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Abstract Fatal outcomes of prostate carcinoma (PCa)
mostly result from metastatic spread rather than from pri-
mary tumor burden. Here, we monitored growth and met-
astatic spread of an orthotopic luciferase/GFP-expressing
LNCaP PCa xenograft model in SCID mice by in vivo
imaging and in vitro luciferase assay of tissues homoge-
nates. Although the metastatic spread generally shows a
significant correlation to primary tumor volumes, the sus-
ceptibility of various tissues to metastatic invasion was
different in the number of affected animals as well as in
absolute metastatic burden in the individual tissues. Using
this xenograft model we showed that treatment with lipo-
somal gemcitabine (GemLip) inhibited growth of the
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primary tumors (83.9 £ 6.4%; P = 0.009) as well as
metastatic burden in lymph nodes (95.6 + 24.0%;
P = 0.047), lung (86.5 £ 10.5%; P = 0.015), kidney
(88.4 £ 9.2%; P = 0.045) and stomach (79.5 + 6.6%;
P = 0.036) already at very low efficient concentrations
(8 mg/kg) as compared to conventional gemcitabine
(360 mg/kg). Our data show that this orthotopic LNCaP
xenograft PCa model seems to reflect the clinical situation
characterized by the fact that at time of diagnosis, prostate
neoplasms are biologically heterogeneous and thus, it is a
useful model to investigate new anti-metastatic therapies.
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Abbreviations

PCa Prostate carcinoma

GemLip Liposomal gemcitabine

Gemc Gemcitabine

SCID Severe combined immunodeficiency disease
dFdC 2',2'-Difluoro-2'-deoxycytidine

RLU Relative light units

ph/s Photons per second

MTD Maximal tolerable dose

EPR Enhanced permeability and retention effect
GFP Green fluorescent protein

Introduction

Prostate carcinoma (PCa) is the most frequent malignant
tumor in males of western countries [1, 2] with
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approximately 49,000 new cases (22.3% of male malig-
nancies) and 11,000 deaths per year (i.e. 10.4% of all
cancer deaths) alone in Germany [3]. Primary tumor bur-
den, however, seems not to be the leading cause of cancer
mortality since most deaths from PCa rather result from
metastatic spread and its complications [4].

Advanced prostate cancer shows a strong metastatic
capability with predilection to spread to the lymph nodes or
bones but is also characterized by multiple organ metas-
tases in lung, liver, kidney, and spleen [5-9]. Once prostate
tumor cells are engrafted particularly in the skeleton,
curative therapy becomes impossible and palliative treat-
ment remains the only option [10]. For such advanced PCa,
chemotherapy with the regimen mitoxantrone/prednisone
as approved by the U. S. Food and Drug Administration
(FDA) was commonly used, providing some symptom
relief but no improvement in overall survival (OS).

Therefore, the development of new drugs, drug formu-
lations or therapeutic strategies is a must for further pro-
gress in prostate cancer treatment [4]. Various experimental
PCa models have been used for the investigation and
development of new systemic adjuvant therapies against
advanced PCa [11-18]. One way to establish such clinically
relevant animal models accompanied by metastatic spread
into bone or organ tissues was the orthotopic implantation
of prostate cancer cells [13, 15, 19].

It has been demonstrated in such experimental models
that various drugs (e.g. doxorubicin, taxanes) might display
therapeutic efficacy by different mechanisms even when
PCa cells are primarily insensitive to the drugs themselves.
As shown in a recent study, an albumin-binding prodrug of
doxorubicin that is cleaved by the serine protease activity
of prostate-specific antigen (PSA) reduced tumor growth of
orthotopical LNCaP xenografts [20]. This efficacy is
probably due to the possibility of administering higher
doses to tumor-bearing animals with simultaneously
reduced side effects, accompanied by passive tumor tar-
geting of albumin bound drugs mediated by the EPR, i.e.
enhanced permeability and retention effect of macromol-
ecules, since conventional doxorubicin failed in the model
[20]. Taxanes also displayed beneficial efficacy in experi-
mental PCa xenografts, probably resulting either from
down-regulation of the expression of potent angiogenic
factors (VEGF, bFGF) in the PCa tumor cells or direct
effects on endothelial cells [21, 22].

Although displaying a resistant phenotype to e.g.
doxorubicin in vitro, tumor cells from various tissues, e.g.
from melanoma, non-small cell or small cell lung carci-
noma have recently been shown to display enhanced
sensitivity to gemcitabine (Gemc) (2',2'-difluoro-2'-deoxy-
cytidine, dFdC) [23]. Since cell lines or primary cells from
advanced PCa are also often highly sensitive to low doses
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of Gemc in vitro (30-500 nM) [24-26], one might expect
that Gemc to be a useful agent for the treatment of
advanced, metastatic PCa in patients. Thus, it was quite
astonishing that Gemc had only very limited effects on
advanced PCa in clinical trials (maximum response rate:
about 7%) [27-29].

Recently, we have shown that liposomal gemcitabine
(GemLip) results in strongly increased cytostatic effec-
tiveness and—in contrast to conventional gemcitabine—
strongly inhibited tumor growth and metastatic lesions
[30-32]. PK-studies with either liposomal or non-liposo-
mal radioactively labelled gemcitabine clearly showed that
the liposomal formulation as used in this study stably
entrapped gemcitabine, extending its half-life from 9 min
by more than 13 h. Tumor accumulation was improved by
a factor of four in a sarcoma model growing in nude mice
[30]. Furthermore, GemLip at much lower concentrations
than free gemcitabine (Factor: 45) showed superior activity
in two orthotopic pancreatic tumor models growing in nude
mice, and was highly active towards metastases [31, 32].

