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Introduction

Phospholipid spherules composed of lipid bilayer membranes entrapping a central
aqueous core were first described more than 30 years ago (Bangham et al 1965). The
term liposome was coined in 1968 (Sessa & Weissmann 1968) and the first suggestions
that these vesicles might have potential as vehicles for targeted drug delivery for a range
of diseases, including cancer, appeared shortly afterwards (Gregoriades et al 1974;
Gregoriades 1976a, b). However, the process of turning this expectation into a clinical
reality has suffered a number of setbacks and has taken more than a quarter of a
century. In the process, new types of liposomes with favourable in-vivo pharmaco-
kinetics and biodistribution patterns have been generated (Lasic & Papahadjopoulos
1995). Many of these preparations have been subjected to extensive examination
and an increasing number of agents have entered clinical trials. In this review, we will
trace the development of those liposomes that are currently undergoing (or are about
to undergo) clinical evaluation.

The mechanism of tumour targeting by liposomes

The ability of liposomes to localize effectively to tumours is a somewhat enigmatic
property. Even in the absence of tumour cell-specific ligands attached to their surface,
liposomes will localize to tumours. In this sense, it is generally accepted that liposomal
tumour targeting is a passive function and depends largely on the number of times that
an individual liposome passes through the vascular network within a tumour. It is well
recognized that the blood vessels in a tumour are abnormally leaky as a result of
significant structural and functional anomalies. This leakiness and the co-existing lack
of a fully functional system of lymphatic drainage are thought to account for the
extravasation and retention of liposomes within the tumour interstitium. Therefore, by
altering the physicochemical properties of a liposome, its ability to remain in the
circulation (and hence its likelihood of being deposited in the tumour) can be altered.
Attempts to exploit this physicochemical property of liposomes underlie the de-
velopment of so-called long-circulating liposomes with extended circulation half-lives
(see below).

The history of liposome development

The early development of liposomal therapeutics was beset by a number of problems
(Martin 1997). Formidable difficulties were presented by the need to produce stable
drug-containing liposomes in a reliable, reproducible way. The entrapment conditions
for any particular agent need to be optimized individually. Because liposomes can carry
drugs in one of three potential compartments (water-soluble agents in the central
aqueous core, lipid-soluble agents in the membrane, peptides and small proteins at the
lipid—aqueous interface), a diverse range of optimal encapsulation conditions may exist
for different agents. In addition, the release kinetics of the entrapped agents can vary,
depending on the liposomal formulation, and this can affect the therapeutic effi-
cacy. Therefore, development of agents for pre-clinical and clinical use can be both
laborious and expensive. In early in-vivo studies, liposomes were shown to have very
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Schematicdiagram of a conventionalunilammelar vesicle. The magnified area shows the organization of the lipid bilayer membrane,

which is composed of phospholipid molecules and cholesterol. The aqueous core represents a reservoir of the entrapped drug.
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Figure 2 Schematic diagram of a conventional multilammelar vesicle. The magnified area shows the organization of the multiple repeated
lipid bilayer membranes composed of phospholipid molecules and cholesterol. The aqueous phase occupies the space between the lipid layers.
Lipophilic drugs can be entrapped in the lipid membranes and hydrophilic drugs can be contained in the aqueous phase.

short circulation half-lives owing to rapid liposomal op-
sonization by plasma proteins and phagocytosis by fixed
tissue macrophages of the reticuloendothelial system
(RES). In addition, lipid exchange with plasma lipoproteins
can destabilize liposomes and lead to their rupture, with
rapid release of the entrapped drug. Taken together, these
various problems meant that the available liposomal for-
mulations offered few advantages over the administration
of the unencapsulated drug. As a result, the early clinical
applications of liposomes were largely limited to situations
in which targeting of the RES was advantageous (e.g.
treating systemic protozoal and fungal infections) (Adler-
Moore 1994; Ng & Denning 1995; Russo et al 1996;
Prentice et al 1997).

The first breakthrough in the problem of the rapid
clearance of liposomes from the circulation came from
studies correlating liposome permeability, membrane flu-

idity and liposome size with the circulation half-life (Senior
& Gregoriades 1982a, b). These studies provided the back-
ground for the development of some of the currently
available conventional liposomes. In the search for lipo-
somes with improved pharmacokinetic parameters, a num-
ber of groups have evaluated the effect of adding various
components to the lipid membrane. This work has been
driven, in part, by the discovery that the stability of red
cells in the blood is mediated by their hydrophilic, sialic
acid-rich glycocalyx (Durocher et al 1975). By incorporat-
ing different purified glycolipids, a new class of so-called
sterically stabilized liposomes has been generated and the
pharmacokinetics and biodistribution of these agents have
been evaluated in-vivo in murine models (Allen & Chonn
1987). Significant enhancement of circulation half-life was
achieved with a ganglioside (monosialoganglioside GM1)
extracted from bovine brain tissue. This agent was deemed
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Figure3 Schematic diagram of a sterically stabilized liposome. The magnified area shows the organization of the lipid bilayer membrane and
the disposition of the pegylated distearoyl phosphatidylethanolamine (MPEG-DSPE) polymer molecules, which are attached to the membrane
by a lipophilic fatty acyl anchor and protrude from both the internal and external faces of the membrane. Only the external MPEG-DSPE
molecules are represented in the schematic of the entire liposome. Drugs can be entrapped within the aqueous core of such liposomes.

to be unsuitable for clinical use, a decision that has assumed
added significance in the wake of the appearance of bovine
spongioform encephalopathy and new variant Creutzfeld-
Jakob disease. At about the same time, hydrogenated
phoshphatidylinositol (HPI), a molecule extracted from
soybean oil, was shown to achieve similar results to GM1
(Gabizon & Papahadjopoulos 1988). Unfortunately, the
extraction of HPI proved to be prohibitively expensive and
its development was halted. A significant advance came
with the discovery that liposomes with methoxypolyethyl-
ene glycol (MPEG)-derivatized lipids in their membranes
had prolonged circulation half-lives and could be readily
produced in large quantities (Klibanov et al 1990 ; Allen &
Hansen 1991; Papahadjopoulos et al 1991). MPEG is
thought to act by providing a steric barrier against inter-
actions with plasma proteins, such as opsonins and lipo-
proteins, and cell surface receptors, such that pegylated
liposomes evade clearance by the RES (Gabizon 1994).
Subsequent research effort has helped to define the optimal
formulation (including choice of MPEG derivative) of such
liposomes (Lasic 1996).

Although the polyethylene glycol (PEG) barrier may
have beneficial effects in terms of extending the circulation
half-life and increasing the area under the curve of drug
exposure, there is some evidence that its presence may
impede drug release/delivery to the target cell population.
Attempts have been made to solve this problem by gen-
erating liposomes that are reversibly pegylated (Adlakha-
Hutcheon et al 1999 ; Zalipsky et al 1999). One system uses
PEG-phosphatidylethanolamine with acyl chains of vary-
ing lengths, which determine the rate of exchange of the
PEG component out of the liposome membrane. In effect,
such liposomes are fitted with a “timer’’ that determines
how long they will remain functionally pegylated (Adlakha-
Hutcheon et al 1999). An alternative approach uses MPEG
attached to the liposome membrane by linkers that are

MPEG-DSPE

cleavable under mildly reducing conditions, such as those
found within the tumour milieu (Zalipsky et al 1999). Such
studies are likely to represent just the beginning of a trend
towards rational design of the components of the lipid
membrane in order to influence favourably the behaviour
of liposomes in-vivo.

Classification of liposomes

There are a number of ways in which liposomes can be
categorized. One scheme uses the simple physical charac-
teristic of lamellarity (the number of phospholipid mem-
brane layers) to divide liposomes into unilamellar vesicles
(ULV) (Figure 1) and multilamellar vesicles (MLV) (Figure
2) (Perez-Soler 1989). ULV have a single phospholipid
bilayer membrane and a diameter of 0.05-0.25 gm. These
liposomes can be further split into small ULV (SULV) with
a diameter of 0.05-0.1 gm and large ULV (LULV) with a
diameter of 0.1-0.25 gm. Because ULV contain a large
central aqueous compartment, they are ideally suited to the
encapsulation of water-soluble agents. Passive drug encap-
sulation is a relatively inefficient means of loading these
liposomes and, more frequently, a gradient-driven system
is used to achieve efficient drug entrapment. MLV are
composed of concentric phospholipid bilayer membranes
in an onion-skin arrangement and have a diameter of
1-5 gm. In contrast to ULV, they only contain a small
aqueous compartment (< 10% ), which means that they
preferentially entrap lipid-soluble drugs efficiently. This
fact is likely to assume great importance in the future
because a number of active cytotoxic drugs are highly lipid-
soluble, a property that has sometimes hampered their
clinical development (Leyland-Jones 1993).

An alternative classification scheme has been proposed
(Martin 1997). This categorization draws on both physical
and physiological features of the liposomal formulations.
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Summary of pre-clinical biodistribution and pharmacokinetic studies using conventional liposomes in animal models.

Liposome

Tracer

Tumour models

Comments

Reference

SUv

SUvV

SUv

MLV

SUv

MLV

SUv

Doxorubicin

Mn-NTA

Doxorubicin

NDDP
CDDP

Vincristine

NDDP

"n-NTA
Daunorubicin

J-6456 (lymphoma)

EMT6

J-6456 (lymphoma)

B16 (melanoma)
VX2 (hepatic cancer)

P388 (leukaemia)
L1210 (leukaemia)

None

P-1798
(lymphosarcoma)
MAI16C (breast)

There was decreased cardiac uptake
with PS/PC/Chol and PC/Chol
(but not DPG/PC/Chol) liposomes
with no loss of antitumour efficacy

This study compared the tumour
targeting achieved by various
liposome formulations with neutral,
positive and negative surface
charge. The highest tumour and
lowest RES uptakes were
documented for neutral SUV
composed of a 2:1 ratio of
DSPC/Chol. There was significant
RES uptake of all formulations,
although this was lowest for neutral
liposomes

There was increased liver/spleen
uptake with PS/PC/Chol liposomes
compared with the unencapsulated
drug. Increased drug levels were
documented in J-6456 cells isolated
from the liver after liposomal drug
delivery

There was no difference in tumour
uptake after intravenous injection
of unencapsulated cisplatin or
liposomal NDDP (MLV composed
of a 7:3 ratio of DMPC/DMPG) in
a B16 melanoma model. There was
significantly greater tumour uptake
after intravenous and intra-arterial
injection of the liposomal as
compared with the unencapsulated
drug in the VX2 model

A comparison between egg PC/Chol
and DSPC/Chol liposomes
containing vincristine was
performed. The LD50 of the
DSPC/Chol preparation was
significantly lower than that of
unencapsulated vincristine

