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Abstract-We have investigated the efficacy of liposome encapsulated N-(phosphonacetyl)-L-aspartic acid (PALA) for the
treatment of the C-26 murine colon tumor in Balb/c mice, and have compared it in this regard to free PALA. Healthy female
Balb/c mice and C-26 tumor inoculated mice were randomized for the maximum tolerated dose (MTD) study and the in
vivo therapy study, and the survival was measured after a single intraperitoneal injection of the drug. The maximum tolerated
dose for intraperitoneally administered drug was found to be 750 mg/Kg for free PALA, and was greater than the maximum
dose possible (150 mg/Kg) for PALA encapsulated in both DSPC and DSPG liposomes. When drug was administered one
day after tumor implantation, 150 mg/Kg of PALA in DSPG liposomes increased the percentage of tumor bearing mice sur-
viving at day 36 from 8% (buffer control) to 88%. In contrast, 150 mg/Kg free PALA increased the day 36 surviving per-
centage to only 25%. A 150 mg/Kg dose of PALA in DSPC liposomes increased the surviving percentage to 50%, while
a 75 mg/Kg dose of PALA in sterically stabilized liposomes increased the surviving percentage to 78%. These results show
that PALA in negatively charged or sterically stabilized liposomes can exhibit considerably greater potency than free PALA

in C-26 tumor bearing mice.
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Liposomes encapsulating cancer chemotherapeutic agents
for experimental in vivo and in vitro studies have widely been
used.” Examples include doxorubicin,>” 38

vincristine,™ cyto-

sine arabinoside,” cis-platinum,'” and camptothecin.!” The
me- chanism by which liposomes improve the efficacy of these
drugs is not fully elucidated. However, it is clear that the
controlled release of the drugs from the liposome is an im-
portant factor in many cases. This is perhaps best demonstrated
by the fact that encapsulated drug efficacy is greatest when
liposomes with prolonged circulating half-life or sterically
stabilized liposomes are used.> *® In addition to controlled
release, there is another mechanism by which liposomes may
improve drug efficacy. This mechanism involves the direct
delivery of drug to the intracellular target. In order for direct

delivery to be relevant, the drug under consideration must have
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the property of showing improved efficacy when delivered in
this way. Such compounds have been termed liposome
dependent drugs,'” and a number have been characterized as
such including methotrexate-y-aspartate,'® fluoroorotic acid,'?

clodronate,'

gallium,'® hygromycin B,'” and N-phosphona-
cetyl-L-aspartic acid.'®'?

Most investigations of liposome dependent drugs have in-
volved in vitro test systems. The in vivo use of liposome de-
pendent drugs requires that the liposomes used should be
capable of direct interaction with the cells, to which the drug
must be delivered. In vivo studies have been reported for
clodronate, which has been shown to eliminate successfully
macrophages in animals.**?" This clearly showed that direct
interaction with the target cell is possible when the target cell
is macrophages. Doubts have been raised as to whether tumor
cells will be sufficiently accessible to liposomes injected
systemically.”>*® Despite such doubts, sterically stabilized li-

posomes have proved capable of localizing in tumor.**



40 Jin-Seok Kim and Timothy D. Heath

In the present study we have explored the use of the li -
posome dependent drug, PALA, in a tumor bearing mouse
model. ' We found that encapsulated PALA can be consi-
derably more effective for increasing the surviving per-
centage of tumor-bearing mice than free PALA, and we dis-
cuss the possible role of liposome-mediated intracellular deli-
very and controlled release in the manifestation of its im-
proved effects.