Therefore, the goal of our study was to establish and
characterize a highly metastatic PCa xenograft model using
luciferase/GFP-transduced orthotopically implanted LNCaP
cells and to investigate whether liposomal gemcitabine
(GemLip) might be a new systemic option for anti-metastatic
therapy in prostate cancer.

Methods
Cell culture and cell lines

PCa cell lines, LNCaP.FCG (ATCC, CRL-1740), Dul45
(ATCC HTB-81), and PC-3 (ATCC CRL-1453) cells were
routinely passaged in vitro in DMEM supplemented with
1% Glutamine, 1% Pen-Strep, 1% Fungizone (Invitrogen,
Heidelberg, Germany) and 10% FCS (Cambrex, Verviers,
Belgium) at 37°C with 10% CO, in a humidified atmo-
sphere. The doubling times of PCa cells are very similar,
i.e. cells display comparable proliferation properties, and
account between 21.1 £47h (PC-3), 257+ 5.1h
(LNCaP) and 28.4 + 12.2 h (Dul45).

Determining the ICsq of GemLip and gemcitabine
to LNCaP, Du 145, and PC-3

About 100 pl of the cells were seeded at 1 x 10°/ml per
well into 96 well plates (Greiner BioOne, Frickenhausen,
Germany). After 24 h, another 100 pl of Gemc solution
and GemLip dispersion were added at indicated final
concentrations and the cells were incubated for another
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48 h. Finally, BrdU reagent (Roche Diagnostics GmbH,
Penzberg, Germany) was added for 4 h. Culture superna-
tants were removed, the cells were fix-dried for 1 h at 60°,
and stored at 4°C. BrdU assays were performed according
to manufacturer’s instructions. Inhibition of DNA synthesis
was calculated as percentage of BrdU incorporation com-
pared to untreated cells. About 50% inhibitory concentra-
tion was calculated within the linear area of the inhibitory
curve.

Generation of luciferase expressing PCa cells

To determine potential metastases and anti-metastatic
effects of conventional Gemc or GemLip in vivo with high
sensitivity in the mouse tissues [33] we established stably
luciferase (Luc) or luciferase/GFP-transduced PCa cells.

The retrovirus encoding the Luciferase-aminoglycoside
phosphotransferase (Neomycin resistance) or the Luc-GFP-
Neo fusion protein was constructed from the luciferase
gene of pUHC 13-3 (pTRE Luc, [34]), and the neomycin
resistance gene from pcDNA 3.1 (Invitrogen, Heidelberg,
Germany), using pLib (BD Clontech, Heidelberg, Germany)
as a backbone. The EFla was derived from a pEF vector
(Invitrogen, Heidelberg, Germany), and introduced
upstream of the Luci—Neo fusion gene. The GFP cDNA
was isolated from pmaxGFP (Amaxa), and was inserted
upstream of an IRES (internal ribosomal entry site) frag-
ment wedged between the eGFP and the Luci—Neo fusion
gene, allowing expression of both proteins from a bicis-
tronic mRNA. The transduction of the LNCaP cells using a
VSV-G (BD Clontech, Heidelberg, Germany) pseudotyped
retrovirus was performed according to the instructions
from the manufacturer. After selecting successfully trans-
duced cells using 1 mg/ml Neomycin, their luciferase
activity was tested. 10° cells were lysed in 100 pl in 1x
luciferase lysis buffer (25 mM TRIS—phosphate pH 7.8;
2 mM for luciferase activity (Promega E4550), according
to the manufacturer’s instructions in a Luminometer (BMG
Lumistar).

Preparation of gemcitabine liposomes (GemLip)

VPGs consisted of hydrogenated egg phosphatidylcholine/
cholesterol (55:45 molar ratio; Lipoid AG, Ludwigshafen,
Germany) at a total lipid concentration of 40% (m/m)
(660 mM lipid). For each batch of VPG, 12 g lipid mixture
was hydrated with 18 ml mannitol solution (5%), and
treated with a high pressure homogenizer (Micron Lab 40,
70 Mpa, 10 cycles; APV Gaulin, Liibeck, Germany). The
resulting “empty VPGs” were aliquoted into 30 ml injec-
tion vials (Zscheile & Klinger, Hamburg, Germany) in

portions of 3.71 g. About 6 g glass beads (5 mm in
diameter) were added as shaking aid, the vials were closed
with a silicone rubber stopper, autoclaved at 121°C, 2 bar,
20 min and stored at 4-8°C [35].

For the entrapment of gemcitabine (Gemzar®; kindly
provided by Lilly-Deutschland GmbH Bad Homburg,
Germany) within the empty VPG, the “passive loading”
technique was employed [36]. In short, 0.5 ml Gemc
solution (38 mg/ml in 0.9% NaCl) was added to the VPG
containing vials, the components were thoroughly mixed
using a microdismembrator (1,500 shakes/min, 10 min),
incubated for 1 h at room temperature and mixed a second
time (1,500 shakes/min, 5 min). To ease the diffusion of
Gemc into the liposomes, the mixtures were incubated at
60°C for 2 h in an aluminium block. Final Gemc conc. in
the dual formulation is 19 mg/vial.

GemLip-VPG was diluted in 6.4 ml of a 0.9% sterile
NaCl solution to yield a final total lipid concentration of
231 mM, and mixed (1,500 rpm, 10 min). The resulting
GemLip was pushed through a 5 pm particle filter (Braun
Melsungen AG, Melsungen, Germany) and further diluted
for the animal injections.

