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ABSTRACT

Purpose To test targeted liposomes in an effort to improve
drug transport across cellular barriers into the brain.

Methods Therefore we prepared Mitoxantrone (MTO) entrap-
ping, rigid and fluid liposomes, equipped with a | 9-mer angiopep-
tide as ligand for LDL lipoprotein receptor related protein (LRP)
targeting.

Results Fluid, ligand bearing liposomes showed in vitro the highest
cellular uptake and transcytosis and were significantly better than
the corresponding ligand-free liposomes and rigid, ligand-bearing
vesicles. Treatment of mice, transplanted with human breast can-
cer cells subcutaneously and into the brain, with fluid membrane
liposomes resutted in a significant reduction in the tumor volume
by more than 80% and in a clear reduction in drug toxicity. The
improvement was mainly depended on liposome fluidity while the
targeting contributed only to a minor degree. Pharmacokinetic
parameters were also improved for liposomal MTO formulations
in comparison to the free drug. So the area under the curve was
increased and t, , was extended for liposomes.

Conclusion Our data show that it is possible to significantly
improve the therapy of brain metastases if MTO-encapsulating,
fluid membrane liposomes are used instead of free MTO. This
effect could be further enhanced by fluid, ligand bearing
liposomes.

Electronic supplementary material The online version of this article
(doi: 10.1007/s11095-012-0723-7) contains supplementary material,
which is available to authorized users.
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ABBREVIATIONS

BBB blood-brain barrier

DMEM  Dulbecco’s Modified Eagle Medium
FCS foetal calf serum

LDL low-density lipoprotein

LRP LDL-lipoprotein receptor related protein
LUV large unilamellar vesicles

MDCK  Madin-Darby canine kidney

MTO mitoxantrone

PIT post insertion technology

RTV relative tumor volume
INTRODUCTION

Brain metastases are the most serious neurological compli-
cation related to cancer. Systemic treatment with anticancer
drugs for primary brain tumors and metastases in the brain
often fail due to the highly efficient blood—brain barrier
(BBB) formed by endothelial linings of small capillaries in
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the brain. This multi-component tight cell barrier is respon-
sible for the maintenance of normal brain homeostasis and
allows only necessary nutrient to penetrate into the brain
parenchyma, whereas harmful compounds including anti-
cancer drugs are efficiently blocked (1,2).

The entrapment of drugs into nanoparticles (3,4) and lip-
osomes (3,6) was shown to be able to overcome this problem.
Knowledge of nanoparticle technology has significantly im-
proved and can be applied to provide better drug delivery to
different target sites (6), including the brain parenchyma (7).
Based on our long-standing experiences with liposomes as a
powerful tool to improve anticancer therapy, we were inter-
ested to apply this technology for the treatment of brain
malignancies.

In our previous study we investigated more than 25 differ-
ent liposomal formulations concerning the impact of their
membrane properties on uptake and transcytosis. It was found
that fluid liposomes, Ly,;q, containing the helper lipids DOPE
and OPP as additional components to the basic lipid PC had
the best cellular uptake and transcytosis across a tight cellular
barrier  vitro (8).

It was the aim of the current study to equip these lip-
osomes with a peptide at the surface to target a specific
receptor expressed on the BBB in order to further improve
drug transport into the brain. These liposomes were then
compared with similar ligand bearing liposomes with a
higher rigidity and with the corresponding ligand free
vesicles i vitro and n vivo.

Only a few targets on the endothelial BBB have been
studied to enable receptor-mediated nanocarrier transport to
the brain (for reviews see (9—11)), including the transferrin
receptor (7,12), insulin receptor (13), folate receptor (14),
epidermal growth factor receptor (15), and the low-density
lipoprotein (LDL) receptor (16).

We selected the LDL receptor related protein (LRP) as
target. This protein belongs to the LDL receptor family, a
group of approximately ten tissue dependent cell surface
receptors (17) with LDL as ligand. LRP 1s expressed by cere-
bral endothelial cells and neuronal cells such as astrocytes, and
has a high endocytotic activity (18). LDL binds with its apoli-
poprotein B100 (ApoB100) to the LRP as a spherically shaped
structure (19).

Intensive work has been done by the group of Beliveau
(16,20) to establish a peptide platform for targeted CNS
therapeutics. Angiopeptide (angiopep), a short peptide se-
quence derived from the LRP ligand aprotinin, consists of
19 amino acids. Among different sequences, angiopep-2 was
identified to be responsible for the most efficient LRP bind-
ing. Beliveau’s group used this peptide to conjugate three
molecules of paclitaxel to the peptide. This new drug deliv-
ery system, called ANG1005, was shown to transport the drug
across the BBB very effectively (21). New conjugates were
recently introduced, carrying doxorubicin or etoposide (22).
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We used the angiopep-2 as ligand and conjugated it to the
surface of fluid membrane liposomes containing Mitoxan-
trone (MTO). To our knowledge, this is the first time that a
liposomal system targeting the LRP was used for drug trans-
port across cellular barriers such as the BBB. These targeted
liposomes were physico-chemically characterized and tested in
viwo for their therapeutic effect in an experimental brain me-
tastasis model of human breast cancer, recently established in
our lab.

We demonstrated that the use of fluid membrane lipo-
somes after surface modification with the angiopeptide se-
quence improved the therapeutic potential of a cytotoxic
drug and contributes to an improved treatment of experimen-
tal brain metastases.

