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Abstract

In 1975 Prof. H. Ringsdorf proposed a model for rational design of polymeric prodrugs [J. Polym. Sci. Symp. 51 (1975)
135]. The model has been the most important basis for research in the field, since it was the first model that took into account
both the chemical and biological aspects needed for the design of polymeric prodrugs. This paper deals with the most important
properties that were discovered by designing polymeric prodrugs: prolongation of action of the drug, controlled release of the
drug, passive tumor accumulation by the EPR-effect and alteration of body distribution and cell uptake. Over the years, other
objectives have been formulated and other properties of polymer—drug conjugates were discovered. One recent example, the
immunoprotective ability of polymeric prodrugs, is described in more detail in this paper.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction to improve their efficiencyJatzkewitz, 1955; Panarin
and Ushakov, 1968 At that time however, they were
In the last decades polymer chemists have beenmainly concentrating on the chemistry itself and al-
actively involved in designing polymer materials for most any class of polymers was covalently combined
biomedical applications. with any class of drugs. The biological aspects for the
One field of application that has attracted polymer design of polymeric prodrugs were hardly taken into
chemist’s attention from the late 1960s onwards is the account.
need for advanced drug delivery systems to improve It was for the first time in 1975 that a rational model
drug efficacy. Polymer materials were designed and for pharmacologically active polymers was proposed
proposed as matrices or depot systems for injectable (Ringsdorf, 197h Prof. H. Ringsdorf was the first
or implantable systems or devices. One particular ap- to recognise the immense potential of polymeric pro-
proach towards an improved use of drugs for therapeu- drugs, if only polymer chemists and biologists would
tic applications is the design of polymeric prodrugs or work together in the field. The proposed model con-
polymer—drug conjugates. sists mainly of five components: the polymeric back-
It was already early in the 1950s and 1960s that bone, the drug, the spacer, the targeting group and the
polymer chemists started to link drugs onto polymers solubilising agent.
The polymeric carrier can be either an inert or a
"+ Corresponding author. Tel32-9-264-4497- bioo_legradable polymer. The drug can be fixed directly
fax: 1+32-9-264-4990. or via a spacer group onto the polymer backbone. The
E-mail address: etienne.schacht@rug.ac.be (E. Schacht). proper selection of this spacer opens the possibility of
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Biodegradable mote better access of drugs to remote targets, although

Carrier spacer this can also cause elevated toxicity. Many drugs in
W routine use are membrane permeable because their

1 - sites of action are intracellular and such drugs typi-

cally exhibit high volumes of distribution and rapid
plasma clearance.
i By linking a drug onto a polymer, a conjugate is
device obtained with a higher hydrodynamic volume. This re-
sults in a slower renal excretion, longer blood circula-
Fig. 1. The Ringsdorf model. tion and an endocytotic cell uptakdddeda et al., 1992;
Seymour et al., 1990
controlling the site and the rate of release of the active  To select polymers as candidate drug carriers a num-
drug from the conjugate by hydrolytic or enzymatic ber of requirements should be fulfilled:
cleavage. The most challenging aspect of this model
is the possibility of altering the body distribution and
cell uptake by attaching cell-specific or nonspecific
uptake enhancers (homing devices).

This model, although still oversimplified, has been
an important mark in the history of polymeric prodrug
design. It made clear that a more rational design was
needed based on information arising from biological *®
work. This remarkable paper has also catalysed the in- A number of reviews cover what has been done over
terest of biologists and pharmacists in synthetic poly- the past 20 years in the field of soluble polymers as
mers. As more information becomes available from potential drug carriersvert, 1986; Okano et al., 1994;
cell biology and molecular biology, polymer chemists Barry, 1983; Donaruma, 1974; Bat, 197The poly-
are trying to design tailor-made polymeric carriers that mers selected for preparing macromolecular prodrugs
better fulfil the specified requirements. can be categorised according to: (a) the chemical

In time it has been shown that there is a clear rela- nature (vinylic or acrylic polymers, polysaccharides,
tionship between the structural elements of the Rings- poly(a-amino acids)); (b) the back bone stability
dorf model and the properties of the synthetised poly- (biodegradable polymers, stable polymers); (c) the
meric prodrugs based on it. In fact, the properties origin (natural polymers, synthetic polymers); and (d)
that polymer chemists want to reach with the design the molecular weight (oligomers, polymers).
of their polymer—drug conjugates, are translated in  Vinyl polymers can be easily prepared by radical
the components of the model. Some of these proper- polymerisation of the corresponding vinyl monomer.
ties and their relationship with the components in the They are interesting drug carrier candidates. Since
model will now be discussed in more detail in this copolymerisation of selected monomers results in
paper Fig. 1). polymers with a variable composition, different poly-
mer properties can be achieved. In a way, the candidate
carriers can be tailor-made to fulfil the requirements

o availability of suitable functional groups for cova-
lent coupling with drugs;

o biocompatibility: preferably nontoxic, nonimmuno-
genic;

e biodegradability or a molecular weight below the

renal excretion limit;

availability.

