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Abstract Purpose: The pharmacokinetics (PK), biodis-
tribution and therapeutic efficacy of cisplatin encapsu-
lated in long-circulating pegylated (Stealth®) liposomes
(SPI-077) were compared with those of nonliposomal
cisplatin in two murine (C26 colon carcinoma and Lewis
lung) tumor models. Methods: In therapeutic effective-
ness studies, mice bearing murine C26 or Lewis lung
tumors received multiple intravenous doses of SPI-077
or cisplatin in a variety of treatment schedules and cu-
mulative doses. In the PK and biodistribution study,
mice received a single intravenous bolus injection of
3 mg/kg of either SPI-077 or cisplatin 14 days after in-
oculation with 10® C26 tumor cells. Plasma and tissues
were analyzed for total platinum (Pt) content by
graphite furnace (flameless) atomic absorption spectro-
photometery (GF-AAS). Results: Efficacy studies
showed that SPI-077 had superior antitumor activity
compared to the same cumulative dose of cisplatin.
When lower doses of SPI-077 were compared to cisplatin
at its maximally tolerated dose in Lewis lung tumors,
equivalent SPI-077 antitumor activity was seen at only
half the cisplatin dose. Higher cumulative doses of SPI-
077 were well tolerated and had increased antitumor
effect. SPI-077 PK were characterized by a one-com-
partment model with nonlinear (saturable) elimination,
whereas cisplatin PK were described by a two-com-
partment model with linear elimination. SPI-077 had a
55-fold higher volume of distribution, 3-fold higher peak
plasma levels, and a 60-fold larger plasma AUC com-
pared with cisplatin. In addition, SPI-077-treated ani-
mals displayed a 4-fold reduction in Pt delivered to the
kidneys (primary target organ of toxicity) relative to
cisplatin, but a 28-fold higher tumor AUC than cis-
platin. Conclusions: Based on the results of our studies,
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encapsulation of cisplatin in long-circulating pegylated
liposomes has overcome limitations experienced with
other liposomal cisplatin formulations. SPI-077 has a
prolonged circulation time and increased tumor Pt dis-
position, and its antitumor effect is significantly im-
proved compared to cisplatin in murine colon and lung
cancer models.
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Introduction

Cisplatin (cis-dichlorodiammineplatinum (IT); CDDP) is
one of the most widely used agents in the treatment of a
variety of solid tumors, particularly genitourinary, head
and neck and lung tumors [3]. However, expansion of
the clinical utility of cisplatin has been limited by its
toxicity, as well as the emergence of intrinsic and ac-
quired resistance in many common tumor types. A va-
riety of strategies have been implemented to circumvent
cisplatin-related toxicity although no strategy has been
successful in preventing the nephrotoxicity and cumu-
lative neurotoxicity that emerge with continued cisplatin
treatment [7, 15]. Extensive efforts have been devoted to
developing platinum analogues to which tumors do not
display cross-resistance [8, 11, 12, 18], focusing on the
development of platinum derivatives that are less toxic
and more active than the parent compound [12, 17].
The development of liposomal formulations that
contain cisplatin has been hampered by poor water sol-
ubility and low lipophilicity of the free drug, which result
in unstable liposome formulations that leak their contents
rapidly during storage or within the bloodstream. SPI-
077 (Stealth® liposomal cisplatin) is a formulation of
cisplatin encapsulated in sterically stabilized, long-circu-
lating liposomes containing methoxypolyethylene glycol
(MPEG). With sterically stabilized liposomes, the plasma
pharmacokinetics and tissue distribution of the encap-
sulated material is characteristic of the liposome, not the
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internalized drug, i.e. the behavior of the liposomes is
similar regardless of their encapsulated contents [20].
Because of their small size, long circulation time and re-
duced interaction with formed elements of the blood,
stable formulations of sterically stabilized liposomes tend
to accumulate in tumors, presumably due to leakage
through the often compromised tumor vasculature [5, 22].
Often, much higher doses of liposome-encapsulated ma-
terial can be administered without toxicity, but with in-
creased efficacy leading to changes in the safety and
therapeutic effectiveness profile of an established che-
motherapeutic agent [6, 21]

In this report we describe SPI-077, a new sterically
stabilized liposome containing cisplatin. The in vitro
plasma release rate, the in vivo pharmacokinetics and
biodistribution, as well as the therapeutic effectiveness of
SPI-077 relative to cisplatin in mice bearing C-26 colon
or Lewis lung tumors were studied.

