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ABSTRACT

Incorporation of polyethylene glycol-derivatized phospholipids into li

posomes results in carriers that can enhance the therapeutic efficacy of
encapsulated drugs by imparting the ability to evade the reticuloendothe-

lial system and remain in the circulation for prolonged periods. In this
study, doxorubicin encapsulated in these sterically stabilized liposomes
(S-DOX) is shown to completely arrest the growth of human lung tumor

xenografts in severe combined immunodeficient (seid) mice. Doxorubicin
administered at equivalent doses as free drug or encapsulated into con
ventional liposomes was ineffective at completely arresting the growth of
this human tumor, although a decrease in tumor growth rate compared to
untreated controls was observed. Seid mice were found to be significantly
more susceptible to the toxic effects of doxorubicin than were immuno-
competent ( '.It-17 control mice, a characteristic that is likely to result from

the deficit in DNA repair mechanisms previously identified in seid mice.
However, doxorubicin toxicity in seid mice could be minimized while
maintaining the antitumor activity of doxorubicin encapsulated in steri
cally stabilized liposomes by administering the drug in multiple weekly
injections at low doses. This report provides the first evidence that anti-

tumor drugs delivered in sterically stabilized liposomes are more effective
at arresting the growth of human tumors than are conventional delivery
systems. In addition, the seid mouse is presented as a viable model in
which to study novel chemotherapeutic approaches to the treatment of
human cancer.

INTRODUCTION

Inclusion of components such as phosphatidyl inositol, monosialo-
ganglioside, or PEG-DSPE3 in liposomes significantly increases lipo

some circulation time in vivo compared to other negatively charged
liposomes (1, 2). Long-circulating liposomes entrapping chemother

apeutic agents such as doxorubin, epirubucin, and vincristine have
enhanced therapeutic activity, compared to the same drugs adminis
tered in the free form or entrapped in non-long-circulating liposomes,

against mouse solid colon or mammary tumors grown in normal mice
(3-6). It is probable that the enhanced therapeutic effects are related

to increased accumulation of drug/liposomes in tumors (2, 7). Initial
phase 1 clinical trials of a long-circulating liposome formulation of

doxorubicin (Doxil) have been initiated (8) but investigations of the
activity of Doxil against human tumor xenografts have not been
previously reported. Here we report initial studies of the antitumor
effects of Doxil (S-DOX) against a human squamous cell carcinoma

of the lung grown in seid mice. We also present the seid mouse as a
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useful animal model to evaluate the efficacy of chemotherapeutic
agents in the treatment of human solid tumors.

MATERIALS AND METHODS

Mice. C.B.-17 seid/seid mice were obtained from our breeding colony at

Roswell Park Cancer Institute. Our initial breeding stock was provided by Dr.
Anne Croy (University of Guelph, Guelph, Ontario, Canada) with permission
from Dr. Mel Bosma (Fox Chase Cancer Center, Philadelphia, PA). Seid mice
were housed in sterile microisolator cages (Lab Products, Maywood, NJ)
without any prophylactic antibiotic treatments. All food, water, and bedding
were autoclaved prior to use and all manipulations were done under sterile
conditions in a laminar flow hood. Periodic screening of our user colony for the
presence of mouse pathogens is performed by challenging specific pathogen-

free C3H sentinel mice with soiled bedding and tissue from random seid mice.
Four weeks following challenge, sera are from sentinel mice are screened for
antibodies to 16 different mouse pathogens (Mouse Level II Complete Anti
body Profile, Microbiological Associates, Rockville, MD). C.B-17 +/+ con

trol mice were purchased from Taconic Laboratories (Germantown, NY) and
housed with conventional mice.

