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Abstract

Cancer chemotherapy is limited by adverse side effects resulting from
toxicities to normal tissues. Targeted delivery of drugs to diseased tissues
in vivo would help to reduce these side effects. Liposomes containing lipid
derivatives of polyethylene glycol have circulation times sufficiently long
to allow for effective in vivo drug delivery. Polyethylene glycol liposomes,
containing entrapped doxorubicin. targeted to KLN-205 squamous cell
carcinoma of the lung by means of specific antibodies attached at the
liposome surface were capable of reducing tumor burden to a high degree
and eradicating tumor in a significant percentage of mice.

Introduction

The therapeutic efficacy of anticancer drugs is restricted by dose-

limiting toxicities against normal tissues in vivo. Selective toxicity to
tumor cells of anticancer drugs, e.g., DOX,1 would be greatly im

proved if the drugs could be directed to the tumor cells and away from
other sensitive tissues such as heart and bone marrow. The concept of
drug targeting was introduced at the turn of the century by Paul
Ehrlich ( 1) after the discovery of antibodies. Two decades ago, phos-

pholipid bilayer spheres, called liposomes, were first postulated to be
good candidates for site-specific delivery of drugs (2). However,

formulations of liposomes used in the past were recognized as foreign
particles in vivo, which resulted in their rapid removal from circula
tion by the cells of the MPS. The sequestration of liposomes within the
MPS caused damage to this important host defense system and pre
vented the liposomes from reaching other sites of action (reviewed in
Ref. 3). Drug targeting became more feasible with the recent devel
opment of new formulations of liposomes, containing either mono-

sialoganglioside GM, or lipid derivatives of polyethylene glycol,
termed Stealth (Liposome Technology, Inc., Menlo Park, CA) or S-

liposomes, which avoided MPS uptake thereby resulting in long cir
culation half-lives and dose-independent pharmacokinetics (4-10).
We have recently demonstrated antibody-mediated specific binding
and selective cytotoxicity of liposome-entrapped DOX to lung cancer

cells in vitro (11). We now describe, for the first time ever, targeting
and selective toxicity toward neoplastic cells of liposome-entrapped

drugs in vivo.
A mAb, which selectively recognizes a unique epitope on proteins

expressed on the proliferating cells of mammalian squamous carcino
mas ( 12). has been developed for diagnostic use in humans. This IgG,
mAb. 174H.64, also binds to epitopes on a murine lung squamous
carcinoma. KLN-205. that lodges in the lung in DBA mice within 3
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days following i.v. injection (12, 13). It has been demonstrated that
mAb I74H.64 selectively stains the highly proliferative peripheral
stem cell layer of KLN-205 lung tumors as well as those of human and

bovine squamous carcinomas (12, 13). Since these stem cells are the
progenitors of the more differentiated cells in the interior of the tumor
which may no longer be capable of proliferation (14, 15). targeting
untincoplastic drugs selectively to the proliferating stem cell popula
tion may be of therapeutic value.

Materials and Methods

Materials. IgG, mAb 174H.64 directed against mammalian squamous car
cinoma was a generous gift of Biomira. Inc. (Edmonton. Alberta. Canadal.
Polyethylene glycol covalently linked to PEG-DSPE and HSPC was the gen

erous gift of Liposome Technology. Inc. All other materials were as previously
described (11).

Liposome Preparation. Liposomal DOX and mAb liposomul DOX were
prepared as described in Ret'. 11. Briefly, liposomes, were composed of HSPC:

CH:PEG-DSPE. 2:1:0.1 molar ratio, extruded to an average diameter of 112
nm (range. 98 to 116 nm). and were injected at a phospholipid dose of 1.2â€”1.4
untol/monse and a mAb I74H.64 dose, where applicable, of 10.5-12.5 ug/
mouse. I74H.64 mAb was biotinylated and attached to the surface of S-lipo-
somes containing biotinylated phosphatidylethanolumine by means of an avi-

din linker (II). This procedure did not change the si/.e of the liposomes or
result in liposome aggregation. DOX was encapsulated by a remote loading
method previously described (16).