2. Properties of polymeric prodrugs for the design of the polymer—drug conjugate. How-
ever, vinyl polymers are not biodegradable. Hence,
2.1. Prolongation of action of the drug in order to avoid undesirable storage, the molecular

weight should at least be below the renal filtration
The profile of plasma concentration of drugs is an limit (40-50 kDa).
important determinant of their quantitative access to At present, the most intensively studied vinyl poly-
peripheral targets. The plasma profile is usually mea- mers are copolymers dfl-(2-hydroxypropyl)metha-
sured as the area under the curve (AUC). In general, crylamide (HPMA) Duncan et al., 1983a,4d loyd
slow renal elimination and metabolic inactivation pro- et al., 1983; Seymour et al., 1991; Flanagan et al.,
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Fig. 2. Structure of PHMPA copolymer containing adriamycin
(PK1).

1989; Seymour et al., 1987HPMA homopolymer
was originally developed in Czechoslovakia as a
plasma expandeKppecek and Bazilova, 1973lt is
hydrophilic and non-toxic in rats. HPMA copolymer
with adriamycin as antitumor agent linked onto it with
the peptidyl linker Gly—Phe-Leu-Gly (PK1Fig. 2),
was developed by Duncan and Kopecdbufcan,
2009.

It was demonstrated that HPMA—-adriamycin conju-
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Fig. 4. Structure of poly{-(2-hydroxyethyle-glutamine)).

with adriamycin as antitumor agent amiacylated
galactosamine as targeting group. It is developed for
targeting to the liver by facilitating the interaction with
hepatocyte asiaglycoprotein receptors.

Poly(styrenezo-maleic acid/anhydride) (SMA) is a
vinyl polymer introduced by Maeda and co-workers.
It was used to synthetise the prodrug, SMANCS
(Fig. 3, a conjugate of a low-molecular-weight
styrene maleic anhydride copolymer (SMA, 1.6 kDa)
and the antitumor protein neocarcinostatin (NCS).
It is already marketed in Japan for the treatment of
hepatocellular carcinomaaeda, 1991a)b

Synthetic poly(a-amino acids) like poly(L-lysine),
poly(L-glutamic acid), poly(@-hydroxyalkyl)gluta-
mines) can be made by ring-opening polymerisation
of the N-carboxyanhydride monomerKiricheldorf,
1987; Blout and Karlson, 19%6These polymers have
functionalities in their side groups (amine, hydroxyl,

gates are remarkably less toxic than the free drug andcarboxyl) that allow covalent coupling with drug

accumulate within solid tumor models. PK1 reached
phase Il clinical trial for the treatment of breast, colon
and non-small-cell lung cancebgncan, 200L The
only polymeric prodrug with targeting moiety, that
entered early clinical trials for the treatment of pri-
mary and secundary liver cancer is PKeymour
et al., 2002. This conjugate is a HPMA copolymer

SMA
o 0 7o
+
—_—
NH, NH,
Alal Lys 20
NCS

molecules Fig. 4). Generally, poly(-amino acids) are
biodegradable, whereas theienantiomers are not.

In our research group poly¢(2-hydroxyethylz.-
glutamine)) (PHEG) is already used for many years
in the development of polymeric prodrugs. PHEG
was originally designed by Neri as a plasma expander
(Neri et al., 1973; Gerola et al., 19)/0t is non-toxic,

O¢$ COOH04$ COOH
NH NH
Alal Lys 20
SMANCS

Fig. 3. Diagrammatic representation of the reaction between SMA and NCS to produce the conjugate SMANCS.
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Fig. 5. Structure of dextran.

biocompatible and degradable by lysosomal enzymes.
The synthesis and evaluation of PHEG-based drug
conjugates are described in a large number of articles
(Roseeuw et al., 1999; De Winne et al., 20@e
Marre et al., 1994pHoste et al., 2000

