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ABSTRACT

The monoclonal antibody, 19-F-12 (IgG2b), against human o-fetopro-

tein was conjugated to liposomes containing Adriamycin, and the thera
peutic effects of the conjugate were experimentally studied using the <*-
fetoprotein-producing human hepatoma strain, Li-7, maintained in

BALB/c nu/nu male mice. Three i.v. injections of liposomes containing
Adriamycin (7.5 mg/kg) into tumor-bearing mice significantly inhibited
the tumor growth, and the therapeutic effect of the antibody-conjugated

liposomes was greater than that of unconjugated liposomes, as judged
from the tumor weights and histological findings. Furthermore, the
experiments were repeated with Adriamycin (4-5 mg/kg) in free form,

since administration of Adriamycin (7.5 mg/kg) in free form was highly
toxic for the mice. The results still indicated that the therapeutic effect
of Adriamycin in 19-F-12 conjugated liposomes was superior to that of

free Adriamycin or Adriamycin in unconjugated liposomes. In contrast to
the treatment for Li-7 in nude mice, the therapeutic effect of Adriamycin
in 19-F-12 conjugated liposomes was not much different from that of

Adriamycin in normal mouse IgG (IgG2b fraction) conjugated liposomes
against a-fetoprotein-negative human breast cancer strain MX1. Tissue

distribution studies after i.v. injection of Adriamycin in various forms
into mice revealed that preferential delivery of Adriamycin to tumors
occurred to some extent with antibody-conjugated liposomes as compared

to the unconjugated liposomes. In addition, reduction of the distribution
of Adriamycin to the heart was achieved by administering the drug in the
liposome-entrapped form, and this enabled the use of a higher dose (7.5

mg/kg) of Adriamycin without toxic side effect.

INTRODUCTION

In spite of the recent development of numerous antineoplastic
drugs, no ideal agent for clinical use has been found. One of
the major reasons for the limitation of the clinical use of these
drugs is that potent antitumor agents are also toxic for prolif
erating normal cells. To overcome this obstacle, many attempts
have been made to deliver drugs selectively to tumor cells,
especially with antibodies against tumor-associated antigens.
Monoclonal antibodies conjugated with toxins or antitumor
drugs are now being extensively studied (1-3). However, there
are still many problems to be solved.

The potential usefulness of liposomes as drug carriers has
attracted considerable interest (4, 5). They are nontoxic and
biodegradable. Drugs can be entrapped without any modifica
tions, and the drugs in liposomes can be protected from enzy
matic attack or immune recognition until they reach the target
cells. Furthermore, only a few molecules of a drug can be
directly coupled to antibodies, but a target-directed liposome
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can carry hundreds to thousands of drug molecules. These
vesicles are internalized into cells mainly via endocytosis, allow
ing the introduction into the cells of a variety of biologically
active materials that normally do not enter cells. Recently,
techniques have been developed to couple proteins to liposomes
(6, 7). This allows the specific delivery of drugs to tumors
through the use of monoclonal antibodies conjugated to lipo
somes.

In this study, we raised the monoclonal antibody against
human AFP,3 and conjugated it to liposomes containing Adri

amycin. The therapeutic effects of these liposomes were inves
tigated in vivo on AFP-positive human hepatoma strain Li-7
(8) maintained in nude mice. Furthermore, the distribution of
Adriamycin via liposome delivery to tumors and various organs
was investigated by determining the Adriamycin concentration
at fixed times after injection. The results were discussed in
relation to the therapeutic effect of Adriamycin delivered by
antibody-conjugated liposomes.

MATERIALS AND METHODS

Chemicals. SPDP was purchased from Pharmacia Fine Chemicals
(Uppsala, Sweden). A stock solution (20 HIM)was made in ethanol and
stored at -20'C. Dithiothreitol was obtained from Sigma Chemical

Co. (St. Louis, MO) and dissolved in water to 500 HIM.Egg PC was
prepared by chromatography on alumina and silicic acid and was a gift
from Nippon Fine Chemical Co. Ltd. (Osaka, Japan). Cholesterol and
DPPA were obtained from Sigma Chemical Co. DPPE was from
Calbiochem-Behring (San Diego, Ã‡A).DTP-DPPE was prepared by
reacting SPDP with DPPE as described by Barbet et al. (6). Fluores-
ceinthiocarbamylphosphatidylethanolamine was synthesized as re
ported by Uemura et al. (9). Adriamycin was obtained from Kyowa
Hakko Kogyo (Tokyo, Japan).

