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Tumor vessels possess unique physiological features that might be exploited
for improved drug delivery. The targeting of liposomal anticancer drugs to
tumor vasculature is increasingly recognized as an effective strategy to obtain
superior therapeutic efficacy with limited host toxicity compared with con-
ventional treatments. This review introduces recent advances in the field of
liposomal targeting of tumor vasculature, along with new approaches that
can be used in the design and optimization of liposomal delivery systems. In
addition, cationic liposome is focused on as a promising carrier for achieving
efficient vascular targeting. The clinical implications are discussed of several
approaches using a single liposomal anticancer drug formulation: dual tar-
geting, vascular targeting (targeting tumor endothelial cells) and tumor
targeting (targeting tumor cells).
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1. Introduction

Many physiological barriers are known to hinder the effective delivery of
drugs to tumors [1,2]. The restricted availability of drugs to tumor cells is
due, at least in part, to properties of tumor tissue such as irregular vasculature,
variable permeability of blood vessels and high interstitial fluid pressure [3,4].
In addition, in certain solid tumors, overexpression of the p-glycoprotein gene
provokes drug resistance to certain therapeutic agents such as doxorubicin
and cisplatin [5]. One way to increase the therapeutic index of drugs would be
by specifically delivering the drugs to tumor tissues by means of a nanocarrier
system (drug delivery system) [67]. However, to achieve the targeting of cells
in a solid tumor, a nanocarrier system must first cross the vasculature and then
travel through the interstitium in the tumor tissue [8]. This process hinders the
effective travel of nanocarrier systems. Therefore, instead of targeting the tumor
cells with a nanocarrier system, vascular targeting can be used to overcome the
aforementioned obstacles.

Vascular targeting with anticancer drugs is generally considered to have several
advantages over targeting tumor cells. For example, normal endothelial cells are
quiescent and, therefore, side effects to the non-targeted endothelium are expected
to be at a minimum [9]. Proliferating endothelial cells in solid tumors share
similar phenotypes among different tumors. This makes vascular targeting appli-
cable to a wide variety of tumor types [10]. Furthermore, endothelial cells are
genetically stable (unlike tumor cells) and thus reduce the likelihood of develop-
ing drug resistance [11]. Finally, as the vasculature of a tumor occupies a relatively
small area in comparison with the tumor interstitium and because most anticancer
agents are applied intravenously, tumor vessels are more accessible to circulating
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chemotherapeutics compared with cancer cells. Accordingly,
with the use of a nanocarrier system, an equivalent dose of
chemotherapeutic agents is expected to induce higher thera-
peutic efficacy and lower toxicity than what is achieved with
conventional treatment using free anticancer drugs.

2. Tumor vasculature

2.1 Tumor-induced angiogenesis

Tumor-induced angiogenesis, the formation of neovessels
from pre-existing ones, is critical for the support of tumor
growth and progression not only by providing nutrients,
oxygen, growth factors and other substances to tumor cells,
but also by allowing metastatic cells into circulation [12,13].
Tumor angiogenesis is not a singular process; at least two
types of angiogenesis process are believed to contribute to
vessel growth in tumors [14]. One involves the stimulation
of new blood vessel capillaries to sprout in the vasculature of
the neighboring mature host [15]. The other involves the
recruitment of circulating endothelial precursor cells from
the bone marrow to promote neovascularization [16,17].
Tumor angiogenesis is mainly triggered by growth factors
in the microenvironment, such as vascular endothelial
growth factor (VEGF), basic fibroblast growth factor
(bFGF) and matrix metalloproteinases (MMPs) [18,19]. These
factors are generally produced by tumors cells, by surround-
ing tissue and/or by infiltrating macrophages. Suppression
of the angiogenesis process leads to eradication of primary
tumor cells and suppression of metastasis through the dis-
ruption of the metastatic pathway, which makes it a promis-
ing strategy for the treatment of solid tumors (anti-angiogenic
therapy) [20.21].

2.2 Vascular structure of solid tumors

In comparison with blood vessels supplying normal tissues,
subtle differences in the structure of tumor vessels make them
unique. Tumor vessels tend to arrange in irregular arrays and
have dilated lumens [22]. Compared with the walls of normal
vessels, the walls of tumor vessels have fenestrations, discon-
tinuous or absent basement membranes, fewer pericytes, and
a lack of perivascular smooth muscle. These characteristics
make tumor vessels more leaky than normal vessels [23,24].
Tumor vessels are also characterized by the overexpression of
several specific surface receptors, or antigens, and by nega-
tively charged macromolecules such as glycoproteins, anionic
phospholipids and proteoglycans [25-27]. These unique phys-
iological features of tumor vasculature have been exploited
extensively for both tumor (passive) targeting and vascular
(active) targeting by nanocarrier systems. The porous nature
of tumor vasculature enabled the preferential accumulation
of macromolecules and polymeric drugs in tumor tissues
(tumor targeting) because of their enhanced vascular per-
meability compared with normal tissue [28]. This phenom-
enon is known as the enhanced permeability and retention
effect (EPR effect) [29].

3. Vascular targeting strategies

Endothelial cells lining tumor blood vessels overexpress spe-
cific cell surface antigens, which are absent or barely detect-
able in established or quiescent normal blood vessels [30].
These unique characteristics of tumor endothelial cells can be
exploited to achieve active vascular targeting of nanocarrier
systems. This is accomplished by coupling specific molecules,
such as antibodies, specific peptides, growth factors, or a
cationic charge, to the surface of nanocarrier systems.