Doxorubicin Preparation and Injection. A long-circulating liposome for

mulation of doxorubicin (Doxil; lot 0175) was prepared and characterized at
Liposome Technology, Inc., Menlo Park, CA. Although details of the meth
odology for preparation of Doxil have been published (4), an outline will be
given here. An ethanol solution of hydrogenated soy phosphatidylcholine
(Natterman Phospholipids, Cologne, Germany), cholesterol (Croda, Fullerton,
CA), PEG-DSPE (9), and d/-a-tocopherol (Hoffman LaRoche, Nutley, NJ) in

a molar ratio of 56.1/38.2/5.5/0.2 was injected into unbuffered 155 min am
monium sulfate-1 HIMdesierai lo a final concentration of 10% ethanol and
shaken at 60Â°Cfor 1 h. The liposome suspension was extruded through a

sequence of nucleopore filters from 0.4-/j.m down to 0.05-/xm diameter and

then dialysed against 10% sucrose and the pH was adjusted to 5.5. Fifty /Â¿M/ml
of the liposome suspension were mixed with 6.66 mg/ml doxorubicin (Farmi-
talia, Milan, Italy) in 10% sucrose at 60Â°Cfor 1 h. Nonencapsulated doxoru

bicin was removed, after cooling, by stirring the liposome suspension with
Dowex SOW cation exchange resin. Final doxorubicin and lipid concentrations
were 1.8 mg/ml and 19.5 /j.M/ml, respectively.

A conventional, non-long-circulating liposome formulation of doxorubicin,
C-DOX, composed of phosphatidylglycerol, phosphatidylcholine, cholesterol,
and dl-a-tocopherol in a molar ratio of 1/4/3/0.02, was prepared using the thin

lipid hydration method as described previously (10). Final doxorubicin and
lipid concentrations were 0.8 mg/ml and 35 /j.M/ml, respectively.

F-DOX, in powder form (Farmitalia), was solubilized in sterile saline to 2.0

mg/ml.
The above preparations of doxorubicin were diluted in sterile saline for

injection into the lateral tail veins of seid mice at the indicated doses. Injections
contained total volumes of 50 to 150 JLÃœ.

Human Lung Tumor Cell Culture and Engraftment into Seid Mice. A
freshly resected squamous cell carcinoma of the lung (Department of Thoracic
Surgery, Roswell Park Cancer Institute) was adapted to growth in vitro as
follows. Tumor tissue was debrided of necrotic tissue and minced with scissors
into 3-mm3 fragments. The fragments were then transferred to a triple enzyme

preparation consisting of 2 mg/ml collagenase type IV (Worthington Biochem
ical Corp., Freehold, NJ), 0.3 mg/ml deoxyribonuclease type I (Sigma Chem
ical Corp., St. Louis, MO), and 5 /xl/ml hyaluronidase (Sigma) in RPMI-1640

(GIBCO, Grand Island, NY). The tumor was digested overnight at room
temperature with gentle stirring. The tumor cell suspension was collected,
washed with RPMI-1640, and plated onto sterile tissue culture flasks (Falcon
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3024) in Dulbccco's modified Eagle's/F12 medium (GIBCO) containing 5%

fetal bovine serum, penidllin, and streptomycin. A monolayer of Matrigel
(Collaborative Research. Bedford. MA) I mm thick was added to the plates on
the third day of culture and allowed to stand for 4 weeks. Medium was
aspirated and replaced twice weekly. After initiation of cell growth, the matri-

gel was digested using dispase (Collaborative Research) and fresh medium was
added. The cell line, named TL-1, was propagated in tissue culture by

trypsinization of confluent culture plates and has been passaged more than 100
times.

Engraftment of TL-1 into seid mice was performed by s.c. injection of 2 X
H)6 viable cells in 0.2 ml sterile saline. Tumor size was measured weekly and

tumor volumes were estimated using the formula

Tumor volume (mm1) =
(a X b2)

where a and b are the longest and shortest dimensions of the tumor in milli
meters (mm), respectively.

RESULTS

Increased Doxorubicin Toxicity in Seid Mice. Seid mice have
been shown to have an intrinsic deficit in the cellular mechanisms
responsible for DNA repair (11). These mice are extremely sensitive
to the effects of ionizing radiation and cell lines derived from them
exhibit a hypersensitivity to DNA-damaging agents in vitro (12).

