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Potential therapeutic applications of recently developed liposomes with a reduced affinity to the
reticuloendothelial systems and a prolonged circulation time as targeting systems for lipophilic pro-
drugs were examined. In these studies, liposomes composed of phosphatidylcholine and cholesterol,
additionally containing monosialoganglioside (G,,,) or polyethylene glycol conjugated to phosphatidyl-
ethanolamine (PEG-PE), were used. Three antitumor lipophilic prodrugs, N-trifluoroacetyl-
adriamycin-14-valerate (AD32), araC-diphosphate-diglyceride (araCdPdG), and 3',5’-o-dipalmitoyl-5-
fluoro-2’-deoxyuridine (dpFUdR), were used to examine the effect of lipophilic prodrug incorporation
into long-circulating liposomes and immunoliposomes on their biodistribution in mouse. Biodistribu-
tion studies with antibody-free liposomes containing lipophilic prodrugs showed that the activities of
G,,; or PEG2000-PE in prolonging the circulation time of liposomes appeared to be preserved in the
presence of each of the three lipophilic prodrugs at a drug/lipid molar ratio of 3:97. The effect of
lipophilic prodrug incorporation on target binding of immunoliposomes was then examined using a
mouse model. Incorporation of AD32 or dpFUdR into immunoliposomes, directed to the normal
endothelium, did not affect the targetability of immunoliposomes, suggesting a potential effectiveness
of these lipophilic prodrug-containing immunoliposomes in therapy for lung tumors. On the contrary,
incorporation of araCdPdG resulted in significantly reduced target binding of immunoliposomes by yet

unknown mechanism(s).
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INTRODUCTION

Efficient cancer chemotherapy requires a high degree of
selective localization of cytotoxic drugs in the malignant tis-
sue. In this context, various drug targeting systems have
been proposed and investigated extensively for potential
therapeutic uses (for a review, see Ref. 1). Liposomes have
attracted considerable interest because of their favor-
able characteristics as drug carriers (for recent reviews, see
Ref. 2).

The biodistribution of liposomes in vivo has been stud-
ied exhaustively in the last decade (for a review, see Ref. 3).
These studies have clearly shown that conventional lipo-
somes exhibit a high affinity to the reticuloendothelial sys-
tem (RES)* and thus are inefficient in in vivo targeting to
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cells, tissues, or organs other than the RES. However, this
problem has recently been overcome with the development
of liposomes with reduced affinities for the RES and pro-
longed circulation times (for a review, see Ref. 4). Such
liposomes are constructed by altering the lipid composition
to include a specific amphiphile, such as monosialoganglio-
side (Gy,) or polyethylene glycol conjugated to phospha-
tidylethanolamine (PEG-PE). Selection of appropriate lipo-
some sizes also can be used for optimization (5). The use-
fulness of long-circulating liposomes in targeting to non-RES
tissues was first demonstrated by Gabizon and Papahadjo-
poulos (6). Liposomes with modified lipid composition were
able to accumulate in solid tumor more efficiently than did
conventional liposomes (6).

In addition to the above example of passive targeting of
liposomes to non-RES tissues, active targeting of liposomes,
which takes advantage of a ligand-receptor interaction, has
also been studied extensively. Antibody-directed liposomes,
or immunoliposomes, have been exploited due to their high
degree of specificity and versatility (for a review, see Ref. 7).

DTPA-SA, diethylenetriamine pentaacetic acid distearylamide
complex; Gy, monosialoganglioside; NGPE, N-glutaryl phospha-
tidylethanolamine; PBS, phosphate-buffered saline; PC, egg phos-
phatidylcholine; PEG, polyethylene glycol; PEG-PE, dioleoyl
N-(monomethoxy polyethylene glycol succinyl) phosphatidyl-
ethanolamine; RES, reticuloendothelial system.
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We have been using the mouse lung endothelium model for
characterization of in vivo targeting of immunoliposomes.
Monoclonal antibody 34A (MoAb 34A) binds specifically
with a glycoprotein antigen, thrombomodulin, expressed at
high concentrations on the lumenal surface of the capillary
endothelial cells of mouse lung (8). The i.v. injected MoAb
34 A-bearing liposomes (34A-liposomes) gain direct access to
the lung target and accumulate primarily in the lung and
secondarily in the liver (9). We have also shown that 34A-
liposomes designed to exhibit a reduced affinity to the RES
by inclusion of Gy, (10,11) or PEG2000-PE (12) in the lipid
composition exhibit more efficient target binding and also
longer retention at the lung target than immunoliposomes
with conventional lipid compositions. Thus, the use of lipo-
somes with prolonged circulation seems to result in im-
proved targeting to non-RES tissues.

