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ABSTRACT

The toxicity and antitumor activity of liposomal vincristine prepara-
tions have been examined. Vincristine was encapsulated inside egg phos-
phatidylcholine (EPC)/cholesterol (55/45, mol/mol) and distearoylphos-
phatidylcholine (DSPC)/cholesterol (55/45, mol/mol) vesicles utilizing
transmembrane pH gradient (inside acidic) drug uptake processes. Trap-
ping efficiencies approaching 100% were achieved for this procedure
using drug:lipid ratios as high as 0.2:1 (w/w). Although both EPC/
cholesterol and DSPC/cholesterol liposomal systems yielded high trap-
ping efficiencies, DSPC/cholesterol vesicles exhibited superior drug re-
tention properties. This ability to retain entrapped vincristine was related
to maintenance of the transmembrane pH gradient as well as the mem-
brane permeability properties. Thirty-day dose-response survival studies
in mice indicated that vincristine encapsulated in DSPC/cholesterol li-
posomes was less toxic than free drug. The 50% lethal dose of 1.9 mg/
kg in CD-1 mice observed for free vincristine increased to 4.8 mg/kg
upon administration of the drug in liposomal form. Liposome encapsu-
lation of vincristine also enhanced the antitumor activity against murine
P388 and L1210 lymphocytic leukemia models. This resulted from
increased efficacy for liposomal vincristine at doses equal to free drug
(liposomal/free drug median survival times > 1.0) as well as the ability
to administer increased doses of liposomal vincristine. The combined
effects of decreased toxicity and increased antitumor efficacy of liposomal
vincristine over free drug suggest significant clinical utility of appropriate
liposomal vincristine systems.

INTRODUCTION

Liposome encapsulation of various antineoplastic agents has
been shown to decrease drug-induced toxic side effects while
maintaining or, in some instances, increasing antitumor activity
(1-12). Reduction of toxicity results from the ability of lipo-
somes to decrease drug exposure, and subsequent damage, to
susceptible tissues (4, 13-16). The mechanism of the antitumor
activity of entrapped drugs is less well understood but may
result from the capacity of liposomes to slowly release encap-
sulated drug into the circulation (17, 18) or alternatively passive
targeting of liposomes and their contents to tumor sites (6, 10,
11, 19, 20). Most of these studies have been performed on
liposomal doxorubicin which is currently under clinical inves-
tigation (21, 22) Antitumor drugs of the Vinca alkaloid class
(vincristine and vinblastine) are also important agents in cancer
chemotherapy; however, only preliminary work has been done
to apply liposome technology to these agents (23, 24). In
addition, these investigations have not demonstrated that lipo-
some encapsulation of vincristine provides a therapeutic advan-
tage (24).

Vincristine exhibits low solubility in aqueous solutions at
physiological pH and relatively high permeability to mem-
branes. These two features in addition to constraints inherent
in conventional drug entrapment procedures (25) has limited

Received 6/6/89; revised 8/21/89, 10/18/89; accepted 10/30/89.

The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

! This work was supported by the National Cancer Institute of Canada and
The Liposome Co., Inc. (Princeton, NJ). P. R. C. is a Canadian Medical Research
Council scientist.

the development of stable liposomal vincristine formulations.
We have previously shown that transmembrane pH gradients
(inside acidic) can be utilized to circumvent such complications
for lipophilic, cationic drugs such as doxorubicin (26), dibucaine
(27), and dopamine (28). This process yields stable liposome
systems with trapping efficiencies approaching 100% and very
high levels of entrapped drug in a manner which is relatively
independent of liposome size and lipid composition. We de-
scribe here the development of liposomal vincristine prepara-
tions which use transmembrane pH gradients to obtain trapping
efficiencies in excess of 98% and drug:lipid ratios as high as
0.2:1 (w/w). It is shown that, compared to free vincristine, these
systems display reduced toxicity and increased antitumor activ-
ity in mouse models.

