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Abstract A previous study has shown that lipophilic
prodrugs can be delivered efficiently to normal lung
endothelium by incorporation into liposomes covalently
conjugated to monoclonal antibody (mAb) 34A against
the lung endothelial anticoagulant protein thrombomodu-
lin. In the present study, the potential use of these lung-
targeted immunoliposomes (34A-liposomes) for delivery of
a lipophilic prodrug, 3',5'-O-dipalmitoyl-5-fluoro-2’-de-
oxyuridine (dpFUdR), to the tumor-bearing lung was
examined using BALB/c mice bearing experimental lung
metastasis induced by iv. injection of EMT-6 mouse
mamimary tumor cells. Immunohistochemical examination
of the tumor-bearing lung showed specificity of mAb 34A
to lung endothelium. Tumor cells appeared to localize just
outside of the normal blood vessels and were within a small
diffusion distance from the mAb 34A-binding sites. H!In-
labeled 34A-liposomes containing monosialoganglioside
(Gmi) were prepared that included [*H]-dpFUdR at 3.0
mol% in the lipid mixture. In vitro cell binding studies
further demonstrated that 34A-liposomes bound specifi-
cally to normal mouse lung cells that expressed thrombo-
modulin but not to EMT-6 cells. Biodistribution study
showed efficient and immunospecific accumulation of
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[*H]-dpFUdR incorporated into 34A-liposomes in the
lung at a level parallel with that of !!lIn-labeled 34A-
liposomes, indicating that the drug is delivered to the
target organ in intact liposomes. Liposomal dpFUdR
appeared to be metabolized in the lung to the parent drug
FUdR at a rate slower than in the liver and spleen.
Furthermore, treatment of lung-metastasis-bearing mice
with dpFUdR incorporated into 34A-liposomes on days 1
and 3 after tumor cell injection resulted in a significant
increase in the median survival time of treated mice as
compared with control mice (%T/C value, 165%). dpFUdR
either dispersed in emulsion or incorporated into antibody-
free liposomes was ineffective in prolonging the survival of
mice. These results indicate the potential effectiveness of
organ-specific immunoliposomes containing a lipophilic
prodrug for the targeted therapy of metastatic tumors.
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Abbreviations Chol Cholesterol + dpFUdR 3',5'-O-dipal-
mitoyl-5-fluoro-2’-deoxyuridine « DTPA-SA diethylenetria-
mine pentaacetic acid distearylamide complex

Gmt monosialoganglioside + ICso 50% inhibitory concen-
tration * mAb monoclonal antibody + MST mean survival
time * NGPE N-glutaryl phosphatidylethanclamine - NMLC
normal mouse lung cells - OG octyl-B-p-glucopyranoside
PBS phosphate-buffered saline - PC egg phosphatidyl-
choline - %T/C (median survival time of treated mice
divided by the median survival time of control mice) x100
RES reticuloendothelial system

Introduction

The use of monoclonal antibodies (mAbs) for targeting
anticancer drugs to tumors has been a major area of
investigation in cancer research [l1-3]. Most anticancer
drugs are nonspecific in their actions. Low therapeutic
indices together with high toxicities of the drugs, arising



448

from nonspecific and unfavorable localization of the drug,
often limit their effectiveness. The ultimate goal of anti-
body-directed drug delivery is to improve the therapeutic
index of a drug by delivering it specifically to tumor cells
and minimizing accumulation in sensitive normal cells.
However, several limiting factors make such direct tumor
targeting inefficient. Even with tumor-selective mAbs,
efficient targeting to tumor cells in vivo is often hindered
by the inaccessibility of the target antigen due to poor
vascularization of the tumor [4]. Tumor cell heterogeneity
for antigen expression is also a problem in such a direct
immunotargeting approach.

We have been examining the potential of organ-specific
antibody-directed targeting of liposomes as an alternative
approach. Organ-specific immunotargeting takes advantage
of a relatively abundant antigen in the target organ. The use
of organ-specific immunotargeting may avoid some of the
problems found in direct immunotargeting to tumor cells.
MAD 34A has previously been shown to bind specifically to
a surface glycoprotein (P112), now identified as the endo-
thelial anticoagulant protein thrombomodulin, which is
expressed at high concentrations on the lumenal surface of
capillary endothelial cells of mouse lung [{5-7]. Systemi-
cally delivered mAb 34A accumulates selectively in the
mouse lung due to a highly accessible localization of the
target antigen [8].

Antibody-directed liposomes, or immunoliposomes,
have been studied extensively and show good promise for
liposome targeting [9]. One favorable characteristic of
liposomes as a drug-carrier system is their high degree of
drug-carrying capacity as compared with mAb directly
conjugated to a drug molecule [10]. In addition, both
hydrophobic and hydrophilic drugs can be loaded into
liposomes, irrespective of the chemical structure of the
drug. Thus, use of immunoliposomes potentially offers
both target specificity and versatility for anticancer drugs.

Initial studies with liposomes bearing mAb 34A (34A-
liposomes) showed efficient and immunospecific accumula-
tion of 34A-liposomes in the mouse lung [11-14]. Several
variables in immunoliposome construction have been opti-
mized for efficient target binding (for a review, see [15]).
Under optimal conditions, approximately 70% of the total
i.v. injected dose of 34A-liposomes accumulated in the lung
[16]. An important finding has been that when immunolipo-
somes were designed to exhibit a reduced affinity to the
reticuloendothelial cells in the liver and spleen by including
monosialoganglioside (Gm1) or polyethylene glycol conju-
gated to phosphatidylethanolamine (PEG-PE) in the lipid
composition, the resulting immunoliposomes showed more
efficient target binding and prolonged retention in the target
organ [16-18]. Furthermore, our recent studies have de-
monstrated that lipophilic prodrugs can be efficiently
delivered to lung endothelium by 34A-liposomes [19].