3.1 Vascular targeting with liposomes

There are many nanocarrier systems, such as micelles and
nanospheres. In this review, however, the liposomal drug
delivery system is focused on as a promising carrier for deliv-
ering small molecular therapeutics (anticancer agents) to tumor
vasculature. Many approaches have been applied to enhance
the targeting efficiency of liposomes to tumor endothelial
cells. In the following section, some of the successfully applied
approaches for achieving vascular targeting by means of
liposome-based carriers are introduced.

3.1.1 Ligand-targeted liposome

Ligand (antibody or peptide)-mediated targeting of liposo-
mal anticancer drugs to cell surface antigens expressed selec-
tively or overexpressed on tumor vasculature is considered
as an effective strategy for increasing the overall therapeutic
efficiency of anticancer drugs (31]. These ligand-targeted lipo-
somes utilize targeting moieties coupled to the liposome sur-
face to deliver selectively the drug-liposome payload to the
desired site of action. Targeting moieties may include whole
antibody molecules, antibody fragments or synthetic ligands
such as peptides.

3.1.1.1 Liposomal vascular targeting with antibodies
Immunoliposomes, with antibodies conjugated either to the
surface of liposomes or to the distal end of polyethylene glycol
(PEG) on the liposomes, have been used to achieve increased
therapeutic efficacy of encapsulated anticancer drugs with
decreasing side effects. Relatively few antibody molecules per
liposome (20 — 40 pg/pmol phospholipid) are necessary to
deliver selectively high cargo of drugs by immunoliposomes
to target cells 77 vivo, even though the liposomes were coated
with PEG [321. High antibody densities (i.e., 140 pg/pmol
phospholipid) on the liposome resulted in rapid clearance of
the immunoliposome from blood circulation (321. In addition,
the selection of antibody, which is against internalizable
receptor or antigens on the target cell, is important to obtain
efficient therapeutic efficacy of immunoliposomal drugs. [33].
The coupling of multiple targeting molecules on the surface
of individual liposomes can increase the binding avidity for
the target antigens [31].

Targeting ligand used in the formulation of immunoli-
posomes may be a whole antibody or antibody fragments
(Fab” or scFv) [341. An advantage of using whole monoclonal

1298 Expert Opin. Drug Deliv. (2009) 6(12)

RIGHTS



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/04/12
For personal use only.

antibody is their higher binding avidity owing to the presence
of two or more binding domains on the same molecule. In
addition, whole antibody molecules may have some stability
advantages during preparation and storage over antibody
fragments. However, on the down side, owing to the presence
of an Fc domain in the whole antibody, Fc-mediated mech-
anisms are responsible for initiating immunogenic responses
and for rapid clearance from the circulation [35]. Therefore,
instead, smaller antibody fragments (Fab” or scFv), which
lack Fc domain, are commonly used to reduce immunoge-
nicity of the immunoliposomes as well as to increase their
circulation time.

Many studies have reported the targeting of immunolipo-
somes to tumor endothelial cells. The main targeted receptors/
antigens in these studies were endoglins (CD105) [34], vas-
cular endothelial growth factor receptor 2 (3¢}, intercellular
adhesion molecule 1 (37], E-selectin (38], membrane type-1
matrix metalloproteinase (MT1-MMP) [39,40] and vascular cell
adhesion molecule 1 (VCAM-1) [35].

Voinea et al. 35 designed anti-VCAM-1 coupled lipo-
somes to target tumor vasculature. The target molecule on
tumor endothelial cells is an immunoglobulin-like transmem-
brane glycoprotein (VCAM-1). The expression of VCAM-1
is inducible and virtually absent on normal human vascula-
ture [41]. A robust vascular VCAM-1 expression has been
observed mainly in cases of leukemia and lymphoma and, to
a varying extent, in a variety of solid tumors such as lung can-
cer, breast cancer, renal cell carcinoma and gastric cancer [42].
However, the expression also has been observed on other types
of cell, such as bone marrow cells, follicular dendritic cells,
fibroblasts and epithelial cells of the kidney (43,441. From
in vitro study, Voinea et al. showed that liposomes coupled
with monoclonal antibody, anti-VCAM-1, bound selectively
and specifically to activated tumor endothelial cells, and that
some of them were taken up by tumor endothelial cells by
means of clathrin-mediated endocytosis. Unfortunately, in vivo
efficiency has not yet been evaluated.

Endoglin (CD105) is an accessory protein of the trans-
forming growth factor-p (TGF-B) receptor complex. Elevated
levels of endoglin were detected in the vasculature of different
tumors, for example, prostate cancer, breast cancer and mel-
anoma [45,46]. Thus, endoglin represents an attractive molecule
for the targeting of tumor vasculature.

Volkel et al. (34] developed immunoliposomes targeting
proliferating endothelial cells by chemically coupling a
single-chain Fv fragment (scFv A5) directed against human
endoglin to the liposomal surface. These immunoliposomes
showed specific and efficient binding to proliferating endo-
thelial cells and improved cytotoxicity towards endothelial
cells 7n vitro. However, in vivo study showed that such immu-
noliposomes were rapidly cleared from circulation with a half-
life of 3 min. This drastic reduction in circulation time was
mainly due to the lack of PEGylation and negative influence
of the functionalized (coupling) lipids and the coupling
chemistry on the in vivo behavior of the liposomes [47.48].
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These limitations might be overcome by PEGylation and a
reduced number of coupling lipids.