MATERIALS AND METHODS

“Oncovin” (vincristine sulfate) was obtained from the Cancer Control
Agency (Vancouver, British Columbia, Canada). EPC? and DSPC were
purchased from Avanti Polar Lipids and were greater than 99% pure.
Cholesterol and all salts were obtained from Sigma Chemical Co. (St.
Louis, MO). DBA/2J and CD-1 mice (6-8 weeks old) were purchased
from Jackson Laboratory Animals and Charles River, respectively.
EPC/cholesterol or DSPC/cholesterol lipid films were prepared by
vacuum evaporation from a CHCl,; solution. Lipids were then hydrated
in 300 mm citric acid (pH 4.0) by vortex mixing, using a lipid/buffer
ratio of 100 mg/ml. The multilamellar vesicles were frozen and thawed
S times (29), and then extruded 10 times through 200 nm pore size
polycarbonate filters (30), using a lipid extrusion device obtained from
Lipex Biomembranes (Vancouver). Production of the DSPC/choles-
terol samples required heating the sample and extruder to 60°C during
extrusion. Mean vesicle diameters determined by quasielastic light
scattering (using a Nicomp 270 particle sizer) were 170 and 220 nm
for the EPC/cholesterol and DSPC/cholesterol liposomes, respectively.
Vesicles (100 mg/ml) were added to the Oncovin solution (1 mg
vincristine/ml) to achieve the indicated drug/lipid ratios. The pH of
the sample was then raised to pH 7.0-7.2 with 1 M Na,HPO,. These
solutions were then heated at 60°C for 10 min unless otherwise indi-
cated. Vincristine entrapment was determined by column chromatog-
raphy techniques (27) using 439 (in ethanol/H,0, 8/2) and Ag;s (27)
spectroscopic assays for quantitation of vincristine and lipid, respec-
tively. In the case of large unilamellar vesicle systems using inorganic
phosphate, initial drug/lipid ratios were determined prior to the alka-
linization step.

Drug retention was measured at 21°C at a drug concentration of 0.5
mg/ml. Aliquots were assayed at the indicated times after passage of
the liposomes over Sephadex G-50 columns to remove free from vesicle-
associated drug. Residual pH gradients were determined by monitoring
the transmembrane distribution of [*C]methylamine (0.5 nCi/ml)
added after vincristine encapsulation as described previously (27).

Dose-response survival studies were performed by injecting the in-
dicated amounts of free or liposome-encapsulated vincristine via a
lateral tail vein to female DBA/2J or CD-1 mice (18-22 g, 10 mice/
group) in 0.2 ml with sterile saline as the diluent. Mortality and average
body weight were monitored over 30 days. LDs, and 95% confidence
interval values were determined using logit dose-response analysis as
described by Williams (31). Calculations were performed by using

2 The abbreviations used are: EPC, egg phosphatidylcholine; DSPC, distea-
roylphosphatidylcholine; ILS, increase in life span; LD;o, 50% lethal dose.
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generalized linear modeling. Peripheral WBC were obtained by collect-
ing the blood of DBA/2J mice (4 mice/group) from the carotid artery
into “Microtainer™ tubes containing EDTA beads, diluting the blood
10-fold with 2% acetic acid, and counting the WBC with a hemocytom-
eter. Bone marrow WBC were obtained by flushing the tibia and femur
from one leg of DBA/2J mice (4 mice/group) with 10 ml of isotonic
minimal essential media, creating a cell suspension by passing the bone
marrow 3 times through a 22.5-gauge needle and counting the WBC
with a hemocytometer after suspending the pelleted cells (500 X g) in
minimal essential media/4% acetic acid (50:50).

The antitumor activity of free and liposomal vincristine was assessed
by using L.1210 lymphocytic and P388 leukemia models. DBA/2J mice
(6 mice/group) were given injections i.p. of 1 < 10° L1210 cells or 1 X
10° P388 cells derived from the ascites fluid of a previously infected
mouse. The indicated doses of saline, empty liposomes, free vincristine,
and liposomal vincristine were administered i.v. at the indicated times
after tumor inoculation and animal weights as well as mortality rates
were monitored. ILS values were calculated from median survival times.
Mean and medium survival times and statistical significance of the
results were determined by using a 2-tailed Wilcoxon’s ranking test
(randomized two group design).