The present study was intended to examine further the
concept of organ-specific immunotargeting of liposomes for
lipophilic prodrug delivery. Using a mouse lung-metastasis
model, we examined the potential use of 34A-liposomes for
delivery of 3’,5'-O-dipalmitoyl-5-fluoro-2'-deoxyuridine
(dpFUdR), a lipophilic prodrug of 5-fluoro-2’-deoxyuri-

dine (FUdR), to the tumor-bearing lung. The results indi-
cate the effectiveness of organ-specific immunoliposomes
for the targeted therapy of metastatic tumors.

Materials and methods

Reagents

Egg phosphatidylcholine (PC) was obtained from Avanti Polar Lipids
Inc. (Birmingham, Ala.). Cholesterol (Chol) was obtained from Sigma
Chemical Co. (St. Louis, Mo.). Bovine monosialoganglioside (Gm1)
was obtained from Matreya Inc. (Mount Pleasant, Pa.). 1!!In and 1251
were supplied by New England Nuclear (Boston, Mass.). All other
chemicals were of reagent grade. Syntheses of diethylenetriamine
pentaacetic acid distearylamide complex (DTPA-SA) [20], dpFUdR
[21], and N-glutarylphosphatidylethanolamine (NGPE) [18] have been
described previously. Radiolabeling of DTPA-SA with 'llIn was
performed as described elsewhere [22]. [SH]-dpFUdR was synthesized
at a specific activity of ~35 pCi/mg as previously described [23].

Antibodies

Rat mAb 34A (IgG2a) recognizes thrombomodulin expressed in high
concentrations in the BALB/c lung endothelium [8]. Rat mAb 14
(1gG2a), which has no known binding specificity [24], was used as a
negative control. The mAbs were purified from nu/nu mouse ascites
fluid by ammonium sulfate precipitation followed by ion-exchange
chromatography on DES2 cellulose as described previously [25].
MAbs were radiolabeled with 1251 using the Iodo-Gen method
(Pierce, Rockford, Ill.) to a specific activity of ~4 x 105 cpm/ug
protein. 125[-labeled antibody was purified using a BioGel P-4 (Bio-
Rad, Richmond, Calif.) spin column.

Cell cultures

EMT-6 tumor, originally derived from a spontaneous breast tumor of a
female BALB/c mouse [26, 27], was obtained from the DCT Tumor
Repository, Frederick Cancer Research Facility, National Cancer
Institute (Frederick, Md.). The tumor was maintained in vivo by s.c.
implantation of tumor tissues into the left hind legs of female BALB/c
mice. A single-cell suspension was prepared from tumor tissue
dispersed by collagenase and was grown as monolayer cultures in
Waymouth’s medium supplemented with 15% (v/v) fetal calf serum
(FCS), penicillin (200 units/ml), and streptomycin (100 pg/ml} [27].
Normal mouse lung cells (NMLC) were prepared from a mixed
population of dissociated NMLC and grown in Dulbecco’s modified
Fagle’s medium (DMEM) supplemented with 10% (v/v) FCS [9].
These cells were nearly 100% positive when stained with fluorescent
mADb 34A (data not shown), indicating that they express thrombomo-
dulin. Cultures were maintained at 37 °C in a humidified atmosphere of
5% CO2/95% air. Cells were detached from the culture flask plate by
incubation in 0.05% trypsin/0.53 mM ethylenediaminetetraacetic acid
(EDTA) in Hank’s balanced salt solution (HBSS) at 37 °C.

Animals and metastasis model

Female BALB/c mice, 6—10 weeks old, were purchased from Charles
River Laboratories (Wilmington, Mass.). Experimental mouse lung
metastases were induced as follows [27]. Trypsinized EMT-6 tumor
cells were washed three times with serum-containing medium and
resuspended in Ca?+- and Mg?+-free HBSS at a concentration of 5 x 104
cells/ml. Cell viability was ascertained by trypan blue exclusion. Cells
were injected i.v. into mice (5 x 103 cells in 100 i per mouse) using a
tuberculin syringe with a 27-gauge 0.5-in. needle.



MADb distribution

For autoradiography experiments, BALB/c mice with EMT-6 tumor
cells growing in the lung from i.v. injection were injected with 1251-
labeled mAb 34A in phosphate-buffered saline (PBS; 1370 mM NaCl,
27 mM KCl, 15 mM KH2PO4, 1 mM NapHPOs;, pH 7.4) containing
bovine serum atbumin (5 mg/ml) at a dose of 8 ug protein in 100 pl per
mouse. At appropriate intervals, mice were killed by lethal injection of
Nembutal, and their lungs were inflated with 10% buffered formalin
through a tracheal catheter. The lungs were excised and fixed for 24 h
in the same fixative. Sections (~5 um) were cut from paraffin blocks,
deparaffinized, and dipped in Kodak NTB-2 emulsion before being
developed after 3 days of exposure. Slides were then stained with
hematoxylin and eosin, dehydrated, and coverslipped in Permount.

MADb derivatization

Conjugation of mAb 34A and mAb 14 with NGPE was performed as
described elsewhere [12, 28]. Briefly, NGPE dissolved in CHCls was
dried with Nz gas and vacuum-desiccated. The dried NGPE was then
solubilized with 0.15 M octyl-B-p-glucopyranoside (OG) at an NGPE/
OG ratio of 0.06:1 (mol/mol) in 2-[N-morpholino] ethanesulfonic acid
(MES) buffer (10 mM MES/150 mM NaCl, pH 5.0). Then 0.25 M
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) in H20 and
0.10 M N-hydroxysutfosuccinimide (Sulfo-NHS) in H2O were added to
the above NGPE reaction mixture to an NGPE/EDC/Sulfo-NHS molar
ratio of 1:50:20 and then incubated for 10 min at room temperature.
The mixture was peutralized with 100 mM HEPES buffer (pH 7.5) and
1 N NaOH to pH 7.5. Antibodies containing trace amounts of 125] label
were then added at an antibody/NGPE ratio of 1:20 (mol/mol) and
incubated for 8§ h at 4°C with gentle stirring. Antibody-NGPE
conjugates were stored at 4 °C until use.