Preparation of Anti-Human AFP Monoclonal Antibodies. BALB/c
mice were immunized i.p. with 10 tig/mouse of purified human AFP
(Morinaga Seikaken, Tokyo, Japan) emulsified in an equal amount of
complete Freund's adjuvant, and 4 weeks later were given a booster

injection (10 Mg/mouse without adjuvant). Three days later, spleen cell
suspensions were prepared and fused with P3-U1 myeloma cells.
Screening for AFP-specific antibodies was performed on AFP-coated
immunoplates (3912; Falcon, Cockysville, MD). Hybridoma cells pro
ducing AFP-specific antibodies were further selected on the basis of
preferential binding to AFP-positive hepatoma cell line PLC (10) but
not to AFP-negative gastric cancer cell line KATO III (11). The most
promising hybridoma clone, 19-F-12 (IgG2b), was finally chosen for
use in these studies. The monoclonal antibodies were obtained as the
asci les form from pristane (2,6,10,14-tetramethylpentadecane; Aldrich
Chemical Co., Milwaukee, WI) treated BALB/c mice that had been i.p.
injected with the hybridoma, and were purified by passage through a
protein A-Sepharose (Pharmacia) column. The purified 19-F-12 anti
bodies were concentrated and then dialyzed against 10 HIM4-(2-hy-
droxyethyl)-l-piperazineethanesulfonic acid-saline (pH 7.4) before

3The abbreviations used are: AFP, a-fetoprotein; SPDP, W-hydroxysuccinim-
idyl 3-(2-pyridyldithio)propionate; egg PC, egg yolk phosphatidylcholine; DPPA,
dipalmitoylphosphatidic acid; DPPE, dipalmitoylphosphatidylethanolamine;
DTP-DPPE, 3-(2-pyridyldithio)propionyldipalmitoylphosphatidylethanolamine;
SUV, small unilamellar vesicles.
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SPDP treatment. Normal mouse IgG (IgG2b fraction) was isolated by
applying pooled normal mouse serum to protein A-Sepharose column
as described by Ey et al. (12). The IgG fractions were eluted using a
discontinous pH gradient (pH 6.0-3.0, 0.5 pH unit intervals), and the
fractions eluted with pH 3.5 and 3.0 (mostly IgG2b) were used in this
experiment.

Preparation of Liposomes containing Adriamycin. Egg PC (18 /Â¿mol),
cholesterol (10 ^mol), DPPA (2 ^mol), and DTP-DPPE (0.3 /Â¿mol),
each dissolved in organic solvent, were mixed in a conical flask, and
then the organic solvent (chloroform and methanol) was removed by
evaporation. One ml of Adriamycin solution (20 mg/ml in water) was
added to the dried lipid film, and then multilamellar vesicles were
prepared by vortex dispersion. The liposomes were further sonicated
into SUV with a sonicator (type UCD-110; Tosho Denki, Tokyo,
Japan), and uncapsulated Adriamycin was removed by gel filtration on
a Sephadex G-50 column (equilibrated with water). An appropriate
volume of l M sodium chloride was added to the liposome suspension
to obtain a final NaCl concentration of 0.145 M. For the immunofluo-
rescence assay, liposomes were prepared from a lipid mixture contain
ing egg PC (9 nmol), cholesterol (5 /imol), DTP-DPPE (0.1 Mffiol),and
fluoresceinthiocarbamylphosphatidylethanolamine (0.1 Â¿unol).

