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Metastasis is one of the most harmful aspects of malignant neoplasm. Inter-
action of tumour cells with normal cells such as tissue macrophages may gen-
erate reactive oxygen species, which would affect various aspects of tumour
metastasis. Reactive oxygen species cause damage to both tumour and nor-
mal cells and some of them, especially hydrogen peroxide, can also act as
intracellular second messengers at sublethal concentrations to increase the
transcription of various genes, which can then accelerate the proliferation of
tumour cells in metastatic colonies. Therefore, eliminating hydrogen perox-
ide is one approach to inhibiting tumour metastasis. In this article, the roles
of reactive oxygen species in tumour metastasis are reviewed, and the strat-
egies to inhibit tumour metastasis by the targeted delivery of catalase, an
enzyme that detoxifies hydrogen peroxide, are discussed.
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1. Introduction

Metastasis is not only the most characteristic aspect of malignant neoplasm, it is also
the leading cause of death in cancer patients. Metastatic tumour growth or tumour
recurrence can occur many years after surgical removal of the primary tumour.
Unfortunately, the mechanism of tumour metastasis is not fully understood because
of the complexity of the event, which makes its prevention or treatment difficult.
Tumour metastasis can be roughly divided into the following steps: tumour cell
dissociation from the primary tumour; invasion of surrounding tissues; intravasation;
distribution to distant organs; arrest in small vessels; adhesion to endothelial cells;
extravasation; invasion of tissues in downstream organs and proliferation (Figure 1)
[1,2]; as well as angiogenesis at the primary and secondary (metastatic) sites. Changes
in the expression of various molecules, such as matrix metalloproteases (MMPs),
adhesion molecules, growth factors and angiogenic factors, are associated with these
processes in tumour metastasis. Generally speaking, tumour cells have abnormalities
in their genes or in their gene expression profile. However, the changes in protein
expression that are important for metastasis of tumour cells are attributed not only to
tumour cells but also to the surrounding normal cells. Interaction of tumour cells
with other cells, as well as the changes in the physiological conditions that are
induced by the interaction, such as the embolisation of capillaries followed by reper-
fusion, can be stimuli that activate the expression of various molecules and so acceler-
ating the metastasis. When tumour cells enter the systemic circulation, they bind to
capillary endothelial cells through interactions of various molecules on the mem-
branes of both tumour and endothelial cells. The specificity of the interaction, if it
occurs, explains the tissue specificity of tumour metastasis [31. An initial interaction
between tumour cells and endothelial cells will activate both types of the cells
through cytokines, free radicals, bioactive lipids and growth factors, leading to the
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Figure 1. Steps in tumour metastasis. Tumour cells that dissociate from a primary tumour invade the surrounding tissues by degrading
the extracellular matrix using several types of MMPs. After the breakdown of the basement membranes, they enter the blood or
lymphatic circulation. The cells are distributed and are trapped by capillaries in downstream organs. The majority of the cells are
destroyed during these processes but the few surviving are bound to endothelial cells and then extravasate via degrading basement
membranes. After migrating into the extracellular matrix with the help of MMPs, tumour cells proliferate to form metastatic colonies.
Several types of cells other than the tumour cells are involved in the establishment of tumour metastasis. Reprinted from NISHIKAWA M,
HYOUDOU K, KOBAYASHI Y, UMEYAMA Y, TAKAKURA Y, HASHIDA M: Inhibition of metastatic tumour growth by targeted delivery of
antioxidant enzymes. J. Control. Rel. (2005) 109(1-3):101-107 [2]. Copyright (2005), with permission from Elsevier.

MMP: Marix metalloprotease.

increased expression of adhesion molecules that strengthen the
initial adhesive bonds [4]. Thus, the metastasis of tumour cells
is significantly affected by their interaction with other cells and
this is, therefore, one reason why it is difficult to develop
antimetastatic pharmaceuticals.

Of the many molecules that are involved in the pathogenesis
of tumour metastasis, reactive oxygen species (ROS) play
important roles in a variety of ways. ROS are used in various
biological processes within the body, and their level is strictly
regulated by the ROS-generating systems and the ROS-detoxi-
fying systems (Figure 2). ROS are constantly generated in aero-
bic organisms during normal metabolism and in response to
both internal and external stimuli. It has been proposed that
imbalances in the production and removal of ROS play a caus-
ative role in a variety of disease pathologies, such as carcino-
genesis, ischaemia/reperfusion injury and degenerative
diseases, such as photoaging, atherosclerosis, arthritis and
neurodegeneration. When the body is invaded by microbes or
other potentially harmful materials, ROS are used to kill the
invaders. At the same time, ROS are growth signals and a
reduction in their level may result in a reduced proliferation.

When blood flow that is temporarily occluded by tumour
cells is re-established by clearance of the cells, ROS and

reactive nitrogen species are generated by ischaemia/reper-
fusion [5]. Oxidative stress that is induced by the injury and
mechanical deformation may kill almost all of the tumour
cells 6-8). If a fraction of the tumour cells survive these
deadly assaults, they then have greater opportunities to form
metastatic nodules due to the proliferative nature of ROS.
Therefore, tumour metastasis may be inhibited by either
increasing or decreasing the ROS level in the vicinity of
tumour cells. Recently, Laurent et al. reported that tumour
cells are more susceptible to an increased level of hydrogen
peroxide than normal cells, suggesting the usefulness of the
ROS-generating system for cancer therapy [o]. On the other
hand, the removal of ROS has been proved in several experi-
mental settings to be effective in inhibiting tumour metastasis
(see Section 4). In addition, tumour cells are considered to be
under increased oxidative stress, due to oncogenic transfor-
mation, alterations in metabolic activity and increased pro-
duction of ROS [10-121. Although several approaches to
generate ROS have been investigated for killing tumour cells,
a gradient in the concentration of ROS may produce a situa-
tion where the proliferation or invasion of tumour cells, as
well as angiogenesis, is increased by sublethal levels of ROS in
primary and metastatic tumours.
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Figure 2. ROS and their functions. The ROS level within the body is strictly regulated by ROS-generating systems and ROS-detoxifying
systems. When the level becomes low, biological functions may be affected: cellular proliferation may be reduced and there may be
defects in the defence against non-self. On the other hand, a high level of ROS will also destroy biological functions. The cytotoxic nature
of ROS may lead to cellular and tissue damage, leading to several types of diseases and various phenotypes of ageing.