Liposome preparation

Antibody-free (bare) liposomes and immunoliposomes composed of
PC/Chol/Gm1 (molar ratio, 10:5:1) with or without dpFUdR at 3.0
mol% of the lipid mixture were prepared by the detergent-dialysis
method as described previously [12, 28]. In some experiments, [3H]-
dpFUdR was included in the lipid mixture as a label. Briefly, the
solvent-free lipid mixture containing [WI]-DTPA-SA as a nonex-
changeable and nonmetabolizable lipid marker [20] at 1.0 mol% of the
lipid mixture was solubilized with OG in PBS (pH 7.4) at a lipid/OG
ratio of 1: 5 (mol/mol). The resultant solution was mixed vigorously
with mAb-NGPE conjngates at an antibody/lipid ratio of 1:4 ~ 1:8 (w/
w), and detergent was removed by dialysis against PBS (pH 7.4) for
36 h at 4 °C. Bare liposomes were prepared without addition of mAb-
NGPE conjugates before dialysis. The resulting liposomes were
extruded at room temperature eight to ten times through stacked
Nucleopore membranes (0.4- and 0.2-pum pore size; Costar, Cam-
bridge, Mass.) using a syringe-type filter holder (Whatman, OL) to
generate liposomes measuring ~200 nm in diameter with homogeneous
size distribution. Liposome size was determined by dynamic laser light
scattering using a Coulter N4SD instrument (Hialeah, Fla.) and was
expressed as the average diameter with SD. The extruded immunolipo-
some preparation was chromatographed on a BioGel A1.5M column
(Bio-Rad Laboratories, N.Y.) to remove unincorporated antibody.
Normally, ~40% of the amount of antibody added was incorporated
into liposomes. The liposome fractions were pooled and diluted
appropriately with PBS. The antibody/lipid weight ratio of immunoli-
posomes was determined by calculations using the specific activities of
[1In]-DTPA-SA and [125]]-antibody.

In vitro cell binding of liposomes
Win-labeled liposomes were prepared to include [3H}-dpFUdR at

3.0 mol% of the lipid mixture as described above. The EMT-6 cells
and NMLC were prepared as described above and plated onto 6-well
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plates at 5 x 105 cells in 2 ml of serum-containing medium in each
well. After incubation for 36 h at 37 °C, cells were washed with fresh
cold medium and kept in 0.9 ml of the same media for 1 h at 4 °C
before the addition of liposomes. Next, 100 ul of the liposome
suspension (2 wmol total lipid/ml) was added to each well to a final
lipid concentration of 200 nmol/ml. The cells were further incubated
for 1 h at 4 °C with liposomes. Cells were washed three times with cold
HBSS, detached from the plates by trypsinization with 1 ml trypsin-
EDTA solution, transferred to a 50- x 10-mum tube, and assayed for
iH]n radioactivity using a Beckman gamma-counter. For analysis of
cell-associated [3H]-dpFUdR, the cells were subsequently solubilized
with 0.5 ml Solvable (NEN) for 4 h at 50 °C and decolored with
hydrogen peroxide, and the radioactivity was determined in scintilla-
tion fluid (Ultima Gold; Packard Instrument Co., Downers Grove, I11.)
using a Beckman L.S-1801 counter. Data were expressed as amounts of
lipid (in nanomoles) and dpFUdR (in picomoles) bound to 106 cells as
determined by calculations using the specific activities of [!!1In]-
DTPA-SA and [3H]-dpFUdR, respectively.

In vitro cytotoxicity assay

Liposomes containing dpFUdR were prepared as described above.
NMLC and EMT-6 tumor cells were prepared as described above,
plated onto 24-well plates at 1 X 104 cells in 1 ml serum-containing
medium per well, and incubated for 24 h at 37 °C. After washing of the
cells, 1 ml of the medium containing varying concentrations
(0.1-5000 nM) of free FUdR (Sigma Chemical Co.) or dpFUdR
incorporated into liposomes was added. After incubation for 72 h at
37°C, the cells were washed three times with HBSS, trypsinized,
resuspended in sterile isotonic saline solution (Curtis Matheson Sci.
Inc., Marietta, Ga.), and enumerated using a model ZM Coulter
Counter. Data were expressed as the percentage of viable cells with
respect to the control cultures incubated in the medium without drugs.

Liposome biodistribution

In-labeled liposomes with or without [3H]-dpFUdR at 3.0 mol% of
the lipid mixture were prepared as described above and diluted to
1.0-1.6 mg lipid/mi PBS, then injected i.v. into mice at a dose of
0.2-0.3 mg lipid per mouse in 0.2 mi PBS. Administration of
liposomes in this dose range does not cause saturation of liposome
uptake by the reticuloendothelial system (RES), and the biodistribution
of liposomes is independent of both the amount and the number of
injected liposomes (data not shown). At specified intervals, mice were
lightly anesthetized, bled by retroorbital puncture, and then killed by
cervical dislocation. Major organs, including the lung, spleen, liver,
heart, and kidney, were collected and weighed. Biodistribution of
liposomes was determined by analysis of the MIn radioactivity in
each organ using a Beckman gamma-counter. For analysis of [3H]-
dpFUdR, weighed samples of blood and solid tissues were transfered to
glass scintillation vials, solubilized with Solvable at 50 °C according to
the manufacture’s instructions, decolored with hydrogen peroxide, and
analyzed for 3H radioactivity in scintillation fluid using a Beckman
counter. The radioactivity in each sample was corrected for quenching
using the internal standard method as described elsewhere [29]. Data
were expressed as percentages of the total injected dose of 11In-labeled
liposomes and [3H}-dpFUdR in each organ. Levels of liposomes and
dpFUdR in the blood were determined by assuming that the blood
volume of a mouse is 7.3% of the total body weight [30]. The amounts
in organs were corrected for blood contamination as previously
described [18].