In the present study, we have examined the drug deliv-
ery potential of the above novel classes of liposomes and
immunoliposomes using three lipophilic derivatives of cyto-
toxic drugs, i.e., N-trifluoroacetyladriamycin-14-valerate
(AD32) (13), araC-diphosphate-diglyceride (araCdPdG) (14),
and 3’,5’-o-dipalmitoyl-5-fluoro-2’-deoxyuridine (dpFUdR)
(15). Lipophilic prodrugs were chosen in this study because
of their excellent incorporation efficiency into liposomes.
However, it is possible that incorporation of prodrugs into
liposome membranes would modify the surface characteris-
tics of the liposomes. It is shown here that prodrugs can be
delivered to lung endothelium efficiently by liposomes with
modified lipid compositions.

MATERIALS AND METHODS

Materials

Egg phosphatidylcholine (PC) was obtained from Avanti
Polar Lipids Inc. (Birmingham, AL). Cholesterol (Chol),
polyethylene glycol (PEG) (average MW 8000), and dextran
(average MW 515,000) were from Sigma Chemical Co. (St.
Louis, MO). Bovine monosialoganglioside (G,,) was ob-
tained from Matreya Inc. (Mount Pleasant, PA), and PEG
(MW 2,000) was from Nippon Oil & Fats Co., Ltd.
(Tsukuba, Japan). N-trifluoroacetyladriamycin-14-valerate
(AD32) and araC-diphosphate-diglyceride (araCdPdG) were
kindly provided by Dr. M. Israel and Dr. J. G. Turcotte,
respectively, and 3',5'-o0-dipalmitoyl-5-fluoro-2’-deoxy-
uridine (dpFUdR) was from Dr. M. van Borssum Waalkes
and Dr. G. L. Scherphof. Synthesis of dioleoyl N-(mono-
methoxypolyethyleneglycol succinyl)phosphatidyl-
ethanolamine (PEG-PE) (16), diethylenetriamine pentaacetic
acid distearylamide complex (DTPA-SA) (17), N-glutaryl-
phosphatidylethanolamine (NGPE) (11), and biotinamido-
caproyl-phosphatidylethanolamine (biotin-cap-PE) (18) has
been described previously. Radiolabeling of DTPA-SA with
11 was performed as described previously (16). Rat MoAb
34A was purified from nu/nu mouse ascites fluid (8) and was
radiolabeled with '*°I using the Iodo-Gen method (Rockford,
IL) and conjugated with NGPE as described previously (19).

Liposome Preparations

Large unilamellar liposomes composed of PC/Chol (10:
5, mol/mol), PC/Chol/G,,, (10:5:1, mol/mol), and PC/Chol/
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PEG2000-PE (10:5:1, mol/mol) with or without a lipophilic
prodrug (AD32, araCdPdG or dpFUdR) at 3.0 mol% of the
lipid mixture were prepared by the extrusion method.
Briefly, the solvent free lipid mixture containing '''In-
labeled DTPA-SA, as a nonexchangeable and nonmetaboliz-
able lipid marker (17), at 1.0 mol% of the lipid mixture was
hydrated with phosphate-buffered saline (PBS) (pH 7.5)
overnight. The liposome suspension (2 mg of lipid/ml of
PBS) was extruded, at room temperature, 8—10 times
through stacked Nucleopore membranes (0.4- and 0.2-pm
pore size) using a syringe-type filter holder (Whatman, OL)
to generate liposomes with homogeneous size distributions.

The MoAb 34 A-bearing liposomes (34 A-liposomes) with
the modified lipid compositions were prepared by the deter-
gent-dialysis method as described previously (19). Briefly,
the lipid mixture containing 1.0 mol% ''!In-labeled DTPA-
SA, solubilized with octylglucoside in MES buffer (pH 5.0)
(lipid/octylglucoside = 1:5, mol/mol), was mixed with MoAb
34A conjugated with NGPE (normally, antibody/lipid = 1:4,
w/w), and detergent was removed by dialysis for 36 hr at
4°C. The resulting 34A-liposomes were extruded as de-
scribed above, and the unincorporated antibody was then
removed by column chromatography on BioGel A1.5M (Bio-
Rad Laboratories, NY). The liposome fractions were pooled
and diluted to 1 mg of lipid/mL of PBS. The antibody/lipid
weight ratio of the immunoliposomes was determined from
calculations with known specific activities of !!!In-lipids and
125T_antibody. The liposome suspension was further diluted
to ~20 pg of lipid/mL of PBS, and liposome size was deter-
mined by dynamic laser light scattering using a Coulter
N4SD instrument (Hialeah, FL) and is expressed as an av-
erage diameter with SD.