Materials and methods

Test articles

SPI-077 (Stealth® liposomal cisplatin) liposomes are comprised of
hydrogenated soy phosphatidylcholine, methoxypolyethylenegly-
col-distearoyl phosphatidyl-ethanolamine and cholesterol at an
approximate 51:5:44 molar ratio. Briefly, preparation of the lipo-
somes begins by dissolving the lipid components in ethanol fol-
lowed by addition to an aqueous cisplatin solution. The resulting
liposomes are then sized by extrusion through polycarbonate
membranes and diafiltered to removed unencapsulated cisplatin.
The process produces liposomes with an average particle size
of 110 nm, no unencapsulated drug in the stored preparation, a
final drug concentration of 1 mg/ml and a drug to lipid ratio of
0.014.

Cisplatin (Platinol AQ®; Bristol Laboratories, Princeton, N.J.)
is commercially available as a 1.0 mg/ml liquid solution.

In vitro leakage studies of SPI-077 liposomes

A 1 mg/ml stock solution of SPI-077 was used to spike EDTA-
treated plasma at four different concentrations (70, 100, 200, and
500 pg/ml) which was then incubated at 37 °C for 24 h. The sep-
aration and quantitation of unencapsulated platinum (Pt) from
liposome-encapsulated Pt was accomplished using a Sepharose CL-
4B column followed by graphite furnace atomic absorption spec-
trometery (GF-AAS). Analytical determinations were done prior to
incubation and 6 and 24 h thereafter.

C-26 and Lewis lung tumor models

Tumors were harvested from donor mice and minced finely in
RPMI medium (Roswell Park Memorial Institute) with 10% fetal
calf serum (FCS). Tumors were then digested with enzyme mix
(10 ml 0.25% protease type IX and 0.25% collagenase type IV in
Hank’s balanced salt solution (HBSS) and 0.2 ml 0.02% DNase in
HBSS) for 30-60 min at 37 °C. A single cell suspension of tumor
cells was washed twice in RPMI medium with FCS, concentrated
by centrifugation and resuspended in RPMI medium with FCS for
inoculation. For C-26 tumors, 10° tumor cells (0.10 ml) were in-
oculated into the left flank of 5-6-week-old 20-25-g male Balb/c
mice (Simonsen Laboratories, Gilroy, Calif.). Tumors were allowed
to grow until all inoculated mice had palpable tumors (10-14 days
postimplantation).
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Fig. 1A—C Antitumor efficacy of SPI-077 and nonliposomal
cisplatin against C26 colon carcinomas in Balb/c mice. All
treatments administered intravenously at arrowheads. Data pre-
sented are means + standard error. A C26-1 (n = 16 mice/group);
B C26-2 (n = 10 mice/group); C C26-3 (n = 10 mice/group)

The Lewis lung tumor (LL/2, CRL-1642, ATCC, Rockville,
Md.) model was grown in B6C3-F1 male mice (Simonsen Labo-
ratories, Gilroy, Calif., or Taconic Farms, Germantown, N.Y.).
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Fig. 2A—-C Antitumor efficacy of SPI-077 and nonliposomal
cisplatin against Lewis lung carcinomas in B6C3-F1 mice.
Treatments administered intravenously or intraperitoneally (as
indicated in the figure) at arrowheads. Data presented are means +
standard error of 10 mice/group. A LL-1; B LL-2; C LL-3

Tumors were harvested from donor mice and processed as above.
Tumor cells (10°%, 0.1 ml) were inoculated into the left flank of 5-6-
week-old male B6C3-F1 mice in each experiment.

In vivo antitumor activity

In all studies, animals were maintained in 12-h light 12-h dark cy-
cles, had access to rodent chow and water ad libitum, and housed
according to the guidelines of the Institute of Laboratory Animal
Research (ILAR) Guide (1996) and the SEQUUS Institutional
Animal Care and Use Committee. Animals were euthanized using
the guidelines of the American Veterinary Medical Association
(AVMA) Panel on Euthanasia of Laboratory Animals at the con-
clusion of each experiment or if the animal had greater than 15%
loss of body weight from experiment initiation or tumor volume
greater than 6000 mm®.

