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Abstract

Site-specific delivery of anticancer agents to tumors
represents a promising therapeutic strategy because it
increases efficacy and reduces toxicity to normal tissues
compared with untargeted drugs. Sterically stabilized
immunoliposomes (SIL), guided by antibodies that specif-
ically bind to well internalizing antigens on the tumor cell
surface, are effective nanoscale delivery systems capable
of accumulating large quantities of anticancer agents at
the tumor site. The epithelial cell adhesion molecule
(EpCAM) holds major promise as a target for antibody-
based cancer therapy due to its abundant expression in
many solid tumors and its limited distribution in normal
tissues. We generated EpCAM-directed immunoliposomes
by covalently coupling the humanized single-chain Fv
antibody fragment 4D5NMOCB to the surface of sterically
stabilized liposomes loaded with the anticancer agent
doxorubicin. In vitro, the doxorubicin-loaded immunolipo-
somes (SIL-Dox) showed efficient cell binding and inter-
nalization and were significantly more cytotoxic against
EpCAM-positive tumor cells than nontargeted liposomes
(SL-Dox). In athymic mice bearing established human
tumor xenografts, pharmacokinetic and biodistribution
analysis of SIL-Dox revealed long circulation times in the
blood with a half-life of 11 h and effective time-dependent
tumor localization, resulting in up to 15% injected dose per
gram tissue. These favorable pharmacokinetic properties
translated into potent antitumor activity, which resulted in
significant growth inhibition (compared with control mice),
and was more pronounced than that of doxorubicin alone
and nontargeted SL-Dox at low, nontoxic doses. Our data
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show the promise of EpCAM-directed nanovesicular drug
delivery for targeted therapy of solid tumors. [Mol Cancer
Ther 2007;6(11):3019-27]

Introduction

Despite recent improvements in cancer therapy due to the
introduction of new drug combinations and novel targeted
cancer therapeutics, cancer remains a major health prob-
lem, with >1,500 deaths per day in the United States alone
(1). The main problem associated with current therapies is
their low efficacy due to unspecific toxicity to normal
tissues, which precludes the use of curative doses. The
unmet medical need for more effective anticancer agents,
especially for strategies that focus toxicity to tumor cells
and away from normal tissues, has led to the development
of antibody-based cancer therapeutics directed against
tumor-associated antigens. These promising molecules
include IgGs that exploit Fc effector functions, radio-
immunoconjugates, immunotoxins, and nanovesicular
drug carriers, such as immunoliposomes (2, 3).

Encapsulation of anticancer agents in liposomes favor-
ably alters their pharmacokinetic properties, resulting in
increased tumor localization, improved antitumor effects,
and decreased nonspecific toxicities (4, 5). In recent years,
various liposome formulations have been tested with the
aim to prolong their in vivo circulation time and enhance
tumor localization. Particularly promising are liposomes
containing surface-grafted lipid derivatives conjugated
with polyethylene glycol (PEG; ref. 6). These sterically
stabilized liposomes (also called ““Stealth” liposomes) have
long circulation times in the blood as a consequence of
reduced uptake by the reticuloendothelial system (4, 5). A
variety of chemotherapeutic agents, such as doxorubicin
and vincristine, have been encapsulated in PEGylated
liposomes and validated in preclinical models in vitro and
in vivo (7-9). PEGylated liposomes achieve a higher drug
load in tumors due to a passive targeting process, which
exploits the “enhanced permeability and retention effect,”
resulting from increased vascular permeability inherent to
many solid tumors (4, 10). PEGylated liposomal doxorubi-
cin (Doxil/Caelyx) has been approved for use in acquired
immunodeficiency syndrome-related Kaposi’s sarcoma,
and refractory ovarian and breast cancers, and several
other liposomal anticancer agents are currently under
clinical investigation (4, 5).

With the advent of technologies for coupling specific
ligands, such as proteins or peptides, to the distal terminus
of PEG on liposomes (11-13), and owing to recent
advances in antibody engineering, there is increasing
interest in the development of antibody-guided liposomes
for targeted delivery of anticancer agents to tumors (5, 14).
Thus far, various tumor-associated antigens have been
validated as targets for antibody-based cancer therapeutics,
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including immunoliposomes (3, 15). Promising results were
achieved with immunoliposomes targeting CD19, HER2/
neu, epidermal growth factor receptor, disialoganglioside
(GD,), and prostate-specific membrane antigen expressed
on various tumor cell types (8, 9, 16—18). Based on the
promising preclinical data and advances made in terms of
large-scale production (19), HER2-specific immunolipo-
somes are on their way to clinical trials.

The epithelial cell adhesion molecule (EpCAM) is a
40-kDa transmembrane glycoprotein, which is involved in
Ca**-independent cell adhesion (20, 21). EpCAM triggers
cell proliferation by activation of the c-myc oncogene (22).
It is abundantly expressed in many solid tumors and shows
limited expression in normal epithelial tissues (20, 23). In
breast cancer, EpCAM overexpression was identified as a
negative prognostic factor that is associated with disease
progression and poor overall survival (24, 25). Recent
evidence suggests EpCAM as a stem cell marker in
colorectal cancer (26). The promise of EpCAM as a target
for antibody therapeutics has been convincingly shown in
preclinical and clinical studies (27-29).

Here, we developed EpCAM-specific immunoliposomes
loaded with the anthracycline doxorubicin and surface
conjugated with the highly stable, high-affinity single-chain
Fv (scFv) 4D5MOCB (30). This nanovesicular drug delivery
system was characterized for tumor cell binding, internal-
ization, and cytotoxicity in vitro. Its pharmacokinetic and
therapeutic potential was assessed in a tumor Xxenograft
model in mice by measurement of blood clearance, organ
distribution, tumor localization, and antitumor activity.
Our data show that EpCAM-targeted nanovesicles hold
great promise for the effective and safe delivery of
anticancer agents to solid tumors.

Materials and Methods

Materials and Reagents

Hydrogenated soy phosphatidylcholine (HSPC), choles-
terol, PEG (M, 2,000)-derivatized distearoyl phosphatidyl-
ethanolamine (PEG-DSPE), and maleimide-derivatized
PEGy000-DSPE (Mal-PEG-DSPE) were purchased from
Avanti Polar Lipids, Inc., [’'H]Cholesteryl hexadecyl ether
(PH]CHE), Solvable™ tissue solubilizing fluid, and Ultima
Gold scintillation mixture were purchased from Perkin-
Elmer. Doxorubicin-HC] was a generous gift from Pfizer,
Inc. Sepharose CL-4B, Sephadex G-25 and G-50 size
exclusion resins were from Amersham Biosciences, and
Bio-Spin 6 chromatography columns were purchased from
Bio-Rad. All other reagents of analytic and molecular
biology grade were obtained from Sigma-Aldrich.