Experimental

Materials

N-(phosphonacetyl)-L-aspartic acid was a generous gift of
Dr. VL. Narayanan of the Chemical Synthesis Branch, NCI
(Bethesda, MD). Polyethylene glycol 1900 derivatized DSPE
(PEG-DSPE) was kindly provided by Dr. F. Martin (Liposome
Technology Inc., Menlo Park, CA). Calcein was purchased
from Molecular Probes (Eugene, OR). Distearoylphosphatidy-
Icholine (DSPC), and distearoylphosphatidylglycerol (DSPG)
were purchased from Avanti Polar Lipids (Birmingham, AL).
Cholesterol (Chol), protease (Type IX), collagenase (Type
IV), and DNase were obtained from Sigma (St Louis, MO).
DSPC, DSPG and cholesterol were stored ampouled in chlo-
roform under argon at -20°C unitil use. Female BALB/c mice
weighing 16-21 g were purchased from Harlan Sprague-Da-
wley (Indianapolis, IN). All other materials were reagent grade
or better.

Preparation of Liposomes

Liposomes were prepared from either DSPC:Chol (2:1),
DSPG:Chol (2:1), or DSPC:Chol: PEG-DSPE (20:10:1) using
the method of reverse phase evaporation.”> A 60 mM PALA
solution for encapsulation was prepared in 50 mM MES, 50
mM HEPES, 2 mM calcein, and NaCl to give a tonicity of 290
mmol/Kg, and the pH was 7.2. Liposomes were extruded 5
times using a thermostatted stainless steel filtration cell (Mico
Instruments, Middleton, WI) with a 1.5 ml capacity chamber
and a 13 mm diameter, 0.2 um pore size polycarbonate mem-
brane. Liposomes were separated from the unencapsulated
PALA by gel chromatography on a 1 X 15 cm sterile sephadex
G-50 column (Pharmacia, Piscataway NJ). The column was
eluted with 50 mM MES, 50 mM HEPES, and 80 mM NaCl,
290 mmol/Kg pH 7.2 (MES/HEPES). The concentration of
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phospholipid in the liposome fractions was determined by a
phosphorus assay’® on triplicate samples, which were first
extracted by the method of Bligh and Dyer*” to eliminate
PALA. The concentration of PALA was determined indirectly
from the concentration of co-encapsulated calcein after the
liposomes were solubilized using 0.1% Triton X-100 deter-
gent. The concentration of calcein was determined spectro-
photometrically assuming a molar extinction coefficient at 493
nm of 18,258 L mole! cm” in MES/HEPES.

Particle Size Analysis

The liposome size was determined using a quasi-elastic
laser light scattering instrument (QELS; Model 370, Nicomp,
Santa Barbara, CA).

Maximum Tolerated Dose (MTD)

Female Balb/c mice were randomized into 20 groups of 6,
which were either untreated (1 group), injected intraperito-
neally with 1.4 ml of MES/HEPES (1 group), injected intra-
peritoneally with 1.4 ml PALA in the free form (6 groups), or
injected intraperitoneally with PALA encapsulated in either
DSPC (6 groups) or DSPG (6 groups) liposomes. Mouse
weight and survival were recorded daily for three weeks. The
highest dose that did not cause 15% or more weight loss was
taken as the MTD, Animals showing more than 20% weight
loss were humanely sacrificed.

C-26 Tumor Bearing Mice

C-26 cells grown in vitro were harvested and resuspended at
1X10° cells/mi, and were inoculated subcutaneously on each
flank of a female Balb/c mouse. After two to three weeks, the
tumors, which were about 1000 mm?® in diameter, were. re-
moved, and used to prepare a tumor inoculum by protease-
collagenase treatment®™. The viability of the cell suspension
was tested by trypan blue exclusion and was over 95%. Ex-
perimental mice were then injected intraperitoneally with 1X
10° tumor cells per mouse, and were randomly- assigned to
different groups, 10 mice per group. Treatment was started one
day after tumor inoculation. Control mice were injected with
1.4 ml of MES/HEPES. After initiation of drug treatment, the
mice were weighed three times a week and were inspected
daily during the experimental period. Deaths were recorded
daily, and mice whose weight was less than 80% of the starting
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weight, or mice that were obviously in discomfort were huma-
nely sacrificed. In cases where mice were humanely sacrificed,
the day of sacrifice was recorded as the day of death. All
animal experiments, including the MTD study, adhered to the
"Principles of Laboratory Animal Care (NIH publication #85-
23, revised 1985).