Liposome Partitioning Assay

An aqueous two-phase system composed of PEG and
dextran (20) was used in this study. Briefly, both PEG8000
and dextran were dissolved at 5% (w/w) in 0.01 M Na-
phosphate buffer (pH 6.8) containing 0.15 M NaCl (‘“‘non-
charged’’ phase system), and the phase system was allowed
to equilibrate overnight at room temperature. The PEG-rich
upper and dextran-rich lower phases were then separated
and kept at 4°C. For the liposome partitioning assay, '''In-
labeled liposomes (0.1 mg lipid in 50 ul PBS, pH 7.5) were
mixed with equal volumes (1 mL) of the upper and lower
phases in a 50 X 10-mm tube. Immediately after mixing by
repeated inversion for 1 min, 50 pL of the mixture was sam-
pled for total radioactivity counting. The mixture was left at
room temperature for 30 min to allow for phase separation,
and 100 pL of each phase was sampled to determine lipo-
some partitioning. The amount of liposomes localized at hor-
izontal interface was obtained by subtracting the sum of the
radioactivity in the upper and lower phases from the total
radioactivity. Data are expressed as the percentage of total
liposomes in the upper and lower phases and interface.

Liposome Agglutination Assay

Liposomes used in this study were prepared to include
biotin-cap-PE at 2.5 mol% of the lipid mixture (21). Agglu-
tination was initiated by mixing liposomes (60 pg phospho-
lipid in 560 pL PBS, pH 7.5) with streptavidin (10 j.g) in a
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microcuvette. The increase in turbidity was measured by
optical density at 440 nm after 12 min of incubation. Data are
expressed as the relative turbidity of the test liposomes to
that of control liposomes.

Liposome Biodistribution Study

111p.1 abeled liposomes with various lipid compositions
were injected i.v. into male Balb/c mice (6~8 weeks old) at a
dose of 0.2-0.4 mg lipid per mouse in 0.2 mL of PBS. Ad-
ministration of liposomes in this dose range does not cause
saturation of the liposome uptake by the RES, and the bio-
distribution of liposomes is independent of both the amount
and the number of injected liposomes. At specified time in-
tervals, mice were anesthetized, bled by retroorbital punc-
ture, and then sacrificed by cervical dislocation and dis-
sected. Blood and major organs including spleen, liver, lung,
heart, and kidney were collected and weighed. Biodistribu-
tion of liposomes was determined by analyses of '!'In radio-
activity in each organ using a Beckman gamma-counter.
Data are expressed as the percentage of the total injected
dose of liposomes in each organ. Accumulation of liposomes
in the RES is expressed as the sum of accumulation in the
liver and the spleen. Liposome levels in the blood were de-
termined by assuming that the blood volume of the mouse is
7.3% of the total body weight (22).

RESULTS

Incorporation of Lipophilic Prodrugs into Liposomes

Incorporation of all three lipophilic prodrugs at 3.0
mol% of the lipid mixture did not cause aggregation or pre-
cipitation of drugs and/or liposomes before or after the ex-
trusion procedure, indicating complete incorporation of li-
pophilic prodrugs at this concentration. Incorporation of li-
pophilic prodrugs at higher concentrations inhibited the
extrusion procedure due to insoluble unincorporated drug
molecules. To examine the long-term stability of liposomes
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containing lipophilic prodrugs, liposomes were stored at 4°C
and the diameters of liposomes were periodically determined
by dynamic laser light scattering. Liposome size (152-227
nm in average diameters), irrespective of lipid compositions
and lipophilic prodrug incorporation, tends to increase only
slightly (up to 15% of the original diameter) after 4 weeks of
storage, indicating that lipophilic prodrugs do not signifi-
cantly affect liposome stability in vitro.

Effect of Lipophilic Prodrug Incorporation on Surface
Polarity of Liposomes

One of the important factors determining the in vivo
distribution of liposomes is their surface polarity (20). We
have thus examined the effect of lipophilic prodrug incorpo-
ration on liposome surface polarity using an aqueous two-
phase partitioning assay. This system (PEG/dextran) with a
selected conditions can be used to monitor either surface
charge or hydrophobicity of liposomes (for a review, see
Ref. 23). To examine the relative surface hydrophobicity of
liposomes containing lipophilic prodrugs, a ‘‘noncharged”
phase system was used. The system is insensitive to the
surface charge of the liposomes, and partitioning behavior of
liposomes depends strongly on the surface hydrophobicity of
liposomes (23). Three liposomal formulations, PC/Chol, PC/
Chol/Gy,, and PC/Chol/PEG2000-PE, with or without li-
pophilic prodrugs at 3.0 mol% were prepared by the extru-
sion method, and average diameters of these liposomes
ranged from 152 to 227 nm. Partitioning of liposomes was
examined 30 min after mixing, and data are expressed as
percentage of total liposomes in two phases and at interface,
together with a respective upper/lower ratio (Table I). Lipo-
somes composed of PC and Chol are found mostly at the
interface (54%) and in the lower phase (42%). Inclusion of
Gy, into PC/Chol liposomes did not alter this partitioning
behavior. On the contrary, inclusion of PEG2000-PE re-
sulted in enhanced partitioning of the liposomes into the up-
per phase (81%), indicating an enhanced hydrophilicity of

Table I. Partitioning of Liposomes Containing Lipophilic Prodrugs in the Aqueous Two-Phase System”

% liposome added?