Tumor Cell Lines

The breast adenocarcinoma cell line MCF-7 and the non—
Hodgkin’s lymphoma cell line RL were obtained from the
American Type Culture Collection. The small cell lung
cancer cell line SW2 was established in our laboratory.
Adherent MCF-7 cells were grown in DMEM (Invitrogen),
and nonadherent SW2 and RL cells were grown in RPMI
1640 (Invitrogen). Culture media were supplemented with

10% fetal bovine serum (Perbio Science S.A), 2 mmol/L
L-glutamine, 50 IU/mL penicillin, and 50 pg/mL strepto-
mycin. Cell cultures were maintained at 37°C in a
humidified atmosphere containing 5% CO,.

Preparation of Doxorubicin-Loaded Liposomes

Nontargeted liposomes (SL-Dox) to be loaded with
doxorubicin were composed of 40 pmol HSPC, 20 pumol
cholesterol, and 2 umol PEG;,400-DSPE to give a molar ratio
of 2:1:0.1. Liposomes were prepared by a lipid film
hydration-extrusion method, as described previously (31),
by sequentially extruding the hydrated liposomes in a
Lipex Extruder (Northern Lipids Inc.) through a series of
polycarbonate filters (Whatman plc) with pore sizes ranging
from 400 to 80 nm. This extrusion procedure produces small
unilamellar vesicles (32). Liposome size was verified by
dynamic light scattering using a Malvern Zetasizer 5000
(Malvern Instruments Ltd.). [PH]JCHE was added as a
nonmetabolized, nonexchangeable lipid tracer (31, 33).

Doxorubicin was loaded into liposomes by the ammoni-
um sulfate remote loading method (34), at a doxorubicin-
to-HSPC ratio of 0.2:1 (w/w). Liposome-encapsulated
doxorubicin was separated from free doxorubicin over a
Sephadex G-50 column. The concentration of the liposomal
doxorubicin was determined by spectrophotometry (4 =
490 nm), and the phospholipid concentrations were
determined from the specific activity of the [PH]CHE tracer
(31) whose molar ratio was 1:24,000 relative to HSPC.
Previous studies have shown that this label is nonmeta-
bolized and nonexchanged, making it a good marker for
the fate of liposomes (31, 35). The loading efficiency of
doxorubicin was >95%, and liposomes routinely contained
0.28 to 0.30 pumol doxorubicin per umol phospholipid.
Assuming spherical unilamellar monodisperse liposomes
with 10" liposomes per pmol phospholipid, each lipo-
some would contain 2 x 10* molecules of doxorubicin and
6 x 10* molecules of HSPC and the other components at the
molar ratios indicated.

EpCAM-targeted immunoliposomes (SIL-Dox) were
composed of HSPC/cholesterol/PEGygpo-DSPE/Mal-
PEGy000-DSPE at a 2:1:0.08:0.02 molar ratios. These lip-
osomes were prepared and loaded with doxorubicin as
described above for nontargeted liposomes (SL-Dox). The
targeting ligand was an EpCAM-specific scFv antibody
4D5MOCB (30), engineered to contain a COOH-terminal
cysteine (29) and coupled to the exterior of the sterically
stabilized liposomes by formation of a thioether linkage
with the maleimide groups at the distal termini of the PEG
chains (36). To this end, purified 4D5SMOCB was reduced
with 2 mmol/L DTT or 7.5 mmol/L p-mercaptoethylamine
(Sigma) for 45 to 60 min at 37°C to obtain monomeric
scFv-SH. The reduced scFv was desalted on a Bio-Spin 6
column preequilibrated with HBS [25 mmol/L HEPES,
150 mmol/L NaCl (pH 6.5)] and covalently linked to the
preformed liposomes at a molar ratio of phospholipid to
scFv of 500 to 700:1 (70—100 scFv molecules per liposome).
After overnight coupling at room temperature, unreacted
maleimide was quenched by reduction with 2 mmol/L
B-mercaptoethanol for 30 min at room temperature (9). The
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scFv-conjugated liposomes were separated from unconju-
gated scFv on a Sepharose CL-4B size exclusion column
(1.5 x 30 cm) preequilibrated with HBS [25 mmol/L
HEPES, 140 mmol/L NaCl (pH 7.4)]. The amount of scFv
conjugated to the liposomes was quantified by adding trace
amounts of '*’I-labeled scFv to the coupling reaction (31).

Determination of Cell Binding and Internalization

Cell binding and internalization experiments were done
as described (17, 31) using EpCAM-positive (MCF-7 and
SW2) and EpCAM-negative (RL) tumor cells. Various
formulations of [*H]CHE-labeled liposomes (EpCAM-
targeted SIL-Dox or nontargeted SL-Dox) were added to
the cells and incubated either on ice or at 37°C for 2 h. Cells
were then washed with cold PBS and lysed with 1 N
sodium hydroxide before radioactivity was measured. In
competition experiments, a 50- to 60-fold molar excess of
free 4D5MOCB scFv over liposome-bound scFv was added
30 min before addition of the immunoliposomes. Liposome
uptake (nmol phospholipids/10° cells) was calculated from
the specific activity of the [’HJCHE-labeled liposomes and
its known molar ratio to phospholipids (see above).

Cytotoxicity Assay

The cytotoxic effect of free doxorubicin and liposome-
encapsulated doxorubicin was tested on EpCAM-positive
(MCF-7 and SW2) and EpCAM-negative (RL) cells as
described (31). Briefly, MCF-7 cells (1 x 10* cells per well),
SW2 cells (5 x 10* per well), or RL cells (5 X 10* cells per well)
were plated in 96-well culture plates and allowed to grow
overnight. Cells were incubated with either free doxorubicin
or doxorubicin encapsulated in EpCAM-targeted immuno-
liposomes (SIL-Dox) or nontargeted liposomes (SL-Dox) for
2 or 24 h at 37°C. Then, cells were washed twice with PBS
before addition of growth medium and incubated for
another 70 and 48 h, respectively. Cell viability was
measured using the colorimetric 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. After
72 h from the start of drug treatment, MTT reagent
(Sigma) was added (10 uL/well of a 10 mg/mL solution in
PBS) and allowed to react for 90 min at 37°C before the
addition of 100 pL/well solubilization reagent (20% SDS in
dimethyl formamide). Plates were incubated overnight
and absorbance was measured at 570 nm using a SpectraMax
340 microplate reader (Molecular Devices).