The serum AUC after intravenous or
intraperitoneal injection was
significantly higher for liposomal
NDDP compared with
unencapsulated CDDP. The AUC
in the peritoneum was greater after
intraperitoneal liposomal NDDP
compared with intraperitoneal
unencapsulated CDDP

Tumour deposition of ''In-NTA and
daunorubicin were 2.5 to 20-fold
greater for liposomal compared
with unencapsulated agents in both
the P-1798 and MA16C models.
The tumour AUC was 10-fold
greater for liposomal as compared
with unencapsulated daunorubicin
in the P-1798 model

Gabizon et al (1982)

Proffitt et al (1983)

Gabizon et al (1983)

Khokhar et al (1988)

Mayer et al (1990)

Vadiei et al (1992)

Forssen et al (1992)
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Liposome Tracer Tumour models

Comments Reference

SUvV P-1798

(lymphosarcoma)

Daunorubicin

Ga- or "'In-NTA
9Ga- or "'In-deferoxamine
9mTc.HMPAO

SUvV Mouse sarcoma 180

Ehrlich tumour

SUV Doxorubicin B16/BL6

(melanoma)
L1210 (leukaemia)

SUV Doxorubicin C-26 (colon)

There was a 2.5-fold increase in the
tumour AUC of liposomal as
compared with unencapsulated
daunorubicin

This study was designed to define the
optimal size and
phospholipid/cholesterol content
for tumour targeting by SUV. For
DSPC/Chol (ratio 2:1) SUV, the
optimal size was found to be
80-250 nm. The optimal
phospholipid was DSPC and the
optimal ratio of DSPC/Chol was
l:1or2:1

Maximum drug deposition was seen
at 1 h and 48 h for unencapsulated
and liposomal drugs, respectively.
The tumour drug exposure was
increased 2-3-fold (melanoma) and
10-fold (leukaemia), respectively,
for liposomal as compared with
unencapsulated doxorubicin

A comparison of liposomes
composed of DSPC/Chol and
DSPC/Chol/PEG-DSPE was
performed. The plasma AUC was
2-fold greater for pegylated
liposomes, but the tumour AUC
over 72 h was 1.44-fold greater for
conventional liposomes

Forssen et al (1996)

Ogihara-Umeda et al (1996)

Harasym et al (1997)

Hong et al (1999)

AUC, area under the curve; CDDP, cis-dichlorodiammine platinum (II) ; Chol, cholesterol; DMPC, dimyristoyl phosphatidylcholine; DMPG,
dimyristoyl phosphatidylglycerol; DPG, diphosphatidylglycerol; DSPC, distearoyl phosphatidylcholine; HMPAO, hexamethylpropylene-
amine oxime; LD50, dose that causes death in 50% of animals; MLV, multilamellar vesicles; NDDP, cis-bis-neodecanoato trans-R,R-1,2
diaminocyclohexane platinum (II); NTA, nitrilotriacetic acid; PC, phosphatidylcholine; PEG-DSPE, pegylated distearoyl phosphatidyl-
ethanolamine; PS, phosphatidylserine; RES, reticuloendothelial system; SUV, small unilamellar vesicles.

The physical characteristic relates to whether the lipid
membrane has been modified (so-called pure lipid
(conventional) and surface-altered (sterically stabilized)
liposomes). Idealized representations of the structures of
conventional (ULV and MLV) and sterically stabilized
liposomes are shown in Figures 1, 2 and 3, respectively. The
physiological division describes the relative extent of up-
take of the liposomes by the RES (so-called RES-targeted
and RES-avoiding liposomes). The basic premise behind
the use of RES-targeted liposomes is an attempt to deliver
drugs with therapeutic efficacy against lesions in the RES
(e.g. fungal infections) (Adler-Moore 1994 ; Ng & Denning
1995; Russo et al 1996; Prentice et al 1997), or to use the
liposome as a form of slow-release vehicle from which the
drug gradually leaks into the systemic circulation (Gokhale
et al 1996). In contrast, RES-avoiding liposomes are
designed to be delivered to their target tissue (tumour) and
deliver their contents directly at the site of therapeutic
activity. For the remainder of this review, we will focus on
the fundamental difference between conventional and steri-

cally stabilized liposomes with a view to pointing out their
individual merits and disadvantages.

Pre-clinical and clinical studies

The literature is replete with reports of the pre-clinical and,
to a lesser extent, the clinical evaluation of a diverse range
of liposomal agents. In this review, we will concentrate on
those agents that have undergone more than just cursory
clinical evaluation. In the interests of clarity, the data from
biodistribution and pharmacokinetic studies will be con-
sidered separately from those derived from therapeutic
studies.

Pre-clinical biodistribution and pharmacokinetic
studies

Conventional liposomes
Table 1 presents a summary of the published pre-clinical
studies on the biodistribution and pharmacokinetics of
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Table 2 Summary of pre-clinical biodistribution and pharmacokinetic studies using sterically stabilized liposomes in animal models.

Liposomes

Tracers

Tumour models

Comments

Reference

PC/Chol/HPI
PC/Chol/GM1

HPC/Chol/HPI
PG/PC/Chol

PG/PC/Chol
PG/DSPC/Chol
DPPG/DSPC/Chol
DSPC/Chol/HPI
DSPC/Chol/GM1

HPI/HPC/Chol
PG/PC/Chol

DSPC/Chol
DSPC/Chol/GM1
DSPC/Chol/PEG-PE

Egg PC/Chol/GM1
Egg PC/Chol/MPEG-DSPE

Egg PC/Chol/MPEG-DSPE

9"Ga-deferoxamine

Doxorubicin

9"Ga-deferoxamine
"n-bleomycin

Doxorubicin
Epirubicin

9"Ga-deferoxamine

Colloidal gold
Rhodamine B

Colloidal gold

J-6456 (lymphoma)

None

B16 (melanoma)
J-6456 (lymphoma)
LS174T (colon)

J-6456 (lymphoma)

C-26 (colon)

C-26 (colon)

KS-like lesions

Optimal tumour targeting was
seen with 100-nm liposomes
containing a neutral
phospholipid and a negatively
charged glycolipid (HPI or
GM1). Blood (60-fold) and
tumour (25-fold) levels were
increased and RES levels were
decreased (4-fold)

Clearance of doxorubicin was
significantly slower for HPI-
containing liposomes
compared with conventional
liposomes. Both liposomal
formulations were associated
with significantly reduced
cardiac drug deposition

Optimal tumour localization
was seen for liposomes
composed of HPI/PC/Chol
or GM1/PC/Chol. Tumour
uptake values exceeded 10%
ID ¢! at 24 h. Radiolabelled
bleomycin demonstrated a 20-
to 40-fold increase in uptake
for liposomal agent at 24 h

There was significantly
increased tumour uptake of
drugs in HPI-containing
liposomes, but not
conventional PG-containing
liposomes. In malignant
ascites, 10% of the
administered drug was
recovered after intravenous
HPI-containing liposomes

The AUC in tumour tissue was
increased 2- to 3-fold and the
AUC in the RES was
decreased 2-fold for pegylated
compared with conventional
liposomes

Electron microscopy
demonstrated deposition of
gold-containing liposomes in
perivascular space in tumours.
Colloid gold particles were
seen in Kuppfer cells, but not
within liver parenchyma or
tumour cells

Extravasation and transcytosis
of liposomes were significantly
increased in KS-like dermal
lesions compared with
adjacent normal skin of
transgenic mice bearing the
human immunodeficiency
virus fat gene

Gabizon &

Papahadjopoulos (1988)

Gabizon et al (1989)

Gabizon et al (1990)

Gabizon (1992)

Huang et al (1992a)

Huang et al (1992b)

Huang et al (1993)
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Liposome Tracers Tumour models

Comments Reference

HSPC/Chol/MPEG-DSPE Doxorubicin PC-3 (prostate)

HSPC/Chol/MPEG-DSPE Doxorubicin MFH (sarcoma)

Microfluorometry Vaage et al 1994
demonstrated 25-fold increase
in the tumour AUC with
liposomal compared with
unencapsulated drug
Increased drug deposition was Siegal et al (1995)
seen in tumour compared with
adjacent normal brain tissue
with liposomal drug, but not
unencapsulated drug. Peak
tumour deposition of
doxorubicin was 14-fold
greater with the liposomal
drug

HSPC/Chol/MPEG-DSPE Doxorubicin AsPC-1 (pancreas) Microfluorometry Vaage et al 1997

Texas Red

HSPC/Chol/MPEG-DSPE Cisplatin C-26 (colon)

demonstrated a 6- to 16-fold
increase in tumour AUC for
liposomal compared with
unencapsulated drug.
Diffusion of drug from
perivascular liposomes to
nuclei of stromal and tumour
cells was demonstrated
The tumour AUC was 28-fold Newman et al (1999)

Lewis lung tumour higher for liposomal

compared with
unencapsulated cisplatin.
There was a 4-fold reduction
in renal drug deposition with
the liposomal agent

HSPC/Chol/MPEG-DSPE "n-DTPA KB (head and neck) There was prolonged Harrington et al (2000a)

circulation of the radiotracer
in liposomes compared with
the unencapsulated agent with
an approximately 10-fold
increase in circulation half-
life. Maximum tumour uptake
was seen at 24 h (5.5+3.0%
ID ¢g!) and 5 min (1.040.2%
ID g ') for encapsulated and
unencapsulated radiolabel,
respectively

HSPC/Chol/MPEG-DSPE "n-DTPA KB (head and neck) There was an inverse Harrington et al (2000b)

correlation between uptake of
radiolabelled liposomes and
tumour size with significant
reduction of liposome uptake
in areas of tumour necrosis

AUC, area under the curve; Chol, cholesterol; DSPC, distearoyl phosphatidylcholine; GM1, monoganglioside; HPC, hydrogenated
phosphatidylcholine; HPI, hydrogenated phosphatidylinositine; HSPC, hydrogenated soy phosphatidylcholine; ID, injected dose; KS,
Kaposi’s sarcoma; MPEG-DSPE, pegylated distearoyl phosphatidylethanolamine; PC, phosphatidylcholine; PEG-PE, pegylated phospha-
tidylethanolamine; PG, phosphatidylglycerol; RES, reticuloendothelial system.

those conventional liposomes that have reached clinical
trials. The earliest studies sought to define SULV
formulations that reduced normal tissue drug deposition
but retained equivalent antitumour activity to the unen-

capsulated drug (Gabizon et al 1982). Subsequent studies
went one step further and generated liposomes with both
favourable patterns of normal tissue distribution and
improved tumour targeting (Gabizon et al 1983 ; Proffitt et
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al 1983). One such neutral SULV composed of a 2:1 ratio
of distearoyl phosphatidylcholine (DSPC) and cholesterol
has been extensively evaluated because of its high level of
tumour targeting and modest levels of RES uptake (Forssen
etal 1992, 1996). A systematic evaluation of SULV formu-
lations composed of phospholipid and cholesterol has
shown that DSPC in a ratio of 1:1 or 2:1 relative to
cholesterol is optimal (Ogihara-Umeda et al 1996). As a
consequence of these studies, a DSPC/cholesterol lipo-
somal preparation of daunorubicin has entered clinical
studies as DaunoXome (see below). An alternative for-
mulation composed of egg phosphatidylcholine (PC) and
cholesterol (ratio 1.2:1) has also been shown to deliver
anthracyclines effectively to solid and intraperitoneal tu-
mour xenografts (Harasym et al 1997). This formulation
has been taken in to clinical studies as TLC D-99 (see
below). In addition to studies with anthracyclines, DSPC/
cholesterol liposomes containing vincristine have been de-
veloped through pre-clinical studies. Liposome-encapsul-
ated vincristine has been shown to be more active and less
toxic than the unencapsulated agent in a number of murine
models (Mayer et al 1990; Boman et al 1994 ; Webb et al
1995). The end result of these studies has been the de-
velopment of a DSPC/cholesterol liposome formulation of
vincristine (ONCO-TCS) that has entered phase I trials
(see below).