Survival studies

Lung metastases were induced by i.v. injection of 5 x 103 EMT-6 tumor
cells into BALB/c mice as described above. Liposomes containing
dpFUdR were prepared as described above and dituted to 8.0 mg
lipid/ml or 0.25 mg dpFUdR/ml in PBS. dpFUdR in emulsion was
prepared using vegetable oil/Tween 20 (2:1, v/v) and diluted with PBS



to 0.25 mg dpFUdR/ml. The effect of dpFUdR incorporated into
liposomes on the overall survival of mice bearing EMT-6 lung
metastases was studied by the administration of 2 mg/kg dpFUdR
per treatment. Four different treatment groups of mice received PBS,
dpFUdR in emulsion, dpFUdR incorporated into bare liposomes, or
dpFUdR incorporated into 34A-liposomes. Treatments were given on
days 1 and 3 after the injection of tumor cells. Survival was examined
daily over a 60-day period. Tissues from autopsied animals were
examined by histology. The cause of death was usually lung hemor-
rhage due to tumor burden.

Restults

Distribution of mAb 34A in the mouse lung with growing
EMT-6 tumor

When EMT-6 tumor cells were injected i.v. into the BALB/c
mice, the mice developed tumor nodules in the lung with
virtually no growth of the tumor in any other organs [27]. To
examine locations of the target antigen of mAb 34A and
EMT-6 tumor cells in the lung, we injected 125]-labeled mAb
34A into mice bearing lung metastases and performed an
immunohistochemical analysis of the lung (Fig. 1). Sections
stained with hematoxylin and eosin (Fig. 1 a, ¢) showed that
metastatic EMT-6 tumor cells were growing around preex-
isting normal blood vessels in the lung. The tumor mass was
densely packed without well-developed neovascularization.
Subsequent autoradiography of serial sections (Fig. 1b, d)
showed that the normal blood vessels, but not the tumor-cell
mass, were labeled with mAb 34A to lung endothelium. It
was also clear at a higher magnification (Fig. 1 ¢, d) that the

Fig. 1 a—d Autoradiographic analyses of mouse lungs from animals
injected 7 days earlier with 1 x 104 EMT-6 cells. At 1 h before the
animals were killed, 8 pg %5]-labeled mAb 34A was injected i.v.
(~10,000 cpm/pg). Lungs were fixed in buffered formalin, paraffin
embedded, and sectioned for staining or autoradiography. a, ¢ Section
stained with hematoxylin and eosin (magnification, ca. 100 x}. b,d
Autoradiography with 1251-1abeled mAb 34A (magnification, ca. 640 x)

EMT-6 tumor at this stage of growth was within six to ten
cell layers of the lung endothelium.

In vitro cell binding of liposomes

The intense labeling of the normal lung capillaries observed
in the immunohistochemical analysis is due to a high
accessibility of mAb 34A to the target antigen [10].
EMT-6 tumor cells growing in the lung may not be readily
accessible to mAb 34A and, thus, may not be stained with
125]-labeled mAb 34A. To rule out this possibility and
demonstrate further the specificity of mAb 34A to lung
endothelium, we examined in vitro cell binding of 34A-
liposomes using normal mouse lung cells (NMLC) and
EMT-6 tumor cells. In this study, !liIn-labeled, bare, and
mAb 34A-/mAb 14-conjugated (34A-/14-) liposomes con-
taining [3H]-dpFUdR were prepared by the detergent-dialy-
sis method. Cells were incubated with liposomes for 1 h
at 4 °C.

As shown in Fig. 2, nonspecific binding of bare lipo-
somes composed of PC/Chol/Gmi (molar ratio, 10:5:1) to
NMLC as determined by analysis of cell-bound !iIn
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Fig. 2 a,b Binding of 34A-liposomes to a NMLC and b EMT-6 tumor
cells. NMLC and EMT-6 tumor cells were incubated at 4 °C with !!In-
labeled liposomes composed of PC/Chol/Gmi (molar ratio, 10:5:1),
additionally containing [*H]-dpFUdR at 3.0 mol% of the lipid mixture,
at a lipid concentration of 200 nmol/ml. Amounts of cell-bound
liposomes and dpFUdR were determined after 1 h of incubation and
were plotied as amounts of Iipid (nmol, 7 1) and dpFUdR (pmol, )
bound to 106 cells. In a competition experiment with free mAb 34A,
cells were preincubated for 1 h with a 10-fold excess amount of mAb
34A before addition of 34A-liposomes. Bar represent SD (n = 3).
Average diameters of bare, 34A-, and 14-liposomes were 142(56),
148(54), and 141(66) nm, respectively. Antibody/lipid weight ratios of
34A- and 14-liposomes were 1:8.6 and 1:7.1, respectively. Amounts of
34A-liposomes containing dpFUdR bound to NMLC differed signifi-
cantly from those of bare liposomes (P <0.003 for !!lIn; P <0.008 for
3H), 34A-liposomes with pretreatment with mAb 34A (P <0.001 for
Mn; P <0.001 for 3H), or 14-liposomes (P <0.001 for !ln;
P <0.001 for 3H).

451

radioactivity was 7.9 nmol lipid/106 cells (Fig. 2a). Incor-
poration of mAb 34A-NGPE conjugates into liposomes at an
antibody/lipid weight ratio of 1:8.6 resulted in an approxi-
mately 2-fold increase (14.7 nmol} in liposome binding to
NMLC. This enhanced binding of 34A-liposomes over bare
liposomes was almost completely blocked when cells were
preincubated with an excess amount of free mAb 34A.
Furthermore, 14-liposomes, control immunoliposomes,
with a similar antibody/lipid weight ratio (1:7.1) bound to
NMLC at the same level as the bare liposomes. Similarly, an
increased amount of cell-associated dpFUdR as determined
by analysis of 3H radioactivity was observed only when the
drug was incorporated into 34A-liposomes. These data
clearly show immunospecific interactions of 34A-lipo-
somes with NMLC. It was also noted that cell-bound
lipid/dpFUdR molar ratios were close to the initial molar
ratio of 97:3 in the liposome preparation, indicating that
intact liposomes bound to cells. Binding of liposomes to
EMT-6 cells was not significantly different for the 34A-
liposomes and the control 14-liposomes, with the amounts
of cell-bound lipid ranging from 5.0 to 6.1 nmol lipid/10¢
cells (Fig. 2b), indicating little, if any, immunospecific
interaction of 34A-liposomes with the EMT-6 tumor cells.
Binding of [*H]-dpFUdR to EMT-6 cells parallel to the
binding of 11lIn label (Fig. 2b), again showing no immunos-
pecific binding of the drug incorporated into 34A-lipo-
somes.