Animals were observed daily for general well being. Tumor
volume and body weights were measured for individual animals
three times weekly in all experiments. Tumors were measured in
three dimensions and tumor volume (mm?®) calculated as the
product of these dimensions. Treatment was initiated as soon as a
majority of experimental animals had palpable tumor mass-
es (~100 mm®). Treatment regimens for all studies are listed in
Figs. 1 and 2.

Pharmacokinetics and biodistribution studies

On the day of dosing, mice received a 3 mg/kg dose of SPI-077 or
cisplatin by tail vein injection (6—10 ml/kg). Doses were based on
individual animal body weight. Animals were euthanized (two to
four per time-point) by inhalation of isoflurane anesthetic at 0.05,
1, 4, 8, 24, 96, and 168 h after dosing. Blood was collected imme-
diately from the aorta into heparinized tubes and centrifuged to
obtain plasma. Liver, spleen, kidneys and tumors were removed,
washed with saline, blotted dry and weighed prior to freezing.
Plasma and tissues were stored frozen (—80 °C) until analysis.

Plasma and tissue analysis
Sample preparation

Plasma samples were diluted with acidified (0.05% nitric and
0.05% hydrochloric acid) water and analyzed directly. Tissue
samples were digested in concentrated hydrochloric and nitric acid
prior to analysis. After cold, overnight incubation in the acid
mixture, the tissue slurry was gently heated to achieve partial di-
gestion. Samples were cooled and hydrogen peroxide was added
followed by heating to complete the digestion.

Assay methodology

Total Pt concentrations were determined in plasma or tissue using a
sensitive and specific GF-AAS assay. The assay did not differen-
tiate between liposomal and nonliposomal Pt or between free and
protein-bound Pt. The linear range of the assay in plasma and
tissues was 0.05 to 0.40 pg/ml, and the sensitivity was 0.05 pg/ml.
The interday and intraday assay variability for plasma and tissues
did not exceed 8.3% and 11%, respectively.

Pharmacokinetic analysis:

Pharmacokinetic parameter values were obtained by modeling the
pooled plasma concentration versus time data using iterative
nonlinear weighted regression with maximum likelihood estima-
tion. The Pt concentrations were weighted by assuming that the
residual (‘error’) standard deviations of the concentrations (G) were
linearly related to the true values (Y): o = v; Y + vy, in which v,
and v, are the variance parameters [4]. In this analysis, candidate
structural population models and a model for the residual variance
of the observations, (i.e. plasma concentrations), were fitted to the
experimental data. Model discrimination was accomplished using
the Rule of Parsimony and Akaike’s Information Criterion (AIC).
Numerical integration was used to calculate the plasma area-under-
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the-curve (AUC) and the trapezoidal rule was employed to deter-
mine tumor AUC.

Statistical analysis

SAS procedure PROC MIXED with unspecified covariance
structure was used to evaluate treatment and time effects on tumor
growth (repeated measurement analysis). The log growth rate was
estimated for each treatment group and used in the statistical
analysis. Differences with P-values <0.05 were considered signifi-
cant with adjustments for type I error.

Results
In vitro studies

No detectable leakage of Pt occurred at any of the
SPI-077 concentrations evaluated at any time-point.
These findings suggest that the SPI-077 liposomes are
stable in plasma and that the Pt measured in the cir-
culation during the pharmacokinetic studies is lipo-
some-encapsulated. A large amount of Pt in the
plasma would indicate a high rate of leakage from the
liposomes.

In vivo antitumor activity
C26 colon carcinoma

Initial experiments compared the antitumor activity of
nonliposomal cisplatin at its maximally tolerated dose
(MTD; 6 mg/kg weekly x 3) to the same dose of SPI-
077. SPI-077 treatment resulted in a log growth rate of
0.03 which was significantly less than cisplatin-treated
tumors, which had a log growth rate of 0.07
(P < 0.0001). Tumors in the saline-treated control mice
had a log growth rate of 0.09, which was not signifi-
cantly different from that in cisplatin-treated mice
(P = 0.0951) but was significantly greater than in SPI-
077-treated mice (P < 0.0001; Fig. 1A).