ROS: Reactive oxygen species; SOD: Superoxide dismutase.

2. Involvement of reactive oxygen species in
tumour metastasis

ROS play various roles in the processes of tumour metastasis.
Activated phagocytes produce very high levels of ROS and
many other types of cells also generate low levels of ROS
[10,13,14]. Monocytes that are directly stimulated by tumour
cells produce ROS [i5. In addition, stimulation with
cytokines such as TNF-a or IL-1 will enhance ROS produc-
tion in various cells [161. When the blood flow is blocked due
to the embolisation of tumour cells, the reperfusion of the
flow generates large amounts of ROS. These molecules can be
toxic to both normal and tumour cells. At the same time, they
serve as subcellular messengers in gene-regulatory and signal
transduction pathways; several molecules that are involved in
tumour metastasis can be upregulated by ROS. Endogenous
ROS-scavenging systems are sometimes overwhelmed by an
increased level of ROS.

2.1 Cytotoxic nature of reactive oxygen species

ROS are powerful oxidants that are toxic to cells and cause cel-
lular and tissue damage at high concentrations [17]. Meta-
stasising tumour cells suffer from increased oxidative stress after
entering the systemic circulation, from which most tumour
cells are severely damaged, resulting in cell death. When
injected into the tail vein of mice, only a small percentage of

melanoma cells survived the first 24 h [1g]. It has been reported
that reoxygenation of hepatic cells after ischaemia may produce
toxic species, including ROS, that lead to an elimination of
weakly metastatic colorectal carcinoma cells within 24 h of
their arrival in the liver [7].

ROS can be generated in various ways that are related to
carcinogenesis or the therapeutic options that are chosen to
treat cancer [19], such as radiation, ultraviolet light and anti-
cancer agents. For example, radiation produces large amounts
of singlet oxygen molecules, one of the most powerful oxidants
known, which kill both tumour and normal cells. Ultraviolet
irradiation increases the intracellular oxidative stress and
induces apoptotic biochemical changes, such as DNA frag-
mentation and caspase-3 activation [20]. Doxorubicin, an
anthracycline, reacts with CYP reductase to form a semi-
quinone-radical intermediate, which in turn reacts with oxy-
gen to generate a superoxide anion radical and hydrogen
peroxide [21]. Other anticancer agents, such as bleomycin and
cisplatin, also generate ROS, which play an important role in
drug-induced apoptosis [22,23]. ROS-generating enzymes have
also been investigated as a possible antitumour treatment. Xan-
thine oxidase, which generates a superoxide anion radical and
hydrogen peroxide, is delivered to solid tumours by conjuga-
tion with PEG, and combination with the administration of
hypoxanthine (a substrate of xanthine oxidase) has been shown
to produce significant suppression of tumour growth [24].
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2.2 Reactive oxygen species as second messengers
Most tumour cells are destroyed during metastatic processes
due to mechanical and oxidative stress. However, if a few
survive and are able to proliferate, this is enough to form
metastatic nodules that eventually kill the host.

Tumour cells that survive ROS attack will be influenced by
the ROS. They are known to influence the expression of a
number of genes and signal transduction pathways [25-27].
Most of the changes that are induced by ROS would be medi-
ated by the mitogen-activated protein kinase and NF«kB sig-
nalling pathways [27] as these contain multiple steps that are
sensitive to ROS.

Exposure of normal and transformed cells to ultraviolet
radiation or to hydrogen peroxide stimulates increased expres-
sion of proto-oncogenes, such as jun-B, jun-D, c-fos and fos-B.
Expression of collagenases including MMPs [2s,29], adhesion
molecules 30], EGFR [311 and VEGF (32, all of which are
highly associated with the metastatic nature of tumour cells, is
also reported to be increased or activated by the presence of
ROS. Nelson et al. reported that MMP expression is increased
by elevated manganese superoxide dismutase (SOD) activity,
suggesting the involvement of hydrogen peroxide in regulat-
ing metastasis [33]. Transendothelial migration, which is
highly correlated with intravasation, of human melanoma
cells is reported to be partly mediated by ROS-sensitive cellu-
lar signalling cascades [34]. One of the most important proper-
ties of ROS on tumour metastasis is their role in the
stimulation of cell proliferation [14,35]. Overexpression of
NADPH oxidase (Nox)-1 in NIH3T3 fibroblasts increases
superoxide generation and cell proliferation, both of which
return to normal levels after co-expression of catalase [36].

3. Controlling tissue distribution of
antioxidant enzymes by chemical
modification

Although catalase, SOD and other antioxidant enzymes are
potentially effective in preventing tumour metastasis by
degrading the ROS that would activate the transcription of
various proteins that are associated with the event, inhibition
of tumour metastasis by these enzymes can be achieved only
when they are targeted to the sites where the level of ROS is
increased. Generally speaking, clinical applications of biologi-
cally active proteins have had difficulty in achieving signifi-
cant therapeutic effects, mainly due to problems associated
with their pharmacokinetic properties. For instance, SOD has
a very short plasma half-life following intravenous injection
(only 5 =10 min in rodents), and catalase from bovine liver is
rapidly cleared by the liver after intravenous injection in mice
371. Therefore, the tissue distribution of these enzymes needs
to be controlled in order to inhibit tumour metastasis by
degrading ROS.