Polysaccharides are another interesting class of
drug carriers. Much attention has been directed to
the use of dextran. Sezaki and co-workers prepared
dextran—mitomycin conjugates with either amino-
caproic acid or 6-bromohexanoic acid as spacer
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Fig. 6. Adriamycin-conjugated poly(ethylene glycol)—poly(aspartic
acid) block copolymer.

been clearly demonstrated Bypuchowski et al. (1977,

(Sezaki and Hashida, 1984; Matsumoto et al., 986 1984)that grafting of PEG onto proteins reduces their
(Fig. 5. The pharmacokinetics of these conjugates immunogenicity, improves their resistance to prote-
proved to be dependent on the molecular Weight and O|yt|C degradatlon and improves their thermostablllty.

the electrical charge of the polymer derivative.
Dextrans are a family of polysaccharides mainly

composed of 1,6-linked-p-glucose units. Dextran

with a molecular weigth below 100,000 is not im-

Micelle-forming block copolymers have been intro-
duced by Kataoka and co-workergokoyama et al.,
1990, 1991; Yokoyama, 1992Conjugates of adri-
amycin with poly(ethylene glycol)—poly(aspartamide)

munogenic and is clinically used as blood substitute. block copolymers tend to form micelleBig. 6). The

Dextran was claimed to be biodegradable. How- hydrophilic PEG chains form the outer shell and the
ever, it was demonstrated by Vercauteren that the in hydrophobic poly(aspartic acid)—doxorubicin compo-
vitro degradation of dextrans in presence of lysoso- nents form the inner core. It was demonstrated that
mal glucosidases or endodextranases is rather slow.these systems have a very high in vivo antitumor ac-

Moreover, it was shown that chemical modification
of the dextran further reduces its biodegradability
(Vercauteren et al., 1992

Proteins such as serum albumin have also fre-
guently been used for preparing polymeric prodrugs.
An interesting example is the work of Meyer and
co-workers who used mannosylated serum albumin
as carrier for antiviral drugsFHfanssen et al., 1994;
Seymour, 1994 A disadvantage of proteins is their
complexity in chemical composition, which compli-
cates the identification of the final conjugates.

Poly(ethylene glycol) (PEG) has been used to mod-
ify a number of therapeutically interesting proteins.
PEG is a polymer with many useful properties, it is
soluble in water and in organic solvents, it is not toxic
and not immunogenic. It is approved by the FDA to
be used in nose sprays, food and cosmetics. It has

tivity and show a reduced non-specific accumulation
in heart, lung and liver.

2.2. Controlled drug release

After administration, it is necessary that the macro-
molecular prodrug is stable during circulation in the
bloodstream but the cytotoxic drug should be released
from the macromolecular drug conjugate intracellu-
lary in the lysosomes (lysosomotropic drug delivery)
and/or intratumorally (tumoritropic drug delivery).
This controlled release from polymeric drug conju-
gates by enzymatic or hydrolytic cleavage can only
be achieved by proper selection of linkage between
drug and polymeric carrier.

In the development of spacers, the most in-
terest has been focussed on pH-sensitive spacers
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(pH-controlled drug release) and oligopeptide spacers
(enzyme-assisted drug release).

2.2.1. pH Controlled drug release

When the macromolecular drug conjugate is taken
up by the cell through endocytosis, the conjugate is
predestined to be exposed to the acidic pH of the
lysosome. Also in or near the tumor tissue the pH
is slightly acidic in comparison with healthy tissue
(Thistlethwaite et al., 1985 This relatively low pH
can be exploited to design pH-sensitive spacers. Two
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with anthracyclinesKratz et al., 1998 Coessens and
co-workers linked the antibiotic streptomycin to dex-
tran and to polyd{-(2-hydroxyethyl)z-glutamine)

via a carboxylic hydrazon linkageCpessens et al.,
1996. Release of streptomycin was demonstrated at
lysosomal pH.