Tumor Xenograft Model

Six- to 8-week-old female CD-1 (ICR nu/nu) mice
weighing 25 to 30 g were purchased from Charles River
Laboratories and kept under specific pathogen-free con-
ditions. All experiments were done according to the
institutional guidelines of the Swiss Federal Veterinary
Office of the Kanton Ziirich. Tumors were grown at the
lateral flank by s.c. injection of 10 x 10° SW2 lung cancer
cells and randomized to constitute groups with an average
tumor size of 85 to 100 mm°.

Analysis of Tumor Localization and Biodistribution
In vivo

To investigate the pharmacokinetic properties of the
doxorubicin liposomes in vivo, mice bearing established
SW2 tumor xenografts were injected i.v. via the tail vein
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with a single dose of 4 mg doxorubicin/kg (0.66 umol
phospholipids per mouse) containing ~1 X 10° cpm of the
lipid label [PH]CHE. At selected time points (0.5, 2, 12, 24,
and 48 h) after injection, mice (three per time point) were
sacrificed. Blood samples (80-100 uL) were collected by
heart puncture using a heparinized syringe, and organs
(liver, spleen, heart, lungs, and kidney) and tumors were
resected and weighed to measure radioactivity in the
tissues as described (17). Briefly, in a glass scintillation vial,
1 to 2 mL of Solvable™ tissue solubilization fluid were
added to 100 to 200 mg tissue. Vials were heated to 60°C for
1 to 3 h, cooled to room temperature before the addition
of 0.1 mL of 200 mmol/L EDTA followed by oxidation
overnight with 0.2 to 0.4 mL hydrogen peroxide (30%, v/v).
The following day, 0.1 mL of 1 N HCI and 10 to 15 mL of
Ultima Gold scintillation mixture were added, and samples
were counted in a Betamatic V liquid scintillation counter
(Kontron).

To determine the total radioactivity in the blood, the total
blood volume was assumed to constitute 7.3% of the body
weight (37). Pharmacokinetic variables were calculated
using the WinNonLin software version 5.0.1 (Pharsight)
based on a noncompartmental analysis model 201 (i.v.
bolus input).

The final organ distribution of the liposomes was
calculated as percentage of the total injected lipid dose
per gram (%ID/g). The amount of radioactivity per gram
tissue is given as percentage of the total injected dose.
Analyses were done in triplicates and data represent the
mean + SD.

Measurement of Antitumor Activity In vivo

Mice bearing established SW2 tumor xenografts were
randomly assigned to various treatment groups (five to
seven mice per group). Doxorubicin-containing EpCAM-
targeted or nontargeted liposomes were administered i.v.
via the tail vein at doses of either 4 mg doxorubicin/kg
or 7.5 mg/kg doxorubicin every week for 3 weeks. The
total doxorubicin dose was 12 or 22.5 mg/kg, and the
corresponding phospholipid dose was approximately 2 or
3.75 umol, respectively (0.66 or 1.25 pmol per dose). In
additional control groups, mice received HEPES-buffered
saline [25 mmol/L HEPES, 140 mmol/L NaCl (pH 7.4)] or
free doxorubicin (Adriblastin). Free doxorubicin was given
i.v. at its maximum tolerated dose (MTD) of 7.5 mg/kg
using the same schedule used for the liposomes or the
saline control. Tumors were measured twice weekly by
caliper measurement and mice were routinely examined
for weight loss as a sign of toxicity. Tumor size was
calculated by measurement of the shortest and longest
perpendicular diameter according to the following formula:
(short diameter)? x (long diameter) x 0.4.

Statistical Analysis

The ICsy values obtained from the in vitro cytotoxicity
experiments were statistically evaluated by one-way
ANOVA, and pairwise comparisons were made by Tukey’s
multiple comparison post test. Student’s t test was used
to determine the significance of the pharmacokinetic
and biodistribution data. Statistical significance of the
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differences in antitumor activity measured in the various
treatment groups was determined by the nonparametric
Kruskal-Wallis test with Dunn’s multiple comparison test
as the post test for pairwise comparisons. Evaluation of the
data and P values were obtained using GraphPad Prism
version 4.0 for Windows (GraphPad Software). For all
calculations, P < 0.05 was considered significant.

Results

EpCAM-Specific Binding and Internalization of
Immunoliposomes inTumor Cells

Immunoliposomes were generated using the EpCAM-
specific high-affinity scFv 4DSMOCB (30). A prerequisite
for efficient tumor-specific drug delivery by ligand-tar-
geted nanovesicles involves binding to the target antigen
followed by internalization (2). To examine the target
specificity of the immunoliposomes, in vitro cell binding
and internalization analyses were done on EpCAM-
positive (MCF-7 and SW2) cells and the EpCAM-negative
control cell line RL. Cellular association/binding was
quantified by measuring the uptake of phospholipid from
liposomes based on the specific activity of [PH]CHE counts
associated with the cells (17, 31), which are in a known
molar fraction to phospholipid. To discriminate between
nonspecific cell surface binding/association (which occurs
whenever cells are exposed to liposomes) and internaliza-
tion, presumably by receptor-mediated endocytosis be-
cause these are nonfusogenic liposomes, cell binding was
measured both at 37°C and 4°C (nonpermissive for
endocytosis). As shown in Fig. 1, the EpCAM-targeted
immunoliposomes (SIL-Dox) bound specifically to SW2
and MCE-7 cells at a level that was 10- to 20-fold higher
than the nontargeted control liposomes (SL-Dox). More-
over, at 37°C, the cell-associated radioactivity was higher
than at 4°C. This might suggest that to a certain degree
EpCAM receptor recycling with multiple uptake events
may have occurred following internalization of SIL-Dox or
that internalization was due to another unknown mecha-
nism (Fig. 1). EpCAM-overexpressing cells showed consid-
erable uptake of EpCAM-targeted immunoliposomes,
reaching 7,000 to 9,000 nanovesicles/cell at saturating
liposome concentrations. No difference in cellular binding
of SIL-Dox and SL-Dox was found on EpCAM-negative RL
cells (Fig. 1).