Therefore, it is important to determine if the seid/seid genotype results
in an enhanced sensitivity to the toxic effects of doxorubicin, which is
known to cause single- and double-stranded breaks in DNA (13). To
this end, C.B-17 seid/seid mice and their immunocompetent parental
strain (C.B-17 +/+) received i.v. injections of doxorubicin at days 0
and 7 (Fig. 1). Injections contained F-DOX or S-DOX at 3.0, 6.0, or

9.0 mg/kg, doses which have previously been well tolerated in im
munocompetent mice (7). All C.B-17 +/+ mice survived, regardless

of dose, to day 14. In contrast, all seid mice receiving injections of 6.0
or 9.0 mg/kg died between day 7 and day 14 after exhibiting clinical
signs of toxicity such as severe weight loss, hunched posture, ruffled
fur coats, and anemia. Most seid mice receiving doses of S-DOX or
F-DOX at 3.0 mg/kg survived to day 14 although 12.5% mortality (1
of 8) was observed with S-DOX and 33% mortality (2 of 6) was
observed with F-DOX.

Arrest of Human Lung Tumor Growth in Seid Mice by S-DOX.
A poorly differentiated squamous cell carcinoma of the lung was
adapted to growth ;'/; vitro following enzymatic disaggregation of a

resected human tumor. The resulting cell line, TL-1, injected s.c.,
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Fig. l. Seid mice are more susceptible to doxorubicin toxicity than are immunocom
petent C.B-17 mice. Seid mice â€¢¿�or C.B-17 +/+ control mice (H) received i.v.
injections of S-DOX or F-DOX at 3.0. 6.0, or 9.0 mg/kg on day 0 and day 7. The

percentage of mice surviving at day 14 is shown here with the total number of mice/group
indicated below each bar.

1(5/10)

456
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Fig. 2. Growth of human lung tumor cells is arrested by S-DOX hut not by F-DOX.
Seid mice were engrafted with 2 X 10()TL-1 cells and given weekly injections of S-DOX
â€¢¿�â€¢n = 10) or F-DOX (A. n = 10) at 3.0 mg/kg starting 1 week postengraftment and
continuing through week 10. Control mice were left untreated (â€¢,n = 9). Four mice were

left untreated until measurable tumors were present at week 4 when they started receiving
weekly injections of S-DOX at 3.0 mg/kg (d, n = 4). Tumor volumes were measured
weekly and averaged (Â±SEM). Data are pooled from two separate experiments. Numbers
in parentheses, fraction of mice surviving to final time points.

(3/5)

5 6
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Fig. 3. Growth of human lung tumor cells is arrested by S-DOX but not by C-DOX.
Seid mice were engrafted with 2 X 10" TL-1 cells and given weekly injections of S-DOX
(â€¢,n = 5) or C-DOX (A, n = 5) at 3.0 mg/kg starting 1 week postengraftment and
continuing through week 10. Control mice were left untreated (â€¢,n = 5). Tumor volumes
were measured weekly and averaged (Â±SEM). Numbers in parentheses, fraction of mice
surviving to final time points.

produces tumors in seid mice which retain the histolÃ³gica! character
istics of the original human specimen. TL-1 was engrafted s.c. into
seid mice which then received weekly i.v. injections of S-DOX or
F-DOX at 3.0 mg/kg. Injections started 1 week after the engraftment
of TL-1 and continued through week 10. Tumor volumes were esti

mated weekly and pooled data from the two experiments are shown in
Fig. 2. All mice were sacrificed when tumors were measured to be
>5.0 cm3 or when the mice showed obvious signs of distress. Un

treated control mice grew large tumors and were sacrificed after 8
weeks, while mice treated with F-DOX experienced only a slight

delay in tumor growth and were sacrificed at week 10. In contrast,
treatment with S-DOX resulted in the complete arrest of tumor
growth. Of the 10 mice treated with S-DOX, four mice had no evi

dence of tumor at week 10 and three mice had only small, hard s.c.
nodules. The remaining three mice died prior to week 10 with no
evidence of tumor. Furthermore, when S-DOX treatment was withheld

until s.c. tumors were palpable at week 4, mice showed delayed tumor
growth through week 7 followed by complete growth arrest.

