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Abstract. Particulate drug carriers offer unique opportunities to
improve tumor therapy through several different mechanisms.
Liposomes may (1) assist in formulation of poorly-soluble
therapeutic agents, (2) provide a slow-release vehicle to achieve
pharmacokinetic profiles that maximize the therapeutic index, or
(3) behave as long-circulating nano-particulates that can
extravasate in the hyperpermeable regions of tumor vasculature.
For paclitaxel, liposomes provide an aid to formulation. In the
intracranial rat 9L brain tumor model, paclitaxel liposomes
reduced dose-limiting toxicity and mediated a 40% increase in
median survival. Free drug did not extend survival. Doxorubicin
entrapped within sterically-stabilized liposomes (SSL-DXR)
represents a long-circulating formulation that can extravasate
within tumors and enhance drug deposition. Repetitive dosing
with SSL-DXR mediated a 30% extension in median lifespan of
animals bearing advanced 9L tumors. Fluorescence microscopic
imaging revealed non-uniform, sporadic deposition of liposomes
within the tumor. Magnetic resonance imaging showed that
repetitive dosing with SSL-DXR, but not free drug, resulted in
vascular collapse and microhemorrhage within tumors.
Exploiting this antivascular effect may provide a new means to
enhance tumor therapy, and suggests the utility of combination
therapy with agents such as paclitaxel that have antiangiogenic
effects on tumors.
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The treatment of solid tumors frequently fails for both
pathophysiological and pharmaceutical reasons. Poor
perfusion, tortuous and impermeable vasculature and the
cellular expression of drug efflux transporters are tumor
properties that reduce drug penetration, deposition and
retention. Pharmaceutical properties of the drug or
formulation also can hinder effective therapy; these include
poor drug permeability through cell membranes or tissue
barriers, short circulating half-life, rapid metabolism, or
instability in the biological milieu. The overall outcome is that
repetitive exposure of tumor cells to sub-lethal concentrations
of drug can promote the emergence of a drug-resistant
phenotype, in which tumor cells are insensitive to broad
classes of chemotherapeutic agents.

Nanoparticulate drug carriers such as liposomes (1) provide
several avenues by which to attack the problem of tumor drug
resistance (Figure 1). Incorporation of the drug in a carrier
may result in a generalized alteration of pharmacokinetics (PK);
modulation of the drug release rate can alter the drug exposure
profile of tissues in such a way as to enhance lethality to tumor
while sparing critical normal tissues. Drug carriers also can
provide specific alterations to the PK; drug sequestration in a
carrier that is restricted to the systemic circulation (or the
compartment of administration) reduces the volume of
distribution, thereby reducing drug exposure at sites of toxicity.
In parallel, carrier deposition at the tumor site must be
enhanced for the success of this strategy. Tumor deposition can
be increased by passive exploitation of leaky tumor vasculature,
or through active targeting strategies that employ tumor-
selective ligands on the particle surface. Finally (Figure 1),
carriers can function as a vehicle to enable the formulation of
lipophilic drugs or lipid analogs that can modulate the function
of drug transporters localized in cell membranes.

Here we discuss recent developments in liposome-based
approaches to tumor therapy, and investigate the potential
of this approach to target the tumor vasculature, a point of
attack which has received increasing attention as its
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Application of liposome drug carriers
to drug resistance

1) Generalized alteration of PK: provide drug exposure profile that
is more potent to tumor while sparing normal tissues
® Delayed/sustained release provides lower peak levels, longer
exposure duration;

2) Specific alteration of PK: enhance tumor deposition through:
® Limited volume of distribution, avoiding normal tissues;
® Passive accumulation via regions of compromised tumor
vasculature;
® Active ‘targeting’ via ligands selective for tumor or tumor
vasculature;

3) Formulation and delivery
® specific drug transporter reversal agents
® cndogenous/semi-synthetic growth-modulating amphipaths (e.g..
specific lipids)

Figure 1. Applications of liposomes to drug resistance. The effect of drug
incorporation upon biodistribution and therapeutic index depends on the
physicochemical properties of the drug and the characteristics of the
liposomes.

potential importance has become better understood.
Although the developments discussed below are applicable
to solid tumors in general, the specific context of the studies
is the development of improved therapies for brain tumors.

Brain tumors as a therapeutic problem. Although they represent
only 1% of adult malignancies (2) brain tumors are highly
fatal; of 17,000 cases of brain/CNS cancers diagnosed in the
US annually, 13,000 are fatal (3). In childhood, brain tumors
represent the leading cause of cancer-related morbidity and
mortality (26% of cancer deaths), and their incidence is
second only to leukemia (2-4). Gliomas account for approx.
45% of adult- and 70% of pediatric brain tumors. Advances
in the detection and treatment of various cancers have
increased remission- and survival time, but malignant primary
and metastatic brain tumors were as lethal in the 1990’s as in
the 1970’s (5). The median survival of malignant gliomas
treated by surgery, surgery/radiation or surgery/chemotherapy
was 14, 20 and 40-50 weeks, respectively (6). Thus,
development of new therapies and improvement of existing
treatments would have significant impact on those afflicted.