The specificity of cell binding was confirmed by
competition experiments with the addition of a 50- to
60-fold excess of free 4D5MOCB scFv over liposome-bound
scFv at 30 min before the addition of anti-EpCAM
immunoliposomes. The excess EpCAM-scFv blocked the
specific cellular binding and uptake of the immunolipo-
somes, resulting in a decrease in radioactivity associated
with the cells to levels similar to that measured for the
nontargeted liposomes (Fig. 1). These findings show that
cellular binding and internalization of the immunolipo-
somes was mediated by the specific interaction of the scFv
on the liposome surface with its target antigen EpCAM on
the tumor cells.
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Figure 1. Binding and uptake of [*H]CHE-labeled doxorubicin-loaded
immunoliposomes and nontargeted liposomes in EpCAM-positive (MCF-7
and SW2) and EpCAM-negative (RL) cells as a function of phospholipid
concentration (phospholipid and [®HICHE are in a known molar ratio).
Binding and cellular uptake of EpCAM-targeted immunoliposomes encap-
sulating doxorubicin was measured after incubation of cells for 2 h at 4°C
(A) or 37°C (m). Nontargeted liposomes (®) were incubated with tumor
cells for 2 h at 37°C. In competition experiments, EpCAM-positive tumor
cells were incubated with a 50- to 60-fold excess of free scFv 4D5MOCB
over liposome-bound scFv for 30 min before addition of the targeted
immunoliposomes (0). Points, nmol phospholipids/10° cells (n = 3);
bars, SD.
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Cytotoxicity of EpCAM-Targeted Immunoliposomes

For successful liposomal drug delivery into tumors, a key
issue is the release of the encapsulated drug from the
liposomes after cell surface—specific binding and internal-
ization in order for the bioavailable (released) drug to gain
access to its intracellular target (2). The ability of our
targeted nanovesicles to deliver doxorubicin and induce
cell death in an EpCAM-specific manner was examined on
EpCAM-positive SW2 and MCF-7 cells for EpCAM-
targeted liposomal doxorubicin (SIL-Dox), free doxorubi-
cin, and nontargeted liposomes (SL-Dox) in an in vitro
cytotoxicity assay. As shown in Table 1, the IC5, values for
SIL-Dox (dose at which cell viability was reduced by 50%),
after a 2-h incubation, were 12-fold lower (i.e., more
cytotoxic) and, after a 24-h incubation, 10-fold lower for
MCEF-7 cells (P < 0.001 for both time points) than for
SL-Dox. For SW2 cells, after 2 and 24 h, the ICsq for SIL-Dox
was ~ 3-fold lower (P < 0.001 at both time points) than for
SL-Dox. After 24 h, the ICs of SIL-Dox and SL-Dox started
to become more similar. This probably reflects the fact that,
during longer incubation times, more and more free drug
was present in the medium due to drug release from both
the nontargeted and the targeted liposomes. This gradual
attenuation of the difference in cytotoxicity between
targeted and nontargeted liposomes at longer time points
is in good agreement with previously published reports
(16, 31). As expected, there was no significant difference in
the cytotoxicity of SIL-Dox and SL-Dox against EpCAM-
negative RL cells after 2 and 24 h (P > 0.05; Table 1),
indicating that the cytotoxic effect was most likely
mediated by binding of the immunoliposomes to EpCAM
on the cell surface followed by receptor-mediated endocy-
tosis and intracellular delivery of doxorubicin. Although
free doxorubicin killed the cells more effectively than the
liposome encapsulated formulations, this cytotoxicity was

Table 1. Cytotoxicity of EpCAM-targeted immunoliposomes
(SIL-Dox), nontargeted liposomes (SL-Dox), and free doxorubi-
cin against EpCAM-positive (MCF-7 and SW2) and EpCAM-
negative (RL) tumor cells

Cell line Formulation 1Cs0 (umol/L)*
2h 24 h
MCE-7 Free doxorubicin 0.6 £0.2 0.15 £ 0.1
SIL-Dox (anti-EpCAM) 15 + 31 5+ 17
SL-Dox (nontargeted) >175 55 + 10
SW2 Free doxorubicin 5+2 1.5+ 05
SIL-Dox (anti-EpCAM) 60 + 107 25 £ 57
SL-Dox (nontargeted) >175 80 + 10
RL Free doxorubicin 9+1 2+1
SIL-Dox (anti-EpCAM) >175 100 + 10
SL-Dox (nontargeted) >175 120 + 10

“Cells were plated in 96-well culture plates and incubated with free
doxorubicin or doxorubicin encapsulated in liposomes as described in
Materials and Methods. Data are presented as mean ICsy + SD (n = 3).

TP < 0.001, compared with nontargeted SL-Dox (one-way ANOVA, Tukey’s
post test).

Molecular Cancer Therapeutics 3023

100
°
o
o
o
£
o
c
‘10 1
‘®
£
g
a
N3 —— SL-Dox
—— SIL-Dox
1 r r r \
0 12 24 36 48
Time (h)
Figure 2. Blood clearance of EpCAM-targeted immunoliposomes versus

nontargeted liposomes in CD-1 nude mice bearing SW2 tumor xenografts.
Doxorubicin-containing sterically stabilized liposomes (EpCAM targeted or
nontargeted) were radiolabeled with [*HICHE. Mice (three per time point)
were injected i.v. via the tail vein with anti-EpCAM immunoliposomal
doxorubicin (SIL-Dox) or nontargeted liposomal doxorubicin (SL-Dox), with
a single bolus dose of 4 mg doxorubicin/kg (0.66 pmol phospholipid per
mouse). At selected time points after injection (0.5, 2, 12, 24, and 48 h),
mice were euthanized and whole blood was analyzed for radioactivity.
Results are expressed as the percent of the total injected phospholipid
dose, set to 100 %, remaining in the blood at various time points after the
injection of liposomes. Points, mean (n = 3); bars, SD.

not specific for EpCAM-expressing cells and is an effect of
the in vitro culture system, which lacks the drug redistri-
bution phenomenon that is seen in vivo.