In contrast to liposomal anthracycline and vinca alkaloid
preparations, the development of conventional liposomal
platins has involved the use of MLV rather than SULV.
MLV composed of dimyristoyl phosphatidylcholine
(DMPC) and dimyristoyl phosphatidylglycerol (DMPG)
(ratio 7:3) containing the lipophilic platin cis-bis-neode-
canoato trans-R,R-1,2 diaminocyclohexane platinum (II)
(NDDP) have been shown to yield equivalent or increased
tumours levels compared with unencapsulated cisplatin
after intravenous administration (Khokhar et al 1988). In
addition, this agent appeared to have particularly attractive
pharmacokinetics after intraperitoneal injection (Vadiei et
al 1992), which has promoted its use as an intracavitary
agent in patients with malignant effusions in early clinical
trials (see below).

Sterically stabilized liposomes

A summary of the published pre-clinical data on the
biodistribution and pharmacokinetics of sterically stabi-
lized liposomes is presented in Table 2. As has been detailed
above, sterically stabilized liposomes evolved from studies
in which various components were added to the membrane
and their effect on in-vivo longevity was assessed (Gabizon
& Papahadjopoulos 1988 ; Allen & Hansen 1991 ; Klibanov
etal 1990 ; Papahadjopoulos etal 1991). Of the three agents,
GM1, HPI and MPEG, only the latter has given rise to a
family of liposomal agents that have entered clinical usage.
Klibanov et al (1990) were the first to show that incor-
poration of PEG-conjugated phosphatidylethanolamine
(PEG-PE) into LULV composed of egg PC and cholesterol
(ratio 1:1)increased the blood circulation half-life by more
than 10-fold compared with unpegylated liposomes (t,/, =
5h vs <30 min). Subsequently, a number of studies have

confirmed these data and have demonstrated the ability of
liposomes to accumulate in tumour tissues in rodent models
(Huang et al 1992a, b, 1993 ; Vaage et al 1994, 1997 ; Siegal
et al 1995; Newman et al 1999 ; Harrington et al 2000a, b).
Studies using intravenous injections of gold particles en-
trapped in egg PC/cholesterol liposomes containing GM1
or a PEG-PE derivative have shed light on the micro-
biodistribution of these agents. On electron microscopy,
intracytoplasmic colloidal gold was observed in hepatic
Kuppfer cells and bone marrow macrophages, confirming
the role of these cells in clearing circulating liposomes. In
xenograft solid tumours and Kaposi’s sarcoma (KS)-like
dermal lesions in transgenic mice, gold particles were seen
in blood vessels and in a perivascular cuff beyond the
endothelium (Huang et al 1992b, 1993). There was no sign
of colloidal gold in the cytoplasm of tumour cells, suggest-
ing that, for pegylated liposomes, endocytosis by tumour
cells does not occur to a significant extent (Huang et al
1992b). Uptake was more pronounced in the KS-like
lesions than in the adjacent normal skin (Huang et al 1993).
More recently, the liposomal formulation has been adjusted
to contain hydrogenated soy PC and microfluorometric
studies have provided elegant data that show pegylated
liposomes accumulating in the extracellular space of tu-
mours, where they release their contents, which are subse-
quently distributed throughout the tumour (Vaage et al
1994, 1997). Ishida et al (1999) have demonstrated in-
terstitial permeation by sterically stabilized liposomes, the
vast majority of which were taken up by tumour-associated
macrophages. A recent study has determined the detailed
biodistribution and pharmacokinetics of radiolabelled
liposomes in tumour and a range of normal tissues in mice
(Harrington et al 2000a). As a direct consequence of these
studies, pegylated liposomes incorporating methoxypoly-
ethylene glycol-derivatized distearoyl phosphatidylethano-
lamine (MPEG-DSPE) have been developed for clinical
use with doxorubicin (Caelyx/Doxil) and cisplatin (SPI-
077), and another formulation containing vincristine is
under development (Allen et al 1995).

Pre-clinical therapeutic studies

Conventional liposomes

The main emphasis of development of conventional lipo-
somal agents was initially directed towards the anthra-
cyclines (Table 3). The reasons for this selection are easy to
appreciate: (i) they are relatively easy to formulate in
liposomes; (ii) they exhibit a broad range of antitumour
activity ; and (iii) they cause a relatively predictable dose-
limiting cardiotoxicity, which provides a powerful model
for studying the effect of liposomal encapsulation on the
toxicity profile of drugs. This choice appears to have been
rather fortunate since these agents have demonstrated
efficacy in therapeutic models, whereas other classes of
chemotherapeutic drugs have been less successfully de-
veloped. The earliest studies demonstrated the ability of
liposomes containing doxorubicin to reduce cardiac drug
localization without reducing the antitumour efficacy of
the entrapped agent (Rahman et al 1980; Gabizon et al
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Liposomes

Agent

Tumour models

Outcome

Reference

PS/PC/Chol
SA/PC/Chol

PS/PC/Chol
PC/Chol
DPG/PC/Chol

PS/PC/Chol

PS/PC/Chol
SA/PC/Chol

PS/PC/Chol
PG/PC/Chol

PG/PC/Chol

PG/PC/Chol/Toc

DSPC/Chol

DOX

DOX

DOX

DOX

DOX

DOX

DOX

DNR

Lewis lung cancer
P388 ascitic leukaemia

J-6456 (lymphoma)

Lewis lung cancer
Mouse sarcoma 180

IgM immunocytoma

J-6456 (lymphoma)

None

CT38LD (colon)
CT26 (colon)

P-1798 (lymphosarcoma)
MA16C (breast)

A comparison was performed between
positively and negatively charged
liposomes. Positively charged
(SA/PC/Chol) liposomes had
equivalent therapeutic activity, but
reduced cardiotoxicity, compared with
unencapsulated drug

There was significantly increased survival
for animals treated with PS/PC/Chol
liposomal doxorubicin compared with
the unencapsulated drug. Survival after
PC/Chol and DPG/PC/Chol liposomal
doxorubicin was equivalent to that seen
with the unencapsulated drug

In comparison with unencapsulated
doxorubicin, liposomal doxorubicin was

significantly more effective against Lewis

lung cancer and had equivalent activity
against mouse sarcoma 180

Negatively charged (PS/PC/Chol)
liposomes had equivalent activity and
decreased cardiotoxicity compared with
unencapsulated doxorubicin. Positively
charged (SA/PC/Chol) liposomes had
reduced therapeutic effect

There was significantly increased survival
with liposomal compared with
unencapsulated drug

The rate of drug-related deaths in mice
treated with liposomal compared with
unencapsulated doxorubicin was
significantly reduced. There was reduced
cardiac, renal, hepatic and biochemical
(hyperlipidaemia, hypoglycaemia)
toxicity with liposomal doxorubicin

The CT38LD cell line was more sensitive
than CT26 to doxorubicin in-vitro.
Liposomal doxorubicin was significantly
more active than the unencapsulated
agent when administered according to a
protracted dose schedule against
CT38LD and CT26 tumours in-vivo

Liposomal DNR was more active than
the unencapsulated agent against both
P-1798 and MA16C models. At the
MTD, there were 100% cures for
liposomal DNR compared with 40%
for unencapsulated DNR against
MA16C. In the P-1798 model, the
liposomal agent was only more effective
than the unencapsulated drug at lower
doses

Rahman et al 1980

Gabizon et al (1982)

Forssen et al 1983

van Hoesel et al (1984)

Gabizon et al (1985)

Gabizon et al (1986)

Mayhew et al (1987)

Forssen et al (1992)

Chol, cholesterol; DNR, daunorubicin; DOX, doxorubicin; DPG, diphosphatidylglycerol; DSPC, distearoyl phosphatidylcholine; MTD,
maximum tolerated dose; PC, phosphatidylcholine; PG, phosphatidylglycerol; PS, phosphatidylserine; SA, stearylamine; Toc, -tocopherol.

1982; van Hoesel et al 1984). Further studies identified delivery within tumour cells. This effect was achieved at the
liposomal preparations that enhanced the therapeutic effect same time as reducing treatment-related toxicity (Forssen
relative to the unencapsulated agent by increasing drug & Tokes 1983 ; Gabizon et al 1985; Mayhew et al 1987).
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Table 4 Summary of pre-clinical therapeutic studies of conventional liposomal platinum analogues in animal models.