MATERIALS AND METHODS
Materials

Liposomal components, chemicals solvents and cell culture
material were obtained from suppliers as described recently
(8). Octadecyl-1,1-dimethylpiperidin-1-ium-4-yl phosphate
(OPP, Perifosine) was a generous gift from Dr. Hilgard
(ASTA Medica, Frankfurt, Germany) and phosphatidylcho-
line (PC-E) from Lipoid (Ludwigshafen, Germany). 1,2
Dioleyl-sn-glycero-3-phosphoethanolamine was a product
of Sigma — Aldrich, Taufkirchen, Germany.

Ligand and model compounds: anchor ligand Chol-19-
mer-peptide (1), labeled ligand 5-Fluo-19-mer peptide (2)
and the anchor model Chol-5-Fluo derivative (3) were syn-
thesized by Biosyntan GmbH (Berlin, Germany) by Fmoc/
But-strategy (23). The configuration, properties and appli-
cation of ligands used in this study are summarized in
Table I. Purification was performed by high performance
liquid chromatography. Compounds were obtained in 60—
70% (1), 90-95% (2) or 90% (3) purity. Lyophilisates were
stored at —20°C in dry form until use.

Liposome Preparation

Composition and properties of control and ligand modified
liposomes used in this study are summarized in Table II.
Large unilamellar vesicles (LUV) were prepared by lipid film
hydration in combination with extrusion technology as de-
scribed recently (8) using filter with a pore size of 200 nm to
obtain rigid (Lyigq) and more fluid formulations (Lgyiq) with a
diameter smaller than 200 nm. Hydration was performed
using a) phosphate buffered saline (PBS, pH 7.5); b) calcein
solution (50 mM, pH 7.5) or ¢) ammonia citrate buffer
(300 mM, pH 7.4) to obtain liposomes for optimization of
post insertion technology (PI'T), for wn vitro investigations and
for MTO-loading for i vivo studies, respectively.
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Table I Ligands Used to Modify the Surface of Liposomes

Comp. Code Structure Molecular weight Use
theor./found [g/mol]
1 Chol-19-mer-peptide CHSU-TFFYGGSRGKRNNFKTEEY-amid x TFA 2769.3/2770.2 Anchor ligand
2 5-Fluo- 19-mer-peptide 5-Fluo-Ahx-TFFYGGSRGKRNNFKTEEY-amid x TFA 2772.0/2772.7 Labelled ligand, FACS
3 Chol-5-Fluo derivative CHSU-PEG2-PEG2-Lys(5Fluo)-amid x TFA 1262.6/1263.9-1266.1 Anchor model

CHSU Cholesteryl-hemisuccinat; PEG Polyethylenglycol; Lys Lysine; 5-Fluo 5-Carboxyfluorescein; TFA Trifluoroacetic acid; Ahx: 6-aminohexancabon acid

Individual amino acids are indicated by one-letter abbreviation.

Liposomes containing calcein were finally separated from
non encapsulated material by size exclusion technology using
sephadex G50 columns.

Remote loading of MTO into LUV, prepared in ammo-
nia citrate buffer was done as described before (24), with
minor modifications. The external ammonium citrate buffer
was exchanged against PBS using sephadex G50 columns.
The resulting liposomal suspension was heated to 60°C in a
water bath before MTO (2 mg/ml) in a ratio of 1:1 (v/v)
was added. After short vortexing, the suspension was incu-
bated for 10-30 min at 60°C, followed by soft agitation at
room temperature for 12 h. Non encapsulated MTO was
removed from liposomes by dialysis using a Spectra/Por®
dialysis membrane (MWCO 6000-8000).

Post Insertion Technology (PIT)

To conjugate the 19-mer peptide 1 to the surface of liposomes
obtained after step 2, PIT, was used as described recently (25).
The PIT method was first optimized before LRP ligand
bearing vesicles (L-L.G) were prepared as follows: The fluo-
rescently labeled cholesterol-anchor molecule 3 was solved in

Table Il Liposome Properties

distilled water (2 mg/ml) and was mixed with the liposome
suspension to obtain mixtures with 1 to 5 mol% of 3, com-
pared to the total lipid (TL). This mixture was incubated at
25°C to 70°C for 15, 30, 60 min or over night under
shaking at 700 rpm. Free 3 was separated from the
liposomes by size exclusion chromatography using Centri
Spin-10® sepharose columns. The liposome fraction in the
void volume was collected for lipid and fluorescence
analysis.

Ligand bearing liposomes for @ vitro and i vwo experi-
ments were prepared in a similar way by using the following
optimal conditions: 2 mol% of the Chol-19-mer-peptide 1
were mixed with 7-13 pmol TL liposomes and incubated
over night at 28°C. Liposomes for  vivo experiments were
additionally extruded through 0.4 pm extrusion filters prior
to application.

Liposome Characterization

Vesicle size determination was carried out by dynamic light
scattering (PCS) measurements with a N5 Submicron Particle
Size Analyzer (Beckman Coulter Electronic, Hialeath, FL).