Pharmacokinetics of EpCAM-Targeted Immunolipo-
somes In vivo

The pharmacokinetic profile of the EpCAM-targeted
immunoliposomes (SIL-Dox) was evaluated in mice bear-
ing SW2 tumor xenografts. SIL-Dox and nontargeted SL-
Dox liposomes were labeled with [PH]CHE (18, 38) and
injected i.v. at a single dose of 4 mg doxorubicin/kg
(0.66 pmol phospholipids per mouse). The blood clearance
is expressed as a function of the total dose of injected lipid
(17, 38). As shown in Fig. 2, the dose of the lipid remaining
in the blood after 24 h was similar for SIL-Dox (27 + 1.6%)
and SL-Dox (25.4 + 3.6%) as has been observed for other
targeted liposomes in mice bearing solid tumors (8).
Moreover, absolute concentrations in blood were identical
and not significantly different for SIL-Dox and SL-Dox.
Both showed long circulation times in the blood with half-
lives of 11.2 + 0.4 and 11.4 + 0.2 h, respectively, which is
the same within experimental error (Table 2). This indicates
that the conjugation of the scFv 4D5SMOCB to the liposome
surface did not alter the pharmacokinetic properties of the
liposomes. Almost identical blood clearance values (5 + 0.3
versus 4.8 + 0.2 mL/h/kg) and area under the blood
concentration versus time curves (3,358 + 239 versus
3,526 + 144 pg-h/mL) were observed for SIL-Dox and
SL-Dox, respectively (Fig. 2; Table 2), and for both types of
liposomes, the volume of distribution equaled the total
blood volume.
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Table 2. Pharmacokinetic and blood clearance of EpCAM-targeted immunoliposomes (SIL-Dox) and nontargeted liposomes (SL-Dox) in
tumor-bearing mice

Liposome Half-life (h) Clearance (mL/h/kg) AUC; = g—q (ug+h/mL) Va (mL/kg)
SL-Dox 11.2 £ 04 48 £ 0.2 3,526 + 144 779 + 3.6
SIL-Dox 114 £ 0.2 5+03 3,358 + 239 79.8 £ 2.0

NOTE: Mice bearing SW2 tumor xenografts (85-100 mm?®) were injected i.v. with a single dose of 4 mg doxorubicin/kg (0.66 pmol phospholipid per mouse)
encapsulated in liposomes labeled with [PHJCHE. Pharmacokinetic variables were determined using WinNonLin software. Data represent the mean + SD

(n = 3 mice per time point).

Abbreviations: AUC, area under the blood concentration versus time curve; V4, volume of distribution.

Tumor Localization and Biodistribution of EpCAM-
Targeted Immunoliposomes

For successful ligand-targeted drug delivery, the immu-
noliposomes should preferentially localize to the tumor
and spare normal tissues from unspecific toxicity. The
biodistribution and tumor localization of the SIL-Dox
immunoliposomes and the nontargeted SL-Dox liposomes
was assessed in mice bearing SW2 tumor xenografts
using the same protocol as above. Tumor localization
of the EpCAM-targeted immunoliposomes SIL-Dox was
approximately double that of the nontargeted liposomes
(13.0 £ 0.5 versus 7.7 £ 0.7 %ID/g; P = 0.004), respectively
(Table 3). At 48 h after injection, the amount in the tumor
remained roughly the same as after 24 h (15.0 £ 1.0 for
SIL-Dox versus 7.1 £ 1.7 %ID/g for SIL-Dox, respectively;
Table 3). This increased tumor accumulation for SIL-Dox
versus SL-Dox shows the significant improvement that is
obtained by introducing an antigen recognition function
into the liposomes, achieved by conjugation of the
4D5MOCB scFv to the surface of SIL-Dox. Because the
tumor is small, the increased distribution of targeted
liposomes to tumor tissue did not materially affect the
blood clearance of the liposomes. At 24 and 48 h after
injection, the blood levels (%ID/g) of SIL-Dox and SL-Dox
were similar to the previous experiment.

Table 3. Biodistribution of EpCAMN-targeted immunoliposomes
(SIL-Dox) and nontargeted liposomes (SL-Dox) loaded with
doxorubicin in mice bearing SW2 tumor xenografts

Tissue SIL-Dox (%ID/g) SL-Dox (%ID/g)

24 h 48 h 24 h 48 h
Blood 11.8 £ 1.7* 1.6 £ 0.5 122 £ 09 26 £ 04
Liver 14.1 £ 0.6 145 + 1.1 120 £ 1.3 14.7 £ 19
Spleen 193 £ 22 227 £ 21 183 £ 1.6 220 £ 1.6
Heart 24 +09 26 £ 04 15+ 0.1 1.7+ 04
Lung 25+ 08 1.8 £ 0.6 14 £ 0.2 1.7 £ 0.3
Kidney 61+ 14 103 £ 1.2 64 + 1.5 91+ 1.1
Tumor 13.0 £ 0.5 15.0 £ 1.0* 77 £ 0.7 71+ 17

“Values were determined after i.v. injection of [PHJCHE-labeled liposomes.
Data represent the mean %ID/g tissue = SD (1 = 3 mice per time point).
TP < 0.005, compared with SL-Dox. Statistical significance of the difference
between SIL-Dox and SL-Dox was evaluated with a two-tailed, unpaired
Student’s t test.

As shown in Table 3, there was only very little uptake in
the other major organs, such as heart, lungs, and kidneys,
for either liposome formulation. However, with increasing
time, both SIL-Dox and SL-Dox accumulated in the liver
and spleen (Table 3). This reflects the ultimate clearance of
both targeted and nontargeted liposomes by the reticulo-
endothelial system, as the PEG-containing phospholipids
may gradually be metabolized, and is in good agreement
with the findings of others (39, 40).

Antitumor Activity of EpCAM-Targeted Immunolipo-
somes

The therapeutic potential of the doxorubicin-loaded
immunoliposomes (SIL-Dox) and the nontargeted (SL-
Dox) liposomes was assessed in mice bearing SW2 tumor
xenografts of 85 to 100 mm? in size. To this end, mice were
injected i.v. with the liposomes either at a dose of 4 mg
doxorubicin/kg (~0.66 pmol phospholipid per mouse) or
7.5 mg doxorubicin/kg (~1.25 pmol phospholipid per
mouse) for 3 weeks at weekly intervals (total dose of 12 mg
or 22.5 mg doxorubicin/kg, approximately 2 or 3.75 umol
phospholipid, respectively). Mice in other control groups
received HEPES-buffered saline or free doxorubicin at its
MTD of 7.5 mg/kg.