In vitro cytotoxicity of dpFUdR incorporated into
liposomes on NMLC and EMT-6 tumor cells

One potential problem in organ-specific immunotargeting is
the toxicity of the drug concentrated to the target organ.
Figure 3 shows the growth-inhibition curves generated for
NMLC and EMT-6 tumor cells continuously exposed to
dpFUdR incorporated into liposomes. Incubation of cells
with dpFUdR incorporated into 34A-liposomes resulted in
similar growth-inhibition curves for NMLC and EMT-6
tumor cells, with ICso values being approximately 9 and
7 ng/ml, respectively. These data indicate that both cells
show a similar sensitivity to dpFUdR when it is delivered by
liposomes.

Biodistribution of [3*H]-dpFUdR incorporated into
34A-liposomes

We have previously shown that incorporation of dpFUdR at
3.0 mol% of the lipid mixture does not alter 34A-liposomes
homing to the lung as analyzed with a lipid marker, [*11In]-
DTPA-SA [19]. Consequently, dpFUdR is expected to be
delivered efficiently to the lung by incorporation into 34A-
liposomes. For direct detection of a drug molecule in the
lung target, 1!lIn-labeled liposomes containing [3H]-
dpFUdR were prepared and injected into mice. The biodis-
tribution of liposomes and liposomal dpFUdR was exam-
ined at 2 h after injection by the analysis of 11iIn and 3H
radioactivity in tissues, respectively. This interval was
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Fig. 3 Growth inhibition of NMLC and EMT-6 tumor cells induced by
liposomal dpFUdR. NMLC (@) and EMT-6 tumor cells (O) were
incubated with the indicated concentrations of dpFUdR incorporated
into 34A-liposomes with the average diameter of 183(56) nm and an
antibody/lipid weight ratio of 1:10. Cells were enumerated after
incubation for 72 h. Cell numbers in cultures incubated in different
concentrations of drugs are expressed as percentages of the control
culture incubated in media without drugs. Bars represent SD (n = 5).

chosen since the maximal target binding of 34A-liposomes
is normally obtained at 15 min to 2 h after injection [15, 18].
Data were expressed as percentages of the injected dose of
liposomes and dpFUdR in the lung, blood, spleen and liver
(Table 1).

At 2 h after injection, the majority (51%) of the bare
liposomes persisted in the blood, whereas only a small
fraction (1.2%) accumulated in the lung as determined by
analysis of 1''In radioactivity. Analysis of [3H]-dpFUdR
showed that similar percentages of the total injected dose

of dpFUdR were detected in the blood (52%) and the lung
(1.3%), indicating that dpFUdR did not dissociate from the
liposomes and that the disposition of drug molecules
paralleled that of liposomal lipid at this interval. When
dpFUdR was incorporated into 34A-liposomes with an
antibody/lipid weight ratio of 1:8.6, the level of dpFUdR
accumulation in the lung was 56% of the total injected dose,
in accordance with the level of accumulation of 34A-
liposomes (52%) in this organ. Thus, with the total injected
dose of dpFUdR (10 pg/mouse), 5.6 pg dpFUdR accumu-
lated in the lung at 2 h after injection. Lung binding of 34A-
liposomes was completely blocked by preinjection of an
excess of free mAb 34A, indicating that the observed
accumulation of 34A-liposomes was due to immunospeci-
fic interactions with the lung. Furthermore, dpFUdR incor-
porated into 14-liposomes with a similar antibody/lipid
weight ratio (1:7.1) did not show any significant accumula-
tion in the lung. Thus, the biodistribution of dpFUdR
depends on the liposomes to be used for incorporation,
and dpFUdR can be efficiently delivered to the lung by its
incorporation into 34A-liposomes. Both 34A-liposomes,
with preinjection of free mAb 34A, and 14-liposomes
showed increased accumulation in the liver (56% and
36%, respectively) as compared with bare liposomes
(19%), presumably as a result of- Fc receptor-mediated
uptake of these immunoliposomes by this organ [31, 32].
Biodistribution data obtained on [3H]-dpFUdR-contain-
ing bare and 34A-liposomes at 5 h after injection showed
substantially lower levels of [3H]-dpFUdR in the spleen and
liver as compared with the levels of 11lIn-labeled liposome
accumulation in these organs. For example, 24% of the total
injected dose of 34A-liposomes accumulated in the liver,
whereas only 13% of the total injected dose of dpFUdR was
detected in this organ at 5 h after injection. The total
recovery in major organs at 5 h after the injection of [3H]-
dpFUdR incorporated into bare and 34A-liposomes was
51% and 64%, respectively, whereas that of !!lIn-labeled

Table 1 Biodistribution of !!!In-labeled liposomes containing [*H]-dpFUdR#

LiposomesP Time (h) % Injected dosec
Lung Blood Spleen Liver
1i]p 3H Wn 3H iy 3H 111 3
Bare liposomes 2 1.2 (0.3) 1.3 (0.1) 50.7 (64) 51.9 (4.9) 14.6 (0.6) 5.5(0.1) 18.7 (1.0) 17.8(1.4)
5 0.9 (0.2) 0.8 (0.0) 272 (14) 309 (3.1) 20.5 (0.5) 4.3 (0.3) 31.2(1.5) 129(1.1)
34A-liposomes 2 52.1 (0.35) 56.4(1.2) 4.1(0.7) 6.8 (0.6) 2.8 (0.3) 2.1(0.2) 17.6 (1.7)  16.5 (0.6)
5 479 (3.8) 41.0(3.8) 3.4 (0.9) 5.9 (0.6) 4.8 (09) 22(0.3) 242 (2.0) 12.7 (0.5)
mADb 34A/ 2 1.3 (0.5) 1.3 (0.3) 31.6 (43) 33.2(6.2) 5004 4719 559 (6.4) 46.8 (4.7)
34A-liposomesd
14-liposomes 2 2.3 (0.4) 2.9 (0.5) 45.8 (3.1)  40.0 (3.3) 2.7 0.1y 1.9(0.1) 36.3 (1.9 29.8(1.9)