Based on the relationship between the physicochemical and
biological properties of macromolecules and the anatomical
and physiological properties of tissues and organs, site-specific

delivery of macromolecules has been successfully demon-
strated [38,39]. To control the tissue distribution of bovine liver
catalase for the inhibition of tumour metastasis, the authors of
this review have used a variety of chemical modifications:
galactosylation, mannosylation, succinylation and conjuga-
tion of PEG, or pegylation (Figure 3). In each case examined,
the enzymatic activity remained at > 90% of the original value
1401 and this is an important parameter for evaluating whether
any chemical modification can be used for targeted delivery of
proteins or not. In addition, attention needs to be paid to the
immunogenicity of the chemically modified proteins. In the
following section, targeted delivery approaches are reviewed,
irrespective of whether they have ever been applied to anti-
oxidant enzymes. Because ligand-, antibody- or other unique
structure-mediated interactions with body components will
affect the tissue distribution of macromolecules, any approach
that is developed for different macromolecular compounds
can be applied to antioxidant enzymes.

3.1 Tissue distribution of macromolecules

The tissue distribution of a compound is a consequence of a
myriad of interactions of the compound with various compo-
nents of the body. Macromolecules, which include proteins,
polysaccharides, oligo- and polynucleic acids and synthetic
polymers, have a limited ability to pass through the capillary
endothelium and the plasma membrane of cells. When
macromolecules are injected into the extracellular space of tis-
sues, such as skeletal muscle and solid tumours, the distribu-
tion within and outside the tissue is significantly limited
compared with that of low molecular weight compounds
[41-43]; the distribution also depends on the physicochemical
properties of the molecule, such as its size and electric charge.

The tissue distribution of antioxidant enzymes and other
macromolecules is a function of the physicochemical proper-
ties of the molecules and the anatomical and physiological
properties of the body 4. Distribution of macromolecules
from capillaries to tissues is restricted by the capillary
endothelium in most tissues except for the liver, spleen, bone
marrow and kidneys, all of which have fenestrated or discon-
tinuous capillaries [45). The majority of the solid tumours also
have vessels through which macromolecules can be easily
transported. Because of these limitations in transport, macro-
molecules only distribute to some restricted organs and tissues
with discontinuous or fenestrated endothelia, or to solid
tumours [38,44,46]. These unique properties of macromolecules,
as far as tissue distribution is concerned, have been used to
deliver a variety of drugs to tissues such as solid tumours by
conjugating them with macromolecules.

A major process determining the tissue distribution of
macromolecules is glomerular filtration. Because this is a size-
and charge-dependent process, the physicochemical properties
of proteins largely affect the rate of filtration. The dependence
of glomerular filtration on the size and charge has been exam-
ined in detail by using dextrans of varying size and charge [47].
Neutral dextrans with a molecular radius of > 42 A undergo
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Figure 3. Chemical modification of catalase for controlling its tissue distribution. Bovine liver catalase can be modified with
2-imino-2-methoxyethyl 1-thiogalactoside (galactosylated catalase), 2-imino-2-methoxyethyl 1-thiomannoside (mannosylated catalase),
succinic anhydride (succinylated catalase) or 2,4-bis(O-methoxypolyethylene-glycol)-6-chloro-s-triazine (PEG—catalase). Reprinted from
NISHIKAWA M, HYOUDOU K, KOBAYASHI Y, UMEYAMA Y, TAKAKURA Y, HASHIDA M: Inhibition of metastatic tumour growth by
targeted delivery of antioxidant enzymes. J. Control. Rel. (2005) 109(1-3):101-107 [2]. Copyright (2005), with permission from Elsevier.

PEG: Poly(ethylene glycol).

hardly any filtration through the glomerulus, whereas smaller
ones are filtered at a rate that increases as the molecular radius
decreases. Comparing derivatives with similar molecular
weights, negatively charged dextrans exhibited a lower filtration
rate than those positively charged, indicating that the repulsion
and attraction of charged molecules is involved in the filtration
process. Serum albumin, the most abundant protein in the
blood, has a negative charge at a physiological pH and a molec-
ular weight (67,000 Da) that is greater than the threshold of fil-
tration; it undergoes very little glomerular filtration under
normal conditions; and circulates in the blood for a long time.
In complete contrast to this, proteins with an effective molecu-
lar radius that is smaller than the threshold are filtered in the
kidneys and disappear from the circulation at a rate that
depends on their molecular weight. Using proteins with a vari-
ety of physicochemical properties, Nishikawa and colleagues
demonstrated that recombinant human Cu?, Zn%*-SOD
(molecular weight of 32,000 Da), soybean trypsin inhibitor
(20,100 Da) and chicken egg lysozyme (14,300 Da) have short
half-lifes in the plasma following intravenous injection into
mice [48]. Studies using isolated rat perfused kidneys have
shown that the filtration of proteins is determined largely by
their size [49]. Catalase, a protein with a high molecular weight
of ~ 220,000, undergoes hardly any glomerular filtration.

When macromolecules undergo little filtration through the
kidney glomeruli, they have a great opportunity to distribute
to various sites of the body. The uptake by cells, including tis-
sue macrophages, sinusoidal endothelial cells in the liver and
hepatocytes, can be a factor that determines their tissue distri-
bution. Various receptors, membrane proteins and glycocon-
jugates are known to be involved in the cellular uptake of
macromolecules. These include carbohydrate receptors, such
as asialoglycoprotein receptors, mannose receptors, fucose
receptors, scavenger receptors and negatively charged sugar
moieties (e.g., the sialic acid of sugar chains of glycoproteins
and glycolipids). The negatively charged sugar moieties are
present on the vast majority of cells and allow the binding of
cationic macromolecules.