Barriers to tumor therapy. In order for systemic therapies to be
effective, drugs must reach the tumor in therapeutically
effective quantities, distribute uniformly to the minimum
threshold concentration necessary to kill tumor cells and
retain activity in the tumor microenvironment (7). Tumor
blood flow and architecture, as well as the physical barrier
properties of tumor microvasculature and interstitium,
fluctuate spatially and temporally. Physiological barriers
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Distinct characteristics of
liposome:drug formulations

1) Rapid-releasing drug:liposome complexes: relatively rapid release
rates, but can alter PK:
® [ower peak free drug levels, sustained blood levels;
® Key benefit may be pharmaceutical (e.g. solubility);
» Paclitaxel (Taxol) liposomes

2) High stability drug:liposome complexes
® Slow release of drug from particle;
® Drug deposition matches liposome deposition;
® ‘Fortuitous’ or active (ligand-directed) targeting possible;
» Remote-loaded sterically-stabilized doxorubicin liposomes
(Doxil®/Caelix®)

Figure 2. Markedly differing formulation characteristics of promising
liposome formulations. Liposomes containing paclitaxel, which is located
in the membrane Dbilayer, release drug relatively rapidly after
administration, but do alter pharmacology in a beneficial manner.
Liposomes containing doxorubicin precipitated into the liposome core
retain drug following administration, and drug biodistribution largely
reflects that of the liposome carrier.

include elevated tumor interstitial pressure, which results in
an outward convective flow that hinders drug extravasation
and tumor penetration. In addition, the distance which drug
must traverse from blood vessels to the tumor interior may be
sufficiently large that diffusion cannot transport sufficient
concentrations for tumor cell killing (7, 8). These
physiological/anatomical variations hinder the delivery of
chemotherapeutic agents. Heterogeneous intratumor
deposition results in insufficient drug exposure and thus
promotes the development of therapeutic resistance. A variety
of approaches have been developed to improve the delivery
of drugs using macromolecular carriers, but their ability to
deliver adequate quantities of therapeutic agents uniformly
throughout tumor is hampered by physiologic barriers.

Liposome-based formulations for brain tumor therapy.
Liposomal formulations may possess markedly different
properties depending on the physicochemical characteristics
of the encapsulated drugs. A recent, comprehensive review
describes the interplay of multiple factors in determining the
performance of liposome formulations (1). Here we discuss
two markedly different formulations (Figure 2); the first
contains paclitaxel (taxol) and the second contains
doxorubicin.

Paclitaxel-containing liposomes. Paclitaxel is a complex
diterpenoid natural product which has gained widespread use
in the treatment of a variety of carcinomas, and has become
a first line treatment for refractory ovarian, breast and non-
small cell lung cancer (9-13). Because of the poor water
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Paclitaxel sensitivity of tumor cell lines in vitro
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Figure 3. Paclitaxel sensitivity of various cell lines. Cell lines in culture were
treated with a range of paclitaxel concentrations for 72h, and the change in
cell number was determined. The concentration inhibiting cell growth by
50% (ICsy) was calculated from the data. Colon 26: murine colon
carcinoma; 9L: rat glioblastoma-like line; B16/B16F 10: murine melanoma;
L1210: murine leukemia; Al2la, Hey-1b, A90: human ovarian
carcinomas. Solid bars: cells were exposed to paclitaxel adsorbed to serum
albumin; hatched bars: paclitaxel was incorporated at 3 mole% (relative
to lipids) in liposomes of phosphatidylcholine:phosphaditylglycerol (9:1
mol:mol). Data plotted from results reported in (50).

solubility of paclitaxel, the clinical formulation Taxol®
contains the organic cosolvents ethanol and polyethoxylated
castor oil (Cremophor EL) in a 1:1 volume ratio. Cremophor
EL has been shown to cause toxic effects such as life-
threatening anaphylaxis (14-16). High doses of antihistamines
and glucocorticoids are administered to manage these
adverse effects (17, 18), but these co-administered drugs have
raised the possibility of additional pharmacokinetic and
pharmacodynamic with paclitaxel. The
Cremophor EL vehicle also exerts a range of effects on the
biodistribution of the drug (19-22), modulating multidrug
resistance through the P-glycoprotein efflux system and

interactions

contributing to the nonlinear pharmacokinetics of paclitaxel.

Paclitaxel shows activity on a wide range of human and
animal brain tumor lines (23, 24), including in vivo activity
on human gliomas xenografted in nude mice (25, 26).
However, it shows little clinical activity in malignant glioma
(27-30). Such a finding may be rationalized by limited CNS
penetration (31, 32) and frequent resistance of brain tumors
to paclitaxel (33).