Results

Characteristics of Liposomes

Table I summarizes the physical characteristics of the
liposome preparations used for in vivo study. The drug : lipid
ratio was greatest for the DSPC liposomes, and least for the
sterically stabilized liposomes. The size of the liposomes,
determined by QELS, was also greatest for the DSPC lipo-
somes, but was least for the DSPG liposomes. For unilamellar
liposomes, the drug : lipid ratio and diameter should be
directly related to one another. Deviation from this relationship
normally suggests that one or more of the liposome prepara-
tions being compared are not truly unilamellar. On this basis,
the sterically stabilized liposomes may have been oligola-
mellar. An alternative explanation would be that the larger size
than was expected from the drug : lipid ratio may be caused by
the presence of the PEG-DSPE. All diameters were either less
than or close to 0.2 pwm, which is the pore size of the mem-
branes used for liposome extrusion. This is expected based on
the known effects of extrusion®-".

Determination of the MTD

The results of studies to determine the MTD for free PALA
are shown in Figure 1. Free PALA exhibited an MTD of 750
mg/Kg. At this dose, the maximum weight loss observed was
12%, which occurred 5 days after injection. As none of the
DSPC-PALA and DSPG-PALA doses injected caused more
than a 3% weight loss in this study, the MTD for these two

Table I-Physical Properties of Liposomes

formulations was greater than 150 mg/Kg (data not shown).
Based on drug concentration and injection volume, this was
the highest possible dose for encapsulated PALLA. Based on
these determinations, the doses of free and encapsulated PALA
were chosen for antitumor therapy studies. The doses of free
PALA were 750 mg/Kg (the MTD), 375 mg/Kg (one half the
MTD), and 150 mg/Kg (one fifth the MTD). The doses of
PALA encapsulated in DSPC and DSPG liposomes were 150
mg/Kg, 75 mg/Kg, and 50 mg/Kg. The doses of PALA in
sterically stabilized liposomes used were 100 mg/Kg, 50 mg/
Kg, and 30 mg/Kg doses. No MTD study was done on the
latter, and the doses were chosen to be comparable to those of
the other liposome preparations, but were lower owing to the
limited availability of the material.

Immediate (One-Day) In Vivo Therapy

The results of tumor therapy initiated one day after tumor
implantation are shown in Figures 2-5 and Table II. The
median survival time (MST) of the controt (buffer) group was
20 days, and by day 36, 92% had died. In contrast, the MST
of the group receiving 750 mg/Kg free PALA was 29 days,
and all had died by day 34. At day 36, 25% of the 375 mg/Kg
or 150 mg/Kg free PALA groups were alive. Free PALA
caused a marked weight loss in many animals. We conclude
that the therapeutic effects of free PALA were minimal, and
were limited by the toxicity of the drug. Of the mice receiving
PALA in DSPC liposomes, 50% of those receiving 150 mg/Kg
survived to day 36, and 25% of those receiving either 75 mg/
Kg or 50 mg/Kg survived to day 36. All doses of PALA in
DSPC liposomes caused an increase in the percent surviving at
day 36, with no evidence of toxicity. The increase in the per-
cent surviving was commensurate with dose. Moreover, the
percent surviving at day 36 was greater in the group receiving
150 mg/Kg of PALA in DSPC liposomes than it was in the
group receiving the same dose of free PALA. All doses of

. . PALA Conc. . Lipid Conc. Drug:Lipid Ratio Liposome Diameter
Liposome Formulation (mg/ml)* PALA Encapsulation (%) (mM)° (mol:mol) (um)©
DSPC-PALA 33 16 172 0.55 215+ 112
DSPG-PALA 2.1 11 20.6 03 132462
Stealth ®-PALA 1.8 7 18.8 0.28 181 +57

“ Determined indirectly from the encapsulation of calcein .
®Determined by phosphorus analysis.
Determined by quasi-elastic laser light scattering.