As shown in Fig. 3, there was a significantly greater
tumor growth inhibition, compared with free doxorubicin,
in mice treated with SL-Dox or SIL-Dox, at doses of either
4 mg or 7.5 mg/kg. As expected, the tumor growth
inhibition effect was more pronounced at the MTD of
7.5 mg/kg free doxorubicin equivalent, although at this
dose there was a failure to distinguish between the two
treatments as both inhibited tumor growth almost com-
pletely. The antitumor activity of SIL-Dox was significantly
higher than that of the SL-Dox liposomes when given at
4 mg/kg (P < 0.01). At a dose of 7.5 mg doxorubicin/kg,
mice in the SL-Dox group showed signs of toxicity,
including weight loss, although this was not apparent in
the SIL-Dox group. At a dose of 4 mg doxorubicin/kg,
SL-Dox showed increased activity over the free drug
(P < 0.05), and free doxorubicin also inhibited tumor
growth compared with the saline control. Even at the end
of the observation period, >50 days after the start of
treatment, the median tumor volume of the SIL-Dox group
did not exceed the initial volume by >2-fold at 7.5 mg
doxorubicin/kg and by >6-fold at 4 mg doxorubicin/kg
group. In contrast, at >50 days, the nontargeted liposomes
only inhibited tumor growth at the MTD.
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Figure 3. Therapeutic efficacy of EpCAM-targeted 2500 -
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Discussion

In this study, we generated EpCAM-specific immunolipo-
somes (SIL-Dox) encapsulating the anticancer agent
doxorubicin. Targeted delivery of doxorubicin using lip-
osomes conjugated with the internalizing EpCAM-specific
scFv 4DSMOCB showed improved therapeutic efficacy
compared with the nontargeted SL-Dox formulation, and
this advantage was particularly pronounced when the
injected dose was well below the MTD. This clearly shows
the potential of EpCAM-targeted nanovesicles to enhance
the antitumor effect of doxorubicin at low, well-tolerated
dose levels and suggests further investigations to assess the
clinical potential of this nanovesicular drug delivery
system for cancer therapy.

Cytotoxic anticancer agents have been encapsulated in
liposomes with the aim to improve their pharmacokinetic
properties and therapeutic window by decreasing dose-
limiting side effects (4, 5). Nontargeted sterically stabilized
liposomes, such as Doxil/Caelyx, which carry PEG-
phospholipid derivatives on their surface, offer the
advantage of a long plasma half-life and the ability to
release the encapsulated drug over an extended period of
time (5, 41, 42). However, nontargeted liposomes only
passively target diseased tissues mainly due to differences
in their vascular architecture and permeability. Moreover,

Time post first treatment (d)

drug uptake by tumor cells occurs only following release of
the encapsulated drug from liposomes into the tumor
interstitial space from where drug uptake into nontarget
cells may also occur as well as by drug redistribution out of
the tumor. Nontargeted liposomes preferentially localize in
the tumor stroma and in tissue macrophages, but not
inside the tumor cells (8, 43). In contrast to this, targeted
immunoliposomes are predominantly found internalized
in tumor cells within a broad area of distribution in the
tumor tissue (8). Tumor-targeted drug delivery, mediated
by the binding of the liposomes to a tumor-associated
antigen with a high rate of endocytosis such as EpCAM,
represents a rational approach not only to get more of the
encapsulated drug into target cells, but also to increase the
specificity of drug uptake.

Immunoliposomes have successfully been used in
preclinical studies to deliver anticancer agents to different
tumor types by binding to various antigens on the cell
surface (8, 16—18, 36). The successful large-scale produc-
tion of HER2-specific immunoliposomes (19) has finally
paved the way also for the clinical use of tumor-targeted
nanovesicles. In addition to the aforementioned targets,
EpCAM also holds promise as a target for liposomal drug
delivery because it is abundantly expressed in many solid
tumors and shows limited expression in normal epithelial
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tissues (20, 23, 44, 45). On antibody binding, it is rapidly
internalized by endocytosis and thus well suited to deliver
anticancer agents that act intracellularly. We previously
reported the high antigen-binding affinity and the
excellent in vivo tumor-targeting properties of the
EpCAM-specific scFv 4D5MOCB (30). Owing to these
favorable properties, the scFv 4D5MOCB has also been
used for the generation of an immunotoxin (4D5MOCB-
ETA; ref. 27), which under the names Proxinium™ and
Vicinium™ is currently under investigation in phase II
and IIT clinical trials (28, 46).

The finding that the addition of free scFv could block cell
binding and that the level of uptake in EpCAM-positive
cells was higher at 37°C than at 4°C indicates that
internalization on binding occurred by active receptor-
mediated endocytosis or by another unknown mechanism.
As expected, on EpCAM-negative RL cells, no difference in
cell binding and inhibition of proliferation was observed
for EpCAM-targeted and nontargeted liposomes. These
results are in line with previous reports showing that the
uptake of targeted liposomes by receptor-mediated endo-
cytosis is obligatory for the cytotoxicity of encapsulated
drugs (31, 36, 47).

The EpCAM-targeted immunoliposomes generated with
scFv antibodies showed long circulation times comparable
to nontargeted liposomes, likely due to the lack of an Fc
portion of the antibody, which would accelerate catabo-
lism (16, 17, 48). Long-circulating liposomes seem to be
needed for improved tumor localization (17, 18, 48) and
increased antitumor activity (9, 17, 18, 49, 50). The
EpCAM-targeted immunoliposomes described here, with
their long circulation half-lives, achieved double the
uptake of nontargeted liposomes into tumors 24 h after
injection, although both types of liposomes showed
similar biodistribution patterns for the other major organs.
Other investigators have reported that the tumor locali-
zation was similar for either targeted or nontargeted
liposomes (18, 40). Given that both types of liposomes
reach solid tumors by the passive targeting mechanism,
the reason for the increased tumor localization of the
EpCAM-targeted liposomes versus the nontargeted lip-
osomes may be due to both the high affinity of the scFv
fragment, for the antigen, its rapid internalization, and its
stability, as a high percentage of scFv remains intact after
coupling and during 48 h in the body (30).

It is notable that the antitumor effect of EpCAM-targeted
SIL-Dox immunoliposomes was superior to that of non-
targeted liposomes when given at a lower dose, although at
the MTD the effect of the two liposomal preparations was
similar. The phenomenon that at high doses nontargeted
SL-Dox was as effective as tumor-targeted SIL-Dox in
inhibiting tumor growth is well known and has been
reported previously also in other in vivo tumor models
(51, 52). One explanation may be that at the MTD the
accumulation of SIL-Dox at the tumor site becomes limited
by receptor saturation. On the other hand, the nontargeted
SL-Dox continues to passively localize in the tumor and
finally reach a similar level of drug concentration. Because

tumor growth is very low for both preparations at the
MTD, the high dose is not capable of distinguishing the
efficacy of one treatment versus the other. In this situation,
a commonly accepted means of distinguishing between the
two treatments is to lower the dose of each.

