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Abstract

Factors (protein /lipid ratio, pH of incubation medium, incubation time, anchor molecule density in the bilayer) affecting the covalent
binding of anti-ovarian carcinoma Fab’ to liposomes containing the anchor molecule MPB-PE ( N-(4-( p-maleimidophenyDbutyryl)phos-
phatidylethanolamine) were explored. Standard experimental conditions were chosen and information on the relevant physicochemical
parameters of the liposome dispersions was collected (mean particle diameter, size distribution, charge). The reproducibility of standard
immunoliposomes prepared in subsequent batches in terms of Fab' binding, particle size and charge was established. In addition,
preservation of immunoreactivity, no marker loss, and no aggregation /fusion was found for the standard immunoliposomes over a period
of at least 3 weeks at 4°C. In vitro up to 35000 immunoliposomes were estimated to bind per human ovarian carcinoma cell.
Internalization of the immunoliposomes could not be demonstrated. Electron micrographs showed binding of specific immunoliposomes
to human ovarian carcinoma cells growing intraperitoneally in athymic nude mice.
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1. Introduction

In principle, the conjugation of cell-specific antibodies
to liposomes containing chemotherapeutic agents provides
the possibility for selective drug delivery and cell type
specific cytotoxicity [1-4]. Indeed, such liposomes, re-
ferred to as immunoliposomes, have been shown to in-
crease cytotoxicity selectively in vitro 1n several murine
tumor cell lines [5-10]. Only a limited number of studies
investigated the possibility to direct immunoliposomes to
specific cells or tissues in vivo [11-18]. From these studies
the anatomical and physiological constraints intertering
with successful site-specific delivery of drugs can be de-
rived. Maximum benefit of active targeting with immunoli-
posomes in vivo can be expected when the immunolipo-
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somes are injected into the compartment where the target
tissue or cells are localized.

Intraperitoneal (i.p.) administration of immunolipo-
somes containing tumoricidal agents has a strong phar-
macological and biological rationale for the treatment of
ovarian cancer. Ovarian tumors usually spread over the
serosal surfaces of the peritoneal cavity; dissemination via
the blood circulation occurs later and less frequently. A
major cause of death in ovarian cancer patients is the
inability to control the disease within the peritoneal cavity.
While the primary tumor and larger tumor nodules may be
removed surgically, micronodular disease and floating tu-
mor colonies which are confined to the peritoneal cavity,
cannot be treated adequately by surgery [19,20].

Immunoliposomes specifically directed against human
ovarian carcinoma cells were prepared, characterized and
tested for their binding capacity to human ovarian carci-
noma cells grown in vitro and in vivo. The effect of
experimental variables on the liposome-cell interaction
was quantified. These immunoliposomes were developed
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to interact in vivo after i.p. administration with ovarian
carcinoma cells localized in the peritoneal cavity and to
deliver antitumor drugs in or in close proximity of these
target cells [39]. In this study electron microscopic evi-
dence was established for a specific interaction between
immunoliposomes and the 1.p. located target cells in
athymic nude mice.

2. Materials and methods
2.1. Materials

Egg-L-a-phosphatidylcholine type V-E (PC), choles-
terol (Chol), 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (Hepes), dithiothreitol (DTT) and N-ethyl-
maleimide (NEM) were obtained from Sigma (St. Louis,
MO, USA). Egg-phosphatidylglycerol (PG) was supplied
by Nattermann (Cologne, Germany). Carboxyfluorescein
(CF) was purchased from Eastman Kodak (Rochester, NY,
USA) and was purified by the method described by Ral-
ston et al. [21]. [1a,2a(n)-"H]Cholesteryloleoylether
(spec. act. 1.71 TBq/mmol) was supplied by Amersham
(Buckinghamshire, UK). Soluene-350 and Hionic Fluor
was purchased from Packard Instrument (Downers Grove,
IL, USA). All other reagents were of analytical grade.

2.2. Monoclonal antibodies

Hybridomas producing the monoclonal antibodies OV-
TL3 and RIV1000 (both of mouse IgG1 type) were grown
in BALB/c athymic nude mice [33,34]. The antibodies
were purified and Fab' fragments were isolated as follows:
mouse ascites was mixed with an equal volume of
glycine /NaCl buffer (1.5 M glycine, 3.0 M NaCl, pH 8.9)
and filtered through 0.2 wum Minisart NML filters
(Sartorius, Gottingen, Germany) before application onto a
Protein A-Sepharose CL-6B column (Pharmacia AB, Upp-
sala, Sweden). The unbound material was removed from
the column by washing with glycine /NaCl buffer until no
further change in absorption at 280 nm was seen. The
monoclonal antibodies were eluted in 100 mM citrate
buffer pH 5.0. The purified antibodies were pooled, neu-
tralized with 2 M Tris base solution, concentrated with a
Centriprep 30 concentrator (Amicon, Danvers, MA, USA)
and dialyzed overnight against acetate buffer (100 mM
NaAc, pH 7.4) at 4° C. F(ab'), fragments were produced
by pepsin digestion. The pH of the purified IgG solution
was adjusted to 4.2 immediately before digestion. Pepsin
was added at a ratio of 1 mg per 30 mg of IgG. The
mixture was incubated in a water bath at 37° C overnight.
After adjusting the pH to 7.4 with 2 M Tris base solution
the protein solution was mixed with glycine /NaCl buffer,
filtered through a 0.2 wm filter and applied onto a Protein
A-Sepharose CL-6B column. The wunbound fractions,
mainly representing F(ab’), fragments and pepsin, were

collected and concentrated. Finally, the concentrated pro-

tein solution was applied to a Superdex 200 pg (26 /60)
column (Pharmacia) eluted with acetate buffer (100 mM
NaAc, 8 mM NaCl, pH 7.4) in order to separate the
F(ab’'), fragments from pepsin and residual amounts of Fc
fragments and IgG. The F(ab’), fragments were stored at
—20° C prior to use,

Purity of IgG and F(ab'), was assessed by sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-
PAGE) under non-reducing conditions with a PhastSystem
and PhastGel Homogeneous 12.5 gels (Pharmacia). To
determine the apparent molecular weights low weight stan-
dards (Bio-Rad Laboratories, Richmond, CA, USA) were
used.

Isoelectric focusing (IEF) was performed with the same
system using PhastGel IEF 3-9 gels (Pharmacia). The
samples were routinely applied at the anodic side of the
gel. The pH gradient over the gels was monitored with an
[EF calibration kit (Pharmacia). Electrophoresis and silver
staining were carried out according to manufacturer in-
structions.