Liposomes Agents

Tumour models

Outcome Reference

DMPC/DMPG NDDP
(L-NDDP) CDDP

PS/PC/Chol CDDP
(L-CDDP1)
DPPC/DPPG/Chol
(L-CDDP2)

DMPC/DMPG NDDP
(L-NDDP)

DMPC/DMPG NPDP
(L-NPDP, L-NDDP, NDDP
L-DEDP) DEDP

L1210 (leukaemia)
M5076 (reticulosarcoma)

IgM immunocytoma

L1210 (leukaemia)
L1210/PDD (leukaemia)
M5076 (reticulosarcoma)

L1210 (leukaemia)
M5076 (reticulosarcoma)
B16 (melanoma)

L-NDDP was more active than
unencapsulated NDDP or
CDDP administered by the
intraperitoneal route against
intraperitoneal L1210 tumours.
L-NDDP administered by the
intraperitoneal route retained its
activity against platin-resistant
intraperitoneal L1210 tumours.
L-NDDP was more active than
unencapsulated CDDP when
administered intravenously
against the M5076 liver
metastasis model

Both L-CDDP1 and L-CDDP2
were less effective than
unencapsulated CDDP.
Increased platinum levels were
documented in renal tissue with
L-CDDPI, but this was
associated with less
nephrotoxicity than
unencapsulated CDDP

L-NDDP was more active than
unencapsulated NDDP or
CDDP in-vitro. L-NDDP was
more active than unencapsulated
NDDP administered by the
intraperitoneal route against
intraperitoneal L1210 and
L1210/PDD tumours in-vivo. L-
NDDP was more active than
unencapsulated NDDP
administered by the intravenous
route against M5076 liver
metastases in-vivo

L-NPDP, L-NDDP and L-DEDP  Khokhar et al (1989)
had equivalent activity to
unencapsulated CDDP as single
injections by the intraperitoneal
route against intraperitoneal
L1210 tumours. L-NPDP, L-

NDDP and L-DEDP were more
active than unencapsulated
CDDP as multiple
intraperitoneal injections against
intraperitoneal L1210 tumours.
Only intravenous L-NDDP
demonstrated any activity
against intravenously
administered L1210 tumours. L-
NDDP and L-DEDP were more
effective than unencapsulated
CDDP against liver metastases
of M5076. L-NPDP, L-NDDP
and L-DEDP demonstrated
activity against intraperitoneal
implanted B16 tumours

Perez-Soler et al (1987)

Steerenberg et al (1988)

Perez-Soler et al (1988)
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Liposome Agents Tumour models Comments Reference
PC/PS/Chol CDDP L1210 (leukaemia) There was no difference between Gondal et al (1993)
(L-CDDP) NIH OVCAR (ovary) unencapsulated CDDP and L-

CDDP in terms of in-vitro
cytotoxicity or in-vivo activity
after intravenous injection.
Significantly increased
antitumour activity was
demonstrated for L-CDDP
compared with unencapsulated
CDDP after intraperitoneal
injection in-vivo. L-CDDP
caused a significantly lower rate
of fatal toxicity than
unencapsulated CDDP in-vivo

CDDP, cis-dichlorodiammine platinum (II); Chol, cholesterol; DEDP, cis-bis-n-decanoato trans-R,R-1,2 diaminocyclohexane platinum (II);
DMPC, dimyristoyl phosphatidylcholine; DMPG, dimyristoyl phosphatidylglycerol; DPPC, dipalmitoyl phosphatidylcholine; DPPG,
dipalmitoyl phosphatidylglycerol; NDDP, cis-bis-neodecanoato frans-R,R-1,2 diaminocyclohexane platinum (II); NPDP, cis-bis-neopen-
tanoato trans-R,R-1,2 diaminocyclohexane platinum (II); PC, phosphatidylcholine; PS, phosphatidylserine.

Forexample, in these studies, toxic death, cardiomyopathy,
renal, hepatic and biochemical (hyperlipidaemias and
hypoglycaemia) toxicities were appreciable for the unen-
capsulated drug but negligible for liposomal doxorubicin.
Data such as these provided the background for the de-
velopment of PC/cholesterol liposomes containing
doxorubicin (TLC-D99) for clinical study. The activity
of daunorubicin in a liposome composed of DSPC/
cholesterol has also been reported (Forssen et al 1992;
Forssen & Ross 1994). This agent has been shown to yield
superior response rates to those seen with the unencap-
sulated agent and is undergoing clinical evaluation as
DaunoXome.

Two issues have dominated the pre-clinical therapeutic
assessment of conventional liposomal platinum com-
pounds: (i) the need to reduce the systemic toxicity of the
available platins (cisplatin, carboplatin); and (ii) the desire
to encapsulate novel lipophilic platinum analogues that
cannot be formulated in the aqueous phase (Table 4). As
regards the first of these issues, liposomal forms of cisplatin
have been shown to exhibit reduced nephrotoxicity and to
have higher maximum tolerated doses than the unencap-
sulated agent, although this effect may be achieved at the
expense of some clinical activity (Steerenberg et al 1988 ;
Gondal et al 1993). As for the second issue, in recent years,
the development of novel lipophilic platinum analogues
has concentrated on examination of various NDDP
complexes (Perez-Soler et al 1987, 1988; Khokhar et al
1989). Under these circumstances, rapid drug leakage from
the liposome after administration may not be seen as a
major problem since the issue is really one of ease of drug
administration. Indeed, the use of liposomal encapsulation
offers a potential means of administering other agents such
as taxanes, which are difficult to formulate (Cabanes et al
1998a). A number of lipophilic platins encapsulated in

liposomes composed of DMPC and DMPG (in a 7:3
molar ratio) have been shown to exhibit activity against
tumour models in-vivo. NDDP appears to be most prom-
ising, with either equivalent or superior antitumour activity
to cisplatin, but significantly reduced nephrotoxicity. This
agent has entered clinical studies as both an intravenous
and intraperitoneal /intrapleural therapeutic agent.

Sterically stabilized liposomes

As with the conventional liposomes, most of the published
data on the therapeutic efficacy of sterically stabilized
liposomal agents deal with anthracyclines (Table 5). The
formulation that has become Caelyx/Doxil has been shown
to exert significant activity against a broad range of syn-
geneic and xenograft tumours in rodent models. In general,
these effects have been shown to exceed those of comparable
conventional liposomal formulations, with appreciable
amelioration of treatment-related toxicity (Gabizon 1992 ;
Huang et al 1992a; Vaage et al 1992, 1993a, b, 1994, 1995,
1997 ; Williams et al 1993 ; Siegal et al 1995 ; Cabanes et al
1998b ; Harrington et al 2000c¢).

In addition, the therapeutic efficacy of a number of non-
anthracycline compounds encapsulated in sterically stabil-
ized liposomes has been assessed (Table 6). Studies have
been performed with vincristine (Allen et al 1995 ; Vaage et
al 1993a), mitoxantrone (Chang et al 1997) and platinum
analogues (Mori et al 1996 ; Colbern et al 1999 ; Newman et
al 1999 ; Vaage et al 1999 ; Harrington et al 2000c). In the
case of vincristine and mitoxantrone, liposomal encapsula-
tion was shown to significantly increase their antitumour
activity, while, for vincristine, reducing the toxicity of
treatment. As yet, neither of these agents has been further
developed towards clinical trials. The activity of pegylated
liposome encapsulated cisplatin (SPI-077) has also been
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Table 5 Summary of pre-clinical therapeutic studies of sterically stabilized liposomal anthracyclines in animal models.

Liposomes Agents Tumour models Comments Reference
HPC/Chol/HPI DOX J-6456 (lymphoma) PL-DOX was significantly Gabizon (1992)
(PL-DOX, PL-EPI) EPI more effective than L-DOX
PC/PG/Chol or unencapsulated DOX.
(L-DOX, L-EPI) L-DOX, in turn, was
significantly more effective
than unencapsulated DOX
PC/PG/Chol/BHT DOX MC19/MC65/MC2A/ Therapy was associated with Vaage et al (1992)
(L-DOX) MC2B (breast) reduced metastasis from
HSPC/Chol/PEG-DSPE/Toc intramammary tumour
(PL-DOX) implants and increased
cure rate of subcutaneous
implants. PL-DOX was
significantly better than L-
DOX or unencapsulated
DOX
HSPC/Chol (L-DOX, L-EPI) DOX C-26 (colon) PL-DOX and PL-EPI were = Huang et al (1992a)
HSPC/Chol/PEG-DSPE/Toc EPI significantly more effective
(PL-DOX, PL-EPI) than L-DOX or L-EPI
PC/PG/Chol/Toc (L-EPI) EPI C26 (colon) PL-EPI was significantly Mayhew et al (1992)
HSPC/Chol/PEG-DSPE/Toc more active than either L-
(PL-EPI) EPI or unencapsulated EPI
HSPC/Chol/PEG-DSPE DOX MC2 (breast) PL-DOX was significantly Vaage et al (1993a)
(PL-DOX) more effective than
unencapsulated DOX
HSPC/Chol/PEG-DSPE DOX HEY (ovary) PL-DOX was significantly Vaage et al (1993b)
(PL-DOX) more effective than
unencapsulated DOX by
both intravenous and
intraperitoneal routes.
There was a significant
reduction in toxicity
associated with the
intraperitoneal route for
PL-DOX
PC/PG/Chol/Toc (L-DOX) DOX TL-1 (lung) PL-DOX was significantly Williams et al (1993)
HSPC/Chol/PEG-DSPE/Toc more active than either L-
(PL-DOX) DOX or unencapsulated
DOX
HSPC/Chol/PEG-DSPE DOX PC-3 (prostate) PL-DOX was significantly Vaage et al (1994)
(PL-DOX) more active than
unencapsulated DOX
HSPC/Chol/PEG-DSPE DOX Malignant fibrous Treatment with PL-DOX Siegal et al (1995)
(PL-DOX) histiocytoma (sarcoma) significantly increased the
lifespan of animals
compared with
unencapsulated DOX
HSPC/Chol/PEG-DSPE DOX C3H/He mammary cancer  PL-DOX significantly Vaage et al (1995)
(PL-DOX) (breast) reduced pulmonary
metastases and increased
survival compared with
placebo
HSPC/Chol/PEG-DSPE DOX AsPC-1 (pancreas) PL-DOX was significantly Vaage et al (1997)

(PL-DOX)

more active than
unencapsulated DOX
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Liposomes Agents Tumour models

Comments Reference

HSPC/Chol/PEG-DSPE
(PL-DOX)

DOX

HSPC/Chol/PEG-DSPE DOX

(PL-DOX)

J6456 (ascitic lymphoma)

KB (head and neck cancer)

PL-DOX significantly more
active than unencapsulated
DOX. For PL-DOX, the
intravenous route was
more active than the
intraperitoneal route. In
contrast, for DOX, the
intraperitoneal route was
more active than the
intravenous route

Unencapsulated DOX was
significantly more active
than PL-DOX in-vitro
(IC50 12-fold lower for
unencapsulated DOX). PL-
DOX was significantly
more active and better
tolerated than
unencapsulated DOX in-
vivo

Cabanes et al (1998b)

Harrington et al (2000c)

DOX, doxorubicin; EPI, epirubicin; PC, phosphatidylcholine; PG, phosphatidylglycerol; Chol, cholesterol; BHT, butylated hydroxytoluene;
HSPC, hydrogenated soy phosphatidylcholine; PEG-DSPE, PEG-derivatized distearoyl phosphatidylethanolamine; Toc, o-tocopherol;
PEG-DPPE, PEG-derivatized dipalmitoyl phosphatidylethanolamine; IC50, drug concentration that caused 50% cell survival.

reported in a number of studies. This agent has been shown
to be more active than unencapsulated cisplatin, with a
greatly reduced toxicity profile (Colbern et al 1999 ; New-
man et al 1999 ; Vaage et al 1999 ; Harrington et al 2000c¢).
However, the degree of enhancement of activity of the
parent compound appeared to be less than that reported
for pegylated liposomal doxorubicin (Harrington et al
2000c).