Paclitaxel interferes with cell cycle progression by
interfering with microtubule dynamics; a series of events
ensue that result in cell death (34, 35). Cells blocked at

Intracranial 9L tumor volume growth delay
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Figure 4. Intracranial 9L tumor volume progression. Animals bearing
intracranial 9L tumors were observed by Magnetic Resonance Imaging
repetitively during treatment, and tumor volume was calculated at each
time point from the 3D image set using Analyze (CN Software LTD, West
Sussex, UK). Tumor progression was plotted as a function of time, and the
data presented here show the extrapolation of the tumor growth rate to a
volume of 400 mm?3, at which time animals appear symptomatic. Animals
received paclitaxel in Cremophor EL or in liposomes composed of
phosphatidylcholine:phosphatidylglycerol (9:1 mol:mol) according to these
doses and schedules: a single 50 mg/kg bolus given at day 8 after tumor
implantation, 40 mglkg at day 8 and 15, and 20 mglkg at day 8, 11 and
15. The effect of treatment on tumor volume was statistically significant for
all treatments except the 50 mg/kg groups, for which tumor volume was no
different than control. Data plotted from results reported in (47).

G2/M by paclitaxel are most sensitive to radiation (36),
suggesting utility as a radiation sensitizer (37, 38). Paclitaxel
also possesses strong antiangiogenic activity at low
concentration and may synergize with antiangiogenic agents
such as TNP-470 (39, 40).

Incorporation of paclitaxel in liposomes has been
achieved, and this not only eliminates the hypersensitivity
reactions associated with the Cremophor EL vehicle, but
also reduces drug toxicity to critical normal tissues (12, 41-
44). The antitumor potency in a variety of model systems
equals or slightly exceeds that of the clinical Taxol®
formulation (12, 25, 26, 41-43, 45). Drug is released from
the liposomal particle comparatively rapidly, based on
pharmacokinetics in blood that are similar to the
Cremophor EL-based formulation (43, 46). However, drug
release is not instantaneous, based on the liposome-
mediated alterations in therapeutic index and the drug
biodistribution.
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In a number of model systems, a substantial elevation of
the maximum tolerated dose (MTD) has been observed as a
result of liposome-mediated reduction of the dose-limiting
toxicity of paclitaxel. The impact of these changes on the
therapeutic index are striking; in a paclitaxel-resistant colon
tumor model (12), no dose of paclitaxel administered in the
Cremophor EL-based formulation had an effect on tumor
growth, up to and including high doses that caused delayed
(i.e., non-vehicle-related) lethality in 100% of the animals.
In contrast, paclitaxel in liposomes arrested tumor growth
and did so at doses that would be lethal to 100% of animals
if administered in Cremophor EL (12).

Preservation of drug antitumor activity in the face of
reduced toxicity to non-target tissues is a hallmark of
delayed-release formulations, and we undertook to
investigate the potential of paclitaxel-containing liposomes
in a rat model for drug-resistant intracranial brain tumors
(47). We chose as a tumor target the intracranial 9L tumor
cell line, which is moderately drug-resistant (48, 49) and
displays several characteristics of authentic human brain
tumors. Figure 3 compares the paclitaxel sensitivity of 9L
brain tumor cells in vitro to other tumor cell lines in our
laboratory. The ICs( (concentration inhibiting cell growth by
50%) for 9L is approx. 40 nM, considerably higher than for
the most sensitive tumor lines we have tested (2 nM for the
Al21a human ovarian carcinoma), but lower than the most
paclitaxel-resistant line we have used (100 nM for the murine
Colon-26 carcinoma) (50).

Intracranial 9L model tumors were initiated by
stereotaxic injection of 4x10* cells (in approx. 4 pL) into a
specific location in the caudate putamen region of Fisher
344 rats. Treatment was initiated at day 8 after tumor
implantation, at which time the tumor is well established
and vascularized, based on histological analysis. The dosing
regimens included a single 50 mg/kg bolus given at day §
after tumor implantation, 40 mg/kg at days 8 and 15, and 20
mg/kg at days 8, 11 and 15. Each treatment was given by tail
vein injection. Neutrophil counts and body weight were
measured to evaluate treatment toxicity. The therapeutic
effect of the drug was determined by survival time of tumor-
bearing animals and tumor volumes were determined
noninvasively by magnetic resonance (MR) imaging.

Liposomal paclitaxel at a dose of 20 mg/kg x3 doses
conferred the greatest increase in median lifespan (approx
40% greater than for saline-treated animals), and the
equivalent dose and schedule of paclitaxel in Cremophor
EL resulted in nearly a 10% reduction in median lifespan
(data not shown; (47)). This is the greatest extension of
lifespan we have observed with this advanced tumor
model (49).

Tumor progression was observed noninvasively by
repetitively acquiring T2-weighted proton spin echo images
(TR/TE=2000/120 ms) for individual rats during treatment.
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Figure 5. Deposition of liposomes in 9L brain tumors. 9L tumor cells
were implanted stereotaxically in rat brains. Liposomes of
distearoylphosphatidylcholine:cholesterol:polyethyleneglycol-modified
distearoylphosphatidylethanolamine (DSPC:Chol:PEG-DSPE; 9:5:1
mole ratio) were labeled with 1 mole% of the fluorescent phospholipid
analog Rhodamine-DPPE (dipalmitoylphosphatidylethanolamine), and
injected intravenously. Rats were sacrificed 24 hours later and frozen
sections (<10 um thick) were imaged using a laser scanning confocal
microscope. Data was processed using NIH _Image (developed at the U.S.
National Institutes of Health and available on the Internet at
http:/frsb.info.nih.gov/nih-image/). Panel shows projection of fluorescence
in 13 sequential optical sections into a single plane. Dark regions
correspond to areas of normal brain tissue. Accretions of punctate
fluorescence surround blood vessels. Bar: 20 um. Reprinted with
permission from (49).