The immunoreactivity was tested by flow cytometry.
Cultured monolayers of OVCAR-4 cells (see below) were
treated with trypsin /EDTA (0.25% /0.02%) and washed
with Dulbecco’s phosphate-buffered saline (DPBS, Gibco,
Paisley, UK). OV-TL3 or RIV1000 (IgG or F(ab’),) anti-
bodies were diluted in DPBS containing 0.1% NaN, as
indicated. Cells (5 - 10”) were incubated at 4° C for 45 min
in 50 wl antibody solution. After incubation, cells were
washed twice with DPBS by centrifugation (5 min, 800 X

g) and incubated at 4° C for 45 min with 50 wl fluores-

cein-conjugated goat anti-(mouse IgG) (Capel Labs, Cooper
Biomedical, Malvern, PA, USA) at a dilution of 1:80. The
cells were washed twice and fixed with 200 ul 0.1%
paraformaldehyde and kept on ice until fluorescence was
measured. The percentage of fluorescent cells 1s presented
after subtraction of the percentage of fluorescent cells
stained after incubation with only fluorescein-conjugate.
Fluorescence analysis was performed in a fluorescence-
activated cell sorter (Becton & Dickinson Immunocytome-
try Systems, Mountain View, CA, USA). Analysis of the
data was performed with Consort 30 software (Becton&
Dickinson) on a Hewlett Packard 9920 S Computer. Data
were calculated for 10° cells after gating the dot plots of
the volume-sidescatter diagram.,

2.3. Preparation of Fab' fragments

F(ab'), fragments of OV-TL3 and RIV1000 (3—4 mg)
in 1-1.5 ml of acetate buffer (100 mM NaAc, 88 mM
NaCl, pH 5.5), were routinely reduced with 20 mM DTT
at pH 5.5 for 90 min at room temperature under nitrogen
atmosphere [22]. DTT was removed by gel chromatog-
raphy on a Sephadex G-25M column (PD-10, Pharmacia).
Pre-equilibration and elution occurred with deoxygenated
acetate buffer (100 mM NaAc, 88 mM NaCl, pH 6.5)
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under nitrogen atmosphere. Fab' fragments appearing in
the void volume were used immediately for covalent at-
tachment to freshly prepared MPB-PE liposomes. Comple-
tion of the reduction process was checked by HPLC
(TSK-3000 SW column, length 60 cm, LKB, Bromma,
Sweden), after adding an excess of NEM to an aliquot of
the resulting protein solution. The HPLC equipment con-
sisted of the following components: a solvent delivery
system (Waters, model 6000A), a manual injector (Rheo-
dyne, model 7125), a UV /VIS variable wavelength detec-
tor (Waters, model 450) operating at 280 nm. After injec-
tion of 25 ul of the standards or the sample, the column
was eluted isocratically with phosphate buffer (0.1 M, 0.1
M KCI, pH 7.0) using a flow of 1 ml/min. The following
standards were used for calibration: bovine serum albumin
and its dimer ovalbumin, carbonic anhydrase, lactalbumin
and 1nsulin.

2.4. Preparation of (immuno)liposomes

N-(4-( p-Maleimidophenyl)butyryl)phosphatidylethanol-
amine (MPB-PE) was synthesized, purified and analyzed
as described before [22,23]. MPB-PE was incorporated
into the liposomal bilayer to couple Fab' fragments cova-
lently to liposomes. Lipid mixtures composed of
PC /PG /Chol /MPB-PE of varying molar ratios were dis-
solved in chloroform and dried to a thin film by using a
rotary evaporator at 40° C under reduced pressure. Ra-
dioactive (immuno)liposomes were prepared by addition of
[°Hlcholesteryloleoylether to the chloroform mixture. Af-
ter evacuation for at least 1 h the lipid film was hydrated
in Hepes buffer (20 mM Hepes, 135 mM NaCl, pH 7.4) or
alternatively in CF solution (100 mM CF, 10 mM Tris-HC],
pH 7.4). The resulting multilamellar liposome dispersion
was sequentially extruded through 0.6 um and 0.2 wum
polycarbonate membranes (Uni-pore, Bio-Rad) under ni-
trogen pressure [24). Vesicles formed by this procedure
had on the average 1.5 bilayers as reported by Jousma et
al. [25]. After extrusion, the outside buffer was exchanged
by applying ultracentrifugation (80000 X g, 45 min). The
pellet was redispersed in acetate buffer (100 mM NaAc, 88
mM NaCl, pH 6.5) followed by flushing with N, (g).
Routinely (unless otherwise stated), freshly prepared lipo-
somes (8—12 wmol TL/ml) were incubated with freshly
prepared Fab’ fragments (0.3—0.4 mg/ml) in nitrogen
atmosphere. Samples were taken to determine the Fab’ and
the lipid concentration during incubation. The coupling
reaction was carried out at 4° C under constant rotation
overnight. Finally, the immunoliposomes were separated
from unconjugated Fab’' fragments by ultracentrifugation at
80000 X g during 45 min. The pellet was resuspended and
washed twice with Hepes buffer. MPB-PE liposomes, not
incubated with Fab' fragments and further referred to as
unconjugated liposomes, were exposed to the same treat-
ment. Liposome dispersions were stored at 4° C under
nitrogen atmosphere.

2.5. Liposome characterization

Lipid phosphate was determined by the colorimetric
method of Fiske and SubbaRow [26]). Protein was deter-
mined by the method of Wessel [27], with bovine serum
albumin (BSA) as standard. The amount of monoclonal
antibody coupled to the liposomes was expressed as wg of
protein per umol of total lipid (TL). At the concentration
used (100 mM), CF fluorescence is fully quenched. Leaked
CF will attain in the medium a concentration which allows
the dye to fluoresce. Before and after destruction of the
liposomes by addition of 0.5% Triton X-100 and subse-
quent heating (70° C, 30 min), CF fluorescence was as-
sayed at S18 nm emission wavelength and 489 nm excita-
tion wavelength in a Kontron Instruments spectrofluori-
meter, Model SFM 25 (Watford /Herts, UK) [28]. Ra-
dioactivity was measured in Hionic Fluor as scintillation
mixture in a Tri-Carb 1500 liquid scintillation counter
(Packard Instruments, Downers Grove, IL, USA). Mean
particle size was determined by dynamic light scattering
(DLS) with a Malvern 4700 system using a 25 mW He-Ne
laser and the automeasure vsn 3.2 soft-ware (Malvern,
UK). For viscosity and refractive index the values of pure
water were used. As a measure of the particle size distribu-
tion of the dispersion the system reports a polydispersity
index. This index ranges from 0.0 for an entirely mono-
disperse up to 1.0 for a completely polydisperse disper-
sion. Zeta-potentials were measured in a PC-3 cell with a
Malvern zeta-sizer IIC (Malvern).

2.6. Release kinetics in buffer and serum

The release characteristics of CF-containing MPB-PE
liposomes and OV-TL3 immunoliposomes were deter-
mined after incubation for 5, 24 and 48 h in Hepes butter
(20 mM Hepes, 135 mM NaCl, pH 7.4) and fetal calf
serum (FCS) (Gibco). (Immuno)liposomes at a concentra-
tion of approx. 10 umol TL/ml were mixed (1:1) with
buffer or serum. The incubations were performed in dupl-
cate at 37° C under continuous agitation. CF release was
assayed as described above.

2.7. Tumor model

The human ovarian cancer cell line OVCAR-4 origi-
nated from Dr. Hamilton (National Cancer Institute,
Bethesda, MD, USA) [29,30] and was maintained in Dul-
becco’s modified Eagle’s medium (DMEM) (Flow Labora-
tories, Irving, Scotland, UK) supplemented with fetal calf
serum (10%) and glutamine (2 mM), penicillin (100
units /ml), streptomycin (100 wg /ml) and Fungizone (0.26
wg/ml). An in vivo OVCAR-4 tumor model was devel-
oped in the NMRI athymic nude mice [31] (bred at Harlan
CPB, Zeist, The Netherlands) by i.p. inoculation of OV-
CAR-4 cells. After establishing the tumor model only 1.p.
ascitic tumor cells were used for serial transfer. The ani-
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mals developed gross ascites 4—5 weeks after 1.p. inocula-
tion with solid tumor growth localized on the diaphragm,
mesentery and the abdominal wall.