4 Stealth liposome contains 5% PEG-DSPE additionally in DSPC liposome formulation.
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Figure 1-Determination of the maximum tolerated dose (MTD) for
free PALA after a single intraperitoneal injection in Balb/c mice.
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Figure 2—Survival of mice bearing the C-26 tumor following in-
traperitoneal injection of free PALA 1 day after tumor implantation.
Doses given were 750 mg/kg (closed circles, solid line), 375 mg/kg
(closed squares, solid line), and 150 mg/kg (open triangles, solid
line), and buffer (control: open circles, broken line).

PALA encapsulated in DSPG liposomes caused a significant
increase in the percent surviving at day 34. Only one mouse of
the group receiving 150 mg/Kg had died (88% surviving) by
day 36. Two mice had died by day 36 (75% surviving) in each
of the two groups, one receiving 75 and one receiving 50 mg/
Kg, respectively. Owing to the limited number of deaths it is
not possible to assign a value to the MST of the groups recei-
ving PALA in DSPG liposomes. However, based on a com-
parison of the death curve for the groups receiving PALA in
DSPG liposomes to that of the control group (MST for control
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Figure 3-Survival of mice bearing the C-26 tumor following in-
traperitoneal injection of PALA encapsulated in DSPC-Chol (2:1)
liposomes 1 day after tumor implantation. Doses given were 150
mg/kg (closed circles, solid line), 75 mg/kg (closed squares, solid
line), and 50 mg/kg (open triangles, solid line), and buffer (control:
open circles, broken line).

100 -

0000
o |

=
E 60 ceee@--- control
& ©00000 ~——#— DSPG-PALA-150
40 oo ——8-— DSPG-PALATS
900000 | 4 DSPGPALA-50
000
204 N
00
0 T T T \
0 16 2 30 40
Days post tumor

Figure 4-Survival of mice bearing the C-26 tumor following in-
traperitoneal injection of PALA encapsulated in DSPG:Chol (2:1)
liposomes 1 day after tumor implantation. Doses given were 150
mg/kg (closed circles, solid line), 75 mg/kg (closed squares, solid
line), and 50 mg/kg (open triangles, solid line), and buffer (control:
open circles, broken line).

is 22.5 days), we estimate an MST of 43 days for the 75 and
50 mg/Kg doses, and 45 days for the 150 mg/Kg dose, and
hence increases in life span of 95% and 100%, respectively.

A significant increase in the percent surviving among the
groups that had received PALA in PEG-DSPE liposomes was
observed at day 36. The percent surviving at day 36 from the
respective groups of mice was 38% for the group receiving
100 mg/Kg, 78% for the group receiving 75 mg/Kg and 56%
for the group receiving 50 mg/Kg. The increase in survival at
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Figure 5—Survival of mice bearing the C-26 tumor following in-
traperitoneal injection of PALA encapsulated in DSPC:Chol : PEG-
DSPE (20: 10:1) liposomes ! day after tumor implantation. Doses
given were 100 mg/kg (closed circles, solid line), 50 mg/kg (closed
squares, solid line), and 30 mg/kg (open triangles, solid line), and
buffer (control: open circles, broken line).

Table II-Percent of Mice Surviving at Day 36 Following a Sin-
gle Intraperitoneal Injection of PALA One Day after Tumor Im-
plantation

.. -, . PALA Dose % Survival at
Lipid Composition  # of Mice (mg/kg) Day 36
Saline Control 12 0 8