RESULTS

Characterization of ApH-dependent Vincristine Entrapment in
Liposomes. Incubation of lipophilic cationic drugs with vesicles
exhibiting transmembrane K* or H* gradients can result in
accumulation of these agents into the interior of the liposome
(26-28, 32, 33). These uptake processes are sensitive to vari-
ables such as internal buffering capacity, lipid composition, and
temperature (27). We have previously demonstrated (26) that
elevated temperatures are required to obtain efficient encapsu-
lation of doxorubicin inside EPC/cholesterol vesicles exhibiting
a transmembrane pH gradient (inside acidic). In contrast, Fig.
1 shows that vincristine rapidly accumulates inside EPC/cho-
lesterol (55/45, mol/mol) vesicles exhibiting a ApH of 3.0 units
at 21°C, leading to trapping efficiencies in excess of 90% within
30 min. DSPC/cholesterol (55/45, mol/mol) vesicles exhibiting
the same transmembrane pH gradient, however, sequester only
17% of the available vincristine over 1 h at 21°C (Fig. 1). This
value can be increased to greater than 98% for 10-min incuba-
tions by increasing the temperature to 60°C (Fig. 1). It should
be noted that trapping efficiencies in excess of 95% can be
obtained for drug/lipid ratios as high as 0.2:1 (w/w). In addi-
tion, vincristine encapsulation does not alter vesicle size as
determined by quasielastic light scattering (data not shown).

The retention of vincristine in DSPC/cholesterol and EPC/
cholesterol liposomes was monitored to determine the stability
of the vesicle systems subsequent to drug entrapment. No
detectable vincristine release is observed over 24 h at 21°C for
liposomes composed of DSPC/cholesterol (55/45, mol/mol;
Fig. 24). EPC/cholesterol (55/45, mol/mol) vesicles, however,
release approximately 40% of entrapped vincristine after 24 h.
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Fig. 1. Uptake of vincristine into DSPC/cholesterol (®, O) and EPC/choles-
terol (M) vesicles at 21°C (O, M) and 60°C (®). Incubation conditions and
determination of free and liposome-associated vincristine were as described in
“Materials and Methods.”
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Fig. 2. A, vincristine release from DSPC/cholesterol (®) and EPC/cholesterol
(Q) vesicles subsequent to ApH-dependent drug accumulation. Vincristine was
encapsulated at a drug/lipid ratio (w/w) of 0.19 + 0.01/1 (SD). Liposomes were
incubated at 21°C and at the indicated times vesicle-associated drug was deter-
mined as described in “Materials and Methods.” B, transmembrane pH gradient
dissipation at 21°C in DSPC/cholesterol (®) and EPC/cholesterol (O) vesicles
subsequent to vincristine encapsulation at a drug/lipid ratio (w/w) of 0.19+ 0.01/
1. Incubation conditions were identical to those described in 4. Transmembrane
pH gradients were determined by using [*“C]methylamine as described in “Ma-
terials and Methods.”

The ability of vesicles to retain vincristine appears related to
the ability of the liposomes to maintain a large (greater than
2.0 units) pH gradient. DSPC/cholesterol vesicles exhibit a
transmembrane pH gradient in excess of 2.0 units, whereas the
pH gradient across EPC/cholesterol systems decreases from
1.5 units to less than 0.5 unit over the 24-h time course (Fig.
2B). Also, the rate of transmembrane pH gradient collapse is
comparable to vincristine release in EPC/cholesterol vesicles
(compare Fig. 24 and 2B). Further, collapsing the pH gradient
of DSPC/cholesterol systems by lowering the external pH
results in 27% vincristine release over 24 h at room temperature
and 92% release over 1 h at 60°C (data not shown). No decrease
in the ApH is observed under the conditions used in the absence
of vincristine for DSPC/cholesterol or EPC/cholesterol lipo-
somes (data not shown).