Encapsulation efficiency of Gemc was analysed by the
comparison of entrapped Gemc to total Gemc of each
sample. Non entrapped Gemc was removed from GemLip
by adsorption over a cationic exchange resin AG 50W X-8
(Bio-Rad, Munich, Germany) activated with concentrated
NaCl. Eluted sample and non-eluted sample were dissolved
in ethanol/methanol 90/10 (vol/vol) with a dilution factor
of 200 to disintegrate the liposomes. Encapsulation effi-
ciency (EE) was determined by Gemc-content ratio of
these two samples. Gemc-content was standardized to the
cholesterol content to correct for recovery after ion
exchange chromatography. EE was calculated as the ratio
of ([Gemc-]/[Chol]) Eluat sample/([Gemc-]/[Chol]) non-
eluted sample * 100%.

Gemcitabine and cholesterol were simultaneously detec-
ted in one HPLC run by the use of a 2 column system:
LiChrospher 60 RP-select B, endcapped, 5 pm, 250 x 4 mm
(with a guard column 4 x 4 mm) and LiChrospher 100
NH2, 5 pm, 250 x 4 mm (both Merck, Germany). Mobile
phase: Acetonitrile/Methanol/H20 acidified (containing 1%
(w/v) formic acid, pH adjusted to 2.3) 67:30:3 (v/v/v). Flow
1.5 ml/min at 30°C. UV-detection: 0-6.5 min 278 nm
(Gemc 4.9 £ 0.6 min), 6.5-10 min 215 nm (Chol
7.0 £ 0.1 min). Linear Calibration lines (peak area, fitted
1/x): Gemc 2-12 pg/ml (r* = 0.9989 £ 0.0011), Chol
100-800 pg/ml (r* = 0.9992 =+ 0.0009). LOD 0.324 pg/ml
(Gemc) and 6 pg/ml (Chol), respectively.

The manufacturing process was validated, taken in
account the values of 16 batches (each comprising of 12
preparations in mean):
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Gemcitabine (mg/vial) VPG (mg/vial)

Encapsulation efficiency (%)

Lyso-PC content (%)* Liposome size (nm)**

Mean (n = 192): 194
SD 1.44

3,652.9 46.3
278.18 2.59

4.2 36
0.99 5

* Determind by HPTLC

** Determined by Photon correlation Spectroscopy, number weight Gaussian distribution

Animal experiments

All animal experiments were performed in accordance with
German Animal License Regulations (Tierschutzgesetz)
identical to UKCCCR Guidelines for the welfare of ani-
mals in experimental neoplasia [37]. 8-12 week old male
SCID (C.B-17/IcrHanHad-Prkdc) mice were obtained from
Charles River Laboratories, Sulzfeld, Germany.

Orthotopic LNCaP PCa xenografts were induced by
injecting 1.00E4-06 cells per animal in 25 pl DMEM
(Invitrogen, Heidelberg, Germany) into the left or right
anterior prostate gland of SCID mice (C.B-17/IcrHanHad-
Prkdc). Successful implantation and orthotopic tumor
growth was monitored by in vivo bioluminescence (see
below). Subcutaneous PCa xenografts were induced by
injecting 2.00E+06 cells per animal in 50 ul DMEM/
Matrigel (BD, Heidelberg, Germany) subcutaneously into
the left flank of SCID mice (C.B-17/IcrHanHad-Prkdc).
Tumor sizes were measured three times weekly via calli-
pering and compared to Luciferase imaging. Tumor vol-
ume was calculated by the formula A x B x A/2, A being
the major and B the minor diameter. Take rate was >95%
for LNCaP subcutaneous*

For chemotherapeutic intervention in orthotopic xeno-
grafts animals were randomized on day 23 after implan-
tation by luminescence intensity (see below) into the 3
treatment groups (10 mice per group) eliminating the
largest and the smallest primary tumors. In pre-experiments
the maximal tolerable dose (MTD) in tumor-free SCID
mice has been determined to be 8 and 360 mg/kg for
GemLip and Gemc, respectively (not shown). Treatment
groups received 8 mg/kg GemLip and 360 mg/kg Gemc
intravenously. Additionally, one group was treated with the
drug vehicle (physiol. NaCl) only. Animals were treated
three times once weekly. In the vehicle control group one
animal died out of other than experimental reasons.

Analysis of the tumor vessel permeability (Evans blue
in vivo vascular leakage assay)

In vivo tumor vessel permeability and vascular volume
were quantified by measuring Evans blue extravasation
[38, 39]. Mice were injected intravenously with 100 mg/kg
of Evans blue (10 mg/ml in 0.9% NaCl). After 30 min, the
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mice were sacrificed, blood samples as well as samples
from tumor and skeletal muscle were taken, weighed and
homogenized in 1/9 parts (w/w) of an 0.1% sodium sulfate/
acetone mixture (3:7 v/v). After 17 h incubation at room
temperature in the dark, the samples were centrifuged at
1,000x g for 5 min. The absorbance at 620 nm was deter-
mined in each supernatant, and the concentration of Evans
blue was quantified using a standard. The amount of Evans
blue in the tumor tissue and skeletal muscle values were
calculated per tissue weight, and standardized for the
measured blood concentration, furthermore, the Evans blue
tumor to skeletal muscle ratios were determined.

Measurement of in vivo bioluminescence

About 100 pl of the substrate, p-Luciferin (20 mg/ml;
Synchem OHG, Germany), were injected i.p. in two por-
tions of 50 pl each, and the animals were then anesthetized
in an isofluorene chamber. About 10 min later they were
transferred into the Nightowl LB981 camera system
(Berthold, Bad-Wildbach, Germany), and exposed for
I min at 2 x 2 binning, and 5 min at 10 x 10 binning. For
quantification of light signals bioluminescence was ana-
lyzed on raw images from the camera using the internal
software “WinLight32” (Berthold, Bad-Wildbach, Ger-
many) and expressed as photons/second (ph/s).

