reduction (ranging from 10% to 25%). The
minor cytotoxic effects induced by liposomal PLP are probably
due to liposomal lipids rather than the encapsulated drug, as
empty liposomes (i.e. devoid of drug) induced the same degree
of viability reduction.

3.2. Effects on cell proliferation in vitro

To study the anti-proliferative effects of liposomal PLP
versus free PLP, HUVEC, B16.F10, and C26 cells were in-
cubated in vitro for 24, 48 and 72 h with increasing con-
centrations of PLP ranging from 5 to 200 μg/ml. Results are
shown in Fig. 2.
Inhibition of cell proliferation was moderate (up to 35%) for
all three cell types incubated with free PLP. Slightly stronger
inhibitory effects were observed when the B16.F10 and C26
tumor cells are incubated with liposomal PLP. This effect is due
to the liposomal lipids rather than the encapsulated drug, as
empty liposomes (i.e. devoid of drug) induced a similar degree
of proliferation inhibition.

Remarkably, only in case of the HUVEC, liposomal PLP
yielded a strong inhibitory effect on cell proliferation (up to
75% at the highest concentration tested after 72 h of incubation)
which was clearly mediated by the encapsulated PLP.

3.3. Effects on production of angiogenic factors in vivo

To study the effects of liposomal PLP and free PLP on levels
of angiogenic proteins in tumor tissue, we used the subcutaneous
B16.F10 murine melanoma model. In accordance with our
previous data [1], growth of tumors treated by liposomal PLPwas
inhibited by 85% compared to controls, whereas free PLP did not
affect tumor growth. A screening of angiogenic proteins present
in tumor tissue was performed using an angiogenic protein array.
With this array, levels of 24 proteins involved in angiogenesis,
inflammation and apoptosis can be determined. The differences
in protein levels in tumors treated with PBS and those in tumor
treated with empty liposomes were not statistically significant



Table 2
Effects of i.v. administered liposomal PLP and free PLP on anti-angiogenic protein levels in subcutaneous B16.F10 tumor tissue

Anti-angiogenic factors Reduction induced by liposomal PLP
(% of reduction as mean±S.D.)

Reduction induced by free PLP
(% of reduction as mean±S.D.)

Statistical
differences

Tissue inhibitor of metalloproteinase 1 (TIMP1) 2.66±1.15 1.66±6.5 ns
Tissue inhibitor of metalloproteinase 2 (TIMP2) 31±10.58 4.66±8.14 ***
Platelet factor 4 (PF4) 4±5.29 −1.33±2.88 ns
Tumor necrosis factor α (TNFα) 17.16±4.64 −3.8±3.88 **
Interleukin 12 p70 (IL-12 p70) 14.66±8.02 9.33±1.52 ns
Interleukin 13 (IL-13) 16.66±9.71 21±12.76 ns
Interferon γ (IFN-γ) 59±12.28 17.33±6.11 ***
Monokine induced by IFN-γ (MIG) 44±4.58 48.33±4.72 ns

The anti-angiogenic factors are defined as proteins reported in literature to impeding angiogenesis and tumor-associated inflammation. The protein levels are compared
to control protein levels in PBS-treated tumors. The results were analyzed for statistically significant differences between the effects of different treatments on the
levels of anti-angiogenic factors. A two-way ANOVAwith Bonferroni correction for multiple comparisons was used and the P values are indicated as follows: ns, not
significant (PN0.05); *, Pb0.05; **, Pb0.01; and ***, Pb0.001. The results represent mean±S.D. of three independent experiments.
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(P=0.795). The effects of liposomal PLP and free PLP on the
intratumoral production of pro-angiogenic proteins are shown in
Table 1 and Fig. 3. The levels of the majority of pro-angiogenic
factors determined were reduced in case of liposomal and free
PLP compared to PBS treatment. Remarkably, for 11 out of 17
pro-angiogenic proteins studied, reduction was stronger and
statistically significant after treatment with liposomal PLP than
with free PLP. On average, the effect of liposomal PLP on pro-
angiogenic protein levels is 25% higher than the effect of free plp
(P=0.0191). More specifically, liposomal PLP treatment inhib-
ited expression of the pro-angiogenic factors G-CSF, GM-CSF,
M-CSF, IL-9 (by 50–75%) and IL-1α, IL-1β, IL-12p40, bFGF
(by 75–100%). Interestingly, expression of one of the most
important pro-angiogenic factors, bFGF, was only strongly
inhibited (by 78%) after liposomal PLP treatment, whereas free
PLP did not induce any reduction. Also the production of eotaxin
in tumors was very strongly inhibited (75–100%) by liposomal
PLP as well as free PLP treatment. FasLwas no longer detectable
in tumors treated by liposomal PLP but still detectable in case of
free drug treatment. Tumor amounts of IGF-II, TNF-α,
thrombopoietin, VEGF were not or only slightly influenced by
free and liposomal PLP treatment (Table 1). The level of the
majority of anti-angiogenic proteins was not or only slightly
suppressed by liposomal and free PLP treatment, except for the
IFN-γ andMIG factors which showed a strong decrease in tumor
level after treatment (by 45–60%). The decrease of IFN-γ level
was considerably stronger in the case of liposomal PLP treatment
(Table 2 and Fig. 3).