The dose schedule and total dose of SPI-077 was
altered in subsequent experiments to characterize further
its MTD and optimal dosing schedule. Administering a
large loading dose (12 mg/kg) followed by two lower
doses (4 mg/kg each) given at 2-week intervals resulted
in similar antitumor activity (log growth rate of 0.030) to
treatment with 6 mg/kg SPI-077 every other week (log
rate of 0.033; P = 0.812), perhaps owing to the similar
cumulative dose (Fig. 1B). In another study, weekly
treatment with SPI-077 at its MTD (15 mg/kg x 3) had
significantly greater antitumor activity (log growth rate
of 0.031) compared to cisplatin at its MTD (log growth
rate of 0.055; P = 0.0033; Fig. 1C). The antitumor
efficacy of a moderate dose of SPI-077 (12 mg/kg
weekly x 3; log growth rate of 0.040) was slightly but
not significantly (P = 0.3163) less than that of the
15 mg/kg dose.

Lewis lung carcinoma

Atits MTD (15 mg/kg weekly x 3), SPI-077 produced a
log growth rate of 0.096 by intravenous administration
and 0.036 by intraperitoneal administration. SPI-077
given by both routes had significantly greater antitumor
efficacy compared to cisplatin at its MTD (6 mg/kg
weekly x 3), which produced log growth rates of 0.171
by intravenous administration and 0.210 by intraperi-
toneal administration (P < 0.0001; Fig. 2A). In this
study, SPI-077 and cisplatin were administered by in-
travenous or intraperitoneal injection to evaluate infu-
sion rate-related toxicity of SPI-077. Both routes of
administration resulted in similar antitumor efficacy for
both agents. The toxicity of SPI-077 was somewhat less
when administered by intraperitoneal injection, with
reduced weight loss over the course of the experiment
(data not shown) while cisplatin toxicity was not affected
by the route of administration.

Subsequent studies in Lewis lung tumor-bearing mice
demonstrated a dose response for SPI-077, with 10 mg/
kg SPI-077 (log growth rate of 0.111) having more an-
titumor activity than 7 mg/kg SPI-077 (log growth rate
of 0.113) and 4 mg/kg SPI-077 (log growth rate of 0.124)
when each was given weekly for 3 weeks. All SPI-077
treatments were significantly more active than saline (log
growth rate of 0.174; P < 0.0009), but no SPI-077 dose
level was significantly different from another (Fig. 2B).
SPI-077 at 6 mg/kg given weekly for 5 weeks (log growth
rate of 0.07) had superior antitumor activity to cisplatin
given at 6 mg/kg on the same schedule (log growth rate
of 0.12; P < 0.0001; Fig. 2C). SPI-077 at 15 mg/kg
given every other week for three treatments had signifi-
cant antitumor activity (log growth rate of 0.09), but was
not as effective as 6 mg/kg SPI-077 given weekly, despite
the higher cumulative dose (P = 0.0065). SPI-077 at
5 mg/kg given every other week for three treatments (log
growth rate of 0.11) had similar antitumor activity to
cisplatin at 6 mg/kg given weekly for five treatments
(P < 0.092).
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Fig. 3 Predicted concentration-time profile of Pt in plasma
following SPI-077 or cisplatin administration
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Table 1 Pharmacokinetic parameter estimates for SPI-077 and cisplatin (CisPt) in C26 colon tumor bearing mice (see text for definitions

of parameters). N4 not applicable

Drug Ve Vss CLd CLt CLi Km AUC aty Bty
(/kg) (ml/h/kg) (ng/ml) (ng/ml - h) (h) (h)

SPI-077 NA 0.11 NA NA 4.8 10 1461 NA 16%

CisPt 0.56 6.2 1347 125 NA NA 24 0.24 37

# Apparent half-life

Pharmacokinetics

SPI-077 was cleared from the circulation much more
slowly than cisplatin (Fig. 3). The SPI-077 plasma Pt
concentration (Cp) versus time data were character-
ized best by a one-compartment model with nonlinear
(saturable) elimination. The parameters used to des-
cribe the nonlinear pharmacokinetic model were the
volume of distribution at steady-state (Vss), intrinsic
clearance (CLi), and the Michaelis-Menten constant
(Km), where the product of CLi and Km equals the
maximum velocity or rate of elimination (Vmax) of
drug. Km is the plasma concentration of Pt at which
the rate of elimination is 50% of Vmax. The follow-
ing equation describes the rate of elimination of