Conjugation of the Monoclonal Antibody to the Liposome Surface.
The method originally described by Barbet et al. (6) was used with
slight modification. One ml of monoclonal antibody 19-F-12 (2 mg/
ml) or IgG2b fraction (2 mg/ml) was incubated with 0.2 mM SPDP for
30 min at room temperature and then transferred to acetate buffer (0.1
M, pH 4.5, 0.145 M NaCl) by gel filtration through a Sephadex G-50
column. Protein-bound dithiopyridine was treated with 50 mM dithio-
threitol for 30 min at room temperature and then filtered through a
Sephadex G-50 column in 10 mM 4-(2-hydroxyethyl)-l-piperazineeth-
anesulfonic acid-saline. The free thiol-bearing protein thus activated
was immediately mixed with the liposome suspension, followed by
incubation for 24 h at room temperature. For therapeutic use, the
protein-bearing, Adriamycin-containing liposomes were administered
i.v. without further separation from uncoupled protein. The amount of
Adriamycin entrapped in liposomes was determined from the fluores
cence intensity (excitation at 490 nm and emission at 590 nm) after
lysis of the liposomes with 0.3 N HCl-50% ethanol (13).

Tumor Cells. The human AFP-positive hepatoma cell line, PLC, and
the AFP-negative gastric cancer cell line, KATO III, were maintained
in culture flasks (2913, Falcon) in complete RPMI 1640 medium
supplemented with 5% fetal calf serum (Lot 687270; Boehringer Mann
heim, W. Germany). Li-7, a xenotransplanted human AFP-producing
hepatoma strain and MX1, a xenotransplanted human AFP-nonpro-
ducing breast cancer strain (kindly supplied by Dr. Y. Ueyama, Central
Institute for Experimental Animals, Kawasaki), were maintained by s.c.
passage in BALB/c nu/nu mice.

Therapeutic Effect of Adriamycin in Liposomes. Male BALB/c mi/
nu mice were obtained from Ninon Clea Co. (Tokyo, Japan). Mice
were inoculated s.c. with 5-6-mm3 pieces of a hepatoma Li-7 tumor or

breast cancer MX1 tumor on both sides of the back. When the estimated
tumor weight (calculated as 1/2 x length x width2) (14) reached 100-

300 mg (about 10-14 days after inoculation), the mice were randomly
divided into three or four groups, and then the treatment with free
Adriamycin or liposomes-containing Adriamycin was started. Each
group of animals received three injections through the tail vein of
saline, free Adriamycin, unconjugated or normal mouse IgG-conjugated
liposomes containing Adriamycin, or 19 I 12 conjugated liposomes
containing Adriamycin at 4-day intervals (days 4 and 8 after the first
injection). The mice were sacrificed on day 12 or 13 of the Adriamycin
treatment, and the effect of the treatment was evaluated on the basis of
tumor weights and histolÃ³gica! findings of the excised tumors. The
significance of the difference between tumor weights at excision was
examined by means of Student's t test.

Tissue Distribution Studies on Adriamycin. When the estimated Li-7
tumor weight reached about 500 mg, the mice were separated into three
groups, and then given i.v. injections of Adriamycin (7.5 mg/kg) in
either the free or liposome-entrapped form. At fixed times after injec
tion, animals were anesthetized by ether inhalation, and blood was
obtained by puncture of retroorbital venous plexus. Various organs

including the liver, spleen, lung, kidney, and heart, and the tumor were
excised immediately, rinsed in saline, weighed, and stored at â€”30Â°C.

Adriamycin was extracted from the tissues according to the method of
Bachur et al. (15). After thawing, the tissues were homogenized in 0.3
N HCl-50% ethanol with a high-speed mixer (Ultradisperser LK21,
Yamato Scientific Co., Tokyo, Japan) for 2 min, and then the homog-
enates were centrifuged at 20,000 x g for 20 min at 4Â°C.The Adria

mycin concentration in the supernatant was determined fluorometri-
cally. Tissue homogenates from nontreated mice were prepared by the
same procedure and used for determining the background. The values
thus obtained were subtracted from those for the experimental groups.