Quantification of metastatic lesions by in vitro
luciferase assay

To screen and quantify metastatic lesions in potential target
organs of SCID mice pieces of lung, liver, spleen, lymph
node, stomach, kidney, femur, lumbar spine or duodenum
were homogenized in 1 ml (liver in 5 ml) of luciferase
lysis buffer using a tissue homogenizer Fastprep-24 and
Lysing MatrixA tubes (MP Biomedicals, Heidelberg,
Germany). Insoluble material was spun down for 10 min at
15,000 rpm in a Heraeus Biofugel5. About 5 pl of the
supernatant were checked for protein concentration using a
Bradford assay (Sigma B6916) with BSA serving as stan-
dard protein, and 10 pl were measured in a luciferase assay
(Promega E1501). Data are shown as log RLU (relative
light units) normalized by protein concentration.
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Statistics

Statistical analyses were performed using student’s #-test
and paired t-test, respectively, or—if Normality Test
failed—using Mann—Whitney Rank Sum Test (SigmaStat
3.1). Pearson Correlation (SigmaStat 3.1) was used to
define relationships between tumor volume and metastatic
spread. Testing to define if a population follows a standard,
“bell” shaped Gaussian distribution, also known as a
“normal” distribution was performed with the Normality
Test (Kolmogorov—Smirnov) (SigmaStat 3.1).

Results
Sensitivity of LNCaP cells to GemLip in vitro

First, we investigated the effects of liposomal (GemLip)
and conventional gemcitabine on various PCa cells in vitro.
Efficiency of the drugs was determined by adding different
concentrations of the drug formulations to LNCaP PCa
cells for 24-120 h and compared to Dul45 and PC-3 PCa
cells. Empty liposomes at equivalent dosages as GemLip
did not change BrdU incorporation in comparison to
vehicle control (not shown). Optimal logarithmic growth
was seen at 48 h and proliferation inhibition was analyzed
at this time point using BrdU assay. We confirmed (Fig. 1,
right) that luciferase-transduced PCa cells (LNCaP, Dul45,
PC-3) are also highly sensitive (IC50 10-30 nM) to con-
ventional Gemc [24, 25]. As shown further (Fig. 1, left) the
liposomal formulation GemLip displayed similar IC50
values in vitro. There were neither strong differences
between the various PCa cells nor between GemLip and
Gemc, respectively (IC50 LNCaP G/GL 11.0 £ 0.5/
16.0 &= 0.5 nM, Dul45 11.9 + 3.1/20.5 + 3.3 nM, and

o
100,0%

80,0% - —a— |NCaP

——Du145

60,0% Pcs3
40,0%

20,0% -

0,0% T T ]

1,00E+00 1,00E+01 1,00E+02 1,00E+03

Fig. 1 IC50 values on LNCaP PCa cells of GemLip and gemcitabine
in vitro. LNCaP and as control Dul45 as well as PC-3 cells were
incubated with GemLip, Gemc or the vehicle control (NaCl) for 24—
120 h at designated concentrations. Optimal logarithmic growth was
seen with all cells at about 48 h. Results from 3 independent

PC-3 14.9 £ 1.1/21.5 £ 1.6 nM). Despite of transduction
and selection with G418 (1 mg/ml), the stably luciferase-
transduced PCa cells did not exhibit any different sensi-
tivity to Gemc or GemLip compared to parental cells (not
shown).

In vivo properties of PCa xenografts: tumor growth
and vascular leakage

To characterize in vivo properties of the transduced LNCaP
cells we compared growth, vascular leakage, and metasta-
sizing properties of ectopic subcutaneous and orthotopic
xenografts, respectively. Tumor growth was determined
either by measurement of the in vivo bioluminescence in the
case of the orthotopic implantation or by callipering in the
subcutaneous models (supplemented by bioluminescence).
The first palpable subcutaneous LNCaP tumors in the
ectopic model were detected between days 10 and 12. Nearly
all (>95%) animals developed subcutaneous tumors.
Requirements for the possible commencement of therapeutic
intervention, i.e. a tumor volume of >0.1 cm?, were achieved
between days 19 and 21. Tumor volumes larger than 1 cm?,
which are the ethical stop criterion, had developed in the
animals between days 32 and 35, opening a potential thera-
peutic window of about 14 days only (Fig. 2a). Final tumor
volume at necropsy was 1.53 + 0.65 cm”.
Bioluminescence of orthotopic xenografts was first
determined between days 3 and 5 and next between days 10
and 13 after implantation into the anterior prostate gland.
The take rates for LNCaP,,;,, xenografts were about 65%.
Further tumor growth was monitored by bioluminescence
once weekly (Fig. 2a). Stop criteria in the orthotopic
models were the general health situation (scrubby coat) and
body weight reduction (>20%) of the animals. As deter-
mined in this study, tumor growth was limited to days 54-

120,0%

100,0%
—a—LNCaP
80,0%
——Du145
60,0% x—PC3
40,0%
20,0%
0,0% T T \
1,00E+00 1,00E+01 1,00E+02 1,00E+03

experiments are shown as percentage of proliferation (BrdU) of the
vehicle control at 48 h. The IC50 values cells were very similar for
LNCaP 11.0 £ 0.5/16.0 = 0.5 nM, Dul45 119 £ 3.1/
20.5 + 3.3 nM, and PC-3 cells 14.9 £ 1.1/21.5 £ 1.6 nM, using
GemLip and Gemc, respectively
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0,704 £0,390 cn®
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1 3.00E+07
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0 20 40 60
days