Fig. 4A-D Concentration-time profile of Pt in tumor (A C26
murine colon carcinoma) and various tissues (B kidney, C liver, D
spleen) following a single i.v. dose of SPI-077 or cisplatin. Values
indicated are means + SD
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platinum from the plasma following administration of
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At plasma concentrations far below the Km value the
rate of elimination approximates linear pharmacoki-
netics (i.e. a twofold increase in dose results in a pro-
portionate increase in concentrations), whereas, at
concentrations exceeding Km, the rate of elimination
approaches Vmax, thus becoming saturable. Because
SPI-077 exhibited nonlinear pharmacokinetics, the half-
life could not be determined in SPI-077-treated animals;
however, at plasma concentrations far below the Km
value, an ‘“apparent” half-life could be estimated by
determining the slope of the line between the two final
time-points.

The cisplatin plasma data were characterized best by
a two-compartment model with linear elimination. The
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parameters used to describe the model were the follow-
ing: Vc — volume of distribution of the central com-
partment, Vp — volume of distribution of the peripheral
compartment (Vss = V¢ + Vp), CLd — distributional
clearance between the central and peripheral compart-
ments, and CLt — total plasma clearance.

The maximum concentration observed (Cmax) was
higher in SPI-077-treated mice (30 pg/ml) than in mice
treated with the same dose of cisplatin (8.6 pg/ml), and
the AUC was more than 60-fold greater in the SPI-077-
treated animals than in the cisplatin-treated animals
(Table 1). The elimination rate of SPI-077 and volume
of distribution were smaller in SPI-077-treated mice, and
the plasma half-life was similar in SPI-077- and cis-
platin-treated mice. However, the terminal half-life in
the cisplatin-treated mice represented less than 5% of
the AUC, and in SPI-077-treated mice represented more
than 90% of the AUC. This difference in half-life and
associated AUC between formulations was due to the
persistence of protein-bound Pt following cisplatin ad-
ministration, whereas the plasma Pt measured following
SPI-077 represented liposome encapsulated drug.

Tissue distribution

Peak Pt levels were measured in most tissues within 1
hour of cisplatin treatment and, with the exception of
the kidney, Pt concentrations were generally lower than
those following treatment with the same dose of SPI-077
(Fig. 4). Peak tissue Pt levels were measured much later
following SPI-077 treatment (48-96 h after treatment)
and remained elevated at the end of the study. Organs
responsible for removing SPI-077 liposomes from the
bloodstream, namely the liver and spleen, had elevated
Pt levels (1.7- to 16.2-fold higher than in cisplatin-
treated mice), while the kidney, the primary target organ
of cisplatin toxicity, had more than fourfold lower Pt
levels than in cisplatin-treated mice.

Tumor Pt levels following SPI-077 treatment, which
peaked at 96 h after treatment, were more than 6.7-fold
higher than following cisplatin treatment, which peaked
at 1 h after treatment (Fig. 4). Tumor levels remained
high in SPI-077-treated animals, with 2.3 pg Pt/g of
tumor measured at 168 h after treatment. Tumor expo-
sure as measured by the tumor AUC was 28-fold higher
following SPI-077 administration (694 and 25 pg/g - hin
SPI-077- and cisplatin-treated animals, respectively).

Discussion

Our studies showed that SPI-077 is a stable, long-cir-
culating liposomal formulation of cisplatin with signifi-
cantly improved antitumor activity relative to
nonliposomal cisplatin. These results are consistent with
other reports on the activity of sterically stabilized
liposome-encapsulated anticancer agents, such as Do-
xil® and vincristine and represent an improvement over

other liposomal cisplatin formulations that have been
hampered by poor stability and encapsulation difficulties
[1, 10, 18, 19]. Treatment with SPI-077 dose-dependently
inhibited tumor growth, with apparently equivalent an-
titumor activity at half the administered cisplatin dose,
an apparent twofold increase in antitumor effectiveness.
At equivalent cumulative doses of SPI-077 and cisplatin,
SPI-077 demonstrated superior antitumor efficacy in all
cases. Increasing the cumulative dose of SPI-077 could
further improve the antitumor effects.