RESULTS

Therapeutic Effect of Adriamycin Entrapped in 19-F-12 Con
jugated Liposomes. When the growth of the transplanted Li-7
tumor was logarithmic, the mice received three injections of
saline as a control, Adriamycin in 19-F-12 conjugated lipo
somes or Adriamycin in unconjugated liposomes plus the equiv
alent amount of free 19-F-12 antibody to that conjugated. Fig.
1 is a photograph of whole tumors excised from sacrificed mice.
Obviously, tumor growth was inhibited by the administration
of liposomes containing Adriamycin (7.5 mg/kg). The thera
peutic effect of Adriamycin in 19-F-12-conjugated liposomes
was much greater than that of Adriamycin in unconjugated
liposomes. The actual tumor weights were as follows: control

Control

Lip-ADM mix Ab

Lip-ADM =

â€¢0

Fig. 1. Photograph of whole xenotransplanted tumors from sacrificed mice.
Male BALB/c nu/nu mice were inoculated s.c. with 5-6-mm ' pieces of a hepatoma
Li-7. When the estimated tumor weight reached 100-300 mg (10 days after
inoculation), the mice received three i.v. injections, at 4-day intervals, of saline
(Control), liposomes containing Adriamycin plus free 19-F-12-monoclonal anti
body (Lip-ADM mix Ab) or 19-F-12-conjugated liposomes containing Adriamycin
(Lip-ADM=Ab). The mice were sacrificed on day 12 of the treatment.

4472

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2428352/cr0470164471.pdf by guest on 19 M

ay 2023



TARGETING THERAPY WITH ADRIAMYCIN IN LIPOSOMES

group treated with saline, 3671 Â±1133 (SD) mg; group treated
with Adriamycin in unconjugated liposomes, 1282 Â±380 mg;
and group treated with Adriamycin in 19-F-12-conjugated li
posomes, 486 Â±281 mg; respectively. The differences among
the three groups were all statistically significant (P < 0.01).

The difference between the therapeutic effects of Adriamycin
in unconjugated and 19-F-12-conjugated liposomes was much
more noticeable in the histolÃ³gica! findings of tumor specimens
(Fig. 2, A-C). Cellular changes characteristic for antitumor
therapy were noted in the tumors from mice treated with
Adriamycin entrapped in unconjugated liposomes, but the de

Fig. 2. Hematoxylin-eosin stained sections of xenotransplanted human hepa-
toma strain Li-7. The sections of tumors fixed in 10% formalin were prepared
and then stained with H & E. The specimens were from A, the control mouse; B,
the mouse treated with unconjugated liposomes containing Adriamycin plus 19-
F-12; and C the mouse treated with 19-F-12-conjugated liposomes containing
Adriamycin.

struction of tumor structure was focal and not so remarkable,
as shown in Fig. IB. On the other hand, treatment with Adri
amycin entrapped in antibody-conjugated liposomes induced
destruction of the tumor structure in addition to the cellular
changes (Fig. 2Q.

In another experiment, a group receiving free Adriamycin
was also included (Fig. 3). In this experiment, 4 mg/kg instead
of 7.5 mg/kg free Adriamycin was given to the tumor-bearing
mice, since the results of preliminary experiments indicated
that administration of 4 mg/kg free Adriamycin or Adriamycin
(7.5 mg/kg) in liposomes did not appreciably influence the body
weight gain in mice, but that 7.5 mg/kg free Adriamycin was
highly toxic. Although inhibition of tumor growth was observed
in all of the three groups treated with Adriamycin in different
ways, the highest therapeutic effect was still seen in the group
injected with 19-F-12-conjugated liposomes containing Adria
mycin. In this experiment the actual weights of the excised
tumors were: group 1 (control), 1589 Â±871 (SD) mg; group 2
(free Adriamycin), 515 Â±339 mg; group 3 (Adriamycin in
unconjugated liposomes plus 19-F-12), 597 Â±355 mg; and
group 4 (Adriamycin in 19-F-12-conjugated liposomes), 193 Â±
142 mg. The levels of the statistical significance of the differ
ences between groups 2 and 4 and groups 3 and 4 were P <
0.05 and P < 0.01, respectively.