Kupffer cells in the liver and splenic macrophages also con-
tribute to the tissue distribution of macromolecules circulat-
ing in the blood. They capture various macromolecules by
sensing signals through receptors on the cell surface. Scaven-
ger receptors are a class of receptors that recognise negatively
charged molecules and they play important roles in the tissue
distribution of macromolecules with strong negative charges,
including acetylated low-density lipoproteins, oxidised
low-density lipoprotein and DNA. Serum albumin is also
cleared through these receptors when it ages to form advanced
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glycation end products [s0;. Chemically modified proteins are
also ligands for these scavenger receptors when they possess
strong negative charges [51].

Under pathological conditions, the anatomical and physio-
logical properties of tissues may change, which will result in
the altered tissue distribution of macromolecules. Inflamma-
tion will increase the permeability of the endothelium, which
allows large molecules to extravasate and accumulate in the
interstitial space of the inflamed tissues [52). In addition, the
properties can be intentionally altered by several means.
Osmotic opening, which uses intracarotid infusion of a hyper-
tonic arabinose or mannitol solution, has been proposed as a
method to deliver hydrophilic compounds into the brain
across the blood-brain barrier [53]. Vasodilatation and shrink-
age of cerebrovascular endothelial cells, with widening of the
interendothelial tight junctions to an estimated radius of
200 A, can be induced following such an infusion. Injection
of a large volume of saline into the tail vein of mice at a high
velocity, the so-called hydrodynamics-based procedure [s4],
has become a standard method of achieving a high degree of
transgene expression in the mouse liver by intravenous injec-
tion of naked plasmid DNA [s5]. Although plasmid DNA is a
huge macromolecule (> 4,000,000 Da) with a strong negative
charge, it can be delivered by this method to the nucleus of
hepatocytes without adversely affecting structural integrity,
demonstrating that the barriers to the distribution of macro-
molecules are efficiently overcome by this method. Transient
hyperpermeability of the hepatic cellular membrane [s6) and
the generation of membrane pores in hepatocytes [571 have
been reported after large-volume injection into mice. The
transport of naked plasmid DNA across the continuous capil-
laries in skeletal muscle has also been greatly improved by a
similar large-volume injection method [ss].

Because the tissue distribution of macromolecules is deter-
mined by the interaction of the molecules with biological com-
ponents and the interaction is a function of the
physicochemical properties of the molecules, these properties
are important factors in determining their tissue distribution.
Indeed, the size, electric charge and hydrophilic/lipophilic bal-
ance of macromolecules have been shown to have profound
effects on their tissue distribution. This is the basis of the tar-
geted delivery of proteins and other pharmaceutical com-
pounds by controlling the overall physicochemical properties
in order to obtain an improved therapeutic effect [44,59,60].

3.2 Increase in the circulation half-life

Glomerular filtration and removal by mononuclear phago-
cytes are the two main processes that shorten the plasma
half-life of proteins. Both processes are effectively blocked by
conjugation of water-soluble, inert macromolecules with pro-
teins. PEG is the most frequently used, and probably most
effective, polymer for this purpose [6162]. Several pro-
tein—-PEG conjugates are undergoing clinical trials and some
have already been approved for clinical use. PEG-IFN-a.,
was approved by the FDA in 2002 for the management of

chronic hepatitis C virus infection. Pegaspargase, a conjugate
of L-asparaginase with PEG, is used for the treatment of vari-
ous leukaemias. Conjugation of PEG, or pegylation, signifi-
cantly increases the effective molecular radius of proteins.
When proteins that undergo glomerular filtration are
pegylated, such as SOD, the plasma half-life is greatly
increased. Various types of PEG, such as linear, branched and
comb-shaped forms, are available for protein conjugation,
whereas other hydrophilic polymers are also used to increase
the plasma half-life of proteins by conjugation. SOD has
been conjugated with the pyran copolymer, carboxymethyl-
and diethylaminoethyl-dextrans, and  poly(vinylpyrro-
lidone-co-dimethyl maleic anhydride) copolymer. These
SOD conjugates showed tissue distribution properties reflect-
ing the properties of the polymer used for conjugation. Gre-
goriadis etal. developed various protein conjugates using
colominic acid, a sialic acid polymer, as a modifier and
reported that polysialylation of enzymes improves the stabil-
ity and increases the half-life in the blood circulation [63].
Maeda and his group conjugated poly(styrene-co-maleic acid)
butyl ester (SMA) to SOD (641 and found that intravenously
administered SMA-SOD bound to albumin and circulated
with an extremely long half-life of 6 h, whereas unmodified
SOD rapidly underwent renal glomerular filtration with a
plasma half-life of only 4 min.

In general, cellular uptake is also greatly reduced by pegyla-
tion. Although uricase and bovine liver catalase disappeared
rapidly from the plasma due to uptake by organs such as the
liver after intravenous injection into mice, the plasma half-life
of these proteins was significantly increased by pegylation [40].
Yabe et al. reported that pegylation increased the AUC by
~ 70-fold, and reduced the apparent hepatic uptake clearance
of catalase to < 1% p40). The uptake of cationic proteins by
organs is also slowed down by pegylation, and so the rate of
delivery can be precisely regulated when pegylation and other
chemical modification techniques are used simultaneously.

A variety of reagents for pegylation, which have at least one
functional group that is capable of conjugation with proteins,
are commercially available [s11. In most cases, amino groups or
carboxyl groups are used for conjugation. When reagents that
form an ester bond are used, the PEG chain may be detached
from the conjugated proteins during the circulation; and this
is an effective method for precisely controlling the plasma
half-life of proteins.