Tumor volumes were computed using an image processing
tool (Analyze, CN Software LTD, West Sussex, UK), and
plotted as a function of time (47); from these plots, a rate of
tumor progression was calculated by regression analysis. The
growth rate was extrapolated to a volume of 400 mm?, the
volume that appeared to correlate with the onset of
symptoms and impending death (Figure 4). Significant tumor
growth delay (compared to saline controls) was observed for
all treatment groups except those treated with 50 mg/kg
(paclitaxel liposomes or free drug). At each of the other dose
levels, the greatest effect was observed for groups treated
with liposomes (Figure 4).

The tumor progression results are consistent with the
greater extension of lifespan mediated by paclitaxel
liposomes. However, the observation of significant tumor
growth delay mediated by the Cremophor EL-based
formulation, in the absence of an extension in survival,
suggests that the doses necessary to achieve any retardation
of 9L tumor growth are toxic to the animal. In contrast,
liposome-based formulations mediated both a retardation
in tumor growth and an increase in lifespan.
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Figure 6. MR images of advanced 9L brain tumors before and after
treatment with DXR. T2-weighted spin echo MR images of rat brain were
acquired 24 h before (A,C) and 48 h after (B,D) the second of two weekly
injections of saline, DXR, or DXR encapsulated in sterically stabilized
liposomes (SSL-DXR). (A) Control rat 24 h before and (B) 48 h after
saline injection (day 16 after tumor implantation). (C) Representative
image of a rat treated 6 days prior with 1 injection of 5.67 mglkg L-DXR;
image was acquired on day 13 after tumor implantation, 24 h before
treatment with second injection of L-DXR; (D) image acquired from same
animal as in (C) except 48 h after treatment with 5.67 mg/kg L-DXR (day
16 after tumor implantation). The parameters for the T2-weighted spin
echo images are as follows: (TR/TE= 2000/120 ms, slice thickness = 1
mm). Reprinted with permission from (67).

Recent work by others indicates that repetitive dosing
with taxanes can increase drug penetration into tumors by
reducing cell density (51, 52) and microvascular/interstitial
fluid pressures, resulting in the dilation and re-opening of
collapsed vessels (53). These effects, coupled with
observations of antiangiogenic activity of the taxanes (39,
40, 54), suggests the potential for liposomal forms of this
drug in combination with antiangiogenic therapies (54).

Doxorubicin-containing liposomes. Most liposome compositions
are cleared relatively rapidly by the liver and spleen (tissues of
the reticuloendothelial system), limiting their utility as drug
carriers. However, the development of sterically stabilized
"Stealth" liposomes (SSL), which bear hydrated polymers such
as PEG (polyethylene glycol) on their external surface (55,

56), represents a major advancement in the field. SSL show
markedly altered pharmacokinetics (ie., increased
circulation time and decreased release rate) and improved
therapeutic efficacy. An SSL formulation containing
doxorubicin (DXR) in a semisolid state within the liposome
core (57-60) is now a clinically-approved product under the
names Doxil® or Caelix®. This drug:liposome formulation
is highly stable (Figure 2), and drug deposition reflects
liposome deposition, providing an opportunity to target
drug to specific sites such as tumors. Highly stable liposome-
encapsulated anthracyclines thus represent a new class of
therapeutic entity, with pharmacology altered significantly
from that of the parent drug (61, 62).

We have examined the antitumor efficacy of doxorubicin
in sterically stabilized liposomes (SSL-DXR) in the 9L
advanced tumor model (49). Treatment was administered
starting 7 days after tumor implantation, as described above
for paclitaxel liposomes. SSL-DXR mediated a substantial
(30%) increase in median lifespan, whereas free DXR was
ineffective in prolonging lifespan, and appeared to
accelerate death due to toxicity.

Given the previous observations that SSL-DXR mediate
large increases in tumor deposition of drug (63), presumably
through flaws in the tumor vasculature (64, 65), one
interpretation is that liposomes may extend survival by
providing a localized, intratumor sustained-release depot.
We examined intratumor deposition of SSL in rats bearing
advanced intracranial 9L brain tumors (49), using liposomes
that were labeled with a fluorescent phospholipid analog.
Fluorescence was  distributed non-uniformly and
sporadically within the tumor 24 h after injection (Figure 5).
Regions of normal brain in close proximity to the tumor
were devoid of fluorescence. Confocal imaging allowed
optical sectioning of tissue to a depth of approx. 20 um in
these experiments. Stereo projections of the optical slices
enabled the visualization of intense fluorescence accretions
lining tumor capillaries or blood vessels (Figure 4), but little
spread of liposomes within tumor. Such non-uniform
deposition of liposomes raises the possibility that some
regions of the tumor may be under-dosed.