Furthermore, we performed an experiment in which the
concentration of Adriamycin was fixed to 5 mg/kg in all exper
imental groups. In this experiment, the therapeutic effect of
Adriamycin in 19-F-12-conjugated liposomes was not so prom-
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Control
Free ADM
Lip-ADM mix Ab
Lip-ADM=Ab

12
Days after initial treatment

Fig. 3. Therapeutic effect of Adriamycin administered in various forms on the
growth of Li-7 inoculated on the backs of BALB/c nu/nu mice. The results are
expressed as relative mean tumor weights (ffVWo), where WÂ¡is the estimated
tumor weight at a given time and H â€žthat at the initiation of treatment. The
estimated tumor weight was calculated as 1/2 x length x width2 of the tumor.
Twelve days after inoculation of Li-7, the mice (four mice per each group) received
three i.v. shots of saline as control, free Adriamycin (4 mg/kg), Adriamycin (7.5
mg/kg) entrapped in liposomes plus 19-F-12 (Lip-ADM mix Ab), or Adriamycin
(7.5 mg/kg) in I9-F-12-conjugated liposomes (Lip-ADM=Ab). On day 12 of the
treatment, the mice were sacrificed and the excised tumors were weighed.
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Fig. 4. Comparison of the therapeutic effects of Adriamycin (5 mg/kg) admin
istered in various forms. After inoculation of Li-7, BALB/c nu/nu mice (five mice
per each group) received three i.v. injections of saline; free Adriamycin, Adria
mycin in unconjugated liposomes, or Adriamycin in 19-F-12-conjugated lipo
somes. The sizes of the tumors were calibrated periodically up to 13 days after
the initiation of treatment, and the results are expressed as relative mean tumor
weights (WJW0), as in Fig. 3. On day 13 of the treatment, the mice were sacrificed
and the excised tumors were weighed.

inent as that observed in Figs. 1 or 3, and the cellular changes
with slight destruction of tumor structure was observed on
histolÃ³gica! examination.4 However, the regression of tumor
growth by Adriamycin in 19-F-12-conjugated liposomes was
still greater than that of free Adriamycin or Adriamycin in
unconjugated liposomes (Fig. 4). The actual tumor weights at
sacrifice were: group 1 (control), 3210 Â±793 mg (SD); group
2 (free Adriamycin), 2749 Â±878 mg; group 3 (Adriamycin in
19-F-12-conjugated liposomes), 2255 Â±522 mg; and group 4
(Adriamycin in 19-F-12-conjugated liposomes), 1537 Â±364
mg. The levels of the statistical significance of the differences
between groups 2 and 4 and groups 3 and 4 were P < 0.01 and
P< 0.01, respectively.

To investigate the immunological specificity of the therapeu
tic effect of Adriamycin in 19-F-12-conjugated liposomes, the
experiments were repeated in parallel with AFP-positive hepa-
toma Li-7 and AFP-negative breast cancer MX1 (Table 1). The
mice inoculated either with Li-7 or MX1 were divided into
three groups, and were treated with saline (group 1), Adriamy
cin in normal mouse IgG (IgG2b fraction)-conjugated lipo
somes (group 2), or Adriamycin in 19-F-12-conjugated lipo
somes (group 3), respectively. In the experiment with Li-7, the
actual tumor weights of the excised tumors were: group 1, 1408
Â±636 mg (SD); group 2, 653 Â±312 mg; and group 3, 206 Â±
124 mg. The difference between groups 2 and 3 was significant
(P < 0.01 ). In contrast, in the experiments with MX 1, the actual
tumor weights were: group 1, 2567 Â±755 mg (SD); group 2,

4 H. komm, H. Suzuki, T. Tadakuma, K. Kumai, T. Yasuda, T. Kubota, S.
Ohm, K. Nagaike, S. Hosokawa, K. Ishibiki, O. Abe, and K. Saito, unpublished
observations.