Deoxyuridine Uptake and in Vivo Survival Experiments. DBA/2 mice
(Jackson Laboratories) were given i.v. injections of 2 X 10s KLN-205 cells. At

3 days postinjection of KLN-205 cells, the treatment groups were given single
i.v. injections of either 0.2 ml phosphate-buffered saline (untreated controls) or
6 mg/kg of either free DOX. DOX entrapped in HSPC:CH:PEG-DSPE lipo
somes (liposomal DOX). or DOX entrapped in HSPC:CH:PEG-DSPE lipo

somes containing attached antibody 174H.64 (mAb liposomal DOX), all in
0.2 ml of sterile saline. Some mice received mAb liposomes ( 11-39 Â¡jgmAb)

lacking DOX. On the 45th day after injection, mice were given injections of
2 uCi each of ['-sI]dUrd and 4 h later the lungs were removed, cut into small

pieces, washed with \0r/c trichloroacetic acid, and counted in a gamma counter.
For IH l'irÃ²survival experiments the injection protocols were identical to the

above, except the survival of the mice was monitored daily until evidence of
morbidity resulted in their termination, at which point gross pathological
examination of their internal organs for the presence of tumor nodules was
performed.

Histopathology. Mice given injections of 2 X 10' KLN-205 cells and 3

days postinjection of tumor they were treated with single i.v. injections of 6
mg/kg free DOX. liposomal DOX. or mAb liposomal DOX as in the previous
section. On day 45, lungs were removed from the different treatment groups.
Tumour masses were randomly located throughout all lung fields and midsag-

ittal sections were made from each of the largest lung lobes. The right and left
caudal lobes were fixed in 10% neutral buffered formalin, processed into
paraffin blocks, sectioned at 5 nm. and stained with hematoxylin and eosin.

Liposome Uptake into Lung. Uptake of liposomes labeled with [I25I|-

tyraminylinulin into lung in DBA/2 mice (3/group) was measured at 15 min
postinjection because we have previously shown that uptake of mAb liposomes
by KLN-205 cells in vitrn was very rapid (11). Uptake experiments, which

provide a measure of uptake of intact liposomes, were performed as detailed in
Ref. 7. including correction for tissue blood volume. Liposome uptake was

1484

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/7/1484/2453726/cr0530071484.pdf by guest on 19 M

ay 2023



TARGETING OF LIPOSOMAL DOXORUBICIN TO LUNG CANCER

examined at 3 and 45 days after i.v. injection of 2 x IO5 KLN-205 cells.

Experimental groups were composed of tumor-free (control) animals receiving
either HSPC:CH:PEG-DSPE or mAb HSPC:CH:PEG-DSPE liposomes
(2:1:0.1 molar ratio, no drug), or tumor-bearing animals receiving similar
liposomes. Results are reported as cpm/mg lung tissue, normalized to IO6
injected cpm of [I25l]tyraminylinulin.

Results and Discussion

[ l25I]dUrd uptake experiments were performed in mice as a meas

ure of the effect of the various drug treatments on KLN-205 tumor cell
proliferation (Fig. 1). Uptake into lung of [l2SI]dUrd has been estab

lished to be directly proportional to the number of i.v. injected KLN-
205 tumor cells in the range of IO5 to IO6 injected cells (13). Mice
receiving 2 X 10s KLN-205 cells were examined for [125I]dUrd
uptake at 45 days postinjection. Negligible levels of [125I]dUrd were

found in the lungs of tumor-free mice (normal controls). Untreated
tumor-bearing mice (positive controls) had significantly increased

levels of uridine uptake (P < 0.001). as would be expected in the
presence of proliferating tumor cells. All drug treatment groups re
sulted in significant decreases in [l25I]dUrd uptake in the order of:

mAb liposomal DOX > liposomal DOX > free DOX > untreated
controls (P < 0.01 to 0.001). Treatment of tumor-bearing mice with

single i.v. injections of mAb liposomal DOX resulted in an 80%
reduction in the uptake of [l25I]dUrd. The levels of [l25I]dUrd uptake

in this group of mice were not statistically different from those found
in normal mice, suggesting that the tumor burden had been very
substantially reduced. Gross pathological inspection of the lungs was
made for all animals. Those receiving the mAb liposomal DOX had
apparently normal lungs with no evidence of tumor nodules. The
numbers of tumor nodules in the lungs of mice receiving liposomal
DOX appeared to be decreased compared to mice receiving free DOX
or no treatment.