Our most recent work suggests an alternative to the
drug-depot hypothesis for explaining enhanced antitumor
efficacy of SSL-DXR. Tumor growth and the effects of
therapy with free DXR or SSL-DXR were observed
noninvasively in rats bearing advanced intracranial 9L
tumors by using repetitive MR imaging (66, 67). We
observed that the repetitive dosing scheme which mediated
the maximal extension of median lifespan (49) also
mediated drastic changes in the tumor, as observed by MR
imaging. Two days after a second weekly dose of SSL-
DXR, a large, hypointense region was observed in the
tumors of animals treated with SSL-DXR (Figure 6D). No
such changes were observed in animals treated with the
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equivalent regimen of free DXR or saline (Figure 6B), or
in animals treated with only one dose (Figure 6C).
Histological examination of the brain tumors (67) revealed
extensive regions of microhemorrhage, and confirmed that
the hypointense regions appearing in MR images resulted
from the extravasation and breakdown of erythrocytes
within the tumor (not shown). Thus we hypothesize that
extravasation of drug-loaded particulate carriers such as
liposomes can deposit large doses of drug in the few
hyperpermeable vascular regions of naive tumor. There, the
drug may exert localized cytotoxic effects on either the
vascular endothelium or nearby tumor cells. As a result, the
endothelium may be denuded, or the underlying tumor
cells killed. Either of these effects may open the tumor
stroma by reduction of the cell density (68, 69) and could
result in localized collapse of the tumor vasculature. This
sporadic, localized damage could open larger areas of the
vasculature to subsequent doses of liposomes, with each
cycle of treatment expanding the hyperpermeable areas,
thereby increasing the penetration of the next dose.

Conclusion

Particulate carriers such as liposomes provide unique
opportunities to improve tumor therapy, either as
formulation aids for poorly-soluble compounds, as delayed-
release vehicles for modulating pharmacokinetics, or as
stable drug/carrier complexes that may be targeted to
tumors through regions of hyperpermeable vasculature.
Clinically-approved formulations such as sterically-
stabilized doxorubicin-containing liposomes represent the
first in a new class of therapeutic agent that may enable the
selective targeting of tumors. The antivascular effects
discussed here suggest a novel mechanism of action which
may be exploited to enhance the penetration and
deposition of subsequent doses or of other therapeutic
agents. The repair processes resulting from such
antivascular effects may involve angiogenic activities, and
therefore combination therapy with antiangiogenic agents
may further enhance therapeutic effect.

Other formulations that are under development, such as
those containing paclitaxel, also may find clinical application
owing to the observed reduction in toxicity to critical normal
tissues. The newly-recognized antiangiogenic action of the
taxanes, which may be enhanced by sustained delivery of
low drug concentrations, suggests an additional mechanism
by which liposomes may enhance therapy. Overall, the
observations discussed here suggest that combination of
multiple carrier-based therapies, involving an initial
permeability-enhancing sequence of treatments and
followed by treatment with antiangiogenic or cytotoxic
agents, may be a means to enhance the efficacy of treatment
for difficult tumor targets.

402

Acknowledgements

Portions of this work were supported by grant CA-55251 from the
National Cancer Institute, National Institutes of Health, the
Association for Research of Childhood Cancer, undergraduate or
predoctoral fellowships from the Pharmaceutical Research and
Manufacturers of America, Pfizer, and the American Foundation
for Pharmaceutical Education. We are indebted to the numerous
colleagues who have worked with us on these projects.

References

1 Drummond DC, Meyer O, Hong K, Kirpotin DB and
Papahadjopoulos D: Optimizing liposomes for delivery of
chemotherapeutic agents to solid tumors. Pharmacol Rev 51:
691-743, 1999.

2 Legler JM, Gloeckler Ries LA, Smith MA, Warren JL,
Heineman EF, Kaplan, RS and Linet MS: Brain and other
central nervous system cancers: recent trends in incidence and
mortality. J Natl Cancer Inst 97: 1382-1390, 1999.

3 Ries LAG, Kosary CL, Hankey BF, Miller BA, Clegg L and
Edwards BK: Surveillance Epidemiology End Result (SEER)
Cancer Statistics Review 1973-1996. Bethesda, MD: National
Cancer Institute, 1999.

4 Packer RJ: Brain tumors in children. Arch Neurol 56: 421-425,
1999.

S Fathallah-Shaykh H: New molecular strategies to cure brain
tumors. Arch Neurol 56: 449-453, 1999.

6 Avgeropoulos NG and Batchelor TT: New treatment strategies
for malignant gliomas. Oncologist 4: 209-224, 1999.

7 Jain RK: 1995 Whitaker Lecture: Delivery of molecules, particles,
and cells to solid tumors. Ann Biomed Eng 24: 457-473, 1996.

8 Jain RK: Vascular and interstitial barriers to delivery of therapeutic
agents in tumors. Cancer Metastasis Rev 9: 253-266, 1990.

9 Guastalla JP, Lhomme C, Dauplat J, Namer M, Bonneterre J,
Oberling F, Pouillart P, Fumoleau P, Kerbrat P and Tubiana N:
Taxol (paclitaxel) safety in patients with platinum pretreated
ovarian carcinoma: an interim analysis of a phase II multicenter
study. Annals Oncol 5: S33-38, 1994.