Table 1 Preferential therapeutic effect of Adriamycin in I9-F-I2-conjugated
liposomes to AFP-positive hepatoma Li-7

Antitumor effects of Adriamycin (7.5 mg/kg) entrapped in liposomes with
normal mouse IgG (IgG2b fraction) or 19-F-12 were experimentally studied on
the AFP-positive hepatoma Li-7 and on the AFP-negative breast cancer strain
MX 1 in parallel. Male BALB/c nu/nu mice inoculated with Li-7 or MX1 were
treated with three i.v. injections at 4-day intervals of saline, Adriamycin in normal
mouse IgG (IgG2b fraction (-conjugated liposomes (Lip-ADM=NIgG), or Adria
mycin in 19-F-12-conjugated liposomes (Lip-ADM=19-F-I2). The mice were
sacrificed on day 12 of Adriamycin treatment.

TumorLi-7

MX1TreatmentSaline

Lip-ADM=NIgG
Lip-ADM=19-F-12
Saline
Lip-ADM=NIgG
Lip-ADM=19-F-12Number10

10
12
8

10
12Tumor

weight
(mg Â±SD)1408

Â±636
653 Â±312
206 Â±124'

2567 Â±755
1159 Â±350
1239 Â±396*

" P < 0.01 compared to Lip-ADM=NIgG.
* Not significant compared to Lip-ADM=NIgG.

1159 Â±350 mg; and group 3, 1239 Â±396 mg. The significant
difference was not observed between groups 2 and 3.

Tissue Distribution Studies on Adriamycin. Adriamycin in
various forms, equivalent to 7.5 mg/kg, was injected i.v. into
nude mice which had been inoculated with pieces of a Li-7
hepatoma on both sides of the back. At 1, 4, 8, and 16 h after
injection, various organs were removed by dissection and ho
mogenized in acidified ethanol, and then the concentrations of
Adriamycin in the supernatants of the homogenates were de
termined fluorometrically.

When Adriamycin was i.v. administered as the free form,
Adriamycin was rapidly cleared from the circulation and could
be hardly detected in the serum after several minutes, as shown
in Fig. 5. Since Adriamycin could not be detected in the serum
at 1 h, the experiment was repeated with BALB/c nu/+ male
mice, and the clearance of Adriamycin was investigated during
l h after injection, as shown in the lower half of Fig. 5. In
contrast, when Adriamycin was administered as the liposome-
entrapped form, it was cleared slowly and was detectable even
at 16 h after administration. In the liver and spleen of mice
injected with liposome-entrapped form, the concentration of
Adriamycin was markedly high, and the drug concentration in
the spleen increased 4 h after the injection. The retention of
Adriamycin in the liver and spleen was slightly higher in the
group injected with Adriamycin entrapped in 19-F-12-conju-
gated liposomes as compared to that injected with the drug
entrapped in unconjugated liposomes (Fig. 6). The cardiac
Adriamycin level was reduced by liposome delivery as compared
to the case of free form (Fig. 7). Furthermore, in the kidney
and lung, the Adriamycin level was generally reduced by lipo
some delivery (Fig. f;). Finally, the concentrations of Adriamy
cin in the Li-7 her.-atoma were compared (Fig. 9). The Adria
mycin levels in .DC tumors were low and the deviation was
rather high. However, a difference was observed between deliv
ery with antibody-conjugated liposome and that with unconju
gated liposomes (at 4 h, P < 0.1, and at 16 h, P< 0.05). In this
experiment, it was rather hard to find a difference between the
groups injected with 7.5 mg/kg free Adriamycin and the equiv
alent amount of Adriamycin in antibody-conjugated liposomes
except at 4 h (P < 0.05).

DISCUSSION

Targeting of the liposomes with monoclonal antibodies di
rected against the target cells has been attempted by many
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Fig. 5. Adriamycin levels in the serum. Adriamycin (7.5 mg/kg) in various
forms was injected i.v. to BALB/c nu/nu male mice which had been inoculated
with Li-7. At indicated times, blood was collected and the concentration of
Adriamycin in the serum was determined fluorometrically. When Adriamycin
was administered as the free form, it was hard to detect the Adriamycin in the
serum even at I h (lop). The experiments were repeated with naive BALB/c nul
+ male mice (hintnm). and the Adriamycin levels in the groups injected with the
free form and the unconjugated form were determined during short period after
the injection.

investigators. Leserman et al. (16) reported that liposomes
bearing monoclonal antibodies against human 02-microglobuIin
bound specifically to human cells and not to mouse cells. They
further demonstrated that liposomes conjugated with monoclo
nal antibodies against the major histocompatibility complex of
the murine H-2k haplotype could selectively inhibit radii Â»labeled
deoxyuridine incorporation by spleen cells from CBA (H-2k)
mice but not C57BL/6 (H-2") mice (17). Similar results with
anti H-2k monoclonal antibody were reported by Huang et al.