In conclusion, we describe the development of EpCAM-
targeted liposomal nanovesicles and show their ability to
efficiently deliver a cytotoxic payload to tumor cells in an
antigen-dependent manner in vitro and in vivo. In view of
the currently still unmet medical need for strategies that
focus toxicity to tumor cells and away from normal tissues,
EpCAM-specific nanovesicular drug delivery systems hold
promise to successfully expand our arsenal of highly
selective and effective tumor-targeted cancer therapeutics.

Acknowledgments

We thank Elaine Moase and Kim Laginha (Department of Pharmacology,
University of Alberta, Edmonton, Alberta, Canada) for the assistance
with pharmacokinetic analysis and helpful advice in the preparation of
liposomes and Pasquale Stano (Materials Science Department, ETH,
Zurich, Switzerland) for assistance with the dynamic light scattering
measurements.

References

1. Jemal A, Siegel R, Ward E, et al. Cancer statistics 2006. CA Cancer J
Clin 2006;56:106 - 30.

2. Allen TM. Ligand-targeted therapeutics in anticancer therapy. Nat Rev
Cancer 2002;2:750-63.

3. Adams GP, Weiner LM. Monoclonal antibody therapy of cancer. Nat
Biotechnol 2005;23:1147 -57.

4. Allen TM, Cullis PR. Drug delivery systems: entering the mainstream.
Science 2004;303:1818 - 22.

5. Torchilin VP. Recent advances with liposomes as pharmaceutical
carriers. Nat Rev Drug Discov 2005;4:145 -60.

6. Allen TM, Hansen C, Martin F, Redemann C, Yau-Young A. Liposomes
containing synthetic lipid derivatives of poly(ethylene glycol) show
prolonged circulation half-lives in vivo. Biochim Biophys Acta 1991;
1066:29 - 36.

7. Sapra P, Allen TM. Improved outcome when B-cell ymphoma is treated
with combinations of immunoliposomal anticancer drugs targeted to both
the CD19 and CD20 epitopes. Clin Cancer Res 2004;10:2530-7.

8. Park JW, Hong K, Kirpotin DB, et al. Anti-HER2 immunoliposomes:
enhanced efficacy attributable to targeted delivery. Clin Cancer Res 2002;
8:1172-81.

9. Sugano M, Egilmez NK, Yokota SJ, et al. Antibody targeting of
doxorubicin-loaded liposomes suppresses the growth and metastatic
spread of established human lung tumor xenografts in severe combined
immunodeficient mice. Cancer Res 2000;60:6942 - 9.

10. Matsumura Y, Maeda H. A new concept for macromolecular
therapeutics in cancer chemotherapy: mechanism of tumoritropic accu-
mulation of proteins and the antitumor agent smancs. Cancer Res 1986;
46:6387 -92.

11. Zalipsky S. Synthesis of an end-group functionalized polyethylene
glycol-lipid conjugate for preparation of polymer-grafted liposomes.
Bioconjug Chem 1993;4:296 - 9.

12. Allen TM, Brandeis E, Hansen CB, Kao GY, Zalipsky S. A new
strategy for attachment of antibodies to sterically stabilized liposomes
resulting in efficient targeting to cancer cells. Biochim Biophys Acta 1995;
1237:99-108.

13. Iden DL, Allen TM. In vitro and in vivo comparison of immunolipo-
somes made by conventional coupling techniques with those made by a
new post-insertion approach. Biochim Biophys Acta 2001;1513:207 - 16.

14. Park JW, Benz CC, Martin FJ. Future directions of liposome- and
immunoliposome-based cancer therapeutics. Semin Oncol 2004;31:
196 - 205.

15. Zangemeister-Wittke U. Antibodies for targeted cancer therapy—
technical aspects and clinical perspectives. Pathobiology 2005;72:279 - 86.

Mol Cancer Ther 2007;6 (11). November 2007



16. Pastorino F, Brignole C, Marimpietri D, et al. Doxorubicin-loaded Fab’
fragments of anti-disialoganglioside immunoliposomes selectively inhibit
the growth and dissemination of human neuroblastoma in nude mice.
Cancer Res 2003;63:86 -92.

17. Sapra P, Moase EH, Ma J, Allen TM. Improved therapeutic responses
in a xenograft model of human B lymphoma (Namalwa) for liposomal
vincristine versus liposomal doxorubicin targeted via anti-CD19 IgG2a or
Fab’ fragments. Clin Cancer Res 2004;10:1100-11.

18. Mamot C, Drummond DC, Noble CO, et al. Epidermal growth factor
receptor-targeted immunoliposomes significantly enhance the efficacy of
multiple anticancer drugs in vivo. Cancer Res 2005;65:11631 - 8.

19. Nellis DF, Ekstrom DL, Kirpotin DB, et al. Preclinical manufacture of an
anti-HER2 scFv-PEG-DSPE, liposome-inserting conjugate. 1. Gram-scale
production and purification. Biotechnol Prog 2005;21:205 - 20.

20. Balzar M, Winter MJ, de Boer CJ, Litvinov SV. The biology of the 17-
1A antigen (Ep-CAM). J Mol Med 1999;77:699-712.

21. Litvinov SV, Balzar M, Winter MJ, et al. Epithelial cell adhesion
molecule (Ep-CAM) modulates cell-cell interactions mediated by classic
cadherins. J Cell Biol 1997;139:1337 -48.

22. Munz M, Kieu C, Mack B, et al. The carcinoma-associated antigen
EpCAM upregulates c-myc and induces cell proliferation. Oncogene 2004;
23:5748 -58.

23. Went PT, Lugli A, Meier S, et al. Frequent EpCam protein expression
in human carcinomas. Hum Pathol 2004;35:122 - 8.

24. Gastl G, Spizzo G, Obrist P, Dunser M, Mikuz G. Ep-CAM over-
expression in breast cancer as a predictor of survival. Lancet 2000;356:
1981 -2.

25. Spizzo G, Went P, Dirnhofer S, et al. High Ep-CAM expression is
associated with poor prognosis in node-positive breast cancer. Breast
Cancer Res Treat 2004;86:207 - 13.