Drug
Lipid composition® incorporated® Upper phase Interface Lower phase Upper/lower Lower/interface
PC/Chol — 3.9(0.1) 54.4 (1.0) 41.7 (0.9) 0.09 0.77
PC/Chol AD32 4.1 (0.2) 43.5(2.5) 52.5(2.5) 0.08 1.21
PC/Chol AraCdPdG 3.4(0.2) 34.2(1.3) 62.4 (1.5) 0.05 1.83
PC/Chol dpFUdR 5.8 (0.5) 63.7 (3.0) 30.5 (2.6) 0.19 0.48
PC/Chol/GM1 — 3.2(0.1) 58.8 3.1) 38.0 3.0) 0.08 0.65
PC/Chol/GM1 AD32 3.6 (0.5) 56.6 (3.0) 39.8 (2.5) 0.09 0.70
PC/Chol/GM1 AraCdPdG 3.4 (0.0 42.7 (1.4) 53.9(1.4) 0.06 1.26
PC/Chol/GM1 - dpFUdR 3.6 (0.1) 62.9 (3.7) 33.6 (3.6) 0.11 0.53
PC/Chol/PEG2000-PE — 81.4 2.4) 14.0 (2.6) 4.6 (0.2) 17.7 0.33
PC/Chol/PEG2000-PE AD32 80.0 (0.8) 14.9 (0.8) 5.1(0.6) 15.7 0.34
PC/Chol/PEG2000-PE AraCdPdG 82.0 (3.6) 13.9 (3.8) 4.1(0.2) 20.0 0.30
PC/Chol/PEG2000-PE dpFUdR 78.9 (1.4) 17.0 (1.3) 4.1(0.3) 19.2 0.24

% The phase system composed of 5% (w/w) PEG/5% (w/w) dextran in 0.01 M Na-phosphate buffer (pH 6.8) containing 0.15 M NaCl was

used.

® Molar ratios are as described under Materials and Methods.

¢ Lipophilic prodrugs were incorporated at 3.0 mol% of the lipid mixture.

¢ Data are expressed as mean (SD); n = 3.
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PEG2000-PE-containing liposomes. Partitioning of PC/Chol
and PC/Chol/G,,, liposomes into the upper phase did not
change upon incorporation of each of the three lipophilic
prodrugs. However, incorporation of araCdPdG affected
partitioning of liposomes between the interface and the
lower phase. Incorporation of araCdPdG into PC/Chol and
PC/Chol/G,,; liposomes resulted in reduced localization at
interface with a concomitant increase in partitioning into the
lower phase. Incorporation of each of the three lipophilic
prodrugs into PC/Chol/PEG2000-PE liposomes did not affect
the partitioning of the parent liposomes.

Biodistribution of Antibody-Free Liposomes Containing
Lipophilic Prodrugs

We then examined whether prodrug incorporation into
liposomes affects the activities of Gy, and PEG2000-PE in
prolonging the circulation time of liposomes. In this study,
three liposomal formulations with or without 3.0 mol% each
lipophilic prodrug were prepared, with the average diameter
ranging from 161 to 231 nm. Liposomes were injected i.v.
into mice, and the biodistribution was examined 3 hr later.
This time point was chosen because liposomes of this size
range exhibit blood clearance half-lives between 0.5 and 7 hr
(12). Data are expressed as the percentage of injected dose of
liposomes in the blood and the RES, together with the re-
spective RES/blood ratios (Table II). Conventional lipo-
somes, composed of PC/Chol, cleared rapidly from the cir-
culation and accumulated preferentially in the RES, with a
RES/blood ratio of 5.3 at 3 hr post injection. Inclusion of
Gy or PEG2000-PE in the lipid composition resulted in sig-
nificantly increased level of liposomes in the blood, with
concomitant decreased accumulation in the RES. The RES/
blood ratios of G- and PEG2000-PE-containing liposomes
were 0.52 and 0.58, respectively, indicating a similar activity
of Gy, and PEG2000-PE in prolonging the circulation time of
liposomes. Inclusion of AD32 or dpFUdR in PC/Chol lipo-
somes did not cause a measurable alteration in their biodis-
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tribution behavior. On the other hand, inclusion of araCd-
PdG in PC/Chol liposomes increased the liposome level in
the circulation significantly, with a RES/blood ratio of 1.62.
Data in Table II also show that incorporation of each of
the three lipophilic prodrugs into Gyy,- or PEG2000-PE-
containing liposomes did not significantly affect the amount
of the parent liposomes remaining in the circulation, indicat-
ing that the activities of Gy, and PEG2000-PE in prolonging
the circulation time of liposomes were preserved even in the
presence of the lipophilic prodrugs in the liposomes.