8 750 8
Free PALA 8 375 25
8 150 25
8 150 88
DSPG:Chol (2:1) 8 75 75
8 50 75
8 150 50
DSPC:Chol (2:1) 8 75 25
3 50 25
DSPC:Chol:PEG- S 15%0 ;g
DSPE (20:10: 1) 9 20 56

day 36 for the highest dose of PALA in PEG-DSPE-liposomes
(38%) is not as great as was seen for the two lower doses (56%
and 78%). Based on the percent surviving at the time of
termination, the MST is estimated to be 38 days for 30 mg/Kg,
and 40 days for 50 mg/kg, which are increases of 67% and
78%, respectively. Hence, the PEG-DSPE liposome formula-
tion is significantly more effective than the DSPC liposome
formulation, though not as effective as the DSPG liposome
formulation. In addition, PALA in PEG-DSPE liposomes cau-
sed significant toxicity at the highest dose, as indicated by the

observed reduction in the percent surviving. When the experi-
ments were terminated at day 36, all of the surviving mice
were examined for any sign of intraperitoneal or subcutaneous
tumors, which were found in all of the mice, except for two
mice that had received 75 mg/Kg of PALA in DSPG lipo-
somes. These two mice showed no visible tumor at all, su-
ggesting that a single intraperitoneal injection of PALA in
DSPG 1iposdmes may eradicate the tumor in some of the
tumor bearing mice.

Discussion

The above results demonstrate that the potency of PALA in
the treatment of the C-26 colon carcinoma bearing mice can be
markedly improved by encapsulation in liposomes, and it is
useful to consider the possible mechanism, by which this im-
provement takes place. The in vitro growth inhibitory potency
of PALA is increased by encapsulation only if the liposomes
are DSPG, showing that, of the three formulations studied,
only DSPG liposomes can deliver PALA directly to C-26 cells
(data not shown). Therefore, assuming that the liposome up-
take properties of C-26 tumor cells are the saroe in vivo and in
vitro, only DSPG liposomes should improve the in vivo
therapeutic efficacy of PALA by liposome-mediated intrace-
llular delivery'® . In fact, DSPG liposomes have shown the
most improved in vive therapeutic efficacy (88%) in C-26
tumor model. It is probable that liposome-mediated direct in-
tracellular delivery makes this anionic liposome more effective
than any others. Purthermore, PALA in sterically stabilized
liposomes and in DSPC liposomes also show considerable im-
provement in their potency as compared to free drug. These
two liposome formulations must improve the efficacy of PA
LA in vivo by mechanisms other than liposome-mediated
intracellular delivery, because our in vitro studies, though not
shown here, do not show them to be active in this way. There-
fore, controlled release is the most likely mechanism, by which
the efficacy of PALA is improved by DSPC and sterically sta-
bilized liposomes. The conclusion that controlled release is the
mechanism of action of these two liposome compositions is
also consistent with the fact that sterically stabilized liposomes
are the better of the two. DSPC liposomes will exhibit a shorter
in vivo half life than the sterically stabilized liposomes, and,
therefore, will be present as a release depot for a shorter period
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of time.

It is also important to note the toxic effects, which may arise
through administration of PALA in liposomes. While the effe-
cts of PALA in DSPG liposomes occur strictly in accordance
with dose, the effect of PALA in sterically stabilized liposomes
is markedly reduced when the dose is increased from 50 to 100
mg/Kg. This suggests that this preparation is toxic at the hig-
hest dose, and that its use would be limited by such toxicity.
Therefore, improvement of PALA potency seems to be accom-
panied by an increase in its toxicity if the mechanism of
improvement is controlled release, but not if the improvement
is caused by direct delivery to the tumor cells.

In conclusion, the potency of PALA for therapy in the C-26
tumor bearing mice can be considerably improved by encap-
sulation in liposomes. This result may have considerable be-
nefit for the use of PALA as an antitumor agent. The increase
in the potency of PALLA appears to occur by direct delivery to
the tumor cells when the liposomes are anionic, and by con-
trolled release when the liposome are neutral or sterically sta-
bilized. While controlled release is potentially useful when li-
posomes cannot deliver drug directly to the tumor cells, it
appears to be limited in its effects by toxicity. We hope to ex-
plore these factors in more detail in future studies.
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