2.2.2. Drug release by lysosomal and/or
tumor-associated enzymes

After the cell uptake of the polymeric prodrug
through endocytosis and after fusion of the endosome
with the lysosome, the drug conjugate is not only
exposed to the acid environment but also to the de-
grading nature of the lysosomal enzymes. When the
lysosomal hydrolases degrade the spacer—most likely
an oligopeptide spacer—the drug is released inside
the cell. The lysozymes are not only present in nor-
mal cells but are often overexpressed in tumor tissues.
Several lysosomal proteases such as cathepsins B, D
and metalloproteinases, play a very important part in
tumor growth and formation of metastaséégsalli
and Pepper, 1994; Rochefort et al., 1990; Osmak
et al., 1997; Keppler et al., 1988; Stetler-Stevenson,
1990; Ginestra et al., 1997

If the substrate is a specific oligopeptide for lyso-
somal proteases, the cytostatic drug can be released

types of acid-sensitive spacer have been frequently by these enzymes in or near the tumor tissue. Subse-

studied and revieweKatz et al., 1998 the hydra-
zon linkage and thé&l-cis-aconityl spacerKig. 7).

The acid labile spacers were first exploredSiyen
and Ryser (1981)They reported on the synthesis
of daunorubicin-linked aminoethyl polyacrylamide
beads and poly(lysine) via aN-cis-aconityl spacer.
The pH-controlled hydrolysis of theis-aconityl was
demonstrated by measuring the half lives at pH 5 rang-
ing from 1 to 4 h, depending on the conjugate and the
used buffer. Thecis-aconityl spacer was readily hy-
drolysed at pH 4 but release was not noticeable at pH 6.

Another extensively studied acid labile spacer is the
carboxylic hydrazon linkage. Kaneko and co-workers
synthetised a series of conjugates with hydrazon
spacers in order to study the relationship between
the acid-sensitivity and cytotoxicity of adriamycin-
immunoconjugates Kaneko et al., 1991 The
immunoconjugate with propanoyl-hydrazonspacer

guently, the tumor cells can be selectively destroyed.
For the design of a specific polymer drug conjugate,
the site and the rate of the cleavage will then depend
on the amino acid composition of the oligopeptide.

Jatzkewitz was the first to use a dipeptide Gly—Leu
to couple mescaline to poly(vinylpyrrolidoree-
acrylic acid) (atzkewitz, 195p The attachment of
the drug onto the polymer resulted in a drastic in-
crease in the biological half-life of mescaline. Trouet
and co-workers synthetised albumin—daunorubicin
conjugates with oligopeptide spacerBrduet et al.,
1982.

A major contribution to the understanding of lyso-
somal release was made by Duncan and Kopecek
(Duncan, 1987; Kopecek et al., 2000; Putnam
and Kopecek, 1995 The release of model drug
p-nitroaniline from HMPA copolymers, catalysed by
chymotrypsin, was studied biopecek and Chytry

showed the highest in vitro and in vivo antitumor ac- (1981) The oligopeptide sequence was later opti-
tivity. The research group of Kratz developed and eval- mised for lysosomal thiol proteases, such as cathepsin
uated a series of transferrin and albumin conjugates B (Rejmanova et al., 1983; Duncan et al., 1983a
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Kopecek and Duncan also evaluated a series 2001 Maeda, 1991a)b It is termed the ‘enhanced
of HPMA-doxorubicin conjugates with different permeability and retention effect’ (EPR effect). Due
oligopeptide spacer®lncan et al., 1983a; Kopecek to permeability enhancing factors, such as vascular
et al., 1985; Subr et al., 1992n vitro release stud-  endothelial growth factor (VEGF) and bradykinin, the
ies in media containing lysosomal enzymes clearly endothelium of the tumor vasculature becomes dis-
demonstrated that drug release can be tailored by thecontinous §enger et al., 1983; Maeda et al., 1988
length and composition of the peptidyl spacer. As a This leads to the extravasation of the macromolecules
result of a study with cathepsin B, the oligopeptide from the bloodstream towards the tumor tissue. Ad-
sequence Gly—Phe-Leu—Gly was incorporated in the ditionally, the lack of effective lymphatic drainage
HPMA—doxorubicin copolymers with and without prevents the macromolecules or macromolecular pro-
N-acetylated galactosamine as targeting moiety (PK2 drugs from being removed and subsequently this
and PK1, respectively), which are currently being results in an extravascular retention of the macro-
used in clinical trials Duncan, 2001 molecules or the macromolecular drug conjugates.