Fig. 2 Tumor growth curves and Evans Blue vascular leakage assay
in orthotopic and subcutaneous LNCaP. Orthotopic LNCaP PCa
xenografts were induced by injecting 2x10° luciferase-transduced
cells in 25 pl DMEM into the left or right anterior prostate gland of
SCID mice (C.B-17/IcrHanHad-Prkdc), whereas ectopic LNCaP PCa
xenografts were induced by injecting 2x10° cells per animal in 50 pl
DMEM/matrigel subcutanously into the left flank of SCID mice (C.B-
17/TcrHanHad-Prkdc). Tumor growth was determined either by
luciferase bioluminescence imaging, calculated as photons per
second + SD after exposure of 5 min at 10 x 10 binning or by
callipering and calculated as mean & SD by the formula
DI x D2 x D1/2 where D1 is the larger and D2 is the smaller
diameter (A: LNCaP filled black square ectopic and open diamond

57 (Fig. 2a). This opened a general treatment window of
about 31-34 days. The bioluminescent signal (ph/sec) at
the end point analysis was about 20-fold higher than the
randomization signal, corresponding to a final volume of
orthotopic tumors of 0.70 & 0.39 (LNCaP). Although
showing a wide range, the luminescence values
(34,330,542 + 24,221,418) from final imaging of viable
animals correlated well to tumor volume or weight at
necropsy (Fig. 2c, d).

Tumor vessel permeability and vascular volume of PCa
xenografts were quantified in vivo by measuring Evans
blue extravasation [38, 39]. As shown in Fig. 2b (grey
column) the Evans blue extravasation in the subcutaneous
PCa xenografts in SCID-mice expressed as tumor to
muscle ratio was about 3.31 + 0.48 (n = 3). Comparing
the vascular leakage of orthotopic PCa xenografts (Fig. 2b,
black column) we could demonstrate that it was signifi-
cantly (P < 0.05) augmented in the orthotopic situation
[LNCaPypo = 8.13 &£ 6.51 (n = 3)].

Metastatic spread of ectopic and orthotopic LNCaP
xenografts

No metastatic lesions were found in any of the tissues
tested in mice with ectopic, i.e. subcutaneous, in 50%
Matrigel implanted LNCaP xenografts grown for 32—
35 days, even when using sensitive luciferase assays on the
tissue homogenates (Fig. 3). The detection limit of the
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orthotopic). At necropsy, final tumor volume was 1.532 £ 0.650 and
0.704 + 0.390 cm?® for ectopic and orthotopic tumors, respectively.
Comparing imaging results and final tumor volume (c) or weight (d),
a good correlation between bioluminescence (ph/s) and these two
parameters could be shown [correlation coefficients are R = 0.737,
P =0.037 (cm’) and R = 0.821, P = 0.0066 (g), respectively].
Tumor vessel permeability and vascular volume (b) was determined
30 min after Evans Blue i.v. application as tumor to skeletal muscle
ratio in LNCaP orthotopic and subcutaneous PCa tumor xenografts in
SCID mice. The tumor:muscle ratio was significantly augmented
(P < 0.05) in orthotopic LNCaPy,, = 8.13 £ 6.51 (n = 3) (b: black
column) compared to subcutaneous LNCaPy. = 3.31 + 0.48 (n = 3)
xenografts (b: grey column)

assay was between 100 and 1,000 transduced cells, i.e.
1,000-10,000 tumor cells per organ homogenized (Fig. 3).

In contrast to the above, when LNCaP cells were
xenografted orthotopically, metastases were detected in
untreated SCID mice. Macroscopic analyses during
necropsy revealed metastatic lesions in spleen, lung and
peritoneal cavity of some (1-2) animals (data not
shown). However, sensitive in vitro luciferase assay of
transduced cells detected metastatic lesions in homoge-
nates of all investigated tissues of individual mice
(Table 1). Metastatic burden was most prominent in
lymph nodes, spleen, duodenum, or lung, and detectable
at weaker amounts in femur and lumbar spine bone
tissue samples, or kidney and liver, but varied not only
in metastatic load in the individual tissue (i.e. mean
RLU per tissue) but also in the number of metastatic
animals (Table 1).

Although the range of metastatic burden in individual
tissues was generally very high (Table 1), the distribution
of metastatic lesions (Fig. 4, mean RLU) shows a signifi-
cant correlation to the final primary tumor volume defined
by imaging (Fig. 4, ph/sec) or by tumor volumes and
weight, respectively (not shown), in individual animals. As
shown in Fig. 3, the correlation was stronger in some [e.g.
stomach (R = 0.887; P < 0.0001), lung (R = 0.870;
P < 0.0001)] but also given in the other tissues [e.g.
lumbar spine (R = 0.510; P =0.0181) or femur
(R = 0.662; P = 0.0011)].



Clin Exp Metastasis (2009) 26:981-992

987

1.000.000 -

m sc. tumor LNCaP
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1,00E+05

1,00E+04 1,00E+03
cell number

1,00E+02

Fig. 3 Metastatic properties of ectopic subcutaneous LNCaP PCa
xenografts. In vitro endpoint analysis using the highly sensitive
luciferase assay—able to detect traces of at least 1.00E+02 to
1.00E+03 of luciferase-transduced LNCaP tumor cells in 100 pl
equalling to a total amount of 1,000-10,000 cells per homogenized
tissue piece in 1 ml (curves)—failed to reveal any significant signals
in homogenates of lymph node, intestine tissue, spleen, lung, kidney,
stomach, bone tissue (femur and lumbar spine) or liver, whereas
primary tumor tissues themselves (s.c. tumor) gave strong signals
(columns). Data are shown as RLU (relative light units), i.e. LU from
luciferase assay normalized by protein concentration. The black
horizontal line marks the detection limit for metastatic lesions in
individual tissues

In vivo effect of GemLip treatment on primary
orthotopic LNCaP PCa tumor xenografts

The orthotopic LNCaP PCa model was used for studying
anti-metastatic and anti-tumoral effects of chemothera-
peutic intervention by liposomal gemcitabine (GemLip).
Animals were selected from originally 50-60 orthotop-
ically implanted mice. The animals were randomized by
luminescence imaging into the three treatment groups (ten
mice per group), eliminating the largest or the smallest
primary tumors. Treatment started 5 days after randomi-
zation according to the scheme described above (Methods),
roughly on day 28 after orthotopic implantation, and was
performed three times.