MT1-MMP, one of the key proteins for angiogenesis in
tumor vessels, was found to be overexpressed by tumor angio-
genic vessels as well as by tumor cells (391. The utility of mono-
clonal antibodies against MT1-MMP as a targeting ligand of
liposomal anticancer drugs has been addressed [40). Fab’ frag-
ments of the antibody were coupled to the distal end of the PEG
of doxorubicin (DXR)-encapsulating liposomes (DXR-SL),
and, consequently, developed DXR-sterically stabilized immu-
noliposomes  (DXR-SIL[anti-MT1-MMP(Fab")]) [3940]. In
in vivo study, DXR-SIL[anti-MT1-MMP(Fab’)] significantly
suppressed tumor growth compared with DXR-SL. Interest-
ingly, no significant difference in the accumulation of DXR-
SIL[anti-MT1-MMP(Fab’)] versus DXR-SL at the tumor site
was observed. The higher therapeutic efficacy of DXR-SIL
[anti-MT1-MMP(Fab’)] was therefore attributed to more drug
being delivered to angiogenic blood vessels, which produced
a greater degree of cell kill than targeting individual tumor
cells. In addition, tumor endothelial cells are more accessible
to circulating DXR-SIL[anti-MT1-MMP(Fab’)] and problems
related to poor extravasation and tumor tissue penetration can
be avoided. A similar result was obtained by Kirpotin ez al. (49,
who have demonstrated that DXR-containing anti-HER2
Fab” immunoliposomes show a superior antitumor activity
compared with DXR-containing non-targeted liposomes
against HER2-overexpressing breast cancer cells, although
the intra-tumoral accumulation levels of DXR-containing
immunoliposomes and DXR-containing non-targeted lipo-
somes were similar. They attributed such enhanced anti-
tumor efficacy of DXR-containing immunoliposomes to the
rapid internalization of the immunoliposomes with subse-
quent specific intracellular drug delivery to the target cells. On
the other hand, non-targeted liposomes were localized in the
extracellular areas of tumor stroma and tissue macrophages.

3.1.1.2 Liposomal targeting using peptides

Biopanning experiments using phage display have yielded
several peptide motifs that show preferental binding to
angiogenic tumor vasculature. The coupling of such peptides
to liposomes has been shown to enhance the accumulation of
liposomes at angiogenic sites.

The vascular targetability of liposomes coupled with pep-
tides has been investigated using several experimental animal
models. These peptides were Arg-Gly-Asp (RGD) motifs
binding to o, B3 integrins (50,51], Asn-Gly-Arg (NGR) motifs
binding to aminopeptidase N (521, Cys-Arg-Glu-Lys-Ala
(CREKA) binding to fibrinogen or fibrin (53], or Gly-Pro-
Leu-Pro-Leu-Arg (GPLPLR) binding to membrane type-1
matrix metalloproteinase [54].

Schiffelers ez al. (50) demonstrated that coupling of RGD
peptides to the surface of PEG-coated liposomes enhanced
the binding, with subsequent internalization, of liposomes
by activated endothelial cells 7z vitro. In addition, by loading
DXR in such RGD liposomes, the liposomes showed a
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superior activity in suppressing iz vivo tumor growth when
compared with DXR-containing PEG-coated liposomes.

A peptide containing the NGR motif, which recognizes a
tumor-specific isoform of CD13, was identified [55]. By coupl-
ing this peptide to anticancer compounds, selective delivery of
the anticancer drug to tumor vessels could be achieved. Hence,
Pastorino ez al. [56) coupled NGR peptides to PEG-coated
liposomes loaded with DXR and examined their efficiency in an
in vivo orthotopic neuroblastoma xenograft model. Targeting
of PEG-coated liposomes with an NGR peptide caused dra-
matic vascular damage by encapsulated DXR, resulting in a sig-
nificant antitumor effect. In addition, pharmacokinetic analysis
revealed that coupling of the NGR peptide on the PEG-coated
liposomes did not reduce the blood circulation time of the
liposomes. Compared with whole IgGs, this is an advantage
of peptides when modifying the surface of liposomes.

A peptide substrate of MT1-MMP, with the sequence
Gly-Pro-Leu-Pro-Leu-Arg, was used for the potential devel-
opment of a liposomal formulation actively targeting angio-
genic endothelial cells. Kondo ez al. [54) demonstrated that
GPLPLR-modified liposomes showed high binding abil-
ity to human umbilical vein endothelial cells (HUVEC:)
in vitro. In in vivo animal models, such peptide-modified
liposomes accumulated in the tumor about fourfold more
effectively than did unmodified liposomes. In addition,
peptide-modified liposomes containing the anticancer drug
5’-O-dipalmitoylphosphatidyl 2’-C-cyano-2’-deoxy-1-B-D-
arabino-pentofurano-sylcytosine (DPP-CNDAC) was found
to suppress iz vivo tumor growth significantly more effectively
compared with unmodified liposomal DPP-CNDAC.

Biopanning experiments using phage display produced
a peptide containing an Ala-Pro-Arg-Pro-Gly (APRPG)
motif that selectively binds to tumor neovasculature [57).
Maeda ez al. [58) addressed the use of APRPG peptide-
modified liposomes to deliver adriamycin selectively to tumor
vasculature. They demonstrated that adriamycin-containing
PEGylated liposomes modified with APRPG caused more effi-
cient tumor growth suppression than adriamycin-containing
PEGylated liposomes in tumor-bearing mice. This antitumor
activity of adriamycin-containing PEGylated liposomes mod-
ified with APRPG was mainly due to the selective delivery of
the encapsulated drug to tumor angiogenic vessels.

3.1.1.3 Pharmacokinetics of ligand-targeted liposomes
Encapsulation of anticancer drugs in a liposomal drug deliv-
ery system can result in substantial changes in the pharma-
cokinetics and biodistribution of the drug (311. Undl it is
released from the liposome, the drug adopts the pharmaco-
kinetics of the liposome. Therefore, great attention should
be paid during the development of ligand-targeted liposomes
to ensure that the targeting moiety does not potendally
compromise the pharmacokinetics of the liposome.
Maruyama et 4l. (59] demonstrated that Fab’-coupled immu-
noliposomes showed a sixfold increase in circulation half-lifes
compared with whole antibody-coupled immunoliposomes,

even though the density of Fab’ molecules was ~ 10-fold
higher than that of whole antibody on the surface of liposomes.
They attributed the rapid clearance of whole antibody-coupled
immunoliposomes to Fc-mediated mechanisms.