2.8. Cell binding assay

Cell binding assays were performed on in vitro growing
OVCAR-4 cells or on cells present in ascites collected
from OVCAR-4 tumor bearing athymic nude mice. Cul-
tured monolayers of OVCAR-4 cells were treated with
trypsin /EDTA (0.25% /0.02%). A suspension of cells in
PBS was mixed with an equal volume of CF containing
(immuno)liposomes. Incubations were performed in dupli-
cate or triplicate under continuous agitation. Unbound
(immuno)liposomes were separated from the cells by cen-
trifugation (800 X g, 5 min). The cell pellet was washed
twice with PBS and resuspended in 0.5 ml PBS containing
0.5% Triton X-100 (v /v), followed by heating for 30 min
at 70° C to lyse cell-bound (immuno)liposomes. After cen-
trifugation at 1500 X g during 10 min, supernatants were
analyzed for CF as described above. In case of radioactive
(immuno)liposomes the washed cell pellet was transferred
into a vial and digested by the addition of 1 ml Soluene-350
at 40° C for one night, yielding a clear solution. Radioac-
tivity was measured in Hionic Fluor as described above.

2.9. Electron microscopy

OV-TL3 immunoliposomes (coupling ratio: 6 g
Fab’' /umol TL) and MPB-PE liposomes were adminis-
tered i.p. in OVCAR-4 tumor-bearing NMRI athymic nude
mice. Solid i.p. tumors (0.5-0.6 g) and ascites (1—2 ml)
were present at the time of injection. Each mouse received
a liposome dose of 8 wmol TL in 0.5 ml of Hepes buffer
pH 7.4. After 5 h, the mice were killed and the ascites was
collected and washed twice with PBS by centrifugation
(800 X g, 5 min). The final cell pellet was double-fixed in
glutaraldehyde-tricomplex fixative (glutaraldehyde-
potassium ferrocyanide-calcium chloride-cacodylate
buffer), followed by a postfixation in an osmium-tricom-
plex solution (osmic acid-potassium ferrocyanide-calcium
chloride-cacodylate buffer) [32]. Dehydration was per-
formed in an ascending series of ethanols and the cells
were embedded in Epon 812. Diamond-cut ultrathin sec-
tions with a Reichert OM U3 ultramicrotome were exam-
ined either unstained or uranyl acetate contrasted in a
Philips EM 300 /301 electron microscope.

3. Results and discussion

Factors which should be taken into account when con-
sidering the preparation of immunoliposomes are: (1) a
sufficient quantity of antibodies must be bound to the
liposomal surface in a reproducible way; (2) the integrity
of the liposomes should be preserved during the coupling

process; (3) the liposome-antibody complex must be suffi-
ciently stable on storage and after administration in vivo;
(4) the homing capacity of the antibodies should be pre-
served after binding to the liposomes.

3.1. Preparation and characterization of antibody (frag-
ment) preparations

The mouse monoclonal antibody OV-TL3 is a promis-
Ing candidate for immunotargeting of ovarian cancer. It is
directed against cell surface antigenic determinants present
on more than 90% of human ovarian carcinomas of differ-
ent histological types and shows very little affinity for
nonovarian carcinoma cells [33). The monoclonal antibody
RIV1000, in the present studies used as an irrelevant
monoclonal antibody, 1s directed against human lympho-
cytes [34].

The purity of the purified antibody preparations (IgG
and F(ab'),) was confirmed by SDS-PAGE. The p/ values
of the intact antibodies as well as the F(ab’), fragments,
produced by pepsin digestion of the IgG molecules, were
determined by IEF. For the OV-TL3 antibody the p/
values of the bands ranged from 6.8 to 7.1 for intact IgG
and from 8.2 to 8.7 for F(ab'), fragments. The p/ values
of the RIV1000 antibody ranged from 5.8 to 6.6 for intact
IgG and 5.5 to 8.0 for F(ab'), fragments. This indicates
that the F(ab'), and therefore also the Fab' fragments of
the OV-TL3 antibody were positively charged at neutral
pH.
The immunoreactivity of purified IgG and F(ab’), frag-
ments of OV-TL3 and RIV1000 to OVCAR-4 cells was
determined using flow cytometry (Fig. 1) The data indicate
that at the protein concentrations tested the reactivity of
F(ab'),-OV-TL3 was maintained. In addition, the results
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Fig. 1. Flow cytometric analysis of OV-TL3 and RIV1000 binding to
OVCAR-4 cells. Percentage positive OVCAR-4 cells as a function of the
concentration of (@) OV-TL3 IgG, (O) OV-TL3 F(ab'),, (a) RIV1000
[gG and (&) RIV1000 F(ab'),. Cells were examined for cell-associated
fluorescence by flow cytometry as described in Materials and methods.
The mean percentage of fluorescent cells determined by flow cytometry
is presented after subtraction of the percentage of fluorescent cells stained
after incubation with only fluorescein-conjugate. The S.D. varics between
[-10% of the mean value. Each point represents at least three experi-

ments.
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illustrate the suitability of the RIV1000 antibody to be
used as an irrelevant antibody in our studies concerning
targeting of immuneliposomes to ovarian carcinoma. OV-
TL3 did not react with nonrelevant target cells (the murine
squamous cell carcinoma 5D04 [35] and human bladder
carcinoma T24) in flow cytometric studies (results not
shown).

For immunospecific targeting Fab' fragments of OV-
TL3 were covalently linked to MPB-PE liposomes (see
below). The Fab' fragments were generated from F(ab'),
fragments by dithiothreitol (DTT) incubation. The experi-
mental conditions used (incubation for 90 min at pH 5.5 at
room temperature) were taken from Martin and Kung [36].
Addition of excess N-ethylmaleimide to the reaction mix-
ture was used to stop the reduction process. The DTT
concentration was assessed for a complete reduction of
F(ab'), dimers to Fab’ monomers. The HPLC profiles
presented 1in Fig. 2 show that this is achieved at a DDT
concentration of 20 mM. The same result was obtained for
RIV1000 F(ab’), (results not shown). Therefore, it was
decided to use routinely 20 mM DDT for the preparation
of Fab' fragments.

3.2. Choice of preparation method

We prepared routinely multilamellar liposomes (MLYV)
consisting of PC, PG, Chol, and the sulfhydryl-reactive
phospholipid derivative MPB-PE (2.5 mol%). Bangham
and co-workers reported on the preparation of MLV for
the first time [37], and their method has proven to be very
popular. MLV are suitable for the encapsulation of a
variety of substances and can be made with a wide variety
of lipid compositions [38]. A difficulty with Bangham’s
method 1s the lack of control over the vesicle size distribu-
tion. Therefore, the liposomes were extruded through poly-
carbonate membranes with pore sizes of 0.6 and 0.2 um to
overcome this problem. Interestingly, instead of having a
multilamellar nature, such extruded liposomes have been
reported to be uni- or oligolamellar (one to three bilayers)
[25].