Toxicity of Liposomal Vincristine. Due to the poor retention
of vincristine in EPC/cholesterol preparations (Fig. 2), the in
vivo activity of liposomal vincristine was studied by utilizing
DSPC/cholesterol vesicles. The 30-day dose-response survival
curves for free and liposomal vincristine in DBA/2J mice are
shown in Fig. 34. For free vincristine, a sharp mortality dose
dependence is observed between 2.0 and 3.0 mg/kg yielding a
LDs, of 2.5 mg/kg (Table 1). This compares favorably with
published LDs, values (23). Encapsulating vincristine in DSPC/
cholesterol vesicles results in an increase of the LDs, to 4.2
mg/kg (Table 1). It should be noted that the majority of deaths
occurred within 14 days of drug administration (the majority
of deaths occurring on day 5 to day 10), and surviving mice
which had suffered weight loss within this time period (up to
30% weight loss) regained weight, approaching control values
by day 30. The onset of toxicity is also revealed in the weight
loss of animals 7 (nadir value) days after receiving free and
liposomal vincristine (Fig. 3B). Although the curves do not
exhibit as sharp a dose dependence as do the mortality curves,
the ability of liposome encapsulation to displace the drug dose
required to induce weight loss also indicates the reduced toxicity
of liposomal vincristine. No distinct differences in weight loss
characteristics and the time frame of death could be ascertained
between free and liposomal vincristine at the respective maxi-
mum tolerated doses. Similar trends in toxicity behavior are
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Fig. 3. A, 30-day dose-response survival curves for free vincristine (O) and
vincristine entrapped inside DSPC/cholesterol liposomes (®) administered i.v. to
female DBA/2J mice. B, dose-response curve for the percentage of change in
body weight of female DBA/2J mice 7 days after i.v. administration of free (O)
or DSPC/cholesterol-encapsulated (@) vincristine.

Table 1 Toxicity of free and liposomal vincristine
Free or liposomal vincristine was administered i.v. as described in “Materials
and Methods,” and survival was monitored for 30 days. Vincristine was encap-
sulated in DSPC/cholesterol liposomes at a drug/lipid ratio (w/w) 0of 0.17-0.19:1,
as described in “Materials and Methods.”

LDy 95% confidence
Sample Mouse strain (mg/kg) interval (mg/kg)
Free vincristine DBA/2J 2.5 2.4-2.7
Liposomal vincristine DBA/2J 4.2 3.8-44
Free vincristine CD-1 1.9 1.4-2.1
Liposomal vincristine CD-1 4.8 4.3-5.4
A

PERIPHERAL wBE (X10P)
-

BONE MARROW WBC (X V(ﬁ)

TIME {DAYS)

Fig. 4. A, peripheral WBC/1.0 ml of blood in DBA/2J mice following i.v.
administration of free (O) and DSPC/cholesterol-entrapped (@) vincristine at a
drug dose of 1.5 mg/kg. B, bone marrow WBC obtained from the femur and tibia
of DBA/2J mice following i.v. administration of free (O) and DSPC/cholesterol-
entrapped (®) vincristine at a drug dose of 1.5 mg/kg. Points, mean values
obtained from 4 animals; bars, SD.

obtained with CD-1 mice (Table 1).

The WBC suppressive characteristics of free and liposomal
vincristine are shown in Fig. 4. The peripheral and bone marrow
WBC respond similarly to free and liposomal vincristine at a
dose of 1.5 mg/kg. The drug-induced decrease in WBC popu-
lation is observed first in the bone marrow, followed by a
decrease in the peripheral count with nadirs occurring at ap-
proximately days 1 and 3, respectively. The extent of peripheral
WBC suppression increases slightly when vincristine is admin-
istered in liposomal form. Nadir values for peripheral counts
are 2.4 X 10° and 1.7 x 10° for free and liposomal drug,

respectively (Fig. 44). Nadirs for bone marrow WBC suppres-
sion are comparable for free and liposomal vincristine, ranging
from 2.5 to 3.0 x 105 cells. Both peripheral and bone marrow
studies indicate that encapsulation of vincristine inside lipo-
somes prolongs the suppression of WBC compared to free drug.