The in vivo drug side effects and drug-induced toxicity
were followed up by monitoring the general health situa-
tion (scrubby coat) and body weight reduction (>20%) of
the animals (Fig. 5a). As shown in Fig. 5a, SCID mice
bearing orthotopic LNCaP PCa xenografts showed a gen-
eral loss of weight during tumor growth by 11-20%
(P < 0.001) compared to weight before tumor implanta-

tion—a  cachexia-like  outcome  which  occurred

Table 1 Organ distribution of metastatic lesions (mean RLU values) and number of untreated metastatic animals in the orthotopic LNCaP PCa

model
LN Duo SP Lung Kidney Sto Femur LuSp Liver
Mean RLU* 1,878,851 763,830 217,490 112,437 20,359 16,287 7,301 13,879 9,437
Range 1,758- 3,326- 1,504- 2,877- 1,951- 2,406— 1,541- 1,545- 1,872—
4,732,603 2,510,953 679,480 273,003 83,309 37,952 23,558 43,831 35,740
No. of 79 4/9 6/9 8/9 9/9 6/9 6/9 7/9 7/9
animals®

Lymph node (LN), duodenum (duo), spleen (Sp), lung, kidney, stomach (Sto), femur, lumbar spine (LuSp), and the liver are potential target

organs for metastatic lesions

% Mean RLU of animals with metastasis

" All animals with RLU < 1,500 were counted as metastases-free by our assay (9 animals—in the vehicle control group one animal died out of

other than experimental reasons)

stomach

RLU meatstatic load

4,00E+07 8,00E+07 0,00E+00

400E+0T

45,000 .

lumbar spine
+

0
0,00E+00

8,00EH07 4.00E+0T 8,00E+H07

Tumor volume (phfsec)

Fig. 4 Correlation of final tumor size and metastatic burden in
individual tissues. The range of metastatic burden in individual tissues
was generally very high (see also Table 1), and the distribution of
metastatic lesions (Fig. 4: mean RLU) shows a significant correlation
to the final primary tumor volume in individual animals defined by in

vivo imaging (Fig. 4, ph/s) or by tumor volumes and weight,
respectively (not shown). The correlation varied in individual tissues
[stomach (R = 0.887; P < 0.0001), lung (R = 0.870; P < 0.0001),
lumbar spine (R = 0.510; P = 0.0181)] but was significant in all
investigated tissues (not shown)
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independently of treatment also in the vehicle control
group. Similar weight loss was also observed with subcu-
taneously growing LNCaP tumors (data not shown).

Tumor growth during GemLip treatment was monitored
once weekly by luciferase in vivo bioluminescence as
photons per second (Fig. 5b). Treatment of orthotopically
growing LNCaP xenografts resulted in statistically signif-
icant reduced light signals (on day 19 and day 26 of
treatment) in the GemLip group (8 mg/kg), reflecting a
significant growth inhibition by 83.9 + 6.4% (P = 0.009).
Similar effects were seen with 360 mg/kg conventional
Gemc, reducing tumor growth by 709 £ 13.5%
(P = 0.017) relative to the vehicle.

100% l—%%,%

<
=

2

¢ 80%

2 7 |-+-NaCl
ES - GemLip 8mg

60% - |-e- Gemcitabine 360mg

. v 1

significant
p <0,001

days 0 5 10 15 20 25 30

B 12,0 l 1 l

= 9,0 - —+— NacCl

%_ -8 GemLip 8mg

E 6,0 -e- Gemitabine 360mg

‘g significant

= 3,0 p=0017

& significant

0,0 e 2 0009

0 5 10 15 20 25 30

Fig. 5 Monitoring of drug effects and animal health during GemLip
chemotherapy in orthotopic LNCaP xenografts. SCID mice bearing
orthotopic LNCaP PCa xenografts were weighed 3 times weekly (a)
and the results are plotted graphically for the treatment period as
percentage of baseline weight before therapy (=100%) £SD. All
groups displayed a significant (P < 0.001) reduction of the body
weight (baseline weight day 0: 26.25 + 1.80 g) by 16.1 £ 10.8% on
day 28 which was independent of whether the mice were treated once
weekly (marked by the arrows) with the drugs GemLip (8 mg/kg) or
gemcitabine (360 mg/kg), or if they received the vehicle control
(physiological NaCl). This cachexia-like outcome was also observed
in ectopic subcutaneous xenograft bearing animals (data not shown).
Tumor growth (b) was monitored once weekly by luciferase
bioluminescence in vivo imaging using the NightOwl LB981 CCD
camera system (Berthold, Bad-Wildbach, Germany) as photons per
second = SD and plotted graphically as n-fold of bioluminescence
before therapy. Treating orthotopically growing LNCaP xenografts
resulted in significantly reduced light signals (on day 19 and day 26)
in the GemLip (P = 0.009) and the gemcitabine (P = 0.017) group.
Growth inhibition was 83.9 + 6.4 and 70.9 £ 13.5%, respectively, of
the vehicle. Necropsy was performed 2 days after final luminescence
imaging
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GemLip and metastatic lesions in primary orthotopic
LNCaP PCa xenografts

In the next step we characterized anti-metastatic effects of
the treatment. Scatter plots (Fig. 6) representing the signals
of individual mice in the experimental groups and the
means are shown in RLU normalized by protein values.
Comparing untreated and treated animals in respective
tissue groups (Fig. 6) medication with GemLip (8 mg/kg)
significantly reduced the metastatic progression into the
lymph nodes (P = 0.047), lung (P = 0.015), kidney
(P = 0.045), and stomach (P = 0.036) whereas 360 mg/kg
gemcitabine significantly reduced metastasis only in lung
(0.018) and kidney (P = 0.044).