Code Surface and loading modification Total lipid Size® PI° Content

Ligand Load mean=S.D. [mM]  mean=S.D. [nm] Calcein [mmol/mol TL] ~ MTO [ug/ml]
Lrigia - Calcein 10.5+1.0 1286 0.17x0.11 98.4+5.1 -

- MTO 76+1.3 109=2 0.21 +0.03 - 7121427
Ligia-LG ~ Chol-19-mer-peptide  Calcein 13.0£0.5 139+2 0.27+0.03 66.4+1.8 -

Chol-19-mer-peptide ~ MTO 50=05 [ =1 0.16+0.07 - 551.4+18.1
Lauid - Calcein 124+0.6 1252 0.22+0.09 82.6+2.3 -

- MTO 84=12 [03= | 0.13+0.05 - 739.1 £56.9
Laig-LG ~ Chol-19-mer-peptide  Calcein [1.2+0.0 1224 0.22+0.02 73726 -

Chol-19-mer-peptide ~ MTO 5.6=0.1 1030 0.14+0.03 - 602.9 +65.1

2. Unimodal diameter;

®: Polydispersity index (varied between 0: completely monodisperse and |: polydisperse)

L: Liposome LG: Ligand MTO: Mitoxantrone Pl: Polydispersity index Chol-19-mer-pepide: Anchor ligand 1 from Table |
Composition: PC (Phosphatidylcholine) CH: (Cholesterol) DCP: (Dicetylphosphate) OPP: (Octadecyl- 1, | -dimethylpiperidin- | -ium-4-yl phosphate) DOPE:
(Dioleylphosphatidylethanolamine), molar ratio:70:30: 10:0:0 (Lyigg and Lyigg-LG) and 50:30:10:20:20 (Lg,ig and Lpug-LG)
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Content Quantification: Total lipid concentration was calcu-
lated according to the content of the basic lipid PC deter-
mined by HPTLC as described recently (26). The calcein
content in liposomes was determined by fluorescence meas-
urements in microtiter plates (FluoroNunc™ MaxiSorp Sur-
face) with an Infinite M200 plate reader (Tecan, Crailsheim,
Germany) at I, 485 nm and F,,, 538 nm. MTO concentra-
tion in liposomes was measured in a micro plate reader at
610 nm. Concentration of calcein and MTO were calculated
from the standard curves obtained with the free compounds.

Cryotransmission Electron Microscopy (Cryo-TEM)

Samples were plunged-frozen onto glow discharged holey
carbon grids (Quantifoil Micro Tools, Jena, Germany) in
liquid ethane using a Vitrobot (Vitrobot MarkIV, FEI, Eind-
hoven, The Netherlands). Temperature was set to 22°C, the
relative humidity to 100%. The vitrified grids were mounted
into a Gatan cryo-transfer holder (Gatan 626, Gatan Inc.
Pleasanton, USA) and introduced into a Tecnai F20 electron
microscope (FEI), operated at 200 kV. Samples were imaged
at —170°C using standard low-dose imaging conditions.
Images were acquired at a magnification of 25 000 and with
an underfocus of 4 or 6 um on a 2kx2k CGCD camera (894
Ultrascan 1000, Gatan Inc., Pleasanton, USA).

Cell Culture

Madin-Darby canine kidney cells (MDCK; ECACC, no.
00062107; Wiltshire, UK) were cultured in Dulbecco’s Mod-
ified Eagle Medium, supplemented with 1% L-glutamine,
7 g/1 NaHCOS3, 1 g/1 Glucose and 10% heat-inactivated
foetal calf serum (FCS). Mouse brain endothelial cells
(bEnd.3, ATCC, CRL-2299, USA) were cultured in DMEM
with 4.5 g/1 Glucose and 10% FCS. Human glioblastoma
cells (U373 MG; ATCC, HTB-17) and human mammary
carcinoma cells (MT-3;, WONZ, Russia (27) were cultured
in RPMI 1640 media with 10% FCS.

Cellular Uptake

Uptake of liposomes was determined as described recently
(8). Briefly: 3%#10° cells/well, cultured in a 24-well microtiter
plate, were incubated with 600 pl calcein loaded liposomes
in serum free media (75 nmol total lipid/ml) for different
time periods at 37°C. Unspecific uptake was determined
under similar conditions after incubation for 15 min at
4°C. Cellular calcein concentration was determined by fluo-
rescence measurement after cell lysis with Ripa-buffer. All
experiments were performed in triplicate in three independent
experiments.
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Transcytosis

Transcytosis was determined as described recently (8) as
follows: 1¥10° MDCK-cells, seeded on a permeable cell
culture insert of a transwell system (Millipore; 0.2 pm pore
size, diameter, 0.6 cm?, 0.2% collagen coated), were used
after a tight monolayer was obtained. Cells in the apical
chamber of the transwell system were incubated with 400 pl
nutrient deficient DMEM containing the liposomes (75 nmol
total lipid/ml) at 37°C for 24 h. Calcein concentration in
the basal media and in cells was determined by fluorescence
measurement directly (basal media) or after lysis (cells).
Three independent experiments were performed, each done
in triplicate.

Experimental Metastasis In Vivo

All animal experiments were performed according to the
German Animal Protection Law, to “Principles of Laboratory
Animal Care” (NIH publication #85-23, revised in 1985) and
with approval of the local responsible authorities.