The influence of the oligopeptide composition of This so-called ‘enhanced permeability and retention
the spacer on the drug release was also demonstratecffect’ (EPR effect) was also observed in inflamed
by De Marre and co-workers for poly((2-hydro- tissue Yamaoka et al., 1994 The EPR effect is now
xyethyl)1-glutamine) PHEG—peptide—mitomycin C generally accepted and considered as a major rational
conjugates Me Marre et al., 1994a)b Conjugates  for using polymeric prodrugs{g. 8).
with a spacer having glycine as C-terminal amino
acid are less hydrolytical stable in aqueous buffer 2.4. Alteration of the body distribution and the cell
or serum than those having a more hydrophobic ter- uptake by active targeting
minal amino acid such as leucine or phenylalanine.

Tetrapeptide spacers were more susceptible to cleav-2.4.1. Antibody conjugates

age by lysosomal enzymes than tripeptides(e J). The use of monoclonal antibodies to direct drug
conjugates is based on the fact that surfaces of tumors

2.3. The “ enhanced permeability and retention contain a wide variety of proteins, some of which are

effect” specific to the tumor type. The monoclonal antibodies

used as targeting group selectively seek out the tumor
It is known by several studies that macromolecules cells by binding to such tumor-specific antigens. As a

(natural and synthetic) and macromolecular prodrugs result, the drug conjugate should bind very specifically
are taken up by solid tumors. Rapid pinocytosis by these tumor cellsRam and Tyle, 1987 Frequently,
tumors cells was originally suggested as an explaina- however, the quantity of drug that can be selectively
tion for this passive tumor uptakéMégo and Mc targeted is limited by the number of antigens avail-
Queen, 196p In 1986 Matsumura and Maeda pro- able. Hence, in cancer therapy the targeted-drug ap-
posed that this passive targeting can be ascribed toproach has been most successful for extremely potent
the combination of the poor tissue drainage and an agents such as the plant toxins, which in conjugation
increased tumor vascular permeabilitMdtsumura  with antibodies have been termed the ‘immunotoxins’
and Maeda, 1986; Seymour et al., 1995; Maeda et al., (Wawrzynczak and Derbyshire, 199Zurther prob-

lems associated with the use of monoclonal antibod-
Table 1 ies as targeting moiety are lack of tumor selectivity,
Release of mitomycin C (MMC) by hydrolysis of PHEG-tripeptide  tumor access and immunogeneciBlgkey, 1992.
or tetrapeptide—MMC conjugates by tritosomes at pH 5.5 after 3h One antibody-based targeting strategy is antibody-

Tripeptide MMC Tetrapeptide spacer MMC directed enzyme prodrug therapy (ADEPT). An en-
spacers release (%) release (%) zyme, capable of converting a non-toxic prodrug into
Gly-Phe-Leu 2.4 Gly-Gly-Phe-Leu 3.1 a potent cytotoxic drug, is covalently attached to a tu-
Gly-Gly-Leu 2.5 Gly-Phe-Leu-Gly  57.7 mor selective monoclonal antibodBggshawe et al.,
Gly-Phe-Phe 2.7 Gly-Phe-Ala—Leu  74.6 1988; Springer et al., 1991Following localisation of
Gly-Phe-Gly 7.1 Ala-Leu—-Ala-Leu  81.0

the antibody enzyme conjugate at the tumor site and
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Fig. 8. The EPR effect3ezaki and Hashida, 1984

clearance of residual conjugate from the bloodstream, their binding and recognition capacities, are found on
the prodrug is administered. This prodrug can be con- numerous normal and malignant cellable 2.
verted by the enzyme into a potent cytotoxic drug  The possibility of using hepatic lectins, such as
at the tumor site, so minimising non-specific toxicity the asialoglycoprotein receptor (ASGP-R), recognis-
(Fig. 9. ing galactose as targets for drug delivery is particu-
One major advantage over conventional antibody- larly attractive and has been studied intensively as a
targeting is the inherent amplification stage, meaning possible target for the treatment of various liver dis-
that for every successful enzyme-targeting event a very eases such as hepatitis, parasitic infections and liver
large number of prodrug molecules can be activated metastasis.
(Senter et al., 1991; Sharma et al., 1p9nitial re- The ASGP-R $chwartz, 198)tis easily accessi-
sults have been promising, though dogged with such ble to the vascular circulation, being situated predom-
problems as poor water-solubility of prodrugs, and the inantly on the blood-facing surfaces of hepatocytes.
approach is currently being refined for further devel- Moreover, it is present in relatively large numbers, be-

opment. tween 100,000 and 500,000 per cell.