Many different techniques for the coupling of antibod-
ies to liposomes have been described {1,40]. We have used
one of the most popular conjugation methods involving the
use of the bifunctional agent MPB-PE [22] (Fig. 3). This
technique was selected from a number of options for the
following reasons: (1) mild conditions are maintained dur-
ing coupling, avoiding a decrease in the immunoactivity of
the coupled antibody fragment; (2) Fab' fragments are
covalently linked to the MPB-PE anchor present in the
outer lipid bilayers of preformed liposomes. This method
presumably results in an adequate orientation of the Fab’
fragments on the liposomes: the antigen binding sites are
outward directed and fully accessible to antigen binding.
Moreover, the thio-ether bridge has proven to be stable in
vivo, contrary to the alternatively used disulfide bridge; (3)
the Fc part of the IgG molecule is removed. This can be of
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eomtedimemrmrmrsan s derarmm———————ve—————————

10 15 20 25
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Fig. 2. Effect of DTT concentration on the reduction of OV-TL3 F(ab’),
dimers to Fab’ monomers. HPLC-analysis on a TSK 3000 SW column
after reduction of OV-TL3 F(ab'), at various DTT concentrations: (A) 2
mM, (B) 10 mM, and (C) 20 mM. Incubations were performed in acetate
buffer (100 mM NaAc, 88 mM NaCl, pH 5.5) for 90 min. The reduction
process was stopped after addition of excess NEM (see Materials and
methods). The molecular weights were estimated by plotting the molecu-
lar weights of the injected standards against their retention times. The
first peak corresponded to a molecular mass of 90 kDa (OV-TL3 F(ab’), )
and the second with 43 kDa (OV-TL3 Fab').

great importance for in vivo use of Fab' vesicles. In this
way the Fc receptor of macrophages is not activated and
elimination of the liposome, by the mononuclear phago-
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cyte system (MPS), might be reduced and slowed down
[14].

3.3. Optimization of the coupling of Fab' to MLV

Coupling of a (sulfhydryl-group exposing) protein to
liposomes containing maleimide residues merely requires
mixing of the liposomes and the protein, which has been
reduced and separated from DTT. The coupling efficiency
was Investigated under various reaction conditions. The
liposomes used were composed of PC, PG, Chol and 2.5
mol% MPB-PE (38.5:4:16:1.5 molar ratio).

The stability of the maleimide group of MPB-PE 1is
known to be sensitive to pH [41]. Especially at pH values
greater than 7.0 rapid degradation of the maleimide residue
has been reported [42]. A pH of 6.5 was recommended for
use in the coupling reaction [22,43]. This pH was also used
in our studies. However, as the marker carboxyfluorescein
(CF), occasionally entrapped to monitor cell binding, be-
comes protonized and loses its charge at low pH [28,44],
the preformed MPB-PE liposomes were prepared and stored
at a pH of 7.4. The MPB-PE vesicles were used as freshly
as possible; the maleimide function was exposed to pH 7.4
for maximally 8 h. Nevertheless, it was investigated
whether the relatively short exposure to pH 7.4 may cause
a significant loss of maleimide reactivity which might then
be expected to result in a drop in coupling efficiency.
Liposomes containing 2.5 mol% MPB-PE were prepared at
pH 3.5 as well as at pH 7.4 under standard experimental
conditions (described in Materials and methods). Fab’
fragments were coupled to the freshly prepared vesicles at
pH 6.5. The protein to lipid ratios (coupling ratios) were
similar and amounted to 9.5 wg Fab'/umol TL and 10.7
wg Fab’ / uwmol TL for the ‘pH 5.5 dispersion’ and the ‘ pH
7.4 dispersion’, respectively. These results indicate that we
could use a pH of 7.4 during our standard preparation
procedure prior to Fab’ coupling. Results of Peeters et al.

Table 1|
Coupling cfficiency and incubation time
Incubation  Incubation Coupling Coupling
time temperature ratio ctficiency ®
(h) ¢ O (pg Fab' / umol TL)Y (%)

(1.5 20) 2.8 3

1.5 2() 6.0} 17
14 4 11 il

Freshly prepared OV-TL3 Fab'-fragments (0.37 mg/ml) were incubated
with MPB-PE liposomes (PC /PG /Chol/MPB-PE; 38.5:4:16:1.5) (10.4
uwmol TL/ml) under Ny atmosphere. At the time indicated the reaction
was stopped by addition of excess NEM, The coupling ratio at cach time
point was determined following separation of Fab'-liposomes from unre-
acted Fab'-fragments by ultracentrifugation as described in Materials and
methods. A typical experiment out of two performed is shown,

" Coupling efficicncy (%) was calculated by dividing the final coupling
ratio by the ratio of protein to lipid present during the coupling reaction X
100%.

[45] and Loughrey et al. [42] indicate that the exposure to
pH 7.4 for prolonged periods (> 8 h) results in a decrease
of coupling efficiency. Therefore, in line with their results,
the time span between the start and the end of exposure to
this pH never exceeded & h.

[t has been reported that an incubation time of 6 h is
sufficient for protein conjugation to MPB-PE liposomes
[43]. For reasons of practical convenience it was examined
whether the coupling reaction could proceed overnight
Table 1 presents results of the effect of incubation
time /temperature on the coupling ratio of the reaction
product. It was found that under typical reaction conditions
as described in Materials and methods much more of the
added OV-TL3 Fab' was coupled to the liposomes
overnight (14 h) than in the shorter incubation time peri-
ods. Bredehorst et al. [46] studied the time course of the
coupling reaction over a period of 20 h. They observed
that the coupling ratio reached a plateau value in about 5 h
after start of incubation. Based on their and our results, it

Antigen combining sites

. AN

F (ab

MPB-PE liposome

2 Fab'

Fab'-immunoliposome

Fig. 3. Schematic representation of the coupling of Fab' fragments to MPB-PE liposomes, F(ab'), fragments are prepared by pepsin digestion of [gG. Fab’
fragments are gencrated by reduction of F(ab'), with DTT at pH 5.5. After removal of DTT, Fab' fragments are immediately mixed with MPB-PE
liposomes at pH 6.5 and allowed to react under N, atmosphere overnight. The sulfhydryl group of the Fab' fragment forms a stable thioether cross-linkage
with the doublc bond of the malcimide moiety on the surface of the MPB-PE liposomes (from Ref. {22]).
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Table 2
Effect of mol fraction of liposomal MPB-PE on the coupling etficiency
MPB-PE Incubation
(mol %) ratio ®
( g Fab’ /umol TL)
0 47
1 40
2.5 36
5 37
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Coupling Coupling
ratio cfficiency °
( wg Fab' /umol TL) (%)

0.04 0.09

9.1 23
11 31
17 46

Freshly reduced OV-TL3 Fab’-fragments (0.37 mg/ml) were mixed with different MPB-PE-liposome dispersions varying in mol% MPB-PE

(PC/PG /Chol /MPB-PE; 40 — x:4:16:x) (7.8~10.4 umol TL /ml) and allowed to react under N, atmosphere at 4° C for 14 h. The coupling ratio was
determined following separation of Fab'-liposomes from unreacted Fab'-fragments by ultracentrifugation as described in Materials and methods. A typical

experiment out of two performed is shown.
" Ratio of protein and lipid present during the coupling reaction.

" Coupling efficiency (%) was calculated by dividing the coupling ratio by the ratio of protein to lipid present during the coupling reaction X 100%.

was decided to use overnight incubation for Fab' coupling
at 4° C.

An mmportant factor influencing the ultimate coupling
ratio (expressed as ug Fab’' /umol TL) is the mol fraction
of MPB-PE 1in the liposomes. Table 2 shows the increase
in the amount of coupled Fab’ with an increasing mol
fraction of MPB-PE. No nonspecific binding of Fab' to the
liposomes was observed (Table 2). Coupling efficiencies
of up to 30 to 50% were readily achieved under the
standard experimental conditions employed (as described
in Materials and methods). The efficient coupling of pro-
tein to liposomes containing lower levels of MPB-PE is of
particular importance as higher concentrations of this an-
chor molecule (> 2.5 mol%) dramatically affected lipo-
some stability {46]. For this reason we have chosen, as
other investigators {22,47], 2.5 mol% MPB-PE (on a total
lipid basis) as the standard maleimide content of the
liposomes.