4. Discussion

The present study provides insight into the mechanism of
antitumor action of liposomal PLP [1]. The in vitro and in vivo
studies indicate that the underlying mechanism of liposomal
PLP responsible for inhibition of tumor growth is based on
inhibition of angiogenesis. Inhibition of tumor angiogenesis
appears to be due to a strong reduction of intratumoral levels of
pro-angiogenic factors as well as to a direct inhibition of endo-
thelial cell proliferation.

To demonstrate in vivo effects of liposomal and free PLP on
tumor angiogenesis, we have measured the tumor levels of
angiogenic proteins in a subcutaneous B16.F10 melanoma
model. The angiogenic protein array monitored both pro- and
anti-angiogenic proteins. 17 out of 24 proteins are pro-angiogenic
factors. The majority of them (G-CSF, GM-CSF, IGF-II, IL-1α,
IL-1β, Il-6, IL-9, TNF α, MCP1, eotaxin, bFGF, VEGF, leptin,
and thrombopoietin) are involved in all tumor angiogenesis steps
[13–26]. Most of these factors, such as G-CSF, GM-CSF, M-
CSF, IL-1α, IL-1β, IL-6, IL-9, TNF α, MCP1, have pro-
inflammatory effects that strengthen their pro-angiogenic effects
and support tumor growth [13,14,16–20,27,28]. Moreover, IL-6
has an anti-apoptotic effect on cancer cells by inhibition of p53
induced-apoptosis [29]. On the other hand, FasL helps tumor
cells to escape immune surveillance by inducing apoptosis of T
cells [30].

The most important effect of liposomal and free PLP on
tumor angiogenesis was a strong reduction of most pro-
angiogenic protein levels, whereas the levels of the majority of
anti-angiogenic proteins were not affected. As shown in Table 1
and Fig. 3, the reduction of pro-angiogenic protein levels from
tumors treated with liposomal PLP was much stronger than that
from tumors treated with free PLP. This strong effect is related to
the tumor-targeting property of the liposome formulation. The
enhanced permeability of blood vessels in solid tumor tissue
enables long-circulating liposomes, like those used in this study,
to extravasate into the malignant tissue, leading to preferential
intratumoral localization of PLP. Once extravasated into the
tumor, liposomes appear to accumulate in the surrounding area
of capillaries and in macrophages, further increasing effects on
two major cell types driving angiogenesis, the endothelial cells
and macrophages [31–34]. In contrast, when PLP is adminis-
tered in free form, it is rapid cleared from the circulation and
therefore it is not able to localize in the tumor to a substantial
degree, with consequently lower antitumor activity as a result
[1]. These findings are supported by our previous observations
of intratumoral accumulation of long-circulating liposomes in
the immediate vicinity of tumor blood vessels and strong uptake
of liposomes by intratumoral macrophages [1]. Reduction of
pro-angiogenic factors produced principally by macrophages
and endothelial cells may shift the balance between pro- and
anti-angiogenic proteins in favor of inhibition of angiogenesis
(Fig. 3, Tables 1 and 2).
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Remarkably, expression of bFGF, one of the key pro-
angiogenic factors, was strongly reduced in tumors treated with
liposomal PLP, whereas its tumor expression was not affected by
free PLP treatment (Table 1 and Fig. 3). bFGF is very important
for almost all steps in the angiogenesis process, like degradation
of basement membrane, migration of endothelial cells into in-
terstitial space and sprouting and endothelial cell proliferation
[17,26,35]. A reduction of bFGF level will also inhibit anti-
apoptotic effects of bFGF on tumor cells [17,26,29,36].