a Ulp-labeled liposomes composed of PC/Chol/Gmi (molar ratio,
10:5:1) additionally containing [3H]-dpFUdR at 3 mol% in the lipid
mixture were injected i.v. into mice at 0.32 mg lipid and 10 ug
dpFUdR per mouse. The biodistribution of [!1!In]-liposomes and [*H]-
dpFUdR was examined at the indicated intervals and expressed as the
percentage of the injected dose detected in the lung, blood, spleen, and
liver.

b Average diameters of bare, 34A-, and 14-liposomes were 225(76),
191(60), and 141(66) nm, respectively. Antibody/lipid weight ratios of
34A- and 14-liposomes were 1:8.4 and 1:7.1, respectively.

c Data are expressed as mean values (SD), n = 3.

d PFree mAb 34A was injected i. v. into mice at 500 ug per mouse at | h
prior to the injection of 34A-liposomes.
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Fig. 4 Retention of [3H]-dpFUdR incorporated into 34A-liposomes in
the lung. "n-labeled 34A-liposomes composed of PC/Chol/Gmi
(molar ratio, 10:5:1) additionally containing [3H]-dpFUdR at
3.0 mol% in the lipid mixture were prepared by the detergent-dialysis
method with an average diameter of 174(81) nm and an antibody/lipid
weight ratio of 1:17. Liposomes were injected i.v. into mice at 0.32 mg
lipid and 10 pg dpFUdR per mouse. Levels of (@) !!lIn-labeled
liposomes and (O) 3H-labeled drug in the lung were examined at the
indicated intervals and expressed as the percentage of the injected
dose. Bars represent SD (n = 3).

Table 2 Effect of injection frequency on the target binding of 34A-
liposomesa

Number of % Injected doseb
Injection
Lung Blood Spleen Liver

1 437 (3.0) 23222 42(0.6) 20.1 (2.2)
2 41009  2993.0) 6.1(04) 20721
3 290(28) 2493.0 8202 40.4 (5.3)
4 216 (1.8) 21.8(0.6) 6.4(0.2) 49.9 (4.9)
5 253) 12219 62(55) 81.4 (3.2)
6 1.6 (0.3) 9.2(0.4) 55(0.5) 82.9 (0.3)

a WUln-labeled 34A-liposomes composed of PC/Chol/Gmi (molar
ratio, 10:5:1) with an average diameter of 199(55) nm and an
antibody/lipid weight ratio of 1:20 were repeatedly injected i.v. into
mice every other day at 0.2 mg lipid per mouse. The biodistribution of
liposomes was examined at 15 min after injection and was expressed as
the percentage of the injected dose detected in the lung, blood, spleen,
and liver.

b Data are expressed as mean values (SD), n = 3.

liposomes was 81% and 85%, respectively. The difference in
the total recovery of 1!1In versus 3H label was accounted for
mainly by the lower levels of 3H label detected in the spleen
and liver. These data indicate rapid intracellular metabolism
of liposomal [3H]}-dpFUdR in these organs. On the other
hand, in the case of 34A-liposomes, only a slightly lower
level (41%) of 3H label than of 1'1In label (48%) remained in
the lung at 5 h after injection, suggesting that once bound to
the endothelial cells, liposomal dpFUdR is metabolized
more slowly there than in the spleen and liver, where it is
mainly taken up by macrophages.
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To examine the residence time in the lung of dpFUdR
delivered by incorporation into 34A-liposomes, the level of
n-labeled 34A-liposomes containing [3H]-dpFUdR was
examined at different intervals after injection (Fig. 4). The
level of 34A-liposomes in the lung decreased slowly with a
half-life of approximately 72 h. The drug level in the lung
decreased relatively rapidly with a half-life of approximate-
ly 12 h. The observed decrease in the drug level in the lung
was presumably due to intracellular metabolism of the drug.
Thin-layer chromatographic analyses of the drug in CHCl3
extract showed that approximately 55% and 20% of the 3H-
labeled drug detected in the lung was the 3'/5'-monopalmi-
oyl form and the fully hydrolyzed form, respectively (data
not shown), suggesting that the prodrug was in fact activated
in the lung.

Effect of injection frequency on target binding of
34A-liposomes

For an effective tumor therapy protocol, multiple treatments
with drug-containing immunoliposomes would be desirable.
We thus studied the effect of injection frequency on the level
of lung accumulation of 34A-liposomes. 111In-labeled 34A-
liposomes with an antibody/lipid weight ratio of 1:20 were
injected into mice every other day, and the biodistribution
was determined at 15 min after each injection. As shown in
Table 2, the first two injections of 34A-liposomes showed
high levels of lung accumulation (44% and 41% of the total
injected dose of liposomes, respectively). However, subse-
quent (the third through the sixth) injections showed a
progressive decrease in lung accumulation of 34A-lipo-
somes with a concomitant increase in liver accumulation.
At the sixth injection, only a small fraction (1.6%) of 34A-
liposomes accumulated in the lung, whereas the majority
(83%) were found in the liver. It should be noted that 34A-
liposomes used for each injection showed high levels of lung
accumulation in mice that had received no previous injec-
tion with 34A-liposomes (data not shown). The level of
34A-liposome accumulation in the spleen was relatively
constant upon repeated injections.