The amount of coupled Fab' molecules to 2.5 mol%
MPB-PE liposomes could be varied by changing the initial
Fab’ concentration or by changing the liposome concentra-
tion in the coupling reaction mixture (Fig. 4). The relation-
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ship between coupling ratio and Fab’' concentration ap-
peared to be linear over the concentration range from 0.1
to 0.7 mg/ml of Fab’ fragments. In addition, the coupling
ratio appears to be inversely correlated with the total
liposome concentration in the reaction mixture. Interest-
ingly, by increasing the Fab' concentration or decreasing
the lipid concentration in the incubation mixture the cou-
pling efficiency increased and leveled off at 30%. Flexibil-
ity of the method for adjusting desired coupling ratios i1s
illustrated. Routinely, we used approx. 0.3—0.4 ug Fab' /ml
and approx. 8-12 umol TL /ml for the preparation of
OV-TL3 (and RIV1000) immunoliposomes.

3.4. Characterization

A proper physicochemical characterization of 1immuno-
liposomes 18 not always included in the literature reports.
The physicochemical properties of immunoliposomes will
strongly influence their disposition in vivo and their behav-
ior in vitro [48,49]. Therefore, it is important to prepare
immunoliposomes well characterized in terms of Fab' cou-
pling ratio, particle size and surface charge, with accept-
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Fig. 4. Coupling of Fab’' to liposomes: Fab’ concentration (Jeft) and lipid concentration (right) dependence. PC /PG /Chol /MPB-PE (38.5:4:16:1.5, molar
ratio) liposomes (left panel: 10.2 wmol TL/ml; right panel: various concentrations) were incubated under N, atmosphere at 4° C in acetate buffer (100
mM NaAc, 88 mM NaCl, pH 6.5) overnight with freshly prepared OV-TL3 Fab' fragments (left panel: various concentrations; right panel 0.18 mg
Fab'/ml). The coupling ratio (ug Fab’'/umol TL) was determined following separation of Fab’ liposomes from unreacted Fab' fragments by
ultracentrifugation as described in Materials and methods. Coupling efficiency (%) was calculated by dividing the coupling ratio by the ratio of protein to
lipid present during the coupling reaction X 100%. Results of a typical experiment out of three performed are shown.
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able long term stability and preservation of immuno-
reactivity.

Characteristics of standard preparations of the OV-TL3
and the RIV1000 immunoliposomes are presented in Table
3. The protein to lipid (coupling ratio) varied only slightly
between the different immunoliposome preparations. It
was estimated that at a coupling ratio of 10 ug Fab’ / wmol
TL approx. 240 Fab’ molecules were present on one
liposome particle. By covalent attachment of OQV-TL3 Fab’
fragments to the MPB-PE liposomes the negative zeta-
potential was altered from —244+2 mVto —17+ 1 mV
for the MPB-PE liposomes and the OV-TL3 immunolipo-
somes, respectively. The mean diameter was found to be
approx. 0.25 um with low polydispersity indices for both
MPB-PE liposomes and immunoliposomes on the day of
preparation. Bredehorst et al. [46] observed that coupling
of Fab' fragments to liposomes containing 5 mol% MPB-
PE caused a Fab’ concentration-dependent increase in size
and polydispersity of the liposomes directly upon prepara-
tion. Under the experimental conditions used in this study
(see legend Table 3) these effects were of minor impor-
tance.

3.5. Stability

The following aspects concerning the stability of the
OV-TL3 immunoliposomes were examined: (1) the occur-
rence of changes in vesicle size; (2) retention of entrapped
contents; (3) influence of serum on the retention of en-
trapped contents; (4) preservation of immunoreactivity on
storage. The liposomes contained entrapped CF as a fluo-
rescent marker for monitoring liposomal stability.

0.36

(}'34 *' /?/G
|

0.32

-

NI

o0
- 4@

mcan particle sizc (pum)
-
)
O

0 7 14 2] 28
days

Fig. 5. Particle size stability of (immuno)liposomes as a function of Fab’
density. The mean particle diameter of liposomes with and without Fab’
OV-TL3 coupled was measured as described in Materials and methods at
various days after storage at 4° C under N, atmosphere. Results derived
from four preparations out of eleven preparations are shown. The S.D.
varies between 0.2 and 2% of the mean value. Coupling ratios amounted
to: (0) 21 wg Fab’/ umol TL, (M) 11 pg Fab’' / umol TL, (O) 4 ug
Fab’ / umol TL, and (@) 0 pg Fab' / umol TL (unconjugated MPB-PE
liposomes).

The mean particle size of immunoliposomes with differ-
ent coupling ratios (up to 21 wg Fab’'/umol TL) changed
slightly during storage of the dispersion at 4° C for a
period of 4 weeks (Fig. 5). No change in polydispersity
index was found for the MPB-PE liposomes (pd 0.15)
during 4 weeks of storage and a moderate increase in
polydispersity from 0.14 to 0.22 was measured for OV-TL3
immunoliposomes with a coupling ratio of 21 pug
Fab' /umol TL (results not shown). A slight increase in
mean particle size was observed with increasing number of
Fab' fragments coupled per liposome (Fig. 5). The loss of

Table 3

Characterization of standard preparations of MPB-PE liposomes, OV-TL3 immunoliposomes and RIV1000 immunoliposomes

Characteristics MPB-PE OV-TL3 RIV1000
liposomes immunoliposomes immunoliposomes

Coupling ratio ( g Fab’/umol TL) * ~ 102+ 1.5(n=2_8) 9.1+09(n=25)

Coupling cfficicncy (%) ° ~ 32 +8(n=17) 30 +6(n=4)

Estimated number of Fab’ per liposome © ~ 240 240

Zcta-potential (mV) ~24+2(n=25) ~17+1(n=4) -

Mean particle diameter ( wm) 0.26 + 0.03 (n=15) 0.25 + 0.02 (n = 8) 0.26 +0.02 (n=15)

Polydispersity index ° 0.16 + 0.04 (n = 5) 0.15 4+ 0.03 (n = 8) 0.15+04(n=>5)

MPB-PE liposomes, OV-TL3 and RIV1000 immunoliposomes were prepared according to the standard method described in Materials and methods.
Freshly reduced OV-TL3 and RIV1000 Fab'-fragments (concentrations varying between 0.29 and 0.37 mg /ml) were mixed with MPB-PE-liposomes
(PC/PG /Chol /MPB-PE; 38.5:4:16:1.5) (concentrations varying between 8.0-11.6 wmol TL /ml) and allowed to react under N, atmosphere at 4° C

overnight.
" The coupling ratio ( ug Fab' /mol TL) was determined following separation of Fab'-liposomes from unreacted Fab'-fragments by ultracentrifugation as

dc,scrlbcd in Materials and methods.

Coup]mg efficiency (%) was calculated by dividing the coupling ratio by the ratio of protein to lipid present during the coupling reaction X 100%.