However, comparing the metastatic burden in the other
tissues (duodenum, spleen, femur, lumbar spine or liver), it
became obvious that either metastatic burden (mean RLU)
or total number of metastatic animals (Table lsupp) or
both were—compared to untreated animals—strikingly
reduced by GemLip and less so by Gemc treatment
(Fig. 6). But even these strong differences were not sta-
tistically significant, probably because of the strong vari-
ation in distribution of metastases (mean RLU) in untreated
animals (see Table 1; Fig. 6).

Discussion

In the present study we have validated the anti-metastatic
efficacy of liposomal gemcitabine (GemLip) therapy in a
metastatic LNCaP PCa model. Orthotopic implantation of
prostate cancer cells was one way to establish clinically
relevant animal PCa models accompanied by bone or other
metastatic invasion [13, 15, 19].

Various experimental PCa models—induced e.g. by
orthotopic, intravenous, intra-femoral injection, or by bone
contact implantation—have already been used for the
investigation and development of new systemic adjuvant
therapies against advanced PCa [11-18, 40, 41]. A stable
genetic labelling of tumor cells with markers such as GFP
or luciferase thus significantly enhanced in vivo or in vitro
locating of metastases [18, 33, 42, 43]. Recently, two
groups have reported even subcutaneously transplanted
PCa cells to metastasize in a manner detectable by sensi-
tive bioluminescence imaging or by quantitative real-time
PCR [18, 33].

Using strongly luciferase/GFP fusion protein expressing
LNCaP cells, a total of 1,000-10,000 cells per tissue piece
could be detected. We have shown that orthotopic but not
ectopic LNCaP PCa xenografts do strongly metastasize
into bone tissue (femur, lumbar spine), lymph node, or
lung, and thus represent a model reflecting the clinical
situation. In contrast to the data of others [18, 33], but
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Fig. 6 Drug effects on metastatic lesions in orthotopic LNCaP PCa
xenograft. In vitro luciferase assay results (endpoint analysis) from
lymph node (LN), duodenum (duo), spleen (Sp), lung, femur, kidney
(kid), stomach (sto), the liver and lumbar spine (LuSpi) as potential
target organs show that LNCaP metastatic lesions can be detected in
all investigated organs of individual SCID mice. Scatter graphs
representing the signals of individual mice in the experimental groups
and the means are shown in relative light units (RLU; n = 10)
normalized by protein values. The metastatic burden in individual
tissues was varying greatly with RLU values ranging from 1,000 to

confirming results of Glinskii et al. [44], we could not find
any metastatic lesion in ectopic, subcutaneously trans-
planted xenografts despite of the sensitive detection sys-
tem. This difference might result either from different
implantation materials, such as spongoid collagen scaffolds
[18] versus Matrigel, or from different final growth periods
of 14 weeks [33] versus 7 weeks in our study (Fig. 2). The
take rate in the ectopic subcutaneous model was 95% using
reconstituted extracellular matrix extract (Matrigel) as
carrier, while carrier-free implantation (i.e. without
Matrigel) only resulted in less than 10% of the animals
(16 animals) developing subcutaneous tumors during the
observation period (>12 weeks, data not shown). The
carrier-free orthotopic implantation showed a significantly
higher take rate of about 65%, indicating that there
are strikingly different environmental conditions support-
ing tumor growth after orthotopic, but not ectopic,
implantation.

This hypothesis is supported by the finding that admin-
istration of subcutaneously weak tumorigenic LNCaP cells
resulted in increased tumor incidence (50-63%) when given

10,000,000 (LN, duo, Sp), via 100-1,000,000 (lung, femur, kid) to
10-100,000 (sto, liver, LuSpi). GemLip treatment strongly reduced
metastatic burden (mean RLU) in all tissues and the percentage of
animals with metastatic lesion (Tab. 1supp). Because of the wide
range of metastatic burden in untreated control animals this reduction
was significant only in lymph nodes (P = 0.047), lung (P = 0.015),
kidney (P = 0.045), and stomach (P = 0.036). Gemcitabine signif-
icantly reduced metastasis only in lung (0.018) and kidney
(P = 0.044). Statistical analyses were performed using one-sided
student’s 7-test with two samples of unequal variance

simultaneously with different human prostate stromal cell
lines [45]. In the orthotopic situation, the microenvironment
of anterior prostate glands appears not only to facilitate
tumor growth but also to induce metastatic dissemination
(Fig. 2; 6). Since orthotopic tumor growth was accompa-
nied by increased vascularisation and vascular leakage [20]
(Fig. 2) this could be another factor advancing metastatic
burden [43, 46]. Functional changes due to expression of
cell adhesion molecules (CAM) can also modify cellular
behaviour. Artificial MUC18 expression in transfected
LNCaP cells has been shown to induce a four- to fivefold
increase of in vitro motility and invasiveness, thus, could
also foster tumor incidence as well as metastatic spread
[47]. We have recently shown that co-culturing LNCaP
cells with pieces of human prostate tissue resulted in
enhanced expression of cell adhesion molecule CEACAM6
[48] (supplementary data Fig. 1supp), known to be associ-
ated with metastases, poor prognosis, and invasiveness in
various tumors [49-51].