Antitumor Activity of Free and Liposomal Vincristine. Free
vincristine increases the survival time of mice infected i.p. with
P388 cells in a dose-dependent manner (Table 2). Drug doses
i.v. of 1.0 and 2.0 mg/kg result in ILS values of 10.7 and 28.6%,
respectively (P < 0.05 and 0.01, respectively). Administration
of liposomal vincristine results in increased antitumor activity
at drug doses of 1.0 and 2.0 mg/kg, yielding ILS values of 14.3
and 57.1%, respectively. The liposomal/free median survival
time values of 1.14 and 1.22 (the latter of which is statistically
significant; P < 0.01) indicate that vincristine encapsulated
inside DSPC/cholesterol vesicles is more efficacious than free
drug at equal doses. In addition, liposomal vincristine is less
toxic than free drug, as shown by the reduced weight loss of
mice 8 days after treatment. Due to this reduced toxicity, a
vincristine dose of 3.0 mg/kg can be given in liposome encap-
sulated form, resulting in an ILS value of 96.4%.

Subsequent studies investigated the efficacy of free and lipo-
somal vincristine in the L1210 ascites tumor model. Adminis-
tration of free vincristine 24 h after i.p. inoculation of L1210
cells does not result in increased survival. Free vincristine doses
of 0.5 and 1.0 mg/kg result in median survival times which are
similar to those for control animals (Table 3). Increasing the
dose of free drug to 2.0 mg/kg decreases the median survival
time (Table 3). In contrast to free drug, liposomal vincristine
displays a dose-dependent antitumor activity against the L1210
model. Increasing the drug dose (single injection) from 0.5 mg/
kg to 2.0 mg/kg increases the ILS value from 16.7 to 72.2%
(Table 3). The decreased acute toxicity of liposomal vincristine
allows the administration of higher drug doses and results in a
maximum ILS of 116% at 3.0 mg vincristine/kg. At 4.0 mg/
kg, drug-induced toxicity is observed, indicating that the max-
imum tolerated dose of liposomal vincristine for this tumor
model is 3.0 mg/kg.

Multiple dose regimens in the L1210 tumor model were also
investigated in attempts to increase the therapeutic activity of
free vincristine as well as to compare the efficacy of liposomal
drug with single-dose treatment schedules. Extending the time
of free vincristine administration by using multiple-injection

Table 2 P388 antitumor activity of free and liposomal vincristine in DBA/2J
mice
Mice were given injections i.v. of the indicated samples 24 h post-i.p. injection
of 1 X 10° P388 cells isolated from the ascites fluid of a previously infected DBA/
2J mouse. Vincristine was encapsulated inside DSPC/cholesterol vesicles at a
drug:lipid ratio of 0.17:1 (w/w) as described in “Materials and Methods.”

Dose Survival time (days)
(mg/kg) %of —mM8M —
—— wtchange 40- % of
Sample Drug Lipid onday8 day Mean Median ILS® L/F’
Saline control 5.7 0/6 140 14.0
Free vincristine 1.0 -1.3 0/6 15.3 155  10.7°
2.0 -95 0/6 17.8 180 28.67
Liposomal 1.0 5.8 00 0/6 168 160 14.3% 1.14
vincristine 20 116 -25 0/6 220 220 57.19 1.22°
3.0 17.6 -16.4 0/6 26.8 275  96.4°

“ Percentage of 1LS values were determined from median survival times com-
paring treated and saline control groups.

® L/F, liposomal/free median survival time; values were determined by dividing
the median survival time of the liposomal group by the median survival time of
mice administered the equivalent dose of free vincristine.

¢ Significant at the P < 0.05 level.