Enhanced retention of therapeutic proteins in the circula-
tion would be advantageous for their passive targeting to tis-
sues and organs where the permeability of capillaries is high
enough to allow the passage of proteins [441. High vascular
permeability and a sparse interstitial structure of solid tumour
tissues seem to facilitate the migration of circulating macro-
molecules to tumour tissues. In addition, a lack of functional
lymphatic drainage will result in the accumulation of extra-
vasated solutes by a passive mechanism. These characteristics
of tumour tissues are referred to as the enhanced permeability
and retention effect [es5], which provides a reliable rationale for
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the use of macromolecules and particulates with a long plasma
half-life for tumour targeting.

3.3 Increased binding to the cell surface by
cationisation

Cell surface membranes are negatively charged due to the
presence of large amounts of proteoglycans and other anionic
molecules. This charged surface provides the site of interac-
tion for cationic compounds. Therefore, increasing the elec-
tric charge of proteins, which is called cationisation, would
increase the binding of proteins to various types of cells
through electrostatic interaction. In general, cationic com-
pounds are more extensively bound to cells than their neutral
or anionic counterparts [e6,671. Because of the simple basis of
the interaction, cationisation is a universal approach for
increasing the cellular binding and uptake of many different
macromolecules, and it is used for the targeted delivery of
drugs, proteins and genes [es]. Diamines, such as ethylene-
diamine and hexamethylenediamine, are frequently used for
the preparation of cationised proteins [69].

Because of their strong interaction with different cells, pos-
itively charged compounds have a shorter circulation time in
the plasma than their neutral and/or negatively charged coun-
terparts after intravenous injection. The liver plays a signifi-
cant role in the overall clearance of cationic macromolecules
from the circulation because of its anatomical and physiologi-
cal properties (i.e., the discontinuous endothelium, the high
endocytic activity of the liver cells and the large surface area).
The kidneys are also important organs for the uptake of cat-
ionic macromolecules. Some cationic compounds, such as the
cationic particles that are composed of plasmid DNA and cat-
ionic liposomes, are trapped by the lung after systemic admin-
istration, when the interaction of such complexes with serum
proteins and/or blood cells is involved.

Pardridge and colleagues published a series of papers in
which they reported that cationised serum albumin, IgG and
other proteins can strongly bind to microvascular endothelial
cells in the brain [e6). Ma et al. reported that chemically cation-
ised bovine serum albumin (BSA) derivatives are selectively
delivered to the liver, depending on the degree of cationisation
69]. Following intravenous administration, cationised SOD
was delivered to the kidneys, and exhibited a more significant
effect on ischaemic acute renal failure than unmodified SOD
[70]. Cationised catalase and horseradish peroxidase markedly
suppressed antigen-induced arthritis in a zymosan-induced
model of arthritis when injected into mouse knee joints [71].
The half-life of these enzymes in the joint was significantly
extended compared with that of native enzymes.

3.4 Targeted delivery by glycosylation

Various combinations of ligands and receptors have been
investigated as a means of achieving target-specific delivery of
pharmaceuticals. However, it is important for any ligand to
have access to the target cells that carry the receptors in order
for the ligand to be recognised by its corresponding receptors.

Nishikawa & Hashida

The sugar—lectin interaction has several features that are
appropriate for the cell-specific targeting of pharmaceuticals:

« the expression of lectins is specific to some types of cells

« the affinity of the ligands can be high enough to achieve
efficient in vivo targeting

« the use of the recognition system produces little interference
with the interactions that are important for life

The most frequently used receptors for targeted drug delivery
are the asialoglycoprotein receptors on hepatocytes, which rec-
ognise galactose and N-acetylgalactosamine on the non-
reducing terminal of sugar chains. Morell etal. carried out
pioneering work to show that glycoproteins are rapidly cleared
from the plasma circulation by the liver once the sialic acids on
the nonreducing terminal of the sugar chains are removed [72].
Because other normal cells express hardly any receptors that
recognise galactose, the uptake of galactose-exposing com-
pounds is highly specific to hepatocytes. Therefore, this recog-
nition has been applied to the receptor-mediated targeting of
pharmaceuticals since 1971, using not only asialoglycoproteins
but also chemically galactosylated proteins [73].

The interaction of galactosylated ligands with asialoglyco-
protein receptors has been extensively investigated using iso-
lated hepatocytes. Connolly etal. reported that highly
clustered galactosides were more potent inhibitors than less
clustered ones in their studies of the binding of asialooroso-
mucoid to hepatocytes [74]. Nishikawa and colleagues have
developed galactosylated proteins that have different molecu-
lar weights and different numbers of galactose units, and
investigated their tissue distribution in mice and rats after
intravenous injection [48,75,76]. Proteins such as BSA, mouse
I9gG, human Cu?*, Zn?*-SOD, bovine liver catalase, soybean
trypsin inhibitor and chicken egg lysozyme were successfully
delivered to the liver by galactosylation. These galactosylated
proteins were significantly delivered to hepatocytes, cells that
possess asialoglycoprotein receptors, when administered to the
systemic circulation. Although all galactosylated proteins were
delivered to the liver, the rate and extent of this delivery was
highly dependent on the molecular weight of the proteins, the
number of galactose residues and the administered dose. A
pharmacokinetic analysis based on a physiological model
showed that the surface density of the galactose residues on
proteins correlated well with the affinity of the galactosylated
proteins for the receptors [76]. These results indicate that an
efficient delivery of proteins to hepatocytes by galactosylation
can be achieved by adjusting the degree of galactosylation
(e.g., by ensuring that the distance between two vicinal galac-
tose residues is as short as 20 — 30 A), which is of the same
order as the naturally occurring sugar clusters that are
arranged at the vertices of a triangle with sides of dimensions
15, 22 and 25 A. Mannosylation is another glycosylation
technique that can be used for the targeted delivery of pro-
teins to cells that express mannose receptors. Although man-
nose receptors are expressed on macrophages and other cells,
mannosylated proteins injected intravenously are selectively

Expert Opin. Drug Deliv. (2006) 3(3) 361

RIGHTES

L



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Inhibition of tumour metastasis by targeted delivery of antioxidant enzymes

delivered to liver nonparenchymal cells such as sinusoidal
endothelial cells and Kupffer cells [75,77. Again, various pro-
teins and other macromolecules can be targeted to mannose
receptor-positive cells by mannosylation [40,7879]. Man-
nan-binding protein, another mannose-recognising lectin that
circulates in the blood, affects the tissue distribution of
mannosylated ligands, as observed with BSA derivatives that
have been extensively modified with mannose [77].