‘ The number of Fab’ molecules coupled per liposome, at a coupling ratio of 10 ug Fab' / wmol TL, was estimated using the following assumptions: a
molecular weight of Fab’ of 50 kDa; surface area of 29 - 10!% wm?*/umol TL; an average number of 1.5 bilayers as determined for almost identically

prepared PC/PS /Chol (10:1:4) liposomes (25); mean particle diameter of 0.25 wm. A total liposomal surface area of 0.59 um?* per liposome and a

number of 5+ 10" liposomes per wmol TL were calculated.
Polydlspcrsuy index is a measure of the particle size distribution of the dispersion. This index ranges from 0 for an entirely monodisperse up to 1 for a

completely polydisperse dispersion.
Dashes indicate not determined.
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Fig. 6. Effect of the coupled amount Fab' on thc zeta-potential of
OV-TL3 immunoliposomes. Zeta-potentials of OV-TL3 1mmunolipo-
somes with varying coupling ratios arc presented. The data shown refer to
the preparations used for the experiment presented in Fig. 5.

CF over a 3-week period storage was minimal (< 5%;
results not shown). The permeability of liposomes was also
studied in the presence of fetal calf serum. The MPB-PE
liposomes and the OV-TL3 immunoliposomes showed only
minor CF leakage during incubation in 50% serum at
37°C for 2 days (results not shown). With respect to
preservation of immunoreactivity, the capacity of the im-
munoliposomes to bind to in vitro cultured ovarian carci-
noma cells was maintained after storage for 1 month at
4° C (results not shown).

Various coupling procedures have been reported with
detailed analysis of coupling efficiency, preservation of
antibody activity, and stability of the cross-link between
antibody and liposome [3]. However, very few studies
have addressed the stability of immunoliposomes on stor-
age. Bredehorst et al. [46] observed that covalent coupling
of Fab’ fragments to preformed MPB-PE liposomes can
have major effects on liposomal integrity, size, and poly-
dispersity. Such effects were not observed in this study. In
general, inclusion of sufficient amounts of cholesterol is
important to obtain liposomes with low permeability char-
acteristics [50]. In addition, it is likely that the presence of

6

nmol TL bound/10 cclis

0.01 0.1 1 10
liposomes added (ptmol TL/ml)

negatively charged molecules in the bilayers contributes to
prevention of aggregation (and /or fusion). The zeta-poten-
tial of the immunoliposomes and the Fab’ coupling ratio
appear to be linearly related: the higher the coupling ratio,
the lower the negative zeta-potential (Fig. 6). The decrease
in negative zeta-potential as a function of coupling ratio is
most likely related to our observation that the OV-TL3
Fab' fragments are positively charged at neutral pH (see
above). The neutralizing capacity of increasing amounts of
coupled Fab’' leading to reduced electrostatic repulsive
forces may induce a tendency of immunoliposomes to
aggregate. Interestingly, literature reports on increases in
size and polydispersity are based on studies employing
immunoliposomes with coupling ratios by far exceeding
those used in the present study [36,46].

3.6. Binding to ovarian carcinoma cells

As specific association of immunoliposomes with their
target cells 1s a necessary requirement for target-specific
drug delivery, we evaluated the binding of OV-TL3 im-
munoliposomes containing CF as an aqueous marker to the
OVCAR-4 human ovarian tumor cell line. Measurements
of cell binding after incubation with cells at 37° C may
include both binding and uptake; therefore, cell binding
was studied at 4° C since endocytosis does not occur at this
temperature [51,52). To show specificity of the OV-TL3
immunoliposomes towards the OVCAR-4 cells, negative
control binding experiments were performed. OV-TL3 im-
munoliposomes were incubated with nonovarian carci-
noma cells, the murine gastric squamous cell carcinoma
5D0O4 was used [35]. In addition, the degree of cell
binding towards OVCAR-4 was determined for nonspe-
cific immunoliposomes (bearing the irrelevant antibody
RIV1000), MPB-PE liposomes, liposomes without incor-
porated MPB-PE and liposomes without incorporated
MPB-PE preincubated with OV-TL3 Fab’' fragments. All
these negative control incubations resulted in very low
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Fig. 7. Cell binding: lipid concentration dependence. CF-containing (@) OV-TL3 immunoliposomes (11 wg Fab’/umol TL) and (X ) MPB-PE liposomes
were incubated at varying liposome concentrations with in vitro growing OVCAR-4 cells (10° cells /ml) for 90 min at 4° C. Results are presented as; (A)
the absolute amount of (immuno)liposomes bound and (B) % of added liposomes bound. Results of a typical experiment out of three performed are shown.
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Fig. 8. Cell binding: cell concentration dependence. CF-containing (@) OV-TL3 immunoliposomes (11 ug Fab'/umol TL) and ( X) MPB-PE liposomes
were incubated at a lipid concentration of 0.82 wmol TL/ml with in vitro growing OVCAR-4 cells at varying concentrations for 90 min at 4" ¢, Results
arc presented as: (A) the absolute amount of (immuno)liposomes bound and (B) % of added liposomes bound. Results of a typical experiment out of three

performed arc shown.

binding values. In Figs. 7-9 only the control data obtained
with MPB-PE liposomes and RIV1000 immunoliposomes
are presented.

Fig. 7 shows the degree of (immuno)liposome binding
to OVCAR-4 cells after 1.5 h of incubation at 4° C. As the
concentration of added OV-TL3 immunoliposomes was
increased (at a constant cell concentration), the absolute
amount of bound immunoliposomes increased (A), while
the fraction bound decreased (B). The opposite was the
case when the tumor cell concentration was increased (at a
constant liposome concentration) (Fig. 8). It was estimated
that approx. 3.5 - 10* liposomes were bound per cell at a
binding ratio of 70 nmol TL/10° cells (Fig. 8). Fig. 9
shows the dependency of the degree of cell binding on the
Incubation time. Under the chosen conditions, cell binding
was maximal within 0.5 h after start of the incubation,
demonstrating that an incubation time of 1.5 h was suffi-
cient. h

All 1n vitro incubations presented so far were performed
at 4° C. In view of the in vivo situation, it was of interest
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Fig. 9. Cell binding: incubation time dependence. CF-containing (@)
OV-TL3 immunoliposomes (9.7 wg Fab’ / wmol TL) and (X ) MPB-PE
liposomes were incubated at a lipid concentration of 0.27 wmol TL/ml
with in vitro growing OVCAR-4 cells (10° cells /ml) at 4° C. Results are
presented as the absolute amount of (immuno)liposomes bound. Results
of a typical experiment out of two performed are shown.

to compare the binding capacity of the OV-TL3 immunoli-
posomes at 4° C and at 37° C. As we observed cell-media-
ted leakage of liposomal CF during incubation at 37° C
[8,53,54], we did not use CF as liposomal marker. Instead
[*H]cholesteryloleoylether was incorporated in the liposo-
mal bilayers as this lipid has proven to be a reliable marker
for monitoring liposomes in vivo [55,56]. Fig. 10 shows
that the cell binding profiles obtained at both temperatures
are comparable. This finding suggests that, if internaliza-
tion of bound liposomes occurs, this process is relatively
slow. Recent experiments are in agreement with this sug-
gestion as they did not provide evidence for efficient
cellular internalization of the relatively large (about (.25
wum), cell-bound immunoliposomes (58], Internalization of
liposomes usually requires a high rate of internalization of
the surface receptor (e.g., the transferrin receptor will
usually internalize its ligand [59]) in combination with a
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Fig. 10. Cell binding: incubation temperature dependence. Radiolabeled
[3I*I]cholcsterylaleoylc:ther«con(ai‘ning, OV-TL3 immunoliposomes (6.5 ug
Fab' / wmol TL) and RIVINO0 immunoliposomes (4.0 wg Fab'/ wmal
TL) were incubated at varying lipid concentration with in vitro growing
OVCAR-4 cells (10° cells /ml) for 90 min at 4° C and 37° €, Results are
presented as % of added liposomes bound, OV-TL3 immunoliposomes
incubated at (O) 4° C and (@) 37° C. RIV1000 immunoliposomes incu-
bated at () 4° C and 37° C. Results of a lypical experiment are shown.
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small size (i.e., less than about 0.1 wm) of the bound