(18). Furthermore, Bragman et al. (19) clearly showed that
liposomes covalently coupled with the monoclonal antibody
against human glycophorin selectively bound to K562 cells, a
human leukemic cell line with glycophorin A. Based on the
results of these targeting studies, Hashimoto et al. (20) success
fully treated a murine mammary carcinoma with monoclonal
antibody-conjugated liposomes containing actinomycin D.
However, attempts for human solid tumors, especially in in vivo
system, have not been reported.

In our study, monoclonal antibodies against human AFP
were coupled to liposomes by the method of Barbet et al. (6).
These liposomes were found to bind to AFP-positive hepatoma
cells, as demonstrated with fluoresceinthiocarbamylphos-
phatidylethanolamine-incorporated fluorescent liposomes (data
not shown). Furthermore, in vitro experiments indicated that
Adriamycin in 19-F-12-conjugated liposomes could inhibit the
proliferation of AFP-positive hepatoma cell line PLC more
efficiently than Adriamycin in 19-F-12-unconjugated lipo
somes. However, the inhibitory effect of Adriamycin in 19-F-
12-conjugated liposomes was not different from that of Adria-
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Fig. 6. Adriamycin levels in the liver and spleen. The Adriamycin levels were
determined at indicated times using the mice described in Fig. 5, top, and the
results are expressed as ^g/g of wet tissue (N = 3).
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Fig. 7. Adriamycin levels in the heart. The donor mice are the same as those
used in Fig. 6.

mycin in unconjugated liposomes against AFP-negative gastric
cancer cell line KATO III (data not shown). AFP is a secretory
glycoprotein and the AFP-anti AFP antibody system may not
be an appropriate system for in vivo targeting therapy. However,
we first selected hepatoma as the target of in vivo treatment for
the following reasons. Although it is still questionable as to
whether or not liposomes can pass through the capillary walls,
the capillary system in the liver is discontinuous and opens to
sinusoids. We can expect that antitumor agents entrapped in
liposomes could reach tumor cells even when the liposomes are
unable to pass through the capillary walls.

The therapeutic effect of Adriamycin (7.5 mg/kg) entrapped
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in 19-F-12-conjugated liposomes was remarkable, even though
the treatment was started 10-14 days after inoculation of the
tumor. The tumor weight in the group treated with Adriamycin
in antibody conjugated liposomes was reduced to one-eighth of
that in the control group treated with saline, and the antitumor
effect was much more evident in the histological findings of the
tumor specimens. Tissue Adriamycin distribution studies re
vealed that this remarkable effect in vivo was not solely due to

the preferential delivery of the drug to the tumor by the lipo
somes. Adriamycin in liposomes could circulate longer than
free Adriamycin, and the tumor cells would be exposed to
Adriamycin for longer periods. The Adriamycin level in the
heart was reduced by liposome delivery as reported by many
investigators (13, 21). The cardiotoxic effect of Adriamycin is
the major limiting factor for its clinical use (22). Thus, 7.5 mg/
kg of Adriamycin in liposomes could be administered, but the
maximum dose of free Adriamycin that could be administered
without the toxicity was 4-5 mg/kg. Furthermore, measure
ment of Adriamycin in the tumors revealed that preferential
distribution of Adriamycin to the tumors occurred, to some
extent, with antibody-conjugated liposomes as compared to the
unconjugated liposomes. On the other hand, differences in the
drug concentration in the tumors were not detected, except at
4 h, between the groups injected with Adriamycin (7.5 mg/kg)
in the free form and in the antibody-conjugated liposome-
entrapped form. However, it should be noted that the Adria
mycin distribution experiment was performed with a dose of
7.5 mg/kg, and the maximum dose of free Adriamycin for in
vivo treatment without toxicity would be 4-5 mg/kg. In an
experiment normal mouse IgG-conjugated liposomes were used
instead of antibody-unconjugated liposomes, and still a higher
concentration of Adriamycin was delivered to the tumor by the
19-F-12-conjugated liposomes than by the normal mouse IgG-
conjugated liposomes.4 These results indicate two factors that