Although the ligand-receptor interaction is the driving
force for the targeted delivery of glycosylated proteins to liver
cells, additional factors such as blood flow rate, capillary
structure and interaction with blood components [ss] will
affect the overall interaction with receptors in vivo. Rapid
elimination by glomerular filtration may be another factor
hindering efficient delivery. Increasing the administered dose
markedly reduces the delivery efficiency to the liver when the
molecular size of the protein is smaller than the glomerular fil-
tration threshold [76). During the modification procedures,
care should be taken not to alter the electric charge of the pro-
teins, because a reduction in the charge sometimes increases
the affinity of the protein for scavenger receptors [so] as
described in Section 3.5.

3.5 Targeted delivery via scavenger receptor-mediated
uptake

Although many proteins are negatively charged at a physio-
logical pH, a further reduction in the net electric charge by
chemical modification will significantly alter their tissue dis-
tribution. Yamasaki et al. (511 showed that BSA derivatives
modified with succinic anhydride are cleared by the liver after
intravenous injection at a rate that depends on the degree of
modification. This can be explained by the fact that scavenger
receptors that recognise compounds with a strong negative
charge are expressed on sinusoidal endothelial cells and
Kupffer cells g1. Therefore, chemical modification tech-
niques to reduce the net charge of proteins are used to prepare
derivatives that efficiently target the liver nonparenchymal
cells. In addition to succinic anhydride, maleic anhydride and
aconitic acid are reagents that are frequently used for the prep-
aration of ligands for the receptors. When some ligands are
coupled to the amino groups on proteins, such protein deriva-
tives may be recognised by the scavenger receptors, even
though no such recognition is intended, as demonstrated in a
study using glycosylated proteins [so).

3.6 Conjugation with monoclonal antibody

Apart from ligands that are recognised by receptors, mAbs,
first described by Kohler and Milstein in 1975 [s2], can be
used for the targeted delivery of pharmaceutical compounds
to cells that have the corresponding antigens on the cell sur-
face. In recent years, recombinant antibody engineering tech-
niques have been used to construct novel and potentially
effective molecules. Techniques to produce human-type mAbs
have been developed and the products obtained have a
reduced immunogenicity. A mAb to platelet-endothelial cell

adhesion molecule-1 was used for targeting catalase to the
endothelial cells in the lung, which this was found to be effec-
tive in reducing both oxidative stress and acute lung-graft
injury after prolonged cold storage [s3].

4. Inhibition of tumour metastasis by
controlled delivery of catalase

Although it is accepted that ROS are involved in the meta-
static processes of tumour cells, a few investigators have tried
to inhibit tumour metastasis by using antioxidant enzymes
or other antioxidants. In addition, the results that were
obtained with SODs and catalase, the two major groups of
antioxidant enzymes used in those studies, vary from labora-
tory to laboratory, depending on the enzymes, tumour cells
and experimental systems used [33,84-88].

SODs and catalase are sometimes classified together as
antioxidant enzymes but they should be treated separately
because their functions are completely different. All types of
SODs accelerate the dismutation rate of superoxide anion
and produce hydrogen peroxide and oxygen. On the other
hand, catalase catabolises hydrogen peroxide to water and
oxygen. Therefore, SODs increase the concentration of
hydrogen peroxide, whereas catalase reduces it. As discussed
in Section 2.2, hydrogen peroxide is a very important mol-
ecule in regulating the transcription of various genes. There-
fore, it was considered that the elimination of hydrogen
peroxide at the site where tumour metastasis occurs could
inhibit or prevent tumour metastasis.

4.1 Targeted delivery to hepatocytes
The liver is a common site of metastasis of colorectal cancer
cells. As discussed in Sections 3.3 — 3.5, targeted delivery of
catalase to the liver can be achieved by several types of chemi-
cal modification [40]. Galactosylated catalase is selectively
delivered to hepatocytes (liver parenchymal cells), whereas
mannosylated, fusocylated or succinylated catalase is preferen-
tially delivered to liver nonparenchymal cells such as Kupffer
cells and sinusoidal endothelial cells. Chemically modified cat-
alase derivatives showed significantly higher therapeutic activi-
ties than their unmodified counterpart in preventing hepatic
ischaemia/reperfusion injuries [40,79]; succinylated catalase
markedly suppressed the increase in the expression of inter-
cellular adhesion molecule-1 along the hepatic sinusoid
(Figure 4) and prevented neutrophil infiltration in the liver [79).
Nishikawa and colleagues examined the effects of catalase
derivatives with different tissue distribution properties on
hepatic metastasis in mice, by injecting 1 x 10° mouse colon
carcinoma colon 26 cells into the portal vein [89). Metastatic
colonies in the liver were clearly visible at 2 weeks after inocu-
lation and > 50 colonies were detected on the surface of this
organ. In accordance with the formation of many metastatic
colonies, the weight of the liver of tumour-bearing mice was
significantly greater than that of control mice. These results
indicate that some colon 26 cells inoculated via the portal vein
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Figure 4. Expression of ICAM-1 in liver sections of mice at
30 min after a period of ischaemia followed by 30 min of
reperfusion. Under anaesthesia, the portal vein and hepatic
artery of mice were occluded with a vascular clamp for 30 min to
induce hepatic ischaemia. Blood was then allowed to flow
through the liver again (reperfusion). Saline (control), catalase
(10,000 U/kg) or a combination of succinylated catalase and
mannosylated SOD (10,000 U/kg for each) was administered
twice through the tail vein 5 min before and 60 min after
re-establishing blood flow. After 30 min of reperfusion, liver
tissues were excised and fixed in 10% neutral, buffered formalin,
embedded in paraffin blocks and 5-um thick sections were
prepared. The sections were then stained with a rat antimouse
ICAM-1 antibody. A) Control (normal liver); B) saline; C) catalase;
D) succinylated catalase and mannosylated SOD. Reprinted from
YABE Y, KOBAYASHI N, NISHIHASHI T et al.: Prevention of
neutrophil-mediated hepatic ischaemia/reperfusion injury by
superoxide dismutase and catalase derivatives. J. Pharmacol. Exp.
Ther. (2001) 298(3):894-899 [79]. Copyright (2001), with
permission from the American Society for Pharmacology and