Adult female NMRI:nu/nu mice were obtained from
Taconic Europe (Lille Skensved, Denmark). The animals
were housed under pathogen-free conditions in individually
ventilated cages under standardized environmental condi-
tions (22°C room temperature, 50+ 10% relative humidity,
12 h light—dark rhythm). They received autoclaved food and
bedding (Ssniff, Soest, Germany) and acidified (pH 4.0)
drinking water ad libitum.

Human MT3-breast carcinoma cells were transplanted
into the brain (5*10° cells) and subcutaneously into the left
flank (5*10° cells) of each mouse. Animals were randomly
assigned into experimental groups with 8 mice each. Intra-
venous treatment with MTO-containing liposomes or with
free MTO, each at a dose of 4 mg/kg was performed at
day 3, 7 and 10. Control mice received saline solution in the
same schedule. Tumor diameter of the s.c. tumor was mea-
sured twice a week with a caliper. Tumor volumes were
calculated according to V = (length = (width)Q)/Q. For
calculation of the relative tumor volume (RTV) of the s.c.
tumor, the tumor volumes at each measurement day were
related to the day of first treatment. Body weight was deter-
mined twice a week. Mice were sacrificed when the mice
of the control groups showed first signs of extracerebral
tumors at place of cell injection. Brains were isolated,
snap-frozen and cryo-sections were prepared. The size of
the tumor areca was determined after staining with cresyl
violet followed by microscopic identification (Zeiss Axioskop,
equipped with the 3CCD video camera Sony Power Head)
and calculated with the software 1Q) Easy Measure® (Version
1.4.1). Data were obtained from two independently performed
experiments and are given as mean values + S.D (n: 5-16).
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Pharmacokinetic Analysis

Pharmacokinetic (PK) parameters were determined using s.c.
and intracerebral tumor bearing female NMRI:nu/nu mice.
MT-3 bearing mice were treated with a single dose of 5 mg
MTO/kg 1.v. in solution or encapsulated in Lg;q or Lgy;q-LG
liposomes and randomized into groups with 3 mice each. At
predefined time points (5, 15’, 30°, 1 h, 2 h, 4 h, und 48 h)
blood was taken from retro-orbital sinus after iso-flurane
anesthesia, before the mice were sacrificed by cervical dislo-
cation. Tumors and different organs were isolated and snap
frozen until analysis.

Samples were processed accordingly to Johnson (28) and
quantification was performed by HPLC analysis using a
NUCLEOSIL® C18 column, run with acetonitrile:ammo-
nia formiat (160 mM) and hexansulfonic acid (25 mM)
(33:67, viv), equilibrated with formic acid at pH 2.7, as iso-
cratic phase. MTO was detected at 610 nm and the concen-
tration was calculated in relation to a standard curve of MTO.
Each result represents the mean value for three mice, deter-
mined in duplicate.

PK data were finally calculated using the Win-Nonlin pro-
gram from Scientific Consulting Inc., Apex, NC, USA. PK
parameters for plasma distribution were calculated based on a
two-compartment model for a single i.v. bolus injection.

Statistical Evaluation

All data are expressed as mean value * standard deviation
(SD). Statistical comparisons of i vitro data were performed
with the unpaired Student’s -test for two populations, where-
as statistical evaluation of i viwvo data was performed with the
U-test of Mann and Whitney using the Windows program
STATISTICA 6. Differences were considered to be signifi-
cant at p<0.05.

RESULTS

We prepared fluid and rigid, MTO-loaded membrane li-
posomes, which were additionally equipped on their surface
with the angiopeptide sequence as ligand for LRP targeting
in order to investigate the transport across a tight cellular
barrier and to determine the therapeutic potential of these
targeted vesicles.

Liposome Preparation

Ligand equipped vesicles were prepared in a three-step pro-
cess. Iirst, rigid and fluid LUV (Ljgiq and Lg,iq) were prepared
by lipid film hydration and subsequent extrusion technology
as described previously (8). Fluidity of the liposome membrane
was already characterized in our previous study by EPR

measurements (8). Compared to rigid liposomes Lyjqig, which
were also included in the study for control reasons, the mem-
brane of Lg,;q liposomes had a shorter relaxation time close to
the surface and also in the middle of the membrane (data not
shown). This was also reflected in the ordering parameters for
three domains which could be distinguished. In all domains
the ordering parameter S was smaller in liposomes Ly;q than
in Lygig (Table III).

The next step was the encapsulation of the drug MTO by
remote loading technology (24). These vesicles had a size
smaller than 200 nm to reduce uptake by the MPS (34,35)
and the size distribution was narrow with a PI less than 0.30,
demonstrating that homogeneous formulations were prepared.
In the last step, LUV with entrapped MTO were surface
modified with the derivative 3 or with the 19-mer peptide 1
(Table I) by PIT as described recently (25).