Effect of dpFUdR incorporated into 34A-liposomes on the
surviva] time of mice bearing lung colonies

To evaluate the therapeutic potential of dpFUdR incorpo-
rated into 34A-liposomes, an experimental mouse lung-
metastasis model was used. Upon i.v. injection of EMT-6
tumor cells, the lung eventually (15-20 days) becomes
nearly a solid tumor, depending on the cell dose. The mice
die mainly of tumor burden or thoracic hemorrhage within a
reasonably short period (20-30 days), thus providing a
useful model to assess the effectiveness of lung tumor
therapy. A group of mice received i.v. injections of dpFUdR
dispersed in emulsion or dpFUdR incorporated into bare or
34A-liposomes at a dose of 2 mg/kg dpFUdR. This dose was
selected on the basis of our previous finding that dpFUdR is
toxic in doses far lower than those used for the parent drug
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Fig. 5 Survival curves generated for BALB/c mice bearing EMT-6
lung metastases and treated with dpFUdR incorporated in liposomes.
Lung metastases were induced by i.v. injection of 5 x 103 EMT-6 tumor
cells. Mice were randomized into the following treatment groups
(5~6 mice/group): O, PBS (6 mice); @, dpFUdR in emulsion
(5 mice); [, dpFUdR incorporated into bare liposomes with an
average diameter of 191 nm (6 mice); and W, dpFUdR incorporated
into 34A-liposomes with an average diameter of 203 nm and an
antibody/lipid weight ratio of 1:17 (6 mice). All dpFUdR formulations
were given at a dose of 2 mg/kg dpFUdR and 64 mg/kg lipid for bare
and 34A-liposomes, respectively. All mice received treatments twice
on days 1 and 3 after the injection of tumor cells. A significant increase
in MST was observed in the group of mice treated with dpFUdR
incorporated into 34A-liposomes (MST, 33 days) as compared with the
groups of mice treated with PBS (MST, 20 days; P <0.016), dpFUdR
in emulsion (MST, 14 days; P <0.015), or dpFUdR incorporated into
bare liposomes (MST, 22 days; P <0.020).

(~7 mg/kg dpFUdR versus 150 mg/kg FUdR) [33]. In
addition, on the basis of the data shown in Table 2, mice
were treated with different dpFUdR formulations twice on
days 1 and 3 after tumor cell inoculation. Biodistribution
studies confirmed the lung targetability of 34A-liposomes
containing dpFUdR used in this study, with the level of lung
accumulation being 49% at 2 h after injection, whereas the
level of bare liposomes in the lung was only 2.7% as
determined by analysis of a lipid marker, [!11In]-DTPA-
SA. Figure 5 shows the results of a single experiment.

The median survival time (MST) of the control mice
treated with PBS was 20 days. A significant increase
(P < 0.016) in MST (33 days) was observed when mice
were treated with dpFUdR incorporated into 34A-lipo-
somes, with the T/C value being 165%. On the other hand,
treatments with dpFUdR either dispersed in emulsion or
incorporated into bare liposomes did not show any signif-
icant therapeutic effect (MST, 14 and 22 days, respectively).
In a separate set of experiments, treatments with dpFUdR
incorporated into 14-liposomes or equimolar amounts of
free FUdR did not show any significant therapeutic effect
(data not shown).

Discussion

We have previously reported the characterization of lipo-
philic prodrug-containing targeted immunoliposomes with a
reduced affinity for the reticuloendothelial system (RES)
[19]. These studies showed that lipophilic prodrugs can be
incorporated into 34A-liposomes without affecting their
ability to accumulate in the lung. The potential use of
34A-liposomes for delivery of a lipophilic prodrug to
tumor-bearing lung was examined in this study using an
experimental mouse lung-metastasis model. Lung metasta-
ses of EMT-6 tumor cells have been the model used by a
number of investigators [27]. Upon i.v. injections of EMT-6
tumor cells, a large fraction of cells lodge in the lung. After
5~7 days, tumor nodules are well established. The tumors
do not appear to form isolated surface colonies but instead
seem to grow surrounding medium-sized vessels. This
metastasis model thus provides a model to examine the
concept of organ-specific immunotargeting of liposomes
containing antitumor drugs.

One important observation shown in Fig. 1 is that the
tumors utilize preexisting normal blood vessels of the lung
for their site of growth. The tumor mass itself is poorly
vascularized but is separated from the intravascular com-
partment only by the endothelium. Targeting of immunoli-
posomes to sites localized outside the vascular compart-
ment, however, is limited due to the inability of immunoli-
posomes to cross the continuous endothelial-cell lining of
the vascular wall. Therefore, direct targeting of liposomes to
EMT-6 tumor masses in the lung with a tumor-specific mAb,
even if available, would be difficult. Also shown in Fig. 1 is
that normal capillaries of the lung are fully and uniformly
labeled with radiolabeled mAb 34A. This clearly illustrates
the feasibility of organ-specific immunotargeting to the sites
where the site of growing tumor is within small diffusion
distances.

We have examined several lipophilic antitumor prodrugs
for their suitability in the organ-specific delivery system
[19]. An advantage of using lipophilic drugs for liposomal
formulations is their high degree of incorporation and
retention into liposomes due to their hydrophobic proper-
ties [34]. Furthermore, organ-specific immunoliposomes are
not designed to deliver the drugs to the tumor cells directly;
rather, the drugs are required to diffuse from bound lipo-
somes to the tumor cells. In this regard, lipophilic drugs are
likely to diffuse more efficiently across the cell membrane.

In the present study, dpFUdR, a lipophilic prodrug of
FUdR, was chosen to be delivered to the lung by 34A-
liposomes. dpFUdR was originally developed by Nishizawa
et al. [34]. Liposomal formulations of dpFUdR were
introduced by Schwendener and co-workers [21, 35]. They
examined the antitumor activities of dpFUdR incorporated
into small unilamellar liposomes using several mouse tumor
models. These studies show that although the antitumor
activity of dpFUdR incorporated into liposomes is higher
than that of the parent drug, a decreased therapeutic index of
the drug results from the increased toxicity to the host [21,
36]. More recently, we reported that modifications of lipid



compositions, drug/lipid ratios, and particle sizes of lipo-
somes failed to improve the therapeutic index of dpFUdR
incorporated into liposomes [37, 38]. The increased toxicity
of dpFUdR incorporated into liposomes was believed to be
due to the predominant localization of the prodrug in the
liver macrophages and the subsequent release from those
cells of the parent drug FUdR into the blood as a result of
intracellular hydrolysis of dpFUdR [37, 38]. In these studies,
however, we used conventional liposomes, i.e., antibody-
free liposomes, as a carrier of dpFUdR and, thus, the
majority of the delivered liposomal dpFUdR accumulated
in the liver due to the high affinity of conventional
liposomes for this organ.