26. Dalerba P, Dylla SJ, Park IK, et al. Phenotypic characterization of
human colorectal cancer stem cells. Proc Natl Acad Sci U S A 2007;104:
10158 -63.

27. Di Paolo C, Willuda J, Kubetzko S, et al. A recombinant immunotoxin
derived from a humanized epithelial cell adhesion molecule-specific single-
chain antibody fragment has potent and selective antitumor activity. Clin
Cancer Res 2003;9:2837 - 48.

28. Fitsialos D, Quenneville J, Rasamoelisolo M, et al. A phase | study of
VB4-845 in patients with advanced, recurrent head and neck cancer on a
weekly dosing scheme. Proc Am Soc Clin Oncol 2005;23:5569.

29. Hussain S, Pluckthun A, Allen TM, Zangemeister-Wittke U. Chemo-
sensitization of carcinoma cells using epithelial cell adhesion molecule-
targeted liposomal antisense against bcl-2/bcl-xL. Mol Cancer Ther 2006;
5:3170-80.

30. Willuda J, Honegger A, Waibel R, et al. High thermal stability is
essential for tumor targeting of antibody fragments: engineering of a
humanized anti-epithelial glycoprotein-2 (epithelial cell adhesion molecule)
single-chain Fv fragment. Cancer Res 1999;59:5758 - 67.

31. Lopes de Menezes DE, Pilarski LM, Allen TM. In vitro and in vivo
targeting of immunoliposomal doxorubicin to human B-cell lymphoma.
Cancer Res 1998;58:3320 - 30.

32. Olson F, Hunt CA, Szoka FC, Vail WJ, Papahadjopoulos D.
Preparation of liposomes of defined size distribution by extrusion
through polycarbonate membranes. Biochim Biophys Acta 1979;557:
9-23.

33. Pool GL, French ME, Edwards RA, Huang L, Lumb RH. Use of
radiolabeled hexadecyl cholesteryl ether as a liposome marker. Lipids
1982;17:448 -52.

34. Haran G, Cohen R, Bar LK, Barenholz Y. Transmembrane ammonium

Molecular Cancer Therapeutics

sulfate gradients in liposomes produce efficient and stable entrapment of
amphipathic weak bases. Biochim Biophys Acta 1993;1151:201-15.

35. Allen TM, Mumbengegwi DR, Charrois GJ. Anti-CD19-targeted
liposomal doxorubicin improves the therapeutic efficacy in murine B-cell
lymphoma and ameliorates the toxicity of liposomes with varying drug
release rates. Clin Cancer Res 2005;11:3567 - 73.

36. Kirpotin D, Park JW, Hong K, et al. Sterically stabilized anti-HER2
immunoliposomes: design and targeting to human breast cancer cells
in vitro. Biochemistry 1997;36:66 — 75.

37. Maruyama K, Kennel SJ, Huang L. Lipid composition is important for
highly efficient target binding and retention of immunoliposomes. Proc
Natl Acad Sci U S A 1990;87:5744 -8.

38. Pastorino F, Brignole C, Marimpietri D, et al. Vascular damage and
anti-angiogenic effects of tumor vessel-targeted liposomal chemotherapy.
Cancer Res 2003;63:7400-9.

39. Gabizon A, Shiota R, Papahadjopoulos D. Pharmacokinetics and
tissue distribution of doxorubicin encapsulated in stable liposomes with
long circulation times. J Natl Cancer Inst 1989;81:1484 - 8.

40. Kirpotin DB, Drummond DC, Shao Y, et al. Antibody targeting of long-
circulating lipidic nanoparticles does not increase tumor localization but
does increase internalization in animal models. Cancer Res 2006;66:
6732 -40.

41. Northfelt DW, Martin FJ, Working P, et al. Doxorubicin encapsulated
in liposomes containing surface-bound polyethylene glycol: pharmacoki-
netics, tumor localization, and safety in patients with AIDS-related
Kaposi’s sarcoma. J Clin Pharmacol 1996;36:55 - 63.

42. Muggia F, Hamilton A. Phase Ill data on Caelyx in ovarian cancer. Eur
J Cancer 2001;37 Suppl 9:15-8.

43. Huang SK, Lee KD, Hong K, Friend DS, Papahadjopoulos D.
Microscopic localization of sterically stabilized liposomes in colon
carcinoma-bearing mice. Cancer Res 1992;52:5135 -43.

44. Litvinov SV, Velders MP, Bakker HA, Fleuren GJ, Warnaar SO. Ep-
CAM: a human epithelial antigen is a homophilic cell-cell adhesion
molecule. J Cell Biol 1994;125:437 - 46.

45. Baeuerle PA, Gires O. EpCAM (CD326) finding its role in cancer. Br
J Cancer 2007;96:1491.

46. Quenneville J, Fitsialos D, Rasamoelisolo M, et al. A phase | open-
label study to evaluate safety, tolerability and pharmacokinetic (PK) profile
of VB4-845, an anti-EpCAM immunotoxin, in subjects with SCCHN. Proc
Am Soc Clin Oncol 2005;23:55539.

47. Park JW, Hong K, Carter P, et al. Development of anti-p185HER2
immunoliposomes for cancer therapy. Proc Natl Acad Sci U S A 1995;92:
1327 -31.

48. Maruyama K, Takahashi N, Tagawa T, Nagaike K, Iwatsuru M.
Immunoliposomes bearing polyethyleneglycol-coupled Fab’ fragment show
prolonged circulation time and high extravasation into targeted solid
tumors in vivo. FEBS Lett 1997;413:177 - 80.

49. Gabizon A, Catane R, Uziely B, et al. Prolonged circulation time and
enhanced accumulation in malignant exudates of doxorubicin encapsulated
in polyethylene-glycol coated liposomes. Cancer Res 1994;54:987 - 92.

50. Papahadjopoulos D, Allen TM, Gabizon A, et al. Sterically stabilized
liposomes: improvements in pharmacokinetics and antitumor therapeutic
efficacy. Proc Natl Acad Sci U S A 1991;88:11460-4.

51. Goren D, Horowitz AT, Zalipsky S, et al. Targeting of stealth
liposomes to erbB-2 (Her/2) receptor: in vitro and in vivo studies. Br
J Cancer 1996;74:1749 -56.

52. Allen TM, Ahmad |, Lopes de Menezes DE, Moase EH. Immunolipo-
some-mediated targeting of anti-cancer drugs in vivo. Biochem Soc Trans
1995;23:1073-9.

Mol Cancer Ther 2007;6 (11). November 2007

3027