SPI-077 remained in the bloodstream significantly
longer than nonliposomal cisplatin, as reflected by dif-
ferences in plasma AUC. After dosing, the majority of
the administered SPI-077 dose was found in the plasma,
and secondarily in the organs of the mononuclear
phagocytic system (MPS; liver and spleen). SPI-077
pharmacokinetics appeared similar to those of drugs
encapsulated in sterically stabilized liposomes, with a
high AUC and slow clearance rate. However, SPI-077
pharmacokinetics were best characterized by a nonlinear
(saturable) model. Previous studies on Doxil have shown
linear pharmacokinetics at low Doxil doses (10, 20 or
40 mg/m?) [14], although more recent studies indicate
that Doxil exhibits nonlinear or saturable pharmacoki-
netics at higher doses [2]. Saturable kinetics may be af-
fected by a lower drug-to-lipid ratio in the SPI-077
formulation relative to Doxil. The overall impact of
saturable kinetics remains to be determined, although no
obvious impact has been observed in phase I clinical
trials with SPI-077 thus far [16].

Although high amounts of Pt were measured in
plasma and tissues with SPI-077 treatment, cisplatin-
associated toxicity did not appear to increase. In fact,
preliminary studies with SPI-077 have shown that mice
tolerate a single intravenous SPI-077 dose up to
100 mg/kg without mortality (data not shown). This
compares to the single dose LDs, for cisplatin in mice
of 12 mg/kg. While the antitumor activity of cisplatin
depends on its total administered dose and cumulative
AUC [9], its toxicity appears related to peak plasma Pt
concentration, more specifically, peak filterable Pt
concentration [13]. While a high concentration of Pt in
plasma ultrafiltrate (PUF) positively correlates with
antitumor effect, lower levels correlate with reduced
cisplatin toxicity. SPI-077 presumably avoids a high
peak plasma concentration of free, filterable cisplatin,
since most of the drug is retained in the liposome during
circulation gradually releasing with time. Assuming that
the release of cisplatin from SPI-077 liposomes remains
constant, the tumor and other tissues, as well as plasma,
are continuously exposed to a low-dose cisplatin envi-
ronment, and the amount of filterable Pt remains
proportionately low. Based on the superior antitumor
activity of SPI-077 in the tumor models, it seems rea-
sonable to suggest that levels of Pt in the PUF
following SPI-077 administration are sustained, if not
increased, relative to the same dose of cisplatin. Further
pharmacokinetic studies will be required to confirm this
supposition.



By delivering more cisplatin to tumor tissue with SPI-
077, the antitumor effect of the encapsulated cisplatin
can be directed locally at the tumor site. Toxicity, in
contrast, can be ameliorated by lowering the peak ex-
posure of target organs to unencapsulated cisplatin.
Platinum levels in the kidney, a target organ of cisplatin
toxicity, were significantly lower in animals treated with
SPI-077 than in those that received the same dose of
cisplatin. Tumor Pt levels, however, were significantly
higher in animals treated with SPI-077 most likely be-
cause of its prolonged circulation and the tendency of
the small liposomes to extravasate in tumors [5]. While
Pt concentration in the liver and spleen were both high
in animals treated with SPI-077, there were no associ-
ated increases in hepatic or splenic toxicity.

In summary, encapsulation of cisplatin in sterically
stabilized liposomes has overcome many of the limita-
tions experienced with other liposomal formulations.
Circulation time is lengthened, tumor disposition of Pt is
increased and the antitumor effect of SPI-077 is en-
hanced compared to nonliposomal cisplatin. Based on
the results of these studies, Stealth® liposomal cisplatin,
SPI-077, is more active than cisplatin in murine colon
and lung cancer models. Owing to its reduced toxicity,
higher cumulative doses of SPI-077 can be administered
without significant detrimental effect, potentially greatly
enhancing the clinical utility of SPI-077 for the treat-
ment of a variety of cancers.
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