In order to identify optimal conditions to equip the li-
posomes with ligand 1, optimization experiments were per-
formed using the fluorescently labeled cholesteryl derivative 3,
which was designed to mimic the ligand molecule 1. The
molar ratio, incubation temperature (Fig. 1), and time of
incubation were modified. The optimal conditions to bind
the maximum amount of ligand 3 were finally assigned to
the angiopep cholesterol derivative 1. We decided to use
2 mol% of the peptide, because incubation with higher con-
centration of ligand 3 (3 and 5 mol%) did not further enhance
binding efficacy. Figure 1 shows that the best ligand binding
was obtained at 70°C, but we observed liposome destruction
at this temperature. To prevent this, we finally used an incu-
bation temperature of only 28°C and extended the time of
incubation to 12 hours to obtain sufficient ligand binding.
Vesicles with approximately 84% of the ligand could finally
be preprared. That amounts to approximately 17 mmol li-
gand/mol total lipid, as deduced from results obtained with
the model ligand. We did not quantify this for the cholesterol-
conjugated original peptide sequence, because the uptake
experiments indicated a sufficient binding of the ligand
bearing liposomes in our cellular system. With this

Table lll Ordering Parameter S from Electron Paramagnetic Resonance
Measurements for Rigid (Lga) and Fluid (Lguig) Liposomes

Domain Lr\gid Luia

DI (disordered domain) 0.15 31%)* 0,10 (28%)
D2 (ordered domain) 0.48 (38%) 0.35 (28%)
D3 (domain between D1 and D2) 0.21 (28%) 0.02 (44%)

Shown are the ordering parameters S for three different domains which were
distinguished by EPR measurements of liposomes, modified with the lipophilic
spin probe MeFASL(10,3), using a X-band EPR spectrometer Bruker ESP 300
at 25°C as described recently (44). Spectrometer settings were: microwave
power 10 mW, modulation amplitude 0.1 mT, frequency of modulation
100 kHz, and number of scans for each spectrum was seven.

*:'S value (proportion of the specific domain in the membrane).
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Fig. 1 Effect of concentration and of incubation temperature on ligand
insertion into liposomal surface. Pre-formulated liposomes Lgq (see Tables I
and [Il) were incubated at indicated temperatures with [-5 mol% of the
fluorescence-labeled cholesteryl-derivative 3 for 30 min. Fluorescence of
liposomes was measured at Fgx 485 nm and Fgm 517 nm. Data represent
the mean fluorescence units (FU) = S.D. of 2 experiments, each done in
triplicate.

preparation method, liposomes at a concentration of
5-8 mM TL, which contained between 712 and 739 pg
MTO/ml for ligand-free formulations and 551-603 pg
MTO/ml for ligand bearing liposomes were finally
obtained (Table II). This corresponds to 60% MTO en-
capsulation efficacy, resulting in a drug concentration of
0.6 mg/ml (Table II), which is sufficient for animal treat-
ment according to the SOLAS recommendation (29).

All liposomes revealed good storage stability for at least
160 days in terms of stable size (Supplementary Material,
Figure S1) and size distribution as analyzed by PCS meas-
urements. No remarkable marker release was observed (data
not shown).

Fig. 2 Cryo-TEM
characterization of liposomes.
Cryo-TEM pictures show
liposomes containing MTO.
Micrographs in the top panels
represent liposomes without
ligand (a) Lyigia and (b) Lgias
while the lower panels show
ligand-coupled liposomes (c)
Lrigid‘LG and (d) Lﬂu‘d'LG.
Bars in the micrographs
indicate 100 nm.
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In comparison to calcein loaded liposomes the encapsula-
tion of MTO reduced the size of the vesicles by approximately
15%—-18% for rigid and fluid liposomes, respectively
(Table II).

The precipitated drug can be seen in all MTO encapsu-
lating liposomes (Fig. 2). The insertion of the ligand resulted in
complexes of unilamellar liposomes and elongated structures
(not shown) and an additional extrusion step through 0.4 pm
pore size filters was necessary to obtain the homogeneous
formulations shown in Fig. 2¢ (LyigallG) and d (LguiqLG).
These formulations were used for animal studies.

Cellular Uptake

We confirmed data from the previous study obtained with
MDCK cells. Figure 3 shows the amount of marker found in
the cells after 24 h. Lg,;4 liposomes showed significantly greater
uptake than Lygq by MDCK and bEnd.3 (p<0.001).

The presence of ligand 1 at the liposomal surface further
enhanced the uptake by a factor of 2.6 (MDCK), 4.0
(bEnd.3), 7.8 (U373 MG), and 2.9 (MT-3) in comparison
to ligand free liposomes. Best results in all cells investigated
were obtained with Lg,;4-LG, leading to a maximum uptake
of 257 nmol calcein/well by U373 MG cells, which represents
an increase of more than 9-fold compared to the control
formulation Lijgiqg.

Transcytosis

Between 1.4 and 5.1% of liposomal calcein added to the donor
part of the transwell system were transcytozed (Fig. 4).

As recently reported (8), fluid vesicles (Lg,;q) were trans-
cytozed to a greater degree than rigid liposomes (Lyjgia). The
presence of ligand 1 enhances transcytosis 1.4-fold and 1.8-
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Fig. 3 Cellular uptake of calcein loaded ligand-free and ligand bearing
liposomes. Uptake of liposomal calcein by epithelial MDCK, endothelial
bEnd.3, glioma U373 MG and breast cancer MT-3 cells was investigated.
Cells (3*10°) were incubated with liposomes in serum free DMEM for
24 h at 37°C. After washing, cells were disrupted and the calcein concen-
tration was determined by fluorescence measurement as described in
Materials and Methods. Results are corrected for unspecific uptake. All
experiments were performed in triplicate in three independent experi-
ments. *: Data are significantly different to corresponding ligand-free lip-
osomes and to other ligand bearing liposomes (p <0.0001); all data are
significantly different to each other (p <0.005).

fold for Lijgiq.-I.G and Lyg,ig-LLG liposomes, respectively.
The most efficient liposomes were Lg,iq-LG, which in-
creased transcytosis by more than 414% compared to
ligand-free, rigid liposomes, transporting an amount of
111 pmol calcein into the basal media. This corresponds
to 5.1% of the amount provided to the cells. The amount of
calcein found in the basal medium was comparable to
that found inside the barrier forming cells after 24
hours, indicating that about 50% of all calcein taken
up by the cells were transported into the basal media.
More than 10% of this calcein in the basal media was
still encapsulated in the vesicles if ligand-free liposomes
were transcytosed, while only less than 1% intact lip-
osomes were measured using ligand-bearing liposomes
(data not shown).