Incorporation of Amphipathic Antibody into Lipophilic
Prodrug-Containing Liposomes

During the dialysis, extrusion, and chromatographic pu-
rification steps in the immunoliposome preparation, recov-
ery of lipids was 61-91%, as determined with !!'In-labeled
DTPA-SA (Table III). Nevertheless, the calculated relative
incorporation ratio of amphipathic antibody molecules into
liposomes after normalizing for the loss of lipids was nearly
the same (34-38%) in all liposome formulations. Thus, the
inclusion of lipophilic prodrug does not affect the incorpo-
ration of amphipathic antibody molecules into liposomes.

Target Binding of Immunoliposomes Containing
Lipophilic Prodrugs

Effect of lipophilic prodrug incorporation into immuno-
liposomes on their target binding was examined using the
MoAD 34A system. In this study, 34A-liposomes with the
lipid compositions of PC/Chol/G,,, and PC/Chol/PEG2000-
PE with or without 3.0 mol% lipophilic prodrug were pre-
pared and injected i.v. into mice. The antibody/lipid ratios
and average diameters of 34A-liposomes used in this study
ranged from 1:11.3 to 1:13.9 (w/w) and from 137 to 178 nm,
respectively. Lung binding and the RES uptake of 34A-
liposomes were examined 2 hr after injection, and values are

Table II. Biodistribution of Liposomes Containing Lipophilic. Prodrugs®

% injected dose?

Drug Average RES/blood

Lipid composition® incorporated® diameter (nm) Blood RES Other® ratio
PC/Chol —_ 208 (64) 13.8 (4.4) 73.0 (6.2) 2.2(0.6) 5.30
PC/Chol AD32 194 (71) 14.4 (0.7) 69.7 (3.2) 1.6 (0.2) 4.84
PC/Chol AraCdPdG 231 (86) 32.3 4.0) 52.2 4.1) 3.6 (0.2) 1.62
PC/Chol dpFUdR 198 (66) 22.0 (4.4) 64.8 (5.8) 2.8(0.2) 2.95
PC/Chol/GM1 — 205 (65) 54.1 (0.6) 28.2 (1.6) 4.9(0.7) - 0.52
PC/Chol/GM1 AD32 184 (61) 54.3(1.9) 28.5(1.9) 5.3(0.49) 0.52
PC/Chol/GM1 AraCdPdG 187 (57) 45.6 (0.9) 39.1 (1.9 3.5(0.2) 0.86
PC/Chol/GM1 dpFUdR 204 (71) 50.1 (3.2) 34.5(1.9) 4.3 (0.6) 0.69
PC/ChoV/PEG2000-PE — 184 (61) 50.9 (0.9) 29.7 (0.7) 4.4 (0.8) 0.58
PC/Chol/PEG2000-PE AD32 161 (52) 52.3(3.8) 27.1 (3.1 4.4 (0.5) 0.52
PC/Chol/PEG2000-PE AraCdPdG 160 (50) 47.4 (3.0) 30.3 (1.0) 4.3(1.0) 0.64
PC/Chol/PEG2000-PE dpFUdR 178 (59) 48.3 (4.3) 31.2 (2.1) 4.0 (0.9 0.65

¢ In-Labeled liposomes with the indicated lipid composition and average diameter were injected i.v. into mice at a dose of (0.4 mg

lipid/mouse. Biodistribution was examined 3 hr after injection.
& Molar ratios are as described under Materials and Methods.

¢ Lipophilic prodrugs were incorporated at 3.0 mol% of the lipid mixture.

¢ Data are expressed as mean (SD), n = 3.
¢ Others include lung, heart, and kidney.
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Table III. Incorporation of Amphipathic Antibody into Liposomes Containing Lipophilic Prodrug®

Recovery (%)¢

Drug Relative incorporation
Lipid composition® incorporated® 34A Lipids of 34A into liposomes (%)°
PC/Chol/GM1 — 31.2 90.6 34.4
PC/Chol/GM1 AD32 21.6 61.2 35.3
PC/Chol/GM1 AraCdPdG 33.7 89.6 37.6
PC/Chol/GM1 dpFUdR 28.3 79.3 35.7
PC/Chol/PEG2000-PE — 29.0 76.9 37.7
PC/Chol/PEG2000-PE AD32 253 729 34.7
PC/Chol/PEG2000-PE AraCdPdG 27.1 70.6 38.4
PC/Chol/PEG2000-PE dpFUdR 26.6 72.4 36.7

2 34A-Liposomes with the indicated lipid composition were prepared by the detergent-dialysis method

as described under Materials and Methods.
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® Molar ratios are as described under Materials and Methods.
¢ Lipophilic prodrugs were incorporated at 3.0 mol% of the lipid mixture.
4 Recoveries of 34A and lipids were determined by radioactivity counting of '*’I and !!!In, respec-

tively.