The feasibility of liver targeting is well docu-
2.4.2. Macromolecular glycoconjugates as carrier mented. As an example, Duncan and Kopecek pre-
systems pared a series of co-polymers using methacryloylated

Sugar-specific receptors are plasma membrane 9alactose units as co-monomé&hjytry et al., 198y,
components (either glycoproteins and glycolipids, re;ultmg in materials containing pendent galactpse
called lectins;Goldstein et al., 19900f many mam- units. It was found that these conjugates are rapidly
malian cells. The first membrane lectin was char-
acterised on hepatocytes MAshwell and Harford

(1982) Endogenous lectins, generally multivalent in Table 2

Membrane lectins from various sourc&eg¢aki and Hashida, 1984;
QOgino et al., 1988

Origin Sugar specificity
Prodrug
ab. Murine liver macrophages p-Mannose L-fructose,
p-galactose and
Enzyme N-acetylp-glucosamine
< Rat and human hepatocytes p-Galactose
Mouse spleen p-Galactose/
N-acetylp-glucosamine
Drug Human fibroblasts p-Mannose-6-phoshate
Mouse L1210 leukaemia cells L-Fructose

Fig. 9. Schematic representation of the ADEPT concept.
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cleared from the blood and accumulate into the liver
Duncan et al. (1983c, 1986)nore specifically in

K. Hoste et al./International Journal of Pharmaceutics 277 (2004) 119-131

2.4.3. Targeting to angiogenic vessels
Angiogenesis is a fundamental process by which

the hepatocytes. Galactose was also introduced onnew blood vessels are formed. It is essential in re-

the HPMA—doxorubicin derivative (PK2). O’Hare

production, development and wound repair. However,

demonstrated that these derivatives associate in vitromany diseases are also driven by persistent unregu-

with human hepatoma cell line®{Hare et al., 1989
After intraveneous administration of PK2 70% was
taken up by the liver, making this conjugate possibly
useful in the treatment of liver cancer. PK2 is now in
clinical trial phase | Pimm et al., 1995

Vansteenkiste et al. (1999repared dextran and
poly-HEA conjugates with pendent mono- or tri-
antennary glycosides. Subcellular distribution ex-
periments Anderson et al.,, 1994indicated that
mono-galactosylated dextran is accumulated within
the lysosomal compartment of liver hepatocytes.
In contrast, the tris-galactose-substituted polymer
shows a greater affinity for the galactose-specific
receptor in vivo and also shows a high level of as-
sociation with the cell surface of hepatocytes. This
can be explained by the so-calledustering effect”.
Binding to the ASGP-R depends strongly on the
structure of the oligosaccharide ligand: mono-, bi-
and triantennary sugar units bind with increasing
affinity.

Drug delivery to macrophages (e.g. Kupffer cells)
offers a second potentially attractive goal in the
development of targeted treatment of various mal-
functions, notably parasitic disorders such as Leish-

lated angiogenesis, like artritis and several eye dis-
eases. Angiogenesis is also an important process for
tumor growth and metastasis of solid tumadrfgefdner
et al., 199]). Endothelial cells in angiogenic vessels of
solid tumors show an increased expression of several
cell surface proteins that stimulate cell invasion and
proliferation (Yancopoulos et al., 1998; Eliceiri and
Cheresh, 2001 These proteins include receptors for
different angiogenic growth factordvi@rtiny-Baron
and Marme, 1996such as the vascular endothelial
growth factor (VEGF) and they also include thgRs
integrin receptorBrooks et al., 1994 The o, B3 in-
tegrin is highly expressed in most growing tumor vas-
culature but has very low expression in normal vascu-
lature and most other normal or benign human tissue.
One type of integrin receptor binding peptides is
the RGD (arginine—glycine—aspartic acid) containing
peptides. These peptides bind to the integrin recep-
tors with high affinity and can therefore be used as
targeting moieties for drug delivery. Moreover, it is
known that peptides containing the RGD sequence
inhibit experimental metastasidH@mphries et al.,
1986. Arap and co-workers showed that the coupling
of cyclic RGD and NGR peptides (CDCRGDCFC

maniasis or enzyme deficiencies such as Gaucher'sand CNGRCVSGCAGRC) to the anticancer drug
syndrome. Moreover, since macrophages are part of adriamycin resulted in an increased efficacy of the

the immune system, they can be activated and ren-

dered tumoricidal by immunostimulating agents (e.g.
N-acetylmuramyldipeptide, MDP).