Pharmacokinetics and Biodistribution

These parameters were determined for drug containing
Lauia- and Lgyo-LG vesicles and compared to free MTO.
All formulations were given at 5 mg/kg in a single intravenous
dose. Content in samples were quantified using HPTLC as
described in the Materials and Methods section.

Both liposomal formulations had a longer blood circula-
tion time than the free drug (Fig. 5a). The liposomal drug
could still be detected after 48 h, while the free drug could
only be detected during first 5 h. There was no decisive

difference in the brain concerning drug concentration after
treatment with fluid ligand free and fluid ligand bearing li-
posomes (Fig. 5b).

A two-compartment model was used to simulate the
plasma distribution over time after intravenous injection
and to calculate the PK data shown in Table IV. All PK
data demonstrated a clear advantage for the liposomal
MTO.

We found for liposomal MTO a longer circulation time, it
had a 12-fold larger AUC, a more than 10-fold longer clear-
ance time, and a five-fold longer mean resistance time as
compared to the free drug. This indicates that the liposomes
had much better bioavailability than the free drug. No differ-
ence could be detected between the ligand-fee and ligand-
bearing liposomal formulations.

The advantage for liposomal MTO was also found when
drug concentration in different organs was quantified. Concen-
tration zersus time profiles for liver, lung, heart, kidney, spleen
and subcutaneous tumor are shown in Figures S3-S8 in the
Supplementary Material, while a summary reflecting
the situation at 15 min after treatment is given in Figure S9
(Supplementary Material). The highest concentration of MTO
was found in liver and kidney corresponding to more than 10%
of applied dose. Liposomal MTO was found at higher concen-
trations than free MTO 1in liver by about 40% and in the spleen
by 33-50%, while the opposite was found in the kidney, heart,
and lung, where MTO concentration was reduced by 40%,
30—40%, and 33%, respectively, for the liposomal drug.

Formulations:

8
R
rigid

L

fluid

LG

fluid

*

Calcein [%)]
B
1
3*
*

in the basal media
Calcein found after 24 h

in cells

Fig. 4 Transcytosis of non-ligand and ligand bearing liposomes through a
MDCK cell barrier. MDCK cells (1#10°) were seeded on a permeable and
collagen coated cell culture insert. Cells were incubated with 400 ul
nutrient deficient DMEM containing liposomes (75 nmol TL/ml) in the
apical chamber of the transwell system at 37°C for 24 h. After that time,
the calcein concentration in the basal media and in cells was determined by
fluorescence measurement directly (basal media) or after lysis (cells) as
described in Materials and Methods. Three experiments were performed,
each done in triplicate. *: Significantly different to all other values, **: Significantly
different to all except to Ligq-LG or Lya: (p>0.05).
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Fig. 5 Concentration versus time of free and liposomal MTO. NMRI:nu/
nu mice were injected with 5 mg/kg MTO as solution or encapsulated in
liposomes at t=0 and mice were sacrificed at pre-defined time points.
MTO concentration was determined as described in Materials and Meth-
ods by HPLC. All data represent the mean = S.D. for 3 samples, each
determined in duplicate. (@) Plasma profile; (b) brain profile

The amount of MTO in the brain was 0.02-0.03% (Sup-
plementary Material S9, insert) and maximum values were
determined 5 min after injection with values of approximately
1.5%10"* mg/g, 2.4¥10~* mg/g, and 3.4*10" mg/g for free
MTO, L4gq, and Ldg,;q-LG, respectively, indicating a clear
grading from free drug, followed by liposomal drug to finally
drug transported by ligand equipped liposomes.

Therapeutic Effect

Liposomes Lijgq and Lgyiq without and with ligand were finally
tested for their therapeutic effect in human MT-3 breast cancer
xenografts growing in the brain of nude mice. Tumor cells were
mtracerebrally transplanted and additionally applied subcuta-
neously into the flank of the same mice to check the sensitivity
of this tumor. Figure S10 (Supplementary Material) shows the
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relative tumor growth curve for the subcutaneous tumors after
intravenous MTO-treatment. RTV of the treated to control
group (T/C) were determined to be 31.2% and 11.9% at day
13 for M'T-3 breast carcinoma, after treatment with free MTO
or MTO in Lg;-LG, respectively.

All formulations caused a significant inhibition of intracere-
bral tumor growth. Growth inhibition was calculated using the
tumor area measured in brain cryosections of the mice, which
are exemplified by the corresponding bars in Fig. 6. The
inhibition was less pronounced than that seen with the subcu-
tancous tumor. With free MTO, an inhibitory effect (T/C
RTV) of 50.9% was measured. The best result was obtained
with Lg;q-LG with an inhibition of 72.9%, which was signif-
icantly better than free MTO (p=0,002) and also better than
targeted rigid liposomes LGgiq-LG (p=0,094). The formula-
tion Lyg,q without ligand was also more effective than free
MTO and led to an inhibition of 64.1% (p=0,007).