Comparison of Conventional and Sterically Stabilized Lipo
somes for Drug Delivery to Human Tumor Xenografts. In Fig. 3,
S-DOX or C-DOX is injected at 3.0 mg/kg/week into tumor-bearing
seid mice to compare their efficacies in arresting the growth of TL-1.
Again, weekly injections of S-DOX resulted in the complete arrest of
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tumor growth. C-DOX, however, was ineffective at arresting tumor

growth although some decrease in growth rate was observed.
As expected from the results of Fig. 1, we observed some mortal

ity due to doxorubicin toxicity during the course of our experiments.
In the 3 groups of mice which received no treatment, F-DOX, or
C-DOX, it was difficult to distinguish morbidity due to drug toxicity

from morbidity due to tumor burden. Most of the attrition in these
groups was the result of sacrifice following the growth of large tu
mors. However, in the mice which received S-DOX, the observed at

trition was clearly due to drug toxicity, since no significant tumor
burdens were observed. In total, 15 mice were treated with S-DOX

at 3.0 mg/kg (10 mice in Fig. 1 and 5 mice in Fig. 2); although 5 of
these mice died prior to week 10, it should be noted that the surviv
ing mice received 9 injections at 3.0 mg/kg, representing a high cu
mulative dose of doxorubicin. Therefore, while weekly injections of
S-DOX at 3.0 mg/kg are effective at arresting the growth of human

lung tumors in seid mice, there is significant toxicity.
Dose Response of S-DOX. In order to minimize the toxic effects

of S-DOX and determine the minimum dose which is effective at
obtaining growth arrest of TL-1, weekly injections of S-DOX were

administered at 2.0, 1.0, and 0.5 mg/kg (Fig. 4). Mice which received
weekly injections of S-DOX at 2.0 mg/kg experienced complete arrest

of tumor growth and showed considerably less toxicity than mice
which received 3.0 mg/kg/week in the preceding experiments. At 2.0
mg/kg/week 100% of the mice survived to week 12 and appeared
healthy and active with minimal body weight losses of 2-19%. Mice
which received S-DOX at 3.0 mg/kg/week showed an overall 10-week

survival of 67% (Figs. 2 and 3) with most of the surviving mice
appearing inactive with ruffled fur coats and body weight losses of
24-^5%. Weekly injections of S-DOX at 1.0 or 0.5 mg/kg were

ineffective at arresting tumor growth, although tumor growth could be
delayed.

DISCUSSION

The pharmacokinetics of sterically stabilized liposomes have been
well characterized in mice. Incorporation of monosialoganglioside,
phosphatidyl Â¡nositol,or PEG-DSPE into liposomes prolongs their
circulation times by at least 5-fold over conventional liposomes, in
creasing the half-time in blood to between 15 and 22 h in mice (3, 6)

and up to 42 h in humans (8). This increase in circulation time
corresponds with a decrease in the uptake of sterically stabilized
liposomes by the organs of the RES such as the liver and the spleen

6.0 -

(4/5)

(5/5)

9 1011 12234567

WEEKS

Fig. 4. Human tumor growth inhibition by S-DOX is dose dependent with complete
arrest obtainable at 2.0 mg/kg/week. Seid mice were engrafted with 2 X 10fl TL-1 cells
and given weekly injections of S-DOX 2.0 mg/kg (â€¢,n = 5), 1.0 mg/kg (A, n = 5), or
0.5 mg/kg ( *, n = 5) starting 1 week postengraftment and continuing through week 12.
Control mice were left untreated (â€¢,n = 4). Tumor volumes were measured weekly and
averaged (Â±SEM). Numbers in parentheses, fraction of mice surviving to final time
points.

(6, 7). It has been proposed that the long-circulating properties of

these liposomes results from their steric stabilization, whereby their
surface is stabilized by a layer of highly hydrated groups that sterically
hinder the binding of plasma components. The binding of plasma
components can lead to liposome destabilization and disintegration or
to opsonization and subsequent phagocytosis by the macrophages of
the RES (14). Thus, these long-circulating liposomes have been called
"stealth liposomes" by virtue of their ability to evade clearance by the