Histopathology slides were prepared at 45 days postinjection from
the various treatment groups in Fig. 2 and compared to slides prepared
from tumor-free mice and mean tumor diameters were determined

(Table 1). No differences in nodule number or mean diameter were
observed in mice receiving free DOX (6 mg/kg) compared to un
treated mice (Fig. 2, B versus C; Table 1). A decrease in nodule
number was found for mice receiving liposomal DOX (Fig. 2D; Table
1). A dramatic decrease in the number of tumor nodules was observed

NORMAL CONTROLS

KLN-205 CONTROLS

FREE DOX

LIPOSOMAL DOX

mAb-LIPOSOMAL DOX

5 10 15

CPM/GRAM OF LUNG x 103

20

Fig. I. '25dUrd uptake in normal and tumor-bearing DBA/2 mice (3/group) 45 days
after i.v. injection of 2 X 10^ KLN-205 cells suspended in 0.2 ml phosphate-buffered

saline. Three days postinjection mice were treated with 6 mg/kg of either free DOX.
liposomal DOX, or mAb liposomal DOX. Liposomes were composed of HSPC:CH:PEG-
DSPE. 2:1:0.1 molar ratio (average diameter. 112 nm), and mice received 1.2-1.4 umol
phospholipid and 10.5-12.5 ug mAb.

in the mice receiving a single i.v. injection of 6 mg/kg DOX entrapped
in mAb liposomes (Fig. 2, E and F: Table 1). Histopathology was
performed in two of five animals receiving mAb liposomes, none of
which had any apparent tumor nodules on gross inspection. In one
animal no tumor foci were observed (Fig. 2E), while in the other
animal only two tumor foci were observed in the right lung (Fig. 2F;
Table 1) and one foci was in the left (Table 1). The tumors in the mice
treated with mAb liposomal DOX appeared smaller and more dense
and had a necrotic appearance compared to the tumors seen in the
other treatment groups (Fig. 2F). These results confirmed the [I25I]-

dUrd uptake results, providing direct evidence of the high degree of
efficacy of the mAb-targeted liposomal DOX.

In an initial survival experiment, in which mice were given a single
injection of 2 mg/kg DOX in mAb liposomes 3 days postinjection of
tumor, efficacy of the liposomal preparation in vivo was demonstrated,
with treated mice having significantly increased mean survival times
(P < 0.001 ; MST Â±SD) averaging 90.7 Â±4.6 days (n = 3, excluding

2 sacrificed mice: see below) compared to 64.8 Â±5.1 for untreated
mice (/; = 5). Two mice in the treatment group were terminated on

days 102 and 157, respectively, with no sign of disease in their lungs
upon gross pathological inspection. Fig. 3 shows the survival data for
mice (2 X 5/group) receiving various treatments at DOX doses of 6
mg/kg, which is still well below the maximum tolerated dose for
liposomal DOX, which in our hands is > 18 mg/kg for mAb liposomal
DOX (data not shown). The dose that is lethal to 50% of the popu
lation for free DOX is approximately 23 mg/kg and liposome encap
sulation of DOX in the presence or absence of PEG decreases drug
toxicity (8. 17), the degree of toxicity reduction depending on lipo
some composition (17). The MST Â±SD of the mice treated with mAb
liposomal DOX that died of their tumors (99.2 Â±36.1 days, exclusive
of long-term survivors) was significantly greater (P < 0.001 ) than for