9 Significant at the P < 0.01 level.
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Table 3 L1210 antitumor activity of free and liposomal vincristine in DBA/2J
mice

Dose
(mg/kg)

Drug Lipid 40-day Mean Median ILS (%) L/F°
0/18 9.5 9.0

Survival time (days)

Sample

Saline control

Empty liposomes 30 0/12 9.7 9.0 0
Free vincristine® 0.5 0/12 9.5 9.5 5
1.0 0/12 9.3 9.0 0
2.0 0/12 7.7 8.0 -11.2
Liposomal 0.5 29 0/16 108 10.5 16.7  L.11°¢
vincristine® 1.0 58 0/22 145 14.0 55.57 1.55°
2.0 11.6 0/22 158 15.5 7227 1.94°
30 17.6 0/16 200 195 116.67
4.0 232 0/10 8.5 8.0 -11.2
Saline control* 0/6 10.6 11
Free vincristine® 0.5 0/6 12.0 12.0 9.0
0.75 0/6 12.0 12.0 9.0
1.0 0/6 11.8 12.0 9.0
Liposomal 0.5 29 0/6 14.2 14 27.3 117
vincristine® 1.0 58 1/6 260 210 91.0¢ 1.75°
1.5 88 0/6 17.2 18.0 63.67
Saline control’ 0/6 11.1 11
Free vincristine/  0.75 0/6 132 130 18.2¢
1.0 0/6 12.5 13 18.2
Liposomal 075 44 0/6 17.0 17.0 54,57 1.31°
vincrinstine” 1.0 58 1/6 25.0 22.5 104.5¢9 1.73°
1.5 88 2/6 26.5 21.0 90.97

? L/F, liposomal/free median survival time.

5 DBA/2J mice were given injections i.v. of the indicated doses of drug and/
or lipid 24 h post-i.p. injection of 1 X 10° L1210 cells/mouse.

¢ Significant at the P < 0.05 level.

4 Significantly different from control (P < 0.05).

 DBA/2J mice were given injections i.v. of the indicated doses of drug and/
or lipid on days 1, 3, and 5 post-i.p. injection of 1 x 10° L1210 cells/mouse.

DBA/2J mice were given injections i.v. of the indicated doses of drug and

lipid on days 1, 5, and 9 post-i.p. injection of 1 X 10° L1210 cells/mouse.

protocols increases the antitumor activity, resulting in a maxi-
mum ILS value of 18.2% (which is significantly greater than
control groups, P < 0.05) for a dose of 0.75 mg drug/kg given
on days 1, 5, and 9 (Table 3; Fig. 5). Injection of liposomal
vincristine on days 1, 3, and 5 or 1, 5, and 9 does not increase
the maximum ILS (91 and 104.5%, respectively; calculated
from median survival times) over that obtained for a single-
dose regimen. However, multiple-dose treatment schedules of
liposomal vincristine do increase the 40-day survival rate. This
effect is most apparent for liposomal vincristine administered
on days 1, 5, 9, where 16.7 and 33.3% of the mice survive for
40 days for drug doses of 1.0 and 1.5 mg/kg/injection, respec-
tively (Table 3). As observed for the single-injection schedule,
liposomal vincristine is significantly more efficacious than free
drug at doses of 0.75 and 1.0 mg/kg (Table 3; Fig. 5).

DISCUSSION

The use of transmembrane pH gradients (inside acidic) to
accumulate vincristine inside liposomes can result in efficient
and stable drug entrapment. This is reflected by trapping effi-
ciencies approaching 100% in combination with drug/lipid
ratios in excess of 200-fold greater than achieved by previous
techniques. Drug retention is enhanced for liposomes exhibiting
reduced permeability properties and stable transmembrane pH
gradients following uptake. In this context, it is interesting to
note that drug release and pH gradient dissipation in EPC/
cholesterol liposomes occur much faster for vincristine (Fig. 2)
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Fig. 5. Survival curves for DBA/2J mice inoculated i.p. on day zero with 1 X
10° L1210 cells and given injections i.v. on days 1, 5, and 9 with saline (O), free
vincristine at 0.75 mg/kg (O), liposomal vincristine at 0.75 mg/kg (M), and
liposomal vincristine (DSPC/cholesterol) at 1.5 mg/kg (®).

than previously observed for doxorubicin (27). These results
are consistent with the rapid uptake of vincristine into EPC/
cholesterol vesicles at room temperature (Fig. 1), whereas ele-
vated temperatures are required for doxorubicin accumulation
(27). These findings indicate that vincristine is more membrane
permeable than doxorubicin. It is apparent that, for both agents,
drug entrapment and in vitro retention are affected by the
magnitude of the ApH.