The metastatic burden in individual mice showed a
significant correlation to the final tumor volumes (Fig. 4).
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However, neither individual tumor volumes (Normality test
failed: K-S Dist. = 0,283; P < 0,001), nor metastatic
burden in individual tissues (failed: K-S Dist. = 0,411;
P < 0,001) did pass the Normality Test (Kolmogorov—
Smirnov), i.e. they do not display a Gaussian distribution.
This reflects on one hand the high variation of the two
parameters. On the other hand it demonstrates, although
successfully implanting 1.00E4+06 cells into the mouse
prostates, the initial heterogeneity of tumor invasiveness
and therefore metastatic dissemination. It results from the
complex dependency on the heterogeneity of the PCa cells
itself (e.g. a low and varying number of implanted tumor
stem cells), as well as on varying factors in prostatic
microenvironment and cellular-environmental interaction.
These appear to influence tumor frequency or metastatic
burden [52]. In the early phase of tumor implantation in our
model this was characterized by two facts. First, the tumor
implantation was successful only in about 65% of animals,
i.e. in one-third of the animals none of the 1.00E+406 cells
invaded and grew in prostate tissue. Second, a particularly
strong reduction—in some cases a complete loss—of
luciferase signalling was observed during the first 2 weeks
between the first (at days 3-5 > 90% of animals were
positive) and the second in vivo imaging in the immuno-
deficient animals, in some cases accompanied by a delayed
re-appearance of tumor growth at later times (see: sup-
plementary data Fig. 2supp).

Thus, this model seems to well reflect the clinical situ-
ation which is characterized by the fact that, at time of
diagnosis, primary neoplasms are biologically heteroge-
neous and contain subpopulations of cells with different
metastatic potentials [53-56]. The pathogenesis of a
metastasis consists of many sequential steps that must be
completed to produce clinically relevant lesions. During
any of these steps, tumor cells interact with host factors in
the microenvironment and will therefore will be subject to
selection [57]. That there is actually a potential, selectable
cellular heterogeneity also within PCa cell lines was shown
by establishing LNCaP subclones displaying different
tumor incidence or metastatic potential [58-61].

Using the present, clinically relevant orthotopic PCa
model we could confirm former data on a soft tissue sar-
coma and two orthotopic pancreatic cancer models [30-32]
and demonstrate that a liposomal formulation of gemcita-
bine (GemLip) showed therapeutic efficacy also in PCa.
GemlLip at efficient doses of 8 mg/kg displayed not only
significant anti-tumoral but also anti-metastatic effects.
Non-liposomal Gemc is a chemotherapeutic drug which
has shown only limited effects on human prostate cancer in
vivo as yet [27-29, 62, 63] but which is efficient in various
other cancer types (e.g. pancreas, non small cell lung
cancer). Its entrapment into liposomes (GemLip)
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strikingly, about 45 times, enhanced efficacy of Gemc
(efficient dose 360 mg/kg), probably resulting from pro-
tection from enzymatic degradation, prolonging its half-life
to a great extent, as well as from enhanced accumulation of
liposomal drugs within tumor tissues due to the enhanced
permeability and retention effect (EPR), i.e. a passive tar-
geting effect [30-32]. The EPR effect has been described
in a broad variety of experimental tumor types [64-67],
and mainly depends on tumor volume, vascularisation and
leakage of tumor vessels. In fact, we could show strong
vascularization [20] and highly enhanced vascular leakage
in the orthotopic LNCaP model investigated in this study.
EPR is also depending on the size and amount of the used
liposomes, enhancement is higher the smaller and the more
liposomes are present what is true for the liposomes we
used (~40 nm in diameter, by an EE of 46%). In vivo
allocation of GemLip was determined in various tissues
performing fatty acid analysis by gas chromatography.
Preliminary data showed a significant change in C18:0 and
C18:1 fatty acid tissue content, indicating a liposome
accumulation in vivo and concomitantly a better avail-
ability of the drug (P. Jantscheff and L. Taylor et al.
unpublished data).

In contrast to former in vivo studies in a soft tissue
sarcoma and two orthotopic pancreatic cancer models [30—
32], conventional Gemc, too, had strong effects in the
present orthotopic LNCaP PCa model, even if only at the
45-fold higher concentration of 360 mg/kg. Recently, we
could show that tumor volume and vascularization are
critical factors for the sensitivity of PC-3 PCa xenografts to
conventional gemcitabine [68]. This might also be the case
in the present study. Compared to subcutaneous
(1.53 &+ 0.65 cm®) or pancreatic xenografts (1.69 or
1.94 cm® for MIA PaCa2 and AsPCl1, respectively) [31,
32] the final tumor volumes in orthotopically implanted
LNCaP mice were relatively small (0.70 £ 39 cm3) and
displayed an increased vascularization [20] (Fig. 2).

In summary, our data clearly show that metastatic
spread of luciferase/GFP-expressing LNCaP xenografts
after orthotopic implantation is a useful, clinically relevant
animal PCa model for the investigation of new systemic
adjuvant therapies and therefore might represent an
important tool for investigating metastatic processes in
various, e.g. bone, tissues, or for studying factors that
regulate metastatic outgrowth. The observed heterogeneous
metastatic spread seems to reflect the clinical situation
quite well, characterized by the fact that at time of diag-
nosis, primary neoplasms often are biologically heteroge-
neous and contain subpopulations of cells with different
metastatic potentials. And finally, in contrast to gemci ine,
liposomal GemLip seems to be a chemotherapeutic drug
potentially efficient in human PCa xenografts.
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