10 Kubota T, Matsuzaki SW, Hoshiya Y, Watanabe M, Kitajima M,

Asanuma F, Yamada Y and Koh JI: Antitumor activity of

paclitaxel against human breast carcinoma xenografts serially

transplanted into nude mice. J Surg Oncol 64: 115-121, 1997.

Adler LM, Herzog TJ, Williams S, Rader JS and Mutch DG:

Analysis of exposure times and dose escalation of paclitaxel in

ovarian cancer cell lines. Cancer 74: 1891-1898, 1994.

12 Sharma A, Mayhew E and Straubinger RM: Antitumor effect
of taxol-containing liposomes in a taxol-resistant murine tumor
model. Cancer Res 53: 5877-5881, 1993.

13 Murphy WK, Fossella FV, Winn RJ, Shin DM, Hynes HE, Gross
HM, Davilla E, Leimert J, Dhingra H and Raber MN: Phase II
study of taxol in patients with untreated advanced non-small-cell
lung cancer. J Natl Cancer Inst 85: 384-388, 1993.

14 Weiss RB, Donehower RC, Wiernik PH, Ohnuma T, Gralla RJ,
Trump DL, Baker JR, VanEcho DA, VonHoff DD and Leyland-
Jones B: Hypersensitivity reactions from taxol. J Clin Oncol §:
1263-1268, 1990.

15 Szebeni J, Muggia FM and Alving CR: Complement activation by
Cremophor EL as a possible contributor to hypersensitivity to
paclitaxel: an in vitro study. J Nat Cancer Inst 90: 300-306, 1998.

1

—_



Straubinger et al: Antivascular and Antitumor Activities of Liposome-associated Drugs

16 van Zuylen L, Karlsson MO, Verweij J, Brouwer E, de Bruijn P,
Nooter K, Stoter G and Sparreboom A: Pharmacokinetic
modeling of paclitaxel encapsulation in Cremophor EL micelles.
Cancer Chemother Pharmacol 47: 309-318, 2001.

17 Bookman MA, Kloth DD, Kover PE, Smolinski S and Ozols
RF: Short-course intravenous prophylaxis for paclitaxel-related
hypersensitivity reactions. Ann Oncol 8: 611-614, 1997.

18 Jamis-Dow CA, Klecker RW, Katki AG and Collins JM:
Metabolism of taxol by human and rat liver in vitro: a screen for
drug interactions and interspecies differences. Cancer
Chemother Pharmacol 36: 107-114, 1995.

19 Sparreboom A, van Zuylen L, Brouwer E, Loos WJ, de Bruijn P,
Gelderblom H, Pillay M, Nooter K, Stoter G and Verweij J:
Cremophor EL-mediated alteration of paclitaxel distribution in
human blood: clinical pharmacokinetic implications. Cancer Res
59: 1454-1457, 1999.

20 Ellis AG and Webster LK: Inhibition of paclitaxel elimination
in the isolated perfused rat liver by Cremophor EL. Cancer
Chemother Pharmacol 43: 13-18, 1999.

21 Sparreboom A, Verweij J, van der Burg ME, Loos WJ, Brouwer E,
Vigano L, Locatelli A, de Vos Al Nooter K, Stoter G and Gianni
L: Disposition of Cremophor EL in humans limits the potential
for modulation of the multidrug resistance phenotype in vivo. Clin
Cancer Res 4: 1937-1942, 1998.

22 van Tellingen O, Huizing MT, Panday VR, Schellens JH,
Nooijen WJ and Beijnen JH: Cremophor EL. causes (pseudo-)
non-linear pharmacokinetics of paclitaxel in patients. Br J
Cancer 81: 330-335, 1999.

23 Cahan MA, Walter KA, Colvin OM and Brem H: The
cytotoxicity of taxol in vitro against human and rat malignant
brain tumors. Cancer Chemother Pharmacol 33: 441-444, 1994.

24 Liebmann JE, Cook JA, Lipschulz C, Teague D, Fisher J and
Mitchell JB: Cytotoxic studies of paclitaxel (Taxol) in human
tumour cell lines. Br J Cancer 68: 1104-1109, 1993.

25 Riondel J, Jacrot M, Picot F, Beriel H, Mouriquand C and Potier
P: Therapeutic response to taxol of six human tumors xenografted
into nude mice. Cancer Chemother Pharmacol 77: 137-142, 1986.

26 Riondel J, Jacrot M, Fessi H, Puisieux F and Poiter P: Effects
of free and liposome-encapsulated taxol on two brain tumors
xenografted into nude mice. In Vivo 6: 23-28, 1992.

27 Mardor Y, Roth Y, Lidar Z, Jonas T, Pfeffer R, Maier SE, Faibel
M, Nass D, Hadani M, Orenstein A, Cohen JS and Ram Z:
Monitoring response to convection-enhanced taxol delivery in
brain tumor patients using diffusion-weighted magnetic resonance
imaging. Cancer Res 67: 4971-4497 4973, 2001.

28 Hurwitz CA, Strauss LC, Kepner J, Kretschmar C, Harris MB,
Friedman H, Kun L and Kadota R: Paclitaxel for the treatment
of progressive or recurrent childhood brain tumors: a pediatric
oncology phase II study. J Ped Hemat/Oncol 23: 277-281, 2001.