¢ Relative incorporation values of 34A into liposomes after normalizing for the recovery of lipids.

expressed as the percentage of injected dose (Table IV). The
target binding of the control 34A-liposomes without li-
pophilic prodrugs showed 48.6 and 49.3% for G,,- and
PEG2000-PE-containing 34A-liposomes, respectively. Inclu-
sion of AD32 or dpFUdR in these two immunoliposome for-
mulations did not cause a significant change in lung binding.
However, incorporation of araCdPdG resulted in a signifi-
cantly decreased lung binding (25.5%), with a concomitant
increase in the RES uptake of 34A-liposomes when this
prodrug was incorporated into PC/Chol/G,,, liposomes. On
the other hand, incorporation of araCdPdG into PC/Chol/
PEG2000-PE liposomes lowered the accumulation of lipo-
somes in the lung only shightly.

To verify the interference of araCdPdG on target bind-
ing of Gy -containing 34A-liposomes, 34A-liposomes with
lipid compositions of PC/Chol or PC/Chol/G,, with or with-
out 3.0 mol% araCdPdG were prepared with relatively low
antibody densities (antibody/lipid, 1:29-35, w/w) and were
injected i.v. into mice. Lung binding, RES uptake, and blood
level of 34A-liposomes were examined at different times af-
ter injections (Fig. 1). Clearly, lung binding of araCdPdG-

containing 34A-liposomes was lower than that of the respec-
tive control 34A-liposomes without araCdPdG. The liver up-
take of 34A-liposomes also increased when araCdPdG was
included in the lipid composition, although blood clearance
profiles were identical between the control and the araCd-
PdG-containing 34A-liposomes in both liposome formula-
tions.

One of the potential mechanisms of araCdPdG in less-
ening target binding of 34A-liposomes is that this prodrug
presents a steric barrier on the liposome surfaces such that
the antibody/antigen interactions are hindered. To test this
possibility, a liposome agglutination assay was used. Lipo-
somes used in this study were prepared to include biotin-
cap-PE at 2.5 mol% of the lipid mixture. When a steric
barrier is produced by an additional lipid component on
liposome surface, it reduces an effective interaction of
streptavidin with liposomal biotin-cap-PE, resulting in a re-
duced agglutination (12,21). Thus, the relative steric barrier
activity of a lipophilic prodrug can be assessed using this
assay. Results showed that araCdPdG, as well as AD32 and
dpFUdR, did not affect liposome agglutination (Table V),

Table IV. Target Binding of 34A-Liposomes Containing Lipophilic Prodrugs®

% injected dose?

Drug 34A:lipid Average
Lipid composition® incorporated® (w/w) diameter (nm) Lung RES Blood
PC/Chol/GM1 — 1:13.9 137 (40) 48.6 (1.3) 31.6 (1.2) 2.7(0.4)
PC/Chol/GM1 AD32 1:12.3 139 (40) 40.8 (2.0) 473 (2.2) 1.5 (0.3)
PC/Chol/GM1 AraCdPdG 1:13.6 146 (47) 25.5(1.3) 58.2(7.9) 2.1(0.5)
PC/Chol/GM1 dpFUdR 1:13.8 160 (51) 42.3(1.9) 44.2 (1.6) 2.2(0.1)
PC/Chol/PEG2000-PE — 1:11.3 158 (50) 49.3 (1.3) 25.7 (1.7) 5.6 (0.7)
PC/Chol/PEG2000-PE AD32 1:12.4 146 (46) 47.9 (0.8) 27.9 (0.8) 7.0 (0.3)
PC/Chol/PEG2000-PE AraCdPdG 1:11.7 153 (53) 41.5 (1.7) 33.3(0.9) S.8(1.1)
PC/Chol/PEG2000-PE dpFUdR 1:12.1 178 (57) 45.6 2.4) 29.0 (1.8) 6.1 (1.0)

¢ In-Labeled 34A-liposomes with the indicated lipid composition, 34A/lipid ratio, and average diameter were injected i.v. into mice at a dose
of 0.3 mg lipid/mouse. Biodistribution was examined 2 hr after injections.

& Molar ratios are as described under Materials and Methods.

¢ Lipophilic prodrugs were incorporated at 3.0 mol% of the lipid mixture.