Since 34A-liposomes with a reduced affinity to the RES
are shown to deliver drugs to the lung and to reduce drug
accumulation in the liver macrophages, the use of 34A-
liposomes as carriers for dpFUdR is expected to lead to an
improved therapeutic index of the drug together with
reduced toxicity in the therapy of lung tumors. The toxicity
of the delivered drug to the target organ may be a matter of
concern in organ-specific drug targeting. In vitro cytotoxic-
ity assay showed a comparable cytotoxic effect of liposomal
dpFUdR on NMLC as compared with EMT-6 tumor cells
(Fig. 3). However, these NMLC are rapidly growing cells in
vitro and, thus, the observed toxic effect of liposomal
dpFUdR on NMLC may not direcily reflect the actual
toxicity to the lung in vivo. More experiments are needed
to assess the toxicity of immunotargeted liposomal dpFUdR
to the lung.

Efficient delivery of dpFUdR incorporated into 34A-
liposomes to the lung was demonstrated by direct analysis
of [3H]-dpFUdR (Table 1). Under the conditions used in the
present study, approximately 50% of the total injected dose
of liposomal dpFUdR accumulated in the lung at 2 h after
injection, which paralleled the level of liposome accumula-
tion (Table 1). Previous studies have shown that the half-life
of residence in the lung is ~5 h for 34 A-liposomes composed
of PC/Chol [13]. Inclusion of Gwm in the lipid composition
was later shown to increase the retention time of 34A-
liposomes in the lung, presumably due to a lower affinity
of Gmi-containing liposomes to the circulating macrophages
[16]. Thus, tumor cells in the lung are expected to be
exposed to a relatively high prodrug concentration for a
prolonged period when the drug is delivered by Gw-
containing 34A-liposomes.

Upon binding of immunoliposomes to the target organ, it
is expected that lipophilic prodrugs are released and/or
transfered from bound liposomes to the cell membranes,
from which they diffuse across the endothelial barrier to the
nearby tamor cells, where the prodrug is metabolized to
form the active drug. We have previously observed that
dpFUdR incorporated into liposomes undergoes rapid in-
tracellular metabolism in the spleen and liver [38]. These
findings are consistent with the data listed in Table 1,
showing substantially lower levels of 3H label in the spleen
and liver than of !!1In label for bare liposomes at 5 h after
injection. Since the lipid marker used in this study, [1!1In]-
DTPA-SA, is not readily metabolized [20], lower levels of
[*H]-dpFUdR in the spleen and liver probably result from
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intracellular metabolism of the prodrug and release of label
in these organs, in line with earlier observations [33]. In
contrast, an appreciable amount of [3H]-dpFUdR incorpo-
rated into 34A-liposomes remains in the lung at 5 h after
injection (Table 1), with the residence half-life being
approximately 12 h (Fig. 4), compatible with the notion
that these liposomes are mainly extracellularly bound. Thus,
the release and/or transfer of the drug from bound immu-
noliposomes to cell membranes could be the rate-limiting
step for intracellular metabolism of the prodrug in this
model.

Data in Table 2 show that repeated injections of 34A-
liposomes resulted in less efficient target binding. One
potential mechanism of reduced target binding of subse-
quently injected immunoliposomes is that an immune
response induced by repeated injections might prevent
immunoliposomes from reaching the target. This mecha-
nism is consistent with the observation that increasing
amounts of 34A-liposomes were found in the liver upon
repeated injections (Table 2), presumably due to Fc recep-
tor-mediated uptake of 34A-liposomes by this organ [32].
The use of immunosuppressive agents may be effective in
reducing such an immune response to ensure efficient target
binding of repeatedly injected immunoliposomes,

Survival studies showed that dpFUdR was effective in
prolonging the survival of mice only when it was incorpo-
rated into 34A-liposomes (Fig. 5). Therapeutic effects of
dpFUdR incorporated into 34A-liposomes were obtained
after only two injections with a relatively low dose of the
drug (2 mg/kg). It should be noted that the experiment
utilized a suboptimal treatment protocol with a limited
number of animals. Due to the limited availability of the
antibody reagent, we could not perform experiments with a
larger number of mice and with larger doses of the drug.
Previously, we found the maximal tolerated dose of dpFUdR
incorporated into conventional liposomes to be ~10 pmol
(7 mg)/kg [38]. Because of the high specificity of 34A-
liposomes to the target organ, one would expect that
treatments with increasing doses of the drug would show
more pronounced therapeutic effects without inducing any
severe toxicity in the host. This mAb has also been used in
therapy studies as a direct 31 conjugate with limited
success [39].

Ahmad and co-workers [40, 41] have recently reported
that doxorubicin-containing liposomes conjugated to tumor-
specific mAbs are effective in prolonging the survival of
mice bearing spontaneous lung metastases with a squamous-
cell carcinoma. Although the liposomes used in these studies
were designed to be tumor-specific, our present strategy is to
target liposomes to the lung itself. A potential advantage of
using organ-specific immunoliposomes for tumor therapy is
their versatility. Since organ-specific immunoliposomes are
designed to deliver the drug to normal cells, not to tumor
cells, this drug-delivery system should be theoretically
effective in treating many different types of tumor cells,
thus providing a general delivery system for any tumor in
the target organ. The major advantage remains the high dose
of drug delivered near the tumor site. Therapy in humans
will require increased targeting efficiency over what is
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presently achievable; thus, organ-specific, efficient drug
delivery to endothelial sites may have advantages in
patients.
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