Vincristine entrapped in stable (DSPC/cholesterol) liposome
systems results in reduced toxicity as indicated by dose-response
survival and weight loss curves. This contrasts with previous
observations (24), where liposomal forms of vincristine pro-
vided no protective effect in terms of toxicity. Although such
differences are not fully understood, this discrepancy may be
due to the lack of drug retention in previous liposomal vincris-
tine systems. This interpretation is supported by previous stud-
ies with liposomal doxorubicin (26), where stable formulations
exhibited decreased toxicity and decreased exposure of the drug
to susceptible tissues. It should be noted, however, that the
correlation between in vitro and in vivo drug release properties
is not fully resolved. An interesting finding is that liposomal
vincristine displays equal or slightly increased suppression of
peripheral and bone marrow WBC compared to free drug at
equivalent doses. This effect may result from the extended
exposure of these cells to vincristine caused by an increase in
the circulation time of liposomal drugs (26) or alternatively,
from the ability of certain WBC types to phagocytose or endo-
cytose liposomes (34, 35).

In addition to reducing acute toxicity, entrapment of vincris-
tine inside DSPC/cholesterol liposomes by the pH gradient-
driven process increases the antitumor efficacy over free drug.
In the P388 tumor model, administration of vincristine in
liposomal form increases the maximum ILS from 28.6% for
free drug to 96.4%. This effect is obtained as a result of
enhanced therapeutic activity over free vincristine at equal doses
as well as an ability to inject more drug. A more dramatic
increase of antitumor activity is seen in the L1210 model, where
liposomal/free median survival time values as high as 1.75 are
achieved with maximum ILS values of 116%. Furthermore,
appropriate dosing schedules of liposomal vincristine results in
mice which survive for 40 days under conditions where admin-
istration of free drug provides minimal extension of survival
time.

The mechanism by which enhanced antitumor activity is
obtained for liposomal vincristine is of interest. Previous in
vitro (36) and in vivo (37) studies indicate that increased vin-
cristine efficacy correlates well with increased duration and
concentration of drug in the circulation. The results obtained
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here are consistent with this interpretation, where extending
drug administration from single to multiple dose treatment
schedules in the L1210 model increases ILS values and the
number of 40-day survivors for free and liposomal vincristine
groups, respectively. The ability of liposomes to increase the
circulation time of encapsulated agents (14, 38) is likely to
result in extended release properties, thereby enhancing the
therapeutic activity of the drug. This interpretation is consistent
with results from clinical studies which indicated that enhanced
response rates could be achieved by administering vincristine
as an infusion rather than a bolus injection (39). Interestingly,
the increased toxicity observed for infused vincristine (40) con-
trasts the results here which demonstrate that liposomal vin-
cristine is less toxic than single- or multiple-dose regimens of
free drug. As an alternate mechanism for the increased antitu-
mor activity of vesicle-entrapped vincristine, liposomes may
preferentially deliver their contents to the tumor site as dem-
onstrated previously for vesicles containing imaging agents such
as *Tc and ""'In (19, 20). Such “passive” targeting could lead
to increased exposure of vincristine to the tumor and conse-
quently, increased efficacy.

In summary, liposomes encapsulation of vincristine utilizing
transmembrane pH gradients provides an efficient means for
achieving well-defined vesicle preparations with high drug/lipid
ratios and stable drug retention. More importantly, these sys-
tems display reduced toxicity and increased antitumor activity
compared to free vincristine. The implications of these prop-
erties are that such liposomal vincristine preparations will
provide a significant therapeutic advantage in clinical applica-
tions. Further studies on the pharmacological and neurotoxic
characteristics of liposomal vincristine systems may result in a
more comprehensive basis for predicting their potential utility.
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