Though all mice survived treatments, free MTO caused
serious side effects manifested by significant but transient body
weight loss of up to 36% (Figure S10) due to diarrhea and
dehydration. The dehydration was also responsible for flaky
skin observed in this group. All these side effects were mark-
edly reduced in mice treated with liposome-associated MTO
at the same dose.

DISCUSSION

A systemic treatment with anticancer drugs for primary and
secondary brain tumors is still hampered because of the highly
efficient blood—brain barrier, which prevents or reduces the
transport of anticancer drugs into the brain. Only a few
promising data from the literature are available (11). Beside
the circumvention of the transport across the intact BBB, as it
was shown for a locoregional treatment with MTO micro-
spheres, which had a strong inhibitory effect on malignant
gliomas (38,39), the transport itself can be improved. One

Table IV PK parameter for plasma distribution of MTO

Property® Liposomes

Free MTO Lﬂu\d Lﬂuid_LG
AUC [mg*h*L '] (2%)  0.54(1.6)  638(64)  6.18(9.4)
t1 [N (%) 00825  021(199)  0.15(162)
Vd [L] (%) 0.07 9.7) 0.03 9.1) 0.03 (15.9)
Cl L] (%) 0.23 (1.6) 0.02 (6.4) 0.02 9.5)
MRT [h] (£%) 032(11.1)  147(140) 152 24.1)

41 x (£%) - Given is the deviation of the calculated (bold) from the
theoretical value based on the plasma distribution in a two compartment
model after a single bolus injection of the drug in percent.

AUC: area under the curve; t,,: half life time; Vd: distribution volume; Cl:
clearance; MRT: mean residence time.
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Fig. 6 Inhibition of brain tumor growth after treatment with different
MTO formulations. MT-3 cells were transplanted s.c. into the left flank
(5%10°) and into the brain (5%10%) of each nude mouse. Mice were treated
i.v. with liposomes containing MTO or with free MTO, each in a dose of
4 mg/kg at day 3, 7 and 10. Control mice received saline solution. Diameter
of subcutaneously growing tumor was measured twice weekly. Mice were
sacrificed at day 22. Brains were isolated, snap-frozen and cryo-sections were
prepared. The size of the tumor area was determined after tumor cell staining
with cresyl violet by microscopic measurement. Top of figure shows pictures
of cryo-sections of selected mice brains representing the mean area calculated
for the complete treatment group shown in the bars. *: Significantly different
to saline, **: significantly different to saline and to free MTO; (p > 0.05).

potential approach to transport drugs better across the BBB is
their encapsulation into nanoparticles, which significantly
changes the biophysical properties and the pharmacokinetic
distribution of the drug decisively. So it could be demonstrated
that doxorubicin loaded liposomes (Doxil, Caelyx) were very
promising in clinical trials (40,41). Later, ligand equipped li-
posomes have been developed to target different receptors
expressed (mainly) at the surface of the BBB, including the
msulin-, transferrin, folate-receptors or others (for review see
Orthmann 2011, (11)). On the other hand, to our knowledge,
there are no reports on the application of LRP-targeted li-
posomes for the systemic treatment of brain malignancies.

Based on our previous findings  vitro, demonstrating that
fluid membrane liposomes were best taken up and transcy-
tosed by barrier forming MDCK cells, we assumed that a
specific targeting of these liposomes to the LRP expressed on
the surface of barrier forming cells may further enhance the
transport across barriers such as the BBB by exploitation of an
endocytotic pathway (2,30).

The basic concept of the current study was therefore to
compare the most efficient fluid liposomes, Ly,;q, with targeted
fluid liposomes Lyiq-LLG, which are equipped with a peptide
ligand for specific targeting of the LRP. We used the anthra-
cenedione MTO as anticancer drug because it poorly crosses
the BBB but has a strong antitumor effect against mammary

carcinomas like M'T-3, which we wanted to use as an experi-
mental brain metastasis model in our study.

We obtained the liposomes in a three-step process, starting
with the preparation of MLV and their extrusion to obtain
LUV, followed by the remote loading of MTO into the pre-
formed LUV. This way to encapsulate MTO seems to be the
method of choice, because it has been demonstrated that the
remote loading is very effective in entrapping weakly amphiphilic
bases (31) like doxorubicin (24), MTO (32), irinotecan (32), or
vincristine (33). In the last step, the post insertion method (25) was
applied to couple the 19-mer peptide at the surface of the
preformed, MTO-loaded liposomes for targeting. This method
requires only mild conditions which do not affect the drug loaded
liposomes. After optimization of the individual preparation steps,
liposomes were obtained which fulfilled the requirements for the
mtended i vitro and i vivo experiments concerning size, calcein
(marker for i vitro experiments) or MTO (drug for i viwo experi-
ments) loading and storage stability.