Clinical biodistribution and pharmacokinetic
studies

Conventional liposomes

There have been a limited number of clinical biodistribution
and pharmacokinetic studies in liposomes that have entered
clinical practice and they are summarized in Table 7.
Imaging studies using radiolabelled liposomes composed
of DSPC and cholesterol have confirmed the ability of this
formulation to target a range of solid and haematological
tumours (Presant et al 1988, 1990; Turner et al 1988;
Gabizon et al 1991 ; Kubo et al 1993 ; Khalifa et al 1997).
Kubo et al (1993) injected ' In-nitrilotriacetic acid (NTA)-
labelled liposomes containing 37 MBq of radioactivity
into seven patients with breast (n = 2), colonic (n = 2),
lung (n = 1) and prostate cancers (n = 1), and lymphoma
(n = 1). Pharmacokinetic analysis revealed 23 +5% of the
injected dose per litre of blood (% ID L) at 3 min, and
89+7.5% ID L' at 4 h. Positive tumour images were
obtained in four patients (1/2 breast, 2/2 colonic, 0/1 lung,
1/1 prostate and 0/1 lymphoma). Prominent hepatic

uptake was demonstrated with 32.6+14.4% of the injected
dose and 34.8+8.4% of the injected dose in that organ at
4 and 48 h, respectively. Khalifa et al (1997) have reported
the ability of identical "'In-NTA-labelled liposomes to
localize to recurrent high-grade gliomas in eight patients.
The tumours were seen clearly in seven of the eight
patients. The total uptake of the radiolabelled liposomes in
the brain was estimated at approximately 1.1%, with a
maximum tumour to normal tissue ratio of 1.4:1. Signifi-
cant hepatic uptake was observed at up to 50% of the
injected dose.

Sterically stabilized liposomes

The only sterically stabilized liposomes that have
undergone clinical evaluation are those that contain
MPEG-derivatized lipids in their membranes. Therefore,
this discussion of localization studies of sterically stabilized
liposomes will be restricted to studies in which pegylated
liposomes have been used. Gabizon et al (1994) assessed
the pharmacokinetics of doxorubicin in seven patients after
injections of equivalent doses of unencapsulated and/or
pegylated liposomal drug, and in a further nine patients
after administration of the liposomal drug alone. Plasma
elimination of pegylated liposomal doxorubicin was shown
to follow a biexponential curve with median t,;,o and t,/,8
of 2 and 45 h, respectively. Almost 100% of the drug
detected in the plasma was in the liposomal form. The
plasma clearance of pegylated liposomal doxorubicin was
significantly lower than for the unencapsulated agent
(0.1Lh!'vs45L h™"), as was the volume of distribution
(4L vs 254 L). The drug levels achieved in malignant
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Table 6 Summary of pre-clinical therapeutic studies of non-anthracycline drugs encapsulated in sterically stabilized liposomes.

Liposomes

Agents  Tumour models

Outcome Reference

HSPC/Chol/MPEG-DSPE
(PL-VCR and PL-DOX)

PC/Chol
PC/Chol/GM1
PC/Chol/PEG-PE
DMPG/DMPC

DSPC/Chol (L-MITO)
DSPC/Chol/PEG-DPPE
(PL-MITO)

HSPC/Chol/MPEG-DSPE
(PL-CDDP)

HSPC/Chol/MPEG-DSPE
(PL-CDDP)

HSPC/Chol/MPEG-DSPE
(PL-CDDP)

VCR MC2 (breast)
DOX

NDDP RIF-1 (sarcoma)

MITO intravenous L1210
(leukaemia)

CDDP HT29 (colon)

CDDP  Lewis lung tumour
C26 (colon)

CDDP BT474 (breast)
MDAA453 (breast)

PL-VCR was more effective
than unencapsulated VCR.
Combination therapy of
PL-VCR and PL-DOX
given simultaneously was
less effective than either
agent given as a single
dose. Combination therapy
of PL-VCR and PL-DOX
given according to an
alternating schedule was
more effective than single
dose treatment with either
agent

PEG-PE liposomal NDDP
exhibited significantly
greater cytotoxicity in-vitro
than GM1 liposomal
NDDP. PEG-PE liposomal
NDDP was significantly
more effective in-vivo than
PC/Chol, DMPC/DMPG
and GM1-liposomal
NDDP

L-MITO and PL-MITO
were significantly less toxic
than unencapsulated
MITO. L-MITO was as
active as PL-MITO and
each was more effective
than unencapsulated
MITO only at highest dose
level

PL-CDDP was significantly
more effective than
unencapsulated CDDP

PL-CDDP was significantly
more effective than
unencapsulated CDDP.
Equivalent levels of
tumour control were
achieved with a 50% dose
reduction of PL-CDDP

Unencapsulated CDDP and
PL-CDDP were both
effective as single agents
against xenograft tumours.
At tolerable dose levels,
PL-CDDP was superior to
unencapsulated CDDP.
Both agents enhanced the
activity of a humanized
monoclonal antibody
directed against HER2
(Herceptin)

Vaage et al (1993a)

Mori et al (1996)

Chang et al (1997)

Vaage et al (1999)

Colbern et al (1999)

Newman et al (1999)
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Liposomes Agents  Tumour models

Comments Reference

HSPC/Chol/MPEG-DSPE
(PL-CDDP)

CDDP KB (head and neck)

Unencapsulated CDDP was
significantly more active
than PL-CDDP in-vitro
(IC50 21-fold lower for
CDDP). PL-CDDP
displayed superior activity
to unencapsulated CDDP
in-vivo, but only at the
intermediate dose level.
Toxicity was significantly
reduced for PL-DOX

Harrington et al (2000c)

CDDP, cis-dichlorodiammine platinum (II); Chol, cholesterol; DMPC, dimyristoyl phosphatidylcholine; DMPG, dimyristoyl phospha-
tidylglycerol; DOX, doxorubicin; DSPC, distearoyl phosphatidylcholine; GMI1, monosialoganglioside; HSPC, hydrogenated soy
phosphatidylcholine; MITO, mitoxantrone; MPEG-DSPE, PEG-derivatized distearoyl phosphatidylethanolamine; NDDP, cis-bis-
neodecanoato trans-R,R-1,2diaminocyclohexane platinum (II); PC, phosphatidylcholine; PEG-DPPE, PEG-derivatized dipalmitoyl

phosphatidylethanolamine; VCR, vincristine.

effusions were assessed where possible. The liposomal agent
demonstrated a 4- to 6-fold increase compared with the
unencapsulated agent, peaking between 3 and 7 days after
drug administration. Northfelt et al (1996) confirmed the
efficacy of pegylated liposomal doxorubicin in targeting
cutaneous AIDS-related KS in a study in which 18 patients
were randomly allocated to receive either pegylated
liposomal doxorubicin or unencapsulated doxorubicin.
Representative lesions were biopsied 72 h after drug
administration. The doxorubicin level in the KS lesions
was 5.2- to 11.4-times greater in those patients treated with
the pegylated liposomal form of the drug. The detailed
pharmacokinetic data revealed that the volume of distri-
bution of doxorubicin varied from 2.2 to 44 L m>2
demonstrating that the drug was essentially confined to
the circulation. The clearance of pegylated liposomal
doxorubicin was 0.034-0.108 Lh™' m™ and the t,/,oc and
t,,f were 3.8 and 41.3 h, respectively. In a study using
"Tn-DTPA-labelled pegylated liposomes of the same
formulation as used for Caelyx/Doxil, Harrington et al
(2001a) have demonstrated the ability of these liposomes to
target locally advanced solid tumours, including breast,
lung, head and neck, and cervical cancers.

Clinical therapeutic studies

Conventional liposomes

Liposomal doxorubicin (TLC D-99, Evacet). Liposomal
doxorubicin (TLC D-99; The Liposome Company, Prince-
ton, New Jersey, USA) consists of doxorubicin entrapped
in liposomes composed of egg PC and cholesterol (ratio
1.22:1). This agent has been the subject of pharmacokinetic
and phase I, IT and III clinical trials (Cowens et al 1993 ;
Embree et al 1993; Batist et al 1998, 1999; Harris et al
1998 ; Cheung et al 1999 ; Shapiro et al 1999 ; Valero et al
1999). The pharmacokinetics of TLC D-99 at doses of

60 mg m~?and 75 mg m~* have been reported in 12 patients
with non-small cell lung cancer, with no difference in the
ti2a and t,/,8 as compared with unencapsulated doxoru-
bicin (Embree et al 1993). In a phase I clinical study, the
drug was administered at single doses of 20-90 mg m >
every 3 weeks and as daily doses for 3 days at doses of 20,
25 and 30 mg m~* (Cowens et al 1993). Leukopenia was the
dose-limiting toxicity and set the maximum tolerated dose
at a level of 90 mg m™? every 3 weeks or 25 mg m * day ™'
for 3 days. In contrast to unencapsulated doxorubicin,
gastrointestinal and mucosal toxicity were minimal or
absent at each dose level, and significant cardiac, hepatic,
renal or other organ toxicities were not seen. TLC D-99 has
been administered to 40 patients with AIDS-related KS in
the setting of a randomized phase II trial of either 10 mg m™?
(19 patients) or 20 mg m* (21 patients) every 2 weeks.
Partial responses occurred in only 15% (6 of 40) of patients
and a further 65% (26 of 40) showed stable disease.
Treatment response was dose-related, with 5% (1 of 19) of
patients in the low-dose cohort achieving a partial response
in comparison with 24% (5 of 21) of patients in the high-
dose group. The major toxicity observed was haemato-
logical, with neutropenia occurring in 68% and 81% of
patients in the low- and high-dose cohorts, respectively.
Non-haematological toxicity was mild and alopecia de-
veloped in only 8% of patients (Cheung et al 1999).
Preliminary findings of a phase III evaluation of TLC D-99
in patients with metastatic breast cancer have been
presented in abstract form. A total of 69 patients were
randomly allocated to either TLC D-99 (75 mgm™?) or
unencapsulated doxorubicin (75 mg m™ ) every 3 weeks,
and achieved response rates of 33% and 29 %, respectively.
The liposomal formulation caused less toxicity; nausea
and vomiting (10% vs 25% ), stomatitis/mucositis (9% vs
16% )and fever/infection (6% vs 11% ) (Harris et al 1998).
A separate analysis of this phase III study reported a
significant difference in the incidence of reduced left
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Table 7 Summary of clinical studies assessing tumour localization of conventional and pegylated liposomes in patients with cancer.