liposomes.
Specific binding was additionally demonstrated on 1n

vivo propagated OVCAR-4 cells harvested in ascites form.
As these cells grew 1n large cell clusters it was not
possible to determine the cell concentration. Therefore, no
comparison can be made with the 1n vitro propagated
OVCAR-4 cells with regard to cell binding capacity. The
incubations were performed by mixing (1:1) freshly har-
vested ascites with CF-containing (immuno)liposomes (16
wmol TL/ml). Under the experimental conditions cell
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binding percentages amounted to 34 + 1% (mean + S.D.
of three incubations) for the OV-TL3 immunoliposomes (6

g Fab’/umol TL) and 1.0% (mean of two incubations,
individual values deviated 0.1% from the mean) for MPB-
PE liposomes.

Finally, Fig. 11 shows electron micrographs of in vivo
growing OVCAR-4 cells 5 h after 1.p. administration of
(immuno)liposomes. These EM micrographs revealed im-
munoliposomes associated with exposed tumor cells con-
irming the ability of OV-TL3 immunoliposomes to bind
to ovarian carcinoma cells in vivo. Negative control exper-
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Fig. 11. Electron micrographs of i.p. growing OVCAR-4 cells 5 h after (immuno)liposome administration. OV-TL3 immunoliposomes (6 wg Fab’/ umol
TL) or unconjugated MPB-PE liposomes were administered i.p. (dose: 8 wmol TL/mouse) in OVCAR-4 tumor-bearing NMRI athymic nude mice. 5 h
after injection ascites was collected and treated as described in Materials and methods. Electron micrographs showing OVCAR-4 ascitic cells after
treatment with: (A) unconjugated MPB-PE liposomes, (B—D) OV-TL3 immunoliposomes. Bar indicates in: (A) 1.34 um, (B) 1.74 um, (C) 0.87 wm, and

(D) 0.2 pm.
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iments with MPB-PE liposomes did not reveal any interac-
tion upon 1nspection.

3.7. Concluding remarks

Immunoliposomes bearing antibodies which are di-
rected against cell surface antigens such as those associ-
ated with transformed cells, may have therapeutic poten-
tial. However, at the present time, such targeted liposomal
systems have mainly been used for in vitro applications
such as diagnostic assays [57]. In order to exploit the full
potential of antibody-targeted carrier systems a versatile
and reliable methodology for coupling is required. This
report addresses an established method for the binding of

g. 11 (continued).
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Fab' fragments of OV-TL3 (monoclonal anti-ovarian car
noma IgG) to liposomes (extrusion MLYV) containing the
anchor MPB-PE. The amount of protein bound to the
esicles can be controlled within limits by varying the
rotein and /or lipid concentration in the coupling reaction
ixture. The product was stable over at least 3 weeks in
terms of leakage of encapsulated CF, particle size and
ntigen binding capacity. OV-TL3 immunoliposomes were
own to bind specifically to OVCAR-4 target cells in
tro and in vivo. The subsequent events which follow cell
iposome

4

nding are currently under investigation since |
inding may not necessarily be followed by the delivery o
the encapsulated drug into the target cell. Uptake of i
munoliposomes by target cells has been shown to occur
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via receptor-mediated endocytosis, which varies consider-
ably from one surface receptor to another and from one
cell type to another [60]. Recent results from our labora-
tory did not provide evidence that internalization of OV-
TL3 immunoliposomes by the OVCAR-4 tumor cells 1s of
quantitative importance |58]. One future objective is to use
other homing ligands directed to surface receptors known
to be internalized by cells at a high rate, and conjugate
them with target cell specific small-sized immunolipo-
somes. Several other options for drug entry into the target
cell which do not depend on internalization of the carrier
are also under investigation. One option is that the encap-
sulated drug simply leaks out of the cell-bound immunoli-
posomes in the close proximity of the tumor cell. A
sufficiently high concentration gradient over the cell mem-
brane may result in considerable cellular drug uptake.
Special attention is additionally focused on the use of
‘special function’ immunoliposomes from which release of
entrapped agents 1s triggered by environmental manipula-
tions (e.g., by a slight change of the temperature or pH)
after their binding to the tumor cells [3,4]

Acknowledgements

The contributions of Dr. W. Jiskoot and Drs. V.H.M.
Deneer (Utrecht University) are gratefully acknowledged.

References

[1] Torchilin, V.P. (1985) CRC Crit, Rev. Ther, Drug Carrier Syst. 2,
65-115.
[2] Peeters, P.AM., Storm, G. and Crommelin, DJ.A. (1987) Adv.
Drug Decliv. Rev. 1, 249-266.
[3] Wright, S. and Huang, L. (1989) Adv. Drug Deliv. Rev. 3, 434-389.
[4] Vingerhoeds, M.H., Storm, G. and Crommelin, D.J.A. (1994) Im-
munomethods 4, 259-272.
[5] Leserman, L.D., Machy, P. and Barbet, J. (1981) Nature 293,
226—-228,
[6] Matthay. K.K., Heath, T.D. and Papahadjopoulos, D. (1984) Cancer
Res. 44, 18801886,
[7) Berinstein, N., Matthay, K.K., Papahadjopoulos, D., Levy, R. and
Sikic, B.l. (1987) Cancer Res. 47, 5954-5959.
(8] Straubinger, R.M., Lopez, N.G., Debs, R.J., Hong, K. and Papahad-
jopoulos, D. (1988) Cancer Res. 48, 5237-5245.
[9] Bankert, R.B., Yokota, S., Ghosh, S.K., Mayhew, E. and Jou, Y-H.
(1989) Cancer Res. 49, 301-308.
[10] Matthay, K.K., Abai, A.M., Cobb, S., Hong, K., Papahadjopoulos,
D. and Straubinger, R.M. (1989) Cancer Res. 49, 4879-4886.
[11] Hashimoto, Y., Sugawara, M., Masuko, T. and Hojo, H. (1983)
Cancer Res., 43, 5328-5334,
[12] Wolff, B. and Gregoriadis, G. (1984) Biochim. Biophys. Acta 802,
259-273.
[13] Udayachander, M., Meenakshi, A., Muthiah, R. and Sivanandham,
M. (1987) Int. J. Rad. Oncol. Biol, Phys. 13, 1713-1719.
[14] Debs, R.J., Heath, T.D. and Papahadjopoulos, D. (1987) Biochim.
Biophys. Acta 901, 183—190.
[15] Agrawal, A.K., Singhal, A. and Gupta, C.M. (1987) Biochem.
Biophys. Res. Commun, 148, 357-361.

[16] Pecters, P.A.M., Brunink, B.G., Eling, W.M.C. and Crommelin,
D.J.A. (1989) Biochim. Biophys. Acta 981, 269-276.

[17] Hughes, B.J.,, Kennel, S., Lee, R. and Huang, L. (1989) Cancer Res.
49, 6214-6220.

[18] Matzku, S., Krempel, H.,, Weckenmann, H.P., Schirrmacher, V.,
Sinn, H. and Stricker, H. (1990) Cancer Immunol. Immunother. 31,
285-291.