Pastorino e al. (56) demonstrated that although NGR-
targeted PEGylated liposomes showed a preferential accu-
mulation into spleen, ~ 10 — 20 times higher than that of
non-targeted PEGylated liposome, the liposomes coupled to
NGR peptide have good stability and long circulation times
after intravenous injection, ~ 30% of the liposomes remaining
in the blood 24 h after liposomal administration.

The reader is referred to an interesting review on ligand-
targeted liposomes for further detailed description of this
area [31].

3.1.2 Liposomal targeting using a surface charge
(cationic liposomes)

A possible role of proteoglycans in transfection by lipo-
plexes (complex of cationic liposome with plasmid DNA)
has been suggested by Mislick and Baldeschwieler [s0] and
Mounkes ez al. (61]. Hoekstra and collaborators [62] provided
evidence for the role of integrin B1 in the uptake of SAINT-2
(2(N-methyl-4(dioleyl) methylpyridiniumchloride))/DOPE
(dioleoyl phosphatidyl ethanolamine) and lipofectamine
lipoplexes by epithelial cells. However, the role of these pro-
teoglycans in uptake or binding enhancement was not
investigated further.

As mentioned earlier, tumor endothelial cells are known
to overexpress negatively charged cell surface molecules, for
example, glycoproteins, anionic phospholipids and proteogly-
cans [25.26. Tumor endothelial cells are preferred as targeting
sites for cationic liposomes to achieve selective delivery of
anticancer agents.

3.1.2.1 In vivo toxicity and behavior of cationic liposomes
The capability of cationic liposomes to target endothelial
cells of tumor vasculature has been documented extensively.
However, a concomitant examination of the toxic effects of
such drug delivery is lacking, especially in in vivo applications.
It is assumed that the toxicity of cationic liposomes arises
mainly from the incorporated cationic lipids in their compo-
sition. Hagerstrand ez /. [63) and Kitagawa er a/. [64] demon-
strated that at high cationic lipid concentration, the liposomes
cause the lysis of erythrocytes, whereas at lower concentration,
the liposomes induce a variety of plasma membrane alterations
that probably result in a decrease in the mechanical strength
of erythrocytes.

Immune responses to cationic lipids that are frequently
used for formulating cationic liposomes are much less well
understood. However, Zelphati ez al (65] have shown that
a complement system can be activated by cationic lipids.
Complement activation could result in complement compo-
nents binding to the liposomes (no-PEGylation) and target-
ing them to receptors for complement components that are
found in the lung [66] or Kupffer cells in liver; this could also
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explain the rapid clearance of cationic liposomes from the
blood and uptake into the lung and subsequently liver. Also,
Chonn et al. (671 demonstrated a direct correlation between
the amount of plasma protein bound to cationic liposomes
(no-PEGylation) and their rate of elimination from systemic
circulation. Such studies led to the realization that reducing
the binding of opsonizing plasma proteins to liposomes
could improve their biodistribution. This was accomplished
by inclusion of PEG to increase liposome stability in blood
and reduce rapid clearance. Moreover, as many blood com-
ponents are negatively charged, intravascular administration
of cationic liposomes might result in aggregation with serum
components and/or microemboli formation. Consequently,
tissue ischemia may be problematic [68].

3.1.2.2 The importance of PEGylation for in vivo use of
cationic liposome

Following intravenous injection, cationic liposomes easily
made ‘aggregations’ with negatively charged blood compo-
nents such as serum proteins and blood cells. Therefore, the
liposome was rapidly eliminated from the circulation by
the ‘“first-pass’ organs, such as the lungs, liver and spleen [69].
This transient scavenging of cationic liposomes in such
organs might decrease their systemic availability and, hence,
reduce the amount of therapeutic agent delivered to tumor
angiogenic vessels.

PEGylation, the inclusion of a large molecular mass poly-
mer, polyethylene glycol, to the liposome surface, is consid-
ered to be an efficient approach to avoid the interaction of
conventional liposomes with serum proteins and cells of the
mononuclear phagocyte system (MPS) in the liver and spleen,
and, thus, prolongs their plasma circulation time [70,71]. In
fact, the coating of cationic liposomes with PEG tended to
disallow aggregate formation (7273

The efficient shielding effect imparted by the inclusion
of a PEG lipid at the surface of the liposome is believed to
be due to the formation of a physical barrier, a hydration
zone, around liposomes. This zone of exclusion diminishes
liposome—protein interaction, and thus enhances its long-
term circulation characteristics. However, the concentration
of PEG lipid incorporated into liposomes was found to be
critical for long-term circulation properties of the liposomes.
The inclusion of > 15 mol% of PEG was found to cause
unfavorable structural changes in the liposome bilayer, caus-
ing rapid clearance of liposomes from circulation. For this
reason, ~ 5 — 10 mol% of PEG lipid is included in the
preparation of PEGylated liposomes. This amount has
been found to be sufficient to delay the cell recognition
of MPS, resulting in prolonged liposomal circulation time.
Levchenko et al. 74 demonstrated that PEG lipid concen-
trations = 6 mol% will shield the electric surface potential of
cationic liposomes whereas higher concentrations (= 15 mol%)
completely abolish the effect of charged groups on the lipo-
some surface. It is worth noting that the partial coating of
cationic liposomes with PEG delays liposome clearance from
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blood but not at the expense of interaction and uptake
by tumor endothelial cells [75). Campbell ez al. [76] reported
that although PEGylation of cationic liposomes lowered the
C-potential of cationic liposomes, it slightly affected the inter-
action with tumor angiogenic vessels 7z vivo. Furthermore,
they showed that the inclusion of PEG lipid at the surface of
liposomes imparts long-circulating characteristics of cationic
liposomes, thus enhancing the therapeutic efficiency of an
encapsulated anticancer agent.