Production of VEGF, the other key pro-angiogenic factor, was
not affected by free or liposomal PLP treatment, indicating that
not all pro-angiogenic pathways are equally affected. The similar
levels of VEGF in tumors treated with free or liposomal PLP as
well as control tumors used could be maintained by stimulating
factors of VEGF production such as thrombopoietin and TNF-α
[18,19,37–41]. The levels of these factors were not or only
slightly inhibited by free or liposomal PLP treatment (Table 1).
Altogether, these results indicate that liposomal PLP treatment
does lead to a broad inhibition of pro-angiogenic proteins, but
with differential effects on different pathways within the angio-
genic process.

In contrast to the pro-angiogenic protein production, the levels
of the majority of anti-angiogenic proteins were not affected by
liposomal or free PLP treatment (Table 2). The continuing
presence of these factors producedmainly by tumormacrophages
and T cells strengthens the inhibitory effects resulting from
reduction of pro-angiogenic proteins by liposomal and free PLP,
through their anti-angiogenic effects (by TNF-α, PF4, TIMP 1,
TIMP 2, IL-12p70), anti-inflammatory effects (by IL-13) and
cytotoxic effects on cancer cells (by TNF-α, IL-12p70 and IL-13)
[21,42–47]. In our study, IFN-γ was the only anti-angiogenic
factor that was strongly inhibited by liposomal PLP treatment.
This may relate to suppressive effects of liposomal PLP on
immune cells like T cells.

The in vitro cytotoxicity studies show that cell viability was
only modestly affected for all cell types and both liposomal and
free PLP (Fig. 1). Only incubation at the highest concentration of
200 μg/ml over 48 h induced cytotoxic effects. The in vivo
relevance of these observations at extremely high and static drug
concentrations for several days is unclear. Average levels of
liposomal PLP were 10–20 μg/g tumor tissue at 24 h after
injection of a 20 mg/kg dose [1]. Intratumoral drug levels
induced by liposomal PLPmay exceed these values at other time
points, but is unlikely to be maintained for days. Therefore, a
direct tumor cell killing effect seems to play a relatively minor
role, if at all, and certainly does not explain the magnitude of the
in vivo antitumor effects of liposomal PLP.

Effects of liposomal PLP on in vitro cell proliferation oc-
curred at lower concentrations, more relevant for the in vivo
situation. In the case of HUVEC, the anti-proliferative effect of
liposomal PLP was approximately 2- to 3-fold stronger as
compared to the two tumor cell types. Interestingly, liposomal
PLP inhibited HUVEC proliferation to a 2-fold higher degree
than free PLP. This strong effect might be due to a higher
intracellular drug concentration induced by liposomal encapsu-
lation possibly as a result of endocytosis of the lipid particles by
the endothelial cells.
In conclusion, the screening of proteins known to be involved
in the angiogenesis process reveals that the main action of
liposomal PLP treatment is inhibition of the production of pro-
angiogenic proteins. The reduction of pro-angiogenic factors
shifts the balance between pro- and anti-angiogenic proteins in
the tumor to a distinct anti-angiogenic phenotype. In addition,
liposomal PLP had a strong inhibitory effect on endothelial cell
proliferation in vitro. Although this inhibition was only seen
after exposure of HUVEC to high drug concentrations that
remained static for prolonged periods of time, the local ac-
cumulation of liposomes near tumor capillaries may achieve
drug concentrations in this range resulting in direct inhibition of
endothelial cell proliferation. Taken together, the present results
point to a strong inhibition of tumor angiogenesis as the principal
cause for the antitumor activity of liposomal PLP in vivo. One of
the future issues is to identify the types of glucocorticoids which
show the strongest antitumor activity when they are incorporated
in liposomes. Liposomal glucocorticoids could be used in com-
bination with conventional cytostatic agents or antitumor cyto-
kines (IFN, TNF, IL-12p70) to improve cancer treatment. Rapid
clinical application may be feasible as both drug and carrier
system have been extensively used in the clinic.

5. Conclusion

The present study demonstrates that the principal cause of
antitumor activity of liposomal glucocorticoids is the strong
inhibition of tumor angiogenesis. This beneficial effect is a
result of tumor-targeting property of the liposome formulation
that increases intratumoral drug concentration and prolongs the
inhibitory effects of GC on tumor growth. Consequently, lipo-
somal PLP offers promise for liposomal glucocorticoids as
novel antitumor agents.
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