Experimental Therapeutics.
ICAM: Intercellular adhesion molecule; SOD: Superoxide dismutase.

survive, adhere to the endothelial cells, invade the tissue paren-
chyma and then proliferate to form metastatic colonies.
Because the colon 26 cells that were injected into the tail vein
form metastatic colonies only in the lung (see Section 4.2), the
initial step in the formation of metastasis of the colon 26 cells
would be mediated by the physical trapping of the cells within
the microvasculature of the organs rather than by a specific
interaction between the tumour and endothelial cells.

An intravenous injection of any catalase derivative (i.e.,
unmodified, galactosylated, mannosylated and succinylated cat-
alase) significantly reduces the number of metastatic colonies in
the liver. However, of those examined, galactosylated catalase (a
derivative targeting hepatocytes via an asialoglycoprotein recep-
tor-mediated process) produced the highest reduction in the
number of metastatic colonies. The number of colonies was sig-
nificantly (p < 0.001) smaller than that obtained under any of
the other conditions examined. In the same model, neither BSA
nor inactivated catalase had a significant effect on the number

Nishikawa & Hashida

of metastatic colonies. Thus, this strongly suggests that the
inhibitory effects of catalase derivatives on tumour metastasis
are due to the action of the catalase in detoxifying hydrogen
peroxide. In addition, the importance of the targeted delivery of
catalase activity to hepatocytes is clearly demonstrated by the
inhibition of hepatic metastasis of colorectal cancer cells.

Hepatic sinusoidal cells (i.e., Kupffer cells and endothelial
cells) play an important role in the early phase of hepatic
metastasis. Early studies demonstrated that the inhibition of
Kupffer cell functions prior to tumour-cell challenge increases
metastatic growth in the liver [90], indicating that Kupffer cells
act as a defence against hepatic metastasis. They can arrest cir-
culating tumour cells and kill them either directly or by
recruiting inflammatory cells. Therefore, activation of Kupffer
cells is one method of inhibiting hepatic metastasis, although
their ability to kill tumour cells is somewhat limited to a small
number of tumour cells. Ischaemia/reperfusion injury, which
will occur following the entry and subsequent removal of
tumour cells in the hepatic microcirculation, is involved in
this defence mechanism against hepatic metastasis by sinusoi-
dal cells. In addition to these sinusoidal cells, natural killer
cells have also been found to be effective in preventing hepatic
metastasis [91]. Thus, these cells build a defence system to
block tumour metastasis, but they exhibit little tumoricidal
activity at several days after the first encounter with tumour
cells [90].

The main proteolytic enzymes that are involved in tumour
metastasis are MMPs. In Nishikawa’s study using the hepatic
metastasis model of colon 26 cells [s9], a significant amount of
gelatinase activity was detected in liver containing metastatic
colonies of colon 26 cells. Delivery of catalase to hepatocytes
by galactosylation significantly reduced the total MMP activ-
ity in the liver with metastatic colonies. A gelatin zymo-
graphic analysis of the liver homogenates indicated that
MMP-9 activity was increased by the inoculation of tumour
cells but this largely (> 90%) disappeared following the
administration of galactosylated catalase. Previous studies
have indicated that cellular MMP activities are, at least par-
tially, regulated by the concentration of hydrogen peroxide
291. Wenk etal. showed that hydrogen peroxide increases
MMP-1 mRNA levels by using Mn-SOD-overexpressing
fibroblasts [921. In addition, Nelson et al. reported that ele-
vated SOD activity increases MMP expression by increasing
the hydrogen peroxide level in tumour cells [33). Therefore,
the suppression of MMP activity by detoxifying hydrogen
peroxide would explain the inhibitory effect of galactosylated
catalase. Insitu zymography suggested that the gelatinase
activity in the tumour-bearing liver is close to the hepatic
sinusoids. MMPs are known to be produced from various
cells, including tumour cells, endothelial cells, macrophages
and hepatocytes [2829]. The precise mechanism for the
increase in MMP activity and its prevention by galactosylated
catalase needs to be investigated. However, it is suggested that
the increase in MMP activity released from hepatocytes is
inhibited by targeted delivery of catalase to the cells, and this
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Figure 5. Effect of PEG—-catalase on pulmonary metastasis in mice. Experimental pulmonary metastasis was induced by injecting