29 Chang SM, Kuhn JG, Robins HI, Schold SC, Jr Spence AM,
Berger MS, Mehta M, Pollack IF, Rankin C and Prados MD:
A Phase II study of paclitaxel in patients with recurrent
malignant glioma using different doses depending upon the
concomitant use of anticonvulsants: a North American Brain
Tumor Consortium report. Cancer 91: 417-422, 2001.

30 Postma TJ, Heimans JJ, Luykx SA, van Groeningen CJ, Beenen
LF, Hoekstra OS, Taphoorn MJ, Zonnenberg BA, Klein M and
Vermorken JB: A phase II study of paclitaxel in chemonaive
patients with recurrent high-grade glioma. Ann Oncol 11: 409-
413, 2000.

31 Glantz MJ, Choy H, Kearns CM, Mills PC, Wahlberg LU,
Zuhowski EG, Calabresi P and Egorin MJ: Paclitaxel disposition
in plasma and central nervous systems of humans and rats with
brain tumors. J Natl Cancer Inst 87: 1077-1081, 1995.

32 Fellner S, Bauer B, Miller DS, Schaffrik M, Fankhanel M,
Spruss, T, Bernhardt G, Graeff C, Farber L, Gschaidmeier H,
Buschauer A and Fricker G: Transport of paclitaxel (Taxol)
across the blood-brain barrier in vitro and in vivo. J Clin Invest
110: 1309-1318, 2002.

33 Haroun RI, Clatterbuck RE, Gibbons MC, Burger PC, Parker
R, Fruehauf JP and Brem H: Extreme drug resistance in
primary brain tumors: in vitro analysis of 64 resection
specimens. J Neuro-Oncol 58: 115-123, 2002.

34 Schiff PB, Fant J and Horwitz SB: Promotion of microtubule
assembly in vitro by taxol. Nature 277: 665-667, 1979.

35 Jordan MA, Toso RJ, Thrower D and Wilson L: Mechanism of
mitotic block and inhibition of cell proliferation by taxol at low
concentrations. Proc Natl Acad Sci USA 90: 9552-9556, 1993.

36 Milas L, Hunter NR, Mason KA, Kurdoglu B and Peters LJ:
Enhancement of tumor radioresponse of a murine mammary
carcinoma by paclitaxel. Cancer Res 54: 3506-3510, 1994.

37 Tishler RB, Geard CR, Jall EJ and Schiff PB: Taxol sensitizes
human astrocytoma cells to radiation. Cancer Res 52: 3495-
3497, 1992.

38 Glantz MJ, Choy H, Kearns CM, Cole BF, Mills P, Zuhowski
EG, Saris S, Rhodes CH, Stopa E and Egorin MJ: Phase I study
of weekly outpatient paclitaxel and concurrent cranial irradiation
in adults with astrocytomas. J Clin Oncol 74: 600-609, 1996.

39 Farinelle S, Malonne H, Chaboteaux C, Decaestecker C,
Dedecker R, Gras T, Darro F, Fontaine J, Atassi G and Kiss R:
Characterization of TNP-470-induced modifications to cell
functions in HUVEC and cancer cells. J] Pharm Tox Meth 43:
15-24, 2000.

40 Satoh H, Ishikawa H, Fujimoto M, Fujiwara M, Yamashita YT,
Yazawa T, Ohtsuka M, Hasegawa S and Kamma H: Combined
effects of TNP-470 and taxol in human non-small cell lung
cancer cell lines. Anticancer Res 18: 1027-1030, 1998.

41 Sharma A, Sharma US and Straubinger RM: Paclitaxel-
liposomes for intracavitary therapy of intraperitoneal P388
leukemia. Cancer Lett 107: 265-272, 1996.

42 Sharma A, Straubinger RM, Ojima I and Bernacki RJ:
Antitumor efficacy of taxane liposomes on a human ovarian
tumor xenograft in nude athymic mice. J Pharm Sci 84: 1400-
1404, 1995.

43 Cabanes A, Briggs KE, Gokhale PC, Treat JA and Rahman A:
Comparative in vivo studies with paclitaxel and liposome-
encapsulated paclitaxel. Int J Oncol 72: 1035-1040, 1998.

44 Treat J, Damjanov N, Huang C, Zrada S and Rahman A:
Liposomal-encapsulated chemotherapy: preliminary results of
a phase I study of a novel liposomal paclitaxel. Oncology
(Huntington) 15: 44-48, 2001.

45 Straubinger RM, Sharma A, Murray M and Mayhew E: Novel
taxol formulations: taxol-containing liposomes. J Nat Cancer
Inst Monographs 75: 69-78, 1993.

46 Fetterly GJ and Straubinger RM: Pharmacokinetics of
paclitaxel-containing liposomes in rats. AAPS Pharm Sci 5 (4):
Article 31, 2003.

47 Zhou R, Mazurchuk RV, Tamburlin J and Straubinger RM:
Efficacy of liposomal paclitaxel in an intracranial rat brain
tumor model. Submitted, 2003s.