4 Data are expressed as mean (SD), n = 3.
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Fig. 1. Lung binding and the RES uptake of 34A-liposomes contain-
ing araCdPdG. ''In-Labeled 34A-liposomes were injected i.v. into
mice. Liposome levels in the lung, RES, and blood were examined
at indicated intervals after injections and are expressed as percent-
age of injected dose. Bars represent SD (» = 3). Lipid composition,
antibody-to-lipid ratio (w/w), and average diameter of 34A-
liposomes were as follows: (OJ) PC/Chol (10:5, mol/mol), 1:33, 158
nm; (O) PC/ChoVaraCdPdG (10:5:0.46, mol/mol), 1:29, 157 nm; ()
PC/Chol/Gy, (10:5:1, mol/mol, 1:31, 154 nm; (@) PC/Chol/Gy,,/
araCdPdG (10:5:1:0.5, mol/mol), 1:35, 154 nm, respectively.

indicating only weak steric barrier activities of all three li-
pophilic prodrugs.

DISCUSSION

An advantage in using lipophilic drugs, instead of water-
soluble drugs, in liposomal targeting systems is their high
degrees of incorporation into liposomes due to their hydro-
phobic property. While water-soluble drugs generally show
poor incorporation efficiency, virtually complete incorpora-
tion of lipophilic prodrugs can be achieved by selecting a
drug concentration not exceeding the saturation level in the
lipid bilayers. From the pharmaceutical viewpoint, this
would be especially advantageous since no additional puri-
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Table V. Effect of Lipophilic Prodrug Incorporation on Streptavi-
din-Induced Agglutination of Liposomes Containing Biotin-Cap-PE

Drug Relative

Lipid composition® incorporated” turbidity®
PC/Chol/GM1 — 1.00
PC/Chol/GM1 AD32 0.92
PC/Chol/GM1 AraCdPdG 0.94
PC/Chol/GM1 dpFUdR 1.01

2 Molar ratios are as described under Materials and Methods.

b Lipophilic prodrugs were incorporated at 3.0 mol% of the lipid
mixture.

¢ Data are expressed as relative turbidity of the test liposomes to
that of control liposomes (PC/Chol/GM1).

fication step is necessary to separate liposomal drug formu-
lations from unincorporated drug molecules. The use of li-
posomal systems not only provides a way of drug solubili-
zation for i.v. administration but also may result in altered
biodistribution of lipophilic prodrugs, depending on the lipo-
somal system to be used. Since a large portion of lipophilic
prodrugs is incorporated into the bilayer phase of liposomes,
it is likely that some surface properties of liposomes and thus
their biodistribution profiles could be altered. We have pre-
viously reported that G,,, and PEG2000-PE show relatively
weak steric barrier activities on liposome surfaces and thus
do not interfere with target binding of immunoliposomes
(12). Furthermore, immunoliposomes containing these am-
phiphiles showed enhanced target binding due to their activ-
ities in prolonging the circulation time of liposomes (10-12).
In the present study, we have examined whether incorpora-
tion of lipophilic prodrugs into liposomes affects (i) in vitro
stability of liposomes, (ii) surface hydrophobicity of lipo-
somes, (iii) activities of G,,, and PEG2000-PE in prolonging
the circulation time of liposomes, (iv) preparation of immu-
noliposomes, and (v) target binding of immunoliposomes.
These studies are the first step toward potential uses of Gy,;-
or PEG2000-PE-containing liposomes and immunoliposomes
as a delivery system for lipophilic prodrugs.

Data in Table II clearly indicated that incorporation of
lipophilic prodrugs in liposomes at 3.0 mol% of the lipid
mixture does not affect the activities of Gy, and PEG2000-
PE in prolonging the circulation time of liposomes. Since
liposomes with prolonged circulation times accumulate more
effectively in solid tumors than do conventional liposomes
(6), these liposomes containing lipophilic prodrugs should
also accumulate effectively in the tumor. We have tested the
ability of lipophilic prodrug-containing, long-circulating lipo-
somes to accumulate in a mouse solid tumor model (EMT-6).
Results showed that, regardless of the presence/absence of
lipophilic prodrugs, long-circulating liposomes containing
Gy or PEG5000-PE accumulated in the tumor more effi-
ciently than did the conventional liposomes without Gy, or
PEGS5000-PE (Mori and Huang, unpublished data). Re-
cently, other investigators have reported improved thera-
peutic indices of cytotoxic drugs using long-circulating lipo-
somes as compared to conventional liposomes as drug car-
riers (24,25).