3.1.2.3 Pharmacokinetics of cationic liposomes

In spite of numerous publications about 77 vive fate of neutral
and negatively charged liposomes, those concerning cationic
liposomes have been scarce. Cationic liposomes have been
reported to interact strongly with blood components and
may even induce aggregate formation in the circulation.
This leads to an extensive opsonization and therefore cationic
liposomes are rapidly cleared by macrophages of the MPS,
particularly Kupffer cells in the liver and spleen macro-
phages [69). Ishiwata er al. [77) have investigated the in vivo
fate of cationic liposomes composed of O,O’-ditetradecanoyl-
N-(o-trimethyl ammonio acetyl)diethanolamine chloride
(DC-6-14)/DOPE/cholesterol (CHOL) (4:3:3, molar ratio).
They demonstrated that > 60% of injected dose was found
in the lung at 3 min post-injection. Thereafter, the amount of
these liposomes in the lung decreased and that in the liver
coincidently increased. However, only low levels of liposome
were observed in the plasma, spleen and kidney in this period.
They suggested that intravenously injected cationic liposomes
form aggregates with blood cells and these aggregates were
trapped in lung capillaries temporally, and as the liposomes left
the lung, aggregate breakage might occur. Then, blood cells
and liposomes were gradually redistributed to the bloodstream
and liver, respectively.

Many studies have highlighted the effect of the molar
percent of cationic lipid incorporated into liposomes and
the presence of PEG on the pharmacokinetic and biodistri-
bution of cationic liposomes [77.78]. Generally, PEGylated
cationic liposomes showed enhanced pharmacokinetic profile
with prolonged circulation time over non-PEGylated cat-
ionic liposomes. In addition, incorporating a high mol% of
cationic lipid in the composition of liposomes was found to
hinder the i vivo targetability of cationic liposomes as a
result of enhancing the blood clearance of the liposomes.
Stuart et 4l (78] have demonstrated that in the absence of
PEGylation (1,2-distearoyl-sn-glycero-3-phosphoethanola-
mine-z-[methoxy(polyethylene glycol)-2000 [mPEG;400-
DSPE]), cationic liposomes consisting of 5 — 50 mol%
cationic lipid (1-oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]hexanoyl]-3-trimethylammonium  propane
[DOTAP]) were rapidly cleared from circulation, resulting
in < 5% of liposomes present in blood at 24 h post-injection.
Also, for liposomes containing 50 mol% cationic lipid
(a DOTAP/hydrogenated soya phosphatidylcholine [HSPC]

in a molar ratio of 1:1), inclusion of mPEG,(o-DSPE did not
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increase the blood levels of liposomes. However, when the
cationic lipid was reduced to 20 mol%, inclusion of 5 mol%
mPEG;00o-DSPE significantly increased the blood levels of
liposomes. At < 10 mol% cationic lipid, mPEG;g0o-DSPE
had its maximum protective effect on circulation times; there
was no significant difference between blood levels of PEG-
containing liposomes at 0, 5 and 10 mol% cationic lipid.
These results indicate that mPEG,0o-DSPE can increase
the circulation times of liposomes containing DOTAP,
particularly when < 20 mol% DOTAP is used.

Results from the authors’ laboratory (in preparation) have
shown that, in tumor-bearing mice, the circulation half-life of
PEG-coated cationic liposomes consisting of HSPC/CHOV/
DC-6-14/mPEG540o-DSPE  (2:1:0.2:0.2 molar ratio) was
similar to that of PEG-coated neutral liposomes consisting
of HSPC/CHOI/mPEG;ppo-mDSPE (2:1:0.2 molar ratio),
10.4 £ 0.7 versus 9.4 + 0.5 h, respectively. However, PEG-
coated cationic liposomes showed lower area under the blood
concentration versus time curve (AUC) when compared with
PEG-coated neutral liposomes. This lower AUC was a result
of enhanced blood clearance and tissue distribution of PEG-
coated cationic liposomes owing to the presence of liposomal
surface positive charge.

3.1.2.4 Release of drug encapsulated in PEGylated cationic
liposomes

The pharmacokinetics and biodistribution of liposome-
encapsulated drugs are controlled by the interplay of two var-
iables: the clearance rate of the liposome and the drug release
rate from the liposome in blood circulation [79]. As mentioned
previously, the rate of blood clearance of cationic liposomes
could easily be manipulated by coating liposomes with ideal
percentage of PEG. On the other hand, the drug release rate
from the liposome in circulation depends mainly on formu-
lation parameters such as the lipid composition, {-potential
and the particle size, and on the degree of interaction with
blood proteins. Recently, the authors have developed an oxa-
liplatin (I-OHP)-containing-PEG-coated cationic liposome.
In vitro stability studies showed that > 60% of the encapsulated
I-OHP was retained in the liposome after 24 h incubation in
50% mouse plasma at 37°C. This result might guarantee the
in vivo efficacy of such I-OHP liposomal formulation (o).