mainly contribute to the efficient therapeutic effect of Adria
mycin entrapped in antibody-conjugated liposomes, in addition
to the longer retention of the liposome-entrapped drug in the
circulation as described. Firstly, there was some preferential
accumulation of Adriamycin in the tumor with anti-AFP anti
body-conjugated liposomes as compared to unconjugated or
normal mouse IgG conjugated liposomes. Secondly, Adriamy
cin (7.5 mg/kg) could be administered with liposome delivery
in contrast to 4-5 mg/kg of free Adriamycin.

For improvement of targeting therapy, the liposome system
should be checked from various aspects. First of all, if the drug
is to be administered as one shot, it is essential to devise means
of entrapping a desired dose of an antitumor agent in an
appropriate volume, since the entrapment of a drug in lipo
somes, especially SUV, is low. In this study we adopted Adri
amycin as an antitumor drug. It is easy to determine the amount
of the drug contained in liposomes from the fluorescent inten
sity. Furthermore, Adriamycin has a high affinity for phospho-
lipids, especially negatively charged phospholipids (23), and
this is the main reason why DPPA was included in our liposo-
mal preparations. In fact, the efficiency of Adriamycin entrap
ment in our preparations was about 5%. This value is unusually
high in comparison with that for other agents such as mito-
mycin C (about 0.4% in SUV). Also, we dissolved Adriamycin
in water (20 mg/ml in contrast to 10 mg/ml in saline at the
most). Furthermore, in the procedure for the preparation of
Adriamycin-containing antibody-conjugated liposomes, we
omitted the Sepharose 4B column step by which unconjugated
antibody can be removed, since about 50% of the Adriamycin
was lost during passage through the column because of the
affinity of the drug for Sepharose 4B.4

Liposome delivery should be also considered from the view
point that it changes the distribution of drugs to various organs.
The reduction of the Adriamycin level both in the heart and in
the kidney by entrapment in liposomes is beneficial. However,
an increase in the uptake of drugs by reticuloendothelial cells
is inevitable (24,25), and this may cause undesirable side effects
on use for a long period. It was already reported that a single
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dose of biodegradable particles such as liposomes are tolerated
well by many animal species (26). However, repeated dosing
with particulate carriers can impair reticuloendothelial clear
ance functions (26). Thus, the delivery of high concentrations
of cytotoxic drugs to mononuclear phagocytes in the blood and
the reticuloendothelial system may eventually induce toxic abla
tion of a vital element of host defense. In this respect, we are
trying to use the Fab' fragment of the antibody by treating anti-

AFP monoclonal antibodies with pepsin, followed by reduction
of the disulfide bond. The introduction of a thiol group by
SPDP into an immunoglobulin molecule occurs at random and
there is no guarantee that all of the antibodies conjugated to
the liposomes retain antigen-binding activity. In contrast, the
Fab' fragment of IgG contains a single thiol group at a pre

dictable portion and all of the molecules coupled to liposomes
will act as antigen-binding molecules. The employment of the
Fab' fragment is also expected to reduce the uptake by phago

cytes which have Fc receptors for IgG.
Finally, although we demonstrated here that liposome deliv

ery was useful for targeting therapy, it was not determined how
the Adriamycin entrapped in liposomes was delivered into the
tumor cells. With the results of our experiments, we can not
exclude the possibility that the efficient therapeutic effect was
due to some preferential accumulation of liposomes around
tumor cells, followed by the slow release of Adriamycin. It is
reported that liposomes are incorporated into cells mainly via
endocytosis (18). The development of new techniques for deliv
ering the contents of liposomes into cells, which are lacking in
the capacity of endocytosis, is necessary for more efficient drug
delivery by liposomes in the future.
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