RES (15).
Since conventional liposomes have been unsuccessful in delivering

drugs preferentially to tumors, others have attempted to utilize anti
bodies to increase the specificity of liposome mediated drug delivery
to tumors. While many different laboratories have demonstrated that
the conjugation of antibodies to drug-containing liposomes establishes
tumor specificity of drug delivery in vitro (16-20), the success of
immunospecific liposomes in vivo has been limited (21-23). In con

trast, sterically stabilized liposomes exhibit an enhanced ability to
accumulate within solid tumors in vivo (2, 7). Perivascular deposits of
labeled liposomes have been observed in mouse tumors and may
occur by extravasation through fenestrated blood vessels or by
transendothelial vesicular transport (7). Once deposited in the perivas-

cular regions of a tumor, these liposomes can presumably act as local
reservoirs for the diffusion of encapsulated drugs into the surrounding
tissue. This notion is supported by reports that anthracyclines encap
sulated in sterically stabilized liposomes have enhanced therapeutic
potential in the treatment of mice bearing syngeneic solid tumors
(3-6). A recent report has also utilized sterically stabilized liposomes
as a vehicle for the antibody-targeted delivery of doxorubicin to

murine lung tumors (24). The data presented here extend the obser
vations made with murine tumors, showing that S-DOX is more
effective than F-DOX or C-DOX at arresting the growth of a human

squamous cell carcinoma of the lung, providing the first direct evi
dence that sterically stabilized liposomes can enhance the cytotoxic
effects of chemotherapeutic agents on human solid tumors in vivo.

At equivalent doses the negatively charged S-DOX is more thera-
peutically effective than the negatively charged C-DOX. The specific
C-DOX formulation that was compared with S-DOX was utilized
because it is similar to other C-DOX formulations which have been

investigated preclinically (4, 10) and which have been in clinical trials
(25). It is, in fact, difficult to formulate a C-DOX which differs from
S-DOX only in the degree of steric stabilization. Furthermore, C-DOX

formulations, independent of size and composition do not, in general,
show enhanced therapeutic effects compared to free drug at equal
doses, except in a few situations such as in the treatment of experi
mental liver metastasis (10, 26).

This study also provides unique insights into the potential uses and
limitations of seid mice as a model to study the therapeutics of
antineoplastic drugs in the treatment of human tumors. Since the first
successful xenograft of a human tumor in seid mice was reported in
1987 (27) the seid mouse has become a popular host for human
neoplasms. In fact, several studies have reported seid mice to be
superior to nude mice in their ability to support the growth of human
tumors (reviewed in Refs. 28 and 29). However, while some work has
been published on the use of seid mice to treat disseminated human
hematological neoplasms (30, 31), very little has been published on
the treatment of human solid carcinomas in seid mice. We have
previously reported that a monoclonal antibody specific for an antigen
expressed on human lung tumors will suppress the growth of human
lung tumor cells in seid mice when conjugated to 125I or 1-ÃŸ-o-

arabinofuranosylcytosine loaded liposomes (23). Recently, it was also
reported that the growth of a human prostate tumor cell line in seid
mice can be blocked by the administration of taxol (32).
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The observation that seid mice are unable to tolerate high doses of
doxorubicin was anticipated given their deficit in DNA repair mech
anisms. This deficit is apparently restricted to the repair of double-

stranded breaks in DNA, such as those that are mediated by free
oxygen radicals following y-irradiation or treatment with bleomycin
(11, 12). Although the exact mechanism of doxorubicin's antitumor

activity remains unclear, some of its associated toxicities have been
attributed to the formation of free radicals (13), making it a likely
candidate for enhanced toxicity in seid mice. Our observation that the
toxicity of doxorubicin in seid mice can be alleviated by scheduling
multiple injections at lower doses is similar to what has been observed
in humans (33).

While the seid mouse has clear utility as a vehicle to study the
therapeutics of human cancer, it is important to recognize the potential
effects of the seid/seid genotype on the ability to tolerate certain
cytotoxic drugs. In particular, the use of agents which generate free
radicals, such as doxorubicin and bleomycin, may have limitations in
seid mice. Ongoing studies show that the nude mouse does not show
the marked sensitivity to doxorubicin or Doxil that is seen in the seid
mouse.4 There are, however, clear advantages of seid mice over nude

mice, including their ability to accept xenografts of a wider array of
human neoplasms (28) as well as their ability to support human
immunocompetent cells (34-36), providing the potential to study the

human immune response to cancer in a small animal model.
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