Liposome Tracer

Patients Comments

Reference

Conventional Egg PC/Chol/PA mTcO,”

Conventional DSPC/Chol HTIn-NTA

Conventional DSPC/Chol "h-NTA

Conventional DSPC/Chol HTIn-NTA

Conventional Egg PC/egg PG/Chol !'''In-deferoxamine

Conventional DSPC/Chol "h-NTA

14 Patients with various tumours
(4 choriocarcinoma, 3
hepatoma, 1 breast, 1 lung, 1
renal cancer, 1
haemangiopericytoma, 1 KS,
1 AML, 1 PRV). Rapid
clearance of radiolabelled
liposomes by the RES with
initial and terminal half-lives
of 3 and 8-12 h, respectively.
Tumour visualized in only one
of 14 patients by gamma
camera imaging

24 Patients with various tumours
(5 breast, 6 lung, 3 prostate, 2
colorectal, 1 renal, 1 cervical,
1 thyroid, 1 pancreatic, 1
ovarian cancer, 1 lymphoma,
1 sarcoma, 1 melanoma).
Rapid clearance of liposomes
with blood levels of 50% and
20% of the injected dose at 4
and 24 h, respectively.
Significant uptake of
liposomes by the RES.
Tumours seen on gamma
camera scans at 24 and 48 h
in 22 of 24 patients

2 Report of positive tumour
images by gamma camera
scan in two patients with
AIDS-related KS and NHL.
No dosimetric data were
presented

24 Same group of patients as
Turner et al (1988).
Additional data presented on
two patients who underwent
surgery after injection of
liposomes. Tumour to blood
ratios ranged between 6.5 and
18.3:1 for primary tumour,
nodal and liver metastases

9 Rapid clearance of
radiolabelled liposomes by the
RES. In-vivo evidence of drug
leakage from the liposome in
the circulation. Only 1/9
tumours demonstrated weakly
on gamma camera scan

7 Patients with advanced
tumours (2 breast, 2 colonic, 1
lung, 1 prostate cancer, |
lymphoma). Rapid clearance
of liposomes to a blood level
of 45% of injected dose at 4 h
with significant RES uptake.
Tumours seen on gamma
camera scans at 24 and 48 h
in four of seven patients

Richardson et al (1979)

Turner et al (1988)

Presant et al (1988)

Presant et al (1990)

Gabizon et al (1991)

Kubo et al (1993)
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Liposome

Tracer

Comments

Reference

Pegylated HSPC/Chol/PEG-DSPE

Pegylated HSPC/Chol/PEG-DSPE

Conventional DSPC/Chol

Conventional DSPC/Chol

Pegylated
HSPC/Chol/PEG-DSPE

Pegylated
HSPC/Chol/PEG-DSPE

DOX

DOX

111In-NTA

DNR

DOX

99mTC047

Significant prolongation of the
half-life, reduction of plasma
clearance (0.1 vs 45 L h™') and
volume of distribution (4 vs
254 1) of pegylated liposomal
doxorubicin compared with
unencapsulated drug. Levels
of drug 4- to 16-fold greater
in malignant effusions in
patients treated with
liposomal agent

Biopsies of AIDS-related KS
lesions after either pegylated
liposomal or unencapsulated
drug. There wasa 5.2 to 11.4-
fold increase in tumour drug
levels after pegylated
liposomal doxorubicin as
compared with
unencapsulated doxorubicin

Patients with recurrent high
grade gliomas. Tumours seen
in seven of eight patients on
gamma camera scans at 72 h.
Total tumour uptake 1% of
the injected dose (maximal
tumour to normal brain tissue
ratio 1.4:1). Significant
uptake by the RES (mainly
liver and spleen)

Patients with recurrent high
grade gliomas. Tumour
biopsies obtained 24-48 h
after DNR administration.
Circulation half-life of 4.8 h.
Significant tumour
accumulation of DNR in the
range of anticipated cytotoxic
activity

Patients with metastatic breast
cancer who underwent
surgical fixation of femoral
fracture 6 and 12 days after
drug administration. The drug
concentration was 10-fold
greater in tumour than
adjacent normal skeletal
muscle

Patients with NSCLC and
SCCHN received
radiolabelled pegylated
liposomes. Mean tumour to
large blood vessel ratio of
radioactivity was 1.01+0.29
for NSCLC and 1.3540.39
for SCCHN. Liposome
uptake correlated with
tumour response to liposomal
doxorubicin

Gabizon et al (1994)

Northfelt et al (1996)

Khalifa et al (1997)

Zucchetti et al (1999)

Symon et al (1999)

Koukourakis et al (1999)
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Table 7 (cont).

Liposome Tracer Patients

Comments Reference

Pegylated "n-DTPA 20

HSPC/Chol/PEG-DSPE

Patients with locally advanced
cancers (7 SCCHN, 4
NSCLC, 5 breast, 1 cervix
cancer, 2 glioma, 1 KS).
Tumours seen on gamma
camera imaging in 15 of 17
patients studied. Uptake in
SCCHN 33.045.7% ID kg,
NSCLC 18.3+5.7% ID kg ™!,
breast 5.3+2.7% ID kg™".
Tumour uptake related to
tumour size. Surgical study in
two patients with SCCHN
showed tumour to normal
tissue ratios of 2- to 11-fold
for a range of tissues

Harrington et al (2001a)

AML, acute myeloblastic leukaemia; Chol, cholesterol; DNR, daunorubicin; DOX, doxorubicin; DSPC, distearoyl phosphatidylcholine; ID,
injected dose; KS, Kaposi’s sarcoma; NHL, non-Hodgkin’s lymphoma; NSCLC, non-small cell lung cancer; NTA, nitrilotriacetic acid;
PA, phosphatidic acid; PC, phosphatidylcholine; PEG-DSPE, pegylated distearoyl phosphatidylethanolamine; PG, phosphatidylglycerine;
PRV, polycythaemia rubra vera; RES, reticuloendothelial system; SCCHN, squamous cell carcinoma of the head and neck.

ventricular ejection fraction between the two groups (16%
vs. 25% ) in favour of TLC D-99 (Batist et al 1998). These
findings have been further supported by more recent data
demonstrating a significantly lower rate of cardiotoxicity
for TLC D-99 compared with unencapsulated doxorubicin
in patients with treatment-naive breast cancer (Winer et al
2000). In a further phase II study in which the aim was to
escalate the dose of TLC D-99 by co-administration of
growth factors, 52 patients with treatment-naive metastatic
disease breast received a 135 mg m™? intravenous bolus of
TLC D-99 along with 5 g kg™' granulocyte colony-stimu-
lating factor via subcutaneous injection every 21 days. The
overall response rate was 46 % , but this was achieved at the
expense of considerable treatment-related toxicity (grade 4
neutropenia, thrombocytopenia, and mucositis in 92%,
88%, and 19% of patients, respectively) (Shapiro et al
1999). Attempts have also been made to incorporate TLC
D-99 into combination chemotherapy regimens in patients
with metastatic breast cancer (Batist et al 1999 ; Valero et al
1999). Valero et al (1999) treated 41 patients with TLC D-
99 (60 mg m™?), cyclophosphamide (500 mg m~?)on Day 1,
and 5-fluorouracil (500 mg m?) on Days 1 and 8 every 3
weeks. A median of 10 cycles per patient was delivered to
a cumulative TLC D-99 dose of 528 mg m 2. The regimen
was highly active, with an overall response rate of 73%, a
median duration of response of 11.2 months and median
overall survival of 19.4 months. A phase I1I study has been
presented in abstract form in which patients received
cyclophosphamide (600 mg m™?) plus 60 mg m 2 of either
TLC D-99 or doxorubicin (Batist et al 1999). The response
rates were identical (43% ) for the two regimens, but the
liposomal agent was associated with significantly lower
rates of myelosuppression and cardiotoxicity.

Liposomal  daunorubicin ~ (DaunoXome). Liposomal
daunorubicin (DaunoXome, NeXstar Pharmaceuticals
Inc., San Dimas, USA)is an SULV of 50-80 nm diameter,
which consists of phospholipid membranes composed of
DSPC and cholesterol in a molar ratio of 2:1. In a phase
I/11 pharmacokinetic and clinical analysis, this agent
demonstrated a favourable alteration of the pharmaco-
kinetic profile of the drug when compared with published
data for the unencapsulated drug (Gill et al 1995). At the
80 mg m? dose level, the mean total body clearances were
6.6 and 233 mL min~' for liposomal and unencapsulated
daunorubicin, respectively, which translated to a 36-fold
increase in the area under the concentration—time curve.
The volume of distribution was 2.9 L for liposomal dauno-
rubicin and 1055 L for unencapsulated daunorubicin. In
the early stages of clinical development of this agent, a
number of phase II studies were conducted at doses ranging
from 40 to 60 mg m 2 every 2 weeks in patients with AIDS-
related KS. Response rates in the order of 40-73 % (Money-
Kyrle et al 1993 ; Presant et al 1993 ; Gill et al 1995 ; Girard
et al 1996 ; Uthayakumar et al 1996) were documented. In
addition, a large prospective multicentre phase III study
of 2-weekly liposomal daunorubicin (40 mg m ?) com-
pared with standard combination chemotherapy (ABV:
10 mg m* doxorubicin, 15 IU bleomycin, 1 mg vincristine )
has been completed in 232 patients with AIDS-related KS
(Gill et al 1996). The response rates for the two treatment
arms were equivalent (25% and 28%, respectively). The
toxicity profiles were different, with liposomal daunoru-
bicin causing significantly less neuropathy (13% vs 41%)
and alopecia (8% vs 36% ) than ABV, but more myelosup-
pression (grade 3 neutropenia: 36% vs 36% ; grade 4
neutropenia: 15% vs 5% ). There was a statistically insig-



nificant increase in the incidence of opportunistic infections
among the patients treated with liposomal daunorubicin
(36% vs 26%).