[19] Brenner, D.E. (1986) J. Clin. Oncol. 4, 1135~1147.

[20] Wolff, B.E. and Sugarbaker, P.H. (1988) Recent Results. Cancer
Res. 110, 254-273.

[21] Ralston, E., Hjelmeland, L.M., Klausner, R.D., Weinstein, J.N. and
Blumenthal, R. (1981) Biochim. Biophys. Acta 649, 133—-137.

[22] Martin, F.J. and Papahadjopoulos, D, (1982) J. Biol. Chem. 257,
286—288.

[23] Nissander, U.K., De Groot, G., De Jong, W.H., Storm, G., Hertog,
M.J.A.H,, Tjebbes, C.M., Wubs, K.L.., Van Hoesel, Q.G.C.M. and
Crommelin, D.J.A. (1992) In Liposomes, Immunoliposomes and
Ovarian Carcinoma (Nissander, U.K., ed.), PhD dissecrtation, pp.
71-92.

[24] Olson, F., Hunt, C.A., Szoka, F,, Vail, W.J. and Papahadjopoulos,
D. (1979) Biochim. Biophys. Acta 557, 9-23.

[25] Jousma, H., Talsma, H., Spies, F., Joosten, J.G.H., Junginger, H.E.
and Crommelin, D.J.A. (1987) Int. J. of Pharm. 35, 263-274.

[26] Fiske, C.H. and SubbaRow, Y. (1925) J. Biol. Chem. 66, 375-400.

[27] Wessel, D. and Fligge, UL (1984) Anal. Biochem. 138, 141~143,

[28] Weinstein, J.N., Ralston, E., Leserman, L.D., Klausner, R.D., Drag-
sten, P., Henkart, P. and Blumenthal, P. (1983) In Liposome Tech-
nology, Vol. 3 (Gregoriadis, G., ed.), pp. 183-204, CRC Press,
Boca Raton.

[29] Louie, K.G., Behrens, B.C., Kinsella, T.J., Hamilton, T.C.,
Grofzinger, K.R., McKoy, W.M., Winker, M.A. and Ozols, R.F.
(1985) Cancer Res. 45, 2110-2115.

[30] Hamilton, T.C., Young, R.C. and Ozols, R.F. (1984) Sem. Oncol.
11, 285-298.

[31] Rygaard, J. and Friis, C.W. (1974) Z. Versuchstierk. Bd. 16, 1-10.

[32] De Bruin, W.C. (1973) J. Ultrastruct. Res. 42, 87-93.

[33]) Poels, L.G., Peters, D., Van Megen, Y., Vooijs, G.P., Verheyen,
R.N.M., Willemen, A., Van Niekerk, C.C., Jap, P.H.K., Mungyer,
G. and Kenemans, P. (1986) I. Natl. Cancer. Inst. 76, 781-791,

[34] Leerling, M.F., Vaessen, L.M.B., Reubsaet, C.H.K., Weimar, W,
Ettekoven, H., Marsman, F.R. and Krecftenberg, J.G. (1990) Dev.
Biol. Standard. 71, 191-200.

[35] De Jong, W.H., Steerenberg, P.A., Kreeftenberg, J.G., Tiesjema,
R.H., Kruizinga, W., Van Noorle Jansen, L.M. and Ruitenberg, E.J.
(1984) Cancer Immunol. Immunother. 17, 18-27.

[36] Martin, F.J. and Kung, V.T. (1985) Ann. N.Y. Acad. Sci. 446,
443-456.

[37] Bangham, A.D., Standish, M.M. and Watkins, J.C. (1965) J. Mol.
Biol. 13, 238-252.

[38] Szoka, F.C. and Papahadjopoulos, D. (1980) Annu. Rev. Biophys.
Bioeng, 9, 467-508.

139] Nissander, U.K., Stecrenberg, P.A., Poppe, H., Storm, G., lap,
P.H.K., Poels, L.G., De Jong, W.H. and Crommelin, D.J.A. (1992)
Cancer Res. 52, 646-653.

[40] Wright, S. and Huang, L. (1989) Adv. Drug Deliv. Rev. 3, 434-389.

[41] Kitagawa, T., Shimozono, T. Aikawa, T., Yoshida, T. and
Nishimura, H. (1981) Chem. Pharm Bull. 29, 1130~1135.

[42) Loughrey, A.C., Choi, L.S., Cullis, P.R. and Bally, M.B. (1990) J.
Immunol. Meth. 132, 25-35.

[43] Heath, T.D. (1987) Methods Enzymol. 149, 111~119.

[44] Szoka Jr., F.C., Jacobson, K. and Papahadjopoulos, D. (1979)
Biochim. Biophys. Acta 551, 295-303.

[45] Peeters, P.A.M., Oussoren, C., Eling, W.M.C. and Crommelin,
D.J.A. (1990) J. Lip. Res. 1, 261—168.

[46] Bredehorst, R., Ligler, F.S., Kusterbeck, A.W., Chang, E.L., Gaber,
B.P. and Vogel, C.-W. (1986) Biochemistry 25, 5693-5698.



U.K. Nissander et al. / Biochimica et Biophysica Acta 1235 (1995) 126-139 139

[47] Derksen, J.T.P. and Scherphof, G.L. (1985) Biochim. Biophys. Acta
- 814, 151-155.

[48] Senior, J.H. (1987) CRC Crit. Rev. Ther. Drug Carrier Syst. 3,
123-193,

[49] Heath, T.D., Lopez, N.G. and Papahadjopoulos, D. (1985) Biochim.
Biophys. Acta 820, 74—84.

[50] Scherphof, G.L. (1986) In Lipids and Membranes: Past, Present and
Future (Op den Kamp, J.A.F., Roclofsen, B. and Wirtz, K.W.A.,
eds.), pp. 113-136, Elsevier, Amsterdam.

[51] Willingham, M.C. and Pastan, LH. (1983) in Receptor-mediated
Endocytosis: Receptors and recognition, Serics B, Vol. 15
(Cuatrecasas, P.and Roth, T.F., eds.), pp. 1-17, Chapman and Hall,
L.ondon.

[52] Uadia, P., Blair, A.H. and Ghose, T. (1985) Immunotherapy 16,
127-129.

[53] Van Renswoude, J. and Hoekstra, D. (1981) Biochemistry 20),
54()-546.

[S4] Fraley, R., Straubinger, R.M., Rule, G., Springer, E.L. and Papahad-
jopoulos, D. (1981) Biochemistry 20), 6978-6987.

[55] Pool, G.L., French, M.E., Edwards, R.A., Huang, L. and Lumb,
R.H. (1982) Lipids 17, 448-452.

[56] Stein, Y., Halperin, G. and Stein, O. (1980) FEBS Lett. 111,
104-106.

[57] Kung, V.T., Maxim, P.E., Veltri, R.W. and Martin, F.J. (1985)
Biochim. Biophys. Acta 839, 105-109.

[58] Storm, G., Nissander, U.K., Vingerhoeds, M.H., Steerenberg, P.A.
and Crommelin, D.J.A. (1994) J. Liposome Res, 4, 641-060.

[59] Matthay, K.K., Abai, A.M., Cobb, S., Hong, K., Papahadjopoulos,
D. and Straubinger, R.M. (1989) Cancer Res. 49, 4879-4886.

[60] Machy, P., Barbet, J. and Leserman, L.D. (1982) Proc. Natl. Acad.
Sci. USA 79, 4143-4152.