3.1.2.5 Interaction of cationic liposomes with tumor vascular
endothelial cells

The notion of exploiting accessible anionic sites along
with tumor vessels is promising for cancer therapy by means
of cationic liposomes containing an anticancer agent. It is
a well-known fact that cationic liposomes target the sub-
endothelial cells (aortic smooth muscle cells and mesangial
cells) and human endothelial cells iz vitro and tumor-related
vasculature 77 vivo, which is a phenomenon not noted with
anionic (negatively charged) or electroneutral (zero charge
potential) liposomes [81,82]. Campbell ez al. [76] reported
that cationic liposomes, sterically stabilized by including

5 mol% PEG, accumulated extensively in tumor vessels as
compared with either PEG-coated neutral or anionic lipo-
somes. Krasnici et /. [83] demonstrated that after intravenous
application of anionic and neutral liposomes, there was no
specific targeting to tumor vasculature in a dorsal skinfold
model. By contrast, cationic liposomes had a significantly
enhanced accumulation in tumor tissue and tumor vasculature
by as much as threefold compared with surrounding tissue
within 20 min post-administration. Thus, there is strong evi-
dence that cationic liposomes have the inherent potential to
bind selectively to tumor vascular endothelial cells.

Recently, the authors tried to develop PEG-coated cationic
liposomes that have in vivo long-term circulation properties,
as well as selective binding properties, to endothelial cells of
tumor vasculature. For this purpose, the dorsal air sac (DAS)
model [84,85] was used as a common and reliable method to
evaluate the selectivity of PEG-coated cationic liposomes to
tumor angiogenic vessels (80). The DAS model is technically
simple and provides a natural environment in which blood
vessels and their tumor-induced formation can be studied. In
addition, the model takes only ~ 5 days to develop; therefore,
it is less time-consuming than the tumor-bearing mouse
model, which takes > 10 days. Accordingly, the DAS model
was used to screen a nanocarrier system (PEG-coated cationic
liposomes) targeting tumor-induced neovasculature and to eval-
uate the anti-angiogenic efficacy of anticancer agents associated
with PEG-coated cationic liposomes.

By using the DAS model, it was possible to obtain a PEG-
coated cationic liposome, which accumulated preferentially
and selectively in angiogenic vessels induced in the skin.
This PEG-coated cationic liposome was composed of the fol-
lowing, in a molar ratio of 2:1:0.2:0.2, respectively: HSPC;
CHOL; DC-6-14; and mPEG,(o-DSPE. The cationic lipid
DC-6-14 was used generously to prepare a non-viral vector
(cationic liposome) for delivering nucleic acids (s6]. The size
of the liposome was ~ 250 nm (homogenous size) and the
{-potential was relatively positive (+11.2 £ 0.7). In addition,
the PEG-coated liposome showed no selective accumulation/
binding to pre-existing blood vessels in the skin. This indi-
cates an important difference in distribution of liposomes
in blood vessels between normal tissues and tumor tissues,
which may be exploited while attempting to achieve suc-
cessful anti-angiogenic therapy. Kalra ez 4/ [87] have dem-
onstrated previously that PEG-coated cationic liposomes
associate with ~ 27 and 5% of vessel areas in tumors and
normal tissues, respectively, in human and murine tumor
xenograft mouse models.

The targeting efficiency of cationic liposomes to tumor
endothelial cells can also be improved by manipulating the
molecular charge. Many reports have revealed that cat-
ionic liposomes possessing relatively high cationic charge
content showed a preferential binding to tumor vessels.
Campbell ez al. 176 showed that an increase in cationic lipid
from 10 to 50 mol% led to a twofold increase in liposomal
accumulation in tumor vessels. However, on the down side,
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incorporating a high mole per cent of cationic lipid in the com-
position of liposome was found to enhance liposomal uptake
by the cells of MPS, resulting in a rapid clearance of the lipo-
somes from blood circulation. Therefore, optimizing the cat-
ionic lipid content incorporated in the liposomal membrane is
considered to be crucial for liposome biodistribution 7 vive.

3.1.2.6 Selective delivery of anticancer drugs by cationic
liposomes to tumor vasculature

As introduced above, cationic liposomes have been shown
to bind selectively to angiogenic tumor endothelial cells
after intravenous injection. Therefore, encapsulation of cyto-
toxic substances in cationic liposomes is considered to be a
promising approach for the targeting of tumor vasculature.

Kunstfeld and colleagues (s8] demonstrated that paclitaxel
encapsulated in cationic liposomes strongly suppressed tumor
angiogenesis and inhibited orthotopic melanoma growth in
severe combined immunodeficient (SCID) mice. By contrast,
free paclitaxel was unable to suppress angiogenesis and tumor
growth. Strieth and co-workers [89] utilized A-Mel-3 growing
in the dorsal skinfold to demonstrate that intravenous admin-
istration of paclitaxel encapsulated in cationic liposomes sig-
nificantly retarded tumor growth, as compared with treatment
using free paclitaxel. They showed that the potent antitumor
activity of liposomal paclitaxel resulted from a decrease in
tumor vessel density and a reduction in the microcirculatory
perfusion index in these animals. Schmitt-Sody ez a/. [90] also
emphasized that, with a dorsal skinfold preparation, vascular
targeting of paclitaxel was achieved by encapsulating the drug
in cationic liposomes. In subcutaneously growing A-Mel-3
tumors, growth was significantly suppressed and the appear-
ance of regional lymph node metastases was significantly
delayed by treatment with paclitaxel encapsulated into cationic
liposomes in comparison with free paclitaxel. Wu ez al. [91]
addressed the utilization of cationic liposomes to target selec-
tively activated tumor endothelium and showed that cat-
ionic liposomes loaded with DXR increased the survival rate
of tumor-bearing mice compared with either free DXR or
DXR-containing PEG-coated neutral liposomes.