Thus far, there have been few studies of liposomal
daunorubicin in patients with other tumour types. A phase
I study of three daily doses of 75-200 mg m™? of liposomal
daunorubicin has been conducted in 24 patients with
refractory or relapsed acute myeloid leukaemia or blast
phase chronic myeloid leukaemia (Cortes et al 1999). The
dose-limiting toxicities were myelosuppression, requiring
transfusional support and mucositis. There were two com-
plete responses to treatment. In a follow-up study, 62
patients with refractory or recurring acute myeloblastic
leukaemia received escalating doses of liposomal daunoru-
bicin at 75, 100, 125, or 135 mg m 2 day ' for 3 days with
cytosine arabinoside (1 g m2) as a continuous intravenous
therapy for 4 days. Eighteen patients (29% ) achieved a
complete remission, and seven (11% ) a haematological
improvement for an overall response rate of 40% (Cortes
et al 2001). Lippens (1999) treated 14 children with
recurrent or progressive brain tumours with a dose of
60 mg m~> once every 4 weeks, up to a cumulative dose
of 600 mg m 2. There were two complete and three partial
responses, and two patients had stable disease. Steele et al
(2001) conducted a phase I/II trial in 14 patients with
pleural malignant mesothelioma. The maximum tolerated
dose was 120 mg m 2 every 3 weeks. No objective responses
to treatment were recorded, although nine patients had
stabilization of their disease during therapy. Two separate
phase I and II studies of liposomal daunorubicin have been
reported in patients with hepatocellular carcinoma (Yeo
et al 1999 ; Daniele et al 2000). Yeo et al (1999) treated 14
patients with doses of 100 mgm™ every 3 weeks, but
observed no tumour responses. In a phase I trial, 11 patients
with hepatocellular carcinoma complicating cirrhosis were
enrolled on to a proposed dose-escalation protocol starting
at 80 mg m2. Dose-limiting toxicity was encountered at
the starting dose and at the subsequent reduced doses
of 60 mg m~> and 40 mg m 2 (Daniele et al 2000). More
recently, a phase I dose-escalating trial of DaunoXome
was conducted in 16 patients with metastatic breast cancer
(O’Byrne et al 2002). Of 15 evaluable patients, two had
partial responses, six had stable disease and seven pro-
gressed. The dose-limiting toxicity was neutropenic fever
at a dose of 120 mg m 2.

Liposomal vincristine (Onco-TCS). This formulation of
vincristine entrapped in 120-nm SULV composed of DSPC
and cholesterol has undergone preliminary clinical investi-
gation (Gelmon et al 1999 ; Sarris et al 2000). Gelmon et al
(1999) treated 25 patients with various malignancies with
doses of liposomal vincristine between 0.5 and 2.8 mg m >
every 3 weeks. Toxicity was pain, constipation, fever,
rigors, fatigue, myalgia and peripheral neuropathy and the
maximum dose was 2.4 mg m 2. A single partial response
was seen in a patient with pancreatic cancer and minor
responses were seen in two patients. Sarris et al (2000)
reported the results of a phase II trial in 51 patients with
relapsed non-Hodgkin’s lymphomas and acute lympho-
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blastic leukaemia. Patients received 2.0 mg m™2 every 2
weeks and responses were seen in 14 of 34 (41% ) evaluable
patients. Severe (grade 3 or 4) motor or sensory neuropathy
was seen in 11 patients and necessitated termination of
therapy in five patients (all of whom had prior neuropathy).

Liposomal NDDP. NDDP encapsulated in conventional
MLYV has been subjected to a number of phase I/11 studies.
A dose-escalation phase I study of intravenous liposomal
NDDP administered every 4 weeks has been conducted in
39 patients with a range of tumour types (Perez-Soler et al
1990). The dose-limiting toxicity was myelosuppression
and the maximum tolerated dose was 312.5 mg m 2 every 4
weeks. Other significant toxicities included nausea, vomit-
ing and diarrhoea, but there was no evidence of nephro-
toxicity or ototoxicity. The favourable pharmacokinetics
documented after intraperitoneal administration in mice
(Vadiei et al 1992) have prompted studies of locoregional
administration of this agent in patients with malignant
effusions (Perez-Soler et al 1997, 1999). In the first study, 21
patients with non-loculated malignant pleural effusions
due to lung cancer, ovarian cancer and mesothelioma were
treated with escalating doses of intrapleural liposomal
NDDP (Perez-Soler et al 1997). The maximal tolerated
dose was 450 mg m 2 and the limiting toxicity was chest
pain, which presumably occurred secondary to chemical
pleuritis. Pharmacokinetic analysis demonstrated initial
rapid drug absorption into the circulation over 2 h, fol-
lowed by plateau levels between 6 and 24 h. Intrapleural
administration abrogated the toxicities associated with
intravenous administration. One patient experienced com-
plete resolution of his malignant effusion and five others
had significant volume reductions for prolonged periods.
In a follow-up study, 20 patients with mesothelioma
received liposomal NDDP at a dose of 450 mg m ™2 every 3
to 4 weeks (Perez-Soler et al 1999). Two patients died soon
after the first drug administration due to local complica-
tions of the infusion. In the assessable patients, 11 of 15
(73% ) patients had a complete pathological response of
their disease.

Sterically stabilized liposomes

Pegylated liposomal doxorubicin ( Doxil/ Caelyx ). Pegylat-
ed liposomal doxorubicin (Doxil/Caelyx ; SEQUUS Phar-
maceuticals Inc., Menlo Park, USA) consists of doxoru-
bicin encapsulated in an SULV of mean diameter 96 nm
with the following lipid composition (values expressed in %
molar ratio): hydrogenated soybean phosphatidylcholine
(HSPC) (56.2% ), cholesterol (38.3% ), and N-(carbamoyl-
methoxypolyethylene glycol 2000)-1,2-distearoyl- sn-gly-
cero-3-phospho-ethanolamine sodium salt (5.3% ). Initi-
ally, as in the case of DaunoXome, this agent was subjected
to phase I and II studies in patients with AIDS-related KS.
Response rates of 69-93% were reported, with relatively
little toxicity (Hengge et al 1993; Simpson et al 1993;
Bogner et al 1994 ; James et al 1994 ; Harrison et al 1995;
Goebel et al 1996). Subsequently, two large phase I11studies
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were reported in which single agent Doxil/Caelyx was
randomized against standard combination chemotherapy
for AIDS-related KS; either bleomycin and vincristine
(BV) (Stewart et al 1998) or ABV (Northfelt et al 1998). In
the former study, 241 patients were treated with either
Doxil/Caelyx (20 mg m™2) or bleomycin (15 IU m™?) and
vincristine (2 mg) every 3 weeks for 6 cycles (Stewart et al
1998). Doxil/Caelyx was significantly more active than
BV, with response rates of 58.7% and 23.3%, respectively.
Patients treated with BV were significantly more likely to
stop treatment prematurely because of an adverse event
(26.7% vs 10.7% ) and had greater rates of peripheral
neuropathy (14.2% vs 3.3% )and lower rates of leukopenia
(50.8% vs 71.9% ). In the latter study, 258 patients were
randomized to receive either Doxil/Caelyx (20 mg m™?) or
doxorubicin (20 mg m™?), bleomycin (10 IU m?) and vin-
cristine (1 mg) every 2 weeks for 6 cycles (Northfelt et al
1998). Doxil/Caelyx was significantly more effective than
ABYV, with response rates of 45.9% and 24.8%, respect-
ively. Doxil/Caelyx was better tolerated than ABV in terms
of alopecia (1% vs 19% ), nausea and vomiting (15% vs
34% ) and neuropathy (6% vs 14% ), although there was
no difference in grade 3 leukopenia (36% vs 42% ). These
data are particularly striking in view of the limited activity
of single agent unencapsulated anthracycline (and anthra-
cenedione) chemotherapy against AIDS-related KS
(Kaplan & Volberding 1985; Chachoua et al 1987;
Shepherd et al 1991 ; Fischl et al 1993).

More recently, a number of phase I/II studies have been
conducted in patients with solid cancers. The activity of
this agent against refractory ovarian cancer has been
reported by a number of groups (Muggia et al 1997;
Gordon et al 2000 ; Israel et al 2000 ; Markman et al 2000 ;
Johnston and Gore 2001 ; Muggia and Hamilton 2001).
Muggia et al (1997) treated 35 patients with platinum and
taxane-resistant ovarian cancer with Doxil/Caelyx at a
dose of 40-50 mg m~? every 3—4 weeks. A response rate of
26% (9 of 35) was reported, with one complete and eight
partial responses. Drug-induced nausea, alopecia and car-
diomyopathy were not seen, although 37% (13 of 35) of
patients experienced grade 3 or 4 mucocutaneous toxicity
(see below for a discussion of these toxic effects). In a larger
study, 89 patients with platinum and taxane-resistant dis-
ease received 50 mg m 2 Doxil/Caelyx every 4 weeks, with
a response rate of 17% (one complete and 14 partial
responses). Again, mucocutaneous toxicity was problem-
atic, but other toxicities were uncommon (Gordon et al
2000). In an attempt to develop a more tolerable regimen,
Markman et al (2000) treated 49 patients with treatment-
refractory ovarian, fallopian tube or peritoneal carcinoma
with 40 mg m 2 Doxil/Caelyx every 4 weeks. In this case,
there were reduced rates of mucocutaneous toxicity, but
the response rates were also lower at 9% (4 of 44) of
evaluable patients. In a further study, 63 patients with
gynaecological cancers, the majority of whom had treat-
ment-refractory ovarian cancer, received 50 mgm >
Doxil/Caelyx every 4 weeks (Israel et al 2000). In patients
with measurable disease, the response rate was 19%.
Furthermore, in those patients with elevated tumour
marker (CA-125) levels, the response rate was 59 % . Again,

the same patterns of predominantly mucocutaneous tox-
icity were documented.

Activity of Doxil/Caelyx has also been reported in
patients with breast cancer (Ranson et al 1997 ; Lyass et al
2000 ; Schwonzen et al 2000). Ranson et al (1997) reported
the effect of Doxil/Caelyx in 71 anthracycline-naive women
with stage IV breast cancer. In a rather complex study
design, patients received 45-60 mg m > every 3 to 4 weeks
to a maximum of 6 cycles. The overall response rate was
31% and the same number of patients had disease stabi-
lization on treatment. It was determined that a dose of
45 mg m? every 4 weeks was well tolerated and that dose-
limiting cutaneous toxicity precluded the delivery of more
dose-intense regimens. In a similar dose-finding and thera-
peutic study, Lyass et al (2000) treated 45 patients with
metastatic breast cancer who had all received chemo-
therapy. Six separate dose schedules were evaluated ranging
from 35 mg m? every 3 weeks to 70 mg m~? every 6 weeks.
Pharmacokinetic parameters were measured in represen-
tative patients from each dose schedule and toxicity was
found to be dose and schedule dependent. Objective re-
sponses were seen in 20% (9 of 45) of patients, with another
20 patients showing either minor response or disease stabi-
lization. More recent studies have focussed on the use of
liposomal doxorubicin with radiotherapy and/or hyper-
thermia in patients with local recurrence (Dvorak et al
2001 ; Kouloulias et al 2002).