untreated mice (52.0 Â±5.8) or for mice treated with either free DOX
(MST of 57.6 Â±9.3) or liposomal DOX (MST of 65.8 Â±13.1). Two
mice in the mAb liposomal DOX group were sacrificed on day 170
with no evidence of tumor; the other three surviving mice continue to
be monitored. Treatment of mice with empty liposomes (no drug; no
mAb) at the same lipid dose had no therapeutic effect (data not
shown). Although free mAb given at doses of 300 pg/mouse X 5 ( 1.5
mg total) resulted in a modest increase in MST in mice (13), mAb
liposomes (no drug) given at mAb doses up to 3 times those used in
our experiments ( 11-39 ug mAb/mouse or 40-130-fold lower level of
mAb) had no therapeutic effect (Fig. 3). Nonspecific antibody-drug

conjugates have been previously shown to result in no growth inhi
bition of KLN-205 cells in vivo and no increase in survival times in
mice (13), nor do they mediate binding of liposomes to KLN-205 cells

i/i vitro (11); therefore, controls involving nonspecific antibodies were
not done in this series of experiments.

When mAb were linked to S-liposomes they retained their long
circulation half-lives. Twenty-four h postinjection. 34.7 Â±6.7% of in
vivo mAb liposomes containing PEG-DSPE were in blood (Ti/, = 16.2
h) for normal, tumor-free mice (n = 6), similar to the levels for
S-liposomes in the absence of antibody (37.5 Â±9.7% at 24 h, tyj =

19.0 h). These results can be compared to the undetectable blood
levels (< 1%) for mAb liposomes in the absence of PEG-DSPE at 24
h postinjection (ii/,â€ž= 0.6 h; /,/2ÃŸ= 4.0 h). A description of the

pharmacokinetics of mAb liposomes in the presence and absence of
PEG-DSPE is in work.4 Blood levels of mAb liposomes dropped to

22.8 Â±1.9% at 24 h in tumor-bearing (45-day) mice, which is likely

a consequence of increased tumor uptake (see below). Uptake of
liposomes, labeled with the aqueous space label [125I]tyraminylinulin,

4 Manuscript in preparation.
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Fig. 2. Histopalhology at 45 days posl-lumor injection in lungs HE"DBA/2 mice (5/group) receiving 2 x 10s KLN-205 cells ;md 3 da\s posiinjccuon treated Â«uhh iii^/ky of either

DOX. liposomal DOX. or mAb liposomal DOX as outlined in Fig. I. A. normal lung; B. untreated: C. free DOX; I), liposomal DOX; Â£and F. mAh liposomal DOX. Rar. 0.5 mm.
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Table I Number and diameter of discrete tumor nodules/linear cm of lung right
and left caudal lobes in midsagittul sections stained with hematoxylin

and ensin

The lungs of all animal within each experimental group appear similar upon gross
inspection and measurements were made for I typical animal from each group of 5
animals examined, except in the case of mAh liposomal DOX in which numbers were
determined from 2 typical animals

Left lung Right lung

TreatmentgroupNormal

(control)Untreated
(control)Free
DOXLiposomal
DOXmAh-liposomal

DOXNo.

of
foci028401003Diameter(mm Â±SD)0.43

Â±0.180.43
+0.180.3

1Â±0.060.22No.

of
foci03423190.7Diameter(mm Â±SD)0.41

Â±0.190.36
Â±0.210.39

Â±0.230.18.0.26
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Fig. 3. DBA/2 mice (20-25 g: (2 X 5/group) were inoculated i.v. with 2 X IO5
KLN-205 cells suspended in 0.2 ml phosphate-buffered saline. Treatment was initiated on

the third day with 6 mg/kg of either free DOX (^). liposomal DOX ( * ). mAb liposomal
DOX (â€¢).or mAb liposomes (^) (I2 ug mAb. no DOX) as outlined in Fig. I. Control
groups (â€¢)were treated sterile phosphate-buffered saline. Survival limes of the mice were
noted, and tzross pathology was done on all animals. Two long-term survivors were
sacrificed on day 170 and showed no evidence of tumor: the remaining animals continue
to bo monitored.