Recently, the authors reported that -OHP encapsulated in
PEG-coated cationic liposomes, which preferentially bound
to angiogenic vessels, strongly suppressed tumor angiogenesis
in a dorsal air sac mouse model. Neither free oxaliplatin nor
oxaliplatin encapsulated in PEG-coated neutral liposomes
showed such a strong suppressive effect. The strong anti-
angiogenic effect of -OHP containing PEG-coated cationic
liposomes was attributed to the selective delivery of the
drug to the angiogenic vessels and its subsequent uptake by
endothelial cells [so].

4. Dual targeting approach to both tumor
endothelial cells and tumor cells

In previous studies, the combination of vascular targeting
agents with anticancer agents, or angiogenesis inhibitors, has

Abu Lila, Ishida & Kiwada

led to additive or synergistic activity in experimental solid
tumors [92,93. However, traditional chemotherapeutic anti-
cancer agents kill cancer cells as well as all rapidly growing cells
in the body, such as blood and hair cells and cells lining the
intestine. This leads to the distressing side effects of chemo-
therapy, and imposes practical limits on the drug dose and
dosing frequency. In the last few years, as has been introduced
in this review, liposome-encapsulated anticancer agents have
been shown to increase the selective toxicity of the agents
in cancer, resulting in improved therapeutic outcome and/or
minimized damage to normal tissues such as heart and bone
marrow [94,95]. Moreover, ligand-targeted liposomal antican-
cer agents (immunoliposomes or targeted liposomes) that
promote selective binding and internalization of the lipo-
somes into target cells have shown enhanced antitumor effects
relative to non-targeted liposomal agents [95]. As has been
described, targeting anticancer agents to tumor vasculature by
means of a liposomal delivery system has attracted consider-
able attention for the purpose of increasing the therapeutic
index of the agents without increasing the severe side
effects [96,97. The targeting of liposomal anticancer agents
directly to tumor cells by targeted liposomal delivery has also
attracted much attention [96]. Accordingly, it is easy to imagine
that a strategy that targets both the tumor vasculature and the
tumor cells by targeted liposomes is more effective than a
strategy that targets only tumor vasculature, which can leave a
cuff of unaffected tumor cells at the tumor periphery that can
subsequently regrow and kill the animals or patients.

Pastorino et al. [52] provided the proof-of-principle for the
hypothesis that combined administration of liposomal anti-
cancer drugs that target tumor cells and tumor vasculature
improves therapeutic effect relative to each therapy used
individually. For the targeting of tumor cells, they used
anti-GD2 monoclonal antibody against the disialoganglioside
GD2 that is widely expressed on cancer cells of neuronal
origin, including neuroblastoma, and at low levels, in cere-
bellum and peripheral nerves [98]. For targeting tumor vascu-
lature, DXR-loaded liposome was modified with NGR
peptides that target the angiogenic endothelial cell marker
aminopeptidase N [56]. In an orthotopic neuroblastoma xeno-
graft model, the combined formulations GD2-SIL(DXR)
(tumor-targeted) and NGR-SL(DXR) (vascular-targeted)
showed superior antitumor efficiency over either tumor- or
vascular-targeted liposomal formulations. This report was the
first proof-of-principle in anticancer therapy by delivery of
anticancer agents to both tumor cells and tumor vasculature
by means of two different targeting liposomes.

A PEG-coated cationic liposome composed of HSPC:
CHOL:DC-6-14:mPEG;00o-DSPE was developed recently
and it was confirmed that this type of cationic liposome is
a promising carrier for delivery of encapsulated chemother-
apeutic agents to tumor endothelium (80]. In that study, it
was also shown that [-OHP encapsulated in such a cationic
liposome can exert a potent anti-angiogenic effect in a DAS
model [80. In addition, the authors recently demonstrated
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that I-OHP-containing PEG-coated cationic liposomes have
a superior antitumor activity over either free I-OHP or
I-OHP-containing PEG-coated neutral liposomes in a murine
tumor-xenograft model [99]. The superior antitumor activity
of I-OHP encapsulated in PEG-coated cationic liposomes
was confirmed to result from the dual targeting activity of
PEG-coated cationic liposomes against both tumor endo-
thelial cells and tumor cells [99]. This type of dual targeting
approach — vascular targeting and tumor targeting with a
single liposomal anticancer drug formulation — may have great
potential to overcome some of the major shortcomings of
conventional strategies.

5. Conclusions

In recent years, researchers have made substantial progress
in attempting to achieve specific targeting of drugs to a solid
tumor. Among these studies, active targeting of anticancer
drugs to solid tumors by means of targeted liposomal delivery
systems such as antibody- or peptide-modified liposomes
(immunoliposomes) has achieved significant iz vivo therapeu-
tic efficacy with no severe side effects compared with conven-
tional treatments using free anticancer agents. Moreover, the
tumor vascular targeting approach using either immunolipo-
somes or cationic liposomes is a promising strategy to sup-
press tumor growth by killing endothelial cells in angiogenic
vessels. In clinical applications, however, a multiple target
approach, based on a combination of antitumor and anti-
vascular therapies, is frequently used because of insufficient
therapeutic activity of antivascular agents in patients when
used alone. Accordingly, the dual targeting approach pro-
posed recently — vascular targeting and tumor targeting with
a single liposomal anticancer drug formulation — may have
potential to overcome some of the major shortcomings of
conventional strategies.