Doxil/Caelyx has also been evaluated in patients with
recurrent or metastatic head and neck cancer (Caponigro
et al 2000). Twenty four patients were treated at escalating
drug doses between 30 mgm™? and 50 mgm 2 every 3
weeks. As with the other studies reported, dose-limiting
toxicity was mucocutaneous and the maximum tolerated
dose was 45 mg m™2 The response rate was 33 % (8 of 24).
Significant activity of this drug was also reported in patients
with newly diagnosed, treatment-naive head and neck
cancer (Harrington et al 2001b). Twenty patients were
treated, with 10 receiving 2 cycles of 40 mgm 2 every 3
weeks before starting radical radiotherapy, and subsequent
patients receiving a third escalating dose of 10, 15 or
20 mg m? 3 days before starting radiotherapy. Nine of 18
(50% ) evaluable patients responded to treatment. Signifi-
cantly, there were no drug-related delays to the delivery of
radiotherapy, and local radiation-induced toxicity was not
exacerbated. In a different approach, Doxil/Caelyx was
administered at escalating doses between 10 mg m2 and
25 mg m? every 2 weeks concomitant with radiotherapy to
patients with head and neck and lung cancers (Koukourakis
et al 1999). Treatment was well tolerated, although dose-
limiting exacerbation of mucosal toxicity occurred in the
patients with head and neck cancer at 20 mg m>.

Wollina et al (2000), in an attempt to exploit the tendency
of this agent to localize to the skin, demonstrated significant
activity of Doxil/Caelyx in six patients with relapsed
cutaneous T-cell lymphoma. Five of six patients responded
(83%), with four complete responses and one partial
response. In a follow-up report, they presented data for 10
patients. There were six complete and two partial responses,
with stable disease in one other patient. Response duration
was 15 months and progression-free survival was 18.2



months (Wollina et al 2001). Toma et al (2000) reported a
modest response rate of 12% (3 of 25) in patients with
advanced pre-treated soft tissue sarcomas who received
30-50 mg m~? every 3 weeks. Significantly, 68% (17 of 25)
of the patients achieved temporary stabilization of their
disease. O’Brien et al (1998) reported their experience of
treating 19 patients with small cell lung cancer with Doxil/
Caelyx at a dose of 50 mg m 2 every 4 weeks. The majority
of patients had been treated previously with platinum-
containing combination regimens. In the 10 patients who
were evaluable for response, there were three partial re-
sponses and a further four patients had disease stabiliz-
ation.

In contrast to the encouraging data presented above,
Doxil/Caelyx has been shown to possess no significant
activity against hepatocellular (Halm et al 2000), renal cell
(Pennington et al 1998), pancreatic (Yip et al 1999 ; Halford
et al 2001), gastric (Thomas et al 2001) and colorectal
(Shields et al 2001) cancers. Trials have also reported poor
activity of this drug in patients with advanced soft tissue
sarcomas (Elson et al 1998 ; Skubitz 1998). The preliminary
results of a randomized phase II trial of Doxil/Caelyx
versus doxorubicin in patients with sarcomas have shown
equivalent response rates but significantly less toxicity with
the liposomal agent (Judson et al 2001). In addition,
preliminary phase I and II studies have been conducted
using Doxil/Caelyx in combination with other cytotoxic
agents, including paclitaxel (Israel et al 1998 ; Langley et al
1998 ; Schwonzen et al 2000 ; Mavroudis et al 2002), doce-
taxel (Malik et al 1998), cisplatin (Klein et al 1998) and
vinorelbine (Laufman et al 1998 ; Ramirez et al 1998). A
combination regimen of vincristine, Doxil/Caelyx and
dexamethasone was shown to exert significant activity in
12 elderly patients with multiple myeloma (Tsiara et al
2000) and offers the potential of avoiding the need for
infusional doxorubicin therapy in such patients. Eight
patients achieved complete haematological remission and
three patients had a partial response. Treatment was given
on an ambulatory basis and was well tolerated.

In addition to the potential therapeutic benefits of lipo-
somal formulation, Doxil/Caelyx has been shown to reduce
the familiar acute and chronic adverse effects of unencap-
sulated doxorubicin. Nausea and vomiting is a frequently
encountered toxicity of unencapsulated doxorubicin, but is
considerably reduced after treatment with Doxil/Caelyx
(Harrison et al 1995 ; Muggia et al 1997 ; Ranson et al 1997 ;
Stewart et al 1998). Similarly, marked alopecia is almost
invariable after prolonged treatment with unencapsulated
doxorubicin, but is uncommon (< 10% )in patients treated
with Doxil/Caelyx (Harrison et al 1995; Muggia et al
1997 ; Ranson et al 1997 ; Northfelt et al 1998 ; Stewart et al
1998 ; Gordon et al 2000; Israel et al 2000). Local ex-
travasation of free doxorubicin generally causes severe
tissue inflammation and even necrosis (Rudolph et al 1976),
but this vesicant activity of the drug is abrogated by
encapsulation within a pegylated liposome (Madhavan &
Northfelt 1995; Muggia et al 1997; Lotem et al 2000).
More importantly, the chronic dose-limiting toxicity of
doxorubicin therapy is cardiac damage, resulting in a
dilated cardiomyopathy. In general, cumulative life-time
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doses below a threshold of 550 mg m™? are associated with
a low risk of cardiomyopathy, although the incidence rises
sharply beyond this dose, effectively imposing a ceiling on
the drug dose that may be given safely (von Hoff et al
1979). The incidence of clinically significant doxorubicin-
induced cardiotoxicity is considerably reduced by entrap-
ment of the agent within pegylated liposomes, probably
because the circulating drug is not bioavailable to the
cardiac myocytes, resulting in decreased peak drug con-
centration and reduced total drug exposure. As a result,
total doses of up to 440-840 mg m > have been tolerated
without causing clinically significant cardiac dysfunction.
In a recent study, the pathological changes seen on endo-
myocardial biopsy for a group of 10 patients who had
received doses of Doxil/Caelyx ranging from 400 to
>700 mg m > were compared with a matched control
group who had received unencapsulated doxorubicin. The
patients who had received the liposomal formulation
showed significantly less evidence of damage than those
who had received the free drug (Berry et al 1998 ; Speyer &
Wasserheit 1998).

Alteration of the pharmacokinetics and biodistribution
of agents by encapsulation within pegylated liposomes has
been associated with novel toxic effects. In particular,
plantar—palmar erythrodysaesthesia (PPE) or ‘“hand-
foot” syndrome is seen in patients treated with repeated
doses of Doxil/Caelyx. This toxicity, which manifests as
painful swelling and erythema of the hands, feet, intertri-
ginous areas and sites of trauma, is thought to be the result
of accumulation of liposomal doxorubicin in the skin, with
the effect of delivering a prolonged drug exposure (Gordon
et al 1995; Lotem et al 2000). A similar mucosal toxicity
associated with aphthous ulceration in the mouth is also
seen in association with PPE. Together, these mucocu-
taneous manifestations represent the main dose-limiting
adverse events of Doxil/Caelyx. A study by Vail et al
(1998) has assessed the value of pyridoxine in the prevention
of PPE in dogs. Dogs with biopsy-confirmed non-Hodg-
kin’s lymphoma were treated with Doxil/Caelyx at a dose
of 1 mg kg "' and were randomly allocated to receive either
oral pyridoxine (50 mg) 3 times a day or placebo. The
relative risk of developing PPE was 4.2-times greater in the
dogs treated with placebo. This was associated with pyri-
doxine-treated dogs receiving a greater dose intensity of
Doxil/Caelyx and having a trend towards a better relapse-
free survival. In addition, ergotamine administered subcu-
taneously in rats receiving Doxil/Caelyx has been shown
to reduce the incidence of PPE (Colbern et al 1998a). These
authors have also conducted a study in mice bearing Lewis
lung cancer xenograft tumours, which has demonstrated
that the use of prophylactic pyridoxine does not affect the
efficacy of Doxil/Caelyx. However, ergotamine was as-
sociated with a dose-dependent fall in the therapeutic effect
of Doxil/Caelyx. As yet, there have been no published
studies of the effect of these or other agents on the incidence
of PPE in patients. Topical 99% dimethylsulfoxide, which
has been shown to reduce tissue reactions following ex-
travasation of doxorubicin, has also been shown to have
some activity against PPE in a non-randomized study
(Lopez et al 1999).



1594 Kevin J. Harrington et al

Pegylated liposomal cisplatin (SPI-077). Pegylated lipo-
somal cisplatin (SPI-077; SEQUUS Pharmaceuticals Inc.)
is a SULV with a mean diameter of 110 nm. It has the
following composition (values stated as % molar ratio):
51.0% HSPC, 44.0% cholesterol and 5.0% MPEG-DSPE,
and contains 14 ug cisplatin (mg lipid)™"'. Pharmacokinetic
and preliminary toxicity data for this drug preparation
have been reported in abstract form (DeMario et al 1998).
Fourteen patients received escalating doses up to
120 mg m ™2, with no evidence of myelosuppression, neuro-
toxicity or renal damage. The volume of distribution of the
drug was equivalent to plasma volume and the estimated
half-life was about 60 h. Analysis of plasma ultrafiltrate
revealed no unencapsulated cisplatin, confirming the stab-
ility of this liposomal formulation. A dose-escalation study
has been performed in patients with non-small cell lung
cancer, in which doses of SPI-077 up to 260 mg m™> were
administered in combination with paclitaxel, without evi-
dence of dose-limiting platinum-induced toxicity (DeVore
et al 1999). A phase I/II study has been conducted in 18
patients with treatment-naive, locally advanced, inoperable
squamous cell carcinoma of the head and neck, who
received 2 cycles of treatment at doses of 200-260 mg m™*
before commencing radical radiotherapy (Harrington et al
2001c). Treatment was very well tolerated, with no hae-
matological, renal, hepatic or neurological toxicities, but
there were partial responses in only two patients (11% ). In
view of these data and the in-vitro evidence that this
liposome has very slow release kinetics, further evaluation
of this particular formulation may not be warranted.

Conclusions

Following a somewhat protracted period of development,
liposomally targeted cytotoxic drugs appear to be on the
point of becoming an established component of our arma-
mentarium in the treatment of cancer. The initial wave of
anthracycline agents (DaunoXome, Doxil/Caelyx, TLC
D-99) has provided proof of principle that these prepara-
tions can alter the efficacy and toxicity profiles of the
parent compound. As a result of these initial successes,
other agents (platins and vinca alkaloids) have entered
preliminary clinical trials and new liposomal preparations
of camptothecins (Koshkina et al 2000 ; Verschraegen et al
2000) and topoisomerase inhibitors (Colbern et al 1998b;
Emerson et al 2000) are under investigation. In addition to
the delivery of conventional cytotoxic drugs, there exists
the possibility of encapsulating other groups of compounds
such as radiation sensitizers (Harrington et al 1998), cyto-
kines (Konno et al 1991) and immunomodulators (Malik
et al 1991) within liposomes. Such possibilities are likely to
ensure that the field of liposomal drug delivery will remain
an active area of research for the foreseeable future.
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