Mannosylated carriers can also fulfil an impor-
tant role not only in active drug targeting but also
in receptor blocking. It was demonstrated that man-

drug against human breast cancer xenografts in mice
(Arap et al., 1998 The research group of Mayumi
prepared conjugates of RGD-peptides (RGD and
RGDS) and poly(ethylene glycol) (PEGMéeda

et al., 1997. The inhibitory effect of these conju-
gates, examined on experimental metastasis in mice,

nosylated dextrans were useful as transient receptorwas demonstrated to be superior to the free RGD

blockers in vivo for a 791T/36-ricin toxin A immuno-
toxin (Vansteenkiste et al., 1992The circulation

half-life of the immunotoxin was prolonged by a
factor 3—4 up to 40 min following co-injection of an

peptides.

2.5. Immunoprotective therapy

excess of mannosylated dextran. The liver disposition  Recently it was found that the use of polymeric
of the immunotoxin was markedly reduced from 43 antitumor drug derivatives may play an important
to 18% of the recovered dose. The influence of the role in the protection of the cancer patient's immune
molecular size as well as the sugar loading of the system. One of the mechanisms that induces the pro-
competing polysaccharide was demonstrated to be grammed cell death or apoptosis of cancer cells, is
small. the Fas—Fas ligand interactioM#éher et al., 200R
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Fas and Fas ligand (FasL) are both transmembrane2.6. Polymeric prodrugs in clinical use or in

proteins Nagata, 1997)Both receptor and ligand
are expressed either constitutively or after activation
on most of the cells of the immune systedafiel

et al., 1998; Restifo, 2000Fas is also expressed on

cancer cells. Interaction between Fas and FasL trig-

clinical trial

The interdisciplinary research of the last decades
has resulted in a number of polymer based products
which are now on the market or have entered clinical

gers a cascade of signals, that eventually results intrial.

apoptosis Krammer et al., 1994; O’'Connell et al.,
1999. It has been reported however that several tu-
mor cell lines can express FasO’Connell et al.,

One approach of particular note involving soluble
macromolecular drug carriers is SMANCS. In the
clinical formulation, neocarcinostatin (NCS) (molec-

1996; Hahne et al., 1996; Strand et al., 1996; Niehans ular weight: 10,700) is conjugated to two chains of a

et al., 1997; Von Bernstorff et al., 1999; Bennett et al.,
1998; Mitsiades et al., 1998; Friesen et al., 1996
Hence, they are able to kill cells of the immune sys-

styrene—maleic anhydride copolymer (SMA) (molecu-
lar weight average 1500, polydispersityl.2) Maeda
et al., 1992;Maeda, 19913, he SMA copolymer is

tem expressing Fas. This mechanism is called the Fasitself derivatised with an alkyl group (usually butyl)

counterattack. The counterattack of the tumor cells
not only prevents the eradication of the cancer cells,
but participates also in the destruction of the immune
system.

The counterattack mechanism is often favoured
by non-functioning Yon Bernstorff et al.,, 1999
down-regulation or lossWalker et al., 199y of the

cancer cell Fas receptors. Moreover, it has been re-

ported that treatment with antitumor drugs promotes
the induction of Fas ligands on the cancer cells
(Friesen et al., 1999

There is a strong indication that treatment with
macromolecular drug derivatives can overcome this.

which determines the overall hydrophobicity of the
conjugate Hirayama et al., 1986

Agueous SMANCS formulations have been tested
in pilot studies in patients with solid tumors of the
ovary, lung, stomach, adrenal gland and in the brain.
Formulations based on SMANCS/Lipiodol have been
shown to be efffective both as a diagnostic tool and for
therapeutic use in solid tumors where the formulations
are given arterially via a catheter. The prognosis of
the patient receiving intra-arterial SMANCS/Lipiodol
is a 90% chance of survival for at least 5 years after
treatment, if the patient has no active liver cirrhosis and
the tumor has not spread to more than two segments of

Rihova and co-workers found a strong expression of the liver. With conventional therapy the survival time