403



ANTICANCER RESEARCH 24: 397-404 (2004)

48 Straubinger RM, Sharma A, Sharma US and Balasubramanian
SV: Pharmacology and antitumor effect of novel taxol
formulations. In: Georg G, Chen TT, Ojima I Vyas D (eds.),
Taxane Anticancer Agents: Basic Science and Current Status,
pp. 111-123. Washington, DC: ACS Symposium Series, 1995.

49 Sharma US, Sharma A, Chau RI and Straubinger RM:
Liposome-mediated therapy of intracranial brain tumors in a
rat model. Pharm Res 74: 992-998, 1997.

50 Sharma A and Straubinger RM: Novel taxol formulations:

preparation and characterization of taxol-containing liposomes.

Pharm Res 71: 889-896, 1994.

Jang SH, Wientjes MG and Au JL: Enhancement of paclitaxel

delivery to solid tumors by apoptosis-inducing pretreatment:

effect of treatment schedule. J Pharmacol Exp Ther 296: 1035-

1042, 2001.

52 Kuh HJ, Jang SH, Wientjes MG, Weaver JR and Au JL:
Determinants of paclitaxel penetration and accumulation in
human solid tumor. J Pharmacol Exp Ther 290: 871-880, 1999.

53 Griffon-Etienne G, Boucher Y, Brekken C, Suit HD and Jain
RK: Taxane-induced apoptosis decompresses blood vessels and
lowers interstitial fluid pressure in solid tumors: clinical
implications. Cancer Res 59: 3776-3782, 1999.

54 Wang J, Lou P, Lesniewski R and Henkin J: Paclitaxel at ultra
low concentrations inhibits angiogenesis without affecting cellular
microtubule assembly. Anticancer Drugs 74: 13-19, 2003.

55 Allen TM and Chonn A: Large unilamellar liposomes with low
uptake into the reticuloendothelial system. FEBS Lett 223: 42-
46, 1987.

56 Papahadjopoulos D, Allen TM, Gabizon A, Mayhew E, Matthay
K, Huang SK, Lee KD, Woodle MC, Lasic DD and Redemann C:
Sterically-stabilized liposomes: improvements in pharmacokinetics
and antitumor therapeutic efficacy. Proc Nat Acad Sci USA 88:
11460-11464, 1991.

57 Haran G, Cohen R, Bar LK and Barenholz Y: Transmembrane
ammonium sulfate gradients in liposomes produce efficient and
stable entrapment of amphipathic weak bases. Biochim Biophys
Acta 1151: 201-215, 1993.

58 Harrigan PR, Wong KF, Redelmeier TE, Wheeler JJ and Cullis
PR: Accumulation of doxorubicin and other lipophilic amines
into large unilamellar vesicles in response to transmembrane
pH-gradients. Biochim Biophys Acta 1749: 329-348, 1993.

59 Lasic DD, Frederik PM, Stuart MC, Barenholz Y and McIntosh
TJ: Gelation of liposome interior. A novel method for drug
encapsulation. FEBS Lett 372: 255-258, 1992.

5

—

404

60 Li X, Hirsh DJ, Cabral-Lilly D, Zirkel A, Gruner SM, Janoff

AS and Perkins WR: Doxorubicin physical state in solution and

inside liposomes loaded via a pH gradient. Biochim Biophys

Acta 1415: 23-40, 1998.

Muggia FM: Liposomal encapsulated anthracyclines: new

therapeutic horizons. Current Oncol Rep 3: 156-162, 2001.

62 Gabizon AA: Pegylated liposomal doxorubicin: metamorphosis
of an old drug into a new form of chemotherapy. Cancer Invest
19: 424-436, 2001.

63 Gabizon A and Papahadjopoulos D: Liposome formulations
with prolonged circulation time in blood and enhanced uptake
by tumors. Proc Nat Acad Sci USA 85: 6949-6953, 1988.

64 Yuan F, Leunig M, Huang SK, Berk DA, Papahadjopoulos D
and Jain RK: Microvascular permeability and interstitial
penetration of sterically-stabilized (Stealth) liposomes in a
human tumor xenograft. Cancer Res 54: 3352-3356, 1994.

65 Wu N, Da D, Rudoll T, Needham D, Whorton A and Dewhirst
M: Increased microvascular permeability contributes to
preferential accumulation of Stealth™ liposomes in tumor
tissue. Cancer Res 53: 3766-3770, 1993.

66 Mazurchuk R, Zhou R, Straubinger RM, Chau RI and
Grossman Z: Functional magnetic resonance (fMR) imaging of
a rat brain tumor model: implications for evaluation of tumor
microvasculature and therapeutic response. Magn Reson Imag
17: 537-548, 1999.

67 Zhou R, Mazurchuk RV and Straubinger RM: Antivasculature
effects of doxorubicin-containing liposomes in an intracranial rat
brain tumor model. Cancer Res 62: 2561-2566, 2002.

68 Au JL, Jang SH, Zheng J, Chen CT, Song S, Hu L and Wientjes
MG: Determinants of drug delivery and transport to solid
tumors. J Contr Rel 74: 31-46, 2001.

69 Au JL, Jang SH and Wientjes MG: Clinical aspects of drug
delivery to tumors. J Contr Rel 78: 81-95, 2002.

6

—

Received September 17, 2003
Accepted January 5, 2004