6. Expert opinion

Targeting tumor vasculature is considered a rational alterna-
tive to tumor cell targeting. In fact, targeting tumor vascu-
lature was been shown to be highly effective in suppressing
tumor growth in preclinical animal models (100,101]. There are
several advantages of targeting anticancer agents to prolifer-
ating endothelial cells in the tumor vasculature rather than
targeting directly to tumor cells. First, the acquired drug
resistance that results from genetic and epigenetic mecha-
nisms reduces the effectiveness of available drugs [102,103].
Anti-angiogenic therapy has the potential to overcome this
problem, or at least to reduce its impact. This therapy targets
the tumor vasculature, derived from local and circulating
endothelial cells, which are considered genetically stable.
Second, the fact that many cancer cells depend on a few endo-
thelial cells for their growth and survival might also amplify
the therapeutic effect [104]. Third, anti-angiogenic therapies
may also circumvent what may be a major mechanism of

intrinsic drug resistance, namely insufficient drug penetration
into the interior of a tumor mass because of high interstitial
pressure gradients from within the tumors (1. Fourth, oxygen
consumption by neoplastic and endothelial cells, along with
poor oxygen delivery, creates hypoxia within tumors. These
pathophysiological characteristics of solid tumors compro-
mise the delivery and effectiveness of conventional cytotoxic
therapies, as well as molecularly targeted therapies [1,104].
Finally, the therapeutic target is independent of the type
of solid tumors; the killing of proliferating endothelial cells
in the tumor microenvironment can be effective against a
variety of malignancies. However, a strategy that targets both
the tumor vasculature and the tumor cells themselves must
be more effective than strategies that target only the tumor
vasculature because this strategy can leave a cuff of unaffected
tumor cells at the tumor periphery that can subsequently
regrow and kill the animals [105].

In the last decade, liposomes have been used to increase
selective toxicity of anticancer drugs, resulting in improved
therapeutic outcomes and/or reduced toxicities [96]. In addi-
tion, many studies have shown that the use of immunolipo-
somes significantly increases the binding to target cells and
improves therapeutic efficacy in vivo with no severe side
effects [95,106]. Thus, on the basis of the concept described
above, ligand- or antibody-mediated immunoliposome tar-
geting within the vasculature, where the targets are readily
accessible, appears to be a success, resulting in optimistic
therapeutic outcomes and reduced toxicity of anticancer
agents. Nevertheless, it must be noted that ligands used on
the immunoliposomes are commonly directed at receptors/
antigens overexpressed on endothelial cells in tumor vascula-
ture. Most 7z vivo target cells are considered to show a lesser
or greater degree of heterogeneity in the expression of the
target receptors/antigens. In addition, such receptors/antigens
recognized by utilized ligands may be expressed not only
on the target cells but also on other cells in the body, lead-
ing to unintended uptake in these off-target cells. Such het-
erogeneity of receptors/antigens expression in the targeted
endothelial cells may become a problem, resulting in less
therapeutic efficacy and/or causes of severe side effects of
immunoliposomal anticancer agents. One possible solution
would be to use charge interactions between cationic lipo-
somes (positive charge) and endothelial cells (negative charge)
in the tumor vasculature. Cationic liposomes can selectively
bind to tumor endothelial cells of different origins because
all tumor endothelial cells share the common feature of
overexpressing negatively charged molecules on their surface.
Anionic sites distributed along the tumor vasculature were
identical to general locations where cationic liposomes accu-
mulated [76]. However, several studies support the concept
that the distribution of anionic sites is patchy and hetero-
geneous [76]. In studies using mice, the distribution varies
among the different vessel types and between young and
relatively old mice [107]. In addition, the mechanism(s) by
which an anionic surface charge is altered in disease is not
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completely understood [108]. Therefore, further studies are
required to elucidate how the structural and morphologi-
cal differentiation of the microvasculature in diseases and
in tumors influences the efficacy of vascular targeting with
cationic liposomes.

The targeting of tumor vasculature has shown potential
in preclinical studies. From a clinical point of view, how-
ever, the situation is much more complicated. Tumor vessels
vary significantly in the density, surface area, degree of
permeability and angiogenic potential of each solid tumor.
Accordingly, it seems that a single therapeutic approach with
an anti-angiogenic agent cannot be efficient in suppressing
tumor growth in a broad range of solid malignancies. In
contemporary combination therapy, cytotoxic agents and
anti-angiogenic agents are frequently used in the clinical
setting and have improved the overall antitumor response
in vivo [109]. However, preclinical and clinical studies have
indicated that the toxicity profile of such combinations differs
from that of conventional single chemotherapy, thus ruling
out additive toxicity as a main limitation of combination
chemotherapy [110,111). Therefore, the dual targeting approach,
vascular targeting and tumor targeting with a single lipo-
somal anticancer drug formulation, may have great potential to
overcome some major limitations of conventional anticancer
chemotherapy in the clinical setting.

Recently, endothelial progenitor cells in the adult bone
marrow have shown their ability to circulate in the peripheral
blood and incorporate into new blood vessels, contributing to
tumor angiogenesis [112-114]. A therapeutic strategy based on
targeting endothelial progenitor cells, in combination with
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other tumor- and vascular-targeted therapies, may achieve
further increased therapeutic efficacy over the dual targeting
approach. If such cells highly expressed negatively charged
macromolecules such as proteoglycans on their surface, similar
to the endothelial cells in tumor angiogenic vessels, those cells
in blood circulation were considered to be one of the targets
for the PEG-coated cationic liposome containing anticancer
drugs. To elucidate this possibility, the interaction of PEG-
coated cationic liposome with endothelial progenitor cells is
worth further investigation.

Nevertheless, despite the great success achieved with cat-
ionic liposomes targeted to tumor vasculature in preclinical
studies, the ultimate utilization of cationic liposomes in
the clinical setting is still limited by the toxicity of the
cationic lipid used and by optimization of the overall positive
charge of the carrier. Therefore, further development and
characterization of cationic liposomes to complete the dual
targeting approach is essential to the improvement of their
clinical efficiency.
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