Although mechanisms of Gy, or PEG-PE in prolonging
the circulation time of liposomes are not clearly understood,
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increased hydrophilicity and/or steric barriers produced on
the liposome surface by these amphiphiles seems to be in-
volved in liposome stabilization event in the blood (for a
review, see Ref. 4), although we have previously suggested
the different mechanisms involved in Gy; and PEG-PE ac-
tions (12). Senior et al. (20) have suggested that PEG co-
valently attached to liposomes exerts its activity in prolong-
ing the circulation time of liposomes by increasing the sur-
face hydrophilicity of liposomes. Our liposome partitioning
assay also showed that PEG2000-PE-containing liposomes
exhibit enhanced hydrophilicity, as they partition predomi-
nantly into the upper PEG phase (Table I). However, inclu-
sion of G, another amphiphile having an activity in pro-
longing the circulation time of liposomes, into PC/Chol lipo-
somes does not affect surface polarity of liposomes (Table I),
suggesting that altered surface hydrophobicity may not be
involved in the mechanism of action for G,,,. Tagesson et al.
(26) have reported previously that liposomes with a high
affinity to the dextran phase in the noncharged phase system
were cleared from the circulation more rapidly. However,
our biodistribution study of araCdPdG-containing liposomes
showed that this prodrug also shows some activity in pro-
longing the circulation time of liposomes, despite the higher
affinity of these liposomes to the dextran phase than the
control liposomes (Table I). Although the relative contribu-
tion of liposome surface hydrophilicity to the mechanism of
prolonged circulation is not clear, the above results indicate
that it is not the only determining factor for long-circulating
liposomes.

Data in Table IV indicate that at least two lipophilic
prodrugs, AD32 and dpFUdR, can be incorporated into im-
munoliposomes without lessening their target binding effi-
ciency. It should be noted that, since target binding effi-
ciency of 34A-liposomes is a function of both the lipid com-
position of liposomes and the antibody/lipid ratio (9-12),
actual target binding can be further increased by using a
higher antibody density on the liposomes. Thus, a majority
of administered lipophilic prodrugs could be delivered to the
lung target via 34A-liposomes. This strategy seems to be
effective especially for drugs with narrow therapeutic indi-
ces. Liposomal formulations of dpFUdR have been studied
by several investigators (15,27,28). van Borssum Waalkes
and Scherphof (28) have reported that, although an antitu-
mor activity of liposomal dpFUdR is greatly enhanced in
liposomal formulations compared to its parent drug, FUdR,
liposomal dpFUdR also exhibits an increased toxicity to the
host due to the predominant localization of the drug in the
liver. Since 34A-liposomes are designed to deliver drugs to
the lung, while minimizing drug accumulation in the liver,
the combination of 34A-liposomes with dpFUdR seems to be
a potentially effective approach in therapy for lung tu-
mors. In the concept of this organ-specific immunolipo-
somes (29), the lipophilic prodrugs are expected to be re-
leased/transferred from the bound immunoliposomes (i.e.,
via the lipid exchange mechanism between the liposomes
and the cell membranes), diffuse through cell membranes,
and reach the tumor cells in the same organ where the pro-
drug can be converted to the parent drug. We have been
studying the therapeutic potential of dpFUdR-containing
34A-liposomes using an experimental mouse pulmonary me-
tastasis model. Preliminary results showed the effectiveness
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of these immunoliposomes in prolonging the survival time of
mice compared to the free drug (29).

Incorporation of araCdPdG into immunoliposomes
caused reduced target binding (Table IV and Fig. 1). The
mechanism of araCdPdG in lessening the target binding of
immunoliposomes is not known. We have previously ob-
served similar effects on target binding of immunoliposomes
by phosphatidylserine (PS) and PEG5000-PE. PS is well-
known to exhibit so-called ‘‘opsonin-like activity’’: its incor-
poration into liposomes makes them much more susceptible
to uptake by the RES (30). PS-containing immunoliposomes
are rapidly cleared from the circulation, thus resulting in a
reduced target binding (10). On the other hand, PEG5000-PE
exerts its inhibition effect on target binding of immunolipo-
somes via its overly strong steric barrier activity on the li-
posome surfaces, which presumably interferes with interac-
tions between the antibody and the target antigen (12,21).
However, it is unlikely that araCdPdG reduces target bind-
ing of immunoliposomes by the same mechanisms, since (i)
araCdPdG does not affect the activity of Gy, in prolonging
the circulation time of liposomes (Table II), and (ii) a strepta-
vidin-induced agglutination assay of liposomes containing bi-
otin-cap-PE showed that liposome agglutination was not in-
hibited by the incorporation of araCdPdG, indicating that the
steric barrier activity of araCdPdG was negligible (Table V).
It is possible that the presence of araCdPdG on the liposome
surfaces somehow alters the orientation of amphipathic an-
tibody molecules such that the Fc region of the antibody is
more exposed on the liposome surfaces and the antigen bind-
ing site is less available for target binding. It is also possible
that the free amino group of the ara-C moiety may interact
with lipid components and/or antibody molecules on the li-
posome surfaces, resulting in phase separation and thus re-
duced target binding efficiency of immunoliposomes. In this
regard, it is of interest to test the lipophilic prodrug of ara-C
with a blocked amino group (e.g., N*-acyl derivatives) for
immunotargeting of liposomes. Alternatively, liposomes
containing araCdPdG are less hydrophilic (Table I) and
might attract an increased amount of serum proteins to coat
liposome surfaces which then in turn modify the antibody
orientation. More experiments are needed to test these hy-
potheses.
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