Functionality of liposomes was characterized i vitro. The first
step and essential precondition for a successful transcytotic trans-
port across a cell barrier is the cellular uptake. Comparing the
uptake of calcein encapsulated in fluid and rigid, ligand-free
liposomes in four different cell lines, the difference was only small
or negligible for ligand-free liposomes, but a clear enhancement
of uptake in the range of 2.6- MDCK cells) to 9.2-fold (U373
cells) could be quantified if ligand equipped liposomes were used.
The highest marker uptake was obtained with fluid-membrane,
ligand bearing liposomes. That indicates that uptake is deter-
mined much more by the presence of a ligand inducing endo-
cytosis as by vesicular membrane properties, inducing fusion (36)
or adsorption (37) with the target cell membrane.

This was also confirmed in transcytosis experiments. The
ability of the liposomes to cross cellular barriers by transcytosis
was quantified as described recently (8) using a transwell
system together with MDCK cells, which form a tight barrier
between the apical and basal media layer, The tightness of the
barrier was checked microscopically and by TER measure-
ments and only wells with values greater 220Q¥*cm” after
background correction were used. Barrier tightness was also
verified by inhibition of FITC dextran transport through the
MDCK cell barrier.

As we recently reported (8), fluid vesicles were transcytozed
to a higher amount than rigid liposomes. The insertion of the
ligand enhanced transcytosis significantly, in comparison to the
corresponding ligand-free liposomes. That corresponds to a
transport across the cell barrier of 5% of the total amount of
calcein added by the most efficient liposomes Ly ;q-LG.

We assume that the results in transcytosis are caused by two
different processes. Endocytosis seems to be more effective if it
1s receptor (LRP) mediated, which would explain the higher
uptake of ligand equipped liposomes in comparison to non-
modified ones. Transcytosis is also dependent on the stability
of the liposomes. Fluid membrane liposomes are less stable
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than rigid ones. A faster release of the liposomal content into
the cytosol after cellular uptake provides more compound to
the cell than from rigid liposomes. As it was already discussed
recently (8), this free compound can be easily exocytosed again
(e.g. into the basal compartment, or to the apical side of the
BBB) or it is responsible for the higher cytotoxicity of MTO
encapsulated into fluid membrane liposomes as it was de-
scribed by Kawano et al. (42).

MTO-loaded fluid membrane liposomes without and with
ligand were finally tested for their therapeutic effect in a
xenograft brain metastasis model using human MT-3 breast
cancer cells. This model was developed to mimic metastasis of
primary breast tumor to the brain. Extensive experiments were
performed to determine the optimum conditions for intrace-
rebral tumor growth regarding cell number necessary for
transplantation and growth rate. An additional s.c. transplan-
tation of cells into the same mouse enabled the parallel mea-
surement of the sensitivity of the MT-3 tumor against MTO.
We found that the growth of the subcutaneous tumor could be
almost completely mhibited by all MTO formulations. While
targeted liposomes tended to be the best formulation, the
difference in inhibition was not significant.

We used a schedule for the treatment, which started at day
3 after tumor cell inoculation when the tumors were still small,
suggesting that the BBB is still intact at that early time point.

As a measure for growth inhibition, the tumor area was
determined in serial cryosections of the mouse brains. The slice
with the largest tumor area was selected and used for analysis.
All formulations caused a significant inhibition of intracerebral
tumor growth with an increase in inhibition from free MTO <
ligand free liposomes < ligand bearing liposomes. The best
result was obtained with targeted fluid liposomes, which were
significantly more effective in tumor growth inhibition than free
MTO (p=0.002) and also than the corresponding rigid lip-
osomes (p=0.094). Both fluid liposomal formulations were sig-
nificantly better than the free drug, but the difference between
these liposomal formulations was not significant. This was also
found in the PK study, where we determined the same drug
concentrations in the brain for both types of liposomes and only
found an enhancement of drug concentration compared with
free MTO during the first minutes after treatment. The ther-
apeutic results indicate that this increase in the drug concen-
tration at a very early time point is apparently sufficient to cause
the increase in antitumor efficacy.

A clear advantage of the liposomal MTO was also seen with
respect to the reduction of side effects. Treatment with free
MTO caused serious side effects manifested as significant body
weight loss of up to 36% accompanied by diarrhea and dehy-
dration, and the appearance of flaky skin. All these side effects
were clearly reduced with the use of equal doses of MTO in
liposomes, because of their improved biodistribution.

Taken together, our results show that fluid membrane li-
posomes clearly improve the therapeutic index of MTO. The
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advantage of targeted therapy using the angiopep-ligand was
not as pronounced as expected from the report of Regina (21),
which described a strong accumulation of paclitaxel in the
brain of mice after perfusion if the drug was conjugated to
angiopep (GRIN1005, formerly ANG1005). On the other
hand, the therapeutic effect they described for their mouse
model was not very convincing, because an increase in lifespan
of only 15-21% was observed. In a recent study comparing
different ligands for brain targeting, it was found that li-
posomes equipped with angiopep were not taken up better
than ligand free liposomes by human endothelial cells i vivo
(43). In light of these reports, the improvement of the thera-
peutic index obtained with our targeted, fluid membrane
liposomes are an important contribution to enhance the ther-
apeutic potential of vesicular formulations targeting brain
malignancies. Nevertheless, the targeting principle requires
further investigation to enable optimization in its design and
efficacy.

We are currently continuing in this research to develop
more efficient Trojan Horse-like liposomes for the systemic
treatment of malignant diseases in the central nervous system.
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