FasL on the SW620 human metastatic colorectal can-

cer cell line when it was exposed to doxorubicin or
mitomycin C (MMC) Rihova et al., 200}l However,
when the cell line was exposed to polymeric deriva-

is about 6 months.
SMANCS is marketed in Japan by Yamanouchi for
the treatment of hepatocellular carcinoma.
PEG-modified adenosine deaminase (ADAGHN

tives of these drugs, no increase of the FasL was and PEGx-asparaginase (ONCASPAR were the

noticed on the SW620, even not when higher concen-

first PEG modified enzymes that were on the market

trations were used. The drug derivatives used in this in the early 1090s Qelgado et al., 1992; Keating

experiment were MMC bound via a GFAL-spacer onto
PEG-grafted poly{°-(2-hydroxyethylt-glutamine))
(PHEG) and doxorubicin coupled via a GFLG-
spacer onto polyN-(2-hydroxypropyl)methacryla-
mide) (PHPMA) with or without anti-CD71 mAbs

et al., 1993. PEG-ADA is used for the treatment of
ADA-deficient Severe Combined Immunodeficiency
Syndrome.

PEG-.-asparaginase is used to treat lymphocytic
leukaemia and malignant lymphosarcoma. Both na-

as targeting group. These results suggest that the ex-tive enzymes have a short plasma half-life and
pression of Fas ligands on cancer cells is different PEG-modification resulted in a prolonged plasma
when they are exposed to free antitumor drugs or clearance. Further more, the PEG-enzymes display a
to their macromolecular derivatives. This is an im- marked reduction in immunogenicity. Both products
portant outcome that might indicate that polymeric are in clincal use today.

prodrugs are able to protect the patient's immune PK1and PK2 are both derivatives of HPMA copoly-
system. mer with the antitumor agent doxorubicin linked onto
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it via the peptidyl spacer Gly—-Phe—Leu—Gly. PK2 also  associated with Fas ligand expression by human esophageal

contains galactose as a targeting group to facilitate l‘(’amigocr:”a-lgg';rg“”c"-t 160} _566923675' onal antibodi
||Ver targetlng akey, Ly . rug targeting wi monocional antibodies.

- . . Rev. Oncol. 5, 91-97.
PK1 is currently undergoing Phase Il evaluation Blout, E.R., Karlson, R., 1956. Polypeptides. Ill. The synthesis

for treatment of breast, colon and non-small-cell lung of high molecular weight poly-benzyli-glutamates. J. Am.

cancer. Phase | results revealed that PK1 displayed Chem. Soc. 78, 941-951.

greatly reduced toxicity with maintained antitumor ef-  Brooks, P.C., Montgomery, A.M.P., Rosenfeld, M., Reisfeld, R.A.,

ficacy compared with free doxorubiciv4sey et al., Hu, TH. Klier, G., Cheresh, D.A, 1994. Integrin,s

1999. Th . tol ted d fPK1 i bout antagonist promote tumor-regression by inducing apoptosis of
9_‘ e maXImum olerate os_e_o IS abou angiogenic blood vessels. Cell 79, 1157-1164.

four t|mgs. higher than the usual clinical que of fr_ee Chytry, V., Leibnitz, E., O'Hare, K., Scarlett, L., Duncan,

doxorubicin. PK2 has entered Phase | clinical testing  R., 1987. Copolymers of 6-methacryloylp-galactose and

(Seymour etal., 2002 N-(2-hydroxypropyl)methacryl-amide: targeting to liver after

The micelle forming conjugates of adriamycin intravenous administration to rats. New Polym. Mater. 1, 21—

. . 28.
with poly(ethylene glyCOl)_pOly(aSpartar_nIdpf) blOCk Coessens, V., Schacht, E., Domurado, D., 1996. Synthesis of
copolymers already showed excellent in vivo anti- polyglutamine and dextran conjugates of streptomycin with

tumor activities. These micellar systems are very  an acid-sensitive drug—carrier linkage. J. Control. Release 38,
attractive, since they can also be used to entrap a drug  141-150.
within their hydrophobic core as well as providing the Daniel, P.T., Scholz, C., Westermann, J., Dorken, B., Pezzutto, A,

. . . 1998. Dendritic cells prevent CD95-mediated T lymphocyte
opportunity for covalent conjugation. In 2001 these death through costimulatory signals. Gene Ther. Cancer 28,

micellar aggregates have entered Phase I clinical trials ~ 173_177.

(Nakanishi et al., 2001 De Marre, A., Seymour, L.W., Schacht, E., 1994a. Evaluation
of the hydrolytic and enzymatic stability of macromolecular
Mitomycin C derivatives. J. Control. Release 31, 89-97.

De Marre, A., Soyez, H., Schacht, E., 1994b. Synthesis of
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