LIPOSOME, CONTROL

mAb-LIPOSOME, CONTROL

LIPOSOME, KLN-205
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Fig. 4. Uptake of liposomes labeled with [ l:<il]tyraminylmulm into lung in DBA/2

mice (3/group) at 15 min postinjection. Uptake experiments were performed as detailed in
Ret. 8. Liposome uptake was examined at 3 days (â€¢)and 45 days (f^i after i.v. injection
of 2 X 10s KLN-205 cells. Test groups were composed of tumor-free (control) or

tumor-bearing (KLN-205) mice receiving either HSPC:CH:PEG-DSPE (2:1:0.1) lipo

somes or mAb liposomes of the same composition.

at 15 min postinjection, into the lungs of untreated (receiving no drug)
mice was examined at 3 and 45 days postinjection of tumor (Fig. 4).
Three days postinjection there was a marginally significant increase
(P < 0.05) in uptake of mAb liposomes into the lungs of tumor-

bearing lung at 15 min postinjection of liposomes, as compared to
tumor-free mice, while a significant increase (P < 0.01) in lung

uptake of liposomes was observed at 45 days postinjection. At 2 and
24 h postinjection, cpm/mg of mAb liposomes in tumor-bearing lungs
were approximately double those in tumor-free lungs (data not

shown). Lung uptake at 45 days postinjection of tumor was 5.0 Â±

1.1% of in vivo mAb liposomes for tumor-bearing mice compared to
1.3 Â±0.2% for tumor-free mice at 24 h postinjection of liposomes. We

did not expect high levels of lung uptake, since relatively small
numbers of proliferating cells would be present in mice at both 3 and
45 days postinjection of tumor and the numbers of stem cells would
be only a tiny percentage of total lung tissue in both cases. At 45 days
postinjection, while there was a large tumor burden, the majority of
tumor was composed of differentiated cells which do not bind to the
mAb (12, 13). The increased uptake of mAb liposomes into tumor-

bearing lungs suggests that they are able to bind to proliferating tumor
cells localized in the lung.

The results obtained from several different approaches, i.e., [I25I1-

dUrd uptake, tissue pathology, tissue distribution and survival data,
combine to demonstrate that in vivo targeting of antineoplastic drugs
entrapped in S-liposomes can be achieved, with excellent therapeutic

efficacy. Maruyama et til. (18) have previously shown increased tar
geting of long-circulating liposomes containing monosialoganglioside

CM,, as compared to conventional liposomes, to lung by means of an
antibody against lung endothelial cells attached to the liposome sur
face. Our experiments are the first demonstration of in vivo targeting
of liposome-entrapped anticancer drugs resulting in enhanced thera

peutic efficacy in a tumor model. It is notable that eradication of tumor
could be obtained in several mice using single injections of liposomes
targeted by means of low levels of mAb and containing very modest
levels of DOX. This suggests that increasing the dose of DOX in the
mAb liposomes or giving multiple injections of these liposomes could
substantially increase our ability to eradicate tumor in mice. These
experiments are currently underway. Longenecker et al. (13) have
demonstrated the efficacy of mAb 174H.64-daunomycin conjugates in
extending the survival times of mice bearing KLN-205 tumor, al

though 300 ug mAb were needed to deliver 10 ug drug to individual
mice. In the current study we found that a reduction in mAb:drug
ratios of 400-fold could be achieved, with approximately 11 ug of

mAb required to deliver 150 ug DOX to individual mice (6 mg/kg
DOX). An additional advantage of targeted liposomes over antibody-

drug conjugates or immunotoxins might occur in the presence of
tumor heterogeneity. Specific binding of a drug package to a tumor
cell, with release and diffusion of the drug and uptake by surrounding
tumor cells, may allow killing of cells which lack the specific epitope.
since cytotoxicity of liposome-entrapped DOX, at least in vitro, is

mediated by the release of drug from the liposomes and uptake of free
drug by tumor cells (19).
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