1 x 10* B16-BL6 cells that were stably expressing firefly luciferase gene (B16-BL6/Luc cells) into the tail vein of C57-BL6 mice. Saline
(untreated, control group) or PEG—catalase (1000 U/injection) was intravenously injected into mice according to the schedule indicated.
A) Mice were killed at 14 days after tumour injection and the luciferase activity in the lung was assayed. Results are expressed as the
mean + standard deviation of at least six mice. B) Typical examples of pulmonary metastases in mice receiving an intravenous injection of
1 x 10 B16-BL6/Luc cells followed by an injection of PEG-catalase. a) Saline (vehicle), b) PEG—catalase (day 0), c) PEG—catalase (day 0, 1),
d) PEG-catalase (day O, 1, 3), e) PEG—catalase (every day). Each catalase derivative was injected into the tail vein at a dose of
1000 Ulinjection. Reprinted from HYOUDOU K, NISHIKAWA M, UMEYAMA Y, KOBAYASHI Y, YAMASHITA F, HASHIDA M: Inhibition of
metastatic tumour growth in mouse lung by repeated administration of polyethylene glycol-conjugated catalase: quantitative analysis
with firefly luciferase-expressing melanoma cells. Clin.Cancer Res. (2004) 10(22):7685-7691 [18]. Copyright (2004), with permission from
the American Association for Cancer Research.

*A statistically significant difference compared with the saline group (p < 0.001).

PEG: Poly(ethylene glycol).

inhibition prevents the development of hepatic metastases of
colon carcinoma cells.

4.2 Prolonged circulation

In many cases, the lungs are the first organs to be encountered
by tumour cells that are detached from primary tumours and
this makes it a major site for tumour metastasis. Pulmonary
delivery of catalase may be achieved by conjugation with
antiplatelet-endothelial cell adhesion molecule-1 antibody [83]
or by the use of cationic liposomes [e8]. As an alternative,
Nishikawa and colleagues have been trying to inhibit pulmo-
nary metastasis by increasing the plasma half-life of catalase by
pegylation [18,93].

Although PEG-catalase did not exhibit pronounced accu-
mulation in the lungs, it had a long plasma half-life and pro-
duced ~ 70-fold greater AUC than unmodified catalase [40,93].
In an experimental pulmonary metastasis model of colon 26
cells in mice, a single injection of PEG—catalase significantly
reduced the number of metastatic colonies on the lung surface

[e3]. After injection of 1 x 105 colon 26 cells into the tail vein,
the number of metastatic colonies in the lung was 93 + 29 for
the saline (vehicle) treatment group at 2 weeks. An intra-
venous injection of catalase at a dose of 35,000 U/kg signifi-
cantly (p < 0.01) reduced the number of metastatic colonies
to 63 £ 23. PEG-catalase at the same dose produced an inhib-
itory effect on the number of colonies in the lung greater than
other catalase derivatives, and only 22 + 11 colonies were
found (p < 0.001 compared with the saline treatment group,
and p < 0.01 compared with the catalase treatment group).
Again, neither inactivated catalase nor BSA had any effect on
the number of metastases. The catalase activity in the lung of
mice with pulmonary colonies was significantly lower than
that of control mice and increasing the tissue weight due to
the growth of the tumour colonies reduced the catalase activ-
ity. Therefore, it is suggested that tumour tissues exhibit less
catalase activity than normal lung tissue.

The processes of pulmonary metastasis of tumour cells and
the following proliferation in the organ were then quantitatively
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examined using mouse melanoma B16-BL6 cells stably (perma-
nently) labelled with firefly luciferase (B16-BL6/Luc cells) [18].
Tumour cells labelled with firefly luciferase, a green fluorescent
protein, or other proteins have been used to study tumour
metastasis [94-96]. These cells are very useful for evaluating
tumour metastasis because the protein introduced s
highly tumour-cell specific. In the study by Hyoudou et al.,
B16-BL6/Luc cells in the lung could be detected by measuring
the luciferase activity with a very low detection limit of
60 tumour cells in the organ [18). B16-BL6/Luc cells were
mostly (60 — 90%) trapped by the lung just after inoculation
into the tail vein, and the number was reduced to ~ 2 — 4% by
24 h. The number then increased with time to values exceeding
the numbers injected, indicating that the surviving tumour cells
started to proliferate in the lungs. Thus, sequential measure-
ments of the luciferase activity in the lungs can provide an over-
view of the events occurring during the metastasis of tumour
cells. After injection into the tail vein of mice, B16-BL6/Luc
cells are trapped by the microvasculature in the lungs and most
of them are destroyed within the first 24 h, although the few
surviving would extravasate. From day 1 — 3, the tumour cells
could invade the tissue parenchyma and start to proliferate.

Administration of PEG—catalase just before tumour inocula-
tion reduced the number of B16-BL6/Luc cells in the lung 24 h
after tumour inoculation, suggesting that PEG—catalase inhibits
the adhesion of tumour cells to the endothelium or other very
early steps of metastasis. In addition, PEG—catalase was also
effective in reducing the number of tumour cells at day 7, when
injected intravenously 1 or 3 days after tumour inoculation.
Because the tumour cells in the lungs are in growth phase
3 days after tumour inoculation, these results indicate that scav-
enging of hydrogen peroxide by PEG—catalase can also inhibit
the proliferation of metastatic tumour cells. Thus, it seems that
PEG—catalase inhibits not only the adhesion of tumour cells
but also their invasion as well as proliferation. Daily dosing of
PEG—catalase greatly inhibited the proliferation of the tumour
cells that were present in the lungs (Figure 5). The daily injec-
tion of PEG—catalase < 30 days after tumour inoculation signif-
icantly prolonged the survival rate of mice with B16-BL6 lung
metastases compared with the saline- or BSA-treatment groups.
These findings indicate that sustained catalase activity in the
blood circulation can prevent the multiple processes of tumour
metastasis, including adhesion and proliferation, which may
lead to a state of tumour dormancy.
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